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ABSTRACT 

The symbiosis between the bioluminescent bacterium Vibrio fischeri and the Hawaiian squid 

Euprymna scolopes allows for the study of how beneficial bacteria communicate with and 

colonize a mutualistic host.  This dissertation work focuses on two signaling molecules within 

the symbiosis, lipid A and peptidoglycan (PG) monomers.  The first goal was to determine the 

role of secondary acylations of lipid A in colonization of the host by examining V. fischeri lipid 

A acyltransferase mutants.  While mutations in htrB2 and msbB had no effect on host 

colonization, a deletion of htrB1 resulted in delayed initiation of symbiotic colonization 

suggesting secondary acylations of lipid A may be important during initial infection.  The next 

goal focused on the genetic basis for PG monomer release in V. fischeri.  PG monomer, N-

acetylglucosaminyl-1,6-anhydro-N-acetylmuramylalanyl- -glutamyldiaminopimelylalanine, 

stimulates normal light-organ morphogenesis in the host, resulting in regression of infection-

promoting ciliated appendages.  Genomic analysis suggested V. fischeri has a functional PG 

recycling system including the PG monomer permease AmpG, which most Gram-negative 

bacteria use to recycle PG monomer.  Deletion of ampG resulted in a 100-fold increase in PG 

monomer release and this enhanced PG monomer release induced regression in animals exposed 



to a V. fischeri strain that is unable to colonize the light organ, demonstrating that regression of 

the ciliated appendages can be independent of colonization. Mutant analysis further suggested 

that PG monomer release in culture is mediated by three lytic transglycosylases; LtgA1, LtgA2, 

and LtgD, and a ltgA1 ltgA2 ltgD mutant released low levels of PG monomers.  This mutant 

colonized squid and stimulated light-organ morphogenesis; however, animals infected with this 

mutant were more susceptible to secondary V. fischeri colonists, suggesting attenuated triggering 

of ciliated appendage regression.  To analyze the regulation behind PG monomer release, 

transposon mutagenesis on an ampG::lacZ reporter strain was performed.  Surprisingly, mutants 

were isolated that cleave 5-bromo-4-chloro-3-indolyl- -D-galactoside independent of the 

engineered ampG lacZ reporter.  This phenotype resulted from cryptic galactosidase activity of 

the celCBGKAI gene cluster, which allows V. fischeri to grow on cellobiose.  Constructs for 

mutating celG or introducing celI may enable future applications of lacZ as a reporter for 

studying regulation of genes underpinning symbiotic signaling. 
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CHAPTER 1:  INTRODUCTION AND LITERATURE REVIEW 

 

Overview 

Most animals have a persistent consortium of cooperative bacteria that provides 

important metabolic functions for the hosts and triggers normal host tissue development (222).  

These interactions are often initiated when a juvenile animal is first exposed to environmental 

bacteria, triggering complex signaling programs that orchestrate the establishment of the host-

symbiont relationship.  The complexity of multispecies microbial associations with hosts, such as 

those found in the mammalian intestinal tract, has hampered investigations into the mechanisms 

involved in symbiont-host signaling.  The Euprymna scolopes - Vibrio fischeri symbiosis is an 

experimentally tractable association (21), and studying this interaction may shed light on the 

components of recognition, signaling, and persistence in a symbiont-host interaction.  Studies of 

this symbiosis may also complement studies of pathogenesis, and together they may provide 

approaches for fighting microbial disease with less disruption of the host’s native microbiota. 

 

The Vibrio fischeri - Euprymna scolopes symbiosis 

V. fischeri is a bioluminescent marine bacterium (143) that forms a symbiosis with the 

Hawaiian bobtail squid, E. scolopes, a nocturnal shallow-water invertebrate (18).  Reports of 

bioluminescent symbioses with squid go back to the early 20th century (110).  In 1928, Kishitani 

sectioned a Euprymna morsei light organ and drew detailed diagrams showing sac-like “glands”  

(now referred to as “crypts”) caused by invaginations of an epithelial lining.  These light organ 
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crypts were filled with bioluminescent bacteria, and he noted that the architecture of the whole 

organ seemed to be suited to produce and emit light (110).  Later, V. fischeri, a Gram-negative, 

facultative anaerobe with polar flagella (143), was identified as the colonist of the Euprymna 

light organs and the source of luminescence (111, 294).   

In this symbiosis, E. scolopes provides nutrients that support the growth and 

bioluminescence of V. fischeri (102).  The light produced by the symbionts may be used by the 

squid in a camouflaging behavior known as counterillumination, whereby light is emitted 

ventrally, matching the intensity of moon and starlight thus cloaking itself from predators below 

it in the water column by obscuring its silhouette (132, 225).  Other potential functions for the 

luminescence are suggested by reports of E. scolopes emitting flashes of light (120, 172, 185).  

The squid release a portion of their symbionts each day, regrowing the remainder in the light 

organ, and presumably as a result of this behavior V. fischeri is more abundant in waters where 

E. scolopes is present, reinforcing the idea that the relationship is beneficial for both host and 

symbiont (151). 

 

V. fischeri - E. scolopes symbiosis is a model system 

The mutualistic association between E. scolopes and V. fischeri is an excellent model 

system for studying interactions between bacteria and host tissues, because even though it is a 

simple and experimentally tractable system, it has many characteristics similar to relationships 

that are abundant in nature, most of which are more complex and less tractable.  This host-

symbiont relationship facilitates research into the mechanisms of establishing a cooperative 

symbiosis because: i) E. scolopes has a monospecific association with V. fischeri (i.e. no other 

bacteria colonize the light organ) even though other bioluminescent bacteria co-occur in the 
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same environment (174); ii) V. fischeri is horizontally transmitted, so juveniles are aposymbiotic 

and the symbiosis can be reconstituted in a controlled manner (294); iii) the absence of V. 

fischeri does not negatively affect lab-reared hosts (44); iv) numerous juvenile E. scolopes can 

be maintained in an experimental setting; and v) V. fischeri can be cultured independently of its 

host and is genetically manipulable.  

 

E. scolopes light organ and development of the symbiosis 

The E. scolopes light organ is bilobed and embedded in the ink sac on the ventral side of 

the mantle cavity (Figure 1.1A).  Hatchling E. scolopes increase water flow across the light 

organ using ciliated appendages (170, 191, 195) with the effective stroke of the superficial cilia 

on the appendages toward six pores on the surface of the light organ (173) (Figure 1.1B-C).  In 

the first hour after hatching, the light organ goes through a “permissible” stage where 

environmental bacteria, or experimentally added bacteria and 1 μm polystyrene beads, are drawn 

into the light organ (191).  In nature, the few cells drawn in are unlikely to be V. fischeri, which 

comprises <0.1% of environmental bacterial populations (150).  Furthermore, any bacteria 

sampled by the host in this way, including V. fischeri, are cleared after the hour and do not 

establish an infection (191).  After the permissible stage, the squid’s epithelial appendages begin 

shedding mucus that contains both sialomucin and neutral mucin (195). V. fischeri marked with 

green fluorescent protein were observed adhering to the mucus and forming aggregates on the 

surface of the light organ (192).  These aggregates may contain other Gram-negative bacteria 

(195), but V. fischeri outcompetes them (192).   Aggregates can contain fewer than twenty 

bacterial cells (177), but larger aggregates occur with denser inocula (192).   
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Figure 1.1.  The V. fischeri-E. scolopes light organ symbiosis.  A.  A juvenile E. scolopes 
oriented ventral side up to show the light organ which is on top of the ink sac (circled in black) in 
the center of the mantle cavity.  B.  Scanning electron micrograph of an aposymbiotic juvenile E. 

scolopes in which the mantle has been removed to reveal the bilobed light organ with a pair of 
ciliated epithelial appendages one either side.  The anterior (aa) and posterior (pa) ciliated 
appendages are indicated as well as the hindgut (hg).  C.  Cartoon illustration of one side of the 
symmetric bilobed light organ of an aposymbiotic juvenile E. scolopes light organ.   Panels B 
and C are courtesy of Eric Stabb. 
 

As early as 2 hours after inoculation, V. fischeri cells migrate through the mucus into 

pores, through ducts, and finally enter the epithelium-lined crypts in the light organ (Figure 

1.1C) (195, 257).  The ducts leading to the crypts contain cilia that beat outwards toward the 

pores, and the bacterial cells must be motile to traverse these passages (173).  Non-motile 

mutants are unable to colonize (101, 195), and chemotaxis may also play a role in the initial 

colonization by directing migration toward the pores.  V. fischeri is able to recognize and swim 

toward N-acetylneuraminic acid, a component of the mucus (60) that may act as an attractant.  
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Other bacteria also migrate toward the pores, but upon entry they are rarely found in the ducts or 

the crypt spaces (195).  Nitric oxide in the duct and mucus is believed to be partially responsible 

for inhibiting large aggregate formation and colonization by other bacteria (57, 192).  Apparently 

only a subset of the V. fischeri from the original aggregate survive the gauntlet of the ducts and 

reach the light-organ crypts to establish infection (69, 168).  

Once V. fischeri reaches the crypts, the bacteria grow rapidly (223), filling the 

extracellular space (193), and begin producing luminescence approximately 8-12 hours after 

hatching (174).  Bacteria that are unable to luminesce do not persist as well as the wild type in 

the light organ, suggesting the squid is selectively maintaining only bacteria that are useful to the 

symbiosis (282).  Each morning, the light of dawn cues the squid to expel 90-95% of the bacteria 

in the light organ as a thick paste into the environment (151, 193).  The remaining bacteria 

repopulate the light organ over the day to prepare for the next night (22).   

During the establishment of the symbiosis, numerous morphological changes occur that 

are triggered by V. fischeri.  Some of these changes require the continued presence of V. fischeri 

while others are irreversibly triggered by even a transient V. fischeri infection; however, none of 

these changes occur in aposymbiotic animals kept in water that does not contain V. fischeri.  The 

epithelial cells within the light organ begin to branch and elongate their microvilli, making more 

contact with the symbiont (144).  The epithelial cells also begin to swell, shifting from columnar 

to cuboidal-shaped cells (257, 282).  There is a change in abundance of at least 48 proteins (152), 

including an increase in myeloperoxidase, causing elevated levels of specific reactive oxygen 

species, (243, 269, 296) and irreversible down-regulation of nitric oxide synthase (57), both of 

which are thought to be part of challenging colonizing bacteria before they reach the light-organ 

crypt spaces.  Symbionts also trigger the increase of p53 family proteins, which are implicated in 
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the induction of apoptosis and morphogenesis (99).  Some effects are not related to protein 

expression, such as an increase in abundance of filamentous actin, which may be a result of 

posttranscriptional action on the protein (139).  These changes in actin could assist the bacteria in 

reshaping the crypt space epithelial cells to increase interactions with the host tissue.  

Remodeling of actin also constricts the pores potentially minimizing the possiblity further 

infection by other bacteria (139).  These large scale morphological and molecular changes in the 

juvenile E. scolopes are also reflected in cDNA libraries of symbiotic and aposymbiotic light 

organs (43). 

The most visible alteration to the juvenile squid infected with V. fischeri is an extensive 

tissue remodeling resulting in the regression of the ciliated appendages (Figure 1.2). The 

regression occurs through a series of events.  Between 4-6 hours after exposure to V. fischeri, the 

ciliated appendages begin to develop pycnotic nuclei from the condensation of DNA within each 

cell indicative of apoptotic cell death (76).  The number of intact cells in the appendages 

decreases over the next 72 to 96 hours (182).   A transient exposure to V. fischeri (4 hours or 

less) does not induce regression, although after 12 hours the regression program appears 

irreversible (64).  Over the next 3-5 days, the appendages continue to regress until they are no 

longer present (Figure 1.2) (174, 182).  

24 h 48 h 72 h 96 h 

Apo 

Sym 

Figure 1.2.  E. scolopes light organ 
morphogenesis. Scanning electron 
micrographs) show the progression of ciliated 
appendage regression over a time series. 
Only one side of each biolobed light organ is 
shown. The top series shows aposymbiotic 
animals (apo) while the bottom series shows 
animals infected with the wild type V. fischeri 
strain ES114 (sym).  Scanning electron 
micrographs courtesy of Eric Stabb 
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Another dramatic event that coincides with the loss of the ciliated epithelial appendages 

is an increase in the number of macrophage-like cells in the ciliated appendages and in the light 

organ crypts (142, 193).  As early as 2 hours after initial exposure to V. fischeri, hemocytes 

began to infiltrate sinuses in the ciliated appendages at a rate 3-4 times higher than in 

aposymbiotic animals.  The signal from V. fischeri triggering hemocyte trafficking occurs very 

early, as curing the symbionts after 8 hours does not stop hemocyte infiltration but does prevent 

regression (142).  Hemocytes within symbiotic animals contain a proteasome, a regulated 

enzyme complex responsible for the majority of cellular protein degradation in animal cells (138, 

142); however, animal hemocytes do not produce proteasome when only transiently exposed to 

V. fischeri (142).  Hemocytes with proteasome can be found in the ventate of adult E. scolopes 

and can contain partially degraded bacteria in them (193).  Within the crypt, V. fischeri have 

been visualized surrounded by hemocytes without being phagocytosed, suggesting that the 

bacteria found within expelled hemocytes may be rogue bacteria and not V. fischeri (283).  The 

macrophage-like hemocytes are presumably part of the innate immune response of the squid, and 

E. scolopes possesses components of the NF- B pathway, a known modulator for these types of 

cellular responses (100).  Despite this descriptive understanding of the events that initiate 

symbiosis, the mechanisms underlying these events have not been fully elucidated.   

On the other side of the symbiosis, the bacterium has numerous traits that enable it to 

survive and develop within the E. scolopes light organ.  As stated previously, motility, 

luminescence, and potentially chemotaxis are important for initial colonization and persistence in 

the light organ (60, 101, 177, 195).  However, other factors have been determined as significant 

for colonization in the light organ, including siderophore production (103, 298), amino acid 

utilization (102), and a catalase (285).  The apparent loss of flagella once colonization is initiated 
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may also play a part in colonization (223).  Additionally, bacterial surface proteins appear to play 

a role in the colonization, as a trypsin-treated culture of V. fischeri showed that removal of 

superficial outer envelope peptides prevented colonization even though cells were viable and 

motile (118).   Two putative surface proteins, OmpU and PilA, contribute modestly to the 

colonization, and others may have overlapping or redundant functions (3, 251).  The ability of V. 

fischeri to create a biofilm may also be important for colonization as suggested by studies in the 

Visick lab with the symbiosis polysaccharide or syp cluster (306, 307).  Mutations in rscS, which 

encodes the sensor kinase of a two-component response regulator for symbiotic colonization 

(287), was unable to form aggregrates suggesting that biofilm production is important in the 

early initiation phase of the colonization (306).  Moreover, several mutants with altered LPS 

have been found to colonize at lower levels (59, 297). 

 

Signals in the symbiosis 

Since the first investigations of the V. fischeri - E. scolopes symbiosis, it has been 

suggested that a signal or multiple signals must be involved in the initial colonization and the 

triggering of morphogenesis in the squid’s light organ (174).  Many factors were explored, but 

the two that have proven to be most important for triggering apoptosis and regression of the 

ciliated appendages are lipopolysaccharide (LPS) and peptidoglycan/peptidoglycan monomers 

(PG/PG monomers).  These factors are important in pathogenic relationships, but their roles in 

symbiotic relationships are less well understood. 

Foster et al. found that the LPS of V. fischeri stimulated apoptosis of cells in the ciliated 

appendages; however, LPS did not induce regression.  H. influenzae LPS also stimulated 

apoptosis, but this effect was attenuated when the lipid A moiety of LPS lacked secondary 
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acylations, which were known to affect the toxicity of the LPS to mammalian cells (75).  This 

suggested that LPS, specifically lipid A, could be important for the initial light organ 

colonization by V. fischeri, much as it is in pathogenic infections. 

PG monomers act as a morphogen that induces full regression of the light organ ciliated 

appendages (141).  Exogeneous PG and PG monomers induced regression in synergy with LPS, 

triggering apoptosis similar to the effects seen with symbionts (141).  PG fragments from 

Staphylococcus aureus and whole V. fischeri and V. parahaemolyticus cells also caused 

significant infiltration of hemocytes into the appendages suggesting that hemocytes are 

responding specifically to a signal for epithelial regression, and that this signal is PG (142).  PG 

monomers that are structurally identical to those produced by V. fischeri are also released by 

Bordetella pertussis (53, 221) and Neisseria gonorrhoeae (220, 242).  The PG monomers 

released from N. gonorrhoeae, called PGCT for peptidoglycan-derived cytotoxin, induce the 

sloughing of ciliated fallopian tube cells that can occur during a gonococcal infection (175).  The 

PG monomers released by B. pertussis (221), named TCT for tracheal cytotoxin, are responsible 

for the epithelial damage to the ciliated respiratory epithelial cells during infection (52, 94), 

contributing to the whooping cough that is characteristic of a pertussis infection.  N. 

gonorrhoeae, B. pertussis, and V. fischeri, each affect ciliated epithelial cells in their respective 

hosts (52, 141, 175), suggesting a conserved mechanistic role of PG monomers in pathogenic 

and mutualistic interactions.   

Because of their apparent role in signaling in the V. fischeri - E. scolopes symbiosis, my 

research has focused on V. fischeri LPS and PG.  In the next sections, I will discuss the general 

nature of LPS and PG and their interactions with the innate immune system.  I will then discuss 

what is known about these molecules in other symbioses before describing my research goals. 
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LPS biosynthesis 

 The first line of defense for Gram-negative bacteria against antimicrobial and 

environmental stresses is LPS.  LPS constitutes the major structural component of the outer 

membrane of Gram-negative bacteria and was originally called endotoxin because it was a heat-

stable, non-proteinaceous, non-secreted toxin closely attached to, and an integral part of, V. 

cholerae (35).  It provides a permeability barrier for hydrophobic and negatively charged 

molecules and also contributes to the structural integrity of the outer membrane.  The three 

different components of LPS are O-antigen, core polysaccharide, and lipid A (Figure 1.3).  These 

components differ structurally between and within bacterial species, and may change in a given 

bacterium in response to its environment, for example upon entering a host.  Of these LPS 

components, lipid A is the most conserved and O-antigen is the most variable. 

  

The hydrophilic LPS O-antigen extends outward from the core into the environment.  The 

O-antigen consists of repeating oligosaccharide subunits that contain anywhere from three to five 

sugars. Each monosaccharide may be one of more than twenty different types of sugars including 

some unique dideoxyhexoses.  The hydrophilic domains of repeating O-antigen subunits varies 

in number but may contain 40 – 100 repeat linked units (186).  Some genera, including Neisseria 

Figure 1.3. Simplified illustration of major LPS components.  
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and Haemophilus, do not produce an O-antigen but rather have an extended core region that 

lacks multiple repeating units.  This absence of the O-antigen led researchers to alter the name of 

this structure to lipooligosaccharide, or LOS, to allow for differentiation between these 

structurally different endotoxins. 

The LPS core consists of short chains of sugars that connect the O-antigen to lipid A.  

The core can be divided into the inner and the outer core.  The outer core is attached to the O-

antigen and is termed the hexose region due to a predominance of hexose sugars.  The inner core 

is proximal to lipid A and typically contains three to six monosaccharides as well as a 

characteristic and unusual monosaccharide, 2-keto-3-deoxyoctonoic acid (Kdo).  Kdo is often 

decorated with phosphate or sulfate groups and ethanolamine.  In both E. coli and S. 

typhimurium the addition of 5 mM Ca+2 induces the transferase EptB to incorporate a 

phosphoethanolamine onto Kdo (Figure 1.4) (134, 213).  This addition may increase the stability 

of the outer membrane.  The Kdo couples lipid A to the rest of the core with an acid-labile 

ketosidic linkage. 

Lipid A contains the hydrophobic, membrane-anchoring region of LPS.  It is the 

bioactive portion of the LPS that is often associated with toxic effects of Gram-negative 

infections in animals.  Lipid A is recognized by lipid binding protein and Toll-like receptors 

(204, 267, 268), and induces an innate immune response by activating the NF B pathway, which 

in turn transcriptionally activates responses to control bacterial invasion, such as nitric oxide and 

reactive oxygen species (6, 230).  Lipid A is highly conserved and consists of a disaccharide of 

D-glucosamine that is acylated at positions 2, 3, 2’ and 3’.  In E. coli, these primary acylations, 

are made up of C14:0 groups and have secondary acylations of both C14:0 and C12:0.  Although 

highly conserved, lipid A can be altered with positively charged amine groups such as 



 12 

phosphoethanolamine (83, 148), aminoarabinose (106, 107, 115, 272, 311), hydroxyl groups (83, 

85, 107), phosphate (270), and the loss or addition of acylations including palmitate (19, 30, 36, 

108) (Figure 1.4) thus affecting the overall charge and hydrophobicity.  These alterations may 

enable the bacteria to cope with environmental stress or to modulate host innate immune 

responses. 

Figure 1.4.  Modifications to the Kdo2-lipid A in E. coli K12 and Salmonella.  Known 
modifications to the Kdo2-lipid A are indicated by arrows.  Lipid A species with two 
phosphoethanolamine and two aminoarabinose moieties may occur.  PEA, 
phosphoethanolamine; L-Ara4N, aminoarabinose; circled P, phosphate group.   
 
 
 The steps involved in synthesizing lipid A are best understood in E. coli (208).  In the 

cytoplasm, LpxA acylates UDP-GlcNAc with C14:0 (5).  LpxC removes an acetate (309) allowing 

LpxD to add a second C14:0 (136), producing one monosaccharide subunit of lipid A.  LpxH 
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removes the UDP from the monosaccharide, attaching a phosphate (11, 12).   LpxB (206, 212) 

and LpxK (80, 81) complete the lipid A backbone by attaching two monosaccharides together, 

forming the disaccharide and adding a phosphate, respectively.  Two Kdo residues are added by 

WaaA (KdtA) (17, 46); however, it has been shown in V. cholerae, B. pertussis and H.  

influenzae that a special kinase, KdkA, is required to add a phosphate to the single Kdo residue 

before the second Kdo residue is added (299, 300).  Secondary acylations are added by the 

incorporation of a C12:0 by LpxL (HtrB) and a C14:0 by LpxM (MsbB) (31, 45, 47, 290).  The 

Lipid A-Kdo structure serves as the acceptor for the core in the cytoplasm and the final lipid A 

structure with Kdo and core is then transported to the periplasm via MsbA (62, 63, 312).  The 

addition of O-antigen occurs in the periplasm and is attached by the WaaL (RfaL) ligase (140).  

The completed LPS must then be moved from the periplasm, past the peptidoglycan layer, to the 

outer membrane through an as yet unknown mechanism. 

 

Importance of LPS in innate immunity 

 Innate immune systems, which appear to be present in almost all multicellular 

organisms, are able to detect bacteria and allow a rapid first line of host defense (122).  The 

recognition of microbe-associated molecular patterns (MAMPs), such as LPS, by signal 

transduction systems, like the Toll pathway, has been studied extensively in vertebrates and 

insects (1, 71, 135, 241).  In vertebrates, dissociated LPS is recognized by the pattern-recognition 

receptor TLR4 (Toll-like receptor 4) that is present on macrophages and dendritic cells (1, 204).  

Lipid A is sensed initially by the serum LPS-binding protein, which delivers the macromolecule 

to CD14 (304, 305).  TLR and LPS-binding protein have been found in almost all studied 

vertebrate genomes (217).  CD14 is soluble or bound to the host cell and presents LPS to TLR4 
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(42).  Only the lipid A domain is required to trigger an immune response (78, 215), and the 

important determinants of the lipid A structure in promoting TLR4 activities include the 

phosphate groups and the length and number of fatty acyl chains (95, 156, 201, 215).  E. coli 

lipid A (Figure 1.3) is a potent activator of the innate immune system (95, 156, 215).  Host 

responses to lipid A can include production of cytokines and other stimulatory molecules, 

antimicrobial peptides, and macrophage trafficking.   

Although the Toll/NF -B pathway has been studied extensively in vertebrates and 

insects, less is known about this system in the Lophotrochozoa, the branch of the animal 

kingdom containing E. scolopes.  Evidence exists for components of the pathway in the Pacific 

oyster (104, 180, 181) and more recently work by Goodson et al. has shown that E. scolopes has 

components of the NF -B pathway (100).  Notably, there is a TLR4 homolog similar to 

Drosophila melanogaster TLR4 which functions in recognition of LPS specifically (100).  A 

LPS-binding protein of E. scolopes was also found in a 3’ expressed sequence tag library, 

although a full transcript was not isolated (100).  Subsequent research has isolated 3 transcripts 

of a LPS-binding protein of which there are 2 full sequences and an incomplete sequence of a 

third (Josh Troll, personal communication). 

 

PG biosynthesis and recycling  

 The rigidity and shape of a bacterial cell is usually dependent upon PG, which is 

composed of -1,4 linked N-acetylglucosamine and N-acetylmuramic acid, combined with a 

small number of amino acids including D-alanine, D-glutamic acid, L-alanine, and 

diaminopimelic acid.  The overall PG structure is a repeat of this polysaccharide with each unit 

linked to the next by a peptide interbridge.  The PG layer, also known as the murein sacculus, of 
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E. coli consists of approximately 3.5 million repeating units (301).  In Gram-negative bacteria, 

the PG structure is covalently linked to LPS via Braun’s lipoproteins (28).  Damage to PG layer 

can result in lysis of the cell.  However, the PG layer must accommodate proteins that span the 

inner and outer membranes, and PG must grow, expand, and be separated into two daughter cells 

for division.  Therefore, there must be a controlled process that allows incorporation of new 

subunits and clearing of preexisting PG.   

 The controlled growth and remodeling of PG is the result of combined de novo PG 

synthesis and recycling of liberated PG fragments as illustrated in Figure 1.5.  De novo PG 

synthesis has been studied and reviewed extensively elsewhere (13, 26, 232, 288), but two 

aspects evident in Figure 1.5 are especially relevant to this thesis.  First de novo PG synthesis 

begins in the cytoplasm prior to PG assembly in the periplasm.  Second the bioactive 921 Da PG 

monomer released by N. gonorrhoeae (PGCT), B. pertussis (TCT), and V. fischeri is not 

generated in the periplasm via de novo PG synthesis.  Rather, this PG monomer is found in the 

periplasm due to activities related to PG remodeling and recycling.  Because this 921 Da PG 

monomer is our main subject of interest and its release from the cell presumably requires prior 

generation in the periplasm, I will focus on the processes involved in PG remodeling and 

recycling. 

As PG is remodeled, new glycan strands of PG are incorporated while “old” strands must 

be removed (Figure 1.5).  Specific hydrolases exist for almost every covalent bond in the PG of 

E. coli (240).  E. coli has five N-acetylmuramyl-L-alanine amidases, six membrane bound lytic 

transglycosylases, and 3 endopeptidases, each of which have some contribution to not only 

septation of daughter cells (113, 114) but also to the recycling of PG components during cell 

growth (98).  Lytic transglycosylases, which cleave the PG monomers with the concomitant 
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Figure 1.5.  Schematic illustration of peptidoglycan synthesis and recycling.  Abbreviations; 
uridine 5’ phosphate, UDP; N-acetylglucosaminyl, GlcNAc; N-acetylmuramic acid, MurNAc; 
anhydrous MurNAc, anhMurNAc; meso-diaminopimelic acid, DAP; bactroprenol, BP; penicillin 
binding protein – transglycosylase, PBP-TG; penicllin binding protein – transpeptidase, PBP-TP; 
lytic transglycosylases, LTG; endopeptidases, EP; and oligo peptide permease, Opp. 
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formation of 1,6-anhydro ring on the MurNAc residue (124), and endopeptidases, which cleave 

the peptide bond between the monomers, allow for creation of PG tetrapeptide monomers, 

tripeptide monomers or tripeptides without disaccharides (289).  All three breakdown products 

can then be recycled from the “old” PG into the cell. 

About 50% of the PG layer in Gram-negative cells is hydrolyzed each generation and is 

recycled to form new PG precursors (Figure 1.5) (96).  PG monomers removed from the Gram-

negative PG layer are brought into the cytoplasm for recycling via Opp and AmpG.  Opp, 

oligopeptide permease, is a high-affinity system required for the uptake of the tripeptide and 

tetrapeptide (97).  PG monomers are subjected to an N-acetylmuramyl-L-alanine amidase which 

cleaves the peptide stem of the disaccharide allowing the tetrapeptide to be recycled by Opp 

(200, 276, 277); however, this amidase gene has not been isolated (113).  AmpG, a permease that 

depends upon the proton motive force (38), is important for the recycling of PG monomers, 

including the GlcNAc-anhMurNAc-tetrapeptide (129) although the peptide stem length is not 

important (41).  GlcNAc-anhMurNAc-tetrapeptide (referred to above as PGCT, TCT, or the 921 

Da PG monomer), enters through AmpG, and the terminal alanine is removed by LdcA (262), 

resulting in GlcNAc-anhMurNAc-tripeptide, which is then hydrolyzed by AmpD and NagZ to 

produce the tripeptide, GlcNAc, and anhMurNAc (40, 291).  These compounds are then fed back 

into the construction of lipid II of PG biosynthesis (Figure 1.5).  Every component of the 

recycled PG monomer is salvaged and reused.  

The PG monomer released by V. fischeri is the GlcNAc-anhMurNAc-tetrapeptide which 

should be cleaved from peptidoglycan by lytic transglycosylases and then brought into the 

cytoplasm by AmpG.  The identification of proteins that are responsible for the cleavage and 
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subsequent release or recycling of the GlcNAc-anhMurNAc-tetrapeptide may allow for a better 

understanding of why this PG monomer is released by some bacteria and not by others. 

 

Importance of PG in innate immunity 

 The role of PG recognition in innate immunity is less well understood relative to the role 

of LPS.  Exposure to partially purified PG from Gram-positive bacterial cell walls or soluble 

muramyl peptides induced pro-inflammatory cytokines (130); however, research stalled in trying 

to purify PG away from associated macromolecules, and the sensors for the detection of PG 

within the host were not identified (90).  More recently though, as described below, research on 

Nods and PG-recognition proteins (PGRP), both of which are sensors of PG in mammals, 

Drosophila, and invertebrates, suggests that the contributions of PG to the innate immune 

response might be more significant that previously appreciated.   

