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Introduction

The marine bioluminescent bacterium Vibrio fischeri forms
a highly specific mutualistic symbiosis with the Hawaiian bob-
tail squid Euprymna scolopes. The study of this symbiosis over
the past 20 years has been aided by the nature of the interaction
itself: the squid hatch without V. fischeribut rapidly acquire them
from the seawater, and thus experimentally, wild-type or mutant
bacteria can be added to the seawater and the process of coloni-
zation examined. Once the bacteria colonize, they bioluminesce,

and this natural light production provides a noninvasive means
of monitoring colonization. Furthermore, tools such as green
fluorescent protein (GFP) have been engineered to permit visu-
alization of bacteria at all stages of colonization in the transparent
symbiotic tissue of juvenile squid. The bacterium can be readily
manipulated genetically, and the genome sequences of multiple
strains are known, making it feasible to test specific genes for their
roles in bacteria-host interactions. Finally, investigations into the
biology of the squid and its symbiotic organ, the light organ,
provide a framework for developing hypotheses to be tested. The
result is a robust model that is continually yielding novel insights.

In this chapter, we describe in detail the biology of V. fischeri
as it relates to the ability of this microbe to form a specific
symbiosis with E. scolopes. We begin with an introduction
to the ecology of V. fischeri and its squid host. Then, to provide
a basis for understanding the symbiosis, we describe the struc-
ture of the symbiotic light organ and give an overview of what
is known about the dynamics of colonization and specificity in
the symbiosis. We then discuss host development and the known
roles of the bacteria and bacterial signals in developmental
processes. With this foundation, we then describe a number
of bacterial genes and phenotypes whose roles in symbiosis
have been investigated, including the processes of bacterial bio-
luminescence, biofilm formation, motility, and iron uptake.
Finally, we conclude with a brief discussion of evolution and
our perspectives on the field and its future.

It is not possible to appreciate the biology of V. fischeri fully
without first understanding the environments that it experiences
during its life cycle. As a marine bacterium, V. fischeri primarily
resides in seawater, which contains dissolved salts at
a concentration of 3.5%. The dissolved salts include sodium,
chloride, magnesium, sulfate, calcium, and potassium. In this
environment, V. fischeri can be found free-living in seawater and
also associated with sediment (Lee and Ruby 1992, 1994b).
It also can be found colonizing animal hosts.

The best known of these animal associations are exquisitely
evolved light-organ symbioses in which V. fischeri colonizes the
light-emitting organs of certain fishes and squids, generating
bioluminescence used by the host in exchange for nutrients
and a privileged niche. For example, V. fischeri colonizes light
organs in monocentrid “pinecone” fishes of the genera Cleidopus
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or Monocentris, both found in the Pacific Ocean (Fitzgerald
1977; Ruby and Nealson 1976), and in sepiolid “bobtail” squids
of the genera Sepiola or Euprymna, which are found in the
Mediterranean Sea and Pacific Ocean, respectively (Fidopiastis
et al. 1998; Jones et al. 2006; Nishiguchi 2002; Nishiguchi et al.
1998; Wei and Young 1989). Although its role as a biolumines-
cent symbiont is well studied, the association of V. fischeri with
hosts is not restricted to monospecific light-organ symbioses. It
has also been isolated from multi-species gut consortia of fish
(Ramesh and Venugopalan 1989; Ruby and Morin 1979; Sugita
and Ito 2006) and from chitinous structures on the invertebrate
hydrozoans Aglaophenia tubiformis and Halopteris diaphana
(Stabili et al. 2008).

Although it is a close associate of marine animals, the genetic
and physiological capacity of V. fischeri is unlike that of obligate
symbionts (Ochman and Moran 2001; Ruby et al. 2005). Both its
demonstrated metabolic flexibility and its genomic content
indicate that V. fischeri is able to grow under a range of condi-
tions using any of several substrates, unlike many obligate sym-
bionts that evolve reduced genomes adapted to a relatively
simple and constant host environment. The metabolic diversity
and genomic content of V. fischeri suggest that an important
component of this bacterium’s life history occurs outside of
specific symbioses, consistent with the observation that
V. fischeri has been found free-living in different marine envi-
ronments, both aerobic and anaerobic, in the water column and
in sediments (Garcia-Amado et al. 2011; Jones et al. 2007; Lee
and Ruby 1994b; Orndorff and Colwell 1980; Ruby et al. 1980).
While it is possible that V. fischeri isolated from sediments and
the water column had recently cycled through a host, it also has
been isolated in regions far from any known light-organ symbi-
oses, such as the Sargasso Sea and coastal waters off the north-
eastern United States.

Despite its frequent association with hosts and its phyloge-
netic relationship to known pathogens such as V. cholerae,
V. parahaemolyticus, and V. vulnificus (Tantillo et al. 2004), to
our knowledge, V. fischeri has never been documented as
a pathogen. Its inability to grow at 37 °C certainly restricts it
from causing human infections, and it has not been observed to
cause disease in marine organisms even at permissive temperatures.
The apparent nonpathogenicity of V. fischeri contrasts with its
relative Vibrio salmonicida, which causes cold-water vibriosis in
salmonids, and with another common bioluminescent marine
bacterium, Vibrio harveyi, which apparently is responsible for
some die-off events in aquacultured shrimp. V. fischeri has been
isolated from aquaculture tanks in fish-rearing facilities (Alcaide
2003; Montes et al. 2006), and in one instance, it was isolated
from organs of diseased aquacultured fish (Lamas et al. 1990);
however, it was not shown to be causal to morbidity or mortal-
ity. It seems plausible that in this isolated incident, V. fischeri may
have been a secondary opportunist flourishing in a host already
compromised by another microbe. Overall, although the V. fischeri
genome encodes homologs of virulence factors found in other
members of the Vibrionaceae (Ruby et al. 2005), this species
appears to enter benign or beneficial associations with hosts.

Among its specialized light-organ symbioses, the best stud-
ied is that between V. fischeri and E. scolopes, the Hawaiian
bobtail squid (@ Fig. 20.1a). E. scolopes is a nocturnal predator
that feeds on polychaetes and shrimp. The hatchlings
(® Fig. 20.2a) are typically only ~3—4 mm long but can grow
to be ten times that length (Moynihan 1983; Shears 1988). The
adults likely live less than a year in the wild (Hanlon et al. 1997;
Singley 1983) and are found near the Hawaiian coast in shallow,
sandy reef areas, in a few meters or even as little as a few
centimeters of water. It is unclear the extent to which this habitat
reflects where they live versus where researchers typically search
for them. There are reports of E. scolopes being found well
outside the reefs and even at depths of 200 m (Berry 1912), but
for convenience, researchers typically have stayed closer to shore.
These animals appear to be solitary except when they are mating,
which has been observed both in shallow water and in captivity
(© Fig. 20.1b). The ability to maintain and mate E. scolopes in
laboratory aquaria has underpinned its development as a model
experimental system.

After mating, E. scolopes females lay clutches of eggs that lack
V. fischeri symbionts. Upon hatching, each new generation must
acquire V. fischeri from the surrounding seawater (Wei and
Young 1989), a phenomenon that allows researchers in con-
trolled laboratory environments to compare animals infected
with different strains or with no V. fischeri symbionts at all. If
V. fischeri is present, infection occurs within hours, and it is so
efficient that no uninfected E. scolopes has ever been found in the
wild. The animal maintains a monospecific culture of V. fischeri
in its light organ. As discussed below, this specific infection with
V. fischeri triggers a developmental program in the light-organ
tissue. Although the light organ undergoes large morphological
changes, the animals maintain a monospecific culture of
V. fischeri throughout their life, allowing the squid to exploit
the symbionts’ bioluminescence.

Whether to hide from predators or prey, E. scolopes makes
extensive use of camouflaging (Anderson and Mather 1996;
Shears 1988), a general strategy that appears to include their
use of V. fischeri bioluminescence. The animals cover themselves
with sand and use chromatophores to change colors among
a natural-looking palette (@ Fig. 20.1c). They can even be
observed swimming with a sand coat, which they can discard
quickly (Shears 1988). Similarly, the V. fischeri symbionts are
apparently used in a strategy referred to as “counterillu-
mination,” where ventrally directed bioluminescence is used to
obscure the squid’s silhouette from organisms beneath it in the
water column. The strongest evidence that this is the function of
symbiotic bioluminescence includes the architecture of the
organ (McFall-Ngai and Montgomery 1990) and the observa-
tion that the light emitted is controlled to directly correlate
with the ambient downwelling light (Jones and Nishiguchi
2004). Although a nutritional or other benefit of the symbionts
cannot be ruled out, E. scolopes raised through a complete
life cycle without V. fischeri did not appear compromised
(Claes and Dunlap 2000), further reinforcing the idea that
symbiont bioluminescence is the main advantage to the host.
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@ Fig. 20.1

Adult E. scolopes. (a) Adult E. scolopes sitting on coral sand; (b) a mating pair of E. scolopes; (c) sand-covered E. scolopes; (d) ventrally
dissected E. scolopes; (e) a close-up view of the adult light organ (Image from panel a was taken from Stabb and Millikan (2009), while

images from b and c are courtesy of Kati Geszvain)

The counterillumination model above and other possible expla-
nations for the use of bioluminescent symbionts by the squid
were reviewed recently (Stabb and Millikan 2009).

The advantage of the symbiosis for V. fischeri appears clearer.
V. fischeriis provided nutrients in the E. scolopes light organ, and
this supports its rapid growth (Ruby and Asato 1993). Further-
more, V. fischeri cells also appear to benefit from the host
immune system, which maintains an exclusive relationship
with the bacteria, protecting them from predation or competi-
tion by other microbes. Each morning, the squid expel most
of the V. fischeri cells in their light organ out into the
environment and then support regrowth of the remaining
symbionts throughout the day (Boettcher et al. 1996)
(© Fig. 20.3). Given this daily venting and re-culturing, one
would expect to find relatively high populations of V. fischeriin
habitats occupied by E. scolopes, which indeed has been observed
(Lee and Ruby 1994b). Other ecological studies (Lee and Ruby
1994a) support the idea that in shallow, sandy Hawaiian reefs
occupied by E. scolopes, the ability to colonize this squid is
advantageous for V. fischeri. Taken together, the evidence
suggests that this symbiosis is a mutualism that benefits
both partners.

Given the evidence for mutualism, it is not surprising
that V. fischeri isolates from E. scolopes appear to have coevolved
with this host. There is considerable evidence that certain
strains of V. fischeri have adapted to be especially proficient
colonizers of E. scolopes (Lee and Ruby 1994a; Mandel et al.
2009; Nishiguchi 2002; Nishiguchi et al. 1998; Schuster et al.
2010), and repeated passage of strains through E. scolopes in the
laboratory has shown that less proficient colonizers can
evolve into more effective symbionts (Schuster et al. 2010).
Interestingly, the gene encoding the regulatory sensor RscS,
discussed further below, appears to be a key genetic
acquisition in the evolution of V. fischeri, leading to more pro-
ficient colonization of Euprymna hosts in the Pacific
(Mandel et al. 2009).

As a coevolved mutualism, the V. fischeri-E. scolopes symbi-
osis resembles many specific bacterium-host interactions found
in nature. Given several features that make it experimentally
tractable, it serves as a powerful natural model for such associ-
ations. Although V. fischeri may not require E. scolopes or other
light-organ symbioses to survive and grow in the environment,
in locales where hosts are available, light-organ colonization
appears to be very important in its ecology. Thus, studies of
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Juvenile E. scolopes. (a) Juvenile E. scolopes, with the light organ prominent as a black shape in the center of the mantle; (b) an image,

generated with scanning electron microscopy, in which the ciliated epithelial appendages are seen extending from the surface and
the underlying light-organ tissues are apparent; (c) a cross section of one of the appendages revealing a blood sinus; (d) the surface
of part of the light organ depicting three pores, in/near one of which is an aggregate of V. fischeri cells; (e) cartoon depicting the
structure of one-half of the juvenile light organ with three crypts labeled (7, 2, and 3); (f) cross section of a region of a colonized crypt.
mv microvilli, ep epithelium (The image from panel a was previously published (Dunn and Stabb 2008a), and the image in panel d is
cropped from a version that was previously published (Yip et al. 2006))

V. fischeri infecting E. scolopes address issues directly significant
to the ecology of the bacterium in nature, and they can elucidate
our understanding of bacterium-host symbioses in general.

Structure of Light Organ, Dynamics of
Colonization, and Development

Structure of Light Organ

In adult E. scolopes, V. fischeri cells reside within a complex,
bilobed organ at a level in excess of 10° bacteria or approximately

10" cells per ml of light-organ fluid (Boettcher and Ruby 1990;
Nyholm and McFall-Ngai 1998) (© Fig. 20.1d). It is at these high
cell densities that the bacterial contribution to the symbiosis,
bioluminescence, is produced. The adult organ contains several
tissues, including lens and reflector tissues that direct and modu-
late the light (@ Fig. 20.1e). Of note, the light organ occupies
a significant portion of the space within the squid’s body cavity
(mantle), a feature that suggests the relative importance of this
organ and the symbiosis to the life cycle of the animal.

Juvenile E. scolopes, which hatch without symbionts
(aposymbiotic), are first exposed to V. fischeri cells when the
animal ventilates seawater into its mantle cavity. Derived from
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O Fig. 20.3

Daily behavior of E. scolopes. The cartoon depicts the behavior of
E. scolopes, which forages for food in the water column at night,
and in the morning, expels 90 % of its bacteria and buries in the
sand for the day

an outgrowth of the digestive tract (Montgomery and McFall-
Ngai 1993), the juvenile light organ (@ Fig. 20.2b & e) features
two sets of ciliated surface appendages that project into the
mantle cavity (McFall-Ngai and Ruby 1991). The cilia on these
appendages, along with the cilia decorating ridges on either side
of the organ, entrain the bacteria-containing ambient seawater
toward pores that serve as the entrances to the light organ
(McFall-Ngai and Ruby 1998) (© Fig. 20.2d & e). In addition
to the cilia, the surface of the light organ is coated with mucus
that is secreted from the epithelial cells that line the appendages
(Nyholm et al. 2000, 2002). The directed movement of the cilia
and surface-secreted mucus are thought to promote attachment
of V. fischeri carried into the squid with the ventilated seawater.
Thus, at a very early stage in colonization, V. fischeri experiences
a mucus-coated surface, an environment that is vastly different
from seawater.

A small aggregate of V. fischeri cells accumulates on the
surface of the symbiotic light organ, then ultimately individual
cells track into pores to enter the organ (© Fig. 20.2d) (Nyholm
et al. 2000). A total of six pores exist, three on each side of
the organ. They range in size from 5 to 15 pm in diameter
(Montgomery and McFall-Ngai 1993). Thus, V. fischeri cells,
which are approximately 1-2 pm in length (Millikan and Ruby
2003; Ruby and Asato 1993), are substantially smaller than the
pores through which they enter. Bacterial motility appears to be
important for entry, as nonmotile bacteria appear to aggregate
but do not migrate to the pores (Nyholm et al. 2000).

The six pores open into six ducts or tube-like extensions
from the surface (@ Fig. 20.2¢) (Montgomery and McFall-Ngai
1993). Passage through the ducts appears to be a challenge:
although heterologous species such as V. parahaemolyticus
appear competent to reach the duct, they fail to colonize
(Nyholm et al. 2000). The duct contains mucus, cilia that
appear to beat outward toward the pores, and antimicrobial
molecules (Davidson et al. 2004; McFall-Ngai and Ruby 1998;

McFall-Ngai 1999; Small and McFall-Ngai 1999). To progress to
colonization, V. fischeri must be able to overcome these chal-
lenges and others, as described in greater detail below.

Each of the six ducts leads to an antechamber (Sycuro et al.
2006), a small chamber outside of the larger deep crypt where
most colonizing cells eventually reside (@ Fig. 20.2¢). Each set of
antechambers has an average size and complexity that corre-
sponds to that of the deep crypt with which it is associated. For
example, the antechamber of crypt 1 has an average cross-
sectional area of 1,380 um?, while the antechamber of crypt 3
has its largest cross-sectional dimension in the range of 510 pm?
(Sycuro et al. 2006) (© Fig. 20.2¢). The antechambers are not
permissive to persistent colonization, likely because this is
aregion of the light organ with extensive antimicrobial activities,
such as nitric oxide (NO) production (Davidson et al. 2004).
Little else is known about the antechambers. To reach their
respective deep crypts, the bacteria must exit the antechamber
through a bottleneck region that has small dimensions (between
5 and 9 uM in width) that limit passage.

Like the antechambers, the three sets of deep crypts have
different characteristics with respect to size and complexity. In
the newly hatched juvenile, the largest and most developed is
known as deep crypt 1 (or simply crypt 1), while the smallest and
least developed is crypt 3. Crypt 2 is intermediate between the
other two. Because of the complexity of the deep crypt tissues,
no estimate has been made of the area or volume of these spaces.
Each of the deep crypts in the uncolonized juvenile is lined with
columnar epithelial cells. The microvilli on the surfaces of these
cells in colonized animals provide points of direct contact with
the bacterial symbionts (@ Fig. 20.2f). It is within these confined
deep crypt spaces that multiplication to high cell density ensues,
resulting in colonization of the host by V. fischeri. Sycuro et al.
(2006) reported that there is no particular order to which the six
deep crypts become colonized. Similarly, Dunn et al. (2006)
noted that, while bacterial gene expression was altered in crypt
3 relative to the other crypts, the timing of colonization did not
appear different. Thus, there appear to be differences in crypt
structure and maturity in hatchlings, but the differences do not
interfere with colonization. Rapid growth of the bacteria is
supported by host-provided nutrients, including amino acids
presented in the form of peptides (Graf and Ruby 1998), and
likely oxygen. When a sufficiently high cell density is achieved,
the production of bioluminescence is induced (Ruby and
Asato 1993).

