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Abstract

The protein Crumbs is a determinant of apical-basal cell polarity and plays a role in apoptosis of
epithelial cells and their protection against photodamage. Using the squid-vibrio system, a model
for development of symbiotic partnerships, we examined the modulation of the crumbs gene in
host epithelial tissues during initiation and maintenance of the association. The extracellular
luminous symbiont Vibrio fischeri colonizes the apical surfaces of polarized epithelia in deep
crypts of the Euprymna scolopes light organ. During initial colonization each generation, symbiont
harvesting is potentiated by the biochemical and biophysical activity of superficial ciliated
epithelia, which are several cell layers from the crypt epithelia where the symbionts reside. Within
hours of crypt colonization, the symbionts induce the cell-death mediated regression of the remote
superficial ciliated fields. However, the crypt cells directly interacting with the symbiont are
protected from death. In the squid host, we characterized the gene and encoded protein during
light-organ morphogenesis and in response to symbiosis. Features of the protein sequence and
structure, phylogenetic relationships, and localization patterns in the eye supported assignment of
the squid protein to the Crumbs family. /n situ hybridization revealed that the crumbs transcript
shows opposite expression at the onset of symbiosis in the two different regions of the light organ:
elevated levels in the superficial epithelia were attenuated whereas low levels in the crypt epithelia
were turned up. Although a rhythmic association in which the host controls the symbiont
population over the day-night cycle begins in the juvenile upon colonization, cycling of crumbs
was evident only in the adult organ with peak expression coincident with maximum symbiont
population and luminescence. Our results provide evidence that crumbs responds to symbiont cues
that induce developmental apoptosis and to symbiont population dynamics correlating with
luminescence-based stress throughout the duration of the host-microbe association.
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Introduction

As a regulator of apical-basal polarity (Wodarz et al. 1995) and localizer of adherens
junctions (Izaddoost et al. 2002), the Crumbs protein maintains individual cell and cell-cell
integrity in epithelial tissues. Providing these critical roles, Crumbs serves as a major
determinant of cell life and death in eukaryotic organisms (Laprise 2011). Dysfunction of
the protein can have devastating effects and is associated with some of the most intractable
diseases (Bulgakova and Knust 2009). Further, a functional protein is essential for normal
development and the maintenance of integrity in mature tissues; for example, Crumbs is
crucial for the healthy structure and function of the retina and morphogenesis of the light-
sensitive photoreceptor cells within (den Hollander et al. 1999; Johnson et al. 2002; Pellikka
et al. 2002).

A transcriptional database derived from the light organ of the bobtail squid Eyprymna
scolopes (Fig. 1a, b) revealed a crumbs gene transcript (es-crumbs) (see Chun et al. 2006).
The organ serves as a home for the luminous bacterial symbiont Vibrio fischeri. The host
squid, which is a nocturnal predator in the shallow sand flats of the Hawaiian archipelago,
uses the light produced by the bacterial partner to camouflage in a behavior called
counterillumination (Jones and Nishiguchi 2004). Each generation the symbiont is acquired
from the environment and induces morphogenesis of the light organ over the first hours to
days of the symbiosis (for review see McFall-Ngai 2014). Briefly, a nascent light organ
bearing superficial ciliated fields develops in the embryonic squid (Fig. 1a, b). These fields
potentiate recruitment of the symbiont from the surrounding seawater. Once recruited as a
small aggregate on the ciliated surface, the symbiont cells migrate into deep crypts lined by
epithelia, where they take up residence along the apical surfaces of these host cells (Lamarcq
and McFall-Ngai 1998; Heath-Heckman et al. 2016). Following the initiation of symbiosis,
the light organ proceeds through a developmental process in which the cells of these fields
undergo apoptosis, ultimately leading to the complete regression of this superficial tissue
(Fig. 1c). Cell-envelope molecules presented by V. fischeri, specifically lipid A and tracheal
cytotoxin (TCT), derivatives of lipopolysaccharide (LPS) and peptidoglycan, respectively,
are the principal triggers of this process. These factors are members of a class of molecules
called MAMPs, or microbe-associated molecular patterns, which signal to animal cells that
they are interacting with microbes. A secondary morphogen, V/ fischeri luminescence,
accelerates the developmental process.

The symbiont factors, MAMPS and luminescence, signal from the crypts and trigger
apoptosis in the superficial tissues (Fig. 1c: appendages, ciliated regions; Doino and McFall-
Ngai 1995), which are several cell layers away from the crypts themselves. Interestingly, the
crypt cells that interact direct/y with these symbiont factors are not triggered to undergo
apoptosis. Thus, early development of the organ offers an interesting subject for the study of
the crumbs gene, as the juvenile light-organ epithelia experience both apoptosis on the
surface and exposure to MAMPs and light in the crypts, activities that typically control
crumbs transcription in different ways in other systems (Pichaud 2014).

