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"I almost wish I hadn’t gone down that rabbit-hole — and yet — and
yet — it’s rather curious, you know, this sort of life!"
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Abstract

Chemical communication is the basis of host-microbe interaction. Insights into this
communication will provide a deeper understanding of the mechanisms that govern these complex
associations, in beneficial as well as pathogenic contexts. In this dissertation, we used the beneficial
relationship between the Hawaiian bobtail squid Euprymna scolopes and its symbiont, bioluminescent

bacterium Vibrio fischeri as a model system to investigate the molecular transfer from symbiont to host.

Using correlative transmission electron microscopy and quantitative ion microprobe isotopic
imaging (NanoSIMS; nano-scale secondary ion mass spectrometry), the transfer and localization of **N-
labeled V. fischeri-derived molecules into tissues of newly-hatched squids were studied. Together, these
data suggest that the squid is able to take up and incorporate bacterial products released from the

symbiont and from other Gram-negative bacteria.

Inoculating squids with strongly *N-labeled V. fischeri cells, or with outer membrane vesicles
(OMVs) released by these cells, resulted in widespread *N-enrichment inside the host light organ. °N-
enrichment was observed in the light-organ epithelia and in other squid tissues, such as the gills and gut.
1’N-enrichment in light-organ tissues was most notable inside cell nuclei: preferentially in the
euchromatin regions and the nucleoli. Squids exposed to a mixture of ©*N-enriched amino acids showed
comparable cellular *N-distributions, suggesting that the majority of bacterial molecules were

transferred to the host as part of a more general chemical transfer from the environment.

Inoculating squids with non-symbiotic Vibrionaceae cells (Vibrio parahaemolyticus and
Photobacterium leiognathi) produced *N-enrichment patterns similar and comparable to V. fischeri-
induced patterns. It is likely that the similar host *N-enrichment patterns between all bacterial
treatments is induced by molecules that have shared structural and functional features and/or are

processed by similar pathways within the host cells.

On the other hand, substantial differences in the host ®N-enrichment were observed when
squids where exposed to OMVs derived from different bacteria; specifically, V. fischeri, V.
parahaemolyticus, and Escherichia coli. These ‘OMV *N-enrichment patterns’ were distinct, especially
between the Vibrio strains and E. coli, demonstrating a clear host capacity for specific uptake of

molecules derived from different bacteria.

This thesis provides new insights into the chemical transfer that might occur in the squid’s
natural habitat. The results indicate that, in addition to the highly specific molecular interactions V.
fischeri is known to have with its host, a general molecular exchange takes place. Although the nature of

this molecular uptake cannot be inferred from the observations presented here, the molecules involved

\



Abstract

might have an essential role in interactions between the bacteria and their animal host. In broader
terms, this work demonstrates the unique link between the spatial and functional information provided
by the NanoSIMS imaging, which has the potential to open a new frontier for the study of

communication between host and symbiont.

Keywords: symbiosis, chemical communication, Euprymna scolopes, V. fischeri, OMV, NanoSIMS
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Résumé

La communication chimique est a la base de l'interaction hote-microorganisme. Mieux étudier
ces communications permettra une compréhension plus approfondie des mécanismes qui gouvernent
ces associations complexes, que ce soit dans le contexte d’une relation bénéfique aux deux organismes
ou d’une relation parasitaire. Dans cette these, nous avons pris comme modele d’étude la relation
bénéfique entre le seiche Euprymna scolopes et son symbionte, la bactérie bioluminescente Vibrio

fischeri pour étudier le transfert de molécules du symbionte vers I'hote.

En corrélant deux méthodes, la microscopie électronique a transmission et I'imagerie isotopique
a haute résolution (NanoSIMS ; nano-scale secondary ion mass spectrometry), nous avons étudié le
transfert et la localisation de molécules de V. fisheri marquées a I'azote 15 (**N) dans les tissus de seiches
récemment éclos. Nos résultats montrent que le seiche Euprymna scolopes est capable de capter et
d’incorporer les produits bactériens libérés non seulement par ses symbiontes mais aussi par d’autres

bactéries a Gram négatif.

L'inoculation de seiches soit avec des cellules de V. fisheri fortement marquées au °N soit avec
les vésicules de la membrane externe (OMVs) elles aussi marquées au °N (obtenues aprés relargage par
des bactéries marquées), a résulté en un enrichissement en >N de I'organe bioluminescent de I'héte. Ces
enrichissements en °N ont été observés au niveau de I'épithélium de I'organe bioluminescent ainsi que
dans d’autres tissues de I’'hote tels que les branchies et I'intestin. Dans I'organe bioluminescent, les
enrichissements en °N étaient principalement localisés dans le noyau: en particulier dans les régions de
I'euchromatine et du nucléole. Les seiches exposées & un mélange d’acide aminés marqués au **N ont
montré des distributions similaires, ce qui suggéere que la majorité des molécules bactériennes utilisent

un systéme de transfert général de molécules depuis I'environnement.

L'inoculation de seiches avec des cellules de Vibrionaceae non symbiotiques (Vibrio
parahaemolyticus et Photobacterium leiognathi) a donné des patterns d’enrichissement en '°N
comparables a ceux obtenu par V. fischeri. Il est probable que cette similarité de pattern entre les
différents traitements bactériens soit due a des molécules qui partagent des caractéristiques

structurelles et fonctionnelles et/ou qui sont assimilées via des voies similaires au sein des cellules hotes.

D’autre part, des différences substantielles ont été observées entre les enrichissements en °N
de seiches exposés a des OMVs provenant de différentes bactéries ; en particulier entre V. fischeri, V.
parahaemolyticus, et Escherichia coli. Les patterns d’enrichissement des OMVs en °N observés étaient
différents, en particulier entre les deux souches de Vibrio et celle d’E. coli, ce qui démontre une capacité
de I’héte a assimiler spécifiquement les molécules dérivées de différentes bactéries.
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Résumé

Cette these apporte un nouvel éclairage sur les transferts chimiques qui peuvent avoir lieu au
sein de I"habitat naturel du seiche. Les résultats indiquent que, en plus de des interactions moléculaires
hautement spécifiques entre V. fischeri et son hote, un échange moléculaire plus général existe. Bien que
la nature exacte de cet échange ne puisse pas étre déterminée a partir des observations présentées ici,
les molécules impliquées ont potentiellement un role essentiel dans les interactions bactéries-hote. De
fagon plus générale, ce travail démontre le lien entre I'information spatial et fonctionnelle donné par
I'imagerie NanoSIMS, qui permet de franchir de nouvelles frontiéres dans I'’étude des communications

entre hotes et symbiontes.

Mots-clefs : symbiose, communication chimique, Euprymna scolopes, Vibrio fischeri, OMVs, NanoSIMS
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Literature review

I. Beneficial symbiosis as a model to study host-microbe cross-talk

All animal species have associations with microorganisms. These partnerships are at the heart
of animal biology. Whether beneficial or pathogenic, interactions between microbes and animals have
profoundly influenced the evolution of life. However, for many years, descriptions of these symbiotic
systems have mainly focused upon the features associated with pathogenesis, specifically in the context
of human diseases. Biologists are now finding that many mutualistic interactions are imperative to
normal ontogenesis and the life-span of their host. They can play a key role in such host processes as
development, nutrient assimilation, reproduction, protection from potential pathogens, and stimulation
of immune response(s) (reviewed in Backhed et al. 2005; Relman 2008; McFall-Ngai et al. 2013). Perhaps
the best described system is the microbiome that lives in the human gastrointestinal tracts and is pivotal

to the digestive physiology and to the development of the innate immune system.

Interdomain (bacteria:host) associations are possible because the microbes and their host can
communicate efficiently with each other. This bi-directional communication, shaped by the dynamic
coevolution between microbes and their host, is based upon exchanges at the molecular level that
frequently involve ligand-receptor interactions. Bacteria produce a vast variety of chemical and
nutritional compounds that mediate social behaviors between individual bacteria and participate in
host—microbe interactions. Cross-talk between bacteria is mediated through chemical factors such as
quorum sensing molecules (QS; Ng and Bassler 2009) that control gene expression as a function of
population density, but lately their role in mediating communication with their animal host has been
brought to light (Sperandio et al., 2003; Hughes and Sperandio, 2008; Gonzalez and Venturi, 2013). In
addition to QS molecules, bacteria also use cell-envelope components (i.e., LPS, PGN, outer membrane
proteins), proteins, peptides, inorganic molecules, secondary metabolites, and short-chains fatty acids
to communicate with their symbiotic partners (Rath and Dorrestein 2012; Sharon et al. 2014; Cleary et al.
2017). Conversely, different animal hosts are known to use hormones molecules (proteins, steroid and
amino acid derivatives; Hughes and Sperandio 2008; Kendall and Sperandio 2016), hormone-like
compounds, inorganic compounds, such as NO (nitric oxide) and CO (carbon monoxide), and nutritional
signaling molecules (e.g., sugar and organosulfur compounds) to interact with the bacterial partners.
These molecular exchanges can alter the activity of the partner: bacterial signals can modulate host cell-
signal transduction pathways and affect gene-expression. Conversely, host molecules can modulate
bacterial gene-expression, affect bacterial growth and/or help them gain competitive advantage, e.g., by

creating an environment that only the symbionts can withstand (Davidson et al., 2004).
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During the last decades, the development and application of genomic and transcriptomic
analysis and the invention of new imaging methods, such as large-scale proteomics (e.g., Wang et al.
2016) and super-resolution microscopy (e.g., Li et al. 2015), respectively, have substantially increased
our understanding of the complex reciprocal molecular dialogues that influence microbe-animal
interactions. However, the precise nature of the molecular exchange between partners, i.e., how cells

receive, process and respond to information from the environment, remains largely elusive.

There is now general acceptance of the fact that coevolved microbial symbionts play a key role
in health and disease and result in shared cellular and molecular mechanism, such as the expression of
specific colonization genes and effector molecules (including toxins), that are well conserved
throughout the animal kingdom and characterize both beneficial and pathogenic associations
(Hentschel et al., 2000; McFall-Ngai, 2008; McFall-Ngai et al., 2013). Importantly, it has become
recognized that the host immune response to either harmful or benign microbial factors depends upon
the context of the microbial signal McFall-Ngai 2008; Vance et al. 2009; Casadevall and Pirofski 2015),
such as the concentration and nature of the chemical cues and where and when they are perceived by
the host (Vance et al.,, 2009). Therefore, symbiosis models can provide insights into evolutionary

conserved differences between pathogenic and ‘friendly’ interactions.

Several natural models of microbial-host association exist. However, most of the models
involve highly complex and variable microbial communities, such as the intestine tract, making it
challenging to ascribe specific functions to specific symbionts. Relatively simple symbiotic
relationships, like those established in many invertebrates, offer a better change of disentangling the
complex molecular and cellular association between partners. The natural binary association between
the Hawaiian bobtail squid Euprymna scolopes and the luminous bacterium Vibrio fischeri represents
one such relatively simple symbiosis. Over the last 30 years, this squid-Vibrio symbiosis has been
systematically studied, generating large amount of information about the physiological-, molecular-,
and genetic-level host responses involved in the establishment of the association during the first days
after hatching of the juvenile squid. This symbiosis therefore offers a compelling animal model for
studies of the chemical dialogue between the host and its bacteria companion during animal

development.

In the following, | review certain aspects of the initiation and establishment of the symbiosis
between V. fischeri and the squid host, which contribute to the extreme specificity shown by the host
squid towards V. fischeri during the establishment of the symbiosis. This short review is also intended
to introduce the biological system that constitutes the experimental basis and motivation for the work

carried out in this thesis.
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II. The exclusive partnership between Euprymna scolopes and the
bioluminescent bacterium Vibrio fischeri

A. The symbiotic partners

The marine bioluminescent Vibrio (now Aliivibrio) fischeri is a member of the Vibrionaceae, a
large family of Gram-negative Gamma-proteobacteria (Fig. 1B). While most members of Vibrionaceae
form beneficial alliances, a smaller group causes pathogenesis with both animals and humans (i.e.,
Vibrio cholerae, Vibrio parahaemolyticus). In its natural habitat of seawater, V. fischeri can be found
either as motile free-living bacteria or as non-motile bacteria, engaged in beneficial associations with
various marine squids (Boettcher and Ruby, 1990; Fidopiastis et al., 1998) and fishes (Nealson and
Hastings, 1991). Its metabolic flexibility (Dunn, 2012) and genomic content (Ruby et al., 2005) enable V.
fischeri to grow in diverse environmental conditions, including an animal host environment.
Interestingly, although V. fischeri is known to be nonpathogenic, its genome carries homologs of Vibrio

genes that may encode host-targeted virulence factors (Ruby et al., 2005).

V. fischeri produces luminesence when the luciferase enzyme, which is a mixed function
oxidase, oxidizes reduced flavin mononucleotide (FMNH;) and a long-chain aldehyde to FMN and the
corresponding acid, a reaction that releases blue-green light (490 nm) as a byproduct. Light production
is regulated by the /ux operon (luxCDABEG) that encodes the luciferase and the enzymes that produce
substrate for the reaction (Visick et al., 2000). The /ux genes are tightly controlled, mainly through the
Luxl and LuxR quorum-sensing system and are expressed when the high-density populations of V.
fischeri are in symbiosis with the Hawaiian squid. Luxl synthesizes the autoinducer acyl homoserine-
lactone, while LuxR synthesizes an autoinducer-dependent transcription factor (Visick et al., 2000). The
autoinducer molecule is continually produced at low levels in the free-living V. fischeri. However, when
the V. fischeri population reach a certain density inside the host, the autoinducer accumulates and
begins to positively regulate the /ux genes, and light is produced at the intensity level that is required
for the animal host’s use of the symbiont bioluminescence in its nocturnal behavior. The lux operon is
a common feature among several host-associated bacteria and also participates in regulating genes
involved in pathogenesis, biofilm formation, genetic competence and antibiotic production (Visick et

al., 2000; Ruby et al., 2005).

The Hawaiian bobtail squid, Euprymna scolopes, is a small, sepiolid squid that lives in the sandy
shallow reef areas of the Hawaiian archipelago (Fig. 1A; Berry 1912). Squid hatchlings are ~2-3 mm and
as adults they can reach ~3-4 cm (Fig. 1C). For the most part of its life, this nocturnal predator stays
buried in the sand and only emerges at dusk to feed on polychaetes and shrimps (Singley, 1982). To

hide from predators, or stay unnoticed by its prey, the squid can either hide by covering itself with
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sand, use of chromatophores to change their skin pattern and colors, or, during night, use
bioluminescence produced by its symbiot V. fischeri. Production of bioluminescence is the functional
basis of the squid-Vibrio symbiosis because it serves as counter-illumination to match star and
moonlight thus ‘camouflaging’ the squid’s silhoutte (Jones and Nishiguchi, 2004). In exchange for V.
fischeri luminescence, the squid provide V. fischeri cells with a protective niche and nutrients to

support its rapid growth (Ruby and Asato, 1993).

A remarkable feature of this symbiosis is its extremely high specificity: V. fischeri is the sole
bacterium that can form a permanent, extracellular symbiosis with the squid by occupying its light

organ throughout the squid’s lifetime (~9 months).
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Fig. 1 E. scolopes light-organ system. (A) An adult animal. (B) A TEM micrograph of V. fischeri cells associating with the cilia of
the squid epithelial cells; the bacterial cells have been false-colored to illustrate their relationships to host cells and distinguish
them from other features in the image. (C) Left: A dorsal view of a juvenile animal. The approximate position of the light organ,
within the mantle cavity, is indicated by the dashed box. Right: Enlargement of the bi-lobed light organ (ventral view), the tissue
that contain the symbionts. The internal light organ occurs in the center of the mantle cavity, which is flushed with seawater
during animal ventilation. Left half, the light organ surface that is in direct contact with the seawater. The light organ is
surrounded by the ink sac (is) and its surface is covered by ciliated fields (cf). At the base of each ciliated appendage are three
pores that form the entrance to the light organ. Right half, diagram showing the internal components of the light organ. After a
period of 2—4 h in the aggregates on the appendages, the symbionts move through the pores, into the ducts, antechambers,
and finally into the blind-ended crypt spaces where they colonize and induce bioluminescence (Nyholm and McFall Ngai 2004).
Diagram adapted from Kremer et al. (2013). (D) Cross section through the light organ ~14 h post inoculation with V. fischeri
cells. Left, a representative light micrograph of an 0.5 um section; blue histological section, toluidine blue-borax staining. Right,
diagram illustrating the different light-organ compartments as can be seen on the left. Each crypt is fully colonized by the
symbionts. aa, anterior appendage; ac, antechamber; cr, deep crypts; d, duct; hg, hindgut; is, ink sac p, pore; pa, posterior
appendage.

B. The structure of the light organ

The juvenile squid has a nascent light organ in the center of their mantle cavity (Fig. 1C). This
bi-lobed structure consists of several host tissues: the epithelial appendages, crypts housing the
symbionts, as well as accessory tissues: reflector and ink sac. In the adult light organ these accessory

tissues, together with the muscle-derived lens (absent in juvenile squids), serve to modify the light
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emitted by the bacteria (McFall-Ngai and Montgomery, 1990). Under the organ lies the hindgut (ventral

view).

Each lobe on the light organ’s lateral surface includes a posterior and an anterior ciliated
epithelial appendage, which are single-layered epithelia covering a blood sinus. Cells of each
appendage are covered by numerous cilia and each cilium is surrounded by several microvilli
(Montgomery and McFall-Ngai, 1993). The ciliated fields are covered by a mucus matrix is shed from
the epithelial cells comprising the appendages (Nyholm et al., 2002). At the base of the appendages,
three pores occur on each side of the light organ, and each pore leads to a separate crypt (3 on each
side) lined by a polarized, microvillus epithelium. The path of tissues through which the symbionts
migrate includes several morphological regions: duct, antechamber, bottleneck (5-9 um wide), and
blind-ended, deep crypt (Sycuro et al., 2006). The three pairs of the deep crypts are different in size:
the smallest crypt is located most anterior (crypt 3), the medium sized crypt is most posterior (crypt 2)
and the largest crypt is situated in between (crypt 1; Montgomery and McFall-Ngai 1993). In the
hatchling, the most developed crypt is crypt 1. Each of the six crypts becomes rapidly colonized by V.
fischeri symbionts during the first few hours of after hatching. Inside the crypt the bacteria interact
with the dense microvillous layer that covers the polarized crypt epithelium (Lamarcq and McFall-Ngai,
1998). Bacterial growth in the crypts is supported by nutrients, amino acids (Graf and Ruby, 1998),
lipids, glycerophospholipids (Schwartzman et al., 2015), and chitin-derived sugars (Wier et al., 2010),
which are provided by the host. The host also supplies oxygen to support the bioluminescence (Kremer

et al., 2014).

C. Initiation of the symbiosis and symbiont-induced morphogenesis

Upon hatching, juvenile E. scolopes do not contain V. fischeri cells and need to acquire them
from the surrounding seawater in a process referred to as ‘winnowing™ (Nyholm and McFall-Ngai,
2004). During the harvesting of V. fischeri from the bacterioplankton-rich environment (Lee and Ruby,
1994), the squid has two challenges: ventilate enough seawater to encounter V. fischeri and then
specifically select V. fischeri cells from the millions of other bacteria present in the seawater to permit

it to become the only symbiotic partner of the host squid.

V. fischeri cells first aggregate on ciliated fields above the pores for a period of 2-4 h in the
mucus matrix secreted by the host. At a typical seawater concentration of ca. 5000 cells/mL, 3-5 cells
of V. fischeri will attach to the cilia and form a small aggregate (Altura et al., 2013). Within a few hours
V. fischeri cells become the dominant bacteria in the mucus (Nyholm and McFall-Ngai, 2003); they then
travel through the pores into the ducts before finally colonizing the deep crypts (Nyholm et al., 2000).

V. fischeri cells that fail to form this aggregate are not able to colonize the squid (Nyholm et al., 2000;
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Millikan and Ruby, 2002; Yip et al., 2006). Importantly, although other Gram-negative bacteria (e.g.,
Vibrio parahaemolyticus) can associate with the superficial ciliated field and can even be found inside
the light-organ pores, they cannot colonize the crypts even in the absence of V. fischeri cells (Nyholm

et al., 2000).

Once inside the light-organ crypts, V. fischeri cells start to divide rapidly to a population of ~10°
cells, (Ruby and Asato, 1993), filling the extracellular space (Nyholm and McFall-Ngai, 2003) and
beginning to produce luminescence ~8-12 h after hatching of the squid (McFall-Ngai and Ruby, 1991).
Each morning, sunlight signals the squid that it is time to vent 90-95% of its crypt contents (Graf and
Ruby, 1998; Nyholm and McFall-Ngai, 1998; Nyholm and McFall-Ngai, 2004). The remaining 5-10% of the

bacteria divides and repopulates the light organ during the coming day (Boettcher et al., 1996).

The presence of V. fischeri in the crypts induces developmental changes that are required for
the life-long stability of the symbiosis (McFall-Ngai and Ruby, 1998). The most dramatic morphogenesis
occurs following the first night of colonization (Fig. 2). At 12 h after inoculation, marking the beginning
of V. fischeri populating the crypts spaces and concurrent with the first venting, an irreversible
morphogenesis of the light organ is initiated: The superficial ciliated epithelium (i.e., the appendages)
undergoes apoptosis and regression that culminates in the complete loss of the ciliated field, 4-5 days
after the initial colonization (e.g., McFall-Ngai and Ruby 1991; Foster and McFall-Ngai 1998; Fig. 2B, C).
The series of developmental events that take place during the first days of the symbiosis (Fig. 2D),
transforms the light organ morphologically to efficiently “shut the door® and prevent further infection
by non-performing V. fischeri or potential pathogens once the desired mutualistic association is
obtained (McFall-Ngai and Ruby, 1998). Once the light organ is fully developed, the symbiosis is
controlled by the host response to light cues as well as circadian rhythm. This includes the daily
expulsion event, effacement of the crypts microvilli around dawn (Wier et al., 2010), circadian
oscillation of cryptochromes clock genes in the host (Heath-Heckman et al., 2013), and changes in
carbon metabolism to support the symbiont population in the crypts (Wier et al., 2010; Schwartzman et

al., 2015).
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Fig. 2 V. fischeri molecules induce light-organ morphogenesis. (A) and (B) Confocal images of apo-symbiotic (apo, i.e.,
uninfected with V. fischeri) and symbiotic (sym) organ epithelial fields stained with acridine orange (green) and Lysotracker
(red) (modified from Koropatnick et al. 2004). These stains are used to detect programmed cell death. (A) Haemocytes
(arrowheads) within the appendage sinuses (s). (B) Apoptotic cells, yellow foci (arrowheads) (modified from Koropatnick et
al. 2004). (C) Scanning electron microscopy (SEM) of epithelial fields before and after regression of the ciliated fields. Scale
bar, 0.1 mm (modified from Foster and McFall-Ngai 1998). (D) Timeline illustrating relevant characteristics of the early
symbiosis. V. fischeri cells aggregate near the ciliated epithelial fields and enter the light organ around 4-6 h post hatching.
Within hours of successful colonization of the deep crypts of the light organ, the symbionts deliver an irreversible signal that
triggers an extensive developmentally programmed tissue destruction (morphogenesis) of the light organ into a mature form
lacking the ciliated epithelial fields. aa, anterior appendage; hg, hindgut; p, pores; pa, posterior appendage, s, sinus.

V. fischeri microbe-associated molecular patterns (MAMPs) orchestrate remotely, i.e., from the
crypts, the events that lead to morphogenesis of the appendages. MAMPs are mostly thought to act as
virulence factors by triggering inflammatory response (thus, named also pathogen-associated
molecular patterns; e.g., Cookson et al. 1989; Pabst et al. 1999). However, in the squid-Vibrio

mutualism these MAMPs have a benign function by inducing normal development in the host.

Specifically, derivatives of lipopolysaccharide (LPS) and peptidoglycan (PGN), which are constituents of
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the V. fischeri cell envelope, act as potent morphogens to induce normal light-organ morphogenesis in
the squid host (e.g., Foster et al. 2000; Koropatnick et al. 2004; Nyholm and McFall-Ngai 2004; McFall-
Ngai et al. 2012).

The role of MAMPs in host morphogenesis has been the focus of many studies in the last two
decades. MAMP signaling starts already while the bacteria are outside of the host organism, i.e., free-
living in seawater. Any PGN, or its molecular fragments in the surrounding seawater, broadly induces a
non-specific mucus shedding (Nyholm et al., 2000). Interaction of V. fischeri cells with the host squid
during aggregation triggers the infiltration of macrophage-like haemocytes (blood cells) into the blood
sinuses of the ciliated epithelial fields (Koropatnick et al., 2004; Koropatnick et al., 2007; Fig. 2A). The
PGN monomer, tracheal cytotoxin (TCT), is the molecule responsible for haemocyte trafficking
(Koropatnick et al., 2004; Koropatnick et al., 2007). Secretion of the signals that cause irreversible
apoptosis of cells in the ciliated appendages takes place in the crypts; the lipid A component of LPS
alone can stimulate early-stage apoptosis (chromatin condensation) of the cells (Foster et al., 2000),
while later-stage apoptosis (DNA fragmentation) and regression of these cells can be induced by the
combined effects of TCT and the lipid A (Koropatnick et al. 2004; Troll et al. 2009; Fig. 2). The synergistic
effects of TCT and LPS drive much of the light-organ morphogenesis but cannot bring it to completion.
Studies have shown that symbiont-induced bioluminescence may act with TCT and LPS to induce full
morphogenesis (Visick et al., 2000; Koropatnick et al., 2007; Chun et al., 2008; Troll et al., 2009; McFall-
Ngai et al., 2010; McFall-Ngai et al., 2012) and can also induce other symbiont-mediated squid

phenotypes (haemocyte trafficking, swelling of crypts cells; Visick et al. 2000; McFall-Ngai et al. 2012).

In addition to appendage morphogenesis, V. fischeri MAMPs induce other developmental
events in the squid that include the irreversible attenuation of NO in the duct and crypts (Davidson et
al., 2004; Altura et al., 2011) and some reversible changes, that require the continuous exposure to the
V. fischeri to maintain these changes, such as cessation of mucus secretion at the surface epithelium
(Nyholm et al., 2002), changes in microvillar density in the crypts (Lamarcq and McFall-Ngai, 1998) and
narrowing of the ducts (Lamarcq and McFall-Ngai, 1998; Kimbell and McFall-Ngai, 2004).

Concurrent with host developmental changes, V. fischeri cells undergo changes in gene
expression and morphology in order to adapt to its host environment. Bacterial features that are
considered important for colonization include the ability to form a biofilm (Yip et al., 2006; Mandel et
al., 2009; Brooks et al., 2014), to regulate motility (Millikan and Ruby, 2002; Altura et al., 2013), to
follow a chemotaxis gradient (DeLoney-Marino et al., 2003; Mandel et al., 2012; Kremer et al., 2013) and

to shift between glycerol and chitin catabolism (Wier et al., 2010).
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D. Mechanism promoting specificity of Vibrio fischeri

Several mechanisms are known to increase specificity of selection of V. fischeri over other, non-
performing or ‘cheating’ symbionts, as well as interlopers that would otherwise populate the light
organ. This is a process that occurs in several steps and develops over the first few hours after
inoculation of the squid host with its symbionts. This ‘winnowing’ process is achieved by combination
of physical barriers, physiological constraints and, importantly, innate immune system. Remarkably,
the juvenile squids are able to specifically sense and respond to the very few V. fischeri that initiate the
close interaction with the ciliated epithelial cells and distinguish them among the myriad
environmental bacteria present in the seawater. V. fischeri MAMPs play also a crucial role in shaping
host physiology and biochemical environment to support a highly specific and stable colonization over

the life of the squid.
i. Early permissiveness of the host light organ

Confocal microscopy studies have revealed that within the first hour after hatching, the crypts
are permissive to entry of both V. fischeri symbionts and nonspecific bacteria (Gram-negative and
Gram-positive, as well as particles with sizes less than 2 um; Nyholm et al. 2002). However, at ~2 h
after hatching these initial bacterial ‘intruders’ are removed from the light organ by unknown
mechanisms (Nyholm et al., 2002). The time window between 1 to 2 h after exposure to V. fischeri thus
represents a ‘nonpermissive phase’, during which V. fischeri begins to aggregate on the surface light-
organ (Nyholm et al., 2002). After this non-permissive phase, the crypts remove all cells other than

those of V. fischeri.

ii. Navigating through morphologically and chemically distinct environments of the light

organ

From the initial contact with the host to the colonization of the crypts, V. fischeri encounters
multiple, complex environments to which its needs to adapt to successfully colonize the light organ. V.
fischeri cells continuously interact with antimicrobial factors from the host and secret MAMPs that
help to shape the immediate environment (Ruby and McFall-Ngai, 1999; McFall-Ngai et al., 2010;
Nyholm and Graf, 2012).

Shortly after hatching, the squid begins to ventilate seawater through their mantle cavity,
bringing thousands of bacterioplankton species (Lee and Ruby, 1994) into the vicinity of appendages
(Fig. 1C). The ciliated fields are covered by mucus matrix shed from the epithelial cells lining the
appendage. The water current generated by the ciliated fields together with the ring-like shape

created by each pair of appendages, are thought to promote the gathering and aggregation of the
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symbionts within the mucus (Nyholm et al. 2000; Nawroth et al. in press) before bringing them towards

pores that serve as the entrances to the light organ (McFall-Ngai and Ruby, 1998).

During the passage through the ciliated ducts, the symbiont encounters challenging
environments that they need to overcome in order to progress to colonization: the cilia of the duct
cells beat outward (towards the pores; McFall-Ngai and Ruby 1998) and high levels of oxidative stress is
present in the ducts (Davidson et al., 2004; Altura et al., 2011). These morphological and chemical
characteristics of the ducts together with symbiont-induced developmental changes in the ducts (i.e.,
increase in actin cytoskeleton and constriction of the duct; Kimbell and McFall-Ngai 2004) are thought
to prevent non-symbiotic, Gram-negative bacteria from entering into the light organ and limit their
opportunity for a subsequent colonization (Kimbell and McFall-Ngai, 2004). This indicate a key role for
the duct in achieving specificity; once the symbiont is filling the crypts, there is shutdown of activities

associated with the infection processes (i.e., mucus shedding; Nyholm et al. 2000).

Mucus chemistry plays a role in symbiont selection and is an essential feature in preparing the
symbiont for events leading to colonization. In addition to creating an acidic environment in the mucus
matrix (pH ~5.9-6.4; Kremer et al. 2013), the squid secretes antimicrobial peptides including NO
(Davidson et al., 2004; Wang et al., 2010), hemocyanin (Kremer et al., 2014), and PGN recognition
protein 2 (EsPGRP2; Troll et al. 2010). NO and hemocyanin are linked to oxidative activity while
EsPGRP2 selects actively against Gram-positive PGN (Troll et al., 2010; Heath-Heckman et al., 2013). V.
fischeri attaching to the cilia on the organ’s surface also induces secretion of host enzymes into the
mucus such as lipase, lysozyme, and chitotriosidase as part of the squid immune response (Kremer et
al., 2013). The latter results in the accumulation of chitin derivatives in the mucus matrix. Remarkably,
the presence of NO and chitin-derived sugar in the mucus primes V. fischeri cells for subsequent
colonization (Kremer et al., 2013): (i) the symbiont migrates through the pores in response to
chitobiose gradient (Mandel et al., 2012; Kremer et al., 2013), and (ii) the low NO concentration
prepares them to the intense oxidative environment that exists in the ducts and antechamber

(Davidson et al., 2004; Kremer et al., 2013).
iii. Immune system response

The host immune system plays an integral role not only in defending the host against
pathogens but also in promoting the accommodation of benign symbiotic bacteria in the host and
maintaining bacteria-host homeostasis (Cerf-Bensussan and Gaboriau-Routhiau, 2010). Interestingly,
although the host innate immune system is continuously exposed to MAMP's from both mutualistic
and pathogenic bacteria, it is able to distinguish between them (reviewed in Nyholm and Graf 2012;

Chu and Mazmanian 2013). In the healthy human gut, for example, MAMP's released by commensal
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bacteria do not stimulate inflammation but rather contribute to host development and enhanced
immune function. The innate immune system uses conserved molecular structures named pattern
recognition receptors (PRRs) to sense microbes. Binding of MAMPs to PRRs receptors will trigger
downstream signaling pathway often through NF (nuclear factor)-kappa B (NF-kB), a known regulator
of apoptosis, which then can activate other immune response such as phagocytes and antimicrobial

peptides (AMP) (Leulier and Lemaitre, 2008).