 PGRPs were originally isolated from the silkworm and later homologs were found in 

Drosophila, mammals and even in E. scolopes (70, 100).  These proteins trigger the activation of 

innate immunity through the Toll system, although the actual mechanism for how the activation 

occurs is not understood.  Drosophila PGRPs are able to distinguish between Gram-positive and 

Gram-negative PG, specifically differentiating between the third position of PG amino acid stem 

where Gram-positive bacteria have a lysine and Gram-negative bacteria have meso-

diaminopimelic acid.  This distinction affects the induction of different antimicrobial peptides 

(153).  The human genome contains four PGRPs, each binding to PG with high affinity.  Two of 

the PGRPs have unknown function.  The limited data available for the two others suggest that 

PGRP-L it is a PG lytic enzyme (82, 292) while more thoroughly studied PGRP-S binds Gram-

positive PG resulting in bacteriostatic activity (155).  In E. scolopes, the expressed sequence tag 
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library and subsequent rapid amplification of cDNA ends by PCR yielded four distinct PGRP 

transcripts all of which encode the residues predicted to compose the PG binding pocket (100).  

 The cytoplasmic Nod proteins function in innate immune defense through pathways that 

are likely independent of TLR signaling.  Nod1 is an upstream activator of the NF- B pathway 

(127) and appears to be triggered by PG monomers released by Gram-negative cells (88).  Nod2, 

a close homolog to Nod1, recognizes muramyl dipeptides and is thus a general sensor for both 

Gram-positive and Gram-negative bacteria (89, 128).  However, Nod2, is not able to recognize 

the Gram-negative tripeptide with diaminopimelic acid (91).  No Nod proteins or corresponding 

mRNAs have yet been detected from E. scolopes.   

 

LPS and PG as signaling molecules in other symbioses 

 As may be evident from the discussion above, most of what is known about host 

responses to LPS and PG has been examined in terms of immune responses to pathogens.  

However, a growing body of research has found that many plant- and animal-microbe 

interactions are either benign or actually beneficial to the host.  Beneficial bacterial partners have 

many roles including providing nutritional benefits to the host, preventing pathogen colonization, 

deterring predation by other microorganisms, and initiating normal development of the animal or 

plant host (29, 86, 87, 295).  Normal development in the host can be triggered through a variety 

of mechanisms; however, two compounds of particular interest are LPS and PG.  Because my 

research specifically concerns LPS and PG in a beneficial symbiosis, in the following sections I 

will review what is known about these molecules in other host-bacteria mutualisms. 
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Rhizobium – legume symbiosis and the role LPS and PG in the symbiosis 

 One of the best studied bacteria – host interactions is the relationship between Rhizobia 

and legumes.  This relationship involves two-way signaling and the formation of N2-fixing 

symbiotic nodules on the roots.  Root infection is a multistep process beginning when roots of 

legumes exude amino acids, dicarboxylic acids, and flavonoids, enticing Rhizobium spp. to 

chemotax toward sites on the roots.  Following attachment to root hairs, plant-produced 

flavonoids stimulate the rhizobia to release lipochito-oligosaccharides known as Nod factors 

(246).  On the appropriate host, these Nod factors stimulate the root hair to branch, deform and 

curl, eventually leading to an infection thread through which the bacteria gain access to the plant 

cells within the root.  In an interesting exception to Nod-factor dependent nodulation, two 

recently sequenced photosynthetic Bradyrhizobia (92) apparently produce a molecule that is 

similar to, or a precursor of, plant cytokinin hormones to help initiate nodulation (66).  In either 

Nod factor-dependent or –independent infection, rhizobia gain access into the plant cell 

cytoplasm, the bacterial cells differentiate into bacteroids, and enlarged “nodules” of plant 

growth form on the roots.  These nodules provide an anoxic, carbon-rich environment that allows 

the symbiont to reduce atmospheric N2 to NH3, providing a nitrogen source for the plant.  

Although, the Nod factors, or cytokinin-like molecules, released from the symbiont are the main 

component bacterial signal for establishing this productive symbiosis, other components are 

being uncovered, including LPS and lipid A. 

The lipid A of Rhizobium legumninosarum contains a 27-hydroxyoctacosanoic acid 

(27OHC28:0) that is added by the acyl carrier protein AcpXL (278, 280).  The loss of this 

acylation in lipid A delayed nodule formation; however, the lack of the 27OHC28:0 did not 

prevent nitrogen fixation (280).  The delay in nodulation was overcome nine days post-
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inoculation although nitrogenase amounts remained lower than the parent strain (278).  The 

mutant lacking 27OHC28:0 produced irregularly shaped and enlarged bacteroids in the nodules 

(278).  With a slower growth phenotype and increased sensitivity to acidic conditions and salt 

concentrations (280), it was surprising that the mutant was not deficient in symbiosis.  This 

mutant was reisolated from the nodules and the delayed onset and adaptation to form nodulation 

is due to an alternative host-induced mechanism to attach 27OHC28:0 to almost 50% of the lipid 

A isolated from within the nodule, as well as a considerable increase in the levels of C18:0 and 

C16:0 (279).  A similar study with Sinorhizobium meliloti showed that 27OHC28:0 was replaced by 

C18:0 in the same position on the lipid A (74).  After mutating not only the acyl carrier protein but 

also the acyltransferase for the 27OHC28:0/C18:0, the mutant strain was still able to form nitrogen-

fixing nodules in a delayed manner (74).  This suggests that there is an alternative mechanism for 

addition of the acylation to lipid A in S. meliloti as there is in R. leguinosarum, although there 

has been no analysis of the lipid A from nodules formed by the mutant S. meliloti.  These data 

suggest the addition of this long chain fatty acid is important for symbiotic colonization by the 

bacteria. 

LPS from symbiotic bacteria affects the response of the plant in a manner different than 

that of the LPS from plant pathogens.  LPS from R. leguminosarum bv. trifolii strains when 

applied with Nod factor to white clover roots promotes the Nod-factor-initiated development of 

infection threads (58).  LPS from other rhizobia or non-symbiotic enteric bacteria did not 

promote the development of infection threads, suggesting that LPS specific to its colonizing 

bacteria is needed (58).  LPS from Azorhizobium caulinodans is the secondary signal after Nod 

factors to trigger the onset of the nodulation and colonization with the host Sesbania rostrata.  

LPS was needed to proceed with symbiosis and form a mature N2-fixing nodule (166).   
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Rhizobia LPS plays an additional role in suppressing the host defenses to allow 

symbiosis.  Sinorhizobium meliloti lipid A suppressed the production of reactive oxygen species 

in the host alfalfa plant, Medicago sativa, and the model legume Medicago truncatula; however, 

a S. meliloti lipid A lacking 27OHC28:0 (239) still reduced the reactive nitrogen species 

suggesting that another feature of lipid A is important for the suppression in this system (234, 

239).  Recent evidence from a microarray analysis of M. truncatula has shown that LPS from S. 

meliloti suppresses the oxidative burst as well as transcription of innate immunity pathways 

while LPS of the phytopathogen Xanthomonas campestris pv campestris does not (261). 

PG may also play a role in the Rhizobium-legume symbiosis.  Host derived lectins, 

carbohydrate-binding proteins, or glycoproteins that are highly specific for their sugar moieties 

they bind, are able to interact with the muramic acid, N-acetylmraumic acid, N-

acetylglucosamine, and muramyl dipeptides found in PG (9, 10).  These lectins allow the 

bacteria to bind to the rhizobia on an emerging root hair, facilitating aggregation and promoting 

engulfment of bacteria to begin infection thread development.  Recently, a receptor kinase gene 

encoding LysM domains was found in Lotus japonicus and appeared to be involved in L. 

japonicus reception of the Nod-factor rhizobial signal (162). LysM domains are known PG-

binding proteins as well as chitinases.  Though the major Nod-factor of Mesorhizobium loti is 

pentameric N-acetylglucosamine (189), it is possible that PG may play a part in the signaling to 

the host. 
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Complex gut microbiota symbioses and the role of LPS in maintenance of the microbial 

community 

 Studies of gut microbial consortia have numerous challenges, including the complex 

community structure.  Attempts to tease apart the relationships of these bacteria with each other 

and the host have been difficult.  Another constraint is that the loss of gut microbiota in “germ-

free” mice, zebrafish and other animals can make the host highly susceptible to outside 

infections, compromise host health due to lack of nutrients, and affect the development of key 

parts of the intestinal tract.  Despite these difficulties, research with “germ-free” animals has 

proven useful and interesting.  Recently the work with “germ-free” zebrafish (211) and mice has 

uncovered conserved molecular foundations of symbioses between host and bacteria in the 

vertebrate digestive tract.  Similar genes are expressed in the gut of both zebrafish and mice upon 

initial exposure to the native flora, and a subset of these responses appear to have microbial 

specificity (211).  This conservation of responses might reflect a role for conserved MAMPs in 

host-microbiota signaling. 

 Signaling between zebrafish and its microbiota is illustrated by the observation that the 

microbiota induces alterations in the intestinal tract.  A germ-free zebrafish gut epithelium is 

arrested in its differentiation of cell borders (15), due in part to a decrease in phosphatase activity 

in the brush border of the intestinal wall.   By adding LPS alone, the phosphatase activity was 

up-regulated, suggesting that the gut epithelial maturation is mediated at least in part by LPS-

mediated stimulation (15).  Zebrafish possess an alkaline phosphatase that is able to detoxify 

LPS dephosphorylating lipid A, thereby preventing inflammation in the zebrafish gut due to 

exposure to the LPS (14).  Research with whole blood cells has shown that the loss of one of the 
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phosphate groups of a synthetically constructed lipid A results in a less toxic lipid A (236).  

Thus, this may be one way a large population of Gram-negative bacteria can be maintained in the 

intestine of vertebrates without the risk of the quantity of LPS causing a toxic effect.   

 

Future aims of research with PG and LPS 

 As research delves deeper into the relationships between hosts and their symbionts, our 

current foundation of knowledge will direct and inform investigations of specific components 

such as PG and LPS involved in beneficial microbial symbioses.  Current research suggests that 

gut communities are assembled in a predictable way, and that the environment interacts with the 

host and microbial population to determine the final composition of the community (210).  Some 

have speculated that vertebrates have a memory-based immune system to allow them to deal 

with highly complex beneficial microbial consortia living within the gut, whereas the microbiota 

of invertebrates tends to be simpler (and often intracellular) allowing these hosts to depend on 

MAMP detection and innate immunity, along with physical barriers to control their microbiota 

(169).  Probing these topics more deeply will be facilitated by the development of model systems 

such as the V. fischeri – E. scolopes symbiosis.  

 

Rationale and Objectives of this Study 

To explore the recognition and signaling in the V. fischeri/E. scolopes system, I begin in 

Chapter 2 discussing the importance of lipid A in this symbiosis.  Lipid A is an important signal 

in many pathogenic infections and based on the previously published work by Foster et al. (75) I 

hypothesized that mutations affecting the lipid A secondary acylations would have an effect on 

colonization.  I demonstrate in Chapter 2 that V. fischeri contains at least three genes for the 
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incorporation of secondary acylations to V. fischeri’s lipid A.  Mutations of two of these genes, 

htrB2 and msbB, cause numerous pleiotropic effects in culture, but do not apparently affect host 

colonization; however, a third secondary acylation directed by htrB1 has no substantial effects on 

growth in culture, but the htrB1 mutant was delayed in the initiation of colonization, suggesting 

recognition of the symbiont by the host may be perturbed by this mutation.  Mutations 

incorporating double and triple mutants in the genes resulted in increasingly more substantial 

pleiotropic effects, with the triple mutant being essentially non-motile, less luminescent, and 

significantly impaired in the presence of certain antimicrobials. 

In Chapter 3, I focus on PG monomers and the proteins that are responsible for their 

release from V. fischeri.  I show that the permease that brings PG monomers into the cell’s 

cytoplasm, AmpG, is functional in V. fischeri, because a mutation in ampG results in a 100-fold 

increase in PG monomer release.  However, the cleavage of the PG into these monomers is the 

responsibility of at least three lytic transglycosylases, LtgA1, LtgA2 and LtgD.  A triple mutant 

lacking the genes encoding these proteins displayed significantly less release of PG monomers.  

In symbiotic infections, animals colonized by the ampG mutant did not display faster regression 

of the ciliated light-organ appendages, suggesting that the wild type releases sufficient PG 

monomer to trigger these effects.  Interestingly, I show that a flaJ ampG double mutant was able 

to induce regression in the ciliated light-organ appendages, unlike the flaJ and other non-motile 

mutants.  This demonstrates that crypt infection, which requires motility, is not necessary for 

PG-mediated signaling to the host.  The triple lytic transglycosylase mutant still stimulated 

regression of the ciliated light-organ appendages, suggesting that potentially another lytic 

transglycosylase may be involved in the release of PG monomer in the squid or that other PG 

fragments may play a role in regression.  Although morphogenesis was induced with the triple 
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lytic transglycosylase mutant, I saw a subtle attenuation of this strain’s ability to stimulate 

regression of the host’s light organ ciliated appendages.  A more dramatic effect was apparent in 

the greater susceptibility of animals infected with the triple lytic transglycosylase mutant to a 

secondary V. fischeri colonist after regression of the infection-promoting ciliated appendages had 

begun.  This implies that a small difference in regression of the ciliated appendages may have a 

large functional significance with regard to promoting or blocking further infection by other 

strains.  

My next goal was to find regulators of ampG by using a lacZ reporter.  I isolated mutants 

in an ampG-lacZ background with increased ability to cleave 5-bromo-4-chloro-3-indolyl- -D-

galactoside (X-gal); however, this was independent of the lacZ introduced downstream of ampG.  

Further experimentation revealed that such mutants derepress the celCBGKAI gene cluster, 

which enables V. fischeri to grow on cellobiose and also encodes a cryptic -galactosidase 

activity.  Chapter 4 describes this serendipitous discovery of a gene cluster for the catabolism of 

cellobiose in V. fischeri.   The results in Chapter 4 have important implications for the use of 

lacZ as a reporter in V. fischeri and shed light on the evolution of a trait (cellobiose utilization) 

that is often used to distinguish Vibrio species. 



 27 

CHAPTER 2 

 

CHARACTERIZATION OF HTRB AND MSBB MUTANTS OF THE LIGHT ORGAN 

SYMBIONT VIBRIO FISCHERI 
1 

                                                
1 Adin, D.M., Phillips, N.J., Gibson, B.W., Apicella, M.A., Ruby, E.G., McFall-Ngai, M.J., Hall, 

D.B., Stabb, E.V. 2008.  Applied and Environmental Microbiology.  74: 633-644.  

Reprinted here with permission of publisher.  
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Abstract 

Bacterial lipid A is an important mediator of bacteria-host interactions, and secondary 

acylations added by HtrB and MsbB can be critical for colonization and virulence in pathogenic 

infections.  In contrast, Vibrio fischeri lipid A stimulates normal developmental processes in this 

bacterium’s mutualistic host Euprymna scolopes, although the importance of lipid A structure in 

this symbiosis is unknown.  To further examine V. fischeri lipid A and its symbiotic function, we 

identified two paralogs of htrB (designated htrB1 and htrB2) and an msbB gene in V. fischeri 

ES114 and demonstrated that these genes encode lipid A secondary acyltransferases.  htrB2 and 

msbB are found on the Vibrio “housekeeping” chromosome 1 and are conserved in other Vibrio 

species.  Mutations in htrB2 and msbB did not impair symbiotic colonization but resulted in 

phenotypic alterations in culture, including reduced motility and increased luminescence. These 

mutations also affected sensitivity to SDS, kanamycin, and polymyxin, consistent with changes 

in membrane permeability.  Conversely, htrB1 is located on the smaller more variable vibrio 

chromosome 2, and an htrB1 mutant was wild-type-like in culture but appeared attenuated in 

initiating the symbiosis and was outcompeted 2.7-fold during colonization when mixed with the 

parent.  These data suggest that htrB2 and msbB play conserved general roles in vibrio biology, 

whereas htrB1 plays a more symbiosis-specific role in V. fischeri. 
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Introduction 

Vibrio fischeri is a bioluminescent bacterium that forms a mutualistic symbiosis with 

Euprymna scolopes, the Hawaiian bobtail squid.  E. scolopes supports the growth and 

bioluminescence of V. fischeri in a specialized light organ (223), and the bacterial luminescence 

is apparently used by the squid in a camouflaging behavior (132).  V. fischeri is more abundant 

in E. scolopes habitats, reinforcing the belief that the relationship is beneficial for both partners 

(151).  Among the hundreds of bacterial species present in Hawaiian waters, only V. fischeri is 

able to colonize the E. scolopes light organ.  This specific colonization triggers developmental 

changes in light organ tissue, and it is clear that E. scolopes identifies and responds to signals 

from V. fischeri (182).  Although the mechanisms underlying the specificity, signaling, and 

persistence of this symbiosis are not entirely clear, previous studies suggested that a key 

molecule in some of these symbiotic processes is V. fischeri’s lipopolysaccharide (LPS) (75). 

LPS comprises 70% of the outer membrane of Gram-negative bacteria and has three main 

components: i) O-antigen, which is a variable hydrophilic polysaccharide that projects into the 

environment, ii) a relatively conserved central core of sugars, and iii) lipid A, which anchors LPS 

into the outer membrane.  The innate immune systems of many animals recognize lipid A through 

LPS-binding protein and Toll-like receptors (117, 121), which stimulate inflammation to attract 

more host immune cells to clear pathogenic infections (56, 188).  Indeed, the strong, sometimes 

overreactive, immune response to lipid A has earned LPS its alternate name “endotoxin”.  

Interestingly, LPS-responsive elements of the innate immune system are conserved in E. scolopes 

(100), and V. fischeri LPS elicits host responses that typify normal development of this mutualistic 

symbiosis.  For example, V. fischeri LPS or lipid A stimulates apoptosis in a specific field of ciliated 
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cells on the light organ (75) and LPS acts synergistically with peptidoglycan to induce light-organ 

morphogenesis (141). 

Changes in lipid A structure, in particular the elimination or exchange of certain secondary 

acylations, affect the virulence of pathogens and the bioactivity of LPS.  Accordingly, some 

pathogens regulate their lipid A structure and acylation patterns in adapting to a host environment 

(105, 218).  Mutant analyses have been useful in unraveling the relationship between lipid A 

structure and its function in such infections.  For example, mutations in genes that encode secondary 

acyltransferases, such as htrB (lpxL) or msbB (lpxM), can affect lipid A structure, its bioactivity, and 

pathogen virulence (55, 131, 245, 256, 275). 

The relationship between lipid A structure and its function in non-pathogenic animal-

bacterium interactions remains largely unknown.  Citing precedent in pathogenic interactions and 

experiments with foreign LPS, Foster et al. suggested a relationship between V. fischeri lipid A 

acylation patterns and bioactivity in its symbiosis with E. scolopes (75).  Our goal in this study was 

to determine how secondary acylation of lipid A affects the biology of V. fischeri, particularly its 

symbiotic phenotypes.  We identified three lipid A secondary acyltransferases in V. fischeri, mutated 

the respective genes singly and in combination, and characterized these mutants in culture and in the 

host.  Some of these mutants had deleterious phenotypes in culture; however, one mutant displayed a 

symbiosis-specific defect. 

 

Materials and Methods 

Bacterial strains and culture conditions.  The strains used in this study are listed in Table 2.1.  

When added to LB medium (176) or a supplemented phosphate-buffered minimal Kozak 

medium (290) for selection of Escherichia coli, chloramphenicol (Cm), kanamycin (Kn) and 
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trimethoprin (Tp) were used at concentrations 20, 40, and 10 μg ml-1, respectively.  For selection 

of E. coli with erythromycin (Em), 150 μg ml-1 was added to BHI medium (Difco, Sparks, MD).  

Unless otherwise noted, E. coli was incubated at 37°C except MKV15 (290), which was 

incubated at 28°C.  V. fischeri was grown in LBS medium (250) or SWT medium (20) made 

with Instant Ocean (Aquarium Systems, Mentor OH).  When added for selection of V. fischeri, 

Cm, Kn, Em, and Tp were used at concentrations of 2, 100, 5, and 10 μg ml-1 respectively.  V. 

fischeri was grown at 28°C or 24°C.  Agar was added to a final concentration of 1.5% for solid 

media. 

 

Molecular genetics.  Plasmids (Table 2.1) were generated using standard cloning methods, and 

were isolated using QIAprep spin miniprep kit (Qiagen, Valencia, CA).  Restriction and 

modification enzymes were obtained from New England Biolabs (Beverly, MA).  The Zero 

Blunt TOPO PCR Cloning Kit (Invitrogen, Carlsbad, CA) was used to clone PCR products into 

pCR-BluntII-TOPO.  DNA fragments were purified using either the Wizard DNA Cleanup Kit 

(Promega Corp., Madison, WI) or the DNA Clean & Concentrator-5 Kit (Zymo Research, 

Orange, CA).  PCR was performed using an iCycler (BioRad Laboratories, Hercules, CA), with 

Pfu-Turbo (Stratagene, La Jolla, CA) to amplify dfr1 or with KOD HiFi DNA Polymerase 

(Novagen, Madison, WI) for other PCR-based cloning.  DNA sequencing was conducted on an 

ABI automated DNA sequencer at the University of Georgia Integrated Biotech Laboratories, 

and oligonucleotides were obtained from either the University of Georgia Integrated Biotech 

Laboratories or Integrated DNA Technologies (Coralville, IA). 

 Mutant alleles were generated as delineated in Table 2.1.  In most instances, the target 

gene was amplified from V. fischeri ES114 with ~1.5 kb flanking DNA on either side, using the 
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genome sequence to guide primer design.  PCR products were cloned into pCR-BluntII-TOPO 

and subcloned into the mobilizable suicide plasmid pEVS118.  A second round of PCR outward 

from the target gene amplified sequences flanking the target as well as the vector.  BglII (or StuI) 

sites were placed on the ends of the primers for this secondary PCR, and the PCR amplicon was 

digested with BglII (or StuI) and self-ligated to generate a target allele.  These constructs were 

sequenced to ensure no unintended changes were incorporated.  An Em-resistance (erm) cassette 

was inserted into the BglII (or StuI) site to generate target::erm alleles, each plasmid was 

transferred into V. fischeri ES114 by triparental mating (252), and single and double 

recombinants were selected and screened as previously described (250).  The target::erm alleles 

were exchanged onto the chromosome first, and then replaced by unmarked target alleles using 

Em-sensitivity as a screen.  Exchange of each mutation onto the genome was confirmed by PCR 

analysis.  In the lone exception to this approach, the htrB1 gene was cloned before the V. fischeri 

genome was sequenced by using PCR amplification with primers EVS69 and EVS72, which 

target conserved htrB sequences, to identify an htrB1-containing clone in increasingly smaller 

clone pools of an ES114 genomic library (285).  Subsequent subcloning resulted in pEVS97, 

which contains htrB1 centered on a 4.2 kb fragment of ES114 DNA and interrupted by insertion 

of erm at a unique BsaBI site.   

Plasmids for complementation were generated by amplifying each gene with ~500 bp 

upstream sequence, and cloning the fragments first into pCR-BluntII-TOPO and then subcloning 

into pVSV105 for complementation of V. fischeri mutants.  Each gene was also subcloned into 

pDMA5 and a Tp-resistance cassette was added to allow selection in MKV15. 
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Table 2.1 Bacterial strains, plasmids, and oligonucleotides 

Strain, plasmid, 

or 

oliogonucleotide 

Relevant characteristics* Source or 

reference 

Bacterial strains 

E. coli 

DH5  F- 80dlacZ (lacZYA-argF)U169 deoR supE44 hsdR17 

recA1 endA1 gyrA96 thi-1 relA1 
(109) 

DH5 - pir DH5  lysogenized with pir (68) 
MKV15 W3110 lpxP::kan lpxM:: cam lpxL::Tn10 (290) 
TOP10 F- mcrA (mrr-hsdRMS-mcrBC) 80lacZ M15 lacX74 

recA1 ara 139 (ara-leu)7697 galU galK rpsL (StR) endA1 
nupG 

Invitrogen 

W3110 F- rph-1 IN(rrnD-rrnE)1 
- (290) 

V. fischeri 

AO340 htrB1::erm allele from pEVS97 in DMA333 (htrB1::erm, 
htrB2, msbB) 

this study 

DMA310 htrB2::erm allele from pDMA24 in ES114 ( htrB2::erm) this study 
DMA311 htrB2 allele from pDMA22 in DMA310 ( htrB2) this study 
DMA321 msbB allele from pHKG2 in HG320 ( msbB) this study 
DMA330 htrB1::erm allele from pEVS97 in DMA311 ( htrB1::erm, 

htrB2) 
this study 

DMA331 htrB1::erm allele from pEVS97 in DMA321 ( htrB1::erm, 
msbB) 

this study 

DMA332 msbB::erm allele from pHKG4 in DMA311 ( msbB::erm, 
htrB2) 

this study 

DMA333 msbB allele from pHKG2 in DMA332 ( htrB2, msbB) this study 
ES114 Wild-type E. scolopes isolate (20) 
EVS300 htrB1::erm allele from pEVS97 in ES114 (htrB1::erm) this study 
HG320 msbB::erm allele from pHKG4 in ES114 ( msbB::erm) this study 
Plasmids 

pCR-BluntII-
TOPO 

Topo PCR-cloning vector; KnR Invitrogen 

pDMA5 oriVp15A oriTRP4 lacZ  CmR (68) 
pDMA7 htrB1 (1.4 Kb) BglII-digested PCR product (primers dma19 

and dma20, ES114 template) BamH1-digested pDMA5 
this study 

pDMA8 msbB (1.5 Kb) PCR product (primers dma7 and dma8, ES114 
template) in pCR-BluntII-TOPO 

this study 

pDMA9 pDMA8 SpeI/XhoI msbB fragment in SpeI/XhoI-digested 
pDMA5  

this study 

pDMA10 htrB2 (3.8 Kb) PCR product (primers dma15 and dma16, 
ES114 template) in pCR-BluntII-TOPO 
 

this study 
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pDMA11 htrB2 (1.5 Kb) PCR product (primers dma13 and dma14, 
ES114 template) in pCR-BluntII-TOPO 

this study 

pDMA12 htrB1 (3.8 Kb) PCR product (primers dma3 and dma4, 
ES114 template) in pCR-BluntII-TOPO 

this study 

pDMA13 msbB (4.0 Kb) PCR product (primers dma9 and dma10, 
ES114 template) in pCR-BluntII-TOPO 

this study 

pDMA15 pDMA12 BamHI/ApaI htrB1 fragment in BglII/ApaI-
digested pEVS118  

this study 

pDMA19 htrB1 in-frame deletion; PCR product (primers dma5 and 
dma6, pDMA15 template) BglII digested, self-ligated 

this study 

pDMA20 pDMA10 BamHI/EcoRV htrB2 fragment in BglII/AscI-
digested and Klenow filled pEVS118  

this study 

pDMA22 htrB2 in-frame deletion; PCR product (primers dma17 and 
dma18, pDMA20 template) BglII-digested, self-ligated 

this study 

pDMA23 pDMA11 SpeI/XhoI htrB2 fragment in SpeI/XhoI-digested 
pDMA5  

this study 

pDMA24 pEVS122 BamHI/BglII EmR fragment in pDMA22 BglII site  this study 
pDMA25 pJLB2 EcoRV/SpeI dfrI fragment, Klenow filled, in pDMA7 

EcoRV site 
this study 

pDMA27 pJLB2 EcoRV/SpeI dfrI fragment, Klenow filled, in 
pDMA23 EcoRV site 

this study 

pDMA28 pJLB2 EcoRV/SpeI dfrI fragment, Klenow filled, in pDMA5 
EcoRV site 

this study 

pDMA34 pDMA7 HinCII/SpeI htrB1 fragment in HinCII/SpeI-digested 
pVSV105 

this study 

pDMA42 pDMA8 SpeI/XbaI msbB fragment in XbaI-digested 
pVSV105  

this study 

pDMA43 pDMA11 SpeI/XbaI htrB2 fragment in XbaI-digested 
pVSV105  

this study 

pDMA114 pJLB2 EcoRI dfrI fragment, Klenow filled, in EcoRV-
digested pDMA8 

this study 

pDFR1 V. salmonicida dfrI (Genbank AJ277063) in pUC19; ApR 
TpR 

H. Sørum 

pEVS79 oriVColE1 oriTRP4 CmR (252) 
pEVS94 oriVR6K  oriTRP4, EmR (252) 
pEVS96 oriVColE1 oriTRP4 CmR EcoRI-HinDIII htrB1 fragment from 

ES114 in pEVS79  
this study 

pEVS97 pEVS94 EcoRV EmR-fragment into BsaBI site in htrB1 on 
pEVS96 

this study 

pEVS104 oriVR6K  oriTRP4 KnR RP4-derived conjugal helper plasmid (252) 
pEVS118 oriVR6K  oriTRP4 CmR (68) 
pEVS122 oriVR6K  oriTRP4 lacZ  EmR (68) 
pHKG1 pDMA13 BamHI/ApaI msbB fragment in BglII/ApaI-digested 

pEVS118  
 

this study 
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pHKG2 msbB in-frame deletion; PCR product (primers dma11 and 
dma12, pHKG1 template) StuI digested, self-ligated 

this study 

pHKG4 pEVS122 EcoRV EmR fragment in StuI-digested pHKG2 this study 
pJLB2 dfr1 PCR product (primers JB1 and JB2, pDFR1 template) in 

pCR-BluntII-TOPO; KnR, TpR 
this study 

pVSV103 oriTRP4 oriVpES213 KnR lacZ (69) 
pVSV105 oriVR6K  oriTRP4 oriVpES213 CmR lacZ  (69) 
Oligonucleotides   
dma3 5’ TACCCAAGGCTTAATGAGCCGCCCC 3’ this study 
dma4 5’ CGCCTAAACGCTTTGAAGCTTACGGCTGGC 3’ this study 
dma5 5’ CGGAGATCTCATCAAAACTAAGACACC 3’ this study 
dma6 5’ GGCAGATCTTAACAATTCTTTTGCCGTG 3’ this study 
dma7 5’ GGCTTAGTGTTAGTAAGTAAAAGGCAG 3’ this study 
dma8 5’ CCCGCAGAACTGTGTAATTCTACGGG 3’ this study 
dma9 5’ GGTAATTTTTGCGGAGAGTATCAGTTCG 3’ this study 
dma10 5’ CCTAAAGCTTGAGCAATAAACGTTGCGCC 3’ this study 
dma11 5’ GCCAGGCCTCATGAATTGCTTCACTGTCTCATTATTATAAG 3’ this study 
dma12 5’ GGCAGGCCTTAACTTTTTTGTTATTCGGCTCTTATTTGAAACC 3’ this study 
dma13 5’ GCGTTATATCGCCATTTCCCAAGC 3’ this study 
dma14 5’ GCGATCACCAAGGCTAGCCGCCC 3’ this study 
dma15 5’ GCGGTCTAGAGCGGGCCCCAACTCGTGAAGCC 3’ this study 
dma16 5’ CGCCTCTAGAGCGTAATGCCATAATGATTGGCG 3’ this study 
dma17 5’ GCGGAGATCTCATCGTGAGCCTATTTTATCTAATTAATTATTGG 3’ this study 
dma18 5’ GCGGAGATCTTAGGGCGTGTCAGGATAAATAATGAAAACC 3’ this study 
dma19 5’ GGCAGATCTCAGATGGTTTGATTAATATTGAATCAGG 3’ this study 
dma20 5’ CGGAGATCTCGTAGGTTTCGGTGGCAAGATCATCGGC 3’ this study 
EVS69 5’ GAAACTGGTATTACTTGGTTTTGG 3’ this study 
EVS72 5’ TACTGCAAAAAAAGGAACAAAAAC 3’ this study 
JB1 5’ GCGCTTCGAACTCTGAGGAAGAATTGTG 3’ (68) 
JB2 5’ GCGCCCTAGGTTAGTTAGTTAACCCTTTTGCCAGA 3’ (68) 
* Abbreviations used:  ApR, ampicillin resistance; CmR, chloramphenicol resistance; EmR, 
erythromycin resistance; KnR, kanamycin resistance; TpR, trimethoprim resistance; StR, 
streptomycin resistance.  Oligonucleotides sequences are provided in the 5’-3’ orientation. 
 

