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ABSTRACT

Animal-microbe symbioses are fundamental to the biology of nearly all multicellular
organisms, yet many questions remain regarding how hosts recognize beneficial microbes
and establish stable associations. The symbiosis between the Hawaiian bobtail squid,
Euprymna scolopes, and the bioluminescent bacterium Vibrio fischeri provides a powerful

model for investigating these processes.

In this dissertation, I examined host-microbe interactions across multiple biological scales,
from bacterial genetic variation and tissue-level responses to cellular mechanisms of
symbiosis. I demonstrate that bacterial strain identity influences host transcriptional
responses. | further identify the skin as an early site of host-microbe interaction, revealing
that hosts respond to symbiont exposure prior to stable colonization of the light organ.
Finally, I establish methodologies for single-cell and single-nucleus transcriptomics in E.

scolopes, providing a foundation for investigating symbiosis at cellular resolution.

Together, these findings show that host responses to symbiotic bacteria emerge from
interconnected processes spanning bacterial genetics, host tissues, and individual cell types.
This work advances our understanding of how beneficial host-microbe partnerships are
established and maintained and provides new tools for studying symbiosis in cephalopods

and other animal systems.
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NOMENCLATURE

APO. Aposymbiotic, animals not exposed to their symbiont, but to other species of the
bacterioplankton.

DE. Differentially expressed.

DEG. Differentially expressed genes.

HCR. Hybridization chain reaction in situ. Imaging method to localize RNA.
LO. Light organ.

PCA. Principle component analysis.

WT. Wild-type strain (of V. fischeri (strain ES114) unless otherwise noted).
scRNA-seq. Single-cell RNA sequencing.

SYM squid. Symbiotic squid (colonized with 1. fischer (strain ES114) unless otherwise noted).



Chapter 1

INTRODUCTION

Animals are constantly exposed to microbial communities that can profoundly influence host
health and development. Historically, symbiotic organisms have been categorized into three
broad categories: pathogens, which are harmful on the host; mutualists, which are beneficial
to the host; and commensals, which are neutral to the host. However, these classifications
are highly context dependent. The outcome of a host-microbe interactions can vary
depending on the host species, tissue, environmental condition, and even the specific
microbial strain involved. As a result, many symbionts possess characteristics associated
with multiple categories. For example, microbes who fall under “mutualists” have
“pathogenic” traits, such as suppressing the host immune system!. Such shared features
highlight that symbiosis has overlapping molecular toolkits, raising important questions

about how hosts distinguish between different types of microbes.

The structure and complexity of these microbial communities vary widely across organisms.
Some animals, like humans, have a diverse microbiome. This diversity is thought, in part, to
be supported by the adaptive immune system, which enables flexible and targeted responses
to a broad range of microbes while still maintaining tolerance?. In contrast, other animals,
including many insects, have highly selective and simplified microbiomes. In these systems,
the innate immune system plays a dominate role in controlling microbial composition, often
enforcing strict specificity®. Despite the differences in microbiome complexity, all hosts must
distinguish between wanted and unwanted microbes. This ability to establish and maintain
this specificity is critical for stable symbioses and host health, yet the mechanism underlying

these processes remain incompletely understood.

To maintain stable symbiosis, the host exerts tight spatial and physiological control. In many
tissues, such as the skin or gastrointestinal tract, microbes are restricted to epithelial surfaces

and prevented from entering deeper tissues. In contrast, some symbiosis involves the



controlled internalization of microbes, as seen in corals, where symbionts reside within
specialized host cell. In many cases, hosts evolve dedicated structures or organs that create a
regulated environment for the microbial partners, highlighting the evolutionary importance
of symbiosis. On such example is the highly specialized symbiosis between the Hawaiian
bobtail squid, Euprymna scolopes, and the bioluminescent bacterium Vibrio fischeri. Despite
encountering a diverse microbial environment, newly hatched squid selectively recruit V.
fischeri from seawater and establish a stable association within a specialized light organ. This
experimentally tractable partnership has become a powerful model for understanding how

hosts recognize, select, and maintain beneficial microbial symbionts.

In this dissertation, I use the squid-vibrio symbiosis to investigate host responses across
multiple biological scales, from the earliest interactions between environmental bacteria and
host epithelial surfaces to transcriptional responses within individual host cells. By
combining bulk and single-cell approaches, this work seeks to provide a deeper
understanding of how beneficial symbioses are established, maintained, and integrated into

host biology.
1.1 The squid-vibrio system as a model

The Hawaiian bobtail squid, Euprymna scolopes, forms a highly specific symbiosis with the
bioluminescent bacterium Vibrio fischeri. The bacteria only reside in the light organ (LO). It
does not provide nutrients to host but rather provides the host with protection via
counterillumination. In turn the squid provide the bacteria with nutrients and a niche where
it can survive. This naturally simplified association, in which a single bacterial species
colonizes the host, provides a powerful model for studying host-microbe interactions without
the complexity of a diverse microbiome®. As a result, it enables detailed investigation of the
molecular and biochemical conversation that occurs between host and microbe. Additionally,
because cephalopods lack an adaptive immune system, this system provides the opportunity
to examine how innate immune mechanisms, in all animals, contribute to symbiotic
specificity. Together with their ease of keeping them in the lab, makes the squid-vibrio a

good model for studying host-microbe interactions.



In this horizontally acquired symbiosis, the squid hatch asymbioticly. Within minutes of
exposure to environmental microbes, the host releases mucus and increases ciliary beating
of the light orange to attract bacterium to the light organ’. Host-derived biochemicals within
the mucus help inhibit many non-symbiotic bacteria while promoting the enrichment of V.
fischeri near the light organ®. Within three hours, V. fischeri cells enter the pores, three on
each side of the organ, and colonize three crypts where they will persist (Figure 1)°. Despite
the fact that V. fischeri makes up a mere less than 0.01% of the surrounding bacteria, the
system achieves remarkable specificity*. The animal now is closed off to new bacteria from
entering. The animal begins its profound day-night cycle. During the night, the crypt spaces
are filled with the bacteria. With the dawn light cue, 70-95% of the bacteria are expelled®.
Thus, many datasets explore these first 24 hours. At 24 hours the squid has accepted its

symbiont, allowed it to grow filling the crypt spaces, and has undergone one day-night cycle.

External | Internal

100 pM

Figure 1 The light organ. The light organ site inside the mantel of E.
scolopes (arrow). Exposed to the water are ciliated appendages and
pores. 1. fischeri enters the light organ via the pores and colonized
three internal crypts on either side of the organ: crypt 1 (c1) which is
the most mature, crypt 2 (c2), and crypt 3 (c3) which is the least
mature/developed.



1.2 Dynamic communication

From the first interaction with the light organ the symbiont traverses a series of
microenvironments, that enforce symbiont specificity. When the symbiont is present in the
water, the exterior ciliated appendages rapidly beat’, promoting the entrainment of the
symbiont to the region above the pores, which connect to the internal part of the light organ.
A chemical gradient of chitin dimer or chitobiose is used to move the symbiont to the pores
and through the migration pathway’. After entering the light organ via the three pores in the
light organ, the bacteria enter the duct, then the antechamber, and then the bottleneck before
reaching the crypt space. Successful colonization requires the symbiont to survive and
navigate each of these environments. Only 1-3 V. fischeri cells enter the crypt spaces. Once
this happens, the bottleneck narrows, restricting the bacteria on either side*. Throughout this
process the host changes gene expression with contact with the migrating symbiont®®. Within
the crypts, the host provides nutrients that support bacterial growth; however, the three-
dimensional structure of the crypts likely generates gradients in oxygen, nutrients, and
bacterial density, creating additional heterogeneity within the symbiotic habitat. Together,
these observations suggest that establishment of the squid—vibrio symbiosis requires
continuous adaptation by both partners. The bacterium must successfully navigate and
survive multiple host-generated microenvironments, while the host undergoes

physiological and transcriptional changes in response to bacterial colonization.

These changing conditions do not end once the symbionts reach the crypt spaces. Even within
the crypt spaces, bacteria occupy distinct microenvironments that vary in developmental state
and host architecture. The three crypt spaces of the juvenile light organ differ substantially
from one another. Crypt 1 is the most mature and is the first to develop during

embryogenesis, whereas Crypt 3 is the least mature and develops last!®

. Crypts 1 and 2
undergo daily venting, while Crypt 3 initially does not because of its immature stateS.
Correspondingly, bacterial populations within Crypt 3 display a less organized association
with the epithelial surface and are less densely packed than those found in Crypts 1 and 26.

These observations suggest that each crypt provides a distinct local environment for the



symbiont. As a result, differences in epithelial physiology, nutrient availability, host
signaling, or immune activity are likely present among the crypts, potentially shaping

bacterial behavior and host responses at a fine spatial scale.

The existence of these distinct microenvironments raises an important question: how are
bacterial populations regulated within the light organ, and how does the host maintain
specificity throughout colonization? Despite occupying different regions of the organ and
experiencing different local conditions, V. fischeri populations remain tightly controlled by
the host. This regulation requires continuous communication between host and symbiont,
allowing the host to detect the presence of microbes, distinguish beneficial partners from
potential competitors or pathogens, and modulate physiological responses accordingly.
Understanding the molecular mechanisms underlying this communication is therefore

central to understanding how symbiosis is established and maintained.
1.3 Specificity and immune perception of symbiosis

Hosts and symbionts use biochemical language to establish and maintain association. This
communication often begins with host pattern-recognition receptors (PRRs), which detect
conserved microbe-associated molecular patterns (MAMPs) and signal the presence of
microbes. PRRs are highly diverse across animal lineages and include receptors such as Toll-
like receptors (TLRs), peptidoglycan recognition proteins (PGRPs), and NOD-like receptors.
When these PRRs are triggered, the innate immune system is activated to initiate

inflammatory responses or other pathways to promote the symbiosis!!.

In Hydra spp., TLR signaling has been shown to promote bacterial colonization and
contribute to microbiome composition'!. Similarly, PRR signaling pathways help maintain
the squid-vibrio symbiosis, where host recognition of bacterial molecules contributes to
developmental and physiological changes within the light organ. In addition, the bacteria
have the ability to turn down the immune system, preventing inflammation pathways!2. In
vertebrates such as zebrafish and mammals, innate immune signaling also contributes to

microbial tolerance, allowing hosts to maintain beneficial microbial communities while



limiting harmful colonization'!. Together, these studies highlight that microbial sensing is
central not only to immune defense, but also to symbiotic specificity and the selective

maintenance of beneficial microbial partners.

While molecular recognition is essential for establishing specificity, the consequences of
these signaling events extend far beyond individual receptors and pathways. Recognition of
microbial molecules can alter host gene expression, tissue development, cellular behavior,
and organismal physiology. Likewise, bacterial responses to host-derived signals can
influence colonization dynamics, metabolism, and population structure. These
interconnected responses occur across multiple levels of biological organization, making

symbiosis fundamentally a multi-scale process.
1.4 Multi-scale nature of host-microbe interactions

Host—microbe interactions occur across multiple biological scales, ranging from organism-
level physiology to tissue-specific responses, cellular heterogeneity, and microbial
population dynamics. As a result, understanding symbiosis requires approaches that integrate
information across these different levels of organization. Changes observed at one biological
scale may emerge from highly localized or cell-type-specific processes that are not apparent

when examining the organism as a whole.

Historically, many studies of symbiosis have relied on bulk tissue-level approaches,
including transcriptomics, imaging, and physiological measurements. These methods have
provided important insights into how hosts respond to microbial colonization and how
symbionts influence host development. In the squid—vibrio system, bulk transcriptomic
studies have identified large-scale changes in host gene expression associated with
colonization, including pathways related to immunity, tissue remodeling, metabolism, and

development!'?

. However, bulk approaches average signals across many cell types and
tissues, potentially obscuring spatially restricted or cell-specific responses that contribute to

symbiotic specificity.



Recent advances in single-cell and single-nuclei sequencing technologies have begun to
reveal the cellular complexity underlying host-microbe interactions. These approaches have
demonstrated that microbial exposure can produce highly heterogeneous responses across
individual cell populations, even within the same tissue'®. Similarly, microbial populations
themselves are often heterogeneous, with distinct bacterial subpopulations exhibiting
different physiological states and metabolic activities'*. Understanding symbiosis therefore

requires consideration of both host and microbial heterogeneity.

Importantly, biological processes occurring at one scale can propagate across others. Early
microbial sensing at epithelial surfaces may trigger organism-wide physiological responses,
while strain-specific bacterial traits can influence tissue development, cellular signaling, and
microbial community structure. Together, these observations highlight that symbiosis is not
governed by a single interaction, but instead emerges from dynamic processes operating

across multiple interconnected biological scales.
1.5 Overarching goals of dissertation thesis

In this dissertation, I investigate how animal hosts detect, respond to, and maintain
associations with beneficial microbial symbionts. Using the squid-vibrio symbiosis as a
model system, I examine how host-microbe interactions are initiated, how hosts distinguish
symbiotic bacteria from other environmental microbes, and how these interactions propagate
across multiple biological scales. By integrating organismal, tissue-level, cellular, and
microbial perspectives, this work seeks to provide a more comprehensive understanding of

how symbiosis is established and maintained.

In Chapter 2, I examine how host transcriptional and physiological responses vary depending
on the strain of V. fischeri. I demonstrate that host gene expression and aspects of host
development differ with exposure to different bacterial strains, indicating that host responses
are sensitive to strain-level variation. To better understand the basis of these differences, I

also investigate variation in bacterial functional potential across strains. Together, these



findings demonstrate that symbiotic outcomes are shaped by both host responses and

bacterial genetic diversity.