In addition to triggering morphogenesis, the symbiont induces the onset of a daily rhythm in
the association in which the host expels the symbiont at dawn to control overpopulation and
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then promotes its regrowth over the subsequent 6-h period (Fig. 1d); the symbiont
population is thus restored before the animal emerges to forage at night (Boettcher et al.
1996). The host tissues also have a concomitant rhythm in which the apical surfaces of the
epithelial cells lose their microvilli as the symbionts are expelled at dawn and repolarize
with the regrowth of the microbial partner (Wier et al. 2010). Interestingly, this effacement
and regrowth is a feature of both the light-organ crypt epithelia and the squid’s
photoreceptor cells (Heath-Heckman et al. 2016); squids and their relatives renew their
microvillous-based photoreceptor cells daily (Young 1967). The effacement in both cases
occurs as a response to the light cue of dawn. This convergence in the diel dynamics of the
microvillous epithelium of the eye and light organ add to a growing list of similarities
between these two tissues (Montgomery and McFall-Ngai 1992; Crookes et al. 2004; Tong
et al. 2009; Peyer et al. 2014).

Superimposed on this environmental-light influence in the crypts is the luminescence of the
symbionts. Beginning immediately upon colonization of the juvenile, and continuing on
through maturity, the light organ exhibits an additional daily rhythm in which the animal
controls symbiont luminescence (Boettcher et al. 1995), with emission being highest in the
evening when the animal is using bacterial light production in its camouflaging behavior
(Fig. 1d).

The study of Crumbs within the light organ provides an opportunity to characterize
evolutionarily-conserved cellular responses of animals in the context of initiation and
persistence of a symbiotic association. Here we describe the es-crumbs transcript of £.
scolopes, derive its phylogenetic relatedness to Crumbs protein family members in other
animals, and explore the expression of the gene during the early development of the
symbiosis and in the mature association. The results of our study suggest that es-crumbs
responds to symbiont cues that induce apoptosis-mediated morphogenesis of the light organ
in the juvenile squid and symbiont population dynamics and luminescence in the mature
squid.

General methods

The breeding colony of £. scolopeswas obtained from O‘ahu, Hawai‘i, USA, and
maintained in the laboratory as described previously (Montgomery and McFall-Ngai 1993).
We stored all tissues designated for PCR work in RNAIlater (Thermo Fisher Scientific) for
24 h at 4°C and then at —80°C. We performed RNA extractions with the RNeasy Mini Kit
(QIAGEN) and removed any contaminating DNA by DNase treatment with Ambion Turbo
DNase Kit (Thermo Fisher Scientific). We measured RNA concentrations with a Qubit 2.0
fluorometer (Thermo Fisher Scientific) and tested the quality of the RNA by agarose gel
electrophoresis. The primers (Integrated DNA Technologies) and probes (Molecular
Instruments) used in the experiments that follow are listed in Table 1. All chemicals were
from Sigma-Aldrich unless otherwise specified.
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Sequence generation of the crumbs transcript

As only a portion of the es-crumbs transcript was available from the EST database (Chun et
al. 2006), we performed RACE-PCR (Rapid Amplification of cDNA Ends — PCR) to obtain
the full sequence using GeneRacer cDNA amplification kit (Thermo Fisher Scientific). We
used RNA from ~50 juvenile light organs to produce RACE-ready cDNA, and RNA from
~25 eyes to determine whether the same isoform occurs in both tissues. The remaining
procedural details, including PCR, cloning, and purification, are described in a previous
study (Peyer et al. 2014).

Sequence alignment and phylogenetic reconstruction

To determine the extent to which functional domains were conserved, we aligned the C-
terminus portion of the translated EsCrumbs protein sequence with those of other
representative species. This C-terminus portion in other organisms includes the
transmembrane section and intracellular region featuring the FERM (4.1/Ezrin/Radixin/
Moesin) and PDZ (PSD-95/Discs large/Z0-1) domains. In the alignment, we used model
organisms from the Deuterostomia (zebrafish, Danio rerio, mouse, Mus musculus, and
human, Homo sapiens) and Ecdysozoa (fruit fly, Drosophila melanogaster) superphyla. In
addition, we included one Lophotrochozoa representative, the owl limpet Lottia gigantea,
whose genome contains a sequence with similarity to EsCrumbs. We generated the
alignments with CLC Sequence Viewer software (CLC Bio, QIAGEN). We also used the
Simple Modular Architecture Research Tool (SMART; http://smart.embl-heidelberg.de/) to
identify the presence and position of functional domains.

In addition, we tested for orthology between EsCrumbs and previously published sequences.
To locate sequences similar to EsCrumbs, we searched the NCBI database using BLASTP
(e-value < 1e-20) with default parameter settings. We also included the L. gigantea
sequence, which we obtained using BlastX analysis against the genome. For the
phylogenetic reconstruction, we used the 150 C-terminus amino acids of the sequences,
which included evolutionarily-conserved residues while excluding ambiguous regions. We
aligned the sequences in CLC Sequence Viewer software (CLC Bio, QIAGEN). After
applying Gblocks to remove nonconserved regions, we performed maximum-likelihood
phylogenetic analysis using the software program PhyML 3.1/3.0 assuming a WAG (Whelan
and Goldman) model (Dereeper et al. 2008, 2010). We estimated support for bipartitions by
examining the consensus of 500 bootstrapped maximume-likelihood trees.

