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Abstract

Evolution of multicellular eukaryotes is intimately associated with microbial interactions
resulting in diversification and niche expansion. This long history of co-evolution is evident in
metabolic interdependence, and reliance of animal (i.e. metazoan) ecosystems on their
microbiota for healthy development and function. Specific recognition between interacting
partners is essential for establishing and successfully maintaining interspecies associations, and
involves host immunity and symbiont-encoded factors. Sponges represent the most deeply
branching animal phylum with the potential to shed new light on the evolution of innate
immunity and host-microbe interactions within the metazoa. Marine sponges harbour diverse
microbial communities that contribute to higher order ecosystem functions including primary
production and nutrient cycling. However, molecular mechanisms mediating symbiont
recognition and host immune signalling in sponge symbioses are unknown. This knowledge gap
stems from the fact that most sponge-associated microbes remain uncultivated and no sponge
host/symbiont culture systems exist. In this thesis, I used cultivation-independent approaches
including environmental genomics, transcriptomics, and proteomics in combination with
homology modeling and community composition profiling to identify molecular determinants of
sponge symbiosis in the sponge Dragmacidon mexicanum. Community composition profiling
indicated that D. mexicanum is a high microbial abundance sponge harbouring a specific
microbial community dominated by the Thaumarchaeaote Cenarchaeum symbiosum.
Comparative genomics and gene expression profiling identified potential symbiont-encoded
proteins including serine protease inhibitors (serpins) with the potential to mediate host-microbe

interactions that were not found in closely related free-living Thaumarchaeaota, consistent with
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C. symbiosum’s adaptation to a symbiotic lifestyle. Biochemical assays were subsequently used
to characterize serpin activity and infer function. Immunity determinants previously unreported
in sponges were identified, enabling near-complete reconstruction of innate immune signalling
pathways and partial adaptive immunity pathways. Thus, this work expanded the known
complexity of sponge immune signalling and suggests a more ancient origin of certain pathways
than previously recognized. The composition of sponge innate immunity may reflect the
complex nature of sponge-associated microbiota, which likely acquired adaptive features to
thrive in the host milieu. Taken together, this thesis provides novel insights into the evolution of
host-microbial recognition, archaeal adaptations to a symbiotic lifestyle, and molecular

interactions between archaea and eukaryotic cells.
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Chapter 1: Introduction

1.1 Co-evolution of animals and their microbiota

Many animals are colonized by symbiotic microbes, which directly impact host fitness
and ecology. Given that prokaryotic evolution predates the emergence of eukaryotes, the
evolution of multicellular organisms has always involved interactions with microbes, resulting in
diversification and niche expansion (1, 2). Furthermore, the reciprocal dependence between host
and microbe implies that co-evolution is a dynamic and iterative process, whereby the host and
symbiont exert selective pressure, resulting in genomic changes in both partners. This co-
evolutionary history manifests in strong physiological, developmental and genomic dependencies
between eukaryotic hosts and their symbiont communities (1-5). Note that in this thesis, no
distinction is made between mutualistic and commensal associations, thus the more general term
“symbiosis” is used. In fact, many animal (i.e. metazoan) hosts require specific symbiotic
communities for healthy development of organ and immune systems (4, 6-12). The extent to
which animal hosts recognize and selectively retain symbiotic microbes among hundreds or
thousands of different microbial species encountered over space and time is an important
question. The implied necessity for recognition between microbial and animals partners led to
the hypothesis that adaptive immunity evolved to manage complex and diverse resident
microbial communities (13, 14). However, adaptive immunity in invertebrates, which represent
more than 95% of animal species, has not been described yet many invertebrate taxa, such as
sponges and corals harbor complex and host-specific microbial communities (15-18). Therefore,
understanding host-microbe interactions in these systems will provide new insights into the

evolution of host-microbe interactions in complex symbioses.



1.2 Sponge-microbial associations
1.2.1 Sponge biology

Sponges (phylum Porifera) are sessile benthic filter feeding animals that represent the
deepest-branching extant metazoan phylum. Collectively, this diverse phylum contains at least
8,500 recognized species from diverse saltwater and freshwater habitats, ranging from high
latitude to temperate and tropical regions in shallow tidal zones to the deep ocean. Almost 85%,
of all sponge species belong to the class Demospongiae and inhabit marine environments (19).
Marine sponges are important members of benthic communities where they contribute to
biodiversity, provide habitat and protection from predation, and are a nutrient source for many
species including endangered fish (20-24). As highly efficient suspension feeders that can filter
24L per gram sponge per day with a 96% filtration efficiency, marine sponges are an important
link between benthic and pelagic ecosystems, with discernable impact on marine nutrient cycling
(22, 25-35).

Sponges have a simple anatomy, optimized for water flow and nutrient uptake, and
relatively few cell types with the capacity to re-differentiate into other cell types (36). Sponge
differentiated epithelia, the choanoderm, endopinacoderm and exopinacoderm, are the most
ancient metazoan tissues (37). Sponge epithelial cells, particularly the choanocytes have a high
turnover rate, exceeding that of mammalian intestinal epithelial cells (38). Like epithelia in more
recently evolved animals, sponge epithelial cells function to detect pathogens, control secretion
and absorption, provide support and create barriers for compartmentalization and osmoregulation
within the extracellular matrix, termed the mesohyl (37, 39). In addition to the non-epithelial
sponge cells, including the motile phagocytic amoebocytes, collagen-producing collenocytes and

lophocytes, archaeocytes and spicule-producing sclerocytes, the mesohyl contains microbial cells
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(Figure 1.1). Food uptake in sponges occurs by phagocytosis, primarily by the choanocytes, as
well as pinacocytes, in choanocyte chambers. Following capture, microbes are transferred from
the small (~1um) choanocyte cells to the larger amoebocytes for digestion, with the potential for
subsequent transfer to other cell types (40-42). Whether the feeding process is selective, and

whether it differs from phagocytosis associated with innate immunity, is currently unknown.
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Figure 1.1 Sponge anatomy schematic.

Due to their filtering activities, sponges constantly engage in nutritional, pathogenic and
beneficial interactions with billions of microbes. Consequently, the sponge immune system must
be able to appropriately distinguish different microbes (43). Despite their simple anatomy and
physiology, sponges have persisted for ~600 million years, and microbial symbioses are likely a
key contributing factor to this evolutionary success (21). Given their basal phylogenetic position,
the biology of sponges can provide insight into the evolution of cell adhesion, signalling and
innate immunity systems (44, 45), presenting an opportunity to explore conserved patterns in

microbial recognition and symbiont selection by animal hosts.



1.2.2 Sponge microbiota

Interactions with microbes and microbial cues are essential for all life stages of sponges,
from larval settlement and development to adult sponge physiology, fitness and evolution (5, 46,
47). The symbiotic relationships established by the sponge with specific microbial groups may
benefit the host sponge by increasing its fitness (48, 49). Most sponge-associated microbes have
not been cultivated, thus genomic, transcriptomic and proteomic sequencing methods are
necessary to infer potential modes of interaction between sponges and members of their
microbiota. Sequencing efforts indicate that sponge-associated microbiota may be involved in
the production of secondary metabolites, transformation of waste products, biosynthesis of
vitamins, cofactors and amino acids, as well as roles in carbon and nitrogen metabolism (50-55).
However, signalling and pattern recognition mediating sponge—microbial symbioses remain
poorly understood.

Two types of sponges that can be discerned based on the size of associated microbial
community size. The first, termed high microbial abundance (HMA) sponges, host microbial
communities at concentrations 100-10,000 times greater than those in surrounding seawater,
whereas the second type, the low microbial abundance (LMA) sponges, host communities at
concentrations similar to those found in the surrounding seawater (35, 56). These two types of
sponges differ not only in microbial abundance but community structure as well (57). HMA
sponges tend to have slower pumping rates, higher respiration, and larger organic carbon
requirements than LMA sponges (35). Furthermore, sponge extracellular matrix density and
water vascular system morphologies differ between LMA and HMA sponges. However, it is still

unclear whether this is due to differences in microbial abundance (58).



Sponge microbial communities are large, diverse, and complex, consisting of persistent
and temporary associations with archaeal, bacterial and single-cell eukaryotes (21, 59, 60). While
a few sponge-associated microbes are intracellular, most sponge symbionts colonize the mesohyl
(21, 61, 62). Several bacterial and archaeal symbionts form sponge-specific clades that are
distinct from their free-living relatives (21, 63). Indeed, a candidate monophyletic phylum of
uncultured bacteria found almost exclusively in sponges called “Poribacteria” has been proposed
(64). Overall, sponge microbial communities differ between species and manifest community
structures that are markedly different from those found in surrounding seawater (16, 18, 21, 50,
63). These findings suggest not only microbial sponge-specific associations, but species-specific
relationships as well. Given that co-occurring sponge species harbor distinct microbial
communities, it is likely that sponge pattern recognition systems exist (65).

The origin of sponge-specific microbial lineages is an interesting and a foundational
research question. A typical monophyletic sponge-specific clade may contain numerous
symbiotic taxa found in multiple different sponge hosts in widely distributed geographical areas
(21). This pattern of association may either arise from ancient associations resulting from very
few colonization events, or may be due to colonization of every generation by these bacteria and
archaea present in the surrounding seawater at very low abundances (16). This suggests that at
least a portion of the symbiont pool is horizontally or environmentally, acquired from free-living
microbial populations. Indeed, the low abundance of Poribacteria detected in the water column
implies that sponge hosts are able to recognize potential symbionts and provide favorable
conditions for growth (49). Alternatively, the source of these sponge-specific clades in seawater
may be sponges themselves. Adult sponges may release symbionts when spawning to promote

colonization of new sponges, consistent with vertical transmission from parent to offspring (16,
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66). While some symbionts are exclusively vertically-transmitted, vertical transmission with
some horizontal acquisition is a more common mode of parent-to-offspring symbiont transfer
(67). With either mode of transmission, symbiont recognition is likely mediated through cell
surface interactions necessary for successful colonization and appropriate spatial distribution to

take place (67).

1.3 Host-symbiont recognition

Symbiotic and pathogenic microbes use symbiosis and virulence factors, respectively, to
modify host systems to gain entry into the host. These factors can help the colonizing microbe
attach to host cells or extracellular matrix, enter into host intra or intercellular compartments,
acquire host micronutrients, and evade the host immune system and antimicrobial responses (68-
71). The innate immune response depends on the recognition of conserved microbial structural
features, termed microbial associated molecular patterns (MAMPs), by germline-encoded pattern
recognition receptors (PRRs) such as Toll-like receptors (TLRs), Nod-like receptors (NLRs),
mannose receptors and C-type lectins (72-74). Bacterial and fungal MAMPs are well
characterized and include essential, often highly expressed components such as flagellin,
peptidoglycan, lipopolysaccharides, B-glucan, and lipoproteins (73, 75, 76). Cell surface
characteristics are known for just two archaeal phyla, Euryarchaeata and Crenarchaeota, whereas
Thaumarchaeal MAMPs are enigmatic (77).

Bacterial constituents of the mammalian gut microbiota utilize extracellular features
including pili, fimbriae, cell envelope as well as secreted proteins to adhere to host mucosa and
cell surfaces and protect themselves from host immune responses (78, 79). The cell envelope

contains exopolysaccharides (EPS) that are important for recognition and symbiosis maintenance
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(78, 80). Host lectins bind sugars on symbiont cell surfaces for recognition (67). Further,
modifications to sugar structure, conformation or composition leads to higher specificity of
interaction with the host immune system (81). Therefore, like pathogen-derived capsules and
EPS that are important in adherence and phagocytosis inhibition, symbiont EPS play roles in
symbiotic communication and modulation of the host (78, 82). In addition to cell surface
structures, serine protease inhibitors (serpins) help mediate host-microbial interactions and
possibly modulate host immunity (78, 79). For example, multiple Bifidobacterium species
encode serpins and several of these serpins have been implicated in symbiotic cell
communication with potential to attenuate inflammation in the host milieu (83-85). Serpins also
play important roles in host-microbial interactions in insects (86-90). Given these observations, it
is plausible that serpin-mediated immunomodulation encoded in the genomes of both host or
symbiont cells may be conserved across metazoan ecosystems.

