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Abstract

Deaths attributable to antimicrobial resistance (AMR) are predicted to rise from
700,000 per year now to 10 million by 2050. There is an urgent need for new antibiotics
to meet the threat posed by AMR; the WHO recently reported that there are not enough
antibiotics in development to meet this need. The sponge microbiota has emerged as
one of the most prolific sources of novel antimicrobial candidates from marine
environments in recent decades. The majority of work on sponge microbiology,
however, has been carried out on shallow-water sponges of the Demosponge Class.
This work explores the cultivable diversity and antimicrobial potential of bacteria from
two species of Hexactinellid sponge (Pheronema carpenteri and Hertwigia sp.).
Bacteria were cultured using a variety of methods including the novel use of
pressurised environments, revealing bacteria belonging to the Proteobacteria,
Actinobacteria and Firmicutes. Bacteria were screened for antimicrobial activity,
revealing a higher proportion of active isolates from Pheronema carpenteri, leading to
the purification of an antimicrobial with protease inhibitory activity, and further genomic
characterisation of a potentially novel species of Streptomyces displaying inhibitory
activity against Gram-positive and Gram-negative organisms. Culture-independent
methods were used in order to provide the first characterisation of the microbiota of
the deep-sea Hexactinellid sponge Pheronema carpenteri, as well as supporting a
comparison of its microbiota to that of the surrounding sediment and seawater.
Taxonomic classification of the microbiota of these samples revealed the following:
that P. carpenteri has a microbiota that is generally congruent with that of the global

sponge and Hexactinellid microbiota; it contains a smaller core microbiota; has a



smaller sample-specific microbiota; and is comprised of distinct phyla when compared
to sediment samples. Differences were also observed in P. carpenteri replicates that
were collected from two separate sampling sites. The presence of cultivated isolates
within the P. carpenteri metagenome was also demonstrated, indicating that culture-
dependent studies are to some extent successful in obtaining sponge-associated
bacteria for the purposes of natural product discovery. Overall, this work displays that
the Hexactinellid sponges investigated are a promising source for the discovery of

novel bacterial species and antimicrobial candidates.
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Figure 3.14 — A) Skim milk agar assay. B) Measurement of trypsination of BAPNA
over time. C) Endpoints for BAPNA assay. Values indicate the percentage inhibition
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Sponge_010. B) OTUs that were changed by =21% after a second amplification in
Sponge_010, compared to the amount by which they were altered in Sponge_009.
Figure 4.6 — Graphical representation of the combination of reads from samples

determined to be sufficiently similar.



Figure 4.7 — Taxonomic composition of all sponge and sediment samples at phylum
level. Phyla for which the relative abundance in at least one sample was 21% are
displayed in the legend in bold font.

Figure 4.8 — Relative abundance of all phyla in sponge and sediment samples. Left
panel: Phylum level abundance in each sample. Right panel: Average phylum
abundance in sponge and sediment microbiota as a whole. Phyla which have a higher
relative abundance appear towards the green end of the spectrum.

Figure 4.9 — A) Principal Co-Ordinate Analysis Plot based on the relative abundance
of all OTUs in each sponge and sediment sample community. Numbers on graph refer
to the ID for each sample. Colour depicts sample type (sponge; sediment). Shape
depicts sample site (TO7; T52). B) Alpha Diversity (Chao1; Shannon; Inverse-
Simpson) indices based on true (non-relative) abundance values of each sample. All
plots were constructed using in R using the phyloseq package.

Figure 4.10 — The Pheronema carpenteri core microbiota. A) Number of phyla in the
core microbiota that were represented by OTUs at various relative abundance
thresholds. B) Number of OTUs in the core microbiota that had relative abundances
above various thresholds. Abundance thresholds represent average abundance for
each OTU across all samples.

Figure 4.11 — The Pheronema carpenteri (sponge)-specific microbiota. No phyla were
observed to be sponge-specific. A) Number of phyla that were represented by sponge-
specific OTUs at various relative abundance thresholds. B) Number of sponge-specific
OTUs that had relative abundances above various thresholds. Abundance thresholds
represent average abundance for each OTU across all samples.

Figure 4.12 — Sediment core microbiota. A) Number of phyla in the core microbiota

that were represented by OTUs at various relative abundance thresholds. B) Number



of OTUs in the core microbiota that had relative abundances above various thresholds.
Abundance thresholds represent average abundance for each OTU across all
samples.

Figure 4.13 — The Sediment-specific microbiota. A) Number of phyla that were
represented by sediment-specific OTUs at various relative abundance thresholds. B)
Number of sediment-specific OTUs that had relative abundances above various
thresholds. Abundance thresholds represent average abundance for each OTU
across all samples.

Figure 4.14 — Histogram to display the relative abundance distribution of OTUs in
samples subsets (Total, Core, Specific). Box limits represent upper and lower
quartiles. Middle line represents mean. Lines represent minimum and maximum. Core
microbiota is given at a 100% replicate threshold.

Figure 4.15 — Relative abundance of isolates cultured from Pheronema carpenteri

within the sediment and sponge metagenome determined microbiota.

Table 2.1 — Samples collection metadata for sponges used in this study.

Table 2.2 — Isolates obtained from Hexactinellid sponges that displayed antimicrobial
activity in a simultaneous antagonism assay.

Table 3.1 — Genome statistics for reads obtained from each sequencing platform. N50
refers to average read length as opposed to median.

Table 3.2 — Cross-referencing antiSMASH analysis for stain A11 vs. literature-derived
information for similarly sized compounds.

Table 3.3 — BGCs present in the genomes of both A11 and S. albulus NRRL B-3066,

detected by AntiSMASH.



Table 3.4 — Annotated regions the Biosynthetic Gene Cluster (BGC) responsible for
deimino-antipain production in the A11 genome. QC: Query Cover (%) score from
BLASTDp result. Identity: identical base matches from BLASTp result.

Table 4.2 — Sample information for sponge, sediment and seawater samples collected
in this study.
Table 4.3 — Sample and library information for MinlON runs performed in this study.

Table 4.4 — Sequence read information for all samples sequenced in this study.
Table 4.5 — Sample information for classified reads obtained from samples over two
separate MinlON runs. Sample ID denotes library, run and barcode information i.e.

L3B1 denotes library 3, barcode 1. L32B1 denotes library 3, run 2, barcode 1.
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Chapter 1

Introduction - Culturing deep-sea sponge-associated bacteria and exploring

their antimicrobial potential
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1.1 Antimicrobial Resistance & The Role of Sponges

The worldwide threat to public health posed by drug-resistant bacteria has become
increasingly apparent over the last decade, with the seminal report from Lord O’Neill
predicting that deaths attributable to multi-drug resistant (MDR) bacteria will rise from
700,000 per year currently to 10 million by 2050 (7). An analysis of this much quoted
statistic, performed by de Kraker, Stewardson and Harbarth (8), suggested it to
perhaps be an overestimation, yet they did not provide a more up do date estimation
based on their objections to the statistical modelling used in the original AMR report.
Therefore, the initial figure of ‘10 million deaths a year’ currently still stands as a
working axiom, moving forward in the design and instigation of antimicrobial
stewardship and discovery programs for the future.

Classified as one of the biggest threats to global human health by the World Health
Organisation (9), antibiotic resistance poses one of the greatest challenges to clinical
practice as well as drug discovery. Problems posed by resistant organisms include the
emergence and spread of mechanisms of resistance, with a particular risk attributed

to B-Lactam (especially Carbapenem) resistance (Figure 1.1).
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Figure 1.1 — Chemical structure of several iterations of -lactam antibiotics. B-lactam

rings are highlighted in red (produced by M. Koch using ChemDraw 21.0.0).

The discovery and spread of the NDM-1 Carbapenemase, first characterised in 2009
(10) exists as a major example of the growing threat posed by MDR organisms over
the last decade. In late 2015, the discovery of the resistance gene mcr-1 (11) that
confers plasmid-mediated resistance to the ‘last-resort’ antibiotic colistin heralded
major concerns over the imminent danger of ‘pan-resistance’ in clinical isolates (12).
Shortly after, the widespread presence, and human infection with pan-resistant
bacteria was highlighted by the death of a woman in the USA as a result of a Klebsiella
pneumoniae infection, resistant to all available antibiotics (13). The spread of
antimicrobial resistance, as outlined above highlights not only need to discover new
antimicrobials, but especially those of novel class.

Additionally, issues in the supply chain of new antibiotics has become a major

contributor to the inability to treat microbial infections (14,15). However, platforms for
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the discovery of novel compounds have begun to re-emerge in recent years with the
reduction in cost and rise in accessibility of next-generation sequencing techniques
(16), and the ability to culture certain organisms previously considered ‘uncultivable’,
often referred to as ‘microbial dark matter’ (17). Prior to the recent discovery of
Teixobactin via the employ of highly novel culture techniques (18), no novel classes
of antibiotics had been discovered in several decades (14). The revival of natural
product (NP) screening in this manner, combined with deep-sequencing
methodologies has not only reinvigorated the search for new antimicrobial treatments,
but also facilitated interest into the microbiomes of hitherto unexplored natural
environments, in an attempt to capitalise on the potentially vast and novel array of
bioactive compounds harboured within them (19). A growing body of literature has
detailed the emergence of sponges in recent years as a major source of new
antimicrobials, revealing them as the most prolific source of novel bioactive
compounds over the last decade (1,20,21).

Due in part to the re-discovery of similar compounds across different sponge species,
it is now apparent that many compounds once thought to be of sponge origin are in
fact produced by their symbiotic bacteria (22). This realisation provided an interesting
avenue of discovery for novel antibacterial compounds, as well as a need for the
classification of the major producers of antimicrobial compounds from sponges and
investigation of their distribution across both shallow and deep-waters. A systematic
review compiling sponge-derived antibacterial compound discoveries (1) reveals that
species of Actinobacteria have thus far comprised the most prolific producers (48.8%),
with Streptomyces responsible for 30% of compounds and Kocuria responsible for

20% (Fig. 1). The Proteobacteria comprise the second highest proportion of producers
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of sponge-derived compounds (36.6%), specifically the Alphaproteobacteria and in

particular the Pseudovibrio (9%) (1).

m Streptomyces m Arthrobacter Oscillatoria
m Micrococcus m Gordonia Unidentified
% B Nocardiopsis ® Nocardia
W Salinispora W Pseudovibrio
o ® Geodermatophilus m pseudomonas
® Rhodococcus m Pseudoalteromonas
m Brevibacterium Vibrio
' m Citricoccus m Serratia
: ® Kocuria ® Idiomarina
20% B Modestobacter Enterobacter
®m Nonomuraea Shewanella
- = Micromonospora 1 Cobetia
N = 246 m Actinokinespora Labrenzia
M Saccharomonospora m Enterococcus
M Dietzia Virgibacillus
B Microbacterium Bacillus
™ Rubrobacter Staphylococcus

Figure 1.2 — Antimicrobial agents derived from sponge bacteria reported (reproduced

from (1). 30%: Streptomyces; 20%: Pseudovibrio; 9%: Bacillus.

The discovery of novel antimicrobials for sponge-derived Actinobacteria [reviewed by
Abdelmohsen, Bayer and Hentschel (23)] has produced an array of compounds
predominantly active against Gram-positive bacteria, however several instances of
anti-Gram-negative activity have also been reported. The discovery of Kocurin from
Kocuria and Micrococcus spp. (24) represents one of the most potent antimicrobial
compound derived from sponge Actinobacteria to date. Kocurin was shown to exhibit
notable activity against methicillin resistant Staphylococcus aureus (MRSA; MIC 0.25
pug/mL as well as activity against several Gram-negative organisms. At the time of
discovery, the biosynthetic gene clusters identified in Kocuria isolates were shown to

not be responsible for the production of Kocurin. However, subsequent genome mining
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and bioinformatic analysis has allowed the identification of the responsible biosynthetic
pathways (25). Kocurin is also a thiopeptide, and is categorised as a thiazolyl peptide
(26). Thiopeptides have emerged in recent years as promising candidates for novel
drug discovery, particularly where marine sponges are concerned. The thiopeptide
antibiotics YM-266183 and YM-266184, produced by Bacillus cereus QN03323
isolates (27) both exhibited notable activity against S. aureus and Enterococcus
faecium with an observed MIC of 0.025 pg/mL. YM-266184 also produced the same
MIC when tested against E. faecalis, however both were inactive when tested against
Gram-negative organisms.

A further sponge Actinobacteria-derived compound of note is Mayamycin, produced by a
Streptomyces sp. strain (28). Mayamycin is a polyketide that exhibits both anti-Gram-
positive and -negative activity, outperforming the standard treatment used as a control
when tested in vitro in the primary study, perhaps most notably against Pseudomonas
aeruginosa.

As a result of isolating Actinobacteria from sponge samples, several obligate marine
species have been identified. Abdelmohsen, Bayer and Hentschel (23) remark upon the
fact that although a degree of correlation between some sponge species and the
occurrence of certain Actinobacteria species has been observed, a large scale, directed
study has not yet been undertaken (29-38). Several studies have characterised
antimicrobial agents from Actinobacteria associated with individual sponges, however, a

large-scale review has not yet been carried out.
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1.2 Sponge Microbiota Overview

Sponges (Porifera) are sessile metazoan organisms thought to have emerged around
600 million years ago (39,40). Representing the most widely sampled marine phyla in
the hunt for novel bioactives over the last 45 years, the Porifera comprise the most
prolific source of such agents from the marine environment in recent years (21,41). As
filter-feeding organisms, certain species have been predicted to filter up to 50,000L of
seawater per litre of sponge per day (42), bringing them into contact with large
quantities of marine debris, nutrients and planktonic bacteria. Both culture-dependent
and culture-independent studies have been used to reveal the inter and intraspecific

differences between the microbiota of different sponge species.

Broad-scale metagenomic studies have revealed that the sponge microbiota is
generally conserved, with a shared, convergent evolution (43). Studies detailing the
relative bacterial species percentage of marine sponges have revealed a general
pattern of microbial inhabitants across 52 different bacterial phyla (43,44). Major
bacterial sponge-symbionts include Proteobacteria (particularly Alpha- and
Gammaproteobacteria), along with Actinobacteria, Chloroflexi, Cyanobacteria and
Acidobacteria. Two candidate phyla, Poribacteria (45) and Entotheonella (46) are
proposed to be sponge-specific bacterial phyla. The Poribacteria have been shown to
contain a diverse range of phylotypes, and to be widely distributed amongst sponge
species (47).

Despite trends observed in the global sponge microbiota, host identity in conjunction
with environmental factors such as geographic location and temperature have been
suggested to have the greatest impact on the composition of the sponge microbiota

(48-51). This is due not only to the conservation of certain microbial constituents
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across species, but also to the stability of the microbiota over time compared to the
high turnover of planktonic bacteria in the surrounding environment (48,52). Whilst a
lack of studies incorporating a high number of replicates for individual sponges limits
definite conclusions, it does provide a basis for the culture-dependent investigation of
each sponge microbiota. The impact of host and environmental factors provides a
rationale for performing culture-dependent studies in a species-dependent manner.
This is particularly relevant for studies seeking to characterise the biochemical and

physiological profiles of sponge-associated bacteria.

1.3 Culture-Dependent vs. Culture-Independent Studies

Culture-dependent approaches have been used to investigate a variety of functions of
sponge-associated microbes. Previous studies have characterised bacteria involved
in quorum sensing (53), surfactant production (54), sponge disease (55), as well as
the effect of long-term mariculture on the sponge microbiota (56). Numerous studies
have used a culture-dependent approach to complement culture-independent
approaches, in an attempt to reveal what portion of the sponge microbiota as a whole
is capable of being cultivated under laboratory conditions (57—62). As a result, culture-
dependent studies have included the discovery and characterisation of several novel
species (36,46,59,63-66) in addition to species that have been identified via
metagenome-assembled genomes (MAGs) (67). Numerous studies focusing on
antimicrobial screening and the characterisation of drug candidates (3,30,46,68,69).
Many culture-dependent studies have focused on Actinobacteria (23,29-36,38,54,70),
which are currently the most prolific source of antibacterial compounds isolated from

sponge-bacteria (1).
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As with culture-independent studies, trends are also apparent in the types of bacteria
that have been cultured from different sponge species. The largest portion of 16S
rRNA gene sequences submitted to NCBI that pertain to cultured sponge isolates
(Fig.1) belong to the Proteobacteria (307/685; 45.01%) - which is congruent with the
most dominant members of the sponge microbiota (43). A large portion of 16S rDNA
sequences submitted to the NCBI is comprised of the Actinobacteria (28.59%), which
is likely a reflection of the focus of culture-dependent studies on identifying novel
antimicrobial compounds. Other common members include the Firmicutes (21.56%)
and the Bacteroidetes (4.84%). At the genus level however, the most frequently
submitted sequences pertain to Bacillus isolates (16.9%), followed by the
Streptomyces (11%) and Pseudovibrio (8.2%). Again, this appears to be a reflection
of the bacterial genera responsible for the production of antibacterial agents in the
literature (1,21,41). In reviewing the sources of antibacterial agents derived from
‘sponge-associated bacteria’, it was demonstrated that 9% of agents characterised
have been derived from members of the Bacillus genus, representing the third most
prolific genus after Streptomyces and Pseudovibrio (1). The repeated recovery of
isolates of the Bacillus genus from marine and freshwater sponges presents an
interesting point of discussion that will be covered in more detail later.

Bacteria isolated from sponges are often referred to as ‘sponge-associated microbes’,
a term coined by Taylor et al. (71). Often apparent in cultivation studies is the question
as to whether such isolates are indeed associated with the parent sponge and whether
they can be regarded as true symbionts. In accordance with molecular studies
detailing the overall composition of the sponge microbiota, the majority of the cultivable
fraction is often comprised of members of the Proteobacteria (58,64,72—74). Reports

of cultivated isolates have also however included the presence of ‘terrestrial’ species,
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members of the Bacillus genus, or those that have been previously associated with
non-marine environments (75-77).

It has been suggested that the recovery of such isolates from sponge samples can be
attributed to contamination associated with the sampling process (64) and such
isolates are often overlooked. Phelan et al. (77) however, have explored the presence
of spore-forming Bacillus within the sponge microbiota in light of their ‘productive’
nature and variable presence within sponge microbiotas in general (78). The failure of
culture-independent approaches to detect Bacillus spp. in the Haliclona simulans
microbiota led Phelan et al. (77) to suggest that such species may be present in its
microenvironment predominantly in the form of spores. This assumption brings with it
questions about the role of Bacillus spp. within the sponge microbiota and whether
they exist as adapted, metabolically active members or simply terrestrial contaminants
that have become localised within sponge tissue. The continued ‘re-discovery’ of such
isolates in marine environments, and in particular their variable presence within
sponge microbiota provides at least a suggestion however that they may indeed be
‘sponge-’, or ‘marine-associated’ bacteria. It should be noted that the biochemical and
molecular differences between Bacillus isolates recovered from marine samples has
been previously explored (79). Differences in biochemical profiles as well as
phylogenetic distance to reference strains was shown to vary with regard to depth and
geographic location, providing a suggestion that the divergence of Bacillus isolates
within the marine/sponge environment is a phenomenon that merits further
investigation.

More recently, Liu et al. (80) have demonstrated the divergence of marine ecotypes of
members of the Bacillus genus once thought to be uniquely terrestrial. Strains of B.

pumilus, B. lichenoformis, B. safensis and B. altitudinis that were inseparable on the
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basis of 16S rRNA sequences were differentiated on the basis of 7 housekeeping
genes. Isolates obtained from marine environments were found to cluster into 3 distinct
phylogenetic groups, largely separate from terrestrial isolates of the same species.
Such evidence points towards a genuine divergence of species of Bacillus once
thought to be uniquely terrestrial. Further investigation into the metabolic adaptation
to the marine environment and to the sponge micro-environment in particular will be

of benefit in shedding some light on the lifestyles of such organisms.

Several reports of bacteria isolated from sponge samples have documented the
presence of certain isolates not being detected when the same sponge samples are
subjected to culture-independent, molecular characterisation (60,62,74,81). This may
either be attributed to variable sequencing depth, or the result of contamination during
sampling, as discussed above (64). The possibility that cultured isolates represent
members of the ‘rare biosphere’, as well as the impact of PCR bias have also been
explored (60,62,74,81-83). Noticeable in culture-dependent reports is also a variation
in the overall percentage of species (between 0-14%) present in the microbiota (as
confirmed by molecular characterisation) that were capable of being cultured under
the conditions applied (57,60,81). It is interesting to consider how the composition of
the sponge microbiota may have a part to play in determining the types of bacteria
that can be isolated in culture-dependent studies. For instance, there have been
several instances where the most abundant organisms in the microbiota have not been
cultivable under laboratory conditions (58,60,69). In addition, rare taxa (those that
have a relative abundance of <0.01%) were found to comprise 90% of the cultivable
microbiota of several species of the deep sea Hexadella sponges (83). The wealth of

antimicrobial compounds elicited from sponge-associated microbes is perhaps
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promising given that they have been obtained from species comprising only a small

minority of the microbiota in general (1).

1.4 Bacteria from Hexactinellid (Glass) Sponges

Sponges are typically classified using the Systema Porifera devised by Hooper and
Van Soest (84). Traditional classification is based on categorising sponges according
to the shape and size of their spicules, while molecular methods are becoming more
widely employed (85). The vast majority of studies to date have focused not only on
sponges from shallow waters, but also on those of the Demosponge population.
Hexactinellid, or ‘Glass’ sponges represent an extremely under-explored class of the
Porifera with regard to both their microbiota and bioactive potential (3,4,86—88).
Occurring almost exclusively below 200m, Hexactinellid sponges are characterised by
having a basket-like skeleton comprised of siliceous spicules (89), which in some
cases comprises up to 90% of their mass (90). The outer dermal membrane of the

sponge tissue is connected to an inner chamber via trabecular strands (Figure 1.2)

(2).
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Figure 1.3 — A) Cross-section of Hexactinellid soft tissue organisation. B) Cross-

section of the flagellated chamber wall. Arrows display flow of water (2).

The composition of the Hexactinellid microbiota has been explored in depth by
relatively few studies, with only a small number of Hexactinellid species having been
characterised (86—88). The Hexactinellid microbiota however does appear to be
distinct from that of Demosponges. In terms of composition, the microbiota of 7
species of Hexactinellid sponge have been shown to share more bacterial operational
taxonomic units (OTUs) with each other and with seawater, than with Demosponges
that were collected from a similar geographic location (87). The Hexactinellid
microbiota also showed lower diversity and evenness scores than Demosponges. The
uncultured Hexactinellid microbiota were dominated by Proteobacteria (specifically

Gammaproteobacteria), which is in general similar to Demosponges (43). Whilst there
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were no Hexactinellid-specific phyla, Patescibacteria and Nitrospinae were more likely
to be found in Hexactinellids. The microbiota of the glass sponge Vazella pourtalesii
has been shown to possess a higher intra-species dissimilarity than sediment and
seawater collected form the same site, as well as differences in the microbial
community at two different sites (88). Similarly to Hexactinellid sponges analysed by
Steinert et al. (87), the microbiota of V. pourtalesii was dominated by Proteobacteria.
Other abundant phyla were the Patescibacteria, Bacteroidetes, Spirochaetes, and
Planctomycetes.

With regards to the high microbial abundance-low microbial abundance (HMA-LMA)
dichotomy that has become apparent in sponge taxonomy (91-93), it has been
proposed that all deep-sea sponges may in fact be LMA sponges (1x10%° bacterial
cells/g wet-weight of sponge tissue) in contrast to HMA sponges with 1x108-1% bacterial
cells/g wet-weight of tissue (94). Steinert et al. (87) reported the microbiota of 7
Hexactinellid sponges that were consistent with those of LMA sponges. Evidence for
a deep-sea specific sponge microbiota has been put forward (94), however the
characterisation of the Hexactinellid microbiota from currently unexplored species will
inform discussion regarding the Hexactinellid-specific microbiota. It may be difficult to
determine whether differences between Hexactinellid and Demosponge microbiota
are due to host-associated factors or to the increase in depth. This is owing to the fact
that Hexactinellid sponges occur almost exclusively in deeper waters (2). The lack of
significance of the impact of depth on the composition of seawater microbiota (95), as
well as the impact of host identity in determining Demosponge microbiota (48)
potentially suggest that differences are more likely to be host-driven. The change in

all environmental factors that accompany the increase in depth must also be taken
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into account when assessing the impact of depth on driving microbiota composition

(95).

Mangano et al. in 2009 (3) first reported the recovery of bacterial isolates from a deep-
sea Hexactinellid sponge (Anoxycalyx joubini). Similar to studies characterising
sponges from shallow waters, cultivable isolates consisted of Alphaproteobacteria
(41.2%), Gammaproteobacteria (35.3%), Bacteroidetes (17.6%) and Actinobacteria
(5.9%). Xin et al. (4) have also reported the cultivation of bacterial isolates from two
species of Hexactinellid sponges (Rossella nuda, Rossella racovitzae). Bioactivity
screening revealed that 88% of all tested isolates displayed antimicrobial activity
against at least one bacterial plant pathogen. Clinically-relevant strains associated
with human disease were not screened against however. Interestingly, all isolates
were determined to be Gram-positive (Actinobacteria, 52.2%%; Firmicutes, 47.8%),
none of which required seawater for their growth (4).

