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CHAPTER 6.4

The Genus Flavobacterium

JEAN-FRANCOIS BERNARDET AND JOHN P BOWMAN

Introduction

The genus Flavobacterium Bergey, Harrison,
Breed, Hammer, and Huntoon 1923, emend.
Bernardet, Segers, Vancanneyt, Berthe, Kersters,
and Vandamme 1996 (Bergey et al., 1923; Ber-
nardet et al., 1996) is probably one of the best
examples of the revolution brought to the classi-
fication of a bacterial taxon by the use of the
phylogenetic techniques based on the compari-
son of 16S rRNA sequences. Of the seven species
considered in the previous edition of Bergey’s
Manual of Systematic Bacteriology (Holmes
et al., 1984), only the type species F. aquatile was
finally retained while several other taxa, previ-
ously misclassified in other genera, were added
to form an extensively emended genus Flavobac-
terium (Bernardet et al., 1996). Since then, the
genus has considerably expanded owing to the
description of many new species mostly originat-
ing from polar habitats. The organisms currently
included in the genus Flavobacterium were dis-
tributed among different chapters in previous
editions of Bergey’s Manual and of The Prokary-
otes. In Bergey’s Manual, Flavobacterium
aquatile was dealt with in the chapter “Genus
Flavobacterium” (Holmes et al., 1984), while
several other Flavobacterium species were
considered (under other generic epithets) in the
chapter “Order 1. Cytophagales” (Reichenbach,
1989) in the second edition of The Prokaryotes.
The latter species were also included in the
chapter The Order Cytophagales in the second
edition, while F aquatile was excluded from
the chapter The Genera Flavobacterium, Sphin-
gobacterium, and Weeksella also from this Vol-
ume and not considered anywhere else! These
chapters contain a wealth of information and are
still well worth consulting.

The history and structure of the family
Flavobacteriaceae, of which the genus Flavo-
bacterium is the type genus, are presented in
the chapter “An Introduction to the Family
Flavobacteriaceae” in this Volume. The taxo-
nomic and nomenclatural issues concerning
the genus Flavobacterium are dealt with by
the subcommittee on the taxonomy of

Flavobacterium and Cytophaga-like bacteria
of the International Committee on Systematics
of Prokaryotes. This subcommittee has issued
minimal standards for the description of new
taxa in the genus Flavobacterium and other gen-
era in the family Flavobacteriaceae (Bernardet
et al., 2002).

Few species in the genus Flavobacterium have
been extensively studied and most of them are
represented by one strain (i.e., the type species
FE antarcticum as well as F aquatile, F. flevense,
E frigidarium, F. gillisiae, F. granuli, F. hydatis, F.
omnivorum, F. pectinovorum, F. saccharophilum,
F xanthum and E xinjiangense) or a limited num-
ber of strains in culture collections. Exceptions
are the fish-pathogenic species, of which many
strains are usually available; owing to their eco-
nomic significance worldwide, they have been
the subject of numerous studies (see the sections
“Habitat and Ecology” and “Pathogenicity and
Epidemiology” in this Chapter) and will provide
many examples in this chapter.

Phylogeny

Sequences of 16S rRNA and DNA gyrase large
subunit (gyrB) genes (Weisburg et al., 1985;
Woese et al., 1990; Nakagawa and Yamasato,
1993; Suzuki et al., 2001) locate the genus Fla-
vobacterium within the phylum “Bacteroidetes,”
clustering appropriately in a central position in
the family Flavobacteriaceae (Bernardet et al.,
1996) where it represents the type genus. Within
the family Flavobacteriaceae, the genus Fla-
vobacterium branches between two primary lin-
eages, one consisting of mostly marine genera
and the other of non-marine genera (see the
chapters An Introduction to the Family Fla-
vobacteriaceae in this Volume and The Marine
Clade of the Family Flavobacteriaceae: The
Genera Aequorivita, Arenibacter, Cellulophaga,
Croceibacter, Formosa, Gelidibacter, Gillisia,
Maribacter, Mesonia, Muricauda, Polaribacter,
Psychroflexus, Psychroserpens, Robiginitalea,
Salegentibacter,  Tenacibaculum,  Ulvibacter,
Vitellibacter and Zobellia in this Volume). This
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intermediate position corresponds well with the
ecophysiology of the genus, which is relatively
diverse (including species from freshwater and
from marine ecosystems; see the section Habitat
and Ecology in this Chapter). The deepest
known branching members of the genus (F
gelidilacus, F. columnare and F aquatile) are
from freshwater ecosystems, suggesting that
more halotolerant and marine-derived members
of the genus (such as F flevense, F gillisiae, F.
frigidarium, etc.) may have been distributed
into and adapted to seawater/estuarine type
environments in the past. Since practically no
member of the genus is known to require Na*
ions for growth, the adaptation to marine envi-
ronments appears so far to be incomplete (see
the section Physiology in this Chapter). Figure 1
presents the phylogenetic tree of the genus
Flavobacterium based on 16S rRNA gene
sequences.

Sequencing of the 16S rRNA gene has over
time helped clarify the taxonomy of the genus
Flavobacterium and is the means to definitively
assign new strains within the genus. Phylogenetic
data however indicate that several nomencla-
tural anomalies remain unresolved. Though
many Flavobacterium species originally included
in the older descriptions of the genus (Holmes et
al., 1984) have been reclassified (Bernardet et al.,
1996; see the section Taxonomy), the taxonomy
of several validly described Flavobacterium spe-
cies (J. P. Euzéby, List of Bacterial Names with
Standing in Nomenclature) is yet to be officially
corrected. For example, the species [F] devorans
and [F] yabuuchiae are believed to be syn-
onyms of Sphingomonas paucimobilis (Yabuuchi
et al., 1979; Bauwens and De Ley, 1981) and
Sphingobacterium spiritovorum (Takeuchi and
Yokota, 1992), respectively. The species [F]
mizutaii and [E] ferrugineum are clearly generi-
cally misclassified and are most closely related to
the genera Sphingobacterium and Chitinophaga,
respectively (Gherna and Woese, 1992; Naka-
gawa and Yamasato, 1993). No phylogenetic data
are available for several species including [F]
acidificum, [F] acidurans, [F] oceanosedimen-
tum, [E] resinovorum or [F] thermophilum. On
the basis of DNA base composition data, all of
these rather obscure species are misclassified and
constitute species in completely separate bacte-
rial phyla. For example, Holmes et al. (1984) con-
sidered [F] acidificum to be a strain of “Erwinia
herbicola subsp. Ananas” (now Pantoea anana-
tis), a member of the Gammaproteobacteria,
while others such as [F] oceanosedimentum are
Gram-positives belonging to the Bacillus branch
of the Firmicutes.

There are also discrepancies even with better-
studied species. For example, sequences pro-
vided for the type strain of F psychrophilum are
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quite different (Fig. 1). Substantial heterogene-
ity amongst strains classified as F columnare and
E johnsoniae is also notable. However, in the
case of F columnare, this apparent hetero-
geneity is caused by a misidentification of
the strain ATCC 43622, which more likely
belongs to F johnsoniae. The bona fide F colum-
nare strains are indeed grouped within a single
cluster in the phylogenetic tree; the division of
this cluster in three subclusters was already
reported by Triyanto and Wakabayashi (1999),
who based their description of three F colum-
nare genomovars on differences in 16S rRNA
sequences, restriction fragment length polymor-
phism (RFLP), and DNA-DNA hybridization.
A misidentification is not the explanation for the
distance between the F johnsoniae strain DSM
425 and the F johnsoniae type strain, however,
since their whole-cell protein and fatty acid
profiles are closely related (J.-F. Bernardet,
unpublished data). Some of these limitations
have already been reported as early as 1984 by
Reichenbach (1989) and this genetic diversity
may also suggest the potential presence of addi-
tional Flavobacterium species amongst culture
collection strains.

Taxonomy

The long and complex history of the genus
Flavobacterium up to its emendation in 1996 has
been presented in several publications (Holmes
et al., 1984; Holmes et al., 1992; Bernardet et al.,
1996; the chapter on The Genera Flavobacte-
rium, Sphingobacterium, and Weeksella in this
Volume) and will not be repeated here. As a
result of an extensive polyphasic study
(Bernardet et al., 1996), the genus Flavobacte-
rium was shown to comprise the ten following
valid species: F aquatile (Holmes et al., 1984),
F. branchiophilum (Wakabayashi et al., 1989), E
columnare (Bernardet and Grimont, 1989), F
flevense (Van der Meulen et al., 1974), F. hydatis
(basonym, [Cytophaga] aquatilis; Strohl and Tait,
1978), E. johnsoniae (Reichenbach, 1989), F. pec-
tinovorum (Reichenbach, 1989), FE psychro-
philum (Bernardet and Grimont, 1989), E
saccharophilum (Agbo and Moss, 1979), and F
succinicans (Anderson and Ordal, 1961). (The
references given here are the most relevant,
although not necessarily the original descrip-
tions.) This study also demonstrated that the
invalid taxa “[Cytophaga] allerginae” (see the
section Pathogenicity and Epidemiology in this
Chapter), “[Cytophaga] xantha,” “[Flexibacter]
aurantiacus subsp. excathedrus,” “[Promyxo-
bacterium] flavum,” and “[Sporocytophagal
cauliformis” belong to the genus (Bernardet et
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Myroides odoratus ATCC 46517 (M58777)
— “[Flexibacter] aurantiacus subsp. excathedrus” ATCCC 23086T (AB(78045)
100 Flavobacterium columnare 1AM 14182 (AB015481)
Flavobacterium columnare IFQ 159437 (AB078047)
Flavobacterium columnare NCIMB 22487 (AB019051)
Flavobacterium cofumnare FK401 (AB019052)
Flavobacterium columnare catfish strain (AY095342)
97 Ffavobacterium columnare ATCC 49513 (AB023660)
100 Flavobacterium columnare LP8 (AB015480)
Flavobacterium columnare 1AM 14820 (AB016515)
100| Flavobacterium gelidilacus LMG 21619 (AJ507515)
Flavobacterium gelidilacus LMG 214777 (AJ440996)
es| [ Flavobacterium aquatile ATCC 119477 (M62797)
Flavobacterium psychrophilum ATCC 494187 (AF090991)
_ljvobacterium succinicans [FO 149057 (D12673)
Flavobacterium branchiophilum IFQ 150307 (D14017)
Favobacterium granuli Kw0O5'" (AB180738)
Flavobacterium hydatis ATCC 295517 (M58767)
| { Flavobacterium pectinovorum NCIMB 90538" (D12669)
|E Flavobacterium columnare ATCC 43622 (M58781)
Flavobacterium saccharophifum NCIMB 20727 {D12671)
Flavobacterium hibernum ACAM 3767 (L39067)
‘IEF!avobacterium Jjohnsoniae DSM 425 (M59053)
) “[Sporocytophaga” cauliformis™ DSM 3657 (M93151)
———— Flavobacterium psychrophifum IFO 158427 (AB078060)
Flavobacterium xinjiangense AS 1.2748 (AF433172)
Flavobacterium xinfiangense AS 1.27497 (AF433173)
Flavobacterium frigoris LMG 21471 (AJ440988)
Flavobacterium frigoris LMG 219227 (AJ557887)
Flavobacterium gillisiae ACAM 6017 (U85889)
Flavobacterium degerfachei LMG 21474 {(AJ441005)
Flavobacterium degerlachei LMG 219157 (AJ557886)
Flavobacterium omnivorum AS 1.27477 (AF433174)
'IJEL—— Flavobacterium xanthum ACAM 817 (AF030380)
Flavobacterium xanthum R9010 (AJ601932)
] Flavobacterium frigidarium ATCC 7008107 (AF162266)
g Ffavobacterium fryxellicola LMG 220227 (AJ811961)
e Flavobacterium limicola JCM 11475 (AB075232)
i-[ Flavobacterium fimicola JCM 114737 (AB075230)
L 9% Flavobacterium fimicola JCM 11474 (AB075231)
1wao| Ffavobacierium psychrolimnae LMG 22020 (AJ585428)
J'Q[ Flavobacterium psychrofimnae LMG 220187 (AJ585427)
Flavobacterium micromati LMG 219197 (AJ557888)
o] Flavobacterium johnsoniae ATCC 170617 (M59051)
'[Flexibacter] aurantiacus” ATCC 23107 (M62792)
72 Flavobacterium johnsoniae IFO 15970 (AB078043)
Flavobacterium flevense ATCC 27944 (M58767)

9 Flavobacterium antarcticum KCTC 122227 (AY581113)
| 90— Flavobacterium tegetincola ACAM 6027 (U85887)
Flavobacterium tegetincola ACAM 603 (U85888)
0.1

100

97

Fig. 1. A maximum likelihood distance phylogenetic tree created by the neighbor-joining procedure (Saitou and Nei, 1987)

based on near complete 16S rRNA gene sequences of the genus Flavobacterium. The outgroup for the tree was Myroides
odoratus. The bar indicates maximum likelihood distance.
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al., 1996). Except the latter, these invalid and
poorly studied taxa are each represented by a
single strain. Since then, “[Cytophaga] xantha”
has been validly published under the name Fla-
vobacterium xanthum as a result of an extensive
study of Antarctic organisms (McCammon and
Bowman, 2000). The scant information available
on the four remaining invalid taxa may be found
in Reichenbach (1989). The determination of the
16S rRNA sequence of “[Sporocytophaga] cauli-
formis” and “[Flexibacter] aurantiacus subsp.
excathedrus” has confirmed their attribution to
the genus Flavobacterium (Fig. 1).

Since the emendation of the genus Flavobac-
terium, members of the family Flavobacteriaceae
have been shown to represent an important bac-
terial group in Antarctic environments (Bowman
et al., 1997; Van Trappen et al., 2002; see the
section Habitat and Ecology in this Chapter);
however, the presence of gliding “cytophagas”
(which would likely be classified as Flavobacte-
rium nowadays) in polar lakes had been noticed
long ago (Christensen, 1974). Subsequently,
extensive studies of bacterial strains retrieved
from various regions of Antarctica have resulted
in the description of several new Flavobacterium
species: F antarcticum (Yi et al., 2005) and F
fryxellicola and F. psychrolimnae (Van Trappen
et al., 2005), E hibernum (McCammon et al.,
1998), E gillisiae and F. tegetincola (McCammon
and Bowman, 2000), E frigidarium (Humphry
et al., 2001), F gelidilacus (Van Trappen et al.,
2003a), and FE degerlachei, F. frigoris and F
micromati (Van Trappen et al., 2003a). Not from
Antarctica but still from cold environments came
E limicola (Tamaki et al., 2003), F omnivorum
and F xinjiangense (Zhu et al., 2003). Hence,
taking into consideration the previously
described E psychrophilum, sixteen among the
twenty-six current valid Flavobacterium species
are distinctly psychrophilic or psychrotolerant.
While F flevense was the only halophilic species
of the ten known in 1996, nine of those published
since then may be considered halophilic or halo-
tolerant (see the sections Habitat and Ecology,
Identification, and Physiology in this Chapter).
Features of the valid Flavobacterium species and
invalid taxa are listed in Table 1.

Many other organisms, validly published or
not, were included in the genus Flavobacterium
since it was created in 1923 (Bergey et al., 1923).
Most of them were subsequently attributed to
other or new genera (e.g., the genera Cellu-
lophaga, Chryseobacterium, Empedobacter,
Myroides, Pedobacter, Psychroflexus, Salegen-
tibacter, Sphingobacterium and Zobellia; see the
corresponding chapters The Genera Flavobacte-
rium, Sphingobacterium, and Weeksella in the
second edition; The Genus Chryseobacterium in
this Volume; The Marine Clade of the Family
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Flavobacteriaceae: The Genera Aequorivita,
Arenibacter, Cellulophaga, Croceibacter, For-
mosa, Gelidibacter, Gillisia, Maribacter, Mes-
onia, Muricauda, Polaribacter, Psychroflexus,
Psychroserpens, Robiginitalea, Salegentibacter,
Tenacibaculum, Ulvibacter, Vitellibacter and
Zobellia; An Introduction to the Family
Flavobacteriaceae; The Genera Bergeyella and
Weeksella; and The Genera Myroides and Empe-
dobacter all in this Volume) while others (for
which no 16S rRNA sequences are available) still
appear in the lists of Flavobacterium species
pending further investigation. Complete lists of
organisms currently belonging to the genus
Flavobacterium or that were attributed to it for
some time may be found in the chapter
“Taxonomic Outlines of the Prokaryotes” of the
second edition of Bergey’s Manual (Garrity and
Holt, 2001) and in the List of Bacterial Names
with Standing in Nomenclature (Euzéby, 1997,
List of Bacterial Names with Standing in
Nomenclature). These lists also provide the cur-
rent taxonomic status and standing in nomencla-
ture of the taxa that were subsequently excluded
from the genus Flavobacterium.

Habitat and Ecology

Habitats known to harbor Flavobacterium
strains are listed in Table 2.

Members of the genus Flavobacterium are
widely distributed in nature, occurring mostly in
aquatic ecosystems ranging in salinity from
freshwater to seawater. Flavobacterium species
have never been isolated from hypersaline
waters: the extremely halotolerant Antarctic spe-
cies formally referred to as “[F] salegens” and
“|E] gondwanense” are now Salegentibacter and
Psychroflexus, respectively (Bowman et al., 1998;
McCammon and Bowman, 2000), genera which
are core members of the marine clade of the
family Flavobacteriaceae. By comparison, Fla-
vobacterium species have a distinct predilection
to low salinity, cool to cold environments and
are commonly isolated from polar lakes (Van
Trappen et al., 2002) and from streams, rivers,
lakes and muddy soils in other cold environ-
ments. Unidentified members of the genus were
also reported from marine algae (Maeda et al.,
1998; Adachi et al.,2002) and mangrove environ-
ments (Nakagawa et al., 2001), although none of
them actually required seawater for growth.
Most Flavobacterium species are psychrotoler-
ant (rather than psychrophilic, as defined by
Morita 1975) and grow well at 4°C and optimally
at 20-30°C. Currently, Flavobacterium species
have been successfully isolated from temperate
to polar low salinity ecosystems which on a
biogeographical level correlates well with their
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cold-oriented ecophysiology. Various Flavobac-
terium spp. thus have biotechnological potential
and ecological interest owing to their ability to
produce cold-active enzymes. Some of these
enzymes may even be implicated in pathogenic-
ity such as in coldwater disease in fish caused by
E psychrophilum.

As a matter of fact, several freshwater species
are (or potentially are) the etiological agents of
fish diseases (see the section Pathogenicity and
Epidemiology in this Chapter), including F
columnare, F. branchiophilum, F hydatis, F
johnsoniae, F psychrophilum and FE succinicans.
Strains of these species have been isolated from
external lesions and internal organs of salmon
and other fish, but in some cases also from the
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surrounding water. The growth requirements of
species such as F. branchiophilum and F. psychro-
philum are rather fastidious (see the section
Isolation and Cultivation in this Chapter),
suggesting their primary habitat could be limited
to the fish tissue environment where they exist
as a parasite or saprophyte depending on the
immunological state of the fish and the virulence
of individual strains. Recent data suggest patho-
gens such as F psychrophilum can survive for
long periods in water, with survival enhanced by
sediment-derived nutrients; a salinity of 6 how-
ever drastically reduces the number of culturable
E psychrophilum cells (Madetoja et al., 2003).
Other species such as F succinicans and F
hydatis are less exacting and thus may be simple

Table 1. Currently recognized species classified in the genus Flavobacterium.*

G+C Number of

Species” Type strain ~ (mol%) Source Reference(s) strains

Flavobacterium JCM 12383 38 Soil, King George Island, Yi et al., 2005 1
antarcticum Antarctica

Flavobacterium ATCC 11947 33 Deep well, United Kingdom Holmes et al., 1984; 1
aquatile "¢ Bernardet et al., 1996

Flavobacterium ATCC 35035 34 Gills of salmon, Japan, 1977 Wakabayashi et al., 1989; 16, 2, 30
branchiophilum ¢ Bernardet et al., 1996

Flavobacterium NCIMB 2248 32 Kidney of salmon, Bernardet and Grimont, 7,5,20
columnare ¢ United States, 1955 1989c¢; Bernardet et al.,

1996

Flavobacterium LMG 21915 34 Microbial mats, Lake Ace, Van Trappen et al., 2003b 14,5, 14
degerlachei Vestfold Hills, Antarctica

Flavobacterium ATCC 27944 35  Freshwater lake, Van der Meulen et al., 1
flevense A-* The Netherlands 1974; Bernardet et al.,

1996

Flavobacterium ATCC 700810 35  Marine sediment, Humphry et al., 2001 1

frigidarium ® Adelaide Island,
Antarctica

Flavobacterium LMG 21922 34  Microbial mats, Watts Lake, Van Trappen et al., 2003b 19,5, 19
frigoris Vestfold Hills, Antarctica

Flavobacterium LMG22022 35 Microbial mats, Lake Fryxell, Van Trappen et al., 2005 3,3,3
fryxellicola Dry Valley, Antarctica

Flavobacterium LMG 21477 30 Microbial mats, freshwater Van Trappen et al., 2003a 22,5,22
gelidilacus and saline lakes, Antarctica

Flavobacterium ACAM 601 32 Sea ice, Prydz Bay, Antarctica McCammon and 1
gillisiae Bowman, 2000

Flavobacterium TAM15099 36 Wastewater treatment plant, Askan et al., 2005 1
granuli beer brewery, South Korea

Flavobacterium ACAM 376 34 Freshwater lake, Antarctica McCammon et al., 1998 2,2,2
hibernum "

Flavobacterium ATCC 29551 34 Gills of salmon, United States,  Strohl and Tait, 1978; 51,5
hydatis A1 1974 Bernardet et al., 1996

Flavobacterium ATCC 17061 35  Soil or mud, United Kingdom  Reichenbach, 1989; 5,11, 30
johnsoniae *1 Bernardet et al., 1996

Flavobacterium JCM 11473 34 River sediment, Ibaraki Tamaki et al., 2003 3,3,3
limicola Prefecture, Japan

Flavobacterium LMG 21919 33 Microbial mats, Grace Lake, Van Trappen et al., 2003b 3,3,3
micromati Vestfold Hills, Antarctica

Flavobacterium AS 1.2747 35 Frozen soil, China No. 1 Zhu et al., 2003 1
omnivorum glacier, Xinjiang, China, 1999

Flavobacterium NCIMB 9059 35 Soil, United Kingdom Reichenbach, 1989; 8,1,8
pectinovorum * Bernardet et al., 1996

Flavobacterium LMG22018 35  Microbial mats, Lake Fryxell, = Van Trappen et al., 2005 4,4, 4

psychrolimnae

Dry Valleys, Antarctica
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Table 1. Continued

G+C Number of
Species® Type strain ~ (mol%) Source Reference(s) strains
Flavobacterium NCIMB 1947 33 Kidney of salmon, Bernardet and Grimont, 7, 6,200
psychrophilum ' United States, 1955 1989c; Bernardet et al.,
1996
Flavobacterium NCIMB 2072 36  River Wey, United Kingdom, Agbo and Moss, 1979; 4,1,4
saccharophilum ™ 1976 Reichenbach, 1989;
Bernardet et al., 1996
Flavobacterium DSM 4002 37  Fin of salmon, United States, Anderson and Ordal, 3,3,3
succinicans " 1954 1961; Reichenbach,
1989; Bernardet et al.,
1996
Flavobacterium ACAM 602 34 Cyanobacterial mat, marine McCammon and 2,1,2
tegetincola salinity lake, Antarctica Bowman, 2000
Flavobacterium AS 1.2749 34 Frozen soil, China No. 1 Zhu et al., 2003 1
Xinjiangense glacier, Xinjiang, China, 1999
Flavobacterium IAM 12026 36 Soil, Showa station, Antarctica, Inoue and Komagata, 1
xanthum ° 1967 1976; Reichenbach,

1989; McCammon and
Bowman, 2000

“|Cytophaga] ATCC 35408 34 Water in air-cooling unit, Liebert et al., 1984; 1
allerginae” Florida Reichenbach, 1989;
Bernardet et al., 1996
“|Flexibacter] ATCC 23086 33 Pool in cathedral, Cartago, Lewin, 1969; 1
aurantiacus subsp. Costa Rica Reichenbach, 1989;
excathedrus” Bernardet et al., 1996
“[Promyxobacterium] DSM 3577 35  Rhizosphere of tomato plant,  Reichenbach, 1989; 1
flavum” Russia Bernardet et al., 1996
“[Sporocytophagal NCIMB 9488 36  Water, Lake Constance, Grif, 1962 2,2,2
cauliformis” Germany Reichenbach, 1989;

Bernardet et al., 1996

Abbreviations: ', type species; A%, the species is cited on the Approved Lists of Bacterial Names (Skerman et al., 1980; Moore
et al., 1985); ACAM, Australian Collection of Antarctic Microorganisms, University of Tasmania, Hobart, Tasmania, Australia;
AS, culture collection of the Institute of Microbiology, Academia Sinica, Beijing, China; ATCC, American Type Culture
Collection, Manassas, VA, United States; DSM, Deutsche Sammlung von Mikroorganismen, Braunschweig, Germany; IAM,
culture collection of the institute of Applied Microbiology, University of Tokyo, Japan; JCM, Japanese Collection of Micro-
organisms, Tokyo, Japan; LMG, BCCM/LMG bacteria collection, Laboratorium voor Microbiologie, University of Gent,
Gent, Belgium; NCIMB, National Collection of Industrial and Marine Bacteria, Aberdeen, Scotland.

