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6.1 Introduction

I'he light-organ symbiosis between the bioluminescent bacterium Vibrio fischeri and the Hawaiian bobtail
squid Euprymna scolopes is a fascinating association rife with intriguing biology. This sepiolid squid is
a small nocturnal inhabitant of shallow sandy rcefs in the Hawalian archipelago that allows V. fischeri.
and only this bacterium, (o colonize epithelium-lined erypts of a specialized light-emitting organ. This
“light organ” is located just ventral to the squid's ink sac in the mantle cavity. Once they have colonized
the light organ, the bacterial symbionts emit 4 bluish light, and adaptations by the host allow it to direct
and modulate the emitted light. Below, we will discuss how the light organ’s architecture suggests that it
functions in the camouflaging behavior referred to as counterillumination (Figure 6.1). wherein marine
animals emit light downward, roughly matching the downwelling light rom above to obscure their
silhouette [rom animals beneath them in the water column (Clarke, 1963; Dahlgren, 1916; Harper and
Case, 1999; Lalz, 1996; McFall-Ngai and Morin, 1991; Warner et al., 1979).
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86 Defensive Mutualism in Microbial Symbiosis

With bioluminescent Aposymbiotic

(A) b (B) With bioluminescent Aposymbiotic

symbionts

FIGURE 6.1 Proposed counterillumination mechanism of £. scolopes. Pancl A: Tt has been proposed thal E. scolopes
with bioluminescent symbiatic V. fischeri can cmit a controllable, ventrally directed luminescence thereby vbseuring their
silhouette from a predator beneath them in the water column. Pancl B: A cartoon of E. scolopey viewed ventrally and hack-
lit illustrates in an idealized way how the light organ and integral ink sac might be obscured by bioluminescence and how
the rest of the animal may have different degrees of translucence.

Research on the V. fischeri-E. scolopes symbiosis has gathercd momentum, but many big-picture
questions remain unanswered. £. scolopes was first described by Berry nearly a century ago (Berry,
1912), and detailed studies of bacterial infections in Fuprymnd meorsei light organs were provided by
Kishitani in the 1920s. Although the original reports are now difficull to find, they are nicely reviewed in
E. Newton Harvey's book Bioluminescence (1larvey. 1952). W hile carly studics focused on the behavior,
ecology. and embryology of E. scolopes, in the last 20 years research into the V. fischeri—E. scolopes
association has increasingly focused on using this symbiosis as a model for mechanistic studies of mutu-
alistic host—bacteria interactions (Stabb, 2006). This focus stems in large measure from experimental
tractability. Most notably. this symbiosis can be reconstituted in the laboratory. allowing detailed analy-
ses of how a very specific host-bacterium relationship is initiated. Many exciting discoverias have been
made, yet [undamental questions about the ecology of these symbiotic partners and the significance of
the biolumincscence resulting from their association remain relatively obseure.

The purpose of this chapler is first (o oricnt the reader to key background information in the ficld,
encompassing some mechanistic studies as well as what is known about the ccology of the partners
and the evidence for mutualism in the symbiosis. Then we will describe the premise and basic model
of counterillumination. We will next present the cvidence lor and against counterillumination being
the selective advantage ol this symbiosis for the host squid, and weigh this evidence along with other
hypotheses that seck to explain the ccological significance of Hght-organ bioluminescence. Finally, we
will closc by highlighting gaps in our current knowledge and future experimental strategies that promise
to vield important new insights.

6.2 Background

6.2.1 Reconstitution of the Symbiosis in the Laboratory
Enables Experimental Studies of Early Infection

V. fischeri symbionts are acquired by L. scolopes through horizontal transmission, with cach new
generation of hatchling squid obtaining V. fischeri from the cnvironment. Thus, V. fischeri and
E. scolopes exist [or some period of time outside the symbiosis, although at least [or the host this
aposymbiotic stage is bricl. The ability to reconslitute this symbiosis experimentally stems from the
fact that both partners can be maintained withoul great dilficulty in the laboratory. V. fischeri can be
cultured readily, and we have observed doubling times of less than 30 min in standard rich media.
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When samples from E. scolopes light organs are plated onto solid media, V. fischeri colonics are
-ecovered with high cfficicney, and the light-organ infections arc monospecific, meaning that they
sntain only V. fischeri and no other bacteria (Boettcher and Ruby, 1990, 1994: Ruby and Mclall-
Neai, 1991). E. scolopes can also be kept in the laboratory, where it readily produccs eggs and
~atchlings. E. seolopes was initially bred in aquaria for embryological studies (Amold ct al., 1972),
sut later the posthatching initiation and development of their light-organ symbiosis was also studied
Montgomery and McFall-Ngai, 1995: Wei and Young, 1989), Eventually, E. scolopes was raised
‘hrough a full life eyele (Clacs and Dunlap, 2000; Hanlon ct al., 1997).

E. scolopes cggs are symbiont free, and cxposing the hatchlings to V. fischert inocula in seawater
~=sults in symbiotic infection (Ruby and McFall-Ngai, 1991: Wei and Young, 1989). Arguably. this
sfzction in the laboratory approximates natural horizontal Lransmission ol symbiont. Populations of

Ascheri have been examined in £, scolopes habitats, so inoculum levels Lhat approximate environ-
~ental populations of V. fischeri can be used. When fresh hatchlings are placed in nearshore Hawaiian

~awater, the onset of luminescence is detectable within 8 h (Ruby and McFall-Ngai, 1991), a time [rame
“nat parallels infections in the laboratory. Colonization by small numbers of V. fischeri that have not yet
~=zun to bioluminesce, occurs even earlicr (Asato, 1993 Ruby and Asato, 1993).

Numerous arlicles have revicwed the advances in our mechanistic understanding of this symbiotic
Sfection (Geszvain and Visick, 2006; McFall-Ngai, 2000; Nyholm and McFall-Ngai, 2004: Ruby,

99: Ruby and McFall-Ngai, 1999; Stabb, 2006; Visick, 2005; Visick and McFall-Ngai. 2000; Visick
:nd Ruby. 2006), and we will provide only a brief overview of the infcction process. The bilobed
= scolopes light organ resides in the mantle cavity, where it is exposed to environmental seawater. Upon

aiching, two fields of cilia on the light-organ surface begin beating and shedding mucus (Nyholm

al.. 2002). Bacteria in the seawater gel stuck in this mucus, thercby concentrating them [rom the
Slute environment (Nyholm et al., 2000). Motility by the bacteria is then required as they swim
-om aggregales in the mucus to pores on the surface of the light organ (Graf et al.. 1994: Millikan

~d Ruby, 2002. 2004: Nyholm et al.,, 2000). Symbionts enter the pores and travel through ducts and

sntually into epithelium-lined pockets referred to as antechambers and crypts (Sycuro et al., 2006).

ithough many V. fischeri cells can be concentrated in aggregates outside the light organ, relatively
=w cells appear to survive this journey and initiate colonization (Dunn ¢t al,, 2006; McCann ct al..