Light-organ colonization with V. fischeri

In the juvenile light organ, we examined gene expression in response to symbiosis (see
following sections). In preparation for experiments, we handled the treatments as follows.
Immediately after hatching, we distributed the juveniles among different groups:
aposymbiotic (uncolonized), symbiotic with wild-type luminous V/ fischeri, and symbiotic
with a V/ fischeri mutant (A/ux) defective in light production (Bose et al. 2008). The terms
‘symbiotic’ and ‘aposymbiotic’ refer to squid exposed to environmental bacteria with and
without V/ fischeri, respectively. To determine host tissue response to bacterial
luminescence, we compared light organs colonized by wild-type V/ fischerito those
aposymbiotic and those colonized with Afux V/ fischeri. In a similar manner, to determine
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the effect of the bacteria alone on host tissue, we compared light organs colonized by either
wild-type or Alux V. fischerito those aposymbiotic. For the bacterial colonizations, we
followed an established protocol using 5000 colony-forming units of V. fischeri per mL of
artificial seawater (Ruby and Asato 1993). We confirmed colonization of the light organ
with wild-type V/ fischeri with a TD 20/20 luminometer (Turner Designs). In our
experiments, we sampled the light organs at a time point of 24 h post colonization, which
corresponded with dusk when the symbiont population was high (Fig. 1d).

In situ hybridization

We used /n situ hybridization (ISH) to examine es-crumbs expression in response to
symbiosis. Our comparisons included light organs that were aposymbiotic, symbiotic with
wild-type, or symbiotic with Alux V. fischeri at the 24-h time point. By employing
colorimetric ISH with Nitro Blue Tetrazolium and 5-bromo-4-chloro-3’-indolyl phosphate
substrates as described in previous studies (Lee et al. 2009; Peyer et al. 2014), we visualized
transcript expression primarily in surface tissues of the light organ (see Fig. 1b, ¢
appendages, ciliated ridges, pores), though the crypts are also visible with the overlying
tissue being somewhat transparent. To determine if transcript expression differed among the
three colonization conditions, we simultaneously terminated all reactions following signal
development; controls in which we exposed tissues to sense probes were also included. As a
complementary experiment, we examined histological samples of the light organ and eye
using paraffin-section ISH methods as previously described (Peyer et al. 2014). In the eye,
we localized es-crumbs along with es-rhiodopsinto confirm that both genes occur in regions
of the photoreceptors similar to other animals (Kingston et al. 2015; Hsu and Jensen 2010).
We included rhodopsin because it is a common reference gene in the eye. We also observed
es-crumbs expression in embryos during early eye morphogenesis (stage 20, ~2/3 through
embyogenesis) using whole-mount colorimetric ISH.

In addition to viewing surface tissues of the light organ with colorimetric ISH, we used
hybridization chain reaction-fluorescent ISH (HCR-FISH) to co-localize es-crumbs
expression and either wild-type or Alux V. fischerilabeling with 16S ribosomal RNA in
crypt epithelia. Our methods followed those described in a previous study (Nikolakakis et al.
2015) and we used a total of three crumbs probes (Molecular Instruments; Table 1) that had
minimal sequence similarity with other host transcripts. We analyzed our samples on a Zeiss
LSM 510 confocal microscope and normalized the gain of all symbiotic light organs to that
of aposymbiotic light organs at which transcript signal was just barely detectable.

For each gene studied in the above experiments, we performed two replicate trials (N = 12 to
20 total animals per condition per gene). We collected all animals for each replicate from a
single clutch so as to minimize variation in expression patterns due to genetic effects.

Quantitative real-time PCR

By gRT-PCR, we examined differential regulation of es-crumbs in the juvenile light organ in
response to the onset of symbiosis and in the mature light organ over the day-night cycle.
For all experiments, we followed previously established guidelines (Bustin et al. 2010). We
collected the juveniles from several clutches immediately after hatching and divided them
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equally among different conditions, i.e., 24-h aposymbiotic and symbiotic with either wild-
type or Alux V. fischeri. As a control, we also included newly hatched juveniles (at 0 h). The
gRT-PCR reactions of interest contained cDNA from the different colonization conditions,
each with five biological replicates and three technical replicates. To obtain five independent
biological replicates, we performed these collections on five independent days (N = 20 to 30
juveniles per condition per replicate). Our primers had an amplicon size of 125 bp with
efficiency criteria between 98 and 102%. We normalized the expression of es-crumbsto the
geometric mean of the expression of two housekeeping genes, ribosomal 40s and serine
HMT. We used the comparative method (AAC, method) (Pfaffl 2001) to analyze the data. In
addition to the juveniles, we collected mature squid for examining es-crumbs expression in
the light organ at four time points over the day-night cycle (N = 2 to 6 light organs per time
point). By using the mature light organs we also removed any effects of the developmental
process (Fig. 1c) on gene expression. All subsequent qRT-PCR steps are detailed in previous
studies featuring juvenile (Peyer et al. 2014) and mature light organs (Heath-Heckman et al.
2013).

