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Abstract. We localized one or more aldehvde dehydro-
genase (ALDH)-like proteins in the bacterially biolumi-
nescent light organ of the sepiolid squid Euprymna scol-
opes, and determined the temporal changes in expression
through normal light organ development. Our previous
studies have revealed that 70% of the total protein in the
light organ lens of adult animals is comprised of an
ALDH-like protein, which we called L-crystallin. In the
present study, antibodies raised to this protein were used
in immunocytochemical analyses which showed that, in
adult light organ lens cells, ALDH-like protein was lo-
calized to the cytoplasm, but not to the nuclei or mito-
chondria. Labeling in adult tissue was also found in mod-
erate abundance in the ciliated duct epithelium, a tissue
that is in direct contact with the bacterial symbionts.

To determine the spatial and temporal onset of expres-
sion of ALDH-like protein(s). we examined light organs
from juveniles at developmental stages before and after
the differentiation of lens cells, which begins approxi-
mately 7-10 days after hatching. In 5-day symbiotic ju-
venile light organs, ALDH-like protein was not detected
at levels significantly above those in non-symbiotic tissue
of the same animals. However, expression of ALDH-like
protein began within 10 days after hatching, seen first in
a few cells of the ciliated duct, adjacent to the symbiont-
containing tissue and in a few differentiated cells of the
anterior presumptive light organ lens. These data suggest
that, during normal development, induction of one or
more ALDH-like proteins occurs simultaneously in both
the lens and ciliated duct soon after the differentiation of
lens cells.
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Introduction

Mutualistic associations between prokaryotes and
higher eukarvotes are widespread in many ecosystems
(Margulis and Fester, 1991). Many of these associations
are characterized by symbiosis-specific organs or tissues,
such as nodules in leguminous plants, bacteriomes in sev-
eral orders of insects, and light organs in some species of
bioluminescent fishes and squids (e.g., Hastings et al.,
1987: Herring, 1988; Ishikawa, 1990; Nap and Bisseling,
1991). Studies of plant/bacterial associations have shown
that the morphogenesis of symbiotic organs involves both
the evolution of new proteins that occur only in the sym-
biotic organ, as well as enhanced expression of genes al-
ready present in the host genome (e.g.. Sanchez et al.,
1991: Verma et al., 1992). In contrast, little is known
about such cellular and molecular integration and regu-
lation between the partners of animal/bacterial symbioses
during the infection and maintenance of the symbiotic
state. Thus. studies directed toward an examination of
symbiosis-induced changes in gene expression and the
patterns of protein occurrence are essential to reveal the
nature of communication that must occur in these highly
orchestrated associations.

The symbiosis between the Hawanan sepiolid squid
Euprymna scolopes and its luminous bacterial partner
Vibrio fischeri is well suited as a model association for the
study of host-symbiont interactions at this level (McFall-
Ngai and Ruby, 1991; Ruby and McFall-Ngai, 1992).
Both host and symbiont can be independently raised in
the laboratory, a feature that permits the experimental
examination of the influence of the symbiotic state on
host and bacterial gene expression. The host squid harbors
a culture of V. fischeri in a complex bilobed organ in the
mantle cavity (McFall-Ngai and Ruby, 1991) and 1s
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thought to use its bacterially produced luminescence in
anti-predatory behaviors (Moynihan, 1983). The bactena-
containing tissue consists of a network of epithelial cells
lining crypts that house the bacteria (Fig. 1a; McFall-Ngai
and Montgomery. 1990). Ciliated ducts are contiguous
with these crvpts and connect them with the outside of
the light organ (the mantle cavity) by two pores. The bac-
teria-containing tissue is surrounded by a reflector and
the ink sac, which serve to direct light ventrally. Finally,
a thick pad of transparent tissue overlies the ventral surface
of the organ and functions as a lens to refract light from
the bacterial source into the environment.

During normal development, newly hatched squids be-
come infected by free-living V. fischeri within hours after
hatching (McFall-Ngai and Ruby, 1991). At the time of
hatching, all components of the light organ. except the
light organ lens, are differentiated and are simply elabo-
rated during the further maturation of the light organ
(Montgomery and McFall-Ngai, 1993). In contrast, the
light organ lens cells first begin to differentiate approx-
imately 7 to 10 days after hatching (Montgomery,
pers. obs.).

Previous studies of the biochemical nature of the light
organ of the adult squid have revealed that a significant
portion (approximately 50%) of the total protein occurs
as a 54 kD species, which was designated L-crystallin
(Montgomery and McFall-Ngai, 1992). We found that
the vast majority of this protein occurs in the light organ
lens, which is protein rich to refract bioluminescent light
effectively. Sequences of tryptic peptides derived from this
protein, which had been purified from light organ lens,
had a high sequence similarity to human cytosolic alde-
hyde dehydrogenase (ALDH, EC 1.2.1.3). a member of
a large group of related enzymes that catalyze the con-
version of aldehydes to carboxylic acids. Although L-
crystallin apparently lacks ALDH activity, a polyclonal
antibody raised against L-crystallin cross-reacted with 54
kD proteins, a characteristic size for ALDH subunits, from
both cephalopods and mammals (Montgomery and
McFall-Ngai, 1992). Anti-L-crystallin 1s therefore specific
to ALDH-like proteins and not L-crystallin alone.