Whilst similarities are observed between the types of bacteria isolated from
Hexactinellid sponges and the Porifera in general, there appear to be slight differences
in the relative percentages of the specific bacterial groups. In order to explore this, a
literature review was carried out in order to identify papers that have cultured bacteria
from Hexactinellida, and was combined with sequences obtained from the NCBI
database (Figure 1.3). Cultured isolates from both Classes of sponge are comprised
largely of Proteobacteria, Actinobacteria, Firmicutes and Bacteroides. The biggest
difference currently observable is that a higher percentage of the isolates obtained
from Hexactinellid sponges belong to the Bacteroidetes, which may be a reflection of
their relatively high abundance within the Hexactinellid microbiota (88). The small

number of representative isolates from Hexactinellid sponges (n=53) however
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prevents a more meaningful analysis. Whilst such a comparison helps to provide an
early insight into the Hexactinellid-specific cultivable community, the limited number of

glass-sponge specific studies represents a knowledge-gap in the current literature.
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Figure 1.4 — Phylum-level comparison of isolates recovered from Demosponges and Hexactinellid sponges. Representative

Demosponge isolate information obtained from entries submitted to NCBI using search criteria: [(sponge* or porifera*) and (16S* or
ssu* or rRNA*) and (cultured*) NOT (18S* or Isu* or large subunit* or mitochondria* or 23S* or 5S* or 5.8S* or 28S* or crab* or alga*
or mussel* or bivalve* or crustacea® or uncultured*)]. Hexactinellid isolate information obtained from a literature search of studies that

have cultured bacteria from Hexactinellid sponges (3,4).
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1.5 Antimicrobials from the Deep-Sea Sponge Microbiota

Examples of the elucidation of compounds from deep-water sponges are noticeably
less common than from shallow-water sponges. The systematic review published by
Indraningrat, Smidt and Sipkema (1), compiling instances of sponge-derived
antimicrobial compounds did not contain any published literature concerning sponges
recovered from deeper than 40m. Turk and colleagues (96) have reported the
antibacterial activity of sponge-derived extracts from 33 deep-sea arctic sponges (200-
900m). The extracts exhibited relatively weak antibacterial activity, with a slightly better
activity against isolates also obtained from arctic waters. The results are perhaps
slightly incomparable to those from studies looking directly at sponge-derived
microorganisms, as the extracts were obtained directly from sponge samples rather
than their microbial constituents and may therefore be a combination of compounds,
at different concentrations than may be obtained from direct bacterial culture.

Wright et al. (97) recently reported the activity of the novel compound Dragmacidin G,
obtained by ethanolic extraction of a sponge from 630m depth, obtained from Long
Island, Bahamas. Antimicrobial activity against S. aureus and MRSA was observed

(MIC 0.62 pg/mL), as well as against Mycobacterium tuberculosis (MIC 21uM).

An investigation into the capability of sponge-derived Pseudovibrio spp. to produce
bioactive compounds has been carried out by researchers at the University of Cork
(75,98). The genomic analysis of various strains revealed the presence of numerous
biosynthetic gene clusters (BGCs) encoding Non-Ribosomal Peptide Synthases
(NRPSs) and Polyketide Synthases (PKS) (99), providing potential leads for
subsequent NP discovery. It has also been remarked upon that sponge bacteria

isolated from the deep-sea environment are likely to harbour a range of both known
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and unknown gene clusters responsible for the biosynthesis of antimicrobial
compounds (100). A recent landmark study (95) showed that whilst taxonomic
abundance decreased with depth, the taxonomic diversity increased. In addition, the
abundance of functional genes increased in relation to the depth at which host bacteria
were collected (5m-600m). Whilst marine sponges were not included in this analysis,
it does pose interesting questions concerning the potential for novel natural product
discovery. A total of 90% of the functional genes observed within the sample collected
at 600m were not found in known databases, which provides a promising outlook for
discovery of deep-sea sponge-specific compounds. The discovery of genetic elements
associated with shallow-water sponges in deep-sea sponges suggests transfer
between the shallow and deep-sea environments (100). The microbiota of shallow and

deep-water sponges however are suspected to be generally distinct (94).

1.6 Aims & Objectives

The information presented in this introduction reveals the relative lack of available
information regarding the microbiota of deep-sea Hexactinellid sponges. It also
suggests that the Hexactinellid microbiota may contain novel bacterial species with
the ability to produce novel antimicrobial candidates. In order to address these gaps
in the field of sponge microbiology, work in subsequent chapters will address these
themes via the following objectives. Culture-dependent methods will be employed to
culture and identify bacterial antimicrobial producers from two species of Hexactinellid
sponge. Bacterial culture will consist of the use of solid and liquid growth media, with
the manipulation of environmental parameters including nutrient availability and
temperature. Bacterial culture will also include the use of a novel technique, which by

manipulating atmospheric pressure will aim to broaden the cultivable diversity of
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microbial isolates. Cultured bacterial isolates will be screened in vitro for antimicrobial
activity against clinically-relevant Gram-positive and Gram-negative strains using
traditional, plate-based techniques. The production of antimicrobial agents via
fermentation will be optimised via the manipulation of nutrient availability, temperature
and other culture parameters, and purified using a combination of reverse-phase
affinity and size exclusion chromatography. Isolates that display antimicrobial activity
will be further characterised in vitro as well as in silico. Whole-genome sequencing will
be used to provide strain-level resolution as well as determine the presence of known
BGCs with the use of publicly available software. Information obtained from BGC
classification will be used to predict the identity of isolated antimicrobial agents as well
as guide experiments aimed towards determining the mechanism of action, minimum
inhibitory concentration (MIC) and cellular toxicity.

In addition, molecular and culture-independent methods will be used to present the
first ever characterisation of the overall bacterial microbiota of the sponges examined,
as well as that of sediment samples obtained from two separate sampling sites.
Taxonomic classification of 16S rDNA sequences obtained will also aim to explore the
differences between both sponge and sediment samples, identify intra-sample and
site-specific differences as well as provide information on the structure of the core and
species-specific microbiota. Lastly, the taxonomic classification of sponge reads will
also be used to assess the presence of isolates obtained using culture-dependent

methods, and provide an indication as to the overall proportion of cultivable microbiota.
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Chapter 2

Impact of growth media and pressure on the diversity and antimicrobial

activity of isolates from two species of Hexactinellid Sponge

Part of the data in this Chapter is also published in Koch et al., 2021, Microbiology
(Reading). 2021; 167(12): 001123
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2.1 Introduction

Antimicrobial resistance has been classified as one of the greatest threats to human
health by the World Health Organisation (15) and was the subject of a UK
governmental report in 2016 (7). Historically, many of the clinically available
antimicrobials have been derived from bacteria associated with the soil microbiota and
have been the result of screening efforts aimed at discovering compounds (14). The
spread of antimicrobial resistance mechanisms as well as Issues in the supply chain
of novel classes of antimicrobials have led to an urgent need to innovate by

investigating underexplored areas and improving culture methodology.

Sponges (Porifera) are the oldest known marine invertebrates (39,40). It has become
apparent in recent years the microbes associated with sponges are responsible for
many of the novel antimicrobial agents associated with them (22), a finding which has
provided the rationale for the culture-dependent approach of many studies seeking to

optimise bacterial recovery and identify novel natural products (75,77,81,101).

The cultivation of sponge-associated microbes has traditionally been limited by poor
access to samples (56) or difficulty in providing suitable culture parameters (102,103).
Efforts to improve the cultivation have included an analysis of different methodologies,
such as agar-based recovery (104), the use of diffusion chambers (105), liquid culture
and floating-filter cultivation (81). Agar-based methods have shown greater success
in cultivating an increased bacterial diversity from Haliclona spp., compared to liquid
and floating-filter methods (81). /n-situ implantation of diffusion growth chambers
(DGC) within the living tissue of Rhabdastrella globostellata sponge have also resulted
in the improved recovery of bacteria belonging to the Actinobacteria,

Alphaproteobacteria and Gammaproteobacteria (105), many of which were deemed
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to be novel. This represents a promising method for the cultivation of bacteria from
larger, shallow water sponges, but the in-situ nature of the methodology would make

implementation on deep-sea sponges more problematic.

For every depth increase of 10.06m, pressure increases one atmosphere. Therefore,
the retrieval of sponge samples from deeper waters brings with it the potential to
isolate bacteria adapted to life at both cooler temperatures and higher pressures.
Bacteria adapted to survive in such conditions can be separated into several
categories. Piezotolerant bacteria are those capable of surviving at increased
atmospheric pressures, but at which their optimal growth does not occur. In contrast,
piezophilic bacteria grow more favourably at higher pressure, while hyperpiezophilic
are those that only grow at increased atmospheric pressure (106). Whilst research has
revealed the extent to which piezotolerant/piezophilic bacteria participate in ecological
cycles such as nutrient cycling and degradation (107), it has been remarked upon that
the effect of host-microbe interactions on the ability of bacteria to thrive in increased
atmospheric pressures is poorly understood (108). To the best of our knowledge, the
use of increased atmospheric pressure to improve the cultivability of sponge bacteria

has not yet been explored.

The majority of culture-dependent sponge research has explored the microbes
assoied with members of the Demosponge class, with the Hexactinellid, or ‘Glass’
sponges representing an untapped ecological niche, in relation to their microbiota and
the bioactive potential of associated microbes (3,4). Mangano et al., (3), however
reported the first ever recovery of bacterial isolates from a deep-sea Hexactinellid

sponge (Anoxycalyx joubini), in a study that included both Demosponges and the
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Hexactinellids. Similarly, Xin et al. (4) explored the cultivable diversity of two species
of Hexactinellid sponges, Rossella nuda and Rossella racovitzae, resulting in the
culture of bacteria including the cultivation of a potentially novel group of previously
uncultured isolates. This suggests a potentially distinct Hexactinellid-specific
microbiota and is further supported by recent 16S rRNA amplicon sequencing and
metagenomic surveys (86—88). The evidence that bacterial genomes associated with
Vazella pourtalesii display genome reduction is potentially indicative of specialised,
Hexactinellid-specific host-microbe interactions (86). These reports highlight a
potentially diverse but uncharacterised microbiome specific to individual sponge-
species, which opens up an opportunity to investigate this unique flora for novel

antimicrobial compounds.

The current lack of information regarding the cultivable sponge-associated inhabitants
of Hexactinellid sponges and their antimicrobial potential represents a knowledge gap
in the current literature. Therefore, the aim of this study is to utilise novel media and
pressure culture methods to improve recovery of Hexactinellid-associated bacteria in

the search for novel antimicrobial producers.
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2.2 Materials & Methods
2.2.1 Sample Collection

Sponge samples were collected from the North East Atlantic deep-sea, as part of two
different research programmes: the NERC funded DeepLinks Project in 2016 (RRS
James Cook - JC136), the Sensitive Ecosystem Assessment and ROV Exploration of
Reef (SEAROVER) project in 2017 (Irish Light Vessel Granuaile - GRNL2017,
RH17001), and again in 2019 (RV Celtic Explorer CE19015). Sample collection sites
are displayed in Figure 2.1.

Pheronema carpenteri 125, 134, 135
Depth: 1051m

SCOTLAND

Hertwigia sp. 081 Glasgow .
Depth: 2227m

United
Hertwigia sp. 082 L _NORTHERN Kingdom
Depth: 2175m

Dublin
“lreland

ENGLAND Amsterdam.

WALES The Hague* Netherlands

Pheronema carpenteri 009, 010
Depth: 1028m 0}

Figure 2.1 — GPS co-ordinates of collection sites for sponges used in this study.

Picture obtained by inserting sample co-ordinates into Google Maps.

Sample co-ordinates and metadata displayed in Table 2.1
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Table 2.1 — Samples collection metadata for sponges used in this study

Cruise | ROV Sample ID Date Latitude Longitude | Depth | Pressure | Temp
(m) (bar) (°C)
JC136 | Isis JC136_134 6/16/2016 | 58.854688 | - 1051 107 6.39
5 13.3994155
JC136 | Isis JC136_125 6/16/2016 | 58.854710 | - 1051 107 6.39
3 13.3994087
GRNL | Holland | | GRNL_081 7/20/2017 | 54.186723 | - 2228 225 3.49
2017 5 12.8472535
GRNL | Holland | | GRNL_082 7/20/2017 | 54.186513 | -12.847798 | 2175 220 3.5
2017 17
CE190 | Holland | | Sponge_009 | 8/13/2019 |49.534534 | - 1208 122 6
15 12.1062433
3
CE190 | Holland | | Sponge_010 | 8/13/2019 |49.534525 | - 1208 122 6
15 67 12.1061421

7




44

Both cruises conducted sampling of a wide range of deep-sea organisms. Sponges
were collected by Remotely Operated Vehicles (ROVs) and photographed in situ

before removal (Figure 2.2).

Figure 2.2 — Photos of sponges taken in situ before sample collection. Top left/right:

Pheronema carpenteri sponges (JC136 cruise). Bottom left/right: Hertwigia sp.

sponges (GRNL17).

On surfacing, sponges were transferred from the ROV into buckets containing in situ
seawater and taken into the laboratory for processing. Sponge samples were
photographed and a small tissue sample taken for genetic analysis. The remaining

sponge sample was then placed in a plastic zip-lock bag and frozen at -20°C for the
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remainder of the cruise. Upon return to land, frozen samples were transported in dry

ice and maintained at -80°C.

2.2.2 Sponge ldentification

Sponges were identified by scientists in the School of Biological Sciences at the
University of Plymouth, from the analysis of internal and external morphological
features (i.e. body shape, type, size, and arrangement of spicules) following the
Systema Porifera classification system (84). For spicule analysis, under sterile
conditions using ethanol washed and flame sterilised scalpels, cuttings of
approximately 1 cm?® were taken from the three regions on the sponge body, mesohyl,
atria, and the prostalia. Tissues were placed inside Eppendorf tubes (2 mL), covered
with 65% Nitric Acid and left for 2 h for spongin tissue to dissolve. The tubes were
gently centrifuged at 600 x g for 2 min. The supernatant was carefully discarded and
the pellet containing spicules re-suspended in water three times to wash all remaining
acid. Spicules were then washed in >95% ethanol twice before being left at room
temperature for the ethanol to evaporate. Dry spicules were inspected under a

compound light microscope and identified (84).

2.2.3 Sample Processing

For isolation of bacteria, sponge samples were allowed to come to room temperature
naturally. Sections of the sponge mesohyl were cut from the sponge using a sterile
scalpel. Individual tissue segments (~10g) were then homogenised using a sterile
mortar and pestle and transferred to a sterile 50 mL falcon tube (Fisher Scientific, UK).
Large and un-degradable (spicular) debris was left to settle for 5min and the remaining
suspended homogenate was transferred to a new sterile 50 mL falcon tube. The

homogenate was then centrifuged (4696 x g, 20 min) to obtain a pellet. The pellet was
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then re-suspended in 2 mL sterile phosphate-buffered saline (PBS) and 100 yL was
spread onto individual agar plates. To minimise the effects of repetitive freezing on the
original sponge sample, as well as to aid replicability, all sponge segments were
processed at the same time. Unused bacterial cell suspensions and sponge tissue
segments were stored at -20°C in Natural Seawater (NSW) + 50% Glycerol for later

use.

2.2.4 Agar-Based Comparison of Bacterial Richness and Abundance

A range of solid-growth media was used for bacterial recovery. Abbreviations in the
text and figures are as follows. MA: Marine Agar; MC: Marine Agar + Carnitine
Hydrochloride (0.2g/l); LB: LB Agar; LC: LB Agar + Carnitine Hydrochloride (0.2g/l);
RC: R2A Agar + Carnitine Hydrochloride (0.2g/l); OM: Oatmeal Agar; SYP-SW:
Starch-Yeast-Peptone-Seawater Agar (109); ABC: PS Medium (110). A full list of
media used is contained within the Appendix, Table S1. Bacterial cell suspension
was spread evenly across agar plates. Where agar contained Carnitine Hydrochloride,
0.2g/L Carnitine hydrochloride (Sigma-Aldrich) was added before autoclaving. For
each condition tested, 3 technical replicates were performed for each biological
sponge replicate. For assessing the impact of different media on cultivation, all plates
were incubated in the dark at 20°C for a total of 40 days, when all growth
measurements were taken.

For pressurised culture, agar plates spread with bacterial cell suspensions were
placed into stainless steel containers (650x300mm) (Southwestern Engineering, UK).
Gas mixtures were prepared at either 4% or 21% O2 prior to being pumped into the

chambers. Chambers were filled with gas mixtures until the desired pressure had been



47

reached. This work was carried out in collaboration with Dr Gary Smerdon at the Diving

Diseases Research Centre, Plymouth Science Park.

2.2.5 Dilution to Extinction — Cell Counting and Dilution

Bacterial cell suspensions from P. carpenteri (Cruise JC126, samples 125/134) and
Hertwigia sp. (GRNL_081/082) were prepared according to the steps outlined above.
Approximate bacterial concentration was determined with the use of a
haemocytometer. Cell suspensions were then diluted to approximately 3-4 cells per
mL, and 333ul was added to each well of a 96-well plate, to give an approximate total
of ~1 cell per well. A total of 288 wells were inoculated in total. Plates were incubated
at 20°C for a period of 40 days. The calculations for the actual counts and dilutions

used are as follows:

Hertwigia sp.

Original bacterial cell suspension was diluted 1:10 (1x10") and counted on a
haemocytometer. The suspension was thereby deemed to contain 12,000,000
cells/mL. The cell suspension was split into 3x333pl (4,000,000 cells/mL each) and
each was diluted 1:10,000 using either %2 Marine Broth, ABC media or LNHM (see
media list). An aliquot (500ul) was then added to 49.5 mL of the appropriate media
(1:100) giving an approximate concentration of 4 cells/mL and 330ul was then added
to each well of a 96-well plate to give an approximate concentration of 1.33333

cells/well.
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Pheronema carpenteri

Original cell suspension was diluted 1:10 (1x10-") and counted on a haemocytometer.
The suspension was thereby deemed to contain “22,500,000 cells/mL. This cell
suspension was split into 3x333pl (7,500,000 cells/mL each) and each was diluted
1:10,000 using either %2 Marine Broth, ABC media or LNHM (see media list). Each
dilution was then diluted 1:2 (500ul cells in 500ul media) (~375 cell/mL). An aliquot
(500ul) was then added to 49.5mL of the appropriate media (1:100) giving an
approximate concentration of 3.75 cells/mL and 330ul was then added to each well of

a 96-well plate to give an approximate concentration of ~1.25 cells/well.

2.2.6 Antimicrobial Screening using Simultaneous Antagonism

Cell suspensions of the organism being screened against (the indicator) were
prepared to specific ODgoo readings for each species. Indicators used for preliminary
screening were Micrococcus luteus (ODeoo 0.5), Staphylococcus aureus NCTC12493
(ODsoo 0.5), and Escherichia coli NCTC10418 (ODsoo 0.4). Isolates obtained from
bacterial culture were screened for antimicrobial activity using the simultaneous

antagonism method (111).

Each well-plate was wrapped in foil to ensure darkness and was incubated at 20°C
whilst shaking at 100rpm. Growth was assessed by the presence of visible growth
after 40 days. Aliquots (100pl) from each growth-positive well was streaked onto 1/10
R2A and incubated in the dark (112). Upon the growth of colonies, each individual
colony type (assessed by visual morphology) was sub-cultured onto a separate agar

plate.
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2.2.7 DNA Extraction and Amplification

Genomic DNA was extracted from isolates using the DNeasy Powersoil Kit (Qiagen,
UK) according to manufacturer’'s conditions. DNA was quantified using a Qubit
Fluorometer (Thermofisher Scientific). PCR reactions (50uL) were set up, consisting
of 25uL 2x DreamTaq Green PCR Master Mix (Fisher Scientific, UK), 2.5uL 27F 16S
Primer (5-3 AGAGTTTGATCATGGCTCA), 2.5uL 1492R 16S Primer (5-3’
TACGGTTACCTTGTTACGACTT) (Eurofins Genomics Standard Primers) (113-116),
5uL DNA Template (50-100ng), 15uL nuclease-free water (Merck). PCR conditions for
the amplification of the 16S rRNA gene consisted of an initial denaturation step of 5
minutes at 94°C, followed by 30 cycles of 30 seconds at 94°C, 60 seconds at 52°C,

90 seconds at 72°C and a final extension step of 10 minutes at 72.

2.2.8 Bacterial Sequence Classification and Tree Building

Amplicons of the 16S rRNA gene were sequenced using Sanger Sequencing (LGC
Genomics Ltd, Germany). The forward and reverse strands of the 16S rDNA gene
were sequenced separately and trimmed to remove regions that had more than a 5%
chance of per-base error. Forward and reverse sequences were then aligned to each
other in order to provide a consensus sequence. Sequences were compared against
the NCBI Nucleotide collection (nr/nt) database using the BLAST function in Geneious
Prime v2020.2.2 with standard parameters. A phylogenetic, neighbour-joining tree
was constructed using a Tamura-Nei distance model (117). Tree-building was
performed in Geneious Prime using the Geneious Tree Builder tool with standard
parameters. The tree was exported as Newick-format and uploaded to iToL

(https://itol.embl.de/) for visualisation.
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2.3 Results

2.3.1 Low-nutrient media recovers highest bacterial abundance and diversity
for Pheronema carpenteri and Hertwigia sp.

Preliminary optimisation of bacterial culture was carried out for two species of deep-
sea hexactinellid sponges using a range of solid growth media. Abundance counts
were recorded as counts of individual colonies, irrespective of morphotype, while
diversity counts record different morphotypes. The word morphotype here refers to
bacterial colonies that were distinguishable using the naked eye. Each colony present
on a particular agar was cross-referenced by searching for a colony of the same visible
morphology on all other plates of that media type. Parameters including colour, size,
border, opacity, and profile were taken into account. It should also be noted that these
reports of abundance and diversity refer explicitly to cultivability, and not to the overall
microbial communities of the sponges. For all media trialled, Marine Agar (MA), Marine
Agar + Carnitine (MC) and half-strength Marine Agar (2 MA) consistently yielded
higher colony forming units per gram of wet weight of sponge (CFU/gww) across both
sponge samples tested (Figure 2.3A, B, D, E), while Oatmeal Agar (OM) produced
the lowest (Figure 2.3A, D). Of the three, 72 MA was the most successful in recovering
bacteria from Hertwigia sp., with an average of 99.7 CFU/gww (Figure 2.3A), while
MC was the most successful for P. carpenteri samples (Figure 2.3D), averaging 9.3
CFU/gww. Furthermore, the trend across all media types indicated an approximate
10-fold greater recovery of bacteria from Hertwigia sp. samples compared to those
from P. carpenteri. A significantly higher bacterial abundance was obtained from
Hertwigia sp. across 6 of the 10 media used. Media that produced a significantly higher

bacterial abundance were LB (p-value:0.0077), RC (p-value:0.0303), R2a (p-
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value:0.0024), % MA (p-value:<0.0001), MA (p-value:<0.0001) and MC (p-

value:<0.0001).
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Figure 2.3 — Recovered CFU/gww counts for isolates obtained from two different
samples of two species of Hexactinellid sponge. A, D) Abundance counts for bacteria
grown across different media for Hertwigia sp. and P. carpenteri, respectively. Bars:
Mean + Standard Deviation (SD). B, E) Number of bacterial morphotypes grown
across different media for Hertwigia sp. and P. carpenteri, respectively. Media without
bars represent counts taken only for GRNL_081. C, F). Linear regression analysis
between CFU/Morphotypes obtained across different media for Hertwigia sp. and P.
carpenteri, respectively (dots represent individual growth media). Bars represent
Standard Deviation. All media were inoculated in triplicate. Number in parentheses in
individual graph title represents sponge replicate ID. Abbreviations: OM, Oatmeal

Agar; SYP-SW, Starch-Yeast-Peptone Seawater Agar; ABC, ‘ABC’ Agar; LC, LB +
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Carnitine Hydrochloride; RC, R2a + Carnitine Hydrochloride; LB, LB Agar; MA, Marine

Agar; MC, Marine Agar + Carnitine.

Of the media examined, R2a + Carnitine Hydrochloride (RC) agar yielded the highest
number of bacterial morphotypes for Hertwigia sp. (29.5 morphotypes/gww) while %
MA produced the highest number of bacterial morphotypes for P. carpenteri (16
morphotypes/gww) (Figure 2.3B, E). The correlation between the number of bacterial
isolates and the number of bacterial morphotypes present on each growth medium
after 40 days of incubation was quantified. For both sponges, there was a positive
correlation between the abundance of bacteria and the diversity as measured by
Pearson’s correlation co-efficient (r = 0.4878, P. carpenteri, r = 0.2253, Hertwigia sp.

(Figure 2.3C, F).

