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One of the best-documented aspects of the biology of lumi-
nous bacteria has been their abundance and distribution in the
marine environment (reviewed in reference 51). This has re-
sulted in part from the relative ease of studying these micro-
organisms; the bioluminescence produced by most of the col-
onies formed by this group of bacteria makes them readily
recognizable upon primary isolation, and a robust and simple
phenotype-based taxonomy is available for species-level iden-
tification (66). Past studies have demonstrated that marine
luminous bacteria, and Vibrio fischeri in particular, are remark-
ably successful at adapting to a variety of ecological niches
(50). They are commonly present as planktonic cells in seawa-
ter or sediments (59, 63, 70, 74), and as saprophytes they
populate fecal material and the surfaces of dead or dying
marine animals (1, 8, 37). V. fischeri and other luminous bac-
teria also form a variety of pathogenic and cooperative asso-
ciations with marine animals: they are increasingly recognized
as causes of invertebrate diseases (2, 22, 38, 77); they are a
common constituent of enteric tract microbial consortia (60,
64, 72); and they encompass the four described species (V. fis-
cheri, Vibrio logei, Photobacterium phosphoreum, and Photobac-
terium leiognathi) that form stable, cooperative associations in
specialized symbiotic organs of marine squids and fishes (18,
51).

Although many studies have reported specific niches and
predictable patterns in geographical distribution for luminous
bacterial species (17, 50, 59), the factors underlying their eco-
logical dynamics (e.g., their movement between niches and
their formation of stable subspecies or biovars) have, until re-
cently, been poorly understood. We discuss here what is cur-
rently known about the extent to which the population of
planktonic V. fischeri can influence, or be influenced by, its ex-
istence in symbiotic niches (24, 50).

GENERAL ECOLOGICAL STUDIES OF V. FISCHERI

Early studies of the ecology of luminous bacteria concluded
that different species were more likely to be found in environ-
ments with particular patterns of temperature, salinity, nutri-
ent concentration, or solar irradiation (55, 74, 75, 87). These
observations led to the idea that the abundance and distribu-
tion of each luminous species were driven principally by abiotic
environmental factors. While this correlation may apply to
bacteria in the planktonic or enteric niches (72), the specificity
of light organ symbionts for their host species can dominate

these abiotic factors. For example, the occurrence of the typ-
ically warm-water species P. leiognathi in the organs of both
temperate-water and tropical leiognathid fishes and the occur-
rence of the typically temperate-water species V. fischeri in the
light organs of both tropical and temperate-water monocentrid
fishes present convincing evidence of the dominance of the
needs of the symbiotic interaction over the effects of the abiotic
environment (23, 42). Thus, the role and importance of both
abiotic and biotic factors must be considered when we predict
what species of luminous bacteria will be found in a given
habitat.

The light organ association between V. fischeri and the bob-
tail sepiolid squid Euprymna scolopes has recently emerged as
a model system for investigating the process of bacterial colo-
nization of host tissues and its effects on host development (46,
67, 71). This system has also begun to contribute to our un-
derstanding of the role(s) of symbiotic associations in the dy-
namics of V. fischeri ecology. In the course of examining how
the symbiosis is established and maintained, it has become
apparent that the exchange of these bacteria between the host
and the ambient seawater environment is a fundamental fea-
ture (30). This ecological relationship between V. fischeri and
the light organs of bobtail squids will be the focus of the
following paragraphs.