Extensive symbiotic crosstalk must take place between host symbiotic microbes, as
unwarranted immune responses to antigens from resident microbiota result in disease (reviewed
in (81)). Furthermore, the presence of symbiotic microbiota prevents colonization of the host by
pathogens, possibly through antagonistic interactions (91). Thus interactions between members
of the microbiota with each other and the host help maintain a healthy community composition
(78). Shifts in this composition can have detrimental affects on the host (92). Symbiotic microbes
aid in the proper development of host immune system (93). Thus innate immunity, more
specifically PRR signalling, is an important mechanism of host-symbiont communication (94-
96). Other than interactions with immune signalling, symbiotic microbes affect host homeostasis
and health by producing or extracting nutrients and metabolites, such as the anti-inflammatory

bile acids in vertebrates (97).



Symbiosis evolution is associated with genomic changes and adaptations of both the host
and microbial partner (78). Thus, genomic sequences of symbiotic microbes are essential for
understanding the genetic adaptation of symbionts to the host environment (50, 82). Recent
genomic characterization of the sponge-specific Poribacteria identified putative enzymes that
may be involved in the degradation of proteoglycans, which are important components of the
sponge mesohyl (98). Archaea also form important symbioses with metazoans, yet how they
colonize, interact with, and succeed in the host is unknown (99-101). Interestingly, no archaeal
pathogens have been identified (102-104). The apparent lack of archaeal pathogens has
important implications for host-microbe interactions and indicates differences in virulence
evolution between the prokaryotic domains (102). This could be due to differences in cell
envelope organization between bacteria and archaea and the extent to which component parts are
recognized by animal hosts. Although multiple functions of pili that include adhesion, and S-
layer N-glycosylation in Euryarchaecaota have been described, the composition and regulation of

archaeal surface structures is poorly understood (77, 105).

1.4 Sponge innate immunity

To be able to distinguish and mount appropriate responses to symbiotic and pathogenic
microbes, sponges likely utilize a variety of innate immunity pathways. Indeed, functionally
distinct interactions between the demosponge Suberites domuncula and potentially pathogenic
and symbiotic bacteria have been observed (106). Several lines of molecular evidence from
multiple sponge species have been used to reconstruct component parts of innate immune
signalling pathways. These include: (i) biochemical studies and expressed sequence tag libraries

from S. domucula (107-109), (ii) draft genome and transcriptome data for Amphimedon
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queenslandica (45, 110-112), (ii1) expressed sequence tag libraries from Oscarella carmela (44),
and most recently (iv) Illumnia transcriptomes from Crella elegans, Petrosia ficiformis and
seven other sponge species (113-115). Targeted molecular characterization and sequencing of
specific genes involved in allorecognition and histocompatibility are also available for the
demosponge Geodia cydonium (116-120). Despite the increased availability of sponge
transcriptome sequences, profound differences in annotation methods and data interpretation
render direct primary literature comparisons difficult. Therefore, similarities and differences
between the innate immune signalling pathways used by different sponges species remains to be
systematically described.

Studies using S. domuncula indicated that this sponge recognizes Gram-negative and
Gram-positive bacteria as well as fungal pathogens via cell surface receptors (107-109).
Molecular determinants implicated in innate immunity identified in S. domuncula include TLRs
and components of the TLR signalling pathway (108, 109). TLRs are type I membrane
glycoproteins with a conserved cytoplasmic Toll/interleukin-1 (TIR) signalling domain and
diverse external antigen-recognizing domains containing leucin-rich repeats (LRRs) capable of
detecting a vast array of MAMPs, and therefore microbial types (72, 73, 121-123). The S.
domuncula TLRs lack LRRs and are unusually short (108, 109). Additionally, the A.
queenslandica genome encodes (i) two putative receptors with an intracellular TIR domain, (ii)
Toll/Interleukinl receptor-like immunoglobulins (Igs), (iii) 135 homologs of the intracellular
Nod-like receptors (NLRs), as well as (iv) an NFkB homologue that is highly similar to the
human protein, suggesting that NF-kB evolved prior to divergence of sponges and other metazoa
(45, 112, 124). In addition to NLR, TLR and LPS-binding proteins, sponges also contain proteins

with scavenger-receptor cysteine-rich (SRCR) domains that may be involved in innate immune
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responses (115, 120).

Exposure of S. domuncula to components of Gram-negative bacteria cell walls, such as
lipopolysaccharides (LPS) and lipoproteins, resulted in the increased expression of bacteriotoxic
macrophage-expressed protein and the adaptor molecule MyD88 (108), or induced apoptosis of
affected sponge cells by inducing a TLR-dependent cysteine-dependent aspatryl-specific
protease (caspase) (109), respectively. The S. domuncula caspase is related to human caspase 7
(109), an effector caspase involved in mediating cellular changes associated with apoptosis (125,
126). Similarly, 4. queenslandica encodes 3 putative caspases (45). Allograft and autograft
fusion experiments in the sponge Geodia cydonium showed that apoptosis is induced during
allograft rejection (107, 118). Thus, apoptotic cell death may be an important sponge response to
pathogenic bacteria or viral infection. Besides pathogen recognition and resistance, mammalian
TLRs, and NLRs are important for host tolerance of symbiotic microbiota (73, 95, 96, 127, 128).
The conservation of molecules involved in microbial recognition across metazoa, together with
the presence of key components of TLR and NLR signalling in sponges, suggest that signalling

pathways activated by these receptors play a key role in the recognition of microbes by sponges.

1.5 A specific symbiosis: Dragmacidon mexicanum and Cenarchaeum symbiosum

The highly specific symbiosis between the demosponge Dragmacidon mexicanum,
formerly known as Axinella mexicana, and the thaumarchaeaote Candidatus Cenarchaeum
symbiosum was the first description of a sponge-archaeal association (129). C. symbiosum is a
non-motile symbiont that occurs extracellularly in the sponge mesohyl, occupying spaces
between host cells, where it represents up to 65% of the prokayotic community (129). In the

original characterization of this symbiosis, the symbiont was found in over 40 D. mexicanum
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specimens from 4 locations, and when maintained in flowing aquaria, the sponges did not expel
the symbionts (130). Moreover, C. symbiosum cells were viable and divided within sponges kept
in aquaria, underscoring the persistence and constancy of the symbiosis (129, 130).

Following the discovery of C. symbiosum, other closely related (about 96% sequence
similarity across the SSU rRNA gene) thaumarchaeal species have been identified in sponge
species related to D. mexicanum from the Mediterranean, Korean and Australian coasts (131-
133). These thaumarchaeota and C. symbiosum form a monophyletic sponge-specific linecage
based on their SSU rRNA gene sequences (21). Furthermore, a similar species-specific pattern of
association to that of C. symbiosum with D. mexicanum is observed in these sponge-archaeal
symbioses (131). This suggests that the specificity and nature of the symbiotic relationship is not
unique to D. mexicanum but is shared within the sponge family despite its polyphyly (131, 134).

Although C. symbiosum is the only archaeal member of D. mexicanum microbial
community, two different C. symbiosum populations, “A” and “B” type, have been described
(51, 129, 135). Despite a difference in % GC composition, the symbiont “A” and “B” types are
highly similar, >99.2% identity across the small and large subunit rRNA genes, and 80-90%
similar at the nucleotide level with >90% protein sequence identity (51, 135). The two C.
symbiosum types largely encode for the same proteins, in the same order and orientation and
therefore it is not clear whether there is functional divergence between them. The “A” type is the
dominant form of the symbiont, and its abundance in D. mexicanum allowed for the sequencing
of its complete genome (51). The C. symbiosum “A” genome provides important clues to
potential trophic exchanges and is an invaluable resource for investigating the putative molecular
mechanisms mediating the D. mexicanum-C. symbiosum symbiosis. Based on the presence of

genes encoding ammonia monooxygenase, urease and a urea transporter, C. symbiosum may
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contribute to elimination of nitrogenous wastes in the sponge host (51, 52). Since C. symbiosum
is considered non-motile and is found in the mesohyl intermingling with microbes that are
consumed by the sponge as food, interactions with host cells and proteins are hypothesized to
play important roles in establishing and maintaining this stable symbiosis.

The importance of archaea as symbionts is becoming increasingly evident, as sequencing,
detection and visualization techniques improve. Methanogenic euryarchaea form associations
with ruminants and termites, and are part of the human microbiota (101, 136-138). In addition to
sponges, Thaumarchaea have also been reported in associations with other metazoans, including
humans and ascidians (139, 140). However, the recognition mechanisms underlying archaeal-
metazoan associations are unknown. Thus, investigating the D. mexicanum-C. symbiosum
association is interesting from an evolutionary standpoint as novel mechanisms of archaeal

recognition by multicellular hosts may be uncovered.

1.6 Research question and thesis objectives

The overall objective of this thesis was to detect and describe molecular mechanisms
mediating symbiosis between D. mexicanum and C. symbiosum. Specifically, I hypothesized that
the D. mexicanum — C. symbiosum symbiosis depends on modulation of host innate immune
signalling by C. symbiosum-encoded “symbiosis factors” that allow the symbiont to colonize and
thrive within the host milieu. To this end, I charted D. mexicanum microbial community
structure, delineated C. symbiosum-encoded gene products with the potential to modulate host
recognition and immune response and identified host genes and pathways involved in innate
immune signalling pathways.

The specific aims for each data chapter are as follows:
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1.

Chapter 2: Chart the microbial community associated with D. mexicanum.
Quantitative, taxonomic and metabolic characterization of the sponge microbial
community with emphasis on diversity and structure and the prevalence of C.

symbiosum in D. mexicanum and other sponge species.

Chapter 3: Identify and characterize potential archaeal symbiosis factors.
Comparative genomic analysis between the genomes of C. symbiosum and free-living
thaumarchaea to identify C. symbiosum genes potentially involved in symbiosis.

Biochemical approaches to assess biological activity of a putative symbiosis factor.

Chapter 4: Identify putative host pattern recognition receptors and innate
immune pathways. Compare gene expression data from sponge hosts to metazoan
innate immunity pathways involved in microbial recognition and response to

reconstruct common and unique pathway component among and between metazoa.
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Chapter 2: Microbial community structure in Dragmacidon mexicanum and

other sponge species from northeast Pacific coastal waters

2.1 Introduction

Marine sponges are important members of benthic ecosystems and provide habitat to
many invertebrate and fish species. As highly efficient suspension feeders that can filter 24L per
g sponge per day, sponges are an important link between benthic and pelagic ecosystems and
nutrient cycling (22, 25-28). Due to their filtering activities, sponges constantly engage in
nutritional, pathogenic and beneficial interactions with billions of microbes. Consequently, the
sponge immune system must be able to differentiate between symbionts, pathogens and food
(43). Given their basal phylogenetic position with regards to animals, the biology of sponges can
provide insight into the evolution of cell adhesion, signalling and innate immunity systems (44,
45), presenting an opportunity to chart conserved modes of microbial recognition and symbiont
selection by animal hosts.

Sponge microbiota are distinct from those of ambient seawater, and comprise a complex
mixture of extracellular and intracellular symbionts exhibiting transient and stable associations
(21, 59, 60). Indeed, a number of bacterial and archaeal lineages form distinct sponge-specific
phylogenetic clades (18, 21, 63). Some sponge-microbial associations are sponge-species-
specific (141) as conspecific sponges from different locations have more similar communities
than other sponges species from the same location (16). Most members of the sponge microbial
community appear to be active as indicated by similarities between small subunit ribosomal

RNA (SSU rRNA) gene and SSU rRNA clone libraries (142). Cultivation independent
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sequencing approaches suggest the roles of sponge symbionts in production of secondary
metabolites, biosynthesis of vitamins, cofactors and amino acids, as well as roles in carbon and
nitrogen metabolism (50-55). However, factors underlying selective retention of symbiotic
microbes by sponges are currently unknown.

