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Abstract. As a result of studies on the evolution of glutamine synthetase and superoxide dis-
mutase, the genus Beneckea has been abolished and its constituent species, along with Photobacte-
rium fischeri and P. logei, assigned to the genus Vibrio. The definitions of Vibrio and Photobacte-

riwm have been modified accordingly.

In 1971, two of the authors (P.B., L.B.) were faced
with the problem of determining the generic assign-
ment for a number of species of Gram-negative, fac-
ultatively anaerobic, marine bacteria, most of which
were able to decompose chitin [8]. All of these organ-
isms had single sheathed polar flagella when grown
in liquid medium; in addition. some species pos-
sessed the unusual property of making additional un-
sheathed peritrichous flagella when grown on solid
media [6]. Although the range of the G+C contents
in the DNAs of these organisms (45-48 mol%) was
similar to that of strains of Vibrio cholerae (the type
species of Vibrio), which also had single sheathed po-
lar flagella, the assignment of marine isclates to
Vibrio was inadvisable since it was thought that V.
cholerae was an intestinal and freshwater inhabitant
and, therefore, occupied a different ecological niche.
This ecological distinction was reflected in the fact
that V. cholerae could grow in a minimal medium
lacking added Na‘' {(although optimal growth re-
quired the addition of 5-15 mM Na*), while repre-
sentative strains of several of the marine species re-
quired Na* concentrations ranging from 100 to 300
mM for optimal growth [25]. A survey of the litera-
ture indicated that an existing genus, Bereckea,
shared a number of the properties charactenistic of
our marine isolates [12]. Beneckea was defined by
Campbell to consist of Gram-negative, peritrichously
flagellated (determined on cells grown on solid me-
dium [8]), rod-shaped, chitin-decomposing, facul-
tative anaerobes obtained primarily from marine
sources. Since our phenotypic characierization did
not provide us with a basis for separating either the
chitin-utilizing species from nonutilizers or the po-

*To whom offprint requests should be addressed.

larly flagellated species from those with the ability to
synthesize peritrichous flagella, we redefined the
genus Beneckea to accommodate these species [6,8].

The assignment of our species to Beneckea
rather than Vibric has been criticized on both sub-
stantive and nomenclatural grounds. The substantive
criticism has been that V. cholerae and species of
Beneckea had sufficient similarily in phenotype and
DNA homology to warrant their placement into a
single genus: the nomenclatural criticism has been
that the type strain of the type species of Beneckeu
(B. labra) was no longer availabie and the genus,
therefore, had no nomenclatural validity, With re-
spect to the substantive issues, it is clear that a nu-
merical analysis of data derived from a phenotypic
characterization is. in many cases, only of marginal
use for generic assignments [6,18]. We also were, and
still are, unwilling to assign species to genera on the
basis of low DNA homology values (e.g., 11-28% ho-
mology between V. cholerae and species of Beneckea)
since the accuracy and significance of such low
homologies is not clear [6,27]. Qur decision, there-
fore, was (o clarify the substantive issue, namely, the
relationships among V. cholerae, Beneckea. and
Photobacierium, before resolving the nomenclatural
problems.

Our aim has been to study the sequence homol-
ogy between informational molecules, which would
allow the establishment of evolutionary relationships
upon which to base our taxonomic conclusions [30].
We have measured ribosomal RNA (rRNA) homeol-
ogy (3] as well as the amino acid sequence divergence
of glutamine synthetase (GS) [2.4], superoxide dis-
mutase (SOD) [2]. and alkaline phosphatase, using
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Table 1. List of species of Vibrio and Photobacterium together with their synonyms, type strains, and selected properties.
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 Hendric. Hodgkiss. and Shewan failed 10 distinguish V. fischeri, ¥, logei
(ATCC 1538, and V. marinus (ATCC 15381 and included sll three spe-
cies in V. fischeri [17).

the quantitative microcomplement fixation technique
([30]: 5. S. Bang, L. Baumann, P. Baumann. M. I.
Woolkalis, manuscripts in preparation). The results
of these extensive studies have led us to alter our
views and have necessitated the abolition of Ben-
eckea and the assignment of species previously in this
genus to Vibrio along with two species previously in
Photobacterium, P. fischeri and P. logei. A summary
of these changes. with past synonyms and some prop-
erties of the species. is presented in Table 1.