ROLE OF E. SCOLOPES LIGHT ORGAN SYMBIOSIS
IN V. FISCHERI ECOLOGY

Symbiotic associations that employ horizontal transmission
of their microbial symbionts between host generations can
have a direct impact on the ecology of these symbionts by
modulating both their relative abundance and their geograph-
ical distribution. For example, the occurrence of a legume host
species has a major effect on the presence of its specific Rhi-
zobium species in the ambient soil (29, 86). Unfortunately,
little has been reported about the role that aquatic animal
hosts play in the ecology of their symbiotic bacterial partners,
and there is even less documentation of the effect symbionts
may have on the distribution of their hosts (13). In 1980 Ruby
et al. proposed that the relatively high concentration of the
luminous bacterium P. phosphoreum in oceanic seawater col-
lected at depths of several hundred meters was a result of the
expulsion of these bacteria from the symbiotic light organs of
fishes that are typically present at these midwater depths (70).
Subsequently, Haygood et al. (25) and Nealson et al. (52)
demonstrated that there was a continuous release of luminous
bacteria from pores in the light organs of both monocentrid
and anomalopid fishes held in the laboratory and suggested
that, in nature, this release may have a major impact on the
abundance of these bacteria in the host’s habitat.
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Support for these hypotheses awaited the identification of a
more tractable host organism than these fish species and one
that inhabits an accessible natural environment about which
specific issues could be experimentally addressed. The associ-
ation between V. fischeri and E. scolopes has provided an un-
derstanding of three aspects of symbiotic ecology: (i) the mech-
anism by which the host serves as a source of bacteria entering
the ambient environment, (ii) the magnitude of this activity
and its effects on the abundance and distribution of V. fischeri
cells, and (iii) the importance of this activity to the continua-
tion of the association from generation to generation.

EXPULSION OF V. FISCHERI CELLS INTO
SEAWATER BY E. SCOLOPES

During its nighttime foraging activity in shallow-water reefs
of Hawaii (4), E. scolopes is believed to use the ventrally di-
rected light of its bacterial symbionts in a camouflaging behav-
ior called counterillumination (41). Throughout the bobtail
squid’s life cycle, the light organ retains pores that connect its
internal symbiont-containing crypts with the ambient seawater
(Fig. 1) (44, 47). These observations provided morphological
evidence that the host has the potential to expel symbiotic
bacteria into the surrounding environment. The appearance of
V. fischeri cells in seawater containing adult E. scolopes con-
firmed that such a release occurred from squid light organs
(34). However, unlike the apparently continuous expulsion ac-
tivity reported for fishes (25, 52), symbiont release by E. scol-
opes occurred as a single pulse that exhibited a 24-h periodicity
(34); that is, each morning approximately 90 to 95% of the
symbiont population was expelled within a discrete 1-h period
following sunrise or other environmental illumination. Studies
of newly colonized squid hatchlings revealed that a similar
light-initiated pattern of symbiont expulsion occurs in juvenile
squids and that the pattern actually begins within the first 24 h
of colonization (7). This release pattern is consistent with what
is known of the normal behavior of the host in the field. In the

natural environment, the onset of daylight signals the end of
the normal nocturnal activity of the squid (41, 76). By this time
the squid has buried itself in the sandy bottom of its shallow-
water habitat, and not only is there no longer a need to pro-
duce luminescence, but even if the animal is disturbed and
must leave the sand, its bioluminescence capacity is far too
weak to be of any use in counterillumination during daylight.
Thus, the diel expulsion of a large portion of its symbiotic
population probably has no detrimental effect on the host’s
survival. It has been suggested that by expelling the symbionts,
the metabolic cost of maintaining them and their luminescence
may be significantly reduced (25); however, neither the per-
centage of the host’s metabolic energy that is typically con-
sumed by its symbiotic bacterial population nor the relative
cost of repopulating the light organ each day is known. In
addition, there is no evidence that V. fischeri cells can continue
to luminesce in a nongrowing state indefinitely; thus, unlike
some rhizobium species that continue to fix nitrogen in a ter-
minally differentiated bacteroid state (80), luminous symbi-
onts, in order to produce light in the host, may have to be part
of a growing culture. As a result, the host would have to expel
a portion of its bacteria, either continuously or periodically, to
maintain a roughly uniform symbiont population size within
the organ.

