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Abstract In most svmbioses between animals and lu-
mineus bacteria it has been assumed that the baclerial
symbionts luminesce continuously. and that the control
of lumincscent output by the animal is mediated
through claborate accessory structures, such as
chromatophores and muscular shutters that surround
the host light organ. However, we have lound that
while in the light organ of the sepiolid squid Ewprimna
scolopes, symbiotic cells of Vibrio fischeri do not pro-
duce a continuously unilorm level of luminescence, but
instead exhibit predictable cyclic Nuctuations in the
amount of light emitted per cell. This daily biological
rhythm exhibits many fcaturcs of a circadian patiern.
and produces an elevated intensity of symbiont
luminescence in juvenile animals during the hours pre-
ceding the onset of ambient darkness. Comparisons of
the specific luminescence of bacteria in the intact light
organ with that of newly released bacteria support the
existence of a dircct host regulation of the specific
activity ol symbiont luminescence thatl does not require
the iniervention of accessory tissues. A model
encompassing the currently available evidence is
proposed for the control of growth and luminescence
activily in the FE. scolopes/V. fischeri light organ
symbiosis.
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Introduction

Many fundamental processes that occur in plants and
animals (c.g., cell division. metabolic activity, growth,
ete.) exhibit regular fluctuations with a period length of
approximately 24 h (Edmunds 1988; Hastings et al.
1991). These rhythms, which are often controlied by
endogenous biochemical “clocks™, represent mecha-
nisms by which biological activities are coordinated
with daily environmental changes in light and temper-
ature. Although such daily rhythms have now been
described in members of every cukaryotic phylum (Ed-
munds 1988, Hastings et al. 1991}, the roles that these
thythms may play in controlling the symbiotic activ-
ities of animal-hosi-associated prokaryotes remain
unknown. Thus, while pholoperiodic control of cells
within a genome has been extensively studied, such
interactions between the genomes of two different, yet
intimately associated organisms, have not yet been
explored. Nevertheless, because bacterial symbionts arc
usually intimately associated with host tissues, and the
lwo partners are often metabolically interconnected. it
should not be surprising that the scope of their interac-
tions might extend to patterns of diel activity.

The lack of definitive cvidence for host control of
symbiotic interactions via biological rhythms is in part
due to the inability to adequately define and quantify
the respective roles and activitics of a given host and its
symbiont in an intact association. However, in recent
vears the light organ association between the sepiolid
squid Euprymna scolopes and the marine luminous bac-
terium Fibrio fischeri has proven to be an cxperi-
mentally tractable system by which to study several
levels of symbiotic interaction (Mclall-Ngai and Ruby
1991; Ruby and McFall-Ngai 1992). The natural asso-
ciation exhibits a strong specics specificity and is in-
itiated within hours alter the juvenile squid hatches
only if symbiotically competent V. fischeri cells arc
present in the ambient seawater (Ruby and Asato 1993;
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Ruby and McFall-Ngai 1992; Wei and Young 1989).
The bacterial symbionts remain extracellular and pro-
liferate rapidly within the nascent cpithelial crypts of
the host light organ, which lies embedded within the
ink sac in the center of the squid’s mantle cavity (Mon-
tsomery and McFall-Ngai 1993). As the squid matures.
the organ develops into a complex bilobed structure,
with numerous accessory lissues that serve to allow the
host to control the intensity of light output (McFall-
Ngai and Montgomery 1990). These accessory tissucs
include a thick reflector, which serves to ventrally di-
rect bacterially produced light, and diverticula of the
ink sac. which can dynamically rotate around the bac-
teria-containing Ussue to altcnuate the level of light
emitted from the animal (Mclall-Ngai and Mon-
teomery 1990; Montgomery and McFall-Ngai 1993,
1994). Typically, the host squid is buried in the sand
during the day, emerging at dusk to forage in the water
column (Moynihan 1983); while the pattern of host
bioluminescence has nol been studied in nature. the
morphology of the light organ suggests that during this
crepuscular activity the light organ is used for counter-
illumination, a camoullaging behavier not uncommaoen
in bioluminescent marine animals active in low-light
environments {McFall-Ngai 1991).