The association of Cenarchaeum symbiosum with the demosponge Dragmacidon
mexicanum 1s the first described example of a sponge-archaeal symbiosis (129). C. symbiosum is
highly abundant and is the sole archaeal representative in its host (129). Related thaumarchaea
have since been identified in stable associations with sponges from the Mediterranean, Korean
and Australian coasts (131-133), and form a monophyletic sponge-specific lineage with C.
symbiosum based on their SSU rRNA gene sequences (21). Only a few other animal-archaeal
symbioses have been described, including associations of methanogenic archaea in humans and
termites (101, 136, 137). Thus the D. mexicanum - C. symbiosum symbiosis is interesting from
an evolutionary perspective in terms of conserved and novel mechanisms of host recognition and
signalling. However, the D. mexicanum microbial community structure, including non-archaeal
symbionts, remains cryptic. Holistic understanding of microbial community structure is needed
to provide a baseline for differentiating between symbionts, pathogens and food in the sponge
milieu. Moreover, to establish the D. mexicanum - C. symbiosum association as a model for
investigating symbiont recognition and signalling, it is important to determine how the D.
mexicanum community compares to other sponge species.

Here I use a combination of clone libraries, quantitative PCR and pyrotag sequencing to
describe, with three-domain resolution, D. mexicanum microbiota in relation to 11 other species
representing 3 sponge classes from coastal Northeast Pacific Ocean waters. Phylogenetic

analysis and multivariate statistics were used to identify core and indicator microbes, and
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intraspecific variation of D. mexicanum microbiota was examined to better define transient and

host-specific associations.

2.2 Materials and methods
2.2.1 Sample collection and processing

Nineteen marine sponge specimens (Figure 2.1) were collected by SCUBA from Naples
Reef, California, USA at a depth of 8-10 m in September 2007, and from Howe Sound, British
Columbia, Canada at depths of 15-35 m in June 2009 (Table 2.1). Three additional sponges were
collected from Howe Sound at an unknown date were maintained at the Vancouver Aquarium
until they were obtained for this study in June 2009 (Table 2.1). All sponges were transported to
the laboratory, kept in an aquarium filled with artificial sea water for 2 to 6 weeks and
subsequently frozen at -80°C. Sponges were maintained in aquaria for several weeks prior to
cryostorage to reduce the size of nonspecific microbial populations. Frozen sponges were ground
using a mortar and pestle, with liquid nitrogen added to the specimens. Ground samples were

weighed, placed in sterile tubes and stored at -80°C until further processing.
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Figure 2.1 Sponges in sample set.
Twelve sponge specimens were collected from coastal waters in British Columbia (BC), top, and ten sponges were
collected in California (SB), bottom.

2.2.2 DNA isolation and purification

Frozen, ground sponge tissue samples were washed twice in sterile phosphate-buffered
saline solution, suspended in sucrose buffer and homogenized using a Dounce homogenizer.
Next, lysozyme and RNase A were added to the homogenate to final concentrations of 1 mg/ml
and 20 pg/ml, respectively. The subsequent incubation at 37°C for 1 hour, addition of Proteinase
K and sodium dodecyl sulphate to final concentrations of 0.5 mg/ml and 1% (w/v) respectively,
incubation at 55°C for 2 hours, phenol:chloroform extraction, buffer exchange and concentration
were performed as previously described (2). Total DNA concentrations were determined using
PicoGreen® reagent (Invitrogen, Carlsbad, CA, USA). DNA quality was assessed by gel
electrophoresis and absorbance profiles observed on a NanoDrop Spectrophotometer (NanoDrop

Technologies, Inc, Thermo Scientific, Waltham, MA, USA). Finally, DNA from each sponge
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was further purified using cesium chloride density gradient centrifugation (3). Gel

electrophoresis and PicoGreen® were used to assess quality and quantity of purified DNA.

2.2.3  Quantification of archaeal and bacterial taxonomic marker genes

Archaeal and bacterial abundance within sponge tissues was determined using
quantitative polymerase chain reaction (QPCR). Total archaeal and bacterial SSU rRNA gene
copy numbers per gram of sponge tissue were determined using archaeal and bacterial universal
primer sets previously described (2). C. symbiosum specific SSU rRNA gene copy numbers were
determined using the taxon - specific primers 369F (5'-TACACGGCAGGCTACGG) and 509R
(5'-GCTAAAGAAATCTTTTACCGGTC) designed for this study. Each 20 ml reaction
contained 10 ml iQ™ SsoFast™ EvaGreen” Supermix (Biorad Hercules, CA, USA), 300 nM
(total archaea and bacteria SSU rRNA genes) or 500 nM (C. symbiosum SSU rRNA and serpin
genes) final concentration of each primer, 1.5ul of cesium chloride purified, sponge tissue
derived DNA, with the remaining volume made up by sterile nuclease-free water. All reactions
were performed in white 96-well qPCR plates (BioRad) and were run on the CFX96™ PCR
detection system (BioRad) under the following thermocycling conditions: initial denaturation at
98°C for 2 minutes, followed by 40 cycles of 98°C for 2 seconds, primer annealing at 55°C
(bacteria), 65°C (archaea) or 52°C (C. symbiosum SSU rRNA) for 5 seconds. The fluorescence
on the plate was measured after each cycle, and a melting curve analysis was carried out after the
completion of 40 cycles. A 10-fold dilution series for each of the targets was used to generate the
standard curve. Standards were prepared from clone libraries as described in (2). The dilution
series, in copies per pl, ranged from 4x10' to 4x107, 8x10' to 8x10’, and 9x10' to 9x10 for

bacteria, archaea, and C. symbiosum SSU rRNA genes, respectively. Real-time data were
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analysed using CFX Manager ™ software (BioRad). The limit of detection for the experiments
was established by comparing the Cq values between no template controls, the most dilute
standard and sample dissociation curves. The Cq threshold was 26 cycles for total bacteria, 38
cycles for total archaea, and 30 cycles for C. symbiosum - specific SSU rRNA assays. Reaction
efficiencies ranged from 92-105% for archaea, and 94-103% for bacteria gene quantification
experiments. For C. symbiosum SSU rRNA quantification optimized primer efficiency was 90-
108%, however experimental efficiency varied (118-120%). At least two experiments were

performed per assay, with each sample in triplicate in each experiment.

2.2.4 Preparation of PCR amplicons for pyrosequencing

The V6-V8 loop of the SSU rRNA genes was amplified using three-domain universal
primers 926F (5'-AAACTYAAAKGAATTGACGG) and 1392R (5'-ACGGGCGGTGTGTRC)
and the appropriate chemistry and thermocycling conditions (13). To allow for multiplexed
sequencing, each sample was amplified with a unique MID adaptor - ligated (454 Life Sciences,
Branford, CT, USA) fusion reverse primers. PCR products were purified using the QiaQuick
PCR purification kit (Qiagen), eluted in 20 mM Tris pH 8, quantified using the Picogreen®
reagent. SSU rRNA amplicons were pooled at 30 ng DNA for each sample. Purified PCR
amplicons were sequenced on the Roche 454 GS-FLX platform using Titanium series chemistry

(McGill University and Génome Québec Innovation Center).

2.2.5 Three-domain variable region sequence data analysis
Pyrotag sequences were filtered, clustered and mapped to reference taxonomy using the

Quantitative Insights Into Microbial Ecology (QIIME) software package (14). Sequences were
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removed if they were shorter than 200 bp, contained homopolymers or contained ambiguous
bases. To identify singleton and chimeric sequences, data were clustered at 99% sequence
similarity, and representative sequences were run through chimera prediction software.
Sequences that fell into clusters containing only one sequence (i.e. singletons) or chimeric
clusters were removed. The remaining sequences were re-clustered at 99% similarity since the
presence of chimeric and singleton sequences may have affected their initial clustering. The
resulting clusters were used to generate an OTU matrix. The taxonomic identity of each OTU
was assigned by BLAST against SILVA database release 111 (19) clustered at 99% identity, and
confirmed by querying against the Greengenes database (20).

For statistical analyses requiring even sampling effort 1,800 sequences from each sample
were randomly subsampled for 10 iterations. For each iteration, sequences were clustered,
assigned taxonomy and used for producing an OTU table in addition to calculating alpha
diversity in QIIME. Calculation of mean alpha diversity, standard error and visualization of the
resulting rarefaction curves was executed in SigmaPlot version 7.101 (Systat Software, San Jose,
CA). Hierarchical cluster analysis (HCA) was performed using Manhattan distance and average
linkage method for distance calculations implemented in R. Nonmetric multidimensional scaling
(NMS) was used to investigate relationships between microbial communities in seawater and
those of different sponge individuals using the following options: Serensen distance, random
starting coordinates, and 250 runs each of real and randomized data. NMS was performed both
on subsampled and total OTU matrices, with each matrix relativized by sample or converted into
presence-absence data. Ordinations showed highly similar patterns in each case. To compare
sponges based on a specific microbial class, the entire OTU matrix was divided into separate

class-level OTU matrices, which were randomly subsampled, at 250 reads per sponge, for
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multiple iterations. Multi-response permutations procedure (MRPP) was performed to compare
within- and between-group similarity. Indicator species analysis (ISA) was performed on
relativized data to identify indicator OTUs (15) for sponge groups defined by HCA. PC-ORD
version 5.10 (MjM Software, Gleneden Beach, OR, USA) was used for NMS, ISA and MRPP

analyses.

2.2.6 Archaeal SSU rRNA gene amplification, library production and screening
SSU rRNA gene libraries were generated, and subsequently screened, for the Santa
Barbara sponges using a previously described method (2). Resulting fingerprint patterns were
inspected visually to identify unique restriction patterns. At least one representative of each
unique restriction fragment length polymorphism (RFLP) pattern observed was sequenced
(Michael Smith Genome Sciences Center). Sequences were edited using Sequencher software
(Gene Codes Corporation, Ann Arbor, MI, USA). Chimeric sequences were identified using the

open source application Bellerophon (4).

2.2.7  Eukaryotic SSU rRNA gene PCR amplification
Eukaryotic SSU rRNA genes in the purified sponge DNA were amplified by PCR using
the wuniversal primers EukF (5’-AACCTGGTTGATCCTGCCAGT) and 1391R (5’-
GACGGGCGGTGWGTRCA) under the following PCR conditions: 3 minutes at 94°C, 30
cycles of denaturation at 95°C for 20 seconds, annealing at 58°C for 20 seconds, and extension at
72°C for 1 minute, followed by a final 10 minute extension at 72°C. Each 50 pl reaction
contained 2 pl of template DNA, which was first incubated with 30 pg of bovine serum albumin

for 10 minutes at 95°C, 300 nM each forward and reverse primer, 1 mM deoxynucleotides, 1 unit
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Herculase I1 Fusion DNA polymerase (Stratagene, La Jolla, CA, USA), and the Stratagene PCR
buffer at 1x concentration. Amplification products from triplicate reactions were pooled and
purified using either gel purification or PCR purification kits (Qiagen, Germantown, MD, USA)
and were directly sequenced (Macrogen or Genewiz). For samples in which PCR products
consisted of more than one band, SSU rRNA libraries were constructed, screened using RFLP
analysis, and representative clones were sequenced (Macrogen or Michael Smith Genome

Sciences Center). Sequence data were processed manually using Sequencher software.

2.2.8 Phylogenetic analysis of SSU rRNA sequences

SSU rRNA sequences were analyzed using the ARB software package (5). First,
sequences were aligned to the closest relative in the full-length SILVA 111 database using the
SINA aligner (www.arb-silva.de) (6, 18) and aligned sequences were imported into ARB. For
phylogenetic analysis of archaeal clones, assembled sequences were first assigned to operational
taxonomic units (OTUs) at >99% identity (0.00 distance), a representative sequence for each
OTU was selected using DOTUR (Schloss, 2005) prior to alignment of the representative
sequences to the SILVA database. The sequences reported in this study and selected reference
sequences were exported from ARB and re-aligned using MUSCLE (7). The resulting alignment
was imported into Mesquite (8) for manual refinement. Maximum likelihood phylogenetic trees
were inferred using an HKY+4G+I and GTR+G+I models of nucleotide evolution using
PHYML (9) for archaeal and sponge trees, respectively. The program also estimated the
proportion of invariable sites, G distribution, and the transition to transversion ratio. A consensus

tree of 100 bootstrap replicates was assembled to determine the confidence at each node. The
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archaeal and eukaryotic trees were visualized using NJplot (10) and Interactive Tree of Life (11),

respectively.