 

LPS and lipid A purification and analysis.  LPS was purified from E. coli or V. fischeri strains 

as described previously (205).   Lipid A from E. coli W3110, MKV15 or MKV15 carrying 

plasmids with V. fischeri htrB1, htrB2, msbB, or no insert, was obtained from the LPS by mild 

acid hydrolysis (1% acetic acid, 2 hours, 100°C) followed by centrifugation and washing (202).  
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Lipid A pellets were partitioned in CHCl3/MeOH/H2O (10:5:6), and the bottom organic layers 

plus interfaces were saved and evaporated to dryness under a stream of N2. 

 Lipid A samples were analyzed by matrix-assisted laser desorption ionization-time-of-

flight mass spectrometry (MALDI-TOF MS) on a Voyager DESTR Plus (Applied Biosystems, 

Framingham, MA) equipped with a 337 nm nitrogen laser.  All samples were run in the negative-

ion linear or reflectron mode with delayed extraction and 20 kV extraction voltage.  Prior to 

analysis, lipid A samples were dissolved in CHCl3/MeOH (3:1) and desalted with cation 

exchange resin (Dowex 50W-X8, NH4
+ form; Bio-Rad, Hercules, CA).  Samples were then 

mixed with an equal volume of matrix solution, saturated 6-chloro-2-mercapto-benzothiazole in 

CHCl3/MeOH (3:1), spotted onto a stainless steel target, and air dried.  ~200 laser shots were 

acquired for each sample, and the spectra were baseline corrected and smoothed with a 5-point 

Gaussian function.  Spectra were calibrated externally with angiotensin II, renin substrate 

tetradecapeptide, and insulin chain B (oxidized) (all from Sigma, St Louis, MO).  Ions measured 

by reflectron MALDI-TOF are reported as monoisotopic masses of the 12C-containing 

component. 

 

GC/MS analysis of fatty acids derived from lipid A.  Approximately 100 g of the E. coli or 

V. fischeri lipid A samples were treated with 0.5 ml of 10% (wt/wt) BF3-methanol (Supelco, Inc., 

Bellefonte, PA) and heated at 100°C for 6 h.  After cooling to room temperature, the samples 

were partitioned between saturated NaCl and HPLC grade hexanes (Aldrich, St. Louis, MO), 

extracted, and evaporated to dryness under a stream of N2 (202).  The fatty acid methyl esters 

(FAMEs) were redissolved in hexanes and analyzed by gas chromatography/mass spectrometry 

(GC/MS) in the electron impact (EI) mode using a Varian Saturn 2100T ion trap MS/MS 
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interfaced with a Varian 3900 GC (Varian, Inc., Walnut Creek, CA).  Injections were made with 

a 1:20 or a 1:50 split, with the injector temperature set at 200°C and the ion trap temperature at 

195°C.  FAMEs were separated on a 30-m x 0.25-mm BPX70 column with a 0.25- m film 

thickness (SGE, Inc., Austin, TX) using helium as the carrier gas (constant column flow, 1.0 

ml/min).  The initial oven temperature was 90°C for 3.5 min, followed by a temperature gradient 

from 90°C to 220°C at 4°C min-1.  A mixture of bacterial acid methyl esters (Matreya, LLC, 

Pleasant Gap, PA) was used as a GC/MS standard solution.  

 

Antimicrobial Assays.  To assess growth inhibition by sodium dodecyl sulfate (SDS), 

polymyxin B, or Kn, these were serially diluted in water in  two-fold steps, 100 μl of each 

dilution were added to 900 μl of SWT in a 10 mm test tube, 10 μl of mid-log phase cultures were 

added, cultures were grown at 24°C until the control tubes lacking the test substance reached an 

OD595 between 0.5 and 0.9, and then the OD595 of the culture in each tube was determined.  The 

inhibitory concentration yielding 50% of the OD595 in the antimicrobial-free control (IC50) was 

determined by plotting OD595 from three independent trials, each with three replicates/dilution of 

the substrate, versus the log of the dose.  The IC50 was calculated using a model fitted to all nine 

trials with the non-linear mixed effects function in the software S-PLUS (203). 

 

Motility Assays.  Motility was assessed as described previously (60, 302).  Cultures were grown 

to mid-log phase (OD595 0.5) at 24°C, 5 μl of the culture was spotted onto a quadrant of an SWT 

soft (0.25%) agar plate and diameter measurements of the movement away from the point of 

inoculation were taken every hour.  For each spot, a slope estimate was obtained from a simple 

linear regression of diameter versus time to quantify the velocity of spread, or motility rate.  The 
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resulting six slopes per strain were then analyzed using a one-way analysis of variance 

(ANOVA) to test for equal mean motility rates across strains, and Tukey’s Studentized Range 

Test was used to perform pair-wise comparisons among the strains at a simultaneous significance 

level of alpha=0.001. The ANOVA model was fit using weighted least squares, weighted by the 

precision (inverse estimated variance) of each slope estimate. All analyses were performed using 

the statistical program SAS (SAS Institute Inc, Cary, NC). 

 

Microscopy.  100 μl of mid-log phase cultures were fixed in Parducz solution [3:3:1 4% OsO4: 

2% saline: saturated HgCl2] (197) for 1 h.  Each sample was pelleted, washed twice with 2% 

saline, dehydrated with sequential washes of 25, 30, 50, 70, 85, 90 and 100% ethanol for 10 min 

each, and applied with a 5-ml syringe to a 13 mm diameter Millipore 0.2 mm filter.  Samples 

were dried in a Samdri-780A critical point drying apparatus with liquid CO2, coated with gold 

until approximately 76.5 Å thick using a SPI-Module Sputter Coater, and examined with a LEO 

982 FE-SEM running at 5 kV. 

 

Luminescence Assays.  Luminescence of cells cultured in SWT at 24°C was determined using a 

TD 20/20 Luminometer (Turner Designs, Sunnyvale, CA).  Symbiotic luminescence of 

individual animals was measured using a LS6500 Scintillation Counter (Beckman-Coulter, CA). 

 

Competition in mixed cultures.  Mutants were competed against the wild type in mixed 

cultures with one of the strains marked by pVSV3, which expresses lacZ allowing blue/white 

screening of strain ratios on LBS plates supplemented with 50 or 100 μg ml-1 5-bromo-4-chloro-

3-indolyl- -D-galactoside (X-gal).  To ensure that plasmid loss or bias in blue/white scoring did 
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not skew results, each mutant’s competitiveness was calculated by averaging the results of 

mutant/pVSV3 mixed with ES114 (wild type) and mutant mixed with ES114/pVSV3.  Individual 

strains were grown to mid-log phase, mixed ~1:1, and the culture was dilution plated to 

determine the starting strain ratio.  The mixed culture was then subcultured 210-fold, regrown to 

the starting OD595, and plated on LBS containing X-gal to determine the strain ratio after ten 

generations.  The process of subculturing, regrowth, and plating was repeated for later 

generations.  The relative competitiveness index (RCI) of mutants was calculated by dividing the 

ratio of mutant to wild type by the starting ratio.  An RCI <1 indicates the mutant strain was 

outcompeted, an RCI >1 indicates the wild-type strain was outcompeted, and an RCI=1 indicates 

no competitive difference between strains. 

 

Squid colonization assays.  For infection with individual V. fischeri strains, E. scolopes 

juveniles were inoculated within 4 h of hatching as previously described (223).  Briefly, between 

nine and thirty hatchlings were placed in 100 ml of filter-sterilized seawater to which the strain 

of interest was added, left in this inoculum for 3 h, and then transferred to 5 ml of bacteria-free 

seawater in a 20-ml glass vial.  After assaying luminescence (see above), squid were 

homogenized, and the homogenates were serially diluted and plated to determine the CFU per 

squid.  To determine a mutant’s competitiveness relative to ES114, juvenile squid were exposed 

to a ~1:1 mix of the strains for 14 h and then moved to bacteria-free water.  After 48 h the squid 

were homogenized and dilution plated to determine the ratio of mutant to wild type.  The RCI 

was determined as described above by dividing the mutant to wild type ratio in each individual 

squid by the ratio in the inoculum.  Average RCI and statistical significance was calculated using 

log-transformed data. 



 40 

Results 

Analysis of putative lipid A secondary acyltransferase genes in V. fischeri.  To begin addressing 

the relationship between V. fischeri lipid A structure and its symbiotic function, we identified 

homologs of lipid A secondary acyltransferase genes htrB and msbB in V. fischeri ES114, an isolate 

from the E. scolopes light organ (20).  Initially, we used PCR-based approaches with primers 

targeting conserved regions of these genes to identify two htrB homologs, designated htrB1 and 

htrB2, and one msbB homolog, and to clone the full-length htrB1 gene from an extant library.  

Subsequent sequencing of the ES114 genome (226) confirmed the presence of these genes and no 

other htrB or msbB homologs, and enabled us to clone htrB2 and msbB.  The V. fischeri htrB1 

(VFA0687), htrB2  (VF0122), and msbB (VF1799) genes encode proteins that are at least 36% 

identical and 53% similar to their respective homologs in E. coli.  Interestingly, the two V. fischeri 

htrB genes are significantly diverged from each other, with only 48% and 53% identity in nucleotide 

and amino acid comparisons, respectively. 

 The genomic context of htrB1, htrB2, and msbB provided insight into their roles.  Notably, 

the htrB2 and msbB genes are located on the relatively large conserved vibrio “housekeeping” 

chromosome 1, whereas htrB1 is on the more variable and species-specific chromosome 2.  We also 

compared these genes to the putative lipid A secondary acyltransferase genes present in fully-

sequenced genomes of four other vibrios; Vibrio cholerae O1 biovar eltor str. N16961 (112), Vibrio 

parahaemolyticus RIMD 2210633 (163), Vibrio vulnificus CMCP6 (137) and Vibrio vulnificus 

YJ016 (39).  As in V. fischeri ES114, each of these four vibrios has one msbB homologue located on 

chromosome 1.  Each of these strains also has an htrB gene on chromosome 1 immediately 

downstream of a gene encoding a putative tetR-family regulator, an organization conserved in V. 

fischeri htrB2 (Fig. 2.1).  In addition to this conserved organization, the translated sequences of these 
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four other Vibrio htrB genes are also the closest four matches to V. fischeri HtrB2.  Only V. 

parahaemolyticus RIMD2210633 has additional htrB genes, two of them, but neither shared the 

genetic context and localization to chromsome II of V. fischeri htrB1.  These bioinformatic data 

suggest that V. fischeri htrB2 and msbB are evolutionarily conserved in the Vibrionaceae, whereas 

htrB1 may be performing a more niche-specific activity for V. fischeri. 

 
FIG. 2.1.  Chromosomal location and orientation of htrB1, htrB2, and msbB in V. fischeri ES114.  
Open reading frames encoding hypothetical proteins are designated “hyp”.  BLAST-P searches of 
the National Center for Biotechnology Information database were used to determine homologies 
(e<10-15) and assign names for genes flanking htrB1, htrB2, or msbB.  Arrows indicate gene 
orientation.  Ch1 and Ch2 indicate localization to chromosomes one or two, respectively. 
 
 
Lipid A acyltransferase activity of V. fischeri htrB1, htrB2, and msbB.  To test whether V. 

fischeri htrB1, htrB2, and msbB encoded lipid A acyltransferases, we placed these genes on 

plasmids in E. coli mutant MKV15 (htrB::Tn10, msbB::cam, lpxP::kan), which lacks secondary 

acylations on lipid A (290).  Lipid A samples were prepared from these and control strains by 

mild acid hydrolysis of the LPS, partially purified, and analyzed by mass spectrometry.  Figure 

2.2 shows a stack plot of the MALDI spectra of these lipid A samples.  The major lipid A 

components obtained from wild-type E. coli are a diphosphorylated lipid A (DPLA) and a 

monophosphorylated lipid A (MPLA) each containing four 3-hydroxymyristic acids (C14:0(3-

OH)), one myristic acid (C14:0), and one lauric acid (C12:0), yielding (M-H)- ions for DPLA 

and MPLA at m/z 1796.1 and 1716.1, respectively.  As previously reported (290), MKV15 lipid 

A lacks both of the secondary acyl chains (C12:0 and C14:0), yielding DPLA and MPLA with 
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(M-H)- ions at m/z 1403.9 and 1323.9, respectively (Fig. 2.2).  This was unaffected by either of 

the insertless plasmids, pDMA28 or pJLB2 (Fig. 2.2), although in some samples these negative 

controls contained small amounts of lipid A that were 238 Da larger, consistent with the addition 

of a C16:0 moiety. 

 Each of the V. fischeri htrB1, htrB2, and msbB genes directed acylation of MKV15 lipid 

A, although their acyl-chain substrates differed from those of their E. coli homologues.  When 

MKV15 was transformed with plasmids carrying V. fischeri htrB1 or htrB2, a 226 Da moiety 

was added to lipid A (Fig. 2.2), suggesting the addition of a hydroxylated C14:0 fatty acid.  This 

result suggests that htrB1 and htrB2 encode enzymes with different substrate specificity than E. 

coli HtrB, which adds a lauric acid (C12:0) to the E. coli lipid A.  Similarly, MKV15 

complemented with V. fischeri msbB added a 182 Da moiety (C12:0 fatty acid) to the lipid A 

(Fig. 2.2), whereas E. coli MsbB adds a myristic acid (C14:0).  FAME analyses of lipid A from 

the strains shown in Figure 2 were consistent with our interpretation of these strains’ lipid A 

mass profiles and confirmed that V. fischeri msbB directed addition of C12:0 to MKV15 lipid A 

while htrB1 and htrB2 were responsible for addition of C14:O(3-OH) (data not shown).  These 

results demonstrate that the V. fischeri htrB1, htrB2 and msbB gene products have lipid A 

acylase activity and suggest that their substrate specificity differs from that of their respective 

homologs in E. coli. 

We further investigated the activities of htrB1, htrB2, and msbB by generating V. fischeri 

mutants lacking these genes and examining their lipid A.  FAME analyses of partially purified 

LPS from ES114 and mutant strains are shown in Table 2.2.  These data must be interpreted 

cautiously, because the structure of V. fischeri lipid A is unknown and appears to contain unusual
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FIG. 2.2.  Complementation of E. coli MKV15 with putative lipid A secondary acyltransferase 
genes from V. fischeri.  Lipid A was obtained from LPS preparations of E. coli strains grown in 
minimal media at 30°C, including W3110 (parent-panel A), MKV15 (mutant lacking lipid A 
secondary acylations-panel B), and MKV15 carrying plasmids with either no insert (pDMA28-
panel C or pJLB2-panel F) or with inserts of htrB1, htrB2, or msbB from V. fischeri (panels D, E, 
and G, respectively).  pDMA28 serves as the isogenic insert-free control for pDMA25 and 
pDMA27, whereas pJLB2 serves this purpose for pDMA114.  Samples were analyzed by 
negative-ion MALDI-TOF mass spectrometry in the reflectron mode.  The (M-H)- ion at m/z 
1796.1 (panel A) arises from the E. coli hexaacylated diphosphorylated lipid A (DPLA).  Strain 
MKV15 produces a tetraacylated DPLA with a (M-H)- ion at m/z 1403.9 (panel B), which is also 
seen in MKV15 with the control plasmids (panels C and F).  Arrows in panels D, E, and G 
indicate the molecular weight shifts caused by complementation.  Peaks marked with asterisks 
are monophosphorylated lipid A forms.  The small peak at m/z 1622.0 (seen in panels A and B) 
is an unidentified impurity.  The minor addition of a C16:0 fatty acid (+238 Da) occasionally 
occurred even in the negative controls (seen in panels C, F and G). 
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modifications, but they are informative nonetheless.  For example, each of the mutants lacking 

msbB has a reduced C12:0 composition (Table 2.2), consistent with the apparent activity of V. 

fischeri msbB in transgenic E. coli (Fig. 2.2).  Also, each of the mutants lacking htrB2 had a 

reduction in C14:0, although no difference in the 3-OH C14:0 content was detectable.  The htrB1 

mutant showed no clearly significant differences from the wild type, although strains lacking 

htrB1 tended to have relatively low 3-OH C14:0 content.  A more dramatic effect of htrB1 was 

evident upon comparing the htrB1 htrB2 mutant to the htrB2 mutant, which revealed a decrease 

in C12:0 associated with the mutant htrB1 allele (Table 2.2).  This is consistent with other 

phenotypes measured in culture (reported below) in that effects of mutating htrB1 were only 

evident in other mutant backgrounds.  Taken together these data further indicate that HtrB1, 

HtrB2, and MsbB direct the modification of lipid A in V. fischeri, although the activity of HtrB1 

may be insignificant in wild type when grown in culture. 

 

Table 2.2.  Percent fatty acid composition of partially purified lipid A from V. fischeri ES114 
and mutants derivatives 

Strain 
C12:0 C14:0 C16:0 C16:1 

a 
C16:1 

b 
C12:0 

3-OH 
C18:0 C18:1 

a 
C18:1 

b 
C14:0 

3-OH 
C14:1 

3-OH 
ES114 (wild type) 5.2 10.6 14.6 3.7 15.6 20.0 4.4 0.9 1.2 15.5 8.4 
EVS300 (htrB1

-) 4.2 12.4 17.8 3.9 15.3 19.2 5.0 1.3 1.6 12.9 6.5 
DMA310 (htrB2

-) 4.1 4.8 16.2 4.0 17.2 20.4 4.6 1.1 1.7 18.1 7.7 
HG320 (msbB

-) 1.0 10.4 22.6 3.0 17.8 16.4 9.5 1.6 1.7 11.8 4.4 
DMA330  
(htrB1

-, htrB2
-) 1.3 4.4 19.9 3.2 21.5 20.6 7.2 0.8 3.3 11.3 6.5 

DMA331 
 (htrB1

-, msbB
-) 0.8 11.4 21.2 3.5 17.1 16.2 8.9 1.7 1.5 12.1 5.5 

DMA332 
(htrB2

-, msbB
-) 1.0 5.2 20.1 2.5 18.8 16.8 7.5 1.4 1.8 18.9 6.0 

AO340  
(htrB1

-, htrB2
-, msbB

-) 0.9 6.0 17.5 4.2 24.8 17.6 8.8 1.5 2.3 10.8 5.6 
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Sensitivity of mutants to SDS, kanamycin and polymyxin B.  Changes to the acylation pattern 

of lipid A can affect outer membrane stability and the resistance of bacteria to detergents, 

antibiotics and host-derived antimicrobial peptides (108).  Therefore, antimicrobial sensitivity 

assays provide a direct test of the barrier function of LPS and an indirect test for alterations in 

LPS structure.  Notably, the activity of the antimicrobial peptide polymyxin B is thought to 

involve direct binding to lipid A, and alterations in lipid A structure can influence polymyxin B 

resistance.  We determined the concentrations of SDS, kanamycin and polymyxin B yielding a 

50% reduction in growth (IC50) of the wild type ES114 and each of the htrB1, htrB2 and msbB 

mutants (Table 2.3).  The htrB1 mutant EVS300 was essentially like wild type with respect to 

antimicrobial sensitivity.  In contrast, htrB2 mutant DMA310 and msbB mutant HG320 were 

each more sensitive to kanamycin and more resistant to polymyxin B, with DMA310 also 

displaying significantly increased sensitivity to SDS (Table 2.3).  Combining mutations often 

resulted in more pronounced effects on antimicrobial sensitivity.  Moreover, statistical analyses 

revealed significant allelic interactions leading to IC50’s that were not simply additive effects.  

This is illustrated by the influence of the presence or absence of htrB2 on the effect htrB1 has on 

SDS sensitivity.  Mutating htrB1 in the wild type had little or no effect on growth in SDS, but in 

an htrB2 mutant background mutating htrB1 caused a dramatic increase in SDS sensitivity.  

Thus, the data in Table 3 are consistent with htrB2 and msbB affecting lipid A structure, whereas 

the effect of htrB1 is negligible for wild type growing in culture and is only evident in other 

mutant backgrounds. 
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Table 2.3.  Effects of htrB and msbB mutations on V. fischeri sensitivity to SDS, polymyxin B, 
and kanamycin 

IC50
a 

 

 

 

Strain 

 
 
 

genotype 

 

% SDS 

μg
 
ml

-1 

Kanamycin 

μg
 
ml

-1 

Polymyxin B 

ES114 wild type 10 (8.8-11) 104 (96-113) 0.73 (0.66-0.79) 
EVS300 htrB1::erm 9.5 (8.3-10.7) 106 (98-115) 0.58 (0.54-0.62) 
DMA310 htrB2::erm 3.5 (3.2-4.0) * 74 (68-80) * 1.1 (1.0-1.2) * 
HG320 msbB::erm 7.1 (6.4-8.0) 66 (61-71) * 1.6 (1.4-1.8) * 
DMA330 htrB1::erm htrB2 0.031 (0.029-0.035) * 35 (32-38) * 1.7 (1.5-1.9) * 
DMA331 htrB1::erm msbB 7.0 (6.2-7.9) 59 (54-64) * 1.5 (1.3-1.6) * 
DMA332 msbB::erm htrB2 2.0 (1.8-2.2) * 47 (44-51) * 4.7 (4.3-5.1) * 
AO340 htrB1::erm htrB2 

msbB 
0.024 (0.022-0.026) * 35 (32-38) * 2.6 (2.1-3.18) * 

a The IC50 is the concentration at which growth yield is half-maximal (see Methods). Data 
represent combined results of three independent assays, and the 95% confidence interval is given 
in parentheses.  Values marked with an asterisk indicate IC50’s that were significantly (p<0.01) 
different from that of wild type in each of the three independent assays. 
 

Growth, luminescence and motility of V. fischeri lipid A mutants in culture.  One goal of this 

study was to examine the symbiotic competence of the htrB1, htrB2 and msbB mutants; however, we 

considered the possibility that these mutations might cause pleiotropic effects on cells making it 

difficult to interpret whether any deficiencies in host colonization reflected symbiosis-specific 

defects.  In particular, to fully colonize the E. scolopes light organ, V. fischeri must be able to swim 

(101), grow rapidly (223), and bioluminesce (282), and we therefore examined these phenotypes in 

culture before examining the mutants’ symbiotic competence. 

We first assessed the ability of the htrB1, htrB2, and msbB mutants to swim through soft agar 

(Fig. 2.3A).  The htrB1 mutant EVS300 had no detectable difference in swimming rate relative to 

the wild-type parent ES114.  In contrast, DMA310 (htrB2
-) and HG320 (msbB

-) displayed 

significant (p<0.001) attenuation of motility (Fig. 2.3A), and this could be complemented in trans by 

restoring the htrB2 or msbB gene, respectively (Fig. 2.3B).  Combining mutations in the same strain 

caused more severe attenuation in swimming, particularly in strains lacking htrB2 (Fig. 2.3A).   
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FIG. 2.3.  Motility of V. fischeri htrB1, htrB2, and msbB mutants.  Both panels report average rate of 
movement through 0.25% agar plates and show representative data from one experiment of at least 
three.  Standard error (n=6) is shown.  A. Motility of ES114 and mutants.  Bars labeled with the 
same capital letter do not differ significantly (p<0.001) as determined by analysis of variance.  B. 
Motility of ES114, DMA310 (htrB2

-) and HG320 (msbB
-) with pVSV105, pDMA43 

(pVSV105+htrB2), or pDMA42 (pVSV105+msbB).  Asterisks represent significant difference 
(p<0.01) from wild type carrying the same vector.  
 
 

Microscopic observations provided a possible mechanistic explanation for these motility 

defects (Fig. 2.4).  Unlike ES114 (Fig. 4A) and htrB1 mutant EVS300 (not shown), mutants 

DMA310 (htrB2
-), DMA330 (htrB1

-
 htrB2

-), and DMA332 (htrB2
-
 msbB

-), formed chains of cells 

(e.g. Figs. 2.4B and C).  These mutant cells appeared septated but still linked together (e.g. Fig. 

2.4B).  Nonmotile mutant AO340 (htrB1
-
 htrB2

-
 msbB

-) formed large groups of cells that adhered 

together, as well as unusually shaped, large and possibly unseptated cells (Fig. 2.4D).  V. fischeri 

normally swims using polar flagella, and it seems plausible that multiple cells linked end to end 

would not be as motile as free individual cells. 
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FIG. 2.4.  Morphology of htrB2 mutants.  SEM images of (A) ES114 (wildtype) (B) DMA310 
(htrB2

-), (C) DMA330 (htrB1
-
 htrB2

-) and (D) AO340 (htrB1
-
 htrB2

-
 msbB

-). 
 

We next tested the growth rates of the htrB1, htrB2, and msbB mutants in broth cultures.  

EVS300 (htrB1
-), DMA310 (htrB2

-), HG320 (msbB
-), DMA331 (htrB1

-
 msbB

-), and DMA332 

(htrB2
-
 msbB

-) had no discernable difference in growth rate relative to their wild-type parent 

ES114.  AO340 (htrB1
-
 htrB2

-
 msbB

-) and DMA330 (htrB1
-
 htrB2

-) grew extremely poorly in 

LBS medium; however, addition of 55 mM MgCl2 and 8 mM CaCl2 to LBS restored growth to 

both strains indicating that divalent cations are important for growth when both htrB1 and htrB2 

are absent (data not shown).  In SWT, which contains divalent cations, AO340 (htrB1
-
 htrB2

-
 

msbB
-) and DMA330 (htrB1

-
 htrB2

-) grew at a rate similar to wild type; however, when culture 

optical density (OD595) was ~0.5, AO340 cells clumped, and growth rate could no longer be 

determined by measuring OD595 or by enumerating CFUs. 

We also assayed each mutant’s bioluminescence.  EVS300 (htrB1
-) and DMA310 (htrB2

-) 

displayed wild-type-like luminescence; however, we found that DMA330 (htrB1
-
 htrB2

-) and 

AO340 (htrB1
-
 htrB2

-
 msbB

-), each had decreased luminescence compared to ES114 (Fig. 2.5).  

HG320 (msbB
-), DMA331 (htrB1

-
 msbB

-) and DMA332 (htrB2
-
 msbB

-) each displayed at least a 2-

fold increase in specific luminescence relative to ES114 (Fig. 2.5), and this was complemented in 

HG320 by providing msbB in trans or by replacing the mutant deletion with the wild-type allele on 

the chromosome (data not shown).  A potentially limiting substrate for the light-generating luciferase 

2 μm 2 μm 500 2 μm 2 μm 

A B C D 
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in V. fischeri is the aliphatic aldehyde that is (re)generated by LuxC and LuxE from the 

corresponding long-chain fatty acid, which is provided in part by LuxD (27, 249, 274).  We 

speculated that eliminating MsbB might increase the substrate pool for luciferase thereby resulting in 

the observed enhancement of luminescence.  To test this we added 10 μM myristic acid to the media 

and found that the luminescence of both the wild type and HG320 (msbB
-) increased to the same 

level (data not shown), supporting the idea that MsbB and bioluminescence compete for a limited 

supply of long-chain fatty acids.  

FIG. 2.5.  Effects of htrB1, htrB2, and msbB mutations on bioluminescence.  Maximal 
luminescence per OD595 of mutant strains grown in SWT at 24°C is expressed as a percentage of 
that emitted by ES114.   Error bars indicate standard error (n=3) and asterisks indicate a 
significant difference from ES114 (p<0.05).  One representative experiment of three is shown. 
 
 

Taken together, the in-culture phenotypic characterization described above indicated that 

some, but not all, of the mutants were appropriate for symbiotic infection studies.  EVS300 

(htrB1
-) was indistinguishable from ES114 in culture, and therefore any attenuation during 

colonization of E. scolopes could be considered symbiosis-specific, at least insofar as this mutant 

is not generally attenuated in growth.  DMA310 (htrB2
-), HG320 (msbB

-), and DMA331 (htrB1
-
 

msbB
-) were also chosen for symbiotic characterization, because their differences from wild type 
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were moderate.  Other mutant strains were not included in symbiotic studies because of their low 

motility, decreased luminescence, odd cell morphology, and growth requirements. 

 
Symbiotic colonization of E. scolopes by lipid A mutants.  Despite their phenotypic 

differences from ES114 in culture (e.g. see Tables 2.1 and 2.2, Figures 2.3, 2.4 and 2.5), neither 

DMA310 (htrB2
-) nor HG320 (msbB

-) had an apparent defect in colonization of E. scolopes over 

48 h following inoculation (data not shown).  On the other hand, EVS300 (htrB1
-) and DMA331 

(htrB1
- msbB

-) appeared similarly attenuated relative to ES114 in their ability to initiate this 

symbiosis.  For example, inoculation with EVS300 resulted in a reduced onset of symbiotic 

bioluminescence during initial colonization relative to animals inoculated with ES114 (Fig. 

2.6A).  This difference in symbiotic luminescence was subtle, and during initial colonization 

ES114-infected animals became between 1.5- and 4-fold brighter than animals infected by 

EVS300.  Moreover, this difference was reproduced in natural seawater, but in one experiment 

using Instant Ocean no difference was seen between mutant and wild type.  Interestingly, we 

found that infections with wild type or EVS300 were indistinguishable after the first light-

triggered diurnal venting of symbionts (Fig. 2.6A).  