The high abundance of ALDH-like protein(s) provides
a dramatic example of a gene product whose production
is enhanced in a symbiotic organ. In this study. to deter-
mine where immunoreactive protein occurs during the
maintenance of the symbiotic state, we examined the spa-
tial pattern of their production in the adult light organ.
Further, to determine how this pattern is achieved, we
examined the temporal nature of protein production dur-
ing normal development. Our results indicate that one or
more of these proteins occurs in abundance not only in
the light organ lens, but also in the ciliated duct, a tissue
directly in contact with bacterial symbionts. During de-
velopment, increased levels of these ALDH-like proteins

are first seen simultaneously in the cihiated ducts and in
newly differentiating lens cells. By following the occur-
rence of this group of proteins through the establishment
and maintenance of the association, we might ultimately
better understand how bacterial infection affects host gene
expression in the light organ.

Materials and Methods
Maintenance of experimental organisms

Specimens of £ scolopes were collected from Kaneohe
Bay on Oahu, Hawaii, in May, July, and November of
1991. The animals were kept in running seawater tables
at the Hawaii Institute of Marine Biology (University of
Hawaii) in Kaneohe Bay before being transported to 24°C
recirculating seawater aquaria at the University of South-
ern California in Los Angeles. The animals were fed a
variety of freshwater shrimp daily and kept on a 12 h
light/dark cycle.

Clutches of eggs laid by captive females were removed
to small recirculating aquaria, also at 24°C. Immediately
upon hatching, juveniles were placed in small bowls of
seawater from aquaria containing adult animals which
regularly shed light organ symbionts. In this water, the
juveniles became infected with 1. fischeri within 12 h
(Wei and Young, 1989; McFall-Ngai and Ruby, 1991).
Juveniles could be maintained in good condition with
daily water changes for up to 6 days. At the end of an
incubation period, animals were either processed imme-
diately or frozen in liquid N, and stored at —80°C.

Tissue fixation and embedding

To localize the ALDH-like proteins in the E. scolopes
light organ, organs from both juvenile and adult squids
were prepared for immunocytochemistry. E. scolopes were
anesthetized with a 2:1 0.37 M MgCl,:seawater mix for
5 min before dissection or processing. In adults, which
range 1n size from 12 to 20 mm in mantle length, the
ventral mantle and funnel were slit open to reveal the
light organ, which could be easily removed. Juveniles,
which are smaller than 4 mm in mantle length, were
treated whole. The fixation protocol was modified from
Erickson er al. (1987). Tissues were fixed for 1 h at room
temperature in 1% paraformaldehyde and 1% glutaral-
dehyde in 0.1 M sodium phosphate buffer containing 0.45
M sodium chlonide, pH 7.2, washed three times for 10
min each in a 0.1 M sodium phosphate buffer containing
0.45 M sodium chloride, dehydrated in 15, 30, and 50%
methanol (MeOH) for 10 min each. The samples were
fixed in a 2% uranyl acetate, 70% MeOH solution for 1
h, and further dehydrated for 10 min each in 85, 95, and
100% MeOH. The light organs were infiltrated with a
1:1 ratio of 100% MeOH and LR White resin (Ted Pella
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Inc.) for 12 h at 4°C on a turntable. Subsequently, the
specimens were rotated in 100% LR White for 72 h,
transferred to fresh 100% LR White in gelatin capsules
and allowed to polymenize for two days at 52°C.

Some light organs were also fixed for transmission elec-
tron microscopy to provide micrographs of well preserved
tissues for orientation. These light organs were fixed for
12 hin 2.5% glutaraldehyde in 0.1 M sodium cacodylate,
0.45 M sodium chlonde (NaCl), pH 7.4. Samples were
post-fixed in 1% osmium tetroxide in the fixative buffer
and further processed for histology as described in McFall-
Ngai and Montgomery (1990).

Light microscopy

The antiserum used to locate ALDH-like proteins was
made against a purified fraction of the hight organ lens,
designated L-crystallin, by Montgomery and McFall-Ngai
(1992). The antiserum cross-reacts with ALDH-like pro-
teins from both cephalopods and mammals.

Histological cross sections of light organs were cut with
glass knives for light microscopy and dried onto gelatin-
coated glass slides. The antibody incubation procedure
was modified for light microscopy from the methods of
Erickson er al. (1987). First, to block non-specific ad-
sorption and binding, the 1-um sections were incubated
for 30 min in a blocking solution consisting of a 1:30 ratio
of non-immune goat serum (Sigma. the same species as
the secondary antiserum without the antibody) to a 10
mM sodium phosphate buffer, containing 150 mA/ NaCl,
0.05% NaN; and 0.5% bovine serum albumin (PBS/BSA).
The shides were gently rinsed with PBS/BSA and then
flooded with a 1:2000 dilution of primary (1°) antiserum:
rabbit anti-L-crystallin in PBS/BSA for 2 h. The sections
were rinsed twice in PBS/BSA for 10 min, then flooded
with the secondary (2°) antibody solution, consisting of
a 1:50 dilution of goat anti-rabbit 1gG complexed to 15
nm colloidal gold spheres (Ted Pella Inc.) in PBS/BSA.
The sections were then rinsed with deionized water
(DH,0O) and stained with a silver enhancement kit
(Sigma), which allows for the visualization of the immune
complex with light microscopy due to the precipitation
of silver granules in the presence of colloidal gold. Finally,
the sections were counterstained with 1% acid fuchsin for
20 min, rinsed in water, dried. and mounted in heavy
immersion oil.