13: Ruby and Asato, 1993).

The initial V. fischeri colonists proliferate, and both the increase in their cell density and some envi-
~nmental cue in the host trigger them to begin producing bioluminescence (Boeticher and Ruby, 1990:
Sose et al., 2007). V. fischeri mutants that do not produce bioluminescence are attennated in colonization
Zose et al., 2008; Visick et al., 2000). suggesting that the host cither detects dark infections and sanc-

ns them or generates an environment in the light organ in which bioluminescence is physiologically
ivantageous for the symbionts, This underscores the importance of bioluminescence in the symbiosis
~d can be interpreted as an indication that the host limits the success of dark “cheaters” among the

mbionts.

5.2.2 Ecology and Behavior of V. fischeri

fscheri has been isolated from a variety of marine environments, and is perhaps best known for
lonizing light-emitting organs of specific fish and squid. The “bobtail” squid that serve as hosts for
“scheri are in the genera Sepiola or Euprymna. which are found in the Mediterrancan Sca and Pacific
-can. respectively (Fidopiastis et al., 1998: Nishiguchi, 2002; Nishiguchi et al., 1998). V. fischeri also
lonizes the light organs of monocentrid “pinecone™ fish (Fitzgerald. 1977. Ruby and Nealson. 1976).
wever. V. fischeri is not restricted to monospecific associations and has been isolated from the gut con-
ia of fish in nonspecific symbioses (Makemson and Hermosa. 1999; Ruby and Morin, 1979; Sugita
1 Tto, 2006). Morcover, V. fischeri is found free living in the water column and in sediments (Lee and
2hy. 1994b; Ruby el al.. 1980). Numerically. it is not particularly abundant in these environs, but
“scheri is widespread and occurs in habitats where it has no known light-organ hosts. The metabolic
:=d genomic flexibility of V. fischeri suggest that in contrast to obligate symbionts this bacterium
~—-hably has an important environmental lifestyle (Ochman and Moran, 2001: Ruby ¢t al., 2003).



88 Defensive Mutualism in Microbial Symbiosis

To adjust to the host and other environments, V. fischeri possesses an impressive array of reg ulatory
systems (Geszvain and Visick. 2006; Hastings and Greenberg, 1999). V. fischeri is well known for a
group behavior known ag “guorum sensing,” wherein a diffusible pheromone mediates changes in genc
expression when populations reach high cell density (Hastings and Greenberg, 1999). Quorum sensing
and the redox-responsive ArcA/AreB regulatory system tune the luminescence of V. Jischeri Lo express
maximally when cells are crowded, yet in relatively oxidative conditions (Bose ¢t al., 2007). Because
regulation of luminescence is governed in part by a diffusible pheromone, the potential exists for a sub-
ulation of V. fischeri (o incite a group decision to luminescence in the light organ. Understanding the
is for the behavior of V. fischeri in the light organ should help clucidate the role of luminescence for
the hacterium (Stabb, 2005) and may reveal mechanisms by which the host manipulates the symbionts

luminescengee.

6.2.3 Ecology and Behavior of E. scolopes

|

- scolopes is a solitary nocturnal predator that feeds mainly on shrimps and polychaetes, and grows
from hatchlings just a few millimeter in length to thumb-sized adults (Moynihan, 1983; Shears, 1988).
The adults probably live less than a year (Hanlon et al., 1997; Singley, 1983). Females lay clutches of tens
or hundreds of eggs, and as mentioned above, each new generation must acquire V. fischeri from the sur-
rounding marine environment (Wei and Young, 1989), although infection is so rapid that no uninlected
£. scolopes individual has ever been [ound.

Most observations of E. scolopes arc made in shallow sandy reef areas, but it is unclear how confined
1018 10 such habitats. We, and others, typically use flashlights and nets o collect animals at night by
wading in knee-deep water. Tt is not uncommon to find animals less than 4 meter from shore, sometimes
in water no more than 10 em deep. However, there are reports of E. scolopes being collected offshore
near the surface (R. Young, personal communication) and cven at depths around 200m (Berry, 1912). So
while most observations ol £. seolopes are in nearshore shallow water, it is not clear the extent (o which
s reflects the fact that this is where researchers tend to look for them. Similarly. we tend to find E, scolopes
adults on the sandy bottom, not up in the water column; however, almost certainly the animals are aware
oL our presence before we spot them, so their behavior may be perturbed. Tn aquaria, £. scolopes spend
most of their time on the bottom (Moynihan, 1983), and we (end to assume that this is their habit
however, it would be most accurale Lo say that little is known about their natural behavior.

Camouflaging seems to be a general strategy for E. scolopes (Anderson and Mather, 1996; Shears,
1988). which routinely buries or coats itself with sand and uscs chromatophores Lo change colors from
alette that is similar (o the background (Figure 6.2). The squid can even be observed swimming with
1d coat. which they can apparently discard with remarkable speed and control (Shears, 1988). Even
without the sand coat. their coloration blends in well with the sandy reef botloms; as anyone who has
collected these animals can attest. The animals also sometimes emit ink blobs and then jet away, when
Arcatened. However, in our observations and those of Anderson and Mather (1996), the animals rarcly

‘L very far from the site of an encounter.

Little is known about which predators E. scolopes may be hiding trom. Hawaiian monk seals occa-
Iy feed on E. scolopes (Goodman-Towe, 1998), and we have observed lizard fish struggling with
10f E. scolopes: however, we have a poor understanding ol the threats it faces. Also lacking are

bservations of luminescence by these squid in their natural habitat. Every wild-caught E. scolopes
tested has been found to emit bioluminescence; however, this was determined upon placing the animals
in a sensitive luminometer and not by observations in the wild. There are reports that the animals “lash”
therr luminescence when disturbed (Moynihan, 1983: A, Wier and M.J. McFall-Ngai personal communi-
cztion: R. Young, personal communication), but this has not been documented in a natural setting.