In Chapter 3, I identify the skin as an early site of symbiont detection that responds prior to
colonization of the light organ. I demonstrate that host responses to symbiotic bacteria are
initiated in non-symbiotic tissues, revealing that early microbial sensing is not restricted to
the nascent organ itself. Importantly, these responses are specific to symbiotic bacteria,
suggesting that the host is not merely responding to microbial presence, but instead detecting
symbiont-associated signals. These findings indicate that peripheral tissues may play an
active role in initiating symbiosis and represent the earliest stage of host-microbe

communication.

In Chapter 4, I extend these studies to the cellular level by developing and applying single-
cell and single-nuclei transcriptomic approaches for E. scolopes. Using these methods, I
investigate how individual host cell populations respond to microbial colonization and
explore the cellular heterogeneity underlying tissue-level responses observed in previous
studies. This work provides a framework for understanding symbiosis at single-cell

resolution in a cephalopod model system.

In Chapter 5, I further expand the investigation of cellular heterogeneity by developing
approaches for bacterial single-cell transcriptomics. This chapter focuses on methodological
advances and computational frameworks designed to characterize bacterial transcriptional
states within host-associated environments. These approaches provide a foundation for
examining how individual bacterial cells respond to host-derived conditions and contribute

to symbiotic function.

Together, these studies establish a multi-scale framework for understanding how beneficial
symbioses emerge from the interplay between host recognition mechanisms and symbiont-
specific bacterial traits. By linking early microbial detection, strain-level variation, host

cellular responses, and bacterial heterogeneity, this dissertation provides new insights into



the mechanisms that govern host-microbe specificity and the establishment of stable

symbiotic associations.
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Chapter 2

. BACTERIAL GENETICS SHAPES HOST RESPONSE DURING
SYMBIOSIS

The symbiosis between the Hawaiian bobtail squid, Euprymna scolopes, and its
bacterial partner Vibrio fischeri has long served as a powerful model for
understanding how animals establish and maintain symbiosis with microbes. This
interaction is highly specific, as only V. fischeri can successfully colonize the squid
light organ'. However, not all strains of V. fischeri are able to colonize, while some
are more competitive colonizers??. This suggests that the relationship extends beyond
simple species-level recognition; rather, bacterial strain background and

physiological function can strongly influence symbiotic interactions.

This dissertation examines host-microbe symbiosis across multiple biological scales,
beginning here with variation at the bacterial strain level. By integrating comparative
colonization experiments, host transcriptomics, and bacterial pangenome analyses,
this chapter investigates how microbial genetic diversity influences both bacterial
behavior and host responses during symbiosis. These studies establish strain-level
variation as an important driver of symbiotic outcomes and provide a conceptual
foundation for subsequent chapters examining host-microbe interactions across

tissues, developmental time points, and individual cells.

In this chapter, I explore how distinct bacterial strains, and specific genetic factors
modulate the squid-vibrio symbiosis. Section 2.1 characterizes strain-specific effects
on colonization and host transcriptional responses, followed by investigations
bacterial gene sypC (Section 2.2), the Type VI secretion system (T6SS2) (Section
2.3), and the metabolic regulator acuC (Section 2.4). Together, these studies highlight
that symbiosis is shaped by coordinated interactions between both host and microbe,

requiring specific bacterial traits and corresponding host responses for successful
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establishment and maintenance. Furthermore, these interactions can be altered by
bacterial strain background and genetic variation, demonstrating that symbiosis is not
a fixed biological state, but a dynamic process influenced by microbial functional

diversity.
2.1 Strain specific effects of symbiosis

This section is modified from “Strain matters: host responses reflect origin in the

squid-vibrio symbiosis.” Published in mSystems, November 2025.
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Dissertation Note

This study demonstrates that bacterial strain identity is a major determinant of
symbiotic outcome. Distinct Vibrio fischeri strains elicited different host
transcriptional responses, with native E. scolopes isolates producing more similar
host expression profiles and stronger suppression of immune-associated pathways

than non-native strains. These findings suggest that long-term host-symbiont



coevolution shapes both bacterial colonization strategies and host responses,
establishing strain-level variation as an important source of functional diversity

within an otherwise species-specific symbiosis.

Abstract

Understanding the cause and consequences of bacterial strain variation remains a
challenge in the study of symbioses. While the diverse reactions of the host immune
system to strain variants have been well studied in pathogenesis, much less is known
about how strain variation influences beneficial associations. From the complex
vertebrate gut microbiome to the more tractable invertebrate models of symbiosis,
the host’s cellular and molecular responses to this diversity remain largely a mystery.
Here, we explore strain diversity in Vibrio fischeri, the bioluminescent bacterial
symbiont of the Hawaiian bobtail squid, Euprymna scolopes. Phylogenetic analyses
of the genomes of 62 V. fischeri strains, including 50 light organ-associated and 12
planktonic isolates, revealed several genes that were absent in planktonic strains, but
uniformly present in symbiotic ones. To better understand the consequences of this
diversity to the host, we selected five light-organ associated strains: three from E.
scolopes but having different combinations of colonization factors, one from a
congeneric squid host, and one from a marine fish. We colonized juvenile .
scolopes with these strains and, using RNAseq, found that (i) the most similar host
transcriptomic responses occurred among the native E. scolopes strains, (ii)
intermediate was the strain from the related squid, and (iii) least similar was the fish
strain. Importantly, native strains downregulated immune-related genes more than

non-native ones. Finally, host development was atypical or delayed when colonized



by non-native strains. These experiments point the way to more targeted studies of

the mechanisms underlying host responses to symbiont strain diversity.

Importance

Variation among strains of a bacterial species is a powerful factor underlying the
intensity of host responses during pathogenic infections. Less is known about the
cellular and molecular responses of host tissues to differences between the strains
present in an animal's normal microbiome. We use a natural, species-specific,
symbiosis to explore the influence of strain-level differences on host gene expression
and morphogenesis. Analysis of symbiotic strains from squids and fishes, as well as
free-living strains, shows that the carriage of colonization determinants, while critical
to competitive success among strains of a species, has a minimal effect on the
transcriptional response of the host. We provide evidence that a more important
driver of normal gene expression during the development of symbiosis is the history
of a strain’s co-diversification with its host species. Such studies, using simple
invertebrate models, allow the recognition of otherwise obscured interactions

underlying the more complex microbiomes of vertebrates.

Introduction

Bacteria exhibit remarkable genome plasticity, enabling the diversification of species
into genetically distinct strains that collectively can occupy a wider range of
environments and ecological niches. This natural strain-level variation often has
profound functional consequences. In host-microbe symbioses of plants and animals,
strain-level differences in the bacterial symbiont can shape the success of microbial
colonization and persistence, as well as the nature of the host responses to its bacterial
partners. For example, differing outcomes of bacterial pathogenesis associated with
strain variation has long been known (1), and in some diseases, an individual can
carry multiple strains of a pathogen, where such diversity can modulate disease

intensity and progression (2). Recent studies have demonstrated that in a mutually



beneficial context, natural strain variation appears to be a key feature of the vertebrate
microbiome (for review, see references 3, 4). However, because of the bacterial
complexity of many microbiomes and the inability to culture many of their
component species, defining strain-level characteristics has been challenging

although great strides in analysis of this complexity are being made (5).

Several studies using invertebrate models, which typically have a microbiome with
fewer species, have demonstrated the importance of strain variation, but few have
examined the molecular and cellular impact on the host (see, e.g., 6-9). Naturally
occurring monospecific bacterial symbioses offer the opportunity to experimentally
manipulate strain variation and study its impact with high resolution. The best studied
of such binary associations are the legume-rhizobium symbioses (10), where
specificity is dictated by genetic factors from both partners. For example, the
bacterial nodE gene influences host range by modifying nodulation (Nod)-factor
structure, while the host, Medicago truncatula, produces nodule-specific cysteine-
rich (NCR) peptides that act selectively against incompatible strains (11). Beyond
molecular compatibility, functional outcomes also reflect co-evolutionary history.
Studies have shown that native rhizobial strains often have a competitive advantage
when colonizing the roots of their cognate host, outperforming non-native strains
when both are present (12). These findings illustrate a key principle: host-microbe
compatibility and potential co-evolution can develop both at the species level and the

strain level.

To explore these phenomena within an animal-microbe symbiosis, we have used the
species-specific  light-organ association between the Hawaiian bobtail
squid Euprymna scolopes and its bioluminescent bacterial symbiont Vibrio
fischeri (13, 14). Males of this host have only the V. fischeri light-organ (LO)
symbiosis throughout their lifespan, whereas females have two sites of symbiosis:
the LO, which is present throughout life in both sexes, as well as a consortial

accessory nidamental gland (ANG) (Fig. S1), which develops only in mature females



(13) and is typical of the females of many squid species. Like the plant-rhizobium
association, the binary system of the juvenile E. scolopes LO provides a tractable
model to study how colonization by different symbiont strains influences the host

response.

Juvenile squid hatch into seawater, where V. fischeri strains make up <0.1% of the
microbial community (15, 16). Nonetheless, it is the only bacterial species capable
of entering and colonizing the host’s nascent LO, reflecting the host’s remarkable
selectivity for its symbiont. While V. fischeri defines the species-level symbiont
identity, the LO of the Hawaiian host can be colonized by a number of different V.
fischeri strains found in the bacterioplankton (17). However, at the level of the
individual host, the number of colonizing strains is affected by the biogeography of
the organ, i.e., each juvenile host organ has six independent interior crypts and
typically entertains between one and six V. fischeristrains (Fig. 1A). This
observation and other studies have provided evidence that each crypt is usually

colonized by a single bacterial strain (16, 18).
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Figure 2 Patterns of gene content in Vibrio
fischeri isolates diverge across niches and hosts. (A)
Cartoon of E. scolopes nascent light-emitting organ
(LO). Left side: external view showing ciliated
appendages and three surface pores leading to the internal
crypts in which symbionts will be housed. Right side:
cut-away view of LO interior showing three of the
organ’s six crypts. (B) Co-phylogenetic analysis. Left
tree: Core genome comparison (nucleotide level) based
on orthologous genes. Right tree: Accessory genome



clustering based on presence/absence of gene content.
Analysis includes 50 light organ-associated strains (from
squids or fishes) and 12 planktonic (i.e., seawater)
isolates. Trees are rooted on the outgroup
species Pseudomonas syringae. Branch lengths are log-
transformed for visualization. The branch length of P.
syringae was shortened to fit within the figure. (C)
Functional enrichment analysis (percent of strains
encoding these symbiosis-associated proteins). Left:
Proteins enriched in V. fischeri LO isolates (50 strains)
compared to V. fischeri isolates not associated with a LO
(12 strains). Right: Proteins enriched in strains associated
with squid LOs (47 strains) compared to fish LOs (3
strains).

Some strains of V. fischeri are not as effective at colonizing the Hawaiian squid host
as native strains from E. scolopes LOs. For example, MJ11, a V. fischeri strain
isolated from the LO of the Japanese pinecone fish, Monocentris japonica, is unable
to colonize E. scolopes under typical environmental conditions of low V.
fischeri abundance (19). MJ11 colonizes poorly because it lacks the gene encoding
the Syp-biofilm-promoting regulator, RscS (Fig. S2), which induces the production
of an exopolysaccharide that facilitates the colonization of juvenile squid (20, 21).
Introducing rscS into the MJ11 genome conferred colonization ability under typical
conditions, illustrating how specific genetic elements shape host compatibility. These
examples highlight how different strains can compete for colonization (14), but how

do strain differences affect host responses?

The carriage of several colonization factors differs among native E. scolopes-
associated strains (14, 22, 23) (Fig. S2). For example, dominant “D” strains are faster
colonizers and more competitive than sharing “S” strains, at times excluding them
from the crypt spaces (24). Competition within the host crypts, where the symbionts
permanently reside, is also reflected in features such as the presence or absence of a

type VI secretion system (T6SS) that mediates inter-strain antagonism (25, 26).



However, little is known about how carriage of these colonization factors influences

host responses.

While much is known about the host’s reactions to colonization by the best-studied V.
fischeri strain, ES114 (13), the transcriptional and developmental responses to other
symbiont strains of different hosts have remained poorly examined. In this study, we
compare the effects of colonization by several V. fischeri strains, isolated from the
LOs of several species of squids and fish, on relative LO gene expression (as based
on transcript levels) and developmental phenotypes in juvenile E. scolopes. We find
that the host’s transcriptional signature varies with the evolutionary and
environmental history of the symbiont strain. Specifically, gene-expression
responses are most similar when newly hatched juvenile squid are exposed to E.
scolopes LO isolates, intermediate for strains derived from another species of squid,
and most divergent for a fish LO isolate. In addition, several differences in the
trajectory of juvenile light-organ development were observed. These findings reveal
that the host can discriminate among conspecific strains, suggesting that host—
symbiont compatibility and communication can evolve through fine-scale, strain-
level co-adaptation. The results add to growing evidence for the importance of
considering bacterial diversity below the species level in studies of beneficial

symbiosis (27, 28).

Materials and methods

Phylogenetic trees, the pangenome, and functional enrichment

Publicly available V. fischeri strains with clearly defined isolation sources were
downloaded from NCBI in May 2025. RefSeq (GCF) genome assemblies were used.

Pangenome analysis was performed using Anvi’o (v8), and functional enrichment



between pairwise comparisons was assessed using anvi-compute-functional-

enrichment-in-pan.