Table 2.1 Sponge sample collection, taxonomy summary and quantification of bacteria and archaea in

sponges.
Bacterial Archaeal C.
Sponge Samplin Samplin Taxonomy* SSU rRNA | SSU rRNA | symbiosum
pong ping ping (Family, Order, gene gene SSU rRNA
ID site date . . .
Class) copies/g copies/g gene copies/g
(SE) (SE) (SE)
gpy | Naples Reef, |  September Hﬁ‘ﬁ;‘;‘jﬁﬁ; 4.44x10° 6.32x10° 2.38x10°
CA, USA 2007 Sl (5.01x107) | (4.09x107) (2.30x10%)
Demospongiae
gy | Naples Reef, | September Hﬁ‘ﬁ:ﬁ‘ﬁﬁﬁ; 4.60x10° 6.03x10° 3.30x10°
CA, USA 2007 S (6.72x107) | (3.72x107) (1.63x10%)
Demospongiae
B3 Naples Reef, September Pl:)/[;;:irlc()) cslcnlg?g; 1.51x10’ Dell?:ie d Not Detected
> 6
CA, USA 2007 Demospongiae (2.48x10%) (NA) (NA)
SB4 Naples Reef, September Hzgigﬁg?iza 1.14x10° 1.53x107 Not Detected
CA, USA 2007 = (2.90x107) | (2.78x10°% (NA)
Demospongiae
gps | Naples Reef, |  September Hﬁ‘ﬁ;‘;‘jﬁﬁ; 4.48x10’ 1.05x10° 8.20x10’
CA, USA 2007 Sl (3.76x10% | (4.54x10°) (2.76x10°)
Demospongiae
spg | Naples Reef, | September Hﬁ‘ﬁ;‘;‘jﬁﬁ; 3.88x10° 5.04x10° 2.43x10°
CA, USA 2007 Sl (6.02x107) | (2.99x107) (1.09x10%)
Demospongiae
SB7 Naples Reef, September H?El?leolllll(?liz; 1.07x10° 9.73x10’ 1.89x10°
CA, USA 2007 S (2.37x107) | (5.90x10°%) (4.60x107)
Demospongiae
SBY Naples Reef, September H?El?leolllll(?liz; 1.95x10° 3.37x10° 1.59x10°
CA, USA 2007 Sl (3.29x107) | (1.88x107) (1.31x10%)
Demospongiae
SB10 Naples Reef, September Hzgigﬁg?iza 2.24x10* 3.62x10’ Not Detected
CA, USA 2007 - (5.40x10% | (2.52x10°% (NA)
Demospongiae
SB11 Naples Reef, September Hzgigﬁg?iza 1.63x10° 9.94x10’ Not Detected
CA, USA 2007 5 (2.42x107) | (2.00x107) (NA)
Demospongiae
Howe Chalinidae 3 6
) 5.90x10 6.91x10 Not Detected
k3k
BCl1 Sound, BC, | June 2009 Haplosclerlqa, (7.85x107) (9.09x105) (NA)
Canada Demospongiae
Howe Latrunculiidae, 3 3
BC2 Sound, BC, June 2009 Poecilosclerida, 5'09X107 1'46X107 Not Detected
. (7.76x10") (1.10x10") (NA)
Canada Demospongiae
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Bacterial Archaeal C.
Sponge Samplin Samplin Taxonomy* SSU rRNA | SSU rRNA symbiosum
pIDg siIt)e g dapte g (Family, Order, gene gene SSU rRNA
Class) copies/g copies/g gene copies/g
(SE) (SE) (SE)
Howe Chalinidae 8 7
. 8.10x10 4.06x10 Not Detected
sksk
BC3 Sog:j;(ic’ June 2009 g;‘ﬂgj;if;?j; (6.80x107) | (1.21x10% (NA)
Howe Rossellidae, 6 Not
BC4 Sound, BC, June 2009 Lyssacinosida, (Zggﬁgé) Detected Not &i(;cted
Canada Hexactinellida ) (NA)
Howe Halichondriidae, 9 8
BC5S | Sound,BC, | June2009 | Halichondrida, | ~-0X10 | 2.30x10_ —} Not Detected
Canada Demospongiae (2.14x107) (3.01x107) (NA)
Howe Aphrocallistidae, 8 6
BC6 Sound, BC, June 2009 Hexactinosida, éggz } 87) (?231 } 85) Not (I?\s;c;cted
Canada Hexactinellida ) )
Howe Chalinidae 8 7
L 4.90x10 3.93x10 Not Detected
sksk
BC7 Sog:j;(ic’ June 2009 g;‘ﬂgj;if;?j; (1.00x10%) | (6.80x10°%) (NA)
Howe Geodiidae 10 9
. 2.23x10 3.48x10 Not Detected
BC8 Sog:j;(ic’ June 2009 S:ggf;‘)’;;z; (1.63x10°) | (2.69x10% (NA)
Howe Hymeniacidonida 9 Not
BC9 Sound, BC, June 2009 e, Halichondrida, (i;?ﬁgg) Detected Not &i(;cted
Canada Demospongiae ) (NA)
Howe Chalinidae 9 7
L 1.01x10 1.49x10 Not Detected
BC10 Sog:j;(ic’ June 2009 g:ﬂg:;ﬁ;?:é (8.12x107) | (1.38x10°) (NA)
Howe Chalinidae 8 8
L 6.48x10 6.54x10 Not Detected
BC1 Sog:j;(ic’ June 2009 g;‘ﬂgj;if;?j; (5.21x107) | (2.91x107) (NA)
Howe Clathrinidae, 8 8
BCI2 | Sound, BC, | June 2009 Clathrinida, 447x10_ ) 1.49x10° | Not Detected
Canada Calcarea (7.14x10") (1.46x10") (NA)

* based on BLAST hits of full-length SSU rRNA gene sequences with highest % coverage and identity; minimum
97% ID; ** Collection date of sample from the wild unknown; recieved from the Vancouver Aquarium in June

2009..

2.3 Results

2.3.1

Composition of sponge sample set

Twenty-two sponges encompassing 3 classes (Demospongiae, Hexactinellida and

Calcarea), 8 orders, 11 genera and 12 species were collected from southern California (SB) and
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British Columbia (BC) coasts (Figure 2.2 and Table 2.1). Most of the sponges, including all SB
and nine BC were demosponges, the most abundant sponge class. British Columbia sponges also

included two glass sponges and one calcareous sponge.
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Figure 2.2 Distance tree of sponge SSU rRNA gene sequences.
Bootstrap values are based on 100 replicates using the maximum likelihood method for inferring phylogeny, and are

shown for branches with greater than 50% support. The tree is rooted on Choanoflagellida. The scale bar represents
0.1 substitutions per site. Sponges are encoded by a filled symbol according to group membership determined by

HCA shown Figure 2.4.
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2.3.2  Quantification of archaea and bacteria in sponges

Quantification of bacterial and archaeal abundance is necessary for determining microbial
distribution patterns among and between sponge hosts. To this end, I employed domain-specific
SSU rRNA gene quantitative PCR assays to enumerate bacterial and archaeal abundance within
sponge tissues. Two sponges, SB3 and BC4, were low microbial abundance (LMA) sponges and
did not contain archaea in quantities detectable by qPCR (Table 2.1). The other twenty sponges
were high microbial abundance (HMA) sponges. High microbial abundance sponges host
microbial communities at concentrations 100 to 10,000 times greater than those in surrounding
seawater, whereas LMA sponges contain smaller communities at concentrations 1 to 100 times
greater than those in surrounding seawater (35, 56). The range of bacterial and archaeal
abundances for LMA and HMA sponges was between 10° to 107 and 10® to 10'° SSU rRNA gene
copies per gram tissue, respectively, and are consistent with quantification from other HMA and
LMA sponge species (143, 144). With the exception of the six D. mexicanum sponges, all HMA
sponges had a greater proportion of bacteria than archaea, or in the case of BC9, contained only
bacteria. Conversely, D. mexicanum sponges generally had slightly higher, or at least equivalent,
archaeal to bacterial abundances. To investigate the specificity of the D. mexicanum and C.
symbiosum interaction, I developed a C. symbiosum-specific qPCR assay targeting the SSU
rRNA gene. C. symbiosum was detected only in D. mexicanum using this approach (Table 2.1).
C. symbiosum numbers generally exceeded total archaeal gene copy quantities likely due to
differences in primer amplification efficiency and suggested that C. symbiosum was the

predominant, or sole, archaecal member of the D. mexicanum community.
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2.3.3 Community structure relationships between sponges

Following estimation of bacterial and archaeal abundance in LMA and HMA sponges,
pyrotag sequencing was used to survey sponge microbiota with three-domain resolution. A total
of 237,672 high quality SSU rRNA gene pyrotag sequences clustered into 9,865 operational
taxonomic units (OTUs) at 99% sequence identity (Table 2.2). Richness was assessed using a
rarefaction curve of observed OTUs as a function of sub-sampled sequence sets (Figure 2.3).
Generally, observed OTU richness was lower in SB than in BC sponges and was lowest in D.
mexicanum sponges. Consistent with this observation, Simpson’s diversity index calculated
using complete sequence sets was lower in SB sponges, especially D. mexicanum (Table 2.2).

Highest richness and diversity were found in BC1 and BC12.

800 -
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BCI2
BC4
BCY
BC6
| SB10
600 BC10
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BC8
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E SB3
) BC2
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Z 200 SB8
0 -

T
0 200 400 600 800 1000 1200 1400 1600 1800 2000

Number of sequences sampled

Figure 2.3 Observed species richness rarefaction curve of mean OTU diversity.
Analysis is based on 10 random sub-sampling iterations, the error bars indicate standard error of the mean. Colours
represent group membership determined by HCA shown in Figure 2.4.
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Community structure relationships between sponges were determined using hierarchical
cluster analysis (HCA) and non-metric multidimensional scaling (NMS). Hierarchical cluster
analysis revealed that the twenty-two communities formed four distinct groups based on sponge
species and location (Figure 2.4A). The D. mexicanum sponges clustered away from the other
sponges, forming Group 1 (Figures 2.2 and 2.4A). Group 2 consisted of the remaining four SB
sponges, including three conspecific individuals. Group 3 was comprised of three sponges of the
same species. Curiously, a Group 3 conspecific sponge, BC1, was associated with Group 4
instead. Group 4 contained the most sponges encompassing 9 species. The MRPP results, p =
0.0000, A = 0.2681, indicated that sponges within groups were significantly more similar to each
other than to members of other groups, thus the observed groups were statistically and
ecologically significant. These four groups were subsequently used to structure downstream

comparisons.
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Figure 2.4 Relationships between sponge-associated communities.

Axis 1 (53.6%)

A. Hierarchical clustering of sponges based on relative OTU distribution patterns. B. Non-metric multidimensional
scaling ordination of sponges based on community compositional profiles. Sponges are encoded by a filled symbol
according to groups determined by hierarchical cluster analysis. Pearson correlations between microbial SSU rRNA
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gene copy numbers and the ordination axes were calculated and shown as a vector (r* > 0.30 cutoff). Direction and
length of vector indicates strength of correlation with each axis.

Non-metric multidimensional scaling produced a two-dimensional solution with a
cumulative 1* value of 0.780, implying that 78% of the total variance in the data was captured
along the two ordination axes (Figure 2.4B). The final stress for the solution was 10.16 after 68
iterations and the final instability was 0.00. The stability of the solution was confirmed by
inspecting a stress versus iteration number plot. The ordination revealed similar community
structure relationships to HCA. However, partitioning of sponge microbiota by geography was
more evident using NMS. Non-metric multidimensional scaling was also used to define
correlations between OTU profiles and bacterial, archaeal and C. symbiosum SSU rRNA gene
abundances determined by qPCR. Correlation analysis with each axis showed that only C.
symbiosum had a significant correlation (r* > 0.3 with either axis) with the ordination (r* = 0.492
with axis 2). The observed relationship between C. symbiosum SSU rRNA gene abundance and
position of sponges along axis 2 was due to the presence of large C. symbiosum populations in D.

mexicanum Sponges.