6.2.4 Evidence of Mutualism in this Symbiosis

selective advantage of the symbiosis for V. fischeri appears clear. V. fischeri is provided a privi-
d niche in the £. scolopes light organ, where it grows rapidly (Ruby and Asato, 1993). Not only
zre they provided nutrients to support this growLh, but because the squid can prevent infection by other
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FIGURE 6.2 Anadult £ scolopes. An adult Hawaiian bobtail squid sits on the coral sand bottom ol an aquarium. The
—otled appearance is due to controllable chromatophores that are expanded Lo produce a relatively dark pattern of reddish
224 vellowish brown pigments in this picture. Chromatophores can also be retracted to small points, rendering the mantle
sreely translucent, The mantle length of this typical adult specimen is ~2.5-3cm. {Photo credit of Jeffrey L. Bose).

microorganisms, V. fischeri cells would appear to have the host immune system effectively protecting

em from predatory grazing or competitive antibiosis by other microbes. Morcover, colonization of the
= scolopes light organ is not a dead end. Each morning these squid settle to the bottom, cover them-
=lves with sand, and the light of dawn triggers the expulsion of most V. fischeri cells into the environ-
—ent (Boeltcher et al., 1996a). The V. fischeri lelt behind grow to repopulate the light organ by dusk.
Presumably, because of this diurnal “venting”™ process, V. fischeri populations are relatively high in habi-
215 occupied by E. scolopes (Lee and Ruby, 1994b). Further ecological studies (Lee and Ruby, 19944)
support the theory that in the Hawaiian reets occupiced by E. scolopes, the ability to colonize this host is
« sirong selective loree on V. fischerd. So. while V. fischeri can be found in many marine environments,
< populations appear (o be enbanced by E. scolopes.

Presumably, the host also benefits from the association, and the V. fischeri—E. scolopes symbiosis is
= mutualism. The £. scelopes light organ grows and maintains a monospecific cullure ol V. fischeri and
-25 the means Lo control the release of its bioluminescence. Moreover, we (and others) have observed that
<ressed animals appear to clear their light organs of V. fischeri symbionts altogether, suggesting that the
-5t has ultimate control and is not suffering an unavoidable infection. The symbiosis probably provides
- nenefit to E. scolopes by giving it a controllable source of bioluminescence for some behavior, and this
< usually attributed to a camoullaging “counterillumination” behavior mentioned above and discussed
2= greater length below. Although an additional nutritional or other benelit of the symbionts cannot be

lzd out. E. scolopes raised through a complete life eyele in the absence of V. fischeri did nol appear o
due Lo lack of symbionts {Claes and Dunlap, 2000).

i e i
5.3 Counterillumination Model
Sirategies to avoid predation arc numerous and varied in the marine environment and can involve highly

~ccialized adaptations. Familiar examples include animals with the ability to camouflage themselves
~rough pigmentation or shape that mimics the surrounding substrate, such as rock or kelp beds, or the
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ability to bury into sand or hide among rocks. However, in the open occan, the ability to “hide” from
predators is dillicult, given the lack ol substrate. Tn spite of this difficulty, many mesopelagic organisms
including luminous fishes, crustaccans, and cephalopods have lound a way to camoulflage themselves
by producing light in discrete regions ol their body (Clarke, 1963). This usc of light is called counteril-
lumination. which is most often used Lo describe the ability to match downwelling Tight using ventrally
dirceted luminescence (Dahlgren, 1916; Harper and Case, 1999; Latz, 1996; McFall-Negai and Morin,
1991; Warner et al., 1979: Young, 1977). In this way, light production along the ventral surface of an
organism can be used to hide the animal’s silhouette it viewed from below in the water column
(e.g.. Figure 6.1).

Downwelling light in the mesopelagic zone is unidirectional and predictable in its wavelength and
low intensity, but in shallow water light is more variable both in quantity and quality. Moreover, light in
shallow water is multidirectional owing to reflection, shadows, and surface elfects. This potentially ren-
ders counterillumination & more difficult strategy for shallow-water animals 1o usc cffectively. However,
McFall-Ngai and Morin provided convincing cvidence that counterillumination behavior docs oceur in
shallow-water leiognathid fishes, although they suggest that “disruptive illumination™ might be a better
description of the mottled appearance that the ventral bioluminescence imparts on the animals (McFall-
Ngai and Morin, 1991),

The concept of “disruptive illumination” is an important distinction from most discussions of coun-
terillumination, and it may be especially relevant to the role of the E. seolopes light organ. However, for
most part we will use “counterillumination” o encompass partial or complete illumination, disruptive
illumination, or intermittent countershading, with the commonality to all of these being the ability of
the animal to produce light that mimics their surroundings to whatever extent, in order o camouflage
themselves. One exception is that of the cookie cutler shark discussed next, where camouflage is not the
apparent role of counterillumination. In general though we will use “counterillumination” in relerence to
hiding behaviors, and we will sometimes use “camoullaging” in conjunction with “counterillumination”
to reinforee this distinetion.

Several lactors may contribule (o the effectiveness of counterillumination. It has been argued that
animals should have many cvenly distributed light sources, because those with fewer or less-distributed
sources of bioluminescence would be less able to produce an even field of light, minimizing or negating
any camouflaging effect of counterillumination (Johnsen ct al., 2004). Consistent with this argument,
counterillumination is usually attributed (o an array of ventrally directed photophores. In Histioteuthis
squid, for example, many small light organs are scattered over the ventral surface of the body, head, and
arms. However, the majority of shallow-water luminous animals, including E. scolopes, have a single
light-cmilling organ. 1L has also been pointed out that effective counterillumination should mimic both
the quantity and the quality (c.g., wavelength) of downwelling light (Johnsen et al., 2004; McFall-Ngai
and Morin, 1991). Otherwise, luminescence could have the opposite effect and become an attractant for
predators. Finally, the habits and visual acuity of the predator being hidden {rom arc important.

[ooe—cs epilinbnne Lo
6.4 Weighing the Evidence for Counterillumination and Other Models

6.4.1 Does Light-Organ Anatomy Suggest Counterillumination?

The idea that the £. scolopes light-organ [unclions in counterillumination gathered momentum from
close examination of its architecture (McFall-Ngai and Montgomery, 1990). The light organ is situated
in the mantle cavity just ventral to the bulk of the ink suc, and it is oriented such that light is emitted
ventrally. The light-organ crypts occupicd by bioluminescent symbionts are situated between a reflective
layer of reflectin protein (Crookes ct al., 2004) and a muscle-derived lens (Montgomery and McFall-
Ngai. 1992), which together appear Lo dircet and control ventral light emission. In the adult animals,
the ink sac apparently can be drawn around the light organ, perhaps in the manner of a shutter, and
analomical observations of several [ixed specimens suggest that controlled movement of reflective tis-
sue and ink sac diverticula could modulate the emission of light (McFall-Ngai and Montgomery, 1990),
‘The animals may also be able 1o control luminescence by modulating the oxygenation of the light organ
(Boettchar ef al., 1996h). This could effectively control luminescence because oxygen is one of (he reactants
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FIGURE 6.3 Backlil juvenile £. scolopes. This animal has retracted its chromatophores to small points rendering its
—antle largely translucent. A whitc arrow points to the light organ and ink sac. The other prominent dark (opaque) shaded
sructures are the cyes. The mantle length of this typical hatchling juvenile is ~I-1.5mm. (Photo credit of Dawn M.
~dinj.

of the V. fischeri luciferasc reaction. Thus, the E. scolopes light organ has elements consistent with
counterillumination, specifically a controllable ventrally emitted light.