Orthologs were identified using OrthoFinder (v2.5.5). A binary matrix of gene
presence/absence was generated using default parameters, and a nucleotide-based
phylogenetic tree was constructed using the -n flag. Multiple-sequence alignment
was performed with MAFFT, and gene trees were inferred using IQ-TREE. Co-
phylogeny trees were visualized in R using ggtree (v3.12.0) and ape (v5.8-1).

Sources of V. fischeri strains and construction of an rscS expression vector

A total of 62 strains of V. fischeri were isolated from a number of light organs and
seawater samples (Table S1). Particular emphasis was placed on five strains of
symbionts (Fig. 1B): ES114, MB11B1, and MB15AS5, which were isolated from the
light organs of adult E. scolopes collected in nearshore waters of Oahu, Hawaii, as
previously described (29, 30). Strain SRS was obtained from the light organ of an
adult specimen of the related sepiolid squid Sepiola robusta, collected off the French
Mediterranean coast (31). Strain MJ11 was isolated from the light organ of an adult
Japanese  pinecone fish, Monocentris  japonica (20).  Construction  of
the rscS expression plasmid, pLMS33, and its empty control vector, pKV69, and
their conjugation into MJ11 have been previously described (20, 32).

Animal colonization by V. fischeri strains

Juvenile squid were exposed to bacterial strains within 4 h of hatching in offshore
seawater obtained from Scripps Institution of Oceanography, La Jolla, CA. The
inoculum was 50,000 CFU/mL, and exposure was for 3 h, unless otherwise noted.
This unnaturally high concentration of V. fischeri cells (19) was used to limit the
possibility that bacterial availability was limiting the inoculation process. Following
exposure, animals were rinsed twice with offshore seawater and transferred to

individual vials. At 24 h post-inoculation, luminescence was measured, and



individuals were classified as colonized when the relative light unit (RLU) level had
exceeded the detection limit of the luminometer (>100 RLU). The animals were
transferred every 24 h to fresh offshore seawater as described previously (33). Only

colonized animals were maintained for analysis at 72 h.

Squid were considered part of the same clutch if their eggs were laid by the same
parental pair at the same time and the hatchlings emerged synchronously. Clutch
identity was tracked in downstream analyses to account for genetic background

effects.

Determination of symbiont colonization level

At designated time points, individual squid were transferred to 1.5 mL Eppendorf
tubes with a minimal volume seawater and anesthetized on ice. Samples were then
frozen at —80°C to reduce surface contamination from external bacteria (34). After
thawing, squid were homogenized and plated to determine CFU/mL per individual

as described previously (33).

Calculation of light-organ appendage length

At 72 h post-inoculation, squid were preserved on ice in 4% paraformaldehyde (PFA)
in marine PBS (mPBS) consisting of 50 mM Na;PO4, 0.45 M NaCl, pH 7.4 (35).
Samples were incubated overnight at 4°C on a rotating platform and then rinsed four
times for 15 min with 4 mL mPBS. Squid tissue was stained with the nuclear stain
DAPI (Thermo Fisher Scientific, Irwindale, CA) diluted 1:50 in mPBS for 24 h,
followed by two rinses in mPBS to remove excess stain. Samples were mounted on
glass depression slides with coverslips. Imaging was performed on an upright Zeiss

(Dublin, CA) LSM 900 microscope. Arm length was estimated in FIJI (ImageJ) using



the measurement tool, from a point at the center of the three pores to the tip of each

arm.

Measurement of bottleneck closure

Squid were colonized overnight (18 h) with a single V. fischeri strain at an inoculum
of 10,000 to 50,000 CFU/mL. Colonization was confirmed using a luminometer;
animals with luminescence below ~100 relative light units (RLU) were excluded
from analysis to ensure consistent colonization. Squid were anesthetized on ice to
prevent premature venting of their symbionts and fixed at 4°C in 4% PFA in mPBS
for 24 h with rotation. Samples were rinsed four times for 15 min in mPBS. Light
organs were dissected and incubated for 24 h in 400 pL mPBS containing 1% Triton
X-100, DAPI (1:50), and rhodamine phalloidin (Biotium, Freemont, CA) diluted
1:50 in mPBS. Samples were rinsed two times in mPBS and mounted on glass
depression slides with coverslips. Imaging was performed on a Zeiss LSM 900
confocal microscope. DAPI was used to visualize host nuclei, confirming
colonization, and rhodamine phalloidin was used to stain filamentous actin to easily
visualize and determine bottleneck diameter, as previously described (36). On both
sides of the organ, crypt 1 (Fig. 1A), the most mature crypt with the least variation in

structure (37), was imaged, and bottleneck diameters were measured using FIJI.

Transcriptome assembly. annotation, and differential gene-expression analysis

A previous study had shown that V. fischeri colonization by strains isolated from
the E. scolopes LO significantly changed host gene expression by 24 h post
inoculation (hpi) (38). In this study, based on transcript levels, we characterized
symbiosis-induced changes in gene expression at 72 hpi to minimize any effects of
delayed colonization or morphological development by non-native strains. The CFU
and luminescence differences among strains were negligible. At 72 hpi, squid were
preserved in RNAlater (Thermo Fisher) overnight at 4°C and stored at 80°C until
RNA extraction was performed. Light-organ total RNA was extracted using the



Qiagen RNeasy Mini Kit with QIAshredder columns (Qiagen, Valencia, CA) per
manufacturer’s instructions. Samples were treated with TURBO DNase (Thermo
Fisher) to remove DNA contamination. RNA integrity was assessed using RNA 6000
Pico Kit for Bioanalyzer (Agilent Technologies, Santa Clara, CA). mRNA was
separated from total RNA using NEBNect Poly(A) mRNA Magnetic Isolation
Module (NEB, Ipswich, MA), and RNA-seq libraries were constructed using the
NEBNext Ultra II RNA Library Prep Kit for [lumina following the manufacturer’s
protocols. The libraries were sequenced as paired-end reads (2 % 100 bp) on an
[Mlumina NextSeq2000 at the Millard and Muriel Jacobs Genetics and Genomics
Laboratory at Caltech.

Sequencing reads were quality-trimmed using fastp (v0.24.0) with default
parameters. Cleaned reads were aligned to the E. scolopes reference genome (v2.2)
(39) using STAR (v2.7.10b) in two-pass mode with a read overhang of 99. The
resulting coordinate-sorted BAM file was used for genome-guided transcriptome

assembly with Trinity (v2.1.1), using the --genome guided max_intron 500000 flag.

Assembled transcripts were clustered using CD-HIT-EST (v4.8.1) at a 95%
similarity threshold (-c 0.95) and then mapped to the genome using GMAP (gmapl,
v2024-08-14) with output format gff3 match cdna. The resulting GFF3 file was
converted to BED format using AGAT (v1.4.1), and overlapping features were
identified with bedtools intersect (v2.31.0). Novel transcripts were retained and
merged with published annotations using AGAT. As is the case for essentially all
RNAseq analyses, the annotations reported here are inferred from sequence
homologies and are not supported by biochemical confirmation of their functionality.
With that understanding, the descriptor “putative” has not been appended in every

reference to a gene‘s annotation.

Reads were quantified using featureCounts (v2.0.1) with the updated genome
annotation using flags -g gene id -t exon. Differential expression analysis was

performed in R (v4.4.0) using DESeq?2 (v1.44.0), with the design formula ~clutch +



condition to account for clutch-specific variation. Differential expression between
conditions was assessed using contrasts in DESeq2 with Benjamini-Hochberg

correction for multiple testing and log2 fold-change shrinkage.

Result and discussion

Phylogenetic comparisons of free-living and host-associated V. fischeri strains reveal

a strong clustering by ecological origin

Whole-genome analyses of 62 strains of V. fischeri isolated from a variety of sources
(Table S1) indicated a strong clustering according to whether they were obtained
from seawater (i.e., planktonic) or from the tissues of one of six animal host species
(Fig. 1B). Strains obtained from the LOs of Euprymna spp. formed distinct clades in
the core-genome-based phylogeny (Fig. 1B, left). In general, fish strains, and non-
Euprymna squid strains clustered separately, suggesting the presence of both host-
specific and tissue-specific lineages. This pattern demonstrated that the phylogeny of
the V. fischeri strains reflects the source of the isolate and supports a possible effect
of host-symbiont co-adaptation; however, an influence of geographic distribution is
likely also present. Interestingly, analysis using the accessory (or “adaptive”) genome
(Fig. 1B, right) revealed a similar pattern, but with higher variation (40), possibly
capturing additional strain-level adaptations involving genes that are enriched in
isolates from a particular niche. Such a genomic comparison further showed that,
while these 62 V. fischeri strains share a conserved core genome, each strain also
encodes a considerable number of singleton genes, i.e., ones that are found in only
one strain. An example of such a comparison of singleton gene carriage was depicted
for 5 V. fischeri strains (Fig. S3), showing between 150—400 singletons among those

LO isolates. The apparently limited distribution of these singleton genes suggested



they have been acquired relatively recently and may be an important class of genetic

elements in the diversification of symbiotic V. fischeri (17, 41).

Another pattern arising from a genome-level comparison between all host-
associated V. fischeri strains (Fig. 1C, left) was the high frequency of the carriage of
the genes fecB, encoding an iron-citrate transporter, and fiu, encoding an Fe3+-
catechol receptor. This pattern was true of strains isolated from both fish and squid
LOs. These two Fe-related genes were missing from the genomes of non-LO-
associated planktonic strains (Table S1). One interpretation of these results is that
strains isolated from host animal tissues encode pathways that support survival in a
low-iron environment. Previous research has provided evidence that symbiotic V.
fischeri is adapted to growth under limiting iron-availability (42, 43), and analysis of
the bacterium’s response to colonizing the LO has indicated that, as is true for many
animal tissues, the LO is an iron-restricted environment (43—45). However, it should
be noted that in some host-associated bacteria, an iron-citrate transporter is used in
the opposite direction to efflux excess Fe3+ out of the bacterial cell. Reducing the
level of free-iron limits the toxic effects of certain host-produced antibiotics and nitric
oxide resulting from the Fenton reaction (46). The usefulness of encoding a similar
efflux capacity (e.g., salY) is also reported for antimicrobial peptides (47, 48).
Conditions such as nitric oxide and antimicrobials have been reported in the squid
light organ and other host tissues (13, 49), suggesting that the FecB and SalY efflux

transporters of V. fischeri have a role in the association (Fig. 1C left).

In contrast to LO symbionts, strains isolated as free-living planktonic cells in
seawater had a higher likelihood of encoding genes annotated as anti-viral CRISPR-
Cas systems compared to host-associated ones (Fig. 1C, left) (Table S2). This
difference may reflect the observation that host animals are able to protect their
symbiont populations from phage infection while they are in tissues like the LO (50)
as opposed to when V. fischeri cells are free-living in seawater (51); thus, CRISPR-

Cas may be less of a fitness factor for strains that do most of their replication within



a symbiotic organ (23). This finding was consistent with the absence of CRISPR-Cas
genes in 99% of the sequenced genomes of symbiotic rhizobia, as well as a
comprehensive analysis of the patterns of other bacteria lacking CRISPR-Cas (52).
Together, these studies, as well as those presented here, have found that symbionts
whose growth occurs mainly in their host seem to be more likely to lack CRISPR-
Cas. More symbiotic systems should be studied to determine whether loss of CRISPR
genes is a general trend among symbiotic species. It is possible that other anti-phage
systems (53) may compensate for the loss of CRISPR-Cas in
symbiotic Vibrio populations. Another consideration is that the loss of CRISPR
genes within symbionts may reflect differences in physiological adaptations in the
host since CRISPR systems may also function in gene regulation or DNA repair in

other bacteria (54, 55).

We also found that the genomes of strains associated with different host species were
more likely to encode proteins conferring distinct physiological capabilities (Table
S3). For example, as previously reported (22), only isolates from sepiolid squid
shared an FadB-like enoyl-CoA hydratase used in lipid degradation and catabolism.
Similarly, squid LO-derived V. fischeri strains were found to carry the gene
annotated as carnitine racemase (caiD), used to synthesize osmoprotectants like
glycine betaine (56, 57) that could be valuable in conditions of squid tissues, which
are typically isosmotic or hyperosmotic to seawater, i.e., at or above 1,000
milliosmoles/liter (mOsm/L) (58) (Fig. 1C, right); however, producing such
additional osmolytes would be detrimental to strains growing in the hypoosmotic
tissues of marine fishes, which are typically 300400 mOsm/L (59, 60). Not
surprisingly, it has also been reported that the bioluminescence of luminous
symbionts isolated from squids requires an osmolarity that is high relative to the
optimal conditions of fish LO symbionts (61, 62). Finally, similar to animal
pathogens, LO-derived strains of fishes (Fig. 1C, right) more often encoded genes
whose annotations are associated with the production of cell-surface modifications

(e.g., manC and spsG) (63, 64) or that lower Mg2+ concentration (corC) and modify



ribosomal components (rimL) as a strategy to resist protein-synthesis inhibiting
antimicrobials (65, 66). Such immunity-evading mechanisms may provide a higher
fitness value for symbionts of a vertebrate host with adaptive immunity. Also notable
was a putative high-affinity glycerol-3-phosphate transporter locus (ugpBE) that was
encoded in fish isolates, but not squid isolates (Fig. 1C). It has been hypothesized
that in the squid LO the host provides this metabolite as a nutrient (67) during its
daily period of rapid growth (33); however, glycerol-3-phosphate may be less
available in fishes, thereby requiring its symbionts to have a higher affinity

transporter.