* Names in quotation marks have not been validly published. Brackets indicate generically misclassified bacteria. Accession
number is that in the recognized culture collection in which the type strain was first deposited. The origin and G + C content
are those of the type strain. When more than one strain are known, three numbers are given, i.e., the number of strains on
which the original description was based, the number of strains currently available in the largest culture collections (ATCC,
CIP [Collection de I'Institut Pasteur, Paris, France], DSM, LMG, and NCIMB), and the approximate number of strains which
have been included in further studies and which are or may still be maintained in specialized culture collections, respectively.
" Previous names and corrected epithets of species (taken from Euzéby [1997]; List of Bacterial Names with Standing in
Nomenclature) are as stated in footnotes c to o.

¢ “[Bacillus] aquatillis” Frankland and Frandlnad 1889, “Bacterium aquatillis® Chester 1897, “[Flavobacterium) aquatilis”
Bergey et al. 1923, “[ Chromobacterium] aquatilis” Topley and Wilson 1929, and “[ Empedobacter] aquatile” Brisou et al. 1960.
4 Flavobacterium branchiophila Wakabayashi et al. 1989.

¢ “|Bacillus] columnaris” Davis 1922, “[Chondrococcus| columnaris” Ordal and Rucker 1944, [Cytophaga) columnaris Gar-
njobst 1945, Reichenbach 1989, and [Flexibacter| columnaris Leadbetter 1974, Bernardet and Grimont 1989c.

"[Cytophaga] flevensis van der Meulen et al. 1974, Reichenbach 1989.

¢ “Flavobacterium xylanivorum,” name as deposited in the 16S rRNA sequence databases and in the ATCC.

" “Flavobacterium ameridies,” name as deposited in the 16S rRNA sequence databases.

! [Cytophaga) aquatilis Strohl and Tait 1978.

I [Cytophaga) johnsonae Stanier 1947, Reichenbach 1989, and “[Cytophaga) johnsonii” Stanier 1957.

¥ “Flavobacterium pectinovorum” Dorey 1959, “[ Empedobacter] pectinovorum” Kaiser 1961, and [Cytophaga] pectinovora
Reichenbach 1989.

! [Cytophaga) psychrophila Borg 1960, Reichenbach 1989, and [Flexibacter] psychrophilus Bernardet and Grimont 1989c.

™ [Cytophaga] saccharophila Agbo and Moss 1979.

" [Cytophaga] succinicans Anderson and Ordal 1961, Reichenbach 1989, and “[ Flexibacter] succinicans” Leadbetter 1974.

° “|Cytophaga] xantha” Inoue and Komagata 1976.
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Table 2. Habitats which are known to harbor described Flavobacterium species.

Species

Known habitat(s)

E branchiophilum

E columnare
E hydatis
E psychrophilum

FE succinicans

E aquatile
E flevense
E granuli
E johnsoniae

E limicola

E pectinovorum

E saccharophilum

“[Cytophaga) allerginae”

“[Flexibacter] aurantiaus subsp. Excathedrus”
“[Promyxobacterium] flavum”
“[Sporocytophaga] cauliformis”

F antarcticum
E degerlachei
E frigidarium
E frigoris

E fryxellicola
E gelidilacus
E gillisiae

E hibernum
FE micromati
F omnivorum
F tegetincola
F xanthum

F xinjiangense

Freshwater fish

Diseased gills of various fish species; United States, Canada, Hungary,
Japan, and Korea

External lesions and internal organs of many fish species; worldwide

Diseased gills of salmon; United States

External lesions and internal organs of (mostly) salmonid fish; United
States, Canada, Chile, Europe, Japan, Korea, Tasmania

External lesions of salmon and aquarium water (containing salmon);
United States

Temperate freshwater and soil

Well water; United Kingdom

Freshwater and muddy soils, e.g., from Ijsselmeer, the Netherlands

Wastewater treatment plant, beer brewery; South Korea

Soil (as for E pectinovorum),compost, freshwater and freshwater sediment,
also external lesions of various fish species; worldwide

Freshwater river sediment, e.g., from Japan

Temperate, moist, organic-rich soils, e.g., from the United Kingdom

Freshwater sediment; United Kingdom

Water in an air-cooling unit; United States

Freshwater pool; Costa Rica

Rhizosphere of tomato plant; Russia

Freshwater lake (Lake Constance)

Cold environments

Organic-rich soil (penguin habitat); Antarctica

Microbial mats, freshwater lakes; Antarctica

Marine sediment, sea-ice; Antarctica

Microbial mats, freshwater lakes; Antarctica

Microbial mats, fresh/brackish water lakes; Antarctica

Microbial mats, freshwater and saline lakes; Antarctica

Rich basal algal assemblages of sea-ice; Antarctica

Freshwater lakes fed by glacial run-off; Antarctica

Microbial mats, freshwater lakes; Antarctica

Frozen soil, glacier; China

Microbial mats, freshwater to marine salinity lakes; Antarctica

Muddy soil, pond mud, algal mats, freshwater lakes in Antarctica;
freshwater eutrophic lakes in Germany

Frozen soil, glacier; China

freshwater commensals but may possess op-
portunistic pathogenic responses. Strains of FE
columnare also can Kkill cysts of the protistan
pathogen Giardia lamblia in the presence of ele-
vated Ca® ions (Rodgers et al., 2003), suggesting
that the biological interactions of pathogenic and
other Flavobacterium species could be quite
diverse (see the section Applications in this
Chapter).

Other Flavobacterium species appear to be
harmless, chemoheterotrophic species that play
a role in mineralizing various types of organic
matter (carbohydrates, amino acids, proteins,
and polysaccharides) in aquatic ecosystems (see
the sections Identification and Physiology in this
Chapter), although many early reports of bacte-
ria, fungi, dead insects, and nematods being
degraded by so-called “Flavobacterium” in soil
are questionable. A member of the genus Fla-
vobacterium was recently retrieved from paper
mill slime, but its role in the process was not

determined (Oppong et al.,, 2003). The 16S
rRNA gene sequence was the only clue to the
attribution to the genus Flavobacterium of sev-
eral bacterial strains retrieved from the guts of
mosquitoes (Campbell et al., 2004). Some spe-
cies appear to be cosmopolitan (e.g., F johnso-
niae and F xanthum), isolated from different
habitats across several continents; however, the
knowledge of the distribution of most Flavobac-
terium species is severely limited and data for
most species are based only on one survey. In
addition, specific ecological knowledge for most
species is absent, including their specific func-
tional roles and interactions with micro-
organisms and metazoa. The fish pathogens are
exceptions, though even for these the data are
still relatively limited.

Temperate freshwater and freshwater sedi-
ments (groundwater, lakes, rivers and ponds) are
known to be habitats for the species F johnso-
niae, F saccharophilum, E flevense, F limicola
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and F xanthum (Tamaki et al., 2003), while
microbial mats and water of Antarctic olig-
otrophic lakes harbor F tegetincola, F. xanthum,
F. hibernum, F xinjiangense, F gelidilacus, F.
degerlachei, F. micromati, F. frigoris, F fryxelli-
cola and F psychrolimnae (Jaspers et al., 2001;
Van Trappen et al., 2002; Van Trappen et al.,
2003a; Van Trappen et al., 2003b; Pearce, 2003;
Van Trappen et al., 2005; Table 2). The latter set
of species tends to be more cold-adapted than
the temperate species with growth temperature
limits only slightly over 25°C. Soil is also a
habitat for Flavobacterium species including F
pectinovorum, F. johnsoniae and F antarcticum
(Yi et al., 2005). The soils in which they have
been found were moist and organic rich; arid
desert or infertile soils were not known to harbor
Flavobacterium species until a Flavobacterium
sp. was recently isolated from samples of arid soil
(Bodour et al., 2003). Two species, E omnivorum
and F xinjiangense, were isolated from entrained
frozen soil recovered from a glacier in western
China (Xinjiang Province; Zhu et al., 2003). The
soil was frozen into the glacier long in the past
with the freeze-resistant species probably surviv-
ing there ever since. Most bacteria found in
glacial deposits are usually hardy soil-type bac-
teria that are probably distributed into glacial
environments either by wind-dispersion or by
being trapped during one of the past ice ages.
The species E gillisiae and FE frigidarium were
isolated from polar sea-ice, Antarctic marine
salinity lakes, and marine sediment (e.g.,
Bowman et al., 1997; McCammon and Bowman,
2000; Humphry et al., 2001; Brinkmeyer et al.,
2003) and could have a wider distribution in cold
ecosystems. Culture-independent studies using
polymerase chain reaction (PCR)-amplification
and sequencing of cloned 16S rRNA genes so far
indicate Flavobacterium species are more or less
limited to the environments already indicated
above (see the section Identification in this
Chapter). Using phenotypic characteristics and
16S rRNA gene sequences, Zdanowski et al.
(2004) identified several Flavobacterium sp.,
Chryseobacterium sp. and Gelidibacter sp. strains
among the extremely diverse bacterial commu-
nity in penguin guano in Antarctica. Indeed, the
new species F antarcticum was isolated from a
soil sample collected from a penguin habitat (Yi
et al., 2005).

Such artificial, moist environments as air-
cooling units are also colonized by members of
the genus Flavobacterium; for instance, a Fla-
vobacterium sp. strain was involved in several
human cases of respiratory disease which
occurred during the eighties in a United States
textile facility (Flaherty et al., 1984; Liebert et
al., 1984; see the section Pathogenicity and Epi-
demiology in this Chapter). Another, very
unusual environment for Flavobacterium strains
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was discovered when amoebae were shown to
harbor intracellular members of the genus
(Miiller et al., 1999; Horn et al., 2001; see the
section Pathogenicity and Epidemiology in this
Chapter). One of the most recently described
Flavobacterium species, F granuli, was isolated
from anaerobic granules in the wastewater treat-
ment plant of a beer brewing factory in South
Korea (Aslam et al., 2005). These granules, com-
posed of microorganisms, inorganic nuclei and
extracellular polymers, result from the floccula-
tion of sludge in the reactor.

The ecology and habitats of bacterial genera
belonging to the family Flavobacteriaceae were
reviewed by Jooste and Hugo (1999). They were
also extensively described for some of the bacte-
rial species now encompassed in the genus
Flavobacterium by Reichenbach (1989) and in
the chapter The Order Cytophagales in the sec-
ond edition. Many early publications reported
the degradation of food products by poorly
identified “Flavobacterium” strains; however,
these food-related members of the family
Flavobacteriaceae have subsequently been
moved to the genera Bergeyella, Chryseobacte-
rium, Empedobacter, Myroides and Weeksella
(Engelbrecht et al., 1996; Jooste and Hugo, 1999;
see the three corresponding chapters in this
Volume—The Genera Bergeyella and Weeksella,
The Genera Myroides and Empedobacter and
The Genus Chryseobacterium). Flavobacterium
spp. were isolated or identified from their 16S
rRNA gene sequence from poultry and the air of
poultry processing establishments (Geornaras
et al.,, 1996; Ellerbroek, 1997), dairy products
(Cousin, 1982), and traditional alcoholic bever-
ages in Nigeria (Sanni et al., 1999) and Mexico
(Escalante et al.,2004), but the identification pro-
cedure was insufficient to determine whether
these isolates were true Flavobacterium strains
or belonged to other genera in the family Flavo-
bacteriaceae. Bacterial strains, identified as
members of the genus Flavobacterium based on
phenotypical characteristics, were isolated from
the surface and muscle of fresh or ice-stored
sardines, but they were not considered to play
an important role in the spoilage of the fish
(Gennari and Cozzolino, 1989; Elotmani et al.,
2004). This was also the opinion of Gonzailez et
al. (2000) about the F aquatile strain they isolated
from muscle samples of ice-stored rainbow trout.
The isolation of Flavobacterium strains from fish
products is not surprising since they have long
been known to belong to the normal bacterial
flora of freshwater fish and fish eggs. From their
phenotypic traits, the Cytophaga-like strains
reported from the surface of salmonid eggs (Bell
et al., 1971; Barker et al., 1989) and gills (Trust,
1975; Nieto et al., 1984) could actually well
have been Flavobacterium isolates. Unidentified
Flavobacterium strains were also reported from
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egg, skin, gill, and intestine samples (Trust, 1975;
Barker et al., 1989; Nedoluha and Westhoff,
1997; Al-Harbi and Uddin, 2003; Miguez and
Combarro, 2003; Mahmoud et al., 2004), as well
as from the rearing pond water and sediment
(Nedoluha and Westhoff, 1997; Al-Harbi and
Uddin, 2003) of various fish species, but not
from the fish diet (Nedoluha and Westhoff,
1997). Members of the Flavobacterium-
Cytophaga group represented 9% of all bacteria
identified by fluorescent in situ hybridization
(FISH) in the tank water of an eel intensive
culture system, and even higher numbers of the
same organisms occurred in the eel slime
(Moreno et al., 1999).

Isolation and Cultivation

Being classic aerobic chemoheterotrophs, mem-
bers of Flavobacterium species can be readily
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cultivated on several commercially available
organic media. The presence of NaCl and the
concentration of organic extracts strongly affect
growth. This is the major reason growth of fresh-
water species, including the fish pathogens, is
so poor on media such as marine and nutrient
agars that contain substantial amounts of NaCl.
The procedures available for the enrichment,
isolation, and cultivation of some of the bacterial
species now encompassed in the genus Flavobac-
terium were extensively described by Reichen-
bach (Reichenbach, 1989; Reichenbach, 1992);
the corresponding information for the Flavobac-
terium species published since then was included
in their individual descriptions. The cultivation
of bacterial genera belonging to the family
Flavobacteriaceae was reviewed by Jooste and
Hugo (1999). Media and optimal incubation tem-
peratures for known Flavobacterium spp. are
indicated in Table 3. Although they do allow
limited bacterial growth, some incubation tem-

Table 3. Media and incubation temperature for routine cultivation of Flavobacterium species.

Anacker and  Nutrient Trypticase Marine Incubation

Species Ordal’s agar agar soy agar 2216 agar temperature (°C)
Na*-sensitive fish pathogens®

E branchiophilum +° - - - 20-25

F. columnare + - - - 25

F psychrophilum +¢ + - - 15-20
Freshwater and soil species

E aquatile + - w - 25

E fryxellicola + + + - 20

E granuli NT + + NT 25-30

F hibernum + + + - 20-25

F hydatis + + + - 25

E johnsoniae + + + - 25

E limicola + + + - 20

F. omnivorum + + + - 10-15

E pectinovorum + + + - 25

E psychrolimnae + + + - 20

E saccharophilum + + + - 25

F succinicans + + + - 25

E xinjiangense® + w - - 10-25

“|Cytophagal allerginae” + + NT NT 25

“|Flexibacter| aurantiacus subsp. excathedrus” + + NT NT 25

“[Promyxobacterium] flavum” + + NT NT 30

“|Sporocytophaga] cauliformis” + + NT NT 25
Salt tolerant (and most polar) species

F antarcticum + + + + 20

F degerlachei + + + + 20

E flevense + + + + 25

E frigidarium + + + + 15-20

E frigoris + - + + 20

E gelidilacus + + + + 20

E gillisiae + + + + 15-20

F micromati + + w w 20

E tegetincola + + + + 15-20

E xanthum + + + + 15-20

Abbreviations: +, good growth; w, weak or reduced growth; —, no or scant growth; and NT, not tested.
“Fish-pathogenic species will also grow well on Modified Shieh’s medium (Song et al., 1988a).
‘Flavobacterum psychrophilum strains grow better on Anacker and Ordal’s agar containing an enriched amount of tryptone

(e.g., 5 g-liter™) or on Modified Shieh’s agar.

dFor the routine cultivation of F. xinjiangense, PYG agar or broth can also be used (Zhu et al., 2003).
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peratures and media in this table are not recom-
mended for routine cultivation of some species.

All species can be grown conveniently on agar
media although F columnare strains tend to
adhere strongly to the agar surface (see the sec-
tion Identification in this Chapter). Many species
can grow on rich media such as nutrient broth
and agar and trypticase soy broth and agar
(TSA); most of them can also be readily grown
on media containing a lower concentration of
nutrients such as R2A and other media typically
used for growing freshwater bacterial chemohet-
erotrophic species. Flavobacterium omnivorum
and E xinjiangense grow well on rich glucose-
containing media such as peptone-yeast
extract-glucose (PYG; Zhu et al., 2003); this is
presumably also true for other Flavobacterium
species, although glucose does not improve the
growth of E columnare (Song et al., 1988b).
Modified Shiehs (Song et al., 1988b) or Anacker
and Ordal’s media (Anacker and Ordal, 1955),
with incubation at 20°C, can be used for general
cultivation, as almost all Flavobacterium species
should grow well under these conditions. Nutri-
ent, trypticase soy, Marine 2216, and R2A broth
and agar media are commercially available. The
formulae for some of the other media mentioned
are detailed at the end of this section.

Flavobacterium are best isolated directly from
source material (water, mud, soil, fish tissue, etc.)
onto agar media. Selective culturing techniques
generally have not been developed for the
majority of Flavobacterium species, except for
the fish pathogens (see below). The distinctive
yellow pigmentation and shiny, slightly mucoid
appearance of the colonies of most Flavobacte-
rium species provide a direct means for selection
of putative Flavobacterium strains. Further iden-
tification relies then on phenotypic characteris-
tics and 16S rRNA gene sequencing (see the
section Identification in this Chapter).

The isolation procedure used can take advan-
tage of the fact that most Flavobacterium spe-
cies are adapted to cool to cold ecosystems:
incubation temperature thus can be set to 4-
20°C. Indeed, the isolation of Flavobacterium
species from permanently cold ecosystems such
as sea-ice, glacial seawater, and polar lake sam-
ples can be enhanced by a pre-enrichment step
at a low temperature, typically 2-4°C for 1-2
days in a suitable medium. This boosts the pop-
ulations of heterotrophic psychrophilic species,
which respond rapidly to high levels of organic
nutrients. The pre-enrichment culture is then
spread-plated onto the corresponding agar
medium. This process was used for the isolation
of F gillisiae and F tegetincola from Antarctic
ice and water samples using Marine 2216 agar
(McCammon and Bowman, 2000), for the isola-
tion of F xinjiangense and F. omnivorum from
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glacial entrained soil using PYG medium (Zhu
et al., 2003), and for the isolation of several spe-
cies from Antarctic lake algal mat material using
TSA and R2A (Van Trappen et al., 2002).

Some Flavobacterium species can be isolated
on media containing a specific substrate, such as
chitin or pectin (Reichenbach, 1989). Flavobac-
terium frigidarium can be enriched from marine
sediments in a liquid xylan-containing mineral
salts medium,; after several weeks enrichment at
4°C, the species can be isolated and purified
using the same medium solidified with agar
(Humphry et al., 2001).

Understandably, the fish-pathogenic Fla-
vobacterium species (see the sections Habitat
and Ecology and Pathogenicity and Epidemiol-
ogy in this Chapter) have received considerable
attention to develop appropriate isolation media
(Holt et al., 1993; Turnbull, 1993; Wakabayashi,
1993; Austin and Austin, 1999). After the
Anacker and Ordal’s medium (frequently called
“cytophaga medium” in the fish pathology liter-
ature) was first proposed for the cultivation of F.
columnare (Anacker and Ordal, 1955), several
other media were evaluated for improved bacte-
rial growth, including the Shieh’s medium, both
in its original formula (Shieh, 1980) and in a
modified, more simple formula (Song et al.,
1988b), and the tryptone-yeast extract-salts
medium (TYES; Holt, 1988; Holt et al., 1993).
Flavobacterium columnare is usually isolated
from superficial lesions in diseased fish (see the
section Pathogenicity and Epidemiology in this
Chapter) in which many other bacteria also pro-
liferate (Hawke and Thune, 1992; Tiirola et al.,
2002). To prevent the overgrowth of the patho-
gen by saprophytic bacteria and their antagonis-
tic effect (Chowdhury and Wakabayashi, 1989;
Tiirola et al., 2002), selective media were devised
on the basis of the resistance of F. columnare to
neomycin, polymyxin B and tobramycin (Fijan,
1969; Bullock et al., 1986; Griffin, 1992; Hawke
and Thune, 1992; Decostere et al., 1997) and on
its ability to degrade gelatin (Bullock et al., 1986;
Griffin, 1992). One such formula (Selective Flex-
ibacter Medium; Bullock et al., 1986) is given
below. Serial dilution of infected samples has
also been advocated to favor the isolation of fish-
pathogenic Flavobacterium species (Tiirola et al.,
2002). No growth of E columnare was reported
on TSA, nutrient agar or Marine 2216 media. All
E columnare strains are able to grow at 18, 25
and 30°C; some of them may also grow at 15 or
37°C, depending on the temperature of the envi-
ronment they were isolated from (Decostere et
al., 1998; Triyanto and Wakabayashi, 1999).