In controls, to determine the degree of non-specific
binding of the 2° antibody solution. a 1:2000 dilution of
a pre-immune serum, obtained from the same rabbit as
the immune serum before injection with L-crystallin, was
substituted for the 1° antibody incubation. These sections
were designated pre-immune preparations. Some un-
treated sections were stained with Richardson’s stain
(Richardson et al., 1960) to provide companion histolog-
ical sections for orientation and comparison.
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Electron microscopy

Ultrathin sections of the light organs were cut with a
diamond knife using a Porter Blumm MT2-B ultrami-
crotome and placed on nickel grids. For all incubations,
grids were floated section-side down in solutions in
500 wl wells. The imcubation procedure was the same as
that described above for | um sections except that grids
were rinsed dropwise with PBS/BSA between antibody
incubations. After the 2° antibody incubation and DH-,O
rinse, grids were stained in 3% uranyl acetate and
Revnolds lead citrate for 10 min each. As with the 1 um
sections, pre-immune grids were prepared to control for
non-specific binding of the 2° antibody solution.

Sections of light organs were examined at 20,000< to
look for the presence of 15 nm gold spheres on a JEOL
100CX transmission electron microscope at 80 kV. To
quantify gold spheres in the tissues of the light organ from
both immune and pre-immune incubations, spheres were
counted in micrographs taken at 40.000< (n = 5: area
= 4 um”) of each tissue.

Electrophoresis and immunoblotting

To look for the onset of ALDH-like protein production
in E. scolopes, light organs from newly hatched juveniles
and 5-day symbiotic juveniles were dissected and prepared
for electrophoresis. Light organs and mantles from ap-
proximately 50 previously frozen juveniles per treatment
were removed under a dissection microscope and ho-
mogenized 1n a Wheaton ground glass micro-tissue ho-
mogenizer in 50 pl of 50 mAM sodium phosphate, 0.1 M
NaCl, pH 7.0. Homogenates were spun at 15,000 < g for
15 min at 4°C in a Sorvall superspeed RC-5B centrifuge.
The supernatants were decanted and kept at 4°C. A ho-
mogenate from adult hight organs was used as a positive
control for the presence of ALDH-like protein (Mont-
gomery and McFall-Ngai, 1992). Concentration (mg/ml)
of the soluble protein in each homogenate was determined
spectrophotometrically (Whitaker and Granum, 1980).

Polyacrylamide gel electrophoresis in the presence of
sodium dodecyl sulfate was carried out using a 12.5% re-
solving gel on a Hoefer SE 250 slab gel apparatus (tech-
niques modified from Laemmli, 1970). Gels were run at
a constant current (20 mA/gel) and stained with Coo-
massie blue. Eight ug of protein were loaded for all juvenile
samples and a range of quantities, from 1 to 200 ng, was
loaded for the adult light organ lens positive control.

For immunoblotting, proteins were electrophoretically
transferred from unstained gels onto nitrocellulose mem-
brane in a Hoefer TE 22 transfer apparatus for 2 h at
12°C at a constant current (200 mA) in a 25 mM Tris.
192 mM glycine, 20% methanol, 0.1% SDS buffer, pH
8.3. (modified from Towbin ef al., 1979). Immunoblots
were performed using an amplified, streptavidin/biotin,
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Figure 1.

alkaline phosphatase immune blot kit (BioRad). which
was designed to detect as little as 10 pg of antigen. The
membrane was incubated in a 1:1000 dilution of the 1°
antiserum for 2 h and subsequently incubated and de-
veloped according to the manufacturer’s directions.

Results
Localization of ALDH-like protein in adult light organs

To determine the location of ALDH-like protein in the
adult £ scolopes light organ, immunocytochemistry, using
anti-L-crystallin, was performed on cross sections of light
organs at both the light microscopic and electron micro-
scopic levels. In the 1 um thick sections, L-crystallin was
localized in very high concentrations in the lens of the
light organ as evidenced by the dense black silver nitrate
granules visible against the pink acid fuchsin background
stain (Fig. 1b, see Fig. la for orientation). No such black
precipitate was present in the pre-immune incubation (Fig.
1¢). Residual ink, present in the ink sac. appeared brown
in the immune and pre-immune sections. Although not
as dramatic as the staining in the lens, silver nitrate gran-
ules were also present in the epithelial cells of the ciliated
duct in the immune (Fig. 1b) but not in the pre-immune
(Fig. l¢) preparations. In some sections, the medial portion
of the lens stained more lightly than the lateral portion
(Fig. 1b), however in other sections the lens appeared to
stain uniformally along this axis.