It is readily apparent from this brief description that
V. fischeri experiences a variety of environments during its
passage into the deep crypts where multiplication and coloniza-
tion occurs. V. fischeri must transit from the nutrient-limited
seawater to the mucus-lined surfaces of the light organ, through
the apparently challenging environments of the ducts and ante-
chambers, to reach the nutrient-rich, hospitable environment of
the deep crypts where rapid growth is possible and a generation
time as low as 30 min is estimated (Ruby and Asato 1993). Each
stage likely requires the expression of a distinct set of traits
that permit V. fischeri—and no other bacteria—to successfully
navigate these challenges.
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Initiation of colonization. (a) An approximate time line of some of the known events in colonization during the first 48 h is depicted.
Following hatching (0 h), the light organ is transiently permissive to entry by bacteria (0.5 h). Mucus shedding (represented by fuzzy
shading on the surface of the organ) is induced (2 h), promoting surface aggregation by V. fischeri (ovals) (3 h). Colonization occurs

(darker shading) (12 h) and triggers apoptosis (represented by dots), regression of the appendages, and cessation of mucus secretion
(48 h). (b) Images of light organs clonally or dually colonized by GFP- or RFP-expressing V. fischeri cells. The segregation of initiating cells
is apparent by the separation of colors; in the last panel, mixing of cells can be seen (white arrow) (Images from panel b were previously

published Dunn et al. (2006))

One of the most interesting facets of the V. fischeri-squid sym-
biosis is its dynamic nature. The squid are nocturnal animals,
and many of their behaviors are cued to the day/night cycle. For
example, the animals forage for food at night, but bury in the
sand during the day (© Fig. 20.3) (Moynihan 1983). In addition,
juveniles hatch from eggs at dusk; thus, these newly hatched
squid become colonized at night. That event begins a cycle of
colonization, expulsion, and regrowth: every dawn, colonized
squid expel 90% of their bacterial symbionts by means of
a muscle-induced contraction (@ Fig. 20.3) (Boettcher et al.
1996; Graf and Ruby 1998; Lee and Ruby 1994b; Nyholm and
McFall-Ngai 1998; Ruby and Asato 1993). In the adult, the result
is the release of a toothpaste-like gel of acellular matrix along
with bacteria and host cells (Nyholm and McFall-Ngai 1998).
The remaining 5-10% of the bacterial population repopulates the
light organ. The consequence of this phenomenon is that both the
bacteria and their host experience a changing environment daily.
In this section, we describe some of the known molecular details
that correspond to the rhythm of the squid’s biology, including
the early events specifying colonization and subsequent daily
events that influence the interaction between the partners.
Detailed studies of the initiation of colonization revealed
a surprising fact: within the first hour following hatching (in
fact, as early as 20 min), the light organ is permissive to entry by
both V. fischeri and non-V. fischeri bacteria, as well as other
similarly sized particles (@ Fig. 20.4a) (Nyholm et al. 2002).
Both Gram-negative and Gram-positive bacteria with sizes of
1 pm in diameter could be observed in the crypt spaces in the
first hour. Fluorescent beads with a 1-um diameter could also be

observed in the deep crypts, but not beads with larger diameters
(2 pm or 10 pm) or cells (Bacillus cereus) with a diameter of
5 pm. This phenomenon was labeled the permissive period,
since even nonsymbiotic bacteria can gain entry. However, no
viable bacteria could be recovered from light organs at this time
using plating techniques, and furthermore, no particles (bacteria
or beads) could be detected 2 h after inoculation (Nyholm et al.
2002). Thus, following entry, the bacteria and beads appear to be
removed, likely by host defense cells (hemocytes) (Nyholm et al.
2009), and the time between 1 and 2 h after hatching represents
a nonpermissive period.

Within 1-2 h following hatching, mucus secretion occurs
from cells within the ciliated epithelial appendages in animals
exposed to bacteria, but not in response to beads (© Fig. 20.4a)
(Nyholm et al. 2002). Sialomucin is the predominant mucin
type found on the surface of the epithelial fields, but neutral
mucins can also be detected. Although sialomucin can be found
on the surfaces of the appendages of squid maintained in filter-
sterilized seawater, no shedding of mucus occurs. Mucus shed-
ding could be induced by the addition of peptidoglycan (PG)
but not lipopolysaccharide (LPS) (Nyholm et al. 2002). Mucus
secretion also could be induced by PG-coated beads too large to
enter the light organ, indicating that entry is not necessary and
that a receptor for PG must be present on the surface of the light
organ. These data indicate that the early permissive period is not
essential for induction of mucus secretion, if PG is present in the
seawater. In contrast to several developmental events discussed
below that require V. fischeri and also involve PG, this induction
of mucus secretion occurs even if V. fischeri is absent from the
seawater, indicating that the squid are simply sensing the pres-
ence of bacteria.
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Because the onset of mucus secretion coincides with the begin-
ning of the nonpermissive period, experiments were undertaken to
determine if mucus secretion causes the block to particle entry.
Newly hatched juvenile squid were exposed to PG for 3 h to induce
mucus secretion. These animals were then exposed to GFP-labeled
nonsymbiont V. parahaemolyticus, and the number of animals
with these bacteria in their crypts determined. The results indi-
cated that reduced numbers of animals with bacteria could be
detected relative to animals that had not been exposed to PG and
thus not shedding mucus. The authors of this study concluded
that mucus secretion contributes to, but is not wholly responsi-
ble for, the block to the permissive period (Nyholm et al. 2002).

The production of mucus promotes the ability of V. fischeri
to aggregate on the surface of the light organ and subsequently
to enter and colonize (@ Fig. 20.4a). Once V. fischeri has colo-
nized, however, mucus shedding is downregulated: the amount
of mucus secreted from 72-h aposymbiotic animals was signif-
icantly greater than that of 48-h colonized animals (Nyholm
et al. 2002). Furthermore, V. fischeri could aggregate on the
light organs of aposymbiotic animals upon exposure at any
point during the first 4 days, but could not aggregate on the
light organs of 48-h symbiotic animals, which shed relatively
little mucus (@ Fig. 20.4a). Presumably, once colonization is
achieved, there is no longer a need for mucus to promote
bacterial aggregation, and thus it is downregulated; this decrease
in mucus production likely also restricts colonization by
undesired species. In further support of the relationship between
colonization and mucus shedding, symbiotic animals that were
cured of their bacteria through antibiotic treatment exhibited an
increase in mucus shedding, which once again promoted
V. fischeri aggregation. It should be noted that cured animals,
while able to shed more mucus and permit aggregation,
exhibited reduced levels of aggregation, likely due to the reduced
numbers of mucus-secreting epithelial cells resulting from apo-
ptosis and regression of the ciliated appendages (@ Fig. 20.4a),
developmental events that occur in the same time frame
(described below) (Nyholm et al. 2002). Finally, the deep crypt
spaces of colonized animals contained increased mucus com-
pared to uncolonized animals (Nyholm et al. 2002). This effect
was opposite to the downregulation that occurs on the light-
organ surface, indicating that mucus secretion in the crypts may
promote symbiosis.

V. fischeri also downregulates the production by the host of
nitric oxide (NO), which is relatively high in uncolonized hatch-
lings (Davidson et al. 2004). NO synthesis carries both a cost to
produce and a risk (of oxidative damage) to the host. By shutting
down mucus and regressing the appendages, the squid has
greatly reduced the opportunity for further colonization and,
potentially, can now relax its defenses. Sustained activation
might ultimately jeopardize maintenance of symbiont coloniza-
tion, and thus, this change in NO may reflect an accommodation
for V. fischeri. Alternatively, it might reflect a signaling function
for NO (see below). Regardless, it is clear that the result
of colonization is to decrease subsequent attachment and super-
infection. These phenotypes demonstrate the influence of
V. fischeri on the biology of its host.

This tight control over initiation of symbiosis begs the ques-
tions, how many cells are necessary to initiate colonization and
how many different V. fischeri cells can successfully colonize the
light organ of a single squid? These questions were experimen-
tally addressed in a series of studies. Early studies indicated that
squid could contain more than one strain. For example, bacteria
with different plasmid profiles could be isolated from the light
organ of a single field-caught adult animal (Boettcher and Ruby
1994). In addition, when a mixture of two strains was used to
inoculate juvenile squid, some colonized animals contained
both strains, indicating that multiple strains could colonize
(Lee and Ruby 1994a). Furthermore, a marked strain could be
introduced into a colonized animal, albeit at a very low fre-
quency (Lee and Ruby 1994a); likely the poor efficiency of
superinfection resulted from decreased mucus shedding and
loss of the ciliated surface appendages.

A subsequent study evaluated how different numbers of
bacteria impacted colonization proficiency. Generally, at differ-
ent inoculation dosages, the percentage of squid that had asso-
ciated bacteria at an early time point (3 h) was similar to the
percentage of squid that ultimately became colonized (McCann
etal. 2003). Inoculation with as few as 250 V. fischeri cells in 4 ml
during a short (3-h) period of time was sufficient to promote
colonization of 50% of the animals, indicating that colonization
by V. fischeri is an efficient process (McCann et al. 2003). At
inoculation levels above 1,000 bacteria, colonization occurred
100% of the time. With increasing doses of bacteria, the effi-
ciency of colonization increased, as determined by the decreas-
ing time to onset of luminescence, a trait that is governed by cell
density. However, beyond a certain point, no further increase in
efficiency was obtained with increasing numbers, suggesting that
the process rather than the number of bacteria becomes limiting.

The same study asked whether three strains of V. fischeri
could simultaneously colonize a single squid (McCann et al.
2003). The strains differed only by distinct antibiotic markers
that did not substantially impact colonization proficiency of
asingle strain. At a low inoculation dose (500 cells), all colonized
squid contained a single strain. When the dosage was increased
to 5,000 cells, most squid contained two strains but not three.
Finally, at high doses (16,000 and 27,000), a significant percent-
age of squid contained all three strains. Thus, although multiple
strains can co-colonize, it appears that, at levels similar to those
found in nature (Lee and Ruby 1992), only one or two bacteria
generally colonize a single animal.

A subsequent study evaluated co-colonization using two
strains that differed by a fluorescent tag (red or green fluorescent
protein) and visual examination of crypt colonization using
epifluorescence microscopy (Dunn et al. 2006). When squid
were inoculated with moderate doses of the two strains (for
a total of 2,000—7,000 CFU/ml), most animals were colonized
with both strains. Interestingly, however, most animals with
mixed infections contained pockets of either red or green fluo-
rescence, and only rarely did light organs contain a region with
a mixture of red and green cells (@ Fig. 20.4b). These data
further support the idea that a few cells initiate colonization,
and even when multiple strains colonize, they often become
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segregated within the light organ, presumably because it is often
only a single cell that initially reaches each deep crypt and
becomes the dominant colonist there.

These two experimental studies, which suggest that low
numbers of V. fischeri cells initiate colonization, are consistent
with a subsequent analysis examining the population structure
of V. fischeri. Wollenberg and Ruby (2009) used an extensive
PCR-based analysis along with phenotypic analyses and model-
ing to evaluate the number of different strains of V. fischeri in
light organs of field-caught animals. These analyses support the
prediction that one or two bacteria colonize each crypt, resulting
in the mixed population structure found within the adult light
organ (Wollenberg and Ruby 2009).

As mentioned earlier, E. scolopes expel ~90% of their bacte-
rial symbionts every dawn (Boettcher et al. 1996; Graf and Ruby
1998; Lee and Ruby 1994b; Ruby and Asato 1993). Intriguingly,
for juveniles, different crypts are emptied with different efficien-
cies: bacteria are expelled from deep crypt 1 to a greater extent
than crypt 2, with crypt 3 being least effectively emptied (Sycuro
et al. 2006). Sycuro et al. (2006) suggest two possibilities for
these results: the expulsion efficiency (1) reflects the relative
developmental maturity of the crypts or (2) is due to position
effects (the muscle contraction is less effective in the area where
crypt 3 resides). These features of the juvenile could impact the
identity and number of specific symbiont strains over time.
Indeed, one study determined that a specific mutant strain of
V. fischeri was preferentially expelled from the light organ in
mixed colonization experiments (Millikan and Ruby 2004).
Understanding the dynamics of crypt expulsion and how it
relates to colonization competitiveness and persistence is an
important area of future investigation.

Linked to but separate from the expulsion event is another
rhythm established in E. scolopes, the variation of bacterial
bioluminescence over the day/night cycle. Luminescence
increases and is highest in the hours preceding darkness; light
production is as much as 100-fold lower at other times
(Boettcher et al. 1996). This rhythm of increasing and decreasing
light emission is disrupted if animals are kept in either constant
light or constant darkness, indicating that it is a diel rhythm
rather than a circadian rhythm (Boettcher et al. 1996). Further-
more, the amount of specific bioluminescence, or the amount of
light produced on a per-cell basis, varies over the day/night cycle:
when symbiotic luminescence levels are high prior to the onset
of darkness, the amount of symbiotic light per cell matches that
produced by newly released bacteria (Boettcher et al. 1996).
However, in periods of low symbiotic luminescence, the specific
luminescence is lower in symbiotic cells relative to newly
released cells. These data indicate that the squid controls
(inhibits) light production or emission. The daily expulsion of
bacteria at dawn contributes to the change in light emission over
the daily cycle: a peak of luminescence can be observed at the
transition from dark to light that is not observed for animals
kept in constant light or dark conditions. The peak of light
corresponds to the release of bacteria into the seawater; follow-
ing this expulsion event, the levels of luminescence by the squid
are clearly decreased. However, although expulsion clearly

contributes to a drop in light intensity, it is insufficient to fully
account for the observed patterns, as light emission decreases
steadily over a number of hours prior to the expulsion event.

Another mechanism by which the squid controls light emis-
sion is by physically blocking it. It is clear that adult animals can
direct, control, and conceal the light produced by their bacterial
partner using a muscle-controlled ink sac, along with lens and
reflector tissues (McFall-Ngai and Montgomery 1990). These
tissues direct the light downward to match the downwelling
moonlight and modulate light emission under a variety of nat-
ural environmental conditions (e.g., full moon and new moon),
thus permitting the squid to use counterillumination as
a defense mechanism (Jones and Nishiguchi 2004). However,
the light organs of newly hatched juvenile squid do not seem to
have sufficiently developed accessory tissues to account for the
observed diel rhythm (Boettcher et al. 1996; McFall-Ngai and
Montgomery 1990; Montgomery and McFall-Ngai 1993). Thus,
it was speculated that another mechanism must be in place to
account for the daily modulation of bioluminescence.

The currently favored model is that the level of specific
luminescence varies over the daily cycle due to changes in
oxygen levels provided to the symbiont by the host (Boettcher
etal. 1996). Luminescence is an oxygen-dependent reaction, and
thus decreased oxygen availability could lead to decreased lumi-
nescence. The finding that newly released bacteria exhibit a spike
in their levels of light production is consistent with the idea that
oxygen is more readily available in seawater and, as a limiting
reagent in the light organ, can rapidly change the specific lumi-
nescence level. Regardless of the cause, changes in luminescence
are part of the daily rhythm of the symbiosis.

A series of studies has investigated the influence of V. fischeri
and the daily rhythm on host transcription and protein produc-
tion. One of these studies generated a set of 11 expressed tag
sequence (EST) cDNA libraries from juvenile animals at differ-
ent times and either with or without V. fischeri cells (colonized or
uncolonized) (Chun et al. 2006). A large number (46%) of the
non-redundant set of sequences appeared to represent unique
sequences, as they had no matches in the database at the time.
Perhaps the most significant finding from the initial description
of this tool was that the biggest set of unique transcript frag-
ments was obtained from animals that had been colonized for
2 days (48 h). This finding agrees with previous proteomic work
showing that 48 h was the earliest time point at which differences
in protein profiles between colonized and uncolonized animals
could be detected (Doino Lemus and McFall-Ngai 2000). At this
point in colonization, numerous developmental changes are
occurring or are being induced by the bacteria, including apo-
ptosis and regression, and crypt cell swelling (Nyholm and
McFall-Ngai 2004). The proteomic study also found that some
proteins that appeared specifically in 48-h symbiotic animals but
not in uncolonized animals were not symbiosis-specific, as the
same proteins could be detected in uncolonized animals at
a later time point (96 h) (Doino Lemus and McFall-Ngai
2000). These data indicate that the bacteria accelerate certain
host developmental events in addition to inducing symbiosis-
specific gene expression.
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The EST database permitted the construction of a microar-
ray, which was used to probe changes in host gene expression in
response to the symbiosis. Specifically, a subsequent study inves-
tigated how host transcription was affected by colonization,
luminescence, and the LuxI-produced autoinducer pheromone
that induces luminescence (as described in greater detail below)
(Chun et al. 2008). Perhaps not surprisingly, the biggest influ-
ence on the response of the host was the presence of the bacteria,
with hundreds of transcripts altered in response to colonization.
The host also responded to light production and, to a much
lesser extent, the presence of autoinducer. Further investigation
of the transcriptional responses and the impact of those changes
on host activities will provide important insights into host
colonization.

A second microarray study analyzed gene expression of
both V. fischeri and its host at 6-h intervals to capture the
changes that drive or derive from the squid’s daily rhythm
(Wier et al. 2010). For the host, about 10% of genes present in
the array (a ~14,000 gene EST library) exhibited changes in
expression. The 6-h intervals on either side of dawn showed
the greatest differences in host gene expression, notably
including changes in transcripts encoding proteins with cyto-
skeletal functions. In the interval prior to dawn, there was a
substantial upregulation in expression of this suite of genes,
while in the period after dawn, they were substantially
downregulated, suggesting cytoskeletal remodeling was induced
then decreased in the intervals bracketing dawn. An examination
of the crypt epithelium revealed that structural changes indeed
occurred right around dawn (Wier et al. 2010). Throughout
most of the 24-h period, the host epithelial cells appear “nor-
mal”: the cells are highly polarized and have microvilli on the
surfaces that interact with the symbionts. However, around
dawn, the cell surfaces appear effaced, and portions appear
to be released into the crypts as vesicles (Nyholm and McFall-
Ngai 1998; Wier et al. 2010). Within a few hours, however, the
normal appearance is restored. Thus, there is a daily cycle of
structural change in the host epithelium coincident with sym-
biont expulsion.