It should be noted that associating certain genetic capabilities with symbiont success
in fish LOs (Fig. 1C, right) must be tempered by the low number of isolates from
fishes that were analyzed in this study (Table S1). Nonetheless, taken together, the
genomic and phylogenetic results presented here provide evidence that V.
fischeri strains have evolved in response to their ecological context, free-living or

host-associated, and that host identity may further drive strain diversification.

Colonization by different V. fischeri strains leads to different transcriptional

responses in the host

In the squid-vibrio field, most research focusing on the host transcriptomic and
developmental responses has been done with strains isolated from E. scolopes,
principally strain ES114 (13, 14). To understand how strain variation influences LO
gene expression and development in squid, we colonized newly hatched juvenile E.
scolopes with strains isolated from LOs across a phylogenetic gradient: (i) ES114,
MBI5AS5, MBI11B1 from E. scolopes; (i) SRS from the Mediterranean sepiolid
squid Sepiola robusta; and (iii) MJ11 from the fish M. japonica (Table S1). Four
replicate sets of host colonization were obtained for each strain (Fig. 2C). During a
quality control check of the samples, it was determined that one of the four ES114

replicates was an outlier (Fig. S4A). PCA plots of the change in expression of the top



3,000 most variable host genes supported this conclusion (Fig. S4B) so that replicate

was eliminated from further analyses.
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Figure 3 Colonization by non-native V. fischeri strains
differentially impacts host gene expression at 72 hpi. (A)
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between specific strain combinations. (B) UpSet plot,
capturing both shared and strain-specific transcriptional
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expressed genes (DEGs) of the host from pairwise
comparisons between strains. There were no DEGs
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between ES114 and the other two E. scolopes-derived
strains (bottom two rows). DEGs were defined as those
with adjusted P-value (padj) < 0.05 and absolute log2-
fold change (|log2FC|) >0.58, with log2FC values
shrunken using the ashr method. In the MJ11 vs. ES114
comparison, 18 genes had |log2FC| > 1 and 10 had
[log2FC| > 2. The 0.58 threshold was selected to capture
biologically meaningful changes influenced by bacterial
colonization and bioluminescence. Color legend: Blue
bar: DEGs unique to MJ11 vs. ES114; Purple bar: DEGs
unique to MJ11 vs. MB15AS; Green bar: DEGs unique
to MJ11 vs. MB11B1; Gray bar: DEGs in MJ11 vs. one
or two other strains (but not all four); Black bar: DEGs
shared in MJ11 vs. all E. scolopes strains (used in
heatmap); White bar: DEGs not included in the heatmap.
Color-group memberships of individual DEGs are
identified on left column of heat map. (C) Heatmap of
selected DEGs. Gene annotations are based on BLAST
nucleotide hits; annotated gene IDs abbreviated (Table
S4); (=) =no BLAST match found; (HPP) =
hypothetical/predicted protein; (UPP) =
uncharacterized/predicted protein. Functional groupings
of GO-term classes are indicated by a colored line on the
far right; Black = Transpost and oxidoreductase activity;
Teal = Membrane associated proteolysis; Orange =
Cytoskeleton, transport and stress response. Gene names
with immune-related annotations are in dark green. The
five genes examined in Fig. 3 are in bold dark green.
Expression values are variance-stabilizing transformed
(VST) and row-scaled for visualization. Rows (genes) are
clustered by a tree, which is not represented.

By 72 hpi, well after colonization had been established and all strains had triggered
morphological changes in the LO (13), the overall host RNA profiles remained
broadly comparable among strains (Fig. 2A, upper left). However, certain host genes
exhibited differences in strain-dependent expression. In subgroup comparisons, the
gene expression patterns of the three isolates from E. scolopes LOs were similar,
forming an overlapping group (Fig. 2A, upper right). In contrast, pairwise
comparisons between E. scolopes strain ES114 and the non-E. scolopes LO strains

showed distinct groupings (Fig. 2A, lower).

We then performed pairwise comparisons between strains with the most distinctive
patterns and displayed them as an UpSet plot (Fig. 2B). A major conclusion from this
analysis was that the transcriptional response of the host to colonization by any of the

3 E. scolopes-derived V. fischeri strains was the same (i.e., no DEGs in the bottom



two comparisons). The transcription data were also used to develop a heat map
displaying differences in transcript level of the 73 most highly regulated genes (Fig.
2C; Table S4). For example, colonization of E. scolopes by the fish symbiont MJ11
led to a markedly higher transcript level of a gene predicted to encode glycoprotein
DMBT1 than native squid symbionts (Fig. 3A). This protein has a variety of roles in
innate immunity, such as the recognition of MAMPs and epithelial-cell
differentiation. Several studies have indicated that DMBTI1 is a key player in
maintaining homeostasis of innate immunity along mucosal surfaces, where it often
occurs in high abundance (for review, see reference 68). In a recent contribution, the
DMBTI1 gene was shown to be regulated in bacteria-associated epithelial
tumorigenesis in the mammalian colon (69).
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below them; padj < 0.05, [log2FC| + 0.58. For simplicity,
SR5 was only compared with ES114 or MJ11. Data are
also present in heatmap, Fig. 2C.

The same pattern of differential regulation was observed with most of the other
immune-related proteins (Fig. 2C). For example, a putative antimicrobial chitinase
also had higher expression in the non-£. scolopes isolates (Fig. 3B). Similarly, the
genes encoding two proteins associated with the production of antioxidants were
differentially regulated among the strains: POD-like, a peroxidase, and EgtB1-like
(annotated as “ergothioneine biosynthesis protein 1 isoform 1”). The presence of the
gene encoding EgtB1 was unexpected; ergothioneine, a sulfur-containing amino-acid
derivative of histidine, is a powerful antioxidant believed to be produced only by
certain fungi, actinomycetota, and cyanobacteria (70). When BLASTed against the
genomes of the phylum Mollusca, the EgtB1-like mRNA sequence returned a best
hit to a sequence encoding a domain predicted to have oxidoreductase activity in the
oyster Crassostrea gigas. Thus, these data suggest that the EgtB1-like antioxidant
protein that, together with the antioxidant POD-like, had significantly lower levels of
their encoding transcripts in LOs colonized by strains isolated from E. scolopes than
by other host-associated strains (Fig. 3C and D). Taken together, these patterns were
consistent with previous reports of the native symbiont transcriptionally “calming”
the immune response of E. scolopes (71,72), a strategy that non-native V.

fischeri strains, adapted to other host species, may be unable to deploy.

Finally, some putative immune-related host genes that were differentially regulated
when colonized by E. scolopes-derived strains, responded less to SR5 or MJ11 (Fig.
2C). For example, the gene encoding FFAR?2 (free fatty acid receptor 2) was more
highly induced by the native squid strains than by MJ11, the fish LO symbiont (Fig.
3E). In mammals, FFAR2 is a 7-membrane-spanning G-protein-coupled receptor
with the highest expression in the gut epithelium, where it senses microbially
produced short-chain fatty acids (SCFAs) and acts in concert with other immune

system responses to the normal microbiota (73, 74). In E. scolopes, the LO symbionts



are believed to produce SCFAs that are used by the host (67). It is intriguing to note
that the expression pattern seen for the putative FFAR2 is suggestive of a host
receptor that is induced only when the native symbiont and its resulting metabolic

activity are detected.

Across all comparisons of gene expression, colonization by SRS usually resulted in
an intermediate transcriptional profile, falling between the fish LO symbiont and the
three strains isolated from E. scolopes LOs (Fig. 3). This trend reinforces the
correlation between the nature of host responses to the strain and the relative

phylogenetic distance of the hosts from which the symbionts were isolated.

Colonization by non-native strains alters or delays host phenotypes

As mentioned above, in the squid-vibrio field, similar to the study of host
transcriptomic responses, most analyses of the host phenotypes have been performed
using strains isolated from E. scolopes, principally strain ES114 (13, 14). When a
host is colonized by strains isolated from squid hosts, both sides of the bilaterally
symmetric organ were typically colonized by 24 h and, as such, the symbiont-driven
developmental program behaved similarly on either side, as previously reported (13)
(Fig. 4A). We found that the fish strain MJ11 initiated symbiosis more slowly and to
a lesser extent (Fig. 4B) than any squid-derived strain (23). Specifically, we observed
that MJ11 colonized only one side of the LO in 25% of the juvenile hosts, even when
exposed to an unnaturally high inoculum, leaving the other half uncolonized for at
least 72 hpi (Fig. 4C). This differential colonization was reflected in the
morphological development of the organ. While the colonized sides of the organs
showed the signature regression of the ciliated superficial epithelium, the sides that
were uncolonized had a phenotype similar to the light-organ surfaces of newly

hatched (Fig. 1A) or 72 h aposymbiotic animals (75). The appendages of juveniles



that were bilaterally colonized by MJ11 or by one of the other strains all regressed to
the same degree (Fig. 4C).
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ciliated appendages begin their trajectory toward full
regression, and the bottleneck (arrows) connecting the
migration path to the crypts reduces in diameter. aa,
anterior appendage; pa, posterior appendage. (B)
Colony-forming units per light organ (CFU/LO)
recovered from individual squids at 24 hpi. Statistical
comparisons were performed using a Kruskal-Wallis test
followed by Dunn’s post hoc tests with Bonferroni
correction. Asterisks indicate significance: **P < 0.01.
(C) Image of the LO of a juvenile squid at (72 hpi)
colonized on only one side with strain MJ11. This
condition was noted in about 25% of MJ11-colonized
light organs but was never observed in the several
hundred animals colonized by the other four strains. (C”)
Average length of the ciliated appendages of the LO at
72 hpi with one of five strains. Measurements were made
only on animals in which both sides of the organ were
colonized. Data shown are for the length of the left
anterior appendage. Statistical comparisons were
performed using a Kruskal-Wallis test followed by
Dunn’s post hoc tests with Bonferroni correction.
Asterisks indicate significance: ***P < 0.001. **P <
0.01, * P <0.05. APO (aposymbiotic, not colonized). (D)
LO bottleneck width at 24 hpi (left) and 72 hpi (right) of
colonized LOs compared to uncolonized LOs (APO).
Statistical comparisons were performed at each time
point, using a Kruskal-Wallis test followed by Dunn’s
post hoc tests with Bonferroni correction. Asterisks
indicate significance: ***P < 0.001. (E) Bottleneck
closure response to the carriage of the rscS gene. At 24
hpi, bottleneck closure induced by ES114 and ES114
ArscS was not statistically different; however, MJ11
closed less than both of them. MIJI11 rscS+
has rscS present on a plasmid. MJ11 ctrl carries only the
backbone plasmid. Statistical comparisons were
performed using a Kruskal-Wallis test followed by
Dunn’s post hoc tests with Bonferroni correction.
Asterisks indicate significance: ***P < 0.001. **P <
0.01, *P < 0.05. Only some statistical significances are
shown for plot clarity.

We also examined the impact of strain variation on another developmental phenotype
(76), the symbiont-induced narrowing of a “bottleneck” that restricts the diameter of
the migration path just before the LO crypt entrance (Fig. 4A). This constriction
serves to spatially restrict the symbiont population to the crypts, opening only during
the crypt venting at dawn (36, 37). By 24-hpi, colonization by E. scolopes-derived
strains had triggered a significant bottleneck narrowing; however, the non-native
strains SR5 and MJ11 had not (Fig. 4D, left). Because bottleneck constriction begins

when symbiont numbers are as low as 10 cells (36), the reduced population sizes of



these strains at 24 hpi (Fig. 4B) are not responsible for the lack of bottleneck closure.
Instead, intrinsic differences between the behavior or biochemistry of native and non-
native strains are likely accountable. By 72 hpi, the bottleneck was fully narrowed by

all strains (Fig. 4D, right).

To better understand the basis of the strain-level difference in the timing of bottleneck
narrowing, we explored how the carriage ofrscS, which encodes a regulator of
biofilm formation in V. fischeri (21), may be related to the narrowing of the host’s
LO bottleneck (Fig. 4E). The wild-type MJ11 strain, which does not carry rscS and
colonizes poorly at normal inoculum (20), is delayed in bottleneck constriction at 24
hpi (Fig. 4D, left); however, when strain MJ11 was genetically modified to carry
the rscS allele, colonization resulted in a normal bottleneck narrowing by 24 hpi.
Interestingly, the wild-type squid symbiont ES114 typically carries rscS, but
colonization by a deletion mutant of rscS still causes a narrowing of the bottleneck.
This result suggested that the carriage of rscS is sufficient for bottleneck closure for
some strains but is not necessary for others. By 72 hpi, the bottlenecks of all LOs
colonized by wild-type and genetically modified strains were closed and not

significantly different from strain ES114.

The bottleneck phenotype is complex, apparently requiring multiple inputs from the
symbiont to activate. Our previous work showed that bottleneck closure requires a
bioluminescence-independent, quorum sensing-dependent pathway (77). It is also
known through multiple studies that quorum sensing and RscS/biofilm formation are
transcriptionally and post-transcriptionally co-regulated (78—81). It is possible that in
ES114, overlapping signals from both the quorum sensing and biofilm pathways are
detected by the host to quickly trigger bottleneck closure. In the absence of any one

of these signals, closure may lag or not complete. MJ11 constitutively expressing



RscS appears to be primed to express the necessary signals upon colonization of the

crypts, whereas wild-type MJ11 takes longer to turn on these signals.

Taken together, the developmental phenotypes described above show that, over
time, E. scolopes ultimately remodels its LO in response to V. fischeri colonization,
regardless of the strain’s origin. However, the length of time required for the
developmental trajectory to result in normal maturation of the LO varies among V.
fischeri strains. Similar differences in development have also been found to occur
with strain variation in legume-rhizobia associations (10, 11, 82), demonstrating how

a comparative strain-level approach can provide clues to symbiotic mechanisms.