In the squid, host recognition of bacterial MAMPs have a central role in development of the
light organ and in mediating host immune responses. Genetic and transcriptomic studies have
characterized numerous PRRs in the squid: three members of the LBPs protein family (Chun et al.,
2008; Krasity et al., 2011), five PGRPs (Goodson et al., 2005; Collins et al., 2012) and one TLR (Goodson
et al., 2005). In addition, studies have demonstrated the presence of proteins that are members of the
NF-kB pathway (Goodson et al., 2005; Chun et al., 2008; Schleicher and Nyholm, 2011). To date, most
studies have focused on E. scolopes PGRPs (EsPGRPS) and LBPs (EsLBPs). It was suggested that PGN and
LPS activate a putative Toll/NF-kB signaling pathway in the E. scolopes during early development of the
light organ, through EsPGRP3 and EsPGRP4. These transcription factors then induce the synthesis of
EsPGRP1 and EsPGRP2 (Goodson et al. 2005; reviewed in Royet et al. 2011). Transcripts encoding
EsPGRP1 and EsPGRP2 were elevated predominantly within the crypts, where symbionts are in close
association with the host (Nikolakakis et al., 2015). Immunocytochemistry of EsPGRP1, a nuclear
protein, revealed that the loss of this protein from the nuclei of the superficial epithelium of the light
organ correlates with the entry of these cells into late-stage apoptosis. Further, purified TCT alone was
capable of inducing loss of EsSPGRP1 in levels similar to the WT. EsSPGRP2 localized to cytoplasmic areas
of all epithelial cells that have direct contact with the seawater (i.e., gills, gut exterior, arms etc.; Troll
et al. 2010). In the crypts, EsSPGRP2 amidase activity is capable of breaking down TCT after the delivery
of the irreversible signal for morphogenesis, which occurs at 12 h after initiation of the symbiosis (Troll
et al.,, 2010). Transcriptomic analysis localized EsPGRP3, EsPGRP4 and EsPGRP5 transcripts in host
haemocytes (Collins et al. 2012; Rader B and Nyholm SV unpublished), however, their role remains to
be resolved. Among the LBPs family, EsLBP1 protein has been extensively studied (Chun et al., 2008;
Krasity et al., 2015). In the light organ, this protein was found to be abundant on epithelial surfaces
that directly interact with the symbiont and is thought to be important for PGN-LPS synergy (Krasity et
al., 2015).

Antimicrobial peptides of the innate immune system have also been implicated in the E.
scolopes-V. fischeri symbiosis. Analysis of host proteomics discovered numerous proteins that are
involved in producing reactive oxygen species (ROS; e.g., hypohalous acid produced by light-organ

halide peroxidase HPO) and reactive nitrogen species (RNS; e.g., NO) that contribute to the oxidative
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environment in the light organ that the symbionts need to cope with (Small and McFall-Ngai, 1999;
Schleicher and Nyholm, 2011). Symbiont cells produces proteins that are involved in protecting them
from host ROS, such as catalase (KatA), a major scavenger of hydrogen peroxide (H.O,) and NO
dioxygenase (Hmp; Schleicher and Nyholm 2011). As mentioned above, other antimicrobial peptides
that have been suggested to have a role in the symbiosis include hemocyanin (Kremer et al., 2014) and

EsPGRP2 (Troll et al., 2010).

Macrophage-like haemocytes are the only blood cell type of E. scolopes and they have the
capability to attach, engulf, and kill bacterial cells. These immune cells are considered to play a key role
in the host defense against microorganisms by maintaining the specificity of the interaction with V.
fischeri. Migration of haemocytes into the blood sinuses of the superficial epithelium during infection
with V. fischeri occurs such that within hours the haemocyte cells will fill the blood sinus. In the crypts,
however, they are by comparison found only in very low numbers (Koropatnick et al., 2007). While,
their function in the blood sinus of the appendage epithelium is not yet well understood, the
irreversible signal for morphogenesis appears to induce transcriptional change in haemocyte genes
suggesting their involvement in the developmental regression of the ciliated fields of the appendages
(Koropatnick et al., 2007; McAnulty and Nyholm, 2017). In the mature symbiosis, unlike those in juvenile
squids (Nyholm and McFall-Ngai, 1998), haemocytes found in the crypts have not been reported to
contain V. fischeri. Ex-vivo studies with haemocytes from adults shown that through exposure to
symbiont cells, haemocytes ‘learn’ to distinguish V. fischeri cells from other bacteria cells, and thus
effectively avoid phagocytosis of the former (Nyholm et al., 2009). The ability of V. fischeri to resist
adherence to host haemocytes may help in persistence of symbiont in the crypts spaces and contribute

to the long-term specificity of this partnership.

E. Vibrio fischeri induces alteration in host genes expression

Several studies have reported on transcriptional changes in host light-organ tissues in response
to the presence of the symbiont in the aggregate and/or colonization of the light organ. Differences in
proteins profiles and transcript levels between symbiotic and aposymbiotic animals were recorded
based on proteomic analysis (Doino and McFall-Ngai, 1995) and expressed sequence tag (EST) database
(Chun et al., 2008; Wier et al., 2010), respectively. Wier et al. (2010) reported that differences in gene
regulation are tied to the diel cycle, just before and after dawn (concomitantly with V. fischeri

expulsion from the light organ).

One of the most striking observations made recently by Kremer et al. (2013) demonstrating
that the intimate association of only 3-5 V. fischeri cells with the ciliated epithelial cells are sufficient to

dramatically impact genes expression in the light-organ tissues during the first 3 h post hatching. The
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most profound transcriptional change was in genes associated with protease activity and chitin
metabolism. In contrast, in the presence 10° nonsymbiotic environmental bacteria, there was almost
no change in host genes expression. Their data suggest that although the squids are expose to a high
background of nonspecific environmental bacteria, they are very sensitive to the presence of a few V.

fischeri cells.

F. How do Vibrio fischeri deliver their signaling molecules into the host?

Signaling molecules, can travel as extracellular soluble compounds, through injection systems
or packaged as cargo into vesicles. The way the molecules are trafficked will affect their distribution
into and within target host tissues and cells. In the current work, | will focus on the delivery of

molecular compounds from the symbionts into the host.

Pili, which are polymeric hair-like organelles protruding from the bacteria cell-surface, are
involved in the adherence of bacteria to host cells (Pizarro-Cerda and Cossart, 2006). V. fischeri has a
variety of pili, including the putative type IV pili, the most common type of bacterial pilus (Ruby et al.,
2005). Interestingly, in addition to aid in attachment to different kinds of surfaces, type IV pili is also
important to the secretion of a variety of factors into the host (Lu et al. 1997; review in Pizarro-Cerda

and Cossart 2006), but their precise role in the squid- Vibrio symbiosis has yet to be understood.

Many Gram-negative bacteria utilize, needle-like, dedicated protein secretion systems to
transport proteins into other places in the cells, the ambient environment, and other bacteria or
eukaryotic cells. There are seven known secretion system of which three of them, the type-3 secretion
system (T3SS), T4SS, and T6SS are capable of injecting secreted proteins from the bacterium directly
into the cytosol of a target eukaryotic cell (reviewed in Tseng et al. 2009; Green and Mecsas 2016).
These secretion systems are found both in pathogenic and beneficial bacteria (Galan and Wolf-Watz,
2006; Shen et al., 2012; Hickey et al., 2015). The model light-organ symbiont of the E. scolopes, V.
fischeri strain ES114 (Boettcher and Ruby, 1990), carry a pES100 plasmid that encodes a putative T4SS
(Ruby et al., 2005). In comparison to other secretion systems, T4SS has the ability to secrete bacterial
DNA in addition to single proteins or protein complexes. The T4SS complex has a pivotal role in the
pathogenesis of a wide-range of bacteria such as Nesseria gonorrhoeae (Hamilton and Dillard, 2006)
and Helicobacter pylori (Backert and Meyer, 2006). The potential role of T4SS as a transport system of

V. fischeri molecules into the squid remains to be elucidated.

Although the use of secretion system and pili are efficient mechanisms that ensure the access
of a specific protein to the host cell, it require a direct contact with recipient cell thus limit the physical
range of action. However, bacteria can also excrete into the extracellular matrix either individual

soluble compounds such as, cholera toxin, autoinducer, and PGN derivatives, that directly bind to host
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receptor and hence facilitate their entry through the cell membrane, or deliver the molecules via
bacterial-derived outer membrane vesicles (OMVs). In the following paragraph, | discuss selected

details regarding secreted vesicles, which represent one important focus of this thesis.

Most Gram-negative bacteria produce outer membrane vesicles (OMVs) that contains
molecules, which are typically associated with the outer membrane of bacteria: the insoluble outermost
membrane component and soluble portions of the lumental periplasmic content. However, the content
of OMVs is not identical to those in the outer membrane; Some molecules can be enriched whereas
others are entirely excluded from the OMVs relative to their abundance in the bacteria cell. OMVs
exhibit a diverse biological activity including regulation of microbial interactions within bacterial
communities (e.g., in biofilms) and the promotion of bacterial survival and virulence within the
community and inside an animal host (e.g., review in Kuehn and Kesty 2005; Schwechheimer and Kuehn
2015). It is now widely accepted that OMV synthesis is a regulated and controlled process that occurs
during the active growth of the bacteria cells (Elhenawy et al., 2014). For many years, the study of OMVs
has primarily focused on their role in pathogenic infection; through manipulation of the host immune
system and establishment of a replicative niche (Amano et al. 2010; reviewed in Ellis and Kuehn 2010;
MacDonald and Kuehn 2012). Only recently, studies have begun to investigate the function of OMVs in
the establishment of beneficial associations (Shen et al., 2012; Elhenawy et al., 2014). Unlike secretion
systems that require a direct contact with the host cells, OMVs allow long-distance transport of microbial

factors (Bomberger et al., 2009; Ellis and Kuehn, 2010; Kulp and Kuehn, 2010; Shen et al., 2012).

Recently OMV function in the squid-Vibrio model was investigated and published in two
sequential studies (Aschtgen et al., 2015; Aschtgen et al., 2016). Vibrio fischeri grown in culture has
been reported to produce OMVs that are part of the symbiont’s biofilm formation (Shibata and Visick,
2012). Aschtgen et al. (2015) demonstrated that addition of purified OMVs to the seawater containing
juvenile squids is sufficient to induce haemocyte trafficking activity at levels to that induced by the WT
bacteria. Further, the authors have identified PGN and LPS derivatives inside V. fischeri OMVs, but not
TCT. In a subsequent study, purified OMVs induced late-stage apoptosis and regression of ciliated
appendages; two developmental events that are known to be induced by the synergy effect of PGN and
LPS (Aschtgen et al., 2016). They also determined that all LPS that is being secreted from V. fischeri is

associate with OMVs.

Since purified Vibrio fischeri OMVs were shown to induce host phenotypes and that Vibrio
fischeri cells are able to induce changes in host tissues in which they have either a direct association with
(i.e., crypts epithelium) or are several cell layers away (i.e., superficial epithelium; for example, secretion
of EsPGRP2 into the mucus shedding from these cells, suppressing mucus secretion, regression of the

appendage etc.; McFall-Ngai and Ruby 1991; Nyholm et al. 2002; Troll et al. 2010), it has been speculated
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that OMV secretion can become important in this symbiosis and might be used as vehicles to transport

chemical compounds into the host.

Together, their findings indicate that V. fischeri—-derived OMVs may play an important role in

host developmental response to the symbiont.

II1. NanoSIMS as a tool to study animal-microbe association

Nanoscale secondary-ion mass spectrometry (NanoSIMS) is an ion microprobe technique that
combines high spatial resolution isotopic imaging with high mass resolution mass spectrometry to
provide chemical and isotopic analyses of up to seven different isotopes simultaneously (multi-
collection). The NanoSIMS is capable of mapping almost all elements in the periodic table (those that
ionize efficiently from a given matrix) at high spatial resolution, even if present in very low
concentrations, typically down to ppm-at% (review in Hoppe et al. 2013). In combination with
experiments in which molecules (e.g., micronutrients, amino acids) enriched in otherwise low abundance
stable isotopes (such as 3C and *N) are introduced into an organism, the NanoSIMS can be used to
image the uptake and/or transport of particular molecules, or their metabolic derivatives in tissue and

cells.

Since its development in the 1990s, the NanoSIMS has found increasing use in the fields of
material science (e.g., Valle et al. 2011), cosmochemistry (e.g., Floss et al. 2006; Hoppe 2006), and
geochemistry (e.g., Stern et al. 2005; Wacey et al. 2011). In the last decades, the NanoSIMS has also been
increasingly utilized in the field of biology to investigate a wide range of scientific questions. Biological
NanoSIMS imaging of cells and tissues, ranging from bacteria to mammalian organs, include assimilation
of *N-labeled ammonium and nitrate in corals and their symbiotic algae (Kopp et al., 2013), localization
of ®Br-labeled drugs in cancer cells (Lau et al., 2010), use of *N-labeled nucleic and amino acids to
measure the turnover rates of proteins in hair-cell stereocilia (Zhang et al., 2012), incorporation of *N,
and 3CO, to measure phenotypic heterogeneity in bacterial populations (Zimmermann et al., 2015), and
incorporation of N-thymidine to understand cell renewal in mammalian heart tissue (Senyo et al.,
2013), to give a few examples. Despite this increase in biological-oriented NanoSIMS studies in recent
years, the NanoSIMS technology seems to be little known in the fields of biology and life science in

general.

A. Fundamentals of NanoSIMS
The physical basis of the NanoSIMS ion microprobe is the sputtering and extraction of secondary
ions from a sample surface due to the continuous impact of a beam of primary ions, focused to a spot-

size (full width half maximum) around 100 nm. The process can be summarized as follows: A solid, flat
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sample is introduced into the ultra-high-vacuum environment of the NanoSIMS analysis chamber. A 16
keV primary beam of ions (either a Cs* or O) sputters atoms and small molecules from the top few
nanometers of the sample surface. In this process, a small fraction of the sputtered particles becomes
ionized and can be extracted with an electrical field, forming a beam of ions originating from the sample;
this beam is referred to as the secondary ion beam. The fraction of the sputtered particles largely
depending on the chemical species and the composition of the sample that is ionized (Shimizu and Hart,
1982). The secondary ion beam passes through a magnetic field that physically separates ions according
to their mass-to-charge ratio, before they are counted individually in electron multiplier detectors. The
CAMECA NanoSIMS 50L, which is utilized in our lab, is equipped with seven electron multipliers, i.e.,
permitting simultaneous detection of 7 different isotopes from the same sputtered volume. By rastering
the primary beam over the sample, seven isotope images can be acquired to create maps of the
distribution of different isotopes in the analyzed area. From these images, isotopic ratio images can be

then calculated.

A unique feature of the NanoSIMS, compared with other magnetic-sector SIMS instruments, is
the coaxial electrostatic lens system. The primary beam hits the sample surface perpendicular, which
permits to focus the beam onto an extremely small spot on the sample surface (~80-200nm). The
secondary ion beam is extracted through the same coaxial lens system, and its optical elements can be
used to extract and focus this beam as well. This geometry permits to reduce the distance between the
sample surface and the optical elements (‘working distance’ ~400nm), and thus produce a much smaller
beam size, compared with conventional ion probe instruments (beam size typically 5-30 micrometers,
‘working distance’ ~1.5 cm). A controlled raster of the highly focused primary beam across the sample
surface allows secondary ion images to be produced with a spatial resolution that can clearly resolve
structures larger than a few hundred nanometers in lateral, linear dimension. However, there is a trade-
off for obtaining high spatial resolution; reducing the primary beam diameter (high resolution) reduces
the primary beam current, and correspondingly fewer secondary ions are produced, limiting the

analytical precision.

Mass resolving power is the capability to efficiently separate a specific secondary ion from other
ions with very similar mass, which is a requirement for isotopic ratio measurements, such as *C/**C or
15N/1N. The mass resolving power of the NanoSIMS is easily capable of separation ions such as 3C from
nearby interferences like 2CH;, or °N?C" from N3C-. The secondary beam consists essentially of
individual, charged isotopes or small molecular ions, fragments of larger molecules, the identity of which

is not known.
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B. Basicrequirements and limitation of the NanoSIMS technique

While NanoSIMS is a very powerful and versatile method, there are several practical issues and
considerations to take into account when conducting NanoSIMS analyses on a biological sample. Sample
preparation is crucial to successful NanoSIMS analysis of a biological sample. Due to the high vacuum (10"
10- 107 torr), only dehydrated samples can be analyzed; live samples thus cannot be analyzed. There are
numerous ways to prepare a biological sample for these analysis conditions, e.g., chemical fixation,
freeze drying, cryo-fixation. However, one should take into consideration the advantage and
disadvantage of each preparation process and the artefacts caused by the process (review in Grovenor et
al. 2006). For example, during chemical fixation followed by dehydration, diffusible mobile molecules are
lost or massively redistributed within cells or tissues (Hayat, 1981; Grignon et al., 1997). Thus, chemical
fixation methods are suitable for the analysis of elements bound to macromolecules that are not easily
diffusible or that are incorporated into insoluble cell structures (e.g., mitochondria, DNA). Furthermore,
C and N isotopic compositions can be modified by the different sample preparation treatments. For
example, chemical fixation, resin-embedding, and/or different hybridization procedures; (Berry et al.,
2013; Musat et al., 2014; Woebken et al., 2015) introduce large amounts of C into a biological tissue,
which might dilute the original C isotopic signatures in the sample. In this case, the measured 3C/**C
ratios of an isotopically enriched sample represent minimum values. However, C isotopic measurements
are not the main topic of this dissertation, in which the focus was placed on N isotopic NanoSIMS

imaging.

Sample topography can lead to edge- or surface charging effects; i.e., modify secondary ion
extraction. Samples with relatively flat surfaces (surface roughness < 2 um) are thus highly preferable.
Polished or sectioned (i.e., with ultramicrotome) resin-embedded samples have been proven to not only
be sufficiently flat, but also free of surface charging effects if coated by a thin (ca. 20 nm) layer of gold or

other highly conductive metals prior to NanoSIMS analysis.

Despite the use of a highly focused and low-current primary beam, NanoSIMS is a destructive
technique. The high energy employed by the primary beam is sputtering (and hence eroding) the sample
surface during analysis. In general, however, it is possible to image a thins section (about 70 nm in
thickness) for about an hour, long enough to obtain good quality isotopic images, before the primary

beam penetrates through the section.

NanoSIMS imaging is often used in combination with light microscopy (current study), electron
microscopy (TEM and SEM; Carpenter et al. 2013; Frisz et al. 2013; current study) and atomic force
microscopy (AFM; Rakowska et al. 2013) in order to reveal cellular and sub-cellular structures that might
be difficult to distinguish from NanoSIMS images alone, or to identify suitable area of interests in

samples prior to NanoSIMS analysis.
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C. Exploring host-microbe associations with the NanoSIMS

Although numerous studies have investigated the interactions between microbes and their
animal or plant host, to the best of my knowledge these studies have focused on nutrient transfer and
metabolic processes. Work in this area has included localization of *N-labeled nitrogen-fixing bacteria
inside their coral larvae host (Lema et al.,, 2015), the transfer of fixed-nitrogen molecules from the
bacteria to their marine shipworm host (Lechene et al., 2007), and the incorporation of labeled C- and N-
containing photosynthates translocated from symbiotic algae to their coral host (Kopp et al., 2013; Kopp
et al., 2015). Several studies have examined the transfer of molecules in the reverse direction, i.e., from
the host to its symbionts. For example, Kaiser et al. (2015) studied the release of newly photoassimilated
C and N from plant roots to support the nutrient demand of their associated soil microbes. Berry and
coworkers (2013) combined FISH and NanoSIMS to characterize utilization of host proteins by the gut
microbes. The intestinal microbial population was observed to forage on host-derived labeled proteins

that are secreted into the mucin.

D. NanoSIMS as an alternative method to visualize proteins and molecules in the cell

Visualization of molecules in biological tissue can provide clues to their function and regulation
and is, in general, central to understanding molecular and cellular biology. A widespread method to track
molecules in biological systems is optical imaging of fluorescent probes. A vast array of different
fluorescents probes exists, including fluorescent proteins (e.g., GFP, SNAP-tag), fluorescent dyes (e.g.,
Alexa), and fluorophore-labeled molecules (e.g., protein specific antibodies) (Crivat and Taraska, 2012).
Fluorescence microscopy techniques allow to image molecules and proteins inside cells, tissue, and
animals and to monitor binding and interaction between proteins. Although the development of new
optical imaging probes and advanced imaging technologies based on fluorescence microscopy has
rapidly advanced our understanding of the properties of biological molecules, fluorescent probes have
some limitations. Fluorescent moieties may perturb the structure, size, and function of their molecular
target and thus alter the (sub)cellular localization, or may be cleaved off by the metabolic activity of the
cell before or during observation. Additional challenges include background fluorescence and the probe
stability (Crivat and Taraska, 2012). A good illustration of some of these issues is provided by the study of
Puckett and Barton (2009) who investigated the subcellular distribution of Ru-octaarginine conjugate
with or without a fluorescent tag. Under the same incubation conditions, the fluorescent-labeled
conjugate entered the nucleus whereas the non-labeled conjugate did not. Finally, it is noted that most
of the conventional fluorescence microscopes are limited in resolution by the wavelength of light,

typically 200-700 nm.

Unlike the florescent probes, the use of stable isotopes to label a specific molecule has little or

no impact on their shape, or biological function, and such isotopic labeling raises the possibility to trace
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these molecules, or their derivatives, with the NanoSIMS. With its high spatial resolution and high
sensitivity, combined with the ability to correlate isotopic images with other sub-cellular or
ultrastructure level imaging techniques, the NanoSIMS opens up exciting new opportunities to address
complex scientific questions, such as the study of host-symbiont molecular exchange, the topic of this

PhD thesis.

In this thesis work, NanoSIMS isotopic imaging was combined with transmission electron
microscopy (TEM) imaging to investigate the chemical dialogue between the symbiont V. fischeri and its
squid host E. scolopes during initiation of the symbiosis. More specifically, the spatio-temporal dynamics
of transfer and localization of *N-labeled compounds from V. fischeri bacteria cells into the squid was

determined. The key questions addressed were:

1) Can we visualize and localize V. fischeri morphogen-induced signaling molecules, specifically the
PGN monomer, TCT, inside squid tissues using the NanoSIMS?

2) How are V. fischeri-derived compounds distributed within the light-organ compartments (e.g.,
appendage, pore and crypts) and in which cellular and sub-cellular organelles? Do they remain
localized or do they travel through adjacent cells to distant sites of action? and where in the cells
are they accumulating?

3) Is any potential molecular transfer that can be imaged with the NanoSIMS restricted to the light
organ, where symbionts are in close association with host cells?

4) Is these transfer specific to squid inoculated with V. fischeri cells or do other non-symbiotic,

Gram-negative bacteria (Vibrios and non-Vibrios) can induce similar enrichment patterns?

We used the exclusive symbiotic association between the squid and its bioluminescent bacteria to

investigate molecular transfer underpinning host-microbe interaction.
This thesis manuscript is composed of the following chapters:

Chapter 1 presents an effort to detect and localize purified >N-TCT inside squid tissues. | then discuss the
results and how these results led us to perform the subsequent experiment of exposing squids to °N-
labeled small organic molecules. Finally, | discuss how the findings from both experiments led to the

formulation of the experiments described in the next chapters.

Chapter 2 presents the distribution of *>’N-enrichment within the light-organ compartments and in other
organ and tissue types inside juvenile squids that were exposed to *N-labeled V. fischeri cells and
OMVs during the initiation of symbiosis. The intracellular localization of ®*N-enrichment in the light
organ of the squid host is then descibed. In this Chapter, | focus on the shared ®N-enrichment patterns
that were observed in the whole-bacteria and OMVs treatments and discuss potential explanations for

these results, whenever possible.
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Chapter 3 presents the intracellular localization of **N-enrichment in the light organ of juvenile squids
that were exposed to °N-labeled closely related Vibrios (Vibrio parahaemolyticus and Photobacterium
leiognathi) and non-Vibrio (Escherichia coli) bacteria cells or their OMVs few hours after hatchings. Here
| asked whether the *®*N-enrichment patterns that was observed in the squid in Chapter 2, is specific to

the symbiotic partner.
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General procedure for NanoSIMS analysis

Here, | outline the general procedures employed in this study for sample preparation prior to
microscopy and NanoSIMS and provide details about the subsequent isotopic analysis of the samples in

the NanoSIMS. These protocols were applied across all experiments presented in this thesis.

I. Samples preparation for TEM and NanoSIMS

Purified OMVs. Purified OMVs were visualized with TEM either by negative staining or ultrathins-
sections of resin embedded material. For negative staining, 2-4 pL of sample were applied to glow-
discharged carbon-coated copper grids (400-mesh; Electron Microscopy Sciences) and allowed to settle
for ~1 min. Samples were then washed few times by floating grid sample-side down on drops of
deionized water, followed by quick staining with 2% uranyl acetate. Grids were air-dried completely
before visualization in the TEM. To assess the integrity of the OMVs after the chemical fixation procedure
(see below for a detailed protocol), purified OMVs were fixed based on the fixation protocol that was
used on the whole animal, with few modifications. The pelleted OMVs obtained after ultracentrifugation
(2 h, 173,000 x g) were fixed in 2.5% glutaraldehyde and 1.5% potassium hexacyanoferrate () trihydrate
prepared in dPBS. Samples were then post-fixed with 1% OsQ4, dehydrated in ethanol (30%, 70% and
100%) and pure acetone before infiltration and embedding in Spurr’s resin. OMV blocks were then
sectioned and image in the TEM and NanoSIMS following the same procedure as for host tissue (see

below).

Host tissue. Animals were fixed in a mixture of 2% paraformaldehyde and 2% glutaraldehyde
prepared in marine phosphate-buffered saline (mPBS; 50 mM sodium phosphate buffer with 0.45 M
NaCl; pH 7.4) at room temperature over 12 h. Rinsed animals were post-fixed for 1 h in 1% 0sO,
prepared in mPBS and dehydrated in ethanol series 30%, 50%, 60%, 70%, 80%, 90%, 95%, and 100%.
Tissue were then infiltrated with a mix of 1:1 propylene oxide: unaccelerated Spurr’s resin for 2 h
followed by a mix of 1:9 propylene oxide: unaccelerated Spurr’s resin for 48 h before transfer to fresh,
unaccelerated Spurr’s resin for one week. During each step of the fixation-infiltration procedure, samples

were placed on a rotator at room temperature.

Samples were then embedded in 100% accelerated Spurr at 60°C for 48 h. Semi- and ultra-thin
sections (~0.5 um and ~70 nm, respectively) were cut with an ultramicrotome (Reichert Ultracut S,
Leica). Semi-thin sections were stained with Toluidine blue-Borax and imaged with a light microscope
Leica DMRB equipped with AxioCam MRc5 camera (Zeiss, Germany) to aid in navigating around the squid

tissues. Sections for NanoSIMS analysis were prepared in two different ways:
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(1) High resolution imaging for correlative TEM and NanoSIMS. Ultra-thin sections (~70 nm) were
mounted on either formvar-coated alphanumeric grids (200 mesh) or oval slot grids with
polystyrene coating. Grids were then counterstained with 4% uranyl acetate and Reynolds lead
citrate, then observed at 80 kV with a TEM Philips CM100 (EMF, Unil). Prior to the NanoSIMS
imaging of the slot grid samples, small holes defining the area of interest were punched in the
section to mark the corners of the area to aid in navigating the sample. Subsequently, the
formvar film with the section was carefully separated from the grid and mounted on a 10 mm
coverslip (procedure done in collaboration with Jean Daraspe, EMF, Unil). This procedure
allowed us to obtain better stability of the section under the NanoSIMS ion beam.

(2) Large area coverage for statistical analysis. Semi-thin sections (~0.5 um) were mounted on 10

mm coverslips and stained with Toluidine blue only (pH 9.5).

II. NanoSIMS analysis

Quantitative N isotopic imaging, correlated with either optical (tissue level) or TEM
ultrastructural microscopy, was the focus of this thesis work. To image and quantify the distribution of
5N-enrichment within juveniles E. scolopes at the cellular and sub-celluar levels, sample areas of interest
were first selected by EM or optical microscopy observations and then analyzed with the LGB NanoSIMS
50L ion microprobe (CAMECA, France). Typically, ultrathin-sections sample on TEM grids were mounted
on 10 mm aluminum stubs using copper tape, or semithin sections on glass cover slips. These were
coated with a roughly 10 nm layer of gold to prevent surface charging. In the NanoSIMS the samples
were bombarded with a 16 keV primary ion beam of (1-3 pA) Cs+ focused to a spot size of about 100-150
nm on the sample surface. Secondary molecular ions of ?C¥N;, 3C¥N- (to measure C isotopic
compositions; rarely used) or 2C*N, 2C1>N- (to obtain N isotopic compositions) were simultaneously
collected in electron multipliers at a mass resolution (M/AM) of about 9000, which is enough to resolve
the 22C1N" from BC¥N- and C*N" from ?C!*N, respectively. Charge compensation was not necessary.
Typically images of 40x40 um, 25x25 pum, or 15x15 pm with 256x256 pixels were obtained for 2CN-,
13CN-and 2C1N-, 2CY°N- by rastering the primary beam across the sample surface with a dwell-time of 5
milliseconds. Each isotope image consists of nhumber of sequential sub-images (generally 5-10) acquired
in order to minimized counting error on the isotopic ratios. These sub-images were corrected for
machine drift and added together. The ®N/XN ratio distribution was obtained from the total count
image by taking the ratio: *C**N-/*2C**N". > N-enrichment were expressed in the delta notation and given

in units of permil as follows:

Rsample

815N (%0) = ( - 1) £1000

standard
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General procedure for NanoSIMS analysis

Where Rsample is the measured ®N/*N ratio and Rstandard in the natural *N/**N ratio measured in non-
labeled control samples prepared in identical manner. Rstandara measurements were obtained on each
new day of NanoSIMS analyses and varied very little from day to day (insignificantly compared with the
observed isotopic enrichment). °N-enrichment were considered significantly labeled when above 30 of

the average >N/*N ratio measured in similar areas of unlabeled control samples.

In experiments where the levels of ®N-enrichment were compared among the light-organ
compartments, ’N-enrichment were expressed as a Relative Labeling Index (RLI), to compensate for the

high variability among individual squids. RLI was defined as:

RLI = ®N-enrichment of a nucleolus in a given light-organ compartment / average N-enrichment in

nucleoli from all compartments of the specific squid light-organ.

NanoSIMS data processing and ROIs definition. Data were processed using the L'IMAGE®
software. 1>N/*N ratio images were constructed using a 3*3 pixel moving average smoothing algorithm.
Regions Of Interest (ROls) were defined from the ®N/N ratio images, and the following ROIs were

quantified:

(1) N-enrichment in the bacteria cells or the purified OMVs. Analysis was performed either on a drop
of solution containing the cells or purified vesicles that were air-dried or on resin-embedded
samples (cells or purified vesicles). ROls were defined by drawing a contour around a single bacteria
cell or around an area that integrated several cells or vesicles (OMVs are too small to be resolve as
individual vesicles in the NanoSIMS).

(2) Cytoplasm (excluding the nucleus), Golgi apparatus (specific to Chapter 3), nucleus (excluding
nucleolus) and nucleolus (Fig. 2-1). In some cases, a line was drawn through a specific area in the cell

and a *N/**N profile was obtained for each point along the line (e.g., Fig. 2-1).
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Chapter 1 Can we localize morphogen-induced
signaling molecules in host tissues?