Silver nitrate granules only precipitated over the cy-
toplasm of lens cells that stained hghtly with Richardson’s

Cross sections through an adult Euprymna scolopes light organ. (A) Richardson’s stained
section: b, the inner bacteria-containing epithelium: d, the cihated duct with its surrounding epithelium
(duct does not reach the pore in this section): r, the reflector; 1, the ink sac: and L. the hght organ lens. Bar
= 50 um. (B) Silver-enhanced immune section, counter-stained with acid fuchsin. The silver granules indicate
the presence of L-crystallin in the hight organ lens (dense black) and of an ALDH-like protein in the cihated
duct epithelium (gray). The ink in the ink sac appears brown. (C) A pre-immune section lacks any dense
black stain in the lens or duct epithelium.

stain (Fig. 2a, b). The outer epithelial layer surrounding
the lens, and muscle cells, shown in longitudinal section
running through the lens and in cross section on the edge
of the lens, lacked silver granules. Higher magnifications
of ciliated duct showed the silver nitrate granules only in
the cytoplasm of the epithelial cells, not in the cell nuclei
or in the duct itself (Fig. 2¢, d).

Ultrastructural examination of the £. scolopes light or-
gan confirmed the patterns described in the histological
sections. Colloidal gold spheres were found in high num-
bers in the lens of the hight organ, in intermediate numbers
in the ciliated duct, and in very low numbers (not signif-
icantly above background levels) in the ink sac, reflector,
and bacteria-containing epithelial tissue (Table I).

Lens tissue 1s comprised largely of cells containing nu-
clei, mitochondria, and a diffuse cytoplasm containing
numerous, thinly aligned elements, but lacking any fibrous
muscle structure, obvious endoplasmic reticulum or Golgi
complexes (Fig. 3a; McFall-Ngai and Montgomery, 1990).
It was these cells in which high concentrations of colloidal
gold spheres were found in immune (Fig. 3b) compared
to pre-immune (Fig. 3c) preparations. The spheres were
localized only in the diffuse cytoplasm, not in the mito-
chondria (Fig. 3d) or cell nuclei (Fig. 3e). There was no
gradient of sphere numbers throughout the center of the
lens or on the outside margin where gold spheres evenly
covered the diffuse lens cells but were absent from muscle
cells immediately adjacent to them (Fig. 4a). However,
the cells at the inside margin contained a patchy distri-
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Figure 2.

Detail of cross sections from Figure 1. (A) Richardson’s stained light organ lens: e, outer

epithehal laver; L. hightly staining lens cells comprising the majonty of the lens; m, muscle cells running
through the lens in longitudinal section and in cross section at the arrow. (B) Immune-treated light organ
lens counter-stained with acid fuchsin. Only the cytoplasm of lens cells contains silver granules. Lens cell
nuclei, and muscle and epithehal cells lack the black precipitate. (C) Richardson’s stained area around the
cihated duct: e, epithehal cells lining the duct and r. reflector tissue. (D) Immune-treated ciliated duct
epithelium counter-stained with acid fuchsin. The cytoplasm of the epithelium contains some silver granules.

Bars = 20 pm.

bution of spheres where large areas of the diffuse cyto-
plasm were unlabeled (Fig. 4b).

The epithelial cells lining the duct, which connects the
bacteria-containing crypts to the outside of the light organ,
contain several cilia and prominent root hairs per cell
(Fig. 5a. b). As in the lens cells, immune preparations of
epithelial cells in the cihiated duct contained high numbers
of gold spheres in the cytoplasm (Fig. 5¢) compared to
pre-immune preparations (Fig. 5d). Only background
levels of spheres were found on the cilia, in the cell nuclei,
and in the duct itself.

Localization of ALDH-like protein in E. scolopes
through development

To determine the onset of ALDH-like protein produc-
tion and to examine the pattern of production through

development, light organs from animals of different sizes
were tested for the presence of these proteins. Juvenile
animals, collected from the field, with mantle lengths of
4.2, 3.0, 2.3, 2.0, and 1.8 mm were examined. In the 4.2
mm and 3.0 mm animals, the staining pattern was the
same as it had been in adult light organs: the developing
lens tissues stained a very dense black and the cihated
duct epithelial cells stained a light, more diffuse gray (data
not shown). In the 2.3 and 2.0 mm animals, both the lens
and the ciliated duct epithelium were positive for these
proteins, but the lens, consisting of only a thin layer of
differentiated cells at this stage (Fig. 6a), stained gray in-
stead of a dense black (Fig. 6b). In some cases, staining
in the ciliated duct was actually more intense than in the
developing lens cells.

In the anterior ventral portion of the light organ of the
1.8 mm juvenile, a few dozen lens cells appeared to have
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Table 1

Number of collvidal gold spheres present in different tissues of the

adult E. scolopes light orgar

Number of spheres per
micrograph

Cell type immune pre-immune P value
Lens 314.2*% (74.4) 2.4(0.9) =001
Ciliated duct epithelium 157.4* (24.4) 1.6(1.1) < 0005
Bacteria-containing tissue 1.2 (0.8) 1.0 (1.0) =]

* Number of spheres in lens and cihated duct are different by P < .05,

Each micrograph. taken at a magnification of 40.000 corresponds
to 4 gm?. Numbers are means + (8.D.), n = 5 for each treatment. P
values are results of two-talled paired r-test.