# Hendrie and Shewan included hiotype [ of Vosplendidus in Lucibacterivm
harveri |11,27].

" Also known ag lactose-puositive vihrio [27].

“Initially designated Aeromonas preteaiytica |22).

*RBoman nomeral desighales biotype,

* Onlv found in seme strains of Wolype 1L

! Designanor of Lee et al. [21]: synonymous with Group F and EF-6 [18].

" Only postive in strains ol hiotype 11 [18.21].

* Designation of Harwood J15].

* Value from Harwood [15].

7 Initially crrongousty reported o be positive (C. 5. Harwood. personal
communication), confirmed as negative with u non-prodigiosin-producing
mutant.

* Designation of Lee. Shread, and Furniss |20].

* Percent designates positive strains.

The major conclusion emerging from our inves-
tigations is that although the overall congruence be-
tween the various approaches used was good (corre-
lation coeflicients above 0.9), there were sufficient
differences in detail to necessitate subjective judg-
ment. This is illustrated in Table 2, which summa-
rizes the major groupings resulting from studies of
rRNA homology and the amino acid sequence simi-
larity of GS and SOD. Crucial to our continued sep-
aration of V. cholerae and Beneckea were the group-




P. Baumann et al.: Species of the Genera Vibrio and Photobacterium

Table 2. Major groupings of species of Vibrie and Pheotobacterium.
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V. harveys
V. parahaemolvtious
V. afeinolyticus

i

V. fischeri®

rRNA homalogy V. natriegens

V. nereix

V. vulnificus

V. proteolyticus
¥, splendidus

V. petugius
V. anguiliarunr
V. nigripulchrituds

* P. phosphorewnt

V. cholerue P feiognaihi

OG5 amno actd Closely related species
sequence
simuarity’ . harveyi b, vainifious

V. proteoiviicus

¥ splendidus

V. camphetti

V. parahaemediyiicus
V. alginolytieus

¥, natriegens

K. nereis

V. pelagiuy

V. anguillurunt

V. nigripulchrinedo
V. fhuvialis

Mere distantly refated species

"V fuscheri
V. doger

V. gazogenes
V. ocosticola

V. chalerae

V. metschnikovii

*P. phosphoreum
*P leiognarhi
* P, angustny

30D amine acid Closely refaled species

seguence

similarity? *V. fischeri V. vainifious
V. loger V. proteaivticus
¥. harveri V. splendidus

¥, campheilii
V. purahacmofyticus

V. pelagius

V. wnguiffarem
V. alginolyticiy V. nigripuaichrinede
V. natriegens K. fluviadis

V. nereis

* Data trom |3,7].
* Asterisk refers o spectes whose groupings are changed by the various
methods used.

ings established by rRNA homology [3] which
indicated that (i) V. fischeri (£. fischeri), (ii) former
spectes of Beneckea, (i) V. cholerae, and (iv) P.
phosphoreum and P. leiognathi were approximaiely
equidistant from each other. Since P. phosphoreum
and P. lefognarhi, on the basis of structural and phys-
iological properties [6,24] clearly deserved a separate
generic status, internal consistency dictated that these
four groupings be retained in separate genera. (V.
fischeri [ P. fischeri] was left in Photobacrerium pend-
ing further study; see references [4.7] for a discussion
of this as well as a confirmation of the results by 165
rRNA oligonucleotide cataloging.) Both the studies
of GS and SOD [2.4] differed from the rRNA homol-
ogy results in indicating that P. phosphoreum, P.
leiognathi, and P, angustum were a considerable dis-
tance from V. fischeri (P. fischeri) and species of Ben-
eckea (Vibrio) (Table 2). The results with GS con-
firmed the results of rRNA homology in that V.
Sischeri (P. fischeri) and V. cholerae were on the out-
skirts of a group of closely related species of Ben-
eckea (Vibrio). The species V. logei (P. logei), V.
gazogenes (B. gazogenes), V. costicola, and V. metsch-
nikovii (which were not included in the rRNA ho-
mology studies) were also on the outskirts of this
group of closely related species [2,4]. Studies of SOD
confirmed most of the results obiained with GS but
differed in two major poinis in that, unlike with GS,
(1} V. fischeri (P. fischeri} and V. logei (P. logei) were
in the group of closely related species of Beneckea