Using the statistical package R, we tested whether differential regulation by gRT-PCR
differed among light-organ conditions for the juvenile and mature squid. For the juvenile
light organ, we used an analysis of variance (ANOVA) to test whether differential regulation
of es-crumbs depended on colonization condition and replicate. The model for normalized
expression, £, as the dependent variable was:

E=Bo+B1xc+B27r,

where independent variables were colonization condition (x,) and replicate (x,). The variable
X, represented the five independent biological replicates, each consisting of the three pooled
technical replicates. For the mature light organ, we used an ANOVA to test whether the fold
change in regulation of es-crumbs depended on time point over the day-night cycle and
replicate. The model for fold change, £, as the dependent variable was:

F=po+B1zi+p2xy,

where independent variables were time point (x;) and replicate (x,). The variable x,
represented two to six independent biological replicates, each consisting of the two pooled
technical replicates. In both analyses, maximum likelihood parameter estimates were By, B 1
and P~ To obtain normal distributions, we used Box-Cox transformations in R using
maximum likelihood to determine the optimal power transformations for £and £ To obtain
the models that best fit the data, we used a model-selection approach with backward
selection and an F-test to evaluate the significance of removing replicate as a factor (Crawley
2008). If the response variables did not depend significantly on replicate, we removed this
factor from each model. When applicable, we performed Tukey post-hoc pairwise
comparisons for £and Fbetween the different colonization conditions and time points,
respectively. We treated all variables as fixed effects.
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After obtaining the full-length es-crumbs in the light organ, we determined by standard PCR
that the same isoform is also expressed in the eye. To verify that this transcript belongs to
the Crumbs protein family, we: 1) performed sequence alignments with members of the
family from other animals; 2) characterized domain structure; 3) defined the phylogenetic
relatedness of EsCrumbs to other members of the family; and 4) determined whether es-
crumbs localizes in the eye tissues as is typical of this transcript in other systems (Hsu and
Jensen 2010). Crumbs is a transmembrane protein, consisting of a short intracellular region
(37 amino acids) (reviewed in Tepass 2012) and a relatively long extracellular region. The
intracellular portion contains two highly conserved FERM and PDZ domains with known
functions (reviewed in Bilder et al. 2003; Tepass et al. 2001; Tepass 2012) in structuring
adherens junctions (Izaddoost et al. 2002) and apical membranes (Wodarz et al. 1995;
Tepass 2012), and both domains were present in EsCrumbs (Fig. 2a). The extracellular
region, although less conserved as a whole among animals, is generally characterized by a
series of epidermal growth factor-like (EGF) domains, laminin G (LamG) domains, and a
signal-peptide domain. While EsCrumbs lacked the LamG and signal peptide domains, the
EGF-like and calcium-binding EGF-like domains were predicted by SMART (Fig. 2b; http://
smart.embl-heidelberg.de/). The location of the stop codon revealed that EsCrumbs is
shorter than that of the Crb1 and Crb2 proteins in other organisms, due to a shortened
extracellular region, but longer than that of the Crb3 protein (e.g., in H. sapiens). The
prediction of a second, terminal transmembrane domain suggests that EsCrumbs forms an
extracellular loop.

To our knowledge, EsCrumbs is the first to be fully described in the superphylum
Lophotrochozoa, although we located candidate sequences in the L. gigantea and
Biomphalaria glabrata (Mollusca:Gastropoda) genomes. The E. scolopes and L. gigantea
sequences are more similar in length and domain structure to each other than to other
organisms (Fig. 2b). Our phylogenetic analysis grouped EsCrumbs with the putative L.
glgantea protein and that of the freshwater snail B. glabrata (Fig. 2¢). Within the vertebrates,
the Crumbs 1 and Crumbs 2 proteins separated into two distinct groups. The sequences in
the Mollusca (Lophotrochozoa) clade fell sister to those in the Vertebrata (Deuterostomia)
Crumbs 2 clade.

In situ hybridization (ISH) revealed labeling of es-crumbs in the eye (Fig. 2d). Specifically,
with whole-mount colorimetric ISH, es-crumbs showed strong labeling in the embryos,
especially around the region of the eye where the rhabdomeric photoreceptors develop. With
paraffin-section ISH, es-crumbs localized within the inner segments of the photoreceptors in
the juvenile eye, a location consistent with the Crumbs protein other organisms (D. rerio,
Hsu and Jensen 2010).