In at least one respect, the architecture of the light organ seems impertfectly adapted for camoullaging
=y counterillumination. The E. scolopes light organ does not cover the entire underside of the animal
“he way multiple photophores of some mesopelagic squid do. This would arguably represent a poor or
ncomplete counterillumination apparatus. On the other hand, symbiotic luminescence would provide
counterilluminating cover for a large opaque structure in the squid, the ink sac integral to the light organ
s is illustrated with a juvenile in Figure 6.3), which might provide a selective advantage.

5.4.2 Does Host Behavior Fit the Counterillumination Hypothesis?

¢ s difficult to say whether £, scolopes behavior supports the counterillumination hypothesis simply
~=cause very little is known about this animal’s behavior, As discussed in the [inal scetion, answer-
22 many questions about the behavior and ecology of E. scolopes would help put light-organ [unction
= a natural context and inform our discussion of its potential role(s). At least it seems clear thal
= scolopes is nocturnal and spends at least some time in the water column, which is consistent with
ccunterillumination.

One mysterious behavior ol E. scolopes deserves special mention. Multiple investigators have seen
= scolopes “flash” bioluminescence (Moynihan, 1983, A. Wier and M.J. McFall-Ngai personal

mmumnication: R. Young, personal communication). Typically, in situations when these animals were
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severely disturbed or roughly handled, they often released ink. This suggests that llashes might be an
attempt to distract or confuse predators thal get oo close, perhaps as part ol an cscape responsc.
Obviously, visible flashes are inconsistent with camoullaging, and it may be that Tashes rellect the real
role of the Tight organ or that the light organ has two very distinct roles.

6.4.3 How Conclusive Are Attempts to Measure
Counterillumination in E. scolopes?

Jones and Nishiguchi (2004) have provided Lthe most important and convincing data for evaluating
counterillumination in the V. fischeri—E. scolopes symbiosis. They placed adult E. scolopes in small
chambers and plotied the amount of lght emitted [rom the animals, as a function of the intensity of the
downwelling light. To dilfcrentiate the room lights [Tom animal bioluminescence. the overhead lights
were turned off and animal luminescence was measurcd immediately thereatter. Controls that included
chambers withoul animals ensured that phosphorescence of the seawater, which might be expected (o
correlate with overhead light intensity, was not mistaken for bioluminescence. As predicted by the coun-
terillumination hypothesis, hioluminescence released from animals was more intense as the intensity
of the overhead illumination was increased (Jones and Nishiguchi, 2004). An exception (o this was
observed at the highest light intensities, when animals began to dim the lTuminescence they emitted.
Although not predicted by the counterillumination hypothesis, it seems plausible that at uncommonly
perhaps artilicially high light intensities the animals would not be able to match the downwelling light
and would abandon counterillumination behavior. More importantly, this observation helps (o validate
the experimental setup, because it is unclear how any nonbiological explanation for the data could yield
this result at high light intensity.

Two results of Lhe Jones and Nishiguchi study hint at either the imperfection of counterillumination or
the technical dilficulty of such experiments. First, althongh luminescence emitted by the animals corre-
lated with the intensity of downwelling light, the animal luminescence appeared dimmer than that of the
downwelling light (Jones and Nishiguchi, 2004). However, even imperfect matching ol the downwelling
light (imperfect counterillumination) might have a selective advantage over no counterillumination
al all. Also, it is important to remember that animal luminescence was measured alter the lights werce
turned off, bul presumably before the squid could react and alter the luminescence. Therefore, an unex-
pectedly quick reaction by the squid could cxplain this aspect of the data. This brings up a sccond result
not predicted by (he counterillumination hypothesis; sometimes animals were remarkably slow in dim-
ming their luminescence after the lights were turned out. In such animals, luminescence continued for
a minute or more after the lights were out. This seems Lo be a counterproductive behavior for an animal
trying to be stealthy. bul then again the animals may never (or rarely) encounter such a rapid and absolute
change in light intensily, in nature.

Overall, the work of Jones and Nishiguchi strongly supports the counterillumination hypothesis;
however. skeptics can still point to an obvious gap in our observations. Specifically, to our knowledge
nobody has photodocumented counterillumination by E. scolopes. cither in the laboratory orin nature,
At lzast in the laboratory this might seem easy, by simply putting £. scolopes in a clear-bottom container
and viewing it from underneath with dim difTuse light overhead. Tn our experience, however, animals
put in this situation arc prone to simply sitting on the bottom, with their arms curled under them and
their chromatophores darkened. Presumably, counterillumination would be most usclul when the
animals are up in the water column, and as discussed below futurc work aimed at viewing animals
hehaving in this way could provide important information.

Tt is also worth noting that to our knowledge the wavelength of light emitted [rom E. scolopes has not
been compared (o the background light in its habitat(s). This is important, because for counterillumina-
tion to be an cllcetive camouflage it must presumably match the background both in intensity (as Jones
and Nishiguchi measured) and in quality. Moynihan (1983) reported that flashes scen [rom disturbed
squid appeared “green,” although we have observed the expected bluish light emitted by bacteria in
E. scolopes juveniles (Stabb, 2005). Tt seems unlikely that a green light would cflectively match the
backgrounds we arc familiar with in the shallow sandy reefs of Hawaii: however, measurcments of
the emitted light and environmental light are needed to resolve the issuc.
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6.4.4 Counterillumination Is Not Necessarily a “Defensive” Camouflage

‘ounterillumination is used as camoullage by £. seolopes, this might reflect an offensive, rather than
nsive, stralegy. E. seolopes might use counterillumination to hide from potential prey. However, at leastin
=quaria we have not observed E. scolopes approach the prey from above. Rather they seem (o attack horizon-
a1ly with their tentacles to capture shrimps, IUis also uncerlain whether the prey that E. scolopes teeds
7 would be casier to catch if the squid possesses a ventral counterillumination mechanism: however,
-ith so much unknown about E. scolopes behavior (e.g., its [eeding habits in deeper water), it is impos-
ble to rule oul camouflaging counterillumination as an offensive strategy.

5.4.5 Alternatives (or Amendments) to the Counterillumination
Camouflage Hypothesis

17 E. seolopes docs not use bioluminescence in a camouflaging counterillumination behavior, or if this
< not the primary selective advantage of symbiotic bioluminescence, then what might be the main role
* the light organ? Proposing allernate answers (o this question may prove to be a useful exercise. both

~v preventing (unnel-visioned interpretation of existing data and by pointing future research in new

“irzctions. Below, we discuss a few possible uses for the light organ other than as a silhouctte-obscuring

—zmouflage.