2.3.2 P. carpenteri and Hertwigia sp. display low overlap in cultivable
morphotypes

Analysis of the percentage of bacterial morphotypes shared between the two Hertwigia
sp. biological replicates (GRNL_081 and GRNL_082) (18.37%) was higher than for P.
carpenterireplicates (JC136_125 and_134) (5.48%). The number of morphotypes that

were shared between sponge species was (2.28%) (Figure 2.4).
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GRNL_081 JC136_125

GRNL_082 JC136_134

4 (5.48%)

36 (18.37%) /‘\

6 (2.28%) \

Figure 2.4 —Venn diagram of shared diversity between Hertwigia sp. replicates (in
green) and Pheronema carpenteri replicates (in yellow). The number on the outer
edges of the ellipses denote the number of morphotypes for each individual replicate.
The percentage number in the corresponding colour denotes the shared morphotypes
between replicates of the same type. The central figure denotes the number of shared
morphotypes between all Hertwigia sp. and Pheronema carpenteri replicates as a

whole.

2.3.3 Dilution to extinction (DTE) culture produces more bacterial isolates from
P. carpenteri than from Hertwigia sp.

Bacteria were grown from Hertwigia sp. (GRNL_081) and P. carpenteri (JC136_125)
samples using a dilution to extinction (DTE) method (112,118).

For P. carpenteri, 21 isolates were recovered on 2 MA, equal to the number of growth
positive wells (Figure 2.5A). For Hertwigia sp., 16 isolates were recovered, higher
than the number of growth-positive wells observed (Figure 2.5A). For both sponges,
several morphotypes were recovered from some individual wells, indicating mixed
cultures (Figure 2.5B). No bacteria were recovered on solid media from well-cultures

of ABC media or LNHM. A higher number of growth-positive wells, as well as a higher
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number of bacterial isolates were obtained from P. carpenteri (Figure 2.5A). A total of

37 bacterial isolates were cultured.

A
Dilution-to-Extinction Growth
251
20+ B P. carpenteri wells
_ Bl P. carpenteri Isolates
= 15- ..
5 0 Hertwigia. spp. wells
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10+
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0' T I T u T
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Liquid Media
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Hertwigia 1" 9 16 4 3 2 5
spp. (3.82%) (81.82%) (44.44%) | (33.33%) | (22.22%) | (55.56%)

Figure 2.5 — A) Growth statistics for bacteria grown in different media using the dilution
to extinction method. B) Table displays statistics for number of bacteria recovered from
each treatment. Single, Double and Triple refers to the number of wells from which 1,
2 or 3 different morphotypes, respectively, were recovered when liquid from wells was

plated onto solid media.

The percentage cultivability of each sponge [based on the Button et al. (118) and
Connon & Giovannoni (112) methodology], was predicated to be 1% for P. carpenteri
and 0.1% for Hertwigia sp. The number of wells containing pure cultures was predicted

to be 34.7% for P. carpenteri. Actual percentage of wells containing pure cultures, as



95

measured by counting morphotypes cultured on solid media was 16.7%. The number
of wells containing pure cultures was predicted to be 10.8% for Hertwigia sp., though
actual recoverable morphotypes was 4.2%. Cell counting of a bacterial suspension
from each sponge using a haemocytometer suggested there to be around twice as
many cells present in the P. carpenteri suspension; ~2.25x107 cells/mL compared to

~1.2x107 cells/mL for Hertwigia sp.

2.3.4 Culturing under altered atmospheric pressure/O: reveals additional
bacterial genera from P. carpenteri.

Further bacterial cultivation was carried out for two separate sponges of P. carpenteri
(hereafter named Sponge 009 and Sponge_010) collected from a later cruise (Table
2.1). Further work was carried out on P. carpenteri given that a higher number of
isolates recovered under normal atmosphere from this sponge displayed antimicrobial
activity than was observed for Hertwigia sp. (Table 2.2, below). Increased pressures
were generated with the use of stainless steel chambers (Appendix, Figure S1), with
the pressure limits determined by the capacity of the chambers used. Gas mixtures
were prepared at either 4% or 21% O- prior to being pumped into the chambers.
Sealed chambers were filled with gas mixtures until the desired pressure had been
reached. The pressure simulated in this study (5 bar) was equivalent to 4.93
atmospheres, which is representative of an ocean depth of almost 50m.

Culturing P. carpenteri samples at increased pressure (21% O2/5 bar) resulted in a
reduced bacterial abundance when compared to those grown under the control
conditions (21% O2/1 bar) (Figure 2.6A). A similar result was also seen for those
samples cultured at 5 bar pressure combined with a lower oxygen concentration (4%).

A significant reduction in bacterial diversity was also seen for Sponge_009 samples
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incubated on R2a at 21% O2/5 bar, when compared to the control group using a 2-
way ANOVA (p-value: 0.0482) (Figure 2.6B). A reduction was also observed for those
incubated in the lower oxygen concentration, however the difference was not
significant (p-value: 0.7793). This indicates that, in these experiments, increased
pressure did not improve the abundance or diversity yields from P. carpenteri cultured

on R2a medium over that of the control conditions.
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Figure 2.6 — Abundance and diversity measurements for bacteria recovered from P.
carpenteri and cultured under altered atmospheric conditions. A) abundance counts.

B) Diversity counts. Bars: Standard Deviation across 3 technical replicates.

Bacteria from each environmental condition were sub-cultured onto solid media in non-
pressured conditions and genomic DNA extracted from each individual morphotype
that was cultured. Sequencing, quality-trimming and aligning of the forward and
reverse 16S rRNA gene sequence resulted in data for 31 isolates, as shown in the
histograms for sequence length, query cover (%) and identical sites (%) of all BLASTn
queries (Appendix, Figures S2, S3, S4).

The top BLASTn hit for all 16S rDNA sequences were filtered to those that matched

with 100% query cover and a <97% site identity. Filtering sequences in this way
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revealed the presence of a single 16S rDNA sequence that may represent a potentially
novel Bacillus species. The sequence was from an isolate recovered at 21%
O2/Atmospheric bar and matched most closely to Bacillus sp. ITP29 with an identical
site percentage of 96.6% The filtering cutoffs were relaxed to also include those that
had an identical site percentage of <99%, in accordance with updated Operational
Taxonomic Unit (OTU) clustering recommendations (119). By including all 16S rDNA
sequences that were divergent from those in the NCBI database by >1%, rather than
by >3%, the number in the filtered list increased from 1 to 8, as only one sequence
had an identical site match of <97%. The 8 16S rDNA sequences that had an identical
site match of <99% matched to sequences related to Psychrobacter sp.,
Pseudomonas sp., Erythrobacter sp., Dermacoccus nishinomiyaensis, Bacillus sp.

and ‘Uncultured bacterium clone Md-9.

Of the 31 isolates, 10 were obtained from Sponge 009, whereas 21 were obtained
from Sponge_010. All 10 sequences from Sponge_009 had unique BLASTn identities,
8 of which (80%) were unique to Sponge_009. A total of 16 of the 21 sequences from
Sponge_010 had unique BLASTn identities, 14 of which (87.5%) were unique to
Sponge_010. A total of 2 sequences from each sponge had a shared BLASTn identity.
Of the 24 unique BLASTNn identities, 22 (91.7%) of these were unique to a particular

sponge.

A Neighbour-joining tree of all 31 16S rDNA sequences (alignment length 1621nt) from
each sample treatment revealed that they did not cluster together at species level -
indicating that isolates from each sample treatment were not more closely related to

each other than those from different samples (Figure 2.7).
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Figure 2.7 — Neighbour-joining tree of 16S rDNA sequences obtained from bacterial

isolates cultured from P. carpenteri. Taxonomic ID’s represent the top BLASTn hit for

each sequence. Colours represent treatment at which isolate was recovered. Green:

21% 02/1.01 bar, Blue: 21% O2/5 bar, Red: 4% O2/5 bar.

A total of 31 different morphotypes were recovered from the P. carpenteri samples,

belonging to 14 genera (Figure 2.8A) within the Proteobacteria, Actinobacteria and

Firmicutes phyla (Figure 2.8B). Of these, thirteen (41.9%) were from 21% O2/1.01

bar, seven (22.6%) from 21% O2/5 bar, and eleven (35.5%) from 4% O>/5 bar. The

most common genus recovered was Psychrobacter (29%), a proteobacterium present

in all three sample types (Figure 2.8C). Bacteria from all three phyla were recovered
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from 21% O2/1.01 bar, however, no Actinobacteria were recovered from 21% O/5 bar

and no Firmicutes were identified in the 4% O2/5 bar (Figure 2.8D).
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Figure 2.8 — A) Phylum- and B) Genus-level distribution of all P. carpenteri isolates
sequenced. C) Phylum- and D) Genus-level distribution of isolates recovered, split by

sample treatment.

While increased pressure reduced overall bacterial abundance, it appeared to promote
the recovery of certain genera that were not cultured under the control conditions. The

isolate ‘Uncultured clone 7A’ was found in the samples incubated at 21% O2/5 bar but
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not at 21% 0O2/1.01 bar or at 4% O2/5 bar, indicating that a combination of higher
oxygen and pressure may favour the recovery of this specific strain. Dermacoccus,
Kocuria and Brevibacterium were only cultured on R2a at 4% O2/5 bar, while
Micrococcus, Micromonospora, Methylobacterium and Dietzia were only cultured at
21% 0O2/1.01 bar (Figure 2.8D), further evidencing the need to implement different
environmental factors when attempting to improve recovery of sponge bacterial

diversity.

2.3.5 Bacteria from Hexactinellid sponges display antimicrobial activity against
clinically-relevant bacterial strains

A total of 331 bacterial isolates were screened for antimicrobial activity using a
simultaneous antagonism assay. Briefly a confluent lawn of an indicator organism was
spread across an agar plate and ‘spotted’ with sponge isolates. The plates were
incubated and assessed visually for a ‘zone of inhibition” around each sponge isolate,
with a total of 212 (64 %) isolates from Hertwigia sp. and 119 (36%) from P. carpenteri.
The potential screening of duplicate strains was a possibility given isolates were
obtained at different stages and via different methods. Each isolate was initially
screened for antimicrobial activity against the three test bacteria; M. luteus, S. aureus
and E. coli (Table 2.2). S. aureus and E. coli were chosen for their clinical relevance
as well as to represent both Gram-positive and Gram-negative bacteria. M. luteus in
particular was chosen due to its relative susceptibility to antimicrobials, thought to be
a reflection of its small genome and resulting lack of certain resistance proteins found
in other Actinobacteria (120). M. luteus was therefore considered a good target, or
‘wide net’ for first-pass antimicrobial detection. Of the 11 isolates that displayed

antimicrobial activity, 9 (81.8%) were active against both Gram-positive organisms,
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while 1 isolate, Micrococcus antarcticus showed activity against M. luteus only. Two
isolates (18.2%) were active against both Gram-positive and Gram-negative
organisms, with those that were identified coming from Actinobacteria and Firmicutes,
while only one isolate (9.1%) was solely active against E. coli. Eight (72.7%) of active
isolates were obtained from P. carpenteri, while three (27.3%) were obtained from

Hertwigia sp.

Table 2.2 — Isolates obtained from Hexactinellid sponges that displayed antimicrobial

activity in a simultaneous antagonism assay.

Activity vs.
Parent sponge-Isolate ID 165 rDNA Identity based on Isolation Medium M. luteus MRSA E. coli
closest database match

P. carpenteri -Ph28 Bacillus altitudinis LB + + +
P. carpenteri-RC14 * RC + + -
P. carpenteri-RC15 * RC + + -
P. carpenteri-RC17 * RC + + -
P. carpenteri-A11 Streptomyces sp. RC + + +
P. carpenteri-Ph7 Streptomyces sp. 2 MA (DTE) + + -
P. carpenteri-NS98 Micrococcus antarcticus R2A + - -
P. carpenteri-NS10M4 Bacillus sp. 2 MA - - +
Hertwigia sp-RC57 * RC + + -
Hertwigia sp-SYP-1 * SYP + + -
Hertwigia sp-SYP-2 * SYP + + -

M. luteus: Micrococcus luteus (lab strain); MRSA: Staphylococcus aureus NCTC
12493; E. coli: Escherichia coli NCTC 10418. Isolation media abbreviations as
previously described. *Isolates with low level activity were not identified using 16S

rRNA gene sequencing.

2.4 Discussion & Conclusions
2.4.1 Culture Using Solid Media and Community Dissimilarity
Most studies

investigating bacteria with antimicrobial activity from sponge

microenvironments have focused on those sponges collected from shallow waters
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(<200 metres deep) and those from the class, Demospongiae. To optimise the culture
of bacteria from two previously uncharacterised species of Hexactinellid sponge,
bacteria were cultured on a range of solid-growth media, representing the first culture-
based microbial analysis of these two sponges. The number of CFU and the number
of distinct morphotypes (i.e. abundance and diversity) were also compared between
isolates obtained from P. carpenteri and Hertwigia sp. In general, this revealed a
higher abundance of isolates from Hertwigia sp. and the positive impact of lower-
nutrient media designed to mimic the marine environment, across both sponge
species. The inclusion of seawater in culture media (SYP-SW), whilst resulting in low
bacterial abundance, did produce a relatively high number of bacterial morphotypes,
particularly in the case of Hertwigia. The use of carnitine, a substrate for which sponge
bacteria have previously been shown to display metabolic specialisation (121) did not
appear to significantly increase the number of bacterial CFU or morphotypes.

Maximising the chance that recovered bacterial isolates are derived from the
marine/sponge environment attempts to reduce the chance for re-discovery of
previously characterised antimicrobials by taking advantage of the increased species
and functional richness associated with deeper waters (82,95) and the number of
marine NPs that have been discovered from the marine environment in recent years
(21,41). It is also important for studies seeking to screen recovered isolates for
antimicrobial activity to consider which media produce the highest number of distinct
bacterial morphotypes (i.e. diversity), rather than just abundance - a higher number of
individual morphotypes provides a higher number that can be screened. It should be
noted that whilst two isolates display similar morphologies, this does not mean that
they will produce the same profile of secondary metabolites. Distinguishing colonies

based on visual morphology attempts to provide an early, simple de-replication step
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in the process of identifying potentially novel antimicrobial candidates. This however
is limited by the fact that strains may display different morphologies when using
different culture media, and that different bacteria may display highly similar
morphologies that may be indistinguishable with the naked eye.

The positive impact on bacterial culture of low-nutrient media, as well as the inclusion
of seawater provide an initial reassurance that the bacteria cultured are more likely to
be those present in the marine environment, rather than the result of terrestrial
contamination. Whether or not the bacteria cultured are truly ‘sponge-associated’ as
opposed to being just from the marine environment in general was not investigated,
and is unknowable without further investigation of metabolic and/or genetic
specialisation. This indication was further explored by the molecular characterisation
of isolates obtained from culture at altered atmospheric pressure, as will be discussed

later.

The use of solid growth media resulted in a ten-fold increase in the number of colonies
recovered from Hertwigia sp., although a similar increase was not observed for
diversity, suggesting the Hertwigia sp. microbiota is dominated by either one or a small
number of bacterial species that cannot be cultured. Cell counting techniques used in
dilution-to-extinction experiments indicated there to be around twice as many cells
present in the P. carpenteri suspension. Whilst cell counting techniques using only a
haemocytometer are rudimentary, it does perhaps suggest the P. carpenteri sponge
does not only have a higher bacterial density but also a higher number of constituents
that were either ‘uncultivable’ under the conditions applied, or perhaps unviable. Use
of dilution-to-extinction experiments indicated that Hertwigia sp. have a much lower

microbiome cultivability (0.097%) than P. carpenteri (1.039%). The formula for
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calculating percentage cultivability of bacteria devised by Button et al. (118) has since
been updated to include information concerning the relative abundance of particular
species within bacterial suspensions (103). Culture of bacteria here by DTE would
benefit from a 16S rRNA taxonomic survey of the host microbiota, in order to provide
this information.

Another initial indication of the community dissimilarity of each sponge species is the
markedly low overlap between shared morphotypes [6 (2.26%) of 269 isolates]. Whilst
this observation is limited by the small number of isolates obtained from P. carpenteri,
it is supported by the fact that 91.7% of the 16S rDNA sequences obtained from P.
carpenteri had BLASTn identities that were found in only a particular sponge replicate.
It also appears that the different media used herein revealed distinct groups of
bacterial morphotypes. This was noted in visual observations and is also highlighted
by the lack in correlation between an increase in abundance and diversity. The
increase in number of bacterial colonies recovered did not lead to a significant
increase in a specific morphotype, with the increase being made up of representatives

of numerous morphotypes.

2.4.2 Comparison Between Biological Replicates
Due to the lack of information available on the Hexactinellid microbiota, it is unknown

how much variation exists between biological replicates of the same species. Perhaps
the most extensive overview of the sponge microbiota to date included <5 biological
replicates for the majority of species analysed (43). It is interesting to note than even
for species for which a high number of biological replicates was provided, there was
still a high degree of variation in community dissimilarity as determined by 16S rDNA

sequence profiling (43). In our efforts to observe the effects of isolation media,
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temperature, and supplementation on culturing effects, we observed significant
differences between biological samples belonging to the same species. In this study,
sponge samples were classified as biological replicates if belonging to the same
species and if they were retrieved from the same sampling event and depth. This
attempts to control the effect that depth, a proxy for temperature and pressure, may
have on the recoverability of sponge-associated bacteria. The P. carpenteri sponges
JC136_125 and 136 were both sampled from the same location at 1,051 m depth,
whereas the two Hertwigia sp. sponges were sampled at 2,175 m (GRNL_82) and

2,227 m (GRNL_81) depth (Table 2.1).

The most comprehensive analysis of the Hexactinellid microbiota to date included 3-
4 replicates of each species from 770-4160m depth (87), reporting that the relative
abundance of each taxon varied more widely between biological replicates of
Hexactinellid sponges than for Demosponges. Members of the
Hertwigia and Pheronema genera were absent from the Steinert study. Using the
amplicon sequence variant (ASV) technique of classification (122), a greater
dissimilarity in alpha-diversity was also observed between 33 replicates of the
Hexactinellid Vazella pourtalesii, compared to the microbiome of surrounding
seawater and sediment, at ASV and Phylum level (88). It is therefore relevant to
consider the differences in community composition between biological replicates of
the same host species, particularly for those that have not been previously
investigated. It appears from the preliminary investigation conducted here that
cultivable differences are more pronounced between sponge species than for

replicates of the same sponge species. Further in-depth 16S rRNA gene or
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metagenomic community profiling would be recommended to fully explore these inter-

and intra-sponge differences and is covered in Chapter 4.

2.4.3 Dilution-to-Extinction Culture

Bacteria from Hertwigia sp. and P. carpenteri were cultivated using the DTE method.
Whilst the use of 72 MA produced colonies in 11/96 and 24/96 wells for Hertwigia sp.
and P. carpenteri, respectively, the use of ABC and LNHM produced only a small
number of colonies for P. carpenteri and none for Hertwigia sp. Inoculation of LNHM
(123) and sterilised seawater (112) has previously been used for the cultivation of
isolates from marine water. Given the reported success of ABC media in improving
the diversity of bacteria recovered on solid media in this study and its original report
(110), it is surprising that such a low number were produced using DTE in the current
study. A theoretical outcome of using DTE is that wells are more likely to contain
members of the most highly abundant species present in the original sample. The
observation that a lower number of isolates were obtained from Hertwigia sp. may
support the concept that the microbiota is dominated by one or several ‘uncultivable’
species. This however does not provide an explanation for why such a low number of
isolates were produced from P. carpenteri when using ABC and LNHM. The calculated

cultivability value was much lower for Hertwigia sp.

2.4.4 Culture at Increased Atmospheric Pressure

Bacteria from the phyla Proteobacteria, Actinobacteria and Firmicutes were recovered
from P. carpenteri samples cultivated at 21% O2/1 bar. Interestingly, the use of 4%
0O2/5 bar prevented the growth of Firmicutes, and the use of pressure (21% O2/1 bar)
prevented the growth of Actinobacteria. The addition of pressure to culture conditions

appeared to increase the overall percentage of Proteobacteria isolates. The control
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group (21% O2) resulted in the highest abundance and diversity recovered, while
lowering the Oz to 4% resulted in no Firmicutes being recovered but increased the
percentage of Actinobacteria isolates. Bacteria cultured under the same atmospheric
pressure/O> did not appear to be more closely related, or cluster together in terms of
16S rRNA gene similarity. There were, however, species that were unique to each
atmospheric condition.

The addition of pressure (21% O/5 bar) reduced the overall number of bacteria
cultured, however produced an ‘uncultured bacterial clone’. Isolates grown under a
low-O2, pressurised environment (4% O2/5 bar) included members of Dermacoccus,
Kocuria and Brevibacterium. Isolates belonging to the Micrococcus, Micromonospora,
Mehylobacterium, ‘Uncultured clone Md-9" and Dietzia genera were only present in
the control group.

The lack of data from 4% Oz at atmospheric bar in this study prevents a more
comprehensive analysis into whether certain isolates were selectively cultured by the
combination of low Oz and pressure. The ability of all isolates to grow in non-
pressurised environments once sub-cultured however, demonstrates that none of
them require pressure for their growth. It may also be the case that the combination of
pressure and low Oz concentration prevented the growth of competing bacteria in the
first instance. Isolates that did not require pressure for their growth may also have
grown more favourably under pressurised conditions. Isolates belonging to the
psychrotolerant Psychrobacter (124) were the most common across all sample
treatments; a psychrotolerant microbe that has previously been isolated from a fish

processing plant (125) and a deep-sea hydrothermal vent (124).
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The sponges used in this study were obtained from depths ranging between 1051-
2228m, which is equivalent to ~105-223 atmospheres of pressure. The pressure
simulated in this study (5 bar) was equivalent to 4.93 atmospheres, which is
representative of a depth of almost 50m. Previous work detailing the range of cellular
processes affected by pressure suggest that essential biological processes (in E. coli)
are not prevented until pressures much higher than this (126). Therefore, it is assumed
that many bacterial species associated with P. carpenteri and Hertwigia sp. may be
cultivable at much higher pressures than those used in this study. Further work in
assessing the impact of higher pressure on the cultivation of sponge-associated
bacteria, and their ability to thrive and survive at such pressures would be of benefit in
exploring this, though the practicalities of doing such work may represent a significant
hurdle. The pressures at which bacteria were grown here were determined by the

pressure capacity of the containers used.

2.4.5 Antimicrobial Screening

A total of 11 (3.32%) of the 331 isolates screened displayed antimicrobial activity.
Previous reports of antimicrobial screening vary with respect to sample and
methodology. Previous studies from sponges have reported hit rates between 8.4-
41% without dereplication strategies (127-129). Previous studies in soil and
wastewater have reported hit rates between 1.3-42.4% (130,131). High-throughput
studies screening small molecule libraries report a hit rate of ~0.5% (132). Of the 11
isolates that displayed antimicrobial activity, 8 were recovered from P. carpenteri. This
is perhaps surprising considering the much lower number of isolates obtained from
this sponge, compared to the Hertwigia sp. samples. The prevalence of active isolates

was used to select a sponge for bacterial culture at increased pressure, but it remains
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to be seen whether the P. carpenteri microbiota contains more bacteria that produce
antimicrobial compounds in vitro. Observations about the potential composition of the
P. carpenteri microbiota provided by DTE culture may become relevant if bioactive
bacteria cultivated from P. carpenteri are found to include members of the rare
biosphere. The majority of isolates that displayed antimicrobial activity did so against
Gram-positive organisms, while several were also active against E. coli NCTC10418.
The need for the discovery of novel antimicrobial agents active against Gram-negative
organisms is of particular importance, given the lack of available agents effective
against drug-resistant members of this group (133). Isolates that appeared to display
inhibitory activity towards E. coli NCTC10418 were recovered from both sponge
species studied here, indicating the value in continued investigation of the bioactive

potential of their associated microbiota.

An evaluation of bacterial culture-based methods was carried out for two previously
uncharacterised species of the Hexactinellid sponge, revealing a higher number of
cultivable isolates from Hertwigia sp. and a higher proportion of bioactive isolates from
P. carpenteri. The use of elevated atmospheric pressure was demonstrated to have
an impact on the bacterial genera that were capable of being recovered. Isolates were
screened for antimicrobial activity, producing several isolates of interest, active against
Gram-positive and Gram-negative bacteria. These have been prioritised for
downstream analysis. This study constitutes the first exploration of the diversity and
antimicrobial potential of the microbiota from P. carpenteri and Hertwigia sp. sponges,
as well as the use of pressure in culturing bacteria from such samples. It appears that
the cultivation of isolates with antimicrobial potential from P. carpenteri is more likely

than from Hertwigia sp. However, there also exist intra-species dissimilarity between
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cultivable bacteria from both sponges. Further molecular, microbiome-level
investigation would be recommended in order to examine trends in detail. Overall, the
isolates obtained herein provide a promising avenue for further investigation and
indicate that Pheronema sponges are promising targets for the isolation of novel
antimicrobial candidates. The 16S rRNA gene sequences generated by this study
were submitted to genbank under the accession numbers MZ723441 to MZ723479. A

full list of accession numbers can be found in the (Appendix, Table S2).
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Chapter 3

Purification and characterisation of an antimicrobial agent from a sponge-

derived Streptomyces sp. strain
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3.1 Introduction

3.1.1 Sponge Actinobacteria-derived Antibacterials

The culture of Actinobacteria from sponge samples has been a focal point for many
culture-dependent studies (23,29-35). Historically, soil-derived Actinobacteria have
been a prolific source of antimicrobial compounds (14). With regards to sponge-
associated antimicrobials, the Actinobacteria have also been shown to be a major
source of antimicrobials. A survey of antibacterial compounds isolated from sponge-
derived bacteria revealed that they have thus far been the most prominent source
(~21%) (1). This is likely to be due to a combination of their natural propensity for
production of antimicrobials and/or secondary metabolites and the number of culture-
dependent studies that have focused specifically on their isolation.
Sponge-associated Actinobacteria that have previously been cultivated from sponges
belong largely (38.5%) to the genus Streptomyces spp. (Figure 3.1). A similar trend
has been reported for the Actinobacteria genera responsible for production of

antibacterial agents (Figure 3.1 Inset).
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Bacterial Origin of Antibacterial Compounds
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Figure 3.1 — Number of bacterial sequences deposited to NCBI for cultivated
Actinobacteria from sponge samples. Search criteria: (((sponge* or porifera*) and
(cultured* or cultivated*) NOT (uncultured* or uncultivated*))) AND "actinobacteria”.
Inset: Number of Sponge Actinobacteria-derived antibacterial compounds reported by

Indraningrat, Schmidt & Sipkema (1).