Luminescence is a good indirect indicator of colonization levels in squid assays, and 

EVS300 produced luminescence indistinguishable from that of ES114 in culture (Fig. 2.5); 

however, we considered the possibility that differences in luminescence levels in EVS300- and 

ES114-infected animals did not reflect colonization levels.  In a separate experiment, juvenile 

squid were infected with either ES114 or the htrB1 mutant, and after luminescence of the two 

sets of animals diverged, (Fig. 2.6B) we homogenized and plated the animals to determine CFU.  

EVS300-infected animals had fewer cfu than ES114-infected animals, confirming that lower 

luminescence corresponded to fewer bacteria in the light organ in this experiment (Fig. 2.6C). 
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FIG. 2.6.  Symbiotic luminescence and colonization for V. fischeri wild type and an htrB1 
mutant.  A. Animal luminescence during the initial stages of E. scolopes colonization by strains 
ES114 (wild type) and htrB1 mutant EVS300.  The luminescence pattern indicates the initial 
onset of colonization (0-12.5 h) followed by a changing level of light emission that reflects the 
diurnal venting behavior of the animal and regrowth of symbionts (22).  Mean values of 21 
animals were calculated and standard errors of the mean are indicated.  B.  In a separate 
experiment from (A), luminescence of hatchling squid inoculated with wild type (ES114) or htrB 
mutant (EVS300) at 16 h post inoculation.  Each bar represents the average of 11 or 12 animals 
with the standard error.  C.  Colonization levels of V. fischeri from the same animals presented in 
panel B.  Each bar represents the average of 11 or 12 animals with the standard error.  Diamonds 
represent the CFU’s present in individual animals. 
 

These experiments were technically challenging due to the light-triggered venting of the 

animal’s symbionts and the lack of a discernable difference between animals infected with wild type 

or htrB1 mutants after the first venting.  To obtain data like those in Figure 2.6C, animal 

luminescence was monitored using a scintillation counter, and after the onset of luminescence 

animals were plated while keeping the room as dark as possible to prevent triggering the animals’ 
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venting behavior.  We attempted to alleviate this problem using competition experiments wherein 

animals were exposed to a 1:1 mixture of mutant and wild-type cells and the ratio of the two strains 

in the squid was determined at some time after infection.  We reasoned that even if the mutant had a 

defect only in a narrow window of time during early infection, this might still be reflected in the 

populations later on, after venting.  Another advantage of competition experiments is that variability 

between animals is less of a complicating factor, because both strains are exposed to the same set of 

animals.  Importantly, such competition experiments have been used in the past in studies of this 

symbiosis, and sometimes reveal colonization defects that are not immediately apparent in single-

strain inoculations (149, 251, 285).  To ensure that any competitive defect we might find would not 

simply reflect a generally attenuated mutant, we first competed ES114 and the htrB1 mutant 

EVS300 in culture and found no competitive defect for the mutant under these conditions (Fig. 

2.7A).  However, when squid were co-inoculated with these strains we found that the wild type 

outcompeted the htrB1 mutant EVS300 by 2.7-fold (Fig. 2.7B).  This is a similar magnitude of 

attenuation relative to the wild type as we saw during early infection in experiments with clonal 

inocula (e.g., Fig. 2.6A); however, these results were more reproducible and robust, and more 

animals could be analyzed because they did not have to be kept in the dark and plated during a 

narrow window of time.  In contrast to this competitive defect of the htrB1 mutant evident in the 

host and not in culture, the msbB mutant was not outcompeted by ES114 either in the symbiosis or in 

culture, and the htrB2 mutant was outcompeted to a similar extent under both symbiotic and culture 

conditions (data not shown). 



 53 

 
 

FIG. 2.7.  Competition between ES114 and its htrB1 mutant EVS300 in culture and in squid.  A.  
Relative competitiveness of htrB1 co-cultured with ES114 in LBS.  In parallel cultures, one 
strain or the other was tagged with lacZ to facilitate determination of strain ratios by blue/white 
screening (see Methods).  Error bars represent standard error (n=3).  B.  Relative competitiveness 
of htrB1 mutant during colonization of E. scolopes.  Juvenile squid were exposed to a mixed 
inoculum of wild type and htrB1 mutant EVS300 at a total concentration of ~2,500 CFU/ml, and 
the relative competitiveness was determined after 48 h.  Circles represent the RCI determined 
from the infection in each of 118 individual animals.  Circles with arrows represent animals that 
were clonally infected.  Data represent combined results of four similar experiments.  
 

 
Discussion 

Despite intense interest regarding how lipid A structure affects pathogenic animal-

bacteria interactions, little is known about how lipid A functions in a mutualism, such as the V. 

fischeri–E. scolopes symbiosis.  V. fischeri is uniquely able to colonize and induce the 

morphogenesis in E. scolopes light organ, and previous evidence suggested that lipid A plays an 

important role in these processes (75, 141).  In this study we examined htrB and msbB genes, 

which encode lipid A secondary acyltransferases, to investigate their effects on the V. fischeri–E. 

scolopes mutualism and on the general biology of V. fischeri.  Our results suggest that htrB2 and 

msbB are conserved in other vibrios and that in V. fischeri they are active outside the symbiosis. 

This is illustrated by the observation that htrB2 and msbB mutants displayed several phenotypic 

differences relative to wild type in culture (e.g., see Tables 2.2 and 2.3, Figs. 2.3, 2.4 and 2.5).  

In contrast, the htrB1 gene, found on the more variable chromosome 2, appears distinctive to V. 
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fischeri, and the htrB1 mutant displayed a slight symbiosis-specific defect (Figs. 2.6 and 2.7), but 

was indistinguishable from wild type in culture.  

The symbiotic attenuation of the htrB1 mutant was evident early in colonization (Fig. 

2.6), possibly suggesting that HtrB1 modifies lipid A in a way that is important for symbiont 

recognition or other initial events in the infection.  Indirect evidence for a role of lipid A and 

HtrB in signaling in this symbiosis came from Foster et al. (75), who found that LPS from a H. 

influenzae htrB mutant caused an attenuated apoptotic response in E. scolopes relative to LPS 

derived from the wild-type H. influenzae.  However, using a similar approach to that of Foster et 

al. (75), we did not detect a reduction in the apoptotic response in E. scolopes treated with LPS 

from the V. fischeri htrB1 mutant relative to treatment with LPS from the wild-type strain (data 

not shown).  If released LPS does act as a signal early in infection, one might expect that the 

wild type would compensate for the htrB1 mutant when the strains are mixed; however, in 

mixed-strain competition experiments the htrB1 mutant was outcompeted by wild type (Fig. 2.7).  

This may indicate that HtrB1 plays some role other than in signaling.  On the other hand, 

significant segregation of strains occurs once cells colonize the light-organ crypts during mixed 

infections (69), leaving open the possibility that a signaling defect of mutant cells in the crypt 

spaces cannot be compensated for by the wild type due to spatial separation.  If so, it is possible 

that a signal conferred by HtrB1 is important in the early establishment of the symbiosis within 

the crypts rather than in the initial aggregation and migration of the bacteria on the surface of the 

light organ (195).  

V. fischeri mutants lacking htrB2, msbB, or a combination of lipid A acyltransferase 

genes, had unpredicted phenotypes, including motility defects, altered cell morphology and 

enhanced bioluminescence (Figs. 2.3, 2.4 and 2.5).  These observations should be considered 
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when examining the roles of htrB and msbB in host-bacteria interactions.  Numerous studies in 

pathogenic organisms, including Salmonella typhimurium and E. coli, show that htrB or msbB 

mutants colonize their animal hosts poorly or are less able to evade the immune system, 

suggesting a direct link between lipid A structure and virulence (131, 171, 244).  However, 

motility contributes to colonization and virulence in these and other bacteria (145, 254), and 

motility was not reported in these studies of msbB and htrB mutants.  We have now shown that 

htrB2 and msbB mutants have attenuated motility at least in V. fischeri (Fig. 2.3).  Similarly, a 

recent study found that mutations in htrB or msbB in E. coli could have pleiotropic effects by 

affecting expression of the alternative sigma factor E (258).  Therefore, mutating htrB and msbB 

in pathogens could affect virulence indirectly in unexpected ways, and thorough analyses of htrB 

and msbB mutants in culture is important to determine whether decreased virulence reflects a 

general attenuation of the mutant, an indirect effect through another virulence determinant, or a 

defect specific to a direct role of LPS in the pathogen-host interaction. 

The structure of V. fischeri lipid A has been difficult to solve and may include novel 

decorations.  However, we have gained insight into the biochemical roles of htrB1, htrB2, and 

msbB by expressing these genes in an E. coli strain lacking secondary acylations on lipid A (Fig. 

2.2) and by examining the fatty acid profiles of lipid A from V. fischeri mutants (Table 2.2).  

Interestingly, both approaches indicated that the V. fischeri MsbB adds a C12:0 fatty acid to lipid 

A, in contrast to the C14:0 acylation added by E. coli’s MsbB.  This suggests that comparisons of 

E. coli and V. fischeri MsbB could offer a powerful approach toward determining the acyl-chain 

substrate specificity of MsbB enzymes.  The C12:0 content of lipid A was also decreased in an 

htrB1 htrB2 double mutant (Table 2.2).  Given the lack of evidence that either HtrB1 or HtrB2 
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uses C12:0 as a substrate, these data could indicate that V. fischeri MsbB works most efficiently on 

lipid A that has already been decorated by the activity of HtrB, as is the case in E. coli (45, 47). 

The direct activities of V. fischeri HtrB1 and HtrB2 are less clear, although they also 

seem to differ from their namesake in E. coli, which directs addition of a C12:0 moiety to lipid A.  

For example, the V. fischeri htrB1 and htrB2 genes each directed addition of 3-OH C14:0 to lipid 

A in transgenic E. coli (Fig. 2.2).  Hydroxylated secondary acylations of lipid A are unusual but 

not unprecedented, and they have been observed on lipid A in Bordetella hinzii 2-OH C14:0, 

Bordetella trematum 2-OH C14:0, and Rhizobium etli 27-OH C28:0 (34, 280).  Consistent with the 

results in transgenic E. coli, V. fischeri strains lacking htrB1 apparently tended to have a lower 3-

OH C14:0 content in their lipid A (Table 2.2), although this subtle trend in our data may not reflect 

a real effect.  In contrast, there was no indication that htrB2 mutants had decreased 3-OH C14:0 in 

their lipid A.  If anything, lipid A from htrB2 mutant strains had slightly elevated levels of this 

fatty acid (Table 2.2).  Instead, the htrB2 mutant had a decrease in the C14:0 component of lipid A 

(Table 2.2).  This discrepancy between the apparent roles of htrB2 in transgenic E. coli and V. 

fischeri could reflect different substrate structure and availability in these organisms.  Ongoing 

attempts to elucidate the structure of V. fischeri LPS may help resolve the activities of HtrB1 and 

HtrB2. 

 Future studies of lipid A and LPS in V. fischeri should consider the possibility that factors 

other than lipid A are important in the signaling between V. fischeri and E. scolopes, and that the 

signaling effects of lipid A may be co-dependent on other signaling molecules.  Koropatnick et 

al. (141) found that V. fischeri releases peptidoglycan (PG) monomers that are structurally 

identical to those released by Bordetella pertussis, which kills ciliated tracheal cells leading to 

the symptoms of whooping cough.  In V. fischeri, released PG monomer triggers regression of E. 



 57 

scolopes ciliated appendages, and PG monomer acts synergistically in combination with LPS to 

stimulate morphogenesis similar to that seen in an infection with symbiotic V. fischeri (141).  

Given this relationship between LPS and the PG monomer, it would be interesting to place the 

lipid acyltransferase mutations described here in a V. fischeri strain that also has a reduction in 

release of the PG monomer and assess signaling-related phenotypes such as apoptosis and 

morphogenesis as well as colonization.  This multivariant approach may give more insight on the 

effects of the lipid A mutants in colonization when the PG monomer is not present and perhaps 

show a more dramatic symbiotic effect.  As has been suggested before, it seems increasingly 

likely that signaling in this bacteria-animal mutualism will involve multiple signals and complex 

interactions similar to the recognition of pathogens by animal hosts (75, 141, 171). 
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CHAPTER 3 

 

MUTATIONS IN AMPG AND LYTIC TRANSGLYCOSYLASE GENES AFFECT THE NET 

RELEASE OF PEPTIDOGLYCAN MONOMERS FROM VIBRIO FISCHERI 
2 

                                                
2 Adin, D.M.,  Engle, J. T., Goldman, W. E., McFall-Ngai, M. J. Stabb, E.V.  To be submitted to 
the Journal of Bacteriology. 
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Abstract 

The light-organ symbiont Vibrio fischeri releases N-acetylglucosaminyl-1,6-anhydro-N-

acetylmuramylalanyl- -glutamyldiaminopimelylalanine, a disaccharide-tetrapeptide component 

of peptidoglycan (PG), referred to here as “PG monomer”, that in most other Gram-negative 

bacteria is recycled and not released.  This molecule can stimulate normal light-organ 

morphogenesis in the squid Euprymna scolopes, resulting in regression of ciliated appendages 

similar to that triggered by infection with its symbiont V. fischeri.  We examined whether the net 

release of PG monomers by V. fischeri resulted from lytic transglycosylase activity or from 

defects in AmpG, the permease through which PG monomers enter the cytoplasm for recycling.  

An ampG mutant displayed a 100-fold increase in net PG monomer release, indicating that 

AmpG is functional.  The ampG mutation also conferred the uncharacteristic ability to induce 

light-organ morphogenesis even when placed in a non-motile flaJ mutant that cannot infect the 

light-organ crypts.  We next targeted five lytic transglycosylase genes singly and in specific 

combinations to assess their role in PG monomer release.  We found that combinations of 

mutations in ltgA1, ltgA2 and ltgD decreased net PG monomer release, and that a triple mutant 

lacking all three of these genes had little to no accumulation of PG monomers in culture 

supernatants.  This mutant colonized the host as well as the wild type; however, the mutant-

infected squid were more prone to later superinfection by a second V. fischeri strain.  We 

propose that lack of PG monomer release by this mutant results in less regression of the 

infection-promoting ciliated appendages leading to this propensity for superinfection. 
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Introduction 

 Microbe associated molecular patterns (MAMPs) are recognized by hosts in a variety of 

pathogenic and symbiotic relationships.  MAMP is an umbrella term for a variety of semi-

conserved bacterial molecules, including lipopolysaccharide, lipoproteins, flagella, and 

peptidoglycan (PG), that are sensed by conserved host surveillance mechanisms (e.g., the innate 

immune system) triggering context-dependent reactions to bacterial colonization.  Mounting 

evidence shows that PG-derived MAMPs play important and previously underappreciated roles 

in host-bacteria interactions (50). 

The PG layer of Gram-negative bacteria is a rigid network in the periplasm that protects 

against osmotic lysis and helps to determine cell size and shape, while still allowing diffusion of 

molecules into the cell (61).  In PG, repeated subunits of N-acetylglucosamine and N-

acetylmuramic acid are connected to a short pentapeptide side chain of L-alanyl-D- -glutamyl-

meso-diaminopimelyl-D-alanyl-D-alanine (ala-glu-DAP-ala-ala).  Adjacent peptides are 

crosslinked through ala-DAP or DAP-DAP peptide bonds, and side-chains are converted to 

tetra-, tri-, and dipeptides through the action of carboxypeptidases in the periplasm (93, 187). 

 Despite its mechanical stability, PG is a dynamic structure that undergoes remodeling and 

recycling.  Murein hydrolases, including lytic transglycosylases, hydrolyze PG to allow the 

insertion of new material as the cell grows or to accommodate structures that span the periplasm 

(235, 289).  Lytic transglycosylases cleave the N-acetylmuramic acid-ß-1,4-N-acetylglucosamine 

linkage in peptidoglycan and catalyze the formation of a 1,6-anhydro bond on the N-

acetylmuramic acid (124).  After cleavage, PG monomers enter the cytoplasm through the 

permease AmpG (129),  and are recycled and ultimately reincorporated into PG (96).  Murein 

hydrolase activity and the recycling of PG monomers presumably allow for growth and cell 
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expansion; however, Escherichia coli mutants lacking ampG or several lytic transglycosylases 

were not affected in growth or cell division (114, 154). 

Only a few bacteria are known to release PG monomers during growth, presumably 

because PG monomers are usually efficiently recycled.  These include Neisseria gonorrhoeae 

(242) and Bordetella pertussis (221), which cause gonorrhea and whooping cough, respectively.  

These pathogens each release N-acetylglucosaminyl-1,6-anhydro-N-acetylmuramylalanyl- -

glutamyldiaminopimelylalanine (referred to herein as “PG monomer”), which triggers the death 

of ciliated host cells (52, 164, 175); but the basis for their shedding of PG monomers differs.  B. 

pertussis release of PG monomer, or “tracheal cytotoxin” (TCT), apparently is due to disruption 

of ampG expression by the insertion of an IS481 element 90 bp upstream of this gene (160), and 

artificially expressing ampG in B. pertussis decreased PG monomer release (160).  However, in 

N. gonorrhoeae the activities of two lytic transglycosylases, LtgA (49) and LtgD (48), appear to 

be responsible for the release of the PG monomer, or “PG cytotoxin” (PGCT).  An ampG mutant 

in N. gonorrhoeae showed a seven-fold increase in PG monomer release suggesting a functional 

AmpG and PG recycling pathway (79).  Unfortunately, humans are the host for N. gonorrhoeae 

and B. pertussis hindering examination of the effects of PG monomer during natural infections. 

Recently the bioluminescent marine bacterium Vibrio fischeri was found to release the 

same PG monomer as N. gonorrhoeae and B. pertussis (141).  V. fischeri is a light-organ 

symbiont of the Hawaiian bobtail squid, Euprymna scolopes, and this host-bacterium association 

can be reconstituted in the laboratory.  E. scolopes hatchlings contain ciliated appendages that 

increase water flow across the light organ and help facilitate infection (170, 174, 183).  During 

initial colonization, V. fischeri triggers regression of these ciliated fields (64, 182), and this can 

be mimicked by adding PG monomers to the seawater (141). In this study, we constructed and 
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analyzed mutants to determine the contributions of lytic transglycosylases and AmpG to PG 

monomer release in V. fischeri.  We also determined the abilities of the mutants to colonize and 

stimulate morphogenesis of the squid host. 

 

Materials and Methods 

Bacterial strains, plasmids and growth conditions.  The strains used in this study are listed in 

Table 3.1. E. coli was incubated at 37°C in LB medium (176), BHI medium (Difco, Sparks, 

MD), or, for PG monomer analysis, in M9 minimal medium (231) with 30 μM glucose.  When 

added to LB medium (176) for selection of E. coli, chloramphenicol (Cm) and kanamycin were 

used at concentrations 20 and 40 μg ml-1, respectively.  For selection of E. coli with 

erythromycin (Em), 150 μg ml-1 was added to BHI medium.  V. fischeri was grown at 28°C in 

LBS (250), at 24°C in SWT and SWTO (24), or minimal salts medium (0.340 mM NaPO4 pH 

7.5, 0.05 M Tris pH 7.5, 0.3 M NaCl, 0.05 M MgSO4-7H2O, 0.01 M CaCl2-2H2O, 0.01 M 

NH4Cl, 0.01 M KCl, 0.01 mM FeSO4-7H2O and 30 mM glucose).  When added to LBS for 

selection of V. fischeri, Cm, kanamycin, and Em, were used at concentrations of 2, 100, and 5 μg 

ml-1 respectively. Agar was added to a final concentration of 1.5% for solid media. 

 

DNA and plasmid manipulations.  Standard methods were used to manipulate plasmids and 

DNA fragments.  Restriction enzymes and T4-DNA Ligase were obtained from New England 

Biolabs (Ipswich, MA).  Chromosomal DNA was purified using the Easy-DNA kit (Invitrogen, 

Carlsbad, CA).  Plasmids were isolated using QIAprep spin miniprep kit (Qiagen, Valencia, CA) 

or GenElute Plasmid Miniprep kit (Sigma, St. Louis, MO).  Zero Blunt TOPO PCR Cloning Kit 

(Invitrogen, Carlsbad, CA) was used to clone PCR products into pCR-BluntII-TOPO. DNA 
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fragments were purified using DNA Clean & Concentrator-5 Kit (Zymo Research, Orange, CA).  

PCR was performed using KOD HiFi DNA Polymerase (Novagen, Madison, WI) by following 

manufacturers’ recommendations for cycle programs based on predicted product size.  Annealing 

temperature for each primer was usually determined by subtracting 5°C from the lower 

calculated primer melting temperature.  PCR was performed using an iCycler (BioRad 

Laboratories, Hercules, CA).  DNA sequencing was conducted on an ABI automated DNA 

sequencer at the University of Michigan DNA Sequencing Core, and sequences were analyzed 

using Sequencher 4.6 (Gene Codes, Ann Arbor, MI).  Oligonucleotides (Table 3.1) were 

obtained from Integrated DNA Technologies (Coralville, IA). 

 

Mutant construction.  Descriptions of select plasmids and the primers used in their construction 

are provided in Table 3.1.  Construction of mutant strains and alleles is outlined in Table 3.1, and 

a summary follows.  To generate plasmid insertion mutants, an internal fragment of each targeted 

gene was PCR amplified and either cloned directly into pEVS122 (a vector that does not 

replicate in V. fischeri) or cloned into pCR-BluntII-TOPO and subsequently subcloned into 

pEVS122.  The resulting plasmids were mobilized into V. fischeri, and plating on LBS-Em 

selected for transconjugants that had undergone homologous recombination between the genome 

and the internal gene fragment, enabling us to isolate vector integration mutants.  In this way, 

plasmids pDMA48, pDMA89, pDMA90, pDMA91, pDMA108, and pDMA109 were used to 

generate mutations in ampG, ltgA1, ltgA2, ltgD, lysM2, and lysM1, respectively.  In-frame 

ampG, ltgA1, and ltgD deletion alleles were constructed in plasmids pDMA110, pDMA187, 

and pDMA199, respectively, such that the region between the start and stop codon of each target  
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Table 3.1.  Bacterial strains, plasmids, and oligonucleotides 

Strain, plasmid, 

or 

oligonucleotide 

Relevant characteristics
a 

Source or 

reference 

Bacterial strains 
E. coli 

CC118- pir 
(ara-leu) araD lac74 galE galK phoA20 thi-1 rpsE rpsB 

argE(Am) recA pir 
(119) 

DH5  
F- 80dlacZ (lacZYA-argF)U169 deoR supE44 hsdR17 recA1 

endA1 gyrA96 thi-1 relA1 
(109) 

DH5 - pir DH5  lysogenized with pir (68) 
MG1655 F- - ilvG rfb50 rph1 C. Gross 

TOP10 
F- mcrA (mrr-hsdRMS-mcrBC) 80lacZ M15 lacX74 

recA1 ara 139 (ara-leu)7697 galU galK rpsL (StrR) 
endA1 nupG 

Invitrogen 

V. fischeri 

AKD200 ES114 mini-Tn7 insertion; CmR A. Dunn 
DM131 ES114 flaJ::aph; KnR D. Millikan 
DMA350 ES114 ampG::pDMA48; EmR This study 
DMA352 ES114 ampG (allele exchanged from pDMA110 into ES114) This study 

DMA354 
DM131 ampG (allele exchanged from pDMA110 into 

ES114); KnR 
This study 

DMA360 ES114 ltgA1::pDMA89; EmR This study 
DMA361 ES114 ltgA2::pDMA90; EmR This study 
DMA362 ES114 ltgD::pDMA91; EmR This study 
DMA363 ES114 ltgA1 (allele exchanged from pDMA187 into ES114) This study 
DMA368 ES114 ltgD (allele exchanged from pDMA199 into ES114) This study 

DMA369 
ES114 ltgA1 ltgD (allele exchanged from pDMA199 into 

DMA363) 
This study 

DMA380 ES114 lysM1::pDMA109; EmR This study 
DMA385 ES114 lysM2::pDMA108; EmR This study 
DMA386 ES114 ltgA1 ltgA2::pDMA90; EmR This study 
DMA387 ES114 ltgD ltgA2::pDMA90; EmR This study 
DMA388 ES114 ltgA1 ltgD ltgA2::pDMA90; EmR This study 
ES114 Wild-type isolate from E. scolopes  (20) 
Plasmids 

pCR-BluntII 
TOPO 

TOPO PCR-cloning vector; KnR Invitrogen 

pDMA46 
internal ampG fragment (PCR product; primers dma30 and 

dma31, ES114 template) in pCR-BluntII TOPO; KnR 
This study 

pDMA48 
pDMA46 BamHI fragment in BamHI-digested pEVS122; 

internal ampG fragment  oriVR6K  oriTRP4 EmR  
 

This study 
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pDMA74 
internal ltgA1 fragment (PCR product; primers dma58 and 

dma59, ES114 template) in pCR-BluntII TOPO; KnR 
This study 

pDMA75 
internal ltgA2 fragment (PCR product; primers dma60 and 

dma61, ES114 template) in pCR-BluntII TOPO; KnR 
 

This study 

pDMA76 
internal ltgD fragment (PCR product; primers dma62 and 

dma63, ES114 template) in pCR-BluntII TOPO; KnR 
This study 

pDMA77 
ampG complementing fragment (PCR product; primers dma52 

and dma53, ES114 template) in pCR-BluntII TOPO; 
KnR 

This study 

pDMA89 
pDMA74 BglII fragment in BamHI-digested pEVS122; 

internal ltgA1 fragment; oriVR6K  oriTRP4 EmR  
This study 

pDMA90 
pDMA75 BglII fragment in BamHI-digested pEVS122; 

internal ltgA2 fragment; oriVR6K  oriTRP4 EmR  
This study 

pDMA91 
pDMA76 BglII fragment in BamHI-digested pEVS122; 

internal ltgD fragment; oriVR6K  oriTRP4 EmR  This study 

pDMA96 
~1.5 Kb fragment downstream of ampG stop (PCR product; 

primers 55 and dma57, ES114 template) in SmaI 
digested pEVS79; oriVColE1 oriTRP4 CmR 

This study 

pDMA100 
~1.5 Kb fragment upstream of ampG start (PCR product; 

primers dma54 and dma56, ES114 template) in HpaI-
digested pJLB103; oriVR6K  KnR 

This study 

pDMA104 
internal lysM2 fragment (PCR product; primers dma76 and 

dma77, ES114 template) in pCR-BluntII TOPO; KnR 
This study 

pDMA105 
pDMA96 SmaI-digested fused to SmaI-digested pDMA100; 

oriVColE1 oriVR6K  oriTRP4 KnR CmR 
This study 

pDMA106 
pDMA77 SpeI-XbaI fragment in SpeI-XbaI-digested pEVS79; 

oriVColE1 oriTRP4 CmR  
This study 

pDMA108 
pDMA104 BglII fragment in BamHI-digested pEVS122; 

internal lysM2 fragment; oriVR6K  oriTRP4 EmR 
This study 

pDMA109 
internal lysM1 fragment (PCR product; primers dma78 and 

dma79) BamHI-digested in BamHI-digested pEVS122;  
oriVR6K  oriTRP4 EmR 

This study 

pDMA110 
pDMA105 AvrII-SpeI digested and self-ligated; ampG allele; 

oriVColE1 oriTRP4 CmR 
This study 

pDMA115 
pDMA106 SpeI-XbaI fragment in AvrII-digested pVSV104; V. 

fischeri ampG in shuttle vector pVSV104; oriVR6K  

oriTRP4 oriVpES213 KnR 
This study 

pDMA176 
~1.5 Kb fragment upstream of ltgA1 start (PCR product; 

primers dma95 and dma99, ES114 template) in pCR-
BluntII TOPO; KnR 

This study 

pDMA185 

~1.5 Kb fragment downstream of ltgA1 stop (PCR product; 
primers dma96 and dma100, ES114 template) in pCR-
BluntII TOPO; KnR 

 

This study 
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pDMA186 
pDMA182 XhoI-digested and self-ligated; oriVR6K  oriTRP4 

CmR 
This study 

pDMA187 
pDMA185 SmaI fragment in SmaI-digested pDMA186;  

ltgA1 allele; oriVR6K  oriVColE1 oriTRP4 CmR  
This study 

pDMA191 
~1.5 Kb fragment downstream of ltgD stop (PCR product; 

primers dma102 and dma106, ES114 template) in pCR-
BluntII TOPO; KnR 

This study 

pDMA197 
~1.5 Kb fragment upstream of ltgD start (PCR product; 

primers dma105 and dma115, ES114 template) in 
SmaI-digested pEVS122; oriVR6K  oriTRP4 EmR 

This study 

pDMA198 
pDMA191 KpnI-XbaI fragment in KpnI-XbaI-digested 

pEVS79; oriVColE1 oriTRP4 CmR 
This study 

pDMA199 
pDMA198 SmaI-digested fused to SmaI-digested pDMA197; 

ltgD allele; oriVColE1 oriVR6K  oriTRP4 CmR EmR This study 

pEVS79 oriVColE1 oriTRP4 CmR (252) 
pEVS104 oriVR6K  oriTRP4 KnR RP4-derived conjugal helper plasmid (252) 
pEVS118 oriVR6K  oriTRP4 CmR (68) 
pEVS122 oriVR6K  oriTRP4 EmR lacZ  (68) 

pJLB103 
pVSV104 BamHI-digested and self-ligated; oriVR6K  KnR 

lacZ  
This study 

pVSV102 oriVR6K  oriTRP4 oriVpES213 KnR gfp (69) 
pVSV104 oriVR6K  oriTRP4 oriVpES213 KnR lacZ  (69) 
Oligonucleotides 
dma30 5’ GCCAGATCTGTCATTGGTTGGTGGACAGGCTAT 3’ This study 
dma31 5’ CGGAGATCTCCCAGCCGATCAGTTTAGAGTA 3’ This study 
dma52 5’ CTTCATGGCTCAAGGTGGTGGTTT 3’ This study 
dma53 5’ GGCCTCCTAGATTAGGAGGCTTTG 3’ This study 
dma54 5’ GGTTGTGGCAATGGAGTACTCAGTG 3’ This study 
dma55 5’ TTCTGGGTTCCAATCGACACTTGG 3’ This study 
dma56 5’ CCGCCCGGGCATGAAACGCTCCTTGTTATTTGTTC 3’ This study 
dma57 5’ GCCCCCGGGTAAGTTCTTATACGTAACAACTGTGCTAC 3’ This study 
dma58 5’ GGCAGATCTGGGCTGAAGCTGGGAAACTCAGTGATGATT 3’ This study 
dma59 5’ CGGAGATCTTGCACGAATAGCAACACGAATTCGGCG 3’ This study 
dma60 5’ CGGAGATCTCGTCAGCCTGAAAAGTTTACCGTGG 3’ This study 
dma61 5’ CGGAGATCTCCGCACTCTTGGCTTGATTCTCTTT 3’ This study 
dma62 5’ GGCAGATCTCGAATTGGTGAAGAGTATGGCGTTCAAC 3’ This study 
dma63 5’ CGGAGATCTCCTAGCTCTTGCCATTGTGCTAACG 3’ This study 
dma76 5’ GGCAGATCTCCTTAGAATCAACGGTAAGTACGCTAGAGTC 3’ This study 
dma77 5’ CCGAGATCTGCTCAACTTGTTGTTGTGCTTGCTG 3’ This study 
dma78 5’ GCCGGATCCGCAACAACCGCAGCCTTAGATTACATG 3’ This study 
dma79 5’ GCCGGATCCGCAATGGCAAGATCTAACTGCTGCTT 3’ This study 
dma95 5’ GCGTCTTTCAATCATTAGGCTACT 3’ This study 
dma96 5’ CCGCGAAACCTGTTCGA 3’ This study 
dma99 5’ CGGCCCGGGCATTGATTTCTTTAACACCTAAACTTTCCAA 3’ This study 
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dma100 5’ GCCCCCGGGTGATAAGTTTAAATTCTAATAGCAATTGGTATTAAGC 3’ This study 
dma102 5’ GGCAAGAATATGACCAGCGTCGTTTTG 3’ This study 
dma105 5’ CGGCCCGGGCATATAATTAATTCTCTTCTCTTGCTGCTTTATCT 3’ This study 
dma106 5’ CGCCCCGGGTAACAGAGCAGGGTTCAGATCGCTTC 3’ This study 
dma115 5’ TGGCTTTTTTCTGTGGTCTAAAAAA 3’ This study 
a Abbreviations used:  CmR, chloramphenicol resistance; EmR, erythromycin resistance; KnR, 
kanamycin resistance; StrR, streptomycin resistance; Kb, kilobase. 
b Underlined sequences indicate restriction enzyme recognition sites added to primers (BglII; 
A/GATCT, BamHI; G/GATCC or SmaI; CCC/GGG).  
 

gene was replaced by a 6-bp restriction enzyme recognition site.  These in-frame deletion 

mutations were placed in ES114 or in mutant backgrounds by allelic exchange.  All mutants 

were confirmed by PCR.  Constructs were generated in E. coli and transferred to V. fischeri by 

triparental mating using pEVS104 as a conjugative helper plasmid (252).    