More distantly related species

V. gazopenes
V. cholerde
Vo meschnikovii

*V. costicola | *F. phosphmreum
* P leivgnorhi

*Poangustumn

© Data trom [2.4).
“ Drata from [2] and §. 8. Bang. L. Baumann, M. J. Woolkalis, and P. Bau-
mann {Manyscript in preparation).

(Vibrio) and (ii) V. costicola was quite distant from
this group. As 1s apparent from this discussion and
the data summarized in Table 2. there are no consis-
tent internal subdivisions which would allow the for-
mation of distinict genera in the complex of species
containing Vibrio, Beneckea, V. fischeri {P. fischeri),
and V. logei (P. logei). Therefore, the simplest course
of action is to place all of these species into Fibrio
and to restrict Photobacterium to the Lhree closely re-
lated species P. phosphoreum, P. leiognathi, and P.
angustum (Table ).

A new group of organisms isolated by Lee et al.
[21] (V. fluvialis) and included in some of our studies
[2.18] is closely related to the marine species vet has a
significantly lower Na' requirement (20-40 mM),
These values, in conjunction with the 63- 70 mM op-
timum determined for V. anguillarum [3], span the
gap in Na" requirement previously observed be-
tween V. cholerae and the marine species of Vibrio
[25]). Since our past determinations of the Na' con-
centrations required for optimal growth included
only a relatively small sampling of Vibrio and Photo-
bacterium species [25], we expanded this survey to in-
clude a total of three strains (if available) of each
species and biotype. The terrestrial medium used dif-
fered from that previously described in contaming 50
mM Tris buffer and 10 mM giycerol (5 mM D-glu-
cose for V. costicola) as the sole or principal carbon
and energy source. [n the case of strains requiring or-
ganic growth factors, 0.05% yeast extract was added
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to the medium. The conditions of cultivation and
measurement of cell growth have been previously de-
scribed [25]. The results of the experiments are pre-
sented in Table 1. The minimal concentration re-
quired for optimal cell yield spanned the range of 5-
700 mM, with a continuum from 5 to 400 mM. In
Table 1. V. cholerae and V. merschnikovii are listed as
being able to grow in media lacking added Na* (con-
taminating levels below 0.1 mM). The basis for this
observation was the fact that all of the strains of V.
cholerae and V. metschnikovii tested (none of which
required organic growth factors) could be serially
transferred in media containing no added Na™ (Table
1). It should be noted that while the requirement for
Na' in marine vibrios has been documented in over
600 strains [1.5,6,18], the lack of a Na* requirement
by V. cholerae and V. metschnikovii has been deter-
mined for only 12 and 4 strains, respectively.

The following are redefimitions of the genera
Vibric and Photobacterium. Most of the key refer-
ences are found 1n review articles [6,7] or in Table I;
only additional references will be cited. Tables con-
taining phenotypic properties of use for the identifi-
cation of species are found in references [7] and [27).

Genus Vibrio

Definition. Cells generally single, straight or curved
rods. When grown in liquid media, motile by
sheathed polar flagella; monotrichous or multi-
trichous. On solid media may exhibit mixed flag-
ellation with additional peritrichous unsheathed flag-
ella of a shorter wavelength than the sheathed polar
flagella. Gram negative. Do not form endospores or
microcysts.