Conclusions and future directions

This study represents a broad view of how symbiont strain-level variation influences
the establishment and development of a symbiotic association and serves as a
discovery tool for further analysis of this and other symbioses. Specifically, we have
shown how host responses to different strains that typically colonize the LO of one
host species, E. scolopes, differ from the responses of that host to strains from the
LOs of other squid and fish species. We anticipate that the patterns in host responses
to strain-level differences described here will help generate hypotheses that can be

tested in this and other host-microbe symbioses.

The results revealed an array of possible areas in which to more deeply pursue the
mechanisms underlying the phenomena discovered. One conspicuous area is the
basis for or consequences of changes in gene expression. Specifically, this study did
not reveal whether the differences in transcript levels detected during colonization by
different strains resulted from changes in the stability of the transcript, or whether the
differences were reflected in the levels of transcript-encoded protein abundance

and/or activity. Similarly, it remains to be determined whether any of the hypotheses



proposed above for underlying functions of the differences noted between strains

isolated from squid or fish tissue are valid (Fig. 1C).

Another area of possible exploration would be a comparison with transcriptional
responses by other sepiolids species that have symbiotic associations with V.
fischeri strains. Such an approach would provide insight into whether the responses
were common among, or specific to, hosts beyond E. scolopes. For example,
several Euprymna spp. occur in Indo-Pacific and Australian waters, including F.
berryi, which is being developed as another model sepiolid species (83). In addition,
several Sepiola spp. with symbiotic organs containing V. fischeri occur in the
Northeastern Atlantic Ocean and Mediterranean. Such an approach may also allow a
refined analysis of the relationship between bacteria genomic differences, which are

extensive, and host responses.
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2.2 The effect of SypC on the host
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This study moves from observing strain-level differences to identifying the
genetic mechanisms that produce them. The characterization of sypC
demonstrates how variation in individual bacterial genes can alter symbiotic
performance, providing a mechanistic framework for understanding how
microbial genetic diversity influences host colonization and the establishment of

stable symbiotic relationships.

Abstract

Bacterial outer membrane vesicles (OMVs) and the cargo they carry are increasingly
recognized as a means of communication between microbial symbionts and the cells
of their host. However, few studies have focused on the biochemical and molecular
mechanisms underlying OMV signaling during symbiosis onset and development.
We show here that SypC, an OMV protein of the bioluminescent
symbiont Vibrio fischeri,is taken up by cells of the squid host Euprymna
scolopes where it assumes a new function, i.e., the facilitation of symbiont-induced
light-organ morphogenesis. SypC is a Wza-like outer membrane protein found in
host-associated Vibrionaceae and is essential for V. fischeribiofilm formation.
Colonization or direct treatment with V. fischeri OMVs triggers host development,
which was reduced or delayed if the host is instead exposed to a AsypC mutant or
AsypC OMVs. RNA-seq analyses comparing light organs colonized by either the
mutant or its parent revealed differential expression of host genes associated with
immune responses and tissue morphogenesis. In immunocytochemical imaging,
SypC-bearing OMVs were taken up by the host’s macrophage-like cells near the
light-organ crypts, revealing the mechanism by which SypC travels through tissue to
trigger morphogenesis. Taken together, the data provide evidence that in addition to
its role in biofilm formation and colonization, SypC has a second function promoting
the induction of symbiotic-tissue development. These findings provide a critical

piece of a puzzle whereby a rich array of host and symbiont molecules work in



concert to orchestrate normal symbiont colonization and host development within the

first hours to days of symbiosis.

Importance

Bacterial symbionts can profoundly influence host development. Using
the Euprymna scolopes-Vibrio fischeri model symbiosis, this study provides
evidence for recruitment of the outer membrane protein SypC, which is necessary
for V. fischeri biofilm formation, into the process of host morphogenesis that occurs
early in the symbiosis. This divergent dual-function role that SypC plays requires it
to be shed from the cell surface of V. fischeri in outer membrane vesicles (OMVs).
Host macrophage-like cells phagocytose and traffic the OMVs to a distant site where
they are essential for induction of light-organ development. Because many species of
the Vibrionaceae share unusual structural features of SypC, this protein may be

critical for host—vibrio interactions in both nonpathogenic and pathogenic association

Introduction

Most, if not all, Gram-negative bacteria produce outer membrane vesicles (OMVs),
which have recently been recognized to be involved in communication with host cells
(for review, see refs. 1-3). For many species, OMVs are released from the bacterial
cell surface by a nonlytic budding mechanism of the outer membrane (2, 4) that can
be recognized by the almost solely periplasmic and outer membrane derivation of
their proteome (e.g., refs. 5, 6). The cargo present in OMVs also includes nucleic
acids and components of the outer envelope, such as lipopolysaccharide (LPS) and
peptidoglycan (PGN) derivatives. Following release from the cell surface of bacterial
symbionts, these vesicles interact with surface receptors on host epithelial or blood
cells, or can even enter the cytoplasm, where they are often recognized by
intracellular receptors. Increasing evidence suggests that OMVs internalized in host
cells can release their cargo into the host-cell cytoplasm and influence the function
and viability of those cells (6-8). OMVs have been principally characterized in

bacterial pathogenesis (9, 10), but recent studies have shown them to be critical



elements of beneficial symbioses of both vertebrates (6) and invertebrates (see, e.g.,
refs. 11-13). For example, OMVs of the microbiota have been shown to enter the
bloodstream of mammals, where they influence host immunity and disease response
(12,14), as well as to cross the blood-brain barrier, where they influence

neurological health and disease (15).

Studies of the squid—vibrio model symbiosis have provided insights into the
involvement of symbiont OMVs in modulating host-microbe interactions (16, 17).
Host exposure to either 15N-labeled V. fischeri cells or OMVs derived from these
cells results in indistinguishable patterns of heavy-isotope labeling of the host tissues
(7). In this system, the luminous bacterium Vibrio fischeri resides in crypt spaces
along the apical epithelium of the symbiotic light-emitting organ of the Hawaiian
bobtail squid, Euprymna scolopes (18, 19). Each generation, the aposymbiotic
(APO) (i.e., symbiont-free) light organ of the newly hatched juvenile host specifically
recruits V. fischeri cells from the bacterioplankton within hours; these founders and
their progeny remain the symbionts throughout the squid’s lifespan. The host hatches
with a light-organ morphology that potentiates symbiont recruitment (Fig. 1A).
Ciliated fields on the nascent symbiotic organ entrain environmental V. fischeri cells
above pores on the organ surface (Fig. 1 A’, Left). These cells aggregate in host-
derived mucus (Fig. 1A’’). This behavior requires the production of an
exopolysaccharide on the surface of V. fischeri cells, a function that is encoded by
the symbiont’s syp locus (20). Thus, the biofilm consists of two components: host
mucus and the bacterial exopolysaccharide. After aggregating, the cells migrate
through host tissues to colonize the crypt spaces (Fig. 1 A’, Right), where they induce
the loss of the superficial ciliated fields over the first 4 to 5 d following colonization
(18). This gradual process involves two conspicuous phenotypes: i) widespread cell
death of the superficial ciliated cells (Fig. 1B); and ii) the migration of squid-host
macrophage-like blood cells, or hemocytes, into the blood sinuses of the ciliated-
appendage epithelia (Fig. 1C). Following an upregulation of matrix metalloprotease

activity in the basement membrane (21), the dying cells are sloughed from the



surface, i.e., they are not phagocytosed by the hemocytes in the blood sinus. The
microbe-associated molecular patterns, or MAMPs, present in the OMVs of V.
fischeri cells, specifically LPS and PGN derivatives, trigger most of this cell death
and hemocyte migration, with symbiont light production being required for the full
developmental program (22). While LPS and PGN are common to many bacterial
species, this response is specific to V. fischeri because the signals originate in light-
organ crypts, where only this species can persist (16, 23). Whereas a great deal of
this process has been described, the mechanism by which the inductive message is
transferred from the bacteria in the crypt spaces to the superficial ciliated fields has

remained unresolved.

surface interior

Figure 6Juvenile light organ features and colonization
developmental events. (A) The morphology and anatomy
of the symbiotic organ. Ventral view of anF.
scolopes showing the location of the light organ beneath
the mantle and funnel. (A’) Expanded diagram of the
light organ. Left half: surface features of the organ,
showing the superficial ciliated fields (gray) and three
pores, relative to the position of the hindgut (hg). V.
fischeri cells (green) in the ambient seawater aggregate
in mucus outside of the pores (agg). Right half: internal
regions of the organ including 3 crypts and the migration-
pathway bottlenecks at their entrances (one indicated,
bn). V. fischeri cells (green) are located in the crypts; the
blood sinuses (bs) of the superficial ciliated appendages
(aa, anterior appendage; pa, posterior appendage) contain
migrating hemocytes (hc, red). (A’”) Confocal image of
aggregated V. fischeri cells (magenta) in host mucus
(blue) outside of a pore (p) surrounded by cilia (green).
(B) Once the light organ is colonized, the superficial
ciliated fields regress by programmed cell death; dying
cells (yellow puncta) were visualized by acridine orange



staining, characteristic of early stage cell death of
symbiotic (sym) but not aposymbiotic (apo) light organs.
(C) Close-up images of tissues of the blood sinuses (bs)
of the ciliated appendages. After colonization by V.
fischeri cells, the blood sinuses fill with hemocytes
(white arrowheads).

Investigations of V. fischeri OMVs have shown that LPS, as well as hundreds of
proteins and several RNA types (tRNA, rRNA, and small noncoding RNAs or
sRNAs), are trafficked into host cells. Thus far, three of these biomolecules in the
OMVs have been deeply characterized, i.e., the LPS (24), the SRNA SsrA, also called
tmRNA (17), and the outer membrane protein OmpU (5). The data showed that these

molecules each impact a specific feature of early symbiosis development.

In this study, we present data from an examination of the importance of SypC [See SI
Appendix, Fig. S1A; UniProt (25)], a V. fischeri protein present in the OMVs (26)
(ST Appendix, Fig. S1B), on host light-organ gene expression and development.
SypC was selected for study because there is a deep understanding of components of
the V. fischeri syplocus (20), which encodes proteins that produce an
exopolysaccharide critical in symbiosis competency. SypC is an intrinsic outer
membrane—spanning protein that is a paralog of the V. fischeri GIcE and its
ortholog Escherichia coli Wza (SI Appendix, Fig. S1A) (27). It is essential for the
export of the bacterium’s exopolysaccharide (EPS) or Syp polysaccharide (28) and
is the only protein encoded by the syp locus that is detected in OMVs (5). The data
presented here provide evidence that SypC is critical for conveying the information
that potentiates host light-organ development and promotes colonization of the crypts

by V. fischeri.

Materials and methods

Animal Collection and Care.

All animal protocols and experiments were approved by the California Institute of

Technology Institutional Animal Care and Use Committee. Adult Euprymna



scolopes Hawaiian bobtail squid were collected from Maunalua Bay, Oahu, HI, and
either maintained in flow-through seawater tanks at Kewalo Marine Laboratory
(Honolulu, HI) or transferred to recirculating tanks at Caltech (Pasadena, CA) and
maintained as previously described (57). Juveniles bred from wild-caught adults were
used for all experiments. After embryonic day 10, egg clutches were moved to a
natural 12:12-hour light—dark cycle. Upon hatching, juvenile squid were collected,
washed, and placed in 1) 0.2 um-pore size filter-sterilized artificial seawater (Instant
Ocean, Spectrum Brands, Blacksburg, CA) (FSIO = filter-sterilized Instant Ocean),
i1) natural ocean seawater collected from the pier pump of Scripps Institution of
Oceanography, La Jolla, CA (SIO seawater), or iii) filter-sterilized ocean seawater

(FSOW), as indicated in the figure legends of a given experiment.

Bacterial Strains and Host Colonization Assay.

V. fischeri strains and plasmids used in this study are listed in SI Appendix, Table
S1. The ability of different strains to colonize newly hatched juvenile E. scolopes was

determined as described elsewhere (58, 59) (SI Appendix, Supplemental Methods).

Imaging of Cell Death in the Appendages.

Juvenile squid were collected at 24 h postinoculation, placed in 0.0001% acridine
orange (Thermo Fisher Scientific, [rwindale, CA) in FSOW for 1 min, and washed
with FSOW. Animals were anesthetized in 2% ethanol and their mantles and funnels
were removed to expose the light organ. Light organ appendages were visualized to
determine the number of acridine orange positive (early-stage cell death) nuclei using

fluorescence confocal microscopy (60) (See SI Appendix, Table S2 for details). Late-



stage cell death, characterized by DNA fragmentation, was detected by TUNEL

staining, according to the manufacturer’s instructions (Promega, Madison, WI).

Construction of Protein Fusions in V. fischeri.

Because an antibody raised to the SypC protein itself was not easily detected by ICC,
N-terminal mCherry translational fusions were constructed by amplification
of mCherry from pSMV3-mCherry-zapA (61) and either sypC or ompU from the V.
fischeri ES114 genome by standard Gibson assembly into pVSV 105 (62). All fusions
include an internal linker sequence (5’-CTCGAGGGATCCGGA-3’)
between mCherry and the gene of interest (See SI Appendix, Table S1). pCMC37
was cloned with the native signal peptide sequence of ompU on the 5 end of the
fusion sequence. Transfer of plasmids into V. fischeri strains was performed by
standard biparental conjugation protocol (63) using the E. coli donor strain MFDpir

(64).

Immunocytochemistry of SypC and OmpU.