E. scolopes might use counterillumination as a prey attractant, Widder presented evidence that the
sokie cutter shark, Tsistius brasiliensis, uses counterillumination nol Lo obscure its entire ventral sur-
2. bul rather to obscure all but an image shaped like a smaller fish (Widder. 1998). She convincingly

s-zues that this might be used as a lure to attract predators of small fish, including the swordfish. (unas,

nd porpoises that 7, brasiliensis attacks. Tt is not elear to us whether a distinet Turing image would be
~-oduced by the shape of the E. scolopes light organ, but we cannot rule this out. Notably. this model
~—=dicts the same sort of correlation between ambicnt light and emitted luminescence that was obscrved

=+ Jones and Nishiguchi (2004).

Alternatively, luminescence per se. and not the counterillumination of a particular alluring shape, might
~= used to attract prey. This would scem to be a risky proposition for E. scolopes hunting in the water col-
min. E. scolopes may have defensive strategies other than avoiding detection. but these are not immediately
soparent (e.g., it lacks spines or known predator-deterring toxins), making stealth an important assct for
= scolopes. On the other hand, it scems plausible that the shrimp or polychactes that E. scolopes feeds on
~izht display phototaxis. and with so little knowledge about the behavior and ccology of E. scolopes we
—znnot rule out the possibility that E. scolopes exploits such a behavior of its prey.

Perhaps, Lhe most plausible alternative model for the role of the light organ center is its potential to

=sh brightly. As mentioned above, such flashes have been observed when animals were collected or
~=1d in caplivity (Moynihan, 1983; A. Wier and M.J. McFall-Ngai personal communication: R. Young
~=rsonal communication). The ability to flash visible luminescence could suggest a role in intraspecics
mmunication; however, the fact that it has been obscrved when the animals are disturbed (e.g., physi-
~=1lv grabbed) suggests a role as a startling tactic (Herring, 1977). Another sepiolid squid in Hawail.
~orerotenthis hawaiiensis, found in open ocean walers at depths of up to 600 m, can use its light organ Lo

—eate a slowing cloud of bacteria mixed with mucus (Dilly and Herring, 1978; Young. 1995 Young and

= oper. 1976). 1T E. scolopes can emil a brief flash of light with or without expelling bacterial symbionts,

-5 might be used to startle or confuse the predators. Like the expulsion of ink blobs by E. scalopes
* nderson and Mather, 1996), this behavior could be used once camouflage has failed.

The bioluminescent delense response of H. hawaiiensis may be used in addition to the likely use of
< light organ (and multiple light organs on its arms and body) to camouflage its sithouette during the

-level light of dusk and dawn when it migrates 1o shallower waters (150-200 m) to feed (Dilly and
“orring, 1978; Young, 1995: Young and Roper, 1976). This underscorcs the point that E. scolopes may
~<= its light organ for dual roles, and both counterillumination and another behavior may have selec-

= advantages. Or from another perspective, a flashing behavior might be the sclective force driving

colopes light-organ evolution. but this might come at the cost of a relatively large opague structure
~at would make the squid more visible to predators, but by emitting a dim counterilluminating Tight
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when the flashing behavior is not in us¢ E. scolopes might ameliorate the disadvantage of having a light
organ. Again, such a scenario would be consistent with the data. Jones and Nishiguchi (2004) reported
data supporting counterillumination, and yet counterillumination may not be the primary purposc lor
the E. scolopes light organ.

6.5 Future Directions

Many big-picture questions regarding the V. fischeri—L. scolopes symbiosis remain unanswered. Notably.
as discussed in this chapter. the functional signiticance of the light organ for the host is uncertain,
although evidence points (o a role in camouflaging by counterillumination. Future behavioral and
ecological research on £, scolopes would be welcome and could shed light on one of the most central
issucs ol the symbiosis,

6.5.1 The Life and Times of E. scolopes

Many fundamental questions about the ecology and behavior of E. scolopes remain opague. How much
of their life is spent in shallow water? Do they often venture deeper? Can reports of E. scolopes in the
mesopelagic zone be substantiated? What are they [eeding on in such habitats? How much time do they
spend in the water column or on the bottom? What is the quality of the light in their environs? Does this
match the light they emit? Do they hunt exclusively in the water column? What are their main predators?
What are the hunling techniques and visual acuity of these predalors? Answering these guestions may
not be easy. Observing the natural habits of these nocturnal well-camouflaged animals has obvious bar-
ricrs. For example, it will be difficult for divers to [ollow the nighttime behavior of these animals without
disrupting their routine. Remote Lagging and tracking devices arc probably not feasible, although the
advent ol nanotechnologies and miniaturization could [acilitate such approaches.

One technology that could provide a powerful tool for studying I, scolopes in the environment is the
use of autonomous underwater vehicles (AUVs). Fidopiastis and Clark (personal communication) have
proposed that a robot with the capacity o swim and crawl might be trained to follow E. scolopes individ-
uals, monitoring and recording their behavior. This promises to be much less disturbing Lo the animals
than observations by humans, and could yield unparalleled insights into the behavior of L. scolopes over
a range of environments, Remotely operated vehicles have been used (o monitor marine animals such
as jellyfish, and AUV technology has been applied to tracking bass (Zhou et al.. 2007). Moreover, an
AUV was used to measure patterns of marine bioluminescence (Blackwell ¢t al., 2002). Tf an AUV can
be trained to track E. scofopes individuals and potentially to monitor their luminescence, this has great
potential for answering many unresolved questions about their behavior.

6.5.2 What about the Flashes?

The fact that E. scolopes occasionally emits bright flashes may belie the true function of the light
organ: however, obscrvations of this behavior are rare, and to our knowledge it has only been observed
in disturbed captive animals. A squid-tracking AUV might be able to document flashes in the wild,
and (o determine (he behavior of the animal before and after the {lash. 1s it used when Lhe animals are
threatened by a predator? Ts it used in conjunction with the release of ink? Do the animals change their
swimming direction in an evasive manner following a flash? Do the flashes have a temporary blinding
or distracting effect on a would-be predator? Or are flashes used as intraspecies signals perhaps eliciting
some altogether unknown behavior? Any observation of light-organ flashing in the wild would be
tremendously important.

Observations of flashing in the laboratory might also provide insight into the function of the light
organ for E. scolopes. Because the {lashes seem o be rare, it may be useful to set up a digital image
recording system that monitors the animals constantly. detects flashes, and then saves the data belore and
alter a flash evenl. A clear-bottom tank could be used with a camera (or array of cameras) so that obser-
vations could be made of the animal’s ventral surlace, although [lashes should be detectable regardless of
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~ow the animals direct them. To test whether flashes are used in delensive Tesponses or communication,

#ill probably be necessary to place multiple squid or predators in the same tank. which could require
= relatively large sctup. Although such an experiment is not without obstacles, it could yicld important
“z1a and might be casicr than obscrvations, in nature.