Transcript expression in light-organ superficial tissues and its modulation with symbiosis

Within the superficial tissues of the light organ that undergo apoptosis (Fig. 1c), we
observed es-crumbs expression by ISH in the light organs of newly hatched (Fig. 3a,
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‘Hatch”) and 24-h aposymbiotic (exposed to other environmental bacteria, but not V/
fischeri, Fig. 3a ‘Apo’) juvenile squid. Labeling was most vivid in the anterior appendages
and around the pores. Throughout these same regions, we observed a loss of es-crumbs
expression in response to symbiont colonization of the light-organ crypts (Fig. 3a ‘Sym’). In
organs colonized by Alux V. fischeri, es-crumbs expression was still detectable in the
anterior appendages and pores, although the signal was much less pronounced than in
aposymbiotic light organs (Fig. 3a ‘A/ux’). These patterns suggest that in the surface tissues,
es-crumbs expression is turned down in response to colonization of the crypts by V/ fischeri,
although luminescence might be required for full attenuation of the signal.

The crypt tissues appeared to show the opposite pattern in comparison with the surface
epithelia. Hatchling (Fig. 3a, ‘Hatch’) and aposymbiotic (Fig. 3a, ‘Apo’) animals had
undetectable labeling in the crypts, whereas labeling was visible in the crypts of symbiotic
animals (Fig. 3a, ‘Sym’, ‘A/ux’). Closer examination of transcript expression in the crypts
by HCR-FISH was required, but confirmed these patterns (see ‘Transcript localization in
light-organ crypts’ below).

At 24 h post colonization es-crumbs regulation differed significantly among the different
symbiotic conditions (Fig. 3b) (ANOVA: /=6.2, df=3, £=0.01) and reflected the patterns of
expression that we observed in superficial tissues with whole-mount colorimetric ISH.
Specifically, es-crumbs was significantly down regulated in light organs with wild-type V/
fischeri relative to those aposymbiotic (Tukey: P=0.01). Also, es-crumbswas significantly
down regulated in light organs with wild-type V. fischeri as compared to those with Alux V/
fischeri, although to a lesser degree (Tukey: £<0.04). Aposymbiotic light organs and those
with Alux V. fischeri did not differ significantly from one another in es-crumbs regulation
(Tukey: P=0.80). These data suggest that the turn down of transcript in the superficial
epithelium is greater overall than the increase in transcript in the crypts.

Histological ISH analyses (Fig. 3c), although not suitable for quantification, showed labeling
strongest along the apical surfaces of the light organ epithelia and adjoining tissues.
Specifically, labeling of es-crumbs was apparent along the cells lining the anterior
appendage sinuses and crypts (Fig. 3c). In addition, labeling occurred along the apical
surfaces of the epithelia in the ink gland lumen (Fig. 3c), which would produce high
background in the gRT-PCR results.

Transcript localization in light-organ crypts

Because the crypts are deep tissues in the light organ, we used confocal microscopy to
examine transcript localization more precisely. To determine if the transcript localized to
crypt epithelia, we probed for labeling of es-crumbsalong with V. fischeri cells (i.e., 16S
ribosomal RNA) by HCR-FISH (Nikolakakis et al. 2015). These experiments indicated that
the transcript co-localized with V/ fischericells (Fig. 4a) and is expressed at higher levels in
the crypts of animals colonized by V/ fischeri (Fig. 4a, b) than those left uncolonized (Fig.
4c¢), confirming the patterns we observed with colorimetric ISH (Fig. 3a).
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Daily variation in es-crumbs transcript

We examined es-crumbs regulation in the light organs of mature animals at four time points
over the day-night cycle. In using mature light organs, we were able to observe changes in
gene expression without any confounding effect of development that occurs in the juvenile
(Fig. 1c). We found es-crumbs to differ significantly across this 24-h period (Fig. 5)
(ANOVA: F=3.7, df=3, P=0.04). In general, this regulation corresponded with symbiont
density and was significantly up regulated during the period of highest luminescence (night
time point at ‘20:00°) relative to the period of lowest luminescence (day time point at
‘08:00") (Tukey: P=0.03).

Discussion

We isolated a crumbs gene in the £. scolgpes light organ and examined its expression in
response to symbiosis with the mutualistic partner V/ fischeri. Several lines of evidence
provided confidence that this putative es-crumbs sequence was a homolog of the crumbs
genes found previously in the eyes of other organisms, including its domain structure,
intracellular localization (in both eye and light organ), and phylogenetic relationships. In
both the juvenile and mature squid, es-crumbs responded to symbiosis, with the two
developmental stages offering different insights into the role of the protein in the light organ.
Examination of the juvenile light organ revealed that the gene was oppositely expressed in
different tissues depending on whether they were lost or preserved following symbiosis.
Over the day-night cycle, expression of the gene in the mature light organ peaked with
maximum symbiont population and luminescence, indicating a responsiveness to bacterial
cues. The presence of the gene in the juvenile crypts colonized by both wild-type V/ fischeri
and a mutant strain defective in light production further supported that es-crumbs responds
to microbial products. Our work is the first to describe crumbs host responses to bacterial
cues in a mutualistic association and in an organism from the Lophotrochozoa superphylum.