differentiated from a pad of mesodermal cells (presump-
tive lens). In light microscopic immune preparations, these
cells stained a dark gray, whereas the cihated duct and
posterior presumptive lens were completely free of silver
nitrate precipitate. Examination at the ultrastructural level
revealed that the number of colloidal gold spheres per 4
um?® of these differentiated lens cells was 146.4 + 58.5 (n
= 5) whereas pre-immune preparations averaged only 1.6
+ 1.1 (n = 5; averages different by r-test, P < 0.001). The
level of ALDH-like protein occurrence in these recently
differentiated lens cells is significantly lower than that in
adult lens cells (t-test, P < 0.05), and is more similar to
protein occurrence in adult ciliated duct (see Table 1).
Low numbers of colloidal gold spheres (27.0 = 3.2 per 4
um’, n = 5) were detected in a few duct epithelial cells
upon examination at the ultrastructural level: but these
numbers were significantly above those found in pre-im-
mune preparations (2.6 + 0.6 per 4 um”’ n = 5; immune
and pre-immune averages different by P < 0.001). These
cells were located at the interface between the bacteria-
containing non-ciliated crypts and the ciliated duct (Fig.
7). Cells in the more distal portion of the duct contained
only background levels of spheres.

To further examine the temporal pattern of ALDH-
like protein occurrence in early juvenile development and
its relation to infection by symbiotic bacteria, newly
hatched animals, 5-day symbiotic juveniles (average
mantle length = 1.5), and a field caught juvenile mea-
suring 1.6 mm in mantle length were tested for the pres-
ence of immunoreactive protein. The size and morphol-
ogy of this field-caught juvenile suggests that it was be-
tween three and five days old at the time of fixation.
Ultrastructural examination of the light organ of this an-
imal showed it to be infected with bacterial symbionts.
In all of these juveniles, both at the histological and ul-
trastructural levels, no ALDH-like protein was detected
either in the ciliated duct or 1n presumptive lens tissue

M. WEIS ET Al

(data not shown). No cells were present that resembled
the large. lightly staining cells typical of adult lens and
which stained positive for these proteins in the adult and
older juveniles. Further, in all of these animals, including
the 1.6 mm field-caught juvenile, three separate pores
opened into three ciliated ducts on each side of the light
organ; none of the epithelial cells in these ducts appeared
to express ALDH-like protein at this stage of development.
The presence of three ducts per side is typical of newly
hatched and very young juveniles (Montgomery and
McFall-Ngai. 1991). The shghtly larger and older juvenile.
.8 mm in mantle length, contained only one duct on
each side of its hight organ: the size of this juvenile and
the presence of one duct indicate that this animal was
approximately one week to ten days old at the time of
fixation.

Because detection of the ALDH-like protein induc-
tion in a small area of the juvenile light organ might be
missed with immunocytochemistry, anti-L-crystallin
immunoblots of juvenile light organs were compared
to further search for a temporal pattern of induction
and its relation to bacterial infection. Light organs and
mantles from newly hatched and 5-day symbiotic ju-
veniles were compared. and in all cases only very slight
bands at 54 kD, the apparent molecular mass of de-
natured L-crystallin (Montgomery and McFall-Ngai,
1992) were detected (data not shown). Further, the 54
kD bands in the light organ lanes were weaker than
those in mantle lanes, which suggests that levels of the
proteins in the light organs were not significantly above
baseline levels expressed in all tissues. The amplified
immunoblot kit was able to detect L-crystallin in adult
light organ lens, which is comprised chiefly of L-crys-
tallin (Montgomery and McFall-Ngai. 1992). when as
little as 1 ng of protein was loaded. Therefore, if the
very slight positive band in both juvenile preparations
represents approximately | ng of total soluble protein,
and 8 ug of protein were loaded. ALDH-like protein
comprises less than 0.02% of the juvenile light organ
soluble protein compared to approximately 50% in the
adult organ (Montgomery, unpub. data).

Discussion

Our investigation localizes ALDH-like proteins in the
adult E. scolopes light organ: (1) in high abundance in
the cytoplasm of lens cells and (2) in moderate abun-
dance in the cytoplasm of the epithelial cells lining the
ciliated duct. Further, we explore the onset of ALDH-
like protein occurrence in juvenile light organs and
show that these proteins: (1) are not detectable in light
organs from either newly hatched or 5-day symbiotic
juveniles: (2) are first expressed simultaneously in cil-
iated duct epithelium and in newly differentiating lens
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Figure 3. Electron micrographs of immune and pre-immune treatments of the hght organ lens. (A) Low
magnification of the light organ lens showing that the lightly staining lens cells comprise the majority of the
lens (fixed for TEM, not for immunocytochemistry, as described in Methods). L, lens cells with diffuse
cyvtoplasm and lacking any fibrous muscle structure; m, longitudinal section of a muscle fiber; and n, nucleus
of a lens cell. Bar = 5 pm. (B) High magnification of immune-treated lens cell cvtoplasm revealing numerous
I5 nm gold spheres. Bar = 0.5 uym. (C) High magnification of pre-immune-treated lens cell cytoplasm
revealing few 15 nm gold spheres. Bar = 0.5 um. (D) High magnification of immune-treated lens cell
cytoplasm containing 3 mitochondna (mt). Gold spheres are present in the cytoplasm but not in the mi-
tochondna. Bar = 0.5 ym. (E) High magnification of immune-treated lens cell evtoplasm and nucleus (n).
Gold spheres are present in the cytoplasm but not in the nucleus. Bar = 0.5 um.
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Figure 4. Electron micrographs of the light organ lens margins. (A) Outer lens margin where lightly
staining lens cell (L) on right abuts a muscle cell (m) on left. Gold spheres are evenly distributed throughout
the lens cell eytoplasm. (B) Inner lens margin where lightly staining lens cell on left abuts acellular connective
tissue on right. Gold spheres appear in loose aggregations in the lens cell cytoplasm. Bar = 0.5 um.

cells in juveniles: and (3) are only expressed in lens
cells after lens cell differentiation from mesodermal
tissue.