The net growth rate of the squid symbionts can be estimated
from the number of cells expelled and the number remaining
to repopulate the organ to its typical maximum density. This
calculation is based on the assumption that there is no degra-
dation or lysis of V. fischeri cells in the crypts (47). Because a
preponderance of the bacteria are expelled as a pulse each
morning, those bacteria remaining within the light organ must
subsequently proliferate to a functionally useful level within
the next 12 h, after which the host begins to forage again in the
water column (76). As yet, the growth kinetics of the remaining
bacteria are not known: do they begin to grow immediately at
a low, continuous rate; do they grow rapidly and cease growth
once they fully repopulate; or do they remain dormant until
just before dark, at which time they rapidly repopulate the
organ? Because of the individual variation in symbiont popu-
lation size among hosts and the need to sacrifice the animals
for each determination of the number of bacteria present,
there has not yet been sufficient precision in these measure-
ments to answer this question. However, if one assumes a
constant rate of growth between expulsions, an average dou-
bling time of 4.8 h can be calculated (34), a value that is only
about 10% of the bacteria’s maximum growth rate (5). Similar
calculations of the average growth rate of symbionts in the light
organs of monocentrid and anomalopid fishes (25, 52) and
leiognathid fishes (15), as well as reports of the paucity of
dividing bacterial cells in monocentrid light organs (78), indi-
cate that a low average symbiont growth rate during the main-
tenance of the association may be a general feature of lumi-
nous bacterial symbioses.

While the usual source of cells to repopulate the light organ
is certainly the bacteria that remain in the crypts after the
expulsion event, there is evidence that secondary colonization
events can occur subsequent to the initial event. When juvenile
animals colonized by one strain of V. fischeri were placed in
seawater containing another, competitively dominant strain,
the latter was able to initiate a secondary infection and displace
the already established symbiont (33). That this reinfection
process can occur in a 2-day-old juvenile can be explained by
the fact that the juvenile retains features of the newly hatched
state for several days before developing into the mature adult
(43). It was, perhaps, more surprising to find that adult animals
could continue to be reinfected by V. fischeri cells in the am-

FIG. 1. Light-emitting organ of E. scolopes. Shown is a ventral dissection of
an adult specimen revealing the mantle cavity, within which lies the large bilobed
silver and black bioluminescent organ. Every morning the contents of the organ,
composed of symbiotic V. fischeri cells and the fluid surrounding them, are
expelled from a pair of pores (arrows) on the lateral surfaces of the organ.
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bient seawater through the two pores remaining on the light
organ’s surface (34). Thus, the light organ crypts remain a
dynamic and open environment with their own microecology,
perhaps continually selecting for more competitive symbiont
strains. This continuous interaction may be responsible for
producing the apparently mixed cultures of distinct V. fischeri
strains that have been observed in the light organs of adult
E. scolopes (6) and other bobtail squid species (18).

ABUNDANCE AND TYPES OF V. FISCHERI IN
THE E. SCOLOPES HABITAT

V. fischeri cells are transmitted horizontally between gener-
ations of E. scolopes hosts (45, 71); that is, newly hatched
juvenile bobtail squids are free of symbionts but, within hours,
obtain them from the surrounding seawater (82). Thus, to
understand the dynamics of the association’s development, it is
essential to determine the abundance of symbiotically compe-
tent V. fischeri cells in the environment. The large populations
of bacteria carried in adult light organs (between 108 and 109

cells in mature animals) and the viable nature of the newly
expelled cells (34, 69) suggest that symbiont expulsion will have
a very significant effect on the abundance of V. fischeri in those
habitats where the host is abundant. For instance, it can be
calculated that a single expulsion by one adult bobtail squid
would produce enough symbiont cells to fill 10,000 m3 of sea-
water with a concentration of V. fischeri that is equivalent to
what is typically found in coastal waters (34, 73). Thus, it was
predicted that the concentration of CFU of V. fischeri in nat-
ural seawater inhabited by a population of E. scolopes is rela-
tively elevated.