The Crumbs protein is involved in development (Johnson et al. 2002) and apoptosis in other
organisms (Johnson et al. 2002; Chartier et al. 2012; Aartsen et al. 2010), and might function
similarly during postembryonic development of the E. scolopes light organ. As mentioned
above (see Introduction), following the initiation of symbiosis, the light organ undergoes a
developmental process in which the superficial tissues regress as their cells experience
apoptosis (Fig. 1¢c) (McFall-Ngai 2014). During this process different host responses are
triggered (Koropatnick et al. 2004, 2007) and a suite of genes are influenced by V/ fischeri
cues. For example, in superficial tissues of the light organ the expression of three eye
specification genes is lost, including six (i.e., sine oculis) in response to V/ fischeri
luminescence, and pax6 and eya in response to bacterial products other than luminescence
(Peyer et al. 2014). In the present study, we also observed loss of es-crumbs expression by
ISH in superficial tissues following symbiont colonization, most notably within the anterior
appendages (Fig. 3a). Although apoptosis results most dramatically in response to wild-type,
luminescent V/ fischeri, some cells also die in response to MAMPs from Afux V. fischeri
(McFall-Ngai et al. 2012). Thus, the influence of symbiosis on es-crumbs provides yet
another example of the effect of V/ fischeri cues on genes that have developmental roles. In a
larger context, Crumbs is an upstream regulator of the Salvador/Warts/Hippo (SWH)
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pathway in D. melanogaster (Robinson et al. 2010; Chen et al 2010), which is a known
regulator of apoptosis (Hamaratoglu et al. 2006). At the same time that es-crumbsis lost in
superficial tissues, the transcript is expressed in the crypts (Fig. 4a, b). The protein might
thus function in two different capacities in the developing light organ: its loss correlating
with the degradation of superficial cells that are no longer needed for colonization,
contrasting with its production in the protected crypt microvilli cells that are the direct
recipients of symbiont stressors. The Crbl protein is also important in the maintenance of
the microvilli of mouse Muller glial cells (van de Pavert et al. 2007). In general, opposing
dynamics in crumbs expression occur in other developing organisms when dramatic tissue
remodeling is common (Pichaud 2014). Overall, our gRT-PCR results in the juveniles
reflected the expression patterns we observed for es-crumbs in superficial tissues, i.e., down
regulation especially in response to the wild-type V/ fischeri (Fig. 3a, b), although the
presence of es-crumbs in the crypts of symbiotic light organs (Fig. 4a, b) and in the ink
gland likely opposed and diluted this trend to some degree (Fig. 3c).

In animal eyes the Crumbs protein protects against light-induced apoptosis (Johnson et al.
2002; Chartier et al. 2012; Aartsen et al. 2010). For example, in D. melanogaster eyes,
crumbs mutants have resulted in shortened rhabdomeres, which upon exposure to light
undergo degeneration, exhibiting the cytoplasm and nucleoplasm condensation that typifies
apoptosis (Richard et al. 2006). Along similar lines, the Crumbs homolog 2 (Crb2) when
over expressed in the zebrafish D. rerio enlarges the inner and outer segments of
photoreceptor cells, suggesting that Crb2 serves a role in the size and circadian-based
renewal of outer segment discs (Hsu and Jensen 2010). In the current study, peak expression
of es-crumbs coincided with peak symbiont population, which correlates with luminescence
(Fig. 5). Thus, squid host tissues respond to light and the rhythms of light presentation and
Crumbs might be a candidate player in these photoreceptive responses. In other words, es-
crumbs might encode more or less protein in response to symbiont population dynamics
(Fig. 1d) depending on the requirements for protection from stressors presented by the
bacteria, including luminescence. Similar expression patterns occur with other genes in £.
scolopes in response to V/ fischeriluminescence, such as cryptochrome (escryl) (Heath-
Heckman et al. 2013), which is typically involved in circadian rhythms in other organisms.
Although we have not investigated a relationship between escry? and es-crumbs, and we are
unaware of any interaction between the two genes in other organisms, their parallel patterns
of expression offer an intriguing subject for future study.