The first evidence that an additional, more direct,
regulation of the specific activity of bacterial lumines-
cence occurs in this light organ association came with
the observation that. following the initial colonization
of the juvenile light organ, excess symbionts are period-
ically cxpelled from the light organ (Ruby and Asalo
1993). In adult animals this expulsion event (which
removes over 95% of the light organ bacterial popula-
tion) coincides with the onset of environmental light
under a photic regime of alternating 12'h periods of
light and darkness (Lee and Ruby 1994}, and coincides
wilh the time when the animal is buried in the sand. An
average doubling time of 4.8 h was calculated to ac-
count for the “repopulation”™ of the adult light organ
between each daily expulsion event, although it was not
determined whether the symbionts grow slowly and
continuously. or more quickly over a limited period.
during the host's daylight quiescence (Lee and Ruby
1994). Thesc observations have suggested that a dicl
expulsion is a primary mechanism by which the animal
limits the maximum number of symbiotic cclls present
in its light organ.

We demonstrate here that, consistent with the be-
havior of adult squids, the diel expulsion of bacteria by
juvenile E. scolopes is a rapid and transitory event that
occurs synchronously. coincident with, and perhaps
triggered by, the appearance of daylight in the amimal’s
environment. In addition to this dicl expulsion, we
show that within the light organ of E. scolopes the
bacterial symbionts do not produce a continuous level
of light emission, but instead exhibil a daily. cyelic
fluctuation in the specific level of luminescence. Unlike
the expulsion events, the cycles in luminescence inten-
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sity appear to be controlled by an intrinsic biological
rhvthm (driven by the ambient photic conditions) that
is in many ways analogous to a circadian rhythm. Not
only do these data suggest several layers of host regula-
tion over V. fischeri luminescence activity, but also. o
our knowledge, these observations represent the [irst
direct evidence of an animal host controliing the num-
ber and activity of its extracellular bacterial population
as parl of a daily biological rhythm.

Materials and methods

Infection of juvenile squid hatehlings and
manipulation of photic conditions

A modification of a previously described procedure (McTFall-Ngai
and Ruby 1991} was used (o inoculate the nascent light organs of
newly hatched juveniles of k. scolopes (gpproximately 1.3 mm in
mante length) with symbiotic bacteria. Briefly. cullured cells of
1. fischeri strain DS114 (Boeticher and Ruby 1990) were suspended
in 3 ml of seawater in 20-mi glass vials o a final concentration of
approsimately 10° cells per ml before the addition of a single
hatehling squid. The hatehlings were then maintained in a varicty of
light regimes consisting of different periods of moderate light intlen-
sity (30 pEinsteinsim?®/5), dim light intensity {2 pliinsteins/m=:s) or
complete darkness. Changes in the light regimes woere produced by
controbling the room lights with an electronic timer. After coloniz-
ation. light preduction from symbiotic juveniles was monitored at
regularintervals (~ once every 2 3 hjover a 3- 1o 4-day period using
cither a sensitive photometer as previously described (Boettcher and
Ruby 1990}, or a Wallac-LK B RackBeta 1211 autemated lumines-
cence counter,

These laboratory studics weve complemented with additional
experiments performed with ficld-canght £, seolopes. Several juven-
ile animals (2.0 to 3.8 mm mantle lengthy were coliected at night
during February 1994 (rom Kancohe Bay, Haswaii, as previously
described (MeFall-Ngai and Monigemery 1990). The animals were
placed in vials of scawater and maintained outdoors at the ambicnt
temperature (24" C) and natural environmental Light conditions (the
period between sunrisc and sunsel was approximately 11.5hh At
regular intervals the animals were translerred 10 [resh seawater, and
their luminescence was determined photometricaily.

Quantification of symbiotic V. fischeri expelled by juvenile sguid

~Newly hatched I scofopes were placed in seawaler containing F.
fischeri cells as deseribed above (o initiate a colenization of their
nascent light organs. After 3 h. the animals were transferred to fresh
seawater conlaining no added ¥, fischeri. Al subsequent intervals of
3 o1 6 b (he animals were transferred again to fresh scawater. and an
aliquot of the spent scawater was spread on g plate of scawater-
nutrient agar medivm (Boetieher and Ruby 1994). The num ber ol V.