Many formulae have also been proposed for
the growth of F psychrophilum (Holt et al., 1993;
Madetoja and Wiklund, 2002; Nematollahi et al.,
2003b; Cepeda et al., 2004). Anacker and Ordal’s
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medium has been widely used. To improve the
growth of FE psychrophilum, several modifica-
tions of the original formula have been pro-
posed, such as increasing the tryptone content to
2 gliter (Wakabayashi and Egusa, 1974) or 5
gliter (Bernardet and Kerouault, 1989; Crump
et al., 2001) or adding 10% fetal bovine serum
(Obach and Baudin-Laurencin, 1991; Brown et
al., 1997) or 3% fish blood (Crump et al., 2001).
Daskalov et al. (1999) also reported improved
growth, gliding motility, and pigmentation of FE
psychrophilum when grown in Anacker and
Ordal’s agar and broth supplemented with
skimmed milk and 0.5 gliter”" each of D(+)
galactose, D(+) glusose, and L-rhamnose. The
Shieh’s medium (Shieh, 1980; Holt et al., 1993),
the tryptone-yeast extract-salts medium (TYES;
Holt et al., 1993; Crump et al., 2001), and the
nutrient agar and broth (Secades et al., 2001;
Secades et al., 2003) also give good growth.
Although the growth of E psychrophilum on
TSA was sometimes reported, most authors
agree that no or only negligible growth occurs on
this medium. The isolation of F psychrophilum
from blisters or internal organs usually results in
the growth of pure cultures; but a tobramycin-
containing medium has been proposed to pre-
vent the overgrowth of E psychrophilum by
other bacteria when external lesions are sampled
(Kumagai et al., 2004). This organism is not par-
ticularly fastidious, although its growth is inevi-
tably slower than that of other fish-pathogenic
Flavobacterium species owing to its lower range
of temperature tolerance. Flavobacterium psy-
chrophilum grows at temperatures between 4
and 23°C; most strains do not grow or grow very
weakly at 25°C (Bernardet and Kerouault, 1989;
Holt et al., 1989; Brown et al., 1997; Uddin and
Wakabayashi, 1997), although growth at 25°C
was reported for some strains (Ostland et al.,
1997; Madetoja et al., 2001). Optimum growth
occurs at 15 (Holt et al., 1989) to 20°C (Uddin
and Wakabayashi, 1997). One of the main rea-
sons for trying to improve the yield of F psychro-
philum in culture was to obtain large masses of
bacteria that could be used for preparing a
vaccine against the severe salmonid diseases it
is responsible for worldwide (see the section
Pathogenicity and Epidemiology in this Chap-
ter). Recently, Crump et al. (2001) achieved
large-scale production of E psychrophilum in a
35-liter fermenter containing 28 liters of TYES
broth supplemented with 1% maltose and 0.02%
sodium acetate with stirring and aeration. Sup-
plementation of TYES with 0.5 g1™* glucose also
enhanced the growth of F psychrophilum, result-
ing in improved recovery of the bacterium from
stored cultures and infected fish and in increased
production of biomass in liquid culture (Cepeda
et al., 2004). Standard procedures for such
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investigations of F psychrophilum as experi-
mental infection, antimicrobial susceptibility
testing, and virulence studies require the use of
accurate numbers of viable bacteria. Improve-
ments in the growth media and careful handling
of the bacteria in isotonic suspension media
resulted in predictable production of viable F
psychrophilum cells and allowed an absorbance/
colony-forming-units relation curve to be estab-
lished (Michel et al., 1999). However, as stated
by Faruk (2000): “It should be noted that the
growth of each F psychrophilum isolate dif-
fered considerably. Ideally, a growth curve
should have been prepared for each isolate to
examine individual life cycles of the isolates.” F
psychrophilum may enter a “viable but non-
cultivable” state (Michel et al., 1999; Madetoja
and Wiklund, 2002; Vatsos et al., 2002).

Strains of F johnsoniae (originally isolated
from soil samples on chitin-containing media;
Stanier, 1947; Reichenbach, 1989) and F hydatis
grow well on media with rather low-nutrient con-
tent such as Anacker and Ordal’s and modified
Shieh’s, as well as on more nutrient-rich nutrient
media and TSA, on which they produce flat,
translucent, spreading, pale yellow colonies with
filamentous to rhizoid margins or raised to con-
vex, round to undulate, opaque, bright yellow
colonies with entire to irregular margins, respec-
tively (Strohl and Tait, 1978; Reichenbach, 1989;
J.-F. Bernardet, unpublished data). Hence, these
media are currently used for the isolation of F
johnsoniae strains from fish (Carson et al., 1993),
as well as for the growth of the numerous FE
johnsoniae-like and F hydatis-like strains also
isolated from fish (J.-F. Bernardet, unpublished
data; see the section Pathogenicity and Epidemi-
ology in this Chapter). However, as for F. colum-
nare, these organisms occur in external lesions
and their recovery may be hampered by the pres-
ence of numerous saprophytic bacteria. Given
the very limited impact of these organisms in fish
pathology, no selective medium was devised.
Incubation temperatures of 20-30°C are conve-
nient for routine cultivation.

Flavobacterium branchiophilum is the most
fastidious of all fish-pathogenic Flavobacterium
species (Heo et al., 1990; Turnbull, 1993; Ko and
Heo, 1997; see the section Pathogenicity and
Epidemiology in this Chapter). Growth on
Anacker and Ordal’s agar is slow, with colonies
appearing only after 2-5 days of incubation at
18°C. Colonies are light yellow, translucent, non-
spreading, circular with regular edges; the latter
characteristic is due the absence of gliding motil-
ity in F branchiophilum (Wakabayashi et al.,
1989; Ostland et al., 1994). Growth periods of up
to seven days were used for some studies, and the
enrichment of the medium with serum, gelatin or
starch was suggested (Ko and Heo, 1997). For
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primary isolation from gill samples, Ostland et al.
(1994) plated serial 10-fold dilutions of gill tissue
on Anacker and Ordal’s agar and incubated
the plates at 12 or 18°C for 6-12 days. The
growth of several F branchiophilum strains was
compared on different media: no growth
occurred on TSA, nutrient agar, and Mueller
Hinton; only limited growth occurred on
Anacker and Ordal’s agar enriched to 5 gliter™
of tryptone; growth was distinctly better on orig-
inal Anacker and Ordal’s agar, modified Shieh’s
agar, Microcyclus-Spirosoma agar (medium no.
81 of the National Collections of Industrial, Food
and Marine Bacteria [NCIMB] catalogue of
strains), and Medium for Freshwater Flexibacte-
ria (NCIMB medium no. 218; Lewin, 1969); and
the best growth was achieved on casitone yeast
extract agar (NCIMB medium no. 101; J.-F.
Bernardet, unpublished data). Different temper-
atures were also compared, and the 20-25°C
range was found convenient (J.-F. Bernardet,
unpublished data).

The four invalid taxa which belong to
the genus Flavobacterium, i.e., “[Cytophagal
allerginae,” “[Flexibacter] aurantiacus subsp.
excathedrus,” “| Promyxobacterium] flavum” and
“[Sporocytophaga] cauliformis,” all grow well on
nutrient, Anacker and Ordal’s, and modified
Shieh’s media at 25°C; growth on TSA was not
tested (Reichenbach, 1989; J.-F. Bernardet,
unpublished data).

Anacker and Ordal’s Medium (Anacker and Ordal,
1955)

Tryptone (or pancreatic digest of casein) 05¢g
Yeast extract 05¢g
Beef extract 02¢g
Sodium acetate 02¢g
Agar (optional) 10¢g
Distilled water 1000 ml

Adjust pH to 7.2-7.4 and autoclave 15-20 min at 121°C.

The original recipe, used to grow F columnare
in agar deeps, included 0.4% agar only; in their
1959 publication, the same authors raised the
agar concentration to 0.9% for streaking mate-
rial from lesions of fish (Anacker and Ordal,
1959). However, an agar concentration of 1-
1.5% is recommended for more comfortable
streaking (Wakabayashi and Egusa, 1974;
Bernardet, 1989a; Michel et al., 1999). A selec-
tive medium for the isolation of F. columnare was
obtained by adding neomycin (5 pgml™) and
polymyxin B (200 IU-ml™") to this medium
(Hawke and Thune, 1992), while tobramycin
(5 ugml™) was added to modified Anacker and
Ordal’s medium for the selective isolation of F
psychrophilum (Kumagai et al.,2004). The brand
of beef extract used was shown to influence the
growth of F psychrophilum (Lorenzen, 1993).
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Modified Shieh’s Medium (Song et al., 1988b)

Yeast extract 05¢g
Peptone S5g
Sodium acetate 10 mg
BaCl, - H,O 10 mg
K,HPO, 01g
KH,PO, 50 mg
MgSO, - TH,0O 03¢g
CadCl, - 2H,O 6.7 mg
FeSO, - 7H,O 1.0 mg
NaHCO; 50 mg
Distilled water 1000 ml
Agar (optional) 15¢
Autoclave 15-20 min at 121°C.

The original Shieh’s recipe (Shieh, 1980) was

modified by omitting the glucose, pyruvate and
citrate following the demonstration that these
components did not improve the growth of F
columnare. Decostere et al. (1997) devised a
selective medium for the isolation of F colum-
nare by adding 1 ugml™ of tobramycin to this

medium.

Peptone-Yeast Extract-Glucose (PYG; Zhu et al.,

2003)
Polypeptone Sg
Tryptone 5¢g
Yeast extract 10¢g
Salt solution 40 ml
Agar (optional) 1520 g
Distilled water 910 ml
Salt Solution
CaCl, 02¢g
MgSO, - TH,O 04¢g
K,HPO, 10g
KH,PO, 10g
NaHCO; 10¢g
NaCl 20¢g
Distilled water 1000 ml
Adjust pH to 7.2 and autoclave 15-20 min at 121°C. Add
50 ml of 20% (w/v) D-glucose filter-sterilized stock solu-
tion to each 1 liter of medium following autoclaving.

Selective Flexibacter Medium (Bullock et al., 1986)

Tryptone 20¢g
Yeast extract 05¢g
Gelatin 30¢g
Agar 15¢g
Distilled water 1000 ml

Autoclave 15-20 min at 121°C; when cooled to 45°C, add
filter-sterilized neomycin sulfate (0.004 g).

Tryptone Yeast Extract Salts (TYES; Holt, 1988)

Tryptone 40¢g
Yeast extract 04¢g
MgSO, - TH,O 05¢g
Ca(Cl, - 2H,0 05¢g
Distilled water 1000 ml

Adjust pH to 7.2 and autoclave 15-20 min at 121°C.
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Identification

Characteristics which differentiate members of
the genus Flavobacterium from members of
other genera in the family Flavobacteriaceae are
listed in Table 2 of the chapter An Introduction
to the Family Flavobacteriaceae in this Volume;
those characteristics that differ among species in
the genus Flavobacterium are listed in Table 4
below; see also the section Physiology.

The following description of the genus
Flavobacterium is cited from Bernardet et al.,
1996:

Emended description of the genus Flavobacterium Bergey,
Harrison, Breed, Hammer, and Huntoon 1923. Cells are
rods with parallel or slightly irregular sides and rounded or
slightly tapered ends and usually are 2 to 5 um long and 0.3
to 0.5 pm wide. Under certain growth conditions, some
species may also produce shorter (1-pum) or longer (10- to
40-um) filamentous cells. The longer rods are flexible. Motile
by gliding (this characteristic has not been observed in
Flavobacterium branchiophilum). Flagella are absent. Gram
negative. Resting stages are not known. Intracellular gran-
ules of poly-B-hydroxybutyrate are absent. Colonies are
circular, convex or low convex, and shiny with entire or
wavy edges (sometimes sunken into the agar) on solid
media containing high levels of nutrients. On solid media
containing low levels of nutrients most species also produce
flat or very thin, spreading, sometimes very adherent
swarms with uneven, rhizoid, or filamentous margins. Colo-
nies are typically yellow (they vary from cream to bright
orange) because of nondiffusible carotenoid or flexirubin
types of pigments or both, but nonpigmented strains do
occur. Most species do not grow on seawater-containing
media; an exception to this is Flavobacterium flevense. Most
species are able to grow on nutrient agar and on Trypticase
soy agar. Chemoorganotrophic. Aerobic with a respiratory
type of metabolism. When certain growth factors are pro-
vided, Flavobacterium hydatis and Flavobacterium succini-
cans also grow anaerobically (Anderson and Ordal, 1961;
Chase, 1965; Reichenbach, 1989; Strohl and Tait, 1978).
Peptones are used as nitrogen sources, and NHj is released
from peptones; growth occurs on peptone alone. Acid is
produced from carbohydrates by all species except Fla-
vobacterium columnare and F. psychrophilum. All species
except Flavobacterium pectinovorum decompose gelatin and
casein, and several species also hydrolyze various polysac-
charides, including starch, chitin, pectin, and carboxymethyl
cellulose. Flavobacterium pectinovorum and Flavobacterium
saccharophilum are also agarolytic. Cellulose is never
decomposed. Tributyrin and Tween compounds are decom-
posed. Indole is not produced. Catalase is produced.
Cytochrome oxidase is produced by all species except Fla-
vobacterium saccharophilum.

Menaquinone 6 is the only respiratory quinone. The pre-
dominant fatty acids are 15:0, 15:0 iso, 15:1 iso G, 15:0 iso
30H, summed feature 4 (15:0 iso 20H, 16:1 w7c, or 16:1 07t
or any combination of these fatty acids), 16:0 iso 30H, 17:1
iso m9c, and 17:0 iso 30H. Sphingophospholipids are absent.
Homospermidine is the major polyamine in all 10 Flavobac-
terium species; all species except Flavobacterium branchio-
philum and Flavobacterium saccharophilum also contain
putrescine as a minor component (Hamana and Matsuzaki,
1990; Hamana and Matsuzaki, 1991; Hamana et al., 1995).
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Spermidine and spermine are also minor components in Fla-
vobacterium branchiophilum, while Flavobacterium johnso-
niae is the only member of the genus that contains minor
amounts of agmatine and 2-hydroxyputrescine (Hamana et
al., 1995). The optimum temperature range for most species
is 20 to 30°C; the optimum temperature range for F psychro-
philum is 15 to 18°C.

These organisms are widely distributed in soil and
freshwater habitats, where they decompose organic matter.
Several species are pathogenic for freshwater fish (Flavobac-
terium branchiophilum, Flavobacterium columnare, E psy-
chrophilum) or occasionally are isolated from diseased
freshwater fish (Flavobacterium hydatis, Flavobacterium
johnsoniae, Flavobacterium succinicans). The G+C contents
of the DNAs are 32 to 37 mol%. The type species is Flavobac-
terium aquatile (Frankland and Frankland, 1889) Bergey,
Harrison, Breed, Hammer, and Huntoon 1923.

The publication of sixteen additional Fla-
vobacterium species since 1996 did not challenge
the core of this emended description. However,
additional comments are necessary on some of
the characteristics included; these comments are
cited below in the order of the above comments.

In some Flavobacterium species, spherical
degenerative forms usually considered nonvia-
ble, often referred to as “spheroplasts,” appear in
aging liquid cultures (Reichenbach, 1989); they
were long mistaken for microcysts (Ordal and
Rucker, 1944; Pacha and Ordal, 1970; Bullock et
al., 1971; Farkas, 1985; Fig. 2). They have been
noticed in F columnare (Garnjobst, 1945; Song
et al., 1988a, 1988b; Tiirola et al., 2002; J.-F.
Bernardet, unpublished data), E succinicans
(Anderson and Ordal, 1961), F psychrophilum
(J.-F. Bernardet, unpublished data), F johnso-
niae (Stanier, 1947; Liao and Wells, 1986) and FE
branchiophilum (Ostland et al., 1994).

Few electron microscopy studies have been
performed on members of the genus Flavobacte-
rium. Reichenbach (1989) reviewed the early

Fig. 2. Spheroplasts of F columnare. Spherical degenerative
forms called “spheroplasts” appeared as soon as 24 h in this
shaken Anacker and Ordal’s broth culture incubated at room
temperature (phase-contrast microscopy, x1000).



Table 4. Differentiating characteristics among the valid species in the genus Flavobacterium.

antar- E branchio- E deger- E frigid- E E E FE

cticum aquatile philum columnare lachei flevense arium frigoris fryxellicola  gelidilacus  gillisiae
Habitat Polar Temperate  Temperate Temperate Polar Temperate Polar Polar Polar Polar Sea ice

soil freshwater  freshwater freshwater saline freshwater marine freshwater freshwater  freshwater
lakes sediment and saline lakes and saline
lakes lakes
Morphology of Convex, Low Low Flat, Flat, Low Flat, Flat, round, Flat, Flat, ND
the colonies on round convex, convex, adherent round, convex, round, with entire round, round,
Anacker and with round, round, to the agar, with round, with margins with with
Ordal’s agar entire with entrie  with entire  with rhizoid entrie sunken entire entire entire
margins margins margins margins margins into the margins margins margins
agar

Gliding motility - + - - + - - — v _
Congo red - - - - - 42 - - — ND
absorption
Flexirubin type - - - + - - - - - - _
pigment
Growth on
Marine agar - - - + + + _ + +
Nutrient agar + - - + + - +
Trypticase-soy +) - - + + ) + +
agar
Growth at:
20°C + + + + + + + + + + +
25°C - + + - - (G} + )
Glucose utilization - ND ND - + + + + + - +
Acid produced (+) + + - = + - - - — +
from
carbohydrates
Degradation of
Gelatin + + - - - - v -
Casein + - - + - + +
Starch - + - + + - + - + +
Carboxymethyl - - - - - - - - - — _
cellulose
Agar - - - - - + - — — - —
Alginate - ND ND ND - - ND - - - ND
Pectin - ND ND ND - + - — - - -
Chitin - - - - - — - _ _ _ +
Esculin - + - - + + + + + - +
DNA + - - + - - - - - - -
Urea - - - - - - - — — — —
Tween compounds + + + ND + ND ND ND ND +
Tyrosine - + - - — — + _ _ _
Brown diffusible (+) - - v - - - - - — -
pigment on
tyrosine agar
Precipitate on - + + + - - - - - — —
egg rolk agar
Hydrolysis of - + + - - + - - - - —
o-nitrophenyl-
b-D-
galactopyranoside
Production of
Cytochrome + + + + + + + + + + -
oxidase
Hydrogen sulfide - - - - - - - - — _
Nitrate reduction - + - - — - v - — _
Susceptibility to ND - + + ND + ND ND ND ND -
the vibriostatic
compound 0/129°
Range of G+C 38 32(33)°  29-31(33-34) 30 (32-33) 34 33-35 35 34 35 30 32

content (mol%)

Symbols: +, all strains positive; —, all strains negative, (+) weak or delayed positive response; v, variable among strains; V, variable among references; and ND, no data

available.

*“There seemed to be absorption of Congo red by the colonies” (Humphry et al., 2001).

"Diffusion method, 500-mg disks.
“The values cited in parentheses are those determined by Bernardet et al. (1996) when different from previously published values.

From Anderson and Ordal (1961); van der Meulen et al. (1974); Christensen (1977); Strohl and Tait (1978); Agbo and Moss (1979); Oyaizu and Komagata (1981);
Holmes et al. (1984); Bernardet (1989); Bernardet and Grimont (1989); Reichenbach (1989); Wakabayashi et al. (1989); Carson et al. (1993); Bernardet et al. (1996);
McCammon et al. (1998); McCammon and Bowman (2000); Humphry et al. (2001); Tamaki et al. (2003); Van Trappen et al. (2003a,b); Zhu et al. (2003); Aslam et al.,
2005; Van Trappen et al., 2005; Yi et al., 2005 and J.-F. Bernardet, unpublished data.



E hiber- E E F E omni-  pectino-  psychro-  psychro-  saccharo- F tegetin- E xinjian-
granuli num hydatis Jjohnsoniae  limicola micromati  vorum vorum limnae philum philum succinicans ~ cola  xanthum  gense
Waste-  Polar Temperate Temperate Cold Polar Frozen Temperate Polar  Temperate Temperate Temperate Polar Polar Frozen
water fresh-  freshwater soil and fresh-  freshwater  soil soil fresh-  freshwater freshwater freshwater saline soil soil

treatment water freshwater ~ water  and saline water lake
plant lake lakes lakes
ND ND Flat, Flat, ND Flat, ND Low Convex, Low Flat, Flat, ND ND ND
spreading, spreading, round, convex, round, convex,  spreading, spreading,
with with with round, with round, sunken with
filamentous filamentous entire with entire  with entire  into the  filamentous
margins margins margins entire margins  or uneven agar margins
margins margins

- + + + - - - + - +) + + + - -

- - - - + - ND - - - - - ND ND ND

- + + + - - - + - + + - - - -

ND - (+) - - + -
+ + + + + + +)

+ + + +) + - + + -

+ + + + + - + + + + + + -

+ + + + (+) - + + v + (+) (+) -

+ + + + - + + + - + + + +

- + + + - - - + - - ND + + + -

- + + - - + - (+) -

- + + - + + + + -

- + + - + + + + -

- + - + + - (+) (+) - - -

— _ — _ + _ _ _ — + _ _ _ _

ND - - + - - + + - - ND ND ND ND -
ND - + + - - + + - - + ND - -
- (+) + - - + + - - - - -
ND + + + + + + + - + + - +
- + + - - + - +) - + - - -
+ - - + + - - - - - - - - - -
ND + - ND - + ND + + + + -
- + + - - + - - - - -
ND v + - - - - - - - - - -

— — — _ — _ _ _ _ + _ _ _ _ _

+ + + + - - + + + - + + - - -

+ v + + + + + \ + +) - \% - + +

- - - - - - - - - - - - + +

- + + v - - + + - - v - -

ND ND - - ND ND ND + ND + + - - ND

36 34 32-34 33 (35) 34-35 33 35 34 (35) 34 32(33-34) 32-36(36) 38(35-37) 34 36 34
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studies, and some of the recently described
species, namely E branchiophilum (Wakabayashi
et al., 1989; Ostland et al., 1994; Ko and Heo,
1997), E frigidarium (Humphry et al., 2001), F
limicola (Tamaki et al., 2003) and F. xinjiangense
and F omnivorum (Zhu et al., 2003), were also
investigated using transmission electron micros-
copy. These studies revealed a structure of the
cell wall typical of Gram-negative bacteria. Fla-
vobacterium branchiophilum and F frigidarium
exhibit fimbria-like structures (Heo et al., 1990;
Humphry et al., 2001). Nonflagellar appendages
were also found in F aquatile; nonfunctional
pseudoflagellar structures were noticed in the
same species, but this was not confirmed by fur-
ther investigations (see Holmes et al. [1984] and
references therein). A capsule was evidenced in
E columnare and F frigidarium using electron
microscopy and biochemical studies (Decostere
et al., 1999; Humphry et al., 2001; MacLean et
al., 2003); conventional microscopy also showed
E hibernum cells have a thick capsule when
grown at 4°C (McCammon et al., 1998). Most of
the newly described Flavobacterium species
do not exhibit gliding motility; in F gelidilacus,
gliding motility is a strain-dependent character-
istic (Van Trappen et al., 2003a). In this species
and in F hibernum, gliding only occurs on nutri-
ent-poor media (McCammon et al., 1998; Van
Trappen et al., 2003), which is consistent with
previous reports on other Flavobacterium spe-
cies (Reichenbach, 1989; Bernardet et al., 1996;
Bernardet et al., 2002). F psychrophilum is con-
sidered a poor glider, although gliding motility
was indeed observed on some strains (Schmidtke
and Carson, 1995; Lumsden et al., 1996; Ostland
et al., 1997; Lee and Heo, 1998; Madetoja
et al., 2001); however, E psychrophilum usually
exhibits only a slow and weak gliding motility
compared to other gliding Flavobacterium
species (Bernardet and Kerouault, 1989;
Cipriano et al., 1995; lida and Mizokami, 1996).
Flavobacterium pectinovorum was the only
species able to grow on marine media among the
ten Flavobacterium species known in 1996.
Except F antarcticum, the Flavobacterium spe-
cies which were isolated from soil or freshwater,
i.e. E hibernum, FE limicola, F. omnivorum, F
xinjiangense, F. granuli, F. fryxellicola and E psy-
chrolimnae, cannot grow on marine media. All
other newly described Flavobacterium species
(i.e., E degerlachei, F. frigidarium, F frigoris, F.
gelidilacus, F. gillisiae, F. micromati, F. tegetincola
and F. xanthum) were retrieved from marine or
saline environments and are consequently able
to grow on marine media (McCammon et al.,
1998; McCammon and Bowman, 2000; Humphry
et al., 2001; Tamaki et al., 2003; Van Trappen et
al., 2003a; Van Trappen et al., 2003b; Zhu et al.,
2003; Aslam et al., 2005). However, since most
of them do not require NaCl for growth, they
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were described as merely halotolerant, not halo-
philic organisms. The range of NaCl concentra-
tions they tolerate varies widely among species;
in the case of F frigidarium, it also varies with
the composition of the growth medium used
(Humphry et al., 2001). NaCl inhibits the growth
of E limicola, although it may tolerate up to
1.5% NaCl (Tamaki et al., 2003). Although dif-
ferent terms are sometimes used (e.g., chemohet-
erotroph [McCammon and Bowman, 2000;
Tamaki et al., 2003] and heteroorganotrophic
[Zhu et al., 2003]), all Flavobacterium species
described since 1996 are chemoorganotrophic
and strictly aerobic. Flavobacterium branchio-
philum was confirmed as an obligate aerobe
(Ostland et al., 1994) rather than a facultative
anaerobe as previously reported (Ferguson et
al.,, 1991). No growth factors are necessary;
however, growth may be stimulated by various
mineral or biological compounds, e.g., vitamins
for F gillisiae (McCammon and Bowman, 2000),
yeast extract for F. limicola (Tamaki et al.,2003),
and fetal bovine serum and trace mineral
elements for F psychrophilum (Michel et al.,
1999).