Table 2.2 Amplicon pyrosequencing data summary and community diversity.

# SSU rRNA Average # SSU rRNA Simpson's
Sponge sequences sequence OTUs at 99% diversity index

passing QC length (bp) ID
SB1 6,853 423 554 0.8079
SB2 14,369 419 976 0.8612
SB3 5,055 419 775 0.9194
SB4 11,622 420 970 0.7755
SB5 6,648 421 673 0.8071
SB6 14,152 418 962 0.8932
SB7 11,515 413 783 0.8720
SB8 8,939 429 604 0.8049
SB10 5,390 428 1,019 0.9437
SB11 11,106 424 1,000 0.9177
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# SSU rRNA Average # SSU rRNA Simpson's
Sponge seql.lences sequence OTUs at 99% diversity index

passing QC length (bp) ID
BC1 10,223 418 2,062 0.9900
BC2 1,821 429 394 0.9561
BC3 13,962 409 1,910 0.9321
BC4 14,446 417 1,966 0.9442
BCs 19,879 417 1,372 0.9515
BC6 10,205 416 1,478 0.9456
BC7 4,303 418 745 0.9052
BC8 19,329 416 1,262 0.9794
BC9 14,811 390 1,794 0.9593
BC10 12,054 398 1,541 0.9211
BCl11 11,484 404 891 0.8181
BC12 9,506 420 1,666 0.9813

Core microbiota, here defined as non-sponge sequences present in at least 75% of the
sponges in a given group, were identified for groups 1-4 and compared to identify microbes
either common to sponges in all four groups or unique to one group. Sponge species-specific
microbiota in Groups 1 and 3, each consisting of conspecific sponges, harbored the largest
proportion of unique core OTUs, 77% and 84%, respectively compared to Groups 2 and 4
(Figure 2.5). However, Group 2, in which three of the four sponges were conspecific, also
harbored more unique than shared core OTUs (Figure 2.5). Only one OTU, assigned to
Colwellia, was shared among all four groups. Due to sequence heterogeneity within populations
of related OTUs, core microbiota were compared at the taxon level. Terminal taxa, that is the
consensus taxon identity of the reference Silva database clusters, were used and ranged from
order to subspecies levels of taxonomy, with most resolving at the genus level. The number of
shared taxa exceeded the number of unique taxa in all groups (Figure 2.5). Group 3 had the
largest proportion of unique taxa, while Group 1 shared most of its core taxa with other sponges

and had only 6 unique taxa including Candidatus Endobugula. C. symbiosum was part of the
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common core microbiota of the two SB sponge groups. Groups 1 - 3 shared more OTUs and taxa

among each other than with Group 4 both at the OTU and taxon levels.

Il Group 1
[ Group 2

= g“’“pj Core OTUs Core Taxa
roup

Figure 2.5 Core microbial communities of sponge groups as designated by HCA.

Core membership of taxa or OTUs depended on the presence in >75% sponges within a given group (at least 3
sponges for Group 2 and Group 3, and 9 or more sponges for Group 4), with the exception of Group 1 core, in which
case presence of an OTU or taxon in all 6 sponges was required.

2.3.4 Taxonomic composition of sponge microbiota

Sponge-associated archaea consisted of two phyla, Euryarchaeota and Thaumarchaeota
(Figure 2.6). Euryarchaea were detected in only one sponge, in low abundance (0.05%) based on
pyrotag data. Although Thaumarchaoeta were present in all sponges, their relative abundance
varied greatly between individuals, ranging from 0.015% to 63.7% of total pyrotags per sponge,
and ~1% in LMA sponges, conflicting with observations made by qPCR, possibly due to primer
sensitivity. Cenarchaeum symbiosum comprised >99.8% of thaumarchaeal sequences and up to
~64% of the D. mexicanum community, but was present as part of the rare biosphere, <0.2%

(145, 146) in other sponge species.
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Twenty-six bacterial phyla were identified across all sponges (Figure 2.6). BC1 had the
highest bacterial diversity at the phylum level, with 24 phyla detected. BC2 had the least number,
with 8 bacterial phyla. Only six phyla, Actinobacteria, Bacteriodetes, Cyanobacteria, Firmicutes,
Planctomycetes and Proteobacteria, were found in all sponges. The proteobacteria were abundant
in all sponges and were also very diverse. Although cosmopolitan phyla were present in all
sponges, abundance and OTU composition differed among sponge species and conspecific
individuals, with Planctomycetes exhibiting the least variation in composition between sponges.
Other phyla exhibited distinct biogeographical distribution patterns. Tenericutes,
Thermodesulfobacteria, Fusobacteria, Fibrobacteres and Deferribacteres were only present in BC
sponges, and did not partition according to groups identified by hierarchical cluster analysis.
Moreover, of the 4 candidate divisions identified, only 3 were found in BC sponges. The fourth
candidate division TM6 was present in 12 individuals from BC and SB. Conversely, no bacterial
phyla were detected in SB sponges exclusively. Dragmacidon mexicanum sponges had lower
bacterial abundance compared to other sponges with bacterial sequences collectively
representing 9-22% of total pyrotag reads.

Fewer non-poriferan eukaryote sequences were detected when compared to bacteria in all
individuals (Figure 2.6). Only two eukaryotic groups, the opisthokonta and the SAR supergroup,
were present in all sponges. For most individuals, porifera reads accounted for >90% of
opisthokonta reads. The remaining opisthokonta sequences were affiliated with fungi, holozoa,
and other metazoa including nematodes, annelids, and arthropods. BC5 had few sponge reads
and opisthokonta in this sponge encompassed primarily the bacterivorous nematode
Halomonhystera disjuncta. Biogeography was evident for some eukaryotic sponge associates as

the algal groups Haptophyta and Cryptophyceae were found only in SB sponges, specifically in
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two Group 1 sponges, and the RTS5iin25 clade was present only in four of the nine Group 4

sponges. Taxonomy could not be assigned to one OTU.

Group 1 Group 2 Group 3 Group 4

SB1 SB2 SB7 SB8 SB5 SB6 SBl11 SB4 SB10 SB3 BCI1l BC10 BC3 BC2 BC7 BC4 BCl BC6 BCl2 BC8 BC5 BC9
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Bacteroidetes @ ° . . ° o @O o [ ] ° e ©® O o o ‘ . ® o - O .
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Figure 2.6 Relative abundance and distribution of archaeal, bacterial and eukaryotic taxa.

The size of each circle represents the relative proportion of the taxon as a percentage of the total number of
sequences within each sponge. Open circles representing C. symbiosum and Porifera percentages are overlaid on
closed thaumarchaea and Opisthokonta circles.
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2.3.5 Archaeal phylogeny in SB sponges

Archaecal SSU rRNA clone libraries were constructed from SB sponges to better
determine the phylogeny of archaea in these sponges. No archaeal sequences could be amplified
for SB3 and SB4 using 20F and 958R archaeal primers (section 2.2 in this thesis), and therefore
no libraries were available for these two sponges. All clones from D. mexicanum sponges, with
the exception of a single clone from SB8, were highly similar to C. symbiosum sequences and
fell into the Cla-Porifera-A cluster, whereas neither SB10 nor SB11 contained C. symbiosum
clones (Figure 2.7). These results support the highly specific nature of the D. mexicanum - C.
symbiosum relationship, consistent with foundational observations made by Preston and
colleagues (129). Thaumarchaeal sequences derived from two Group 2 sponges (SB10 and
SB11) were part of the Cla-a group, which includes environmental sequences as well as clones
from tunicates and other sponge species (Figure 2.7). Euryarchaeota sequences were recovered

from three sponges and all clustered with methanogenic archaea of the genus Methanosaeta.
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Figure 2.7 Distance tree of archaeal SSU rRNA gene sequences recovered from SB sponges.
Bootstrap values are based on 100 replicates using the maximum likelihood method for inferring phylogeny, and are

shown for branches with greater than 50% support.

2.3.6 Indicator species analysis

Euryarchaeota

I Nanoarchaeota
I Korarchaeota

Crenarchaeota

Thaumarchaeota

Indicator species analysis was performed using the PC-ORD software package to identify

significant indicator microbes for each sponge group defined by hierarchical clustering.

Collectively, indicator OTUs encompassed almost 90% of all the reads in Group 1 sponges, 44%

and 42% for Groups 2 and 3, respectively, and just over 1% for Group 4. Although most

indicator OTUs belonged to the rare biosphere, Groups 1 and 2 also had abundant indicator

OTUs (Appendix A). Group 1 consisted of D. mexicanum sponges and contained the most
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significant and highest ranking indicator OTUs. Of the 312 indicator OTUs identified in this
group 24 were affiliated with unique terminal taxa and 17 orders (Figure 2.8 and Appendix A).
Approximately 39% of all group 1 indicator OTUs were affiliated with C. symbiosum. Group 2
harbored 229 indicator OTUs affiliated with 75 unique terminal taxa and 35 orders, while Group
3 harbored 206 indicator OTUs representing 49 unique terminal taxa and 23 orders. The
taxonomic composition of indicators was quite different between groups. A large proportion of
indicator OTUs for Groups 1-3 consisted of Demospongiae-affiliated OTUs, reflecting the
species-specific nature of each group. Group 4 harbored only 3 indicator OTUs representing

three proteobacterial taxa (Figure 2.8A).

2.3.7 Dragmacidon mexicanum core microbiota

To assess the consistency of microbial associations with D. mexicanum, core (present in
all six) and unique (present in only one sponge) microbiota were examined. Most of the OTUs in
any one of the six D. mexicanum individuals were neither core nor unique, but rather, were
shared between two to five sponges (Figure 2.9). However, even though core OTUs represented
only ~20% of total diversity, they were highly abundant, representing ~90% of all pyrotag
sequences recovered from individual sponges. Unique OTUs were part of the rare biosphere.
Archaeal OTUs consisted solely of C. symbiosum, representing 79% of the core D. mexicanum
microbiota (Figure 2.8B). Bacterial OTUs represented seven phyla, comprising 20% of the core
D. mexicanum microbiota. Cyanobacteria, Bacteroidetes, Actinobacteria, Spirochaetes,
Planctomycetes and Verrucomicrobia were affiliated with a single order per phylum as indicated
in Figure 5B. Proteobacterial OTUs were the most abundant core bacterial phyla. The y-

proteobacteria were comprised of three orders, the Alteromonadales, which consisted of
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Colwellia species and Candidatus Endobugula, the Oceanospirillales, comprised of MBAE14,
Amphritea, Neptuniibacter, Pseudospirillum and Neptunomonas, and the sponge-associated EO1-
9C-26 marine group. Due to the high proportion of y-proteobacteria in the D. mexicanum
bacterial community, as well as apparent similarity in composition of this bacterial class in D.
mexicanum, statistically significant differences in y-proteobacteria across all 22 sponges were
tested using MRPP and pairwise comparisons. MRPP results, p = 0.0000, A = 0.2320, indicated
that sponges within groups were significantly more similar based solely on the y-proteobacteria.
Furthermore, pairwise comparisons indicated that D. mexicanum sponges were significantly
distinct from the other sponges (p < 0.05 in each case, Table 2.3). The a-proteobacteria consisted
of the OCS116 clade and Rhodobacterales, comprised of the Leisingera, Ruegeria,
Phaeobacter and Roseobacter lineages. Uncultured alveolates were the core eukaryotic

component of D. mexicanum microbiota.
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Figure 2.8 Indicator and core community members.

A. (Top) Distribution of the p value against the indicator value for each OTU. The black box denotes significant indicator OTUs, with an indicator value greater
than 65, and p value less than 0.01. (Bottom) Number and taxonomic distribution of indicator OTUs at the order-equivalent taxonomic level. B Core microbial
community composition in D. mexicanum sponges. Relative proportions are based on OTU abundance in all six D. mexicanum sponges.
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Figure 2.9 Richness and abundance of OTUs detected in D. mexicanum sponges.

The proportions of OTUs and total pyrotag read abundances either core (common to all 6 sponges), shared (between

2 to 5 individuals), or unique (present in 1 sponge) are shown for each individual sponge.