 

Bioinformatic analyses.   Protein sequence comparisons to Genbank entries were generated 

using BLAST-P (4) and the BLOSUM62 scoring matrix (116).  Genomes with similar regions 

surrounding the lytic transglycosylase ORFs were found using the SEED pinned region search 

(196).  To assess genetic context within the Vibrionaceae family, we compared local gene 

arrangement in V. fischeri ES114 (226) to that in the genomes of V. alginolyticus 12G01, V. 

angustum S14, V. campbellii AND4, V. cholerae O1 biovar eltor str. N16961 (112), V. harveyi 

ATCC BAA-1116, V. parahaemolyticus RIMD 2210633 (163), V. vulnificus CMCP6 (39), and 

Photobacterium profundum SS9 (281).  Sequence alignments were performed with MEGA 4.0 

using the default settings (260). The similarity and identity between homologs that is reported 

was determined with MatGAT using the default settings (33).   

 

PG monomer detection and quantification.  Culture supernatants were subject to solid phase 

extraction and reverse-phase HPLC as described previously (52).   Briefly, cultures were grown 
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in minimal medium supplemented with 30 mM glucose at 24°C until reaching an OD595 of ~ 0.8-

1.0 (mid- to late-log growth).  Cultures were centrifuged in either 15-ml Falcon tubes (two spins 

at 4,500 x g for 10 min each at 4°C) or sequential spins in a 250-ml centrifuge bottle at 4,500 x g 

and then in a 30-ml centrifuge bottle at 8,500 x g, each for 10 min at 4°C, to pellet cells.  Culture 

supernatants were adjusted to 1% trifluoracetic acid (TFA) with 100% TFA and filtered through 

a 0.22 μm mixed cellulose membrane filter units (Fisher Scientific, Hanover Park, IL).  Samples 

were desalted using a C18 Plus Sep-Pak cartridge (Waters Corporation, Milford, MA) that was 

prepared prior to receiving the sample with 100% methanol and two washes with 0.1% TFA in 

water.  Samples were then loaded and allowed to flow by gravity through the column.  After 

complete loading, the column was washed twice with 10 ml of 0.1% TFA in water.  Materials 

retained in the column were eluted with 4-ml of 100% methanol and concentrated to dryness 

under a vacuum with a SpeedVac Plus (ThermoSavant, Holbrook, NY).  200 μl of drying reagent 

(2 H2O: 2 MeOH: 1 triethylamine acetate (TEA)) was added to the dried C18 fraction, vortexed, 

and dried under vacuum in a SpedVac Plus.  30 μl of phenylisothiocyanate (PITC) (Pierce, 

Rockford, IL) reagent (10% H2O, 75% methanol, 10% TEA and 5% PITC) was added to 

derivitize each sample, and the samples were then dried.   

Reversed-phase HPLC was employed to separate the PITC-derivitized PG monomers 

from the extract.  Buffer A consisted of 150 mM sodium acetate and 0.05% TEA brought to pH 

6.35 with glacial acetic acid, and Buffer B consisted of a 60:40 mix of acetonitrile and water.  

Samples were resuspended in a 92:8 solution of Buffer A:Buffer B such that it was 100-fold 

more concentrated than culture supernatant.  Each sample was vortexed, and 200 μl was injected 

into the HPLC.  A Brownlee Spheri-5, RP-8 C8 4.6 x 220 mm column with a 4.6 x 30 mm guard 

column of the same matrix was used for all chromatographic separations (Perkin Elmer, 
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Waltham, MA).  Column temperature was maintained at 35°C with a flow rate of 1 ml/min.  The 

gradient (Buffer A: Buffer B) was as follows: 0 min 92:8, 13 min 65:35, 15 min 0:100, 35 min 

0:100, 36 min 92:8 with reinjection at 45 min.  Absorption at 254 nm was detected using a 

Spetraflow 757 variable-  UV detector.  Peak areas and retention times were recorded using 

Dynamic MacIntegration, version 1.4.1 and version 1.4.3 software.  PG monomer retention time 

was approximately 13.2 minutes.  A PG monomer standard (B. pertussis TCT) was also PITC-

derivitized and run to compute pmoles of PG monomer in each sample based on comparisons of 

peak areas.  For experiments assessing PG monomer released by mutant strains, PG monomer 

release from wild type V. fischeri ES114 and E. coli MG1655 were run as controls.  Over 14 

different experiments, V. fischeri ES114 samples averaged 21.2 ± 3.9 (standard error) nM PG 

monomer per OD595.  As a negative control, E. coli MG1655 was included in six experiments 

and averaged 2.9 ± 1.6 (standard error) nM PG monomer per OD595 with PG monomer below the 

limit of detection (~1.5 nM per OD595) in three of these experiments. 

 

Luminescence and motility assays.  Motility and luminescence were assessed as described 

previously (2).  Luminescence of cells cultured in SWTO (23) at 24°C was determined using a 

TD 20/20 Luminometer (Turner Designs, Sunnyvale, CA).  For motility assays, cultures were 

grown to mid-log phase (OD595 0.5) at 24°C, 5 μl of the culture was spotted onto a quadrant of 

an SWT soft (0.25%) agar plate and diameter measurements of the movement away from the 

point of inoculation were taken every hour.  For each spot, a slope estimate was obtained from a 

simple linear regression of diameter versus time to quantify the velocity of spread, defined as the 

motility rate. 
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Squid colonization assays.  For infection with individual V. fischeri strains, E. scolopes 

juveniles were inoculated within 4 h of hatching as previously described (223).  E. scolopes were 

maintained in Instant Ocean (Aquarium Systems, Mentor, OH) mixed to ~36 ppt, and cultures 

for inoculation were grown as previously described (69).  Hatchlings were exposed to inocula for 

up to 14 h before being rinsed in V. fischeri-free Instant Ocean.  To study infection kinetics, 

hatchlings were placed in 5 ml of inoculant in 20-ml glass vials and luminescence was monitored 

using a LS6500 scintillation counter (Beckman Coulter, Fullerton, CA).  To determine whether a 

mutant had a competitive disadvantage in the symbiosis relative to wild type, animals were 

exposed to a ~1:1 mix of the wild-type and mutant strains for 14 h and then moved to V. fischeri-

free Instant Ocean.  Individiual squid were homogenized and plated after 48 or 96 h, and 50 

colonies were patched on to LBS Em to determine the ratio of mutant to wild type.  The relative 

competitive index (RCI) was determined by dividing the mutant to wild type ratio in each 

individual squid by the ratio in the inoculum.  Log transformed data were used to calculate the 

average RCI and to determine statistical significance. 

Assessment of how effectively juvenile squids colonized with one strain could be 

secondarily infected with another strain was performed as previously described (149, 297).  

Newly hatched animals were infected with wild type or DMA388 as described above.  At 72 h 

post-infection, approximately 2.5 x 104 CFU/ml of the secondary inoculant AKD200 (mini-Tn7 

CmR) was added for 14 h.  120 h after the initial inoculation began, animals were homogenized 

and plated on LBS to determine total CFU and on LBS-Cm to estimate the proportion of 

symbionts from the secondary infection.  Mini-Tn7 CmR inserts at a single intergenic att site in 

V. fischeri, and this does not affect colonization competitiveness (168), making AKD200 an 

appropiate marked strain for this purpose. 
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Squid morphogenesis assays.  Animals were infected with strains as described above.  At 

certain times after inoculation, infected and aposymbiotic animals were stained with both Cell 

Tracker Orange and Tubulin Tracker Green (Invitrogen, Carlsbad, CA) for approximately 1 h. 

After staining, animals were anesthetized by adding an equal volume of 0.37 M MgCl2 and 

dissected to expose the light organ on the ventral side.  Stage of regression was determined by 

fluorescence microscopy using a Nikon (Melville, NY) Eclipse E600 microscope and a 51004 

V2 FITC/TRITC dual label filter set (Chroma Technology Corp, Rockingham, VT).  Regression 

stage (stages 1-4) was scored blind, as set forth by Doino et al. (64).  

 

Results 

Bioinformatic analysis of PG synthesis and recycling in V. fischeri.  Before the 921 Da PG 

monomer known as TCT (53, 221) or PGCT (220, 242) can be released from Gram-negative 

bacteria, it must first be generated intracellularly, and this occurs even in bacteria such as E. coli 

that do not shed PG monomers.  Based on our understanding of E. coli, this PG monomer 

apparently is not generated during de novo PG synthesis but rather is produced during PG 

remodeling and consumed by recycling pathways (198).  To examine whether de novo PG 

synthesis or PG recycling might be substantively different in V. fischeri, we examined its 

genome and found homologs of the E. coli PG synthesis and recycling pathways (Table 3.2).  

Only minor deviations from the E. coli PG processing systems were evident.  V. fischeri 

possesses only one homolog (AmiB) of the four amidases that may process PG monomer in the 

periplasm of E. coli (113, 273), but it seems reasonable that one such amidase might be 

insufficient.  V. fischeri also lacks a clear homolog of LdcA, an L,D-carboxypeptidase found in 
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the E. coli PG monomer recycling pathway (262); however, it does appear to encode distinct 

peptidases not found in E. coli, including a putative PG-targeting peptidase (encoded by ORF 

VF2017).  Moreover, all of the functions downstream of LdcA in the recycling pathway appear 

intact.  Based on these results, we speculated that V. fischeri’s net release of PG monomer might 

parallel either the poor ampG expression of B. pertussis or the high activity of lytic 

transglycosylases of N. gonorrhoeae, and we investigated these possibilities further. 

 

Table 3.2.  PG biosynthesis and recycling protein homologs in V. fischeri 

Protein in E. coli Function ORF in V. fischeri 
 

Biosynthesis 

MurA UDP-N-acetylglucosamine enolpyruvyl transferase VF0401 
MurB UDP-N-acetylenolpyruvylglucosamine reductase VF2426 
MurC L-alanine ligase VF2200 
MurD D-glutamic acid ligase VF2203 
MurE meso-diaminopimelic acid ligase VF2205 
MurF D-alanyl-D-alanine ligase VF2206 
MurG glycosyltransferase VF2201 
MraY undecaprenyl-phosphate phospho-N-acetylmuramoyl-

pentapeptide transferase/translocase 
VF2204 

Bactroprenol/UppS undecaprenyl phosphate (C55-P) VF2245 
 

Periplasmic Incorporation and Cleavage 

PBP1A transpeptidase/transglycosylase VF2298 
PBP1B transpeptidase/transglycosylase VF2162 
PBP1C unknown NDa 
PBP2 transpeptidase/elongase VF0747 
PBP3 transeptidase VF2207 
PBP4 endopeptidase VF0474 
PBP5 carboxypeptidase VF0745 
PBP6 carboxypeptidase VF0724 
PBP7 endopeptidase NDa 
MepA endopeptidase NDa 
MipA scaffolding protein for murein synthesis VF1632 
AmiA N-acetylmuramyl-L-alanine amidase NDa 
AmiB N-acetylmuramyl-L-alanine amidase VF2326 
AmiC N-acetylmuramyl-L-alanine amidase NDa 
AmiD N-acetylmuramyl-L-alanine amidase 

 
NDa 
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Slt70/SltY Soluble lytic murein transglycosylase VF0558b 

VF1329c 

MltA membrane-bound lytic murein transglycosylase VF0587 
MltB membrane-bound lytic murein transglycosyalse VF1702d 

MltC membrane-bound lytic murein transglycosylase VF0419/420 
VF1368 

MltD membrane-bound lytic murein transglycosylase VF1939e 

EmtA lytic murein endotransglycosylase NDa 
YfhD periplasmic binding protein/transglycosylase VF0651 
AtlA N-acetylglucosamindase NDa 
   

Recycling 

AmpG muropeptide permease VF0720 
Opp oligopeptide permease VF681-VF677 
MppA Murein tripeptide permease  VF1597 
LdcA L,D-carboxypeptidase NDa 
AmpD N-acetylmuramyl-L-alanine amidase cytoplasmic VF2183 
NagA GlcNAc-6-P deacetylase VF0807 
NagK N-acetylglucosamine kinase VF1408 
NagZ beta-N-acetylglucosaminidase VFA0493 
AnmK anhydromuramic acid kinase VFA0492 
MurQ N-acetylmuramic acid-6-phosphate etherase VF1114 
GlmM phosphoglucosamine mutase VF0481 
GlmU N-acetylglucosamine-1-PO4 uridyltransferase VF2562 
Mpl UDP-N-acetylmuramate: L-alanyl- -D-glutamyl-

meso-diaminopimelate ligase 
VF0265 

a ND indicates not detected; no significant homolog (e > 1-10) 
b Now designated ltgA1 
c Now designated ltgA2 
d Now designated ltgD 
e Now designated lysM1 

 
 
Analysis of AmpG in V. fischeri.  The single AmpG homolog found in BLAST searches of the 

V. fischeri genome is encoded by ORF VF0720, which shares 26% identity and 49% similarity to 

E. coli AmpG.  The V. fischeri AmpG amino acid sequence is shorter than that of E. coli at the 

C-terminus by 73 amino acids; however, N. gonorrhoeae AmpG is similarly shorter than E. coli 

AmpG by 77 amino acids, yet it has demonstrated functionality (79). 
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Mutation of ampG increases the net release of PG monomers.  To test the functionality of V. 

fischeri AmpG in PG monomer recycling, we analyzed the amount of PG monomer released into 

the supernatant during log-phase growth of DMA350 (ampG::pDMA48) in comparison to that of 

the wild type using a HPLC-based method for PG monomer detection (52, 141).  We saw an 

increase in net PG monomer release from DMA350 (ampG::pDMA48) of approximately 39-fold 

(data not shown).  Next, we generated an in-frame deletion mutant of ampG, and found that 

DMA352 ( ampG) had more than a 100-fold increase in net PG monomer release (Fig. 3.1).  

This phenotype could be complemented by the introduction of ampG on a stable plasmid 

(pDMA115), decreasing the extracellular levels of PG monomer accumulation back to wild-type 

amounts (Fig. 3.1).  We occasionally saw a decrease in the amount of net PG monomer release 

when ampG was added in multicopy in trans to ES114; however, this result was not consistent 

from experiment to experiment, and in Figure 3.1 this apparent slight effect is not statistically 

significant (p>0.05). These data suggest that V. fischeri AmpG is functional, and unlike B. 

pertussis, lack of AmpG is probably not responsible for the extracellular accumulation of PG 

monomers in cultures of V. fischeri. 

 

Analysis of lytic transglycosylases in V. fischeri.  In N. gonorrhoeae the activity of lytic 

transglycosylases is responsible for the large amounts of PG monomer accumulated in culture 

supernatants.  Therefore, we examined whether V. fischeri had homologs to the N. gonorrhoeae 

lytic transglycosylases, LtgA and LtgD, which are important for release of PG monomers during 

log-phase growth in N. gonorrhoeae (48, 49).  Two homologs were found in V. fischeri to N. 

gonorrhoeae LtgA sequence, and these are encoded by VF0558 and VF1329 (Table 3.2).  

VF0558, now termed ltgA1, is well conserved in sequence and genetic context within the family  
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Figure 3.1.  Mutation in V. fischeri ampG increases PG monomer release in log-phase 

cultures.  PG monomer was measured in culture supernatants of ES114 (wild type) and 
DMA352 ( ampG) along with both strains containing plasmids pVSV104 (control vector) and 
pDMA115 (ampG in pVSV104) grown in minimal media.  To account for experiment to 
experiment variations, within each experiment each strain’s calculated PG monomer release was 
expressed as a percent of ES114 (wild type) PG monomer release. Values shown are the 
averages of three different experiments.  Dotted line represents ES114 PG monomer release, 
defined as 100% which averaged 20.4 nM per OD595.  Error bars are standard error.  “*” 
indicates a significant difference (p<0.05) relative to ES114 as determined by a Student’s T-test. 
 

Vibrionaceae, and the predicted amino acid sequence for V. fischeri LtgA1 has 24% identity and 

43% similarity to the N. gonorrhoeae LtgA.  VF1329, termed ltgA2, is related to ltgA1 but was 

absent from the other members of the Vibrionaceae family that we examined.  The predicted 

amino acid sequence of LtgA2 shares 34% identity and 55% similarity with LtgA1 and 24% 

identity and 42% similarity with N. gonorrhoeae LtgA.  Only one homolog in V. fischeri was 

found to N. gonorrhoeae LtgD, and this is encoded by VF1702.  This gene, now termed ltgD, has 

a conserved upstream genetic context within the Vibrionaceae family; however, the downstream 

genetic context is different.  The predicted amino acid sequence of the V. fischeri LtgD had 30% 

identity and 48% similarity to the N. gonorrhoeae LtgD.   

 We also searched the ES114 genome for other genes potentially encoding lytic 

transglycosylases.  Two ORFs, VF1939 and VF1247, were found to encode LysM domains that 
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are important in general peptidoglycan binding and have potential to be peptidoglycan 

hydrolases (32), and these ORFs were named lysM1 and lysM2, respectively.  

  

Mutations in lytic transglycosylase genes result in reduced release of PG monomers. To 

determine if any of these putative lytic transglycosylases were responsible for release of PG 

monomers by V. fischeri, we generated plasmid integration mutants yielding DMA360 

(ltgA1::pDMA89), DMA361 (ltgA2::pDMA90), DMA362 (ltgD::pDMA91), DMA380 

(lysM1::pDMA109) and DMA385 (lysM2::pDMA108).  We then assayed the effects of the 

mutations on net PG monomer release as described above.  DMA360 (ltgA1::pDMA89) had 3-

fold less net PG monomer release than did the wild type (Fig. 3.2A).  Similarly, DMA361 

(ltgA2::pDMA90) and DMA362 (ltgD::pDMA91) each appeared to accumulate fewer PG 

monomers in culture supernatants than wild type, but these differences were not significant 

(p>0.05).  Finally, both DMA380 (lysM1::pDMA109) and DMA385 (lysM2::pDMA108) 

appeared unaffected in net PG monomer release (Fig. 3.2A).   

In N. gonorrhoeae multiple mutations in the lytic transglycosylase genes are necessary to 

drastically reduce the net amount of PG monomer released.  To determine whether this might be 

the case in V. fischeri, we constructed in-frame deletions of ltgA1 and ltgD, resulting in DMA363 

( ltgA1) and DMA368 ( ltgD).  These alleles were combined with the ltgA2::pDMA90 allele 

construct both in pairwise combinations and to generate a triple mutant.  The ltgA1 allele 

combined with other mutations resulted in significantly less extracellular accumulation of PG 

monomer.  This was true for DMA369 ( ltgA1 ltgD), DMA386 ( ltgA1 ltgA2::pDMA90), and 

DMA388 ( ltgA1 ltgD ltgA2::pDMA90), which has very low (2 ± 1 nM per OD595) levels of 

PG monomer in culture supernatants (Fig. 3.2B).  Strangely, extracellular PG monomer was not 
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decreased in DMA363 ( ltgA1) to the same extent as the plasmid insertion mutant DMA360 

(ltgA1::pDMA89) (Figure 3.2).  This may be due to an effect of the ltgA1::pDMA89 allele on 

genes surrounding ltgA1, or it could indicate that the truncated LtgA1 encoded by DMA360 

(ltgA1::pDMA89) inhibits the activity of other lytic transglycosylases.  Alternatively, the 

apparent difference between DMA363 ( ltgA1) and DMA360 (ltgA1::pDMA89) may to some 

extent reflect experiment to experiment variability in our HPLC assay and the relatively low 

values for wild type PG monomer in Figure 3.2B. 

 

Figure 3.2.  Mutations in V. fischeri lytic transglycosylases result in a decrease in PG 

monomer release in log-phase cultures.  Strains in both panels were grown in minimal media 
and analyzed for PG monomer release.  Values shown are the averages of three different 
experiments.  Dotted line represents ES114 PG monomer release, defined as 100%.  Error bars 
are standard error.  “*” indicates a significant difference (p<0.05) relative to ES114 as 
determined by a Student’s T-test.  Panel A.  Plasmid-insertion mutants with disruptions in ltgA1, 
ltgA2, ltgD, lysM1, and lysM2.  Wild type averaged 28 nM per OD595.  Panel B.  Comparison of 
mutants with combinations of in-frame deletion mutations ltgA1 and ltgD, and a plasmid-
insertion mutation in ltgA2.  Wild type for this experiment averaged 14 nM per OD595. 
 
 
Growth, motility, and luminescence of ampG and lytic transglycosylase mutants.  Mutations 

affecting recycling and remodeling of PG could affect cell division, growth, motility and even 

metabolism.  However, all mutants had wild-type-like growth, cell morphology, and 

bioluminescence (data not shown) indicating that these are not generally attenuated strains.  
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Mutants also had at least 80% to 99% motility relative to wild type (data not shown), and a 

previous study found that these swimming rates are sufficient to confer full symbiotic 

competence (2). 

 

Symbiotic competence of DMA352 ( ampG) and DMA388 ( ltgA1 ltgD ltgA2::pDMA90).  

One of our goals was to examine the effect of altered extracellular PG monomer accumulation on 

symbiotic colonization.  We therefore examined the symbiotic competence of the mutants with 

the greatest deviations in net PG monomer release; DMA352 ( ampG) and DMA388 ( ltgA1 

ltgD ltgA2::pDMA90).  In single-strain infections of squid, neither DMA352 nor DMA388 

showed a difference from wild type (data not shown).  Competition experiments have been used 

previously as a measure of relative symbiotic proficiency, revealing colonization defects not 

apparent in single-strain inoculations (23, 125, 149, 157, 159, 179, 195, 251, 282, 284, 298, 306).  

However, there was no apparent competitive defect 48 h or 96 h post inoculation when either 

DMA352 ( ampG) or DMA388 ( ltgA1 ltgD ltgA2::pDMA90) was co-inoculated with wild 

type (data not shown).   

 

Mutant effects on host light-organ morphogenesis.  Because PG monomers act as a 

morphogen triggering regression of the ciliated appendages on the light organ (141), we were 

interested to see if mutations affecting the net amount of PG monomer released would alter this 

morphogenesis.  Animals inoculated with DMA352 ( ampG) and stained at 24 h intervals up to 

120 h showed ciliated appendage regression similar to that in animals infected with the wild 

type.  Thus the ~100-fold increase in net PG monomer release by the ampG mutant in culture did 

not appear to correlate with a more rapid rate of ciliated appendage regression. 
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  We next examined whether the ampG mutation could trigger morphogenesis in a strain 

that could not colonize the light-organ crypts.  Nonmotile V. fischeri strains do not enter the light 

organ crypts and do not induce regression (64), although they are able to induce mucus 

production from the ciliated fields and can form aggregates outside the pores of the light organ 

(195).  We therefore tested whether a non-motile strain generating large amounts of extracellular 

PG monomer might be able to induce regression without colonizing the light-organ crypts, by 

constructing a flaJ ampG double mutant.  We then compared morphogenesis in animals infected 

by wild type, DM131 (flaJ::aph), and DMA354 ( ampG flaJ::aph).  To ensure that the non-

motile flaJ mutants did not infect the light-organ crypts, each of the three strains used was 

labeled with the stable gfp-expressing plasmid pVSV102 (69), and epifluorescence microscopy 

confirmed that only wild-type cells could be visualized colonizing the crypts. 

At 72 and 96 h post-inoculation, wild-type-infected animals all displayed regression of 

the ciliated epithelial appendages while animals infected with DM131 (flaJ::KnR) displayed no 

regression, consistent with previous reports comparing wild type to non-motile mutants (101, 

178).  However, approximately 40% of animals inoculated with DMA354 ( ampG flaJ::aph) 

showed some level of regression (Fig. 3.3) even though the flaJ mutation blocked invasion of the 

light-organ crypts.  We considered the possibility that PG monomer already present in the 

inoculum might be inducing regression, as Koropatnick et al. observed with as little as 10 nM 

purified PG monomer (141); however, assuming PG monomer release is similar under the 

growth conditions used to prepare inocula as it was in minimal media, then carryover of PG 

monomer from the inoculum should have resulted in animals being exposed to only ~10 pM PG 

monomer in these experiments.  Moreover, similar results were obtained when DMA354 

( ampG flaJ::aph) cells were washed in Instant Ocean before exposing them to hatchlings. This 
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suggests that the regression induced by DMA354 ( ampG flaJ::aph) is due to bacteria 

aggregating and shedding high levels of PG monomer in situ, on the light organ. 

Figure 3.3. A non-motile ampG mutant triggers regression of the ciliated appendages of the 

light organ.  Freshly hatched juvenile animals were inoculated with ~2500 CFU/ml of either 
ES114 (wild type), DM131 (flaJ::aph) or DMA354 ( ampG flaJ::aph), each of which were 
labeled with the gfp-expressing plasmid pVSV102 to confirm that the non-motile flaJ mutants 
did not infect the light-organ crypts.  Animals were stained at 72 or 96 h post-inoculation and 
scored for regression using the stages 1-4 by Doino et al. (64).   Animals infected with DM131 
(flaJ::aph) had 0% of the animals with any regression of the ciliated appendages of the light 
organ. 
 

Our next goal was to see if the low amount of net PG monomer release by the lytic 

transglycosylase mutant DMA388 ( ltgA1 ltgD ltgA2::pDMA90) would reduce the stimulation 

of morphogenesis.  It did appear that there was less regression of the ciliated appendages in 

animals infected with DMA388 ( ltgA1 ltgD ltgA2::pDMA90), relative to animals infected 

with the wild type; however, using the semi-quantitative scoring of regression stages 1-4 defined 

previously (64), we did not see a consistent and statistically significant difference in these 

treatments.  We also observed what appeared to be more dense and active fields of cilia on the 

appendages of DMA388-infected animals, but again we were unable to quantify and adequately 

test this supposition.  We therefore sought another way to measure status of the ciliated 

appendages.  We surmised that if some animals retain their infection-promoting ciliated 
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appendages longer, these animals might be more susceptible to a secondary infection with 

another bacterial strain presented well after initial infection.  To address this experimentally, 

animals were inoculated following hatching with either the wild-type strain or DMA388 ( ltgA1 

ltgD ltgA2::pDMA90), and at 72 h post-inoculation of the primary strain, animals were exposed 

to a secondary inoculant strain, AKD200 (mini-Tn7 CmR).  At 120 h post-primary inoculation 

and 48 h post-secondary inoculation, animals were homogenized and plated on LBS to assess 

total colonization and plated on LBS-Cm to enumerate bacteria from the secondary infection.  

 

Figure 3.4.  Animals infected with DMA388 ( ltgA1 ltgD ltgA2::pDMA90) are more 

susceptible to a secondary infection.  Fresh hatchlings were inoculated with either ES114 or 
DMA388 ( ltgA1 ltgD ltgA2::pDMA90).  After 72 h, animals were challenged with the 
secondary strain AKD200 (mini-Tn7 CmR).  At 120 h, animals were homogenized and plated on 
LBS to determine total CFU and plated on LBS-Cm to enumerate the secondary colonizers.  
Values shown are the combined average of six independent experiments each of which yielded 
similar results (total n=25 for ES114 and n=26 for DMA388).  Panel A.  Percent of total 
infection comprised by the secondary colonist, AKD200.  Each circle represents a single squid.  
Horizontal lines show the average of all animals within each treatment (2% in ES114-infected 
animals, and 24% in DMA388-infectd animals).  Panel B.  Average of both total CFU (open 
bars) and CFU from secondary infection by AKD200 (shaded bars).  Error bars are standard 
error.  Secondary infection by AKD200 in DMA388-infected animals was significantly greater 
(p<0.01) than in ES114-infected animals as determined by a Student’s T-test. 
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DMA388-infected animals had 10-fold more bacteria from the secondary AKD200 infection 

than did wild-type-infected animals (Fig. 3.4).  Thus, DMA388-infected animals are more prone 

to secondary infection, consistent with our perception that the infection-promoting ciliated 

appendages were more intact in these animals. 