1.1 Detection of TCT in host cells

Chemical communication between microorganism and their eukaryotic host is the fundamental
basis for forming and establishing a symbiosis. This chemical communication, referred to in the literature
as signaling, is responsible for triggering highly specific cellular responses in both partners, and can
determine whether a microbial infection causes disease or contributes to the healthy development of
the host, e.g., through the establishment of a stable, symbiotic relationship. The molecules that are
involved in this reciprocal dialogue are highly diverse, often very specific (i.e., are effective even at very
low concentration, typically <10 M; Alberts et al. 2014), and might act in a localized manner via signal-
(i.e., ligand) receptor interaction. Because of the great interest in understanding this molecular dialogue,
much work has been done to help identify some of the molecules involved, mainly in pathogenic
associations. However, at the subcellular level, information about uptake, distribution, and accumulation
of such signaling molecules in symbiont host tissue is still largely absent. In this Chapter, | describe work
to isotopically image, using the NanoSIMS ion microprobe, the transfer into host cells of the signaling
molecule, PGN monomer (or ‘tracheal cytotoxin’, TCT), which is excreted by V. fischeri and is essential for
the initiation and establishment of a stable symbiosis, (c.f. General Introduction). However, these results
are preceded by a few paragraphs outlining the state-of-the-art knowledge about the role of these

molecules in the establishment of the squid-Vibrio symbiosis.

In all Gram-negative and some Gram-positive bacteria, PGN is composed of repeated subunits of
N-acetylglucosamine and N-acetylmuramic acid connected by a small number of amino acids including D-
alanine, D-glutamic acid, meso-diaminopimelic acid, and L-alanine (Cloud-Hansen et al., 2006). PGN is a
dynamic polymer that undergoes remodeling and recycling during bacterial growth. Lytic
transglycosylases, LtgAl, LtgA2 and LtgD cleave the PGN into monomers. The permease AmpG then
brings these monomers into the bacterial cell’s cytoplasm (Jacobs et al., 1994), where they are recycled

and ultimately re-incorporated into the remodeled cell wall (Goodell, 1985).

Only a few Gram-negative bacteria are known to release biologically active PGN monomers that
have a profound effect on animal epithelial cells. Although bacterial cell lysis produces PGN derivatives
that can elicit inflammatory responses of the immune system, this process is distinct from the active
release of PGN in growing Gram-negative bacteria (Cloud-Hansen et al., 2006). This latter phenomenon

was first described for the pathogens Bordetella pertussis and Neisseria gonorrhoeae, where release of
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Chapter 1 Can we localize morphogen-induced signaling molecules in host tissues?

PGN monomers causes whooping cough (Rosenthal et al., 1987) and gonorrhea (Sinha and Rosenthal,
1980), respectively. When released by B. pertussis the PGN monomer is referred to as TCT in the
literature. In the following, the names ‘PGN monomer’ and ‘TCT” will be used interchangeably. Although
the mechanism of TCT production is not well understood, the lytic transglycosylase enzymes are thought

to contribute to its production in some bacteria (Cloud-Hansen et al., 2006).

When released by V. fischeri, TCT acts as a potent morphogen to induce the normal
morphogenesis of the squid light organ (Koropatnick et al., 2004). A TCT concentration as low as 10 nM
induces a detectable morphogenic response and the host response is saturated at a TCT concentration of
1 uM. TCT triggers the infiltration of macrophage-like haemocytes (blood cells) into the blood sinuses of
the ciliated epithelial fields (Koropatnick et al., 2004; Koropatnick et al., 2007; Altura et al., 2013). Late-
stage apoptosis (DNA fragmentation) and regression of these cells is induced by the synergistic effects of
the PGN monomer and the lipid A component of LPS (Koropatnick et al., 2004; Troll et al., 2009).
Although the PGN monomer alone is not able to induce apoptosis, it is necessary for the induction of
late-stage apoptosis in the morphogenic program (Troll et al., 2009). These findings suggest that TCT

plays a crucial role in the squid-Vibrio symbiosis (Koropatnick et al., 2004).

PGN recognition proteins (PGRPs) are innate immunity molecules, involved in sensing bacterial
PGN in most animals. Five PGRPs have been characterized in E. scolopes (EsPGRPs), but the precise
mechanism of TCT sensing by squid host cells is not understood. Immunocytochemistry of EsPGRP1, a
nuclear protein that occurs in the nuclei of epithelial cells throughout the squid body, revealed that the
loss of this protein from the nuclei of the superficial epithelium of the light organ correlates with the
entry of these cells into late-stage apoptosis (Troll et al., 2009). Further, purified TCT alone (10 uM) was
capable of inducing loss of EsSPGRP1 at a level similar to wild-type (WT) V. fischeri exposure. It is unclear
whether the activity of the diffusible TCT is the result of a direct interaction with EsPGRP1, or works
through a signal transduction pathway (Troll et al., 2009). In Drosophila melanogaster, the mechanism
of TCT detection in the gut involves the extracellular PGRP-LC and intracellular PGRP-LE (Neyen et al.,
2012), similar to the intracellular NOD1 receptor, which is used to detect bacterial PGN in epithelial

cells (Magalhaes et al., 2005).

The mechanism of TCT delivery into host cells is also unknown. Purified V. fischeri outer
membrane vesicles (OMV) induce haemocyte trafficking in the squid reminiscent of squids exposed to
WT V. fischeri cells, but OMVs do not contain TCT (Aschtgen et al., 2015). Their data suggest that release

of TCT and its delivery into host cells is independent of the process of OMV production.

Despite the importance of PGN, there is a lack of methods that enable real-time spatiotemporal

imaging of PGN in live cells (Daniel and Errington, 2003; Olrichs et al., 2011; Kuru et al., 2012). Some of

28
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the current methods limitations are due to toxic effects and poor membrane permeability of the probes.
Therefore, stable-isotopic labeling of PGN molecules, where the molecular structure and function are not
perturbed, combined with high spatial resolution isotopic imaging obtained, e.g., with the NanoSIMS
instrument, might allow tracking PGN derivatives inside host cells. An initial effort to localize *N-labeled
TCT within the light-organ epithelial cells using the NanoSIMS was conducted by Troll and co-workers
(2009). In these experiments the juvenile squids were exposed to a concentration of 50 uM *N-enriched
TCT for durations ranging from 15 min to 24 h. However, the actual **N-enrichment level of the TCT was
unknown and preliminary NanoSIMS imaging showed no traces of *N-enrichment in the squid light-
organ tissues. Here, using different concentrations of TCT, incubation times, and correlated with detailed
TEM observations, | present a more systematic attempt to use the NanoSIMS to localize *N-labeled TCT
in squid tissues. These experiments are followed by a presentation of experiments designed to explore
the sensitivity of the juvenile squids to small organic molecules, with the aim of understanding the broad

chemical interaction that the squid might experience in its natural seawater habitat.

1.1.1 Materials and Methods
1.1.1.1 TCT purification

Isotopically labeled TCT was isolated from the supernatant of culture-grown Bordetella pertussis
supplemented with *N-L-glutamic acid (98%; Cambridge Isotope Laboratories, Inc. MA, USA) as
described previously (Cookson et al., 1989). B. pertussis TCT is structurally identical to that of V. fischeri.
The Endotoxin concentration (20 EU/mL) in the purified TCT solution was considered negligible once it
was diluted in the final seawater used to inoculate the squid (125 uL diluted in 20 mL FSIO). Purification
of TCT by reversed-phase HPLC and endotoxin analysis were obtained in collaboration with Prof. William
E. Goldman, Department of Microbiology and Immunology, University of North Carolina, USA). TCT was
stored at 4°C until use. The >N-enrichment level in the purified TCT solution was a factor of about 300

times higher than the natural >N/*N ratio as measured by the NanoSIMS.

1.1.1.2 Squid inoculation with purified TCT

Newly hatched animals were exposed to either 1 uM N-enriched TCT for 1 and 3.5 h,
respectively. At this TCT concentration the response level of the squids to purified TCT is saturated
(Koropatnick et al., 2004). At the end of the incubation, squid samples were fixed and prepared for
observation by microscopy and were imaged with the NanoSIMS as previously described (see ‘General

procedure for NanoSIMS analysis’).
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1.1.2 Results and discussion

Consistent with the study by Troll et al. (2009), no detectable ®N-enrichment was observed in
the appendage and crypt epithelium in squids exposed to purified TCT molecules for 1 and 3.5 h (n=2 for
each time point; Fig. 1-1). Therefore, these results do not provide verification that TCT molecules are

indeed taken up into host epithelial cells of the light organ.

EE—T
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Fig. 1-1. 5N-enrichment (6*°N) in epithelial cells lining the appendage, 3.5 h post exposure to >N-TCT. Left panel show tissue
structure (NanoSIMS 12C1N- image). Right panel show corresponding, quantified NanoSIMS 15N/4N ratio image. 1*N-enrichment
inside host tissues and cells was not different from background levels. Values for the NanoSIMS scale are expressed in %o (see
‘General procedure for NanoSIMS analysis’).

Possible reasons for the absence of detectable *N-enrichment in any of the NanoSIMS images
from this TCT experiment are discussed in the following. Throughout this discussion, it is assumed that
the TCT molecules were effectively fixed, and hence not lost wholesale from the tissue, during the
standard fixation-infiltration procedures employed in preparation for TEM and NanoSIMS imaging
(Hayat, 1981). However, pervasive loss of TCT from the tissue cannot be ruled out with these methods

(Hayat, 1981).

Based on its molecular mass (921 Daltons) and chemical characteristics (hydrophilic and polar; 3
carboxyl and 3 hydroxyl groups), it is unlikely that TCT, although a relatively small molecule, can passively
diffuse through the host cell membrane (Alberts et al., 2014). Thus, to directly interact with a target cell,
TCT needs to either bind to a cell-surface receptor (e.g., ESPGRP3, EsPGRP4) or get trafficked into the cell
via the bacterial secretion system and then bind to an intracellular receptor (e.g., EsSPGRP1) (Magalhaes
et al.,, 2005). In some cases, more than one PGRP receptor is required to sense TCT, forming a
homodimer or heterodimer complex with other PGRPs (e.g., TCT binding in D. melanogaster; Royet et al.
2011; Neyen et al. 2012). Either way, to be able to detect *N-enriched TCT with the NanoSIMS, it must
accumulate either at the membrane or in specific sub-cellular structures inside the host tissues, in
concentrations high enough that a ®N/*N ratio clearly distinguishably from surrounding, unlabeled
tissue. In a typical NanoSIMS image, unambiguous detection of **N-enrichment requires an anomaly on
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the order of 5% (50 %o) relative to the natural *>N/**N ratio in an area several pixels large (i.e., 300 x 500
nm). Because the chemical composition in a given pixel is poorly constrained and can vary strongly as a
function of, for example, the tissue to epoxy resin ratio, it is difficult to establish how many molecules of
TCT are required within a given area for clear detection. The cell membrane is typically 7.5-10 nm thick
(in a transversal cut), i.e., much smaller than the primary beam of the NanoSIMS (about 100 nm). Thus, if
TCT accumulates exclusively on the exterior of the cell membrane, clear detection would be particularly
difficult because the *N-enriched signal would be diluted by N from unlabeled material adjacent to the

membrane within the same pixel.

Other characteristics of the PGRPs receptors can also contribute to the inability to visualize TCT
with the NanoSIMS. PGRPs can be differentially expressed through the tissue and/or inhomogenously
distributed along and across the cells. For example, in the squid, transcripts of EsSPGRP5 are found only in
host haemocytes (Collins et al., 2012). In the Pacific oyster, a wide distribution of diverse PGRPs was
found expressed across the oyster body. For instance, CgPGRP-S1S was expressed in the gills and mantle,
-S2 in the haemocyte and —S3 in the digestive gland (Itoh and Takahashi, 2008). Tissue specific expression
patterns are also known for other invertebrate (e.g., D. melanogaster) and vertebrates (Danio rerio,
zebrafish; review in Royet et al. 2011). Because we do not know which of the EsPGRPs is the one that

binds TCT and/or its localization in the squid tissue, it is possible that the wrong tissues were analyzed.

Furthermore, increasing evidence suggests that V. fischeri signaling molecules, including TCT, act
locally on only few host cells and then affect other cells remotely through signal transduction pathways
(e.g., transport of signals between neighboring cells). Exposed to an environmentally relevant
concentration of V. fischeri (about 5000 cells/mL of seawater) during the first few hours after hatching,
only 3-5 bacterial cells form an aggregate, which interacts intimately with two to three of the nearest
host cells in the ciliated appendage (Altura et al., 2013). However, these few bacterial cells are able to
induce a robust cell phenotype of TCT-triggered haemocyte trafficking (Altura et al., 2013) and changes in
gene expression in the light-organ tissues (Kremer et al., 2013). Based on observed secretion rates of TCT
by V. fischeri cells during log-phase growth cycle, ~5000 cells/mL would release only about 2 pM of TCT
to the surrounding seawater. However, 2 pM of TCT is far below the concentration needed to trigger a
morphogenic response in the host light organ (around 10 nM) (Koropatnick et al., 2004; Koropatnick et
al., 2007; Altura et al., 2013). Thus, the fact that the juvenile squid light organ responds to an aggregation
of only 3-5 V. fischeri cells on the appendage suggests at the same time a highly specific activity of TCT
and that very locally delivered (and thus higher) concentrations of TCT are needed to trigger a host
response — all of this argues against a high accumulation of TCT anywhere inside host tissues or on its

external cell membranes.
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Considering that this analysis did not detected any **N-enrichment in the squid light organ after
exposure to purified TCT, and that this observation was consistent with earlier findings (Troll et al., 2009),
| argue that localization of morphogen-induced signaling molecule TCT, inside the squid host tissue,
cannot be resolve with the NanoSIMS under the specific experimental conditions used in this study. In
order to enhance detection of TCT uptake by the host cells using NanoSIMS, an experiment in which
cultures of haemocyte cells were exposed directly to high concentrations of *N-enriched TCT and

subsequently imaged with the NanoSIMS should be considered.

At the same time, it is expected that other molecules, in addition to the highly specific PGN
monomer, are exchanged between symbiont and host. The more general chemical ‘conversation’
between the symbiotic partners might very well include a wide spectrum of other small molecules, such
as metabolites, amino acids, peptides etc., which would participate in numerous processes inside the
host cells, including metabolism, protein synthesis, osmoregulation, etc. Experiments to investigate the
broader molecular transfer from the environment to the host squid cells are presented in the following

section.

1.2 Uptake of small organic molecules by juvenile squids

In their natural seawater habitat, marine organisms are continuously exposed to a myriad of
particulate and dissolved organic matters. Particulate materials include small organisms such as
plankton, bacteria, and smaller fragments of microbial biomass, whereas dissolved organic matters
include metabolic products of different organisms, amino acids, carbohydrates, lipids, and
macromolecules (Lee et al., 2004). From its first postembryonic ventilation, seawater harboring these
organic substances are brought into the squid’s body cavity at high rate. These materials then become
accessible to squid tissues that are in direct contact with seawater, such as gills, the light organ,

tentacles, and the digestive gland.

The ability to uptake dissolved organic matter (DOM; mainly amino acids and sugars) is a
characteristic of most marine invertebrates (Thomson, 1874; Pitter, 1909; Stephens, 1988; Wright and
Manahan, 1989; Manahan, 1990; Gomme, 2001). The total concentration of dissolved free amino acids
(DFAA) in tropical reefs water are typically in the range of few nM to 1 uM (Ferrier, 1991; Schlichter and
Liebezeit, 1991; Dove et al., 1997). Much work was carried out for over a century mainly focusing on the
nutritional role of DFAA in adult invertebrates, such as molluscs (Thompson and Bayne, 1972; Stephens,
1988; Hoegh-Guldberg, 1999), annelids (O’Dell and Stephens, 1986; Stephens, 1988), and corals (Grover
et al., 2008; Gori et al., 2014), where DFAA is an additional source of nutrients and energy, especially in
tropical reef where particulate food is scarce. However, several studies on early developmental stages of

marine invertebrate reported the great importance of DOM for non-feeding embryos and larvae (e.g.,
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Shick 1975; Manahan et al. 1983, 1989; Jaeckle and Manahan 1992; Ben-David-Zaslow and Benayahu
2000) that were otherwise believed to depend entirely on endogenous reserves (e.g., Thorson 1946; Chia
1974). Genes supporting amino acids transport systems were characterized in embryos and larvae of
echinoderm species demonstrating that some marine species have the ability to actively transport amino
acids early in development (Allemand et al., 1985; Meyer and Manahan, 2009; Applebaum et al., 2013).
The rate of amino acids uptake by marine invertebrate larvae that were exposed to a mixture of amino
acids ranges between 0.8 to 8.8 pmol/h (Echiura, Manahan et al. 1989; Mollusca, Jaeckle and Manahan

1992; Echinodermata, Davis and Stephens 1984; Cnidarian, Ben-David-Zaslow and Benayahu 2000).

The experiments presented in the following had two main objectives: First, to determine the
levels of ®N-enrichment inside the light-organ tissues for a given extracellular concentration and second,
to identify the intracellular localization of *N-enrichment in the epithelial cells of the appendages and

crypts.

1.2.1 Material and Methods

A detailed procedure can be found in Supplementary information. Briefly, juvenile squids were
incubated for 3.5 h in filter-sterilized (0.2 um) Instant Ocean (FSIO) supplemented with ~70 uM of mainly
>N-labeled amino acids and salts. At the end of incubation, squid samples were fixed and prepared for
NanoSIMS analysis following the protocol described in ‘General procedure for NanoSIMS analysis’.
Sections of the light organs were imaged with TEM and/or light microscopy followed by NanoSIMS
isotopic imaging to visualize and quantify the distribution of *N-enrichment within the epithelial cells of

two light-organ compartments: appendages and crypts.

1.2.2 Results and discussion

After 3.5 h incubation with the °N-labeled amino acids mixture, N-enrichment was
heterogeneously distributed across the epithelial cells in the appendages and crypts (3 animals; Fig. 1-2).
Overall, the appendage epithelia had higher >N-enrichment levels compared to the crypt epithelia; the
subcellular enrichment patterns were, however, comparable (Fig. 1-2B; Table S 1-1). All cellular and
subcellular compartments were highly enriched in °N (> 500%o). By correlating high resolution TEM and
NanoSIMS images, it was possible to determine that the °N-hotspots were mainly co-localized with
nucleoli and Golgi (Fig. 1-2). Smaller **N-hotspots were hard to identify ultrastructurally based on the
TEM and NanoSIMS images, and were therefore not included in the following analysis. Strong *N-
enrichment was also observed in the nuclei and cytoplasm. Note that although the *N-enrichment

patterns were similar among individual squids, the levels of **N-enrichment were highly variable.

For statistical analysis, intracellular **N-enrichment was quantified for the entire cytoplasm, the

nucleus, and the nucleolus, respectively. Systematically, the nucleoli exhibited the strongest
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5N-enrichment among the organelles in these cells, with cytoplasm moderately labeled, and nuclei
(excluding the nucleolus) with the lowest levels of ®*N-enrichment. In the appendage, when compared to
the cytoplasm, the nuclei were on average 22% less enriched (p<0.0001) and nucleoli were 40% more
enriched in **N (p=0.006) (Fig. 1-2B; Table S 1-1). In the crypts this pattern was less pronounced, with
13% less enrichment in **N (p=0.02) in the nuclei and 81% higher enrichment in the nucleoli (p<0.001)

(Fig. 1-2B; Table S 1-1) when compared to the cytoplasm.
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Fig. 1-2. *5N-enrichment (8*°N) in squid epithelial cells of the light organ, 3.5 h post exposure to a mixture of *>N-amino acids.
(A) Left panel shows tissue structure (NanoSIMS 2C1N- image). Right panel show corresponding, quantified NanoSIMS 15N/14N
ratio image. (B) Distribution of 1>N-enrichment in cell organelles cytoplasm (CYT), nucleus (N), and nucleolus (Nu) in the
appendage and crypt spaces (squids: 3 animals; cell organelles in each squid replicate: CYT: n=27-22; N: n=67-72; Nu: n=22-25,
for appendage and crypt, respectively). Lower case letters indicate statistically significant differences between cell organelles
(Table S 1-1). Asterisk indicate significant differences between compartments (Table S 1-1). Error bars represent one standard
deviation. (C) Representative high resolution TEM (top) and NanoSIMS ratio image overlay (bottom) of the light-organ
appendage. In the TEM image, euchromatin (eu; brighter grey) and the more condense chromatin, heterochromatin (ht; darker
grey) are clearly visible. The high resolution images (n=2) allow for quantitative measurement of the >N-enrichment in specific
organelles: nucleoli (12905+318), euchromatin (2535+211, n=13) and heterochromatin (1968+379, n=13) in the nuclei and the
Golgi apparatus (42041379, n=8). Dashed boxes show representative locations of pictures zoomed in panel (D). (D) showing 1>N-
hotspots colocalized with the Golgi apparatus (green arrowheads). Values for the NanoSIMS scale are expressed in %o (see
‘General procedure for NanoSIMS analysis’).

A previous study has examined the uptake of **N-aspartic acids (20 uM) by coral nubbins and
found a °*N-enrichment level of ~75% for the oral epidermis after 3.5 h incubation (Kopp et al., 2013),
which is broadly consistent with the results on squids, after correction for the different concentration of

amino acids used. These authors did not, however, provide information on the subcellular localization of
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5N-enrichment inside the coral tissue. Another related study by Jiang et al. (2014) correlated scanning
electron microscope (SEM) and NanoSIMS images to investigate the distribution of °N in single MCF7
cancer cells exposed to ®N-glutamine (4 mM) for 24 h (Jiang et al., 2014). The general distribution
pattern was comparable to this study, i.e., the relative ®N-enrichment factors in the different subcellular

compartments were nucleoli> Golgi>nucleus (Fig. 1-2, current study).

How can we interpret the observed subcellular distribution of ®N-enrichment inside the squid
cells? Amino acids are of fundamental biological importance for any cell. It is widely accepted that along
with their pivotal role as building blocks of proteins and polypeptides, some amino acids also serve as
regulators for key metabolic pathways and processes that are essential for the health, growth,
development, reproduction, immunity, and homeostasis (Wu, 2009). Some examples include their
involvement in regulation of gene expression (e.g., Kilberg et al. 2005), cell signaling (e.g., Ou et al. 2007),
synthesis and secretion of low molecular weight hormones (e.g., Wu 2009), metabolism of nutrients
(e.g., Meijer 2003) and oxidative stress (e.g., Brosnan 2001). Given their diverse physiological functions, it
is not surprising that squid cells became quite strongly *N-labeled as a result of exposure to *>N-enriched
amino acids. Nonetheless, it was demonstrated that exposure of cells to amino acids primarily resulted in
their participation in cell metabolism and synthesis of de novo proteins and for this reason they are

broadly used in proteomics work. This concept will be elaborated in the following paragraphs.

Extensive efforts to visualize and quantify newly synthesized proteins were carried out over the
last two decades with a variety of proteomics approaches, labeling techniques, and imaging methods.
Such studies have revealed that the cell proteome is highly dynamic over very short time periods.
Incubation of mammalian cells with labeled amino acids (fluorescence tagging or stable isotopes) over
the course of few hours demonstrated a high protein turnover and distribution to various subcellular
compartments (Beatty et al., 2006; Dieterich et al., 2006; Boisvert et al., 2012; Liu et al., 2012; Wei et al.,
2013). Remarkably, proteins turnover in the cytoplasm and nucleus of Hela cells is detected as short as 5
s after the pulse of the amino acids (Baboo et al., 2014). To confirm that the observed signal
(fluorescence tagging or stable isotopes) is derived only from newly synthesis proteins and not from
other processes in which the amino acids could participate, the cells (HelLa cells or human embryonic
kidney cells) were treated with protein synthesis inhibitor (e.g., anisomycin), which resulted in a very low

signal comparable to background levels (e.g., Wei et al. 2013; Baboo et al. 2014).

Among the subcellular compartments that have been visualized for de novo protein in such
studies, the nucleoli have the highest percentage of nascent proteins (e.g., Wei et al. 2013). The
nucleolus, which is the active site for ribosomal production, is also the most dense part of the cells and
their proteins represent more than 80% of the nucleolus molecular mass (Birnstiel, 1967). Evidence for a

high flux of nucleolar proteins (i.e., rapid import and degradation of proteins and rapid nucleolar
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assembly within less than 1 h) has been observed with mass spectrometry-based stable isotope
proteomics on nucleoli of Hela cells (Andersen et al., 2005; Boisvert et al., 2012). Furthermore, nucleolin
and nucleophosmin, which are abundant in the nucleolus, are among the 195 newly synthesized proteins
identified in human embryonic kidney cells after a 2 h pulse in vitro with a methionine analog (AHA;
Dieterich et al. 2006). Overall, the observation that the nucleoli in the squid appendage and crypt

epithelia has the highest levels of °N is consistent with these reports.

What about the other cellular sub-compartments, i.e., nucleus (excluding the nucleolus) and
cytoplasm? In a proteomic study by Boisvert et al. (2012), Hela cells incubated with isotopically labeled
arginine and lysine were subsequently processed to generate a separate cytoplasmic, nuclear and
nucleolar fraction thereby allowing the quantification of protein abundance, synthesis, and turnover for
each of these compartments. Interestingly, the relative protein turnover rates (the balance between
protein synthesis and degradation) was demonstrated to be similar to this study in the sense that the
fastest rates were recorded in the nucleoli, the lowest in the nuclei, and intermediate values in the

cytoplasm after 3 h exposure to the amino acids (Boisvert et al., 2012).

Collectively these results indicate that a large fraction of the amino acids taken up by the squid
cells were used in normal cell metabolism. This finding is consistent with the observation that Golgi
complexes (a compartment of the secretory pathway) were also found enriched. This secretory pathway
in eukaryotic cells is responsible for the synthesis, folding, and delivery of a wide range of cellular
proteins to their final destinations, inside and outside of the cell via vesicular trafficking (e.g., Mellman
and Warren 2000; Vazquez-Martinez et al. 2012). Proteins that are destined for the secretory pathway
are synthesized by ribosomes that are bound to the endoplasmic reticulum (ER), which synthesizes more
than 30% of the proteins in a typical eukaryote cell (Schubert et al., 2000). Nascent proteins are then
undergoing post-translational modification, folding and assembling before being exported to the Golgi
for further maturation and sorting. Once ready for forward trafficking, proteins are packaged into
vesicles and transported to their final destination, where they exert their function. The secretory
compartments are therefore highly active during the process of synthesizing new proteins, which is
consistent with the high **N-enrichment that was observed in the Golgi apparatus of the squid light-
organ epithelia. Future work should aim to quantify the level of ®N-enrichment also in the ER

compartments.

The high and easily detected levels of *N-enrichment following 3.5 h exposure to **N-enriched
amino acids indicate that the juvenile squid light organ is receptive to broad spectrum of amino acids.
This observation, together with the recognition that perhaps we are not able to detect very specific
signaling molecules, such as TCT, inside the host squid cells, led to the formulation for a more general

research question: Can we visualize and quantify a more general molecular transfer of bacterial-derived
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molecules from the symbiotic V. fischeri into the squid light organ? To address this question we designed

two sets of experiments, the results of which are outlined in the following chapters.
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1.3 Supplementary information

To visualize the uptake of *N-labeled metabolites in light-organ tissues, juvenile squids (~4 h
post hatching) were inoculated in FSIO supplemented with a mixture of mainly *N-labeled amino acids
(Celtone base powder; °N, 98%; Cambridge Isotope Laboratories, Inc. MA, USA) for 3.5 h. Celtone base
powder, which is derived from algal hydrolysates, comprising 70% amino acids, 20% sodium chloride and

others sugars (Table. 1-S2).

Celtone base powder (**N, 98%; Cambridge Isotope Laboratories, Inc. MA, USA) was dissolved in
minimal salts media (MSM; Ruby and Nealson 1977) at 5 g/l supplemented with 11 mM ammonium
chloride, 40 mM glycerol and 50 mM PIPES buffer (pH 7.2). Aliquots of 75 uL of this stock solution were
added to 30 mL FSIO, to give 12.5 mg/I of Celtone. Because the exact composition of the amino acids in
the powder was not known, we roughly estimated the concentration of amino acids in the final seawater
solution to be 70 uM using a weighted-average of the molecular mass of each free amino acids (~125
g/mol) and the amino acids percentage in the powder (70%; according to the product information from
the company; Table. 1-S2). Previous studies that investigated the uptake of dissolved amino acids by
marine invertebrates traced the transport rate by doing a bulk measurement of the entire animal
(followed the incorporation of radiolabeled amino acids; i.e., Manahan et al. 1982, 1983) and/or of the
seawater (HPLC) in which the animal was incubated. As such, from these experiments it was not possible
to speculate upon the amount of amino acids that will be taken up by the squids, and thus, the level of
enrichment at a cellular and sub-cellular level. The decision to use 70 UM concentration was chosen in
order to have a higher concentration than previously employed by Troll et al. (2009), in the case that
their results were dose-dependent, while keeping in mind that an even higher concentration than 70 uM
may affect the squid’s health (E. Ruby, personal communication). Note however that this concentration
was far from the concentrations used by previous studies, which were typically in the range of few uM
(total amino acids concentration) and thus closer/comparable to the one prevailing in the natural

seawater environment.

At the end of the 3.5 h incubation, squid samples were fixed and prepared for stable isotopes
analysis in the NanoSIMS according to the protocol described in ‘General procedure for NanoSIMS

analysis’.

Data was analyzed using the non-parametric Kruskal-Wallis test followed by a pairwise Nemenyi

test. Significance was associated with p values <0.05. Results are presented in Table S 1-1.
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Table S 1-1 Statistical analysis of squids inoculated with amino acids mixture for 3.5 h post inoculation (3 animals).

Variables N Mean SD Statistics P value
(%o) (%)
Tissue Cell organelle
Appendage Cytoplasm 27 2806 457 Kruskal-Wallis test: <0.0001
x2=715
Nucleus 67 2191 393 | 4=
Nucleolus 22 6827 2675
Nemenyi post-hoc:
CYT #N # Nu
Cytoplasm 21 1693 303 Kruskal-Wallis test: <0.0001
Crypt X2 =616
Nucleus 72 1476 314 [df=2
Nucleolus 25 3058 845 .
Nemenyi post-hoc:
CYT #N #Nu
Comparing Cell Nucleus Nucleolus
tissues type Kruskal-Wallis  Kruskal- Kruskal-Wallis test:
test: Wallis test: p <0.0001
p <0.0001 p <0.0001 X2=228
Xx2=325 X2 =785 df=1
df=1 df=1

Table S 1-2 The chemical composition of Celtone base powder.

CELTONE Powder Analytical Information

APPROXIMATE COMPOSITION
Amino Acids 70%
Sodium Chloride 20%
Moisture 10%
Glucose <0.5%

Other Suaars Trace

Following is a typical CELTONE amino acid profile table.

FREE AMINO ACID COMPOSITION TOTAL AMINO ACID COMPOSITION

Ala: 11.1% Arg: 4.6% Ala: 7.6% Arg: 5.6%
Asp: 17.5% Glu: 10.0% Asp: 9.6% Glu: 10.2%
Gly: 11.5% His: 1.2% Gly: 6.4% His: 2.3%

lle: 1.3% Leu: 7.7% lle: 3.1% Leu: 8.4%
Lys: 7.1% Met: 1.7% Lys: 12.0% Met: 1.6%
Phe: 3.8% Pro: 6.2% Phe: 8.3% Pro: 5.6%
Ser: 5.2% Thr: 2.8% Ser: 4.4% Thr: 4.8%
Tyr: 3.7% Val: 2.1% Tyr: 3.8% Val: 4.5%
Trp: 0.2% Cys: 0.2% Trp: 0.2% Cys: 0.7%

Analytical data was obtained on a specific batch of “C °N labeled CELTONE (CB0041).
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Chapter 2 Tracking V. fischeri-derived molecules
into squid host tissues during initiation of
symbiosis

2.1 Introduction

Investigations of cross-kingdom signaling are central to increasing our understanding of host-
microbe interactions. During the course of evolution, bacteria and their hosts have developed a common
language comprised of small molecules, which enable the two partners to communicate. These
molecules negotiate the complex relationship among pathogens, symbionts, and their animal host. Many
of the bacterial molecules, referred to as microbe-associated molecular patterns (MAMPs; Koropatnick et
al. 2004; Mackey and McFall 2006), are recognized by receptors of the host innate immune system
termed pattern recognition receptors (PRRs; e.g., review in Akira et al. 2006; Medzhitov 2007). Most of
the signaling is thought to occur on the cell surface via the binding of MAMPs, such as lipopolysaccharide
(LPS) and peptidoglycan (PGN), to Toll-like receptors (TLRs) and peptidoglycan recognition proteins
(PGRPs) on the host cell surface (e.g., review in Akira et al. 2006; Royet et al. 2011). Some MAMPs
however, can be transported across the cell membrane (e.g., diffusion, bacterial secretion systems,
bacterial extracellular vesicles) and recognized by cytosolic PRRs, such as endosomal TLRs (Ahmad-Nejad
et al., 2002) and nucleotide-binding oligomerization domain (NOD) receptors (Viala et al., 2004). The
received signal leads to the activation of downstream signaling cascades, mostly the nuclear factor-
kappaB (NF-kB) and mitogen-activated protein kinases (MAPKs) pathways, which ultimately affect gene
regulation by the translocation of host proteins into the nucleus (e.g., Kawai and Akira 2007; Wells et al.
2010). In some instances, a single MAMP can be sensed by multiple receptors, the location of which
(extra- versus intra-cellular), often leads to distinct signaling responses (reviewed in Vance et al. 2009;
Vanaja et al. 2016). Although great progress has been made towards understanding these pathways,
much remains unknown about the mechanisms that bacteria use to influence their host. How for
example, are bacterial products presented to the host, and where are such signals sensed in the host

cell?