3.1.2 Antibacterials from Sponge-derived Streptomyces spp. isolates

Previous antimicrobials isolated from sponge-derived Streptomyces sp. include
Mayamycin (28), a cytotoxic polyketide with demonstrated activity against both
microbes and human cancer cell lines. The siderophore 2-pyrrolidine isolated from a
sponge Streptomyces sp. displayed weak antimicrobial activity against both Gram-
negative and Gram-positive organisms (MIC 400-700 pg/mL) (134).

Streptophenazines A-H were purified from fermentation cultures of a sponge-derived
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Streptomyces sp. (135). Reiner et al. in 2015 reported the elucidation of a napthacene
glycoside given the title of SF2446A2 that displayed the ability to inhibit chlamydia
proliferation in HeLA cells (136). Several antibacterial agents of the Antimycin family
were isolated from a marine sponge-derived Streptomyces sp. Purified fractions were
found to inhibit Bacillus subtilis with MICs ranging from 7.47-400 pyg/mL (137).

The list of examples provided here may not be exhaustive, however represents those

reported in the literature at time of review, to the best of the author’s knowledge.

3.1.3 Culture-dependent vs. Culture-independent Antimicrobial Detection

With regard to the culture of microorganisms, the widely accepted ‘Great Plate
Anomaly’ phenomenon suggests that 99% of bacterial species present in
environmental samples are recalcitrant to cultivation (102). Whilst considerable efforts
have been made to widen the diversity of cultivable bacterial isolates (103,138), the
fact remains that the vast majority of bacterial species remain uncultivable under
normal laboratory conditions (139) - thereby limiting the number of available strains
that may be screened for antimicrobial agents. The use of Next-Generation
Sequencing (NGS) for the purpose of genome-mining has also been used to identify
potentially novel secondary metabolites (140,141). The use of genome mining in order
to identify potential candidates, whilst providing an insight into the antimicrobial
potential of a particular sample does not lead directly to the isolation of the
antimicrobial agent in question. Similarly, it is unknown upon the detection of an
antimicrobial candidate within a genome whether it will exhibit the predicted action
(based on homology to known agents) in vitro, once isolation, recombinant expression
or synthesis has been achieved (142). By sequencing the isolate of interest derived

from culture-dependent studies, clues can be obtained as to the identity, mechanism
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of action and methods that could be used for the improved antimicrobial production
from bacterial strains.

The use of online tools for the prediction of BGCs can be combined with laboratory-
based investigations for a more complete and multi-faceted approach to determine the
identity of potential drug candidates. Pursuing each avenue of enquiry in tandem helps
to provide an earlier indication as to whether the candidate is worth further

investigation.

3.1.4. Protease Inhibitors in Streptomyces

Protease inhibitors are molecules that inhibit the enzymatic breakdown of proteins.
They are divided into 48 families that are each in turn grouped according to the
mechanism of protease they inhibit (e.g. serine, cysteine or metalloprotease inhibitors)
(143). Protease inhibitors have been previously investigated for their capacity as anti-
cancer, antimicrobial and broadly applicable industrial agents (144—146). More recent
work has examined the possibility for the repurposing of currently available anti-viral
protease inhibitors for treatment of SARS-CoV-2 infection (147). Efforts have thus
been made at screening libraries of Streptomyces for the isolation of novel protease
inhibitors (148).

Cellular differentiation in the growth cycle of Streptomyces sp. is a complex and highly
regulated process (5,149). Proteases and protease inhibitors are key players in the
transition from substrate mycelium to the growth of aerial hyphae (150,151) — a
process regulated by the bld and whi regulatory systems in response to nutrient

limitation (152,153) (Figure 3.2).
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Figure 3.2 — Factors regulating the formation of aerial hyphae development in
Streptomyces sp. (5). Text in rectangular boxes represent genes involved in the
signalling pathways indicated in the regulation of the formation of aerial hyphae, and

signalling factors involved in the same process

The production of extracellular proteases, and in turn the inhibitors that inactivate them
is thought to be involved in several processes governing aerial hyphae production
(151). These processes include the degradation of substrate mycelium (154,155), the
regulation of transglutaminases (156) and SapB activation — a biosurfactant

lanthipeptide that is essential for hyphae formation in certain Streptomyces sp. (157).

The work in this chapter aimed to purify and characterise the agent responsible for the
antimicrobial activity demonstrated by a bacterial isolate obtained from the culture-

dependent work outlined in Chapter 2. In addition, the work outlined here aimed to
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identify the isolate in question and reveal information about its potential for the
production of secondary metabolites. The investigation of this isolate consisted of
fermentation, secondary metabolite purification using reverse-phase chromatography,
minimum inhibitory concentration (MIC) assessment. The use of whole-genome
sequencing was also carried out in order to identify the isolate and predict secondary
metabolite production using in silico mining tools. Information obtained from in silico
mining was also used to predict the identity of the purified agent as well as it's
mechanism of action and supported work to determine its biological activity as a

protease inhibitor.

3.2 Materials & Methods

3.2.1 Sample Collection and Processing

Sponge tissue processing, plating for culture-dependent work and antimicrobial
screening were carried out according to Chapter 2. The isolate described herein,
strain A11, was obtained from Sponge_ 125 via culture on R2A + 0.2g/L carnitine

hydrochloride.

3.2.2 DNA Extraction & Genome Sequencing

Two replicate streak-plates plates of strain A11 were gown using R2A media. DNA
was extracted from colonies from the first streak-plate using the DNeasy Powersoil kit
(Qiagen, UK) as per manufacturer’s instructions. DNA was eluted in 50 pL nuclease-
free water. Library preparation for MinlON sequencing was carried out using the
Oxford Nanopore Ligation Sequencing Kit (SQK-LSK109) and quality assessed using
a Qubit fluorometer according to the barcoding kit instructions. DNA was sequenced

in-house using the MinlON sequencing platform. Satisfactory flow cell performance
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was confirmed prior to sequencing as part of the built-in pre-run check using the
MinKnow software. All of the bacterial biomass was taken from the second streak-
plate and sent to MicrobesNG (UK) for lllumina whole-genome sequencing using the
‘Standard Whole Genome Service’ and preservative beads that they supplied:
https://microbesng.com/our-services/. Genomic reads were provided by MicrobesNG

in the form of 2x250bp paired-end reads with associated quality score data.

3.2.3 Antimicrobial Screening & Growth Curve Determination

Antimicrobial activity was detected for isolate A11 using the agar-plug diffusion method
as a primary screen (158). Cotton swabs were dipped into 1 mL cell suspensions of
the indicator organism (Indicators used: Micrococcus Iluteus: ODeoo: 0.14-0.16;
Escherichia coli NCTC10418: ODsoo: 0.08-0.1) and swabbed over the surface of
individual agar plates (TSB Agar) in order to create a ‘lawn’ of the indicator organism.
An agar plug was taken from around the base of a 3-day colony of A11 using a sterile
scalpel. The agar plug was placed onto the plate containing the indicator lawn and
incubated for 18hr at 37°C to allow growth of the indicator organism. The presence of
antimicrobial activity was assessed by the presence of a zone of inhibition around the
agar plug.

For production in liquid culture, bacterial suspensions were placed in 10 mL Marine
Broth, 2 Marine Broth, TSB and LB at an optical density of 0.100 (ODeoo) in order to
assess the impact of culture conditions and nutrient availability on the rate of
antimicrobial production. Cultures were incubated at 20°C, 120rpm for a total 4 days
and 50uL was taken every 24hrs for antimicrobial testing. The production of an
antimicrobial agent was assessed by well diffusion assay: 13.5 mL cooled molten LB

Agar was added to 1.5 mL suspension of the indicator organism (M. luteus: 0Dsoo 0.5;
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E. coli: ODeoo 0.4) and the agar poured into a petri dish. Once dried, uniform wells
(5mm diameter) were made in the agar plate using a vacuum-pump (Figure 3.3) and

50 pL supernatant was added to each well. Plates were incubated at 37°C.

Rubber tubing

l

0.2uM filter

Vacuum pump
Rubber tubing

l

Buchner flask

/ Glass tube
Agar plate

\ L Wells

Virkon

Figure 3.3 — Graphical representation of the apparatus used to create wells in agar

diffusion plates

Aliquots (3 x 100uL) of the 10 mL cultures were also taken every 24hrs for dilution and
CFU/mL counting (159). Broth cultures for CFU counts were centrifuged (4696g,
20min) and the supernatant was transferred to sterile Eppendorfs. CFU/mL counting

was performed using 10-fold dilutions on R2A agar plates that were incubated at 20°C.

3.2.4 Fermentation and Purification of antimicrobial compounds
Scale-up of bacterial growth and antimicrobial production was carried out using the

culture media demonstrated to result in the highest rate of antimicrobial production
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(LB, Miller). A 50 mL starter culture was grown for 3 days before being added to 450
mL broth of the same culture media (final volume: 500 mL). The 500 mL cultures were
then re-incubated for a further 3 days. Broth was then centrifuged (8500 g, 40 min).
The supernatant was filtered through a 0.2um filter to remove bacterial cells/spores

and kept for downstream purification.

A 50 pL aliquot of supernatant was tested by well diffusion to assess the presence of
antimicrobial activity. The supernatant was then pH adjusted to pH 6.0 with the use of
HCIl and 50 pL was assayed by well diffusion to confirm that the antimicrobial activity
was not altered as a consequence of the pH adjustment. The remaining supernatant
was passed through a Strata—C18E column (Pheromenex. UK) and eluted in 4x15 mL
aliquots of 50%, 70% and 90% MeOH with 0.01% (v/v) Trifluoroacetic Acid (TFA).
Each 15 mL elution was assayed for the presence of antimicrobial activity using the
well assay method described above. In the case that multiple fractions displayed
antimicrobial activity, all active fractions were combined and concentrated to a volume

of 5 mL using the Biotage V-10 Touch evaporator (Biotage, Sweden).

The MeOH/TFA eluent demonstrated to possess antimicrobial activity was injected
into a second C18 column (Biotage® SNAP Ultra C18, 12g) and eluted with a linear
gradient of 5-50% Acetonitrile with 0.01% (v/v) TFA (t=26m) in water using the
Biotage® Isolera. Fractions were collected based on UV detection (A: 200-400nm) with
a minimum detection threshold of 10mAU. Aliquots (50 uL) of each fraction were

assayed for antimicrobial activity via well diffusion assay.
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The antimicrobial fraction demonstrated to possess antimicrobial activity from the
second round of C18 chromatography was injected into a size exclusion column
(Superdex 200 10/300 GL) and fractionated using the Akta Pure (GE Healthcare Life
Sciences). Sample fractionation was based on UV detection at wavelengths of 220,
254 and 280mn with a minimum detection threshold of 10mAU. Fractions were eluted
in 150mM NaCl saline solution. Fractions were assayed for antimicrobial activity via
well diffusion assay. Solvent/eluent controls were included for each chromatography

fractionation in order to eliminate the occurrence of false positives.

LC/MS analysis was performed by researchers at the University of Bristol on an LC/MS
Waters 2767 Autosampler, Waters 515 HPLC Pump, Waters 2998 Photodiode Array
Detector, Waters 2424 ELS Detector and a Waters Quattro Micro Mass Spectrometer.
A 20uL sample was injected into a Phenomenex Kinetex C18 column
(250mmx4.6mm) and eluted across a linear gradient of 5-95% ACN + 0.05% formic

acid (t=30min). Spectra were visualised in MassLynx (Waters, US).

3.2.5 Pierce BCA Protein Quantification Assay

Quantification of the concentration of purified antimicrobial agent was carried out using
a Pierce BCA Protein Quantification Assay according to the manufacturer's
instructions, using the standard working range of 20-2000 pg..

3.2.6 Minimum Inhibitory Concentration (MIC) Testing

MIC testing was performed in 96-well microtitre plates according to the broth
microdilution method outlined by Weigand, Hilpert & Hancock (160). Antimicrobial
agent was tested between the concentrations of 32-1 ug/mL. Muller-Hinton |l Broth

(Sigma) was used for all antimicrobial screening.
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3.2.7 Galleria mellonella Toxicity Screening
Larvae were purchased from Livefoods UK Ltd (Somerset, UK) and stored in the dark

at 4°C for up to 7 days with no food. Larval injection was carried out as per Hesketh-
Best et al. (161). Larvae were injected with 10pyL antimicrobial test compound
suspension (in PBS) in the left penultimate foreleg using a 50pL Hamilton 750 syringe
(Hamilton Company, UK). Syringes were cleaned between each injection using 3 x
50uL washes with sterile dH20, 3x 50uL washes of 70% ethanol, and a final 3 x 50uL
washes of dH20. The control group was injected with 10uL sterile PBS in order to
account for physical stress incurred by injection. After injection, larvae were kept in the
dark at 37°C for a total of 5 days and visually inspected at 24hr intervals for signs of

melanisation and death.

3.2.8 Hybrid Genome Assembly & Genome Analysis

Short A11 reads obtained by sequencing using the lllumina platform (MicrobesNG,
UK) were aligned with long reads obtained from in-house MinlON sequencing (Oxford
Nanopore, UK) using Unicycler (162) in order to obtain a hybrid assembly. Oxford
Nanopore fast5 files were base-called using Guppy basecaller using standard
parameters. Concatenated fastq files for A11 were quality-filtered with NanoFilt using
a quality cutoff of Q11. A histogram for the length and quality of sequencing reads is
displayed within Appendix, Figures S5; S6. Samples were de-multiplexed using
porechop with standard parameters.

A full protocol for the hybrid assembly procedure can be found at
https://galaxyproject.github.io/training-material/topics/assembly/tutorials/unicycler-
assembly/tutorial.html#assembly-with-unicycler. The hybrid whole-genome assembly
was submitted for identification using BLASTn using the nr/nt database. The assembly

was then aligned to the top BLAST hit using the ‘progressiveMauve’ algorithm (163)
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using standard parameters. The aligned A11 sequence was mined for the presence
of BGCs using AntiSMASH (164). Open Reading Frames (ORFs) were assigned

‘identities’ (Table 3.4) from the nr/nt NCBI database using BLASTn.

3.2.9 Protease Inhibition Assays — Skim Milk Plates

Skim Milk Agar plates were made (skim milk powder,10g/L, Agar, 15g/L) (165).
Uniform wells were created using the vacuum pump previously described and 50uL
trypsin (100 pg/mL) was combined with 50uL test compound (90 pg/mL, final
concentration: 45 pg/mL) in each well. Antipain+Trypsin was used as a positive control
for protease inhibition. Epidermicin+Trypsin was used as an internal negative control.
Trypsin (50uL; 100 pg/mL) was used as a protease control. Plates were incubated at
37°C and assessed for protease inhibition after 1 hour. The trypsination of milk
proteins was assessed by measuring the presence of a zone of clearance, or
degradation around the well. Protease inhibition was measured by a reduction or lack

of a zone of degradation.

3.2.10 Protease Inhibition Assays — BAPNA Microplate Assay

Inhibition of the trypsination of Na-Benzoyl-DL-Arginine-p-Nitroanilide (BAPNA) by C-
A11 was measured. Trypsin cleaves BAPNA to produce Na-Benzoyl-DL-Arginine and
p-Nitroaniline. The amount of p-Nitroaniline in solution can be detected by measuring

the absorbance of light at a wavelength of 410 nm (166).

Aliquots (50ul) of test compounds — either: Antipain dihydrochloride (0.1M Tris-HCI
Buffer, pH 8.2); Epidermicin (0.1M Tris-HCI Buffer, pH 8.2); or C-A11 (0.1M Tris-HCI

Buffer, pH 8.2) were placed into wells (in triplicate) of a 96-well microplate, at
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concentrations of 90, 45, 22.5 and 11.25 ug/mL (Figure 3.4). Then, 50uL 1 mg/mL
trypsin (0.1M Tris-HCI Buffer, pH 8.2) was added into each well, to give a final
concentration of 500 pyg/mL. Final concentrations of test compound were 45, 22.5,
11.25 and 5.5125 pg/mL. These concentrations were determined by the amount of C-
A11 that was able to be generated from purification. Each concentration of test
compound was also added to 3 separate wells, into which 50uL of buffer (0.1M Tris-
HCI Buffer, pH 8.2) was added as a ‘no trypsin’ control and 100pL of buffer was placed
into 3 separate wells as a buffer/negative control or ‘blank’. The positive control was
50ul of buffer and 50 ul of trypsin (1 mg/mL), which was also placed into 3 separate
wells. Plates were subjected to a 15m pre-incubation step at 37°C, 130rpm after which
50pl of 0.1mM BAPNA (0.1M Tris-HCI Buffer, pH 8.2) was pipetted into each well of
the 96-well plate. The absorbance of each well at 410 nm was read at 1min intervals
over a 30min time period, with continuous incubation at 37°C using a

SPECTROstar® Omega microplate reader (BMG Labtech, Germany).

Buffer Control

Test Concentrations "
Trypsin Control

45ug/mL 22.5pg/mL 11.25pg/mL  5.5125pg/mL
I | I 1

ot 1

, , " \ |
LO00000000000
1900000000009
N9 00000006009
1000000000009
i9000000000009
2b 000000000000
15900000000009
HOOOOOOOOOOOO

Figure 3.4 — Diagram (produced by the author) to represent the set-up of microtitre-

plate protease inhibition testing. B refers to Buffer. T refers to Trypsin.
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The percentage inhibition caused by C-A11 (45 pg/mL) was calculated using:

PI =100 — ((T x 100) = C),

where PI = percentage of inhibition, T = mean absorbance of the treated sample and

C = mean absorbance of the control sample (167).

3.3 Results

3.3.1 Isolate Growth and Identification

Isolate A11 was obtained during the culturing of bacteria from Pheronema carpenteri,
using R2A media (Oxoid) incubated at 20°C. Isolate A11 appeared as a dull
grey/purple colony. Formulation of aerial mycelium and sporulation was observed
when the isolate was cultured on low-nutrient media such as R2A or Oatmeal Agar
(Figure 3.5). A11 was capable of growth on solid media prepared with seawater,
however it did not require it for growth. DNA extracted from Isolate A11 was sequenced
using both the Oxford Nanopore (in-house) and lllumina platforms (MicrobesNG,
Birmingham) (Methods). A hybrid assembly was constructed from both sequences

using Unicycler (162) (Table 3.1, next page).
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Table 3.6 — Genome statistics for reads obtained from each sequencing platform. N50

refers to average read length as opposed to median. All lengths given in base pairs.

Oxford lllumina
Hybrid Assembly
Nanopore (2x paired-end)
Contigs 101 819765 434
Read length (N50) | 63650.2 199.3/186.4 19910.62
Summative
6428674 163398705/152787854 8641208
Length
GC Content 70.69 70.26/70.2 71.61%

Despite the increase in number of contigs from 101 to 434 as a result of hybrid
assembly, the assembly was judged to represent a more complete genome owing to
its size as well as ‘max score’ and similarity to hits obtained using BLASTn. Information
on the top BLASTn results for both Oxford Nanopore and lllumina genomes are
displayed in Appendix, Table S3). The hybrid assembly of A11 was submitted to
BLASTn (Figure 3.5), revealing the highest overall sequence similarity to

Streptomyces sp. 3211.

Identity (#1; #2; #3) Qc (%) Identity (%) Max Score Total Score E-Score

Streptomyces sp. 3211 69549 9.66E+06 0

75 92.38%

Streptomyces sp. Sgel2 50122 9.62E+06 0

75 91.91%

Streptomyces venezuelae strain ATCC 21018 71 93.85% 46928 8.93E+06 0

Figure 3.5 — Picture (left): Isolate A11 grown on Oatmeal Agar. Table: Top 3 BLASTn
hits obtained using the draft genome sequence. ‘QC’ refers to Query Cover of top
BLASTN hit. ‘ldentity’ refers to identical nucleotide site match with highest BLASTn hit.

‘Max Score’ refers to highest alignment score of a particular genome segment. Total
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score refers to the sum of the alignment scores of all segments. E-Score refers to

number of hits expected at that level of identity (score) by chance.

The assembly was aligned to the top BLASTn hit (Streptomyces sp. 3211) using the
progressive mauve algorithm (Figure 3.6, next page), displaying conservation of large

genomic regions despite the high number of contigs obtained for A11.
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Figure 3.6 — Mauve alignment of A11 with Streptomyces sp. 3211. Upper alignment displays contigs for A11. Lower alignment

displays contigs for Streptomyces sp. 3211. Lines show position of each region in each genome.

The alignment was submitted for BGC detection using antiSMASH v5.0 (164). Use of antiSMASH software facilitated identification of

31 biosynthetic gene clusters (Figure 3.7, next page).



Type From To Most similar known cluster Similarity
ectoine & 161,327 171,695  kosinostatin & NRP + Polyketide 8%
butyrolactone & , NRPS-like & 200,360 246,189 lactonamycin & Polyketide 10%
NAPAA &2 318,479 352231 chalcomycinA & Polyketide 4%
CcoPS 354,991 375,731
TPKS & 424930 465,859  alkylresorcinol & Polyketide 100%
siderophore & 508,250 519,962
melanin & 597,439 624,391 istamycin & Saccharide 4%
terpene 630,739 650,618  monensin & Polyketide 5%
terpene & 778,636 798,611  ebelactone & Polyketide 5%
PKS-like & 916,344 957,399  colabomycin E & Polyketide:Type Il 4%
NRPS-like & 1,020,013 1,062,367  deimino-antipain & NRP 33%
Region 12 lanthipeptide-class-ii & 1,066,999 1,089,209
Region 13 lanthipeptide-class-iii & 1,091,574 1,114,219
Region 14 | hglE-KS & 1,485,114 1,531,692
FEVNEE terpene & 1,603,901 1,630,416 hopene & Terpene 61%
Region 16 REEEC 1,994,783 2,016,999 toxoflavin / fervenulin Other 10%
BEVORIE RiPP-like 2,122,632 2,131,562
BEVOINEE NRPS 2,195,051 2,255,362 paenibactin & NRP 66%
BE NN siderophore & 2,496,779 2,504,891
Region20  RRE-containing &, NRPS @ , NRPS-like @ 4,242,766 4,324,890  friulimicin A/ friulimicin B / friulimicin C / friulimicin D & NRP 21%
GEVPAN butyrolactone 4,967,036 4,977,212 methylenomycin A & Other 9%
Region 22 |R{VEIYre 4,980,952 5,002,160 colabomycin E & Polyketide:Type Il 15%
BEPEE siderophore & 5445655 5456534 desferrioxamin B Other 100%
BEVIPZM NRPS 5,655,744 5599529 BE-43547A1/BE-43547A2 | BE-43547B1 / BE-43547B2 / BE-43547B3 / BE-43547C1 / BE-43547C2 @  NRP:Cyclic depsipeptide + Polyketide:Modular type | 13%
FEPeM RiPP-like & 5,939,316 5,949,771
GEWPGE  butyrolactone 7,187,366 7,196,115 sanglifehrin A & NRP + Polyketide 4%
Region27 TIPKSE  NRPSE 7,327,065 7,389,899  coelichelin NRP 72%
Region28  NRPS-like @ , NRPS & 7,429,859 7496532 JBIR126 NRP 92%
Region29 T2PKS 7929435 8,001,929 spore pigment & Polyketide 58%
NRPS & 8491088 8,548,503 vazabitideA NRP 30%
Region 31  siderophore & , butyrolactone & 8,577,649 8,595,787 leinamycin & NRP + Polyketide:Modular type | + Polyketide: Trans-AT type | 2%

Figure 3.7 — antiSMASH output displaying hits present in the A11 hybrid assembly. Colours in the left-hand column are generated

by antiSMASH and are related to the ‘type’ of BGC, as listed in the second column.
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3.3.2 Antimicrobial Screening

Strain A11 was tested for antimicrobial activity against M. luteus, MRSA NCTC12493
and E. coli NCTC10418 using the agar-plug method. Zones of inhibition were
measured as 3mm against M. luteus, 3mm against MRSA and 1mm against E. coli.
The antimicrobial activity of A11 in liquid culture was assessed using Marine Broth, 72
Marine Broth, TSB and LB. Antimicrobial activity was detected after 72 hours of growth
in both LB and TSB media (Figure 3.8). Zone sizes were recorded as 1mm for both
media. No antimicrobial activity was detected in either broth after a further day of
incubation. LB broth was selected for scale-up and downstream purification due to its

low complexity.
1.6x106- ]
1.2x106 -

8x105

CFU/mL

4x105

0 1 2 3 4
Days

Figure 3.8 — Growth curve of isolate A11 in LB broth. Detection of antimicrobial activity
against Escherichia coli NCTC 10418 in liquid culture indicated by coloured squares.