Chemoorganotrophs: facultative anaerobes ca-
pable of respiratory and fermentative metabolism us-
ing D-glucose as the sole or principal source of car-
bon and energy. Molecular oxygen is a universal
electron acceptor. Do not denitrify or fix molecular
nitrogen.

Growth stimulated by Na*; most species will not
grow in the absence of this ion.

The G+C contents in the DNAs of the species
range frem 38 to 51 mol%.

Type species: Vibrio cholerae.

Additional comments. Most species are oxidase positive (V. gazo-
genes and V. metschnikovii are oxidase negative). With the ex-
ception of V. anguillarum biotype I and V. merschnikovii, all re-
duce nitrate o pitrite. All ferment D-glucose, usually without the
formation of gas (V. gazogenes and V. fluvialis biotype Il produce
gas). Some species (V. alginolyticus, V. prateolvticus. V. anguilla-
rum biotype |, V. cholerae) form acetoin and/or diacetyl as well as
2,3-butylene glycol during 1-glucose fermentation. Almost all spe-
cies are able to grow in a minimal medium containing a seawater
base wilh D-glucose and ammanium salts as sole sources of en-
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ergy. carbon. and nitrogen; V. anguillarum biotype 11 as well as
some strains of V. fogel, V. cholerae. V. metschnikovii, and V. cosi-
icoda have a requirement for organic growth factors. While growih
of all species is stimulated by Na™, there is considerable variation
in the amount of this ien required for optimal growth (Table 1) V.
cholerae and V. metschnikovii will grow in a minimal medium hav-
ing less than 0.1 mM Na* while V. costicola will not grow with less
than 200 mM. The concentrations of Na™ required for optimal
growth of these three species are 5-15, 5-15, and 600-700 mM. re-
spectively. Growth of some species is improved by supplementing
media with seawater levels of Mg* and Ca** in addition to Na*.
All grow at 20°C: some grow at 4°C or lower, others at 45°C: none
grows at 50°C.

Several species (V. natriegens, V. nereis. and some strams of
V. nigripulchritudo and V. fluvialis) accumulate poly-#-hydroxy-
butyrate (PHB) us an intracellular reserve product. Strains of some
species (V. parahuemolyiicus, V. ulginolyviicus, V. protesiyvticus. V.
harveyi) swarm on solid complex media. ¥. nereis, V. proteolyticus.
V. splendidus biotype 1. V. anguwillarum biotype 1, V. fluvialis, and
V. costicola have a constitutive arginine dihydrolase system (mea-
sured as the anaerobic conversion of arginine (o ornithine). Lumi-
nescence has been found in strains of V. fischeri, V. logei. V. har-
vevi, V. splendidus biotype 1. and V. chelerae (a single freshwater
isolate previously designated V. albensis). V. gazogenes produces
prodigiosin. V. nigripulchritudo an insoluble biue-black pigment;
V. fischeri and V. logei have a vellow cell-associated pigment.

Mosl species have a variety of extracellutar hydrolases which
may iaclude amylase, gelatinase, lipase, chitinase. and alginase.
Different species are able 1o utilize a total of 12-67 arganic com-
pounds as sole or principal sources of carbon and energy; these in-
clude pentoses. hexoses, disaccharides, sugar acids, sugar aleohols.
C,-C i, monocarboxylic fatty acids, tricarboxylic acid cvele inter-
mediates, and amino acids. None of the species utifizes cellulose,
formate, glycolate, C-C|,, dicarboxylic acids, L-isoleucine, I.-va-
line, L-lysing, L-iryptophan, purines, pyrimidines, or n-hex-
adecane. V. nairtegens and strains of V. flyviatis and V. harveyi
may utilize benzoate, p-hydroxybenzeate, or guinate via a path-
way which involves degradation of the intermediate pro-
tocatechuate by means of a mera cleavage.