 

Discussion 

 A specific 921 Da component of Gram-negative PG referred to here as PG monomer (and 

elsewhere as TCT or PGCT) is usually recycled by bacterial cells, but in instances where PG 

monomer is released it elicits dramatic effects on host epithelial tissues.  When released by the 

pathogens B. pertussis or N. gonorrhoeae, PG monomer causes severe cytopathology in ciliated 

human epithelial cells (52, 175), but PG monomer is also released by the mutualistic symbiont V. 

fischeri, and purified PG monomer triggers the regression of ciliated epithelial appendages of the 

symbiotic light organ reminiscent of the normal developmental program induced in the 

symbiosis (141).  In this study we generated mutants of V. fischeri that displayed either increased 

or decreased extracellular accumulation of PG monomer, providing insight into the basis for PG 

monomer shedding in this bacterium and the role of PG monomers in this model symbiotic 

infection. 

 We first examined the genetic determinants of PG monomer release in V. fischeri.  In 

contrast to B. pertussis, where extracellular PG monomer accumulation is thought to be a result 

of poor ampG expression (160), V. fischeri AmpG functioned well in reducing net PG monomer 

release, as illustrated by the 100-fold increase in PG accumulated in the medium of an ampG 

mutant, and by the observation that overexpressing ampG from V. fischeri or E. coli did little to 

lessen PG monomer release (Fig. 3.1 and data not shown, respectively).  V. fischeri apparently 
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also has a complete recycling pathway (Table 3.2) suggesting that V. fischeri recycles PG 

monomers like other Gram-negative bacteria.  Apparently, the basis for V. fischeri’s extracellular 

accumulation of PG monomers is more similar to N. gonorrhoeae where the deletion of two lytic 

transglycosylases results in the reduced net release of PG monomers (48).  In V. fischeri, 

mutation of multiple lytic transglycosylases similar to those in N. gonorrhoeae also reduced net 

PG monomer release (Fig. 3.2B). 

 The generation of mutants with more or less extracellular accumulation of PG monomer 

than wild type enabled us to evaluate the importance of this molecule in vivo during symbiotic 

infection.  When squid were inoculated with DMA352 ( ampG), which accumulates 100-fold 

more PG monomers in culture supernatants than wild type (Fig. 3.1), we did not see a faster 

progression of light-organ morphogenesis (data not shown).  This is consistent with the idea that 

PG monomer elicits effects on the host as a triggering signal molecule, and that the wild type 

sheds sufficient PG monomer to trigger these effects.  Interestingly, we did show that a flaJ 

ampG double mutant was able to induce regression of the ciliated light-organ appendages (Fig. 

3.3), unlike the flaJ and other non-motile mutants.  Non-motile mutants will aggregate around 

the light-organ pores, but are unable to colonize the light organ crypt spaces (101, 195).   The 

inability of these mutants to stimulate morphogenesis has suggested a requirement for crypt 

infection in signal transduction (64), although it was subsequently shown that purified PG 

monomer added to seawater can stimulate morphogenesis (141).  The flaJ ampG double mutant 

demonstrates that crypt infection is not necessary for PG-mediated signaling, and this strain 

should be a useful tool for separating PG monomer-mediated signaling from signaling that truly 

requires infection of the crypts.  In the future, it also will be interesting to compare the effects of 
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this mutant to the effects of purified PG-monomer, to explore possible PG-independent signaling 

factors that may be perceived by the host on the light-organ surfaces. 

 We also investigated DMA388 ( ltgA1 ltgD ltgA2::pDMA90), which accumulates only 

low levels of PG monomer in culture (Fig. 3.2).  We hypothesized that this strain would have 

reduced regression of the ciliated light-organ appendages; however, it still induced regression of 

the ciliated appendages.  A reason for this could be that another lytic transglycosylase is induced 

only in the symbiosis, supplying a mechanism for PG monomer release that is not evident in 

culture.  By creating gfp-based transcriptional reporters of each of the lytic transglycosylase 

genes listed in Table 3.2, we may be able to determine if any of the genes are transcriptionally 

activated within the squid.  It is also possible that a small amount of PG monomer released by 

this strain is sufficient to stimulate morphogenesis or that other PG fragments could have an 

effect on regression besides the 921 Da fragment.  A reduced version of the PG monomer is also 

released by V. fischeri (data not shown), and this or other PG fragments might have important 

morphogenic activity.   

Despite the morphogenesis induced by DMA388 ( ltgA1 ltgD ltgA2::pDMA90), we did 

perceive a subtle attenuation of this strain’s ability to stimulate regression of the host’s light 

organ ciliated appendages.  A more dramatic or at least more easily quantifiable effect was 

evident in the greater susceptibility of DMA388-infected animals to a secondary V. fischeri 

colonist after regression of the infection-promoting ciliated appendages had begun (Fig. 3.4).  

This suggests that even an apparently small difference in the regression of the ciliated 

appendages may have large functional significance with regard to preventing or allowing further 

infection by environmental bacteria.  In the future it will be interesting to more closely examine 
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the effects of DMA388 on specific infection-promoting characteristics of the ciliated 

appendages, such as water movement and mucus secretion. 

 The dramatic regression of the infection-promoting ciliated appendages on the E. 

scolopes light organ following successful infection with V. fischeri symbionts can be easily 

rationalized as an advantage for the host.  This morphogenesis effectively deters further 

infection, and if these infection-promoting structures carry any risk of promoting detrimental 

pathogenic infections, then the risks associated with these structures may outweigh the 

advantages once mutualistic symbionts are obtained.  Our results illustrate how V. fischeri may 

also have an evolutionary impetus for shedding PG monomers.  By stimulating morphogenesis, 

PG monomers help V. fischeri to essentially close the door behind them after initial infection.  A 

secondary infection with another strain would create competition within the light organ 

potentially causing the initial colonizer to lose some of the fitness advantage of colonizing the 

light organ.  Initiating the regression of the ciliated epithelial appendages therefore enhances the 

initial colonizer’s ability to maintain dominance in the light organ.   Further use of secondary-

infection challenge assays should be valuable in the future.  Mutants that lack the ability to 

prevent secondary infections could reveal genes important for stimulating regression of the 

ciliated appendages that may not be found using other screens.   
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CHAPTER 4 

 

IDENTIFICATION OF A CELLOBIOSE UTILIZATION GENE CLUSTER WITH CRYPTIC 

-GALACTOSIDASE ACTIVITY IN VIBRIO FISCHERI 3 

                                                
3 Adin, D.M., Visick, K. L., Stabb, E.V. 2008.  Applied and Environmental Microbiology. 74: 

4059-4069.  Reprinted here with permission of publisher. 
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Abstract 

 Cellobiose utilization is a variable trait that is often used to differentiate members of the 

Vibrionaceae.  We investigated how Vibrio fischeri ES114 utilizes cellobiose and found a cluster 

of genes required for growth on this -1,4-linked glucose disaccharide.  This cluster includes 

genes annotated as a phosphotransferase system II (celA, celB, and celC), a glucokinase (celK) 

and a glucosidase (celG).  Directly downstream of celCBGKA is celI, which encodes a LacI-

family regulator that represses cel transcription in the absence of cellobiose.  When transferred to 

cellobiose-negative strains of Vibrio and Photobacterium, the celCBGKAI gene cluster conferred 

the ability to utilize cellobiose.  Genomic analyses of naturally cellobiose-positive Vibrio species 

revealed that V. salmonicida has a homolog of the celCBGKAI cluster; however, V. vulnificus 

does not.  Moreover, bioinformatic analyses revealed that CelG and CelK share the greatest 

homology with glucosidases and glucokinases in the Firmicutes.  These observations suggest 

that distinct genes for cellobiose utilization have been acquired by different lineages within the 

Vibrionaceae.  In addition, the loss of the celI regulator, but not the structural genes, attenuated 

the ability of V. fischeri to compete for colonization of its natural host, Euprymna scolopes, 

suggesting that repression of the cel gene cluster is important in this symbiosis.  Finally, we 

show that the V. fischeri cellobioase (CelG) preferentially cleaves -D-glucose linkages but also 

cleaves -D-galactose-linked substrates such as 5-bromo-4-chloro-3-indolyl- -D-galactoside (X-

gal), a finding that has important implications for the use of lacZ as a marker or reporter gene in 

V. fischeri.   
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Introduction 

 The Vibrionaceae family encompasses a diverse collection of marine bacteria that are 

studied both for their direct significance to humankind and as models for a variety of basic 

biological phenomena (248).  For example, our research groups and others study Vibrio fischeri 

as a model of bacterial bioluminescence, symbiotic host-bacteria interactions, and pheromone-

mediated gene regulation (7, 194, 247, 253, 286).  Other Vibrio species are investigated because 

of their pathogenicity toward humans or marine animals, their contributions to aquatic 

ecosystems and processes, or their genomic plasticity and remarkable adaptability (67, 72, 263, 

265).  Although there are exceptions, a hallmark of this family is the ability to grow rapidly in 

culture and to use a variety of nutrient sources.  There is considerable interspecies variability in 

metabolic patterns, and such differences may reflect ecologically important traits for individual 

species.  Nutrient utilization profiles have also been important in practice both for developing 

taxonomic schemes to identify Vibrio species and for growing and manipulating these bacteria in 

the laboratory.  

 Traditionally, carbon source utilization patterns have been among the criteria used to 

distinguish different species within the Vibrionaceae (16, 72), and this information has also 

guided the development of semi-selective media to enrich for specific species (65).  For example, 

cellobiose utilization is among the variable traits used to describe and distinguish species within 

the Vibrionaceae (16), and cellobiose-based media have been used to enrich for certain species, 

particularly Vibrio vulnificus (37, 165).  Molecular markers and DNA sequence analyses are 

becoming more widespread taxonomic tools with great value, but carbon source utilization 

phenotypes are still useful discriminators and have been tested through decades of research (16, 

72).  In the future, once the genetic basis for utilization of particular carbon sources is better 
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understood, it should be possible to generate molecular DNA-based techniques that draw directly 

on the wealth of phenotypic information available for identifying Vibrio species. 

 Understanding the genetic basis for various metabolisms in different Vibrio species will 

also help elucidate the evolutionary history of the Vibrionaceae.  Despite interest in both the 

metabolic variability of this family and the mechanisms underlying its evolution, much remains 

to be learned about these subjects.  For example, it is not known whether cellobiose utilization 

was an ancestral trait lost by some members of this family, or if it was a trait acquired by certain 

lineages more recently.  Bioinformatic analyses of genome sequences in the Vibrionaceae (39, 

112, 163, 226, 238, 281) promise to help answer such questions, but gene and pathway 

annotations can be ambiguous or incorrect.  Therefore, continued experimental determination of 

metabolic pathways will be necessary to connect genomic and phenotypic variability. 

 In this study we describe a gene cluster that is both necessary for cellobiose utilization by 

V. fischeri and sufficient to confer cellobiose utilization on other Vibrio species.  Based on our 

results and bioinformatic analyses, we propose a model for cellobiose utilization arising from the 

acquisition of distinct pathways by different lineages within the Vibrionaceae.  We also show 

that this cellobiose utilization cluster in V. fischeri is responsible for an unexpected cryptic ß-

galactosidase activity.  This observation has immediate practical significance, because the ß-

galactosidase gene lacZ from Escherichia coli has been used as both a marker (69, 125) and a 

transcriptional reporter (158, 287, 306, 307) in V. fischeri. 

Materials and Methods 

Bacterial strains, plasmids and growth conditions.  Bacterial strains used in this study are 

described in Table 4.1.  Plasmids were maintained in E. coli strain DH5  (109) except 

conjugative helper plasmid pEVS104 (252), which was maintained in CC118 pir (119), pCR 
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Blunt-TOPO-derivatives, which were maintained in TOP-10 (Invitrogen, Carlsbad, CA), and 

other plasmids containing the R6K  replication origin, which were maintained in DH5 pir (68).  

E. coli was incubated at 37°C in LB medium (176) or BHI medium (Difco, Sparks, MD).  For 

selection of E. coli, chloramphenicol (Cm), kanamycin (Kn) and trimethoprin (Tp) were used at 

concentrations 20, 40, and 10 μg ml-1, respectively.  For selection of E. coli with erythromycin 

(Em), 150 μg ml-1 was added to BHI.  V. fischeri and all other Vibrionaceae strains were grown 

at 28°C in LBS (250) or using a specific carbon source, as indicated, added to a minimal salts 

medium (0.340 mM NaPO4 pH 7.5, 0.05 M Tris pH 7.5, 0.3 M NaCl, 0.05 M MgSO4-7H2O, 0.01 

M CaCl2-2H2O, 0.01 M NH4Cl, 0.01 M KCl, 0.01 mM FeSO4-7H2O, plus carbon source).  When 

added to LBS or minimal media for selection of V. fischeri or other Vibrionaceae strains, Cm, 

Kn, Em, and Tp were used at concentrations of 2, 100, 5, and 10 μg ml-1 respectively.  D-

cellobiose (Acros Organics, Geel, Belgium) was added to solid and liquid media at 

concentrations of 5 mM and 10 mM, respectively.  Glucose was added to media at a 

concentration of 20 mM.  Bromocresol purple sodium salt (BCP) (Eastman Kodak, Rochester, 

NY) and 5-bromo-4-chloro-3-indolyl- -D-galactoside (X-gal) (Research Products International, 

Prospect, IL) were added to LBS at concentrations of 0.02 and 100 μg ml-1, respectively.  Agar 

was added to a final concentration of 1.5% for solid media. 

 

DNA and plasmid manipulations.  Standard methods were used to generate plasmids and to 

clone DNA fragments.  Plasmids were mobilized from E. coli into recipients by triparental 

mating using pEVS104 as a conjugative helper, as described previously (252).  Restriction 

enzymes, DNA ligase and Klenow fragment, were obtained from New England Biolabs 

(Ipswich, MA).  Chromosomal DNA was purified using the Easy-DNA kit (Invitrogen, Carlsbad, 



 92 

CA).  Plasmids were isolated using QIAprep spin miniprep kit (Qiagen, Valencia, CA) or 

GenElute Plasmid Miniprep kit (Sigma, St. Louis, MO).  The Zero Blunt TOPO PCR Cloning 

Kit (Invitrogen, Carlsbad, CA) was used to clone PCR products into pCR-BluntII-TOPO. DNA 

fragments were purified using DNA Clean & Concentrator-5 Kit (Zymo Research, Orange, CA). 

PCR was performed using KOD HiFi DNA Polymerase (Novagen, Madison, WI) following 

manufacturer’s recommendations for cycle programs based on predicted DNA product size. 

Oligonucleotides (Table 4.1) were obtained from Integrated DNA Technologies (Coralville, IA).  

The annealing temperature for primer pair dma91 and dma92 was 55°C, and for dma93 and 

dma94 it was 47°C.  PCR was performed using an iCycler (BioRad Laboratories, Hercules, CA).  

DNA sequencing was conducted on an ABI automated DNA sequencer at the University of 

Michigan DNA Sequencing Core, and sequences were analyzed using Sequencher 4.6 (Gene 

Codes, Ann Arbor, MI).  

 

Construction of mutants and complementation plasmids.  Descriptions of select plasmids and 

primers used in their construction are provided in Table 4.1. Details of plasmid construction 

follow.  To generate a 2-bp insertion in celG, we first screened an existing library of XbaI-

digested ES114 DNA cloned into pBluescript (Stratagene, La Jolla, CA) to isolate pKV150, 

which contains the cel gene cluster.  pKV150 was digested with BglII, and the cel gene cluster 

was subcloned into BamHI-digested pEVS79, yielding pKV153.  pKV153 was digested with 

SpeI and self-ligated to roughly center celG within the insert, making pKV156.  pKV156 was 

then digested with ClaI, the overhangs filled in with Klenow fragment, and the plasmid 

recircularized by self-ligation yielding pKV162, which has a frame-shifting 2-bp insertion in 
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celG.  This mutation was placed on the chromosome of ES114 and DMA420 by allelic 

exchange, yielding strains KV1319 and DMA401, respectively.   

The celI complementation plasmid pDMA171 was generated by first amplifying celI with 

~500 bp of upstream sequence and incorporating NheI sites near the 5’ end of each primer 

(dma91 and dma92).  This PCR product was cleaned and digested with NheI before being cloned 

directly into AvrII-digested pVSV107.  Plasmid pKV151 contains the active cel cluster and was 

isolated from a library of BglII-digested ES114 DNA cloned into pV08 (3). 

To construct pDMA193, the Pcel-gfp reporter, the intergenic DNA upstream of celC was 

PCR amplified with NheI sites incorporated near the 5’ ends of the primers (dma93 and dma94) 

and cloned into pCR-BluntII-TOPO (Invitrogen, Carlsbad, CA) yielding pDMA181.  pDMA181 

was digested with SpeI and XhoI, and the promoter fragment was subcloned into pEVS79 

digested with the same enzymes, making pDMA184.  pDMA184 was digested with NheI and the 

promoter was subcloned into AvrII-digested pVSV209, which contains a promoterless gfp, 

completing the construction of pDMA193. 

Transposon mutagenesis was performed by conjugating the mini-Tn5 delivery plasmid 

pEVS170 (N. Lyell and E. Stabb, unpublished results) into wild-type V. fischeri strain ES114.  

After conjugation proceeded for more than 8 h, the conjugation mix was diluted and plated onto 

selective media.  The mini-Tn5 mutagenesis was performed in three independent experiments for 

each screen, encompassing ~10,000 colonies per screen.  In one screen, mutant colonies were 

isolated based on their blue color on LBS supplemented with Em and X-gal.  In the other screen, 

mutant colonies were examined for yellowish-white color on LBS supplemented with cellobiose, 

Em and X-gal.  The site of transposon insertion in each mutant strain was determined by cloning 

the transposon and flanking DNA and then sequencing across the transposon::chromosome  
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Table 4.1.  Bacterial strains, select plasmids, and oligonucleotides 
Strain, plasmid, or 

oligonucleotide 

Relevant characteristics Source or 
reference 

Bacterial strains 
E. coli 

CC118- pir (ara-leu) araD lac74 galE galK phoA20 thi-1 rpsE rpsB 
argE(Am) recA pir 

(119)  

DH5  F- 80dlacZ (lacZYA-argF)U169 deoR supE44 hsdR17 

recA1 endA1 gyrA96 thi-1 relA1 
(109)  

DH5 - pir DH5  lysogenized with pir (68) 
TOP10 F- mcrA (mrr-hsdRMS-mcrBC) 80lacZ M15 lacX74 

recA1 ara 139 (ara-leu)7697 galU galK rpsL (StrR) 
endA1 nupG 

Invitrogen 

Vibrionaceae 

ATCC33653 Vibrio mimicus E. Lipp 
ATCC33564 Vibrio hollisae E. Lipp 
ATCC17803 Vibrio parahaemolyticus E. Lipp 
DMA401 ES114 celI::mini-Tn5-Em and 2-bp insertion in celG  This study 
DMA420 ES114 celI::mini-Tn5-Em (insertion at bp 914) This study 
DMA421 ES114 celI::mini-Tn5-Em (insertion 53 bp before predicted 

start of celI) 
This study 

DMA422 ES114 celK::mini-Tn5-Em (insertion at bp 548) This study 
DMA423 ES114 celA::mini-Tn5-Em (insertion at bp 20)  This study 
DMA424 ES114 ptsI::mini-Tn5-Em (insertion at bp 247) This study 
DMA425 ES114 celG::mini-Tn5-Em (insertion at bp 502) This study 
DMA426 ES114 celC::mini-Tn5-Em (insertion at bp 1166) This study 
DMA427 ES114 celB::mini-Tn5-Em (insertion at bp 39) This study 
DMA428 ES114 VF2408::mini-Tn5-Em (insertion at bp 614) and 

11-bp deletion in celI (at bp 566) 
This study 

DMA429 ES114 VF0170::mini-Tn5-Em (insertion at bp 314) and 
11-bp deletion at in celI (at bp 566) 

This study 

ES114 Wild-type isolate from E. scolopes  (20)  
KNH6 Photobacterium leiognathi (252)  
KV1319 ES114, 2-bp insertion in celG This study 
KV2801 ES114, ptsI::pTMO151 (282) 
VC4056 Vibrio cholerae  R. Colwell 
VC4103 Vibrio cholerae  R. Colwell 
Plasmids 

pDMA171 celI in pVSV107 This study 
pDMA193 Pcel-gfp reporter in pVSV209;  This study 
pEVS79 oriVColE1 oriTRP4 CmR (252)  
pEVS170 mini-Tn5-Em, oriVR6K  oriTRP4 KnR N. Lyell 
pKV151 celCBGKAI plus 824 bp upstream of putative start in 

pVO8  
 

This study 
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pKV162 2-bp insertion in celG and flanking sequences in pEVS79; 
source of celG allele in KV1319 and DMA401 

This study 

pVO8 oriVP15A oriTRP4 CmR EmR lacZ  (285)  
pVSV107 oriVR6K  oriTRP4 oriVpES213 TpR lacZ  (69)  
pVSV209 oriVR6K  oriTRP4 oriVpES213 rfp KnR promoterless CmR-gfp (69)  
Oligonucleotides 
dma91 5’ CGGCGCTAGCGGTGCACGCCCAAGATCATATTATGAC 3’ This study 
dma92 5’ CGCCGCTAGCCGCTGTAACAGCCAGAGCAACAGG 3’ This study 
dma93 5’ GCCGCTAGCTGTGACTTCCTATATTTCAGCTTT 3’ This study 
dma94 5’ GGCGCTAGCTGTTCACCCCTAATTAGAATTATAATTTA 3’ This study 
* Abbreviations used: CmR, chloramphenicol resistance; EmR, erythromycin resistance; KnR, 
kanamycin resistance; TpR, trimethoprim resistance; StR, streptomycin resistance.   
 

junction using the M13 Forward primer.  Insertions were cloned by digesting chromosomal DNA 

with HhaI, self-ligating the fragments, and recovering the transposon and flanking DNA as a 

plasmid, taking advantage of the origin of replication and Em-resistance gene contained within 

the transposon.   

 

Carbon utilization assays.  The ability to grow on glucose or cellobiose as a sole carbon source 

was tested by adding these sugars to a minimal medium and then streaking single colonies of 

each strain onto plates, which were incubated at 28°C for ~48 h and assessed for growth.  To test 

for acid production by strains in the presence of glucose or cellobiose, single colonies were used 

to inoculate test tubes containing LBS with BCP and either cellobiose, glucose or no sugar 

added.  Cultures were incubated at 28°C with shaking (200 rpm) for 24 h and acidification was 

scored as a change in the BCP from purple to yellow.   

 

cel induction measurements in culture.  Overnight cultures of V. fischeri carrying pDMA193 

(Pcel-gfp) were grown in LBS with appropriate antibiotics and were diluted 1:500 into 30 ml of 

antibiotic-free LBS, with or without cellobiose or glucose, in 125-ml baffled flasks, and were 
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then incubated at 24°C with shaking (200 rpm).  The reporter and control plasmids used are 

derived from a vector that is stable in V. fischeri and does not require selection for maintenance 

(69).  500-μl samples were removed at intervals and culture optical density (OD595) was 

determined using a BioPhotometer (Brinkman Instruments, Westbury, NY).  Fluorescence was 

measured using a TD-700 fluorometer (Turner Designs, Sunnyvale, CA) using excitation and 

emission filters of 486 nm and >510 nm, respectively.  Fluorescence reported is the average of 

measurements taken when the OD595 readings were approximately 2.5.  Fluorescence of strains 

carrying the promoterless-gfp construct in pVSV209 was subtracted as background. 

To examine the ability of various carbon sources to induce the cel operon, 15 μl of 100 

mM stocks of cellobiose, raffinose, sucrose, maltose, lactose, N-acetyl-glucosamine, fructose, 

mannose, ribose, galactose, xylose, arabinose and glucose were spotted on filter disks placed on 

LBS plates supplemented with X-gal and spread plated with ES114.  After 24 h of incubation, 

plates were examined for induction of the cel operon, which was scored as rings of blue in the 

lawn surrounding the sugar-impregnated disk.  Parallel plates with celG mutant KV1319 served 

as negative controls and did not develop blue color. 

 

Enzyme assays using p-Nitrophenyl Conjugated Substrates.  Strains tested were grown to an 

OD595 ~2.0, pelleted, lysed by freezing at -80°C for 20 min, and the pellets were resuspended in 

the original volume of a 500 mM sodium phosphate buffer, pH 7.0.  100 μl of this lysate were 

added to 400 μl of a 10 mM p-nitrophenol (p-NP) conjugated substrate dissolved in 50 mM 

sodium phosphate buffer pH 7.0.  Parallel reactions were incubated at 28°C and 37°C until a 

yellow color was observed, or for a maximum of 24 h.  The assay was stopped by adding 2 ml of 

1M Na2CO3 (final concentration 800 mM).  A 1-ml sample from the reaction was centrifuged for 
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5 min to pellet cell debris. The absorbance was read at 410 nm (A410) to determine the amount of 

p-NP generated from enzymatic cleavage, and also at 550 nm (A550) to determine light scattering 

from residual cell debris.  To calculate pmol of p-NP generated min-1 ml-1, the A410 reading from 

each sample minus the A550 reading for each sample was compared to a linear standard of p-NP, 

and this was divided by the incubation time and the 0.1 ml of lysate added to the reaction.   

 

Squid colonization assays.  E. scolopes was maintained in Instant Ocean (Aquarium Systems, 

Mantor, OH) mixed to ~36 ppt.  To determine whether a mutant strain had a competitive 

disadvantage in the symbiosis relative to the wild-type, cultures for inoculation were grown as 

previously described (69), and juvenile squid were exposed to a ~1:1 mix of the wild-type and 

mutant strains for 14 h and then moved to V. fischeri-free Instant Ocean.  Squid were 

homogenized after 48 h to determine the ratio of wild type to mutant.  The relative competitive 

index (RCI) was determined by dividing the mutant to wild type ratio in each individual squid by 

the ratio in the inoculum.  Log transformed data were used to calculate the average RCI and to 

determine statistical significance. 

 

Bioinformatic Analyses.   Protein sequence comparisons to Genbank entries were generated 

using BLAST-P (4).  V. salmonicida LFI1238 sequence was obtained from  the Sanger Institute 

(http://www.sanger.ac.uk/Projects/V_salmonicida/) as a shotgun database and homologs of 

specific V. fischeri genes were determined using Artemis (228).  Genomes with similar regions 

surrounding the CelC ORF were found using the SEED pinned region search (196).  The 

similarity between homologs that is reported was determined using MatGAT using the default 

settings (33).  Phylogenetic and molecular evolutionary analyses were conducted using MEGA 
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version 4.0 using the default settings (260).  Using the MEGA program, consensus neighbor-

joining phylogenetic trees were constructed using the Amino-Poisson correction.  Unweighted 

Pair Group Method with Arithmetic mean (UPGMA) and minimum evolution trees were also 

constructed with similar results (data not shown).  Bootstrap values for the trees were obtained 

from a consensus tree based on 1,000 randomly generated trees using the MEGA 4.0 software 

(260). 

 

Results 

Mutations in celI reveal cryptic -galactosidase activity in V. fischeri.  This study was 

initiated by the serendipidous observation that when V. fischeri ES114 was mutagenized with 

mini-Tn5 and plated on selective media with X-gal, approximately one in 1000 colonies were 

dark blue, suggesting that some mutation(s) could reveal a cryptic -galactosidase activity in this 

strain. We isolated ten such blue mutants and determined the location of the transposon insertion 

in these strains.  Eight of the mutants had insertions in or directly upstream of VF0608, a gene 

that encodes a putative LacI-family transcriptional regulator.  We have now designated VF0608 

as celI.  The other two blue mutants, DMA428 and DMA429, had insertions in VF2408, a 

putative LuxR-family transcriptional regulator, and VF0170, a putative O-antigen flippase, 

respectively.  However, these mutants, like the other eight, could be complemented to the 

parental yellowish-white colony color on LBS X-gal by the reintroduction of celI on pDMA171 

but not by introduction of the parent vector, pVSV107.  Subsequent analyses showed that 

DMA428 and DMA429 each also had an identical 11-bp deletion in celI, which could account 

for their blue phenotype on LBS X-gal plates (Fig. 4.1).   
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Fig. 4.1.  Schematic representation of the genetic organization around the cel gene cluster in V. 

fischeri ES114.  A.  Arrows represent open reading frames and indicate the direction of gene 
transcription as well as the gene size, which is presented relative to the scale bar.  Filled triangles 
represent transposon insertions that result in a blue colony phenotype on LBS-X-gal plates.  
Open triangles represent transposon insertions that result in a yellowish-white colony phenotype 
on LBS-X-gal cellobiose plates.  A hypothetical gene is designated “hyp”.  The filled rectangle 
denotes the 11-bp deletion detected in mutants DMA428 and DMA429.  The unfilled rectangle 
denotes the 2-bp insertion in strain KV1319.  Numbers in parentheses represent the base pairs 
between open reading frames.  B.  Region cloned into plasmid pKV151. 
 

Identification of cellobiose utilization gene cluster.  Analysis of the genome near celI revealed 

that it was downstream of a gene cluster annotated as functioning in disaccharide uptake and 

catabolism, including a putative glucosidase (cellobioase) gene (Fig. 4.1).  We hypothesized that 

the glucosidase gene encoded the enzyme responsible for the cleavage of X-gal and that celI 

repressed this operon in the absence of cellobiose.  Consistent with this hypothesis, when plating 

wild-type ES114 on LBS supplemented with X-gal and 5 mM cellobiose, all the colonies were 

blue.  We then repeated the mini-Tn5 mutagenesis but plated on LBS supplemented with X-gal 

and 5 mM cellobiose and screened for loss of blue colony color, predicting that the inability to 

cleave X-gal would correlate with the loss of ability to grow on cellobiose as a sole carbon 

source.  After screening over 10,000 colonies, 16 transposon mutants were isolated based on 

their yellowish-white color on LBS X-gal cellobiose plates.  All but one insertion was localized 

to the predicted cellobiose utilization gene cluster upstream of celI (Fig. 4.1), and all of the 
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mutants with insertions in this cluster grew poorly or did not grow with cellobiose as the sole 

carbon source.  Moreover, in BCP assays none of these mutants acidified the medium in the 

presence of cellobiose as wild type does (Table 4.2).  Each of the mutants with an insertion in the 

genes upstream of celI could be complemented to a wild-type-like phenotype upon 

reintroduction of this gene cluster on pKV151 (Fig. 4.1), but not by introduction of the parent 

vector, pVO8.  In light of these data, the genes in the cluster were named based on their 

predicted function:  PTS IIA component, celA (VF0607); PTS IIB component, celB (VF0604); 

PTS IIC component, celC (VF0603); 6-phospho- -glucosidase, celG (VF0605); glucokinase, 

celK (VF0606), and, as mentioned above, LacI-like family transcriptional regulator; celI 

(VF0608) (Fig. 4.1). 