The binary association between the Hawaiian bobtail squid Euprymna scolopes and the
luminous bacterium Vibrio fischeri is an important and naturally-occurring model system for examining
the molecular exchange responsible for the cellular interactions that occur between symbiotic
partners. Upon hatching, juvenile E. scolopes have a nascent, bilobed organ in the center of their
mantle cavity that does not contain any bacteria (Fig. 2-1A). However, immediately after hatching the

squid begins to ventilate, bringing ambient seawater containing thousands of bacterioplankton species
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(Lee and Ruby, 1994) to the vicinity of two protruding appendages, which comprise a single layer of
epithelia overlying a blood sinus (Fig. 2-2A). Here, through extreme selectivity, V. fischeri cells
aggregate for a period of 2-4 h in mucus secreted by the host epithelial cells located near the pores and
become the dominant bacteria in the mucus aggregation (Nyholm and McFall-Ngai, 2003). During these
first few hours, the intimate molecular interaction between V. fischeri cells and the squid begins, which
results in the trafficking of macrophage-like haemocytes into the ciliated appendage and induces a
rapid transcriptional response across the squid light organ (Kremer et al., 2013; Altura et al., 2013).
Once the aggregate is formed, V. fischeri cells enter through the pores on either side of the light organ,
travel down the ciliated ducts and the antechamber before finally colonizing the epithelium-lined
crypts as a monospecific, extracellular symbiont, a partnership that will last for the lifetime of the squid
(Nyholm et al., 2000). At 12 h, when the colonization is complete, MAMP molecules, specifically PGN
(tracheal cytotoxin, TCT) and LPS, cause the complete and irreversible loss of the superficial ciliated
epithelium (i.e., the appendages) and the full maturation of the light organ (e.g., McFall-Ngai and Ruby
1991; Foster and McFall-Ngai 1998; Koropatnick et al. 2004).

Our knowledge of how these MAMPs and other V. fischeri signaling molecules are delivered
and recognized by the host is still limited. One possible mechanism is by the shedding of outer
membrane vesicles (OMVs). OMVs, which are secreted continuously by Gram-negative bacteria,
contain cell-envelope molecules such as LPS and PGN, outer membrane proteins and lipids, as well as
periplasmic contents. It has become evident that these OMVs play an important role in both
pathogenic and symbiotic associations (Kesty et al., 2004; Shen et al., 2012; Kaparakis-Liaskos and
Ferrero, 2015). In the squid-Vibrio symbiosis, V. fischeri OMVs are known to induce squid phenotypes
that are associated with host development and morphogenesis, including haemocyte trafficking and
apoptosis at similar to levels those that are triggered by the whole bacteria (Aschtgen et al., 2015;
Aschtgen et al., 2016). In fact, most of the morphogen-induced LPS molecules derived from V. fischeri are

associated with the OMVs that it secretes (Aschtgen et al., 2016).

Here, the transfer and localization of V. fischeri molecular products into squid host cells during
the initiation of symbiosis was studied. Juvenile squids were exposed to either **N-labeled V. fischeri cells
or ’N-labeled OMVs extracted from the bacteria. Host tissues were then analyzed using state-of-the-art
correlative transmission electron microscopy (TEM) and quantitative ion microprobe isotopic imaging
(NanoSIMS; nano-scale secondary ion mass spectrometry) techniques, which enabled us to visualize and
quantify the incorporation and accumulation of ®N-enriched bacterial products within the squid host

tissue at both tissue, cellular, and subcellular levels.

Various studies have used NanoSIMS as a tool to explore microbe-host association. However,

these studies were aimed at examining the nutrient assimilation and metabolic processes (e.g., Lechene
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et al. 2007; Berry et al. 2013; Kopp et al. 2013). This is the first study that visualizes the transport of
bacterial-derived compounds into host tissue with NanoSIMS imaging in the context of the squid- Vibrio

system (cf. review in the General introduction).

2.2 Material and Methods

2.2.1 General procedures

Adult Hawaiian bobtail squid (E. scolopes) were collected from shallow reef flats of Oahu, Hawaii
and transported to the UW-Madison where they were maintained and bred in a recirculating artificial
seawater system as described in Doino and McFall-Ngai (1995). All experiments conform to the relevant

regulatory standards established by the University of Wisconsin-Madison.

2.2.2 Bacterial strains and growth conditions

V. fischeri wild-type strain, ES114, (Boettcher and Ruby, 1990) were grown overnight in LBS agar
plates (LB agar containing 2% [wt/vol] NaCl; Graf et al. 1994). One colony of bacterial cells was diluted in
10 mL of minimal salts media (MSM; Ruby and Nealson 1977) supplemented with 11 mM [**N]-
ammonium chloride (NH4Cl; >N, 99%; Cambridge Isotope Laboratories, Inc. MA, USA), 40 mM glycerol,
50mM PIPES buffer (pH 7.2) and 5 g/L of Celtone base powder (**N, 98%; Cambridge Isotope
Laboratories, Inc. MA, USA). Celtone is a mixture of *N-labeled amino acids, nucleic acids, peptides,
vitamins, salts and essential nutrients, a combination of substances that had been proven efficient to
gain enhanced growth rates in minimal media. The medium was filtered through a 0.2 um membrane.
For unlabeled bacterial cells, isotopically normal ammonium chloride and Celtone base powder were
added. Cells were grown in 10 mL of medium that were added to the 125 mL flask to ensure gas
exchange occurred between the culture and the air, and to reduce the chances of the media becoming
hypoxic. Cells were incubated in an orbital shaking incubator at 220 rpm and 28°C. A series of sub-
culturing (initial ODggonm Of ~0.0025) was carried out to obtain maximum °N-bacteria enrichment (30-40
generations). Cells from the last passage (ODgoonm Of 0.2-0.5) were washed twice in filter-sterilized (0.2
pum) instant ocean (FSIO) (Aquarium Systems, Mentor, OH) by centrifugation (2 min, 8000 rpm) before

using them to inoculate the squid.

An experiment to examine potential carry-over effects from the washing of the bacteria cells
grown in the labelled medium was carried out. The methods and results of this experiment is described

in details in the Epilog section.

To determine the *N- enrichment of bacteria in the culture, a drop of the washed bacteria was

put on an aluminum stub and left to dry before NanoSIMS analysis was performed (details of the
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NanoSIMS analysis described in ‘General procedure for NanoSIMS analysis’). **N-enrichment in the

bacteria varied between 60,000% to 70,000% above the natural **N/*N ratio.

2.2.3 Isolation of outer membrane vesicles (OMVs)

OMV extraction was conducted as outlined in Aschtgen et al. (2015). Bacteria cells were grown to
an ODeoonm Of ~2 in 200 mL MSM supplemented with °N-Celtone base powder, as described before. The
culture supernatants were centrifuge at 4,500 x g for 15 min at 4°C. The resulting supernatant was
collected and filtered through 0.45 pm and 0.22 um pore-size polyvinylidene difluoride (PVDF)
membrane filters (Millipore Corp., Billerica, MA) to remove remaining bacterial cells. The supernatant
that contained the OMVs was separated from other extracellular bacterial products by
ultracentrifugation at 173,000 x g for 2 h at 4°C in a 90 Ti rotor (Beckman Coulter, Inc., Brea, CA) to
remove cell debris. The supernatant was discarded and the pellet, containing OMVs, was rinsed 3 times
in 15 mL Dulbecco’s phosphate buffered saline (dPBS; 0.2 g KCI, 0.2 g KH,PO4, 11.7 g NaCl, 1.1 g Na;HPO,,
0.1 g MgCl,*6H,0, and 0.1 g CaCl, per liter deionized water supplemented with an additional 11.7 g
NaCl/L, and filter-sterilized; Aschtgen et al. 2015) and the ultracentrifugation step was repeated after
each wash. The vesicle pellet was then resuspended in 1 mL dPBS. The protein concentration of the
OMVs was estimated using the Qubit 2.0 fluorometer (470 nm excitation/570 nm emission) (Life
Technologies, Grand Island, NY). The fluorometer was first calibrated using proteins standards (0, 200
and 400 pg/mL) supplied by the company. After calibration, OMV samples (2 uL) were diluted into a
working solution of buffer-fluorescent dye mixture to a final volume of 200 uL. Samples were then
vortexed and incubated in the dark for 15 min at room temperature. The intensity of the fluorescent dye
was measured following the manufacturer’s instructions. The relative concentration of vesicles in each
sample was also determined using the lipophilic dye FM4-64 (535 nm excitation/670 nm emission;
Molecular Probes), as described previously (Aschtgen et al.,, 2015). OMVs were incubated at a
concentration of 3.3 pg/mL of dPBS at 37°C for 10 min and were then quantified using a Techan Genios
Pro plate-reader fluorometer (Techan group, Mannedorf, Switzerland). Control samples were FM4-64
probe alone and vesicles alone. Vesicles were visualized by electron microscopy (see protocol in ‘General
procedure for NanoSIMS analysis’; Fig 2-S4). Purified OMVs were then stored at -20°C until use. OMV
concentrations (50 pg protein/mL) for subsequent experiments were chosen to be similar to previous
studies in which such exposure produced haemocyte trafficking, a characteristics of normal light-organ
development (Aschtgen et al., 2015) similar to the level triggered by the symbionts when symbiont
population fills the crypts. Levels of ®N-enrichment as measured in a sample of purified vesicles (left to
air dry before the NanoSIMS analysis) were similar to the °N- enrichment of bacterial cells from the

growth medium (see above).
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2.2.4 Squid assays

Within ~4 h of hatching, juveniles E. scolopes were placed in FSIO, containing either °N-
labeled V. fischeri cells or **N-labeled purified OMVs. To investigate how V. fischeri compounds
interact with squid cells in early-stage symbiosis, animals exposed to V. fischeri (10°® CFU/mL) were kept
in the vials for 2, 3.5, 6 and 14 h (n=3-6), respectively, whereas animals exposed to OMVs were kept for 1
and 3 h (n=4-5), respectively. Note that squids were exposed to a much larger inoculum than what occurs
in a natural seawater environment (~5000 cells/mL). It has been shown that with increase inoculum size
there is an increase in the numbers of bacteria in the aggregate as well as an increase in the squid
response to the presence of the bacteria (i.e., haemocytes trafficking) (Altura et al., 2013). Because | did
not know whether differently-sized aggregates would influence the enrichment patterns, it was decided
to use a higher concentration of V. fischeri cells. Another reason for using such a large concetration of V.
fischeri cells was to minimize the risk of being under the detection limit of the NanoSIMS. In a preliminary
experiment, squids exposed to natural seawater concentration of V. fischeri, showed either no *N-
enrichment or very low amount of ®N-enrichment. Control samples were squids inoculated with

unlabeled bacteria.

To determine the concentration of bacteria (CFU/mL) in the incubation seawater, 5 uL were
plated on LBS medium (LB agar containing 2% [wt/vol] NaCl), and the colonies that grew were counted
on the following day. Control samples were squids inoculated with unlabeled bacteria. After 2 and 3.5 h
incubation, bacteria were observed either in the form of aggregates in the mucus above the pores, inside
the pores, and/or inside the duct. No bacteria were observed in the crypt spaces at these time points.
After 6 h incubation, few bacterial cells were observed in the crypts, and after 14 h the crypts were fully
populated by V. fischeri. Colonization of the symbiotic juvenile squid was validated by measuring the
luminescence output of the juveniles using a TD 20/20 luminometer (Turner Designs, Sunnyvale, CA,
USA). To confirm that the bacteria had aggregated along the appendages and near the pore at 2 h post
inoculation, a few individuals (n=5) were inoculated with GFP-labeled bacteria and subsequently
visualized for the location of the bacteria on/in the light organ using Zeiss LSM 510 confocal microscope.
At the end of incubation time, squids were anesthetized in a solution of 2% ethanol in FSIO containing
0.001% CellTracker Orange (Molecular Probes, Eugene, OR). The mantle and funnel tissues were then

dissected to expose the underlying light organ and the tissues were fixed.

2.2.5 Samples preparation for transmission electron microscopy and NanoSIMS

For details please refer to ‘General procedure for NanoSIMS analysis’.
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2.2.6 Prediction of NLS sequences in V. fischeri

The amino acid sequences of V. fischeri ES114 strain were obtained from the BioCyc
(https://biocyc.org/) data repository. The software PredictNLS that was used in this study is one of the
most commonly used to predict a nuclear localization sequence (NLS; Cokol et al. 2000). Analysis using
PredictNLS was carried out using a Linux-based server. The Emboss software (Rice et al., 2000), in
conjunction with custom Python scripts (written and run by Dr. Mahdi Belcaid, HI, USA) were used for
processing the protein sequences and for parsing the results. The subcellular localization

of V. fischeri proteins with the putative NLS sequences was predicted using PSORTb v3.0.2 (Psort, 1997).

2.2.7 Statistical analysis

Differences in RLI between the light-organ compartments (appendage, pore, and crypt) at both
time points were tested using a two-way factorial ANOVA test after log transformations of the data
followed by the Tukey HSD test for multi-group comparison (Table S 2-1B and Table S 2-2). When no
significant differences were found, data were pooled. Data from experiments comparing the differences
in the levels *®N-enrichment among squid tissue types and cell organelles did not meet the assumptions
of the parametric test, and therefore were compared by the non-parametric Kruskal-Wallis ranked test,
followed by a Nemenyi post hoc test. All statistical analyses were performed using the statistical program
R (Maxwell and Delaney, 2004), version 3.2.0. Data are expressed as means + 1 standard deviation (SD). P
values of <0.05 were considered as statistically significant for all testing. Tables 2-S1 and 2-S2 provide a

summary of tests for statistical significance for all experiments presented in this study.

2.3 Results

2.3.1 Juvenile squids inoculated with symbiont cells

To investigate how V. fischeri interacts with squid cells in early-stage symbiosis, newly hatched
animals were inoculated with live, **N-labeled V. fischeri cells (ES114) and sampled at 2 h, 3.5 h, 6 h and
14 h post-hatching. Sections of the light organs were imaged with TEM and/or light microscopy followed
by NanoSIMS isotopic imaging to visualize the distribution of ®N-enrichment due to assimilation of
bacterial molecular compounds (Fig. 2-1). After 2 h, only 3 out of 6 squids were labeled; the remaining
samples were either completely unlabeled, or had very low levels of enrichment so these were omitted
from further analysis. In squids with detectable > N-enrichment, heterogeneously distributed but
ubiquitous ’N-enrichment was detected across the epithelial cells of the light organ as early as 2 h post
inoculation (Fig. 2-1 C and E, 2-2B). At 2 h, bacterial cells were still aggregating above the pores and in
few cases individual cells began to be visible within the ducts, located in the interior of the pores (Fig. 2-

1B-D). Nevertheless, enhanced levels of **N were also detected in epithelial tissues physically distant
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from the pores, notably in the crypts (~100 um; Fig. 2-2B), where TEM observations indicated that no

symbionts were present.

2.3.1.1 Intracellular distribution of 15N-enrichment in light-organ epithelia

We first sought to determine the relative abundance of *N inside the epithelial cells of the light
organ. Typically, ®®N-enrichment was associated with the host cell cytoplasm and nuclei, with strong
hotspots localized in the nucleoli (data obtained from the mosaic in Fig. 2-2B and 2-3A; Fig. 2-1E; Table S
2-1B). Levels of ’N-enrichment were significantly different between cellular organelles, where cytoplasm
displayed the lowest levels of N and nucleoli the highest (Fig. 2-3A; Table S 2-1B). In fact, levels of
enrichment in the nucleoli were more pronounced than in nuclei and cytoplasm. This pattern, although
more notable in the appendage, was observed in all light-organ compartments (Fig. 2-3A). Note that in
the following analysis, the comparisons between host tissues, cell types and treatments are based solely
on the differences in the observed average levels of ®N-enrichment in nuclei and/or nucleoli, unless

stated otherwise.
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Fig. 2-1. Use of NanoSIMS to study transfer of chemical compounds from the wild-type Vibrio fischeri cells (ES114) into the
squid tissues and cells. (A) Top left: Juvenile squid at hatching. Right: Ventral view of the squid showing the location of the light
organ in the mantle cavity of the squid. Bottom left: schematic presentation of one half of the light organ depicting the surface
of the ciliated epithelial appendages (aa, anterior appendage; pa posterior appendage) that are in direct contact with the
seawater and the three pores through which the symbionts migrate to their final residence, the crypt spaces (crypts labeled as
1, 2, and 3). (B) mosaic TEM micrograph showing an aggregate of Vibrio fischeri cells in the pore associated with the ciliated
epithelium of the squid, 2 h after inoculation. (C) Corresponding NanoSIMS 15N/14N ratio images (superimposed on the mosaic
TEM). Colored boxes in (C) show representative locations of pictures zoomed in panels (D) and (E). (D) Strongly 1>N-labeled V.
fischeri cells in the pore together with unlabeled, non-symbiotic environmental bacteria (Left: TEM image; right correlated
NanoSIMS and TEM images). Note the black layer surrounding the non-symbiontic bacteria observed in the TEM micrograph
suggesting a host immune-system defensive reaction against interlopers. (E) A close-up TEM image of squid epithelial
cells. Dotted lines surrounding organelles illustrate typical regions of interest (ROI; here cytoplasm (CYT), nucleus (N) and
nucleolus (Nu) used in the sub-cellular NanoSIMS image analysis. CS, cell surface; Po, pore space. Values for the NanoSIMS scale
are expressed in %o (see ‘General procedure for NanoSIMS analysis’).

NanoSIMS analyses revealed a characteristic pattern of *N incorporation into the nuclei of
epithelial cells of the light organ (Fig. 2-4). The **N-profile across the two forms of nuclear chromatin,
euchromatin and heterochromatin, showed that *N accumulated preferentially into regions of
euchromatin, which are regions typically engaged in active transcription of DNA (Fig. 2-4B and C).
Systematic differentiation of euchromatin from heterochromatin was not systematically possible in
NanoSIMS images. ®N-enrichment of nuclei was therefore reported as the average for the entire

nucleus, excluding the nucleolus, when this structure was observed in the plane of the section.

In the nucleoli, substructures in the ®N-enrichment were correlated with areas that were highly
condensed (i.e., relatively darker grey). Such regions had significantly higher ®N-enrichment when
compared with less dense nucleoli regions (Fig. 2-4B); the latter is thought to be involved in nuclear

organization (Lechene et al., 2006).

Intriguingly, some euchromatin regions exhibited high levels of ®N-enrichment that were
comparable to the nucleoli enrichment of either the specific cell or other cells in the same compartment.
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However, these observations were rare and were only observed in the ‘shoulder’ area of the appendage
(2 animals, 4 cells; Fig. 2-S1). This intriguing observation suggests that these cells may have functions or

characteristics that distinguish them from the majority of other epithelial cells.

Finally, **N-enrichment at later time points during the initiation of symbiosis, i.e., at 6 h and 14 h,
respectively, was investigated. At these stages, the symbiont cells have reached (6 h) and colonized (14
h) the crypt spaces. The subcellular distribution of *N-enrichment at 6 h was similar to the patterns
observed at both the 2 h and 3.5 h time points, however, with apparent higher levels of *N-enrichment
(data not shown). At this time point small hotspots were detected along both, the apical surfaces of the
ciliated field and the microvilli lining the cells in the “shoulder area (Fig. 2-5), which were absent before.
A closer examination of these ®N-hotspots, showed that they correlated with the fibrous material found
in between the cilia and microvilli, which cover the epithelial cells of the appendages and the “shoulder’
area (Fig. 2-5B and C). The fibrous matrix is speculated to be mucus that is secreted by the epithelial cells
of the light organ. At the 14 h time-point, no *®N-enrichment was observed inside squid cells (n=5; data
not shown). This finding is perhaps not surprising because, after 14 h bacteria cells occupy the crypt
space at densities of up to 10°% This population descends from one or two **N-labeled cells, and cell
division have diluted this °N-enrichment to the point where transfer of molecules from the bacteria to
the squid becomes impossible to detect. It is important to note that by stating this, it is assumed the
animals were able to take up molecules only from the bacteria population in the crypts and not from the
N-labeled bacteria that are in the surrounding seawater. For subsequent analysis, ®®N-enrichment

patterns were only investigated at 2 h and 3.5 h.

2.3.1.2 Distribution of 15N-enrichment within the light-organ compartments

After 2 h of incubation with symbiont cells, **N-enrichment in the light-organ nuclei was the
highest in the appendage epithelium and the lowest in the duct (appendage >> pore > crypt >> duct; Fig.
2-2B, inset, data were obtained from the mosaic in 2-2B; Table S 2-1A). Similar to the pattern that was
observed for nuclei enrichment, nucleoli of light-organ epithelial cells, display a systematic trend both at
2 h and 3.5 h post-inoculation with the highest relative ®N-enrichment levels recorded in the appendage,
intermediate levels in the pores, and lowest levels in crypts (Fig 2-3B; Table S 2-1C). The overall relative
enrichment in the light organ was indistinguishable between the time points. Nucleoli enrichment is not
presented for the duct, because not sufficient data for statistical analysis was obtained. Note that °N-
enrichment levels in nucleoli were variable within a single animal and showed even greater variability
between animals. To account for this ‘between animal’ biological variability, ®N-enrichment was

expressed as a Relative Labeling Index (RLI; see Materials and Methods) (Fig 2-3B; Table S 2-1C).
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Fig. 2-2. 15N-enrichment (expressed as 6'°N) in the juvenile squid light organ 2 h post inoculation with >N-labeled V. fischeri
cells. A TEM micrograph (A) and the corresponding mosaic of 65 individuals high resolution NanoSIMS images (B) covering half
the light organ of the juvenile squid. (A) The different light-organ compartments are depicted in the TEM micrograph. The inset
is a diagram, illustrating half of the light organ. (B) The nucleoli are systematically visible as strong °>N-hotspots. Inset shows the
average level of 1>N-enrichment in the nuclei of cells in different compartments (data obtained from the mosaic; Ap, appendage
(n=46); Po, pore (n=45); Du, duct (n=36); Cr, crypt (n=126)). Values for the NanoSIMS scale are expressed in %o (see ‘General
procedure for NanoSIMS analysis’).
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Fig. 2-3. Intracellular distribution of *>N-enrichment in the juvenile squid light organ 2 h and 3.5 h post inoculation with 5N-
labeled V. fischeri cells. (A) Comparison of 1>N-enrichment in the cytoplasm (CYT), nuclei (N) and nucleoli (Nu) of the light-organ
epithelial cells were obtained from high-resolution NanoSIMS mosaics (illustrated in Fig. 2). (B) RLI (c.f. M&M) of nucleoli in
squid epithelial cells 2 h and 3.5 h post inoculation, respectively (squids: 2 h, 3 animals; 3.5 h, 6 animals; 6-10 nucleoli per
compartment). Lower case letters indicate statistically significant differences between the light-organ compartments (Table 2-
S1A and 2-S1B). Note that 2 out of 6 squids were unlabeled in the 2 h inoculation experiments with V. fischeri cells and thus
were not included in the analysis. Error bars represent 1 standard deviation. Ap, appendage; Cr, crypt; Du, duct; Po, pore.
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Fig. 2-4. Distribution of *N-enrichment in a representative squid nucleus of an epithelial cell lining the appendage at 3.5 h
post inoculation with '°N-labeled V. fischeri cells. (A) High magnification TEM micrograph and (B) corresponding NanoSIMS
15N/14N ratio image of two cell nuclei. The nucleolus (green arrowheads), euchromatin (eu; brighter grey) and the more
condense chromatin, heterochromatin (ht; darker grey), regions are clearly visible. The nucleoli are strongly enriched in 1°N.
Values for the NanoSIMS scale are expressed in %o (see ‘General procedure for NanoSIMS analysis’). (C) Variations of 1°N-
enrichment along the line-profile indicated in A and B (orange line) passing through the euchromatin and heterochromatin
regions of the nucleus. Euchromatin is more labeled than heterochromatin.

2.3.1.3 Distribution of 15N-enrichment in other squid organs and cell types

To determine whether the *N-enrichment is specific to the light-organ epithelia, other non-
epithelial squid tissues inside the light organ and in other organs were also analysed (Fig. 2-6, 2-52 and 2-
S3; Table 2-S1D). Significant **N-enrichment in the nuclei and, in some cases, also in the nucleoli was
observed. The latter was evident in the following tissues: (i) non-epithelial tissues inside the light organ,
including macrophage-like haemocytes in the appendage sinus (n=4), reflector (data not shown) and
connective tissue and (ii) epithelial tissues outside of the light organ, including the gut, endothelial cells,
gills, and digestive gland (p<0.0001; Fig. 2-6). Interestingly, while haemocyte cells in the appendage sinus

appear to have comparable enrichment to the appendage epithelium, haemocytes in the gill sinuses
51



Chapter 2 Tracking V. fischeri-derived molecules into squid host tissues during initiation of symbiosis

were unlabeled. Comparison between different organs revealed that the light-organ appendage was
clearly the tissue with the strongest enrichment levels. In direct comparison with nuclei of epithelial cells
in all light-organ compartments (pooled together), cell nuclei in the connective tissue were on average
63% less enriched in N (p =0.004), the gut 68% less (p <0.0001), the gills 31% less (p <0.0001), the
endothelial cells 52% less (p <0.0001), and the digestive gland 45% less (p <0.0001) (data obtained from
one animal; Fig. 2-6G; Table S 2-1D). Note that, unlike the epithelium of the light organ and the gills, in
which all cells were significantly **N-enriched, not all cell nuclei and nucleoli in the connective tissue, gut,
digestive gland, and endothelial cells were enriched above control background. No **N-enrichment was
detected in the brain, retina, epithelium supporting the statoliths, tentacles, optic lobe, white body,
mantle muscle, and mucus cells (Fig. 2-53). These data suggest that the **N-enriched molecules from the
symbiont bacteria were not randomly distributed in the squid body but targeted several organs, among

which the light organ had the highest enrichment.
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Fig. 2-5. >N-enrichment along the surface of the appendage epithelium and the ‘shoulder’ area in juvenile squid light organ
6 h post inoculation with 5N-labeled V. fischeri cells. (A) TEM micrograph (left) and the corresponding mosaic of high
resolution NanoSIMS 1>N/1*N ratio images. Inset illustrates the area in which the imaged where taken. Dashed boxes show
representative locations of pictures zoomed in panels (B) and C). (B) and (C) A representative TEM (left) and NanoSIMS ratio
image overlay (right) showing 1*N-hotspots along on the ciliated surface of the appendage epithelium (B) and along the microvilli
lining the cells in the ‘shoulder’ area. Note that most of the hotspots co-localized with fibrous materials that | speculated to be
the mucus matrix that is secreted by the squid epithelial cells. Values for the NanoSIMS scale are expressed in %o (see ‘General
procedure for NanoSIMS analysis’).
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Fig. 2-6. SN-enrichment in nuclei and nucleoli (hotspots) in light-organ non-epithelial tissues (A-C) and in epithelial tissues in
other squid organs (D-F) after 3.5 h inoculation with >N-labelled V. fischeri cells. Left panels show tissue structure (NanoSIMS
12C14N- image). Right panels show corresponding, quantified NanoSIMS SN/24N ratio image. Values for the NanoSIMS scale are
expressed in %o (see ‘General procedure for NanoSIMS analysis’). (G) Representative (1 animal) *N-enrichment in nuclei
(excluding the nucleolus when visible) in different tissues. Non-epithelial tissue inside the light organ (LO; n=72): connective
tissue (CT; n=59), and epithelial tissues outside of the light organ: brain (Br; n=16); digestive gland (D; n=31), endothelial cells (E;
n=48), epithelium supporting the statolith (St; n=27), gills (Gl; n=34), gut (G; n=100), retina (R; n=11), tentacles (T; n=29) and
white body (W; n=27). Only enriched tissues were considered in the statistical analysis (indicated by lower case letters for
significant differences Table S 2-1C). Error bars represent 1 standard deviation.
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2.3.2 Juvenile squids inoculated with V. fischeri-derived OMVs

Juvenile squids were inoculated with purified *N-labeled V. fischeri-derived OMVs for 1h and 3h
to determine whether the observed enrichment inside host tissues incubated with *N-bacteria cells can
be also induced by the bacteria-derived OMVs (Fig. 2-7; Table S 2-2). In general, **N-enrichment patterns
in host tissues and cells were similar to squids inoculated with bacteria cells; however, **N-enrichment
levels were much higher following OMV exposure (Fig. 2-7; Table S 2-2). This time though, levels of *N-
enrichment were affected by incubation time and were higher after 3 h exposure to OMVs, compared to
the 1 h of exposure. The relatively high levels of enrichment could be partially attributed to the high
concentration of OMVs used in this study (50 pg protein/mL). This concentration was chosen so that
these results would be comparable with those of former studies, which showed that such exposures
were sufficient to induce haemocyte trafficking and apoptosis of cells in the appendage, both of which

are characteristics of normal light-organ development (Aschtgen et al., 2015; Aschtgen et al., 2016).

Squids exposed to V. fischeri OMVs showed very similar subcellular *N-enrichment patterns
compared with V. fischeri exposed to °N-labeled bacteria (Fig. 2-7). This was particularly pronounced in
the epithelial cells of the light organ where the lowest levels of enrichment were observed in the
cytoplasm, intermediate levels were localized to the nuclei, specifically, as before in euchromatin
regions, and the highest levels appeared as hotspots in the nucleoli (compare Fig. 2-7A and D; Table S 2-
2A). However, the difference in N-enrichment among cell organelles appeared lower for OMV-treated

squids (Table S 2-2A; data presented only for the appendages).

The relative **N-enrichment pattern within the light-organ compartments after exposure to
OMVs, at both time points, was also comparable with the pattern induced by symbiotic cells, although
differences between light-organ tissues were slightly accentuated, in the order appendage > pore > crypt
(Fig. 2-7E; Table S 2-2B). Note that nucleoli data are expressed as RLI, to enable comparison with the
results of the previous experiment. OMVs also produced qualitatively similar **N-enrichment patterns in
other organs (e.g., gills, reflector, connective tissue; Fig. 2-S5) as in the V. fischeri inoculation experiment.
The main difference being that essentially all host cells nuclei and nucleoli had detectable N-

enrichment after exposure to OMVs.

Small hotspots of ®N-enrichment were observed along the apical surfaces of the ciliated field
and the gills and along the microvilli lining the cells in the “shoulder™ area (Fig. 2-7B and C, respectively).
These enrichment patterns resembled the enrichment that was detected 6 h after exposure to symbiont
cells (Fig. 2-5) and was also correlated with fibrous material in host-secreted mucus covering the
epithelial cells (Fig. 2-7B and C, inset). Surprisingly, no vesicles could be observed to be associated with
these hotspots. To validate that the chemical fixation and dehydration procedures did not affect the

integrity of the vesicles membrane, purified vesicles were fixed and embedded using a protocol similar to
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that used for the animal tissue sample preparation. As demonstrated by the TEM images (Fig. 2-54),
vesicle membranes remained largely intact, indicating that sample processing cannot explain the absence

of vesicles associated with these °N- hotspots.
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Fig. 2-7. >N-enrichment in a juvenile squid light organ following 1 h and 3 h exposure to 15N-labeled V. fischeri-derived OMVs.
(A) A TEM micrograph (left) and the corresponding NanoSIMS 15N/4N ratio image (right) of an appendage 1 h post inoculation
with OMVs. NanoSIMS image shows the >N-enrichment on the cell surface of the appendage epithelium. The nucleoli are visible
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as strong >N-hotspots. (B) and (C) are representative high resolution TEM (left) and NanoSIMS ratio image overlay (right) of the
15N- hotspots on the cell surface of the epithelial cells. Inset is high magnification of the region highlighted in the dashed box. (B)
The 5N-hotspot along the surface of the ciliated field. (C) The 1*N-hotspot along the microvilli lining the cells in the ‘shoulder
area’. Note that most of the hotspots co-localized with fibrous materials that | speculated to be the mucus matrix that is
secreted by the squid epithelial cells. (D) >N-enrichment in the cytoplasm (CYT), nuclei (N) and nucleoli (Nu) of the epithelial
cells lining the appendage. (E) RLI of nucleoli in the different light-organ compartments (squids: 1 h, 5 animals; 3 h, 4 animals; 6-
10 nucleoli per compartment). Ap, appendage; Cr, crypt; Du, duct; Po, pore. Error bars represent 1 standard deviation. Lower
case letters indicate statistically significant differences between cell organelles and light-organ compartments (Table 2-S2).