Sischeri CFUs was determined afier o 24-h incubation at 28 €. and

the concentration of cells present in the spent scawaler was cal-
culated (Ruby and Asato 1993; Lee and Ruby 1994). Almost all the
colonies thal Tormed were V. fischeri as determined by their distine-
tive colony morphology (Lee and Ruby 1994),

Determination of in vive and in vitro luminescence
spectlic activities

Groups of juvenile squid displaying cyclie light cmission were
killed at times of clevated (*peak™ or reduced (“valley™) levels of
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luminescence. Groups of arrhythmic animals, which exhibited no
cyclic emission, were killed at various times over 4 given 24-h period.
Animals were rinsed in 0.2-pm filter-sterilized scawater, and in vivo
luminescence was determined photometrically. For the in vitro
measurements, these same animals were cach then immediately
transferred 1o 700 pl of sterile seawater in a microcentrifuge tube and
rapidly homogenized. Previous cxperiments have determined that
no deteetable lnmineous bacteria reside anywhere In the animal
exeepl within the light organ (Ruby and Asato 1993y therelore, it
wus unnecessary Lo dissect away the other tissues before hemogeniz-
ation. Alter vortexing for 30 s the light emission of the homogenate
was measured photometrically, and dilutions of the homogenale
were spread onto the surface of seawaler-nulrient agar plates. Enu-
meration of the ¥, fischeri colonies arising on the plates alier a 24-h
Incubation at 28 € provided an estimate of the number of bactlerial
symbionts present in cach light organ (Bocticher and Ruby 1990;
Ruby and Asato 1993} Luminescence measurcments from the whole
animal (in vive) and homogenate {in vilro) were then divided by the
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number of bacterial cells present in that light organ to yiceld esii-
males of the specilic activity of fuminescence. The luminescence of
juvenile squid with both expanded and contracted chromatophores
was measured and no systemate difference in Juminescence was
observed due o the state of the chromatophores.

Results
Patierns of light emission in symbiotic hatchlings

Soon after inoculation with V. fischeri cells, juvenile E.
seclopes that were maintained in a constant 12:12h
light-dark (LD) photic cycle produced an increasing
level of bioluminescence (Fig. 1A) concomitant with
symbiotic colonization. Thereafter, the level of intensity

Fig. 1A € Intensities of light
cmission detected from
svmbiotic juvenile £ seolopes
maintained in envirenments of
cither: A 12:12 1 LD cvele of
moderate light mtensity.

B constant dim light, or

C constant dim light followed by
a 12:12 1 LD cycle, as indicated
by the bur i the top of edach
panel. Lach serics ol points
represents the behavior of an
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ol light emission {ollowed a cyvelic paticrn. reaching ihe
highest values i the hours preceding the onset of
darkness, and becoming hetween [0- and 100-times
lower throughout the remaining hours of the daily
cycle. On rare occasion, juveniles can be maintained for
over 72 h, and these animals show a persistence of this
rhythmic pattern (Fig. [A). There was no cvidenee of
such cyclic lummescence when animals were exposed 1o
cither constant dim (2 uEinsteins/m?/s) illumination
{Fig. 1B), constant moderate (30 pEinsteins/m?/s) illu-
mination (data not shown), or constant darkness (data
not shown). however. the partial establishment of
a rhythmic cvcle could be induced in arrhythmic ani-
mals by restoring them to a normal sequence of 12:12 h
LD periods (Fig. 1C).

To determine whether the bioluminescence patterns
observed in newly hatched animals inoculated and
maintained in the laboratory were also characteristic of
those exhibited by animals in nature, we measured the
luminescence of juvenile E. scolopes collected and
maintained in Hawail under a nataral day/night photic
cycle. Such animals also  exhibited luminescence
rhythms that fluctuated over orders of magnitude in
intensily, generally becoming most intense as darkness
approached (Fig. 2). However, the periods of cievated
luminescence in these animals were longer than those
observed in laboratory-maintained animals and persis-
ted for much of the ensuing night. Nevertheless,
while the squid exhibited these qualitative differ-
ences, perhaps in response to whether the transitions
from light 1o dark condilions were rapid or gradual,
the cyclic naturc of bicluminescence was a charac-
teristic of both laboratory- and field-maintained
animals.