The single mutant with an insertion outside this gene cluster, DMA424, had an insertion 

in VF1896, which is annotated as a PTS system enzyme. Visick et al. (284) characterized a 

mutation in this gene previously and determined that the VF1895 and VF1896 open reading 

frames were actually one gene, an ortholog to E. coli’s ptsI.  Similar to the ptsI mutant isolated 

by Visick et al. (284), we found that our ptsI mutant grew poorly in minimal media with 

cellobiose or glucose as the sole carbon source and had a slower growth rate than wild type in 

LBS (data not shown). The ptsI gene encodes the E1 component of the PTS system, one of two 

proteins with essential roles as general components for all PTS systems. Because there is no 

other E1 encoded in V. fischeri ES114, the PTS II system comprised of CelA, CelB, and CelC 

should be severely attenuated or non-functional in mutant DMA424. 

 

celG encodes a -glucosidase with lesser -galactosidase activity.  To investigate whether the 

putative 6-phospho- -glucosidase encoded by celG was responsible for the cleavage of 
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cellobiose and X-gal, we generated mutant KV1319, which contains a 2-bp insertion in celG.  

KV1319 was unable to cleave X-gal, was unable to utilize cellobiose as a sole carbon source, and 

did not acidify cellobiose-containing media in BCP assays.  This provides further evidence that 

CelG is responsible for the cleavage of both cellobiose and X-gal, a supposition that is also 

supported by enzymatic assays described below.  To test the prediction that the celI mutant’s 

blue colony phenotype on LBS X-gal was due to the loss of CelI-mediated repression of celG, 

we incorporated the 2-bp frameshifting mutation in celG into DMA420, a celI transposon 

mutant.  As predicted, the resulting strain DMA401 (celG
-, celI::mini-Tn5-Em) was yellowish-

white in contrast to the blue color of the celI mutant on LBS X-gal plates (data not shown).  

To further test the substrates targeted by CelG, we assayed enzymatic activity in cell 

lysates using sugar substrates para-linked to a nitrophenol group.  We examined lysates of celI 

mutant DMA420, which should enhance CelG activity by allowing the derepression of celG.  To 

test whether utilization of a particular substrate was specific to CelG and not some other enzyme 

in the whole cell lysate, we compared activity in celI mutant lysates (dark gray bars in Fig. 4.2) 

to that in lysates of the double celI and celG mutant, DMA401 (light gray bars in Fig. 4.2).  

Thus, the difference between the dark and light gray bars in Figure 4.2 represents CelG-

dependent activity, and CelG-independent activity can be gleaned directly from the light gray 

bars. 

Figure 4.2 shows that the celG mutant loses the ability to cleave the model substrate for 

cellobiose cleavage, p-NP- -D-glucopyranoside (glu). Lower but significant CelG-dependent 

activity was observed with p-NP- -D-galactopyranoside (gal), p-NP- -D-cellobioside (cello), 

and p-NP- -D-lactopyranoside (lac).  We also observed modest (0.25%) residual activity toward 

p-NP- -D-glucopyranoside (glu) even in celG mutant DMA401, which could indicate that the 
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frameshift in celG does not completely eliminate CelG function or that other enzymes in the 

lysate catalyze a relatively minor amount of hydrolysis of the substrate.  To differentiate between 

these possibilities, we tested the celG::mini-Tn5-Em mutant, DMA425 and found it had similar 

activity toward p-NP- -D-glucopyranoside (glu) as the celG frameshift mutant, supporting the 

idea that the residual activity is due to an unidentified enzyme rather than partial activity from 

the frameshift allele (data not shown).  

Fig. 4.2.  celG-dependent enzymatic activity.  Activities in lysates from DMA420 (celI::mini-
Tn5-Em) are shown as dark grey bars, and activities from DMA401 lysates (celI::mini-Tn5-Em, 
celG

-) are shown as light grey bars. Activities represent the ability to cleave p-nitrophenol (p-
NP) from the substrate.  Error bars, some too small to visualize, indicate standard error (n=3).  
The dashed line represents the limit of detection.  Results shown are representative of two 
experiments at 37°C and are also similar to data obtained in two experiments at 28°C.  Substrate 
abbreviations are:  glu, p-NP- -D-glucopyranoside (model substrate for cellobiose); gal, p-NP- -
D-galactopyranoside; cello, p-NP- -D-cellobioside; lac, p-NP- -D-lactopyranoside; malt, p-NP-
-D-maltoside; -xylo, p-NP- -D-xylopyranoside; -xylo, p-NP- -D-xylopyranoside; man, p-

NP- -D-mannopyranoside; N-Ac-glu, p-NP-N-acetyl- -D-glucosaminide; and diAC-chito, p-
NP-N,N -diacetyl- -D-chitobioside. 
 

Although each of the other substrates cleaved by CelG contains a -1,4 linkage, 

promiscuity of the enzyme was evident in its activity as both a -glucosidase and a -

galactosidase.  The latter may reflect a coincidental and physiologically irrelevant activity.  

Although CelG is apparently able to cleave p-NP- -D-lactopyranoside (lac), V. fischeri is unable 

to utilize lactose as a carbon source.  Moreover, data below indicate that CelG is induced by the 
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presence of cellobiose, but not by lactose (Fig. 4.3).  Given the ability of CelG to direct X-gal 

cleavage, the -galactosidase activity attributed to CelG in this assay was expected; however, it 

is worth noting that this activity was ~50-fold lower than the -glucosidase activity (Fig. 4.2).  

The assays with other p-NP-linked substrates indicate that enzymes other than CelG in 

the lysates direct cleavage of p-NP- -D-mannopyranoside (man), p-NP-N-acetyl- -D-

glucosaminide (N-Ac-glu), p-NP-N,N -diacetyl- -D-chitobioside (diAC-chito), p-NP- -D-

xylopyranoside ( -xylo), and p-NP- -D-xylopyranoside ( -xylo).  We saw no enzymatic activity 

toward p-NP- -D-maltoside (malt). 

 

celI, cellobiose-, and glucose-mediated control of cel expression.  To determine when the cel 

genes are induced, we developed a transcriptional reporter plasmid, pDMA193, containing the 

region immediately upstream of the cel gene cluster driving expression of gfp.  Without 

cellobiose, the reporter’s fluorescence in ES114 was slightly elevated above background, but 

with growth in cellobiose there was an increase of almost 5-fold in fluorescence (Fig. 4.3).  In 

the celI::mini-Tn5-Em mutant DMA420 the reporter was expressed with and without added 

cellobiose, further supporting our prediction that CelI represses the cel gene cluster when 

cellobiose is not present.   

Interestingly, in the presence of cellobiose, fluorescence of the reporter in the celI mutant 

DMA420 decreases compared to growing without cellobiose.   We hypothesized that generation 

of glucose due to the cleavage of cellobiose might cause catabolite repression of the gene cluster, 

resulting in this inhibitory effect of cellobiose on cel expression.  To examine this, both wild type 

ES114 and celI mutant DMA420 containing the reporter plasmid were grown in the presence of 

glucose. In both strains, fluorescence from the reporter plasmid decreased substantially when 
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cells were grown in LBS supplemented with glucose (Fig. 4.3).  Furthermore, we moved the 

reporter plasmid into DMA401, the celI celG double mutant, to assess whether the loss of CelG, 

which should reduce the breakdown of cellobiose to glucose, would allow induction of the gene 

cluster in the presence of cellobiose.  In media with glucose, reporter expression in DMA401 

was reduced, as it is in the other strains (Fig. 4.3).  However, supplementation with cellobiose, 

did not affect reporter expression in DMA401 (Fig. 4.3).  Thus it appears that cel expression is 

repressed by glucose that is either added exogenously or generated by CelG-dependent cleavage 

of cellobiose. 

Fig. 4.3.  Specific fluorescence generated from Pcel-gfp reporter in ES114 (wt), mutant DMA420 
(cel

-), or mutant DMA401 (celI
-
 celG

-).  Cultures of strains carrying pDMA193 were grown in 
LBS with and without 10 mM cellobiose or 20 mM glucose.  Data represent the average specific 
fluorescence with standard error (n=3). 

 

Taking advantage of the promiscuity of CelG and its ability to degrade X-gal, we next 

tested whether other carbon sources, besides cellobiose, could induce the expression of the cel 

gene cluster, using a disc assay with ES114 or the celG mutant KV1319 plated on LBS plates 

supplemented with X-gal.  We tested glucose, galactose, lactose, chitin-hexamers, cellulose, N-

acetyl-glucosamine and cellobiose and found that only cellobiose was able to induce the 

expression of the cel gene cluster, resulting in CelG-dependent cleavage of X-gal and 
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development of blue color in growth of ES114 around the disc (data not shown).  Thus even if 

CelG is able to cleave other substrates besides cellobiose (as described above), the substrates 

above do not induce celG and are therefore unlikely to be physiologically relevant targets for the 

cel gene cluster.  

 

The celCBGKAI gene cluster on pKV151 confers cellobiose utilization on six cellobiose-

negative Vibrio strains.  To determine whether this cellobiose-utilization gene cluster in V. 

fischeri was sufficient to confer cellobiose utilization to other Vibrios, pKV151 (Fig. 4.1) was 

moved into six different Vibrio or Photobacterium strains that are negative for cellobiose 

utilization (Table 4.2).  Transconjugants were tested for growth on solid media with cellobiose as 

a sole carbon source, and were also tested for growth in the presence of glucose (the breakdown 

product of cellobiose) as a control.  Both ES114 and the celG frameshift mutant were also 

included as positive and negative controls, respectively.  All of the strains grew regardless of 

plasmid when glucose was the sole carbon source (data not shown); however, of the strains 

carrying the insertless vector pVO8, only ES114 grew on cellobiose (Table 4.2).  Thus, for each 

of the other Vibrio or Photobacterium strains, the V. fischeri cel gene cluster on pKV151 

conferred the ability to grow on cellobiose (Table 4.2).   

Table 4.2. Growth and acid production of Vibrio strains on glucose and cellobiose. 
Acidification of LBS-BCP in presence of Growth on  

Minimal + Cellobiose Glucose Cellobiose Strain 

pVO8 pKV151 pVO8 pKV151 pVO8 pKV151 

ES114 + + + + + + 
KV1319 - + + + - + 
P. leiognathi - + + + - - 
V. cholerae VC4103 - + + + - + 
V. cholerae VC4056 - + + + + + 
V. parahaemolyticus - + + + - + 
V. hollisae - + + + - - 
V. mimicus - + + + - + 
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Substrate utilization is often tested indirectly based on the production of fermentation 

acids in the presence of a particular sugar, resulting in a pH shift that can be detected by the 

colorimetric change in the dye BCP.  We therefore also tested strains carrying pKV151 in BCP 

assays.  All strains with either the control vector or pKV151 acidified glucose-containing LBS 

medium (Table 4.2).  For V. cholerae VC4103, V. mimicus, and V. parahaemolyticus, pKV151 

conferred not only the ability to grow on cellobiose, but also the production of acid in LBS 

supplemented with cellobiose.  For the other strains, the ability to grow on cellobiose did not 

correlate with acid production in the presence of cellobiose.  P. leiognathi and V. hollisae were 

unable to acidify the cellobiose-containing medium regardless of whether they carried the control 

vector or pKV151, whereas V. cholerae VC4056 acidified the medium regardless of whether it 

contained pKV151 or the control vector.  Thus, although acid production is often used as an 

indirect indicator of sugar catabolism by Vibrio species (16, 72), direct testing for growth on 

cellobiose was a more reliable measure of this metabolic capability. 

 

Bioinformatic analyses of the cel gene cluster.  Using a combination of bioinformatic 

programs and databases (see Materials and Methods) we sought to determine whether 

celCBGKAI was an ancestral locus present in all cellobiose-utilizing members of the 

Vibrionaceae, and if this was not the case to determine the likely origin(s) of these genes.  

Comparisons of nucleotide or encoded-protein sequences yielded similar results, and for the 

most part only the latter are reported here, with nucleotide sequence used for reporting gene 

arrangement.  We found that V. salmonicida strain LFI1238, which utilizes cellobiose (Nils-

Peder Willassen, personal communication), has a homologous celCBGKAI cluster.  The cel gene 

order is conserved in V. salmonicida, the encoded proteins were >90% similar to the respective 
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homologs in V. fischeri, and it included both the genes for cellobiose utilization (Fig. 4.4A) and 

the regulator celI (not shown). 

Photobacterium profundum SS9 and V. vulnificus, which are cellobiose positive (72, 

190), also had gene clusters that included PTS II system genes, a glucosidase gene and in the 

latter bacterium a glucokinase gene as well; however, neither had impressive similarity to the V. 

fischeri cel cluster.  For example, the putative glucosidase and glucokinase encoded by this V. 

vulnificus cluster shared only 29% and 33% similarity to CelG and CelK, respectively (Fig. 

4.4A).  Although V. vulnificus is able to grow on cellobiose, we speculate that this might not be 

the gene cluster responsible for cellobiose catabolism.  In support of this idea, V. cholerae and V. 

parahaemolyticus are both cellobiose negative, yet both have a highly homologous gene cluster 

to that described above in V. vulnificus (Fig. 4.4B).  Partial genomic sequences are available for 

other cellobiose-utilizing Vibrio species, but additional clusters similar to celCBGKAI were not 

found.  Indeed, homologs of the individual V. fischeri CelG and CelK proteins were notably 

absent.  Taken together, our analyses suggest that celCBGKAI underpins cellobiose utilization in 

the V. fischeri/V. salmonicida clade, but that distinct pathways may direct cellobiose catabolism 

in other members of the Vibrionaceae. 

 Despite further analyses, the ancestry of the celCBGKAI genes in V. fischeri and V. 

salmonicida remains uncertain, and these genes may have multiple origins.  It seems likely that 

celI, which encodes the LacI-family regulator, originated within the Vibrionaceae, as it shares 

high similarity with many regulators in this bacterial family (data not shown).  Interestingly 

however, CelG and CelK clustered most closely with ORFs found in the Firmicutes phylum of 

the bacteria, particularly Clostridium, Bacillus and Listeria species.  This is illustrated both in 

comparisons of similar gene clusters (Fig. 4.4) and in neighbor-joining trees comparing the 
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specific proteins encoded by these gene clusters (Fig. 4.5). Gene clusters in Clostridium 

acetobutylicum and Listeria monocytogenes were more similar to the V. fischeri cel cluster than 

were the gene clusters from other Vibrios (Fig. 4.4A).  The closest homolog of CelG was found 

in C. acetobutylicum (Figs. 4.4A and 4.5D), while close homologs to CelK are found in C. 

acetobutylicum, L. monocytogenes and Yersinia intermedia (Figs. 4.4A and 4.5C).  Although Y. 

intermedia is a gamma proteobacterium, it appeared exceptional in this group in that the proteins 

encoded by the Y. intermedia cluster group more closely with homologs in Listeria than with 

proteins in other proteobacteria.  The gene cluster in L. monocytogenes is also similar to the V. 

fischeri cel cluster, and gene order is conserved with that in V. fischeri except that the PTS IIC 

and glucosidase genes are switched (Fig. 4.4A).  Moreover, codon usage by Listeria is so similar 

to that in V. fischeri that genes transferred between the two cannot be recognized as foreign using 

this criterion (data not shown).  The origin of the celA, celB, and celC genes is especially 

difficult to infer, as the PTS IIC component tends to group with homologs in the Firmicutes (Fig. 

4.5B), whereas the PTS IIB and IIA components tend to group more closely with homologs 

within the Vibrionaceae (Fig. 4.5A and data not shown).  The PTS IIB and IIA components must 

interface with other endogenous proteins and the respective genes might be expected to face 

greater selective pressure to adapt to a new host and therefore appear less foreign.  Overall, it 

seems plausible that at least some of the genes for cellobiose uptake and catabolism may have 

been transferred horizontally from a marine Firmicute to an ancestor of the V. fischeri/V. 

salmonicida clade, although other scenarios remain possible. 
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Fig. 4.4.  Homologs of the V. fischeri cellobiose-utilization genes.  Gene arrangement and 
orientation for each particular strain is indicated with arrows.  Arrows with the same colored or 
patterned fill are putative homologs.  Genes encoding PTS components A, B, or C are shaded 
black, white or grey, respectively.  Genes encoding glucokinases or glucosidases are filled with 
checkerboard or crosshatching patterns, respectively.  Broken (dotted) lines are used to indicate 
that glucokinase genes in these bacteria are not genetically linked to the other genes shown.  
Numbers within the arrows represent the overall similarity to the respective protein from V. 

fischeri (panel A) or V. vulnificus (panel B) as determined by MatGAT (33).  Species 
abbreviations are: Vf, Vibrio fischeri; Vs, Vibrio salmonicida; Lm, Listeria monocytogenes; Ca, 
Clostridium acetobutylicum; Yi, Yersinia intermedia; Pp, Photobacterium profundum; Vv, 
Vibrio vulnificus; Vc, Vibrio cholerae; and Vp, Vibrio parahaemolyticus.  
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 Fig. 4.5.  Comparison of V. fischeri CelB, CelC, CelK, and CelG to proteins encoded by other 
bacteria with similar gene clusters.  Consensus neighbor-joining trees constructed using MEGA 
4.0 (260) are shown.  Trees constructed using both UPGMA and minimum evolution algorithims 
were similar to the ones shown (data not shown).  Bootstrap values >50% are indicated at the 
respective nodes.  The scale bar represents corrected sequence divergence of 0.1 or 0.2 as 
indicated.  Trees in panels A, B, C, and D include V. fischeri proteins CelB, CelC, CelK and 
CelG, respectively. 
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Symbiotic colonization of E. scolopes.  Our laboratories and others study the symbiotic 

interaction of V. fischeri ES114 with the Hawaiian bobtail squid, E. scolopes, and we therefore 

investigated the symbiotic phenotype of cel mutants.  If cellobiose utilization contributed to 

colonization proficiency, this would provide insight into the symbiotic nutritional environment of 

the host light organ.  On the other hand, if mutants had no symbiotic attenuation, then mutant cel 

alleles could be useful as neutral markers with a readily scored phenotype on X-gal.   

Mutants with insertions in each of the cel genes were checked for their ability to compete 

with wild type for colonization in E. scolopes. Mutants with an insertion in celI or in the non-

coding region upstream of celI were consistently outcompeted by ~2.2 fold as indicated by RCI 

values ~0.45 (Table 4.3).  In contrast, strains with mutations in genes responsible for the 

transport and degradation of cellobiose, celA, celB, celC, celG, and celK, had no significant 

competitive defect relative to wild type (Table 4.3). We competed DMA401 (celG
-
 celI::mini-

Tn5-Em) to see if the competitive defect of a mutation in celI was dependent on overexpression 

of a functional cel gene cluster and cellobioase activity.  This competition yielded an RCI that 

was essentially the same as the single celI mutant alone, indicating that the negative effect of 

knocking out celI on symbiotic colonization is independent of cellobioase activity.  Instead, this 

attenuation of competitiveness may simply be from overexpression of the Cel proteins.  Not 

surprisingly, the ptsI mutant, DMA424, was outcompeted by wild type; however, this mutant’s 

slower growth in culture indicates that its defect in colonizing the host cannot be considered 

symbiosis-specific. 
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Table 4.3. Colonization competitiveness of V. fischeri cel mutants relative to ES114 

Strain Genotype # of animals
a 

RCI
b 

42  0.40c 
41  0.48 c 

DMA420 celI::mini-Tn5-Em 

44  0.40 c 
DMA421 celI upstream region::Tn5 44  0.44 c 
DMA401 celI::mini-Tn5-Em, celG

- (frameshift) 32  0.39 c 
DMA425 celG::Tn5-Em 32  0.90 
KV1319 celG

- (frameshift) 32  1.21 
DMA422 celK::mini-Tn5-Em 26  0.68 
DMA423 celA::mini-Tn5-Em 29  0.95 
DMA427 celB::mini-Tn5-Em 32  1.04 
DMA426 celC::mini-Tn5-Em 32  0.91 
DMA424 ptsI::mini-Tn5-Em 32  0.02 c 
a Number of animals in individual experiment 
b Ratio of a mutant strain to the wild type in the light organ at 48 h post-inoculation divided by 
the ratio in the inoculum 
c Mutant is significantly outcompeted by ES114, < 0.01 
 

Discussion: 

 In this study we describe a gene cluster that is required for the utilization of cellobiose by 

V. fischeri and is sufficient to confer this property on cellobiose-negative Vibrio species.  The 

genes in this cluster encode a PTS transport system (celA, celB, and celC), a glucokinase (celK), 

a glucosidase (celG), and a LacI-like transcriptional regulator (celI) that inhibits expression of 

the cluster when cellobiose is not present (Fig. 1 and Fig. 3).  Mutational analyses and enzymatic 

assays show that the cel cluster is responsible for cleavage of both cellobiose, which is a -1,4-

linked glucose dissacharide, and X-gal, which is a -1,4 linked galactoside.  Although CelG is 

promiscuous with respect to the -1,4-linked substrates it cleaves, and theoretically it could 

direct catabolism of a -1,4-galactoside such as lactose, we propose that its activity as a -1,4-

glucosidase is physiologically relevant whereas its galactosidase activity is coincidental.  In 

support of this, CelG appeared to have greater activity as a glucosidase, and it was required for 

growth on cellobiose while lactose is not even utilized by V. fischeri as a carbon source.  
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Moreover, the glucoside cellobiose (or a mutation in celI) induced the cel cluster whereas several 

other sugars including lactose did not.   

 Cellobiose is a disaccharide breakdown product of cellulose, but V. fischeri apparently 

lacks cellulose-degrading capacity, and the importance of its cel gene cluster is unclear.  There is 

no evidence that cellobiose is released by E. scolopes to symbiotic V. fischeri, and it seems 

unlikely that this predatory invertebrate would produce or accumulate cellulose or cellobiose.  

Moreover, losing the ability to utilize cellobiose did not result in symbiotic attenuation (Table 3).  

V. fischeri has been isolated from the water column, even in areas where symbiotic hosts are not 

found (151, 224), and it has also been isolated from the bacterial consortium in the guts of 

herbivorous marine fishes where it can survive and persist (209, 255).  These observations 

suggest a niche where cellobioase activity may be important for V. fischeri.  Many herbivorous 

fish partially digest cellulose by acid hydrolysis in their stomach (310), and it is believed that 

bacterial cellulases contribute to the digestion of the cellulose in the gut, as with termites and 

ruminants (227, 293).  Although V. fischeri does not contain a cellulase it is possible that either 

the acidity of the fish stomach or other bacteria in a fish intestine could break down cellulose 

into cellobiose allowing V. fischeri to consume it.  

Interestingly, other cellobiose-utilizing Vibrios, notably V. vulnificus, lack the 

celCBGKAI gene cluster, and we speculate that cellobiose catabolism may have arisen in the 

Vibrionaceae by multiple distinct events.  Based on our bioinformatic data, we speculate that a 

Firmicute horizontally transferred the cellobiose degradation glucokinase and glucosidase genes, 

and possibly the PTS genes, to an ancestor of the V. fischeri and V. salmonicida lineage.  

Firmicutes have been found in the guts of marine fishes (123, 184) and in the marine 

environment (25, 219), so it seems plausible for the ancestor of V. fischeri to have acquired the 
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gene cluster from a member of the Firmicutes by horizontal gene transfer.  Moreover, codon 

usage patterns of V. fischeri and Listeria species isolated from marine environments are not 

distinguishably different, suggesting that expression of genes transferred between these species 

may be readily possible.  As genome sequences become available for additional marine species 

are sequenced, particularly Firmicutes, the origin of the V. fischeri gene cluster may become 

more apparent. 

We and other labs use the -galactosidase gene lacZ as a transcriptional reporter (158, 

287, 306, 307) in V. fischeri, and the discovery of a cryptic -galactosidase activity in V. fischeri 

strikes as a cautionary note for such applications.  For example, when using lacZ as a 

transcriptional reporter and screening transposon mutants to find regulators of these lacZ fusions, 

knockouts of celI will also result in blue colonies on media containing X-gal.  It may be useful in 

such situations to use the celG
- allele in KV1319 in the reporter strain, to prevent celG 

expression from confounding screens for lacZ activity.  Alternatively, celI could be introduced 

on plasmid pDMA171 into strains with apparent increases in lacZ acivity to eliminate the 

possibility that a celI mutation and concomitant celG expression are responsible for -

galactosidase acitivty.  Whatever the experimental setup, appropriate controls and careful 

interpretation are warranted whenever lacZ is used in a celG
+ background.  

lacZ has also been used as a marker in V. fischeri, so that the ratio of two strains in a 

mixed inoculum or infection can be determined by blue/white screening plating on media with 

X-gal.  Determining strain ratios underlies competition experiments, which enable researchers to 

detect even subtle differences in symbiotic fitness (23, 125, 149, 157, 159, 179, 195, 251, 282, 

284, 298, 306).  Recently, V. fischeri strains have been marked for competition assays with the 

introduction of a stable plasmid containing lacZ (2, 69, 125).  However, the lacZ-carrying 



 115 

plasmids can be lost, albeit at a low rate, and their use is inconsistent with other plasmids (e.g. 

for complementation).  Our data suggest a fresh approach that does not rely on a plasmid-borne 

lacZ, but retains the convenience of blue/white scoring to determine strain ratios.  In this 

approach, one strain could be marked with the mutant celG allele present in KV1319.  We have 

shown that this mutation has no effect on colonization competitiveness (Table 3), yet it results in 

loss of blue color when plated on media containing cellobiose and X-gal. 

The Vibrionaceae is an important and diverse family of bacteria with new species 

continually being discovered (8, 133, 147, 199, 216, 233, 264) and with an apparent capacity for 

rapid evolution given the periodic emergence of new pathogenic biotypes (51, 77, 229, 237). 

Traditionally, phenotypic markers such as strains’ catabolic capacities have been used to help 

define Vibrio species.  However, as more genomes are sequenced for important Vibrios, 

molecular probes and DNA-based techniques will likely plan an ever-larger role in identifying 

and defining important species or emergent biotypes.  Our bioinformatic and phenotypic 

analyses suggest, not surprisingly, that caution is warranted when viewing automated genome 

annotations.  For example automated annotation of celA indicated that it directed 

“diacetylchitobiose-specific” transport, which seems clearly not the case given its importance in 

cellobiose catabolism.  Similarly, PTS gene clusters were annotated as cellobiose transport 

systems in V. parahaemolyticus and V. cholerae, two species that are cellobiose negative.  

Experimental studies linking genes with taxonomically useful phenotypes, such as our dissection 

of the cel gene cluster reported here, will be useful in the future to improve Vibrio genome 

annotations and connect molecular and phenotypic identification techniques. 
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CHAPTER 5:  CONCLUSIONS AND FUTURE DIRECTIONS 

 

 The purpose of this dissertation was to examine the genes in V. fischeri that underlie the 

recognition and signaling that occurs between this bacterium and its squid host E. scolopes.  

Previous work showed that lipid A and PG monomers were important signals in the symbiosis 

(75, 141); however, the structural and genetic basis for these signals in V. fischeri was not 

determined.  My first goal was to determine the relevance of secondary acylations on the lipid A 

moiety.  To accomplish this goal, in Chapter 2 I mutated three genes, htrB1, htrB2, and msbB, 

and also showed that each encoded secondary acyltransferase activity.  I then showed that 

altering the secondary acylations, especially by layering mutations, affected cell morphology and 

caused other unexpected pleiotropic effects in culture.  Of these three genes, only the htrB1 

mutant had a transient defect in colonization.   

My second goal was to investigate the genes responsible for the release of PG monomers, 

a known morphogen that induces regression of the squid light organ ciliated epithelial 

appendages.  In Chapter 3, I showed that deletion of three lytic transglycosylases reduces PG 

monomer release to very low (< 3 nM per OD595) levels in culture.  Moreover, V. fischeri has a 

functional PG monomer permease, AmpG, suggesting that PG recycling occurs in V. fischeri.  In 

an attempt to find regulators of ampG, I placed lacZ downstream of this gene, and mutagenesis 

of this reporter strain lead to the discovery reported in Chapter 4 that V. fischeri possesses a -

glucosidase involved in the catabolism of cellobiose that also has cryptic -galactosidase 

activity.  In this chapter, I will discuss the impact these studies have on our understanding of 
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signaling in the V. fischeri – E. scolopes symbiosis, and I will suggest directions for future 

research. 

 

LPS and Lipid A 

 Foster et al. reported that LPS purified from Haemophilus influenzae when added to 

aposymbiotic squid induced apoptosis in the ciliated appendages at 18 h post-inoculation. In 

contrast, LPS purified from a H. influenzae htrB mutant did not induce significant apoptosis 

above background at 18 h, but by 48 h the LPS isolated from the mutant H. influenzae strain had 

induced cell death to similar levels as the wild-type LPS (75).  These results mirror what was 

seen in Chapter 2 with the V. fischeri htrB1 mutant insofar as there is an initial colonization 

defect with this mutant that occurs in the first ~14 h that disappears by 48 h.  There appears to be 

no difference between LPS purified from this mutant (or any of the mutants) and LPS from the 

wild type with respect to induction of apoptosis (Jamie Foster and Tanya Koropatnick, personal 

communication); however, as described in Chapter 2, the htrB1 mutant is similar to wild type in 

culture, and this includes indistinguishable LPS composition.  This suggests that the expression 

of htrB1 and the subsequent acylation of lipid A may only occur during the initial events of 

colonization, such as in the aggregate of cells that forms on the light-organ surface.  Thus LPS 

purified from a culture of the htrB1 mutant may structurally be no different from wild-type LPS.  

This may be the reason why there is no difference in apoptosis induction between the wild type 

and the htrB1 mutant. 

 LPS from the other mutants discussed in Chapter 2 was also checked for the ability to 

induce apoptosis; however, it is hard to tell whether there were significant differences between 

the treatments (Tanya Koropatnick and Margaret McFall-Ngai, personal communication) 
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because of the synergy that occurs between PG monomers and LPS.  Only small amounts of LPS 

are needed to enhance the PG monomer effect on the ciliated appendages, so if the strains are 

producing PG monomers, and if these are contaminating LPS preparations, then the changes to 

the LPS may show little effect on the stimulation of apoptosis.  This might not have been a 

complicating factor for the Foster et al. analysis of H. influenzae LPS, because this bacterium 

does not release such a high concentration of PG monomers (75).  One way to re-check the 

mutant’s LPS would be to move the htrB1, htrB2, and msbB mutations into the ltgA1 ltgA2 ltgD 

background (described in Chapter 3) that produces lower levels of PG monomers in culture.  

This may give cleaner preparations of LPS without contaminating PG monomers and allow for 

direct analysis of regression and apoptosis by inoculating with strains, not just purified LPS. 