To test this prediction it was necessary to identify and quan-
tify V. fischeri CFU from environmental samples. Luminous
bacteria are routinely isolated from seawater by plating sam-
ples on a nutrient agar, marine salts medium, and subsequently
observing the plates for luminescent colonies (51). Unfortu-
nately, colonies of V. fischeri that arise from cells released by E.
scolopes light organs generally do not produce visible lumines-
cence (5) and thus escape detection by a visual screen of the
isolation plates. This low level of luminescence is probably the
reason that few strains of V. fischeri were reported in early
analyses of Hawaiian seawater by Reichelt and Baumann (66).
Those authors were careful to point out that their use of an
initial screen for luminescence eliminated from identification
any non-visibly luminous (NVL) strains of typically luminous
bacterial species. The difficulty in recognizing colonies of such
NVL strains was subsequently overcome with the development
of species-specific lux gene DNA probes (84) that could be
used to identify V. fischeri colonies by their ability to hybridize
with these probes in colony-lift experiments. By this approach,
seawater and sediment samples were collected from several
coastal locations in Hawaii, as well as in southern California
and Massachusetts, and the numbers both of visibly luminous
and of NVL (but probe-hybridizing) V. fischeri organisms were
determined (32). This work has allowed several conclusions to
be drawn: (i) seawater in the habitat of E. scolopes contained
approximately 200 CFU of V. fischeri organisms per 100 ml,
almost all of which were of the NVL type characteristic of
E. scolopes symbionts (32); (ii) sediment samples taken in the
same locations contained about a 70-fold-higher concentration
of these cells (34), similar to a result reported in a study of
other luminous bacteria in a different environment (63); and
(iii) the concentration of these V. fischeri CFU decreased as a
direct function of the distance a seawater sample was taken
from the nearshore habitat of E. scolopes (34). There was also
no evidence of NVL V. fischeri CFU in environments with no

known host species, e.g., southern California or Massachusetts
coastal seawater (35).

It appears, then, that colonized E. scolopes squids ensure the
maintenance of a high concentration of potentially infective
V. fischeri cells in the seawater that their offspring will subse-
quently use as the inoculum for their own nascent light organs.
Once expelled into the ambient seawater, however, the re-
leased V. fischeri cells, like other aquatic bacteria, are subject
to competition for the use of available nutrients and predation
by protists and bacteriophages (26). Even with the daily input
of released squid symbionts, these depleting factors may make
it difficult for V. fischeri cells to remain at high concentrations
in seawater. This suggestion is made because, although the
closely related but nonsymbiotic species Vibrio harveyi main-
tains a relatively constant, but low, population density across a
several kilometer transect of ocean leading from the nearshore
squid habitat into offshore waters, the abundance of V. fischeri
CFU becomes markedly reduced with increasing distance from
the host’s habitat (Fig. 2) (34).

Finally, it should be noted that the abundance and distribu-
tion of sediment, enteric, and other populations of V. fischeri
have not been adequately determined for Hawaiian habitats.
Thus, the role of these populations in the normal process of
infection of juveniles remains unknown. For example, in their
natural environment, are juvenile animals typically infected by
cells encountered in the ambient seawater or, instead, while
they are buried in the V. fischeri-enriched sandy sediment dur-
ing the daylight hours (34)?

While the evidence presented in these studies was correla-
tive in nature, the results suggest that relatively high concen-
trations of V. fischeri can be expected in the vicinity of a
population of E. scolopes. These were among the first studies of
an animal host apparently exerting a significant influence on
the abundance of its symbiotic bacterial partner, and this light
organ association may serve as a model for the study of other
aquatic symbioses in which bacterial symbionts are transmitted
horizontally (9, 11, 21).

PHYSIOLOGICAL STATE OF SYMBIOTICALLY
COMPETENT V. FISCHERI IN HAWAIIAN SEAWATER

Ecological studies of bacteria in natural samples are often
based upon the appearance of CFU and thus reveal only the
presence of cells that are capable of producing colonies on a

FIG. 2. Concentrations of luminous bacteria in seawater at various distances
away from a population of E. scolopes. Seawater samples were taken at points
along a transect in Kaneohe Bay, Hawaii, beginning near a population of squids
on the reefs at Coconut Island (34) and extending 2 km seaward. CFU of both
V. fischeri (F) and the closely related (but nonsymbiotic) species V. harveyi (E)
in the samples were determined as described previously (34). Error bars, when
larger than the symbol, indicate one standard deviation in the data.