5.3.3 More Tests of Counterillumination

ne conspicuously missing picce of evidence for counterillumination by E. scolopes is the lack of
1 image documenting this effect. A squid-tracking AUV might capture such an image in the envi-
~nment, which would provide strong support for this theory. However, carclully crafted laboratory
tzdies might provide similar and compelling cvidence. As noted above, animals observed in clear

ttomed containers tend (o simply sit on the bottom. A clear-bottomed raceway with water flowing
h it (e.g.. a clear pipe) might force the animals off the bollom, allowing visualization [rom
~nderncath the swimming £. scolopes. Allernatively, a useful sctup might include a camera under-

zath a clear-bottomed container set to capture several hours worth of images, or to be triggered by the
motion of the animals. Tn the absence of a human investigator, the animals may eventlually leave the
“otom (e.g., to capture prey or mate) and could then be visualized. Sensitive digital cameras capable

7 capturing low-light images could document the squid’s silhouctic and whether or not it is obscured
°» counterillumination,

A more advanced apparatus for measuring counterillumination would also be useful, if counter-

lumination can be elicited by animals going aboul relatively normal behaviors in the laboratory.

ne such methodology that has been emploved productively is to use an overhead light that provides

lumination that is seen as constant the animals, by that is actually “chopped” into shorl bursts of

zht. such that a photomulitiplicr detector set “out of phase™ with the incident light will measure only
a2 counterillumination (Lualz and Case, 1992). In (his way, quantitative measurements of counteril-
“mination can be made on animals that are not forced into cramped confines as they were in the
spparatus used by Jones and Nishiguchi (2004), and it may provide a telling picture of natural coun-
-rillumination behavior. For example. the apparent under-illumination by animals obscrved by Jones
=nd Nishiguchi may simply reflect a perturbation of the animals associaled with putting them in the
cuperimental apparatus.

The ultimate proof that camoullaging provides an antipredatory selective advantage would be an
=cological prey study in which £. scolopes with luminescent symbiotic bacteria and animals raised with
sonluminescent symbionts or no symbionts are presented to an appropriate predator and in an environ-
ment that mimies their natural one. Such experiments are obviously difficult to set up; however, such an
spproach was used to demonstrate an antipredatory clfect of counterillumination in the fish Porichthys
wotaties (Hurper and Case, 1999). A potential predator in these experiments could be the lizardfish of the
Synodontidae family, which we suspect may be an important natural predator of E. scolopes. although
s noted above more research needs o be done in this regard. Such experiments would need to be done
“ith pools of animals isolated from one another, so (hal cross contamination of luminescent bacteria (o
“onluminous animals cannot occur. The animals would also have to be monitored closely for potential
fashing behavior, to distinguish their possible antipredatory value from that ol counterillumination, If
Jone convineingly, such cxperiments could settle the issue of the sclective advantage of symbiotic
sioluminescence in the V. fischeri—E. scolopes mutualism.

ACKNOWLEDGMENTS

The authors are cspecially indebted o Margaret McFall-Ngai and Richard Young for reading drafts of
:fiis chapter and providing helplul suggestions. We also thank Dawn Adin and Jeffrey Bose for the
shotographs of £ scolopes. Bryan W. Jones, Michele Nishiguchi. and Pat Fidopiastis for helpful conver-
sations, and numerous colleagucs who have provided healthy skepticism ol counterillumination in
the V. fischeri-E. scolopes symbiosis. EVS was supported in this work by a grant from Lhe National
Science Foundation (CAREER MCB-0347317),



o6 Defensive Mutualism in Micvobial Svnbiosis

REFERENCLES

Anderson. K. C.und LA Mather, 1996, Escape vesponses of Eapryina seplapes Berry, 1911 (Cephalopoda:
Sepiolidac ), dormal of Mallnscan Sudies 62:543-545.

Arnakl, L, Singly, C.oand L, Williams-Arnold. 1972, Embryonic development und post-hatching survival of the
sepiolid sguid Euprvmsng scolopes under luboratory conditions, Verliger 1:361-364.

Asate, L, M, 1993, Morphological and physiological changes in Vibrio fischerd during the initiation and release
from the mulualistic association with its sepiclid host, Enpeverta scedopes, Masters thesis, University of
Southern Calilornia,

Bormry. 8.5 1912, The Cephulupoda of the Hawadian islands. In Swfferin af the Unidted States Burcau of Fisheries.
Giovernment Printing Office. Washington, pp. 255-362,

Blackwell, 5. Case, ). Glenn, §., Kohut, 1, Moline, M. AL Purcell, M., Schofisld. O and €, VonAlL 2002,
Aopew AUV platform for sludying near shore bioluminescence struclure. In Praceedings of the 1200
Tnternarional Svmposi on Biolwineseence ond Chemilumineseence. eds. B Herring, L. 3, Kricks, und
Stanley, It E.. pp 197-200), London: World Scientific.

Boetcher, KL Ioand E. G Ruby, 1990, Depressed light emission by symbiotic Vibrio flcherd of the sepiolid
squid Eugrvenna seodopes. Jowenal of Bacteriologe 17237003706,

Beetcher, K. 1L and B, G, Ruby. 1994, Occurrence of plasmicd INA in the sepiolid squid symbiont Vibrio fis-
cheri, Crvvent Miceobiology 29:279-186,

Boeteher, K, 1. Ruby, ELGoand ML MeFall-Ngai, 19964, Bioluminescence in the svmbiotic squid Eupronma
scolapes is controlled by a daily bivlogicul chythm, Journal of Compararive Plivsiofogy 1796573,

Roetteher, K, 1, Ruby, B, G, and M, 1 MeFall-Neai, 1996h, Bioluminescence in the symbiotic squid Enpevna
seolepes 18 conlrolled by a daily biological rhythm, Jewmel af Comparative Pliysiology A 179:65-73,

Bosc. 1. L. Kim. Ul Bankowski. W., Guosalus, B, P Owverlev, AL M. Lyell, N L, Visick, K. 1., and
E. W, Stabb, 2007, Bioluminescence in Vibeio fiveliend is contralled by the redoxeresponsive regulator
ArcA. Madecalar Microbiolegy B3:538-553,

Buse, 1 L., Rosenberz, C 8. and E. Y. Stabh, 2008, Elfeers of SoCOABEG induction in Vibrio flicheri:
Enhancement ol symbiotic colonization and condidonal auenvation of arowth in culoore, dhives of
Micrahioloagy 190; | 69183

Claes, M. Foand PV Dunlap. 2000, Aposymbiotic culture of the sepiolid squid Euprevena seolopes: Role of the
symbiotic bucterium Vibis fselerd in host animal growth, development, and lght organ morphogenesis,
dornal of Experimental Borainy 280:280-286.