Fig. 2 Intensitics of light emission

deteeted from ficld-collected
symbiotic juvenile E. scolopes
maintained under natural Lighting.
Juvenile animals collected in
ITawaiil were lelt in the ambicnt
daylight and night conditions, and
their luminescence was measured
periodically over 3 davs. The official
times of sunrise and sunset are
indicated by the har et the top of the
graph. The relative intensities off
luminescenee emitied by either

a 2.0-mm animal (@), or a 3.8-mm
animal (O). approximately | weck-
old and 1 month-old respectively,
were determined photometrically.
While the larger animal produced
levels of luminescence
approximately 30-fold higher than
that of the simaller squid, lor
araphical convenience the

Animat luminescence
(relative units)
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Daily expulsion of symbiotic bacteria from
the light organ

A dramatic peak in light emission was obscrved when
the Tuminescence of symbiotic juvenile squid was mea-
sured within 90 min alter the onset of the photic period
{Fig. 3). This peak was significantly greater than the
normal elevaled luminescence levels measured in the
hours preceding darkness, and was (ransient (i.e., not
detected at the subscquent time point). Periodic ana-
lvses of the seawater itsclf both for lumincscence, and
for the presence of V. fischeri (Fig. 4), indicated that the
peaks were duc o an expulsion into the ambient water
of about 10% cells, or between 30 and 95% of the
bacterial population of the juvenile light organ. Be-
causce such a peak was not observed in animals main-
tained under constant illumination (data not shown),
this synchronized cxpulsion event appears o be a di-
rect behavioral response to the transition {rom dark to
lighted conditions. The decrease in the number of sym-
bionts resulting [rom the cxpulsion may contribute to
a decrease in the potential for animal luminescence;
however, it is unlikely to directly account lor the daily
[luctuations in light emission observed (Figs. 1A and 2)
because the expulsion occurs approximately 12 h after
the decrease in luminescence of 12:12 h LD-entrained
ammals (Fig, 3).

Comparison of in vivo and in vitro luminescence
specific activities

A possible mechanism by which the host could mediate
the observed Muctuations in 1ts hight emission 1s to

maximum value of light emission
for each ammmal s normalized to
approximately 100 relative
luminescence units and the data
have been plotted on o log scale

Hours
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Fig. 3 Levels of hight deteeted
{rom water containing juvenile
E. scofopes under the same
conditions as described in

Fig. 1A, A sharp transient peak
m lumincscence was observed
when light measurements were
taken within 90 min afler the
onsct of photic econditions
(periods ol light and darkness
are indicaled by the bar af the
top of the graphy. Analyses of
CFUs reveaied that these peaks
resulted from the expulsion into
the surrounding scawater ol
approximately 4 x 107 bacteria
(per animal). The smaller
shoulders following these peaks
represent the typical daily
inereases in animal light
emission, the intensities ol which
remain well helow those
resulting from symbiont release
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Fig. 4 Appcarance ol ¥. fischeri
cells expelled rom the light
argans of symbiotic juvenile
squid. Three animals in
individual vials of scawater were
monitored at the times
indicated. The number of

2. fischeri CFUs accumulating
in the scawater during the time
mierval since the previous
measuremient {and scawsaler
change) are graphed as

a lunction of time alter an inidal
3 h exposure to an ineculum of
bacteria. The periods of ambient
light and darkness experienced
by the animals are indicated by
the har at the top of the graph

V. fischeri CFU/mI

1 " 1 2 i i 1 " 1 4

directly regulate the level of luminescence of the cells in
the symbiont population. To examine this possibility
we determined the amount of light produced per bac-
terial cell, both in the intact squid light organ {in vivo
measurements), and from whole animal homogenates
{in vitro mecasurements) of squid examined at different
phases of the 12:12 h LD photic cycle. Because there i3