VOL. 64, 1998 MINIREVIEW 807

 on S
eptem

ber 17, 2019 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


given isolation medium. Until recently, it was believed that all
viable V. fischeri cells have a 100% plating efficiency (48) and
thus that they could be enumerated by counting CFU. How-
ever, reports that other Vibrio species can enter an apparently
dormant state in which they retain viability but are no longer
able to form colonies on standard isolation media (the so-
called viable but nonculturable [VNC] state) suggested that
undiscovered symbiotically competent V. fischeri cells might
exist in such a state as well. VNC is an unfortunate term that
emphasizes our present inability to isolate a particular bacte-
rium by typical culturing methods; it does not explain what the
characteristics of the state are or how the state is entered and
exited. Temperature change (81, 85), nutrient availability (58,
83), and/or solar irradiation (61) has been proposed to play a
role in transforming other vibrios and enteric bacteria from a
culturable to a VNC condition. More recently, studies have
begun to examine both the entry into this state in the natural
environment (56, 57) and the genes responsible for controlling
the entry process itself (65).

Seawater samples collected from the bobtail squid habitats
in Hawaii contain only a few V. fischeri CFU per ml. However,
when these samples were subjected to molecular analyses, the
presence of several hundred to a thousand copies of the V. fis-
cheri luxA gene was revealed (35). This observation suggested
that greater than 99% of the V. fischeri cells present in those
samples might be in an unculturable state. Further evidence
for the presence of these VNC-like cells came when diluted
seawater samples containing fewer than 1 CFU of V. fischeri
organisms were shown to be capable of consistently initiating
an infection of juvenile E. scolopes (35), a phenomenon rem-
iniscent of that demonstrated for VNC Vibrio vulnificus cells in
the pathogenic infection of mice (56). Because of their numer-
ical dominance in seawater, VNC-like V. fischeri cells probably
are the usual form that initiates the colonization of E. scolopes
juveniles in nature, and thus, it is these cells that play an
essential role in the life cycle of the host (Fig. 3). For this
reason it will be of considerable interest to determine what
characteristics of the juvenile squid’s nascent light organ are
responsible for efficiently initiating a conversion of these dor-
mant bacteria into growing forms. It will also be important to
understand whether these VNC V. fischeri cells are indeed
metabolically inactive, as has been suggested for other VNC
bacteria (10, 16, 39). If they are truly dormant, then certain
questions arise: (i) how are they able to colonize the squid
when active motility is apparently required (20) and (ii) how do

they initiate growth in the light organ without a discernible lag
period (69)?

Entry into the VNC state is believed to be a mechanism
evolved by numerous gram-negative bacterial species for en-
hancing survival over the potentially long periods between
favorable growth environments (e.g., a specific host tissue). It
does not appear that symbiotic V. fischeri cells released as a
result of the natural daily expulsion process are either more or
less suited to survival than cells cultured in laboratory medium:
both appear equally infective, and both enter the VNC-like
state at the same apparent rate (30).

POPULATION BIOLOGY OF V. FISCHERI: EVIDENCE
FOR SYMBIOTIC BIOVARS?

Although the possibility of coevolution between V. fischeri
and its several host species has been suggested in the past (49),
until recently (31, 42) the prevailing assumption has been that
there is no pattern of genetic differences among strains of
V. fischeri isolated from different niches. Instead, it was be-
lieved that there is only a random exchange of cells from one
niche to another, without any differentiation of specialized
subgroups within a species. No substantive differences in phe-
notypic traits have been observed among isolates of V. fischeri
obtained from different geographic areas or biological niches.
Indeed, it is this uniformity that has made the traditional tax-
onomic methods so valuable for categorizing this and other
species of luminous bacteria (51, 66). However, the recent
discovery of distinct levels of symbiotic competence among
geographically cooccurring V. fischeri strains has suggested that
strains with ecological specializations might share affinities at
the genetic level (33).

Genotypic analyses of a number of isolates of V. fischeri from
fish and squid light organs, and from water samples collected at
different locations, have suggested that there are genetically
distinguishable subspecies, or biovars, of V. fischeri and that
some of these biovars are more suited to be, and thus more
likely to be found as, the light organ symbionts of specific
animal hosts (31). Among light organ symbionts from different
species in the genus Euprymna, the phylogenetic position of
the host from which a strain of V. fischeri was isolated is a
better predictor of the bacterium’s genetic subgrouping than is
the geographical location of the host (36). These observations
provided additional evidence against the hypothesis that the
V. fischeri strains present in a region make up a common pool

FIG. 3. Proposed model for the dynamic interaction between the life cycle of the bioluminescent bobtail squid E. scolopes and the ecological cycle of its symbiont,
V. fischeri.
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from which any species of host will be inoculated, a condition
that would be expected to lead to a genetically and symbioti-
cally uniform set of strains within a given location, without
regard to the source of the strains.