Clarke, W, 13, 1963, Function of hioliminescence in mesopelugic orpanisms. Narre [98:1 2441248,

Crookes, W, L, Ding, L, L. Huang. G. L., Kimbell, )R Horwitz, 1., and M, L MeFall-Neai. 2004, Relfecting:
The unusual proteins ol squid reflective tissucs, Science 203:235-238,

Dahlgren, L. 1416 Production of Tight by animals. Jeseenad of the Frankdin bisiinge 181:525-550,

Dilly, P N. and P Herring, 1978, The light organ and ink sac of Heteroreurhis dispar dournal of Zoology,
Londden 150:47-54,

Prusm, A K. Millikan, T2 5.0 Adine DML Bose, 1 Loand BV, Stabb, 20068, New i and pES21 3-derived
loels for snalyzing symbiosic Vibrio fischert reveal parterns of infection and fuy expression in st
Apelied Environmentel Microbiology T2HRO2-514.

Fidopiastis. I M., von Boleteky, 5. and B G, Ruby, 1998, A new niche [or Vibide loger, the pradominant light
organ symbiont of syuids in the genus Sepiola, Feenal of Bacrerfology 180:539-64,

Fitegerabd, | M. 1977, Classification of luminous bacteria Trom the light organ of the Australian pinecone fish,
Cleidopus glorfamaris, Archives of Microbiolagy 112:153-1560,

Cresavain, Koand K. L. Visick. 2006, Roles ol bacterial rewulmors in the symbiosis beoween Vileio fiveher and
Enprymna seolopes. Progresy in Molecalar and Subcellular Biology 41:377-2WH),

Croodman-Lowe, G, [, 1998, Dhiet of the Hawaiian monk scal (Monaches selautniland) from the northwester
Hewaitan islands during 1997 to 1994, Merine Biology 132:535-546,

Gieat, 1L, Dundap., 2 V., and E, G, Ruby. 1994, Effect of ransposon-induced motility mutations on colonization
of the host lght organ by Viteio fischeri. Sowrmal of Bacteriology 1 76:0980-6991 .

Hanlon, BT, Clues, M, FL Asheraft, 8. E. and PV. Dunlap, 1997, Laboratory cullure of the sepinlid sguid
Fupryemg seelopes: A model system lor bacteris-animal syinbiosis. Biodogical Bullesin 192:364-174,

Harper, R 1, and 3, F. Case, 1999, Counterilluminativn and its antipredatory value in the pliinfin midshipman
lish Porichilies notaims, Marine Biology 134:529-540)



{¢ the Yibrio fischeri-Euprymna scolopes Svmbiosis a Defensive Muralism o7

Harvey, B, N. 1952 Biolminescence. Academic Press, New York,

Hastings. I W, and B P Greenherir, 1999, Cuomim sensing: The explanation of & curfous phensmenon mevedls
a comnmen characteristic of hacteria, Jewrnal of Bacteriology 1R1:2667-2068,

Herring, B 1977, Luminescence in cephalopods and lish, Svmpesia af the Zoological Soctety of London
31271549,

Johnsen, 5. Widder, E. A and C. 12, Mobley. 2004, Propagmion and perceprion of bioluminescence: Faclors
affecting counterillumination as & crypric strategy. Biolagical Bullewn 207:1-16,

Jones. B W, and M, K, Nishiguchi. 2004, Counterillumination in the Hawaiian bobtail squid, Evprrvense sool-
opes Berry (Mollusea: Cephalopadal, Marine Biology 144:1151-1155.

Latz. 3. L 1996, Physiological mechanisms in the control of bioluminescent countershading in a midwiter
shramp. In Zosplankron: Sensory Feology and Plyvsiology, eds, B H. Lenz, 1. K. Hanling, ). Purcell, and
Machillan, D, L., pp. 163=174. Amsterdam: Gordon and Breach,

Latz, M. Loand J. F Case, 1992, Slow photonic and chemical induction of bioluminescence in the midwarer
shrimp, Sergestes similis Hansen. Biological Bulletin 18239 1=11),

Lee, K-I, and E. G, Ruby, 19940 Competition hetween Vibrio fischeri sirains during inilistion and mainte-
nance of a light argan symbiosis, Joemal of SBacrericlogy 176:1983-1991,

Lee. K-H.and E. G, Ruby. 19940, Elfect of the squid host on the abundance and disiibution of symbiotic Vibrio
Fvehert in nature, Applicd Enviconmenial Microbiztogy 6001365-1371,

akomson, O, and G, W, Hermosa, In 19949, Lumeinous hacteria coltured from Gsh guts in the Gulf of Oman.
Frinineseence 14 161- 155,

WeCanm, . Seabh, BV, Millikan, D, 5., and F G Ruby, 2003, Population dynamics of Vibeio fischert during
intection of Eupeymmg seolopes. Applicd Ewvivonmenial Microbialogy 69:5018-5934,

ScTall-Naai, M.and 1. G, Morin, 1991, Camoullage by disruptivie umination in Leiognathids, a Gmily of
shallow-water, bioluminescencent fishes. Journal of Experimentad Siplogy 13621 159-137,

SeFall-hpai, M. 1 20000 Negotiations belwesn animals and bacteria: The “diplomacy™ of the syuild-Vilrio
symbiosis, Comparative Blochennsoy and Phystology, Part A, Molecular and Tuegrative Physiolagy
1 20:47 1480,

WicFall-Moui, M. 1 and M. K, Montgomery, 1990, The anstomy and morphology of the adull bacterial liabt
oraan of Eupramna scolopes Berry (Cephalopoda: Sepioliduc). Bislogical Bullerin 179:332-330.

Lillikan, D, 5. and E. G Ruby, 2002, Alterations in Vibeio fveherd motility correlate with a delay in symbio-
sis initiation and are associsted with additionad symbiotic colomization defects. Appfied Envivommenial
Microhiology 68:2510-2528,

Wllikan, 1 8. and B G Ruby, 2004, Vibriz fischert flagellin A is essential for normal motility and for symbi-
utic competence during initial squid light organ colunisation. Jowrnal of Bacteriology 186:4315-4325,

Vontzomery, M, K. and M. J. McFall-Ngai, 1992, The muscle-derived lens of a squid hioluminesvent onzan is
hiochemically comvergent with tha ocular lens. The fournal af Miatagical Chemistry 267209942 103,

sontgomery, M, K, and ML MeFall-Ngai, 1995, The inductive role of Bacterial symbionts in the morphogen-
esis of a squid Tight organ. American Zoclogise 35:372-38(0,

foymihan, M, 1983 Notes on the hehavior of Enprvmma scelopes (Cephalopoda: Sepiolidae), Beliavior
¥5:25-41.