Table 2.3 Statistical comparison of gamma-proteobacteria composition in spon

€S.

Groups compared T A p*
1 and 2 -5.6601 0.2446 0.0014
1 and 3 -5.0308 0.3040 0.0015
1 and 4 -9.0805 0.2440 0.0001
2 and 3 -3.3760 0.1464 0.0096
2 and 4 -6.6295 0.1003 0.0003
3and 4 0.6746 -0.0066 0.7315
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2.4 Discussion
2.4.1 Core and indicator sponge microbiota

Sponge-microbial associations were species-specific and secondarily dependent on
location as determined by HCA and NMS. Comparison of core and indicator OTUs supported
this observation, with few OTUs and indicators shared between sponge groups defined by HCA.
Groups 1-3 harbored high-ranking indicators with more unique than shared core OTUs.
Moreover, the most abundant core OTUs within conspecific sponges exhibited limited variation,
even at the 99% identity threshold. Consistent with previous studies, sponge microbiota varied
independently of sponge phylogeny (147) since representatives from three sponge classes formed
part of the same group (Group 4). This suggests that individuals of the same species select for
similar microbiota and that this pattern in microbial community structure can arise independently
across multiple sponge lineages.

Sponge core microbiota largely contained similar taxa that differed at the OTU level,
suggesting that sponge hosts select for functionally redundant taxa with strain specificity. While
functional roles of symbionts cannot be predicted from taxonomy, it is reasonable to suppose that
microbial OTUs from the same reference cluster or belonging to the same genus play common
physiological roles, in line with recent evidence for functional redundancy of microbial
communities in diverse sponges (148). The extent to which observed OTU diversity within
groups reflects recurrent environmental acquisition or genetic drift between vertically transmitted
symbionts remains to be determined.

Most of the sponges in this study including the calcareous sponge and one of the
hexactinellid sponges were HMA. While HMA sponges harbored a range of archaeal to bacterial

ratios, bacteria represented >95% of all pyrotags in LMA sponges suggesting anatomical or
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behavioral differences promoting domain-specific symbiotic associations (58). Previous studies
have reported that LMA sponges harbor less diverse microbiota than HMA sponges (57, 142).
However, the results do not support this since no obvious differences between the LMA and
HMA sponge-associated bacterial diversity were detected. Indeed, BC HMA sponges had the
highest and lowest Simpson’s diversity indices, with lowest richness observed in D. mexicanum
sponges. Neither of the LMA sponges surveyed in this study harbored low bacterial diversity
although both lacked archaea in abundances detectable by qPCR. The two LMA sponges had
dissimilar microbiota and clustered into different groups that included HMA sponges. This is
consistent with previous observations that communities within LMA species were distinct from
other LMA and HMA sponges (57). Interestingly, the LMA BC4 community was dominated by
a single Clostridium OTU reminiscent of the uneven representation of C. symbiosum within D.
mexicanum microbiota. The discrepancies in LMA sponge community diversity reported in this
and previous studies may be partially attributed to differences in methods used (57, 142) and

invite more research utilizing more integrated molecular and microscopy approaches.

2.4.2 Taxonomic composition of sponge microbiota
The taxonomic composition of sponge microbiota was similar to those previously
reported for other sponges and was consistent across three sponge classes and between LMA and
HMA sponges (18, 21, 147, 149). Sponge-archaeal associations tend to involve primarily or
exclusively Group Cla thaumarchaea, and to a lesser extent euryarchaea (21, 131, 150-152).
Likewise, the archaeal component of sponges in this study was predominantly thaumarchaeal
although a euryarchacal OTU (Candidatus Parvarchaeum) was detected in BC9 by

pyrosequencing and Methanoseata-like clones were recovered from SBS, SB10 and SB11

41



sponges. Since no archaeal clones could be recovered from the third 7. californiana sponge,
these archaea may represent either transient associations, or part of the planktonic community
accumulated by filtration. All sponges contained ammonium-oxidizing thaumarchaea. With the
exception of some D. mexicanum individuals, all sponges contained Group Cla-a thaumarchaea,
a group often seen in sponges (150). No representatives of the sponge-specific Group Cla-
Porifera C cluster identified in other sponges, including Halichondrid species, were detected in
this study (132, 133, 148). The discrepancies in detecting archaea between methods employed in
this study may be due to differences in primer specificity, assay sensitivity and template
heterogeneity.

A total of 26 bacterial phyla were identified in BC and SP sponges, encompassing most
of the taxonomic diversity documented in sponges on a global scale (16, 18, 147, 149). Four of
the six cosmopolitan phyla identified in BC and SB sponges (Actinobacteria, Bacteriodetes,
Firmicutes and Proteobacteria) have been identified in most sponges, including other NE Pacific
Ocean sponges (153). In contrast to previous work defining microbes common to most sponge
species, Poribacteria were found as a rare biosphere member in BC8 and were not identified in
the remaining sponges (64, 147).

The presence of aerobic, facultative aerobic and anaerobic microbes in all sponges is
indicative of fluctuations in oxygen concentrations that accompany changes in sponge pumping
activity and suggests metabolic versatility across a range of redox conditions (154, 155).
Although bacterial composition was similar among sponges at the phylum level, inter- and
intraspecific differences were apparent at finer resolution. Intraspecific variation in bacterial
composition generally occurred in less abundant phyla or less abundant families within abundant

phyla. These taxa could represent transient associations or filtered food particles. Another reason
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for differences in community composition between conspecific sponges could be variations in
spatial distribution of certain phyla (156). However, since visually similar whole tissue samples
were homogenized, such differences should have been minimized.

Eukaryotic interactions with sponges are less described than those of bacteria or archaea.
Similar to previous studies, fungal and protist groups were detected, although they represented
small proportions of sponge communities (18, 157, 158). Non-poriferan eukaryotic OTUs were
not indicator species for any sponge group. Eukaryotic communities varied more than bacteria in
Antarctic sponges (159). Since planktonic eukaryotes are a major food source for sponges, it is
plausible that the relatively few sequences identified may be food particles rather than
symbionts. Sequences from non-sponge metazoa may either be derived from symbiotic animals

inhabiting sponges, or possibly from filtered larvae.

2.4.3 Intraspecific variation between Dragmacidon mexicanum microbiota

The D. mexicanum microbiota differed markedly from other sponges. Dragmacidon
mexicanum sponges were the only sponges in this study that contained more archaea than
bacteria, similar to observations made in Tentorium semisuberites (152). I observed minimal
intraspecific variation in D. mexicanum, considering the microbial community at large and C.
symbiosum sub-populations. Although most OTUs present in these sponges were not common to
all six individuals, shared OTUs represented the vast majority of the community based on SSU
rRNA gene sequence abundance.

The D. mexicanum archaea were primarily composed of C. symbiosum, consistent with
foundational observations made by Preston and colleagues (129). More intraspecific variation

was detected in bacterial and non-poriferan eukaryotic taxa between different D. mexicanum
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individuals, suggesting less consistent associations with these domains. The D. mexicanum
bacteria differed from other sponge bacteria, and encompassed only 16 bacterial phyla, ranging
from 9 to 13 phyla per individual sponge. However, the composition of these phyla differed
between D. mexicanum individuals, and only seven bacterial phyla were represented by core
OTUs across all six individuals. Among these core OTUs were indicator bacteria, which were all
present at low to intermediate abundance, ranging from 0.1% to ~4% of the total community. In
addition to representing the most abundant bacterial indicators, y-proteobacteria were the most
abundant core bacteria in D. mexicanum sponges, and exhibited compositional conservation
within D. mexicanum that was distinct from other sponges species, consistent with a host-
specific interaction. Most of the bacteria detected in D. mexicanum were also found in other
sponges. Bacterial phyla observed in other sponges, including the Gemmatimonadetes,
Lentisphaerae, Acidobacteria, TM7 and Chloroflexi (60, 147) were not detected in most D.
mexicanum sponges, consistent with a specific selection process. However, the functional basis
for this selection is not clear. It would be interesting to determine whether sponges containing
Group Cla-Porifera thaumarchaea exhibit similar patterns with respect to reduced bacterial
diversity.

Minimal variation was observed between abundant OTUs affiliated with C. symbiosum
among D. mexicanum sponges. Moreover, the core D. mexicanum microbiota was dominated by
C. symbiosum and most of the significant indicator OTUs for Group 1 sponges were C.
symbiosum, suggesting vertical transmission of the symbiont. Yet, C. symbiosum formed part of
the rare biosphere in other BC and SB sponges, suggesting previously unrecognized horizontal or
environmental acquisition of this symbiont. Regardless of transmission mode, C. symbiosum

unequivocally dominates the D. mexicanum community, positing the existence of specific
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signalling and recognition processes between host and a relatively simple symbiotic community.
Given these observations, the persistent D. mexicanum - C. symbiosum symbiosis provides a
model for investigating molecular mechanisms underlying symbiont selection by sponge hosts
due to low complexity and numerical abundance. To resolve the currently equivocal mode of
selection and illuminate innate immune pathways mediating stable symbioses within the D.
mexicanum host, Chapters 3 and 4 describe studies utilizing genomics and gene expression
profiling in combination with biochemical and cell biological assays to identify and characterize

signalling and recognition molecules.
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Chapter 3: Genomic and functional characterization of C. symbiosum-encoded

genes

3.1 Introduction

Sponge symbionts contribute to host fitness and impact nutrient cycling via metabolic
exchange, vitamin biosynthesis and nutrient transport (50, 61, 148, 160). Despite the organismal
and ecological importance of sponge symbioses, mechanisms mediating symbiont recognition
are poorly understood, in part due to the fact that most lineages of sponge-associated microbes
do not have cultured representatives (161). The evolution of symbiosis and pathogenesis
evolution is associated with genomic changes and adaptations in both the host and microbial
partners (78). Thus, genomes of symbiotic microbes are essential for understanding the genetic
adaptation of symbionts to the host environment (50, 82). Until recently, microbial adaptations to
eukaryotic host colonization have been best characterized in pathogenic interactions. The success
and transmission of pathogenic microbes highly depends in their virulence factors (68). These
factors can help the colonizing microbe attach to host cells or extracellular matrix, invade the
epithelium or intracellular compartments, acquire host micronutrients, and evade the host
immune system, among others (68, 69). Symbionts use similar mechanisms enabling them to
gain entry into the host milieu, avoid antimicrobial responses and replicate for mutual advantage
(69-71).

Bacterial members of the mammalian gut microbiota utilize extracellular features
including pili, fimbrae, the cell envelope, as well as secreted proteins to adhere to host mucosa

and cell surfaces and protect themselves from host immune responses (78, 79). The cell envelope
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contains exopolysaccharides (EPS), which are important for modification of surfaces and
specific microbial recognition by host immune cells, contributing to symbiosis maintenance (78,
80). For example, EPS produced by the bacterium Bifidobacterium breve allows it to persist in
the host, tolerate stress, and has been implicated in evasion of B-cell responses (91).
Additionally, symbionts can directly modulate signalling and immune response dependent on
pattern recognition receptors (39, 95, 96). Among symbiont proteins that help mediate host-
microbial interactions and possibly modulate host immunity are the serine protease inhibitors
(serpins) (78, 79). Multiple Bifidoacterium species encode serpins, some of which establish
symbiotic recogntion and may attenuate inflammation in the host (83-85). Further, serpins also
have important roles in host-microbial interactions in insects (86-90). Given these observations,
it is possible that serpin-mediated immunomodulation encoded in host and symbiont genomes
may be conserved across metazoans.