ALDH-like protein occurrence in adult light organ lens

Like the transparent epidermally derived ocular lens
tissue of vertebrates and cephalopods, which are com-

prised chiefly of one or several lens crystallins, the muscle-
derived light organ lens has a simple protein profile, in
which L-crystallin accounts for 70% of the soluble protein
(Montgomery and McFall-Ngai, 1992). Further, L-crys-
tallin is located in the cytoplasm of the large, lightly stain-
ing cells, which comprise the vast majority of the lens,
but is absent from lens epithelium and muscle (Figs. 1.
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Figure 5.

Electron micrographs of immune and pre-immune treatments of cihated duct epithelium. (A

& B) Low magnification of the ciliated duct epithelium in: (A) longitudinal section, and (B) cross section,
showing numerous cilia and ciliary root hairs (arrow) (fixed for TEM, not for immunocytochemistry. as

descnibed in Methods). Bars =

1 um. (C) High magnification of immune-treated duct epithelium cytoplasm

revealing numerous 15 nm gold spheres. Bar = 0.5 um. (D) High magnification of pre-immune-treated duct
epithelium cytoplasm revealing few 15 nm gold spheres. Bar = 0.5 um.

2). Such a high abundance of L-crystallin together with
an apparent reduction in the production of proteins typical
of a muscle tissue, such as actin and myosin (Montgomery
and McFall-Ngai. 1992) and a lack of subcellular structure
(Fig. 3: McFall-Ngai and Montgomery, 1990) in this pre-
dominant cell type suggests that these cells do little else
than synthesize and retain L-crystallin. As with ocular
lens tissue, the over-production of one or a few proteins
in specialized lens cells is thought to result in a tissue with
a high refractive index, which results in increased trans-
parency (Bloemendal, 1981).

L-crystallin abundance appears to vary along the me-
dial/lateral axis in some sections (Fig. 1b), but not in oth-
ers. The lighter staining lateral portion of the lens could
indicate a differential abundance of L-crystallin along this
axis in some areas of the lens. or could be due to uneven

fixation of the tissue. L-crystallin occurrence is uniform
through the lens along the dorsal/ventral axis, except for
the dorsal lens margin where lens cells appear to give way
to acellular connective tissue (Fig. 4b). The pockets of
cytoplasm that contain high numbers of colloidal gold
spheres. surrounded by areas with no spheres, might be
sites of L-crystallin production. However, this packaging
effect might also be explained by poor fixation and/or
infiltration in the far interior of the lens. From these lo-
calization results, 1t 1s not possible to determine the location
of continued lens cell differentiation or new L-crystallin
production in the adult lens. In continuing studies, we have
been able to isolate only minute quantities of poly A+ RNA
from light organ lens tissue from adults (Weis and McFall-
Ngai. unpub. data). which suggests that both L-crystallin
turnover and synthesis in the adult lens are very low.



318 V. M. WEIS ET AL

Figure 6.

We have found a 54% amino acid sequence identity
between three peptides of L-crystallin and human
ALDHI, an enzyme that has been localized in the cell
cytosol of mammalian liver and other organs (Kitabatake
et al., 1981; Montgomery and McFall-Ngai, 1992). Be-
cause of its substantial sequence identity to a known en-
zyme, L-crystallin has been added to the list of enzyme/
crystallins, a group of structural proteins in ocular lenses
of vertebrates and cephalopods that have a high sequence
identity to various enzymes (Piatigorsky and Wistow,
1991). Although L-crystallin and ALDH1 share a com-
mon location within the cell, and ALDHI1 cross-reacts
with the polyclonal antiserum to L-crystallin, they do not
show high enough sequence identity to suggest that they
are closely related isozymes.

ALDH isozymes have been localized in a wide varety
of tissues using several techniques. In addition to its oc-
currence in the light organ as L-crystallin, we have found
an immunoreactive ALDH-like protein in the E. scolopes
eye lens in moderate levels, using immunoblot analysis
(Montgomery and McFall-Ngai, 1992). This protein spe-
cies likely functions as an enzyme/crystallin. Like L-crys-
tallin, the ALDH enzyme/crystallins, which have been
described in the eve lenses of elephant shrew (n-crystallin,
Wistow and Kim, 1991) and octopus ({-crystallin, To-
marev ¢f al., 1991) are presumed to be present in the cell
cvtosol, based on immunoblot analyses. Many studies in
various other mammahan tissues localize ALDH to var-
ious subcellular fractions using differential centrifugation
(e.g., Kitabataki et al., 1981; Lindahl and Evecs, 1984
Weiner ¢t al., 1987). In addition, there are ample examples