“iehiguehi, M, KL 2002, Hosi-symbiont recosgnilion in the environmentally irmsmitied sepinlid squid-Vibrin
mutaalism, Micmbial Leologe 441 0-18.

cetiguchi. M. K., Ruby, E. G., and M. ). McFall-Ngai, 1998, Competitive dominance smong strains of Tumi-
nous bacters provides an unusual Torm of evidence Tor parallel evolutivn in Sepiclid squid-Vibrio sym-
nioses. Applied Smirammenial Micrabiology 64:3209-3213.

“oholm. 8 W, Deplancke. 1. Gaskins, H, R. Apicella, Mo AL and M, 1 MeFull-Ngai. 2002, Roles of Vibrio
fisrdierd and nonsymbictic hacteria in the dynamics of mueus secretion during symbiont colonization of
the Eupreymina seolopes light orean. Applied Environmental Microbiology 68:5113-5122.

“oholm, 8.V and M. 1 MeFall-Neai, 2008, The winnowing: Estublishing the squid-Vibwis symbiosis, Narre
Reviews Microbiology 2:632-642.

Coholm S,V Stabh. BV Ruby B Guoand M. 3 MePall-Ngai. 2000, Dstablishment of an animal-hacterial
association: Recruiting symbiotic vibrios [tom the environment. Preceedings of Natural Avademy of
Setences U5A 9T 1023110235,

coman, FLoand %, A, Moran, 20001 Genes lost and genes found: Evolution of bacterial pathogenesis and
syinthiosis, Sedence 292: | -1 (00,



af Defensive Mutualisng in Miceolial Svnibiosis

Kuby, B Go 1999 The fupranng seedopes Vb fivchert symbiosis: A biomedical model Tor the study of
bacterial colonization of apdmal tssoe, Jowrnal of Molecwlar Microbiology and Bigteclnology 1113-21.

Huby. E. G.oand L. M. Asate. 1993 Growth and fagellation of Viteio fischend during initistion of the sepiolid
sepeicd light organ symbiosis, Armfives of Micrebiclogy 159 160- (7.

Ruby, B G Greenbers, . PLand 1OW Hastisgs, 1980, Planktonic marine luminous bacteria: Species distribu-
b in the water colwmin. Applied Envirenrental Microbiolagy 3% 302-300.

Rubw. E.G. snd M. 1 MeFall-Ngai, 1991 Symbiont racognition and subsequent morphogenesis as ealy events
i an gnimal-bacterial mutualism. Sefence 254149114894,

Ryby. E. G and ML T MeFall-Nyai, 1999, Oxyaen-utilizing reactions and symbiotic colonization of the squid
light organ by Vitwio fischerl Trendy in Micrebiolagy 74144210,

Ruby, E. G. and J. G, Morin, 14979 Luminous enferic bacieria ol marine fshes: & study of their distribution,
densities, and dispersion. Applied Baviremmenial Microbieolsgy 35:400—=11,

Ruby, E. G, and K. H. Nealson, 1976, Symbioic assoctation of Phorobacterium fischers with the marine lumi-
nows (sh Monecemirds japanica: & model of symibviosis based on bacterial studies. fialogical Hullerin
[51:574-586,

Ruby, E. G Urbanowski, ML, Caunpbell, I, T, A Faind, ML, Gunsalus, B Lehstrob, B Lupp. C MeCann, 1,
Millikan, D, Schaelen, A Siabb, E.. Stevens. A. Visick, K. Whisiler, C., and E. P Greenberg, 2003,
Complete genome sequence o Vibrin fisclier: A symbiotic bacterium with pathogenic congeners,
Proceedings of Nateal Academy of Scignces USA 102: 30043001,

Shears, 1S, 1988, The use of asand-coal in relation to feading and dicl sctivity in the sepiolid squid Euprymng
serdapes. Melacologia 29:121-133,

Singley, C. T 1983 Enprvmna seolopes. In Ceplalapod Life Cveles, vd, PR, Boyle. London: Academic Press,

Stabb, . V. 2005, Shedding light on the bioluminescence “paradox.”” ASM News 71:223-125.

Stabb, B V. 2006 The Vibeio fischeri-Euprvmng seolopes light organ symbiosis, In The Biology of Vibries, eds.
E L. Thompson., B. Austin, and Swings, 1., pp. 204218, Washington: ASM Press,

Sugita, M, and ¥, Tron, 2006, 1dentilication ol intestinal bacteria rom Japanese Noueder { Paralichodes efivacens)
and their ahility o digest chitin, Lewers Applied Microbiology 43:330-342,

Svirrg, T K. Ruby. E. Go.oand M. MeFall-Ngai, 2006, Confocal microscopy of the light organ crypls in
Juvenile Huprvmmna seelopes reveals their morphological complexity and dynamic function in symbiosis,
Jowrnal of Morphialopy 267:555-568,

Visick, K. L. 2005 Layers of signaling in a baclerium-hast association.  Suwmal of Bacreriology
TRT:3603-3605,

Wisick, K, L., Fogter, 1, Doino, . MeFall-Neai, M., and B, G Ruby, 2000, Vibefo fiseherd f genes play
an imporiant role inocelonization and development of the host light argan, Journal of Bacrericlogy
18243784380,

Visick, K. L. and M. 1 Meball-Ngai. 2000, An exclusive contract: Specificity in the Vibre fscheri—Euprmma
seodopes pactnership. Jowmal of Bacteriology 182:1779-1787.

Visick, K. L, and T, G. Ruby. 2006, Vibrie fscherd and ils hest 10 lakes twoo b Lango, Curvert Opinion in
Microbiolagy R032-035,

Warner, J, A, Latz, M. 1, snd J, F Case. 1979, Crypric bioluminescence in a midwater shrimp, Sefenee
2030 009=1 1 110

Wei. 8, L. and R, F Young. 1989, Development of symbiotic bacterial bioluminescence in a nearshore cephalo-
pod. Enprvmng scalopes. Marine Biology 103:341-546,

Widder, B, A, 1998, A predatory use of counterillumingtion by the sgualoid shark. feisus bresilicnsis.
Frviremmental Biology of Fisfes 33:267-273,

Young, B E 1977, Veniral biolominescent conmershading in midwaier cophalopods. Sviposia of the Zoatogical
Sociehy af Londan 38:127-159,

Young, 1 E 1995, Aspeets of The natural history of pelagic cophalopods of the Hawaiian mesopelagic-houndary
resion. Pactfic Science 49:143-155,

Young, B Eoand C.F Roper, 1976, Biolumincscent countershading in midwater animals: Evidence from living
soid, Sevenee 191 1046- 1045,

dhow. |, Clark, ., and T, Huissoon, 2007, SIFT approach used in Gish racking for automomoeas underwiter
vehicle. Proceedings of the 2007 fnternational Syposium an Unmanned Uniethered Sulnnersible
Technalogy (UEST), htrpuifwwwsausiongeventsiuust/proceeding sForm. pd