40 50 60

Hours after inoculation

significant individual varation in the absolute number
of bacterial symbionts present in any given juvenile
hatchling [Ruby and Asato 1993; this study (data
not shownj] we calculated the average amount of
luminescence produced per bacterial cell (1e., specific
luminescence) in vivo and in vitro. The ratio of in vivo
luminescence to in vitro luminescence provided a direct
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Fig. 5 Specitic activity of in vivo and in vitro luminescence by
svmbiotic I, fisefreri cells. Each point represents the amount of light
(in guanta’s) per bacterial cell detected in an intaet animal {in vivo)
relative Lo the antount ol light per cell detected immediately alter
artificial release from the animal (in vitro) (Sece Malerials and
methods for further details) The lncar least-squires regression
method was used to identify trends i the data (solid lines are drawn
through hoth the “peak™ and “valley™ data scts; the dashed fine
carresponds Lo the data from arrhythmic animals). The approximate
1:1 ratio of In vivo to in vitro luminescence of bacteria {rom brightly
luminescent animals (“peak™ animals) suggested that the V. fiseher
cells were capable of producing relatively high levels of light emis-
sion in the light organ at these tmes. However, similar comparisons
ol in vivo and In vitro luminescence of bacteria from animals
producing relatively low levels of light (“valley™ animals) reveal that
during these periods the bacterial symbionts in the light organ were
not expressing their actual capacity for light production. Bacteria
obtaimed from arrhythmic animals (see Fig. 1B) consistent]y resem-
bled those from the brightly luminescent “peak™ animals, suggesting
that under a regime ol constant Juminescence the host squid do not
regulate the light emission of their symbionts

measurement of the differences between actual and
potential light cmussion activity by the symbionts at
times of cither elevated or reduced levels of animal
bioluminescence.

During the clevated (“peak™) period, produced at the
onsel ol darkness by animals maintained in the experi-
menially controlled 12:12 h LD phoetic cyvele (Fig. 1A),
the level of in vive luminescence closcly approximated
in vitro luminescence (Fig. 5); that 1s. the actual level of
light emission of symbionts in the organ was simifar to
their maximum level of emission when relecased from
the organ. However. during the reduced (“valley™) peri-
od. the in vivo luminescence was diminished by a factor
of about 10, while the specific activity ol luminescence
of the released symbionts remained high. Thesce dilter-
ences between levels of in vivo luminescence suggest
that under laboratory conditions in a [2:12 h LD re-
gime the animal actively suppresses light emission of its

K. I. Boettcher et al: Daily rhythm in g syimbiotic squid

bhacterial symbionis during much of the 24 h cycle.
Support for this conclusion comes from an cxamina-
tion of squid that are maintained under constant photic
conditions and, thus. exhibiting arrhythmic light pro-
duction. In these animals, the specilic activity of in vivo
luminescence was cquivalent 1o the in vitro light pro-
duction regardiess of the time of measurement (Fig. 3).
Thus, these animals appeared 1o behave as 1 they were
LD-¢nirained animals that were suspended in the clev-
ated phase ol their light emission. At no time did the
arrhythmic animals appear to inhibit the luminescence
of their bacterial symbionts.

Discussion

The results of the present study show that after onset of
symbiosis, juvenile E. scolopes squid begin to tem-
porally modulate their bioluminescence such that they
emil relatively clevated levels of light during the hours
preceding ambicent darkness. The resulting pattern ex-
hibits several characteristies of a circadian rhythm (for
a comprehensive treatment of hiological rhythms, sce
reference Edmunds [988 and Hastings el al. 1991}
First. changes in the levels of bicluminescence cycled
with a 24-h periodicity when animals were maintained
under conditions of alternating 12-h exposures 1o light
and darkncss. In laboratory cxperiments animals de-
creased their light emission shortly after the onset of
darkness (Fig, 1A), although among amimals exposed (o
more natural (i.e., dayhght) photic conditions the clev-
ated luminescence persisied throughout the night
{Fig. 2). In addition. the rhythm was driven by (and not
merely a response to} the ambient light regime. Because
of the presumed role of bioluminescence in the crepus-
cular activity of E. scolopes, we were not surprised that
animals maintained under natural daylight conditions
{(i.c.. where dusk precedes darkness) exhibited elevated
light emission as the sun began to sct (Fig. 2). Howcever,
cven in the laboratory, where the transition from light
to dark was an abrupt one, animals anticipated the
onset of darkness by increasing the intensity ol their
light emission (Fig. [A).