Juvenile squid were colonized within 3 h of hatching, at 1 h postdusk with 10,000
CFU of bacteria per ml (either WT+ mCherry, WT + mCherry-SypC conjugate, or
WT + mCherry-OmpU conjugate). Colonization was confirmed via luminometer
prior to fixation. Squid were fixed at 4 and 10 h postdawn (15 and 21 h
postcolonization) in 4% PFA in marine PBS (mPBS) for 12 h at 4 °C with agitation,
then rinsed four times for 15 min in mPBS. Light organs were dissected out of the
squid and permeabilized for two days in mPBS/1% Triton X-100 (mPBST) at 4 °C
with agitation. Blocking solution (0.5% BSA, 1% goat serum in mPBST) was added
and samples were incubated in the dark overnight at 4 °C with agitation. Either an
anti-mCherry monoclonal antibody (Thermo Fisher Scientific) or the corresponding
rat IgG isotype control (Thermo Fisher Scientific) was added at a concentration of
1:100 in blocking solution and incubated in the dark for 14 d at 4 °C with agitation;

fresh antibody was replaced at 7 d. Samples were rinsed 4 x 1 h with mPBST and



goat anti-rat IgG secondary antibody (Alexa Fluor 647 conjugated, Thermo Fisher
Scientific) was added at 1:1000 concentration in blocking solution overnight.
Samples were rinsed 5 x 5 min in mPBST, and 1 X 5 min in 5% SSCT, then
counterstained with 1:1,000 CellMask Orange Plasma Membrane Stain, and 1:50
DAPI (Thermo Fisher Scientific), in mPBST for two days at 4 °C with agitation.

Light organs were mounted in Vectashield (Fisher Scientific, Hampton, NH) on
slides for confocal microscopy imaging. Lasers were set to the negative control to
eliminate background autofluorescence and identical imaging parameters were used
across all samples. Specific confocal microscope and imaging acquisition parameters
are listed in SI Appendix, Table S2. Three-dimensional reconstructions of 0.3 pm

thick Z-stacks were generated using Imaris 10.1 (Bitplane, Zurich, Switzerland).

Electron Tomography.

Samples of the light organ were prepared for electron microscopy. For sample
preparation and details of the electron tomography and scanning electron microscopy

methods, see SI Appendix, Table S2 and Supplemental Methods.

TCT Production by V. fischeri.

Analyses of the production of this MAMP by cultures of V. fischeri have been
reported elsewhere and can be found in SI Appendix, Supplemental Methods.

OMYV Isolation.

OMVs were isolated from V. fischeri cultures after 24 h of growth in LBS at 28 °C
as previously described (5) (see SI Appendix, Supplemental Methods for details).

RNA Extraction for RNAseq and NanoString Experiments.

Juvenile squid were hatched into V. fischeri-free natural ocean water. Animals

hatched on the same day and from the same clutch (i.e., with a related genetic



background) were separated into 3 treatments groups: APO (no exposure to V.
fischeri), WT (exposed to wild-type V. fischeri strain ES114 at ~5,000 CFU/mL), and
AsypC (exposed to a V. fischeri AsypC derivative at ~5,000 CFU/mL); n = 20
animals per sample, with 4 biological replicates. After 24 h of exposure, total light-
organ RNA was isolated using an RNeasy Mini Kit (Qiagen, Germantown, MD) and
Qiagen QIAshredder according to the manufacturer’s instructions. Samples were
treated with TURBO DNase (Thermo Fisher Scientific) to remove DNA
contamination. RNA quality and concentration were determined by
spectrophotometry using a NanoPhotometer (Implen, Westlake City, CA), and the
concentration was confirmed using Qubit RNA BR assay kit (Thermo Fisher
Scientific). For RNAseq analysis, the [llumina TruSeq Stranded mRNA Sample Prep
with polyA selection v4.0 protocol was used for library preparation. Sequencing of
light-organ tissue samples was performed at the NYU Genome Center on an Illumina
HiSeq 4000 using a paired-end, 100-nucleotide-length run mode that produced ~35

to 85 million reads/sample.

For NanoString codeset analysis, RNA was prepared from APO, WT, and
AsypC animals as described above. Raw nCounter data were passed into Rs
NanoStringDiff (v1), which computed log2FC and qvalue to identify differentially
expressed genes (DEGs); two host genes, serine hydroxymethyltransferase and
REL NF-kappaB, were chosen for normalization. Clutch number (as a proxy for
genetic background) was included as a covariate in the model. nSolver (v4.0) was

used to normalize raw NanoString data for visualization.

Determination of Differential Gene Expression.

Raw PE reads were quality- and adapter-trimmed using fastp (v0.24.0) with default
parameters (65). Cleaned reads where then pseudoaligned, to the most recently
published E. scolopes reference genome and annotations (v2.2) (66), using kb-
python with bulk RNA-seq and reverse stranded tags (kb-python: v0.28.2, kallisto
v0.50.0, bustools: v0.43.2) (67). On average, 64.4% of reads successfully



pseudoaligned. Gene-level counts were then passed into R’s DESeq2 (v1.44.0) for
differential expression analysis (68). Genetic background, or clutch, was included as
a covariate in the model. DEG were identified for each pairwise comparison, due to
high within sample variation, with P-value adjusted globally (DE: global padj <0.05,
log2FC £ 0.5). Plots were made with ggplot2 (v3.5.1), ComplexUpsetR (v1.3.3), and

variancePartition (v1.34.0).

Statistical Analyses.

All statistical analyses were conducted using Prism 8 (Graphpad Software, La Jolla,
CA). Statistical analyses between two groups were analyzed using unpaired
Student’s t test. Comparisons between multiple groups were analyzed using two-way
ANOVA with Tukey test. Statistical variability is expressed as mean + 1 SD; ns: not
significant, P > 0.05; *P <0.05; **P <0.01; ***P <0.001; ****P <0.0001. N values

for experiments are indicated in figure legends as appropriate.

Results and discussion

AsypC-Colonized Light Organs Have Altered Transcriptional Responses.

To understand how colonization by a AsypC symbiont might differentially influence
host gene expression, we performed an RNA-seq experiment at 24 h postinoculation
(hpi). Relative to APO animals, V. fischeri colonization, regardless of the presence
of sypC in the symbionts (i.e., WT or AsypC), modulated the expression of 396
genes, clearly distinguishing uncolonized squid from symbiotic ones. (Fig. 2 A, Left,
and B). This result is not unexpected, as multiple factors from V. fischeri (e.g.,
MAMPs and light production) are known to modulate host gene expression (22).
Nevertheless, the presence of sypC did have a clear transcriptional impact,
specifically affecting a distinct subset of host genes. Differential expression (DE)
analysis (sce PERMANOVA, in SI Appendix, Supplemental Results) comparing
colonization by either the WT or the AsypC strain identified 138 sypC-dependent

regulated genes (green and yellow, Fig. 2B). Hierarchical clustering showed that



these genes had similar expression levels in APO and AsypC treatments, indicating
that to be regulated, these genes require the presence of sypC in the symbionts (Fig.
2 C, Left). Additionally, we identified 345 genes that were not significantly different
after WT or AsypC colonization but instead exhibited an intermediate level of
expression in AsypC relative to WT and APO (Fig. 2 C, Right). These genes were
statistically DE between WT/APO, but not between either AsypC/APO or AsypC/WT
(brown, Fig. 2B). Such a pattern suggests that sypC contributed to achieving full

expression of these genes.
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Figure 7 Relative impact of the AsypC mutant on light-
organ gene expression. (A) Principal component analysis
(PCA) of host transcriptomes. Left: three conditions are
shown: uncolonized (APO, gray), colonized with wild-
type bacteria (WT, black), or colonized with the
AsypC mutant (AsypC, red). Right: Same data as Left,
but with APO excluded to better highlight the separation
between WT and AsypC. Percent variance explained by
each principal component is indicated on the axes. (B)
UpSet plot of differentially expressed genes (DEGs).
Comparisons include WT vs. APO and AsypC vs. APO
(log2 FC > |1, adjusted P < 0.05), and AsypC vs. WT
(log2 FC > |0.58|, adjusted P < 0.05). (C) Expression
patterns of selected DEG categories. Left: Green and
yellow genes highlight that AsypC colonized animals
resemble APO more closely for this subset. Right: Green,
yellow, and brown gene groupings illustrate that
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AsypC represents an intermediate expression state
between APO and WT. Color coding: Black:
Downregulated by SypC (AsypC> WT). Gray:
Upregulated by SypC (AsypC < WT). Green: DE in both
WT vs. APO and AsypC vs. WT. Yellow: DE only in
AsypC vs. WT. Brown: DE only in WT vs. APO. (D)
Expression validation of selected genes comparing RNA-
seq and NanoString analyses.

Examining all genes of interest (Fig. 2; brown, yellow, and green), GO-term
enrichment analysis highlights the possibility that symbiont carriage
of sypC suppresses pathways related to cytoskeletal organization and cellular
motility, and upregulates host responses involved in metabolism, immune
modulation, cell adhesion, and extracellular remodeling (SI Appendix, Fig. S2),
including production of a matrix metalloprotease by the ciliated epithelium, which is
increased 24 h after colonization and is involved in light-organ morphogenesis (29).
Twenty-five other upregulated host genes of interest were associated with cell death
and proteolysis (SI Appendix, Fig. S3 A and B), supporting the idea that the presence
of the SypC protein promotes host-cell death in the ciliated fields (Fig. 3A).



Figure 8 Colonization by the V. fischeri AsypC mutant
attenuates normal cellular phenotypes of the host. (A)
Representative images of the superficial ciliated fields of
light organs that were APO or colonized with wild-
type V. fischeri (WT), AsypC, or the complemented
AsypC +sypC strains. At 24 h postcolonization, levels of
symbiosis-induced  early-stage  apoptosis ~ were
determined in the ciliated field with each condition, as
indicated by pycnotic nuclei (condensed chromatin, e.g.,
white arrows) in these regions. Fluorochromes used: cell
death was indicated by acridine-orange stained
condensed chromatin (green); mucus was stained with
wheat-germ agglutinin (blue). aa, anterior appendage; bs,
blood sinus; pa, posterior appendage; v, vacuoles within
the lateral epithelial cells of the ciliated field. (A’)
Quantification of nuclei indicating early-stage cell death.
(A”) Quantification of late-stage apoptosis was
determined using the fluorochrome TUNEL (terminal
deoxynucleotidyl transferase dUTP nicked-end labeling).
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(B) Representative images of hemocytes (blood cells,
white arrowheads) trafficking into the blood sinus of the
anterior appendage under the four colonization
conditions. Fluorochromes used: hemocytes were
identified by DNase-1 staining (green); F-actin
cytoskeleton was stained with phalloidin (magenta);
nuclei, TO-PRO-3 (blue). (B’) The number of hemocytes
present in the blood sinus of the anterior appendage was
quantified at 24 h after colonization by different V.
fischeri strains. (B”) Hemocyte trafficking was also
determined in animals exposed only to OMVs that had
been isolated from either WT or AsypC strains. For all
conditions in A’ and A”, and B’ and B” each data point
represents a biological replicate. Each experiment was
repeated 3 times with the same outcome. Results are
presented as mean + 1 SD. Comparisons between
multiple groups were analyzed using one-way ANOVA
with Tukey test. ns: not significant, P > 0.05; *P < 0.05;
**P <0.01; ¥**P < 0.001; ****P <0.0001.

To validate the RNA-seq results, NanoString analysis was performed on selected
targets (Fig. 2D and SI Appendix, Fig. S3C). Previously studied symbiosis-
associated genes such as cathepsin L, nitric oxide synthase, lysozyme, and
chitotriosidase (reviewed in ref. 18) were upregulated by symbionts encoding SypC,
consistent with both cell-death enhancement and immune-response modulation.
Most of these crucial developmental genes were downregulated in a colonization by
a AsypC mutant compared to WT, further highlighting the importance of SypC

during tissue morphogenesis.

Colonization by the AsypC Mutant Affects Certain Features of Host Development.

In response to colonization by the AsypC mutant, several typical wild-type-induced
developmental phenotypes were significantly reduced (Fig. 3). Both early-stage
(characterized by condensed chromatin; Fig. 3 Aand A’) and late-stage
(characterized by fragmented chromatin; Fig. 3A°”) cell death were often statistically
different; however, due to natural genetic variation of juveniles during development,
some clutches only showed significant differences during late-stage cell death.
Similarly, the number of hemocytes migrating into the blood sinuses of the anterior
appendages of the ciliated fields was consistently statistically reduced in AsypC-
colonized animals (Fig. 3 B and B’). Treatment of juveniles with V. fischeri OMVs



was sufficient to induce the migration of hemocytes to the blood sinus (23), even in
the absence of the bacteria themselves (Fig. 3B’’), indicating that OMVs alone were
adequate to trigger this key developmental event. Further, the reduced level of
hemocyte migration that resulted from a AsypC colonization (Fig. 3B’) was
phenocopied when animals were exposed to OMVs produced by the mutant strain

relative to wild-type OMVs (Fig. 3B™’).

SypK, another protein encoded by the syp locus and essential for biofilm formation
(28), contains the conserved RfbX flippase domain found in Wzx (30). It likely
transports subunits of the Syp polysaccharide from the cytoplasm into the periplasm
where they are assembled. SypK is predicted to be associated with the cytoplasmic
membrane and thus, unlike the outer membrane SypC, was not detected in OMVs
(5). In contrast to the AsypC mutant, colonization by the AsypK mutant did not
significantly affect the level of hemocyte migration (SI Appendix, Fig. S4). These
results indicate that it is the absence of the SypC protein itself, not a disruption of
exopolysaccharide production, that is responsible for the inability of AsypC to induce

normal hemocyte migration.