The observation that the htrB1 mutant was wild-type-like in culture yet differed from 

wild type in the symbiosis suggests that there might be regulation of htrB1 (e.g. it might be 

induced in the symbiosis).  However promoter-gfp fusions indicated that htrB1 is transcribed 

both in culture and in the symbiosis, apparently to high levels (data not shown).  With these 

fusions, subtle regulation may not be apparent, but this suggests that there is no transcriptional 

induction of htrB1 during symbiosis.  An alternative explanation may be that HtrB1 competes 

with HtrB2 for adding a secondary acylation to the same primary acylation, so repression of 

htrB2 in the squid would allow HtrB1 to attach its acyl group.   The expression of a htrB2-gfp 

reporter both in culture and in squid appeared to be low, so we cannot rule this out (data not 

shown).  LPS isolated from symbionts in the squid light organ or from the aggregate outside the 

light organ would help to further understand the contribution of HtrB1 to lipid A structure in the 

symbiosis.   
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 Based on the work of our collaborators Nancy Phillips and Brad Gibson, the yet unsolved 

LPS structure of V. fischeri appears to have unique additions to lipid A, including a 172 Da 

potential phosphoglycerol moiety attached to a primary acylation and also a C16:1 secondary 

acylation.  Unfortunately, attempts to isolate the genes responsible for these additions were 

unsuccessful, as described in Appendix A.  A mutation in a phosphoglycerol transferase or a 

monounsaturated palmitate transferase that modify lipid A could potentially alter signaling to the 

squid and affect colonization.  Finding such genes in a random mutant hunt would presumably be 

difficult if the only way to screen for such a mutant would be to purify LPS and perform 

MALDI-TOF on lipid A from each mutant.  Because the E. coli strain MKV15 lacking all 

secondary acylations is temperature sensitive for growth, it may be worth transforming a cosmid 

library of V. fischeri DNA into this mutant and screening for rescued growth at 37°C. 

 

Peptidoglycan 

 PG monomer induces the morphogenesis of the squid’s ciliated appendages and the loss 

of three lytic transglycosylases reduced PG monomer release to low levels in culture as shown in 

Chapter 3.  The ltgA1 ltgA2 ltgD triple mutant appears attenuated in induction of ciliated 

appendage regression, but it does still stimulate regression.  This could be due to another gene 

that is induced during squid colonization to cleave and release PG monomers.  Assessing 

expression (e.g. with gfp reporters) of each of the lytic transglycosylases listed in Table 3.2 may 

help to determine of which genes are transcribed in the squid.  Along with mutating the rest of 

the lytic transglycosylase genes singly and layering mutations together, this may lead to 

deciphering all the genes that are responsible for the release of the PG monomer morphogen.   
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The experiment that I performed in Chapter 3 to look for secondary infections of pre-

colonized light organs will also be of interest when looking at these mutants.  The subtle 

phenotype that the triple ltgA1 ltgA2 ltgD mutant has on regression was revealed more 

definitively by measuring susceptibility of animals to secondary infection, and this may be 

analogous to how competition experiments expose differences in relative symbiosis proficiency 

that are not always apparent in comparisons of clonal infections.  Previous transposon-mutant 

libraries screened individually for colonization have revealed genes important for infection of 

squid (307).  Screening for mutants that lack or gain some the ability to prevent secondary 

infections could elucidate genes important for stimulating regression of the ciliated appendages 

that otherwise may not be found. 

It is also possible that other PG fragments may influence the morphogenesis.  V. fischeri 

releases not only the anhydrous N-acetylglucosaminyl-1,6-anhydro-N-acetylmuramylalanyl- -

glutamyldiaminopimelylalanine but also a reduced version (William Goldman, personal 

communication), which has not been assessed for its potential role as a morphogen.  Analysis of 

the amount of this reduced monomer that is released in culture, and adding it to aposymbiotic 

squid will allow us to determine its potential role in the regression of the ciliated appendages.  

Other PG fragments also might have morphogenic activity and should be investigated. 

 

MAMP signal perception by hosts 

 V. fischeri lipid A and PG monomers act as signals, and the role that particular genes 

play in their structure and release are extremely important; however, the reception of these 

signals by the squid host is also vital.  Work being performed in the McFall-Ngai lab is 

investigating the expression of lipid binding protein and peptidoglycan receptor proteins as 
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potential signal receivers. V. fischeri mutants that alter signaling either by changing the structure 

of the lipid A moiety or by influencing the amount of PG monomer that is released will allow for 

a better understanding of these host proteins and how the squid senses and identifies its 

symbiont.  

In this dissertation, I have identified genes responsible for altering the lipid A and for the 

release of PG monomer.  The search for genes responsible for these signal molecules is showing 

that pathogens and symbionts are recognized by similar means.  The lines between our 

perceptions of symbionts and pathogens are beginning to blur and the continued work in the area 

of these signaling molecules will only help in deciphering how a host is able to accept signals 

and determine the difference between beneficial and harmful bacteria. 
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Appendix A 

 

CHARACTERIZATION OF GENES THAT ALTER VIBRIO FISCHERI LPS 
4
 

                                                
4 Adin, D.M.,  Phillips, N.J., Gibson, B.W., Apicella, M.A., Stabb, E.V.  Unpublished. 
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 Introduction 

The lipid A of Vibrio fischeri is thought to have unusual structural modifications, 

although the complete structure is not yet known.  The major lipid A species are hexa-acylated to 

octa-acylated and appear to have the novel additions of an N-linked 3-OH C14:1, a C16:1, and a 

172 Da moiety (Nancy Phillips, personal communication).  This 172 Da moiety is removable by 

a mild hydrazine treatment that is used to remove O-linked fatty acids from the LPS.  This 

observation and the molecular weight suggest that the 172 Da moiety may be a phosphoglycerol.  

The importance of this and the other modifications during symbiotic colonization are untested. 

Some bacteria modify their lipid A in ways that increase resistance to antimicrobial 

peptides and enable full colonization of hosts (207).  In certain Salmonella strains, there can be 

significant remodeling of the lipid A moiety (e.g. see Figure 1.5 in Chapter 1).  For example, 

PmrC/EptA (148) and ArnT (272) decorate lipid A with phosphoethanolamine (PEA) and 

aminoarabinose (L-Ara4N), respectively, leading to increased polymyxin resistance.  PagP is 

activated by PhoPQ, and adds a palmitate acylation to lipid A in the presence of low Mg2+, also 

increaseing polymyxin resistance (108).  LpxO attaches a hydroxyl group to an acyl chain on 

lipid A and transcription of lpxO is induced by low pH and Mg2+ levels, conditions like those 

within macrophages; however, lipid A species under a variety of conditions still contain this 

hydroxyl group (84, 85).  The PagL deacylase removes a primary acylation at the 3-position and 

is PhoPQ dependent (271).  LpxR is a Ca2+ dependent deacylase that removes the primary 

acylation containing the myristate secondary acylation at the 1-position of the lipid A (214, 271).  

Our goals in this project were to identify transferases responsible for adding the putative 

phosphoglycerol or the C16:1 acylation to lipid A.  We also sought to test the importance of such 

modifications during symbiotic colonization.  We searched the V. fischeri genome for potential 
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phosphogylcerol transferases and transporters of acylations, and found three potential candidate 

genes for a phosphoglycerol transferase and one candidate for a long chain fatty acid transporter.  

Mutations in each of these genes affected LPS structure; however, none of the genes was 

required for the addition of the putative phosphoglycerol (172 Da) moiety or the long chain fatty 

acid to lipid A, and none had an apparent symbiosis-specific role for V. fischeri.     

 

Materials and Methods 

Bacterial strains, plasmids and growth conditions.  V. fischeri strains used in this study are 

listed in Table 1.  Escherichia coli strains DH5 pir (68) and TOP10 (Invitrogen, Carlsbad, CA) 

were used for cloning R6K-based and pCR-BluntII-TOPO derived vectors, respectively, while 

CC118 pir (119) carrying pEVS104 (252) was used as a conjugative helper in triparental 

matings.  All E. coli strains were incubated at 37°C.  Genotypes of these E. coli strains are 

provided in Chapter 2 (Table 1.1).  When added to LB medium (176) for selection of E. coli, 

kanamycin (Kn) was used at a concentration of 40 μg ml-1. For selection of E. coli with 

erythromycin (Em), 150 μg ml-1 was added to BHI medium (Difco, Sparks, MD).  V. fischeri 

was grown at 28°C in LBS (250) or at 24°C in SWT (24).  When added to LBS for selection of 

V. fischeri, Em was used at a concentration of 5 μg ml-1. Agar was added to a final concentration 

of 1.5% for solid media. 

 

DNA and plasmid manipulations.  Plasmids were generated using standard cloning methods, as 

described in Chapter 3.   
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Table A.1.  V. fischeri strains, select plasmids, and oligonucleotides 

Strain, plasmid, or 

oligonucleotide 

Relevant characteristics Source or 

reference 

V. fischeri strains 

DMA370 ES114 bacA::pDMA49; EmR This study 
DMA390 ES114 pgtA1::pDMA64; EmR This study 
DMA391 ES114 pgtA2::pDMA87; EmR This study 
DMA392 ES114 pgtA3::pDMA88; EmR This study 
ES114 Wild-type isolate from E. scolopes  (20) 
Plasmids 
pCR-BluntII-TOPO TOPO PCR-cloning vector; KnR Invitrogen 
pDMA46 internal bacA fragment (PCR product; primers dma32 and 

dma33, ES114 template) in pCR-BluntII TOPO; 
KnR 

This study 

pDMA49 pDMA46 BglII fragment in BamHI-digested pEVS122; 
internal bacA fragment; oriVR6K  oriTRP4 EmR 

This study 

pDMA64 internal pgtA1fragment (PCR product; primers dma64 and 
dma65, ES114 template) BglII-digested in BamHI-
digested pEVS122; EmR 

This study 

pDMA79 internal pgtA2 fragment (PCR product; primers dma69 and 
dma70, ES114 template) in pCR-BluntII TOPO; 
KnR 

This study 

pDMA80 internal pgtA3 fragment (PCR product; primers dma71 and 
dma72, ES114 template) in pCR-BluntII TOPO; 
KnR 

This study 

pDMA87 pDMA79 BglII fragment in BamHI-digested pEVS122; 
internal pgtA2 fragment; oriVR6K  oriTRP4 EmR 

This study 

pDMA88 pDMA80 BglII fragment in BamHI-digested pEVS122; 
internal ptgA3 fragment; oriVR6K  oriTRP4 EmR 

This study 

pEVS122 oriVR6K  oriTRP4 EmR lacZ  (68) 
Oligonucleotides

b 

dma32 5’ GGCAGATCTGCGCCATGAACGAGCACTATACAA 3’ This study 
dma33 5’ CGGAGATCTGTTGTGGCGCACATCATCAAACAG 3’ This study 
dma64 5’ GGCAGATCTGGTATTTGCCCAATACCGATTCCAT 3’ This study 
dma65 5’ CGGAGATCTCCATAGATTTGGGGTGTTCTCAGC 3’ This study 
dma69 5’ GGCAGATCTCCCCAAATGGCATTATTGCGCTTGAATGGGC 3’ This study 
dma70 5’ CGGAGATCTGCCGGTAAGTAGTTCGCGACATTACGCCAC 3’ This study 
dma71 5’ GGCAGATCTGCGCGCTACATTCCCGCTCTCTTACC 3’ This study 
dma72 5’ GCCAGATCTCGAAATCGGCGCAGCGTCATCGTATTCAGAAAC 3’ This study 

a Abbreviations used: EmR, erythromycin resistance; KnR, kanamycin resistance; StrR, 
streptomycin resistance.   
b Underlined sequences indicate restriction enzyme recognition sites added to primers (BglII; 
A/GATCT). 
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Mutant construction.  Descriptions of select plasmids and the primers used in mutant 

construction are provided in Table A.1.  To generate mutants, an internal fragment of each 

targeted gene was PCR amplified and either cloned directly into pEVS122 (a mobilizable vector 

that does not replicate in V. fischeri) or cloned into pCR-BluntII-TOPO vector and subsequently 

subcloned into pEVS122.  The resulting plasmids were mobilized into V. fischeri using 

triparental matings (252), and homologous recombination between the genome and the internal 

gene fragment resulted in insertion of this fragment and the rest of the plasmid into the gene of 

interest, generating vector integration mutants of the wild-type strain ES114. 

  

Bioinformatic Analyses.   Protein sequence comparisons to Genbank entries were generated 

using BLAST-P (4).  Genomes with similar regions surrounding each gene were found using the 

SEED pinned region search (196). 

 

Luminescence and motility Assays.  Motility and luminescence were assessed as described in 

Chapter 2. 

 

Squid colonization assays.  For infection with individual V. fischeri strains, E. scolopes 

juveniles were inoculated within 4 h of hatching as previously described (223).  E. scolopes were 

maintained in Instant Ocean (Aquarium Systems, Mentor, OH) mixed to ~36 ppt.  E. scolopes 

were exposed to inocula for up to 14 h before being rinsed in V. fischeri-free Instant Ocean.  

Infection kinetics and competition experiments were assessed as described in Chapter 2.   
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LPS and lipid A purification and analysis.  LPS was purified from V. fischeri strains as 

described previously (205) except for samples from DMA370 (bacA).  DMA370 (bacA) LPS 

partitioned into the phenol phase instead of the water phase in the phenol-water separation step 

in the previous method (205).  To isolate the LPS from DMA370 (bacA), bacteria were collected 

from plates and washed three times with distilled water to lyse the cells.  The washed pellet was 

resuspended in 20 ml distilled water and French pressed (14,000 psi) three times.  The resulting 

fluid was centrifuged at 15,000 x g for 20 min to remove large debris and any intact cells.  The 

resulting supernatant was exposed to 10 mg ml-1 Staphylococcal nuclease and was incubated 

overnight at 37°C.  SDS and Proteinase K were added at 2% final concentration and 10 μg ml-1, 

respectively, and placed at 56°C for 1 h and then 37°C overnight.  To remove the SDS, 2 ml of 

3M sodium acetate and 30 ml -20°C ethanol was added to the proteinase K extract and the LPS 

was precipitated at -20°C overnight.  The precipitate was collected by centrifugation (5000 x g 

for 15 min) and resuspended in 5 ml distilled water.  This was reprecipitated twice using 0.5 ml 

of 3 M sodium acetate and 10 ml -20°C ethanol overnight at -20°C.  The pellet was reconstituted 

in 20 ml distilled water and centrifuged at 160,000 x g for 2 hours.  The translucent pellet of LPS 

at the bottom of the tube was collected, reconstituted in distilled water, and recentrifuged two 

additional times to remove any final contaminating proteins and nucleotides.  After the final 

centrifugation, the pellet was reconstituted in 3 ml distilled water and lyophilized.  For lipid A 

analysis, LPS samples were treated with a 1% total concentration acetic acid that hydrolyzes the 

lipid A from the intact LPS.  Lipid A samples were analyzed by matrix-assisted laser desorption 

ionization-time-of-flight mass spectrometry (MALDI-TOF MS) on a Voyager DESTR Plus 

(Applied Biosystems, Framingham, MA) equipped with a 337 nm nitrogen laser as previously 

described (2). 
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Preparation of O-deacylated lipid A and lipopolysaccharides (O-LPS).  Typically, ~0.3 mg 

of V. fischeri LPS or ~0.3 mg of lipid A was treated with 60 l of anhydrous hydrazine (Sigma 

Chemical Co, St. Louis, MO) at 37°C for 40 min, with occasional vortexing.  Samples were then 

cooled in an ice bath, treated with 5 volumes (300 l) of ice-cold acetone added drop-wise, and 

allowed to sit at –20°C for 1-2 h to precipitate the O-LPS.  The reaction mixtures were then 

centrifuged at 12,000  g for 30 minutes at 4°C.  Supernatants were removed and the O-LPS 

pellets were washed with 100 l of chilled acetone and centrifuged a second time.  Finally, the 

O-LPS pellets were dissolved in 40 l of HPLC-grade water (Fisher Scientific, Fair Lawn, NJ) 

and evaporated to dryness on a speed-vac concentrator.  To remove salts and other low molecular 

weight contaminants, the O-LPS samples were dissolved in 20 l of HPLC-grade water, and 5- l 

aliquots were desalted by drop dialysis on VSWP 0.025- m pore size nitrocellulose membranes 

(Millipore, Billerica, MA) over Milli-Q de-ionized water (Millipore, Billerica, MA) for 1 h.  

Dialyzed samples were then evaporated to dryness. 

Prior to MALDI-TOF mass spectrometric analysis, the dialyzed O-LPS samples were 

redissolved in 5 l of HPLC-grade water and 1- l aliquots were desalted with cation-exchange 

resin (Dowex 50W-X8, NH4
+ form; BioRad, Hercules, CA) and then mixed 1:1 with matrix (a 

saturated solution of 2,5-dihydroxybenzoic acid in acetone).  Samples were spotted on a stainless 

steel MALDI target, allowed to air dry, and then analyzed on a Voyager DESTR Plus mass 

spectrometer (Applied Biosystems, Framingham, MA) equipped with a 337-nm nitrogen laser.  

All spectra were recorded in the negative-ion linear mode with delayed extraction and an 

accelerating voltage of 20 kV.  Approximately 200 laser shots were acquired for each sample.  

The spectra were smoothed with a 19-point Savitsky-Golay function and mass calibrated with an 
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external mass calibrant consisting of renin substrate tetradecapeptide, insulin chain B (oxidized), 

and bovine insulin (Sigma Chemical Co, St. Louis, MO). 

 

Results 

Targeting of potential phosphoglycerol transferase genes in V. fischeri.  To identify potential 

phosphoglycerol transferases, we searched the V. fischeri genome for genes that encoded 

proteins similar to both phosphoglycerol transferases (226) and to enzymes known to decorate 

the ketodeoxyoctonate (KDO) portion of lipid A, such as ArnT and PmrC (148, 272).  Three 

possible candidate ORFs were found, VF0137, VF0131 and VF1650.  Each of these encode 

proteins with significant homology to phosphoglycerol transferases and putative sulfatases when 

compared to the Genbank database using BLAST-P (4).  The three genes were named pgtA1 

(VF0137), pgtA2 (VF0131), and pgtA3 (VF1650).  The three genes and the proteins that they 

encode have poor homology to each other.  ptgA1 is embedded in a gene cluster that appears to 

direct KDO incorporation into LPS alongwith KDO phosphorylation, and ptgA2 is just upstream 

of this gene cluster.  pgtA3 does not appear to be closely linked to any genes for LPS 

biosynthesis.  By analyzing the surrounding genes using the SEED program (196), we 

determined that pgtA3 is found in a similar genetic context in other Vibrios, including Vibrio 

cholerae, V. parahaemolyticus, and V. vulnificus.  pgtA1 and pgtA2 have significant homology to 

genes found in V. vulnificus, V. harveyi and V. cholerae, but are not found in a similar genetic 

context on the chromosome.   

 

Targeting potential C16 acyltransferase genes in V. fischeri.  The genome of V. fischeri also 

possesses a homolog of BacA, which is important in the addition of the unusual very-long-chain 
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fatty acid of Sinorhizobium meliloti and Brucella abortus (73).  Comparisons of O-deacylated to 

non-deacylated lipid A suggested that the lipid A of V. fischeri contained a C16:0 acylation, and 

we hypothesized that BacA may be responsible for the incorporation of the apparent C16:0 

acylation in V. fischeri lipid A.  We therefore also targeted bacA for analysis and mutation.  The 

BacA homolog in V. fischeri (VFA0673) is not found in any other sequenced Vibrios except V. 

angustum (49% identity, 72% similarity); however, the genetic context of the two Vibrios 

homologs is different.  BLAST-P searches showed that the V. fischeri BacA homolog is similar 

to not only the BacA from S. meliloti and B. abortus but also to SbmA homologs in E. coli, 

Shigella flexneri and Salmonella species.  SbmA is an inner membrane protein predicted to be 

part of an ABC-transporter for the transport of proline-rich antimicrobial peptides as well as 

bleomycin and microcin J25 (146, 167, 308), and S. meliloti BacA is a functional homolog of the 

E. coli SbmA (126).  S. meliloti BacA also shares sequence homology to a family of 

peroxisomal-membrane proteins, which are important for the transport of long-chain fatty acids 

to the cytoplasm (73).  AcpXL may then directly attach the long-chain fatty acid to the lipid A 

(280). 

 

Construction of mutants in VF0137, VF0131, VF1650, and VFA0673.  To assess whether 

BacA, PgtA1, PgtA2, or PgtA3 contributed to the lipid A structure, we targeted each of the genes 

for mutagenesis.  To mutate these genes, we cloned an internal portion of each of the genes into a 

suicide vector, pEVS122, marked with Em resistance.  Recombination of these constructs into 

the V. fischeri chromosome should result in two truncated copies of the genes.  All genes were 

easily mutated using this technique, and the resulting mutants were subsequently named 

DMA370 (bacA), DMA390 (pgtA1), DMA391 (pgtA2), and DMA392 (pgtA3).   
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Impact of mutations in VF0137, VF0131, VF1650, and VFA0673 on growth, motility and 

luminescence.  In Chapter 2, I showed that mutations altering V. fischeri lipid A affected the 

growth, cell morphology, motility, and luminescence of mutants (2).  To colonize E. scolopes 

fully, V. fischeri must be able to grow rapidly (101), swim (223), and luminescence (282).   

Therefore, before testing symbiotic colonization, we assayed the effect of each mutation on these 

phenotypes.   

We first assessed the ability of the mutants to swim through soft agar.  The bacA mutant 

DMA370 (bacA) had no detectable difference in swimming rate relative to wild type.   All three 

pgtA mutants displayed an attenuation of motility with the most dramatic and significant effect 

being with pgtA3 mutant DMA392 (pgtA3) (Figure A.1).  Motility defects with DMA390 

(ptgA1) were significant for one experiment (Figure A.1) but not for the second (data not 

shown).  Microscopic observations offered an explanation for the motility defect of DMA392 

(pgtA3). DMA392 (pgtA3) appears to form chains of cells, and at higher densities in SWT it 

forms large groups of cells adhered together (Figure A.2).   It is possible that cells linked 

together may not be able to swim as efficiently as free individual cells.   

Growth of DMA370 (bacA), DMA390 (pgtA1) and DMA391 (pgtA2) was wild-type-like.  

However, DMA392 (pgtA3) began to form clumps in culture after an OD595 ~1.0, making the 

relevance and accuracy of OD595 readings and CFU determinations suspect (Figure A.2). 

We also assayed bioluminescence of all the mutants.  DMA370 (bacA), DMA390 (pgtA1) 

and DMA391 (pgtA2) each exhibited wild-type-like luminescence, however we found that 

DMA392 (pgtA3) had approximately 4-fold less luminescence than ES114.  The reason for this 

decreased bioluminescence is unknown but could be an effect of the outer membrane stability. 
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 Figure A.1.  Motility of pgtA1, pgtA2, pgtA3, and bacA mutants.  Average rate of movement 
was measured through 0.25% agar plates.   Representative data from one experiment of two are 
shown.  Standard error (n=4) is shown.  Asterisk represents significant difference (p<0.01) from 
wild type.  
 

Figure A.2.  Morphology of pgtA3 mutant.  Phase contrast images of (A) ES114 (wild type) and 
(B) DMA393 (pgtA3) taken at OD ~1.  Size bars represent 10 μm. 
 

Symbiotic colonization of E. scolopes by the mutants.   DMA370 (bacA) had no defect in 

colonization over 48 h.  Despite the slight defect in motility, DMA390 (pgtA1) and DMA391 

(pgtA2) also had no apparent defect in colonization over the first 48 h.  Squid colonized by 

DMA362 (pgtA3) had less luminescence over the first 48 h, which was accounted for by these 

animals having 10- to 100-fold fewer CFUs than the wild type at both 24 and 48 h.  This result 

may simply be due to the motility defect, and/or the clumping phenotype of this mutant that we 

see in culture. 
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 Competition experiments have been used previously in our lab and others as a measure of 

relative symbiotic proficiency, and such experiments have revealed colonization defects not 

apparent in single-strain inoculations (23, 125, 149, 157, 159, 179, 195, 251, 282, 284, 298, 306).  

However, we saw no significant competitive defect for DMA370 (bacA), DMA390 (pgtA1) or 

DMA391 (pgtA2) relative to wild type 48 h after inoculation (data not shown).  When DMA392 

(pgtA3) was competed with ES114 most animals were clonally infected with ES114, which is not 

surprising considering the motility defect of this mutant and its defect in early stages of infection 

even when not forced to compete with wild type (data not shown).  

 

Effects of pgtA1, pgtA2, pgtA3 and bacA on LPS of V. fischeri.  To test whether the genes we 

targeted have an effect on the structure of the lipid A, or other parts of the LPS, the LPS and lipid 

A was purified for each mutant and examined by MALDI-TOF MS.  All the mutants’ lipid A 

preparations still contained a species bearing a phosphoglycerol moiety based on comparisons of 

the mutant preparations to wild-type lipid A preparations (data not shown). Although we had 

failed to identify an enzyme responsible for adding the 172 Da moiety to lipid A, we were 

nonetheless interested in whether the mutants we had generated had altered LPS.  To examine 

this, we O-deacylated the intact LPS from each of the mutants, thereby breaking all the ester 

linkages on the intact LPS.  This results in O-deacylated LPS that contains the lipid A, minus all 

ester-linked fatty acids and acetyl groups, attached to the KDO and the core as well as the O-

antigen.  In this process, a small portion of the lipid A is also broken from the overall O-

deacylated LPS structure.  This O-deacylated LPS from each mutant strain was subjected to mass 

spectrometric analyses.  MALDI spectra from O-deacylated LPS from both DMA390 (pgtA1) 

and DMA391 (pgtA2) both showed major species shifted to lower mass by 123 Da, which is 
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consistent with a phosphoethanolamine (PEA) moiety (Figure A.3).  Because there was no PEA 

loss to the lipid A in the previously prepared deacylated lipid A structure (data not shown) and in 

the lipid A fragment found in the O-deacylated LPS (Figure A.3), this suggests that the PEA 

added is attached to the KDO or one of the core sugars.  Interestingly pgtA1 may be in an operon 

with a gene encoding KDO kinase, implicating KDO as the target for this PEA decoration. 

 

Figure A.3.  Alterations of the O-deacylated LPS by mutations in pgtA1 and pgtA2.  LPS was 
purified from cultures grown on LBS plates.  Samples were analyzed by MALDI-TOF mass 
spectrometer. Arrows in panels B and C indicate the molecular weight shift the major 3766 Da 
species caused by the mutation.  “*” represents the ~950 Da lipid A fragment. 
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The DMA392 (pgtA3) mutant had a subtle effect on the lipid A moiety.  The V. fischeri 

O-deacylated lipid A is believed to have two N-linked fatty acids, 3-OH C14:1 and a 3-OH C14:0.  

While DMA392 (ptgA3) lipid A resembles the wild type as indicated by MALDI MS analysis, a 

slight difference from ES114 lipid A was detected upon analysis of the O-deacylated LPS.  In 

addition to the expected fragment ion for the O-deacylated lipid A (~950 Da), an additional 

fragment ion was observed with a 2 Da increase in mass.  This fragment could correspond to an 

O-deacylated lipid A with the N-linked 3-OH C14:1 fatty acid replaced by a second 3-OH C14:0 

fatty acid.  This suggests that PgtA3 may exhibit some influence over the incorporation of an N-

linked fatty acid onto the lipid A. 

 LPS from DMA370 (bacA) proved difficult to purify, because it was much more 

hydrophobic than LPS from ES114.  SDS-PAGE analysis suggested that the mass of the LPS 

from DMA370 was higher than that from ES114.  MALDI and FAME analysis of the lipid A 

fraction showed that there was an increase in the relative abundance of C16, C16:1, and C18:1 fatty 

acids and a decrease in the relative abundance of C14 and C12 fatty acids, compared to the levels 

found in wild-type lipid A (Table A.2); however, no alterations were found that would explain 

the large apparent difference in SDS-PAGE mobility between LPS purified from the mutant and 

the wild type. 

 

Table A.2.  Percent fatty acid composition of partially purified lipid A from V. fischeri ES114 
and DMA370 (bacA) 

Strain C12:0 C14:0 C16:0 C16:1

a 

C16:1

b 

3-OH 

C12:0 

C18:0 C18:1

a 

C18:1

b 

3-OH 

C14:0 

3-OH 

C14:1 

ES114 5.2 10.6 14.5 3.7 15.6 20.0 4.4 0.9 1.2 15.4 8.4 
DMA370 
(bacA) 

1.8 4.2 22.4 15.7 14.4 12.4 2.9 0.6 9.2 11.2 5.2 

 

 



 165 

Discussion 

 Despite our attempts, we were unable to identify a gene that affected the 172 Da (putative 

phosphoglycerol) moiety found on the V. fischeri lipid A.  However, the four genes that we did 

mutate each altered the LPS of V. fischeri either by the addition of PEA to the core (Figure A.3) 

or by subtle changes to the secondary acylations on the lipid A.  Mutation of these genes resulted 

in few noteworthy phenotypes in culture or in the squid host, except for the mutation of pgtA3 in 

DMA392, which was attenuated in motility and colonization. 

 Where PEA is added to core by PgtA1 and PgtA2 is unknown. Indeed, the structure of V. 

fischeri LPS is yet unsolved.  A mutation in either pgtA1 or pgtA2 results in the loss of a PEA, 

and this suggests that either a PEA addition requires both of these genes, or that there are at least 

two PEA additions.  Several bacteria have additions of PEA to their core region of LPS.  In 

Neisseria meningitidis, there are two genes, lpt3 and lpt6, which each direct addition of PEA to 

the inner core (54, 161, 303).  Haemophilus influenzae also has two additions of PEA, one by 

lpt6 (303), and the other by an unknown gene (266).  Salmonella enterica has an addition of PEA 

to core that is added by cptA and regulated by PmrAB, and this PEA decoration has a modest 

effect on resistance to the cationic antimicrobial polymyxin B (259).  Solving the V. fischeri LPS 

structure should reveal on how many PEA decorations are present, and ultimately relate to how 

ptgA1 and pgtA2 play a part in the additions. 

 The pgtA3 mutant is an interesting strain even though it had only a subtle change in lipid 

A, with altered incorporation of N-linked fatty acids.  Although the changes are not as drastic as 

one would expect given its obvious motility defect (Figure A.1) and chaining defect (Figure 

A.2), the small changes do reflect how subtle alterations to the lipid A moiety can affect the 
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morphology, motility and potentially affect the fluidity of the outer membrane of the bacterial 

cell.  
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