Cross sections through the light organ of a juvenile Euprymna scolopes (2.0 mm in mantle
length). (A) Richardson’s stained section: b, the inner bactena-containing epithelium; d, the ciliated duct
with its surrounding epithelium (duct does not reach the pore in this section): r. the reflector: 1. the ink sac;
and L, the light organ lens. Bar = 100 gm. (B) Silver-enhanced immune section. counter-stained with acid
fuchsin. The silver granules indicate the presence of an ALDH-like protein in the ciliated duct epithelium
and the light organ lens. The ink in the ink sac appears brown. (C) A pre-immune section lacks any dense
black stain in the lens or duct epithelium.

of histochemical localization of mammalian ALDH in
several tissues including liver, brain, retina, and respiratory
tract which employ both immunological (e.g., Maeda er
al., 1988; McCaffery er al., 1991, 1992) and activity stain-
ing techniques (e.g., Lindahl er al., 1983; Watabiki ez al.,
1989; Motavkin et al., 1990).

The ultrastructure of lens cells and the location of the
lens crystallins in ocular lenses of vertebrates and the light
organ of E. scolopes share some common features. Crys-
tallins in vertebrate eye lenses are highly expressed in ter-
minally differentiated fiber cells, which lack nuclei, mi-
tochondna. endoplasmic reticulum, and Golgi complexes
(Maisel er al, 1981). Similarly, although light organ lens
cells retain their nucler and mitochondria, they too lose
other organelles upon differentiation (Fig. 4; McFall-Ngai
and Montgomery, 1990). Further, like L-crystallin in the
E. scolopes light organ lens, crystallins in vertebrate ocular
lenses are localized in the cell cytosol (Bloemendal, 1981).

ALDH-like protein occurrence in adult ciliated duct
epithelium

ALDH-like protein was also localized in moderate
abundance in the epithelial cells lining the ciliated duct
(Figs. 1. 2¢, d: Table I). Because lens and ciliated duct are
unrelated ontogenetically (Montgomery and McFall-Ngai,
1993), it is unlikely that duct epithelium expressing one
or more of these proteins is the source of ALDH-like pro-
teins in the muscle-derived lens cells or visa versa. It is
possible that the protein species in the duct epithelium is
functioning as an enzyme rather than a structural protein.
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Figure 7. Diagrammatic reconstruction of a light organ from a | .8
mm juvenile (estimated to be between 7 and 10 days old), illustrating
the area where ALDH-lke protein is first detected in the cihated duct
epithelium. Arrow points to darkened nuclei, representing cells within
the ciliated duct epithelium which contain collowdal gold spheres, im-
mediately adjacent to non-ciliated epithelium, lining the bactenia-con-
taining crypts. All other epithehal cells, represented by clear nuclei, both
in the bacteria-containing inner area and in the ciliated duct, lack colloidal
gold spheres. b, bactena-containing crypts; d, cihated duct epithelhum;
1, ink sac; mes, mesodermal tissue, the site of the presumptive lens; p,
the pore connecting the cihated duct with the outside of the light organ;
and r, reflector. Bar = 50 gm.

We have tested light organ lenses extensively for ALDH
activity and found none (Montgomery and McFall-Ngai,
1992), but we have detected very low activities in whole
light organs (Montgomery, unpub. data). Activity stains
(see above) in the light organ might be a useful technique
to further explore the function of the ALDH-like protein
species in the ciliated duct epithelium. A positive stain in
this tissue would suggest an enzymatic role for this protein.

Unlike lens cells, ciliated duct epithelium comes in di-
rect contact with symbiotic bacteria and possibly other
bacteria that enter the light organ through the pores. Some
ALDH isozymes function in the detoxification of various
biogenic aldehydes that are produced under certain con-
ditions, such as during lipid peroxidation (Holmes er al.,
1989) and oxidative stress (Jedziniak er al., 1987 Abedinia
et al., 1990). Such conditions have been proposed for sev-
eral symbioses (Dykens and Shick, 1982; Blum and Fri-
dovich, 1984). It is possible that an enzymatically active

ALDH, and thus a form that is biochemically distinct
from L-crystallin, could be functioning in a similar ca-
pacity in the ciliated duct to detoxify substances from
foreign pathogenic microbes or even from symbiotic 1
fischert especially in juvenile light organs during the es-
tablishment of a stable mutualism.

From our studies, we cannot determine the relation of
[-crystallin in the lens with the ALDH-like protein found
in the ciliated duct epithelium. Anti-L-crystallin cross-
reacts with several ALDH-like proteins, all with 54 kD
subunits, from both cephalopods and mammals, but not
with other proteins at other molecular masses (Montgo-
mery and McFall-Ngai, 1992). Therefore, anti-L-crystallin
i1s specific to ALDH-like proteins, and not to L-crystallin
alone. It can therefore be used to identify ALDH-like pro-
teins in general, but not L-crystallin specifically. Further,
we have no sequence information from other ALDH-like
proteins in other squid tissues, such as ocular lens and
ciliated duct epithelium, with which to infer lineages be-
tween the squid ALDH 1sozymes.