Certain other morphological events in the developmental program are also absent or
delayed in AsypC colonized animals, such as the loss of the ciliated ridge on the light
organ’s surface (31) (SI Appendix, Fig. SSA) at 24 hpi. However, squids colonized
by AsypC did retain several other normal developmental phenotypes, such as the
typical regression of the superficial ciliated fields, which did not differ significantly
between WT- and AsypC-colonized animals at 72 hpi (SI Appendix, Fig. S5 B-D).
In addition, a phenotype occurring more deeply in the symbiont’s migration path, i.e.,
the symbiont-induced closure of the migration path “bottleneck” (32, 33), was similar

in animals colonized by either the WT or AsypC strain (SI Appendix, Fig. S5E).

Given that the peptidoglycan monomer TCT (tracheal cytotoxin) induces hemocyte
migration into the blood sinuses of the appendages (26), we hypothesized that the

AsypC would be deficient in TCT production. To test this notion, we measured the



amount of TCT produced by WT and AsypC cells in culture and determined that the
mutant produced roughly the same level of TCT as the WT strain (See SI Appendix,
Fig. S6 A and B). This result suggests that the developmental defect caused by the
AsypC symbiont is not in the production of TCT but instead in the ability of this TCT
to induce hemocyte migration normally. Interestingly, the experimental addition of
high levels of TCT directly to seawater can itself induce hemocyte migration in both
uncolonized and AsypC-colonized animals (SI Appendix, Fig. S6C), indicating that
such a pharmacological treatment with TCT alone can be sufficient to overcome the

typical requirement that SypC be present to enable induction of hemocyte migration.

Symbiont SypC Protein Is Found within Host Hemocytes.

Because the SypC protein itself is required for normal host responses to either
colonization by symbionts or treatment with OMVs, we investigated whether this
protein’s effect was due to accumulation within host cells. Prior studies have shown
that components of symbiont-produced OMVs can enter host cells, including LPS,
which induces early-stage cell death (24), and small RNAs (17). These findings
suggest a mechanism by which OMV-associated SypC (5) could also be delivered
into host cells. To determine whether SypC is, in fact, translocated within the light
organ, we introduced into wild-type V. fischeri a gene encoding an mCherry-SypC
fusion protein that was constitutively expressed from its plasmid (SI Appendix, Table
S1). Thus, this SypC fusion protein was well expressed, functional, and could easily
be detected in bacterial cell extracts using a fluorescent antibody made against
mCherry (SI Appendix, Fig. S7). When juvenile animals were examined at 24 hpi,
the SypC fusion protein was observed within the colonized light organ by
immunocytochemistry using an anti-mCherry antibody (Fig. 4). As expected, the
symbionts themselves were strongly labeled. The SypC fusion protein was also
observed in the cytoplasm of the epithelial cells lining the crypts (Fig. 4A); however,
when colonized by wild-type symbionts carrying mCherry alone, no antibody

reaction was observed in hemocytes (SI Appendix, Fig. S8), indicating that these



cells internalize OMVs, but not entire V. fischeri symbionts. Further, the SypC-
fusion labeling was in proximity to the nucleus, but excluded from the nuclear region
(Fig. 4 B and C). Examination of tissues distant from the crypts revealed labeled
SypC (Fig. 4 D-G’’) appearing even as remotely as the blood sinus of the external
ciliated appendages (Fig. 5A). In colonized animals, hemocytes migrate to the
appendages prior to the onset of cell death (34); thus, we asked whether SypC might

be associated with these tissue-targeting cells and, if so, whether the presence of

SypC might be connected to cell-death-driven morphogenesis.
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Figure 9 Components and activities of migrating
hemocytes. Localization of SypC within and near the
symbionts at 24 hpi. (A) Abundance of antibody labeling
of V. fischeri SypC in the light-organ crypt spaces
(cr). Insert, mCherry-SypC fusion protein detected by
fluorescent mCherry antibody (white arrows) within the



cytoplasm of host cells lining the crypts. (B) Imaris
rendering of higher-magnification confocal images
showing SypC (white arrows) within host cells in regions
near nuclei. The dashed line indicates the boundary
between the host cells (Left) and the symbiont-containing
crypts. CellMask Orange-stained membranes in and
surrounding the cytoplasm. (C) Imaris rendering
demonstrating that SypC is extranuclear. (D) Labeling of
the V. fischeri SypC-fusion protein within the blood
sinus (bs) of an anterior appendage (aa) of the superficial
ciliated field of the organ; low magnification image
showing the general location of higher magnification
area. (E-E’’) Higher magnification images showing the
association of SypC with hemocytes in the blood sinus.
DAPI-stained nuclei, (blue); fluorescent antibody to
mCherry portion of mCherry-SypC fusion protein (red);
CellMask Orange-stained hemocytes (turquoise). (F)
Labeling of the V. fischeri OmpU protein within the
blood sinus; low magnification image as in D. (G-G*’)
Higher magnification images showing the association of
OmpU with hemocytes in the blood sinus. DAPI-stained
nuclei, (blue); fluorescent antibody to OmpU (yellow);
CellMask Orange-stained hemocytes (turquoise). Images
of experimental controls can be found in SI Appendix,
Fig. S8.
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Figure 10 Migration of SypC-bearing hemocytes to the
blood sinus. (A) Tracking of host hemocytes during the
first 17 h postinfection (hpi) as they migrate from the
crypts to the blood sinus (bs) of the anterior appendage
(aa). The presence of SypC-bearing hemocytes was
indicated by the colocalization of a mCherry-SypC
fusion protein (red) detected by a fluorescent mCherry
antibody, with the CellMask Orange-stained hemocytes
(turquoise). The hemocytes were observed near the
medial crypt tissues at 9 hpi (B-D), progressed through
the lateral tissues of the light organ by 12 hpi (E), and
became situated in the blood sinus of the anterior
appendage as soon as 17 hpi (F). The areas indicated by
the dashed white boxes are enlarged in the insets and
lower images. SypC could also occasionally be seen free
in the blood vessels (bv) and in the cytoplasm of the crypt
epithelium (white arrows) (C). The black timeline
indicates at which image locations (D, E, and/or F) the
SypC-carrying hemocytes could be observed when
viewed at 9, 12, or 17 hpi. Nuclei were stained with DAPI
(blue) and cytoskeleton was labeled with rhodamine
phalloidin (yellow). ac, antechamber; cyto, host
cytoplasm. (G) qRT-PCR determination of the
expression level of the C8 subunit of the proteasome.
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Relative expression of the C8 gene in hemocytes in
uncolonized juveniles (Apo) or 24 h postcolonization by
either wild-type (WT) or AsypC symbionts. Differences
are indicated by a one-way ANOVA with Tukey’s
multiple comparison test (n = 3). Data are presented as
the mean + 1 SEM. ****P <(.0001.

Colocalization of the SypC label with a hemocyte-specific marker confirmed that this
symbiont protein was internalized and carried into the sinuses of the appendages by
these host cells (Fig. 4 D and E-E’’). We next hypothesized that the SypC protein
entered the phagocytic hemocytes through the uptake of symbiont OMVs they
encountered while traversing the crypts (18). We tested this by asking whether
OmpU, another symbiont protein present in OMVs (5), also colocalized with the
hemocytes in the appendages. As predicted, an antibody to an mCherry-OmpU fusion
protein labeled these host cells (Fig. 4 F and G—-G’’), indicating that the uptake of
SypC was not specific to that protein, and likely occurred during the phagocytosis of
OMVs.

The Progression of SypC Transported to the Blood Sinuses by Migrating Hemocytes

Is Associated with the Induction of a Proteolytic Gene.

The path of SypC-containing hemocytes was tracked from the light-organ crypts to
the blood sinuses of the superficial ciliated appendages. At 9 hpi, SypC was first
observed in the hemocytes near the crypt spaces, presumably after they had
phagocytosed symbiont OMVs (Fig. 5 A-D). By 12 hpi, labeled hemocytes were
most easily detected distally near the region of the pores (Fig. SE). Finally, by 17 hpi,
hemocytes containing SypC were primarily in the blood sinuses of the appendages
(Fig. 5F). Hemocytes collected from symbiotic animals at 24 hpi had increased levels
of the C8 subunit of the proteasome, a proteolytic complex that is induced in

hemocytes of the wild-type colonized light organ during cell death of the appendages



(35). In contrast, no such induction was seen in hemocytes collected from

AsypC colonized squid (Fig. 5G).

Discussion

SypC is a putative outer membrane transport protein involved in Syp-polysaccharide
secretion and biofilm formation, activities that are critical for the initiation of
symbiosis by planktonic V. fischeri cells (for review, see ref. 20), as well as for their
colonization of the light organ (36). Recent studies have shown that, of the 18
proteins encoded by the well-studied syp locus, SypC is the only one that is present
in V. fischeri OMVs (5), likely due to its being embedded within the outer membrane.
Here, we present data on host phenotypes that rely on the presence of SypC for
normal symbiosis onset. Expression of hundreds of juvenile-host genes is dependent
on colonization by symbionts that encode SypC (Fig. 2). Further, in the early hours
of the host—symbiont partnership, SypC-bearing OMVs are taken up by phagocytic
blood cells, or hemocytes, of the juvenile host and trafficked through its tissues to the
outer surface of the light organ. The SypC delivered to the surface is essential for

inducing, either directly or indirectly, normal development of the symbiosis.

Prior to the work described here, the presence of symbiont OMVs in the bloodstream
of the squid host (17) had suggested that bacterial proteins like SypC, present in
phagocytosed OMVs, might impact not only the light organ, but other tissues as well
(37). Our findings add to the growing recognition that OMV trafficking through the
body of a host is an evolutionarily conserved mechanism of host-symbiont
communication (38, 39). Such long-range trafficking of OMVs has been documented
in a variety of eukaryotic hosts spanning from plants, choanoflagellates, and sponges
to squids and vertebrates (5, 6, 40, 41). In mammals, not only do OMVs of the gut
microbiome have either beneficial or pathologic influences locally on the
gastrointestinal epithelium, they also cross into the bloodstream where they are
transported to distant tissues with wide-ranging effects (for reviews, see refs.

(42, 43)). Recent studies of pregnant women have provided evidence that this



phenomenon even occurs with the delivery of OMVs from the mother’s microbiota
to the developing fetus (44). Once the OMVs are delivered, they can have an array
of effects (38). For example, notable here is the role of the V. fischeri OMVs in
inducing normal cell death in the light organ’s superficial ciliated epithelium (45);
such OMV-induced cell death has also been reported in a diversity of other host

animals, from sponges to mammals (40, 46).

The activity of SypC in bacterial-induced animal development is only one of a variety
of bacterial and host features that work in concert to promote a normal and productive
symbiosis. SypC is unusual in that its role in inducing host development is so distinct
from its role in biofilm secretion. Proteins that have taken on a divergent role have
been termed as “dual-function” (see, e.g., ref. 47). These proteins are not uncommon
within a bacterial species, or between bacterial species, but it is rare to have trans-
Domain functions. While this study of the Syp protein may be the first to describe a
bacterial-animal dual-function protein, such proteins have previously been reported

between plants and their rhizobial symbionts (48, 49).

Studies of the OM Vs have demonstrated that they contain cargo other than SypC that
impacts light-organ morphogenesis, such as another outer membrane protein, OmpU
(5). In addition, nonprotein cargo of the OMVs influences organ development,
including 1) MAMPs such as LPS (24) and peptidoglycan derivatives (23, 26) that
directly induce the developmental program; and, ii) the small RNA, SsrA (also called
tmRNA), which influences host development and symbiont persistence by
modulating the host’s immune system (17). Several other non-OMV elements are
critical for morphogenesis including the symbiont’s production of light (22) and
modulation of crypt pH (5). The role of the host in this dialogue is similarly complex,
coordinating hemocyte migration from the light-organ crypts where OMVs are
engulfed, to the blood sinuses of the superficial epithelium where their contents are
delivered (Fig. 5). The host responds to this delivery by upregulating expression of

genes, such as those encoding the proteasome in the hemocytes as well as



metalloproteinases at the base of the developing epithelium. These events enable the
normal cell-death process that underlies the morphogenetic program (for review, see
ref. 18). Overall, the level of complexity characterizing host-symbiont
codevelopment is reminiscent of that evident during embryogenesis: the migration of
cells and diffusion of morphogens from one tissue to another, delivering signals and
triggering developmental programs. In both progressions, the specification of cell
fates is required for a normal, healthy outcome, demanding coordination of several
factors both across time and space, and in balanced proportions. The principal
difference is that, with a few exceptions (50, 51), embryonic development typically
requires coordination only within a single genome; as described here, in a beneficial
symbiosis the two evolutionarily distinct genomes of the bacterium and its host must

communicate.

A common feature of animal associations with Vibrio species, whether pathogenic or
beneficial, may be the functional diversification of SypC, reflected in both the
protein’s structure and its role in symbiosis. A simulation of SypC using AlphaFold2
(52) suggests the protein may have evolved from another outer membrane
transporter, Wza (53), with an increase in domain type (54) and number (SI
Appendix, Fig. S1). The UniProt database (25) currently lists 14 SypC homologs in
conspecifics or congeners of V. fischeri. These proteins all have subunits consisting
of ~703 amino acids, have similar secondary/tertiary structures, and most have been
reported as proteins of mutualistic or pathogenic bacteria of aquatic animals. At the
50+% level of amino acid identity, dozens of proteins are listed, ~2/3 of which are in
the Vibrionaceae and have a similar structure, with 700 (£5) amino acids. For
example, a SypC homolog has been found in the hydrothermal-vent
bacterium, Vibrio diabolicus (55). In addition, and relevant here, asypC gene
encoding a protein of 699 aa, with 68% sequence identity to V. fischeri SypC has

been reported as cargo in the OMVs of Vibrio tasmaniensis, a pathogen of oysters



(56). These phylogenetic patterns of SypC-like proteins suggest a widespread,

essential function in host-symbiont interactions of the Vibrionaceae.