Red: no activity detected. Green: activity detected.

3.3.3 Purification and LC/MS of C-A11
A 500 mL 3 day LB culture of A11 was fractionated using a combination of reverse-

phase C18 and size exclusion column chromatography. Presence of antimicrobial
activity in the eluted fractions was assessed by well-diffusion. The presence of

antimicrobial activity (designated C-A11) was detected in SNAP Ultra C18 column
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fractions eluted between 14-21% ACN+0.01% TFA. These active fractions were
injected into the Akta pure system and eluted from a 10/300 GL Size Exclusion Column
with a retention time of 20.60m. The active fraction was re-injected for 2 subsequent

rounds of size exclusion purification in order to remove impurities (Figure 3.9, next

page).
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Figure 3.9 — Subsequent rounds of injection of the strain A11 active fractions into the Akta pure system for size exclusion

chromatography. Highlighted blue section represents the antimicrobial containing fraction as confirmed by well diffusion assays,
measured at a UV wavelength of 220 nm.
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The purified agent obtained from FPLC was suspected to be proteinaceous in nature
due to the absorbance spectra as measured at 280, 254 and 220 nm. The active

fraction obtained after FPLC purification was analysed using LC/MS (Figure 3.10).
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Figure 3.10 — LC/MS absorbance spectra for C-A11. Numbers above peaks represent

m/z values.

The major component present in the LC/MS sample was determined to have an m/z

of 606.2.

The concentration of C-A11 in the purified fraction was determined to be 90 pg/mL

using a Pierce BCA Protein Quantification Assay.
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3.3.4 Inhibitory Concentration Testing

The MIC and Minimum Bactericidal Concentration (MBC) for C-A11 were determined
according to Weigand, Hilpert & Hancock (160) (Figure 3.11, next page). MIC values
are given as the well treated with the lowest concentration of C-A11 (ug/mL) that
differed significantly from the growth control when measured at ODeoo as measured by
t-test. MBC values are given as the well treated with the lowest concentration that did
not produce any CFU when plated onto solid growth media after 20hrs of incubation.
The MIC for C-A11 was demonstrated to be between 2-16 pg/mL, with the lowest MIC
against Pseudomonas aeruginosa PAO1 (2 pg/mL). The MBC for C-A11 was

demonstrated to be 16 ug/mL for all indicator strains tested.
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MHB E. coli 10418 K. pneumonia 681 VRE P. aeruginosa PAO1
MIC (pg/mL) 8 8 16 2
MBC (pg/mL) 16 16 16 16

Figure 3.11 — A) Graphs displaying ODsoo of cultures treated with C-A11. MIC and MBC indicated on graph. B) Table of C-A11

MIC/MBC figures. Bars represent Standard Error. Significance determined by t-test. GC refers to Growth Control (no inhibition). NC

refers to Negative Control (no cells).
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3.3.5 Galleria mellonella Toxicity Assay

An in vivo concentration of 160 ug/mL C-A11 was injected into 10 Galleria mellonella
wax moth larvae. Larvae were monitored for signs of melanisation and/or death over
a 5 day period, with the test group displaying 80% survival compared to the control
group, which were injected with 10uL PBS in order to account for the trauma of

injection (Figure 3.12). This indicates that at in vivo concentration of 10-20 x MIC, the
LDso was not reached.

Galleria mellonella Toxicity Assay

100 . 3 - - -
'\\ - A11
- 804 . * e = Control
X
= 601
>
= 40-
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20-
0 T T T T 1
0 1 2 3 4 5

Days

Figure 3.12 — /n vivo toxicity assay for C-A11.

3.3.6 C-A11 Identity Prediction

A literature search was performed in order to cross-reference compounds present in
the A11 antiSMASH analysis with the m/z value and antimicrobial activity data
obtained for C-A11.

A total of 2 of the 31 products listed in the antiSMASH analysis had previously been
described as having an antimicrobial effect against both Gram-positive and Gram-
negative organisms. A third product had no previously reported antimicrobial activity

yet had a highly similar m/z value. The 3 agents are listed in Table 3.2 along with their

described m/z values.
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Table 3.2 — Cross-referencing antiSMASH analysis for stain A11 vs. literature-derived

information for similarly sized compounds.

antiSMASH ID m/z  Activity Organism Reference
Deimino-
606.3 NA Streptomyces albulus NRRL B3066 (6)
Antipain

BE-43547 A1-C2 | 6074 | G+/G- Streptomyces arenicola CNR107 (168)

Kosinostatin 617 | G+/G- Micromonospora sp. TP-A0468 (169)

The similarity of the m/z value of C-A11 (606.2) to that of deimino-antipain (6),
provided the basis for further investigation of C-A11, and its potential bioactivity as a

protease inhibitor.

Of the 31 BGCs detected in A11, 5 were also present in the genome of Streptomyces
albulus NRRL B-3066 (Table 3.3). The strain S. albulus NRRL B-3066, as will be
discussed, is the isolate from which the closest homologue to C-A11 is suspected to

have been first identified in (6).
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Table 3.3 — BGCs present in the genomes of both A11 and S. albulus NRRL B-3066,

detected by AntiSMASH.

BGC Type Length (bp) Conserved Regions
Istamycin Melanin 26,953 4%
Desferrioxamin B/E Siderophore 10,880 100%
Hopene Terpene 26,516 61%
Alkylresorcinol Type 3 PKS 40,930 100%
Deimino-antipain NRPS-Like 42355 33%

The identities of ORFs identified by antiSMASH as encoding deimino-antipain were
confirmed using BLASTp. The co-occurrence of these regions in the genomes most
similar to A11 were also explored (Figure 3.13). Information on the third most similar

genome (Streptomyces venezuelae ATCC 21018) is not displayed as the cluster

encoding deimino-antipain was not detected by antiSMASH in that strain.
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Streptomyces albus NRRL B-3066 (deimino-antipain)

Hydrolase NRPS, C Domain NRPS, A, T Domain NRPS, NAD-binding Domain

MFS Transporter NRPS, C, A, T Domain NRPS, C T Domain Regulator
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Figure 3.13 — Genomic regions in the deimino-antipain cluster (S. albulus NRRL B-
3066) with the clusters from the 2 most similar genomes to A11. In each panel, the
coloured sections represent the deimino-antipain cluster regions/proteins identified by
antiSMASH that are also present in those clusters. Colouring of regions is arbitrary
and does not represent function/identity. The identity of regions in the deimino-antipain
cluster (top panel) are scaled separately and are taken from the original research

article detailing functional assignment (6).

Regions that were given a specific function (using BLASTp) are included in Table 3.4.
Regions identified as ‘hypothetical protein’ or which provided no significant similarity
have been omitted. A total of 6 of the 23 annotated regions were also present in the
cluster of S. albulus NRRL B-3066. Three NRPS domains identified by antiSMASH,
as well as an additional 3 proteins were present in both clusters. Of the 23 proteins

identified, several have uses as polyketide synthases. Other keys functions are the
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production of proteases and the cellular differentiation of Streptomyces, as will be

discussed later.

Table 3.4 — Annotated regions the Biosynthetic Gene Cluster (BGC) responsible for

deimino-antipain production in the A11 genome. QC: Query Cover (%) score from

BLASTp result. Identity: identical base matches from BLASTp result.

Top BLASTp Hit QC Identity |In S. albulus
NRRL B-3066
PoxB2 Pyruvate dehydrogenase [ubiquinone] 99% | 91.90%
GItA3 Glutamate Synthase (NADPH) large chain | 99% | 91.33%
SAM-dependent methyltransferase 98% | 88.68%
Phosphatase PAP2 family protein 88% | 85.19%
YihY/virulence factor BrkB family protein 100% | 86.56%
Acetyltranferase 99% | 88.82%
Arginase 98% | 85.34%
Cell filamentation protein Fic 96% | 78.32%
MFS Transporter 100% | 94.13%
Polyketide cyclase /reductase 91% | 85.56%
Nrps5 95% | 94.22%
Nrps4 100% | 95.21%
NRPS/polyketide synthase 95% | 86.10%
Cytochrome p450 107B1 99% | 93.83%
Copper transport protein YcndJ precursor 97% | 76.47%
AMP-dependent synthetase 100% | 87.02%
GIcNAc-PI de-N-acetylase 99% | 92.42%
GAF domain protein 97% | 92.57%
Subtilisin DY 99% | 94.84%
CyaB adenylate cyclase 2 100% | 92.63%
7-carboxy-7-deazaguanine synthase 100% | 92.91%
Glycosyltransferase 96% | 92.11%
Molybdenum cofactor biosynthesis protein A 94% | 93.78%
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3.3.7 Protease Inhibition Activity

In order to confirm the identity of C-A11 as deimino-antipain, or a homologue, the
protease inhibitory activity of C-A11 was first assessed using the skim milk agar assay
(170). C-A11 was shown to prevent the formation of a zone of casein degradation

caused by trypsin at a concentration of 45 ug/mL (Figure 3.14A).

At a concentration of 45 pg/mL, C-A11 was determined to inhibit the proteolytic activity
of trypsin by 99.76% (Figure 3.14C) using a microtitre-plate assay. This concentration
was selected as the highest possible given the amount of compound retrieved from
purification experiments. Antipain (45 pg/mL), used as a control, was determined to
inhibit the proteolytic activity of trypsin by 76.25%. Epidermicin (45 ug/mL), used as
an internal negative control antimicrobial peptide, did not significantly inhibit the
proteolytic activity of trypsin (13.09%). The inhibitory effect of C-A11 was further tested
at a series of concentrations (Figure 3.14D). C-A11 did not inhibit the proteolytic
activity of trypsin at concentrations lower than 45 ug/mL. Antipain appeared to inhibit
trypsination in a dose-dependent fashion, whilst C-A11 did not at the concentrations
tested. Epidermicin did not significantly inhibit the trypsination of BAPNA at the

concentrations tested.
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Figure 3.14 — A) Skim milk agar assay. B) Measurement of trypsination of BAPNA over time. C) Endpoints for BAPNA assay. Values
indicate the percentage inhibition relative to control (Trypsin + BAPNA). D) Endpoints for BAPNA assay over further concentrations

Bars: Standard Error. Significance measured by t-test. *’ represents p-value of <0.05, ** represents p-value of <0.01, *** represents

p-value of <0.001.
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3.4 Discussion & Conclusions

Numerous studies have sought to isolate Actinobacteria from sponge hosts (23,29—-
35) owing to their propensity for the production of antimicrobial and bioactive agents.
The majority of antibacterial agents obtained from sponge-associated bacteria have
been derived from bacteria belonging to the Phylum of Actinobacteria (1). Similarly,
the Streptomyces sp. represent a genus of the Actinobacteria most often submitted to

the NCBI from sponge-specific studies.

The draft genome sequence of strain A11 was obtained using a combination of
lllumina and Oxford Nanopore sequencing. The consensus sequence obtained
indicated that isolate A11 is a potentially novel strain, or perhaps species of
Streptomyces sp. obtained from culture of bacteria from the previously
uncharacterised deep-sea Hexactinellid sponge Pheronema carpenteri. Whilst being
obtained from the culture of bacteria from a sponge host, A11 did not require seawater
for its growth - suggesting that A11 is not an obligate marine species (171). The
sequence obtained for isolate A11 is most similar to Streptomyces sp. strain 3211, a
strain isolated from disease-suppressive soil (172). Isolate 3211 has been previously
submitted to antiSMASH for biosynthetic gene cluster analysis revealing the presence
of 36 BGCs (173), which is the similar to the number present in S. albulus NRRL B-
3066. Isolate 3211 also contains the core biosynthetic genes responsible for the
production of deimino-antipain. A11 was submitted to antiSMASH and contained a
total of 31 BGCs, 5 of which were also present in the S. albulus NRRL B-3066. Of the
5 BGCs that were shared, 4 have also been identified as being generally conserved
within the genomes of both acidophilic and non-acidophilic Streptomyces species

(174). In addition, the BGCs were more highly conserved within the genomes of 5
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acidophilic Streptomyces, i.e. those that grow in media with a pH between 4.5-7.5
(175). The pH of deep water in the North Atlantic has been reported at values between
7.91-8.14 (176). The ability of A11 to grow at a range of pH was not tested and is
therefore unknown whether it is acidophilic or non-acidophilic. Interestingly, the BGC
that was not conserved within other Streptomyces genomes was the one encoding
deimino-antipain. A separate study also characterised similarities in the BGC profiles
of 8 Streptomyces strains, finding an average BGC count of 32, and also the shared
presence of 4 of the 5 BGCs shared between A11 and S. albulus NRRL B-3066 (177).
Again, deimino-antipain was present but only in 1 of the 8 strains. A BLASTn search
of the BGC for deimino-antipain taken from S. albulus NRRL B-3066 reveals its
presence in only 100 submitted sequences, of a total of 1,381,686 listed as
Streptomyces in the nr/int database. The Genbank and Refseq databases that the
NCBI nt is comprised of together contain around 232 million sequences. Together, this
potentially suggests that the production of deimino-antipain within Streptomyces is not
particularly widespread. This perhaps is exemplified by the fact that prior to 2016 (6),

deimino-antipain had not been isolated.

A11 exhibited antimicrobial activity against both Gram-positive and Gram-negative
organisms using agar plug diffusion, and simultaneous antagonism assays — and was
selected for downstream analysis on this basis. Antimicrobial activity was detected in
liquid culture after 3 days of incubation, coinciding with the end of log phase growth.
The production of secondary metabolites by Streptomyces sp. is a highly regulated
process most commonly associated with the transition from the vegetative phase to
the formation of aerial hyphae and sporulation - as a result of nutrient limitation (149).

This information combined with mass Spectrometry analysis and information obtained
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from genome mining suggested C-A11 to be most similar to deimino-antipain, a
protease inhibitor previously isolated from Streptomyces albulus NRRL B-3066 as a
result of bacterial extract screening (6). Deimino-antipain was not investigated by
Maxson et al. (6) on the basis of antimicrobial activity, however was considered in light
of its similarity to antipain, which has widespread use as a protease inhibitor in industry
and research (178). The authors do however indicate the diverse uses for peptides
containing aldehydes (such as deimino-antipain), including drugs such as
streptomycin that act through non-covalent mechanisms and those produced via
polyketide synthases.

Whilst C-A11 was investigated further on the basis of its similarity to deimino-antipain,
it is perhaps relevant to note that the two other most similar compounds in terms of
size and antimicrobial activity were obtained from marine isolates (168,179,180). The
differences in m/z values from that of C-A11 meant that they were considered less
likely to be identical, or highly similar matches. The decision to investigate C-A11 on
the basis of its similarity to antipain, rather than to all 3 compounds was also taken in
part due to the amount of C-A11 that could be purified, which restricted a wider
examination of activity.

Deimino-antipain is a derivative of the protease inhibitor antipain (178). Extensive
efforts have been made in order isolate and categorise protease inhibitors from
bacteria, with numerous examples being obtained from Streptomyces sp. (167,181—
183). Protease inhibitors play roles in a wide range of biological and biotechnological
processes. Their production in Streptomyces sp. is associated with a reduction in
biomass in liquid culture and has been shown to be involved in the formation of aerial
hyphae on solid media (155). It is interesting to note that the majority of Streptomyces

sp. do not form aerial hyphae nor sporulate in liquid culture, however they can form
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early substrate-like mycelium and antibiotic-producing hyphae (184). In the case of
Streptomyces exfoliatus, the protease inhibitor leupeptin is produced as part of a
cascade of trypsin-like protease, leupeptin and leupeptin-inactivating-enzyme — each
part of the cascade responsible for inhibiting the activity of the preceding molecule
(154,155). The disappearance of antimicrobial activity after day 4 of liquid culture may
also therefore be a potential indication that C-A11 is most similar to deimino-antipain.
The biosynthetic gene cluster responsible for deimino-antipain production in the A11
genome also contained ORFs for the production of the serine protease subtilisin, and
may therefore be involved in a similar signalling cascade in A11.

The BGC encoding deimino-antipain production in S. albulus NRRL B-3066 contained
OREFs that include a hydrolase, transporter, central NRPS/PKS biosynthesis modules
and a regulatory protein (6). The A11 BGC included regions that correspond to the
central NRPS/PKS modules as well as the MFS-type transporter. However, the
production of deimino-antipain in both strains appears to be under the control of a
different regulator, as different regulatory proteins were present in the BGCs from each
cluster. The A11 BGC also contained numerous other regions that were not present
in the S. albulus NRRL B-3066 cluster. The presence of these regions may mean that
the final product is distinct from the previously characterised version of deimino-
antipain, and indicate that it is produced via a distinct biosynthetic pathway.
Differences in the BGCs may also be the result of inaccuracies in the sequencing of

either A11 of S. albulus NRRL B-3066.

Protease inhibition can be monitored by measuring the change in release of trypsin-
induced p-nitroanilide from benzoyl-Arg p-nitroanilide (BAPNA) as a result of co-

incubation with a protease inhibitor (185). In an attempt to confirm the identity of C-
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A11, the ability of C-A11 to inhibit trypsination was measured. C-A11 exhibited
stronger protease inhibitory activity when compared to antipain (99.76% inhibition
compared to 76.25%). Whilst antipain exhibited a dose-dependent inhibition of trypsin,
C-A11 appeared only to inhibit trypsin at a concentration of 45 ug/mL. A dose-
dependent inhibition may however have been observed if tested between the
concentrations of 22.5-45 ug/mL. Epidermicin, an antimicrobial peptide used as an
internal/laboratory negative control did not significantly inhibit the trypsination of
BAPNA across a series of replicates. A slight difference in endpoint absorbance was
observed, and is suspected to be due to competition with BAPNA for substrate-binding

of trypsin, preventing some release of p-nitroanilide.

C-A11 exhibited antimicrobial activity against both Gram-positive and Gram-negative
bacteria. Protease inhibitors are widely used as antiviral therapeutics, most commonly
for HIV/AIDS (186) and Hepatitis C (187). There are currently no clinically approved
protease inhibitors for use in treating bacterial infection. It has been suggested
however that this could be due to the use of screening methods based largely on the
substrate-binding specificity of synthetic small molecules (188). It is possible that
screening for inhibitors against specific bacterial proteases may provide an interesting
avenue of development for novel antibacterial agents. The agent C-A11 was also
demonstrated to not display in vivo toxicity when tested at 10-20x MIC, which provides
at least a preliminary indication of low-toxicity associated with its use as a therapeutic

agent.

The culture of bacteria from the previously uncharacterised Hexactinellid sponge P.

carpenteri led to the isolation of a potentially novel Streptomyces species. Isolate A11
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displayed antimicrobial activity against both Gram-positive and Gram-negative
organisms. An antimicrobial agent was purified from culture of A11 and is suspected
to be a protease inhibitor most similar to deimino-antipain (6). The low yield, and
inability to produce higher quantities of C-A11 imposed a limitation on continued
characterisation. Higher quantities would perhaps have provided the opportunity to
determine the peptide sequence, and in doing so determine the similarity to deimino-
antipain. The genome of A11 was sequenced, which revealed the presence of
numerous biosynthetic gene clusters, indicating that A11 has the capacity for diverse

production of antimicrobial and bioactive agents.
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Chapter 4

Culture-Independent characterisation of the Pheronema carpenteri microbiota

and a comparison with sediment and seawater.
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4.1 Introduction

4.1.1 The Hexactinellid Microbiota

The composition of the sponge microbiota has been characterised for numerous
sponge species (43), owing in part to their propensity for the production of novel
antimicrobials and biologics (21,41) (see also Chapter 3, Section 1.1) The sponge
microbiota has been found, in general, to be shared across species (43), display
stability over time (48,52) and consist of ‘core’ and ‘non-core’ organisms (49,51). The
vast majority of studies to date have focused on the Demosponges, and those that
can be obtained from shallow waters (43,47,189).

The most comprehensive analysis of the Hexactinellid microbiota to date consisted of
an analysis of the 16S rDNA profile for 7 different species. The Hexactinellid
microbiota was reported to have a marked increase in abundance of reads attributed
to the Proteobacteria, Bacteroidetes, Nitrospinae, Patescibacteria and
Planctomycetes relative to Demosponge populations that were characterised at the
same time (87). The Hexactinellid microbiota has also been shown to possess a higher
number of unique amplicon sequence variants (ASVs) (122) when compared to both
Demosponges and seawater. The Hexactinellid microbiota also shared a higher
number of variants with seawater than it did with Demosponges. Hexactinellid sponges
studied were dominated largely by the Proteobacteria, specifically by Alpha- and -
Gamma-proteobacteria. Sponge-specific differences were also observed between the
individual sponge species. The presence of Nitrospinae and Patescibacteria is almost
exclusively associated with Hexactinellid sponges, with the Planctomycetes displaying
a higher tendency to be associated with Hexactinellid sponges than Demosponges
(122). Whether these trends are consistent with other members of the Hexactinellid

Class remains to be fully explored and was the rationale for the current work.
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With regards to the ‘High Microbial Abundance’ — ‘Low Microbial Abundance’ (HMA-
LMA) dichotomy that has become apparent in sponge taxonomy (91-93) it has been
proposed that all deep-sea sponges may in fact be Low Microbial Abundance (LMA)
sponges (1x105¢ bacterial cells/g wet-weight of sponge tissue) (94). Such claims have
not yet been fully explored however, due to the paucity of studies focused specifically

on the characterisation of deep-sea, and Hexactinellid sponge microbiota.

4.1.2 Differences in the microbiota of sponges, sediment and seawater

The sediment microbiota is of interest due in part to the biology and life cycle of
Hexactinellid sponges. The filter-feeding nature of sponges means large quantities of
seawater and planktonic bacteria come into contact with sponge tissue (2,42). Glass
sponges have been shown to demonstrate extremely efficient filtration, in some cases
removing up to 95% of bacteria from seawater (190). Glass sponges that sit on ocean
shelves, such as those collected in this study are affected by ‘sediment slumps’ twice
a year (191), indicating transfer of high suspended sediment concentrations (SSC) to
the sponge tissue. Numerous species of Hexactinellid sponge display ‘anchoring’ in
soft-substrate environments such as sediment, whereby the feeding, or basket-like
portion of the sponge is raised above the sea floor and attached by an ‘anchor’ made
of siliceous spicules. This ‘sponge-sediment’ relationship is thought to be in part to
prevent the large transfer of particulate material such as sediment, that may be
disturbed (192). Neither Pheronema carpenteri nor Hertwigia sp. attach to the seabed
by an anchor however. The main body of the sponge is situated on the seafloor and
is attached by shorter root spicules (90). This morphological trait may have a part to

play in determining the acquisition and crossover of microbes from the seabed. Th
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The acquisition of microbial inhabitants from the surrounding environment, otherwise
known as horizontal transmission, is an important means by which the microbiota of
organisms is shaped (193). The importance of horizontal transmission in determining
sponge microbiota varies between sponge species (194) however, and the extent to
which this may impact the microbiota of P. carpenteri, or Hexactinellid sponges in

general, is relatively unknown.

Upon contact with SSC above 10mg/L™", Hexactinellid sponges are known to undergo
feeding arrests, characterised by a reduction in pumping rates (195). This behaviour
is distinct from that of some Demosponges, which have been shown to contract in
order to expel particles, a process that has been referred to as ‘sneezing’ (196). It has
been suggested therefore that sediment ‘smothering’, as is seen with Demosponges
is less of an issue for Hexactinellid sponges (191). However, it may be the case that
cessation of filtration leads to a less efficient removal of sediment-derived microbes.
There is some evidence to suggest that removal rates of bacterial cells may be slower
for Hexactinellid sponges than for Demosponges (197). Previous studies have
examined the difference in sponge and sediment microbiota, as well as transfer
caused by specific SSC events. At both Phylum and OTU level, no significant
transmission of bacteria between sediment and seawater samples was shown to occur
in several species of Demosponge, when exposed to elevated SSC (198). The
microbiota of one sponge however, displayed a significant shift, with the recruitment
of 3 OTUs from the Cyanobacteria. Whether this would be the same for Hexactinellid

sponges, and for P. carpenteri in particular is unknown.
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The rationale for the current study was based on the knowledge gaps outlined above
concerning the Hexactinellid, Pheronema and sediment microbiota. Next-Generation
Sequencing (NGS) 16S rDNA community profiling was conducted in order to
characterise each microbiota and facilitate determination of taxonomic and structural
differences. This study aims to provide the first molecular characterisation of the
Pheronema carpenteri microbiota, using NGS 16S rDNA community profiling.
Pheronema carpenteri was selected for characterisation only, as insufficient DNA yield
could be obtained from samples of Hertwigia sp. to proceed with sequencing library
preparation. The study will also determine the suitability of the chosen sequencing
technology and analysis pipeline and use statistical methods to determine taxonomic
and structural differences between the sponge, sediment and seawater microbiota
collected at two separate sampling sites (transects). This information will also will be
used to determine the degree of intra-species dissimilarity between biological replicate
samples as well as identify the presence and relative abundance of isolates cultivated

from Pheronema carpenteri (see Chapter 2) within the microbiota.