Two colonization characteristics that distinguish these bio-
vars of V. fischeri are (i) the minimum infective dose (i.e., the
concentration of cells necessary to promote a symbiotic infec-
tion) and (ii) the maximum symbiont population size achieved.
Using several strains of V. fischeri obtained from the light
organs of either E. scolopes, its Japanese congener Euprymna
morsei (28), or two species of monocentrid fishes, Cleidopus
gloriamaris and Monocentris japonica, experiments were per-
formed to compare the symbiosis competencies of the strains.
The results of these experiments showed that monocentrid
light organ symbionts were less effective in colonizing E. scol-
opes juveniles than were bobtail squid symbionts (Table 1). For
example, there were both a 10- to 100-fold-higher minimum
infective dose and a 10- to 100-fold-lower level of cells present
in the symbiotic population. Surprisingly, when presented at
low concentrations, E. morsei strains were even more effective
than E. scolopes strains in colonizing E. scolopes juveniles and
the two types of strains colonized to about the same extent
(Table 1). Nevertheless, when presented together, E. scolopes
strains did eventually outcompete E. morsei strains for domi-
nance of the E. scolopes light organ (54), suggesting that dif-
ferent determinants play a role in initiating colonization and in
persisting in one.

While juvenile animals of only a few species of bobtail squid
(E. scolopes and some Sepiola species [40]) are currently avail-
able, experiments are under way to compare the abilities of a
more extensive list of symbionts from 6 species of squid to
colonize juveniles of several species of Euprymna and Sepiola
(18, 46, 54). The results of such reciprocal crosses between
pairs of hosts and symbionts will reveal not only whether the
host and symbiont species are coevolving but also what mech-
anisms may be responsible for their specificities.

The existence of host-species-specific biovars has been well-
documented among Rhizobium species, most notably within
the species Rhizobium leguminosarum (27). In this bacterium,
the mechanism responsible for the genetic isolation of biovars
has been linked to the presence of surface specificity determi-
nants (called Nod factors) that determine the range of host
plant species that R. leguminosarum strains can nodulate (14).

These lipochitin oligosaccharide signal compounds are struc-
turally related but distinct and have host-specific effects on
plant gene expression. The genes encoding these surface fac-
tors appear to be primarily plasmid borne in Rhizobium spe-
cies, though not in the related genus Bradyrhizobium (80). In
this regard it is relevant to point out that V. fischeri symbionts
of different Euprymna species may be more like Bradyrhizo-
bium: there is no evidence that any V. fischeri symbiosis-com-
petency genes are located extrachromosomally (6, 67).

EFFECT OF V. FISCHERI DISTRIBUTION ON HOST
HABITAT DISTRIBUTION

It has been demonstrated that without colonization by V. fis-
cheri cells, the light organ of E. scolopes remains functionally
and morphologically undeveloped (12, 45), but how important
is symbiosis to the host? Because each one of the hundreds of
animals collected to date from the natural environment has
been found to be colonized and luminescent (68), symbiosis
must be the normal state of the host and one that starts within
a few days of hatching. Nevertheless, uninfected juveniles can
be maintained in the laboratory without any apparent ill ef-
fects. Thus, it remains to be experimentally tested whether the
absence of a functioning light organ seriously compromises the
survival of an E. scolopes individual in nature, and, if so, we
must determine at what stage in its posthatch development this
absence becomes critical. If a capacity to luminesce is, in fact,
important for survival in nature, then the continuance of a
population of E. scolopes must require the presence in its
habitat of symbiotically competent V. fischeri cells in a suffi-
cient concentration to ensure that most juvenile animals are
infected (19). Because there is evidence neither that adult
squids remain near the egg clutches they lay (76) nor that there
is a sufficient inoculum of V. fischeri present as a coating on the
clutch (68), the host population apparently depends upon the
presence of a critical density of symbiotically competent V. fis-
cheri cells in the seawater or the sediments of its habitat (Fig.
2). Such a condition exists within the confines of at least por-
tions of Kaneohe Bay, Hawaii, where the best-studied E. scol-
opes populations are found (34, 35). However, the conditions
remain undescribed for host populations that exist on exposed
shorelines of the Hawaiian Islands, where intrusion of vast
volumes of open ocean water by regular tidal activity can be
expected to continuously dilute the concentration of expelled
V. fischeri cells in the ambient seawater to a very low value (34).
How do juvenile animals obtain an inoculum of bacteria under
such conditions? Perhaps studies of the stability of sediment
populations of V. fischeri will reveal an answer.