The results presented here provide another piece of the puzzle of how a host and its
species-specific bacterial symbiont communicate at each new interaction during their
5 Mye-old partnership. In particular, they address the challenge of how symbiont
signals produced deep in the light-organ crypts are transmitted to, and drive host
development in, the surface epithelium. The data provide evidence that the
transmission is not indirect, i.e., broadcast from the crypt spaces where the symbionts
reside by signal transduction cascades passing through the tissues to the surface.
Instead, signal delivery appears to be direct, i.e., by the hemocyte-trafficking of
OMVs and their cargo to distant tissues that undergo morphogenesis. Many more
questions concerning the coordination of this process remain to be addressed. For
example: What are the molecular interactions of the SypC protein with the host
macrophages that trigger host morphogenesis? Are these interactions direct, or are
they indirect, perhaps by affecting the composition or activity of other outer
membrane proteins in the OMVs? Do the mechanisms underlying the described
behaviors involve the host’s immune system or other symbiont MAMPs? Finally, is
the structure of the SypC molecule, which appears to be unique to Vibrio spp., critical

for interactions with the host?
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Chapter 3

SKIN AS AN EARLY DETECTION ORGAN
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Chapter 4

HOST RESPONSE TO SYMBIONT ON THE SINGLE-CELL LEVEL
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Chapter 5

BACTERIAL SINGLE-CELL RNA SEQUENCING IN THE SQUID-VBIRIO
SYSTEM
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Chapter 6

CONCLUSIONS

Animal-microbe symbioses are fundamental to the biology of nearly all multicellular
organisms. Understanding how these relationships evolve, are established, and are
maintained is critical for understanding the health and function of animals, plants,
and their associated microbial communities. Disruptions to these interactions can
have profound consequences for host development, physiology, and disease
susceptibility. The squid—vibrio symbiosis provides a uniquely tractable system for
investigating these processes because colonization occurs reproducibly, involves a
single dominant symbiont, and elicits well-characterized developmental and
physiological changes in the host. In this dissertation, I examined host-microbe
interactions across multiple biological scales, from bacterial strain-level variation and
tissue-specific responses to the development of single-cell approaches capable of
resolving cellular responses to colonization. Examining symbiosis across these
biological scales is essential because stable host-microbe partnerships emerge from
interconnected processes spanning microbial genetic variation, host tissues, and
individual cell types. Only by integrating these levels of organization can we develop

a comprehensive understanding of how symbioses are established and maintained.

Collectively, these studies in this thesis demonstrate that host responses to symbiosis
are dynamic, distributed, and highly context dependent. In Chapter 2, I showed that
different Vibrio fischeri strains elicit distinct host transcriptional responses,
indicating that symbiotic outcomes are influenced not only by the presence of a
symbiont but also by variation within the symbiont species itself. By knocking out
genes in the symbiont, we reveal how those specific genes influence the host.
Together this highlights that the symbionts’ potential function plays a critical role in

symbiosis.



[Intentionally redacted.]

Together, these findings support a model in which symbiosis emerges from
interactions occurring across multiple levels of biological organization. Hosts
respond not only to the presence of microbes but also to variation among strains,
signals encountered at external barriers, and the coordinated activities of diverse cell
types. Understanding these processes requires integrating perspectives from

microbiology, genomics, physiology, and cell biology.

More broadly, the principles revealed by the squid—vibrio symbiosis are likely
relevant beyond this specific partnership. Most animals acquire microbial associates
from complex environmental communities and must distinguish beneficial
organisms from the many microbes they encounter. The mechanisms identified here
may represent general features of how hosts establish and maintain beneficial
microbial associations. As single-cell and spatial approaches continue to advance,
future studies will be able to connect microbial colonization to specific cellular
behaviors and intercellular communication networks, ultimately providing a more

complete understanding of how animals and microbes build stable partnerships.



Appendix A

NEW TOOLS FOR GENOME ANNOTATION

A.1 Challenges of annotation in a non-model organism

For transcriptomics, genome annotation files (GTF/GFF files) hold critical
information about gene, including location, gene ids, and gene name/description. In
non-model organisms, these annotations are often incomplete and continuously
evolving. As a result, genes may be absent from annotations, described as
“uncharacterized,” or assigned different identifiers across genome versions and
transcriptome assemblies. As research progresses in non-model organisms, genome

annotations require being updated and refined.

These annotation challenges become even more significant when integrating
transcriptomic datasets across studies. Transcriptomic analyses in non-model
organisms are often generated using different reference genomes, annotation
releases, or de novo transcriptome assemblies. As genome resources improve over
time, gene identifiers, transcript structures, and annotation completeness may change
substantially between versions. Consequently, the same gene may be represented by
different identifiers, renamed between annotation releases, or only exist in certain
annotation frameworks. This creates substantial difficulties when comparing
differential expression results or performing cross-study analyses, requiring

researchers to reconcile multiple annotation systems simultaneously.

To address these challenges, I developed lightweight computational tools designed

to facilitate annotation refinement and identifier translation in non-model



transcriptomic datasets. These tools are intended to complement, rather than replace,

traditional genome annotation pipelines and RNA-seq re-analysis workflows.

A.2 GenePatch

Can be found here: https://github.com/verabeil/GenePatch

A.2.1 Motivation

As research progresses in non-model organisms, new genes might be found or
existing genes may need an update to their description. In many cases, genes are
labeled as “uncharacterized” or “hypothetical” within genome annotation files. Upon

additional and experimental work, these genes may eventually need to be updated.

For example, in Euprymna scolopes, the galaxin gene family has been studied
extensively in the context of the squid—vibrio symbiosis. However, when locating
these genes within the published genome annotation from NCBI, there genes are not
present or not labeled with their names from the literature (EsGal 1 — EsGal 11). For
researchers specifically studying these galaxin genes, it would be advantageous for
the annotation itself to contain the biologically relevant gene names (EsGal 1 — EsGal
11) so that this information is propagated through downstream transcriptomic

pipelines and differential expression analyses.

To facilitate incorporation of external sequence evidence into genome annotations,
as well as refinement of existing gene names, I developed GenePatch, a easy-to-use

tool for mapping user-provided sequences directly to a reference genome and



updating existing annotations. GenePatch was designed to allow researchers to

provide sequences of interest and update annotations.

A.2.2 Overview of the workflow

GenePatch is a command-line tool that curates genome annotations using known
gene sequences. The tool takes three main input files: a reference genome FASTA
file, an existing genome annotation file in GTF format, and a query FASTA file
containing one or more gene sequences. For each query sequence, GenePatch aligns
the sequence to the reference genome using minimap2, displays the top genomic

alignment hits, and reports whether each hit overlaps an existing annotated gene.

After alignment, the user can select which genomic hit to use. If the selected hit
overlaps an existing gene, GenePatch allows the user to update the gene description
while preserving the original gene identifier. For example, a gene previously labeled
as “uncharacterized” can be updated to include a biologically meaningful name, such

as a galaxin gene name. If the selected hit does not overlap an existing gene,



GenePatch can add a new gene annotation to the GTF file. Newly added annotations

consist of a simple gene model containing a gene, transcript, and exon entry.
The general workflow consists of the following steps:

1. Input a reference genome FASTA file, genome annotation GTF file, and

query FASTA file containing known gene sequences.
2. Align each query sequence to the reference genome using minimap2'.

3. Display the top genomic alignment hits, including alignment location and

overlap with existing annotated genes.
4. Allow the user to select the appropriate genomic hit.

5. If the selected hit overlaps an existing gene, optionally update the gene

description.

6. If the selected hit does not overlap an existing gene, optionally add a new

gene annotation to the GTF file.
Export an updated GTF file and a report summarizing the changes.

This approach provides a user-friendly method for improving genome annotations by
either refining existing gene descriptions or incorporating previously missing genes
into the annotation. By integrating biologically relevant gene names directly into the
annotation framework, downstream transcriptomic analyses become easier to

interpret and more biologically informative.
A.2.3 Applications and limitations

GenePatch was used to facilitate annotation refinement in E. scolopes, including

identification and renaming of galaxin-related genes. More broadly, the tool can be



applied to incorporate candidate genes, improve interpretability of transcriptomic

datasets, and refine evolving annotations in non-model systems.

Importantly, GenePatch is not intended to replace comprehensive genome annotation
pipelines. Instead, it provides a modular approach for incorporating external
biological evidence into existing annotations. Likewise, updating annotation names
does not substitute for remapping RNA-seq reads to an improved reference genome

when major structural changes occur.

The accuracy of the approach also depends on sequence quality, alignment

specificity, and the quality of the underlying reference genome assembly.

A.3 map_query_to_target_genes

Can be found here: https://github.com/verabeil/ map query to target genes

A.3.1 Motivation

Another major challenge in non-model transcriptomics is the instability of gene
identifiers across genome versions, annotation releases, and transcriptome
assemblies. Differential expression analyses performed using different references
may produce gene identifiers that are not directly comparable, making integration of

datasets difficult.

As genome and annotations evolve, datasets for publication may have been generated
using different annotation frameworks or transcriptome assemblies. In the squid—

vibrio system, transcriptomic datasets were generated using multiple genome



versions as well as independently generated transcriptome assemblies, complicating

direct comparison of gene-level results.

To facilitate cross-study integration and reproducibility, I developed
map_query to target genes, a practical and easy to use tool for translating identifiers

between annotation frameworks.
A.3.2 Mapping strategy

map_query to target genes is a command-line tool designed to facilitate translation
of gene or transcript identifiers between different annotation frameworks. The tool
was developed to improve interoperability between transcriptomic datasets generated

using different genome annotations, transcriptome assemblies, or genome versions.

The workflow takes as input a query annotation set and a target annotation set, then
identifies corresponding genes or transcripts between the two references. Query
transcript sequences are first extracted from the query genome and annotation using
gffread?. These transcript sequences are then aligned to the target genome using

minimap2' with splice-aware alignment settings.

Following alignment, the genomic overlap between aligned query transcripts and
target genome annotations is evaluated. Exon-level overlap between the aligned

query transcript and annotated target genes is calculated to identify the most likely



corresponding target gene. The software then generates mapping tables linking query

identifiers to corresponding target identifiers.
The general workflow consists of the following steps:

1. Extract transcript sequences from the query genome and annotation using

gffread?.

2. Align query transcripts to the target genome using minimap2' splice-aware

alignment.

3. Evaluate overlap between aligned query transcripts and target gene

annotations.

4. Calculate exon overlap statistics between query transcripts and candidate

target genes.

5. Assign each query transcript to the best matching target gene based on

overlap metrics.

6. Generate mapping tables linking query identifiers to corresponding target

identifiers.

7. Export mapping statistics and reports in tabular formats suitable for
downstream transcriptomic analyses. The output is a table with the query

gene id and the best matching target gene id if present.

To improve mapping confidence, the workflow incorporates multiple filtering
criteria, including minimum alignment quality, minimum query transcript coverage,

minimum exon overlap thresholds, and comparison between the best and second-best



overlapping target genes. Query transcripts with weak or ambiguous overlap can

therefore be identified and flagged separately.

This approach provides a user-friendly method for reconciling transcriptomic
datasets generated using evolving annotation resources. For example, the tool can be
used to map identifiers between older and newer genome versions, de novo
transcriptome assemblies and genome annotations, or independently generated
transcriptomic datasets. This enables researchers to identify genes of interest from
older studies and determine whether corresponding genes are present in newer
datasets without requiring complete re-analysis or remapping of the original
sequencing data. By facilitating identifier translation across annotation frameworks,
the tool improves reproducibility and simplifies cross-study comparison in non-

model transcriptomic analyses.

A.3.3 Applications and limitations

map_query to target genes was used to facilitate comparison of transcriptomic
datasets generated using different E. scolopes genome annotations and transcriptome
assemblies. A gene of interest from an early genome was easily found in a newer

genome version which has a new gene id.

The tool enabled translation of identifiers across annotation frameworks, improving
reproducibility and facilitating comparison of conserved transcriptional responses

across independent studies.

However, identifier mapping should not be considered equivalent to full RNA-seq
re-analysis using a unified reference genome. Mapping approaches cannot fully
account for differences in transcript structure, annotation completeness, or genome

assembly quality. Instead, the tool is intended to provide a practical strategy for



improving interoperability between datasets generated using different annotation

resources.

A.4 Broader implications for non-model transcriptomics

Together, these tools reflect a broader reality of transcriptomic analysis in non-model
organisms: genome annotations are dynamic resources that evolve alongside
improved assemblies, experimental evidence, and community-driven annotation

efforts.

Unlike annotations in highly curated model systems, non-model annotations should
not be viewed as static or definitive. Instead, transcriptomic interpretation in non-
model organisms often requires iterative refinement, integration of external

biological evidence, and reconciliation across multiple annotation frameworks.

As sequencing technologies continue to improve and additional transcriptomic
datasets become available, annotation resources for non-model organisms will
continue to evolve. Flexible computational approaches that facilitate annotation
refinement and cross-study integration will therefore remain important components

of reproducible transcriptomic analysis.
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Appendix B

ROLE OF HOST EXOSOMES IN SYMBIOSIS

[Intentionally redacted.]