The same microarray experiment confirmed that the symbi-
onts also changed their gene expression: 17% of genes changed
during one of the four intervals, with the greatest period of
regulatory change occurring in the interval after dawn (Wier
et al. 2010). A deeper analysis indicated that genes involved in
the catabolism of chitin were upregulated in the period prior to
dawn and downregulated after dawn and throughout the day. In
contrast, genes involved in glycerol metabolism were
upregulated after dawn. Wier et al. (2010) proposed that host
vesicles, which become abundant around dawn, would be a rich
source of glycerophospholipids, from which glycerol could be
released (Wier et al. 2010). In support of the idea that the
symbionts could incorporate fatty acids from host vesicles into
their membranes, symbiont cells contained dramatically differ-
ent lipid profiles compared to cultured V. fischeri (Wier et al.
2010). Together, these data suggest that the metabolism of
V. fischeri undergoes dynamic changes over the course of each
day, depending on the availability of nutrients.

In addition to light production and, likely, metabolism,
V. fischeri undergoes developmental changes that are reflected
in the daily rhythm. Motility, which is necessary for V. fischeri to
enter and reach the deep crypts, appears unnecessary upon
colonization as deep-crypt-localized V. fischeri have no flagella
(Ruby and Asato 1993). In addition, V. fischeri cells undergo
a change in morphology: within 24 h of symbiosis, the cells have
become smaller and rounder than culture-grown cells or sym-
bionts within the first 12 h of symbiosis (Ruby and Asato 1993).
The signals and genes responsible for inducing these changes
remain unknown.

In summary, the light-organ symbiosis is dynamic. The bac-
teria and their host influence each other’s gene expression and
induce developmental events, promoting, among other things,
an exquisite specificity in partner selection and reducing com-
petition by others, including late-arriving V. fischeri. For the
host, some changes, once initiated, are irreversible, while others
require the continuous presence of the bacteria. Numerous
events occur on a daily cycle driven by a number of factors,
including bacterial expulsion, available nutrients and (probably)
available oxygen, and bacterial growth. This dynamic nature
must be considered when assessing the requirements for specific
bacterial traits, which may be important at one stage or one
temporal period, but not another. This is one example where the
laboratory “batch culture” may actually somewhat reflect
a natural process in the wild.

The discrete localization of the V. fischeri light-organ infection
and the inability of other bacteria to colonize this tissue dem-
onstrate an exquisite level of control by the host. As further
evidence that host tolerance of the symbiont is regulated, we
have observed that when juvenile squid that are colonized by
V. fischeri become nutritionally stressed, the animals are able to
entirely clear the V. fischeri infection (Stabb, unpublished data).
Thus, while the light organ is receptive to infection and able to
support the rapid growth of V. fischeri, the squid are able both to
prevent other bacteria from colonizing and to keep the V. fischeri
symbionts themselves in check. The mechanisms of specificity
and control of the infection maintained by the host remain
intriguing and somewhat mysterious, although a great deal is
now known. It appears that specificity is achieved through
multiple layers of enrichment, eventually “winnowing”
V. fischeri symbionts away from unwanted interlopers (Nyholm
and McFall-Ngai 2004). The underlying mechanisms involve
physical barriers, physiological constraints, and immune func-
tions that include both broad-spectrum antimicrobial com-
pounds and potentially a more microbe-specific population of
macrophage-like hemocyte cells (@ Fig. 20.5).

Cilia and mucus in the ducts may constitute an impediment
to infection (Nyholm and McFall-Ngai 1998). A sticky mucus
also facilitates adherence to the outside of the light organ by
planktonic cells, but such adherence could constitute a barrier to
the movement required to traverse the ducts. Once the
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@ Fig. 20.5

Host defense by E. scolopes. Hemocytes, part of the innate defense
of E. scolopes, are shown binding to V. fischeri bacteria (This image
was taken by Andrew Collins and generously provided by Spencer
Nyholm)

symbionts are inside the crypts, junctions between epithelial
cells probably form a physical barrier that keeps them constrained
to the light organ (Nyholm and McFall-Ngai 1998). Although
the V. fischeri genome appears to encode a Zot toxin that
theoretically could disrupt tight junctions (Ruby et al. 2005),
gfp-labeled V. fischeri have not been observed escaping the epi-
thelium-lined crypts of the light organ. The squid’s active daily
expulsion of most light-organ lumen contents provides
a physical limitation on bacterial overgrowth otherwise
breaching the crypt epithelium, and it would presumably also
enrich for bacteria that have the ability to avoid being expelled.
As described below, V. fischeri appears to have a variety of pili
and adhesins that may have coevolved with the host for this
purpose (Browne-Silva and Nishiguchi 2008; Ruby et al. 2005).

The daily cycle of regrowth of bacteria in the light organ may
give the host an additional mechanism for maintaining the
specificity of its symbionts. For example, by providing or with-
holding certain nutrients, the growth of V. fischeri may be
favored over other bacteria that gain access to the light organ.
Such a mechanism remains speculative, and it would be difficult
if not impossible to test the growth rate of different bacterial
species within the physiological parameters of the light organ in
the absence of other (e.g., immunological) specificity factors. It
seems unlikely, however, that this could be the major factor in
maintenance of specificity: the contents of the light organ appear
complex and include substrates (e.g., peptides and amino acids)
that could support the growth of numerous other bacteria.
Although iron appears to be limiting, and iron-uptake machin-
ery may be an important colonization factor for V. fischeri, many

other marine bacteria have similar iron-scavenging systems.
Thus, nutrient control is likely, at best, a mechanism to enrich
for ongoing V. fischeri colonization.

Instead, it seems likely that the major control over the
symbiont population and specificity is exerted by the host
immune system. Naturally, this topic has been an area of great
research interest, and the role of the E. scolopes innate immune
system in the symbiosis was recently reviewed (McFall-Ngai
et al. 2010). Discovery and elucidation of E. scolopes immune
functions have been accelerated by the generation of EST librar-
ies (described above) that profile the host transcriptome (Chun
et al. 2008) and the characterization of the host light-organ
proteome (Schleicher and Nyholm 2011). For example, analysis
of ESTs led to the discovery of components of an immunological
complement system, followed by experimental determination
that complement C3 protein is expressed on the apical surface
of light-organ epithelial cells (Castillo et al. 2009). Research can
now address whether the complement system helps direct
immunological responses that maintain specificity or constrain
V. fischeri. There is also evidence that the squid are capable of
producing antimicrobial peptides (Nyholm and McFall-Ngai
2004), which may have an immune function that is either
broad-spectrum or weighted toward the control of non-
V. fischeri.

Among the potential antimicrobial components of the squid
innate immune response, the most thoroughly studied to date
have been reactive oxygen species (ROS). Recent analysis of the
host proteome suggested a number of highly expressed proteins
are involved in producing ROS (Schleicher and Nyholm 2011).
For example, the host apparently encodes a number of putative
ROS-generating peroxidases, including the halide peroxidase
(HPO) described below. In the same study, it was found that
symbiotic host and V. fischeri cells contained numerous putative
antioxidant proteins. For example, one of the most abundant
proteins in symbiotic V. fischeri cells was AhpC, a predicted alkyl
hydroperoxide reductase (Schleicher and Nyholm 2011). These
recent data are consistent with the longstanding hypothesis that
oxidative stress is a hallmark of the light-organ environment,
and they provide new targets for future investigations.

Interest in E. scolopes ROS production began with the dis-
covery that the squid expresses HPO in the light organ, presum-
ably producing the antimicrobial ROS hypochlorous acid
(HOCL). Peroxidase-encoding transcripts were among the
most abundant found in early cDNA libraries from E. scolopes,
and the HPO transcript was among the first expressed genes
discovered from the light organ (Tomarev et al. 1993). Further
studies confirmed the biochemical similarity of the squid-
encoded halide peroxidase to mammalian peroxidases, includ-
ing production of hypohalous acid from halide ions and H,0O,,
as well as its presence in the light organ (Weis et al. 1996; Small
and McFall-Ngai 1999). Given the high level of chloride ions in
seawater, it seems likely that the main relevant product of HPO
is HOCI, an effective broad-spectrum antimicrobial used com-
mercially as a disinfectant. The HPO gene in E. scolopes is more
highly expressed in tissues that are exposed to bacteria, includ-
ing gills as well as the light organ (Small and McFall-Ngai 1999).
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Like other bacteria, V. fischeri is sensitive to HOCI, suggesting
that HPO represents a broad-spectrum antimicrobial that keeps
bacteria in check rather than a light-organ-specific mechanism
for selecting V. fischeri. Interestingly, recent studies show that
HPO is localized in the host hemocyte cells (Heath-Heckman
and McFall-Ngai 2011).

Given that H,0, is a substrate for HPO, it seems likely that
this ROS is produced in the light organ as well, perhaps via a host
respiratory burst. Like many bacteria, V. fischeri encodes
a catalase (KatA) that converts H,O, to water and oxygen, but
the periplasmic location of V. fischeri is unusual and suggests
a key role in detoxifying H,O, originating from an external
source (Visick and Ruby 1998). The relatively high catalase
activity in V. fischeri likewise points to a role beyond coping
with endogenous metabolic production of H,O, (Visick and
Ruby 1998). A V. fischeri katA mutant was able to colonize the
E. scolopes light organ to wild-type levels when presented as a
clonal inoculum but was outcompeted by the wild type in mixed
competitive infections, indicating that catalase contributes to,
but is not required for, colonization of the host (Visick and Ruby
1998). Analysis of the V. fischeri genome suggests that while katA
encodes the bacterium’s only catalase, there are other mecha-
nisms for coping with oxidative damage. For example, there are
three methionine sulfoxide reductase genes that presumably repair
proteins damaged by H,O, (Flores and Stabb, unpublished data).
Redundancy in the V. fischeri response to this and other ROS
may explain why mutants lacking single oxidative-response
enzymes are not more severely attenuated in colonization.

Another oxidant produced by E. scolopes is nitric oxide
(NO). Both NO and NO synthases (NOS) are produced
throughout light-organ tissues, and both are found in mucus
secretions that contact V. fischeri symbionts (Davidson et al.
2004). Although both V. fischeri and other species aggregate in
host-derived mucus on the surface of the light organ, V. fischeriis
somehow enriched (Nyholm et al. 2000, 2002; Nyholm and
McFall-Ngai 2003). NO-scavenging molecules increased the
number of either V. fischeri or nonsymbionts in such aggregates
on the light-organ surface (Davidson et al. 2004). Although
nonnative bacteria were still unable to colonize the light-organ
crypts, the results suggest that NO limits bacterial growth in the
aggregates and could play some role in the enrichment seen at
this stage (Davidson et al. 2004).

The transcriptional response of V. fischeri to NO was recently
elucidated (Wang et al. 2010a), leading to intriguing discoveries
and new research directions. For example, a heme-independent
and NO-resistant alternative oxidase gene (aox) is controlled by
the NO-responsive regulator NsrR and is upregulated in
response to NO (Dunn et al. 2010). Aox allows aerobic respira-
tion to continue when other oxidases in the cell are inhibited by
NO, which may impart a competitive advantage to V. fischeri
over the majority of other Vibrio species, which lack aox (Dunn
et al. 2010; Spiro 2010). NO production also results in the
H-NOX-dependent downregulation of iron acquisition (Wang
et al. 2010a). While this response may not relate directly to NO
resistance, it could reflect NO being used by V. fischeri as an
indicator of other ROS it will soon encounter, specifically H,O,.

By limiting iron uptake, symbionts might limit the oxidative
stress generated by Fenton chemistry when H,0, and iron
are combined (Wang et al. 2010a). Before leaving the topic of
NO, it should be noted that it may play an additional symbiotic
role in addition to functioning as an antimicrobial oxidant: NO
has signaling functions in many higher organisms, and as
described below, it may be part of the morphogenic develop-
mental program in the light organ stimulated by V. fischeri
(Altura et al. 2011).

In addition to producing broadly antimicrobial molecules,
E. scolopes has a cellular immune response involving hemocyte
cells (© Fig. 20.5). These immune cells may play a key role in
maintaining the specificity of the interaction with V. fischeri
(Nyholm and McFall-Ngai 1998; Nyholm et al. 2009). As is the
case in other cephalopods, E. scolopes appears to have a single
type of hemocyte, which circulates in the blood and moves
throughout the animal. Like mammalian macrophages, these
hemocytes can bind, engulf, and kill bacterial cells. E. scolopes
hemocytes have been found in the blood as well as in the light-
organ crypts and the sinuses of the ciliated epithelial appendages
(© Fig. 20.2c) (Koropatnick et al. 2004; Nyholm and McFall-
Ngai 1998). Within the light-organ crypts of newly hatched
juveniles, the hemocytes have been observed with internal bac-
teria, presumably engulfed; however, in adult animals, the
hemocytes were seen surrounded by densely packed V. fischeri
cells but had not phagocytosed them (Nyholm and McFall-Ngai
1998; Nyholm et al. 2009). These data suggested that the hemo-
cyte cells can ignore V. fischeri and that this may be a trait
acquired as the animals develop. When removed from the
squid, the macrophage-like hemocytes bound and phagocytosed
V. fischeri less frequently than they did other marine bacteria
(Nyholm et al. 2009). Binding seemed to be the key rate-limiting
step in this process, as bound V. fischeri were as likely to be
phagocytosed as another bacterium (Nyholm et al. 2009).

In an interesting twist, Nyholm et al. (2009) also found that
exposure to V. fischeri was critical for maintaining hemocyte
specificity (Nyholm et al. 2009). When squid were cured of
their V. fischeri symbionts with antibiotics, hemocytes from
these symbiont-free animals became five times more effective
at binding V. fischeri while their affinity for V. harveyi or Vibrio
parahaemolyticus was unchanged (Nyholm et al. 2009). More-
over, hemocyte binding to V. fischeri was similarly high in hemo-
cytes isolated from colonized or naive animals when the target
V. fischeri strain was a mutant lacking the major outer membrane
protein OmpU (Nyholm et al. 2009). These data suggest that
E. scolopes hemocytes learn to discriminate V. fischeri from other
bacteria and adapt to preferentially bind nonsymbionts through
an OmpU-dependent mechanism. Interestingly, it was recently
reported that Vibrio splendidus OmpU mediates adhesion to and
invasion of oyster hemocytes (Duperthuy et al. 2011). While the
two OmpU-mediated phenomena seem opposite to each other,
the underlying processes involved may reveal quite parallel
mechanisms once they are understood.

Another observation of E. scolopes hemocytes that may
have widespread importance is the discovery of chitin and
endogenous chitin synthesis within these immune cells
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Development of the juvenile light organ. Epifluorescence (Epi) and scanning electron microscopy (SEM) images of the stages of

regression of ciliated epithelial appendages. Upon exposure to peptidoglycan or symbiosis-competent V. fischeri, the ciliated
appendages present on newly hatched squid (stage 0) undergo thinning (stage 1) and progressive shortening (stages 2 and 3), until they

are lost (stage 4, not shown). aa anterior appendage, pa posterior appendage, p pore, and cr ciliated ridge (These images were previously

published Adin et al. (2009))

(Heath-Heckman and McFall-Ngai 2011). This was found to be
a common property of invertebrate hemocytes that is lacking in
their vertebrate counterparts (Heath-Heckman and McFall-
Ngai 2011). V. fischeri can metabolize chitin and ferment its
N-acetylglucosamine monomers, but it remains to be determined
what, if any, role hemocyte-derived chitin plays in E. scolopes
immunity or support of V. fischeri growth. From multiple per-
spectives, the biology of E. scolopes hemocytes appears worthy of
further investigation likely to reveal elements unique to the
V. fischeri-E. scolopes symbiosis as well as phenomena more
broadly applicable to invertebrate-bacteria interactions.

Host Development and Bacterial Signals

Host Development

V. fischeri is the lone bacterial species colonizing the E. scolopes
light organ, and infection by V. fischeri is required to trigger
developmental changes in the host, some of which can be

mimicked using bacterially derived molecules. If kept in water
free of V. fischeri, E. scolopes can be raised to adulthood without
the light organ becoming infected or bioluminescent (Hanlon
etal. 1997). Such aposymbiotic animals are healthy and develop
normally in most respects, including the lens and reflective
tissue of the light organ (Claes and Dunlap 2000). However,
specific developmental events fail to occur in the absence of
V. fischeri infection, including, most dramatically, the regression
of the ciliated fields on the light organ. At the time of hatching,
the ciliated fields begin shedding mucus, which as described
above helps facilitate infection; however, once the light organ is
infected, mucus shedding ceases (Nyholm et al. 2002), and this
cessation is followed by regression of the structures themselves.
Over the course of 4-5 days postinfection, these infection-
promoting structures are completely lost in infected animals
(© Fig. 20.6) (Montgomery and McFall-Ngai 1994; Foster and
McFall-Ngai 1998; McFall-Ngai and Ruby 1991). This morpho-
logical change is accompanied by apoptosis in the epithelial cells
of the ciliated fields and infiltration of host hemocytes into the
sinuses of the ciliated appendages (Koropatnick et al. 2004,
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2007). None of these developmental events take place in
aposymbiotic animals.

V. fischeri also triggers more subtle developmental effects in
the light organ. For example, the ducts leading from the light-
organ surface to the crypts constrict (Kimbell and McFall-Ngai
2004), and the cells lining the duct become more homogenous
and filled with inclusions (Claes and Dunlap 2000). The epithe-
lial cells lining the crypts swell (Montgomery and McFall-Ngai
1994) with a proliferation of microvilli on their surfaces
(Lamarcq and McFall-Ngai 1998), and there is an apparent
increase in mucus secretion inside the crypts themselves
(Nyholm et al. 2002). Additional V. fischeri-dependent molecu-
lar events, including a downregulation of NO synthase
(Davidson et al. 2004), have been observed but not yet clearly
linked to developmental and physiological processes (Doino
Lemus and McFall-Ngai 2000; Kimbell and McFall-Ngai 2003;
Chun et al. 2008). Many of these developmental events triggered
by V. fischeri, as well as their timing, were reviewed by Nyholm
and McFall-Ngai (Nyholm and McFall-Ngai 2004).

In general, most symbiont-induced developmental changes
in the E. scolopes light organ can be rationalized in terms of this
organ’s two temporally distinct functions—first, to become
infected with V. fischeri and then later to support and control
symbiotic bioluminescence. For newly hatched aposymbiotic
squid, acquiring symbionts from a dilute environment is
a numerically daunting task that is facilitated by the ciliated
cells and the mucus they secrete (Nyholm et al. 2000, 2002).
However, once the squid are colonized by appropriate V. fischeri
symbionts, the infection-promoting properties of the ciliated
fields become unnecessary and could perhaps be a liability if
pathogenic infections were facilitated. Thus, programmed cell
death and regression of the ciliated fields and constriction of the
ducts may serve to prevent further infection beyond the initial
colonization with a mutualistic V. fischeri symbiont. The devel-
opmental events inside the crypts, cell swelling and microvillar
proliferation, may serve to increase the surface area at the
symbiont-host interface and promote the efficient exchange of
metabolites.