In the emended description of the genus Fla-
vobacterium (Bernardet et al., 1996), indole pro-
duction was negative and catalase production
positive for all ten species; this is still the case for
the sixteen Flavobacterium species described
since then. However, the production of catalase
is weak in some Flavobacterium species (e.g., F
psychrophilum; Bernardet and Kerouault, 1989);
in such cases, the production of oxygen bubbles
by bacteria flooded with oxygen peroxide should
be tested on fresh colonies and checked under a
stereomicroscope (x20). Characteristics that are
variable between Flavobacterium species (i.e.,
degradation of various polysaccharides, casein
and gelatin, production of acid from carbohy-
drates, and production of cytochrome oxidase)
are listed in Table 4. Surprisingly, even though
several among the newly described Flavobacte-
rium species originate from marine environ-
ments, the only new agarolytic species is E
limicola, isolated from freshwater (Tamaki et al.,
2003). Tween 80 was decomposed by all ten Fla-
vobacterium species in 1996. Although this char-
acteristic was not tested for all newly described
species, F limicola, F. omnivorum and F xinjian-
gense do not decompose this compound (Tamaki
et al., 2003; Zhu et al., 2003), contrary to F
antarcticum (Yi et al., 2005). The decomposition
of tributyrin, a trait for which all ten Flavobacte-
rium species gave a positive reaction, was not
tested in the sixteen new species. Flavobacterium
limicola, F. johnsoniae and F granuli were
also shown to be the only urea-hydrolyzing
Flavobacterium species among those tested
(Reichenbach, 1989; Carson et al., 1993; Tamaki
et al., 2003; Aslam et al., 2005). The overall fatty
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acid profiles of the Flavobacterium species
described since 1996 resemble those of the ten
previously known species, with only slight dis-
crepancies in the major and minor constituents
(McCammon et al, 1998; McCammon and
Bowman, 2000; Humphry et al., 2001; Tamaki et
al., 2003; Van Trappen et al., 2003a; Van Trappen
et al., 2003b; Zhu et al., 2003). Only E hibernum
and F xanthum have been tested for their
polyamine composition; homospermidine is still
the only or major polyamine in these two species
(Hamana and Nakagawa, 2001). The low opti-
mum temperature range for F psychrophilum,
which was an exception in the 1996 genus
description, is now shared by all new species; this
is not surprising since they were all retrieved
from cold environments. (Flavobacterium gran-
uli, isolated from a wastewater treatment plant,
is an exception; it grows at 37°C and maybe more
(Aslam et al., 2005). Their optimum temperature
varies from 11°C for FE omnivorum and FE xin-
jiangense (Zhu et al., 2003) to 26°C for F hiber-
num (McCammon et al., 1998) and is around 15—
20°C for all other species. The lowest tempera-
ture for growth is 0°C for FE gillisiae, F teget-
incola, and F limicola (McCammon and
Bowman, 2000; Tamaki et al., 2003), lower than
0°C for F frigidarium and F xanthum (McCam-
mon and Bowman, 2000; Humphry et al., 2001),
and as low as —7°C for F hibernum (McCammon
et al., 1998). All E columnare strains tested are
able to grow at 18 and 30°C, but only some of
them grow at 15 or 37°C (Triyanto and Wakaba-
yashi, 1999); strains of F. psychrophilum usually
grow at 4-23°C (Holt et al., 1989; see the sections
Isolation and Cultivation and Pathogenicity
and Epidemiology in this Chapter). Cold and
polar (as well as marine or saline) environments
must be added to the temperate soil and fresh-
water habitats listed in the 1996 description,
but no other fish-pathogenic Flavobacterium
species was described. Since the G+C content of
E gelidilacus is around 30 mol% (Van Trappen
et al., 2003b), the range of G+C content for spe-
cies in the genus Flavobacterium is now 30-37
mol%. Although slightly lower (29 mol% for
some F branchiophilum strains; Wakabayashi et
al., 1989) and higher (38 mol% for F succinicans;
Anderson and Ordal, 1961) values were
reported, they have subsequently been re-
evaluated (Reichenbach, 1989; Bernardet et al.,
1996).

In the minimal standards proposed for
describing new genera and species in the family
Flavobacteriaceae (Bernardet et al., 2002), par-
ticular methods were suggested to determine
some of these phenotypic properties since the
conditions in which the tests are performed
are critical. These procedures (updated from
Bernardet et al., 2002) are listed below in the
order shown in Table 4.
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Colony Morphology and Gliding Motility

Provided identical growth conditions are used,
colony morphology may help in differentiating
between Flavobacterium species (Reichenbach,
1989; J.-F. Bernardet, unpublished results).
Characteristics such as iridescent waves (Fig.
3A) and spreading (Figs. 3B and 3C) to rhizoidal

Fig. 3. Colonies of E psychrophilum.Typical yellow, circular,
convex, nonadherent colonies of F psychrophilum after a
five-day incubation on Anacker and Ordal’s agar (containing
0.5% tryptone instead of 0.05%) at 18°C; under the stere-
omicroscope and oblique transillumination, shiny, iridescent,
kaleidoscopic waves are clearly visible (A; size of the colo-
nies is ~1-3 mm). Colonies of another strain, observed under
the same conditions, exhibit zones of thin bacterial growth
spreading from otherwise entire edges (B; size of the colonies
~0.5-1.5 mm). On the same Anacker and Ordal’s agar plate
(5 days, 18°C), two FE psychrophilum strains exhibit very
different colony types: at the bottom of the photograph, the
type strain NCIMB 1947" produced typical circular colonies,
whereas at the top another strain produced flat spreading
colonies (C).
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edges (Figs. 4A to 4F) are best revealed under
stereomicroscopic examination (x20) through
oblique transmitted light (Anderson and
Ordal, 1961; Bernardet, 1989b; Bernardet and
Kerouault, 1989). Different strains of F colum-
nare, E psychrophilum, F. pectinovorum and F
succinicans may produce different colony types,
i.e., compact with regular margins or spreading
with uneven to rhizoid margins (Fig. 3C); some
strains may even exhibit different colony types
on the same agar plate (Anderson and Ordal,
1961; Bernardet, 1989a; Bernardet, 1989b;
Bernardet and Kerouault, 1989; Schmidtke and
Carson, 1995; Lee and Heo, 1998).

Anacker and Ordal’s medium (see the section
Isolation and Cultivation in this Chapter) is rec-
ommended to observe the typical spreading or
swarming colonies exhibited by most gliding
Flavobacterium species (Holmes et al., 1984;
Bernardet, 1989a; Bernardet, 1989b; Bernardet
and Kerouault, 1989; see the section Isolation
and Cultivation in this Chapter). Under direct
microscopic examination, their rhizoid or fila-
mentous margin is composed of numerous bac-
terial cells, alone or in small groups, slowly
gliding on the wet surface of the agar and pro-
gressing towards the periphery (Fig. 4F). Gliding
may be readily observed; in other cases, the slime
tracks left on agar by gliding cells are clearly
visible (Burchard, 1981; Reichenbach, 1992;
J.-F. Bernardet, unpublished data; Fig. 4G). The
cells are able to glide either as single cells or as
groups of cells. In this sense, their behavior is
strikingly similar to the “A” (adventurous) and
“S” (social) motility of Myxoccoccus xanthus,
referred to in the chapter on The Myxobacteria
in this Volume.

Information on gliding motility, methods
available to observe it in liquid and solid cul-
tures, and the relationship among gliding, pro-
duction of slime, and adherence are given in
Bernardet et al. (2002) and in the chapter An
Introduction to the Family Flavobacteriaceae in
this Volume.

Adherence of colonies to the agar is also a
useful feature; it can be determined by trying to
collect colonies on agar plates with a loop. Col-
onies of F pectinovorum merely exhibit a sticky
or mucoid consistency, while separating colonies
from agar can be nearly impossible in some
Flavobacterium columnare strains (Garnjobst,
1945); adherence of this pathogen to fish tissue
is considered an important virulence factor (see
the section Pathogenicity and Epidemiology in
this Chapter). However, adherence may be lost
after several subcultures: the National Collec-
tions of Industrial, Food, and Marine Bacteria
(NCIMB, Aberdeen, Scotland) replaced its cul-
ture of the F columnare type strain (NCMB
1038") by an adherent subculture (NCIMB
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2248") after the original one lost its typical
adherence. Adherence is also exhibited by F
columnare cells in still or slowly agitated liquid
cultures: yellow filamentous clumps or tufts of
bacterial cells adhere at the surface of the glass
flask, forming a thick ring at the upper level of
the liquid medium (Fig. 5). When the liquid
culture is agitated using a magnet, the latter
may be completely covered by these adherent
clumps (Garnjobst, 1945; Shamsudin and Plumb,
1996; Newton et al., 1997; Decostere et al., 1998;
J.-F. Bernardet, unpublished results).

Such clumps (as well as the warty center of
some colonies and the “columns” of bacterial
cells that appear on infected tissue; see the
section Pathogenicity and Epidemiology in this
Chapter) were already noticed in early studies
and mistaken for fruiting bodies. This confusion,
together with that of the spheroplasts for micro-
cysts, led early authors to assign F columnare to
the myxobacteria, and hence the long used epi-
thet “[Chondrococcus| columnaris” (Ordal and
Rucker, 1944; Pacha and Ordal, 1970; Bullock et
al., 1971). Conversely, Garnjobst correctly iden-
tified the spheroplasts and, since she did not
observe fruiting bodies, she ascribed this organ-
ism to the genus Cytophaga, which was indeed
much closer to the currently accepted taxonomic
affiliation (Garnjobst, 1945).

Adsorption of Congo Red

Congo red adsorption is tested by directly flood-
ing some colonies on the agar with a few drops
of a 0.01% aqueous solution of the dye; after
about two min, the dye is gently rinsed with
water and the color of these colonies compared
to that of control colonies not covered with the
dye (Fig. 6). In the case of Flavobacterium
columnare, the Congo red-staining material has
been shown to be an extracellular galactosamine
glycan in the slime (Johnson and Chilton, 1966).

Congo red may also be included in the agar;
FE columnare colonies growing on this medium
are red (P. Koski, personal communication).
However, when F psychrophilum was tested on
a Congo red-containing agar, bacterial growth
was strongly inhibited by the dye (Crump et al.,
2001). Among the tested Flavobacterium species
described since 1996, only colonies of F limicola
and E frigidarium were shown to adsorb Congo
red (Humphry et al., 2001; Tamaki et al., 2003).
For the latter species, this trait was actually not
definitely demonstrated since the authors care-
fully stated that “There seemed to be absorp-
tion of Congo red by colonies . ..”; in the same
study, Congo red was also used to reveal the
xylanase activity of the isolate (Humphry et al.,
2001).



Fig. 4. Colonies of F columnare. Grown on Anacker and Ordal’s agar at 22°C for three days, a F. columnare strain produced
typical pale yellow, flat, dry, rhizoid and adherent colonies (A; field of the view: approx. 5 x 3 cm). The rhizoid aspect of the
edges is better seen under the stereomicroscope and oblique transmitted illumination: B and C, moderately rhizoid colonies,
and D and E, very rhizoid colonies (size of the colonies: approx. 5 mm). Phase-contrast microscopy reveals groups of parallel
bacterial cells spreading from the edge of a colony of the F columnare type strain, NCIMB 2248" (F; field of the view: approx.
0.2 x 0.14 mm). When growth and optical conditions are favorable, the observation of the edge of a F columnare colony on
Anacker and Ordal’s agar under phase-contrast microscopy (x40) may reveal the slime tracks left by groups of bacterial cells
gliding at the surface of the agar (G).
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Fig.5. Adherence of F. columnare. A F. columnare strain was
cultivated for three days at 25°C in 1 liter of Anacker and
Ordal’s broth (enriched to 0.5% tryptone instead of 0.05%)
with gentle orbital shaking. Numerous filamentous clumps of
bacteria adhered to the glass, forming a ring at the top edge
of the broth surface (A) and carpeting the walls of the flask
(B shows the bottom of the tilted flask).

Determination of Pigment

Information on the different types of pigment
produced by members of the family Flavobacte-
riaceae and on methods to identify these pig-
ments is given in Bernardet et al. (2002). Briefly,
an easy although not absolutely specific method
to demonstrate the production of flexirubin type
pigments is to flood a mass of bacterial cells col-
lected on agar with 20% KOH and to compare
the resulting color with that of a control mass
that has not been flooded with KOH. When the
yellow color of the strain is caused by flexirubin
type of pigments, the mass immediately turns
dark red, purple or brown (Reichenbach, 1989;
Fig. 7). When the yellow color is presumably
caused by carotenoid type of pigments, no color
change develops.

Several other KOH techniques were pro-
posed. For example, KOH may be directly
poured over colonies on an agar plate (e.g.,
Crump et al., 2001). However, the resulting
color-shift may pass unnoticed on a thin layer of
bacteria (Cipriano et al., 1996); this was probably
why FE psychrophilum was first considered
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Fig. 6. Congo red test. The color of rhizoid F columnare
colonies was checked after flooding the colony on the right
hand side with an aqueous 0.01% Congo red solution and
gentle rinsing using distilled water: the colony has adsorbed
the red dye, demonstrating the presence of a galactosamine
glycan component in the bacterial slime (field of the view:
approx. 5 x 3 cm).

devoid of flexirubin type pigments by some
authors (e.g., Holt, 1988). Alternatively, a loopful
of bacterial cells may be streaked onto filter
paper soaked in 1IN NaOH (Brown et al., 1997).
A “string test” was also proposed (Cipriano
et al., 1996). Finally, the KOH test may be per-
formed after methanol/chloroform extraction of
the pigments from the pellet of a liquid culture
(Maeda et al., 1998). The genus Flavobacterium
includes carotenoid-producing and flexirubin-
producing species, as well as species that produce
both types of pigments (Reichenbach, 1989;
Bernardet et al., 1996). The more frequent asso-
ciation of carotenoid pigments with marine
species and flexirubin pigments with freshwater
or soil organisms (Reichenbach, 1989) is not
especially clear for members of the genus
Flavobacterium: the yellow color of F frigidar-
ium and F gillisiae, the only species originating
from marine environments, is indeed caused by
carotenoid pigments, but several other Flavobac-
terium species produce this type of pigment even
though they occur in nonmarine environments
(Table 4).

Degradation of Cellulose and
Cellulose Derivatives

Some species in the family Flavobacteriaceae
degrade soluble cellulose derivatives such as
carboxymethylcellulose or hydroxyethylcellu-
lose but, since enzymes other than cellulases can
degrade these compounds, this does not demon-
strate that these species are cellulolytic. The
decomposition of crystalline cellulose (i.e., filter
paper) requires the production of a specific cel-
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Fig. 7. KOH test for the detection
of flexirubin type pigments. After
two masses of bacterial cells of
Flavobacterium  columnare, F
psychrophilum and Tenacibaculum
maritimum were deposited on a
glass slide, those on the right hand
side were flooded with a drop of
20% KOH. The immediate color
shift from yellow to brownish pink
of the two Flavobacterium strains
revealed the presence of flexi-
rubin type pigments, whereas the
unchanged cream color of the
Tenacibaculum strain suggested
that it is rather due to carotenoid
type pigments.

Tenacibaculum maritimum

lulase, and hence only strains able to degrade
filter paper should be regarded as cellulose
degraders (Reichenbach, 1989). The ten Fla-
vobacterium species known in 1996 were consid-
ered unable to degrade crystalline cellulose and
this inability has subsequently been confirmed in
members of the recently described Flavobacte-
rium species (J. P. Bowman, unpublished results).
Hence, this characteristic distinguishes members
of the genus Flavobacterium from those of the
genus Cytophaga, now restricted to cellulolytic
organisms (Nakagawa and Yamasato, 1996). Two
recent publications may challenge this clear-cut
distinction. The degradation of cellulosic plant
fibers by a number of soil organisms was
investigated, and nine cellulolytic isolates were
assigned to F johnsoniae (Lednicka et al., 2002).
However, these strains were exclusively identi-
fied through fatty acid analysis, a technique that
is considered to provide taxonomic information
mainly at the generic level in the family
Flavobacteriaceae (Bernardet et al., 2002). A
cellulose-degrading bacterial strain isolated from
freshwater proved capable of Kkilling the cyst
form of the protozoan parasite Giardia lamblia;
the determination of the sequence of its 16S
rRNA showed a close relationship with those
of several E columnare strains, and the isolate
shares a number of phenotypic traits with this
species (Rodgers et al., 2003). Although some
other traits as well as the G+C content were
at variance with F columnare, and although a
high 16S rRNA homology does not guarantee
conspecificity (Bernardet et al., 2002), it is still
likely this isolate indeed belongs to the genus
Flavobacterium or at least to the family
Flavobacteriaceae.

Flavobacterium columnare

Flavobacterium psychrophilum
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Several Flavobacterium species are able to
degrade various cellulose derivatives, carboxym-
ethylcellulose (CMC) being the most frequently
tested (Table 4), for instance, on a 0.5% CMC
overlay agar (McCammon et al., 1998). Alterna-
tively, 3% of high viscosity CMC sodium salt may
be added to any liquid medium with a rather
low nutrient content (e.g., Anacker and Ordal’s
medium; see the section Isolation and Cultiva-
tion in this Chapter); the medium is homoge-
nized by vigorous shaking, distributed in deep
glass tubes, and autoclaved. After the gelified
medium was inoculated and incubated for sev-
eral days, its consistency is compared to that of
a control, uninoculated, tube. Depending on the
ability of the strain to degrade CMC, the medium
may be partially or totally liquefied (Bernardet,
1989a; Van Trappen et al., 2003a; Van Trappen et
al., 2003b; Fig. 8).

Degradation of Other Biomacromolecules

The degradation of biomacromolecules other
than those mentioned above, particularly
polysaccharides and proteins, by bacterial
species now included in the genus Flavobacte-
rium was extensively reviewed by Reichenbach
(1989). The degradation of various macromo-
lecules has also been reported in recently
described Flavobacterium species (Table 4).
Most Flavobacterium species are able to degrade
a variety of polysaccharidic components of algae,
plants, fungi, or insects such as agar (Fig. 9),
alginate, chitin, laminarin, pectin, xylan, etc.
(Stanier, 1947; Van der Meulen et al., 1974; Liao
and Wells, 1986; Reichenbach, 1989; Humphry
et al., 2001).
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Fig. 8. Hydrolysis of carboxymethylcellulose. Each tube con-
tained 10 ml of Anacker and Ordal’s broth gelified with 3%
high-viscosity CMC. The tube at the bottom of the figure was
an uninoculated control, whereas the two other tubes were
inoculated and incubated at 22°C for three days. The tubes
were then tilted to reveal the consistency of the medium.
Inoculated with Pedobacter heparinus, which did not hydro-
lyze CMC, the medium in the middle tube had the same
consistency as that in the control tube. Conversely, the F
johnsoniae strain inoculated in the upper tube completely
hydrolyzed CMC, turning the medium to liquid.

Interestingly, the fish pathogens F columnare
and F psychrophilum have long been con-
sidered unable to degrade any polysaccharide
(Bernardet and Grimont, 1989). However, it was
later discovered that they are actually able to
degrade some particular complex acidic poly-
saccharides of connective tissue such as chon-
droitin sulfate and hyaluronic acid (Otis, 1984;
Griffin, 1991; Teska, 1993; Stringer-Roth et al.,
2002). Degradation of chondroitin sulfate was
even included in an identification scheme for
F  columnare (Griffin, 1992). Hence, these
polysaccharide-degrading enzymes likely partic-
ipate in the severe skin and muscular necrotic
lesions that frequently occur in infected fish (see
the section Pathogenicity and Epidemiology in
this Chapter) in combination with the various
extracellular proteases also produced by F
columnare and FE psychrophilum. These pro-
teases, considered important virulence factors,
are able to degrade components of muscle,
cartilage, and connective tissue such as elastin,
type IV collagen, fibrinogen, gelatin, laminin,
fibronectin, actin and myosin (Otis, 1984; Holt,
1988; Bertolini and Rohovec, 1992; Bertolini et
al., 1994; Nomura and Ohara, 1994; Newton et
al., 1997; Ostland et al., 2000; Secades et al., 2001;
Secades et al., 2003). The two metalloproteases
purified from F psychrophilum, produced under
different physiological conditions, exhibit a
broad range of hydrolytic activity and are
adapted to low temperatures, being optimally
produced at 12°C (Secades et al., 2001; Secades
et al., 2003). Ostland et al. (2000) demonstrated
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Fig. 9. Hydrolysis of agar. After a four-day incubation at
22°C on Anacker and Ordal’s medium with 1.2% (w/v) agar,
E flevense has hydrolyzed the surrounding agar: colonies are
situated in the center of shallow craters (Fig. 9B), under and
around which the agar is softened and more transparent;
hence the clear halos surrounding colonies (Fig. 9A).

that in vitro casein-, gelatin- and collagen-
degrading activities of F psychrophilum strains
were associated with their ability to produce
muscle necrosis when injected in rainbow trout.
Interestingly, the optimum temperature for pro-
tease production was consistently 4-9°C below
the optimum temperature for growth for all
strains tested (Uddin and Wakabayashi, 1997).
The low temperature of protease production
may be related to the range of temperature at
which outbreaks of the diseases caused by F psy-
chrophilum in salmonid fish occur (see the sec-
tion Pathogenicity and Epidemiology in this
Chapter). In F branchiophilum, the extracellular
products contain a protease, a phosphatase, and
a phosphoamidase but no hemolysin or endot-
oxin; when juvenile rainbow trout were
immersed in the extracellular products, gill
lesions similar to those which occur during the
natural infection were observed (Ototake and
Wakabayashi, 1985; see the section Pathogenic-
ity and Epidemiology in this Chapter). As
in many microorganisms adapted to cold
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environments, the production of the extracellu-
lar protease found in F limicola is enhanced at
low temperatures (Tamaki et al., 2003).

Production of Cytochrome Oxidase

Although the different techniques available to
detect the production of cytochrome oxidase
have not been compared on all Flavobacterium
species, it has been demonstrated that the pre-
sence of cytochrome oxidase was more readily
evidenced in F columnare and F psychrophilum
using discs impregnated with dimethyl-p-
phenylene diamine oxalate than using liquid
tetramethyl-p-phenylene diamine dihydrochlo-
ride reagents (Koski et al., 1993; J.-F. Bernardet,
unpublished results). This characteristic should
be tested on fresh colonies since it becomes
difficult to detect after more than 3-4 days
cultivation, especially on species that yield a
weak positive reaction such as F psychrophilum
(Bernardet and Kerouault, 1989).