4.2. Methods

4.2.1 Sample Collection

Sponge, seawater and sediment samples were collected from two separate sampling
sites (transects) in the North Atlantic deep sea in 2019 (CE19 Research Cruise)
(Figure 4.1). P. carpenteri sponges were collected using ROVs and photographed in
situ before removal. Sediment core samples were collected using sediment corers and
transferred to sterile 50 mL tubes aboard the cruise vessel. Samples were collected

from each transect within 10m distance of each other, providing biological replicates.
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All samples were frozen at -20°C upon collection and transferred to the laboratory

under dry ice.

United
Kingdom

Isle of Man

Ireland

Transect TO7

©

Transect T52

Figure 4.1 — Sampling sites of sponge, seawater and sediment samples used in this

study.

Three replicates of each sponge were collected, along with sediment samples from
the base of each sponge. A list of sample ID’s used in the text, along with relevant

information is displayed in Table 4.1.
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Table 4.7 — Sample information for sponge, sediment and seawater samples collected

in this study.
Sponge ID Sample Site (Transect) | Depth (m)
Sponge_009 T52 1208
Sponge_010 T52 1208
Sponge_011 T52 1208
Sediment_009 T52 1207
Sediment_010 T52 1208
Sediment_011 T52 1208
Seawater_011 T52 Not taken at collection (>1000m)
Sponge_027 TO7 Not taken at collection (>1000m)
Sponge_028 TO7 Not taken at collection (>1000m)
Sponge_029 TO7 Not taken at collection (>1000m)
Sediment_027 T07 Not taken at collection (>1000m)
Sediment_028 T07 Not taken at collection (>1000m)
Sediment_029 TO7 Not taken at collection
Seawater 029 TO7 Not taken at collection

* Sponge and sediment IDs with the same number represent where sediment samples
were collected within 1m of the corresponding sponge i.e. Sponge_009 and
Sediment_009. Samples with the same transect number (T52 or TO7) were all
collected from the same sampling site i.e. all within 10m distance of each other. The
two transects were 120 miles apart. A single seawater sample was collected from each
transect, i.e. within the same 10m distance as all sediment and sponge samples.

Depth measurements were recorded at time of sampling.
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4.2.2 DNA Extraction

Upon arrival in the laboratory, P. carpenteri sponges were cut into 0.5g (wet weight)
tissue segments using a sterile scalpel. Tissue segments were taken from the inner
surface of each sponge replicate. DNA was extracted from the inner sponge tissue
segments (0.25g) using the DNeasy PowerSoil Kit (Qiagen) following the
manufacturer’s instructions. DNA was extracted from a total of 1g of each sponge in 4
separate extractions, was eluted in 100uL nuclease-free water and was combined
after extraction using a Speedvac Concentrator (Thermofisher). DNA was extracted
from 0.25g of each sediment core using the above methods. Filter paper, through
which water samples were drawn, was cut into small fragments using sterile scissors
and placed into individual Eppendorf tubes. Each filter paper fragment contained the
biological material from 1.5L of seawater. All DNA was then quantified using a High

Sensitivity Qubit Fluorometer (Thermofisher), prior to sequencing library preparation.

4.2.3. Library Preparation & Sequencing

Library preparation and DNA amplification of the full 16S rRNA genomic region was
performed using the Oxford Nanopore 16S Barcoding Kit SQK-RAB204 (primers:
27F: 5-AGAGTTTGGATCMTGGCTCAG-3/, 1492r: 5'-
CGGTTACCTTGTTACGACTT-3') (113-116) (Eurofins Genomics). A total of 3
different sequencing libraries were constructed in order to obtain sufficient genomic
material for sequencing, as well as sufficient sequencing output data. Library

information is displayed in Table 4.2.
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Table 4.8 — Sample and library information for MinlON runs performed in this study.

Barcode Sample BDﬂXO(ﬂZ? Amplli:‘ic::tions Library
1 Sediment_009 10 1 1
2 Sediment_010 10 1 1
3 Sediment_011 10 1 1
6 Sponge 011 10 1 1
8 Sediment_027 10 1 1
9 Sediment_028 10 1 1

10 Sediment_029 10 1 1
11 Sponge_ 027 10 1 1
12 Sponge 028 10 1 1
2 Water 029 20" 1 2
4 Sponge_009 20* 1 2
5 Sponge 010 20* 1 2

*20ng DNA was used due to low yield from the extraction procedure.

**2 PCR amplifications were performed in order to increase the amount of DNA
available for sequencing. The use of 20ng DNA in the previous barcoding library (see
Table) did not produce a significantly higher amount of genomic material for

sequencing and did not produce as many sequencing reads.
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DNA libraries were loaded onto the MinlON sequencer and sequenced according to
the manufacturer’s instructions (Protocol ID: SQK-RAB204). Individual sequencing
runs were allowed to sequence for a total of 48hr run time before being stopped
manually. Pore occupancy and sequencing output was monitored using the MinKNOW

software (199).

4.2.4.1 Bioinformatic Analysis

Sequenced reads were outputted in the fast5 format. Reads were base-called using
Guppy Basecaller (200), demultiplexed using Porechop
(https://github.com/rrwick/Porechop) prior to downstream bioinformatics analysis
using Mothur v1.44.3. An overview of the pipeline used to process the raw fastq reads

is provided in the sections below.

4.2.4.2 Data Processing, Alignment and Quality Control
Bioinformatic analysis was carried out using Mothur v1.44.3 (201) using the
recommended pipeline (202).
e All bioinformatic tools are given in italics. All tools belong to Mothur v1.44.3
unless otherwise specified.
e All FASTQ files corresponding to the samples in each sequencing library were
processed at the same time.
FASTQ reads were converted to FASTA format using FASTQtoFASTA v.1.1.5
(Galaxy). Group files were generated for each file using make.group. Sequences were
screened using screen.seqs to a maximum length of 1500bp, with a maximum number
of ambiguous bases of 0. Unique sequences were obtained using unique.seqs,

outputting the data in name file format. Sequences represented by each unique
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sequence in the name file were counted using count.segs, with group information

provided by the group file from make.group.

4.2.4.3 Sequence Alignment

FASTA sequences were aligned using the silva.nr_138.align (full-length 16S rRNA
gene) database (obtained from https://mothur.s3.us-east-
2.amazonaws.com/wiki/silva.nr_v138.tgz) using align.seqs. Aligned sequences were
screened again using screen.seqs (minimum length: *see note, maximum
homopolymers: 22). *NB: This number was selected based on the lowest number of
bases contained within the 97.5" percentile of the data for all FASTA files in the library.
Maximum homopolymer number was set using the maximum homopolymer length
present in the reference database, as recommended in the literature (202,203). The
alignments were trimmed to the regions containing the aligned genomic information
using filter.seqs (trump character: .). As the screening, alignment and filtration steps
may have led to certain sequences no longer being unique, representative sequences

were re-obtained using unique.seqs.

4.2.4.4 Dereplication

Aligned FASTA sequences that differed by <5% sequence similarity were grouped
together using pre.cluster (diffs: 70) in order to account for sequencing error. This step
assumes a 95% sequencing accuracy for the MinlON platform (16). Chimera
identification (de novo) was performed using chimera.vsearch and chimeric
sequences were removed from the FASTA file using remove.segs, specifying the

‘accnos’ output from chimera.vsearch.
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4.2.5.5 Taxonomic Assignment

Taxonomy was assigned to sequences with classify.seqs, using the silva.nr_138.tax
reference database for reference taxonomy (obtained from https://mothur.s3.us-east-
2.amazonaws.com/wiki/silva.nr_v138.tgz). Non-bacterial sequences were removed
from the FASTA file using remove.lineage, by specifying the removal of ‘Chloroplast-
Mitochondria-unknown-Archaea-Eukaryota’. Consensus taxonomy for each OTU was

assigned using classify.otu. Mothur taxonomy files were combined.

4.2.4.6 Phylotyping & Rarefaction Analysis

Phylotype (Mothur) was used in order to group sequences into OTUs based on
taxonomy. Phylotyping was performed at taxonomic levels from Genus to Phylum, in
order to assess the number of different taxons present in the dataset at each
taxonomic level. Rarefaction curves were generated from this phylotyping data rather
than FASTA-based OTU-clustering, as the high number of ‘singleton’ reads generated
by Oxford Nanopore sequencing prevents realistic rarefaction of OTUs based on
sequence similarity (16). Rarefaction of taxon counts was performed using

rarefaction.single.

4.2.4.7 OTU Clustering

FASTA sequences were clustered into OTUs using cluster.split. Sequences were
clustered using cutoff values of 0.05, corresponding to a percentage similarity of 95%*.
*Conventionally, OTUs may be clustered at the 97% similarity for genus-level
clustering (204). The pre.cluster step previously employed to account for sequencing
error (see 4.3) however nullifies the effect of clustering MinlON sequences at 295%

similarity.
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4.2.5 Data Visualisation

Statistical analyses and data visualisation were performed using Graphpad Prism 9
and R using the phyloseq package (https://joey711.github.io/phyloseq/). All figures
were produced in Graphpad Prism 8 excluding PCoA plotting and Alpha diversity
measurements. Principal Co-ordinate Analysis ordination was performed on OTU data
using Bray-Curtis dissimilarity in R using phyloseq. The pipeline for analyses and
functions performed in R can be viewed at

https://vaulot.github.io/tutorials/Phyloseq_tutorial.html#gettin-started.

4.3 Results

4.3.1 16S rDNA sequence data was obtained using the MinlON sequencing
platform

Sequence data was obtained for sponge, sediment and seawater samples recovered
from two different sampling sites. Information pertaining to the raw, demultiplexed
reads obtained from sequencing is contained within Table 4.3. Sponge samples from
Library 3 had a higher number of reads per sample than sponges from other libraries.
Samples from Library 1 had in general a lower maximum read length, with and average
read length that was closest to that of the full length 16S rRNA gene (~1500bp). An
additional PCR step (Library 3) appeared to have a greater impact on the number of
reads obtained for each sample than for the addition of 20ng template DNA (Library

2).
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Table 4.9 — Sequence read information for all samples sequenced in this study.

Barcode Sample Library | num_seqs sum_len min_len | avg_len | max_len
1 Sediment_009 1 334,367 | 475,389,160 4 1,421.8 6,648
2 Sediment_010 1 251,043 | 360,967,326 5 1,437.9 9,722
3 Sediment_011 1 467,297 | 654,581,123 8 1,400.8 5,126
6 Sponge_011 1 140,200 | 201,231,631 56 1,435.3 13,232
8 Sediment_027 1 485,413 | 696,722,707 48 1,435.3 6,895
9 Sediment_028 1 430,123 612,383,474 45 1,423.7 6,192

10 Sediment_029 1 345,327 | 496,715,685 43 1,438.4 15,070
11 Sponge_027 1 13,069 18,510,281 3 1,416.4 40,293
12 Sponge_028 1 16,585 23,783,944 32 1,434.1 8,273
2 Water_029 2 16,052 2,519,577 1 157 30,235
4 Sponge_009 2 86,571 110,831,359 2 1,280.2 68,812
5 Sponge_010 2 6,828 7,860,180 2 1,151.2 4,570

*Num_seqgs represents total number of sequences obtained. Sum len is the

summative length in nucleotide bases obtained for each sample. Min_len is the
shortest read length. Avg_len is the average read length. Max_len is the longest read

length. All lengths are given in number of nucleotide bases.
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4.3.1 Sequencing across two MinlON runs does not impact taxonomic
classification

In order to address the degree of difference that may have been caused by Oxford
Nanopore sequencing inaccuracy, the 16S rDNA amplicons from library 3 were
sequenced twice, over two separate 48hr runs and compared. Sequences obtained
from each sequencing run are those referred to in tables and figures as ‘L3’ and ‘L32".
For each of the three sponge samples outlined, Sponge 009 produced the highest
combined number of reads (68,260), Sponge 010 produced the second highest
(65,477) and Sponge 029 produced the least (28,115). Water_011 produced a
combined total of 23 reads, and water_029 produced a combined total of 14 reads.

Information for each barcoded, post-mothur sample is displayed in Table 4.4.

Table 4.10 — Sample information for classified reads obtained from samples over two
separate MinlON runs. Sample ID denotes library, run and barcode information i.e.
L3B1 denotes library 3, barcode 1. L32B1 denotes library 3, run 2, barcode 1.

Sponge Sponge_029 Sponge_009 Sponge_010 Water 029 Water 011

(Lib) (L3B1/L32B1) (L3B4/L32B4 (L3B5/L32B5) (L3B2/L32B2) (L3B7/L32B7)

Run 1 17154 41933 43152 3 13
Run 2 10961 26327 26360 9 10
Total 28115 68260 69512 14 23

*The low number of quality-filtered reads obtained from water samples was judged to
prevent a more meaningful analysis. Reads were retained in figures for reference
purposes. This sample was analysed in order to represent an environmental control.

For Sponge 009 and Sponge_ 010, all differences in relative abundance of each

phylum represented a <1% difference between the two sequencing runs. For
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Sponge_029, all differences were <1% excluding; reads that were ‘Unclassified’ i.e.
those that were classified as bacteria at kingdom level but could not be assigned a

phylum (2.2% difference), and reads classified as Dependentiae (1.4% difference).

For Sponge_009 the order of phyla in terms of relative abundance (%) was identical
for both sequencing runs, except for Cyanobacter and Chloroflexi, which were each
one of the two least abundant phyla in each sequencing run (along with Nitrospinae)
(Figure 4.2). Cyanobacter made up 0.01% of reads from the first run but was absent
in the second. Chloroflexi made up 0.004% of reads from the first and 0.003% in the
second. For Sponge_010 the order of phylum in terms of relative abundance (%) was
identical for both sequencing runs.

For Sponge_029 the order of phyla in terms of relative abundance (%) was almost
identical for both sequencing runs, excluding several phyla for which differences in
relative abundance were negligible.

Water samples displayed a higher difference in phylum relative abundance between
the two samples, as well as in phylum order when compared to sponge samples
(Figure 4.2). This is thought to be due to the low number of sequences obtained for
water samples. It should also be noted that all Library 3 samples were subjected to
two PCR amplifications which may have reduced differences between separate runs,

as will be discussed in detail later on.
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Figure 4.2 — Comparison of taxonomic classification for samples sequenced across
two separate MinlON runs. Sample ID denotes library, run and barcode information

i.e. L3B1 denotes library 3, barcode 1. L32B1 denotes library 3, run 2, barcode 1.
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4.3.2 An additional PCR step in library preparation impacts taxonomic
classification, when using the MinlON sequencing platform

Reads from both sequencing runs analysed above were combined, in order to
compare them to reads that were generated after only a single amplification step
during library 2 preparation (Figure 4.3).

Effect of Additional PCR Step

2 2
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Figure 4.3 — Comparison of taxonomic classification for samples sequenced after one
or two amplification steps. Numbers above bars denote number of PCR amplification

steps used in library preparation. Sample ID denotes library, run and barcode
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information i.e. L2B4 denotes library 3, barcode 4. L32B4 denotes library 3, run 2,

barcode 4.

For Sponge_009, the largest difference in phyla attributed to an additional PCR step
was observed in the Actinobacteria (40.6%; range = 46.1-5.5%), Planctomycetes
(26.9%; range =27.5-0.6%), Firmicutes (12.8%; range = 14.7-1.9%) and Bacteroidota
(1.2%; range = 2.7-1.1%) (Figure 4.4). The difference in all other phyla was <1%.

For Sponge_010, the largest difference in phyla attributed to an additional PCR step
was observed in the Actinobacteria (16.3%; range = 26.8-10.4%), Proteobacteria
(8.4%; range =74.5-66.1%), Bacteroidetes (3.8%; range =3.9-0.04%), Planctomycetes
(2.4%; range =2.7-0.4%), Spirochataetes (2%; range = 2-0%), Unclassified (1.8%;
range =4.4-2.6%) and Firmicutes (1.2%; range = 2.4-1.2%). The difference in all other
phyla was a <1%. The differences observed for Sponge_010 were lower than those
observed for the same phyla in Sponge_009, excluding the Bacteroidetes. More phyla
showed a >1% difference in Sponge_010 than in Sponge 009. The Actinobacteria

showed the biggest difference caused by PCR step for both sponges.
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Figure 4.4 — Range in relative abundance of each phylum, in sponge samples (009
and 010) that were sequenced after one or two amplification steps. Bars represent

mean abundance. Lines represent range (minimum to maximum).

The same OTUs were not altered by 21% in each sponge after a second amplification
The difference in relative abundance caused by additional amplification was also
compared at OTU level (Figure 4.5). The OTUs in each sponge for which relative
abundance changed by >1% were analysed. For Sponge 009, 10 OTUs were
increased by >1% after an additional amplification (Figure 4.5A). Two of these OTUs
increased by >10%, making up 31.95% of the microbiota after two rounds of
amplification. Of the 10 OTUs, 5 were Actinobacteria, 4 were Proteobacteria and 1
was Bacteroidota. All of the 10 OTUs that were increased by >1% were also present
in the top 19 most abundant OTUs i.e. those with >1% relative abundance. The relative

abundance of 10 different OTUs decreased by >1% (Figure 4.5B). A single OTU
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decreased by over >10%, representing a 23% change. Of the 10 OTUs, 5 were

Firmicutes, 3 were Proteobacteria and 2 were Planctomycetota.

For Sponge_010, 6 OTUs increased by >1% after an additional amplification (Figure
4.5A). Of the 6 OTUs, 3 were Actinobacteria, 2 were Proteobacteria and 1 was
Spirochaetota. A total of 3 were also present in the 10 OTUs from Sponge_009 that
showed the highest increase (Actinobacteriota, Actinobacteria,
Gammaproteobacteria). Increases in relative abundance caused by additional
amplification were lower for Sponge 010 than for Sponge_009, with the largest
increase in relative abundance being 8.24% for Sponge_010, compared to 21% for
Sponge_009. The relative abundance of 9 OTUs decreased by >1% (Figure 4.5B).
Of the 9 OTUs, 6 were Proteobacteria, 1 was Planctomycetota, 1 was
‘Bacteria_unclassified’ and 1 was Bacteroidota. Of the 9 OTUs, 2 were also present in

the OTUs decreased by >1% in Sponge_009 (Pirellulaceae, Alphaproteobacteria).
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Figure 4.5 — Overview of OTUs that had a change in relative abundance of 21% after a second amplification step. A) OTUs that were
changed by 21% after a second amplification in Sponge 009, compared to the amount by which they were altered in Sponge 010.

B) OTUs that were changed by 21% after a second amplification in Sponge 010, compared to the amount by which they were altered

in Sponge_009.
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Due to the high similarity between bacterial composition at phylum level, reads from
separate sequencing runs were combined for downstream analysis. Due to the
differences in bacterial composition attributed to an additional PCR step at both
phylum and OTU level, reads obtained for each sample using a single amplification
were not combined with those obtained using a second amplification. The combination
of sequencing reads prior to downstream analysis is depicted in Figure 4.6.

ona
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Figure 4.6 — Graphical representation of the combination of reads from samples

determined to be sufficiently similar.

4.3.3 Pheronema carpenteri and sediment display distinct microbiota at phylum
level.

Replicate sponge and sediment samples were collected from two sites (transects TO7
and T52). The words ‘transect’ and ‘sample site’ will be used here interchangeably.
Reads obtained from sponges that were amplified once (from Sponge_ 009,
Sponge_010 and Sponge_029) were compared alongside sponge and sediment
reads amplified once obtained from sequencing library 1 (Samples 011, 027 and 028).
In order to provide a direct comparison, samples that were amplified twice were

omitted from downstream analyses here.
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A total of 31 different phyla were identified in at least one sponge sample, and a total
of 54 phyla were identified in at least one sediment sample (Figure 4.7). In sponge
samples, Proteobacteria was the most abundant phylum in 4 of 5 sponges.
Planctomycetes was the most abundant phylum in Sponge_028. In sediment samples,
Proteobacteria was the most abundant phylum in 5 of 6 samples. Reads categorised
as ‘Bacteria_unclassified” were the most abundant phylum-level assignment in

Sediment_010.
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Figure 4.7 — Taxonomic composition of all sponge and sediment samples at phylum level. Phyla for which the relative abundance in

at least one sample was 21% are displayed in the legend in bold font.
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4.3.4 Pheronema carpenteri microbiota display enrichment of particular phyla
The extent to which particular phyla are enriched in either sponge or sediment samples
is displayed in Figure 4.8. Phyla for which the relative abundance was higher in P.
carpenteri samples than in sediment (by 21%) were Proteobacteria, Planctomycetota,
Actinobacteria, Firmicutes and Dependentiae. Patescibacteria, Cyanobacteria,
Margulisbacteria, 10bav-F6 and Marinimicrobia (SAR406_clade) were also enriched,
but by <1%.

Phyla for which the relative abundance was higher in sediment samples compared to
sponge (by 2=1%) were Methylomirabilota, Acidobacteria, NB1-J, Nitrospinota,
Gemmatimonadota, Myxococcota, Verrucomicrobiota, Nitrospirota. All other phyla
(n=35) were enriched by <1%. A comparison of which phyla had a higher relative

abundance in either sponge or sediment samples is displayed in Figure 4.8.
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Figure 4.8 — Relative abundance of all phyla in sponge and sediment samples. Left
panel: Phylum level abundance in each sample. Right panel: Average phylum
abundance in sponge and sediment microbiota as a whole. Phyla which have a higher

relative abundance appear towards the green end of the spectrum.

4.3.5 Pheronema carpenteri displays higher intra-sample dissimilarity than
sediment

A 2-way ANOVA test was performed in order to assess the difference in mean
abundance of each phylum between sponge samples at each transect. The

abundance of Proteobacteria was significantly different between the two transect sites



(mean difference=16.37%; p-value=0.0001, 95% confidence interval). The abundance
of Planctomycetota was also significantly different between the two transect sites
(mean difference=32.47%; p-value=<0.0001, 95% confidence interval). The
abundance of all other phyla was not significantly different between the two transect
sites. At OTU level, the relative abundance of 10 OTUs were statistically different as
measured by 2-way ANOVA (all p-values=<0.0001, 95% confidence interval).
Statistically different OTUs were comprised of Mitrotrichales unclassified,
Bacteria_unclassified, Pirellulaceae unclassified, Alphaproteobacteria_unclassified,
Arenicellaceae_ge, Arenicellaceae unclassified, Coxiella,
Gammaproteobacteria_unclassified, an ‘uncultured® OTU belonging to the
Gimesiaceae family and an uncultured OTU belonging to the Legionellaceae family.

Similar analyses were conducted at phylum and OTU level between sediment samples
from each transect. At phylum level, only the presence of Proteobacteria was
significantly different between the two transect sites (mean difference=4.347%, p-
value=<0.0001, 95% confidence interval). At OTU level, the relative abundance of 3
OTUs were statistically different as measured by 2-way ANOVA (all p-
values=<0.0001, 95% confidence interval). Statistically different OTUs were

comprised of Bacteria_unclassified, wb1-A12 and Alphaproteobacteria_unclassified.

A Principal Co-ordinate Analysis (PCoA) based on Bray-Curtis distance was
performed for relative abundance data obtained from sponge and sediment OTUs
(Figure 4.9A). A total of 87.2% of the difference between samples could be displayed
on two axes. A further 7.4% could be explained by a third axis, bringing the total to
94.6% of the difference. A scree plot for the ordination is included in Appendix, Figure

S7. Sediment samples clustered together more closely with each other than with a



single sponge sample from either transect. Sponge_010 and Sponge 011 clustered
more closely than with Sponge_009, or with sponges from transect TO7. Sponge_027
and Sponge 028 clustered together more closely with each other than with sponges
from transect T52, excluding Sponge 009. Sponge_009 clustered more closely with

sponges from transect TO7.

Estimates of samples richness and diversity were carried out on abundance data for
sponge and sediment samples. Sediment samples from both transects displayed
higher species richness, as estimated by Chao1 Index (Figure 4.9B, Left). Sediment
samples from TO7 displayed a higher range in Chao1 richness than sediment from
T52. Sponges from T52 displayed a higher range in Chao1 richness than sponges

from TO7.
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Figure 4.9 — A) Principal Co-Ordinate Analysis Plot based on the relative abundance

of all OTUs in each sponge and sediment sample community. Numbers on graph refer



to the ID for each sample. Colour depicts sample type (sponge; sediment). Shape
depicts sample site (TO7; T52). B) Alpha Diversity (Chao1; Shannon; Inverse-
Simpson) indices based on true (non-relative) abundance values of each sample. All

plots were constructed using in R using the phyloseq package.

When less statistical weight was given to rare taxa (as in Chao1), all sponges from
T52 displayed a higher richness than sponges from T07, as measured by Shannon
Index (Figure 4.9B, Middle). Sponge 009 displayed a higher richness than
Sediment_027. When more weight was given to dominant OTUs (InvSimpson),
Sponge_009 displayed a higher richness than Sediment_010 and Sediment_011 from
the same transect (Figure 4.9B, Right). Higher InvSimpson values are also
associated with lower evenness scores and therefore Sponge 009 displays much
lower community evenness than Sponge 010 and Sponge_11. In general, sediment
samples displayed a higher species richness than sponge samples, across all diversity

indices.