The symbiont-triggered developmental events in E. scolopes
appear to result from multiple distinct signaling pathways. Some
changes are reversible if E. scolopes is cured of its symbionts with
antibiotics (Lamarcq and McFall-Ngai 1998; Nyholm et al.
2002), whereas other events cannot be stopped once they are
set in motion (Doino and McFall-Ngai 1995). For example, the
swelling of crypt epithelial cells can be reversed by curing the
symbionts, and microvillar proliferation on these cells does not
progress and may even reverse somewhat if symbionts are cured
(Lamarcq and McFall-Ngai 1998). In contrast, regression of the
ciliated epithelial fields does not require persistent colonization
after about 12 h postinoculation (Doino and McFall-Ngai 1995).
Regression proceeds in animals that have been cured of symbi-
onts, and the ciliated epithelial structures do not grow back.
Thus, it seems that the programmed loss of infection-promoting
structures is set in motion early during infection and does not
require constant colonization. In one exception to this, the
infection-promoting mucus secretion of the ciliated structures

does reappear in animals that are infected and then cured of
V. fischeri (Nyholm et al. 2002).

Taken together, the results of several early experiments indi-
cate a complex pattern of light-organ development that includes
symbiont-dependent and symbiont-independent programs,
some of which require only transient exposure to V. fischeri.
Moreover, although Claes and Dunlap (2000) noted that the
tissues developmentally affected by V. fischeriall come in contact
with symbiotic cells, at least some developmental events appear
to involve symbiont induction remotely. Specifically, the ciliated
fields on the light-organ surface are exposed to V. fischeri, but
mutants unable to colonize the crypts still contact these cells on
the surface of the light organ without triggering their regression.
Once the crypts become packed with V. fischeri cells, regression
of the ciliated appendages advances, even though symbionts in
the crypts are several cell layers away.

The observation that infection with V. fischeri triggers develop-
mental programs and morphological changes in the E. scolopes
light organ has prompted interest in understanding the specific
mechanisms and bacterial signals involved in these processes.
Most research has focused on the involvement of three bacterial
factors in stimulating host development: bioluminescence, LPS,
and PG. Both LPS and PG can be categorized as microbe-
associated molecular patterns (MAMPs), and they have intrigu-
ingly parallel roles in several host-microbe interactions, both
pathogenic and mutualistic. MAMPs are relatively conserved
among bacteria, and hosts ranging from plants to animals have
evolved mechanisms for MAMP recognition. Although the sig-
naling roles of LPS, PG, and bioluminescence were discovered
separately, and they each have distinct influences on the host,
their effects appear intertwined and difficult to deconvolute.
This is well illustrated by their combined influence on the
developmental program associated with regression of the
ciliated fields.

It was first discovered that LPS from the bacteria triggers
apoptosis in the ciliated field but not regression of this structure
(Foster et al. 2000). Specifically, the lipid A moiety of LPS had
this effect—an intriguing finding, given that lipid A triggers
responses in other host-microbe systems. Lipid A from V. fischeri
has several modifications including a acylated
phosphoglycerol moiety (Phillips et al. 2011) which could con-
tribute to specificity, and at least one of the lipid A modifying
enzymes, designated HtrB1, appears to contribute to coloniza-
tion efficiency early in infection (Adin et al. 2008a). Moreover,
a mutant of V. fischeri defective for the response regulator GacA
has an altered LPS structure and is impaired in stimulating

novel

apoptosis and regression of the ciliated appendages on the
light organ (Whistler et al. 2007). Apoptosis in the ciliated fields
of the light organ does not specifically require V. fischeri lipid A,
as LPS and lipid A from other bacterial species will also elicit
apoptosis in these cells; however, the structure of lipid A does
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appear to influence its bioactivity in such assays (Foster et al.
2000). It is tempting to speculate that a distinctive lipid
A structure is recognized by a host receptor(s), but it should be
kept in mind that in natural infections, alterations in LPS struc-
ture could also influence colonization levels and membrane
integrity, thereby affecting how much lipid A is presented to
the host. Thus, structural elements of lipid A could affect either
direct interactions with a host receptor or the amount of lipid
A presented to host receptors.

In reporting the effects of LPS on the ciliated fields, Foster
et al. (2000) noted that there must be at least one other signal
and suggested potential candidates. One of these, PG, proved to
be a second critical MAMP. PG stimulates mucus shedding by
the ciliated epithelial fields (Nyholm et al. 2002), and it dramat-
ically affects morphogenesis and regression of the ciliated fields
(Koropatnick et al. 2004). Interestingly, it was also discovered
that V. fischeri sheds a particular PG monomer that is usually
recycled and kept within cells (Koropatnick et al. 2004). In two
other Gram-negative bacteria, Bordetella pertussis and Neisseria
gonorrhoeae, the same molecule is released from cells, and in
each case, this molecule affects ciliated host cells. Indeed, this PG
monomer is called tracheal cytotoxin (TCT), because it triggers
the death of ciliated host airway cells in Bordetella infections,
giving rise to its “whooping cough” symptoms. Although
V. fischeri appears capable of TCT recycling, the combined activ-
ity of lytic transglycosylases apparently results in relatively large
amounts of free TCT being released from cells (Adin et al. 2009).
Using a mutant with decreased TCT release, Adin et al. (2009)
provided evidence that the advantage of TCT shedding
for V. fischeri may be that by triggering regression of the infec-
tion-promoting ciliated fields, an infecting strain thereby min-
imizes the chances of competition from later infecting V. fischeri
strains.

Developmental changes appear to require the combined
effect of the TCT and LPS signals. Koropatnick et al. (2004)
found that TCT could stimulate hemocyte trafficking into the
sinuses of the ciliated appendages as well as their regression, but
curiously did not cause apoptosis in these cells. When TCTor PG
was combined with LPS, however, the two had a synergistic
effect on apoptosis and regression of the ciliated appendages
that was very similar to that of a natural symbiotic infection
(Koropatnick et al. 2004). Similarly, TCT and LPS together, but
not singly, led to a decrease in NOS activity and NO similar to
that seen in animals infected with V. fischeri (Altura et al. 2011).
Interestingly, experiments with NOS inhibitors and NO donors
suggested that NO itself may be an additional key signaling
molecule in the apoptosis and morphogenesis associated with
TCT and LPS exposure (Altura et al. 2011). Such two- or three-
part signals may contribute to the specific recognition of the
correct symbiont species.

Somewhat in contrast to these synergistic effects of LPS and
TCT, one recent study suggested that TCT alone can in fact
trigger apoptosis in the absence of LPS (Troll et al. 2009a).
One explanation for this apparent discrepancy may be that
assays measuring different stages of apoptosis were used in
these two studies. TCT alone may stimulate initial elements of

the apoptotic developmental program, but the combined effect
of TCT and LPS likely represents the genuine symbiotic signal in
a natural infection.

The recognition of MAMPs, including PG and LPS, by
various hosts has been the subject of many studies, and homo-
logs of known MAMP receptors and MAMP-responsive proteins
have been found in E. scolopes. These MAMP-associated host
genes include components of the NF-kB pathway (Goodson
et al. 2005), specific PG recognition proteins (PGRPs) (Troll
et al. 2009a, b), and LPS-binding proteins (Krasity et al. 2011).
Although these MAMP-associated genes and proteins are
orthologs of those in other organisms, they appear to have
novel functions in E. scolopes. Notably, EsSPGRP1 has an unprec-
edented nuclear localization, and infection by V. fischeri or
treatment with TCT triggers loss of EsSPGRP1 from host nuclei
(Troll et al. 2009a). In contrast, EsSPGRP2 is exported from host
cells in association with light-organ mucus shedding; although
similar to the dynamics of EsPGRP1, the export of EsSPGRP2 is
stimulated by TCT or infection with V. fischeri (Troll et al.
2009b). EsPGRP2 has an amidase activity capable of degrading
TCT, and it is exported into the light-organ crypts colonized by
V. fischeri, leading to the suggestion that it may attenuate this
potentially toxic bacterial MAMP signal after it is received (Troll
et al. 2009b).

The combined effects of TCT and LPS mimic many aspects
of natural V. fischeri infection but as Troll et al. noted (2009a),
they fail to completely duplicate it. An intriguing third signal
may be the bioluminescence produced by V. fischeri. The squid
appear capable of perceiving bioluminescence in the light organ,
and components of photoreceptor-mediated signaling are pre-
sent in light-organ tissue (Tong et al. 2009). Moreover, the host
transcriptional profile varies depending on whether or not
V. fischeri symbionts are bioluminescent (Chun et al. 2008).
Although it is difficult to know to what extent these transcrip-
tional changes are due to the perception of light itself or some
other physiological change in dark symbionts related to the lack
of luciferase activity, the presence of photoreceptors and the
importance for the animal to match the intensity of its light-
organ luminescence to the environment make a compelling case
for light itself being perceived by the host. In any case, regression
of the ciliated fields, export of EsPGRP2, and trafficking of
hemocytes to the ciliated appendages early in infection are all
attenuated relative to wild-type infections when squid are
infected by dark mutants (McFall-Ngai et al. 2011). These dif-
ferences are apparent even during infection initiation when the
dark mutant presumably is colonizing at similar levels as the
parent (Visick et al. 2000). Interestingly, among the host genes
differentially regulated in wild-type and dark mutant infections
are the PG recognition protein EsPGRP1 and a putative
LPS-binding protein (LBP1) (McFall-Ngai et al. 2011). Light
production induces transcription of the genes for these
predicted MAMP receptors, as demonstrated by four- to fivefold
lower levels of these transcripts in a (luxA) luminescence
mutant (Chun et al. 2008). These data suggest that light pro-
duction signals the host to boost production of receptors for PG
and LPS.
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Some of the developmental events occurring within the light
organ and triggered by V. fischeri are not as well understood as
those described above. In particular, changes in the morphology
of epithelial cells lining the crypts and ducts, as well as prolifer-
ation of microvilli, have not been studied to the same extent as
the developmental program associated with regression of the
ciliated fields. This research focus probably reflects the relative
difficulty in assaying changes in crypt and duct structure, which
experimentally usually involves fixation, sectioning, and obser-
vation by TEM. It is known that crypt epithelial cell swelling
requires V. fischeri to be bioluminescent (Visick et al. 2000), but
microvillar proliferation, which is another process that can be
reversed by curing symbionts, is unaffected by luminescence
(Lamarcq and McFall-Ngai 1998). The swelling of epithelial
cells resembles a response to hypoxic stress and could be tied
to ongoing oxygen consumption by bioluminescence. Cell swell-
ing could also represent a developmental response of the animal
to light itself or to metabolic products related to the physiology
of bioluminescence. Similarly, the proliferation of microvilli
may relate to metabolic exchange. Although this is purely spec-
ulative, it would be consistent with the requirement for meta-
bolically active symbionts to trigger and maintain an effect.

Bacterial Genes and Phenotypes Involved in
Colonization

As noted above, bioluminescence is the central contribution
V. fischeri makes to this symbiosis (@ Fig. 20.7a, b), and it
appears intimately involved in the host response to the bacteria
as well. V. fischeri has long been a model for studying bacterial
bioluminescence, and the biochemistry, genetics, and regulation
of light production, as well as the symbiotic role of biolumines-
cence, have all been active research topics. These areas are inter-
related, and together their study has had a widespread influence
on our understanding of bacterial gene regulation and host-
bacterium interactions. For example, luminescence demands
a large energetic commitment, which explains why the process
is tightly regulated, and control of luminescence is accomplished
in part by a pheromone-mediated regulatory pathway, which
has become an archetype for understanding similar regulatory
mechanisms in numerous host-associated bacteria.

V. fischeri produces light when luciferase (LuxA and LuxB)
converts FMNH),, in the presence of O,, and an aliphatic alde-
hyde (RCHO) to FMN, releasing water and an aliphatic acid
(®© Fig. 20.7c) (Hastings and Nealson 1977; Tu and Mager 1995;
Ziegler and Baldwin 1981). LuxD produces RCHO, which is also
generated by LuxC and LuxE through recycling of the
corresponding aliphatic acid (Boylan et al. 1989). LuxG and
other enzymes re-reduce FMN (Zenno and Saigo 1994;
Nijvipakul et al. 2008). The obvious energetic costs of this
process have stimulated curiosity in its regulation and useful-
ness for the bacteria. These costs include Lux protein

biosynthesis [LuxAB can comprise 5% of the protein in bright
cells (Hastings et al. 1965)], ATP hydrolysis during RCHO
recycling, and the consumption of oxygen and reducing equiv-
alents, which theoretically competes with energy recovery from
aerobic respiration.

Primarily for energetic reasons, it has long been postulated
that bioluminescence should slow the growth of V. fischeri.
Consistent with this idea, some researchers found luminescence
to be negatively correlated with growth in culture (Keynan and
Hastings 1961; Hastings and Nealson 1977; Dunlap et al. 1995;
Pooley et al. 2004), although the undefined nature of the lumi-
nescence mutants in these experiments raised some doubts as to
whether luminescence was the only variable. Recently, however,
it was shown that defined mutants lacking luxCDABEG could
outgrow an isogenic parent under certain culture conditions,
such as in a carbon-limited chemostat (Bose et al. 2008).

In contrast, bioluminescence is beneficial for V. fischeri col-
onizing the E. scolopes light organ. To begin with, the advantage
of luminescence for the host (e.g., antipredatory camouflage)
would confer a fitness advantage on the bacteria, because as
noted above, V. fischeri populations appear augmented by suc-
cessful symbiosis with the squid. However, the advantage for
V. fischeri of expressing bioluminescence in the symbiosis goes
deeper, as luminescence actually promotes successful coloniza-
tion (Visick et al. 2000; Bose et al. 2008). Mutants lacking
bioluminescence are able to colonize the host, but do not persist
as well as their parental strains.

Several explanations have been proposed for how biolumi-
nescence might aid bacteria directly (Stabb 2005). For example,
it was proposed that bioluminescence stimulates photolyase-
mediated DNA repair (Czyz et al. 2003); however, photolyase
mutants are unimpaired in colonizing E. scolopes (Walker et al.
2006). As noted above, the host can apparently detect and
respond to luminescence in its light organ (Chun et al. 2008;
Tong et al. 2009), and it has been suggested that the squid might
impose sanctions on dark infections, thereby ensuring that it
receives bioluminescence in exchange for the nutrients it pro-
vides to V. fischeri. Other hypotheses have posited that the real
function of luminescence is either to burn oxygen or to consume
excess reductant (Bourgois et al. 2001; Visick et al. 2000). The
latter idea now appears inconsistent with the regulation of
luminescence (Bose et al. 2007; Lyell et al. 2010), but the
model that luminescence confers an advantage by consuming
oxygen is intriguing: by consuming oxygen, V. fischeri might
generate hypoxic stress in the nearby host epithelium, attenuate
ROS generation by the host, or render itself more resistant to
ROS. Luciferase’s high affinity for O, (Km = ~35 nM) is consis-
tent with a role in driving down ambient or intracellular oxygen
levels (Bourgois et al. 2001). The ideas that the host sanctions
dark infections or that the light-organ environment somehow
makes bioluminescence physiologically beneficial are also both
plausible and are not mutually exclusive.

The lux genes underlying light production are regulated
tightly and induced in the symbiosis. Key enzymes and regulators
for light production in V. fischeri are encoded in an 8-kb DNA
locus (Engebrecht et al. 1983; Engebrecht and Silverman 1984)
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Bioluminescence control in V. fischeri. (a and b) Images of the same juvenile light organ taken with light and in the dark, respectively; the
light emitted by the bacteria within the organ can be seen in the center of the image taken in the dark. (c) The substrates and products in
the reaction carried out by luciferase (LuxAB) to produce light. (d) The lux operon and the control of lux transcription by Al-modified

LuxR. (e) The structures of the three pheromones produced in V. fischeri by the three pheromone synthases Luxl, AinS, and LuxS. Panels

a and b have been published previously (Stabb 2005)

including the luxICDABEG operon and the divergently tran-
scribed IuxR gene (© Fig. 20.7d). luxCDABEG encodes the
enzymes for luminescence, while luxI encodes a pheromone
synthase and [uxR encodes a corresponding pheromone recep-
tor. Specifically, LuxI generates N-3-oxo-hexanoyl homoserine
lactone (3-oxo-C6-HSL) (© Fig. 20.7¢) (Schaefer et al. 1996),
a pheromone that diffuses across the cell membrane (Kaplan
and Greenberg 1985). As cell density increases, 3-oxo-C6-HSL
accumulates until it reaches a critical concentration where it can
bind LuxR, producing an activator that binds a “lux box”

sequence to activate transcription of [uxICDABEG through
interactions with RNA polymerase that compensate for a poor
-35 promoter element (Egland and Greenberg 1999; Fuqua et al.
1994). The result is that the Jux genes are most highly expressed
at high cell densities, when the bacteria have reached
a “quorum” (Fuqua et al. 1996). Moreover, like many bacterial
pheromone-mediated regulatory systems, the lux operon con-
stitutes a positive feedback circuit, because the 3-oxo-C6-HSL
produced by LuxI leads to increased transcription of
luxICDABEG. Consequently, environmental regulatory inputs
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to the Jux system can be amplified, and in theory, the response
could spread through a population.