Considered together, these findings indicate that OMV derivatives induce intracellular *°N-
enrichment patterns very similar to those observed in V. fischeri inoculation experiments, which suggests
that the OMV-derived molecular cargo delivered to the host nucleus is similar to the products secreted

by whole bacterial cells.

2.4 Discussion

Using the squid-Vibrio animal model, the transfer of bacteria-derived molecular compounds into
host tissues and cells during the onset of symbiosis has been investigated. In this study, | demonstrate
that when juvenile squids were inoculated with live, °N-labeled V. fischeri cells: (i) **N-enrichment was
detected inside the host light-organ epithelia as early as 2 h post inoculation, even in deep tissues (up to
~100 um from the surface) where no symbionts were present; (ii) The level of *N-enrichment within
light-organ compartments was highest in the appendage epithelium and lowest in the duct; (iii)
Intracellular distribution of ®N-enrichment in light-organ tissues was most notable inside cell nuclei,
corresponding to areas dominated by euchromatin and nucleoli; and (iv) *N-enrichment was not
restricted to light organ epithelia. When juvenile squids were inoculated with V. fischeri-derived OMVs, |
observed similar ®N-enrichment patterns as those in squids that were exposed to whole bacteria,
although higher levels of **N-enrichment were recorded in the OMV treatment. These data indicate that
there was a transfer and incorporation of V. fischeri-derived molecules into squid tissues and cells.
Furthermore, | show that the squid responded in a similar fashion to molecules secreted from the whole
bacteria and to the molecular cargo carried by their OMVs, suggesting that at least some of the
molecules that induced the ®*N-enrichment in the squids are shared between the whole cells and their
OMVs. Supporting this conclusion is recent evidence showing that V. fischeri OMVs can induce similar
squid phenotypes as can whole bacteria (Aschtgen et al., 2015; Aschtgen et al., 2016). Considering the
high degree of similarity in the ®*N-enrichment patterns induced by inoculation with both the OMVs and
the whole bacterial treatments, | will describe the general patterns that were shared between both
experiments from the level of the organism to the subcellular scale, outlining potential explanations for
these findings, wherever possible. Note that NanoSIMS analysis does not permit identification of the
molecules that are enriched in °N, but it does provide quantitative information about the transfer of

bacterial-derived materials during the onset of the symbiosis.

58



Chapter 2 Tracking V. fischeri-derived molecules into squid host tissues during initiation of symbiosis

2.4.1 15N-enrichment was observed inside host tissues early in symbiosis and does
not require direct contact with V. fischeri cells

During the early stages of symbiosis (2-3 h following inoculation), V. fischeri cells were primarily
localized to the epithelial surfaces of the appendage and pores. However, *N-enrichment was evident in
tissue layers physically distant where V. fischeri cells do not interact directly at this time (e.g., crypt,
digestive gland; Fig. 2-2B) or are not accessible the V. fischeri cells (e.g., connective tissue, reflector,
endothelial cells; Fig. 2-6). This observation indicates that direct contact between the bacteria cells and
their host is not necessary to transfer bacterial-derived >N-compounds into the host tissues. More
importantly, these data illustrate that direct contact with bacterial secretion systems and flagella are not
necessary for the observed host ®N-enrichment. The similarity in enrichment patterns between OMVs
and whole bacteria cells suggests that at least some of the products secreted by V. fischeri cells may have
been packed into OMVs before they were up taken by the host. OMVs are small in size (~30-60 nm for V.
fischeri; Fig. 2-S4A) and readily diffuse to deep tissues so they can be quickly internalized into host cells
(Wai et al., 2003; Bomberger et al., 2009). In fact, the secretion of OMVs has been suggested to be one
strategy that pathogens use to cover larger areas and to reach distant tissues, which would otherwise be
inaccessible to their toxins (Bomberger et al., 2009; Kaparakis-Liaskos and Ferrero, 2015). Additionally,
OMVs were suggested as a mechanism by which molecules secreted from extracellular bacteria can gain

access to the cytosol of host cells (Vanaja et al., 2016).

Considering the notable patterns across the light-organ compartments and that the N-
enrichment were primarily associated with specific subcellular compartments, these data also suggest

that the squid exhibit a selective response to V. fischeri-derived molecules.

2.4.1.1 Differential enrichment in the light-organ epithelia

While many different epithelial and non-epithelial tissues had detectable levels of enrichment,
the light-organ epithelia clearly had the highest enrichment levels (Fig. 2-6G). This finding is not
particularly surprising, since the light-organ epithelia is the area that the symbionts eventually colonize
and therefore can interact directly with some of the light-organ compartments during the onset of
symbiosis. As such, the light-organ epithelia may be more permissive and receptive to V. fischeri
molecules. Several studies have provided insights into the molecular interactions that occur between V.
fischeri and host cells in the light organ that do not entail a close association between both partners.
During the initial hours of symbiosis (2-3 h), squids are able to sense and respond specifically to only a
few V. fischeri cells in an environment that contains millions of other non-symbiotic bacteria (Kremer et
al., 2013; Altura et al., 2013). Within 3 h, of exposure to natural inoculum (~5000 cells/mL), 3-5 viable
cells were observed to aggregate on the light-organ surface (Altura et al., 2013). During this time, the

cells interact intimately with the ciliated field and secrete a PGN monomer that induces the migration of
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macrophage-like haemocytes into the blood sinus underlying the host appendage (Koropatnick et al.,
2007; Altura et al., 2013). These few attaching cells are also responsible for the induction of robust gene
expression in host cells of the light organ, changes that promote their subsequent colonization of the
deep crypts (Kremer et al., 2013). It remains unclear whether these signals affect solely the 2-3 host cells
in direct contact with the colonizing V. fischeri, or whether the molecules induce transcriptional changes
throughout the light organ. V. fischeri cells were found to induce non-localized changes in the squid via
signal molecules when the bacteria are occupying the deep crypts. The presence of V. fischeri cells in the
crypts, induces changes in gene expression in the duct epithelium (Nikolakakis et al., 2015) and the
irreversible morphogenesis of the light-organ appendages (McFall-Ngai and Ruby, 1991; Foster and
McFall-Ngai, 1998). Collectively, these studies suggest that the light-organ tissues are highly sensitive to
the presence of symbionts and can elicit host responses even in locations where the symbionts are
absent. These findings provide further evidence for the light organ sensitivity to soluble V. fischeri

compounds that are present in the seawater.

2.4.1.2 15N-signature in the duct is exclusive

The deep crypts are connected to the external seawater through pores that are located on the
light-organ surface, allowing molecules to be transported in the incoming seawater and to diffuse to the
site of action. The ducts, located immediately in the interior of the pores, are thus exposed to more
bacterial products than the crypt epithelia. As such, one could expect to observe higher *N-enrichment
in the ducts compared to the epithelia of the crypt. However, this was not the case. In fact, the epithelial
cells lining the ducts exhibited the lowest levels of °N-enrichment when compared to epithelial cells
from other compartments within the light organ (Fig. 2-2B, inset; Fig. 2-3), suggesting that cells in the

ducts respond differently to the bacterial molecules.

During the early events that lead to colonization, the epithelia of both the appendage and the
crypts interact closely with the symbiont cells, and thus one would expect them to be more susceptible
to their presence. Indeed, it is this intimate association that induces the transcriptional, morphological
and chemical alterations that are ultimately responsible for the distinct developmental fates of these two
compartments (e.g., McFall-Ngai and Ruby 1991; Montgomery and McFall-Ngai 1994; Lamarcq and
McFall-Ngai 1998; Koropatnick et al. 2014; Schwartzman and Ruby 2016). The duct epithelia, however,
have only brief direct contact with the bacteria cells when they migrate from the pores into the deep
crypts. Yet, despite this fact, by 12 h the symbionts elicit specific developmental modifications and
changes in gene expression that add to the unique environment that is known to prevail in the duct
(McFall-Ngai and Ruby, 1998; Kimbell and McFall-Ngai, 2004; Nikolakakis et al., 2015). These include

changes in the synthesis of actin cytoskeleton, which is accompanied by the constriction of the duct that
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limits further entry of bacteria (Kimbell and McFall-Ngai, 2004). Whether such distinct developmental
modifications are induced in those experiment by the short encounter with the bacteria or by signal
molecules secreted by the bacterial population in the crypts, is unclear. Nevertheless, considering the
low levels of *N-enrichment observed in this region and the distinct chemical environment that prevails
in the duct, it is conceivable that the duct epithelium senses and responds differently to the bacteria

compared with other structures in the light-organ epithelia.

2.4.1.3 Enrichment in other organs and tissue types

Apart from the light-organ epithelia, >N-enrichment were observed in non-epithelial tissues
inside the light organ, such as the macrophage-like haemocytes observed in the appendage sinus,
reflector and connective tissue and in epithelial tissues outside of the light organ including the gut, the
gills, and the digestive gland (Fig. 2-6G). The patchiness of the labeling between tissue types, and the
absence of labeling in some of the tissues examined, highlights the differential nature of the uptake of
bacteria-derived molecules. Among these tissues and cell types, haemocytes (Fig. 2-6A) and gills (Fig. 2-
6D) appeared to be the most receptive to V. fischeri ®N-enriched molecules. It is interesting that both
gills and haemocytes are cell types that are affected by the bacteria presence. At the onset of symbiosis,
haemocytes migrate into the appendage sinus in response to signaling by TCT (which could not be
detected in the host tissue; cf. Chapter 1) and OMVs (Koropatnick et al., 2007; Aschtgen et al., 2015).
After colonization, V. fischeri is able to alter the haemocyte cytoskeleton (Schleicher et al., 2014). It is not
clear how haemocytes sense V. fischeri-derived molecules, but together with the presented results, the
findings to date suggest that haemocytes are more susceptible to bacterial products, early in the
development of the symbiosis. Alternatively, the labeling could be as a result of bacterial degradation.
Haemocytes cells from juvenile squids have been shown to possess the ability to engulf bacteria cells

during early symbiosis (Nyholm and McFall-Ngai, 1998), including V. fischeri.

The gills have been shown to respond to bacterial presence with robust changes in gene
expression at 72 h post colonization (S. Moriano-Gutierrez, unpublished data) and changes in production
of a host pattern-recognition receptor, EsLBP1 (E. scolopes lipopolysaccharide-binding protein 1) at 18 h
(Krasity et al. 2015; Fig. 2-6G). However, similar post-colonization changes were also observed in the eyes
and the tentacles (for the EsLBP1) in these studies, whereas no **N-enrichment in these tissues was
found here. Gills are also involved in controlling bacteria populations in cephalopods. If the animal is
septic, gills concentrate and sequester invading bacteria into nodules (Bayne, 1973). In this study, the
brief association that the gills have with the bacteria cells or the continuous flow of bacteria products
from the seawater during each ventilation seems sufficient to enrich these cells. Direct contact with

seawater might also explain the *N-enrichment observed in the digestive gland, but not the °N-
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enrichment in the gut and endothelial cells, which are localized deep inside the squid (Fig. 2-6G). It is
possible that the high inoculum of V. fischeri in the seawater resulted in some bacteria being digested by
the squid and that ®N-enriched metabolites were directly incorporated into the gut cells and the
endothelial cells surrounding the blood sinus. In one case, | found bacteria-sized spots in the gut lumen
that were highly enriched in *N and thus likely to be bacteria (data not shown). More studies are
required to better understand the variation in enrichment between these tissues and the light-organ

epithelia.

2.4.2 15N-enrichment is systematically highest in the nucleolus

The nucleus systematically had the highest enrichment among the cellular organelles (Fig. 2-3A
and 7D). Closer examination of the sub-nuclear structures revealed that enhanced *N-enrichment
corresponded with euchromatin regions rather than those dominated by heterochromatin, while the
nucleolus was systematically the most *N-enriched structure in all experiments and across all exposure

times.

In eukaryotes, nuclear DNA is packaged into chromatin and is constantly undergoing remodeling
to enable replication, transcription, repair, and/or cell division to take place (Tremethick, 2007). The
nucleosome, the basic unit of chromatin composed of DNA wrapped around core histone proteins, is a
highly organized structure that maintains the stability and accessibility of the DNA genome. Interphase
DNA is organized into two chromatin states— the heterochromatin and the euchromatin, which differ in
their level of condensation. It is well established that the level of condensation defines the expression
state of the DNA. Heterochromatin is highly condensed, gene-poor, and transcriptionally silent, while
euchromatin is less condensed, gene-rich, and more easily transcribed (Huisinga et al., 2006). Chromatin
dynamic, i.e., gene regulation, is achieved by post translation modifications (PTMs) on histones (i.e.,
acetylation, methylation, phosphorylation etc.) and multi-proteins complexes that associate with
chromatin (Strahl and Allis, 2000; Gardner et al., 2011). In the nucleus, the rDNA region of the
chromosome is termed the nucleolus; the most prominent sub-nuclear structure. The nucleolus is a
multifunctional organelle involved primarily in ribosome biosynthesis; it plays a role in the storage and
transcription of rDNA and the assembly and maturation of ribosomes. In addition to its main role in the
production of ribosome subunits, the nucleolus also functions as a central hub in the coordination of key
cellular processes, such as cell-cycle progression, apoptosis, DNA replication and repair, and stress

responses (Boulon et al., 2010; Audas et al., 2012a; Audas et al., 2012b).

It is not surprising, therefore, that some pathogenic bacteria exploit the nucleus for their own
benefit. Besides their ability to interfere with cytosolic signaling pathways, there is growing evidence that

some pathogenic bacteria can target the host nucleus and nucleolus as a strategy to suppress immune
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response and take control of essential cellular functions, such as the cell cycle and transcriptional
program to promote their own survival. Bacterial molecules and secreted effectors that enter the
nucleus can modulate the host epigenome by both direct and indirect mechanisms (reviewed in Hamon
and Cossart 2008; Escoll et al. 2016). Host histones can be directly targeted by secreting effectors that
mimic the function of eukaryotic proteins. For example, Chlamydia trachomatis, Legionella pneumophila
and Bacillus anthracis release proteins that contain a SET domain into the host (Alvarez-Venegas, 2014).
The SET domain is an evolutionarily well-conserved sequence that methylates lysine residues in the
histones and thus influences gene expression (Dillon et al., 2005). Furthermore, other bacteria proteins
that contain a SET domain, such as the one released by Burkholderia thailandensis, directly target the
nucleolus, activating rDNA gene expression (Li et al., 2013). Such changes in rDNA transcription have
been hypothesized to be a mechanism that facilitates pathogen replication by controlling their host’s
ribosome machinery. Indirect post-translation modifications of chromatin are induced by effectors
secreted from Listeria monocytogenes, Escherichia coli, and Shigella flexneri through changing the levels
of chromatin-binding proteins or interfering with the access of transcription factors at specific genes

(Lebreton et al., 2011; Shames et al., 2011; Harouz et al., 2014).

Until now, the strategy of influencing host nuclear physiology was reported mostly in intracellular
bacterial pathogens and a few extracellular bacteria (review in Bierne and Cossart 2012; Escoll et al.
2016). To the best of our knowledge, the use of such strategies in beneficial symbiosis interactions has
not yet been reported. It is therefore intriguing to consider the possibility that some of the observed °N-
enrichment inside the sub-nuclear components was induced by secreted bacterial molecules that
specifically target the nucleus, and more notably the nucleolus. This observation raises the question
whether targeting the nucleus is a means of communication between the squid and its symbiotic partner,
during the early stages of symbiosis? More specifically, could the widespread transcriptional changes in
the light-organ epithelia (Kremer et al., 2013) be a result of a direct interaction of bacterial molecules
with host nucleus? If so, this may be one reason why such high *®N-enrichment in the nucleus and the
nucleolus was observed. In the following paragraphs, | will outline the requirements for a specific
molecule to be able to target the nucleus and nucleolus and discuss whether this possibility exists in the

squid-Vibrio symbiosis and consider these issues in the context of the presented results.

In eukaryotic cells, transport between the cytoplasm and the nucleus occurs through membrane
structures termed nuclear pore complexes. While proteins and macromolecules that are smaller than
about 60 kDa or have a diameter of less than 9 nm can passively diffuse across the nuclear envelope
(Paine et al., 1975; Talcott and Moore, 1999; Lusk et al., 2007), most molecules with functions in the
nucleus are actively transported via these nuclear pore complexes (Lange et al., 2007; Marfori et al.,
2011). The main determinants that localize a molecule to the nucleus are specialized signals comprised of
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6-10 basic positively charged amino acids (mainly lysine and arginine), which are termed nuclear
localization sequences (NLS; Paine et al. 1975; Bickmore and Sutherland 2002; Gorski et al. 2006) and
which are recognized by karyopherins transporters (Lange et al., 2007; Marfori et al., 2011). The best
described sorting signal for nuclear import is the classical NLS (cNLS), which consists of either one
(monopartite) or two (bipartite) stretches of basic amino acids separated by 10-12 amino acids residues
(Boulikas, 1992). Few consensus sequences of NLS have been identified (Dingwall and Laskey, 1991)
however many cNLS appear to be more complex and cannot be inferred only from these consensus
sequences (Christophe-Hobertus et al., 1999; Cokol et al., 2000) and some of the cNLS motif can be also
found in non-nuclear proteins (Boulikas, 1992). Many factors, such as the location of the signal inside the
protein (protein context), flanking sequences (Roberts et al., 1987; Fontes et al., 2003), and the affinity
and concentration of the import transporters have limited the reliability of prediction of nuclear-localized

proteins (review in Lange et al. 2007; Marfori et al. 2011).

Once imported or diffused into the nucleus, some proteins are uniformly distributed throughout
the nucleoplasm, whereas others are targeted to specific nuclear compartments such as the nucleolus.
As opposed to the nucleus, there are no known mechanisms of active transport into the nucleolus and
many molecules traverse rapidly through this component (Phair and Misteli, 2000; Griinwald et al.,
2008). Some NLS also serve as nucleolar localization sequences (NoLS), which are required for the
nucleolar localization of peptides and proteins (Dang and Lee, 1989; Hatanaka, 1990; Scott et al., 2010).
However, a molecule can also have a separate NoLS sequence independent of the NLS motif (Scott et al.,
2010). NolLS transport signals, which are localized closest to the protein termini, contain a high
abundance of basic (have a basic side chain at neutral pH), positively charged amino acids, which have a
high isoelectric point (ca. 12.7), and are generally rich in arginine with some lysine residues (Scott et al.,
2010; Martin et al., 2015). The shortest peptides found to accumulate in the nucleolus are either 6
arginine residues or 4 arginines in combination with NLS motif (Martin et al., 2015). However, although
these features are common to all NLS motifs, they are not the sole requirement for nucleolar localization.
The strong positively charged amino acid sequences need to be distributed over a certain molecular
surface to have the potential to accumulate in the nucleoli. For example, two molecules with the same
isoelectric points but with different amounts (5 vs. 15 amino acids) and compositions of amino acids
(lysine and arginine) can differ in their nuclear distribution, with the former displaying a homogenous
distribution in the nucleus while the latter will display a distinct nucleolar localization (Martin et al.,
2015). The strong, positively charged amino acids should be mediated by a counter-charge in the
nucleolar compartment. These molecules are likely to interact with the negatively charged nucleic acids,
which, stored in the form of rRNA, are highly abundant inside the relatively acidic environment of the

nucleolus (pH<7.2) compared to the nucleoplasm (pH=7.2; Martin et al. 2015). Indeed, it was reported
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that some proteins can be captured and immobilized in the nucleolus by a family of non-coding nucleolar
RNA using nucleolar detention sequences (NoDS; Audas et al. 2012a, 2012b). In fact, of 4500 nucleolar
proteins discovered, only ~30% have been directly linked to ribosome biogenesis (Ahmad et al., 2009;
Boulon et al., 2010). It was later proposed that the nucleolar proteome can be subdivided into two
protein populations: (i) resident proteins that have an active function in ribosomal biosynthesis and (ii)
immobilized proteins, which under normal conditions are in constant flux in and out of the nucleolus
(Phair and Misteli, 2000). However, in response to certain environmental and cellular stimuli, such as
nutritional state and stress signaling, these immobilized molecules are detained in the nucleolus away
from their site of action. By doing so, the nucleolus can inhibit basic cellular processes and thus play a
central role in their regulation (Audas et al., 2012a; Audas et al., 2012b). These nucleolar proteins have
been shown to play a crucial role in modulating cell cycle, cell growth, cell death, DNA replication, and
stress response (Boulon et al., 2010). The strict requirements and regulations for targeting the nucleus
and nucleolus emphasizes the crucial role that these components play in cells, and suggests that
molecules that do not have a nuclear or nucleolar function will either be maintained at low background

concentrations or be completely excluded from those regions, especially from the nucleolus.

2.4.2.1 Searching for NLS in V. fischeri proteins

Bioinformatics analysis was performed to identify which V. fischeri proteins contain NLS motifs
and can therefore be considered as potential candidates for targeting the nucleus. Out of a total 3,819
protein sequences of V. fischeri ES114 strain, 58 proteins were found to carry a putative NLS sequence
(Table S 2-3). The 58 V. fischeri proteins were predicted to localize in the cytoplasm (n=27), inner
membrane (n=12), periplasmic space (n=1) and outer membrane (n=1), while the location of some
remained unknown (n=17). It still remains to be determined whether some of V. fischeri proteins that
possess the putative NLSs are able to target the nuclei of squid cells. Recent proteome profiling of V.
fischeri OMVs (J. Lynch, personal communication) showed that 3 out of 243 OMV proteins matched the
NLS-containing proteins of V. fischeri (Table S 2-3, marked in bold). In the future, it will be important to
determine whether these proteins target the host nucleus by, for example, tagging these specific
proteins with a fluorescent molecule such as GFP and visualizing their subcellular localization, or deleting
the predicted NLS sequence and disabling the import machinery, which should disrupt its transportation
into the nucleus. Nonetheless, even if one or more proteins target the nucleus and the nucleolus, our
data suggest that they need to accumulate in high proportions inside these two compartments to induce

the high ®N-enrichment that was observed.

An alternative explanation is that V. fischeri have proteins with NLS sequences that have not yet

been defined as NLS motifs. Despite the great progress that has been made in recent years, the list of
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NLS motifs (experimental and homologues) is not complete (Marfori et al., 2011). Proline-tyrosine NLS
(PY-NLS) in particular, are not well defined (Lee et al., 2006). Unlike cNLS, PY-NLS sequences are more
variable and complex in their structural and biochemical properties, making it more difficult to predict
such signals (Xu et al., 2010). Another way to target the nucleus is using small or intermediate-sized
molecules (<40-60 kDa), which can either diffuse passively across the nuclear pores, contain cNLSs
(Grinwald et al., 2008; Martin et al., 2015), or form stable interactions with a nuclear element, such as
chromatin, chromatin-associated proteins, or nascent transcripts (reviewed in Gama-Carvalho and
Carmo-Fonseca 2001). An example of this was described in early studies conducted on the
heterogeneous nuclear ribonucleoprotein (hnRNP) A1, which showed that, despite its small molecular
size (36 kDa), this protein was retained in the nucleus following transcriptional activity, by binding to
newly synthesized RNAs (Vautier et al., 2001). This protein was later described to contain the PY-NLS. In
E. scolopes, an EsSPGRP1, a small 23.5 kD PRR protein, does not have a cNLS, and is exclusively observed
in the nucleus under normal conditions in the aposymbiotic animal (Troll et al., 2009). V. fischeri
molecules that mediate the morphogenesis of the squid light organ, TCT and LPS, are small enough (0.92
and ca. 20 kDa, respectively) to diffuse through the nuclear pores. Troll et al. (2009) showed that the loss
of the nuclear protein EsPGRP1 in apoptotic cells is induced by purified TCT, which raises the question: is
this caused by the direct interaction of TCT with the protein, or through signal transduction? To
investigate this hypothesis, previous studies exposed juvenile squids to isotopically labeled **N-TCT and
subsequently analyzed them with NanoSIMS to visualize the subcellular localization of TCT (Troll et al.
2009; this study, Chapter 1). However, no ®N-enrichment statistically significant from the natural ratio
was observed and therefore there was no evidence to support the sub-cellular or sub-nuclear localization
of TCT. Indeed, even if TCT is able to enter the nucleus, it is doubtful whether these concentrations are
sufficient to cause to the high nucleoli *®N-enrichment observed in the current study. (For a more

detailed discussion on the TCT results please see Chapter 1).

We cannot rule out the possibility that none or only a small amount of bacterial molecules is able
to target the sub-nuclear compartments. If this is the case, then the metabolism of *®*N-bacterial products
by host cells can provide another possible explanation for the high ®N-enrichment in the sub-nuclear
compartments. Secreted bacterial products can include macromolecules (e.g., LPS, PGN and flagella),
metabolic byproducts, and signaling molecules. Bacterial products that are taken up by host cells can be
used directly in cell metabolism or be broken down into smaller molecules, which could subsequently act
as building blocks for other cellular processes. Because the nucleolus has high metabolic activity, in
addition to ribosome biosynthesis (Olson 2004; Pederson and Tsai 2009; reviewed in Boulon et al. 2010),
it is not unreasonable to expect high N-enrichment in the nucleoli. Indeed, large-scale proteomic

studies reported that within a short period (1-5 h) of exposure to a mixture of amino acids, the nucleoli
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undergo the highest protein turnover compared to the nucleus and cytoplasm (Beatty et al., 2006;
Boisvert et al., 2012; Wei et al., 2013). The observations that the signaling molecules that are used for
communication between symbiotic partners generally function at very low concentrations (<108 M), and
in a highly localized manner, cannot provide an explanation for the relative high enrichment in the
nucleoli and the widespread '°N-enrichment patterns and thus further support to this metabolic
hypothesis. To try to understand how much of the enrichment is derived from the metabolism of
bacterial products in host cells, future studies should investigate, for example, whether the presence V.
fischeri cells in the seawater affect host-cell metabolism. This could be conducted by inoculating squids
with non-labeled V. fischeri cells (or their OMVs) together with ®N-labeled amino acids, that can be use
in metabolic processes in the host cells, and compare these results to squids that are exposed only to the

latter.

2.4.3 The squid response to OMVs was stronger than to whole bacteria

Squids exposed to OMVs had higher levels of ®N-enrichment than those exposed to whole
bacteria (Table S 2-1C and S 2-2B). These differences were significant as early as 1 h after inoculation.
Interestingly, this phenomenon was not confined to the light-organ epithelia, but was also observed in
other organs and tissue types, such a gills, connective tissue and gut, where most cells and their sub-
nuclear components were enriched. Our results, agree with the findings of Aschtgen et al. (2015, 2016)
who also observed a more accentuated response (i.e., haemocyte trafficking, apoptosis and regression of
the light-organ appendages) in squid cells following exposure to OMVs compared to whole bacteria.
Exposure to OMVs, resulted in maximum levels of haemocyte trafficking as early as 3 h post-colonization,
whereas exposure to bacteria cells took 18-24 h to attain comparable levels (Aschtgen et al., 2015).
Levels of appendage apoptosis were similarly high within 10 h (Aschtgen et al. 2016). The authors argued
that V. fischeri OMVs reach the deep crypts (the place from where the irreversible signal of
morphogenesis is delivered) more quickly, compared to bacterial cells, which must first migrate and then
colonize the crypts space before they can trigger this response. Alternatively, the high concentration of
OMVs that was added to the seawater may enhance the supply of bacterial products to the squid cells to
levels that are higher than those secreted by the bacteria cells, resulting in stronger *N-enrichment
being observed in the OMV treatment. In addition, some molecules can be present at higher quantities
inside the vesicles (Kulp and Kuehn, 2010). At 3 h exposure to OMVs, **N-enrichment inside the host cells
was more evident than 1 h. Studies showed an increase with time in OMVs association with host
epithelial cells which they explained as either binding of vesicles to receptors induce upregulation of the
OMVs receptors or recycling back of these receptors to the cell surface after internalization of their
content (Bauman and Kuehn, 2009; Parker et al., 2010). The higher enrichment that was observed at 6 h
post inoculation with V. fischeri cells further suggests a dose-dependent response in which a cumulative

67



Chapter 2 Tracking V. fischeri-derived molecules into squid host tissues during initiation of symbiosis

response to bacterial-derived molecules over time was observed. If true, then this would raise questions
about the lack of detectable *N-enrichment at 14 h post inoculation with V. fischeri cells. | suggest that
the host cells have reduced or completely stopped the uptake of bacterial products from the seawater
and the ®N-enrichment that was already incorporated into the cells has been diluted by normal cell
metabolism and respiration to background levels. At 14 h, bacteria have fully colonized the crypts and
the irreversible signal for regression of the appendage has already been delivered. It is conceivable that,
after the successful colonization of the crypts and the delivery of the morphogenesis signal, the squid is
less receptive to diffusible or secreted symbiont molecules in the surrounding seawater. This hypothesis
was suggested as a possible explanation for the decrease in host-secreted mucus along the ciliated
epithelial appendages, after V. fischeri permanently colonized the crypts (Nyholm et al., 2002). Once
colonization is established, mucus secretion is suppressed, preventing bacteria from forming normal
aggregates and further colonizing the squid. One possibility is that V. fischeri cells alter the activity or
density of the receptors to PGN at theses surfaces, resulting in a decreased sensitivity to PGN derivatives
(Nyholm et al., 2002). The high variability in *®N-enrichment that exists between squid individuals makes
it difficult to conclusively prove or disprove this hypothesis, but this is an interesting topic for future

experiments.

Small ®N-hotspots that appear to be associated with the mucus matrix coating the ciliated fields
and microvilli surface of the cells in the shoulder’ and the gills were observed in squid that were exposed
to OMVs, as early as 1 h (Fig. 2-7B and C). Surprisingly, correlative TEM-NanoSIMS analysis revealed that
these hotspots do not correspond to OMVs (Fig. 2-7B and C, inset). To verify that the integrity of the
vesicle membranes was not impaired by the protocol, the purified vesicles were embedded in resin and
observed using TEM. These images showed intact vesicles membrane, suggesting that the integrity of
these structures was not compromised by the sample preparation. This finding raises two main
questions: (i) how does ®N-enrichment occur without observing vesicles, and (i) why is *®N-hotspot
enrichment restricted to these regions? To the best of our knowledge, no study has investigated the
accumulation of OMVs or their content on the surface of host cells. However, most if not all research
that used epithelial cells to study OMVs were conducted on cell cultures that are devoid of cilia and
microvilli, which are otherwise normal characteristics of the apical surface of epithelial cells in intact
animal tissues. Additionally, accumulation of V. fischeri vesicles has never been observed on the squid
apical surface of the appendage or anywhere else in the light organ (M.S. Aschtgen personal
communication). One can speculate that vesicles do not aggregate on the surface because the mucus
contains LPS degradative enzymes, such as lipases (Kremer et al., 2013) and acyloxyacyl hydrolase
(AOAH) (Munford and Hunter, 1992; Weinrauch et al., 1999), which can degrade OMVs caught in the

sticky and thick mucus layer before they are internalized into the cells. To understand whether the °N-
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enrichment on the cell surface is due to the presence of enzymes that degrade the vesicles, future work
should involve inhibitors to the actin cytoskeleton polymerization of host cells that will disrupt vesicle
association and internalization into the host cells. If the »>N-enrichment still occurs in the presence of this
inhibitor, it will provide evidence that the vesicles are enriching these areas before they enter the cells.
Another possibility is that some of the OMV content that is internalized by the host cells is trafficked back
outside of the cells via endocytic recycling. The main routes by which OMVs enter non-phagocytic host
cells is through endocytosis pathways. Indeed, in the squid, the internalization of V. fischeri OMVs into
squid epithelial cells and haemocytes is known to be a pre-requisite for inducing the squid response

(Aschtgen et al., 2015).