On a broader ecological time scale, it is not known how new
populations of bobtail squids are established in previously un-
populated regions: is a critical number of adults required to
establish such a population (i.e., to have an impact on the local
environmental density of V. fischeri), or is immigration con-
fined to locations that already have a sufficient abundance of
established, and symbiotically competent, V. fischeri? In either
case, the biogeography of the host may well be regulated by the
presence of bacteria in sufficient numbers to sustain the infec-
tion of the next generation of juveniles. Experiments designed
to address such issues for the host squids remain to be con-
ducted, but their results may help identify factors that affect
the distribution of other symbiotic species with horizontally
transmitted symbionts (62, 79).

It is interesting to speculate upon the geographical distribu-
tion of those bobtail squid species that have light organ asso-
ciations (Fig. 4). In the Pacific and Indian Oceans at least six
recognized species of Euprymna have symbiotic light organs

TABLE 1. Comparative colonization characteristics
of V. fischeri strains

V. fischeri
strain

Host
speciesa

Inoculum concn (CFU/ml)
resulting in a 50%

infection rateb

Total CFU per
light organ (104)

after 48 hc

ES114 E. scolopes 750 42
ES12 E. scolopes 400 25
ES213 E. scolopes ND 46
ES401 E. scolopes ND 90
EM17 E. morsei 200 42
EM18 E. morsei 100 31
EM24 E. morsei 70 17
MJ11 M. japonica 10,000 4.5
CG101 C. gloriamaris 2,000 0.62

a Strains were isolated from light organ homogenates of the indicated host
species (5). Each isolate was obtained from a different animal.

b For each strain, groups of 10 newly hatched E. scolopes squids were exposed
for 3 h to seawater containing between 102 and 105 V. fischeri cells per ml. The
approximate concentrations of cells that were required to infect 50% of the
juvenile animals are given. ND, not determined.

c Symbiont cell numbers (CFU) were estimated by homogenizing the light
organ and plating serial dilutions on a nutrient medium (69).
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(53), and all three of the species that have been examined to
date (E. scolopes, E. morsei, and Euprymna tasmanica) main-
tain V. fischeri as their partner (6, 54, 69). It must be remem-
bered that the ecology, behavior, and even developmental bi-
ology of these other animal host species may differ from those
of E. scolopes, so it cannot be assumed that the relationship of
these hosts with their bacterial symbiont is identical to that
determined for the Hawaiian species. In addition, there are
nine species of Sepiola in the Atlantic Ocean and Mediterra-
nean Sea (40) and the two species (Sepiola affinis and Sepiola
robusta) that have recently been examined contain as their
predominant light organ symbiont V. logei (18), the closest
congener of V. fischeri (3). Perhaps by a comparison of these
different species, and the discovery of distinctions in their strat-
egies for ensuring the colonization of subsequent generations,
we will be able to infer the ancestral pattern of symbiotic
ecology.

CONCLUDING STATEMENT

Understanding the processes driving the ecology of any ma-
rine bacterial species is a difficult and perplexing problem, in
part because of the many biotic and abiotic influences that
must be considered. The luminous bacterium V. fischeri is a
widespread and ecologically versatile organism, but in at least
some habitats its symbiotic relationship with the bobtail squid
E. scolopes appears to be a dominant factor in controlling its
abundance and distribution. It is likely that the ecological pat-
terns of many other marine bacteria are similarly driven by an
association with a specific animal or plant host. An examina-
tion of these dynamic processes, and the biological mecha-
nisms that underlie them, will play an important part in future
discoveries in marine microbiology.
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