It has now become clear that pheromone-mediated regula-
tion of bioluminescence in V. fischeri is quite a bit more complex
than this canonical model. Two other pheromones also modu-
late the Jux genes (© Fig. 20.7e); N-octanoyl homoserine lactone
(C8-HSL) produced by AinS (Hanzelka et al. 1999; Kuo et al.
1994, 1996) and “Al-2,” which is produced by LuxS (Lupp and
Ruby 2004) and is presumably a furanosyl borate diester as it is
in Vibrio harveyi (Chen et al. 2002). AI-2 and C8-HSL appar-
ently function through distinct receptors that both act via LuxU
and LuxO, Hfq, and a small RNA called Qrr to increase levels of
LitR, which in turn increases luxR expression (Fidopiastis et al.
2002; Lupp et al. 2003; Miyamoto et al. 2000; Miyashiro et al.
2010). C8-HSL can also bind to and activate LuxR, although it is
less effective than 3-oxo-C6-HSL and can even inhibit 3-oxo-
C6-HSL-mediated stimulation (Egland and Greenberg 2000;
Schaefer et al. 1996). As with LuxI and LuxR, there is also
positive feedback in the AinS-AinR system (Lupp and Ruby
2004). These interconnected regulatory systems were reviewed
recently elsewhere (Stabb et al. 2008).

3-ox0-C6-HSL, C8-HSL, and AI-2 all increase in concentra-
tion with increasing cell density, and textbook models of
pheromone-mediated regulation typically depict these phero-
mones as a mechanism of cell-density-dependent regulation called
quorum sensing. However, in V. fischeri and many other systems,
it is clear that pheromone-mediated signaling is not simply
a census-taking process (Dunn and Stabb 2007). Both the pher-
omone synthases and the pheromone receptors are also regulated in
response to environmental conditions, such that high cell density
may be necessary to elicit a behavior, but a “quorum” is typically
not sufficient for a full response unless other conditions are met.

Context dependence of pheromone-mediated signaling is
obvious in V. fischeri strains isolated from the light organs of
E. scolopes. Such strains induce pheromone synthesis and lumi-
nescence in the host light organ, but they are dim and produce
less pheromone in culture (Boettcher and Ruby 1990; Lee
and Ruby 1994a), even at equivalent cell densities (Stabb,
unpublished data). Such context-dependent lux expression was
evident even in comparisons of different light-organ microen-
vironments: when V. fischeri was marked with both a constitu-
tive red fluorescent protein gene and a luxI promoter-gfp
reporter, dense populations of bacteria appeared in the three
distinct light-organ crypt types in a similar time frame, but Jux
induction lagged in crypt 3 (Dunn et al. 2006), which is also
the last crypt to mature developmentally (Montgomery and
McFall-Ngai 1993). These data are consistent with induction of
luminescence by a host-derived environmental cue initially
absent in crypt 3. Clearly, high cell density may be necessary
for pheromone-mediated induction of luminescence in
V. fischeri, but it is not sufficient.

Bioluminescence and pheromone production by V. fischeri
respond to the environment; however, the underlying regulatory
mechanisms are still being elucidated. This is particularly true
for V. fischeri strain ES114, which serves as a model strain typical
of other E. scolopes symbionts (Boettcher and Ruby 1990; Lee

and Ruby 1994a). Most early studies of lux regulation used either
bright V. fischeri strains such as MJ1, which was isolated from
a pinecone fish (Ruby and Nealson 1976), or the lux region
cloned in Escherichia coli. The core circuitry of lux in ES114 is
similar to that of MJ1 (Gray and Greenberg 1992b; Gray and
Greenberg 1992a), but like most isolates from E. scolopes, ES114
is dim in culture.

With the caveat that there could be strain-specific differ-
ences, environmental control of lux in V. fischeri has been stud-
ied with respect to different regulators. For example, cAMP
receptor protein (CRP)-mediated activation of lux was
documented using transgenic lux-containing E. coli (Dunlap
and Greenberg 1985, 1988; Dunlap and Ray 1989), and it was
similarly shown that V. fischeri strain MJ1 regulates lumines-
cence in response to glucose, a phenomenon that may be CRP-
mediated (Friedrich and Greenberg 1983). Luminescence of MJ1
is also inhibited by iron (Haygood and Nealson 1985).

Recently, the redox-responsive ArcA/ArcB two-component
regulatory system was identified as a strong repressor of lumi-
nescence (Bose et al. 2007; Lyell et al. 2010). Both arcA and arcB
mutants are ~500-fold brighter in culture than ES114, and
activated ArcA binds the luxI promoter near the “lux box”
(Bose et al. 2007). In E. coli, the Arc system is activated by
reducing conditions, and consistent with this mechanism, lumi-
nescence is induced by relatively oxidizing conditions (Bose et al.
2007; Stabb et al. 2008). Interestingly, however, ArcA/ArcB
does not significantly repress luminescence during symbiotic
colonization, and arcA mutants achieve nearly the same bright-
ness in culture as wild-type cells do in the host. Thus, regulation
by ArcA/ArcB could account for most of the differences in
luminescence observed between cultured and symbiotic cells
by invoking a model in which Arc represses lux in culture,
but luminescence is derepressed by inactivation of Arc during
initial infection (Bose et al. 2007). On the other hand, the
ArcA/ArcB system could be active and repressing lux during
initiation of the symbiosis but simply overpowered by another
regulatory effect.

Other genes affecting luminescence in V. fischeri have been
reported (Hussa et al. 2007; Visick et al. 2007; Whistler and Ruby
2003). Recently, a mutant screen revealed numerous loci
involved in regulation of the [uxICDABEG operon, either
directly or indirectly (Lyell et al. 2010). That study also revealed
environmental conditions that influence luminescence of wild-
type V. fischeri. For example, mutants lacking a phosphate-
uptake system or phoQ were brighter than wild type, leading to
the demonstration that phosphate or Mg®* levels can influence
luminescence of wild-type cells (Lyell et al. 2010). Remaining
challenges include determining which environmental conditions
that influence luminescence in culture also impact symbiotic
luminescence and whether information about environmental con-
ditions can be communicated among V. fischeri cells using pher-
omone signaling, as the results thus far would seem to indicate.

It should also be noted that luminescence is just one part of
the pheromone-controlled regulon in V. fischeri, and the role(s)
of other genes co-regulated by C8-HSL, 3-oxo-C-HSL, and AI-2
along with luminescence should be enlightening. LuxR controls
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several genes besides the luxICDABEG operon (Antunes et al.
2007, 2008; Callahan and Dunlap 2000), and some of the
corresponding proteins were identified in the proteome of sym-
biotic V. fischeri (Schleicher and Nyholm 2011). Especially note-
worthy is the novel protein QsrP, which has no known function
but is induced by LuxR and was among the most abundant
proteins in symbionts (Schleicher and Nyholm 2011). Visick
et al. (2000) demonstrated that the colonization deficiency of
luxR mutants could be overcome by expressing luxCDABEG
independently of this activator, suggesting that bioluminescence
is the major (or only) LuxR-dependent colonization factor;
however, other LuxR-regulated genes could have subtle influ-
ences on the symbiosis or major effects on symbiotic coloniza-
tion but subtle degrees of LuxR-mediated regulation. Also,
C8-HSL and AI-2 influence the expression of more genes than
IuxR, and the AinS/AinR regulon in particular is distinct from
that of LuxR and important in host colonization (Lupp and
Ruby 2004, 2005). Understanding the interplay of these three
pheromone systems in the light-organ symbiosis, their control
by the symbiotic environment, the dynamics of their signaling,
and the constituents of their respective regulons should be a rich
area for further research.

Studies of the initiation of symbiotic colonization revealed that
an early stage involves the attachment of V. fischeri to the surface
of the light organ in a biofilm-like aggregate (© Fig. 20.2d).
Subsequent studies began to probe the mechanism of that
attachment. In particular, a search for genes important in the
symbiosis revealed a requirement for rscS (regulatory of symbi-
otic colonization, sensor) (Visick and Skoufos 2001), which
encodes a hybrid sensor kinase protein, and syp (Yip et al.
2005), an 18-gene symbiosis polysaccharide locus. It was subse-
quently determined that these genes are necessary both for the
production of biofilms in culture and for the formation of the
symbiotic aggregate (Yip et al. 2006) (© Fig. 20.8).

Mutants lacking RscS are defective in initiating symbiotic
colonization: most animals inoculated with this mutant remain
uncolonized, while others exhibit a delay in initiating coloniza-
tion (Visick and Skoufos 2001). This defect can be attributed to
the inability of this mutant to aggregate on the surface of the
light organ (Yip et al. 2006). rscS encodes a sensor kinase pro-
tein, a fact that immediately suggested a model for its function in
symbiosis. Sensor kinases work by sensing an environmental
signal, autophosphorylating on a conserved histidine residue,
and serving as a phospho-donor to a downstream response
regulator. The activated response regulator then carries out
a response, most commonly acting as a transcription factor to
increase or decrease transcription of genes. Although in many
cases the genes for a sensor kinase/response regulator pair are
physically linked in the chromosome, this was not the case for
rscS. Subsequent studies revealed that RscS acts upstream of the
response regulator SypG to control syp transcription and biofilm
formation (Hussa et al. 2008).

Mutants defective for syp also exhibit defects in initiating
symbiotic colonization. The syp locus comprises 18 genes
(sypA-R), four of which encode regulatory proteins, while the
remaining genes in the cluster encode proteins with predicted
functions in polysaccharide biosynthesis, modification, and
export (Yip et al. 2005). The genes in the syp locus are grouped
into at least four operons (@ Fig. 20.8), each of which contains
promoter sequences for transcription by RNA polymerase car-
rying the alternative sigma factor 6>*. Transcription from such
promoters depends upon binding and activation by a ¢”*-
dependent transcriptional activator, which typically binds
upstream of the promoter and provides the energy for open
complex formation (Buck et al. 2000). Indeed, a conserved
sequence located upstream of each of the syp promoters has
been identified and may serve as the binding site for this key
activator. The response regulator SypG is likely to serve as the
activator for transcription of the syp locus, as this protein con-
tains a putative o* interaction domain in addition to its
N-terminal receiver (REC) domain (containing the site of phos-
phorylation) and C-terminal DNA-binding domain. In support
of this idea, overexpression of SypG promotes syp transcription
in a manner that depends upon the rpoN gene, which encodes
ot (Yip et al. 2005).

The similarity in the symbiotic phenotypes of rscS and syp
mutants led to the hypothesis that these proteins work in the
same pathway, specifically, that RscS controls transcription of
the syp locus. Indeed, overexpression of RscS led to an increase
in syp transcription, and this induction depended on SypG
(© Fig. 20.8) (Hussa et al. 2008; Yip et al. 2006). Excitingly,
overexpression of RscS also led to a number of unusual biofilm
phenotypes (Yip et al. 2006). Whereas wild-type cells form
smooth colonies on complex solid media, RscS-overexpressing
cells form colonies with a wrinkled morphology (i.e., with 3D
architecture), consistent with biofilm formation. In addition,
RscS-overexpressing cells form a biofilm pellicle at the air-liquid
interface during static growth in a minimal medium, while
control cells do not. These phenotypes also depend upon
SypG. Finally, consistent with the idea that RscS and Syp con-
tribute to colonization through their role in symbiotic aggregate
formation, overexpression of RscS induces the formation of very
large aggregates on the light-organ surface (© Fig. 20.8).
Increased aggregate formation depended upon an intact syp
locus: mutation of a representative syp gene, sypN, which
encodes a putative glycosyltransferase predicted to be involved
in the production of a polysaccharide, disrupted aggregate for-
mation (Yip et al. 2006). The formation of this large aggregate is
not detrimental to colonization; rather, RscS-overexpressing
cells fully outcompete control cells containing an empty vector
for symbiotic colonization.

The syp locus is controlled by several regulators besides RscS
and SypG. Currently, the best understood of these additional
regulators is SypE, a second response regulator encoded within
the syp locus. SypE is an unusual response regulator in that its
REC domain, containing the putative site of phosphorylation, is
centrally located, rather than localized to the N-terminus as is
typical of other response regulators. The REC domain is flanked
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Control over biofilm formation by the syp regulators. The activities of two sensor kinases, RscS and SypF, influence syp-dependent
biofilm formation. Sensor kinases respond to an environmental signal by autophosphorylating and donating a phosphoryl group to

a downstream response regulator. In the case of the syp locus, phosphorylated SypG is predicted to activate transcription from four
promoters, resulting in the production of a Syp-produced polysaccharide that promotes biofilm formation. Biofilm formation can be
visualized in the laboratory by the development of wrinkled colonies and the production of pellicles at the air/liquid interface of static
cultures (which can be strong enough to retain liquid when the test tube is inverted), and in symbiosis by the production of large
aggregates on the surface of the light organ. RscS also appears to inactivate SypE, a response regulator that exerts a minor positive and
a strong negative impact on biofilm formation. The role of SypF is poorly understood, but it appears to act upstream of SypE/SypG and
VpsR to impact syp-dependent biofilm formation and cellulose biosynthesis, respectively (This model, which was previously published
(Visick 2009), has been slightly altered by the addition of an arrow extending from SypE to biofilm formation, indicating the slight
positive effect exerted by SypE on biofilm formation (Morris et al. 2011))

by putative serine kinase (N-terminus) and serine phosphatase
(C-terminus) domains (Morris and Visick 2010). SypE appears
to act as both an inhibitor and an activator of biofilm formation,
depending on the conditions used to promote biofilm formation
(overexpression of RscS or SypG) (Hussa et al. 2008). Such
phenotypes are consistent with opposing activities for the ter-
minal domains. Indeed, it is now known that the putative serine
kinase domain inhibits biofilm formation, while the putative
serine phosphatase activates it (Morris et al. 2011).

These data led to a model in which RscS, in addition to
activating SypG to promote syp transcription, inactivates SypE
to permit biofilm formation. Given the nature of these proteins,
Morris et al. (2011) predicted that RscS promotes phosphoryla-
tion of SypE, thereby inactivating it. Consistent with that pre-
diction, a substitution of alanine for aspartate at the predicted
site of phosphorylation results in a protein with constitutive
inhibitory activity, presumably because it is unable to be

phosphorylated (Morris et al. 2011). Interestingly, a sypE mutant
does not exhibit a colonization defect, perhaps due to SypE’s
subtle positive role in biofilm formation. However, expression of
the SypE mutant protein that cannot be phosphorylated and
thus inactivated causes a severe defect in symbiotic colonization.
Therefore, it appears that SypE inhibits symbiotic colonization
and must be inactivated to permit colonization, presumably by
RscS. The symbiotic defect of an rscS mutant could be attrib-
uted, in part, to its failure to inactivate SypE. Consistent with
this model, an rscS sypE mutant colonized better than an rscS
mutant. Thus, productive symbiosis depends upon inactivation
of a negative regulator.

Another regulator encoded by the syp locus is SypF. Neither
insertional disruption of sypF nor overexpression of wild-type
SypF impacted biofilm formation (Darnell et al. 2008). How-
ever, overexpression of an allele with increased activity, sypF*,
led to increased biofilm formation, including wrinkled colony
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formation and pellicle production. Surprisingly, these pheno-
types persisted even when the two syp response regulators, sypG
and sypE, were mutated. However, biofilm formation was elim-
inated when both sypG and a second response regulator, vpsR,
were disrupted (© Fig. 20.8). In V. cholerae, VpsR controls the
vps polysaccharide locus, which is only poorly conserved in V.
fischeri (Yildiz et al. 2001; Yildiz and Visick 2009; Darnell et al.
2008). Instead, it appears that a locus involved in cellulose
biosynthesis contributes to biofilm formation induced by
overexpression of SypF*. Clearly, control of biofilm formation
in V. fischeri is complex and is not limited to a single regulator.

Many questions remain unanswered. How SypF is integrated
into the regulatory pathway remains unclear, and its role in sym-
biotic colonization has not yet been established. The product of the
syp locus is thought to be a polysaccharide (Yip et al. 2006), but
the composition of the polysaccharide is as yet undetermined.
Importantly, the environmental signals that activate RscS and
the other regulators to induce biofilm formation and initiate
symbiotic colonization are as yet unknown. Moreover, since
symbiotic colonization is not impaired by overproduction of
RscS and enhanced aggregate formation, there must be a yet-
undiscovered mechanism by which aggregation is turned off to
permit dispersal and migration into the pores for colonization to
proceed. The discovery of the syp locus and its role in biofilm
formation and initiating symbiotic colonization has provided
important insights into host colonization by V. fischeri and an
important model for in vivo biofilm formation and will con-
tinue to raise new questions to direct future research.

V. fischeri is motile by virtue of a polar tuft of flagella
(© Fig. 20.9a) (Ruby and Asato 1993). Early on in the study of
this symbiosis, it was determined that motility of V. fischeri is
essential for symbiotic colonization; however, the roles of motil-
ity, flagellation, and chemotaxis continue to be intriguing and
outstanding questions. Initial studies performed with
uncharacterized mutants revealed that both nonflagellated and
flagellated-but-nonmotile (paralyzed) mutants fail to colonize
(Graf et al. 1994). However, motility per seis not required for the
aggregation stage (Nyholm et al. 2000; Millikan and Ruby 2002),
and once inside the crypt spaces, most V. fischeri cells become
nonflagellated (© Fig. 20.9b) (Ruby and Asato 1993). It is not
known whether the loss of flagella is critical for colonization,
especially since some bacteria do retain motility (Millikan and
Ruby 2003). However, it is likely that flagella could interfere with
the ability of the cells to achieve high cell density in the crypt
spaces. Finally, V. fischeri cells rapidly regain their flagella upon
release into seawater (@ Fig. 20.9b) (Ruby and Asato 1993).
One study suggested that excessive amounts of flagella are
detrimental to initiation of colonization. Millikan and Ruby
isolated three classes of hypermotile mutants with increased
motility in both liquid and semisolid media (Millikan and
Ruby 2002). The increased motility apparently stemmed from
an increase in the number of flagella, from 1 to 3 on wild-type

cells to upwards of 16 flagella on the mutants. Mutants in classes
II and III also produced mucoid colonies rather than the smooth
nonmucoid colony of their parent furthermore; class II mutants
had a growth defect, and class III mutants exhibited defects in
bioluminescence, 3-0xo-C6-HSL pheromone production, and
the ability to hemagglutinate red blood cells. All three classes
exhibited defects in initiating symbiotic colonization, failing to
reach wild-type levels in 24 h. Class III mutants demonstrated
the most severe defect, achieving only 0.1-10% of wild-type
levels at 24 and 48 h postinoculation. The defect in initiation
was attributed to deficiencies at the aggregation stage: wild-type
cells form non-motile aggregates within 4-6 h; in contrast, the
mutants retained motility. Furthermore, aggregate formation by
the mutants was delayed, occurring between 8 and 12 h after
inoculation, and aggregates were significantly smaller (tens of
cells rather than hundreds) than those formed by the wild type
(Millikan and Ruby 2002). Although the mutations in these
strains were never identified, these studies nevertheless indicate
the importance of regulating motility during entry into the
symbiosis and beyond.