Commercial Identification Galleries

In addition to (or instead of) the standard bio-
chemical tests, commercially available Kkits, strips,
and galleries have been extensively used over
the last decade to help identify Flavobacterium
strains. However, since most of these systems are
aimed at the identification of human pathogens,
the temperature and time of incubation must be
adapted to test bacteria that do not grow at 37°C.
API galleries (bioMérieux) have frequently been
used. While API 20E galleries are not well
adapted to most Flavobacterium strains (J.-F.
Bernardet, unpublished results), API 20NE, API
ZYM, API ID 32E, API 32GN and API 50CH
have yielded interesting results when used at
temperatures that were close to the optimum of
the Flavobacterium species tested. As for API
ZYM galleries, the time of incubation usually
varied from the 4 h recommended by the manu-
facturer (Van Trappen et al., 2003a; Van Trappen
et al., 2003b; Aslam et al., 2005) to overnight
(Bernardet, 1989b; Bernardet and Grimont,
1989; Bernardet and Kerouault, 1989; Madetoja
et al., 2001), although incubation time up to two
or three days was sometimes used (Ostland et al.,
1994; Humphry et al., 2001). API ZYM galleries
were used to differentiate the most common fish
pathogenic bacteria, including FE columnare
(Sakai et al., 1993). API galleries in which bacte-
rial growth is necessary were also incubated for
two to three days (McCammon et al., 1998;
Humphry et al., 2001; Van Trappen et al., 2003a;
Van Trappen et al., 2003b) and up to ten days
for API 50CH galleries (Bernardet, 1989b;
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Bernardet and Grimont, 1989; Bernardet and
Kerouault, 1989). Except F  columnare
(Bernardet, 1989b) and F psychrophilum (Ber-
nardet and Kerouault, 1989), all Flavobacterium
species tested in API 50CH galleries were able
to utilize a variety of substrates. Preliminary
studies also demonstrated that F johnsoniae-like
fish isolates utilize a number of substrates in Bio-
type 100 galleries (bioMérieux; J.-F. Bernardet
and C. Bizet, unpublished data). Various sub-
strates were also utilized by F hibernum (after
incubation times of 4 and 24 h) and E limicola
in GN MicroPlates (Biolog; McCammon et al.,
1998; Tamaki et al., 2003).

Besides the above-mentioned identification
methods, other usually more sophisticated tech-
niques are available to help identify Flavobacte-
rium strains and species. The application of most
of these techniques to the differentiation of
members of the family Flavobacteriaceae was
already considered by Bernardet et al. (2002)
and in the chapter An Introduction to the Family
Flavobacteriaceae in this Volume; some addi-
tional information primarily on the genus Fla-
vobacterium is provided below.

Composition of the Cell Wall
and Membrane

Reichenbach (1989) reviewed data available on
the structure and composition of the cell wall and
membrane in several bacterial species now
attributed to the genus Flavobacterium. Since
then, fish-pathogenic species were investigated
in this regard, mostly to characterize antigens
that could be targets for potential vaccines and
diagnostic tests (see the section Pathogenicity
and Epidemiology in this Chapter). Low- and
high-molecular-mass lipopolysaccharides were
identified in F psychrophilum, the latter contain-
ing the O-antigen (Crump et al., 2001; MacLean
et al.,2001); a very unusual sugar in the O-chain
may constitute a specific diagnostic target
(Crump et al., 2001). Also in F psychrophilum,
the outer membrane protein was tested as a pos-
sible vaccine (Rahman et al., 2002), a major gly-
coprotein antigen was purified and characterized
(Merle et al., 2003) and a surface antigenic pro-
tein was isolated and partially characterized
(Massias et al., 2004). Outer membrane proteins
and the lipopolysaccharide of F columnare were
also studied (Shamsudin, 1994); the structure of
the lipopolysaccharide O-antigen was only
recently characterized and shown to differ from
that of F psychrophilum (MacLean et al., 2003).
The structure of the glycopeptides resulting,
together with the lipopolysaccharide (LPS) and
the capsular polysaccharide from the phenol-
water extraction of F. columnare cells, was deter-
mined; its role in pathogenesis and its antigenic
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properties are not known yet (Vinogradov et al.,
2003).

As do other members of the family Flavobac-
teriaceae, Flavobacterium species contain men-
aquinone 6 as their only respiratory quinone and
do not contain sphingophospholipids (Bernardet
et al., 1996).

The kind of chemotaxonomic information
resulting from the analysis of whole-cell fatty acid
methyl esters (FAMEs) is discussed in the chap-
ter An Introduction to the Family Flavobacteri-
aceae in this Volume. Recently, fatty acid analysis
has been used extensively for rapidly clustering
large numbers of polar bacterial isolates; repre-
sentative strains in each cluster were then sub-
mitted to phylogenetic analysis (see Van Trappen
et al. [2002] and references therein). Those
isolates that were subsequently shown to belong
to the genus Flavobacterium mostly contained
branched fatty acids (saturated, unsaturated, or
saturated and hydroxylated; Van Trappen et al.,
2002). These fatty acids, which contribute to the
membrane fluidity at low temperature, were
abundant in all psychrophilic Flavobacterium
species (Zhu et al., 2003) and no evidence of
polyunsaturated fatty acids was found (Humphry
et al., 2001). The overall fatty acid compositions
of newly described Flavobacterium species were
similar to that cited in the genus description
(see above), except for some discrepancies in
relative proportions (e.g., Van Trappen et al.,
2003, 2005; Aslam et al., 2005; Yi et al., 2005) and
failure to detect 15:1 iso G. Among those fatty
acids already listed in the genus description,
15:0, 15:0 iso, 15:0 iso 30H, 16:0 iso 30H, 17:1
iso 30H and particularly 16:1 ®7c were the most
abundant components in most new species
(McCammon et al., 1998; McCammon and
Bowman, 2000; Humphry et al., 2001; Tamaki
et al., 2003; Van Trappen et al., 2003a, Van
Trappen et al., 2003b, 2005; Zhu et al., 2003;
Aslam et al., 2005; Yi et al., 2005). Additional
components which may account for a significant
fraction of the total fatty acid composition of the
recently described Flavobacterium species were
15:0 anteiso,15:1,15:1 iso, 15:1 w6¢, 15:1 iso w10c,
16:0 iso, 16:1 iso, 17:1 w6c, and summed feature
3.The decisive influence of growth temperature
and medium on the relative amounts of the
various fatty acids, although already recognized
(McGrath et al., 1990), was again noticed in
E limicola (Tamaki et al., 2003). Therefore,
although there are no species-specific fatty acid
profiles in the genus Flavobacterium, it is still
possible to define a rather typical profile for the
genus itself. Given the necessary technical skill
and equipment, the determination of the fatty
acid profile helps assignment of new isolates to
the genus.

CHAPTER 6.4

Whole-Cell Protein Analysis

Again, provided the skill and equipment for
highly standardized sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-
PAGE), numerical analysis of the resulting
electrophoregram, and database comparison
are available, the determination of whole-cell
protein profiles may also help assign new iso-
lates to published Flavobacterium species or
delineate new species (Bernardet et al., 1996;
Bernardet et al., 2002). A good correlation
between high DNA homology and high similar-
ity of whole-cell protein patterns was noticed
among several members of the family Flavobac-
teriaceae (Vandamme et al., 1996; Bernardet et
al., 2002; the chapter An Introduction to the
Family Flavobacteriaceae in this Volume). Some
Flavobacterium spp. (F columnare and F
psychrophilum) could indeed be readily
identified by their typical protein profile, but
others (F branchiophilum, E. johnsoniae and F.
succinicans) because of intraspecific hetero-
geneity could not (Bertolini and Rohovec, 1992;
Bernardet et al., 1996; Cipriano et al., 1996). For
yet other species, no conclusion could be drawn
owing to the limited number of strains tested/
available. In F columnare and F psychrophilum,
whole-cell protein patterns remained consistent
regardless of the growth medium used (Cipriano
and Teska, 1994). Unfortunately, none of
the sixteen recently described Flavobacterium
species was investigated for their protein
profiles.

Multilocus Enzyme Electrophoresis

Multilocus Enzyme Electrophoresis (MEE) was
used as an attempt to classify 106 strains of yel-
low, Gram-negative, nonflagellated organisms
isolated from fish or freshwater environments;
one of the four groups delineated by this tech-
nique was entirely composed of E columnare
strains (Starliper et al., 1988).

DNA-DNA Hybridization

DNA-DNA similarity, as determined using
quantitative DNA-DNA hybridization, is still
the acknowledged standard for species delinea-
tion, together with AT,, when available (Wayne
et al., 1987; Stackebrandt et al., 2002). The dif-
ferent techniques available and a review of their
application to members of the family Flavobac-
teriaceae were discussed extensively by Bernar-
det et al. (2002), and only additional information
especially focused on the genus Flavobacterium
will be given here. DNA-DNA hybridization
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experiments performed on members of the spe-
cies classified in the genus have revealed that the
70% cut-off value proposed by Wayne et al.
(1987) does apply to Flavobacterium species.
Strains belonging to the same species share DNA
relatedness well above 70% (i.e., 75-100%),
whereas DNA relatedness is distinctly below this
value (i.e., 4-50% ) when strains belonging to dif-
ferent Flavobacterium species are hybridized
(Bernardet and Grimont, 1989; McCammon
et al., 1998; McCammon and Bowman, 2000;
Humphry et al., 2001; Tamaki et al., 2003; Van
Trappen et al., 2003a; Van Trappen et al., 2003b;
Zhu et al., 2003; Van Trappen et al., 2005). The
range of DNA relatedness between different
strains of the same species may be rather wide
(from approximately 75% to close to 100%);
this is the case for E columnare (Bernardet and
Grimont, 1989), E branchiophilum (Wakaba-
yashi et al., 1989), E limicola (Tamaki et al.,
2003) and FE fryxellicola (Van Trappen et al.,
2005). In the particular case of E branchiophilum
and F johnsoniae, DNA relatedness values
among some strains were as low as 67%
(Wakabayashi et al., 1989) and 60% (Bernardet
et al., 1996), respectively; however, AT,, values
well below 5°C have shown that such strains
nevertheless belong to the same species
(Bernardet et al., 1996). Three distinct hybridiza-
tion groups were delineated within a collection
of E columnare strains; each was characterized
by a particular 16S rDNA restriction pattern and
a particular nucleotide signature in its 16S rRNA
sequence (Triyanto and Wakabayashi, 1999).
However, since no phenotypic characteristics
were available to differentiate them, these
groups could only be considered genospecies or
genomovars. Intraspecific DNA relatedness can-
not be assessed in Flavobacterium species for
which only one bona fide strain is available,
namely F antarcticum, F. aquatile, F. flevense, F.
frigidarium, E gillisiae, F granuli, F. hydatis, F.
omnivorum, F pectinovorum, F. saccharophilum,
FE xanthum and F xinjiangense.

Sequence Analysis of Small Subunit
rRNA and gyrB genes

Sequences of the 16S rRNA gene of all valid
Flavobacterium species are now available; their
comparison, combined with earlier data resulting
from DNA-rRNA hybridization experiments
(Bauwens and De Ley, 1981; Bernardet et al.,
1996), provides a distinct view of the phyloge-
netic relationships within the genus Flavobacte-
rium (Fig. 1) and between the genus and other
members of the family Flavobacteriaceae (see
Figs. 1 and 2 of the chapter An Introduction to
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the Family Flavobacteriaceae in this Volume).
Although 16S rRNA delivers valuable informa-
tion to delineate taxa at the genus and family
level, it should not be used as the only genomic
method to delineate bacterial species, with the
exception of noncultivable organisms. As shown
by several studies, some of them dealing with
members of the very family Flavobacteriaceae,
the arbitrary cut-off value of 97% 16S rRNA
sequence homology is frequently not correlated
with DNA-DNA homology (see Bernardet et al.
[2002] and references therein). For instance,
values of 16S rRNA sequence similarity of 97.2—
98.7% were recently found between several
Flavobacterium species (Van Trappen et al.,
2003b, 2005). The sequence of gyrB genes,
encoding the subunit B protein of DNA gyrase,
may also be used for phylogenetic studies. Until
now, only the gyrB sequences of F aquatile, F.
johnsoniae, F. psychrophilum and “[Sporocy-
tophaga) cauliformis” are available (Izumi and
Wakabayashi, 2000; Suzuki et al., 2001); hence,
an evaluation of the respective phylogenetic
interest of gyrB and 16S rRNA is not possible
yet. In the genus Tenacibaculum, another mem-
ber of the family Flavobacteriaceae, interspecific
DNA relatedness values have been shown to be
more distinctly correlated to the sequence simi-
larity of gyrB than to that of 16S rRNA (Suzuki
et al., 2001).

A combination of two or more of the above
techniques will provide a polyphasic approach to
the identification of new Flavobacterium isolates
(Vandamme et al., 1996). Indeed, it is this kind
of approach that has allowed the successful
identification and description of all recently
published Flavobacterium species. Below, we list
some other possible techniques for detecting
Flavobacterium strains in the environment and
in clinical samples without requiring previous
culture, as well as the methods currently avail-
able to type collections of Flavobacterium
strains.

Molecular Detection and Identification

Several culture-independent molecular methods
have been used extensively over the last decade
to investigate the phylogenetic composition of
bacterial communities in various environments
(see the section Habitat and Ecology in this
Chapter and the chapter An Introduction to the
Family Flavobacteriaceae in this Volume). How-
ever, although part of the panel of species used
to design the rRNA-targeted oligonucleotide
probes for fluorescent in situ hybridization
(FISH) was Flavobacterium species, no probe
specifically targeting members of the genus
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Flavobacterium is available yet. Published
probes had a broad specificity, usually including
the whole Cytophaga-Flavobacterium-Bacteroi-
des (CFB) group or parts of it (Manz et al., 1996;
Maeda et al., 1998; Weller et al., 2000; Adachi
et al., 2002; O’Sullivan et al., 2002). Hence, it is
not possible to determine the proportion of Fla-
vobacterium species among other members of
the CFB group in the environments investigated.
Other surveys of bacterial communities used
the sequencing of cloned 16S rRNA gene frag-
ments; this technique allowed the detection of
several organisms distinctly belonging to the
genus Flavobacterium in the Columbia and Del-
aware estuaries (Crump et al., 1999; Kirchman et
al., 2003). Denaturing gradient gel electrophore-
sis (DGGE) of 16S rDNA fragments has also
become a popular method to assess the diversity
of bacterial flora. It was recently found, however,
that Flavobacterium strains were the only mem-
bers of the aquatic bacterioplankton studied that
possessed multiple melting domains in their 16S
rDNA; these domains were responsible for fuzzy
bands on the gel and consequently for poor res-
olution of DGGE at the species level when
commonly applied universal primers were used
(Kisand and Wikner, 2003). This problem could
lead to misinterpretation of DGGE data and
thereby to incorrect estimates of the number
of Flavobacterium species in natural bacterial
communities.

A variety of PCR tests were published for
the economically significant fish-pathogenic Fla-
vobacterium species, i.e., F. branchiophilum, F.
columnare and F psychrophilum (see the sec-
tion Pathogenicity and Epidemiology in this
Chapter). Classical PCR assays using either 16S
rRNA- or gyrB-targeted primers (Toyama et al.,
1994; Toyama et al., 1996; Urdaci et al., 1998;
Izumi and Wakabayashi, 2000) were devised,
and procedures for nested PCR (Baliarda et al.,
2002; Taylor and Winton, 2002), multiplex PCR
(del Cerro et al., 2002), and TagMan PCR (del
Cerro et al., 2002) were also published. These
PCR tests were used either to confirm the iden-
tification of cultured isolates or to specifically
detect the pathogens in the tissue of diseased or
apparently healthy fish (Wiklund et al., 2000;
Baliarda et al., 2002), in ovarian fluid and eggs
(Izumi and Wakabayashi, 1997, Kumagai and
Takahashi, 1997; Baliarda et al., 2002), and in
water samples (Wiklund et al., 2000; Madetoja
and Wiklund, 2002). E psychrophilum was also
detected in water samples (Vatsos et al., 2002)
and fish organs (Liu et al., 2001) by in situ
hybridization using fluorescein-labeled PCR
primers. Attempts were made to identify fish-
pathogenic  Flavobacterium  species from
samples of skin lesion by direct broad-range
PCR amplification using universal primers fol-
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lowed by sequencing of the partial 16S rDNA
PCR products; sequences similar to those of F
columnare, F. psychrophilum and FE hibernum
were found (Tiirola et al., 2002). Presumptive
identification at the generic and specific level of
different fish pathogens including F columnare
and F psychrophilum was also obtained directly
from fish tissue using terminal restriction
fragment length polymorphism (T-RFLP) analy-
sis of 16S rRNA genes (Nilsson and Strom,
2002).

Typing of Collections of
Flavobacterium Strains

MOLECULAR TYPING. Several different
molecular methods have been used to type col-
lections of Flavobacterium strains. Understand-
ably, because of the economic significance of the
fish pathogenic species, and because collections
of strains of widely different geographic origins
and host species were available, typing methods
have preferentially been tested on these species.
Depending on the primers used, random ampli-
fied polymorphic DNA (RAPD) was shown to
provide both a typing of F psychrophilum and FE
columnare strains and a clear differentiation
between all Flavobacterium species tested
(Chakroun et al., 1997); from a practical point
of view, this technique was able to distinguish
E psychrophilum from other fish-pathogenic
Flavobacterium species which may occur in
the same environment (Crump et al., 2001).
Ribotyping (or rRNA gene restriction pattern
analysis) was also performed on E psychrophi-
lum strains using several different restriction
endonucleases. All four strains tested by Cipri-
ano et al. (1996) exhibited the same ribotype;
however, different ribotypes were found when
larger collections of strains were studied. Similar
to what was obtained using RAPD, some of the
ribotypes identified among 85 F psychrophilum
strains were distinctly correlated with the fish
species from which the strains were isolated,
whereas no correlation with the geographic
origin was found (Chakroun et al., 1998). One
ribotype was highly dominant among 299 Danish
strains, and a relationship was found among this
ribotype, serotype, and virulence (Madsen and
Dalsgaard, 2000). Madetoja et al. (2001) also
noted this relationship, but again no correlation
with the geographic origin was found; interest-
ingly, this study showed that different clones of
E psychrophilum could be isolated during the
same outbreak. Three different restriction frag-
ment length polymorphism (RFLP) patterns of
PCR-amplified 16S rDNA were found in a col-
lection of E columnare strains, each correspond-
ing to one of the three DNA-DNA hybridization
groups identified in this species (Triyanto and
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Wakabayashi, 1999; see above). In E psychrophi-
lum, RFLP of the amplified gyrB gene yielded
different results depending on the kind of
primers (i.e., universal versus F psychrophilum-
specific) used to amplify the gene; a certain
correlation between RFLP patterns and the spe-
cies of fish host was noticed (Izumi et al.,2003b).
Five different plasmid profiles were found when
a collection of mostly Danish F psychrophilum
isolates was investigated; a ~3.2-kb plasmid was
present in most strains (Lorenzen et al., 1997).
Chakroun et al. (1998) found that most of the 85
E psychrophilum strains they tested harbored at
least one plasmid and that eleven different plas-
mid profiles occurred; even strains belonging to
the same ribotype could exhibit different plas-
mid profiles, and the approximate size of the
plasmids varied from 2.1 to 20 kb. Thirty-seven
strains originating from widely different geo-
graphic areas (i.e., the United States, Chile,
Japan, and several European countries), most of
them retrieved from rainbow trout, shared the
same 3.5-kb plasmid (Chakroun et al., 1998). A
3.3-kb plasmid was found in 284 among 299 Dan-
ish E psychrophilum strains studied, but no clear
correlation was noted between the presence of
this plasmid and the virulence of strains (Madsen
and Dalsgaard, 2000). Among the four different
plasmids found in a collection of F psychrophi-
lum isolates from various fish species and geo-
graphic areas, the 3.4 kb plasmid occurred mostly
in rainbow trout isolates while two other plas-
mids seemed restricted to Japanese isolates; no
plasmid was associated with antibiotic resistance
(Izumi and Aranishi, 2004a). Given the rough
method used in these studies to evaluate the
plasmid size, it is most likely that the 3.2-, 3.3
3.4- and 3.5-kb plasmids they reported are actu-
ally identical. This plasmid, called “pCP1,” was
sequenced and used to develop cloning vectors
for F johnsoniae (McBride and Kempf, 1996; see
the section Genetics in this Chapter).

Hence, the above-mentioned fingerprinting
techniques may be powerful molecular tools
for the epidemiological tracing of the infections
caused by Flavobacterium species in fish, pro-
vided a sufficient number of strains representing
a variety in origins is tested.

Recently, repetitive extragenic palindromic
DNA-PCR (rep-PCR) fingerprinting was used
to investigate the genomic diversity of clusters
previously delineated by fatty acid analysis
among a collection of polar isolates (Van
Trappen et al., 2003, 2005). The results con-
firmed that strains sharing the same rep-PCR
profile are closely related. Among the six new
Flavobacterium species described by these
authors, E degerlachei, F. micromati, F. fryxelli-
cola and F psychrolimnae were each comprised
of strains that exhibited the same rep-PCR
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profile, whereas F frigoris and F gelidilacus
included strains representing two or three differ-
ent rep-PCR profiles, respectively (Van Trappen
et al., 2003a, Van Trappen et al., 2003b, 2005).
Hence, this technique may either differentiate
Flavobacterium species from each other or be
used for intraspecific typing.

SEROLOGICAL TYPING. Fish-pathogenic
Flavobacterium species have been extensively
investigated for possible serotyping with appli-
cations to epidemiological studies and diagnostic
tests in view; however, only a few studies
included strains originating from various fish
species and geographic areas. Early studies were
reviewed by Reichenbach (1989). Many sero-
typing schemes were published, but it is only
recently that investigators began identifying and
characterizing bacterial antigens presumably
responsible for the different serotypes (see the
section Composition of the Cell Wall and Mem-
brane in this Chapter). As for E psychrophilum,
three to seven serotypes were recognized by
different authors depending on the origin and
number of strains studied and on the technique
used (i.e., rabbit or trout mono- or polyclonal
antibodies; microtiter or slide agglutination with
or without reciprocal absorption of antisera;
double immunodiffusion; or enzyme linked
immunosorbent assay [ELISA]; Holt, 1988;
Wakabayashi et al., 1994; Lorenzen and Olesen,
1997; Tzumi and Wakabayashi, 1999; Dalsgaard
and Madsen, 2000; Madetoja et al., 2001; Mata
et al, 2002). Recently, a new serotype was
described and the different serotyping systems
were compared and harmonized (Izumi et al.,
2003a). No association was found between the
serotypes of E psychrophilum strains, their geo-
graphical origin, and the host fish species of
origin (Faruk, 2000). Serological studies on FE
columnare are scarce and early (Pacha and
Ordal, 1970; Bullock, 1972; Sanders et al., 1976);
again, serological relationships did not reveal a
pattern based on fish host, tissue, or geographic
origin (Shamsudin, 1994). Only limited numbers
of FE branchiophilum strains have been studied;
although common antigens were shared by Jap-
anese, Canadian, and Hungarian strains, anti-
genic diversity was also found, even among
isolates originating from the same region (Huh
and Wakabayashi, 1989; Ostland et al., 1994; Ko
and Heo, 1997).

BACTERIOCIN TYPING. Bacteriocins pro-
duced by some F columnare strains are lethal to
other strains of the same species; nine F. colum-
nare types were defined according to their sus-
ceptibility to seven different bacteriocins, and a
partial correlation was noted between these
types and serotypes (Anacker and Ordal, 1959).
Chase (1965) observed growth medium-
dependent differences in the production of
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these “columnaricins”; the highest production
occurred during the late exponential growth
phase (Needleman and Pacha, 1974).