Up regulation of es-crumbs at peak luminescence might serve to limit tissue damage from
oxidative stress caused by the bacteria (for review see Schwartzman and Ruby 2016). In the
vertebrate eye, the rods are heavy users of oxygen and their death can lead to the
accumulation of oxidative stress in the retina (e.g., from NADPH oxidase), causing
additional photoreceptor degeneration (e.g., in mice, Usui et al. 2009). The Crumbs protein
is known to reduce oxidative stress from NADPH oxidase and limit light-induced
photoreceptor damage in D. melanogaster (Chartier et al. 2012). Within the light organ,
components of the inflammatory response, including peroxidase, nitric oxide, and NFxB,
are activated during V/ fischeri colonization (Weis et al. 1996; Davidson et al. 2004;
Goodson et al. 2005), suggesting the presence of oxidative stress at least in certain tissues.
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As the gene is expressed in response to Alux V. fischerithat emit no light (Fig. 4b),
EsCrumbs may also serve an additional protective role in cells presented with MAMPS. In
general, cell polarity proteins appear to be common targets of micro-organisms (e.g., viruses
in humans: Javier 2008; Helicobacter pylori: Reid et al. 2012). For example, H. pylori
strains with the CagA protein perturb host cell-cell junctions and cell polarity, but over
expression of the Crumbs protein in D. melanogaster limits this disruption (Reid et al. 2012).
Other proteins associate with the Crumbs protein through the FERM (Moesin, By-Spectin,
Expanded,Yurt, Notch) and PDZ domains (Par6, Stardust, Bazooka, Scribble, Lin-7, Patj)
(Bilder et al. 2003; Tepass et al. 2001; Tepass 2012), some of which interact with or are
manipulated by microbes (e.g., Moesin, Spectrin, Notch, Par6). On human monocytes, the
Moesin protein serves as a receptor of bacterial LPS (Tohme et al. 1999). Also, the Spectrin
protein is depleted from HelLa cells by several bacterial species, including Enteropathogenic
Escherichia coli, Salmonella enterica serovar Typhimurium, Listeria monocytogenes (Ruetz
et al. 2011), and Shigella flexneri (Ruetz et al. 2012). In addition, Notch protein signaling in
cultured cells is suppressed when exposed to LPS (Kim et al. 2008). Finally, from human
brain endothelial cells, Neisseria meningitidis can sequester the Par6 protein (Coureuil et al.
2009; Join-Lambert et al. 2010). Interestingly, mutations in some cell polarity proteins, such
as the Moesin and Lin7, are also linked to light-induced photoreceptor damage (Chorna-
Ornan et al. 2005; Bachmann et al. 2008). Thus, EsCrumbs might be indirectly influenced
by a collection of other V/ fischeri cues through association with other cell polarity proteins.

Conclusions

The Crumbs protein is a regulator cell polarity and is part of a pathway that influences
development and apoptosis. In the developing £. scolopes light organ, the crumbs gene was
lost in cells experiencing symbiont-induced apoptosis and expressed in tissues that are
protected from cell death and are the direct recipients of symbiont stressors, including
luminescence. In the mature squid, regulation of the gene also correlated with symbiont
population over the day-night cycle, indicating host tissue response to microbial cues.
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Euprymna scolopes- Vibrio fischeri system. (a) Juvenile £. scolopes in which the light organ,

bounded by the box, is visible through the dorsal surface. (b) Juvenile light organ

surrounded by the ink gland (ig) and attached to the hindgut (hg). This light organ shows
labeling of the developmental gene pax6 (Peyer et al. 2014), enhancing the visibility of the
morphological structures described in the following. (c) Line drawing of the developing light
organ in the newly hatched squid. Right side: Harvested from the seawater each generation,
V/ fischeri (shown as blue ovals) enters through pores (p) on either side of the light organ
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and ultimately resides along the apical surfaces of polarized epithelia in the crypt spaces (c)
by 24 h post colonization. Left side: The superficial tissues of the light organ include the
anterior appendages (aa), posterior appendages (pa), and the ciliated ridges and field (r and
f). In contrast to the crypts, these superficial tissues undergo apoptosis immediately
following symbiont colonization, a process that is largely complete within 96 h post
colonization. (d) Level of symbiont luminescence corresponding with the nocturnal activity
of the squid during evening hours (no scale). To control symbiont population, the squid
expels the majority of the bacteria daily at dawn. The remaining bacterial cells repopulate
the light organ during the day when the squid is inactive.
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Figure 2.

Evidence for the presence of the Crumbs protein in £. scolopes. (a) Alignment of the C-
terminus of EsCrumbs indicating the transmembrane region and the conserved FERM and
PDZ domains within the intracellular region (see also Richard et al 2006). (b) Domain
structures throughout the full EsCrumbs and the Crumbs proteins of other organisms as
predicted by SMART (http://smart.embl-heidelberg.de/). (c) Phylogenetic position of
EsCrumbs relative to those of other animal species. Supports are from 500 bootstrapped
replicates. (d) Localization of es-crumbs during early development by /n situ hybridization
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with either whole-mount or histological samples. Left: A stage 22 embryo (~1/2 through
embryogenesis at 14 days) showing es-crumbs localized to the region of the eye (e). Features
of the eye include the lens (1), optic lobe (ol), and region of development of the
photoreceptors (p), indicated for reference. Right: Morphological key for the cephalopod
eye, showing the rhabdoms (r), proximal region/supporting cell layer (p/s), inner segments
(is), photoreceptor nuclei (n), and plexiform layer (pl). For comparative labeling in the eye,
es-rhodopsin expression occurred at the extreme ends of the rhabdoms similar to the protein
localization in another squid species (Doryteuthis pealeir, Kingston et al. 2015), but also
extended into the inner segments. Labeling of es-crumbs occurred within the inner segments.
The sense controls for the ISH experiments involving the embryo and postembryonic eye are
indicated in the small boxed regions. Lens objective; 10x.
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Figure 3.
Expression of es-crumbs throughout the light organ. (a) Whole light organs showing es-