Subsequent studies and the availability of the genome
sequence have confirmed the importance of motility in this
symbiosis and have identified specific pathways of genetic con-
trol. Almost all genes predicted to be involved in flagellar assem-
bly and regulation are housed together in a single locus of about
60 genes on the larger of V. fischeri’s two chromosomes. The
functions of these genes can be readily predicted through com-
parisons with well-studied models such as E. coli and Salmonella
(Chevance and Hughes 2008). Furthermore, comparisons with
other organisms suggest that regulation of flagellar genes in
V. fischeri is likely hierarchical. Perhaps the best comparison is
with the closely related microbe V. cholerae, which has been
extensively studied (Correa et al. 2000, 2005; Prouty et al.
2001). In that organism, the master flagellar regulator, FIrA,
controls a number of flagellar genes, including additional
regulators such as FIrBC and FliA. FIrBC is a predicted
two-component signal transduction system that controls the
next level of flagellar genes, including flaA, a flagellin gene;
flagellin protein constitutes the major subunit assembled into
the external filament of the flagellum. Indeed, a V. fischeri flrC
mutant is non-motile and, like other non-motile mutants,
exhibits a colonization defect (Hussa et al. 2007). FliA, or 2%,
activates another subset of flagellar genes, including four other
flagellin genes (flaB-E). The working model is that V. fischeri
likely controls its flagella using a hierarchy similar to that of V.
cholerae (© Fig. 20.9c) (Millikan and Ruby 2003; Prouty et al.
2001).

In V. fischeri, the role of FIrA was investigated in detail by
Millikan and Ruby (2003). flrA mutants are non-motile, as
predicted from FlrA’s putative role as master flagellar regulator,
and fail to colonize. Surprisingly, complementation with FIrA
expressed from a plasmid restored normal motility in
culture but not normal colonization: complemented flrA
mutants failed to initiate colonization at the rate and with the
success of wild-type cells (only 35-46% of animals became
colonized by the complemented flrA mutant relative to 94% of
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Role of motility in symbiosis. (a) V. fischeri contains a tuft of polar flagella. (b) Presence of flagella during different stages of colonization.
Nonmotile cells are competent to aggregate, but motility is required for entry into the light-organ pores and presumably for passage to
the crypts. Upon colonization, many bacteria lack flagella. Finally, following release from the light organ, V. fischeri cells can rapidly
regrow their flagella. (c) Model for regulatory control by FIrA, a 6>*-dependent regulator. FIrA is predicted to induce transcription of the
genes for the two-component system FIrBC, which, along with 6>*, controls transcription of the gene for the major flagellin protein FlaA.
FIrA is also predicted to control transcription of the gene for the alternative sigma factor, FliA, which likely directs transcription of the
genes for the other flagellin proteins, FlaB-E and potentially FlaF. Finally, FIrA appears to positively and negatively control the
production of other proteins, although whether this effect is direct is unknown. The figure in panel A was previously published (O’Shea
et al. 2005), and the scale bar represents 200 M (The regulatory scheme depicted in panel Cis modeled from reported data for V. fischeri

and V. cholerae (Millikan and Ruby 2003; Prouty et al. 2001))

wild-type-inoculated animals); they also failed to achieve wild-
type levels of colonization (1.6 x 10> colony-forming units of
flrA mutant cells per squid relative to 9 x 10* colony-forming
units of wild-type bacteria per squid). These experiments sug-
gest that the proper level or location of FIrA is critical for
symbiosis, and indicate that a trait other than motility, which
was restored by multi-copy expression of fIrA based on in vitro
assays, may be responsible for the symbiotic defect in the flrA
mutants (Millikan and Ruby 2003). In support of this idea,
symbiotic aggregates produced by flrA mutants are diminished
in size relative to those produced by the wild-type strain (tens of
cells vs. hundreds of cells), despite the fact that other non-motile
mutants aggregate normally (Nyholm et al. 2000). Millikan and
Ruby subsequently identified four nonflagellar genes that were
controlled by FlrA positively (e.g., genes encoding topoisomer-
ase and halovibrin C) or negatively (e.g., genes encoding
phosphoglycerate kinase and potassium efflux protein)
(© Fig. 20.9c). Whether FIrA controls these genes directly, and

whether these FlrA-regulated genes play roles in symbiosis,
remains unknown.

The FlrA protein contains a ¢>* interaction domain and
a DNA-binding domain and thus is predicted to activate tran-
scription of target genes in conjunction with 6>*. Indeed, rpoN
mutants, which lack 6>, are non-motile, fail to induce tran-
scription of flaA, and fail to initiate colonization (Millikan and
Ruby 2004; Wolfe et al. 2004). Like FIrA, o°* controls additional
genes involved in colonization, notably luminescence and the
syp polysaccharide locus (Wolfe et al. 2004; Yip et al. 2005). The
use of this alternative sigma factor is of note, as genes under
the control of 6°* tend to be under tighter “on/off” regulatory
control (Buck et al. 2000); whether or not this regulation is key
for colonization remains to be determined.

Of V. fischeri’s six flagellin genes (flaA-F), only flaA appears
to be directly regulated by FIrA and 6°*. Despite the redundancy
of flagellin genes, flaA mutants show reduced motility with fewer
motile cells, and fewer flagella per cell. In contrast, a flaC mutant
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was seemingly unaffected for motility and flagellar elaboration.
The flaA mutant also exhibited a symbiosis defect: loss of flaA
delayed symbiotic colonization by about 3 h, and prevented full
colonization (20-25% of that achieved by the wild-type strain)
(Millikan and Ruby 2004). The mutant was also defective in
competing for colonization with the wild type, and furthermore,
it appeared to be preferentially expelled from the light organ.
GFP-labeled cells revealed that, in contrast to the fIrA regulatory
mutant, the flaA flagellin mutant formed aggregates with the
same approximate size as wild-type aggregates; furthermore, the
flaA mutant entered the light organ normally. However, while
the wild-type cells reached and colonized deep crypt spaces
within 16 h postinoculation, flaA mutant cells did not colonize
these sites within 20 h. This inability to reach and colonize the
deep crypt spaces could account for both the delay in coloniza-
tion and the preferential expulsion of the flaA mutant.

As suggested by the phenotype of the flaA mutant and
numerous studies in other organisms, one prime reason for
cells to be motile is to permit them to move to optimal locations.
Typically, this movement is directed toward nutrients and
attractants and away from toxic molecules and repellents using
chemotaxis. The role of chemotaxis in symbiotic colonization by
V. fischeri is currently an active area of investigation. One study
asked what molecules serve as chemoattractants for V. fischeri
(DeLoney-Marino et al. 2003). In tryptone-based soft agar
media, V. fischeri forms two rings as it migrates from the spot of
inoculation, indicating that it senses and responds to two different
molecules that it likely consumes. The inner ring is comprised of
cells sensing the amino acid serine. Cells in the outer ring sense the
nucleic acid thymidine, which is present in tryptone. In addition
to thymidine, V. fischeri can sense and respond to other ribonu-
cleosides (adenosine, guanosine, uridine, and cytidine) as well as
deoxynucleotide triphosphates. This ability of V. fischeri to sense
nucleosides and nucleotides is unusual, although more recently
it has been shown that E. coli and Pseudomonas putida can
perform chemotaxis to pyrimidines (thymine and uracil in the
case of E. coli, cytosine in the case of P. putida) (Liu and Parales
2008; Liu et al. 2009). In addition to serine and the building
blocks of DNA and RNA, V. fischeri responds to a number of
sugars, including N-acetylneuraminic acid, which is one of the
sugars in the mucus secreted by the squid (DeLoney-Marino
et al. 2003; Nyholm et al. 2000).

It remains unknown whether chemotaxis helps direct the
bacteria into the light organ, and if so, which chemoattractants
are used, but a chemotaxis-defective cheY mutant fails to com-
pete effectively against wild-type cells for colonization (Hussa
et al. 2007). In E. coli and Salmonella, CheY is a response regu-
lator that modulates reversal of flagellar rotation, permitting
“tumbles” that when interspersed with “runs” permit the cells
to reorient and migrate toward nutrients and away from repel-
lents. (Baker et al. 2006). Cells with defects in tumbling, such as
cheY mutants, fail to perform normal chemotaxis; in addition,
they can become trapped in “dead-end” passages present in
agar-solidified media, making them appear nonmotile (Wolfe
and Berg 1989). Like E. coli and Salmonella mutants, the
V. fischeri cheY mutant exhibits smooth swimming, which may

prevent it from appropriately migrating toward a stimulus.
Alternatively, it may get stuck in squid-secreted mucus.
Distinguishing between these possibilities requires the identifi-
cation of a specific chemoreceptor(s) required for attractant
recognition during symbiotic colonization. However, V. fischeri
contains upwards of 40 such receptors, making this endeavor
a challenge (Ruby et al. 2005).

One intriguing and outstanding question is: What factors
direct the loss of flagella inside the light organ? Another is its
corollary, What promotes flagellar regrowth in the nutrient-
limited seawater? One possibility is suggested by the dependence
of V. fischeri motility on magnesium (O’Shea et al. 2005). Cells
grown in a medium lacking magnesium are poorly motile, as
assessed on soft agar plates. Addition of either magnesium
sulfate or magnesium chloride restores full migration. In partic-
ular, magnesium sulfate concentrations between 20 and 40 mM,
similar to that found in seawater (about 50 mM), were optimal
in promoting migration through soft agar. Other cations, such
as calcium, could promote motility but to a lesser extent at low
concentrations (5 mM); at concentrations higher than 10 mM,
CaCl, was inhibitory to growth and thus difficult to assess.
Subsequent analysis revealed that cells grown without magne-
sium elaborated few to no flagella, while those grown with
magnesium contained on average two to three flagella and as
many as seven or eight (O’Shea et al. 2005). It is unknown how
magnesium impacts flagellar production, although it does not
appear to be at the level of transcription of flagellin genes
(O’Shea et al. 2006).

A search for mutants that were motile in the absence of
magnesium led to the identification of two genes encoding the
diguanylate cyclases MifA and MifB. These proteins are involved
in the production of cyclic diguanylate (c-di-GMP), which is
known to influence motility (Wolfe and Visick 2010). Disrup-
tion of either mifA or mifB increased motility in the absence of
magnesium. However, neither mutant alone nor a double
mutant defective for both genes exhibited the same pattern of
migration in the absence of magnesium as the wild-type strain
exhibits in the presence of magnesium. Thus, it remains unclear
how magnesium impacts motility.

Regardless of how magnesium acts to stimulate the produc-
tion of flagella, seawater contains sufficient levels of magnesium
to permit V. fischeri to express flagella and thus be competent to
colonize its squid host. Once inside, it is possible that decreased
levels of magnesium and/or calcium contribute to the mecha-
nism that promotes loss of flagella on colonizing bacteria. The
levels of magnesium and calcium inside the light organ of
E. scolopes are presently unknown.

In summary, research to date has demonstrated the impor-
tance of flagella and motility to symbiosis, but the role of
motility is not simple and straightforward. In other systems,
flagella can serve as mediators of attachment, a possibility that
is supported by the aberrant aggregation of the hypermotile and
flrA mutant strains. In some hosts, flagellin proteins can act as
MAMPs, in much the same way as PG and LPS, which is an
intriguing possibility given the signaling obvious in this symbi-
osis. Flagellar components can also serve as type III secretion
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systems that direct bacterial proteins into the host environment,
and this remains a possibility for V. fischeri as well. When
motility or components of the flagellar system are required and
when/if they are detrimental, when/if flagella or the flagellar
apparatus contributes to attachment or secretion, what the
precise contribution of chemotaxis and where the optimal loca-
tions of the bacteria are, and how flagella are lost and regained
are all important questions that remain to be pursued. No doubt
the answers will provide important insights into host coloniza-
tion and colonization dynamics.

Eukaryotic hosts generally limit the availability of iron, which is
necessary for the growth and metabolism of bacteria, as
a defense mechanism (reviewed in (Nairz et al. 2010)). As
a result, bacteria have evolved numerous systems for the acqui-
sition of iron. V. fischeri, for example, encodes a number of
different proteins predicted to be involved in binding of iron
or iron complexes and their associated transport systems (Ruby
et al. 2005). The first study examining the role of iron uptake
during the V. fischeri-squid symbiosis suggested that, indeed, the
ability to acquire iron was an important symbiosis trait (Graf
and Ruby 2000). This report relied on a transposon mutagenesis
screen for mutants with altered siderophore production and
focused on one that appeared completely defective in its ability
to sequester iron. Indeed, growth of this strain depended on the
presence of iron in the medium. Surprisingly, this mutant
turned out to contain an insertion not in a siderophore biosyn-
thesis gene, but in glnD, a gene known in E. coli to play a role in
sensing nitrogen status (reviewed in (Arcondeguy et al. 2001)).
Consistent with a similar role for GInD in V. fischeri, the ginD
mutant was deficient in utilizing a variety of nitrogen sources.
Complementation with a wild-type copy of glnD restored all of
the observed phenotypes to wild-type levels, supporting the
novel role of GInD in siderophore production. Finally, the
gInD mutant exhibited a defect in colonizing juvenile squid. In
support of the idea that the symbiotic phenotype was due to the
iron sequestration defect, the defect was more pronounced when
cells in the starting inoculum were pre-grown under conditions
of limiting iron availability. Furthermore, addition of iron to
seawater alleviated the defect of the glnD mutant (Graf and Ruby
2000). The mechanism by which GInD impacts siderophore
production remains unknown.

A more directed study investigated the role of one possible
mode of acquiring iron, heme transport, in the V. fischeri-squid
symbiosis. Bioinformatic analyses identified a locus, VF_1220-
VF_1228, similar to heme-uptake loci in other Vibrios (Septer
et al. 2011; Wang et al. 2010a). One operon within this locus
(VF_1225-VF_1220) is predicted to encode a periplasmic heme-
binding protein (HutB), an inner membrane permease (HutC),
an ABC-transporter ATPase (HutD), and proteins that function
in providing the energy for transport (TonB, ExbB, ExbD).
Additional proteins predicted to be involved in optimal heme
utilization were encoded in a divergent operon (HutW, HutX,

HutZ, VF_1226-VF_1228). These genes, as well as putative
hemin receptor genes VF_1234 and VF_A0331-A0333, were
downregulated upon exposure of wild-type cells to NO in a man-
ner that depended upon an intact hnoX gene, which encodes an
NO sensor (Wang et al. 2010a). Regulatory sequences consistent
with control by Fur (Ferric uptake regulator) were identified.

Consistent with the putative role of this locus, its deletion
disrupted the ability of V. fischeri to grow with hemin (Fe’*) as
a source of iron, but did not impact growth of the cells when
ferrous sulfate was supplied as an iron source (Septer et al. 2011;
Wang et al. 2010a). Investigations into the transcriptional con-
trol of this locus revealed that two divergent promoters,
upstream of VF_1225 and VF_1226, were upregulated in
response to low iron availability. Furthermore, both promoters
were repressed by Fur, as disruption of fur led to an increase in
transcription even in the presence of iron. These data are con-
sistent with a model in which low iron availability causes an
increase in transcription of this heme-uptake locus; when iron
levels rise, Fur is activated to decrease transcription of the locus
(Septer et al. 2011). Thus, V. fischeri appears to carefully modu-
late transcription of this locus in response to iron availability. To
assess the relevance of this phenomenon and these genes in
symbiosis, two approaches were used. First, the transcriptional
response of this locus in symbiosis was assessed with promoter-
GFP reporters. Transcription of VF_1225 was turned on as early
as 14 h postinoculation, indicating that the light-organ environ-
ment is low in iron. Second, the competence of the deletion
mutant to colonize when presented in competition with the
wild-type strain was evaluated. The mutant exhibited a defect in
colonization, although the defect was not apparent until after
several days postinoculation. Thus, these data support and extend
the study by Graf and Ruby (2000) that the light-organ environ-
ment is limiting for iron, and indicate that uptake of heme is an
important mechanism by which V. fischeri acquires iron during
symbiosis. In further support of the importance of heme uptake
in symbiosis, the transcriptome study by Weir et al. (2010) found
that the heme-uptake genes were induced following bacterial
venting. At venting, membrane “blebs” (presumably host
derived) appear, and it was speculated that these contain a source
of iron for the symbionts (Septer et al. 2011). Finally, a recent
study investigating the proteomes of V. fischeri and E. scolopes
identified host-iron-binding proteins, including transferrin, fer-
ritin, and melanotransferrin, and symbiont heme-binding pro-
teins (Schleicher and Nyholm 2011). Whether heme is the
primary source of iron during symbiosis, and how/when iron
is supplied to the bacteria, will be of interest to determine.

Another important regulatory protein involved in symbiosis is
the response regulator GacA. A gacA mutant was defective in
initiating symbiosis: only about 50% of animals became colo-
nized under conditions in which 100% of wild-type-inoculated
animals became colonized, and animals that became colonized
with the gacA mutant contained on average 100X fewer bacteria
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(Whistler and Ruby 2003). Moreover, as mentioned above, in
squid that were colonized by gacA mutants, the symbionts did
not trigger some of the normal developmental events in the host
that are elicited by wild-type V. fischeri, including apoptosis and
cessation of mucus shedding in light-organ epithelial cells
(Whistler et al. 2007). To take into account the possibility that
low colonization by the gacA mutant might underlie these
apparent non-effects on the host, comparisons were made to
a lysA mutant, which is a lysine auxotroph that is also attenuated
in colonization (Whistler et al. 2007). Using this control, the
authors concluded that low colonization alone could not explain
the altered signaling capacity of the gacA mutant.

In culture, V. fischeri GacA controls bioluminescence, motil-
ity, LPS structure, siderophore production, and nutrient acqui-
sition (Whistler et al. 2007; Whistler and Ruby 2003). In rather
broad terms, the gacA mutant is also impaired in growth,
although the severity of this defect depends considerably on
the culture medium (Whistler and Ruby 2003). In short, the
gacA mutant has a pleiotropic phenotype, it is affected
in a number factors known to (or likely to) affect colonization
of the host, and its inability to grow to wild-type levels in the
light organ is not a symbiosis-specific defect. Nonetheless, its
connection to so many colonization-promoting phenotypes
marks it as a global regulator of importance in the symbiosis,
and the careful use of another attenuated (lysA) mutant as a
control strongly suggests a critical symbiosis-specific signaling
defect.