Circadian clocks arc entrained by 24-h environ-
mental cyvcles (usually light) (Hastings et al. 1991), and
we observed that arrhythmic squid maintained in con-
stant dim light for 48 h partally established a normal
rhythm when restored 1o a 12:12h LD regime
(Fig. 1C). However, even though E. scolopes eggs were
maintained in a 12:12 h LD regime prior to hatching.
a cyclic pattern ol luminescence was not obscerved in the
absence of a photic cue after hatching and moculation
with V. jischeri cells (Fig. 1B). There wus a co-
ordinate decrease in light emission at 32 h in these
animals (Fig. 1B). but no clear trend in light emission
became cstablished. Unfortunately, we are not as vet
able to conduct experiments that directly address
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the ability of an established rhythm to “free run” (i.e. to
persist alter the removal of a photic cue) because of the
sharp decling n the health of laboratery-maintained
Juveniles that occurs as soon as 72 h after hatching.
Thus, at this time, we must conclude that the daily
bioluminescence rthythm of juvenile E. scolopes cannot
be termed a true circadian rhythm. Nevertheless, the
observed similaritics suggest that the squid lumincs-
cence cycle shares functional analogics with such
rhythms.

We considered several morphological bases for the
cyclic pattern of luminescence, including the possible
modulation of light either by accessory tissues of the
light organ or by chromatophores in the mantle tissue.
Histological examination of adult E. scolopes light or-
zans have revealed several accessory tissues (i.e. ink sac,
lens and rellector) that are believed to modily the inten-
sity of the ventrally dirceted light (McFall-Ngai and
Montgomery [990). However. these structures are
either not present or are not functionally developed in
Juvenile animals {(McFall-Ngai and Montgomery 1990;
Montgomery and McFall-Ngai 1993, 1994). and there-
fore cannot explain the obscrved fluctuations in
luminescence. Further, contraction and expansion ol
chromatophores on the animal’s surface did not signifi-
canily affect light output (data not shown).

We also investigated the possibility that the changes
in bicluminescence emission from symbiotic squid were
a dircet result of changes in the absolute number of
bacterial symbionts present in the light organ, and
found that there is a daily synchronous expulsion of
bacterial symbionts by the juvenile squid. However,
while dramatic, the expulsion events appeared not to
account for the observed cyclic changes in levels of
tuminescence becausc it occurred as much as 12 h alter
the onsct of the observed decrease in fuminescence of
12:12h LD-entrained animals in the laboratory
{Fig. 3). The release of symbionts into the surrounding
seawater by a 12:12 h LD-entrained squid was delec-
icd both as the sudden appearance of V. fischieri CFUs
in, and as a dramatic increase in light produced by,
samples of the seawsater itself (Figs. 3 and 4) immedi-
ately after the onset of lighted conditions. In contrast 1o
light emission from symbiotic light organs, these pealks
of luminescence by relcased symbionts are, as expected,
very short-lived; laboratory-cuitured V. fischeri cells
rapidly become dim when they are diluted inlo sca-
water (Ncalson 1977; Boeticher and Ruby 1990; Ruby
and Asato 1993). The phenomenon of symbiont expul-
sion has been previously reported for adult 2. scolopes
{Lee and Ruby 1994), and appears to be precipitaled by
the transition from conditions ol darkness to those of
light, rather than by an intrinsic biological rhythm. We
hypothesize that the cxpulsion of symbionts at sunrise
serves a dual purposc in nature: (i) to control the
absolute number of symbiont cclls. therehy limiting the
potential for both overgrowth of the light organ and
unnecessary metabolic cxpense to the host; and, (ii) o

[acilitate the infection of the nascent light organs of
subsequent generations of newly hatched squids by
contributing to the abundance of symbiosis-competent
V. fischeri in the scawater of E. scolopes habitats (Lec
and Ruby 1994},