crumbs expression by whole-mount /n7 situ hybridization. Conditions consisted of newly
hatched juveniles (‘Hatch’) and 24-h juveniles aposymbiotic with no V/ fischeri (‘Apo’),
symbiotic with Alux V. fischeri (*Alux’), and symbiotic with wild-type V/ fischeri (‘Sym’).
Tissues of the light organ showing es-crumbs signal included the anterior appendages (aa),
ciliated ridges (r, yellow arrowheads), pores (p, blue arrowheads), or crypts (c, red
arrowheads), and these features are shown in the ‘sense’ (control) image. (b) Regulation of
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es-crumbs by gRT-PCR in response to the different symbiotic conditions. Expression of es-
crumbs was normalized to the geometric mean of the expression of two housekeeping genes,
ribosomal 40s and serine HMT. Data consist of five biological replicates each with three
technical replicates pooled per condition. Error bars are standard error of the mean (*, 0.01<
F£<0.05). (c) Histological sections of the light organ anterior appendage sinus (s) and crypt
(c), and ink gland lumen (1) showing escrumbs localization by ISH (see red arrowheads).
The images shown are from an animal colonized with A/ux V. fischeri after 24 h. The sense
controls are shown along the right side.
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Figure 4.
Crumbs transcript expression in light-organ crypts. (a—c) Results from HCR-FISH

experiments showing es-crumbs expression in the crypts of light organs symbiotic with wild-
type V. fischeri (a; ‘Sym’) and Alux V. fischeri (b; ‘Alux’) as compared to an aposymbiotic
light organ with no transcript expression (c; ‘Apo’). As landmark features, the ink gland (ig,
see Fig. 1b), crypts (c), and duct (d) that connects the pores to the crypts are labeled. Heat
Shock Protein 90 (HSP90) was used only as a counterstain. Lens objective: 40x.
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Figure 5.
Regulation of es-crumbs in mature light organs sampled over the day-night cycle. The fold

change on the y-axis represents data normalized to the time point of lowest expression. The
blue and black bar denotes the cycle of V/ fischeriluminescence within the light organ. Data
consist of two to six biological replicates each with two technical replicates pooled per
condition. Error bars for both graphs are standard error of the mean (*, 0.01< £<0.05).
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Table 1

Primers for RACE-PCR, RT-PCR, gRT-PCR, and ISH, and probes for HCR-FISH.

Gene Primer Type Direction Sequence (5’ to 3’)
crumbs 5" RACE-PCR Reverse AGCACGGGTTCTCAATGTGGCACTAT
5" RACE-PCR nested  Reverse CCATCATGCAGGCAAGGATTCAC
3" RACE-PCR Forward GGAACCTACAGTCCCAGTCAGCAAGA
3" RACE-PCR nested  Forward CTCGTGTGGAACTCGGCAATGTTATG
RT-PCR Forward ATTATCCGCCACCCTTCTGCAA
RT-PCR Reverse AAGTCCTGCTCTTTGGTCTGCT
gRT-PCR Forward TGTGGAACTCGGCAATGTTA
gRT-PCR Reverse TCCTGCTCTTTGGTCTGCTT
ISH (antisense) Forward ATACTGCCACATTGAGAACCCGTGCT
ISH (antisense) Reverse (T7)  *T7 + CATACCATTGCCGAGTTCCACACGAG*
ISH (sense) Forward (T7) *T7 + ATACTGCCACATTGAGAACCCGTGCT*
ISH (sense) Reverse CATACCATTGCCGAGTTCCACACGAG
HCR-FISH probe 1 NA CGACCGATAGAGATCACAGGTCGAAACAA
ACCAACTGCACCCAACGACAT
HCR-FISH probe 2 NA GAAAATAAAATCAACCCGAGTGAGTCGCTG
TCGTTGTTGGCAACGGTGGC
HCR-FISH probe 3 NA GACAGTTGGGGTAGATCTTGCATTCGTCGAT
GTTTTGTTCACACCTACAC
rhodopsin ISH (antisense) Forward CACCAGCCAACATGTTCATC
ISH (antisense) Reverse (T7)  T7 + CCGATAGCCCATAGGACAGA
ISH (sense) Forward (T7) T7 + CACCAGCCAACATGTTCATC
ISH (sense) Reverse CCGATAGCCCATAGGACAGA
40s ribosomal  qRT-PCR Forward AATCTCGGCGTCCTTGAGAA
gRT-PCR Reverse GCATCAATTGCACGACGAGT
serine HMT gRT-PCR Forward GTCCTGGTGACAAGAGTGCAATGA
gRT-PCR Reverse TTCCAGCAGAAAGGCACGATAGGT
M13 Sequencing Forward GTAAAACGACGGCCAG
Sequencing Reverse CAGGAAACAGCTATGAC

*T7 = TAATACGACTCACTATAGGG.
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