Endocytosis occurs by a number of diverse mechanisms including clathrin-dependent
endocytosis, and clathrin-independent pathways such as macropinocytosis, caveolin-mediated uptake,
and lipid raft-mediated internalization (O’Donoghue and Krachler, 2016). Regardless of the mode of
entry, transport vesicles are usually fused with each other to form an early endosome, where sorting
occurs. From these early endosomes, the cargo is either trafficked to the late endosomes and the
lysosomes for degradation, delivered to the Golgi apparatus-ER network, or recycled back to the plasma
membrane (e.g., Doherty and McMahon 2009; Grant and Donaldson 2009). Recycling can also occur at
later steps, via the perinuclear endocytic recycling compartment and subsequent transportation to the
plasma membrane. Some of the earliest evidence for the existence of endocytic recycling comes from
bacterial toxins, such as the plant toxin ricin (lversen et al., 2001) and Shiga toxin (Mallard et al., 1998). It
is not clear, however, how many molecules are recycled in the plasma membrane and whether or not
they stay bound to the plasma membrane or are exported back to the extracellular matrix. It is possible
that a fraction of ®*N-enriched cargo produced by the OMVs is recycled back to the cell surface; this
phenomenon is what was observed in form of hotspots that were associated with the cilia and microvilli.
To my knowledge, there is no literature observing such a mechanism operating after OMV

internalization.

Interestingly, | observed the same small hotspots at the ‘shoulder’ region 6 h after exposure to
whole bacteria. It is therefore possible that the symbiont-induced *N-enrichment on the cell surfaces is
due to of OMVs secretion by the whole bacteria. But, why do we see ®N-enrichment localized in these
regions? One theory is that the strong current that is generated by the cilia along the apical surface of
the appendage, which helps in concentrating bacterial in aggregates above the pores (Nyholm et al.
2000; Nawroth et al. in press), is weak or completely stagnant in this ‘shoulder’ area and thus molecules
and small particles get stalled in the thick mucus layer coating these regions. Indeed, if the activity of cilia
is stopped, particles and debris adhere to the mucus along the appendages (Nawroth et al. in press).
Differences in the structural and biochemical characteristics of the epithelial cells along theses surfaces
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might cause these differences. Koropatnick et al. (2014) showed that the appendage epithelium is
comprised of two heterogeneous cell layers; the medial side is a thin monolayer, whereas the lateral side
is thicker and contains large compartmental spaces, which are separated by thin septa. Biochemical
differences between these two regions have been observed particularly in squid-derived chitinase, which
is important for the initiation of symbiosis (Kremer et al., 2013) and which is accumulated along the
medial side but not the lateral side of the appendage (Koropatnick et al., 2014).

It should be noted that host factors can affect the cohort of molecules inside the OMVs and the
amount that is produced by the bacteria cells (e.g. CFTR inhibitory factor in P. aeruginosa; review
Orench-Rivera and Kuehn, 2016). Therefore, by using purified OMVs from a bacteria growth culture, |
cannot rule out the possibility that it would have affected some of their content and consequently the

N-enrichment results inside host cells.

2.4.4 Conclusion and future directions

In summary, the data presented here provide evidence for transfer of soluble bacterial products
and OMVs into squid tissues and cells early after the initiation of symbiosis. The fact that differential >N-
enrichment between tissues was observed, suggests that the squid is selective in their response to
bacteria and OMVs. The comparable **N-signature that was observed in the squid after the addition of
the OMVs and whole bacteria, combined with the results of previous studies showing that OMVs are
responsible for inducing the squid phenotype during the development of symbiosis, raises the question
of whether squids respond in specific manner to the presence of V. fischeri-derived products or whether
any bacterial species can induce similar enrichment patterns. In the next Chapter | will discuss how this
question was addressed by inoculating juvenile squids with >N-labeled non-symbiotic bacterial cells or
their OMVs and compared the results with the enrichment patterns that is observed after inoculation
with the ®N-labeled symbionts. Such experiments were designed to elucidate the nature and the

specificity of the molecular interactions that induce the ®N-enrichment patterns.
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2.5 Supplementary information

700

350

Fig. 2-S1. Differences in >N-enrichment in the nuclei of squid epithelial cells that are lining the medial appendage, 2 h post
inoculation with 15N-V. fischeri cells. TEM micrograph (left) and the corresponding NanoSIMS 5N/%N ratio (right) images. Inset
in A illustrates the ‘shoulder’ area where the images where taken. The nucleolus is shown by the green arrowheads. The black
(left) and white (right) outlines are the contour of the cell nuclei. Dashed contour showing a nucleus where the euchromatin
regions exhibited high levels of 1>N-enrichment that were comparable to the nucleoli enrichment of the adjacent cells. Values
for the NanoSIMS scale are expressed in %o (see ‘General procedure for NanoSIMS analysis’).
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Fig. 2-S2. Light micrographs of histological cross section (0.5 pm thick) of a juvenile E. scolopes showing the different
organs that were analyzed in this study and their location in the squid. (A) A ventral view of the juvenile squid showing the
planes of the images that are presented in (B)-(F). Squids were sectioned from the posterior. The approximate locations of
the planes are B-480 um, C-610 pm, D-1020 um, E-1560 pum, F-1930 pum. Sections were stained with a mixture of Toluidine-
blue and borax. b, brain; dg, digestive gland; ess, epithelium supporting statolites; f, fin; gl, gills; g, gut; is, ink sac; lo, light
organ; mm, mantle muscle and mucus cells; ol, optic lobe; pa, posterior appendage; r, retina; s, sinus blood; tn, tentacles y,
yolk sac; wb, white body. [The white body is the place in cephalophods where haemocytes are developed (Cowden and Curtis

1981-taken from Nyholm et al.2009)].
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Fig. 2-S3. 15N-enrichment in various epithelial tissues of the juvenile squid, 3.5 h post inoculation with *>N-labelled V. fischeri
cells. Left panels show tissue structure (NanoSIMS 12C'4N- image). Right panels show corresponding, quantified NanoSIMS
15N/14N ratio image. >N-enrichment in these organs were similar to the background levels of 1>N/*N. Values for the NanoSIMS
scale are expressed in %o (see ‘General procedure for NanoSIMS analysis’).

¢ 5 <2} i e
Fig. 2-S4. TEM micrographs of purified OMVs produced by wild-type V. fischeri (ES114). (A) Negative-stained OMVs. (B) Resin-
embedded OMVs. OMVs were fixed following a similar fixation-infiltration procedure as the used with squid samples.
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Fig. 2-S5. 1N-enrichment in the
connective tissue (A), gills (B) and

reflector (C) after 3.5 h inoculation with 1700

15N-OMVs purified from V. fischeri cells.

Left panels show TEM micrograph and

the right panels show the corresponding

NanoSIMS 15N/N ratio (right) images. In 850

the gills, 1°N-hotspots were also

observed on the surface of the epithelial

cells. Interestingly, haemocytes cells in

the gills were not enriched in N in

contrast to the haemocytes in the 0

appendage sinus. Values for the

NanoSIMS scale are expressed in %o (see 3000

‘General procedure for NanoSIMS

analysis’).
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Table S 2-1 Statistical analysis of squids inoculated with V. fischeri cells for 2 h (3 animals) and 3.5 h (6 animals) post
inoculation. Analysis for (A) and (B) was based on the !5N-enrichment obtained from high-resolution NanoSIMS mosaics
(illustrated in Fig. 2-2B). (A) >N-enrichment in the nuclei and compared between the different light-organ compartments
(appendage, pore, duct, crypt). (B) *N-enrichment in the cytoplasm, nuclei and nucleoli of the light-organ epithelial cells. (C)
Comparison of the SN-enrichment in the nucleoli of the light-organ epithelial cells were done for all squid animals and
compared between time points and compartments (Fig. 2-3B). Mean values, for this analysis, are presented as both 8N (%)
and as relative labeling index (RLI= 61°N of a specific nucleolus/ 815N average of all nucleoli per squid). RLI was used for the
statistical analysis. (D) Enrichment in other organs, i.e., connective tissue, gills, endothelial cells, gut, and digestive gland were
compared to the epithelial cells of the light organ in the 3.5 h experiment (Fig. 2-6 and 2-5S3). Only >N-enriched nuclei at a level
of 3 standard deviations above the average >N/4N ratio of nuclei in a control samples, were included in the statistical analyses.
CYT, cytoplasm; N, nucleus; Nu, nucleolus; Ap, appendage; Po, pore; Du, duct; Cr, crypt; Dg, digestive gland; G, gills; G, gut; CT,

connective tissue.

Mean

SD

Mean

SD

Variables N (%) (%)  (RL)  (RLI) Statistics Pvalue
Time  Tissue Cell organelle
A 2h Appendage  Nucleus 56 84 17 Kruskal-Wallis test:
X2=114.7,df=4 <0.0001
Pore Nucleus 58 69 9
Duct Nucleus 36 53 9 Nemenyi post-hoc:
Ap #Po #Du#Cr
Crypt Nucleus 142 64 11
B 2h Appendage  Cytoplasm 26 45 6 Kruskal-Wallis test: <0.0001
X2 =70.9, df =2
Nucleus 56 84 17 X
Nemenyi post-hoc:
Nucleolus 14 328 177 CYT#N=#Nu
Pore Cytoplasm 24 43 7 Kruskal-Wallis test: <0.0001
X2=73.5,df =2
Nucleus 58 69 10
Nemenyi post-hoc:
Nucleolus 18 220 60 CYT#N #Nu
Duct Cytoplasm 27 34 6 Kruskal-Wallis test: <0.0001
X2 =50.4, df =2
Nucleus 36 53 9
Nemenyi post-hoc:
Nucleolus 6 173 46 CYT#N #Nu
Crypt Cytoplasm 27 46 9 Kruskal-Wallis test: <0.0001
X2=156.3,df =2
Nucleus 142 64 11
Nemenyi post-hoc:
Nucleolus 67 176 68 CYT#N #Nu
C 2h Appendage Nucleolus 37 350 118 1.33 0.45 Two-way Anova:
Main model: Fs372=20.1 <0.0001
Pore Nucleolus 44 255 87 0.99 0.31 Time: F1372=2.10 0.14
Compartment: F2372=49.8 <0.0001
Crypt Nucleol 80 201 45 0.85 0.17 ’
VP ucleolus Time*Compartment: F2372=5.28 0.005
3.5h  Appendage Nucleolus 90 427 248 1.1 0.27
Tukey post-hoc:
Pore Nucleolus 54 440 220 0.98 0.21 2h: Ap # Po # Cr
Crypt Nucleolus 73 313 73 089 022 3.5h: Ap # Po # Cr

75



Chapter 2 Tracking V. fischeri-derived molecules into squid host tissues during initiation of symbiosis

Mean SD Mean SD

Variables N %) (%)  (RL)  (RL) Statistics P value
Time  Tissue Cell organelle
3.5h  Epithelial Nucleus 72 81 23 Kruskal-Wallis test: <0.0001
cells in the x2=175.1,df=5
light organ
Connective Nucleus 59 30 18 .
tissue Nemenyi post-hoc:
LO was significantly different from
Gills Nucleus 34 57 26 all other organs
Endothelial Nucleus 48 40 27 CT#Gl#Dg
cells Gl#G
Dg#G
Gut Nucleus 100 27 15
Digestive Nucleus 31 46 13
gland
Brain Nucleus 16 8 15
Retina Nucleus 11 -7 11
Tentacles Nucleus 29 -1 15
White body  Nucleus 27 5 12 Not-labeled
Epithelium Nucleus 27 7 11
supporting
statolith
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Table S 2-2 Statistical analysis of squids inoculated with OMVs from V. fischeri cells for 1 h (5 animals) and 3 h (4 animals). (A)
5N-enrichment in the cytoplasm, nuclei and nucleoli were compared only for the appendage epithelium (Fig. 2-7D). (B)
Comparison of the 1N-enrichment in the nucleoli of the light-organ epithelial cells were compared between time points and
compartments (Fig. 2-7E). Mean values are presented as both 6N (%o) and as relative labeling index (RLI= 6%°N of a specific
nucleolus/ 8%°N average of all nucleoli per squid). RLI was used for the statistical analysis. CYT, cytoplasm; N, nucleus; Nu,
nucleolus; Ap, appendage; Po, pore; Cr, crypt.

Mean SD Mean SD

Variables N %) (%) (RL)  (RL) Statistics P value
Time  Tissue Cell organelle
A 1h Appendage  Cytoplasm 47 243 43 Kruskal-Wallis test: <0.0001
X2=67.3,df=2
Nucleus 91 272 63 .
Nemenyi post-hoc:
Nucleolus 26 804 300 CYT=N=#Nu
3h Appendage  Cytoplasm 46 274 96 Kruskal-Wallis test: <0.0001
Nucleus 91 349 103 X2 =794, df =2
Nemenyi post-hoc:
Nucleolus 30 1470 545 CYT#N #Nu
B 1h Appendage  Nucleolus 44 653 232 1.52 0.33 Two-way Anova:
Main model: F3294=120.5 <0.0001
Pore Nucleolus 55 381 98 0.96 0.17 Time: Fio0a= 15 <0.0001
Crypt Nucleolus 65 271 20 0.68 0.19 Conﬁpartme.znt: F2,204=178.7 <0.0001
No interactions
3h Appendage Nucleolus 48 1015 517 1.49 0.72
Tukey post-hoc:
Pore Nucleolus 42 649 281 0.92 0.29 1h: Ap # Po # Cr
Crypt Nucleolus 44 316 123 0.54 0.2 3h: Ap # Po #Cr
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Table S 2-3 V. fischeri ES114 proteins with NLS sequences. Out of total 3,819 protein sequences, 58 proteins were found to

carry a putative NLS sequence. Rows in bold refer to proteins found in V. fischeri OMVs.

No. BioCyc protein Id Name Predicted NLS sequence Predicted
localization in
bacteria

1 G12Y8-2890- RNA helicase 449 _KKKRPFSGKPKTKGTGENRGNGSNFGKSK_477 Cytoplasmic

MONOMER
2 G12Y8-2983- GGDEF/EAL domain-containing 554_KRKRKKSKK_562 Cytoplasmic
MONOMER protein Membrane
3 G12Y8-3282- type | restriction-modification 841_PDPRKIKQ_848 Unknown
MONOMER system restriction subunit
4 G12Y8-3296- ATP-dependent RNA helicase 448_PKKKPKQ_454 Cytoplasmic
MONOMER
5 G12Y8-3525- TonB protein 132_RALKRR_137 Unknown
MONOMER
6 G12Y8-3558- 4-alpha-glucanotransferase 154_RKRRKAPYEMTLIVTPKACFKQDAMLKGK_182 Cytoplasmic
MONOMER
7 G12Y8-3776- polysaccharide export 141_RLQLRRSNKV_150 Periplasmic
MONOMER periplasmic protein
8 G12Y8-3780- Fis family transcriptional 328 _LKKYAKEDHKKFKALKR_344 Cytoplasmic
MONOMER regulator
9 G12Y8-3846- CP4-6 prophage; ferric 167_KIRKRLR_173 Cytoplasmic
MONOMER transporter subunit Membrane
10 G12Y8-5- 50S ribosomal protein L34 11_KRKRSH_16 Cytoplasmic
MONOMER
11 G12Y8-54- delta-aminolevulinic acid 12_RRMRRMR_18 Cytoplasmic
MONOMER dehydratase
12 G12Y8-55- guanosine pentaphosphate 37_KIKRKVR_43 Cytoplasmic
MONOMER phosphohydrolase
13 G12Y8-67- adenylate cyclase 645_EKRRRF_650 Cytoplasmic
MONOMER
14 G12Y8-79- 2-polyprenyl-3-methyl-5- 18 DKRRRY_23 Unknown
MONOMER hydroxy-6-metoxy-1, 4-
benzoquinol methylase
15 G12Y8-102- ribonuclease BN 127_KKKRRP_132 Cytoplasmic
MONOMER Membrane
16 G12Y8-106- bifunctional (p)ppGpp 154_KRRRI_158 Unknown
MONOMER synthetase 11/ guanosine-3',5'-bis
pyrophosphate 3'-
pyrophosphohydrolase
17 G12Y8-460- ATP-dependent RNA helicase 397_KKKAALAKKKAPKKKKK_413 Cytoplasmic
MONOMER SrmB
18 G12Y8-471- dinucleoside polyphosphate 161_RKFKRKGKK_169 Cytoplasmic
MONOMER hydrolase
19 G12Y8-501- translation initiation factor IF-2 261_PRRRK_265 Cytoplasmic
MONOMER
20 G12Y8-503- tRNA pseudouridine synthase B 3_RRRKGRPVNGVILIDKPTGITSNDTLQKVK_32 Cytoplasmic
MONOMER
21 G12Y8-575- Signal recognition particle (SRP) 398_RKKRIAAGSGVQVQDVNRMLKQFTQMQKMMKKMQK_432 Cytoplasmic
MONOMER component with 4.55 RNA (ffs) Membrane
22 G12Y8-683- tRNA-specific adenosine 153_RRRKEKKE_160 Cytoplasmic
MONOMER deaminase
23 G12Y8-735- riboflavin synthase subunit alpha 66_ETLKRT_71 Cytoplasmic
MONOMER
24 G12Y8-845- DNA-binding ATP-dependent 304_KRSKVKK_310 Cytoplasmic
MONOMER protease Lon (La)
25 G12Y8-1336- paraquat-inducible protein A 19_AKVKKKQ_25 Cytoplasmic
MONOMER Membrane
26 G12Y8-1425- formate dehydrogenase subunit 251_ARAKGKRFQ_259 Cytoplasmic
MONOMER delta
27 G12Y8-1435- LamB/YcsF family protein 237_LRKKLKS_243 Unknown
MONOMER
28 G12Y8-1492- acrylsulfatase-like protein 4_KKGTKRRL_11 Unknown
MONOMER
29 G12Y8-1534- superfamily | DNA/RNA helicase 434_KRKTH_438 Cytoplasmic
MONOMER
30 G12Y8-1575- methyltransferase 12_DKALRRR_18 Cytoplasmic
MONOMER
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31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

G12Y8-1588-
MONOMER
G12Y8-1629-
MONOMER
G12Y8-1772-
MONOMER
G12Y8-1911-
MONOMER

G12Y8-1921-
MONOMER
G12Y8-2086-
MONOMER
G12Y8-2105-
MONOMER
G12Y8-2196-
MONOMER
G12Y8-2289-
MONOMER
G12Y8-2327-
MONOMER
G12Y8-2459-
MONOMER
G12Y8-2479-
MONOMER
G12Y8-2534-
MONOMER
G12Y8-2587-
MONOMER
G12Y8-2593-
MONOMER
G12Y8-2704-
MONOMER
G12Y8-3032-
MONOMER
G12Y8-3053-
MONOMER
G12Y8-3351-
MONOMER
G12Y8-3886-
MONOMER
G12Y8-80-
MONOMER
G12Y8-330-
MONOMER
G12Y8-1058-
MONOMER
G12Y8-1124-
MONOMER
G12Y8-1196-
MONOMER
G12Y8-1608-
MONOMER
G12Y8-1846-
MONOMER

G12Y8-2710-
MONOMER

DnaK-like molecular chaperone
ATP-dependent helicase HrpA
coniferyl aldehyde

dehydrogenase

multifunctional fatty acid
oxidation complex subunit
alpha

cytochrome c-type biogenesis
protein CcmE

phosphate regulon sensor
protein

phage R protein

GTP-binding protein LepA
poly(A) polymerase
transpeptidase
ribosome-associated GTPase
protease with a role in cell
division

DNA-directed RNA polymerase
subunit beta'

RNA polymerase factor sigma-32
multiple antibiotic resistance

protein MarC

potassium transporter peripheral

membrane protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

hypothetical protein

684_KKRRRR_689

285_RRTHQRN_291

381_KRPRP_385

217_KKKAKRKL_224

3_PRRKKRL_9

87_KKRRK_91

6_LKRKART_12

560_RKKKLLKKQKEGKKR_574

460_KRRSPYRKKKR_470

121_KRKELISKIEKNKKRR_136

3_KKKKLTKGQVRRVRSNQKKRIEK_25

214_RKRITNESSYLNELQQNEKRLK_235

213_KRKKVTKRLK_222

133_RKLFFNLRKNKKR_145

33_KRRRI_37

105_LREKER_110

3_RKKKVKDAILKKHRKNQTKQSRANKPK_29

58 KKRTH_62

13_RKNKLKRE_20

19_KRKRRKFELIELHHSIVEAENKKRPK_44

34_KRKRKRK_40

16_KKKRR_20

174_LKKRLKS_180

57_KRPKKRRKK_65

26_RKMMKLNKLENKNRRIRKKL_45

25_KKKKLTIRQNQQSSHKSPVVPFDDEADKKDK_55

763_RRRRRDRR_770

145_KRRKQDQMKKTPNLLLRKTLK_165

Cytoplasmic

Unknown

Cytoplasmic

Cytoplasmic

Unknown
Cytoplasmic
Membrane
Unknown
Cytoplasmic
Membrane
Cytoplasmic
Cytoplasmic
Membrane
Cytoplasmic
Outer Membrane
Cytoplasmic
Cytoplasmic
Cytoplasmic

Membrane

Cytoplasmic
Membrane
Unknown
Cytoplasmic
Membrane
Unknown
Unknown
Unknown
Unknown
Cytoplasmic
Unknown
Unknown
Unknown

Cytoplasmic

Cytoplasmic
Membrane
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Chapter 3 Tracking molecules from non-symbiotic
bacteria into squid host tissues during the early
hours after hatching

3.1 Introduction

The establishment of specificity between a host and its symbiotic partner has been an area of
great interest among biologists. This phenomenon is most notable in horizontally transmitted symbiosis
where the host selects its symbionts anew each generation (Douglas, 1998). Throughout evolution,
animals developed anatomical, cellular, and molecular mechanisms to promote successful transmission
of specific bacterial symbionts between generations, while discouraging others, and even discriminating

between closely related bacteria strains or species (Douglas, 1998; Chaston and Goodrich-Blair, 2010).

The symbiosis between the Hawaiian bobtail squid Euprymna scolopes and the marine
bioluminescent bacterium Vibrio fischeri is highly specific and depends on the strict selection of V.
fischeri against a background of many other, non-symbiotic bacteria in the seawater (McFall-Ngai and
Ruby, 1991). This exclusive relationship is mediated via a series of biomechanical, biochemical, and
reciprocal molecular features that ensure the successful selection of V. fischeri from the environment
and the long-term maintenance of the association (e.g., Nyholm and McFall-Ngai 2004; McFall-Ngai et
al. 2012; Stabb and Visick 2014). Extensive work has been carried out to elucidate species-specificity in
the squid-Vibrio association and the ability of the squid to interact with and respond to non-symbiotic

bacteria (Nyholm et al., 2002; Nyholm and McFall-Ngai, 2003; Altura et al., 2013; Aschtgen et al., 2015).

Specificity of the symbiosis starts early in the interaction; the squid and its symbiont must
physically contact and recognize one another among the vast array (ca. 10° cells/mL) of bacterioplankton
that are present in the natural seawater (Nyholm and McFall-Ngai, 2003). However, while the squid
specifically responds to a very low number of V. fischeri cells in the early stages of symbiosis (Kremer et
al., 2013; Altura et al., 2013), studies have demonstrated that the host is also able to sense other bacteria
species to some extent (Nyholm and McFall-Ngai, 2003; Nyholm et al., 2009; Altura et al., 2013). For a
short period after hatching, the light organ is permissive to any bacteria (Gram-negative or -positive) or
particles less than 2 um in diameter. However, 2 h after hatching all invaders including V. fischeri are
eliminated from the light organ. During this period V. fischeri cells begin to gather along the mucociliary
surface of the organ and associate intimately with host cells. Nevertheless, interaction with host cilia is
not specific only to V. fischeri. In the absence of V. fischeri, Gram-negative bacteria can form tight
aggregates (Nyholm and McFall-Ngai 2003; Altura et al. 2013; S. Koehler, personal communication) and

some can even temporarily reach the light-organ duct (Nyholm and McFall-Ngai, 2003). The main factors
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controlling host response to V. fischeri are common cell envelope molecules that are widely shared
among bacteria (e.g., lipopolysaccharide [LPS], peptidoglycan [PGN]). When co-incubated with the squid,
non-symbiotic products, such as outer membrane vesicles (OMVs), PGN, and LPS can trigger light-organ
responses similar to V. fischeri molecules. For example, shortly after hatching, PGN from both Gram-
positive and -negative bacteria induce mucus secretion from the appendage epithelium (Nyholm et al.,
2002). Purified V. fischeri LPS, as well as LPS from other bacterial species, can attenuate the host enzyme
responsible for nitric oxide (NO) production in the light organ (Nitric Oxide Synthase or NOS; Altura et al.
2013) and act synergistically with any PGN to elicit apoptosis of the appendage cells (Foster et al., 2000).
More recently, studies have shown that OMVs produced by non-symbiotic environmental bacteria (V.
parahaemolyticus, V. harveyi, and E. coli) are capable of inducing characteristics of normal
developmental program in the light organ (e.g., haemocyte trafficking) similar to the response caused by
symbiont OMVs (Aschtgen et al., 2015). Of note, in the natural seawater environment, none of the non-
specific environmental bacteria cells or products, other than PGN-induced mucus shedding, was found to
induce these changes in the squid. It is believed that the context in which the molecules are secreted and
presented to the host drives this discrepancy and important for the full light-organ response (McFall-Ngai

et al., 2012; Aschtgen et al., 2015).

Using a stable isotope-based approach, combined with TEM and quantitative NanoSIMS imaging |
showed in Chapter 2 that transfer of °N-labeled V. fischeri-derived compounds into squid tissues takes
place as early as 2 h after exposure to bacteria cells or their OMVs. This transfer was not exclusive to the
light-organ epithelial cells, but was also observed in other squid organs, such as gills and gut. These
findings demonstrate that, beyond the very specific signaling between symbiont and host with molecules
that we cannot image with the NanoSIMS (such as TCT), there is a more general chemical ‘conversation’
taking place between the two partners. These data then bring into question the specificity of this
chemical conversation. To attain a deeper understanding of the nature of these molecular transfers of
into host cells, in this Chapter, | compared the host responses to several bacteria the host’s uptake and
subcellular distribution of **N-labeled V. fischeri-derived molecules was compared with the uptake and
subcellular distribution of '°N-labeled molecules derived from non-symbiont species. These non-
symbiont species included other Vibrionaceae, Vibrio parahaemolyticus and Photobacterium leiognathi,

and Escherichia coli.

3.2 Material and Methods

3.2.1 General procedures
Adult E. scolopes were collected in Oahu, Hawaii and transported to the Kewalo Marine

Laboratory, where breeding animals were maintained in a recirculating seawater system (Doino and

82



Chapter 3 Tracking molecules from non-symbiotic bacteria into squid host tissues during the early hours after hatching

McFall-Ngai, 1995). All experiments were performed in accordance with the relevant regulatory

standards established by the University of Hawaii at Manoa.

3.2.2 Bacterial strains and growth conditions

Four bacteria species were used in this study: wild type Vibrio fischeri (ES114; Boettcher and
Ruby 1990), Vibrio parahaemolyticus (KNH1; Nyholm et al. 2000), Photobacterium leognathi (KNH6; E.
Stabb, personal communication) and Escherichia coli (RP437; Zhou et al. 1998). The Vibrio strains were
grown overnight on LBS agar plates (LB agar containing and additional 2% [wt/vol] NaCl; Graf et al. 1994),
while E. coli was cultured in LB medium (Bertani, 1951). One colony of bacteria cells was then transferred
to a minimal salts media (MSM; Ruby and Nealson 1977), which was supplemented with 11 mM [**N]-
ammonium chloride (NH4Cl; N, 99%; Cambridge Isotope Laboratories Inc., MA, USA), 40 mM glycerol,
50 mM PIPES buffer (pH 7.2) and 5 g/L of Celtone base powder (N, 98%; Cambridge Isotope
Laboratories, Inc. MA, USA). Cultures of 100 mL were grown shaking at 28°C and 220 rpm in 125 mL
Erlenmeyer flasks to ensure gas exchange occurred between the culture and the air, thereby reducing
the possibility of hypoxic conditions. Levels of *N-enrichment were maximized by a series sub-culturing
the bacteria into fresh labeled-media (initial ODgoonm Of 0.0025; i.e., 30-40 generations). Cells from the
last passage (ODegoonm Of 0.2-0.5) were thoroughly washed twice in filtered seawater (FSW; 0.2 um
Millipore membrane) by centrifugation (2 min, 8000 rpm) immediately before inoculating the squid.
NanoSIMS control samples containing the natural N/*N isotopic composition analysis were derived

following the same protocol, except that bacteria were grown in non-labeled medium.

Before inoculation, it was also important to determine the ®N-enrichment of bacteria in the
culture. To measure this enrichment, a 4-uL aliquot of the washed bacteria was pipetted onto an
aluminum stub, and after drying, was analyzed using NanoSIMS (details of this procedure are described
in ‘General procedure for NanoSIMS analysis’). In the present experiment *N-enrichment values in the

Vibrio strains were about 600-700 fold above the natural **N/**N ratio.

3.2.3 Isolation of outer membrane vesicles (OMVs)

OMVs were purified using a method adapted from Aschtgen et al. (2015). Bacteria were grown to
an ODeoonm Of ~2 in MSM supplemented with *N-Celtone base powder, as described before. To obtain a
similar amount of OMVs from each strain, Vibrio cells were grown in 200 mL while E. coli cells were
cultured in 1 L (Aschtgen et al., 2016). Bacterial cultures were centrifuged at 4,500 x g for 15 min at 4°C.
The resulting supernatant was filtered using 0.45 um and 0.22 um pore polyvinylidene difluoride (PVDF)
membranes (Millipore Corp., Billerica, MA). The resulting filtrate was then ultracentrifuged at 173,000 x g
for 2 h at 4°C in a 90 Ti rotor (Beckman Coulter, Inc., Brea, CA) until a pellet was formed, containing the
OMVs. This pellet, was washed 3 times in 15 mL Dulbecco’s phosphate buffered saline (dPBS; 0.2 g KCl,

0.2 g KH,PO4, 11.7 g NaCl, 1.1 g Na,HPO4, 0.1 g MgCl,*6H,0, and 0.1 g CaCl, per liter deionized water
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supplemented with an additional 11.7 g NaCl/L, and filter-sterilized; Aschtgen et al. 2015) and the
ultracentrifugation step was repeated after each wash. The vesicle pellet was then resuspended in 1 mL
dPBS + NaCl. To determine the protein content of the purified OMVs, the Qubit 2.0 fluorometer was used
(Life Technologies, Grand Island, NY) following the manufacturer’s protocol. The relative amount of OMV
material was also measured using the lipophilic dye FM4-64 (Molecular Probes), as described previously
(Aschtgen et al., 2015). For more information regarding the Qubit readings and the lipophilic dye
methods, please see Material and Methods in Chapter 2. Purified OMVs were stored at -20°C until animal
exposure. Vesicles were visualized by negative staining electron microscopy (see protocol in ‘General
procedure for NanoSIMS analysis’; Fig 3-S1). OMV concentrations (50 ug protein/mL) for the subsequent

experiments were chosen to be similar to previous studies (see Chapter 2).