ALDH-like protein localization in juvenile light organs

The examination of ALDH-like protein in juvenile light
organs revealed both qualitative and quantitative changes
in occurrence through time. Levels of the protein(s) were
not significantly above baseline levels, present in all cells,
in newly hatched and 5-day symbiotic juveniles and in
the 1.6 mm field-caught animal, as shown both with im-
munocytochemistry and immunoblots. These findings
suggest that ALDH-like proteins are neither constitutively
expressed in high quantities at the time of hatching nor
immediately induced upon infection by bacteria. Based
on the size of the 1.8 mm field-caught animal, which was
the smallest to stain positive for ALDH-like proteins, we
estimate that the age of first induction in juvenile light
organs occurs between 7 and 10 days. according to a study
by Singley (1983) which correlates size with age in juvenile
E. scolopes maintained in the laboratory. By comparison,
animals hatched under laboratory conditions average 1.6
+ 0.1 mm mantle length (Montgomery and McFall-Ngai,
1993).

Immunolocalization of field-caught juveniles revealed
that ALDH-like protein occurrence in the ciliated duct
epithelium and anterior lens precedes that in other por-
tions of the light organ. Further, the onset of expression
seems to be related to fundamental changes in light organ
morphology. Each side of the newly hatched juvenile light
organ possesses three ciliated ducts that lead into three
separate crypts. These ducts ultimately coalesce into a
single branching duct that leads to a single large pore in
symbiotic animals that are more than one week old
(Montgomery and McFall-Ngai, 1991). Our data suggest
that ALDH-like protein is not expressed in ciliated duct
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epithelium until the single duct is formed. Immunoreac-
tive protein was not found in any of the duct epithelial
cells in juvenile light organs still containing three ducts
per side. However, it was found in a few cells in the duct
epithelium in the 1.8 mm juvenile, which had only one
duct and pore on each side of the light organ. Because of
the small number of cells expressing ALDH-like protein
and the relatively low number of spheres within these
positive cells, less than one fifth that of adult duct epithelial
cells, it appears that these proteins were only just beginning
to be synthesized in these cells at this stage of development.
Further, expression first occurs in duct epithelial cells that
are immediately adjacent to non-ciliated epithelial cells
that line the bacteria-containing crypts (Fig. 7). It 1s in
the juvenile light organ that the process of recognition
and establishment of symbiotic bacterial strains occurs
(McFall-Ngai and Ruby, 1991). High expression of
ALDH-like proteins in a tissue in close proximity to the
bacteria could indicate that their function is related to
bacterial infection.

L-crystallin in developing lens tissue was only detected
when clearly differentiated lens cells were present, which
suggests that lens cell differentiation occurs before L-crys-
tallin expression. This situation 1s again analogous to the
epidermally derived vertebrate eye lenses where expression
of some types of crystallin genes in fiber cells begins only
after terminal differentiation (Ramackers and Bloemen-
dal, 1981). For this reason, the production of certain crys-
tallins is used as a differentiation marker in lens cell tissue
culture (Ramaekers and Bloemendal, 1981). Light organ
lens cells appear to first differentiate in the anterior portion
of the light organ. In the smallest juvenile in which dif-
ferentiated lens cells were apparent, I-crystallin was found
present only in lens cells anterior to the ciliated duct and
several cell layers ventral to the crypts. L-crystallin was
present in these cells at levels about one half that found
in adult lens cells, which suggests that these cells had
probably just recently differentiated. The lens cells appear
to differentiate from a pad of mesodermal cells that are
present ventral and lateral to the bacteria-containing
crypts.

Patterns of host gene expression in prokaryote/
eukaryote mutualisms

Despite the prevalence of prokaryote/eukaryote sym-
bioses, very little is known about their complex cellular
and molecular integration and regulation. One exception
is the root nodule symbiosis between the nitrogen-fixing
bacterium Rhizobium and leguminous plants. There are
now many studies that have examined questions of reg-
ulation and communication in this highly integrated mu-
tualism. There are a number of plant gene products, no-
dulins, that are induced or enhanced in the symbiotic

organ. The comparison of ALDH-like protein patterns
through light organ development with patterns of host
gene expression described in symbiotic legumes reveals
some interesting parallels. For example, ALDH-like pro-
tein 1s not induced immediately upon infection with bac-
teria, but 1s expressed in developing lens only after me-
sodermal cells differentiate into lens cells. Similarly, in-
duction of leghemaglobin, a nodulin that is thought to
aid 1n creating an oxvgen-free environment for bacterial
nitrogen fixation, does not occur immediately upon in-
fection, but rather later after the bacteria have invaded
the developing nodule (Sanchez et al, 1991). Further,
ALDH-like protein induction in the lens occurs far from
the site of infection, which suggests that there is a signalling
pathway between the lens and the site of bacterial infec-
tion. In symbiotic legume roots, similar distances separate
the nodule primordia, where early nodulins are induced
soon after infection, and the root hairs, the sites of bacterial
infection (see Sanchez e al., 1991, and Verma et al., 1992,
for reviews).

In future studies we plan to use nucleic acid probes for
L-crystallin to examine both the patterns and location of
ALDH-like gene expression. Further, we will examine the
induction of L-crystallin and other ALDH-like proteins
in the juvenile £. scolopes light organ. Experimental data
will reveal whether (1) over evolutionary time. the sym-
biosis has resulted in a developmental timetable that in-
cludes induction of ALDH-like protein at a prescribed
time, regardless of exposure to symbionts or (2) induction
of these proteins is a direct result of interactions with the
symbiotic bacteria during the infection process.
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