GacA is conserved in numerous and diverse Y-
proteobacteria (although its orthologs have distinct names),
where it controls a myriad of functions, including carbon-flow
physiology and virulence (Lapouge et al. 2008). Certain themes
relevant to a potential symbiotic role have emerged, including
the control of factors involved in colonizing hosts and pathways
for social behavior and intraspecies signaling (e.g., quorum
sensing) (Lapouge et al. 2008). Also conserved is the mechanism
of its associated regulatory cascade (Lapouge et al. 2008). The
sensor kinase Gac$ is responsible for phosphorylating and thus
activating the cognate response regulator GacA. Then GacA-P
stimulates transcription of CsrB, regulatory RNAs that bind to
CsrA, preventing it from binding target mRNAs and affecting
their stability and/or translation. In V. fischeri, bioinformatic
analyses revealed two such regulatory RNAs, named CsrB1 and
CsrB2 (Kulkarni et al. 2006), and putative GacA-binding sites are
present upstream of each of these genes. V. fischeri also possesses
clear homologs of GacS and CsrA. Unpublished results from
multiple laboratories suggest that, as predicted, CsrB1, CsrB2,
CsrA, and GacS have regulatory functions in V. fischeri, at least
some of which are interconnected. This regulatory circuit is an
area of active research, particularly with respect to its effect on
bioluminescence from the lux system and a global perspective of
its regulon, which is likely to include genes involved in signals
perceived by the host.

Important questions that remain include the signal or envi-
ronmental cue perceived by GacS and whether this is present
in the light-organ environment. The altered symbiotic phenotype

of gacA mutants suggests the GacS/GacA system is active
during colonization, although it cannot be ruled out that
unphosphorylated GacA has some activity or that GacA is phos-
phorylated by some means other than GacS (e.g., by cross talk
from another sensor kinase). The stimulus for GacS homologs in
other systems has been elusive, although it may involve meta-
bolic products of the bacteria themselves (Takeuchi et al. 2009),
and could perhaps be sensed from the cytoplasmic rather than
periplasmic side of GacS (Zuber et al. 2003). If so, the Gac
regulon could reflect a regulatory response to symbiont physi-
ology as it is constrained by the host environment. This possi-
bility underscores the importance of understanding symbiont
physiology and how V. fischeri metabolism is supported by the
host. The V. fischeri-E. scolopes model system promises to be a
rich and tractable experimental system for deciphering the wide-
spread Gac-Csr system.

The bacterial transcriptome analysis of Wier et al. (2010)
described above revealed that genes involved in chitin catabo-
lism were upregulated prior to dawn (Wier et al. 2010). This
finding stimulated an interest in understanding the regulation of
these genes. Specifically, Miyashiro et al. (2011) searched for
regulators of the exochitinase gene, VF_1598, and found that
the repressor NagC negatively controls its expression and also
represses the nagA operon (which includes nagC itself,
VF_0806). Loss of nagC increased expression of these and sev-
eral other genes involved in the utilization of chitin or its
derivatives, the monomer N-acetyl-p-glucosamine (GlcNAc)
or the dimer chitobiose (GlcNAc,). Excitingly, in colonization
assays, a nagC null mutant exhibited a severe defect: when the
nagC mutant was used to inoculate squid, most squid remained
uncolonized (6 of 15 became colonized within 48 h compared to
90% colonized with the wild-type control) (Miyashiro et al.
2011). In competition assays, the nagC mutant neither impaired
wild-type colonization nor was complemented by the presence
of the wild-type strain. In contrast to the nagC result, no defect
was observed for a nagB mutant, which lacks a deaminase
involved in releasing the amino group from GlcNAc-6P; this
mutant failed to grow preferentially on GlcNAc as a carbon and
nitrogen source. Thus, the symbiotic defect of the nagC mutant
is unlikely to stem from altered metabolism of GlcNAc. How-
ever, the generation and evaluation of a nagC nagB double
mutant would better address the symbiotic consequences of
the overexpression of GIcNAc metabolism genes resulting from
nagC disruption. Finally, exposure to GlcNAc during inocula-
tion eliminated the competitive advantage of the wild type over
the nagC mutant (Miyashiro et al. 2011). Together, these data
indicate that NagC represses something that must be turned off
for colonization to proceed normally; in the absence of NagC-
mediated repression, colonization is severely impaired. It will be of
great interest to determine the regulon of NagC and which regulon
member(s) impair colonization when inappropriately expressed.



Vibrio fisheri: Squid Symbiosis 2 0 521

Many pathogenic associations depend upon a pilus-mediated
adherence of the bacteria to the host (Pizarro-Cerda and Cossart
2006). For example, type I pili play critical roles in attachment
and uptake in urinary tract infections by uropathogenic E. coli
(Mulvey et al. 1998; Wright et al. 2007). To date, however,
a critical role for pili in the V. fischeri-E. scolopes symbiosis has
yet to be determined, although several studies have investigated
this possibility. Interestingly, V. fischeri contains ten loci
encoding putative pili (Ruby et al. 2005). Eight loci encode
putative type IV pili, the most common type of bacterial pilus
(reviewed in (Burrows 2005; Pelicic 2008; Pizarro-Cerda and
Cossart 2006)). Due in part to their retractability, type IV pili
play a variety of important roles in other bacteria, including
adherence to various surfaces and hosts, twitching motility, and
secretion of a variety of factors. Intriguingly, one of the type IV
pilus loci is similar to that of the V. cholerae TCP (toxin co-
regulated pilus), an important virulence factor in that bacte-
rium. Although some of the V. fischeri genes are not clustered but
are spread throughout the genome, most of the TCP genes
appear present (Ruby et al. 2005). One of the other pilin loci
includes a gene for MshA (mannose-sensitive hemagglutin), an
adhesin located at the tip of the pilus that recognizes mannose-
based receptors. Intriguingly, when a mannose analog was added
to seawater, it inhibited colonization by V. fischeri, suggesting
that a bacteria-mannose interaction may be important during
initiation (McFall-Ngai et al. 1998). Of the two non-TCP loci,
one appears to encode curli, an adherence factor found in the
Enterobacteriaceae (Barnhart and Chapman 2006). Interest-
ingly, the curli locus is absent in other well-studied Vibrios,
including V. cholerae, V. parahaemolyticus, and V. vulnificus
(Ruby et al. 2005). Lastly, the large plasmid (pES100) of
V. fischeri encodes conjugative pili (Ruby et al. 2005; Dunn
et al. 2005).

Of the 10 loci, two have been characterized in some detail.
One of the type IV pilus loci contains a single pilus gene
(VF_A0148), encoding a PilA-like pilin protein (PilA2)
predicted to be the major external subunit of the pilus (Stabb
and Ruby 2003; Ruby et al. 2005). Disruption of this gene caused
a small but statistically significant defect in colonization when
the mutant was presented to the squid in a mixture with the
wild-type strain. Potentially, the presence of one or both of the
two other pilA genes compensates for the loss of VF_A0148. In
support of this idea is the lack of adjacent pilus structural and
assembly genes, suggesting that PilA2 gets assembled into a pilus
that is associated with a distinct pilin protein (Ruby et al. 2005).
An examination of the presence of pilA2 in V. fischeri isolates
revealed that it is conserved in strains isolated from other light-
organ symbioses, including strains from E. tasmanica (from
Australia) and those from Sepiola species (from France)
(Browne-Silva and Nishiguchi 2008), further suggesting that
this protein may be important in bacteria-host associations. Addi-
tional genetic characterization, including the generation of
mutants that lack all three pilA genes and combinations thereof,

will be necessary to determine the role of pilA in attachment and
colonization.

Limited characterization of the genes encoding the
conjugative pilus has also been performed. These genes
(VF_B38-55) are carried on the large plasmid pES100, and
they are clustered with other components of a putative
conjugative transfer apparatus (Dunn et al. 2005). Indeed,
experiments indicated that pES100 can direct conjugative trans-
fer of other plasmids and is almost certainly self-transmissible
(Dunn et al. 2005). Efficient transfer also required the chromo-
somally encoded RecA protein to be present in the donor, and
this requirement was not due to homologous recombination
between pES100 and the plasmid it mobilized. An exciting
future direction is determining whether conjugation occurs or
is even induced during colonization.

V. fischeri exhibits the ability to grow on cellobiose, a feature that
distinguishes it from a number of other Vibrio species, including
V. parahaemolyticus, V. hollisae, V. mimicus, and V. cholerae. This
ability is conferred by the cel locus (VF_0603-VF_0608),
consisting of three genes that comprise a phosphotransferase
system (PTS) II (celABC), a putative glucokinase gene CelK,
and a 6-phospho-f-glucosidase gene celG (Adin et al. 2008b).
Negatively controlling this locus is a LacI-family regulator, Cell,
which is encoded at the end of the operon. Loss of cell or the
addition of cellobiose (but not other sugars) resulted in colonies
that turned blue on the colorimetric substrate X-gal,
a phenotype that depended upon an intact celG. Further investi-
gations revealed that CelG could cleave a variety of substrates with
a B-1,4 linkage and could serve both as a B-glucosidase (to cleave
substrates such as cellobiose) and as a B-galactosidase (consistent
with its ability to cleave X-gal); its highest activity was as a -
glucosidase, as that activity was 50-fold higher than its B-
galactosidase activity. Although not a preferred substrate, the ability
of CelG to cleave X-gal has implications for the use of lacZ as
areporter in V. fischeri (Adin et al. 2008b). Despite the somewhat
unique ability of V. fischeri to use cellobiose, this ability was not
required for colonization: competition experiments of various
cel mutants with wild type revealed no competitive disadvantage
of the lack of cellobiose catabolism; the exception to this was the
cell mutant, which constitutive expressed the cel genes and
exhibited a twofold defect in competitions with the wild-type
strain for colonization. This inability of the cell mutant to
compete could be due to the overexpression of the cel locus,
but could not be attributed to the cellobiose catabolism, as a cell
celG mutant exhibited a similar competitive defect (Adin et al.
2008b). Finally, a mutation in the unlinked gene ptsI (VF_1895/
1896), which encodes the E1 component of the PTS system,
exhibited a defect in cellobiose uptake as well as a severe com-
petitive defect in colonization. However, because this strain also
exhibited a growth defect, its specific role in colonization
remains uncertain. These studies thus add to our knowledge
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and understanding of the physiology of V. fischeri important to
its ability to colonize its host E. scolopes and provide a cautionary
note for those who rely on lacZ as a reporter.

The roles in symbiosis of a number of additional genes have been
investigated. Some, such as phosphoglucomutase (pgm), play
significant but poorly understood roles in symbiosis, while
others have been shown to make small contributions, and yet
others have an impact on symbiosis that cannot be separated
from their requirement for normal growth of V. fischeri. A select
set of these genes is included in © Table 20.1. As the study of
V. fischeri symbiosis continues and the interactions between
V. fischeri and its host become better defined, the roles of these
genes may become better understood.

Evolution of the V. fischeri-E. scolopes
Symbiosis

Due to its experimental tractability, the V. fischeri-E. scolopes
model has great potential to inform our understanding of evo-
lutionary relationships between bacteria and their specific hosts.
In the Hawaiian archipelago, at least two geographically isolated
and genetically distinct populations of E. scolopes exist
(Maunalua Bay and Kaneohe Bay, Oahu) (Jones et al. 2006;
Kimbell et al. 2002). Furthermore, numerous related Vibrio-
containing squids can be found around the world, including
those of the same genus (e.g., Euprymna tasmanica from Aus-
tralia and Euprymna morsei from Japan) as well as those from the
distinct genus Sepiola (e.g., Sepiola affinis and Sepiola robusta
from France). A wealth of questions can be addressed about
symbiont specificity and evolution using phylogenetic and com-
parative analyses and experimental manipulation of established
symbiosis models.

An early study analyzed coevolution of the bacteria and
squid. Specifically, Nishiguchi et al. (1998) asked whether
V. fischeri strains isolated from E. scolopes (“native” bacteria)
were more successful at colonizing E. scolopes than strains iso-
lated from other squid species (“nonnative” bacteria). In com-
petition assays in which a mixture of strains was used to
inoculate juvenile E. scolopes, the squid predominantly became
colonized with native strains rather than nonnative strains
(Nishiguchi et al. 1998). Furthermore, when two nonnative
strains competed, the strain that was more closely related to
the native symbiont was also the better colonizer of juvenile
E. scolopes. Parallel results were obtained from competition of
strains from E. tasmanica and E. hyllebergi (Nishiguchi 2002).
These studies suggest that the bacteria have evolved to better
colonize a specific host. The 1998 study also described evidence
of parallel cladogenesis, as assessed using sequence divergence at
two loci in related squids, the ITS (internal transcribed spacer
between the 18S and 25S rRNA genes) and COI (cytochrome
oxidase subunit I) and gapA (glyceraldehyde phosphate

dehydrogenase) in the bacteria (Nishiguchi et al. 1998). How-
ever, a subsequent study determined that the bacterial gene
sequenced was not gapA, but rather epd, and reanalysis of the
data failed to support the original conclusions (Dunlap et al.
2007). Indeed, the latter study found no evidence from phylo-
genetic analyses for parallel evolution in either squid/bacteria or
fish/bacteria symbioses. This may reflect the facultative nature of
this symbiosis: V. fischeri is an extracellular symbiont acquired
anew from the environment in each generation of squid.

In a more recent study, Wollenberg and Ruby investigated
whether the symbionts from the two geographically separated
populations of E. scolopes squid (in Maunalua Bay and Kaneohe
Bay, Oahu, Hawaii) could be phenotypically distinguished
(Wollenberg and Ruby 2009). Bacteria from the two populations
of squid were collected over several nights and subsequently
cultured to determine their phenotypes with respect to biolu-
minescence level, colony pigmentation, motility, growth rate,
and siderophore production. Except for siderophore produc-
tion, these characteristics could be used to distinguish the organ-
isms isolated from the two squid populations in a manner that
was statistically significant. These data support the idea that the
squid host influences the generation of genetically distinct
populations of V. fischeri (Wollenberg and Ruby 2009).
A subsequent study, using four bacterial housekeeping genes
(recA, mdh, katA, and pyrC), identified a monophyletic group
(“group A”) of strains that could be found at a higher frequency
than other strains in Maunalua squid (Wollenberg and Ruby
2012). Group A was able to outcompete non-group A strains in
colonizing Maunalua squid hosts; however, this group appeared
to be at a disadvantage when free-living in the Maunalua Bay
environment (Wollenberg and Ruby 2012). These findings
suggested a “fitness trade-off” for growth in the host versus
survival in the environment.

Studies of Vibrio isolates obtained elsewhere, particularly in
the Mediterranean where multiple sympatric squid species
reside, suggest that they are genetically diverse (Jones et al.
2006; Nyholm and Nishiguchi 2008). Thus, factors other than
host availability may influence the population structure of the
bacteria (Nyholm and Nishiguchi 2008). Such factors may
include water flow, which can impact the distribution of the
bacteria; salinity and temperature, which may exert selective
pressures on the bacteria (Jones et al. 2007; Nishiguchi 2000;
Soto et al. 2009); and competition from other species
(Wollenberg and Ruby 2012).

The phylogenetic tree constructed by Wollenberg and Ruby
(2012) revealed that E. scolopes symbionts form a polyphyletic
clade within V. fischeri (Wollenberg and Ruby 2012). These data
represent an expansion of a similar data set generated by Mandel
et al. (2009). The Mandel study investigated host specificity by
comparing the genomes of two V. fischeri strains, one isolated
from the squid (ES114) and the other isolated from the fish
Monocentris japonica (MJ11); the latter strain fails to colonize
squid proficiently (Mandel et al. 2009; McFall-Ngai and Ruby
1991; Schuster et al. 2010). Genomic comparisons revealed that
the two strains were quite similar: 91% of the genes encoded
proteins with a median amino acid identity of at least 99%
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@ Table 20.1

Genes whose roles in symbiosis have been tested

hmp Flavohaemoglobin, protects against NO stress Initiation (Wang et al. 2010b)

norV Flavohaemoglobin Initiation (Wang et al. 2010b)

htrB1 Lipid A acetyltransferase Initiation (Adin et al. 2008a)

rscS Sensor kinase, promotes biofilms Initiation (Visick and Skoufos 2001; Yip et al. 2006)

sypG Response regulator, promotes biofilms Initiation (Hussa et al. 2008; Hussa et al. 2007)

syp Polysaccharide biosynthesis, biofilms Initiation (Yip et al. 2006; Yip et al. 2005)

fla® Flagella biosynthesis Initiation (Graf et al. 1994)

flIrA Flagella biosynthesis Initiation (Millikan and Ruby 2003)

rpoN Alternative sigma factor o™* Initiation (Wolfe et al. 2004)

cheA, cheY Chemotaxis Initiation (DeLoney-Marino and Visick 2012; Mandel et

al. 2012)

sypE Serine kinase/phosphatase, inhibits biofilms Initiation® (Morris et al. 2011)

ompU Outer membrane protein Initiation® (Aeckersberg et al. 2001; Nyholm et al. 2009)

nagC N-acetyl-p-glucosamine repressor Initiation (Miyashiro et al. 2011)

hnoX NO sensor Initiation® (Wang et al. 2010a)

sapA Required for normal growth Initiation, (Lupp et al. 2002)
accommodation

ainS Pheromone signal synthase, luminescence Initiation, (Lupp et al. 2003; Lupp and Ruby 2004;
accommodation Lupp and Ruby 2005)

gacA Response regulator, various cellular functions Initiation, (Whistler et al. 2007; Whistler and Ruby 2003)
accommodationf

flaA Flagellin Initiation, (Millikan and Ruby 2004)
accommodation?