Species of Vibrio (including luminous isolales) are common
in marine and estuarine environments and can be readily isclated
from the surfaces and intestinal contents of marine animals
j6.7.16]. Of the marine luminous vibrios, only V. fischeri appears
1o be capable of entering into a symbiotic association as demon-
strated by its isolation from the luminous organs of Leleost fishes
and squid [16]. V. chiolerae and V. metschnikovii, which have a low
Na’' requirement for optimal growth, have been isolated from
fresh water as well as estuaring ernvironments, a niche which Lhey
may share with some of the species having moderate Na* require-
ments (Table 1) [19.20.21,29|. V. cholerae. V. parahaemelyiicus, V.
vuinificus, V. fluvialis, and possibly V. alginolyticus are potential
human pathogens. ¥. anguillarum is a pathogen of fish and eels,
and V. logei 1s a possible pathogen of marine crabs.

All the species of the genus Vibrio have an outstanding morpho-
logical feature, namely, the presence of sheathed polar flagella.
This property is not unique to species of Fibrie since it has also
been found in marnine and terrestrial sirains ol Bdellevibrio [7,28].
Pseudomaonas stizolobii [14]. and Ectothiorhodospira halophila |23},
all of which are readily distingwishable from Vibrio on the basis of
their physiology and/or parasitic associations. V. fischeri and V.
fogei are morphclogically different from the remaining species of
Vibrio (Table 1); both have a yellow cell-associaled pipment and,
generally, more than four sheathed polar flagella. The remaining
species of Vibrio usually have single polar flagella, although rare
cells may have up to three polar flagella. The appearance of the
latier {as observed by electron microscopy) differs from V. fischeri
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and V. fogei in that all the fiagella are inserted in close proximity
to each other while those of V. fischers and V. logei are inserted
over & broader area of the cell apex.

As can be expected from the ecological and nutritional diver-
sity of the 20 species included in Vibrio, this genus is considerably
more helerogeneous than typical genera of the family Entero-
bacteriaceae [2.6]. Immunological studies of GS indicate that the
internal diversity of ¥ibric 1s somewhat greater than that between
Escherichia coli and Serratia, while studies of f(RNA homology in-
dicate that it is similar to that between E. cofi and Proteus. The in-
ternal diversity of Fibrio, tn comparison to genera within the En-
terobacteriaceae. should not, however. be construed 4s an
argument for future fragmentation of this genus. The present ten-
dency is to circumscribe genera in the Enterobacteriaceae on the
basis of DNA homology: this results in excessive generic splinter-
ing. without necessarily adding significant informational content
to the generic definition. Therefore, the internal diversity of Fibrio
can quite comfortably be accommodated by a single genus.

Relation of Vibrio to Lucibacterium. In the eighth
edition of Bergey’s Manual, the marine species V.
harveyi 1s assigned to a newly created genus, Luci-
bacterium [11]. The primary feature distinguishing
the genera Lucibacterium and Vibrio (as defined in
Bergey's Manual) is flagellation—the former being
peritrichous and the latter polar. Although our work
on the shift from polar flagellation in liquid medium
to peritrichous flagellation on solid medium in spe-
cies of marine vibrios is cited, the authors of Luci-
bacrerium failed to investigate this property in V. har-
veyi and based their definition of this genus on the
flagellation of cells grown on scolid medium. Sub-
sequent investigation has shown that V. harveyi re-
sembles other species of Fibrie in undergoing a shift
in flagellation. In addition, in vitro DNA/DNA hy-
bridization has shown a high level of homology be-
tween V. harveyi, V. campbellii, V. parahaemolyticus,
and V. alginolvricus, necessitating their assignment to
a single genus [27].

Genus Photobacterium

Definition. Cells generally single, straight rods. Mo-
tile by 1-3 unsheathed polar flagella: some non-
motile. Gram negative. Do not form endospores or
microcysts.

Chemoorganotrophs: facultative anaerobes ca-
pable of respiratory and fermentative metabolism.
using D-glucose as the sole or principal source of car-
bon and energy. Molecular oxygen is a universal
electron acceptor. Do not denitrify or fix molecular
nitrogen.

Growth is dependent on the presence of Na*.

All are able to accurmnulate PHB as an intra-
cellular reserve product but are not able to utilize the
exogenous monomer, 8-hydroxybutyrate.