MISCELLANEOUS. Early studies, reviewed
by Reichenbach (1989), have reported the pres-
ence of phages in F columnare and F johnsoniae,
but no practical utilization (e.g., for the typing of
strains or as a control method during outbreaks
of fish disease) was suggested. Recently, a Fla-
vobacterium sp. was identified as a phage host
in Arctic sea ice, but its highest 16§ rRNA
sequence homology (with F hibernum) was only
94% (Borriss et al., 2003).

The only Flavobacterium species for which a
particular odor, called “sickening,” “distinct,
fruity,” or “pronounced and somewhat character-
istic,” was noted is F columnare (Garnjobst,
1945; McCarthy, 1975; Shamsudin and Plumb,
1996).

The susceptibility to a range of antibiotics has
been tested in only some members of the genus
Flavobacterium. On the whole, and contrary to
other members of the family Flavobacteriaceae
such as the genus Chryseobacterium (see the
corresponding chapter The Genus Chryseobac-
terium in this Volume), Flavobacterium strains
are not considered to be highly resistant to anti-
microbial drugs. Obviously, the fish pathogens
have been particularly studied in this regard to
determine which drugs might be used to treat
infections. The drug susceptibility of F colum-
nare and F psychrophilum were determined
(Fijan and Voorhees, 1969; Amin et al., 1988;
Hawke and Thune, 1992; Soltani et al., 1995;
Shamsudin and Plumb, 1996) and their intrinsic
resistance to certain antibiotics was used to
propose selective media (Fijan, 1969; Decostere
et al., 1997; Kumagai et al., 2004; see the section
Isolation and Cultivation in this Chapter). A par-
ticular medium was proposed to test the antibi-
otic susceptibility of F columnare (Hawke and
Thune, 1992). Antimicrobial resistance patterns
of bacterial strains and minimum inhibitory con-
centrations of commonly used antibiotics were
determined for F columnare, F. johnsoniae and
FE psychrophilum to validate their clinical
efficacy when fish were administered bath or oral
treatment (Bernardet, 1989b; Bernardet and
Grimont, 1989; Bernardet and Kerouault,
1989; Soltani et al., 1995; Lorenzen et al., 1997;
Rangdale et al., 1997; Bruun et al., 2000, 2003;
Izumi and Aranishi, 2004). Media were com-
pared and standards were recommended to
assess the minimal inhibitory concentration of
chloramphenicol and florfenicol in various bac-
terial fish pathogens, including F psychrophilum
(Michel et al., 2003). In E psychrophilum as in
other Gram-negative bacteria, the co-occurrence
of resistance to quinolones and specific muta-
tions of the A subunit of DNA gyrase (GyrA)
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demonstrated that GyrA is an important target
for quinolones (Izumi and Aranishi, 2004b). An
extreme susceptibility to penicillin G was noted
in F. branchiophilum (Ostland et al., 1994). Anti-
biotics for treatment of fish were selected from
among those antibiotics that are toxic to fish-
pathogenic Flavobacterium species but are not
toxic to fish or banned from use on fish farms.
Further information on the practical use of anti-
biotics in the treatment of fish is given in the
section Pathogenicity and Epidemiology. Among
the recently described Flavobacterium species,
only F frigidarium (Humphry et al.,2001) and E
granuli (Aslam et al., 2005) were tested for their
antimicrobial resistance pattern, which proved
similar to those of F columnare and F. psychro-
philum; F frigidarium was found to be highly
resistant to kanamycin (Humphry et al., 2001).
The carbapenem-hydrolyzing B-lactamase from
the F johnsoniae type strain has recently been
purified and characterized; the analysis of its
sequence revealed that it is closely related to the
B-lactamase produced by other members of the
family Flavobacteriaceae such as Chryseobacte-
rium meningosepticum and C. indologenes (Naas
et al., 2003; see the chapter The Genus Chryseo-
bacterium in this Volume).

Preservation

Flavobacterium species can be preserved for mul-
tiple-year periods by simple cryopreservation at
~70°C or less, using 10-30% (v/v) glycerol as a
cryoprotectant within a routine growth medium
such as Anacker and Ordal’s broth (see media
formulae in the section Isolation and Cultiva-
tion). This procedure has been proposed for F
branchiophilum (Wakabayashi et al., 1989), F
columnare (Shamsudin and Plumb, 1996), F. psy-
chrophilum (Madsen and Dalsgaard, 1998), and
E antarcticum (Yi et al., 2005) and used success-
fully by J.-F. Bernardet (unpublished data) for all
Flavobacterium species using the CAS broth
(i.e., 1% casitone [Difco], 0.1% MgSO, - 7TH,0,
pH 6.8 unadjusted) recommended by Reichen-
bach (1989) to which 10% sterile glycerol was
added. Commercial cryopreservative media are
also convenient (Cepeda et al., 2004). Storage in
liquid nitrogen may also be used, the CAS
medium being supplemented with 5% dimethyl-
sulfoxide (DMSO; Reichenbach, 1989).

A study by Desolme and Bernardet (1996)
indicated that lyophilization (freeze-drying) of F.
columnare and F psychrophilum (and thus of
most other generally more robust Flavobacte-
rium species) was effective using a suspension
medium consisting of 2/3 Difco Bacto Brucella
broth and 1/3 filtered and heat-inactivated (1 h
at 56°C) horse serum. Lyophilization was also
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used to preserve F. branchiophilum (Ostland et
al., 1994). The frozen cells can be revived using
Anacker and Ordal’s agar. Better results for
some of the more sensitive fish pathogenic
strains, such as F psychrophilum, can be
obtained by reviving on Anacker and Ordal’s
medium enriched to 0.5% tryptone and supple-
mented with 5% defibrinated horse serum
(Difco) and a trace element solution as described
by Michel et al. (1999).

Most of the cold-adapted species can also be
stored as live cultures on agar slants at low tem-
perature. The best temperature is 2°C, which
reduces the incidence of fungal contamination.
However this procedure needs to be verified on
a case-by-case basis, as some species may show
poor survival in this manner of storage after
more than 3 months. Many of the cold-adapted
Antarctic species such as F tegetincola can
survive at least 18 months this way. Most fish-
pathogenic Flavobacterium strains will survive
for several months or even years when heavily
inoculated in deep tubes containing Anacker and
Ordal’s medium gelified with 0.4% (w/v) agar
maintained at 4°C (Anacker and Ordal, 1955;
J.-F. Bernardet, unpublished data).

The influence of the preservation procedure
on the virulence stability of a F psychrophilum
strain was evaluated using experimental infec-
tion of rainbow trout fingerlings and determina-
tion of the lethal dose 50%. Cultures were
revived after 1, 8 and 23 months of storage by
lyophilization, freezing at —-80°C, and mainte-
nance at 4°C in Anacker and Ordal’s agar deeps:
whatever the preservation procedure, virulence
was maintained after 1 and 8 months of storage;
after 23 months, the bacteria kept in agar deeps
at 4°C had lost some of their virulence, while the
lyophilized and frozen ones were only slightly
attenuated (Michel and Garcia, 2003).

Physiology

Though specific aspects of the biochemical phys-
iology of members of the genus Flavobacterium
remain to be discovered, almost all Flavobacte-
rium species are strictly aerobic and appear to
lack fundamental idiosyncrasies in their carbon
and energy pathways. Most species use glucose
as a carbon source and probably employ the
Embden-Meyerhof-Parnas pathway for their
catabolism (Reichardt and Morita, 1982).
Exceptions to this generalization are the species
E succinicans and E hydatis, which can grow
anaerobically when provided peptone or yeast
extract, e.g., modified Shiehs medium (Anderson
and Ordal, 1961; Strohl and Tait, 1978; Reichen-
bach, 1989; see the section Isolation and Cul-
tivation in this Chapter). Some components of
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these media presumably contain so far undeter-
mined growth factors required to drive anaero-
bic growth. Flavobacterum succinicans also
requires CO, (which can be provided by adding
15-25 mM NaHCO; to growth media) and glu-
cose for anaerobic growth (Chase, 1965). Fla-
vobacterium antarcticum grows weakly under
microaerobic conditions and poorly under
anaerobic conditions (Yi et al., 2005). Capno-
philic requirements, as exhibited by the related
genus Capnocytophaga and other members of
the family Flavobacteriaceae (see the chapters
The Genus Capnocytophaga in this Volume and
An Introduction to the Family Flavobacteriaceae
in this Volume), are otherwise absent or negligi-
ble for known Flavobacterium spp. Anaerobic
growth can occur fermentatively on carbohy-
drates or yeast extract or by respiration using
nitrate as the electron acceptor. Flavobacterium
succinicans can also grow by fermentation of
pyruvate (converting it to mostly acetate); other-
wise organic acids or amino acids are not uti-
lized. Alternative anaerobic electron acceptors
to nitrate (sulfur, ferric compounds, etc.) have
yet to be tested. Fermentation products formed
during growth are mostly succinate, acetate and
formate. Anderson and Ordal (1961) proposed
the CO, requirement of FE succinicans stems
from a lack of lactate dehydrogenase; instead
this species condenses CO, with phosphoe-
nolpyruvate (using phosphoenolpyruvate car-
boxylase and guanosine 5’-diphosphate [GDP]),
resulting in oxaloacetate. Oxaloacetate is then
reduced further via the reduced form of nicoti-
namide adenine dinucleotide (NADH), forming
succinate as an end product. Interesting physio-
logical comparisons may be made between the
capnophilic members of the family Flavobac-
teriaceae, i.e., the genera Capnocytophaga (see
the chapter The Genus Capnocytophaga in this
Volume), Coenonia, Ornithobacterium and
Riemerella (see the chapter Capnophilic Bird
Pathogens in the Family Flavobacteriaceae:
Riemerella, Ornithobacterium and Coenonia in
this Volume). Interestingly, F granuli appears
to be strictly aerobic although it was isolated
from granules that had been kept under
anaerobic conditions for two years (Aslam et al.,
2005).

Energy metabolism can be supplemented by
reduction of nitrate to nitrite by many Flavobac-
terium species, particularly freshwater species.
Some strains (but not the type strains) of FE
johnsoniae and F. columnare have been reported
to grow by anaerobic denitrification (Stanier,
1947; Christensen, 1977; Callies and Mannheim,
1978; Nogales et al., 2002). It is possible, how-
ever, that these denitrifying strains actually
belong to separate species or even genera
(Reichenbach, 1989).
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Carbon and nitrogen metabolism pathways
are poorly understood in the genus; however, on
the basis of phenotypic data, they appear quite
diverse between species. This can be best seen in
the capacity for carbohydrate catabolism, which
varies strongly at the species level. Some species
utilize a wide range of carbohydrates and
polysaccharides including F pectinovorum, the
aptly named F saccharophilum, F. johnsoniae, F.
hydatis and F omnivorum. On the other hand, E
branchiophilum, F. columnare, E. psychrophilum,
E tegetincola and F. micromati are essentially
asaccharolytic or poorly saccharolytic, preferring
nitrogen-containing substrates, primarily amino
acids and proteins. Asaccharolytic species also
lack common glycolytic enzymes (e.g., as
revealed by APl ZYM galleries; see Table 6 in
Bernardet et al., 1996), which can be useful for
their rapid discrimination from saccharolytic
species. All Flavobacterium species except F
branchiophilum (which requires yeast extract)
can grow on single amino acids, such as L-
glutamate or L-asparagine, as sole nitrogen
sources. In general, Flavobacterium species have
little propensity to utilize other types of sub-
strates including sugar alcohols, alcohols, organic
acids, hydrocarbons and aromatics. The ability
to utilize xenobiotics occasionally ascribed to
Flavobacterium sp. (e.g., Topp et al., 1988) is
almost certainly erroneous and the strains con-
cerned are likely instead Sphingomonas spp.,
which can be confused with Flavobacterium
owing to superficial morphological similarities.

Several other aspects pertaining to the physi-
ology of members of the genus Flavobacterium
are dealt with in other sections in this Chapter,
particularly the section Identification.

Genetics

Besides investigations targeting the whole
genome (DNA-DNA hybridization and determi-
nation of the G+C content) or particular genes
(sequencing of 16S rRNA and gyrB genes) for
taxonomic and phylogenetic purposes or for the
molecular typing of bacterial strains (see the sec-
tion Identification in this Chapter), genetics of
members of the genus Flavobacterium has been
poorly investigated to date. However, a group of
scientists studied extensively the genetics of glid-
ing motility in F johnsoniae. Tools for the genetic
manipulation of this organism were first devel-
oped: a Bacteroides transposon was shown to
function in F johnsoniae and cloning vectors
based on a cryptic plasmid of E psychrophilum
were devised (McBride and Kempf, 1996). The
system of gene transfer, the selectable marker,
the suicide vector, and the transposon developed

CHAPTER 6.4

to genetically manipulate F johnsoniae were
also used successfully on F succinicans, on
other members of the family Flavobacteriaceae
(i.e.,  Chryseobacterium  meningosepticum),
and on other members of the Cytophaga-
Flavobacterium-Bacteroides phylum (i.e., [Flexi-
bacter| canadensis and Cytophaga hutchinsonii,
McBride and Baker, 1996). Recently, methods
for the genetic manipulation of F psychrophilum
were also developed; selectable markers,
plasmid cloning vectors, a lacZY reporter con-
struct, and a transposon are now available and
should allow for the analysis of virulence mech-
anisms and the development of vaccine strains
(Alvarez et al.,2004). The most common plasmid
in F psychrophilum strains, pCP1 (see the
section Molecular Typing in this Chapter), was
entirely sequenced (M. J. McBride, seq. no.
NCO004811). Mutagenesis was used to address
the genetic mechanisms of gliding motility in F
johnsoniae; at least eight different genes were
shown to be required (Kempf and McBride,
2000; Hunnicutt and McBride, 2001; Hunnicutt
et al., 2002; McBride et al., 2003, McBride and
Braun, 2004). The most recently discovered
genes, gldH and gldI, are required for gliding
motility, chitin utilization, and infection by
bacteriophages; these properties are lost in gldH
or gldI mutants and restored when gldH or gldI
is reintroduced in the genome via a plasmid
(McBride et al., 2003). However, mechanisms
responsible for gliding motility are complex and
probably differ among the organisms that exhibit
this kind of motility (McBride, 2001). Recently,
the nucleotide sequence of the F aquatile operon
coding for the Faul restriction-modification
system was determined (Abdurashitov et al.,
2003).

Pathogenicity and Epidemiology

Plant Pathogens

The decay of various fresh plants and vegetables
called “soft rot” has been attributed to F johnso-
niae, among other bacterial species (Liao and
Wells, 1986; Lelliott and Stead, 1987). The patho-
genic strains were shown to produce more
pectate lyase in broth medium than the non-
pathogenic ones; however, F johnsoniae was
mostly considered an opportunistic pathogen
(Liao and Wells, 1986).

Human Medicine

After several human cases of a lung disease sim-
ilar to hypersensitivity pneumonitis occurred in
a United States textile facility, a bacterial endo-
toxin was isolated from the biomass growing in
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the air humidification system and shown serolog-
ically to be the cause of the clinical disease; the
main representatives of the bacterial flora were
isolated from the system and a Cytophaga strain
was identified as the source of the endotoxin
(Flaherty et al., 1984). Further studies showed
that the bacterium was related to several
Cytophaga, Flexibacter, and Flavobacterium ref-
erence strains; although DNA relatedness with
E hydatis was 78 %, several biochemical discrep-
ancies with this species led the authors to pro-
pose the name “[Cytophaga] allerginae” (Liebert
et al., 1984). Fatty acid analysis, whole-cell
protein profile, and DNA-rRNA hybridization
(Bernardet et al., 1996), as well as a rather
high DNA relatedness with F johnsoniae (J.-F.
Bernardet, unpublished data), confirmed the
relationships of “[C.] allerginae” with members
of the genus Flavobacterium (see the section
Taxonomy in this Chapter). To our knowledge,
no other case of lung disease in humans related
to such organisms was reported since then.
However, since bacterial strains closely affiliated
to F johnsoniae and F succinicans were shown
to occur intracellularly in amoebae retrieved
from drinking water in hospitals and from a
human corneal sample (Miiller et al., 1999; Horn
et al, 2001), other human pathology may
possibly result from the close contact with such
endocytobionts.

Veterinary Medicine

Although some members of the genus Flavobac-
terium are part of the normal bacterial flora in
the mucus at the surface of fish and fish eggs
(see the section Habitat and Ecology in this
Chapter), several Flavobacterium species exhibit
various degrees of pathogenicity for fish. To date,
freshwater fish are the only animals known to be
extensively affected by flavobacterial diseases,
although infections in newt (Brown et al., 1997)
and frog tadpole (Bullock et al., 1971) were
exceptionally reported. Wild fish may be
infected (Lehmann et al., 1991; Wiklund et al.,
1994; Tida and Mizokami, 1996), but farmed fish
are particularly exposed to these diseases owing
to the high density of fish in farms and to the
extensive national and international trade in fish
and fish eggs. The fish-pathogenic Flavobacte-
rium species are listed below in the order of
decreasing economic significance. Data on cul-
tural, phenotypical, serological, and molecular
characteristics of these pathogens, as well as on
their antibiotic susceptibility, are provided in
other sections in this chapter and in Tables 2, 3
and 4; additional information may also be found
in recent reviews (Austin and Austin, 1999;
Shotts and Starliper, 1999). The terms used by
fish farmers and fish pathologists to designate
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these bacteria reflect the great taxonomic and
nomenclatural confusion that long characterized
this bacterial group. Owing to the fact that
spheroplasts were mistaken for microcysts and
bacterial clumps for fruiting bodies (see the
section Identification in this Chapter), fish
pathogens were wrongly attributed to the
fruiting gliding bacteria and the global term
“myxobacteria” was consequently used (and still
frequently is). Such generic epithets as Chondro-
coccus or Cytophaga were also commonly used
for the most important fish pathogens until they
were classified in the genus Flexibacter on the
basis of phenotypic characteristics (Bernardet
and Grimont, 1989) and finally in the emended
genus Flavobacterium after extensive genomic
and phylogenetic studies (Bernardet et al., 1996;
Bernardet et al., 2002).

FLAVOBACTERIUM PSYCHROPHYLUM.
Following the description of “peduncle disease”
(see below) by Davis (1946), the responsible bac-
terium was first isolated by Borg (1948), who
named it [Cytophaga] psychrophila and studied
it extensively (Borg, 1960). For the following
decades, the disease seemed restricted to the
United States and Canada (Borg, 1960; Holt,
1988). E psychrophilum was first recognized in
Europe during the mid-eighties (Von Weis,
1987; Bernardet et al., 1988) and subsequently
appeared in all other major areas of salmonid
aquaculture (Japan, Tasmania, and Chile) during
the nineties; its distribution is now considered
worldwide. It is suspected that the pathogen
extended its geographical range through the
international trade in fish and fish eggs
(Wakabayashi et al., 1994; Kumagai and Taka-
hashi, 1997). Nevertheless, F. psychrophilum may
also have occurred in some areas long ago, pass-
ing unnoticed because it was not responsible for
serious outbreaks before intensive farming was
put into practice and because media and temper-
ature appropriate to its isolation were not com-
monly used. In contrast to F columnare (see
below), F psychrophilum mostly infects salmo-
nid fish (as well as the related species called
“ayu,” Plecoglossus altivelis, reared in Japan and
Korea), although it may occasionally be isolated
from eel, various cyprinids, and other fish species
(Lehmann et al., 1991; Iida and Mizokami, 1996;
Amita et al., 2000; Izumi et al., 2003b) in which
it usually causes less severe infections. Hence,
resident non-salmonid fish species as well as
salmonid fish having survived an outbreak
(Dalsgaard and Madsen, 2000; Madetoja et al.,
2000) likely act as carriers or reservoirs of F
psychrophilum for salmonids in the same river.
The pathogen can survive starvation outside fish
hosts: although its culturability and viability
declined when maintained in stream water,
growth was still possible after 36 weeks provided



512 J.-F. Bernardet and J.P. Bowman

a resuscitation step was performed (Vatsos et al.,
2003). Similarly, Madetoja et al. (2003) reported
a survival capacity of more than 300 days in
sterilized fresh water at 15°C even though the
virulence declined much more rapidly. Conse-
quently, F psychrophilum was detected in
fish-farm water, river water, and algae growing
at the surface of stones on riverbeds (Amita et
al., 2000; Madetoja and Wiklund, 2002; Vatsos et
al., 2002). However, the main sources of infec-
tion are the high numbers of bacterial cells that
are released into the water by infected and dead
fish; disruption of the skin is likely a major inva-
sion route into the fish, whereas oral contamina-
tion trials using live feed as a vector did not
succeed (Madetoja et al., 2000). F. psychrophi-
lum is currently one of the main bacterial patho-
gens in reared and wild salmonids in temperate
to cold water and is responsible for considerable
economic losses in salmonid culture worldwide
(Izumi et al, 2003b). Besides the above-
mentioned general reviews of fish-pathogenic
Flavobacterium species, much information on
the diseases caused by F psychrophilum may be
found in reviews focused on this pathogen
(Dalsgaard, 1993; Holt et al., 1993; Nematollahi
et al., 2003b).

Several different pathological entities have
been described depending on the fish species and
size (Holt et al., 1993; Nematollahi et al., 2003b).
In the classical form observed in Northern
America since the forties in the two most sus-
ceptible species, coho salmon (Oncorhynchus
kisutch) and rainbow trout (Oncorhynchus
mykiss), the area around the adipose fin becomes
dark and eroded; pathological changes progres-
sively extend to the whole caudal peduncle and
to the tail, usually resulting in a deep ulcerative
lesion exposing the spinal cord (Davis, 1946;
Pacha and Ordal, 1970; Holt et al., 1993), and
hence the name “peduncle disease” (Fig. 10).
Similar lesions may occur around the dorsal fin;
this particular location won the condition the
name “saddleback disease.”

The terms “bacterial cold-water disease” and
“low temperature disease” are also frequently
used since outbreaks usually occur when water
temperature is below 10°C. When groups of
experimentally infected salmonids were kept at
3-23°C, the shortest time from infection to death
was reported in the group kept at 12-15°C (Holt
et al., 1989). In contrast to F columnare infec-
tions (see below), those caused by F psychro-
philum rapidly become septicemic and the
bacterium may be isolated from internal organs
such as the spleen and kidney. Mortality may
reach up to 50% in coho salmon fingerlings and
20% in larger fish (Holt, 1988). Gill damage due
to F psychrophilum (which is less severe than
that due to F columnare or F branchiophilum
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Fig. 10. “Peduncle disease” caused by FE psychrophilum.
Extensive necrotic lesions may appear in various locations
on the body of infected fish, including the caudal peduncle.
On this young rainbow trout, extracellular enzymes of the
pathogen have destroyed the skin, connective tissue and
muscle, revealing the spinal column.

infections [see below]) has been reported in sev-
eral salmonid species in Ontario (Ostland et al.,
1999). Nervous forms of this disease are also
known in the United States: young salmon and
trout having recovered from acute infection
displayed ataxia and spiral swimming behavior
stemming from compression of nervous tissue by
cranial lesions and spinal deformities; in such
cases, osteitis, osteochondritis, meningitis and
myeloencephalitis were noted (Kent et al., 1989;
Meyers, 1989; Ostland et al., 1997). Such clinical
signs as anemia, exophthalmia, necrotic scleritis,
and skin bullae or blisters evolving into cavern-
ous ulcers due to necrotic myositis were also
reported (Lumsden et al., 1996; Ostland et al.,
1997; Ostland et al., 2000). In Europe, although
cases of typical cold-water disease were occa-
sionally reported in table-size rainbow trout
(Dalsgaard, 1993; Wiklund et al., 1994; Madetoja
et al., 2001), F. psychrophilum infection is mostly
a concern in rainbow trout fry and fingerlings;
hence the terms “rainbow trout fry syndrome”
(RTFS) and “fry mortality syndrome” (FMS;
see Nematollahi et al. [2003b] and references
therein). These conditions may result in high to
very high mortality (i.e., 20-70%). Infection is
septicemic and fish usually display only limited
and nonspecific clinical signs such as anemia,
lethargy, loss of appetite, dark color, and exoph-
thalmia (Lorenzen, 1994), although fin erosion,
blisters (from which F psychrophilum may be
isolated in pure culture; J.-F. Bernardet, unpub-
lished data), ulcers, as well as mouth and eye
lesions may also occur in fingerlings (Von Weis,
1987; Bernardet and Kerouault, 1989; Lehmann
et al.,, 1991; Dalsgaard, 1993; Lorenzen, 1994;
Martinez et al., 2004). The most consistent
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Fig. 11. Flavobacterium psychrophilum in a fish spleen
macrophage. A spleen imprint from a rainbow trout with
hemorrhagic septicemia caused by F psychrophilum reveals
numerous bacterial cells in the vacuoles of a macrophage
(May-Grunwald-Giemsa, x450).

internal sign is a severe splenic hypertrophy; in
spleen imprints or histological preparations,
numerous bacterial rods are dispersed in the
parenchyma throughout the tissue (Rangdale et
al., 1999; Ekman and Norrgren, 2003; Ekman et
al., 2003) as well as located within phagocytes
and endothelial cells in the spleen, liver, heart,
and kidney (Lehmann et al., 1991; Ekman and
Norrgren, 2003; Ekman et al., 2003; Fig. 11).