bgm Phosphoglucomutase, required for normal LPS Accommodation (DeLoney et al. 2002)

lysA Lysine biosynthesis Accommodation (Graf and Ruby 1998; Whistler et al. 2007)

thr Threonine biosynthesis Accommodation (Graf and Ruby 1998)

luxl, R, C-G Bioluminescence Persistence (Visick et al. 2000; Bose et al. 2008)

glnD Uridylyl-removing/uridylyltransferase Persistence (Graf and Ruby 2000)

luxS Pheromone signal synthase, luminescence Persistence” (Lupp and Ruby 2004)

ItgA ItgD ItgY Lytic transglycosylase, promotes release of PG Secondary (Adin et al. 2009)
infections

argG Arginine biosynthesis Colonization (Graf and Ruby 1998)

cys Cysteine biosynthesis Colonization (Graf and Ruby 1998)

leu Leucine biosynthesis Colonization (Graf and Ruby 1998)

met Methionine biosynthesis Colonization (Graf and Ruby 1998)

pro Proline biosynthesis Colonization (Graf and Ruby 1998)

ser Serine biosynthesis Colonization (Graf and Ruby 1998)

tatABC Twin arginine translocation Competition (Dunn and Stabb 2008b)

luxO Response regulator, Luminescence Competition (Hussa et al. 2007; Lupp and Ruby 2005;

Miyashiro et al. 2010)

firC Response regulator, motility Competition (Hussa et al. 2007)

cheY Response regulator, chemotaxis Competition (Hussa et al. 2007)

VF1909 Response regulator NarP Competition (Hussa et al. 2007)

vpsR Response regulator Competition (Hussa et al. 2007)

VFA0698 Response regulator CheV Competition (Hussa et al. 2007)

VFA0179 Response regulator Competition (Hussa et al. 2007)

VF1988 Response regulator PhoB Competition (Hussa et al. 2007)
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0 Table 20.1 (continued)

VFA0181 Response regulator Competition (Hussa et al. 2007)

ntrC Response regulator Competition (Hussa et al. 2007)
VF1689 Response regulator ExpM Competition (Hussa et al. 2007)

arcA Response regulator, represses luminescence Competition (Bose et al. 2007)

cheR Chemotaxis regulator Competition (Deloney-Marino and Visick 2012)
qrr Regulatory mRNA, destabilizes /itR transcript Competition (Miyashiro et al. 2010)
ptsl PTS enzyme El Competition (Adin et al. 2008b)

acs Acetyl coenzyme A synthetase Competition (Studer et al. 2008)
VF1220-1228 Haemin uptake Competition (Septer et al. 2011)

katA Catalase, degrades hydrogen peroxide Competition (Visick and Ruby 1998)
DpilA Pilin adhesin Competition (Stabb and Ruby 2003)
cell Cellobiose regulator Competition (Adin et al. 2008b)

pepN aminopeptidase Competition (Fidopiastis et al. 2012)
litR Transcriptional activator of luminescence Competition' (Fidopiastis et al. 2002; Miyashiro et al. 2010)
fnr Regulator of anaerobic respiration None detected (Septer et al. 2010)
torECA torYZ Trimethylamine N-oxide reductase None detected (Dunn and Stabb 2008a)
dmsABC

nsrR NO-responsive regulator None detected (Wang et al. 2010b)
hvnA, hvnB NAD™ glycohydrolase (Halovibrin) None detected (Stabb et al. 2001)

phr Photolyase None detected (Walker et al. 2006)

flaC Flagellin None detected (Millikan and Ruby 2004)
celGKABC Cellobiose utilization None detected (Adin et al. 2008b)

htrB2 Lipid A acetyltransferase None detected (Adin et al. 2008a)

msbB Lipid A acetyltransferase None detected (Adin et al. 2008a)

glyA Glycine biosynthesis None detected (Graf and Ruby 1998)
ampG PG permease None detected (Adin et al. 2009)

2Sym phenotype refers to the symbiosis phenotype. The main categories of symbiosis phenotypes include defects in initiation, accommodation, persistence, and
competition with wild-type cells. Where the defects have not been assigned to a category, the more general term of colonization is used. In some cases, multiple
categories are impacted by a mutation, and only the primary defect is listed. Specific notations are made for cases in which the mutation impacts other aspects of

the symbiosis, such as making the squid prone to secondary infection
PUncharacterized nonmotile transposon insertion mutants
“sypE mutants that cannot be inactivated inhibit symbiotic initiation

dompU mutants also exhibit a defect in resisting binding and uptake by hemocytes

€hnoX mutants exhibit a colonization advantage
fgacA mutants are also defective in inducing host development
9flaA mutants are also preferentially expelled from the light organ

PluxS mutants only exhibit a phenotype when the mutation is combined with an ainS mutation

i/itR mutants exhibit a competitive advantage

(Mandel et al. 2009). Thus, there is limited diversity within this
group of bacteria, unlike in other organisms like some species
within the Enterobacteriaceae, which contain large, diverse
genomic islands (Welch et al. 2002).

These studies also revealed the absence of the sensor kinase
gene rscS from the fish symbiont. Mandel et al. (2009) proposed
that the absence of rscS, required for initiation of symbiosis by
ES114 (Visick and Skoufos 2001; Yip et al. 2006), could be
sufficient to account for the inability of the fish symbiont to

colonize E. scolopes (Mandel et al. 2009). This hypothesis was
experimentally addressed by introducing rscS into the fish sym-
biont. This genetically modified strain became competent to
colonize squid. These experiments supported the conclusion
that rscS serves as a specificity factor that promotes colonization
of E. scolopes by the subset of strains that contain it.
Mandel et al. (2009) subsequently investigated the origin of
rscS in V. fischeri strains and determined that rscS likely arose
in a single horizontal acquisition event from an unknown donor
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prior to the introduction of V. fischeri into squid in the North
Pacific Ocean. Subsequent transmission of rscS resulted in two
major alleles of rscS, termed rscSp and rscSg. Squid symbionts
contained rscSs, while half of the fish symbionts lacked rscS
altogether. The half of the fish symbionts that contained rscS
largely carried the rscSy allele; the rscSp allele was not sufficient
to promote colonization of squid (Mandel et al. 2009). These
data suggested that these rscS-containing fish symbionts
descended from squid symbionts, and these bacteria either dis-
pensed with or modified rscS. These experiments highlight the
power of whole-genome comparisons and the utility of combin-
ing phylogenetic analyses with experimental measurements of
colonization.

One major exception to the striking similarity between the
ES114 and MJ11 genomes was found in the bioluminescence
genes (Bose et al. 2011; Mandel et al. 2009). Although the genes
and their arrangement were conserved, the proteins encoded by
luxR/Iand luxCDABE had only between 75% and 89.5% identity
at the amino acid level, whereas most other proteins, including
those whose genes flank the lux operon, were more than 95%
identical. Moreover, the intergenic region between luxR and the
lux operon showed a much greater divergence than intergenic
regions of nearby genes (Bose et al. 2011). A comparison of the
luxRI intergenic region of 18 V. fischeri strains revealed that only
104 of the 222 base-pair positions were conserved in all of the
strains. When these sequences were used to generate a gene tree,
two distinct clades were revealed, one of which encompassed all
the strains classified as having highly visible luminescence. The
second clade included all of the isolates from E. scolopes, which
are non-visibly luminescent in culture, as well as isolates from
E. tasmanica and E. morsei and a few planktonic isolates. To
understand the significance of the diversity within this
intergenic region, Bose et al. (2011) compared it to another
intergenic region, that between glpA and fdhA. The latter
intergenic region was conserved at 97% of the positions (289
0f298 bp). These data are consistent with the conclusion that the
lux intergenic region is under different selective pressure—
presumably the host environment—that has led to a relatively
rapid evolution of bioluminescence genes and regulatory regions
(Bose et al. 2011).

The above studies have been nicely complemented by an
experimental evolution approach reported by Schuster et al.
(2010). In this study, juvenile E. scolopes were exposed to two
nonnative strains of V. fischeri: MJ11, the fish symbiont
described above, and WHI, a free-living strain isolated from
a region of the USA that does not harbor these squid. Although
not native to E. scolopes, these V. fischeri isolates could colonize
given a high inoculation dose and enough time. These strains
then were serially passaged through 14 additional hatchling
squid as follows. Every day, squid were rinsed and moved to
fresh seawater. On the third day following inoculation, the sea-
water into which bacteria were vented by colonized animals was
used as the inoculum for the next newly hatched squid. Thus,
with the exception of the initial inoculation with cultured bac-
teria, these experiments and

were culture-independent

mimicked the natural cycle of the symbiosis through initiation,
growth and persistence, venting, and persistence in the seawater.
Importantly, this approach selected for improved traits at
a number of different stages, rather than simply one, such as
initiation. It was estimated that the bacteria in these experiments
underwent a total of between 290 and 360 symbiotic generations.

During this limited experimental evolution, descendents of
the two nonnative strains, WH1 and MJ11, exhibited clear
phenotypic differences from their parents, notably with respect
to luminescence output (Schuster et al. 2010). In contrast to the
native symbiont ES114, which is non-visibly luminescent, WH1
and MJ11 produce high levels of visible light. Evolved derivatives
of WH1 and MJ11 showed convergent evolution toward reduced
light production. Specifically, in each of six independently
evolved lines of MJ11, non-visibly luminescent isolates were
observed; in four of these lines, all of the isolates examined
were non-visibly luminescent. For WHI, four of the six lines
yielded strains with decreased bioluminescence. Intriguingly,
although the decrease in light production of the evolved WH1
strains was not substantial (approximately twofold) when light
production was measured in vitro, the same strains exhibited
about a 50-fold decrease in symbiotic (in vivo) bioluminescence
per cell. These data supported the hypothesis that the decrease in
light production was a meaningful change in the context of
symbiosis. To test this idea further, Schuster et al. (2010) asked
whether decreased luminescence was an advantage or disadvan-
tage by exposing squid to two strains (from the same evolved
population) that exhibited different luminescence levels (ances-
tral or decreased luminescence). They found that the strain with
decreased luminescence outcompeted the one with ancestral
luminescence levels, suggesting that this evolved phenotype
may in fact be advantageous during the symbiotic life cycle of
E. scolopes.

Together, these data indicate that decreased luminescence is
one adaptation V. fischeri makes rapidly to become a proficient
colonizer of the E. scolopes host. Furthermore, although it is clear
that the squid select for strains that are proficient to produce
light (Visick et al. 2000; Wollenberg et al. 2012), it seems likely
that there is additional selection to maintain a luminescence
level that is not excessive (Schuster et al. 2010). Future
work that assesses the full complement of changes that occur
during the experimental evolution, and a determination of
which changes make important contributions to colonization
proficiency, will provide great insights into the mechanisms of
symbiont evolution and the selective forces that direct these
processes.

Perspectives and Future of the Field

The V. fischeri-E. scolopes symbiosis is a powerful experimental
model for elucidating bacteria-host interactions and the impact
of bacteria on host development. One strength of the system
comes from the fact that research into squid biology and how
bacteria influence host development informs investigations into
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the roles of bacteria in symbiosis and vice versa. The result is
a synergy of inquiry that has resulted in great advances in our
understanding.

Another reason that work on the system has progressed so
readily is the continued development of genetic tools that greatly
facilitate the manipulation of the bacteria. Early work focused
on the generation of V. fischeri mutants using such blunt instru-
ments as transposon mutagenesis, gene replacement (with
corresponding insertion of antibiotic resistance cassettes), and
insertional mutagenesis. These tools were critical at the time and
are still used to great advantage. However, it is now also possible
to readily and rapidly generate in-frame deletions or incorporate
targeted point mutations into the V. fischeri chromosome.
Refinement of the ES114 genome database combined with
whole-genome resequencing also now allows researchers to pin-
point spontaneous mutations and to track the genetic changes in
evolved derivatives of the wild type. This new technology could
solve old puzzles. For example, genomic sequencing of the
hypermotile strains isolated by Millikan and Ruby (2002) may
lead us to identify new regulators of motility and symbiosis,
while sequencing the visibly bioluminescent derivative of ES114
(Dunlap et al. 1995) may uncover novel pathways of lumines-
cence regulation. Taken together, this expanding genetic toolbox
will facilitate ever more refined investigations of the roles of
specific genes and their products during symbiosis. Similarly,
in the future, the current construction of a comprehensive
library of catalogued mutants, encompassing disruptions of
nonessential genes, will provide an invaluable resource for
mutant analyses.

Another critical advance has been the development of GFP
both as a marker, to visualize where the bacterial cells are in the
symbiosis, and as a reporter, to provide information on gene
expression in symbiotic cells in real time. Our understanding of
the establishment of this symbiosis stems largely from the sem-
inal work of Nyholm et al. (2000), who first used GFP-labeled
cells to visually discover aggregation and other early infection
events. Subsequent work with V. fischeri expressing proteins with
red fluorescence enabled the visualization of two infecting
strains at once (Dunn et al. 2006) and provides a fluorescent
standard against which GFP expression can be normalized
(Miyashiro et al. 2010). Similarly, researchers studying the
squid have pioneered a number of fluorescence-based micro-
scopic methods to investigate processes such as apoptosis or
specific proteins in the host. The transparent tissue of the light
organ affords a rare opportunity to use fluorescence-based
methods to visualize symbiotic processes in intact tissues, and
the development of other fluorophores, destabilized GFP deriv-
atives, and various animal-tissue stains should continue to be
exploited to great effect.

An increased basic understanding of V. fischeri genetic pro-
cesses has both provided tools and led to new intriguing ques-
tions. For example, the identification of a replication origin from
a plasmid endogenous to V. fischeri permitted the construction
of stable shuttle plasmids that could be readily used for a variety
of experiments such as complementation or the strain-tagging
with GFP, described above. The description of native V. fischeri

@ Fig. 20.10

A molecular geneticist’s perspective. The tube containing purified
ES114 DNA (pellet at the bottom of the tube), used for generating
the first V. fischeri genome, is shown with Hawaiian palm trees
visible in the background

plasmids has also raised the possibility that genetic information
is being exchanged through conjugation between different
strains during symbiosis. Similarly, the development of natural
transformation as a tool not only provided another method for
genetic manipulation of V. fischeri but also suggested the possi-
bility of DNA uptake and recombination during symbiosis
(Pollack-Berti et al. 2010). Taken together, one wonders whether
future investigations will find that the packed confines of the
light organ could be a hot spot for horizontal gene transfer.

As in many bacterial systems over the last decades, genomic
approaches have transformed our lens into this symbiosis. The
availability of the genome sequence of V. fischeri strain ES114
(© Fig. 20.10), and subsequently that of the fish symbiont strain
MJ11, made it possible to use bioinformatics to make predic-
tions about the importance of genes in the symbiosis and to
readily clone wild-type and mutant alleles of specific genes.
Comparative genomic studies will become even more important
as the sequences of additional genomes become available, and as
the studies of symbiotic associations of V. fischeri with other
squid species (as well as studies of other bacteria-light-organ
symbioses) become more developed (Guerrero-Ferreira and
Nishiguchi 2009; Nyholm and Nishiguchi 2008). Likewise, the
squid EST and proteome databases have already provided insight
into how the host detects and responds to V. fischeri, and future
work is likely to expand these resources. Additional molecular
technology grounded in genomics, bioinformatics, and high-
throughput methods—from arrays to RNAseq to single-cell ana-
lyses—holds great promise for elucidating bacterial responses to
the colonization process (and the corresponding responses of the
squid). We anticipate that the next decade will see a great expan-
sion in the availability and productive use of these approaches.

In some cases, knowledge from the system has been slow to
impact the conduct of current research. For example, it has been
known for a long time that juvenile squid have six pores and six
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distinct crypts, and we now know that it is rare for those crypts
to be highly colonized by multiple strains: in competition exper-
iments using two differently labeled strains, most crypts contain
one or the other strain but usually not both (@ Fig. 20.4) (Dunn
et al. 2006). Furthermore, the extent to which the different
crypts expel their symbionts in the morning varies. For the
most part, this information has not yet impacted our straight-
forward interpretation of competition experiments: if more cells
of one strain are obtained following a competitive colonization
experiment, then we conclude that that strain had a colonization
advantage. But, did this advantage flow from superior entry into
multiple crypts, superior binding within a single crypt relative to
another strain, being lucky enough to colonize the right crypt, or
some other reason? Follow-up experiments that visualize the
colonized animals using fluorescently labeled strains will
provide better insights into the requirements for a particular
gene/trait.

In the early days of investigating this symbiosis, insights
from other systems—and especially pathogenic systems—were
used to develop models for how V. fischeri and E. scolopes
interact. For example, it made sense to ask whether flagella
were important for colonization, as this was the case for many
pathogenic associations. As the field has developed, however,
our studies have begun to provide new insights that can inform
the work of others. Notably, the identification of H-NOX as
a NO sensor and NO as a potential signal has clear implications
for pathogenic associations (Wang et al. 2010a). Similarly, the
novel nuclear localization of EsPGRP1 and the role of the sym-
bionts in changing the localization of receptors for MAMPS have
potential to impact studies of the immune response (Troll et al.
2009a, b). A third example lies in the paucity of good animal
models for studying bacterial biofilms; the squid symbiosis
makes a robust model, as the parallels between phenotypes
observed in culture and during symbiosis are very strong, and
thus the potential for informing the biofilm field is high (Morris
et al. 2011; Yip et al. 2006).

Many questions remain. Although much is known about
conditions and molecules that influence the activities of these
organisms and their interactions, including TCT, PG, phero-
mones, and light itself, numerous bacterial regulators have
been identified for which the signal transduction cascade
remains to be elucidated. For example, the sensor kinase RscS
was identified over 10 years ago, but the signal to which it
responds during symbiosis remains elusive. Whether V. fischeri
recognizes a chemotactic signal to guide it into the light organ
and what drives the loss of flagella in colonizing bacteria are
among the longstanding intriguing questions about coloniza-
tion. Indeed, we have yet to truly understand how specificity in
this symbiosis is achieved; perhaps there is no one single factor
but a multitude of them, such as the ability to form a biofilm,
sense a chemotactic signal, resist host defenses, and induce the
right set of responses, that together result in the successful
symbiont. The opportunity to be the sole occupant of
a “privileged” niche is a powerful incentive, and V. fischeri has
clearly evolved to make use of this prime opportunity for self-
advancement. With the increasing sophistication of the tools,

approaches, and knowledge of the system, it seems likely that
many of the current secrets shortly will be revealed, but also that
many more will present themselves.
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