Other possible mechanisms for the cyvelic nature of
light enission by juvenile squid included: (1) changes in
the lumincscence potential of each bacterial cell;
and/or, (i1} variations in the amount of light actually
produced by each bacterium. These two hypotheses
were jointly addressed by estimating the specilic light
emission ol bacterial symbionts, both while they were
in the organ and immediately after release from the
host, and comparing these values during periods of
elevated and reduced animal fuminescence (Fig. 5). Re-
gardless of the level of light emission from the animal,
the luminescence potential of the symbionts (measured
within seconds of their release) was relatively high. The
incrcased lumincscence of bacterial cells released {from
dim animals occurred too quickly to be the result of
cither transcriptional induction of the enzymes respon-
sible for luminescence, or changes in the levels of
physiological effectors [e.g., cAMP. iron. and osmolar-
iy {Duniap 1985, 1991; Dunlap and Greenberg 1985,
Haygood and Nealson 1985)] that can induce bacterial
luminescence: these changes require at Icast 10 min o
exerl their cffcet on bacterial light emission (Meighen
and Dunlap 1993). Similarly. the effect of autoinducer
[a positive transcriptional coregulator of the fuv
operon (Kaplan and Greenberg 1985; Eberhard et al.
1981)] requires at least 20 min to initiate an increase in
luminescence (Nealson 1977), and recent evidence has
shown that the concentration of auloinducer present in
the light organs of 1. scolopes is at least 40-times higher
than necessary for elevated luminescence in culture
{Bocttcher and Ruby 1995). Thus, it appears most likely
that, in the light organs of dim animals, the concentra-
tion of one (or more) compenents of the lumincscence
reaction itsell is restricted. and that upon release this
component becomes rapidly available, immediately
unleashing the lumincscence potential of the bacteria.

Light production by V. fischeri is catalyzed by
bacterial Iucilerase, which uses molecular oxygen to
oxidize FMNH, and tetradecanal, resulting in the
release of a photon of light (Engebrecht and Silverman
1984; Meighen 1988). FMNH-, and tetradecanal are
internally regencrated within the bacterial cell, and
release from the organ into seawater is unlikely to
increase their availability; however, oxygen is a
substrate that must be continuously supplicd to the
bacteria from the external environment, Thus we pro-
pose that, in the animal, the rate of delivery of molecu-
lar oxygen to the bacterial symbionts 18 host-control-
led, and that reduced oxygen availability results in
periods of decreased light emission by the symbionts.
Upon release (either through the natural process ol
expulsion {Fig. 4), or artificially by tissue homogeniz-
ation), oxygen instantly becomes available to these




el
s

bacteria in amounts sullicient to relieve the limitation,
resulting in a 10-feld increase in specific luminescence
(Fig. 5). Host-control of symbiont luminescence by
regulaling the avaifability of oxygen is a mechanism
previously reported for the light organ of leiognathid
fishes (McFall-Ngal 1991), suggesting Lhe gencral feasi-
bility of such a control. [Towever, while these fishes
were shown to have the potential to regulate the
luminescence of their symbionts by changing the gas
mixture in their gas bladders, it has not yet been re-
ported that such a control of luminescence behavior
oceurs naturally, or that it 15 used to produce a cyclic
modulation of the light emission of their symbionts.

We propose the following model for the regulation of
symbiont growth and luminescence activity by
E. scolopes. At dusk. high levels of oxygen are delivered
to the light organ symbionts via dillusion from the
vascularized cpithelial  tissue  (Montgomery and
McFall-Ngai 1993), stimulating them to produce the
elevaled levels of luminescence used for the animal’s
counterillumination behavior while hunting; additional
lissues, present in the adult light organ, can also serve
to rapidly modulate the intensity and direction of light
emission (McFall-Ngai and Montgomery 1990). The
symbiont population is maintained throughout the rest
of the night (Fig. 2) but immediately after sunrise, the
majority of the now unnecessary bacterial symbionts is
expelled into the surrounding sea water (Fig. 3} In
anticipation of the approach of the ensuing mightfall,
the remaining cclls are provided with the exygen and
nutrients required for recolonization, and an expenen-
tially increasing expression of light production is again
detected from the juvenile animals (Figs. 1A and 2).

Many aspects of this model have not been directly
demonstirated e.g.. the presumed role of oxygen in the
rhythm), and further investigation is warranted before
a biological function for the luminescence cycle can be
definitively ascribed. However, it will be of interest to
now examinc other light organ symbioses to delermine
whether similar rhythms in bioluminescence do in fact
occur in these hosts. Due to the diverse array of func-
tions for bacterially derived luminescence (Nealson and
Hastings 1979; McFall-Ngai and Dunlap 1983;
Ncalson and Hastings 1991; Morin et al. 1975) such
investigations might provide evidence regarding the
evelution of this type of host control of bacterial sym-
bionls. We may find that this phenomenon is a direct
result of intrinsic circadian regulation of other aspects
of the hosts” physiology. Alternatively, il 1s possible that
this system may represent an cxample of a hiological
rhythm that has coevolved with the development of
tissucs that are exclusively designed to housc bacterial
symbiont populations.
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