Almost all that is known about host-microbe interactions come from studies on bacterial
symbionts and pathogens. There are no known archaeal pathogens, and although archaea form
important symbioses with metazoans, yet how they colonize, interact with, and succeed in the
host is unknown (99-101, 162). Cenarchaeum symbiosum is the sole archaeal symbiont of
Dragmacidon mexicanum, where it dominates the microbial community (Chapter 2). Given its
numerical abundance, a population genome for this symbiont has been assembled, providing
preliminary insight into its metabolic capacity (51, 52). Like other Thaumarchaea, C. symbiosum
carries genes for ammonia oxidation and carbon fixation (51, 52). Thaumarchaea have been
shown to tolerate lower ammonium concentrations than bacterial ammonium oxidizers and are
considered to be important players in the marine nitrogen and carbon cycles (163, 164). Whether

members of this archaeal phylum are strictly autotrophic or are mixotrophic is not yet clear since
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thaumarchaeal genomes, including that if C. symbiosum, encode for a TCA cycle and putative
transporters for amino acids and other organic substrates (51, 52, 163, 165, 166). C. symbiosum
cells are non-motile and occur extracellularly in the sponge mesohyl (129, 130). Since C.
symbiosum exists in close proximity with sponge cells and other extracellular microbes, C.
symbiosum likely encodes adaptive traits to evade the sponge immune response and thrive in the
host.

In this chapter, I use a combination of comparative genomics with free-living archaea,
proteomic analysis and homology modeling to predict molecular determinants of sponge
symbiosis, including serpins, using the highly specific D. mexicanum - C. symbiosum symbiosis.
A series of biochemical experiments were used to test the biological activity of C. symbiosum-
encoded serpins. The cultivation-independent approach described here provides a framework for
identifying and characterizing putative functional genes encoded by sponge-associated microbes

to better understand how symbiotic microbiota colonize or maintain a population in their hosts.

3.2 Materials and methods
3.2.1 Comparative genomics of C. symbiosum and other Thaumarchaeota

To identify genomic features potentially important for symbiosis establishment, the C.
symbiosum genome was compared to 5 thaumarchaeal genomic datasets, including the genomes
of the marine Nitrosopumilus martimus SCM1, Nitrosoarchaeum limina SFB1 from low-salinity
waters, the full-length fosmid sequences of uncultivated thaumarchaea from 4000m at Hawaii
Ocean Time Series Station ALOHA (HF4000 dataset), the rhizospheric Nitrosoarchaeum
koreensis MY1 and Nitrososphaera gargensis Ga9.2 enriched from a biofilm at a hot spring

outflow (Table 3.1). Predicted genes from the thaumarachaeal genomes were compared in a pair-
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wise fashion using BLASTp. Quality cutoffs for BLASTp were a bit score ratio >0.4 and
expectation value <1E-6. Graphical representations of comparisons were generated using R.
Since adaptation to a symbiotic lifestyle can be accompanied by gene gain through lateral gene
transfer, IslandPath was used to identify outatuce island regions in the C. symbiosum genome
(167-169).

Two different C. symbiosum populations, “A” and “B” types have been previously
described (51, 135). Furthermore, a number of closely related but distinct C. symbiosum OTUs
were detected in the D. mexicanum microbiome characterization presented in Chapter 2.
Population heterogeneity can have significant functional implications. Even small genomic
variations between strains of the same species can impact host-microbial associations, such as
change the host range of Vibrio fisheri (170). Thus, genome assembly of other C. symbiosum
populations is necessary for a greater understanding of the selective pressures acting on C.
symbiosum (Appendix B.1). However, since the “A” types is consistently more prevalent in all
D. mexicanum surveyed, comparative genomic and functional analyses in this chapter are based

on the “A” type genome (135).

Table 3.1 Thaumarchaeal genomes used in comparative analysis

Thaumarchaeote Habitat Accession # Reference
Cenarchaeum symbiosum A sponge (D. mexicanum) NC 014820 (51)
mesohyl
ﬁ%’;f”mhaeum koreensis soil, thizosphere NZ_AFPU01000001 |  (171)
Nitrosoarchaeum limnia SFB1 | 1OW-Salinity estuary NZ_CMO00158 (165)
sediment
]S\fzctﬁslop umilus maritimus planktonic, marine NC 010085 (172)
Nitrososphaera gargensis modergte thermophlllc NC 018719 (164)

Ga9.2 microbial mat
. . EU016559 -
HF4000 dataset thaumaracheae planktonic, marine EU016674 (173)
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3.2.2 Protein extraction and peptide mapping

Total holobiont (sponge host and associated microbiota) protein was extracted from
frozen sponge tissue from one D. mexicanum specimen (SB2) for proteomic sequencing. First, 1
ml of CelLytic™ MT cell lysis reagent (Sigma-Aldrich, St Louis, MO, USA) was added for
every 50 mg of sponge tissue, followed by thorough homogenization in a pre-chilled
homogenizer. Next, the lysed sample was centrifuged at 12,000 - 20,000 xg for 10 minutes to
pelletize cell debris, and supernatants were transferred to a chilled test tube. Total protein
concentration in the lysate was determined using a BCA assay and sample volume was
determined. Next, urea and thiourea were added to the sample, to a final concentration of 7M
and 2M, respectively. After the addition of dithiothreitol to a final concentration of 5 mM, the
sample was incubated at 60°C for 30 minutes. Next, the sample was diluted 10-fold with 100
mM NH4HCOs to reduce the salt concentration. Then, CaCl, was added to a concentration of 1
mM CaCl,. The protein sample was then digested with trypsin for 3 hours. The sample was
cleaned using a C18 solid phase extraction column (Sigma-Aldrich). Briefly, the column was
first conditioned with methanol and then the column was rinsed with water containing 0.1%
trifluoracetic acid (TFA). The sample was put through the column, after which the column was
washed with 5% acetonitrile and 0.1% TFA and allowed to dry. Finally, the sample was eluted
and concentrated. Protein concentration in the samples was measured again using a BCA assay.
The sample was flash-frozen in liquid nitrogen and sent to collaborators at the Pacific Northwest
National Laboratories (PNNL) for peptide identification by liquid chromatography-tandem mass
spectrometry. Proteins were identified from peptide sequences at PNNL using SEQUEST. The
C. symbiosum and N. maritimus genomes and a sponge (Oscarella carmela) EST library were

used as reference databases for protein identification. The accuracy of peptide identification was
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estimated by converting SEQUEST scores to a probability using PeptideProphet™ (174). Only
peptides with a PeptideProphet probability score >0.95 were considered expressed and used for
downstream analyses. Since protein length can affect the spectral count, normalized spectral

abundance factor (NSAF) was used to normalize protein expression (175).

3.2.3 Sequence homology and structure prediction

In addition to identifying genes unique to C. symbiosum, potential symbiosis factors were
identified using a series of sequence homology searches. Specifically, protein structure
prediction and a hidden Markov model (HMM) search were done to assign functional annotation
to hypothetical proteins, verify annotation and classify proteins into broad superfamily
membership. All predicted C. symbiosum genes were queried against the Pfam-A database,
version 25, using an E-value <0.001 (176). Options to predict active sites and to resolve clan
overlaps were selected. The Pfam results were mapped to the genome and were subsequently
used to inform homology structure predictions. Protein structures were predicted for C.
symbiosum genes that did not have homologs in other thaumarchaea and (i) were hypothetical
proteins containing domains with homology to proteins involved in microbe-host interactions,
(i1) had annotations similar to known virulence factors, or (iii) were expressed hypothetical
proteins in close genomic proximity to other proteins potentially involved in symbiotic
interactions using Phyre2 (177). Special attention was given to putative proteins that were
validated by proteomic analysis. Multiple sequence alignments were performed using ClustalW
to identify regions of sequence conservation for a subset of C. symbiosum putative proteins that
had similar annotations or contained similar conserved functional domains (178). The genome

viewer Artemis was used to visualize the genomic arrangement of genes and domains identified
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as described above to help delineate potential genes and genomic regions of interest (179).
Genomic features identified in this study were visualized using Circos (180). Possible function of
23 C. symbiosum proteins containing metallo-B-lactamase or lactonase domains was predicted
using a sequence similarity network (181-183). Over 6,000 proteins belonging to the metallo-f3-
lactamase superfamily were included, and were compared by BLASTp. Nodes (proteins) were

connected with edges where sequence identity exceeded 50% with an e-value cutoff of 1E-10.

3.2.4 Biological activity of C. symbiosum serpins

3.2.4.1 Cloning, expression and purification of C. symbiosum serpins

Two expression systems, Escherichia coli pPET28a and the yeast, Pichia pastoris, were
used to clone and express C. symbiosum serpins. However, since archaeal post-translational
modification mechanisms are more similar to those of yeast than bacteria, functional assays were
performed using recombinant proteins expressed using P. pastoris. Three C. symbiosum serpin
homologues (CENSYa 0537, CENSYa 1229, CENSYa 1605) were successfully cloned,
expressed and purified in P. pastoris. Serpin genes were cloned in frame, sequences were
verified, and the pPICZaA constructs were transformed into P. pastoris, as previously described
(184). Expression was induced in P. pastoris cell cultures containing the construct as described
(184). A control culture transformed with a vector without an insert was used. Culture
supernatants containing the secreted His-tagged serpins were pH and ionic strength adjusted,
filtered, and loaded onto a HisTrap column packed with Ni*" sepharose resin (GE Healthcare,
Little Chalfont, Buckinghamshire, UK). After sample addition and flow-through collection, the
column was washed with a binding buffer, and eluted with elution buffer. The wash and elution

fractions were collected. The binding buffer was 20 mM sodium phosphate buffer, pH 7.4, with
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0.5M NaCl and 5SmM or 20 mM imidazole, whereas the elution buffer was 20 mM sodium
phosphate buffer, pH 7.4, with 0.5M NaCl and 0.5M imidazole. Elution profiles were generated
by plotting the absorbance at 280nm in UV-clear plates. The protein concentration in the
fractions was assessed by a BCA assay, and protein purity was assessed by denaturing
polyacrylamide gel electrophoresis (SDS-PAGE) and silver-staining of the gel. Western blots,
using a polyclonal rabbit antibody raised against E. coli expressed CENSYa 1605 (PL
Laboratories, Port Moody, BC, Canada) were performed to confirm serpin presence. Silver
staining of the SDS-PAGE gel confirmed that a protein of approximately 45kDa was present in
the elution fractions. However, other non-specific bands were also visible following Ni*" column
purification. Therefore, all samples that were determined to contain serpin by Western blot were
combined, buffer exchanged and purified again using anion-exchange on a HiTrap Q HP column
(GE Healthcare) and a salt concentration gradient, ranging from 0.1-1 M in 0.1M increments.
The anion exchange purification step yielded protein that migrated as a clean single band on
silver-stained SDS-PAGE gel, indicating sufficient protein purity for further analysis. A native
gel of the purified protein shows only protein of the expected size and no aggregation or
cleavage of the expressed protein. Finally, the identity of the purified proteins was confirmed by

mass spectrometry, performed by the CHiBi1 Proteomics core facility at UBC.

3.2.4.2 Protease inhibition assay

The inhibitory function of the three anion-exchange purified proteins against trypsin, o.-
chymotrypsin, thrombin, subtilisin, and papain was assayed using the Pierce Fluorescent
Protease Assay Kit (Thermo Scientific, Waltham, MA, USA), which provides fluorescein-

labeled casein (FITC-casein) as the fluorescent substrate. First, the ratio of protease to FITC-
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casein that produced the most linear response was determined for each of the five proteases.
Fluorescence was measured at 485nm excitation and 538nm emission maxima every 30 seconds
for 1 hour at 37°C. Next, a slow-binding kinetics experiment, using 1:1, 10:1, 100:1
serpin:protease ratios over 1 hour at ambient temperature (26°C) was performed (185).
Fluorescence was measured in 30-second intervals. Since the in sifu temperature that C.
symbiosum serpins would function at in the sponge is lower than 26°C, the residual activity of
the protease after incubation with serpin was measured, based on a method used in (186). To do
this, first the serpin and protease were incubated for 1 hour at 20°C or 10°C, the expected
functional temperature for C. symbiosum serpins, then FITC-casein was added and fluorescence
was measured at 37°C. To confirm cleavage of the target by the protease, and determine whether
the protease cleaves the serpin protein, an aliquot of each treatment was examined by SDS-
PAGE. All experiments were performed in triplicate and included positive and negative controls

and a BSA treatment.