3.2.4 Squid assays

The goal of this experiment was to compare *N-enrichment patterns inside the squid tissues
following exposure to either symbiotic or non-symbiotic bacterial cells and/or their OMVs. To achieve
this aim, newly hatched E. scolopes were placed in FSW from their egg tank, and either *N-labeled
bacteria cells (V. fischeri, V. parahaemolyticus and P. leiognathi; n=5-7) or *N-labeled purified OMVs
(50 ug/mL; V. fischeri, V. parahaemolyticus and E. coli; n=3-5) were added. The duration of the
incubations lasted for 3.5 h and 3 h for bacteria cells and OMVs, respectively. Control samples consisted
of squids inoculated with unlabeled bacteria. Note that the bacterial concentration of the non-symbiotic
species was with 107 colony forming units (CFU/mL) 10 times higher than the concentration of V. fischeri
cells (10° CFU/mL) in the seawater used to inoculate the squids. These concentrations were used because
of new evidence showing that V. parahaemolyticus are able to form aggregates on the ciliated
appendage of the squid host, but they are 10 times smaller than V. fischeri aggregates, when presented
with the same number of bacterial cells (CFU/mL) in the seawater (S. Koehler, personal communication
2016). Because it was not known whether different sized aggregates would influence enrichment
patterns, it was decided to change the concentration of non-specific bacteria cells that were added to
the seawater, in order to induce the formation of similar aggregate sizes compared to V. fischeri. At the
time the study was conducted, there was no information on the aggregate size of P. leiognathi. However,

recent evidence suggests that P. leiognathi forms an aggregate of similar size to V. fischeri.

To determine the concentration of bacteria (CFU/mL) in the incubation seawater, 5 uL were
plated on LBS medium (LB agar containing 2% [wt/vol] NaCl), and the number of CFU were counted on
the next day. Colonization of the symbiotic juvenile squid was confirmed by measuring luminescence
output of the juveniles using a TD 20/20 luminometer (Turner Designs, Sunnyvale, CA, USA). After

incubation, squids were anesthetized in a solution of 2% ethanol in FSIO containing 0.001% CellTracker
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Orange (Molecular Probes, Eugene, OR). The mantle and funnel tissues were then dissected to expose

the underlying light organ and the animals were put into fixative solution.

3.2.5 Sample preparation for transmission electron microscopy and NanoSIMS

For details please refer to ‘General procedure for NanoSIMS analysis’.

3.2.6 Statistical analysis

Because the data did not meet the assumptions of the parametric test, significance of °N-
enrichment levels among cell organelles and bacteria strains was assessed using the non-parametric
Kruskal-Wallis ranked test followed by a Nemenyi post hoc test. Correlations between the levels of *N-
enrichment in the nucleus and nucleolus were examined using the non-parametric Spearman’s rank
correlation. All statistical analyses were performed using the statistical program R (Maxwell and Delaney,
2004), version 3.2.0. Data are expressed as means + standard deviation (SD). P values of <0.05 were
considered as statistically significant for all testing. Table S 3-1 and S 3-2 provide a summary of tests for

statistical significance for all experiments presented in this study.

3.3 Results
3.3.1 Juvenile squids inoculated with non-symbiotic bacterial cells

To determine whether non-symbiotic bacteria cells induced host **N-enrichment patterns similar
to those induced by the symbionts (Chapter 2), the results of animals exposed for 3.5 h to *N-labeled
V. parahaemolyticus or P. leiognathi were compared with the results from 3.5 h exposure to **N-labeled
symbiont cells. In this experiment, however, exposure to V. fischeri cells did not induce any measurable
5N-enrichment in the host tissues (n=4). Examination of light organs under light microscope showed
abnormalities in the structure of some of the light organs, across all treatments. For example, some light
organs only had one lobe, while others had irregularly shaped anterior appendages (Fig S 3-2). (Note that
although all squids were from the same clutch only some appeared to have irregular light-organ
morphology). Together, these observations suggest that the some of the light organs were not fully
developed (Montgomery and McFall-Ngai, 1993), a trait often observed in premature squids.
Interestingly, squid crypts from these experiments examined for colonization, proved to be fully occupied
by V. fischeri. While we do not know the reasons why only non-symbiotic cells were able to induce host
BN-enrichment in these experiments, | speculate that if the squids were premature, uptake of bacterial
products from the surrounding seawater might be reduced or delayed. On the other hand, the higher
inoculum that was used for V. parahaemolyticus or P. leiognathi (10’ CFU/mL vs. 10° CFU/mL for V.
fischeri) may have compensated for a potentially weak ‘molecular uptake capability’ of the squids. In any
case, in order to proceed with a comparison with host ®N-enrichment between the non-symbiotic
bacteria species and symbiotic V. fischeri, results for the latter are used with reference to the

experiments described in Chapter 2. It is important to note that despite the high variability in *N-
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enrichment among squid replicates, the °N-enrichment patterns induced by V. fischeri cells and
discussed in Chapter 2 were reproducible in two other independent experiments (one experiment is

described in the epilogue), suggesting that these findings are robust.

In the presence of non-symbiotic Vibrionaceae cells, V. parahaemolyticus and P. leiognathi, *N-
enrichment patterns in the epithelial cells of the light organ were comparable to squids inoculated with
symbiont cells (Fig. 3-1; Table S 3-1). Specifically, °N incorporation into subcellular components of the
appendage epithelium had similar patterns compared to squids inoculated with V. fischeri cells (Fig. 3-1;
Table S 3-1); where levels of °*N-enrichment were the strongest in the nucleoli and the lowest in the
cytoplasm (cytoplasm < nucleus << nucleolus; Table S 3-1; Fig 3-1C). Systematically, °*N concentrated
preferentially in euchromatin regions of the host nucleus (Fig 3-1A; darker area inside the nuclei), as
previously observed in squids exposed to V. fischeri cells (Chapter 2). However, a greater amount of °N
accumulated inside host cells following exposure to non-symbiotic cells compared to V. fischeri cells
(Table S 3-1). Preliminary observations also suggested that levels of ®N-enrichment in the appendage

epithelium were higher than those in the crypt epithelium (data not shown).

Furthermore, small hotspots were observed along the microvilli lining the cells in the ‘shoulder’
area (indicated with dash box in Fig. 3-1B, top), correlating with fibrous material (Fig. 3-1B) and
resembling those observed at 6 h post inoculation with V. fischeri cells (Chapter 2). However, as opposed
to the results observed in Chapter 2 with V. fischeri cells, hotspots were rarely observed along the
ciliated fields in squids inoculated with V. parahaemolyticus, and were completely absent in squids

inoculated with P. leiognathi (Fig 2-1A).

The similarities in the enrichment patterns induced by non-symbiotic and symbiotic bacterial
cells were not limited to the epithelial cells of the light organ, but were also evident in the connective
tissue, gut, and gills (Fig. 3-2). Interestingly, in some tissues, such as the endothelial cells surrounding the
blood sinus and the mantle, °*N-enrichment was comparable between the subcellular compartments
(Endothelial cells: cytoplasm, 215 + 9%e.; Fig. 3-2D; nuclei, 210 + 10%o; Mantle: cytoplasm and nuclei ~

55%o Fig. 3-2E). In squids inoculated with V. fischeri cells no **N-enrichment was measured in the mantle.

Although squids exposed to ®N-labeled V. parahaemolyticus cells incorporated more *N than
squids exposed to P. leiognathi (Fig. 3-1C; Table S 3-1), remarkable similarities were observed for the two
situations. For example, the average nucleoli-to-nuclei enrichment ratios were about 4.1 in the
appendage epithelium of squids exposed to V. parahaemolyticus and about 4.9 in P. leiognathi (Fig. 3-
1C), while levels of *N-enrichment in the nucleoli were strongly correlated with levels of **N-enrichment

in the nuclei (excluding the nucleoli) (Table S 3-1).

86



Chapter 3 Tracking molecules from non-symbiotic bacteria into squid host tissues during the early hours after hatching

Dorsal side

600

- Appendage T
£ 250018 Rt c
2000 *
[&]
2 1500 ,
< 1000 a b ey
F 500, @ T
© o %%

CYT N Nu

Fig. 3-1. 15N-enrichment (expressed as 6'°N) in the juvenile squid light organ 3.5 h post inoculation with 5N-labeled non-
symbiotic Vibrionaceae cells. (A) Left panels show tissue structure (NanoSIMS 12C14N- image). Right panels show corresponding,
quantified NanoSIMS 15N/N ratio image. Nucleoli are indicated by green arrowheads. Values for the NanoSIMS scale are
expressed in %o (see ‘General procedure for NanoSIMS analysis’). (B) *>N- hotspots along the microvilli lining the cells in the
‘shoulder’ area. Top: Diagram illustrating the light organ with the different compartments. The ‘shoulder’ region, where the
images were obtained, is highlighted in the dash box. aa, anterior appendage; is, ink sac. Middle: a representative high
resolution TEM (top) and NanoSIMS ratio image overlay (bottom) of the >N- hotspots along the microvilli lining the cells in the
‘shoulder’ area. Inset is high magnification of the region highlighted in the dashed box. Note that most of the hotspots co-
localized with fibrous materials that | speculated to be the mucus matrix that is secreted by the squid epithelial cells. (C) 5N-
enrichment in the cytoplasm (CYT, n=90-110) nuclei (N, n=200-240) and nucleoli (Nu, 60-70) of the epithelial cells lining the
appendage (squids: 5-7 animals; Table S 3-1). Lower case letters indicate statistically significant differences between cell
organelles and light-organ compartments (Table S 3-1). Asterisk indicate significant differences between bacteria species (Table
S 3-1). Error bars represent 1 standard deviation.



Chapter 3 Tracking molecules from non-symbiotic bacteria into squid host tissues during the early hours after hatching

o

650 1300

Fig. 3-2. *>N-enrichment in nuclei and nucleoli (hotspots) in epithelial tissues in other squid organs after 3.5 h inoculation with
15N-labelled V. parahaemolyticus cells. Left panels show tissue structure (NanoSIMS 2C4N- image). Right panels show
corresponding, quantified NanoSIMS 5N/%4N ratio image. Nuclei are indicated by white arrowheads. Values for the NanoSIMS
scale are expressed in %o (see ‘General procedure for NanoSIMS analysis’).

3.3.2 Juvenile squids inoculated with non-symbiont- derived OMVs

Squids were exposed to the same OMVs concentration (50 pg protein/mL). Irrespective of where
the OMVs were derived from (V. parahaemolyticus, V. fischeri, or E. coli), epithelial cells in the
appendages and crypts of squids inoculated with OMVs from V. parahaemolyticus were generally more
enriched in >N compared to the other two experiments; this observation was most pronounced in the
crypt epithelia (Fig. 3-3; Table S 3-2). Significant variation in the level and patterns of *N-enrichment
was observed between host cell organelles in these OMV experiments (Fig. 3-3A and B; Table S 3-2B),
with nucleoli recording the highest levels of ®N-enrichment. However, in squids treated with V. fischeri
as well as E. coli OMVs, the three organelles (i.e., cytoplasm, nuclei and nucleoli) where not always
enriched at the same time in a given cell and ®*N-enrichment was measurable only in 40-70% of these
organelles. Despite this, the nucleoli in squid cells exposed to V. fischeri OMVs were consistently

enriched.
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Fig. 3-3. 15N-enrichment in squid epithelial cells exposed for 3 h to '°N-labeled OMVs purified from V. fischeri, V.
parahaemolyticus and E. coli, respectively. (A) Mosaic TEM micrographs (top row) and the corresponding NanoSIMS 15N/4N
ratios images (second panel) of cells in the appendage of juvenile squids inoculated with OMVs from the indicated bacteria
species. Nucleoli are indicated by green arrowheads on the TEM micrographs. In the NanoSIMS image of the squid exposed to V.
parahaemolyticus OMVs, 15N hotspots not corresponding to nucleoli were observed. Values for the NanoSIMS scale are
expressed in %o (see ‘General procedure for NanoSIMS analysis’). (B) Distribution of >N-enrichment in cell organelles cytoplasm
(CYT), nucleus (N), and nucleolus (Nu) in the appendage and crypts spaces (squids: 3-5 animals; cell organelles in each squid
replicate: CYT: n=10-16; N: n=50-100; Nu: n=8-14; Table S 3-2B). Lower case letters indicate significant differences between the
cell organelles; Asterisk indicate significant differences between bacteria species. Error bars represent 1 standard deviation.

Another striking result from the OMV experiments was the difference between the levels of °N-
enrichment in the cytoplasm compared to nuclei and nucleoli in appendage and crypt epithelia (Table S
3-2B). Exposure to V. fischeri OMVs led to *N-labeling in the nucleoli of the epithelial cells that was ~9.4
fold higher than in the surrounding cytoplasm, whereas the difference between the two, following

exposure to V. parahaemolyticus OMVs, was much lower (1.6 fold; Fig 3-3B). This finding was driven by

systematically higher labeling in the cytoplasm in the V. parahaemolyticus OMV treatment (Fig. 3-3B;
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Table S 3-2B). Interestingly, the cell cytoplasm in squids exposed to V. parahaemolyticus OMVs were
more highly enriched (17 to 24%) than the nuclei, with visible hotspots in the cytoplasm, while epithelial
cells in squids exposed to V. fischeri OMVs exhibited the opposite pattern: the cytoplasm was less
enriched (42 to 66%, for crypts and appendages, respectively) compared to the nuclei. High-resolution
correlative TEM and NanoSIMS images revealed that the °>N-hotspots observed in the appendages in the
V. parahaemolyticus OMV treatment corresponded with the position of the Golgi apparatus (Fig. 3-4;
Table S 3-2A). The Golgi apparatus was also enriched in V. fischeri OMVs treatment and in both OMVs
treatments, levels of °N- enrichment in the Golgi were higher than the cell cytoplasms and nuclei (Fig. 3-
4B; Table S 3-2A). These results suggest that the OMVs (or their content) from both Vibrio species

associated with the Golgi apparatus.
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Fig. 3-4. *>N-enrichment in the Golgi of squid epithelial cells exposed for 3 h to >N-labeled OMVs purified from V. fischeri and
V. parahaemolyticus. To distinguish the Golgi apparatus from the other cytoplasmic organelles (such as mitochondria), high
resolution TEM and NanoSIMS images were obtained (1 animal). (A) Representative TEM (left) and NanoSIMS ratio image
overlay (right) showing >N-hotspots correlating with Golgi apparatuses in squid exposed to V. parahaemolyticus-OMVs; OMVs
from V. fischeri did not produce similar Golgi apparatus enrichment and E. coli OMVs produced no significant labeling in Golgi
apparatuses (data not shown). Values for the NanoSIMS scale are expressed in %o (see ‘General procedure for NanoSIMS
analysis’). (B) Representative distributions of 1*N-enrichment in appendage cell organelles after exposure to V. fischeri and V.
parahaemolyticus OMVs (cytoplasm: CYT, n=15-20; Golgi apparatus: GA, n=15; nucleus: N, n=50-60; and nucleolus: Nu, n=11-15;
Table S 3-2A) using data from a mosaic that part of it is in Fig. 3-4. & 815N in the cytoplasm do not include the Golgi. Lower case
letters indicate significant differences between the cell organelles; Asterisk indicate significant differences between bacteria
species. Error bars represent 1 standard deviation.

We found a similarity in the correlation coefficient between the *N-labeling in nucleus and
nucleolus in squids exposed to OMVs from either V. fischeri or V. parahaemolyticus (Fig. 3-5). Finally, the
BN-enrichment on the surface epithelium was investigated. In squids inoculated with V.
parahaemolyticus OMVs, ®N-hotspots mainly associated with fibrous materials and were observed
adjacent to the microvilli and cilia lining these surfaces (Fig. 3-6B). However, in contrast to the
experiments with V. fischeri OMVs (Chapter 2), hotspots were scarce in squids inoculated with V. fischeri

OMVs (Fig 3-6A).
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Fig. 3-5. Correlation between the >N-enrichment in the nuclei and their corresponding nucleoli in squid epithelial cells
after 3 h exposure to '*N-labeled OMVs purified from V. fischeri, V. parahaemolyticus and E. coli. The strength of the
correlation was examined using Spearman’s rank correlation test.

As the exception, squids inoculated with E. coli OMVs, presented a cleary different patterns from
those observed in squids inoculated with OMV of the Vibrio spp.: (i) only very low levels of *N-
enrichment were detected with no differences in the ®N-enrichment levels between the labeling of the
cytoplasm of the cells and the nuclei (Fig. 3-3B; Table S 3-2B), (ii) no detectable ®N-enrichment was
observed in the Golgi apparatus, (iii) no correlation between the ®N-enrichment in the nuclei and
nucleoli was observed (Fig. 3-5), and (iv) *®N-hotspots were highly abundant on the cell surface of the
ciliated field (Fig 3-4A and 3-6C). Surprisingly, however, most of the hotspots were associated with
vesicle-size spheres (Fig. 3-6C) corresponding to the microvilli (lateral cross section of the microvilli; this
study, 93 + 15 nm in diameter; n=30; Montgomery and McFall-Ngai 1993, 70-115 nm in diameter). This
finding is in contrast to previous observations across all experiments and treatments (whole bacteria or

OMVs; this study and Chapter 2), in which hotspots corresponded predominantly to fibrous structures.
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Fig. 3-6. >N-enrichment on the cell surface of the appendage epithelium in a juvenile squid light organ following 3 h
exposure to >N-labeled OMVs purified from V. fischeri (A), V. parahaemolyticus (B) and E. coli (C). A representative high
resolution TEM (left) and NanoSIMS >N/4N ratio image overlay (right) of the !5N- hotspots on the cell surface of the
epithelial cells. Inset is high magnification of the region highlighted in the dashed box. In squids exposed to V. fischeri 1°N-
hotspots were scarce, in contrast to the highly abundant 1°N- hotspots that were observed on the cell surface of the
appendage epithelium in previous studies (Chapter 2). Most of the >N-hotspots co-localized with fibrous materials in squids
exposed to V. parahaemolyticus-derived OMVs. | speculate that these materials corresponded to be the mucus matrix that is
secreted by the squid epithelial cells. Conversely, in animals exposed to E. coli-derived OMVs >N-hotspots mainly 1N-
hotspots co-localized to microvilli. Values for the NanoSIMS scale are expressed in %o (see ‘General procedure for NanoSIMS
analysis’)
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3.5 Discussion

Previous studies found that the squid host can incorporate ®N-molecules derived from the
symbionts at the early stages of symbiosis into its tissues and cells and that these responses were
localized to specific subcellular organelles and specific tissues (Chapter 2). Here, the host response to
5N-labeled bacteria products from Gram-negative, non-symbiotic bacteria species was examined. These
data provide evidence that: (i) when juvenile squids where exposed to non-symbiotic Vibrio cells, °N-
enrichment was detected in the cytoplasm and nuclei (notably, euchromatin regions), with strong
enrichment in the nucleoli of host cells. The >N-enrichment was most notable in the light organ, but also
present in other tissue types, such as gills and gut; (ii) these enrichment patterns were comparable to the
patterns induced by the symbiont, although higher levels of *N-enrichment were recorded in the squids
exposed to a non-symbiotic Vibrio; (iii) however, when exposed to equal concentration of bacterial
OMVs, the light-organ epithelium displayed different intracellular and cell-surface *N-enrichment
patterns that were distinguishable from patterns resulting from exposure to the bacteria cells. These
‘OMV patterns’ also differ between the bacteria species, specifically between the Vibrio spp. and E. coli.
Together, these findings indicate that the considerable uptake of *N-labeled bacterial molecules by the
squid is not specific to symbiont-derived products. However, the unique **N-enrichment patterns among
the different bacterial OMVs may reflect distinct mechanisms by which the squid detects and internalizes
the vesicles. In the following section, | elaborate on these two points, with a focus on the observed

differences in ®>N-enrichment patterns between bacteria treatments (cells vs. OMVs).

3.5.1 15N-enrichment patterns are not unique to the symbiotic partner

1’N-enrichment recorded in the squid following the incubation with non-symbiotic species (cells,
Fig. 3-1 and 3-2; OMVs, Fig. 3-3) revealed that the host is capable of incorporating molecules from other
bacterial species, in a seemingly non-specific manner, during the first hours after hatching. Despite the
lower levels of *N-enrichment that were detected inside the host cells after exposure to E. coli OMVs,
this results support the idea of non-specific interaction between the squid and other bacteria, even with
non-Vibrio spp. Earlier investigations found that Gram-negative bacteria, such as V. parahaemolyticus
and P. leiognathi, can interact closely with host cilia and form an aggregate on the light-organ surface
(Nyholm and McFall-Ngai, 2003; Altura et al., 2013). In addition, purified bacterial cell-envelope
molecules (i.e., LPS and PGN) and OMVs from non-symbiotic bacteria (Vibrio and non-Vibrio spp.) can
alter the host response, i.e., haemocyte trafficking and appendage apoptosis, similar to the response
induced in symbiotic animals (Aschtgen et al. 2015, 2016). While the presence of biologically relevant
concentrations (10* CFU/mL) of non-specific bacteria cells failed to induce these responses (Aschtgen et
al., 2015), higher concentrations of V. parahaemolyticus were able to induce migration of haemocytes to

some extent (M.S. Aschtgen, personal communication).
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The broad similarities between the N-enrichment patterns induced by symbiont and non-
symbiont Vibrio cells may imply that a shared molecular exchange or similar processing in the squid cells
is responsible for these enrichment patterns. This similarity calls into question some of the speculations
provided in the previous chapter, including why *N-enrichment was mostly observed in the subnuclear
components. One of the hypothesis raised was that bacteria molecules may specifically target the
nucleus by either containing a sorting signal for the nucleus and nucleolus (i.e., NLS, NoLS) or by being
small enough to diffuse across the nucleus pores and form a strong interaction with subnuclear
components. However, considering the absence of species-specific **N-enrichment that was observed in
the current study, it is perhaps less likely that bacteria molecules from the non-symbiotic Vibrio species
also had a direct interaction with the subnuclear components. It is then tempting to speculate that the
reason a similar ®N-enrichment pattern was found between the Vibrio spp. might be related to a more

general communication that can occur between the bacteria and the squid during initiation of symbiosis.

3.5.1.1 Stronger response to V. parahaemolyticus products

Among the bacteria species tested in this study, V. parahaemolyticus cells or OMVs led to the
highest *N-enrichment in host tissues (Fig. 3-1 and 3-3; Table S 3-1 and S 3-2B), with clear enrichment
also observed in tissues such as the mantle, in which no *N-enrichment was observed after exposure to
symbiont cells (Fig. 3-2). While the higher inoculum concentration of V. parahaemolyticus might partially
explain the differences with the V. fischeri **N-enrichment labelling, it cannot account for the differences
in enrichment recorded in squids exposed to an equal concentration of bacterial OMVs. Similarly, in
another study V. parahaemolyticus OMVs tended to induce a higher response of haemocyte trafficking
compare to V. fischeri OMVs, though not statistically different (M.S. Aschtgen, personal communication).
A stronger response to non-symbiotic bacterial products was also observed when squids were co-
inoculated with purified LPS from V. cholerae compared to symbiont LPS (Foster et al., 2000). It is
possible that the molecules that were responsible for the ®N-enrichment in the squid cells were either
more biologically active, i.e., interact more with the cells, and/or were delivered at higher quantities
(Kulp and Kuehn, 2010; Chutkan and Kuehn, 2011; Collins et al., 2012; Schwechheimer et al., 2013).
3.5.2 The differential response to E. coli OMVs might suggest a distinct mechanism of

recognition and/or internalization into the host cells

Exposure to E. coli OMVs induced either no or relatively low *N-enrichment inside the squid cells
(Fig 3-3; Table S 3-2B). Considerable differences in *°N-enrichment patterns were observed in comparison
to the Vibrio spp. (no correlation between the ®N-enrichment in the nuclei and nucleoli (Fig. 3-5) and the
apparent differences in localization of ®N-hotspots on the cells surface of the appendage epithelia (Fig 3-

6C). The inability of E. coli OMVs to induce similar **N-enrichment patterns suggests that these OMVs are
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internalized differently, potentially because the E. coli OMVs contain different molecules than the OMVs

of Vibrio spp.

The uptake of diffusible or secreted molecules from non-symbiotic bacteria can occur in a similar
fashion to molecular products from symbiont bacteria if these molecules bear shared structural or
functional moieties. Unlike these individual molecules, OMVs might need to first bind to the squid or be
processed in some way before their contents can be taken up. Bacteria use diverse surface factors such
as pili, Outer Membrane Proteins (OMPs), lipoproteins, and adhesins to attach to specific components on
the surface of the host cells to facilitate their interaction and binding to the host (Pizarro-Cerdd and
Cossart, 2006; Galdiero et al., 2012). Various examples are described in pathogenic associations: the
heat-labile enterotoxin (LT) that is associated with OMVs produced by enterotoxigenic E. coli is
responsible for adherence to host intestinal epithelial cells (Kesty et al., 2004). Cholera cytotoxin (CT)
that is associated with Vibrio cholerae OMVs binds to cell surface receptor, ganglioside GM1, and aids in
internalization into the same type of cells (Chatterjee and Chaudhuri, 2011). Outer surface proteins,
OspA and/or OspB, are involved in the attachment of Borrelia burgdorferi vesicles to human endothelial
cells (Shoberg and Thomas, 1993). However, less is known about the function of surface proteins in
binding of OMVs from beneficial bacteria to their host. | suggest two surface molecules that potentially

promote recognition of V. fischeri OMVs by the squid host.

OMPs, the most abundant and best-described surface proteins, are often important for
interactions with various host cells, particularly in pathogenic association (Koebnik et al., 2000; Galdiero
et al., 2003; Galdiero et al., 2012). OmpU, the major OMP of V. fischeri, is a porin and is essential for
colonization of the light organ (Aeckersberg et al., 2001), recognition of V. fischeri cells by host
haemocytes (Nyholm et al., 2009), and triggering of normal host developmental response (Aschtgen et
al., 2016). In some V. cholerae strains, OmpU was suggested to play a role in adherence of bacteria cells
to human epithelial cells (Sperandio et al., 1995). Although this function has not been described for V.
fischeri cells, in which a defect in OmpU production did not seem to interfere with V. fischeri cells
attachment to host cell cilia (Altura et al., 2013), it is possible that the OmpU of V. fischeri OMVs is a key
determinant in their binding and internalization into the host cells. If this is the case, differences in the
OMPs characteristics between V. fischeri OMVs and E. coli OMVs could provide an explanation for the
differences observed in enrichment patterns. Future work should examine whether OmpU is necessary
for binding of V. fischeri OMVs to the host and investigate whether V. fischeri OmpU shares epitopes with
one of the major outer membrane proteins: OmpU from V. parahaemolyticus (Whitaker et al., 2012) and

OmpA, OmpF or OmpCin E. coli (Chen et al., 1980; Forst et al., 1988).

V. fischeri LPS may aid in adhesion and recognition of OMVs by the squid host. LPS molecules

consists of a core polysaccharide, O-antigen side-chain, and the evolutionarily conserved lipid A. In other
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species, the latter two moieties have been reported to play a role in adhesion to various surfaces and
human cells (Makin and Beveridge, 1996; Edwards et al., 2000; Munford, 2008) as well as acting as
virulence factors. V. fischeri lipid A and O-antigen have unique characteristics (Phillips et al., 2011; Post et
al., 2012) that distinguish them from other bacterial LPS. Additionally, these moieties are suggested to
play a role in colonization (O-antigen; Post et al. 2012) and light-organ morphogenesis (lipid A; Foster et
al. 2000; Heath-Heckman et al. 2016). These uncommon chemical structures might serve in the uptake of
the V. fischeri OMVs by the light-organ epithelia, and would be the cause for the less efficient uptake of
E. coli OMVs by squid cells. In this context, LPS in V. parahaemolyticus OMVs might bear similar moieties
to the LPS in V. fischeri OMVs resulting in a more comparable levels of **N-enrichment between these

bacteria OMVs.

Bacteria surface molecules are not always prerequisite for adhesion of the vesicles to their host
cells, but their presence can increase the rate of OMVs binding (Parker et al., 2010; Chutkan and Kuehn,
2011). For example, vacuolating cytotoxin VacA, a surface protein of Helicobacter pylori OMVs, is not
crucial for the OMV binding to gastric epithelial cells. However, VacA-containing OMVs increase their
association with the host cells (Parker et al., 2010). In the context of this study, E. coli OMVs may lack
some surface molecule that promotes uptake by squid cells, reducing their ability to transfer material to

the host in this context.

After binding to the cell surface, many of the bacterial OMVs enter the host cells and deliver their
cargo via endocytic pathways (reviewed in O’Donoghue and Krachler 2016). There are four major
endocytosis pathways: macropinocytosis, clathrin-dependent endocytosis, caveolin-dependent
endocytosis, or non-caveolin, non-clathrin dependent endocytosis (Doherty and McMahon, 2009), which
have been described to be involved in OMVs internalization to host cells (reviewed in O’'Donoghue and
Krachler 2016). In the squid, internalization of V. fischeri OMVs by both epithelial cells of the light-organ
appendages and isolated haemocytes can be blocked by an actin polymerization inhibitor, cytochalasin D,
suggesting that V. fischeri OMVs enter the cells via micropinocytosis (Aschtgen et al., 2015); care should
be taken when interpreting these results as this inhibitor could have affected other endocytosis
pathways as well (Fujimoto et al., 2000; Dutta and Donaldson, 2012). If E. coli OMVs were directed
through a different endocytic pathway compared to OMVs from V. fischeri and V. parahaemolyticus, the
intensity of the N-enrichment inside the host cells could have been affected. Interestingly, some OMVs
can use more than one pathway to enter the host cell, each of which are likely to exhibit different
efficiency (Parker et al., 2010; Pollak et al.,, 2012; Thay et al., 2014). For example, uptake of
Aggregatibacter actinomycetemcomitans OMVs by Hela cells was reduced to 25% after exposure to an
inhibitor of receptor-mediated endocytosis while exposure to filipin, that disrupts lipid rafts (cholesterol-
sequester agent), reduced OMVs internalization to 74% (Thay et al., 2014). The presence of specific
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molecules inside the OMVs can also influence the delivery mode across the plasma membrane.
Internalization of VacA-containing OMVs from H. pylori by gastric epithelial cells showed a reduction of
42% in vesicle uptake after the inhibition of the clathrin-mediated endocytosis, whereas only 25%
reduction was observed in the uptake of VacA-deficient OMVs (Parker et al., 2010). The partial level of
inhibition suggest that OMVs can be delivered via multiple endocytosis pathways and may support the
hypothesis that E. coli OMVs have used an alternative and less efficient route to enter the squid cells
compared to OMVs from V. fischeri and V. parahaemolyticus. However, it cannot be ruled out that the

content of E. coli OMVs also contributed to the observed differences in host **N-enrichment patterns.

The exact mechanism underlying the °*N-enrichment observed on the cell surface of the light-
organ appendages remains elusive. Despite the differences that were recorded in the level of °N-
enrichment and in the localization of the ®N-hotspots (fiber-like materials vs. microvilli), in all of these
treatments no vesicles were co-localized with the ®N-hotspots. In Chapter 2, | discussed two scenarios
for the absence of vesicles from the ®N-enrichment observed on the cell surface: (i) the presence of
enzymes that degrade OMVs membranes (e.g., LPS; Weinrauch et al. 1999) before their internalization
into the cells and/or (ii) that some of the OMV content is excreted extracellularly via endocytic recycling
pathways (Mallard et al., 1998; Grant and Donaldson, 2009). The unique pattern of *N-enrichment
associated with the microvilli in squid exposed to OMVs from E. coli might have been affected by the
endocytosis route that OMVs use to enter the cells and the molecular content of the OMVs. However,
this observation is a preliminary and should be examined further with additional experiments.

3.5.3 OMVs from V. parahaemolyticus and V. fischeri colocalize with component of
the secretory pathways

Squids exposed to V. fischeri and V. parahaemolyticus OMVs displayed high levels of °N that co-
localized with the Golgi apparatus (Fig. 3-4; Table S 3-2A). Several studies have shown that after OMVs
enter eukaryotic cells they associate with compartments of the endocytosis pathway (i.e., secretory
pathway), before releasing their cargo into the cytosol. Endocytosed cargo is often transported to early
endosome where it can be either recycled back to the plasma membrane, directed to endocytic
components, such as late endosome and lysosomes for degradation, or transported to the Golgi and/or
endoplasmic reticulum (ER). Additional sorting can occur from the Golgi network: cargo can be
transported to other cellular compartments, endosomal-lysosomal system, cell membrane or
extracellular milieu. OMVs are associated with endo-lysosomal compartments (Bomberger et al., 2009;
Bielaszewska et al., 2013; Vanaja et al., 2016) Golgi apparatus (Guidi et al., 2013; Thay et al., 2014)
and/or ER (Kesty et al., 2004; Kuehn and Kesty, 2005; Bauman and Kuehn, 2009; Thay et al., 2014).
Interestingly, it has been demonstrated that some OMVs must traffic through the Golgi apparatus before

their contents get delivered to the nucleus (Guidi et al., 2013). Manipulation of existing cellular pathways
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is a well-known strategy used by pathogens to deliver their toxins into the host (Sandvig and van Deurs,
2005; Blanke, 2006; Hendricks and Bomberger, 2014). By using such a sophisticated mechanism, it was
argued that: (i) toxins can have an easier access to the cytosol via the permeable membrane of the ER
compared to the plasma membrane; (ii) bacterial factors, such as CTc, can be activated through
processes that take place in these organelles (Wernick et al., 2010) and (iii) one of these organelles is the
place where they exert their effect (Sandvig and van Deurs, 2005). Some host receptors for bacterial
products can be found in these components and aid in detection of bacterial molecules that are
trafficked specifically to these organelles, such as the detection of intracellular monomeric LPS by Toll-
like receptor 4 that is localized to the Golgi apparatus in some mammalian epithelial cells (Thieblemont

and Wright, 1999; Hornef et al., 2002; Latz et al., 2002).