4.3.6 Sponge samples contain ‘core’ and sample-specific microbiota

Characterisation of the ‘core’ microbiota was compared using replicate thresholds
(100% and 80%) and relative abundance thresholds. The replicate threshold
percentage represents the percentage of sponge replicates that an OTU must be
present in to be considered part of the core microbiota. The relative abundance
threshold represents the average relative abundance of a particular OTU within the
microbiota of all samples. Core and sponge-specific OTU analyses were performed
on reads obtained after a single amplification, in order to provide a direct comparison

to sediment samples collected from the same sites.



At a 100% replicate threshold, 17 of 406 OTUs (4.2%) occurred in all sponge samples,
representing the ‘core’ microbiota. At an 80% replicate threshold, the sponge core
microbiota was comprised of 32 OTUs (7.9%). Details of these OTUs are contained
within Appendix, Table S4. Core OTUs at both replicate thresholds were made up of
5 different phyla (Actinobacteria, Bacteroidota, Dependentiae, Planctomycetota,
Proteobacteria) and one OTU classified as ‘Bacteria_unclassified’. Of the 17 OTUs, 9
were also included in the OTUs for which relative abundance differed significantly
between the two transects. At the 100% replicate threshold, the relative abundance of
the core microbiota as a whole made up between 62.1 - 93.6% of their respective
microbiota. At an 80% replicate threshold, core OTUs made up between 65.8 — 95.4%.
Individual core OTUs had an average relative abundance of between 0.005 - 35.4%
in their respective microbiota (at both replicate thresholds). Altering the replicate
threshold from 100% to 80% did not have an impact on the number of phyla that
comprised the core OTUs (Figure 4.10A). Two core OTUs
(Cyclobacteriaceae_unclassified; Planctomycetota_unclassified) had an average
relative abundance of <0.1% in at least one sponge. The number of OTUs that had a
relative abundance of either 210%, 21%, =0.1% or =0.01% are displayed in Figure
410B. Only 3 core OTUs had an average relative abundance of 210%
(Pirellulaceae_unclassified; Alphaproteobacteria_unclassified;

Gammaproteobacteria_unclassified).
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Figure 4.10 — The Pheronema carpenteri core microbiota. A) Number of phyla in the
core microbiota that were represented by OTUs at various relative abundance
thresholds. B) Number of OTUs in the core microbiota that had relative abundances
above various thresholds. Abundance thresholds represent average abundance for

each OTU across all samples.

There were 51 of 406 OTUs (12.6%) that did not occur in water and sediment samples
that occurred in at least one sponge sample, representing ‘sponge-specific’ OTUs.
The combined relative abundance of sponge-specific OTUs made up between 0.03 -
6.3% of their respective microbiota. There were no core OTUs at either 100% or 80%
replicate threshold that did not also occur in at least one sediment or water sample.
This demonstrates that no members of the core microbiota were sponge-specific
OTUs. Sponge-specific OTUs were members of 8 different phyla (Actinobacteria,
Bacteroidota, Cyanobacteria, Firmicutes, Patescibacteria, Planctomycetota,
Proteobacteria, Verrucomicrobia). Of these phyla, none were found exclusively in
sponges. The number of phyla and individual OTUs that had an average relative

abundance of either 210%, =1%, 20.1% or 20.01% are displayed in Figure 4.11A and



Figure 4.11B, respectively. The majority of sponge-specific OTUs (82.4%) had an
average relative abundance of <0.1%. Only 2 sponge-specific OTUs had an average
relative abundance of 21% (Cutibacterium; Enterobacteriaceae_unclassified). No

sponge-specific OTUs had an average relative abundance of 210%.
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Figure 4.11 — The Pheronema carpenteri (sponge)-specific microbiota. No phyla were
observed to be sponge-specific. A) Number of phyla that were represented by sponge-
specific OTUs at various relative abundance thresholds. B) Number of sponge-specific
OTUs that had relative abundances above various thresholds. Abundance thresholds

represent average abundance for each OTU across all samples.

4.3.7 Sediment samples contain ‘core’ and sample-specific microbiota
The sediment core and sediment-specific microbiota was analysed in the same way

as sponge samples. The replicate thresholds for core OTUs however were set at 100%



and 83.33% due to the inclusion of an additional sediment sample (Sediment_029),
providing a total of six samples.

At the 100% replicate threshold the sediment core microbiota was composed of 41
phyla, and 451 of the 1014 OTUs (44.5%) were detected in sediment samples. At the
83.33% threshold it was comprised of 555 OTUs and 43 phyla (Figure 4.12). The
change in replicate threshold had an effect on the number of phyla present in the core
microbiota, however only at the abundance threshold of <0.01%. An additional 104
OTUs were included in the core microbiota at the 83.33% replicate threshold. The 451
core OTUs also contained the 3 OTUs for which relative abundance was significantly
different at each transect site. The majority (80%) of sediment core OTUs had an
average relative abundance of <0.1% at the 100% replicate threshold level. At the
83.33% replicate threshold this percentage was increased to 83.8%, 47.7% of which
had an average relative abundance of <0.01%. Only 2 OTUs had an average relative
abundance of >10% at either replicate threshold (Actinobacteria_unclassified and
Bacteria_unclassified). The sediment core microbiota as a whole made up between
98.7 —99.8% and 99.2 — 99.9% of the sediment microbiota, at 100% and 80% replicate

thresholds, respectively.
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Figure 4.12 — Sediment core microbiota. A) Number of phyla in the core microbiota
that were represented by OTUs at various relative abundance thresholds. B) Number
of OTUs in the core microbiota that had relative abundances above various thresholds.
Abundance thresholds represent average abundance for each OTU across all

samples.

There were 659 of 1014 OTUs (65%) that were found in at least one sediment sample,
that did not occur in sponges, representing the sediment-specific microbiota (Figure
4.13). The combined relative abundance of sediment-specific OTUs was between 3.4
— 5.4% of their respective microbiota. There were 193 OTUs that were sediment-
specific OTUs that were also part of the core microbiota. This demonstrates that 42.8%
of the core microbiota are also part of the sediment-specific microbiota. The majority
(98.9%) of sediment-specific phyla were represented by OTUs that had an average
relative abundance of <0.1%. In addition, 85.7% of these had an average relative
abundance of <0.01%. No sediment-specific OTUs had an average relative
abundance of 21%. There were 7 OTUs that had an average relative abundance of
20.1%. Individual sediment-specific OTUs made up between 0.0003 - 0.37% of their

respective microbiota.
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Figure 4.13 — The Sediment-specific microbiota. A) Number of phyla that were
represented by sediment-specific OTUs at various relative abundance thresholds. B)
Number of sediment-specific OTUs that had relative abundances above various
thresholds. Abundance thresholds represent average abundance for each OTU

across all samples.

There were 14 OTUs that were shared between the core microbiota of both sponge
and sediment, indicating that they were present in every sample. A total of 6 of these
OTUs were Proteobacteria, 3 were Planctomycetota, 2 were Actinobacteria, 1 was
Dependentiae, 1 was Bacteroidota and 1 was designated as ‘Bacteria_unclassified’.
There were 355 OTUs that were present in at least one sponge and one sediment
sample, representing shared taxa. Shared taxa comprised between 94.6 - 99.96% of
their respective microbiota. The names of all 51 OTUs present in the sponge-specific

microbiota are contained within Appendix, Table S4.



4.3.8 Whole, core and sample-specific microbiota display different relative
abundance distribution

The distribution of the average relative abundance of all sponge and sediment OTUs
was explored, and is displayed in Figure 4.14. The sponge microbiota contained less
OTUs than the sediment microbiota (406 OTUs compared to 1014). The sponge
microbiota had a higher mean OTU abundance (0.3% compared to 0.1%). The sponge
core microbiota was comprised of a smaller percentage of the overall microbiota than
the sediment core (4.2% compared to 44.5%). The sponge core microbiota had a
higher mean average OTU abundance than the sediment core microbiota (4.5%
compared to 0.2%). Both core microbiota contained the most abundant OTUs in their
respective sample microbiota. The sponge-specific microbiota was comprised of a
lower percentage of the total microbiota than the sediment-specific microbiota (12.6%
compared to 65%). For both sponge and sediment, the core microbiota was comprised
of less OTUs than the specific microbiota. In both cases, the core microbiota had a
higher maximum, minimum and mean OTU abundance than the specific microbiota.
In both cases, the core microbiota had a higher mean OTU abundance than the overall

microbiota.



Relative Abundance Distribution of OTUs

100
N=406 N=17 N=j214 N=451
10
-
.Q
. N=51
—e0—
_ 1 . L
2
8 .t N=659
g -
°
5
2 0.1 o
<
o
2
k] B
K .
@
0.01+ g
H
L]
(1 1]
0.001- escscce
0.0001 . . . . .
> o & <'§‘° O oo@ (}Q\o
< ¢ & ¢
< ) R 3 & R
& ° ¢ & S &
& R & & e «
R o ® &

Sample Group

Figure 4.14 — Histogram to display the relative abundance distribution of OTUs in
samples subsets (Total, Core, Specific). Box limits represent upper and lower
quartiles. Middle line represents mean. Lines represent minimum and maximum. Core

microbiota is given at a 100% replicate threshold.



4.3.9 Isolates from culture-based experiments are present in the Pheronema
carpenteri and sediment metagenome datasets

The presence and relative abundance of bacterial genera cultured in Chapter 2 within
the Pheronema carpenteri microbiota was assessed (Figure 4.15). The presence of
Streptomyces specific reads was also assessed in order to represent isolate A11 from
Chapter 3. Where the presence of a particular genus was not detected in any sample,

the lowest taxonomic level detected that the isolate belonged to was also included.

Of the 13 distinct cultured isolate genera, 7 were present in at least one sponge or
sediment sample. A total of 5 were present in sponge samples, whereas 4 were
present in sediment samples. The genera Micrococcus, Dermacoccus and Kocuria
were present in sponges but not sediment samples. The most abundant cultured
genera in any one sponge sample was Psychrobacter (0.68%). Reads pertaining to
Streptomyces spp. were not detected in either sponge or sediment samples. The most
abundant OTU in any one sediment sample was also Pseudomonas (0.003%). The
cumulative percentage of OTUs that were represented by cultured isolates was
between 0 — 0.72% for sponges and 0 — 0.0031% for sediment. When the presence
of the closest taxonomic ranks to cultured isolates was considered, both
Alphaproteobacteria_unclassified and Actinobacteria_unclassified were present in all
samples. Bervibacteriaceae_unclassified were present in sponge samples but not

sediment.
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Figure 4.15 — Relative abundance of isolates cultured from Pheronema carpenteri

within the sediment and sponge metagenome determined microbiota.



4.2 Discussion & Conclusions

Whilst the microbiota of many sponges of the Demosponge class have been
characterised (43,189), only a handful of characterisations of the Hexactinellid
microbiota have been carried out (86—88). In each case however, sequencing was
performed using the lllumina platform (205). In this study, the first survey of the
bacterial 16S rRNA gene associated with samples of the deep sea Hexactinellid
sponge Pheronema carpenteri was carried out using the MinlON sequencing platform
(16,206).

The conversion of electronic signals into nucleotide bases has been shown to lead to
an increased error rate for the MinlON sequencing platform (~5%), when compared to
other currently available sequencing technologies (16). A report from 2015 stated that
error rates for sequences derived from Nanopore sequencing at the time were
between 5-40% (207), which demonstrates the ongoing improvement in sequence
classification over the last 5 years. Improvements in the conversion of electrical
signals, as well as in the alignment of longer reads continue to lead to improved
sequence classification (200), and may allow retrospective analyses of data currently
being obtained. Questions still exist however concerning the accuracy of base-calling
using the MinlON platform. In this study, reads from several samples were obtained
over multiple sequencing runs. In order to identify where differences in sequence
classification may have been caused by the choice of sequencing platform, the
taxonomic classification of the same sponge sample sequenced across two
sequencing runs was compared. Current estimated error rates for the MinlON
sequencing platform are ~5% (16).

In general, differences attributed to the sequencing run were relatively small. For two

of three sponges, all differences in phylum-level classification were <1%. For the third



sponge, all differences were <1%, excluding the Dependentiae and reads that were
‘Unclassified’ (i.e. those that were classified as bacteria at kingdom level but could not
be assigned a phylum). These two groups differed by 1.4% and 2.2%, respectively.
Sponge_029, for which marginally higher differences in taxonomic classification were
observed, was collected from a different sample site than the other two sponges. It
therefore appears that reads from samples generated over two MinlON sequencing
runs can be considered similar enough to combine them for downstream analyses.
General differences between the composition of the sponge microbiota at each site
may also have a part to play in affecting the accuracy of classification over runs, which
will be discussed in more depth later. It should also be noted that of the three sponges,
the lowest number of reads was obtained for Sponge_029, which may in part have
lowered the accuracy of the overall microbiota classification. Whilst the analysis of
MinlON sequencing accuracy here was not based on classification of a mock
microbiota of known sequences or through reference to a dataset generated using an
additional platform, the results obtained help provide some information as to the
reproducibility in sequence classification over several runs. The overall similarity in
taxonomic outcome for each run was judged sufficiently close for reads from each run

to be combined for downstream analysis, providing one set of reads for each sponge.

The reads compared above were derived from DNA samples amplified twice prior to
sequencing. Reads were also obtained from DNA templates that were amplified only
once, providing an opportunity to compare the effect of an additional PCR step on
taxonomic classification. Difference in relative abundance at phylum level could be
traced to particular OTUs, with the OTUs that were changed by 21% following a

second amplification being representative of the phyla that were also changed. It is



interesting however that the particular OTUs that were increased or decreased by 21%
were not, in general, the same for both sponge replicates.

For both sponges, half the OTUs that were amplified by 21% after a second PCR were
not present in the sample after only a single amplification. In addition, the majority of
the same OTUs could not be classified more accurately than at Class level.
Preferentially amplified sequences did not display a significantly high, or low GC-
content, or represent the most abundant OTUs in the sample after a single
amplification. Sequence processing also contained a chimera identification and
removal step. Therefore, whilst steps were taken to remove the presence of spurious
sequences it is possible that the over-represented sequences may not represent true
taxa present in the sponge microbiota. Alternatively, it may be the case that a high
number of ‘unclassified’ sequences represent rare taxa within the microbiota that are
the result of poor coverage within reference databases (208). This may also explain
why such OTUs were not identified after only a single amplification step.

The use of a second amplification also reduced differences observed between the
microbiota of sponge replicates, making the taxonomic outcome more similar. Given
the proposed amplification of ‘junk’ sequences outlined above, it was judged that the
microbiota obtained after a single PCR amplification was a more accurate
representation of the true flora. Further analysis of the differences between sponge
and sediment microbiota was therefore based on reads obtained after a single

amplification.

The data for the microbiota determined by 16S rRNA gene sequencing in this study
were obtained from sponge tissue taken from the inner chamber of P. carpenteri, as it

was hypothesised that this would represent the more stable, or less ‘transient’



microbiota. The large amount of marine debris present on the outside of the sponge
sample was assumed to be made up in part of SSC and other debris. Whilst microbial
16S rRNA information was not obtained for the outer layer of P. carpenteri, a
comparison between the sediment and inner layer microbiota will help to distinguish
the overlap between the sediment microbiota and sponge resident microbiota. The
efficient filtration rates mentioned above suggest that there may be a low overlap
between sediment microbiota and that of the inner sponge membrane.

The P. carpenteri microbiota was found to contain fewer OTUs than the sediment
microbiota (406 compared to 1014). A higher intra-sample diversity was observed in
sponge species, however, with a larger difference between the relative abundance of
OTUs present in each sample. The sediment microbiota displayed an overall higher
similarity between the presence and relative abundance of each phyla in each sample,
as measured by Pearson’s Correlation Co-efficient and 2-way ANOVA testing. In a
comparison of the microbiota of the deep-sea Hexactinellid sponge Vazella pourtalesii
and a sediment microbiota, V. pourtalesii was also found to display a much wider intra-
species dissimilarity than the sediment microbiota (88). Several other studies, whilst
not looking at intra-species dissimilarity as directly have documented a higher intra-
species dissimilarity for Hexactinellid sponges in general, when compared to
Demosponges (43,87).

In comparing the specific phyla that were more prevalent in the sediment microbiota,
similarities with those demonstrated by Busch et al. in sponges obtained from the
Scotian Shelf (Canada) can be observed (88). Several phyla, including Acidobacteria,
Bacteroidota, Chloroflexi, Gemmatimonadetes, Latescibacteria, Nitrospirae and
Nitrospinae were enriched in sediment samples, compared to sponges. The sediment

samples analysed by Busch et al. (88) show remarkable overlap with those analysed



here, in which the majority of the same phyla were also enriched. The most notable
discrepancy however was in the presence of Chloroflexi, which whilst being one of the
most abundant phyla in the Busch sediment samples was not observed in sediment
samples analysed here. The Chloroflexi have also been reported to be abundant and
diverse members of the Demosponge microbiota (209) as well as being considered
an indicator taxa for HMA sponges (93) with a potential role in the degradation of
organic matter (210). The observation that they were not abundant members of the
microbiota of the samples analysed here may suggest that this role is performed by
an alternate microbial symbiont. Without a further functional analysis of these
microbiota however, this is currently unknown. In each case, Proteobacteria was the
most abundant phyla in both sponge and sediment samples — a trend that has been
reported for sponge microbiota in general (43,189). The composition of the P.
carpenteri microbiota also shows similarity to that of 7 other Hexactinellid species
previously analysed (87). Whilst there were differences between each microbiota
characterised, the major phyla that were enriched in Hexactinellida (compared to
Demosponges) were Proteobacteria, Bacteroidota, Nitrospinae and Planctomycetota.
In general, the major phyla present in the P. carpenteri microbiota, from most to least
abundant were Proteobacteria, Planctomycetota, Actinobacteria, Bacteroidota and
Acidobacteriota. Firmicutes also made up 14% of the microbiota of Sponge 009, but
made up only 0-2.4% of the other sponges analysed. This may be a result of
differentiation between the microbiota of P. carpenteri replicates in general, however
may also be attributed to sample contamination. The variable presence of
Planctomycetes within the P. carpenteri microbiota is of particular note, as it has been
identified as one of three ‘indicator taxa’ that are associated with the microbial

abundance of the sponge host (189). Planctomycetes, along with Proteobacteria and



Bacteroidetes were associated with Low Microbial Abundance (LMA) sponges and
were also the second most dominant phylum in the Hexactinellid sponge Inflatella
pellicula (211). Interestingly, Actinobacteria have been associated with HMA sponges
(93). Actinobacteria was one of the phyla that also featured prominently in the P.
carpenteri microbiota, yet it also displayed a higher variation in intra-sample relative
abundance. Actinobacteria is also not a phylum seen in as high abundance in other
Hexactinellid sponges (87,88), and may be a factor associated with Pheronema
sponges. It may also help to explain why P. carpenteri has produced more ‘active’
isolates in this study than the Hertwigia sp. samples. Actinobacteria derived from soill
have been a historic source of novel antimicrobial agents (14) and comparisons may
be made here with the global soil microbiota, in which Actinobacteria are a major
constituent (212). A finding from this study that potentially supports this is the number
of isolates belonging to the phylum Actinobacteria that were recovered in Chapter 2,
with demonstrated antimicrobial activity in several of these isolates. Such claims are
inconclusive however, as not all isolates grown in the course of this research were

identified by 16S rRNA profiling.

By comparing community overlap between the P. carpenteri and sediment microbiota
at OTU level it is possible to determine which OTUs represent sponge-, or sediment-
specific microbiota. Additionally, it is possible to determine which taxa represent the
sponge, or sediment ‘core’ microbiota. The core sponge microbiota has been
previously analysed using several descriptions: OTUs which occur in 66% of sponge
replicates that also have a relative abundance of >0.01% (51); OTUs that occur in
either 70% (49), or 85% (43) of sponge replicates; and OTUs that occur across all

sponge replicates (213). Changing the definition of the core microbiota has been found



to significantly alter the number of OTUs that comprise it (214), but not necessarily the
taxonomic composition at phylum level (215). When considering the effect of sponge
species, altering the threshold for the percentage of replicates in which an OTU must
be present was found to impact the number of OTUs in the core microbiota, only when
the definition was changed to require 90-100% (215).

The P. carpenteri core microbiota was comprised of 17 OTUs that occurred across all
5 replicates. Of these OTUs only a handful were classified down to genus level,
indicating that they may not represent true bacterial species, or potentially that they
represent unknown microbial taxa for which there is no current classification (216).
This observation also applies to the classification of microbiota as a whole. Relaxing
the threshold to OTUs that occurred in at least 80% of replicates increased the number
of core OTUs by 15, but did not increase the number of phyla included in the core
microbiota, which is congruent with previous findings (215). The sponge core
microbiota was much smaller than that of the sediment in terms of number of taxa,
which accounted for 44.5% of all sediment OTUs. The sponge core microbiota is
generally not considered to contribute significantly to the sponge microbiota as a whole
(43), which also appears to apply for P. carpenteri. The size of the core microbiota has
also been found to be inversely correlated with the degree of overall intra-species
community dissimilarity (217). The increased intra-species dissimilarity that has been
reported for several Hexactinellid sponges (87) may, therefore, mean that
Hexactinellid sponges have smaller core microbiota. The small size of the P.
carpenteri core, as well as the high degree of intra-species dissimilarity appears to
support this proposal. The inverse correlation of intra-species dissimilarity and core

microbiota size also appears to hold true for the sediment samples analysed in this



study, as sediment microbiota displayed a notable similarity, and also had much larger

core microbiota.

The P. carpenteri core microbiota had only a 0.73% overlap with seawater and 3.4%
with sediment. A high overlap (50%) between the core microbiota of several shallow-
water sponge species with that of seawater has previously been reported (213) a
figure that is much higher than that observed here. For both 80% and 100% replicate
thresholds, only a small number of the OTUs that comprise the P. carpenteri core
microbiota are ‘rare taxa’ (<0.01% abundance) (83). This was distinct from the
sediment core microbiota, in which the relative abundance of OTUs was increased for
lower abundance/rare taxa. Members of the rare sponge taxa have previously been
found to make up over 90% of all OTUs identified in Hexadella and Mycale sponges
(83). Here however, the percentage of rare taxa was much smaller, with the
percentage of rare taxa being between 0 — 35.7%. It should be noted however that
sponges for which the number of rare taxa was 0% were also the samples which had
a lower number of reads, which may have impacted the detection of rare taxa. Rare
taxa in sponges have previously been observed to show high host-specificity (83).
Comparison with other sponge species was not carried out for the P. carpenteri
microbiota, however the majority of sponge-specific OTUs were also found to be rare

taxa, for both sponge and sediment samples in this study.

The P. carpenteri-specific microbiota made up only 12.6% of the overall microbiota.
The sponge-specific microbiota is thought to comprise the majority of each of sponge
microbiota in general (43), with previous reports showing that 70 - 90% of taxa were

sponge-specific (49,218). The same has also been reported for several species of



Hexactinellid sponge (87). The results here potentially suggest that P. carpenteri does
not follow the same trend, however it may display a higher proportion of specific
microbiota when directly compared to other sponge species, rather than sediment.
The number of OTUs shared between sponge and sediment samples was much
higher than the number of sponge-specific OTUs. A possibility may be that these
shared OTUs are the result of horizontal transfer (219), whereas the sponge-specific
microbiota are the result of vertical transfer (220). Sample-specific microbiota however
may also be the result of acquisition of low abundance OTUs from seawater that were
not detected due to poor DNA recovery or sequencing depth (213). The high
percentage of sponge OTUs that were shared with sediment may also be a result of
the facets of Hexactinellid biology, sediment slumps and pumping rate cessation
outlined above. A direct comparison between hexactinellid sponges that display
anchoring to the sediment floor with those that do not would be a potential way to
further explore this hypothesis.

The lack of overlap between core and sponge-specific OTUs in the P. carpenteri
microbiota is perhaps at odds with previous research that has detailed the high overlap
apparent in the microbiota of Cliona delitrix (221). Sponge core OTUs in general

however are comprised overall of ‘generalist’ or non-sponge specific OTUs (43).

The inclusion of sponge and sediment samples from two sample sites allowed
investigation of whether the microbial communities differed at each site. Whilst the P.
carpenteri microbiota was not statistically different at each transect, there were several
OTUs for which the relative abundance was significantly different at each site.
Interestingly, the majority (9/10) of the OTUs that were different were also present in

the core microbiota. The same trend was also observable for the sediment microbiota,



albeit with fewer statistically different OTUs. All 3 different OTUs were also present in
the core microbiota. Several of the statistically different OTUs could be classified to
genus level, however the majority could not. It may be the case that genomic library
quality has a part to play in determining the number of reads that could not be classified
and these figures, therefore, may not represent true differences in microbiota at each
transect site. The use of ‘relative abundance’ reduces the statistical bias caused by
differences in DNA quantity (i.e. by ignoring the number of passed-reads for each
sample), however it cannot completely compensate for differences in sample quality
(222). It is feasible however that differences in the composition of the microbiota of
each sponge replicate would influence the rate and quality of DNA retrieval and,
therefore, differences may also be a reflection of this. This however is highly
speculative. In general, sponges from each transect grouped more closely with each
than with other sponges (PCoA) and had higher correlation scores. The exception to

this was Sponge_009, which displayed higher similarity to sponges from transect T52.