The G+C contents in the DNAs of the species
range from 40 to 44 mol%.

Type species: Photobacterium phosphoreum.
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Additional comments. A number of traditional tests applied in
bacterial taxonomy are of little use 1n differentiating species of
Photobucrerivim. For example, the ability to form gas during D-
glucose fermentation is present in some but not all strains of P.
phosphoreum and P. leiognathi: similarly, both species contain
strains which produce aceiwoin and/or diacetyl as well as 2.3-butyl-
ene glycel (Table 1). The oxidase test, which is a measure of cyto-
chrome of the ¢ type, is often negative, becoming positive in some
strains Following treatment with toluene (Table 1) [7,24]. Differen-
tial oxidized/reduced cytochrome spectra have indicated the pres-
ence of low levels of cytochrome ¢ in representative strains of all
species of Photobacterium [24,27]. Although some sirains may pro-
duce alkaline products from arginine, none has a constitutive argi-
nine dihydrolase system as measured by the anaerobic conversion
of arginine to arnithine.

Most strains of P. angustum and P. leiegnathi have no organic
growth factor requirements; some strains of P. pkosphoreum may
require L-methionine, either alone or in combination with other
amino acids. For optimal growth, 160-280 mM Na* is required;
some species may also require seawaler levels of Mg?* and Ca?*.
All species grow al 20°C. P. phosphoreum grows at 4°C, while
none grows at 40°C. Luminescence has been observed in P. phos-
phoreum and P. leiograthi but not in P. angustum.

None of the species of Photobacteriwm has an extracelluar
amylase or alginase; some strains may have an extracellular chiti-
nase. lipase, or gelatinase. The nutritional versatility of all the spe-
cies ts relatively low: only 7-22 organic compounds can be utilized
as sole or principal sources of carbon and energy. These include
hexoses and a few pentoses, disaccharides. sugar acids, tri-
carboxylic acid cycle intermediates. and amino acids.

Species of Photobacterium are common in seawaler as well as
the surfaces and intestinal contents of marine animals [7,16]. P.
phosphoreum and P. leiognathi are capable of entering inio a sym-
biotic associalion with marnne animals, being found in the special-
1zed light organs of teleost fishes [16]. The genus Photobacterium
has the unusual property of accumulating PHB while lacking the
abilily to utilize the exogenous monomer, 8-hydroxybulyrate. Ac-
cumulation of this polymer can be readily detected by phase mi-
croscopic examination of cultures in early siationary phase grown
in a minimal medium containing 0.2% D-glucose [7,24] (supple-
mented with 0.05-0.1% yeast extract for growth factor-requiring
strains).

Differentiation of Vibrio, Photobacterium, Aero-
monas, and Plesiomonas, Studies of GS and SOD in-
dicate considerable evolutionary divergence between
these four genera ([2,4]; S. S. Bang, L. Baumann, M.
J. Woolkalis, P. Baumann, manuscript in prepara-
tion). There are, however, no adequate, readily de-
terminable traits present in all species which can dis-
tinguish FVibrio, Photobacterium, Aeromonas, and
Plesiomonas. Of use are (i) the presence of sheathed
polar flagella in Vibrie and the absence of a sheath in
polar flagella of Photobacterium, Aeromonas [13), and
Plesiomonas (B. L. Beaman, unpublished observa-
tions) and (ii) the mol% G+C contents, which are
38-51 for Vibrio, 4044 for Photobacterium, 57-63
for Aeromonas, and 51 for Plesiomonas [11]. An addi-
ticnal possible diagnostic property is the requirement
for Na* or stimulation by Na* characteristic of spe-
cies of Vibrio and Photobacterium (Table 1), which is
lacking in the relatively few strains of Aeromonas
and Plesiomonas which have been examined. Despite
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the paucity of distinguishing traits between these
genera, the individual species are readily identifiable
so that the identification of strains from environ-
ments where some of the organisms may coexist (e.g.,
Aeromonas and some species of Vibrio) should pres-
ent no major difficulties.
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