The presence of bacteria in the spleen tissue is
considered pathognomonic for RTFS together
with the replacement of the border of the spleen
by a loose eosinophilic layer, fibrinous inflamma-
tion, and intercellular edema (Rangdale et al.,
1999). Clinical signs and pathological findings
were similar in the three salmonid species exper-
imentally infected (Ekman and Norrgren, 2003).
Following intraperitoneal injection of E psychro-
philum cells to rainbow trout, epifluorescence
microscopy revealed that the intracellularly
located bacteria in the spleen of fry were still
viable and increased in number with time, sug-
gesting that the ability of bacteria to escape from
the bactericidal mechanisms of phagocytes and
to be protected against the humoral defense
mechanisms of the host could explain, at least
partly, why fry display clinical signs and suffer
mortality. Conversely, older fish displayed no
sign of infection and no bacteria were detected
in their spleen phagocytes (Decostere et al.,
2001). Wiklund and Dalsgaard (2003) showed
that 1) the E psychrophilum cells associated with
kidney phagocytes of large rainbow trout in vitro
were rapidly destroyed, 2) the differences in
association with the phagocytes were not clearly
related to the serotype or virulence of the strains,
and 3) a phagocyte toxin was not necessary for
the virulence.
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Besides the resistance to the defense mecha-
nisms of the fish, several other factors have been
suggested to explain the virulence of F psychro-
philum (see Dalsgaard [1993] and Nematollahi
et al. [2003a] and references therein) and its
wide variation among strains (Holt, 1988; Faruk,
2000). Adherence is likely the initial step of
infection. The adherence of E psychrophilum,
studied on a gill perfusion model, was influenced
by water temperature and chemical composi-
tion; also, a high virulence strain attached more
readily than a low virulence one (Nematollahi et
al., 2003a). The adhesion of F psychrophilum to
the eggs of rainbow trout (Vatsos et al., 2001)
and to the body surface of ayu (Kondo et al.,
2002) was also studied; initial attachment of the
bacterium was shown to occur preferentially on
the jaw and caudal peduncle, which are precisely
the locations of some of the most typical lesions.
However, the role of the slime layer of F
psychrophilum in the adhesion process (unlike
that of F columnare [see below]) has not yet
been demonstrated (Nematollahi et al., 2003b).
Surprisingly, when the adhesion of F psychro-
philum to mucus preparations from rainbow
trout esophagus, stomach, intestine, gills and
skin was compared to that of other fish-
pathogenic bacteria, it proved to exhibit the low-
est adhesion ability, a detectable adhesion being
only reported to mucus from stomach and intes-
tine (Nikoskelainen et al., 2001). The ability of
E psychrophilum to agglutinate and hemolyze
rainbow trout erythrocytes (Lorenzen, 1994,
Lorenzen et al., 1997) may explain, at least par-
tially, the severe anemia that occurs in infected
fish. Recently, a sialic acid-binding lectin was
shown to be involved in the hemagglutinating
properties exhibited by F psychrophilum
strains belonging to some serotypes (Mgller et
al., 2003). The extracellular proteases (Otis,
1984; Holt, 1988; Bertolini and Rohovec, 1992;
Bertolini et al., 1994; Nomura and Ohara, 1994,
Newton et al., 1997; Faruk, 2000; Ostland et al.,
2000; Secades et al., 2001; Secades et al., 2003)
and chondroitin lyase (Otis, 1984) produced by
FE. psychrophilum are certainly important viru-
lence factors which may explain to some degree
the extensive necrotic lesions displayed by
diseased fish (see the section Identification in
this Chapter). Scanning electron microscopy
investigations of infected fin rays of Atlantic
salmon revealed that erosion of the ray axis
resulted from the formation of grooves and
tubular boreholes likely caused by F psychro-
philum extracellular proteases (Martinez et al.,
2004). Among the various proteolytic capacities
of FE psychrophilum, the elastin-degrading
capacity in particular has been suggested as a
virulence factor, since the mortality rates in
groups of rainbow trout experimentally infected
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with an elastin-positive strain were significantly
higher compared to those of groups infected
with an elastin-negative strain; a certain correla-
tion was also found between the elastin-degrad-
ing capacity and the serotype of the strains
studied (Madsen and Dalsgaard, 1998). How-
ever, the opposite result was observed when
rainbow trout eggs were injected with F psy-
chrophilum strains with or without elastin-
degrading capacity, suggesting that other viru-
lence factors are involved in the virulence of the
pathogen (Ekman et al., 2003). It has also been
suggested that the lytic activity displayed by FE
psychrophilum strains against other bacterial
species may constitute an advantage, indirectly
contributing to its virulence (Nematollahi et al.,
2003a). Wiklund and Dalsgaard (2002) showed
that virulent as well as nonvirulent strains of
psychrophilum were resistant to the action of
the complement present in the serum of rainbow
trout. Although the structure of the lipopolysac-
charide of E psychrophilum was recently deter-
mined (Crump et al., 2001; MacLean et al., 2001;
see the section Identification in this Chapter), its
role in pathogenesis has not been evaluated. A
certain relationship between serotype, ribotype,
and virulence was found in FE psychrophilum
isolates; however, virulence was not clearly cor-
related to the plasmid content (Madsen and
Dalsgaard, 2000; see the section Identification in
this Chapter).

The diagnosis of F psychrophilum infections
usually relies on the isolation of the pathogen,
preferably from internal organs (see the section
Isolation and Cultivation in this Chapter), and
on its identification using phenotypical and
serological characteristics (see the section
Identification in this Chapter). The molecular
techniques available to specifically detect the
bacterium in infected tissue and to identify iso-
lates are listed in the section Identification.
Serological methods such as ELISA (Rangdale
and Way, 1995; Faruk, 2000), immunobhis-
tochemistry (Evensen and Lorenzen, 1996;
Ekman and Norrgren, 2003), and immunofluo-
rescence (Lorenzen and Karas, 1992; Amita et
al., 2000; Faruk, 2000) have been devised to
detect F psychrophilum in fish tissue and to
reveal antigenic differences between isolates.

E psychrophilum has long been suspected
to be vertically transmitted from brood fish to
progeny, i.e., within fish eggs. If confirmed, ver-
tical transmission associated with the interna-
tional trade in fish eggs would help explain the
dramatic worldwide spread of rainbow trout fry
syndrome within only a few years despite dis-
infection procedures routinely applied to eggs
(Izumi and Wakabayashi, 1997; Kumagai and
Takahashi, 1997). The detection using cultivation
and/or molecular methods of E psychrophilum
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in the coelomic fluid and at the surface of the ova
of infected female salmonids, as well as in the
milt of certain males, is well documented (Holt,
1988; Lorenzen, 1994; Rangdale et al., 1996;
Brown et al., 1997; Izumi and Wakabayashi,
1997; Kumagai and Takahashi, 1997; Ekman et
al., 1999; Amita et al., 2000; Baliarda et al., 2002;
Taylor, 2004). However, since F psychrophilum
is embedded in the mucus at the surface of the
egg, a complete disinfection is difficult to achieve
(Brown et al., 1997; Kumagai and Takahashi,
1997) and thus transmission within disinfected
eggs rather than on their still-infected or re-
infected surfaces is difficult to demonstrate. The
strongest evidence for in ovo transmission of F
psychrophilum came from Brown et al. (1997),
who reported the isolation of the pathogen from
crushed steelhead trout eggs after they were dis-
infected using iodine compounds and after the
sterility of their surface was verified by a 72-h
incubation in an appropriate broth medium. The
same authors also demonstrated that F psychro-
philum is resistant to concentrations of lysozyme
greater than those found within salmonid eggs
and that the pathogen is able to survive within
the content of the eggs. Injection of infected
females with erythromycin or tetracycline prior
to fecundation did not significantly reduce
the proportion of infected eggs (Brown et al.,
1997; Roberts, 1998). Recent investigations by
Kumagai et al. (2000) using immunofluorescence
on frozen sections of experimentally infected
coho salmon eggs and by Taylor (2004) using a
nested PCR assay on yolk material from four
different naturally infected Pacific salmonid
species also succeeded in revealing F psychro-
philum cells within the eggs. Nanoinjection of
FE psychrophilum in rainbow trout eggs was
recently used to mimic vertical transmission and
to compare the virulence of two strains (Ekman
et al., 2003).

The study of the pathogenesis of F psychro-
philum infections and the evaluation of candi-
date vaccines (see below) were made possible
by various experimental infection and challenge
models reviewed by Nematollahi et al. (2003b).
Clinical disease was successfully reproduced
using subcutaneous, intramuscular, or intraperi-
toneal injection of bacterial suspensions, but
these routes were criticized for not being natural
and for bypassing the surface defense mecha-
nisms of the fish. To better approximate the nat-
ural route of infection, other infection models
were devised, using cohabitation with diseased
fish or immersion in bacterial suspensions. These
procedures usually failed to induce infection,
except when fish were previously stressed some-
how (see Madetoja et al. [2000], Busch et al.
[2003], and Nematollahi et al. [2003b] and refer-
ences therein); yet, skin injury or osmotic stress
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did not significantly increase the mortality of
rainbow trout submitted to a bath infection
(Garcia et al., 2000). Presence of ectoparasites
was expected to favor the penetration of F psy-
chrophilum in fish through the microlesions they
cause on the skin; however, no distinct enhance-
ment of infection could be demonstrated in rain-
bow trout fry bathed in a bacterial suspension
and exposed to a monogenean ectoparasite com-
pared to fry only exposed to the bacterium
(Busch et al., 2003).

Although the mucus and serum of infected
rainbow trout were shown to contain specific
antibodies against F  psychrophilum, the
number of bacterial cells incubated in the serum
decreased only slightly, suggesting that high lev-
els of antibodies alone do not provide protection
against the pathogen and that stimulation of
nonspecific immune factors is necessary to
achieve nearly complete protection (LaFrentz
et al., 2002; Wiklund and Dalsgaard, 2002).
The inability of antibodies to provide complete
protection was also demonstrated by the partial
success of passive immunization experiments
(LaFrentz et al., 2003). Among the vaccination
attempts to prevent F psychrophilum infections
(see the reviews by Bernardet [1997] and Nem-
atollahi et al. [2003b]), injection of or immersion
in formalin-killed bacterial cells has met with
varying degrees of success. Recently, Kondo et
al. (2003) have claimed to induce protection of
juvenile ayu using an oral vaccination procedure.
Mortality of ayu injected intraperitoneally
with formalin-killed bacterin mixed with water-
soluble adjuvants was significantly lower than
that of un-vaccinated fish (Nagai et al., 2003;
Rahman et al., 2003). Improved vaccines could
result from the identification of several immuno-
genic cell surface molecules (Crump et al., 2001)
and from the characterization of the O-antigen
of the FE psychrophilum lipopolysaccharide
(MacLean et al., 2001). Recently, a good protec-
tion was obtained using the outer membrane
protein of F psychrophilum as a vaccine
(Rahman et al., 2002). The major glycoprotein
antigen purified from the bacterial cell mem-
brane is another candidate for a subunit vaccine
against F psychrophilum (Merle et al., 2003).
Following the identification of several immuno-
genic fractions of the bacterium using western-
blot analysis of rainbow trout immune sera,
immunization with the 70-100 kDa fraction
resulted in a very good protection of fish
(LaFrentz et al., 2004). Since antibodies in the
serum of protected fish recognized high molecu-
lar weight proteins and the O-polysaccharide
component of the lipopolysaccharide, these anti-
gens may be responsible for the protective
immune response and could serve as vaccine
candidates. Methods for the genetic manipula-
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tion of FE psychrophilum are now available
(Alvarez et al., 2004; see the section Genetics in
this Chapter); they should facilitate the rational
design of vaccine strains.

Holt et al. (1993), Austin and Austin (1999),
and Nematollahi et al. (2003b) have reviewed the
different antibacterial drugs (e.g., sulfonamides,
furans, oxytetracycline, and florfenicol) that may
be used in the control of E psychrophilum infec-
tions. Although antibacterial therapy remains
the most effective control method, the progres-
sive development of resistance to oxytetracy-
cline, oxolinic acid and amoxicillin, as well as the
importance of performing in vitro antimicrobial
susceptibility testing, are well documented
(Soltani et al., 1995; Bruun et al., 2000; Bruun et
al., 2003; Dalsgaard and Madsen, 2000; Schmidt
et al., 2000; see the section Identification in this
Chapter). However, a recent survey of the sus-
ceptibility of fish-pathogenic bacteria isolated in
France to chloramphenicol and florfenicol found
no resistant strain of F psychrophilum (Michel
et al.,2003). Manipulation of water temperature
or salinity has also been suggested to reduce the
morbidity due to E psychrophilum infections in
farmed fish (Soltani and Burke, 1994).

FLAVOBACTERIUM COLUMNARE.
Although different generic epithets were succes-
sively used to designate it (see above and the
comments to Table 1 in the chapter An Introduc-
tion to the Family Flavobacteriaceae in this
Volume), F columnare has long been recognized
as an important fish pathogen in relatively warm
freshwater worldwide, causing dramatic losses in
a considerable variety of farmed and wild, food
and ornamental fish. The list of fish species which
may be infected and the history of “columnaris
disease,” as it is called by fish farmers and fish
pathologists since its discovery by Davis (1922),
may be found in the extensive literature devoted
to this organism, particularly in recent reviews
(Wakabayashi, 1993; Austin and Austin, 1999;
Shotts and Starliper, 1999). Early reports of F
columnare from seawater or marine fish (see
Bullock et al. [1971] and references therein)
were subsequently invalidated following the
demonstration that the bacterium was unable to
survive in seawater (Chowdhury and Wakaba-
yashi, 1988); in fact, the organism responsible for
“marine columnaris” was likely Tenacibaculum
maritimum (see the chapter The Marine Clade
of the Family Flavobacteriaceae: The Genera
Aequorivita, Arenibacter, Cellulophaga,
Croceibacter, Formosa, Gelidibacter, Gillisia,
Maribacter, Mesonia, Muricauda, Polaribacter,
Psychroflexus, Psychroserpens, Robiginitalea,
Salegentibacter, Tenacibaculum, Ulvibacter,
Vitellibacter and Zobellia in this Volume). Even
though the overall economic losses due to E
psychrophilum worldwide are now far higher
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than those caused by F columnare, the latter
remains one of the most serious bacterial patho-
gens in commercially reared channel catfish
(Ictalurus punctatus) in the United States
(Hawke and Thune, 1992; Newton et al., 1997)
and in several tropical and/or ornamental fish
(Decostere et al., 1998; Michel et al., 2002;
Tripathi et al., 2005).

Many environmental and host-related factors
(such as water temperature and composition,
skin or gill damage, stress due to handling and
high stocking density, and feed or oxygen depri-
vation) may influence the impact of columnaris
disease on fish populations (Pacha and Ordal,
1970; Becker and Fujihara, 1978; Austin and
Austin, 1999). Columnaris disease is usually
problematic only in the warmer periods of the
year: the optimum temperature for an outbreak
is 20-30°C and mortality usually does not occur
below 15°C, although highly virulent strains may
still be pathogenic at lower temperatures (see
Wakabayashi [1991] and references therein).
Field studies demonstrated that various species
of feral fish serve as reservoir of infection (Pacha
and Ordal, 1970; Becker and Fujihara, 1978;
Wakabayashi, 1991). The survival of F colum-
nare in water depends on the concentration of
various ions, on the presence of organic matter
(such as particulate fish feeds on which the bac-
terium grows well), and on the temperature
(Wakabayashi, 1991).

The pathology of columnaris disease has been
extensively described (e.g., Pacha and Ordal,
1970; Amin et al., 1988; Shotts and Starliper,
1999; Decostere et al., 2002) and gross clinical
signs may help achieve diagnosis (Austin and
Austin, 1999). The gross pathology in young fish
infected by highly virulent F columnare strains
is usually very limited; the gill is the major site
of damage, but the body, mouth (Fig. 12), fins

Fig. 12. Mouth lesion in fish infected by F columnare. Bac-
teria have destroyed the floor of the oral cavity in a young
rainbow trout; such necrotic lesions (“mouth rot”) are com-
mon and may also affect other parts of the body (“fin rot,”
“tail rot,” skin ulcers, etc.).
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and tail are also frequently damaged. In adult
fish, yellowish areas of necrotic tissue appear in
the gills, eventually destroying completely the
gill filament (Fig. 13).

Lesions on the body begin as small eroded and
hyperemic areas which progressively extend to
large ulcerative and hemorrhagic necrotic lesions
exposing the underlying muscle tissue. A partic-
ular aspect of columnaris disease in salmonids is
named “saddleback” because the lesion is typi-
cally located around the dorsal fin (Cone et al.,
1980; Morrison et al., 1981). In severe cases of
E columnare infection, a septicemia may also
occur. In tropical ornamental fish, columnaris
disease is frequently called “cotton-wool” dis-
ease or “mouth fungus” since the filaments com-
posed of numerous bacterial cells emerge from
the lesions; however, recent descriptions of
columnaris disease in three different tropical fish
species only mentioned local skin discoloration,
with or without ulceration, and degeneration of
muscle fibers (Decostere et al., 1998; Michel et
al., 2002). When fragments of infected fish tissue
are examined under the microscope in wet
mounts, great numbers of bacterial cells are
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Fig. 13. Gill necrosis in carp caused by F columnare. Yellow-
ish necrotic lesions in the gills of a heavily infected common
carp (A). Under the stereomicroscope (x10), gill tissue
appears completely destroyed by the extracellular enzymes
of F columnare, and yellow bacterial growth progressively
invades the gills (B).



CHAPTER 6.4

et
’i 3

" S
.;h‘-'»k L S Vg Sl

Fig. 14. Direct microscopic examination of a fragment of F
columnare-infected tissue. Under phase-contrast microscopy
(x1000), a fragment of infected skin tissue from neon tetra
(Paracheirodon innesi) shows numerous actively gliding bac-
terial cells; the dense, column-like masses of gliding bacterial
cells frequently found on the surface of infected tissue are at
the origin of the specific epithet “columnare.”

observed, slowly gliding and aggregating in
columnar masses, from which the specific epithet
of E columnare is derived (Fig. 14). Histopa-
thology of columnaris disease was described in
several fish species (Pacha and Ordal, 1967,
Cone et al., 1980; Morrison et al., 1981; Amin
et al., 1988; Shamsudin, 1994; Decostere et al.,
1999; Tripathi et al., 2005).

Flavobacterium columnare may usually be
readily isolated from external lesions, provided
samples are taken from the edge of recent
lesions and streaked on convenient media (see
the section Isolation and Cultivation in this
Chapter). When columnaris disease reaches a
septicemic phase, the bacterium may also be
isolated from internal organs, preferably spleen
or kidney (Morrison et al., 1981; Hawke and
Thune, 1992; Decostere et al., 1998; Tripathi et
al., 2005). Although different colony types may
occur (Song et al., 1988a; Shamsudin and Plumb,
1996), most F. columnare strains may be readily
identified from their typical colonies on Anacker
and Ordal’s agar (Anacker and Ordal, 1955).
These are pale greenish yellow, flat, spreading,
with more or less rhizoid margins, are adherent
to the agar, and may appear warty or elevated at
the center (Pacha and Ordal, 1970). The gliding
motility in liquid culture is also easy to observe
and those who know this organism well recog-
nize its odor. Of course, additional tests are nec-
essary for an accurate identification (see other
sections in this chapter and Table 4). Various
PCR techniques have been proposed to detect E
columnare in the tissue of diseased fish or to
identify isolates (Toyama et al., 1996; Nilsson
and Strom, 2002; Tiirola et al., 2002; Darwish et
al., 2004; Tripathi et al., 2005; see also the section
Isolation and Cultivation in this Chapter). The
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typing of F columnare isolates may be achieved
using biochemical, serological and molecular
techniques; early descriptions of bacteriocin and
phage typing were also published (see the
section Identification in this Chapter).
Columnaris disease was experimentally repro-
duced using different routes. These experiments
showed F columnare strains exhibit various
degrees of virulence: highly virulent strains
killed all experimental fish within 24 h while
strains exhibiting a low virulence required over
96 h to reach 100% mortality; some of the least
virulent F columnare strains failed to infect the
fish unless their skin was previously scarified or
did not kill the fish at all (Pacha and Ordal, 1970;
Amin et al., 1988; Shamsudin, 1994; Chowdhury,
1995; Decostere et al., 1999; Tripathi et al., 2005).
Extensive external lesions only appear when the
disease lasts several days, i.e., when it is caused
by strains with low or moderate virulence.
Although the virulence mechanisms of E colum-
nare are far from completely elucidated, several
putative virulence factors have been studied. No
correlation was found between the degree of
virulence and such epidemiological markers as
serotypes (Pacha and Ordal, 1970), plasmid or
RAPD profiles, and ribotypes (see the section
Identification in this Chapter). The various
enzymes, such as extracellular proteases
(Newton et al., 1997) and chondroitin AC lyase
(Stringer-Roth et al., 2002), produced by FE
columnare are presumably responsible for the
extensive necrotic lesions (see the section Iden-
tification in this Chapter), and a correlation was
indeed found between the degree of virulence
and that of chondroitin AC lyase activity
(Stringer-Roth et al., 2002). The adherence of
FE columnare was extensively studied in vivo
(Decostere et al., 1999) and ex vivo using a
model of isolated gill arches (Decostere et al.,
1999; Decostere et al., 1999); these studies dem-
onstrated that 1) the adhesion of bacterial cells
to the gill tissue was an important step in patho-
genesis, 2) adhesion was favored by the presence
of nitrite or organic matter in the water and by
high water temperatures, and 3) a high virulence
strain adhered more readily than a low virulence
one. The role of adherence in pathogenesis was
further substantiated when a decrease in viru-
lence was observed in fish challenged with
an adhesion-defective mutant of F columnare
obtained by serial passages on an ampicillin-
enriched medium (Bader et al., 2005). Adher-
ence ability of F columnare was correlated to its
hemagglutination capacity, and a lectin-like com-
ponent of the capsule was responsible for the
attachment of the bacterium to gill tissue; more-
over, the capsule was thicker and denser in
highly virulent strains than is low virulence ones
(Decostere et al., 1999). Nevertheless, according
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to MacLean et al. (2003), the adhesins involved
have not been definitely identified; possible
candidates are the lipopolysaccharide, the cap-
sule, the fimbriae, or other appendages of the
bacterium.