3.2.4.3 Serpin-sponge lysate pull-down

A bait (serpin protein) and prey (sponge lysate) approach was used in a pulldown
experiment using the Pierce’™ ProFound Pull-Down PolyHis kit (Thermo Scientific) to identify
serpin-interacting proteins. Purified C. symbiosum serpin, CENSYa 0537, was dialysed with
Tris buffer (25 mM, pH 7.2) and immobilized on a cobalt chelating resin packed column. After
incubation, the column was washed to remove any unbound recombinant protein. Sponge lysate
was prepared using the CellLytic™ lysis reagent. Freshly prepared sponge lysate protein was
loaded onto the column with immobilized serpin. Following the incubation, the column was

washed to remove non-specifically bound and non-binding proteins. Wash fractions from each
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step were collected and saved for downstream analysis. Trapped serpin-target covalent
complexes were eluted with Imidazole and analysed by SDS-PAGE and gel silver-staining, and
Western blotting using the anti-CENSYa 1605 polyclonal antibody. Two controls were used in
this experiment: a column without immobilized serpin (resin only) and a column with
immobilized serpin, but no lysate added as prey protein. Another approach to identify serpin-
interacting partners in the sponge was to incubate recombinant serpin, CENSYa 1229, with
sponge cell lysate. A constant amount of sponge lysate was incubated with no serpin, or 5
different concentrations of serpin overnight at 10°C, 15°C or room temperature. The fractions,
along with serpin only, positive and negative controls were analysed by SDS-PAGE and Western

blot.

3.2.4.4 Serpin protein and C-terminal peptide activity in NFkB reporter cell line

The effect of purified recombinant serpin, CENSYa 0537, and C-terminal peptides
(Table 3.2) on NF«B signalling was assayed in HEK-Blue reporter cell lines (a collection of
engineered HEK293 cells), HEK-Blue"™-hTLR4 cells (InvivoGen, San Diego, CA, USA), and
the control parental line HEK-Blue™-Null2 cells (InvivoGen). The peptide sequences used are
listed in Table 3.1. The experiments were performed in a laminar flow hood and included
triplicates (Null2 cells) and five replicates (hTLR4 cells) of each of the following treatments: no
treatment control, LPS only (1ng/ml), LPS + LipidIVA (10ng/ml), 4 concentrations of full-length
serpin (5, 10, 50, 100 ng/ml) or 2 concentrations (10 or 50 ug/ml) of serpin C-terminal peptides,
and serpin + LPS, for all serpin concentrations. Cells were grown in complete growth media,
consisting of Dulbecco's modified eagle medium with 10% fetal bovine serum, 2 mM glutamax,

1 mM pyruvate, 100 U/mL penicillin, 100 pg/mL Streptomycin and 100 pg/mL normacin. Cell
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type specific selection antibiotics were added to the media as follows: 100 pg/ml zeocin for the
parental Null2 cells and 100 pg/ml zeocin, 200 ug/ml hygrogold and 30 pg/ml blasicidin. Cells
were first detached from plate using Hank’s based enzyme free cell dissociation buffer, then cells
were collected into a 15 ml tube, with an aliquot reserved for counting, and centrifuges at 1,000
rpm for 3 minutes at room temperature. Cells were then resuspended in 1 ml complete growth
media and selection antibiotics. Approximately 50,000 viable cells were seeded per well, in a
100-pul volume, in a 96 well tissue culture plate. Cells were grown for 48 hours in an incubator at
37°C and 5% CO,, with an addition of 100 pl growth media to each well after the first day. Cells
were visually inspected and washed with 100 ul pre-warmed growth media. Following the wash,
cells were treated with stimulants diluted in growth media and placed back in the incubator for
24 hours. Following incubation, cells were visually observed, 20 ul supernatant from each well
was transferred to a 96-well flat bottomed plate, and 180 ul QUANTI-BlueTM (InvivoGen)
reagent was added to each well containing supernatant and gently mixed. Multiple absorbance

readings were taken at 650 nm in regular intervals for 60 minutes.

Table 3.2 C. symbiosum serpin C-terminal peptide sequences.

[] range or
Peptide Peptide sequence Charge MW [Experiment(s) amount
used
CENSYa PBMC and | 1.9-40 uM
1229 PFLFLIQDDESGTILFMGRVSEP -3 2,612.0 | NFKB reporter| (5-100
cell stimulation| pg/ml)
PBMC and 1.9 - 40
CI]%IBISSYa— PFLFLIQDDESGAVLFMGRVSEP 3| 2,567.9 NFchi‘flporter MM (5 -
stimulation 100 pg/ml)
PBMC and
Human A NFkB reporter 1.6 -33
1T PFVFLMIEQNTKSPLFMGKVVNPTQK 2 2,994.6 cell uM (5 -
. . 100 pg/ml)
stimulation
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[] range or
Peptide Peptide sequence Charge MW Experiment(s) | amount
used
CENSYa peptide pull-
1605WT PQFKADRPFLFLIQDDESGAVLFMGRVSEP -2 3,410.9 down 100 pg
CENSYa peptide pull-
1605mut PQFKADRPALFLIQDDESGAVLAMGRVSEP -2 3,258.7 down 100 pg

3.2.4.5 C-terminal peptide activity in human peripheral blood mononuclear cells
Inflammatory activity of serpin C-terminal peptides (Table 3.2) was assayed using human
peripheral blood mononuclear cells (PBMCs) by measuring production of tumor necrosis factor
a (TNFa), interleukin 6 (IL6) and monocyte chemotactic protein 1 (MCP1) by enzyme-linked
immuno-sorbent assays (ELISA). PBMCs were isolated from blood collected by members of the
Hancock lab from healthy volunteers, under UBC ethics approval and guidelines, into Vacutainer
tubes (BD Bioscience, San Jose, CA, USA). Blood samples were diluted with an equal volume
of phosphate buffered saline (PBS) (Invitrogen, Carlsbad, CA, USA) following collection, and
cell types were separated by Ficoll gradient centrifugation. The layer containing mononuclear
cells was carefully removed and washed twice with PBS. Following this, cells were resuspended
in RPMI 1640 with 10% FBS, 2 mM L-glutamine, and 1 mM sodium pyruvate, and placed in a
humidified incubator at 37°C with 5% CO,. Cells were then seeded into 96-well or 48-well
tissue culture plates, at a concentration of 1E6 cells/ml, and incubated for 1 hour. Cells were
treated with 200, 100, 50, 20 or 5 pg/ml of CENSYa 1229 peptide, CENSYa 1605 peptide or
human antitrypsin 1 C-terminus peptide, all the peptide conditions with an addition of 10 or 20
ng/ml LPS, LPS only treatments, or were untreated. Samples were then centrifuged at 1000 x g
for 10 minutes to obtain cell-free supernatants, which were then stored at -20 °C. ELISAs were

performed on supernatants collected 24 hours after treatment and were developed using TMB
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Liquid Substrate System (Sigma-Aldrich) and measured with a Power Wave X340 plate-reader
(Bio-Tek Instruments, Winooski, VT). Cytotoxicity of serpin C-terminal peptides was assessed
using the lactose dehydrogenase (LDH) assay on cell-free supernatants following the protocol

specified in the Cytotoxicity Detection kit (Roche).

3.2.4.6 C-terminal peptide pull-down in sponge and mammalian cells

To identify proteins with the potential to interact, directly or via a protein complex, with
C-terminal serpin peptides, I performed a pull-down experiment using biotin-labeled peptides
and whole cell protein lysate from D. mexicanum cells and two human cell lines. Two positions
seem to be very important for the biological activity of C-terminal peptide (Dr. F. Jean, personal
communication) so the peptides including those positions, and a corresponding double mutant
peptide were used for this experiment (Table 3.2). Purity of synthesized peptides was assessed by
an amino acid analysis at The Hospital for Sick Children (Toronto, ON, Canada). A few small,
~1 cm’, pieces of sponge tissue were rinsed with calcium and magnesium-free artificial seawater
(CMFASW) three times. The mass of the starting material was noted. Following the washes,
sponge tissue pieces were allowed to dissociate in CMFASW and 25 mM EDTA for 30 minutes
at room temperature with gentle agitation. Then, the cell suspensions were filtered through a 70-
um nylon mesh sieve to remove spicules and large undissociated pieces. Sponge cells were
pelletized by centrifugation at 600 xg for 10 minutes at 4°C. The supernatant was collected and
centrifuged at 10,000 xg to collect microbial cells, which were then placed at -80°C for storage.
The sponge cell pellet was resuspended in CMFASW and cells were observed using light
microscopy and quantified using the hemocytometer. The two human cell lines used were HuH7,

a cell line of differentiated hepatocyte cellular carcinoma cells, and HEK293, a cell line derived
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from human embryonic kidney cells. Whole-cell lysates were obtained by first harvesting ~5x10°
cells per sample. Then, a hypotonic buffer (10 mM Tris-HCI, pH 7.8) containing a complete
protease inhibitor cocktail (Roche, Basel, Switzerland), phosphatase inhibitor, 0.1% Triton-X,
0.2 mM EDTA, and 2 mM dithiothreitol was added. The cells were incubated on ice for 30
mintues, with intermittent vortexing. After incubation, 300 mM KCI was added in 1:1 v/v ratio,
and samples were centrifuged at 13,000 rpm for 30 minutes. The supernatants were collected and
pre-cleared by rotating incubation at 4°C with avidin beads washed with 150 mM KCI. The
beads were then removed by centrifugation at 500 x g for 30 seconds. Positive control peptides
used in the Jean lab were used in this experiment. The biotinylated peptides were resuspended in
PBS and conjugated to washed strepavidin beads to generate resin for the pull-down. Beads were
washed to remove any unbound peptide. Then, freshly prepared and pre-cleared whole cell lysate
from human or sponge cells was applied to the resin, and after incubation and washes, any
interacting proteins were eluted by adding 2 bead volumes of 100 mM glycine, pH 2.8. Eluted
proteins were precipitated with acetone and submitted to the Core Proteomics facility at UBC for
LC-MS analysis. Proteins were injected into an SDS-PAGE gel for in-solution digest and
processed on the LTG Orbitrap VELOS. Peptide pull-down, MASCOT database searches, and
protein identification, control subtraction and interactome mapping were performed by Jean lab

members.

3.3 Results
3.3.1 Comparative genomics between C. symbiosum and free-living Thaumarchaeota
Almost half of the predicted genes in the C. symbiosum “A” genome were not found in

free-living thaumarchaea from diverse environments (Figure 3.1A). The majority of shared genes
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likely represent core thaumarchaeal genes, as they are found in all the genomes examined
(Figure 3.1A). These potential core thaumarchaeal genes represent ~31% of the C. symbiosum
genome. Other than the core genes, C. symbiosum had few homologs in the genome of the
moderately thermophilic N. gargensis Ga9.2 but had >380 homologs in the genomes of marine
thaumarchaea and the rhizospheric N. koreensis MY 1. Comparison of C. symbiosum with marine
thaumarchaea revealed a similar pattern, where >900 C. symbiosum ORFs were unique to the
symbiont, and most of the shared homologs were present in all datasets (Figure 3.1B).
Approximately 45% of predicted C. symbiosum ORFs had homologs in N. maritimus SCM1 and
N. limnia SFB1, which are both from temperate waters. C. symbiosum had the least number of
non-core homologs with the thaumarchaea from Hawaii, and had the most homologs with its
closest known free-living relative (~97% similarity across the SSU rRNA gene), N. maritimus
(163). Over 740 of the genes unique to C. symbiosum are predicted to encode hypothetical
proteins that have no known function or homologs. The unique genes appear to have a non-
random distribution in the C. symbiosum genome, as multiple regions with >10 contiguous
unique C. symbiosum genes were identified (Figure 3.2). The longest of these “unique” regions
consisted of 94 predicted genes, including a DNA modification methylase, micrococcal
nuclease-like protein, Flp pilus assembly protein, an ATPase and 89 hypothetical proteins.
Additionally, 3 putative genomic islands, mostly containing genes encoding hypothetical
proteins (Figure 3.2) were identified within three unique genomic regions.

Approximately 20% of the predicted C. symbiosum-encoded proteins were detected by
proteomics. I identified 392 C. symbiosum proteins and another 227 N. maritimus proteins, all of
which had homologs in C. symbiosum and likely represent products of core genes. Over 130 of
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