Future studies should involve correlative electron microscopy analysis and immunogold labeling
of internalized OMVs (using antibodies for the whole cells of V. fischeri or for OmpU) followed by a
NanoSIMS analysis to quantify the *N-enrichment in the compartments along the secretory pathways
(i.e., endosomes, lysosomes, ER and Golgi) where OMVs were observed. This approach should be
combined with the use of inhibitors for the diverse endocytosis pathways (review in Dutta and
Donaldson 2012; O’Donoghue and Krachler 2016) and/or markers of endocytosis components
(Bomberger et al., 2009; Furuta et al., 2009) and the retrograde transport, i.e., transport via the Golgi

apparatus-ER (Rompikuntal et al., 2012).

Differences in °N levels of cellular compartments between squids inoculated with OMVs from V.
fischeri or V. parahaemolyticus were mostly apparent in the Golgi apparatus and the cytoplasm (with ~2-
4 times higher levels of N in squids exposed to V. parahaemolyticus OMVs), whereas in the subnuclear
compartments it was less pronounced (~less than 1 fold higher levels of *N in squids exposed for V.
parahaemolyticus OMVS) (Fig. 3-3B). These results shows that perhaps the type of OMVs mainly
determines selective accumulation of °N in cell cytoplasm and cytoplasmic organelles rather than the
subnuclear compartments. This interpretation raises an intriguing question: does some of the molecular
cargo from V. fischeri and V. parahaemolyticus OMVs experience different fates in the host cells? These
materials could directly interact with the host cells at these interfaces, or could be processed by the
squid before imparting an impact. The reasons for the apparent preferential accumulation of *°N-

enrichment in these regions is an attractive and important area for further investigation.

3.5.4 Conclusion and future directions

Collectively, this chapter provides evidence that the ®N-enrichment that was recorded in the
squid tissues and cells after exposure to bacterial cells or bacterial products is not symbiont specific. The
squid is able to incorporate bacteria-derived molecules also from other bacteria species during the first

few hours after hatching, specifically from closely related Gram-negative bacteria. Exposure to non-
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symbiotic Vibrio species resulted in similar *°N-enrichment patterns as those induced by the symbionts
cells. Such an ability of the squid to uptake and respond to molecules that are not unique to the
symbiont is not very surprising as it is known that the squids can sense shared cell-envelopes molecules.
Interestingly, it was also demonstrated that when squids were exposed to OMVs, the transport of E. coli
OMVs was less efficient compared to OMVs from V. fischeri and V. parahaemolyticus. | speculate that the
presence of specific surface structures that are associated with the OMVs, and/or the endocytosis
pathway by which these OMVs enter the cells, may have actively promoted the uptake of V. fischeri and
V. parahaemolyticus OMVs and hinder the transport of E. coli OMVs. It is important to note that while
these bacteria cells or OMVs do not reside in the squid’s natural habitat at the concentrations that was
used in the current study, the squids are ubiquitously exposed to millions different bacteria species (10°
cells/mL) and their products at their natural environment. As such, there must be mechanisms by which
the host maintains a tolerance towards the large pool of bacterial products and modifie its response
accordingly, specifically in the case of bacterial OMVs that can contain a vast amount of molecules where

some can be harmful to the cells.

While the specific nature of the molecules that are causing the °N-enrichment in these
experiments remains undetermined, | propose that not all transferred bacterial molecules have shared
features and/or are necessarily related to specific signaling molecules. To gain better insights of the
function of these molecules, using bacterial vesicles from distantly related bacteria species, such as MVs
(membrane vesicles) from Gram-positive that do not contain LPS and might also have a different

molecular cocktail, should be considered.
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3.6 Supplementary information

V4 ﬁsch'e‘_r:i

Fig. 3-S1. Negative staining micrographs of OMVs that were isolated from V. fischeri, V. parahaemolyticus and E. coli. Vesicles
average size are 43+13 (n=13), 36110 (n=13) and 62+18 (n=8) in diameter, respectively.

Fig. 3-S2. Light micrographs of histology cross section (0.5 um thick) of a juvenile E. scolopes showing representative light
organs that appeared to be abnormal. (A) Elongated appendage. (B) Light organ with only one lobe. (C) irregular structure of
appendage (arrowhead). These animals were taken from the same clutch of squids that were used for the experiment
comparing ®N-enrichment after exposure to non-symbiotic bacteria cells and symbiotic V. fischeri. Although squids with
‘abnormal’ light organs were found in all bacteria treatments, only squids that were exposed to V. fischeri were not found 1>N-
enriched (similar to background levels of 15N/14N). Sections were stained with a mixture of Toluidine-blue and borax and image
colors were changed manually to grey colors.
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Table S 3-1 Statistical analysis of squids inoculated with nonspecific environmental bacteria cells, V. parahaemolyticus (7
animals) and P. leiognathi (5 animals) for 3.5 h. >N-enrichment in the different cell organelles, cytoplasm, nucleus and
nucleolus was compared for each of the bacteria treatments. Data was obtained for the appendages only.

Variables N Mean SD Statistics P value
(%) (%)
Bacteria Cell
organelle
V. parahaemolyticus Cytoplasm 109 191 36 Kruskal-Wallis test: <0.0001
X2=287.8
Nucleus 236 362 98 df=2
Nucleolus 73 1860 931
Nemenyi post-hoc:
CYT#GA#N #Nu
Cytoplasm 90 58 19 Kruskal-Wallis test: <0.0001
P. leiognathi X2 =192.5
Nucleus 196 126 56 df=2
Nucleolus 57 748 380 .
Nemenyi post-hoc:
CYT#GA#N #Nu
V. parah P. leiognathi
Correlation nucleus-nucleolus Spearman’s:  Spearman’s:
Appendage: Appendage:
p <0.0001 p <0.0001
p=0.828 p=0.859
Comparing bacteria treatments, for each | Cell Nucleus Nucleolus
cell organelle separately Kruskal-Wallis  Kruskal-Wallis test: Kruskal-
test: p <0.0001 Wallis test:
p <0.0001 X2 =310.3 p<0.0001
X2 =147.2 df=1 X2=49.8
df=1 df=1

101



Chapter 3 Tracking molecules from non-symbiotic bacteria into squid host tissues during the early hours after hatching

Table S 3-2 Statistical analysis of squids inoculated with OMVs from V. fischeri (3 animals) and from nonspecific
environmental bacteria, V. parahaemolyticus (5 animals) and E. coli (3 animals) for 3.5 h. (A) and (B) *N-enrichment in the
different cell organelles, cytoplasm, nucleus and nucleolus was compared for each of the bacteria treatments. (B) Data for the
analysis of the Golgi apparatus was obtained from a mosaic high resolution NanoSIMS image that was performed on a
representative squid from each bacteria treatment, V. fischeri and V. parahaemolyticus, and then was compared to the cell
organelles: cytoplasm, nucleus and nucleolus. Note that the Golgi apparatus in the E.coli treatment was not °>N-enriched.

Variables N Mean SD Statistics P value
(%o) (%o)
Bacteria Tissue Cell organelle
A V. fischeri Appendage Cytoplasm 20 59 25 Kruskal-Wallis test: <0.0001
Golgi apparatus 16 205 82 Xi =80.61
df=3
Nucleus 59 117 16
Nucleolus 15 848 200 Nemenyi post-hoc:
CYT#GA#N #Nu
V. parah Appendage Cytoplasm 14 288 62 Kruskal-Wallis test: <0.0001
Golgi apparatus 14 569 142 X2=58.74
df=3
Nucleus 50 222 44
Nucleolus 11 1032 248 Nemenyi post-hoc:
CYT #GA # Nu
N # GA # Nu
B V. fischeri Appendage Cytoplasm 37 23 16 Kruskal-Wallis test: <0.0001
Nucleus 202 68 25 ﬁ =2148~4
Nucleolus 34 505 233
Nemenyi post-hoc:
CYT#N #Nu
Crypt Cytoplasm 33 16 11 Kruskal-Wallis test: <0.0001
Nucleus 72 28 16 X2=44.4
df =2
Nucleolus 21 132 72
Nemenyi post-hoc:
CYT#N #Nu
V. parah Appendage Cytoplasm 64 216 52 Kruskal-Wallis test: <0.0001
Nucleus 320 174 43 X2 =199
df =2
Nucleolus 68 785 297
Nemenyi post-hoc:
CYT#N #Nu
Crypt Cytoplasm 35 182 61 Kruskal-Wallis test: <0.0001
Nucleus 109 155 71 X2 =50.6
df =2
Nucleolus 35 308 138
Nemenyi post-hoc:
CYT#N #Nu
E.coli Appendage Cytoplasm 37 28 16 Kruskal-Wallis test: <0.0001
Nucleus 373 28 15 x2=85.1
df =2
Nucleolus 42 151 108 .
Nemenyi post-hoc:
CYT # Nu
N # Nu
Crypt Cytoplasm 31 20 13 Kruskal-Wallis test: <0.0001
Nucleus 101 25 15 X2=21.55
df =2
Nucleolus 29 68 61 Nemenyi post-hoc:
CYT # Nu
N # Nu
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Comparing treatments: V.fischeri Cytoplasm Nucleus Nucleolus
vs. V parah vs. E. coli, for each Kruskal-Wallis test: Kruskal-Wallis test: Kruskal-Wallis test:
cell organelle separately Appendage: Appendage: Appendage:
p<0.0001 p <0.0001 p <0.0001
X2=103.6 X2=727.8 X2=93.4
df=2 df=2 df=2
Crypt: Crypt: Crypt:
p <0.0001 p <0.0001 p<0.0001
X2 =66.4 X2 =196.4 )52: 103.56
df=2 df=2 =2
Correlation nucleus-nucleolus, V. fischeri V. parah E. coli
for each treatment separately Spearman’s: Spearman’s: Spearman's:
Appendage: Appendage: Appendage:
p <0.0001 p <0.0001 p=0.67
p=0.685 p=0.688 p = (-)0.066
Crypt: Crypt: Crypt:
p<0.01 p <0.001 p=034
p=0.576 p=0.625 p=0.196
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Animal-microbe symbioses are fundamental to animal physiology, but the nature of the
molecular exchange(s) between partners is far from understood. The mutualistic association between
E. scolopes and V. fischeri is a powerful model to investigate interactions between the host and its
microbial symbiont. In the present work, TEM and NanoSIMS imaging were combined with stable isotope
enrichment experiments to study the transfer and localization of °*N-labeled bacteria-derived molecules

into squid host cells during the onset of symbiosis.

Chapter 1 presents an effort to use NanoSIMS imaging to trace *N-enrichment in the light-organ
epithelia of squids exposed to purified »>N-TCT (‘tracheal cytotoxin’, or peptidoglycan monomer). | found
that it is not possible to trace these morphogenesis-inducing signaling molecules within the tissue of the
nascent light organ (Fig. 1-1). Most likely these molecules are active at very low concentrations (and
perhaps in very specific locations; Alberts et al. 2014), and that their presence in the squid tissues is

below the effective detection limit of the NanoSIMS.

This finding led us to investigate the possibility of a more general molecular transfer from the
seawater milieu into the host cells, a process that is likely to occur in the squid’s natural habitat (e.g.,
Manahan et al. 1983, 1989; Ben-David-Zaslow and Benayahu 2000). Exposing squids to a mixture of **N-
labeled amino acids yielded subcellular N/**N distribution patterns in squid light-organ tissues, with *N-
enrichment corresponding to cellular organelles/compartments with high protein turnover (e.g., Beatty
et al. 2006; Boisvert et al. 2012; Wei et al. 2013) in the following hierarchy: nucleoli > Golgi apparatus >
cell cytoplasm > nuclei (Fig 1-2). From these results it was concluded that, while certain specific signaling
molecules may not be detectable with the NanoSIMS, the light organ of juvenile squids accumulates

other small organic molecules that are easily detected with this technique.

In light of this finding, juvenile squids were inoculated either with strongly *N-labeled V. fischeri
cells or with outer membrane vesicles (OMVs) shed by these cells, followed by correlated TEM and
NanoSIMS imaging to visualize transfer of symbiont-derived molecules into the squid tissue. This work,
described in Chapter 2, revealed that: (i) *°N-enrichment was detected across the entire light organ (Fig.
2-2) and was observed also in other organs and tissue types (such as guts and gills; Fig. 2-6), even in the
case of remote interaction between the bacterial cells and the squid cells; (ii) among the different organs
analyzed, the light-organ appendages showed the highest *N-enrichment; (iii) among subcellular
organelles, nucleoli had the highest levels of *N inside host cells, whereas the host cell’s cytoplasm had
the lowest levels of >N (Fig. 2-3); (iv) squids exposed to OMVs showed higher levels of >N compared to

squids exposed to V. fischeri cells (Fig. 2-7), and (v) small *N-hotspots on the surface of epithelial cells (in
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what is referred to as the ‘shoulder’ region) were observed after squids were exposed to OMVs (Fig. 2-7),
or after a longer exposure (6 h) to the bacterial cells (Fig. 2-5). The hotspots were mainly associated with

the cilia and/or microvilli lining these surfaces.

In Chapter 3, the specificity of the observed molecular transfer was investigated. To address this
question, the subcellular distribution of *®N-labeled, V. fischeri-derived, molecules was compared with
the subcellular distribution of ®*N-labeled molecules derived from non-symbiont species. When juvenile
squids were inoculated with non-symbiotic Vibrionaceae cells (specifically, V. parahaemolyticus and P.
leiognathi), most *N-enrichment patterns recorded in squid tissues were similar to V. fischeri-induced
patterns (Fig. 3-1). However, generally higher levels of N were detected in squid tissues after exposure

to V. parahaemolyticus cells.

On the other hand, considerable differences in the *N-enrichment patterns were observed after
inoculation of the squids with *N-enriched OMVs derived from different bacteria species. In squids
exposed to OMVs from V. parahaemolyticus, cell cytoplasm had higher levels of *N-enrichment
compared to the nuclei. However, in squids inoculated with V. fischeri OMVs, the opposite pattern was
observed (Fig. 3-3). Interestingly, in these treatments, high ®N-enrichment were also observed in the
Golgi apparatus (Fig. 3-4). In contrast, animals inoculated with E. coli OMVs displayed relatively low levels
of *N, but had distinct *®N-enrichment in nuclei and nucleoli as well as a presence of *>N-hotspots on the

light-organ surface (Fig. 3-3).

Together our data indicate that: (i) The squid is able to take up and incorporate bacterial
products released not only from its natural symbiont V. fischeri, but also from other Gram-negative
bacteria. (ii) Diffusible or secreted bacterial products are responsible for the ®N-enrichment inside the
host. (iii) Variations in the >N-enrichment patterns between treatments and in distributions of °N in the
squid organs suggest that the uptake of bacterial products is not random; i.e., there is evidence of

specificity in the host response to the bacterial-derived materials.

A. The nature of the molecular exchange

These results raise fundamental questions about the nature of the molecular transfer that
produces the ®*N-enrichment in the squid and, once the bacteria-derived molecules have entered the
host tissue, what are their function(s) within the squid cells? The high degree of similarity between the
5N-enrichment patterns induced by the different Vibrionaceae species suggest that at least some of the
secreted molecules from the bacteria cells and some molecules carried in their OMVs have shared
structural and functional features, and/or that these molecules are processed by similar pathways within
the host cells. In Chapter 2, | proposed two hypotheses for the high sub-nuclear **N-enrichment

observed, particularly in the nucleoli. One hypothesis, which suggests a bacteria-specific response, is that
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the bacteria-derived *N-enriched molecules specifically target the subnuclear components by mimicking
eukaryotic sequences that destine the molecules to these regions. The second hypothesis, which
suggests a non-specific response to the bacteria, is that the bacteria-derived >N-enriched molecules
enter the squid tissue only to become part of the normal cell metabolic processes, i.e., not related to
bacteria activity and, as a consequence, organelles with high metabolic activity will more quickly

incorporate high levels of °N.

The widespread distribution of ®*N-enrichment in several squid organs, and the fact that °N-
enrichment patterns were not unique to the symbiont, suggest that a large fraction of the observed °N-
enrichment can be attributed to a non-specific chemical transfer from the bacteria into the squid. Highly
specific, microbe-associated molecular patterns (MAMPs), such as TCT, LPS and nuclear-targeting
molecules, are seemingly undetectable with the NanoSIMS (Chapter 1), suggesting that their contribution
to the *N-enrichment in the cells is effectively masked by molecules that are part of the more general
chemical transfer. Inoculation of squids with a mixture of ®N-enriched amino acids resulted in similar
subnuclear patterns (preferential accumulation in the euchromatin regions of the nuclei and hotspots in
the nucleoli) to those obtained after inoculation with ®N-enriched bacterial cells or OMVs from V.
fischeri or phylogenetically related bacteria (but different from those obtained with *N-enriched E coli
OMVs). This similarity was more notable when squids were exposed to V. parahaemolyticus-derived
OMVs, where the relative difference in **’N-enrichment between cell cytoplasm and the nuclei was very
similar to squid exposed to the amino acid mixture. If the results from the exposure to amino acids
reflect the pathways and subcellular distribution of metabolized products (e.g., Boisvert et al. 2012), then
this similarity suggests that the ®N-bacterial molecules were involved in normal metabolic activity of the
host cells. In principle, these *N-bacterial molecules might themselves be amino acids, byproducts that
are broken down into amino acids inside the squid cells, and/or other molecules that are processed via
the same metabolic pathways. If one follows this logic to the end, it raises an interesting question,
namely: What is the ecological significance for the squid to uptake molecules from the adjacent seawater
for metabolic activity? Do juvenile squids take up byproducts from bacteria, and perhaps even other
organisms, to satisfy their metabolic demands in a nutrient-limited environment? Addressing this

question will be important for future investigations (see below).

Differences in host **N-enrichment patterns were observed between bacteria/OMVs inoculations
compared with the pure amino-acid exposure. Notably, in the amino-acid experiment, the cell cytoplasm
was significantly more ®N-enriched compared to the nuclei, whereas the opposite relationship was
observed in the bacteria/OMV experiments. Even if metabolic processing is the primary fate of the
assimilated bacterial products, this difference in patterns of °*N-enrichment suggests specific pathways
for some fraction(s) of the bacterial products. It is hypothesized here that this difference in N-
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enrichment patterns might be due to the presence of particular molecules of bacterial origin, rather than
primary metabolites that participate in normal metabolic processes, and that their processing within the
host cell resulted in a higher subnuclear enrichment relative to that in the cytoplasm. Because MAMPs
are unlikely to be detected by the NanoSIMS, other bacteria products were possibly involved in
producing the differences between these two exposures. Evidence suggests that the highly specific
mechanisms induced by MAMPs are not sufficient to shape host response, and that other bacteria-
derived small molecules, such as metabolites (e.g., short-chain fatty acids and sugars) and autoinducers
or other secondary metabolites, can provide additional information that aid the host in assessing the
context in which MAMPs are sensed (Vance et al., 2009; Chang et al., 2014; Sharon et al., 2014; Zargar et
al., 2015; Ismail et al., 2016; Cleary et al., 2017). Such small molecules can be critical to understanding
host responses to the presence of MAMPs because bacteria cell-wall components (e.g., PGN and LPS) are
common molecules produced by many, if not all, bacterial species. Examples of more specific molecules
are autoinducers, cyclic-di-GMP, and mRNA that are considered as indicators of live bacteria cells
(Zimmermann et al., 2006; Karaolis et al., 2007; Sander et al., 2011; Vanaja et al., 2016). In the squid, the
synergistic effects of purified TCT and LPS drive much of the light-organ’s morphogenesis but cannot
trigger the full host response (e.g., Koropatnick et al. 2007; McFall-Ngai et al. 2012). It is conceivable that
some part(s) of the molecular cocktail that is responsible for the »>N-enrichment patterns acts along with
the more specific MAMPs, perhaps by inducing specificity in an environment where the squid is
continuously exposed to high numbers of bacterial cells and their byproducts. The use in °N isotopes in
this experiment indicates that these molecules must contain nitrogen. As such, short chain fatty acids
and sugars like glucose cannot be included. However, D-amino acids, which are PGN derivatives, might
be contributing to this enrichment. A recent proteomic analysis revealed abundant protein content in the
OMVs (Ruby lab, unpublished data, Chapter 2). As such, although not identifiable by NanoSIMS as
proteins, the labeled material could be proteins that are transported into the cells. Indeed, some of these

proteins have a nuclear localization signal.

Clear specificity to bacterial products was observed in the *N-enrichment patterns created by
OMVs derived either from different Vibrionaceae species, or from E. coli. The cohort of molecules these
vesicles contain, may have affected their uptake and processing inside the host cells (e.g., Pizarro-Cerdd
and Cossart 2006; Parker et al. 2010; Galdiero et al. 2012). It is reasonable to assume that the squid will
exhibit high selectiveness towards the OMVs from different bacterial origins, because in nature some of

this cargo might be harmful, i.e., if derived from a pathogen.

To conclude, although the molecules that induce the host ®N-enrichment patterns are not yet
known, | hypothesis here that they can be subdivided into two main groups, based on the similarity and
the dissimilarity between the squid’s responses to exposure to either amino acids or bacterial products
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(cells or OMVs), respectively: (i) the molecules that induce the vast majority of the > N-enrichment inside
the host tissues, which conceivably are part of the host cell’s general metabolism, and (ii) the molecules
that induced a more specific ®N-enrichment response in the host, which are bacterial-species specific.
The latter molecule(s) conceivable act along with MAMPs, providing the host with additional chemical

‘information’ to distinguish non-harmful bacteria from pathogens.

B. OMVs colocalize with the Golgi apparatus: a specific pathway for
OMVs delivery?

The ®N-enrichment observed in the Golgi apparatus after OMVs exposure raise the possibility
that the molecular content of bacterial OMVs takes advantage of the existing cell endosytosis pathways
to deliver important information into the host. Translocation of molecules between membrane-bound
compartments of the endocytosis pathways, such as endosome, Golgi apparatus, ER, can provide
protection from cytosolic proteases and ensure successful delivery of the proteins into the host (Kulp and
Kuehn, 2010; Vanaja et al., 2016). Various studies have colocalized OMVs in compartments along these
pathways (e.g., Bomberger et al. 2009; Thay et al. 2014). OMVs that are being trafficked can either use
the Golgi apparatus as a sorting station for the internalized cargo or as the place where they exert their
biological activity. While little evidence exists to support which of these scenarios is likely to occur, |
believe that further studies will deepen our understanding of the role of OMVs in the squid-Vibrio

symbiosis.

C. Permissiveness of the light organ

Across all experiments, the light-organ epithelia had the highest levels of N suggesting that it is
the most sensitive organ to external bacterial products. This result is perhaps not surprising considering
that the squid hatches from the egg in a state of readiness to ‘accept’ V. fischeri cells and their products
(Kremer et al., 2013). However, the °N-signature in the light-organ duct was distinct (Fig. 2-2), suggesting
that the duct epithelium senses and responds differently to the bacterial cells compared with the
response of other regions of light-organ epithelia. The dramatic changes in gene expression induced in
light-organ tissues by V. fischeri cells aggregated on the appendages (Kremer et al., 2013) might indicate
an increase in the metabolic activity and protein turnover in these cells. Therefore, high *N-enrichment
in the light-organ tissue may also correspond to cell organelles that exhibit a relatively high metabolic
rate, such as the nuclei and nucleoli, as discussed above. Although these robust transcriptional changes
were not observed in squids exposed to environmental bacteria (10° CFU/ mL, but devoid of V. fischeri;
Kremer et al. 2013), it is not known whether high concentrations of non-symbiotic Vibrio species, similar

to those used in the experiments here, can also induce similar transcriptional changes.

Interestingly, no ®N-enrichment was detected in the light organ of squids continuously exposed

to symbiont cells for 14 h. It is possible that at this time point, after successful colonization of the light-
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organ crypts by V. fischeri cells, metabolite transfer from bacterial species in the external seawater is
diminished, and the squid light organ switches to a hyposensitive state towards the products of external
bacteria. Exposure of squids to *N-labeled compounds for more extended times, before and after
colonization, will provide important insights about the permissiveness of the light organ, and should be

further examined.

D. Concluding remarks and future perspective

This thesis work revealed that the uptake of bacterial materials by the juvenile squid is more
significant than believed in the past. The broad similarity in the response of squids exposed to bacterial
cells and OMVs suggests that the OMVs are biologically relevant to this molecular transfer. While no
clear conclusion can be drawn from these studies regarding the specific role of the bacterial products
that induce the ®*N-enrichment within the host cells, the results open new perspectives on interactions
between the squid and the bacteria that reside in its natural marine habitat. To better understand the
extent to which this uptake is ubiquitous (metabolic-driven) or specific (i.e., depending on the bacterial
species), future experiments should examine ®N-enrichment patterns in squids exposed to, for example:
(i) distantly related bacterial species and their OMVs, such as non-Vibrio species and even Gram-positive
bacteria; (ii) degraded OMVs vs. intact OMVs; (iii) OMVs that are produced by V. fischeri cells with a
defect in surface-bound molecules, such as OmpU or lipid A; and (iv) °N-labeled amino acids, with or
without non-labeled V. fischeri cells. The latter experiment will elucidate whether the presence of V.

fischeri cells in the seawater has an effect on host metabolism of external nutrients.

Although tracking of highly specific signaling molecules in the whole animal was not possible with
the NanoSIMS, experiments in which cell cultures are exposed directly to such molecule(s), could avoid
the confounding effects of dilution that occur in whole-animal studies, as well as induce a stronger (and
perhaps NanoSIMS detectable) effect. In addition, the NanoSIMS technique should be combined with
other imaging (e.g., fluorescent microscopy or MALDI), molecular and proteomics approaches that can
provide a more comprehensive insight about the molecules that are involved, as well as the
mechanism(s) that underlie these ®N-enrichment patterns. This thesis also raises the importance of
investigating bacteria-host interaction in their native context, such as the observation of ®N-hotspots on
the cell surface of light-organ epithelia associated with microvilli and/or cilia. The vast majority of the
published OMVs studies are done in epithelial cell cultures, which might bias or hinder such observations
because typical epithelial-cell characteristics, such as microvilli and cilia, are generally absent in cell

culture.

In a broader perspective, does the observed bacteria-derived molecular transfer exist in other
symbiotic systems in which host tissues experience a similar bacteria-rich environment, i.e., seawater, or

in the human intestine? Do pathogens have a similar capability of contributing to or influencing
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molecular transfer? If these parallels exist in other systems, it will open new horizons for biologists to
explore host-microbe interactions. In any case it seems clear that the NanoSIMS technique, with its high
spatial resolution and relatively high sensitivity, combined with the ability to correlate isotopic images
with other sub-cellular or ultrastructure level imaging approaches, represents a powerful tool to

investigate subcellular processes that govern animal-bacteria association.
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Epilogue

An experiment to examine potential carry-over effects from the washing of the bacteria cells
grown in N-labeled Celtone medium was carried out. Across all bacterial experiments presented in this
thesis work, cells from the last sub-culture were washed twice in filtered seawater (FSW; 0.2 um
Millipore membrane) by centrifugation (2 min, 8000 rpm), before inoculating the squids. Carry-over may
have occurred if some leftover labeled medium remained in the washing tubes and would have been
transferred into the seawater used to inoculate the squid with the bacteria cells. In turn, this carry-over
could have induced *N-enrichment inside the squid cells in addition to the enrichment induced by the
bacteria cells. To determine the degree of ®N-enrichment inside squid cells due to such potential carry-
over, levels of >N were compared between juvenile squids that were inoculated with either non-labeled

or *N-labeled V. fischeri cells (Fig. 1).

Bacteria culture Washing steps Squid assays

Non-labeled 1:33

V. fischeri flml\w

1. Centrifuge (8000 rpm, 2 min)

2. Remove supernatant

3.Resuspend in 1 mL of 1°N-labaled medium

4. Leave ~3 min inthe medium

5. Centrifuge (8000 rpm, 2 min)

6. Remove 970 pl from the supernatantand

resuspend 1 mL of FSW 1:100
7. Centrifuge (8000 rpm, 2 min)

8. Remove 1000 pl from the supernatant
9. Resuspend 1 mL of FSW g
=1 =1

15N-labeled 1

ml 1:33 Bacteria Eachanimal was
V. fischeri supernatant inoculatedin5 mL
was added to FSW+bacteria
100 mL FSW

Repeat washingsteps 5-9 of the
non-labeled V. fischeri

Fig. 1. Experimental design

Non-labeled V. fischeri cells were grown on LBS (LB medium containing 2% [wt/vol] NaCl; Graf et
al. 1994). Bacteria cells (1 mL containing 108 CFU) were then transferred to 1.5 mL tubes, centrifuged (2
min, 8000 rpm) and the pellet was re-suspended in 1 mL of N-labeled Celtone medium. The re-
suspended bacteria were left for 3 mins in the labeled medium before they were washed twice in 1 mL
FSW by centrifugation (Fig. 1, step 4). The motivation for leaving bacteria cells in suspension was that

they might absorb compounds from the labeled medium to their cell surface, which could contribute to
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Epilogue

the carry-over effect(s). Because it was not possible to estimated how much medium was left between
each washing step in the experiments presented in this thesis work, the ‘carry over’ effect of leaving
30 uL (1:33 dilution) labeled medium in the 1.5 mL tubes was investigated (Fig. 1, step 6). Following the
second wash, bacteria cells were resuspended and diluted in 100 mL of FSW (1:100 dilution), the
seawater used for the squid assays. Control samples included V. fischeri cells (in the same concentration
as used for non-labeled cells) that were grown in *N-labeled Celtone medium and subsequently washed
following the same procedure as the non-labeled V. fischeri cells (Fig. 1). Juvenile E. scolopes were
inoculated with either *N-labeled V. fischeri cells or non-labeled cells, in 5 mL FSW for 3.5 h. At the end
of the incubation, animals were fixed and prepared for stable isotopes imaging in the NanoSIMS
according to the protocol described in ‘General procedure for NanoSIMS analysis’. NanoSIMS analysis

was performed only on the light-organ appendages.

Results of *N-enrichment are presented in Table 1. The assumption was that if **N-enrichment
patterns were observed in the squids exposed to non-labeled bacteria due to carry-over, such
enrichment was predicted to be similar to the patterns induced in squid exposed to Celtone medium (the
amino acids experiment described in Chapter 1). However, due to the much lower concentration of
Celtone medium in the current experiment, levels of °N-enrichment were anticipated to be

correspondingly low, if detectable.

In both treatments, no **N-enrichment was detected in the cell cytoplasm, therefore, percentage
enrichment was compared only for the nuclei and nucleoli. Based on this experiment it is concluded that
a maximum of 16% and 11% of the enrichment that was observed inside the nuclei and nucleoli,
respectively, in squids exposed to *®N-labeled V. fischeri can be attributed to a carry-over of **N-enriched

growth medium

Table 1. >N-enrichment values of squids inoculated with either N-labeled V. fischeri or non-labeled V. fischeri for 3.5 h (3
animals). Note that all nucleoli in squid exposed to 15N-labeled V. fischeri were significantly labeled (> 3 sigma above the
natural 1>N/4N ratio) whereas in squid exposed to non-labeled V. fischeri, only 46% (n=10) were labeled.

Variables N Mean SD

(%0)  (%o)

Treatment Cell organelle

N-V. fischeri  Cytoplasm 36 -1.7 16
Nucleus 86 44 20

Nucleolus 20 527 183
Non-labeled Cytoplasm 33 5.9 12
V. fischeri Nucleus 77 8 16
Nucleolus 22 61 46
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