The P. carpenteri and sediment microbiota were screened for the presence of isolates
obtained from culture-dependent studies (Chapter 2 & 3). When the sequence
obtained for each isolate’s 16S rRNA gene was classified using the same database
as the P. carpenteri microbiota reads, 7 of the 13 different cultured OTUs were present
in the P. carpenteri microbiota. The absence of 6 OTUs may be due to the fact that
such isolates represent either extremely rare taxa that weren’t detected in the
microbiota, or contaminants that do not represent true sponge taxa (64).

The total relative abundance of isolates made up 0 — 0.72% of the P. carpenteri
microbiota. Previous estimations of the cultivable portion of the host sponge microbiota

have ranged from between 0 — 14% (57,60,81). The figures obtained here may serve



as an initial indication of the cultivable proportion of P. carpenteri, however taxonomic
classification was not performed on all isolates obtained so this is therefore not an
exhaustive study. Sequencing depth is also undoubtedly a factor in estimating this
percentage. The presence and abundance of cultured OTUs was perhaps more
consistent across replicate sediment samples and may be indicative of the higher
intra-sample similarity of the sediment microbiota. The higher intra-species
dissimilarity of P. carpenteri also perhaps suggests that different, or a higher diversity
of isolates may be obtained from performing culture-dependent studies on multiple
biological replicates of P. carpenteri sponges.

The presence of OTUs that correspond to isolate A11 (Chapter 3) was not detected
in either the P. carpenteri or sediment microbiota; no reads from either sample were
classified as Streptomyces at the genus level. In fact, the entire class of Actinomycetes
was absent from the metagenome of all samples. This again may be due to such
isolates representing rare or non-sponge/sediment taxa. Another reason may also be
the bias implicit in PCR amplification against high and low GC-content sequences
(223,224) - as Streptomyces are known and commonly-referred to as ‘high GC-
content’ bacteria (225). Streptomyces are the most commonly cultured (and
‘bioactive’) members of the Actinobacteria from sponge-specific studies (1). Whilst the
presence of Actinobacteria in the sponge microbiota in general is well documented
(23), to the best of the author’s knowledge, specific molecular studies detailing the

presence of the Streptomyces genus within sponge microbiota are lacking (35).

This is the first study reporting the molecular profiling of the microbiota of P. carpenteri.
Overall, P. carpenteri displays a microbiota that is congruent with that of the global

sponge microbiome at phylum level (43), and with previous studies of Hexactinellid



sponges (87). The majority of the P. carpenteri microbiota consists of OTUs that are
shared with sediment, however it has a distinct microbiota in terms of taxonomic
composition, has a smaller core, and a smaller sponge-specific microbiota. The
presence of cultivated isolates within the P. carpenteri microbiota was demonstrated,
indicating that culture-dependent studies are to some extent successful in obtaining

sponge-associated bacteria for the purposes of natural product discovery.



Chapter 5

Final Discussion & Conclusions



5.1 Discussion
Two species of Hexactinellid sponge were investigated in this work. The two sponges

were initially assessed using a culture-dependent approach, revealing differences in
cultivable bacteria and the presence of isolates with antimicrobial activity. In the case
of Pheronema carpenteri, culture-independent approaches were also used in order to
reveal the composition of the microbiota as a whole, as well as demonstrate a high
intra-species dissimilarity, when compared to sediment microbiota. The sponge
microbiota in general is thought to be shaped most strongly by a combination of host
identity, geographic location and temperature (48-51). Differences in the overall
sponge microbiota can be observed at a species level (43), as well as between
sponges belonging to different classes (87,88). Intra-species dissimilarity with sponge
microbiota was first revealed by large-scale studies characterising the microbiota of
numerous sponge replicates (43). Studies characterising the Hexactinellid microbiota
have also provided an early indication that intra-species dissimilarity may be more
pronounced in glass sponges when compared to Demosponges (87).

The Hertwigia sp. and P. carpenteri samples used in this work displayed different
cultivable microbes, with an overall low degree of overlap between the morphotypes
obtained from sponge replicates of each sponge species. A higher number of bacteria
was cultivated from Hertwigia sp., which also displayed a higher overlap in the
morphotypes cultured. This overlap may be due to a more conserved microbiota
overall, however may apply to just the portion of the microbiota that was capable of
being cultured. The markedly low overlap in cultivable microbes from P. carpenteri, a
finding which could be explored by further optimisation of culture parameters, provided
a preliminary indication that P. carpenteri possesses a higher intra-species

dissimilarity at microbiota level. This information, combined with the higher number of



active isolates from P. carpenteri also suggests that the microbiota of Hertwigia sp.
and P. carpenteri are to a certain extent distinct.

The composition and intra-species dissimilarity inherent in the P. carpenteri microbiota
was further explored using a culture-independent approach. P. carpenteri was found
to possess a much higher intra-species dissimilarity than sediment samples collected
from the same transect during the same sampling event. The high degree of intra-
species dissimilarity, as well as the contrast between the P. carpenteri and sediment
microbiota is thought to be due to a combination of glass sponge biology, sponge-
sediment interactions, filtration and pumping habits (2,190,192).

In addition to the higher intra-species dissimilarity, P. carpenteri also contained a much
smaller microbiota, core and sponge-specific microbiota than sediment. The core
microbiota of P. carpenteri was comprised of a small number of OTUs, the majority of
which had a relative abundance of >1%. This is in contrast to sediment, which had a
larger core that was made up mainly of OTUs with a relative abundance of <0.1%. The
high intra-species dissimilarity is consistent with reports that this may be a feature of
Hexactinellid microbiota in general (87). The phyla for which P. carpenteri was
enriched were also consistent with the phyla that were enriched in the Vazella
pourtalesii microbiota when compared to sediment (88). These results indicate that
the P. carpenteri microbiota is distinct in its structure from that of the surrounding
environment, however it shows a degree of overlap with the sediment microbiota in
terms of shared OTUs. The overlap in shared OTUs suggests that sediment microbiota
may also be a potential reservoir of novel antimicrobial candidates. A culture-
independent characterisation of the Hertwigia sp. microbiota was not carried out due
to the inability to obtain sufficient quantities of DNA template. Whether the extremely

low amount of genomic material obtained from Hertwigia sp. is reflective of a small or



low-microbial-abundance (LMA) microbiota (93) is unknown. It is also difficult to
suggest whether P. carpenteri may be classified as an HMA or LMA sponge based on
the data presented here, as bacterial concentration per sponge weight was not looked
at specifically. In addition, the variable presence of the three taxa commonly indicative
of LMA or HMA sponges prevents a definitive conclusion. Further work would be

recommended in order to explore this.

Sponge-associated microbes have been targeted for characterisation owing in part to
their importance in ecological processes (52), but also their ability to produce
antimicrobial agents (41). Several isolates displaying antimicrobial activity were
obtained from both Hertwigia sp. and P. carpenteri. Whilst a higher overall number of
morphotypes were obtained from Hertwigia sp., a higher number of the morphotypes
obtained from P. carpenteri displayed antimicrobial activity.

An isolate belonging to the Streptomyces genus was selected for downstream
characterisation. The isolate was obtained from P. carpenteri and was selected on the
basis of its antimicrobial production. Numerous studies have focused on cultivation of
Actinobacteria from marine and freshwater sponges (23,31,35,54), as a means to
identify isolates with antimicrobial activity (1). The Actinobacteria phylum, and in
particular the Streptomyces genus are responsible for the highest number of
antimicrobial candidates derived from sponge-associated bacteria (1). In addition, the
second and third most prolific producers of antimicrobials from sponge-associated
bacteria are the Firmicutes and Proteobacteria — which along with the Actinobacteria
are the three most commonly cultivated phyla from sponges in general, and from P.
carpenteri in this work. As further explored in Chapter 4, the presence of

Actinobacteria within the P. carpenteri microbiota may also be indicative of further



general antimicrobial potential. In addition, numerous bacterial isolates were isolated
that displayed antimicrobial activity, however were not followed owing to time and
resource constraints.

The vast majority of bacterial isolates cultivated from P. carpenteri were found to be
comprised of OTUs that had a relative abundance of <1% within the P. carpenteri
microbiota. Some cultivable isolates represented OTUs that had a relative abundance
of >0.1% as well as 0.001%. This suggests that cultivable isolates may be more likely
to comprise members of the rare sponge biosphere (83). This phenomenon has been
commented on previously (74). Members of the rare biosphere are thought to be those
that play important ‘supporting’ roles in the essential ecological processes, and in
maintaining the stability of microbiota in general (221). If this is true for the sponge
microbiota then it may help towards explaining why sponge-associated bacteria have
emerged as such a prolific source of antimicrobials in recent decades (41). Such
claims may be expanded on with the use of metagenomic surveys attempting to
localise the presence of biosynthetic gene clusters within the sponge microbiota as a
whole. In addition, the fact that currently cultivable isolates represent such a small
percentage of the overall microbial community, is perhaps promising. The same is true
specifically for the sponges analysed in this study. The low percentage of cultured
isolates as well as the high presence of Actinobacteria within the microbiota points
towards their potential as promising sources of novel antimicrobial candidates for the
future. The proposed undiscovered biological and chemical diversity in the deep sea
(100) suggests that there is still a lot more to be discovered with regards to novel

antimicrobial candidates.



With regards to the continuation of work presented herein, several opportunities exist
to carry out further work. The preliminary work to assess the impact of pressure on the
cultivability of sponge isolates presents a novel opportunity to further explore the
presence of piezotolerant microbes and their biotechnological potential. The
simulation of higher atmospheric pressures would presumably bring with it the
potential to culture microbes adapted to life in the deep sea (226) and potentially reveal
a new cultivable fraction of the true sponge-associated microbes (71). In order to
generate pressures similar with that of the deep-sea sponge environment, work with
researchers involved in industrial food processing may be a potential avenue for
collaboration and would aid in the further exploration of expanding the cultivable
portion of microbes from Hertwigia sp. and Pheronema carpenteri (227). Efforts at
bacterial culture herein have led to the recovery and archiving of several strains with
biotechnological potential. The further use of pressurised culture could be used to
examine their ability to thrive in the deep-sea environment.

Additional work to explore the cultivable diversity of sponge-associated-microbes
could also expand on the use of sponge-derived substrates in culture media, here
investigated with the use of carnitine hydrochloride. The previous identification of
adaptation by sponge microbes to utilise sponge-related factors (121) presents an
interesting opportunity to retrieve microbes adapted to life in the sponge and deep-sea
microenvironment. The ability of gut bacteria to utilise different metabolites, thereby
reducing competition (228) raises questions as to whether this would be the same for

the sponge microbiota.

The antimicrobial agent characterised herein is suspected to be a protease inhibitor

with potential use as an antimicrobial as well as in biotechnological and industrial



processes. Low vyield of the compound however prevented further in vitro
characterisation. Further work that makes use of the OSMAC principle for optimising
antimicrobial production (229,230) or bacterial cloning (231) may be of use in obtaining
more material. With the availability of more antimicrobial agent, additional information
regarding the cellular toxicity, haemolytic activity, chemical structure and full spectrum
of use as a protease inhibitor could be explored. Nuclear Magnetic Resonance (NMR)
would be recommended to identify the structure. Given that C-A11 outperformed
antipain, as well as appeared not to act in a dose-dependent manner potentially
suggests that it acts by a separate mechanism. The differences between the genomic
regions present in the A11 BGC and those present in the genome of S. albulus NRRL
B-3066 also support this and suggest that it may be synthesised and exported from
the cell in a different manner, providing the rationale for further investigation.

Further genomic analysis of strain A11 would also be recommended in order to explore
the full range of antimicrobial metabolites it is capable of producing, as well as provide

a more definite view on its status as a novel species.

The work conducted herein provided the first culture-independent look at the
microbiota of Pheronema carpenteri. Future work to explore themes identified with the
use of 16S rDNA community profiling could be used to provide a more comprehensive
look at the sponge core and specific microbiota in comparison to other species of
Hexactinellid sponge, as well as with other replicates of P. carpenteri. This would help
to consolidate data obtained here and expand on current indications of a specific
Hexactinellid, and deep-sea sponge microbiota (86—88,94).

Numerous 16S rDNA reads obtained for the P. carpenteri microbiota pertain to

‘uncultured’ and/or highly novel strains that are suspected to be marine-adapted. This



information could be used, alongside metagenomic sequencing for in silico mining of
novel BGCs and ribosomally-encoded peptides that may be targeted for culture-
independent synthesis and follow-up in vitro testing. Given the biotechnological
potential of isolates identified herein, as well as in marine sponges in general, it is
highly likely that metagenomic sequencing reads associated with P. carpenteri would
contain regions encoding novel bioactive agents. Information obtained on the
presence of BGCs within the microbiota could help to answer questions as to whether
they are more likely to be found in certain OTUs in the P. carpenteri microbiota, and
whether they occur in less, or more abundant OTUs. Such information could also help

to inform future culture-dependent work as outlined above.

Overall, the two sponges explored in this work and their resident bacteria represent
exciting repositories for the continued culture-dependent and culture-independent
discovery of novel bioactive agents, as well as provide an opportunity to answer

ecologically pertinent questions.
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Figure S1 — Chamber used to culture bacteria under increased atmospheric pressure
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Read lengths vs Average read quality plot using a kernel density estimation after log transformation of read lengths
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Table S11 — Media used for the culture of bacterial strains in this study

Media/Component

ABC (Agar)

LB, Miller

LB, Miller + Carnitine
Low nutrient
heterotrophic media

Marine Agar
Marine Agar + Carnitine
Marine Broth

Oatmeal Agar

ABC, Broth

R2a + Carnitine

Reasoner's 2A agar

Starch-Yeast-Peptone-
Seawater
Tryptic Soy Agar

Code

ABC

LB/L
LC

LNHM

MA/M

MC

MB
oM

ABC

RC

R2a/R

SYP-SW
TSA

Composition

25g/L MgS04-7H20, 22.5g/L (NH4)2S04, 7.5g/L Na2S04-10H20, 2.5¢g/L
KH2PO4, 2.5g/L KCl, 0.7g/L Ca(NO3)2-:4H20, phosphate buffer (20mM final),
0.1g/L peptone, 0.1g/L yeast extract, 0.1 g/L glucose, ddH20, 1.5% agar
(Sigma-Aldrich)

1.5% agar (Sigma-Aldrich), ddH20

1.5% agar (Sigma-Aldrich), ddH20, 0.2g/L Carnitine Hydrochloride
1.0 UM NH4Cl, 0.1 pM KH2PO4, and vitamin mix® at a 10~ dilution of stock
1.5% agar (Sigma-Aldrich), ddH20

37.4 g/L Marine Broth 2216 (BD Difco), 1.5% agar (Sigma-Aldrich), ddH20

37.4 g/L Marine Broth 2216 (BD Difco), 1.5% agar (Sigma-Aldrich), ddH20,
0.2g/L Carnitine Hydrochloride
37.4 g/L Marine Broth 2216 (BD Difco), ddH20

72.5 g/L Oatmeal agar (Sigma), 33.3 g/L Instant Ocean™, ddH20

Basal salts, 1.5% agar (Sigma-Aldrich), phosphate buffer (20mM final), 0.1g/L
peptone, 0.1g/L yeast extract , 0.1g/L glucose

18.1 g/L R2a, 1.5% agar (Sigma-Aldrich), ddH20, 0.2g/L Carnitine
Hydrochloride

18.1 g/L Reasoner’s 2 agar (Oxoid), 33.3 g/L Instant Ocean™, ddH20

10g/L Starch, 4g/L Yeast Extract, 2g/L Peptone, Autoclaved Seawater
1.5% agar (Sigma-Aldrich), ddH20

Reference

Kato et al., 2018

Cho and Giovannoni, 2004

Kato et al., 2018

Margassery et al., 2012

@ Thiamine HCI 0.2 mg/L, biotin 1 pg/L, vitamin B2 1 pg/L, Folic acid 2 ug/L, Pabs 10 pg/L, Nicotinic acid 0.1 mg/L, Inisotol 1.0 mg/L, Calcium
panthothenate 0.2 mg/L, Pyradoxine HCI 0.1 mg/L. ® 10 g sponge host tissue were homogenised with sterilised mortar and pestle.
Homogenate was extracted overnight in 50 mL ddH»O and filtered sterilised using a 0.22-um filter. Cake remaining on filter was suspended in
50 mL ddH-0O, centrifuged at 138 x g for 10 min and pellet re-suspended in 20 mL ddH.O to make SSE (Sipkema et al. 2011). 24 h

enrichment



Table S2 — Genbank accession numbers for strains reported in this study

#Accession | Sequence ID Release Date

MZ723441 | Bacillus_pumilus_strain_EE112_P4 "Aug 13, 2021"
MZ723442 | Methylobacterium_goesingense_strain_ PAMC_29342 | "Aug 13, 2021"
MZ723443 | Pseudomonas_sp_JHX-241_1 "Aug 13, 2021"
MZ723444 | Pseudomonas_sp_JHX-241_2 "Aug 13, 2021"
MZ723445 | Brevibacterium_frigoritolerans_strain_ ER52 "Aug 13, 2021"
MZ723446 | Psychrobacter_piscatorii_strain_EnD-2 "Aug 13, 2021"
MZ723447 | Psychrobacter_sp_4-Z18 "Aug 13, 2021"
MZ723448 | Uncultured_bacterium_clone_7A_11-051 "Aug 13, 2021"
MZ723449 | Rhodococcus_sp SS51 7 "Aug 13, 2021"
MZ723450 | Psychrobacter_sp_JXH-75_1 "Aug 13, 2021"
MZ723451 | Rhodococcus_yunnanensis_strain_YIM_70056 "Aug 13, 2021"
MZ723452 | Micromonospora_tulbaghiae_strain_Pw20-195 "Aug 13, 2021"
MZ723453 | Micrococcus_antarcticus_strain_XH180 "Aug 13, 2021"
MZ723454 | Bacillus_algicola_strain_ HMF_4132 "Aug 13, 2021"
MZ723455 | Psychrobacter_sp_strain_ AHE_PA 1 "Aug 13, 2021"
MZ723456 | Psychrobacter_sp_JXH-75_2 "Aug 13, 2021"
MZ723457 | Pseudomonas_sp_ JHX-241 3 "Aug 13, 2021"
MZ723458 | Psychrobacter_sp_strain_ CJKOP-63_1 "Aug 13, 2021"
MZ723459 | Kocuria_indica_strain_MS51 "Aug 13, 2021"
MZ723460 | Erythrobacter_sp_strain_LA324 "Aug 13, 2021"
MZ723461 | Psychrobacter_sp_strain_ CJKOP-63_2 "Aug 13, 2021"
MZ723462 | Dermacoccus_nishinomiyaensis_strain_BCX_ 20 "Aug 13, 2021"
MZ723463 | Bacillus_sp_ITP29 "Aug 13, 2021"
MZ723464 | Psychrobacter_sp_strain_ AHE_PA 2 "Aug 13, 2021"
MZ723465 | Pseudomonas_sp JHX-241 4 "Aug 13, 2021"
MZ723466 | Brevibacterium_frigoritolerans_strain_F124 "Aug 13, 2021"
MZ723467 | Uncultured_bacterium_clone_Md-9 "Aug 13, 2021"
MZ723468 | Pseudomonas_sp_strain_IMBMQ09_1 "Aug 13, 2021"
MZ723469 | Erythrobacter_sp_strain_A6_0 "Aug 13, 2021"
MZ723470 | Dietzia_sp_strain_HO0B "Aug 13, 2021"
MZ723471 | Psychrobacter_sp_strain_ CKJOP-63 "Aug 13, 2021"
MZ723472 | Pseudomonas_stutzeri_strain_2Dphe2 "Aug 13, 2021"
MZ723473 | Psychrobacter_sp_strain_ AHE_PA 3 "Aug 13, 2021"
MZ723474 | Microbacterium_maritypicum_strain_P-BL63 "Aug 13, 2021"
MZ723475 | Bacillus_sp_strain_MJS-AB-C4 "Aug 13, 2021"
MZ723476 | Bacillus_toyonensis_strain_WS1-2 "Aug 13, 2021"
MZ723477 | Dietzia_psychralcaliphila_strain_Y96 "Aug 13, 2021"
MZ723478 | Rhodococcus_sp_ HLSB305 2 "Aug 13, 2021"
MZ723479 | Pseudomonas_sp_strain_IMBMQ9_2 "Aug 13, 2021"




Table S3 — Top 3 BLASTNn hits for each A11 assemby

Max

Total

Query

chromosome, complete genome

Assembly Identity S Identity | Accession No.
core Score Cover | Score
Streptomyces sp. Sge12, complete genome 9581 | 472000 88.00% | 0 98.13% | CP020555.1
Minion Streptomyces sp. 3211, complete sequence 9509 | 474300 91.00% | 0 97.90% | CP020039.1
Streptomyces subrutilus strain ATCC 27467 chromosome, | 9430 | 456500 88.00% | 0 97.52% | CP023701.1
complete genome
Streptomyces venezuelae strain ATCC 21018 34479 | 8.61E+06 | 61% 0 91.01% | NZ_CP029189.1
chromosome, complete genome
lllumina Streptomyces sp. 3211 isolate 3 chromosome, complete 33826 | 9.31E+06 | 65% 0 95.45% | NZ_CP020039.1
genome
Streptomyces sp. Sge12 chromosome, complete genome 31986 | 9.25E+06 | 64% 0 92.10% | NZ_CP020555.1
Streptomyces sp. 3211 isolate 3 chromosome, complete 69549 | 9.66E+06 | 75% 0 92.38% | NZ_CP020039.1
Hybrid — [oolome
Assembly Streptomyces sp. Sge12 chromosome, complete genome 50122 | 9.62E+06 | 75% 0 91.91% | NZ_CP020555.1
Streptomyces venezuelae strain ATCC 21018 46928 | 8.93E+06 | 71% 0 93.85% | NZ_CP029189.1




Table S4 — Core Sponge OTUs. RT refers to ‘replicate threshold’.

Sponge Core OTUs
(100% RT)

Sponge Core OTUs
(80% RT)

Sponge-Specific OTUs

Acidimicrobiia_unclassifie
d

Acidimicrobiia_unclassifie
d

Candidatus_Actinomarin
a

Actinobacteriota_unclassi
fied

Actinomarinales_unclassi
fied

Corynebacteriaceae_un
classified

Bacteria_unclassified

uncultured_ge

Turicella

Bacteroidia_unclassified

Sva0996_marine_group

Corynebacteriales_uncl
assified

Babeliales_unclassified

Microtrichales_unclassifie
d

Cutibacterium

Pirellulaceae_unclassifie
d

Actinobacteria_unclassifi
ed

Propionibacteriaceae _u
nclassified

uncultured

Actinobacteriota_unclassi
fied

Marinoscillum

Planctomycetota_unclass
ified

Bacteria_unclassified

Jejudonia

Alphaproteobacteria_uncl
assified

Bacteroidia_unclassified

NS5_marine_group

Arenicellaceae_ge

Cyclobacteriaceae_uncla
ssified

Synechococcales_uncla
ssified

Arenicellaceae_unclassifi
ed

Babeliales_unclassified

Isobaculum

Coxiella

Vermiphilaceae _ge

Lactobacillus

Gammaproteobacteria_u
nclassified

Blastopirellula

Lactobacillales_ge

Legionellaceae_unclassif
ied

Pirellulaceae_ge

Lactococcus

uncultured

Pirellulaceae_unclassifie
d

uncultured_ge

UBA10353_marine_grou
p_ge

uncultured

Clostridium_sensu_strict
o2

Proteobacteria_unclassifi
ed

Planctomycetota_unclass
ified

uncultured_ge

Alphaproteobacteria_uncl
assified

JL-ETNP-F27

Rhizobiales_unclassified

OCS116_clade_ge

Rhodobacteraceae_uncl
assified

Candidatus_Tokpelaia

SAR11_clade_ge

Pseudaestuariivita

SAR11_clade_unclassifie
d

AEGEAN-
169 _marine_group ge

Arenicellaceae_ge

Candidatus_Hepatincola
ge

Arenicellaceae_unclassifi
ed

Rickettsiales_ge




Burkholderiales_unclassif | S25-593 ge
ied

Coxiella Clade_la

Gammaproteobacteria_u | Clade _Ib

nclassified

Legionellaceae_unclassif | uncultured
ied

uncultured Clade_lIl_ge

UBA10353_marine_grou
p_ge

uncultured_ge

sediment-surface35_ge

Parablastomonas

Proteobacteria_unclassifi
ed

Stakelama

EC94 ge

Methylophilaceae_uncla
ssified

Bergeriella

Neisseria

Neisseriaceae_ge

Neisseriaceae_unclassif
ied

Atlantibacter

Enterobacteriaceae_unc
lassified

Escherichia-Shigella

Yokenella

Erwiniaceae_unclassifie
d

Legionella

Actinobacillus

Frederiksenia

Azorhizophilus

Pseudomonadales_uncl
assified

JL-ETNP-Z34

SUPO5_cluster

Luteolibacter
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