The control of columnaris disease is difficult to
achieve and outbreaks frequently occur in the
same river, lake or fish farm when environmental
conditions are adequate; healthy fish may be
infected by resident carrier fish, by bacteria sur-
viving in the environment, or by recently intro-
duced infected fish. The facts that rainbow trout
surviving a columnaris disease outbreak were
resistant to a re-exposure the following year
(Becker and Fujihara, 1978) and that channel
catfish, rainbow trout and tilapia injected with
suspensions of heat- or formalin-killed virulent
strains produced specific antibodies in plasma
and skin mucus (Fujihara and Nakatani, 1971;
Schachte and Mora, 1973, Grabowski et al.,
2004) have led to various vaccination trials.
Although bath or parenteral vaccination of fish
against columnaris disease with killed whole-cell
bacterins have shown some promise (Fujihara
and Nakatani, 1971; Moore et al., 1990; Bernar-
det, 1997), the protection is neither strong nor
long lasting, and better vaccines are needed. As
suggested by Newton et al. (1997), detoxified
proteases of F. columnare could possibly be more
effective antigens. Seven outer membrane pro-
teins, some of them common to all F columnare
isolates, were strongly recognized by antibodies
in the serum of convalescent channel catfish;
they may also prove useful in developing an
improved vaccine (Davidson, 1996). Rabbit anti-
sera raised against the outer membrane proteins
of FE columnare were used to screen an expres-
sion library of the bacterium; two genes, encod-
ing a zinc metalloprotease (possibly representing
a new family of zincins) and a prolyl oligopeti-
dase (Pop), both membrane-associated, were
identified (Xie et al., 2004). Comparison of
immunodominant antigens in whole-cell lysates
of F columnare showed that formalin treatment
(but not pressure treatment) inactivates one of
the protein antigens (Bader et al., 1997). The
recently characterized lipopolysaccharide O-
polysaccharide antigen and the glycopeptides of
FE columnare may also provide target molecules
for vaccines (MacLean et al., 2003; Vinogradov
et al., 2003). The modification of water tempera-
ture and salinity has been proposed as a control
method during outbreaks of columnaris disease,
when possible (Holt et al., 1993; Soltani and
Burke, 1994). Chemotherapy remains the most
widely used control method in fish farms, but
very few antibiotics are at the same time autho-
rized for use in fish, nontoxic to fish, and actually
effective in vivo despite demonstration of in
vitro activity against F. columnare (Soltani et al.,
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1995; see the section Identification in this Chap-
ter). Oxytetracycline is commonly used in feed
or as a bath for external infections; oral admin-
istration of oxolinic acid, sulfonamides or flor-
fenicol is also recommended (Wakabayashi,
1993; Austin and Austin, 1999; Shotts and Starli-
per, 1999). Bath, flush or dip treatments with
various disinfectants (sodium chloride, copper
sulfate, potassium permanganate, hydrogen per-
oxide, chloramine-T, quaternary ammonium
compounds, Diquat, etc.) have met with varying
degrees of success (Altinok, 2004; Thomas-Jinu
and Goodwin, 2004). After having been advo-
cated as a strategy to control infectious diseases
of channel catfish, withholding feed has been
shown to actually reduce the resistance of fish to
E columnare (Shoemaker et al., 2003).
FLAVOBACTERIUM BRANCHIOPHI-
LUM. Although E columnare, E psychrophilum
and presumably F hydatis are able to cause bac-
terial gill disease in various fish species (see the
corresponding paragraphs), a different, nonglid-
ing, yellow filamentous organism first recognized
from gill disease in salmonids in Japan (Kimura
et al., 1978) is actually the main causative agent.
Following the identification of other, serologi-
cally different strains from similar cases in
Oregon (Wakabayashi et al., 1980) and from gill
disease in rainbow trout, sheatfish, and silver
carp in Hungary (Farkas, 1985), comparative
studies of representative isolates originating
from these three geographic areas resulted in the
description of the new species Flavobacterium
branchiophila (Wakabayashi et al., 1989), which
was rapidly corrected to branchiophilum (Von
Graevenitz, 1990). The new pathogen was also
recognized in Ontario, Canada, as the causative
agent of gill disease, one of the most important
conditions affecting the salmonid industry in this
region (Ferguson et al., 1991; Turnbull, 1993;
Ostland et al., 1994). More recently, cases were
also identified in Korea (Ko and Heo, 1997). As
for E psychrophilum, it is difficult to know
whether what appears to be a fast, worldwide
diffusion of a new pathogen could actually be
only related to improvements in the isolation
and identification of a long-established bacterial
species after fish pathologists became aware of
the disease in other parts of the world. Bacterial
gill disease was reproduced experimentally in
various fish species (Wakabayashi et al., 1980;
Ferguson et al., 1991; Ostland et al., 1995). His-
topathological changes in infected gills were
evaluated and the ability of all F branchiophilum
strains to attach to the gills was demonstrated,
although only virulent strains were able to
further colonize the gills and cause mortality
(Turnbull, 1993; Ostland et al., 1995). Contrary
to the two above-mentioned fish pathogens, E
branchiophilum is considered noninvasive and is
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usually not isolated from internal organs; it is
a relatively fastidious organism, easily over-
grown by other bacteria (Turnbull, 1993). The
virulence for gills was connected to the various
enzymatic and hemagglutinating activities
detected in the extracellular products (Ototake
and Wakabayashi, 1985) which affect respiratory
functions of rainbow trout (Wakabayashi and
Iwado, 1985). Serological studies (see the section
Identification in this Chapter) made possible the
use of immunofluorescence and ELISA to spe-
cifically detect and quantify F branchiophilum at
the gill surface (Heo et al., 1990; MacPhee et al.,
1995). Indirect enzyme immunoassay showed
that infected fish produce serum and gill-surface
antibodies (Lumsden et al., 1993); however,
intermittent occurrence of gill disease outbreaks
in the same fish population suggested that
surviving fish are not protected against the
pathogen (Heo et al., 1990). Nevertheless, immu-
nization trials (reviewed by Bernardet, 1997)
showed that the local gill immune response was
probably responsible for the significant reduc-
tion in gill-associated F. branchiophilum and for
the partial protection seen in bath-vaccinated
fish challenged with relatively low numbers of
bacteria (Lumsden et al., 1994). The use of NaCl
(Heo et al., 1990), H,O, (Derksen et al., 1999),
formalin and chloramine-T (Ostland et al.,
1995), and nifurpirinol (now banned; Ostland et
al., 1989) was evaluated for the bath treatment
of bacterial gill disease and has met with varying
degrees of success (Turnbull, 1993; Shotts and
Starliper, 1999).

FLAVOBACTERIUM JOHNSONIAE.
[Cytophaga] johnsonae was long known as a
common soil organism involved in the degrada-
tion of various biomacromolecules (Stanier,
1947; Reichenbach, 1989). It was later trans-
ferred to the genus Flavobacterium and its
specific epithet was corrected (Bernardet et al.,
1996). After strains isolated from diseased fish
were first mentioned by Christensen (1977),
similar strains were frequently recognized in
external lesions of different fish species world-
wide (Rintamiki-Kinnunen et al., 1997; J.-F.
Bernardet, unpublished data). The best descrip-
tion of a fish disease caused by F johnsoniae was
published following its isolation in pure culture
from extensive skin lesions in juvenile farmed
barramundi (Lates calcarifer) in Australia
(Carson et al., 1993). However, the fact that this
outbreak occurred in intensive farming condi-
tions after an increase in suspended solids in the
water and a sudden drop in water temperature
indicated that special conditions had to be met
for F johnsoniae to become pathogenic. This was
confirmed when experimental infection trials in
various fish species were shown to be effective
only in barramundi and then only when fish were
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challenged after being submitted to a drop in
water temperature (Soltani et al., 1994). Hence,
these studies confirmed F johnsoniae as an
opportunistic pathogen. Although phenotypic
and chemotaxonomic (i.e., whole-cell protein
profiles and fatty acid analysis) investigations of
a collection of fish isolates showed they were
indeed highly related to F johnsoniae, only
rather low DNA relatedness was found between
the isolates tested and the type strain (J-F.
Bernardet, unpublished data). Hence, pending
further research, such strains should preferably
be referred to as “F johnsoniae-like.” Since a
certain degree of heterogeneity was noticed
between the strains available in culture collec-
tions (Bernardet et al., 1996), the splitting of F
johnsoniae into two or several species may be
necessary in the future.

OTHER FLAVOBACTERIUM SPECIES.
Several other so-called Flavobacterium species
have been either retrieved from fish or described
as fish pathogens; however, most of them have
subsequently been moved to other or new gen-
era, and they have not been involved in any out-
break since their original description.

Several Flavobacterium-like organisms were
described from diseased marine fish; for instance,
“[Flavobacterium] piscicida,” isolated from vari-
ous fish species in Florida, was subsequently
reclassified as “[Pseudomonas| piscicida” and
finally as Pseudoalteromonas piscicida (see
Bernardet [1998] and references therein; the
chapter The Genus Alteromonas and Related
Proteobacteria in Volume 6).

[Flavobacterium] balustinum was originally
isolated from the surface of dead fish; the current
opinion is that this organism was a fish spoilage
agent rather than a pathogen (see Austin and
Austin [1999] and references therein). It was
moved to the genus Chryseobacterium as C. bal-
ustinum after further taxonomic investigations
(Vandamme et al., 1994).

A new bacterial species isolated from turbot
(Scophthalmus maximus) and seawater in
Scotland was first named “[Flavobacterium]
scophthalmum” (Mudarris et al., 1994); this bac-
terium, responsible for gill disease and hemor-
rhagic septicemia, was also transferred to the
genus Chryseobacterium as C. scophthalmum
(Vandamme et al., 1994).

A related bacterium, although not isolated
from fish, should be mentioned: an organism
responsible for hemorrhagic septicemia in
farmed bullfrog (Rana catesbeiana) in Taiwan
was characterized and named “[Flavobacte-
rium] ranacida” (see Faung et al. [1996] and
references therein); recently, this organism
was identified as Chryseobacterium menin-
gosepticum (J.-F. Bernardet, unpublished data;
for the three above-mentioned organisms, see
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the chapter The Genus Chryseobacterium in
this Volume).

Three strains of a facultatively anaerobic
gliding bacterium were isolated from skin lesions
of salmon and from a water sample in a
Washington state hatchery, characterized, and
named “[Cytophaga] succinicans” (Anderson
and Ordal, 1961) in spite of phenotypic differ-
ences between the three strains (Reichenbach,
1989). Whole-cell protein profile and fatty acid
content confirmed that one strain differs from
the two others (Bernardet et al., 1996). No
other strain of this bacterial species was ever
described, and it was subsequently transferred
to the genus Flavobacterium as F succinicans
(Bernardet et al., 1996). Also isolated from
external (i.e., gill) lesions in salmon in a Michi-
gan hatchery, another facultatively anaerobic
gliding bacterium was described as the new spe-
cies [Cytophaga] aquatilis (Strohl and Tait, 1978).
This species was later transferred to the genus
Flavobacterium under the new epithet F hydatis
(Bernardet et al., 1996). Similar strains have
frequently been isolated from external lesions
(i.e., gill or fin necrosis, skin ulcers, etc.) of fish
since then (e.g., Austin and Austin, 1999; J.-F.
Bernardet, unpublished data). As in the case of
F. johnsoniae, the fish isolates were phenotypi-
cally and chemotaxonomically similar to FE
hydatis in spite of rather low DNA relatedness
between those that were tested and the type and
only bona fide F hydatis strain available in cul-
ture collections (J.-F. Bernardet, unpublished
data); consequently, these strains should be
referred to as “F hydatis-like.” The pathogenicity
of F succinicans and F. hydatis for fish was never
actually demonstrated (Austin and Austin,
1999); these organisms likely act as opportunistic
pathogens, invading fish already weakened by
other pathogens, poor farming conditions, or
environmental disorders.

Bacterial strains whose 16S rRNA gene
sequence matched that of E frigidarium were
recently identified among the bacterial commu-
nity in amoebae-infested gill tissue of salmon,
but the relative implication of bacteria and par-
asites in the disease is not known (Bowman and
Nowak, 2004).

Applications

Flavobacterium species produce a variety of
enzymes (see the section Identification in this
Chapter) that have potential biotechnological
applications in processes involving the degrada-
tion of such biomacromolecules as agar, alginate,
chitin, laminarin, pectin, xylan, etc. For instance,
a keratinase-producing Flavobacterium sp. was
recently isolated from a poultry industry (Riffel
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and Brandelli, 2002). This organism was able to
completely degrade raw feathers and could be
used to hydrolyze keratin; however, its affiliation
to the genus Flavobacterium was only based on
a scant phenotypic study. Some bona fide mem-
bers of the genus have particular biotechnologi-
cal potential and ecological interest because they
can produce cold-active enzymes (see the section
Habitat and Ecology in this Chapter).

Over the last few years, a number of algicidal
bacteria were identified, especially in Japan; they
have attracted much attention as possible tools
to regulate the population of phytoplankton
responsible for the “red tide” blooms, which fre-
quently cause serious damage to the aquaculture
industry in coastal seawaters. Some of these bac-
teria were attributed to the genus Flavobacte-
rium thanks to their 16S rRNA sequence; though
isolated from seawater, these isolates did not
require NaCl for growth (Maeda et al., 1998). A
whole-cell hybridization method using fluores-
cently labeled probes was developed for the
specific detection and enumeration of another
algicidal Flavobacterium sp. (Adachi et al., 2002).

A FE columnare-like organism capable of
killing the cyst form of the protozoan parasite
Giardia lamblia was recently isolated from fresh-
water (Rodgers et al., 2003). Provided the con-
centration of Ca* in the medium was high and
the bacteria and cyst were in direct contact, up
to 80% of the cysts were destroyed within 48 h.
Hence, such strains could be used as biological
control agents against Giardia cysts in drinking
water treatment plants.

A biosurfactant-producing Flavobacterium sp.
was isolated from samples of arid soil (Bodour
et al., 2003). It produces a mixture of at least 37
compounds representing a new class of biosur-
factants, named “flavolipids,” exhibiting a unique
polar moiety and strong and stable emulsifying
and solubilizing activities; they have a variety of
potential biotechnological and industrial appli-
cations, for instance, in the remediation of con-
taminated soils (Bodour et al., 2004).

Studying the dynamics of bacterial community
in a soil contaminated with petroleum hydro-
carbons, Kaplan and Kitts (2004) noticed that
organisms attributed to the genera Flavobacte-
rium and Pseudomonas from their 16S rRNA
gene sequence were most abundant during
the fast degradation phase. This observation
supported the importance of Flavobacterium
spp. in the bioremediation of hydrocarbon-
contaminated soils already reported by previous
publications (Kaplan and Kitts, 2004 and
references therein), although the identification
of bacterial strains may not have been based on
firm grounds in all these studies.

The degradation potential of a Flavobacterium
sp. strain on paper mill effluents was investi-
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gated; degradation appeared more effective after
the bacterium was pre-treated with sinusoidal
magnetic fields (Aarthi et al., 2004).

A Flavobacterium sp. strain producing antifun-
gal compounds may have some potential for the
biocontrol of fungi responsible for the banana
crown rot (Gunasinghe et al., 2004).

Literature Cited

Aarthi, T. Leelapriya, P. T. Kalaichelvan, K. S. Dhilip, and
P. V. S. Narayan. 2004. Application of weak sinusoidal
magnetic field on Flavobacterium species in the treat-
ment of paper mill effluent. Electromag. Biol. Med.
23:215-227.

Abdurashitov, M. A., S. S. Okhapkina, N. A. Netesova, L. N.
Golikova, D. A. Gonchar, and S. K. Degtyarev.
2003. The unique Faul restriction-modification system:
Cloning and protein sequence comparisons. Molec. Biol.
37:524-528.

Adachi, M., K. Fukami, R. Kondo, and T. Nishijima. 2002.
Identification of marine algicidal Flavobacterium sp. SN-
3 using multiple probes and whole-cell hybridization.
Fish. Science 68:713-720.

Agbo, J. A. C., and M. O. Moss. 1979. The isolation and
characterization of agarolytic bacteria from a lowland
river. J. Gen. Microbiol. 115:355-368.

Al-Harbi, A. H., and N. Uddin. 2003. Quantitative and qual-
itative studies on bacterial flora of hybrid tilapia (Oreo-
chromis niloticus x O. aureus) cultured in earthen ponds
in Saudi Arabia. Aquacult. Res. 34:43-48.

Alvarez, B., P. Secades, M. J. McBride, and J. A. Guijarro.
2004. Development of genetic techniques for the psy-
chrophilic fish pathogen Flavobacterium psychrophilum.
Appl. Environ. Microbiol. 70:581-587.

Amin, N. E., 1. S. Abdallah, M. Faisal, M. EL-S. Easa, T.
Alaway, and S. A. Alyan. 1988. Columnaris infection
among cultured Nile tilapia Oreochromis niloticus. Ant.
v. Leeuwenhoek 54:509-520.

Amita, K., M. Hoshino, T. Honma, and H. Wakabayashi.
2000. An investigation on the distribution of Flavobac-
terium psychrophilum in the Umikawa River [in
Japanese, with abstract, tables and figures in English].
Fish Pathol. 35:193-197.

Anacker, R. L., and E. J. Ordal. 1955. Study of a bacterioph-
age infecting the myxobacterium Chondrococcus colum-
naris. J. Bacteriol. 70:738-741.

Anacker, R. L., and E. J. Ordal. 1959. Studies on the myxo-
bacterium Chondrococcus columnaris. II: Bacteriocins.
J. Bacteriol. 78:33-40.

Anderson, R. L., and E. J. Ordal. 1961. Cytophaga succini-
cans sp.n., a facultatively anaerobic, aquatic myxobacte-
rium. J. Bacteriol. 81:130-138.

Aslam, Z., W.-T. Im, M. K. Kim, and S.-T. Lee. 2005.
Flavobacterium granuli sp. nov., isolated from granules
used in a wastewater treatment plant. Int. J. Syst. Evol.
Microbiol. 55:747-751.

Austin, B., and D. A. Austin. 1999. Bacterial Fish Pathogens:
Disease of Farmed and Wild Fish, 3rd (revised) ed.
Praxis Publishing. Chichester, UK.

Bader, J. A., P. H. Klesius, and S. Vinitnantharat. 1997.
Comparison of whole-cell antigens of pressure- and
formalin-killed Flexibacter columnaris from channel cat-
fish (Ictalurus punctatus). Am. J. Vet. Res. 58:985-988.

The Genus Flavobacterium 521

Bader, J. A., C. A. Shoemaker, and P. H. Klesius. 2005. Pro-
duction, characterization and evaluation of virulence of
an adhesion defective mutant of Flavobacterium colum-
nare produced by B-lactam selection. Let. Appl. Micro-
biol. 40:123-127.

Baliarda, A., D. Faure, and M. C. Urdaci. 2002. Development
and application of a nested PCR to monitor brood stock
salmonid ovarian fluid and spleen for detection of the
fish pathogen Flavobacterium psychrophilum. J. Appl.
Microbiol. 92:510-516.

Barker, G. A., S. M. Smith, and N. R. Bromage. 1989. The
bacterial flora of rainbow trout, Salmo gairdneri
Richardson, and brown trout, Salmon trutta L., eggs and
its relationship to developmental success. J. Fish Dis.
12:281-293.

Bauwens, M., and J. De Ley. 1981. Improvements in the
taxonomy of Flavobacterium by DNA:rRNA hybridiza-
tion. /n: H. Reichenbach and O. B. Weeks (Eds.) The
Flavobacterium-Cytophaga Group. Gesellschaft fiir Bio-
technologische Forschung. Weinheim, Germany. 27-31.

Becker, C. D., and M. P. Fujihara. 1978. The Bacterial Patho-
gen Flexibacter columnaris and its Epizootiology among
Columbia River Fish: A Review and Synthesis. Ameri-
can Fisheries Society. Washington, DC. Monograph
no. 2.

Bell, G. R., G. E. Hoskins, and W. Hodgkiss. 1971. Aspects
of the characterization, identification, and ecology of the
bacterial flora associated with the surface of stream-
incubating Pacific salmon (Oncorhynchus) eggs. J. Fish.
Res. Board Canada 28:1511-1525.

Bergey, D. H., F. C. Harrison, R. S. Breed, B. W. Hammer,
and F. M. Huntoon. 1923. Bergey’s Manual of Determi-
native Bacteriology, 1st ed. Williams & Wilkins.
Baltimore, MD.

Bernardet, J.-F., F. Baudin-Laurencin, and G. Tixerant. 1988.
First identification of “Cytophaga psychrophila” in
France. Bull. Eur. Ass. Fish Pathol. 8:104-105.

Bernardet, J.-F. 1989a. Etude phénotypique et génomique
des bactéries appartenant aux genres Cytophaga et
Flexibacter (ordre des Cytophagales) et comparaison
avec le genre Flavobacterium; application a I'identifica-
tion et a la taxonomie des especes ichtyopathogenes
[PhD thesis]. Université Paris 7. Paris, France.

Bernardet, J.-F. 1989b. “Flexibacter columnaris”: First
description in France and comparison with bacterial
strains from other origins. Dis. Aquat. Org. 6:37-44.

Bernardet, J.-F., and P. A. D. Grimont. 1989. Deoxyribonu-
cleic acid relatedness and phenotypic characterization of
Flexibacter columnaris sp. nov., nom. rev., Flexibacter
psychrophilus sp. nov., nom. rev., and Flexibacter marit-
imus Wakabayashi, Hikida, and Masumura 1986. Int. J.
Syst. Bacteriol. 39:346-354.

Bernardet, J.-F,, and B. Kerouault. 1989. Phenotypic and
genomic studies of “Cytophaga psychrophila” isolated
from diseased rainbow trout (Oncorhynchus mykiss) in
France. Appl. Environ. Microbiol. 55:1796-1800.

Bernardet, J.-E., P. Segers, M. Vancanneyt, F. Berthe, K.
Kersters, and P. Vandamme. 1996. Cutting a Gordian
knot: emended classification and description of the
genus Flavobacterium, emended description of the fam-
ily Flavobacteriaceae, and proposal of Flavobacterium
hydatis nom. nov. (basonym, Cytophaga aquatilis Strohl
and Tait 1978). Int. J. Syst. Bacteriol. 46:128-148.

Bernardet, J.-F. 1997. Immunization with bacterial antigens:
Flavobacterium and Flexibacter infections. Devel. Biol.
Stand. 90:179-188.



522 J.-F. Bernardet and J.P. Bowman

Bernardet, J.-F. 1998. Cytophaga, Flavobacterium, Flexi-
bacter and Chryseobacterium infections in cultured
marine fish. Fish Pathol. 33:229-238.

Bernardet, J.-F., Y. Nakagawa, and B. Holmes. 2002. Pro-
posed minimal standards for describing new taxa of the
family Flavobacteriaceae and emended description of
the family. Int. J. Syst. Evol. Microbiol. 52:1049-1070.

Bertolini, J. M., and J. S. Rohovec. 1992. Electrophoretic
detection of proteases from different Flexibacter colum-
naris strains and assessment of their variability. Dis.
Aquat. Org. 12:121-128.

Bertolini, J. M., H. Wakabayashi, V. G. Watral, M. J. Whipple,
and J. S. Rohovec. 1994. Electrophoretic detection of
proteases from selected strains of Flexibacter psychro-
philus and assessment of their variability. J. Aquat.
Anim. Health 6:224-233.

Bodour, A. A., K. P. Drees, and R. M. Maier. 2003. Distribu-
tion of biosurfactant-producing bacteria in undisturbed
and contaminated arid southwestern soils. Appl. Envi-
ron. Microbiol. 69:3280-3287.

Bodour, A. A., C. Guerrero-Barajas, B. V. Jiorle, M. E.
Malcomson, A. K. Paull, A. Somogyi, L. N. Trinh, R. B.
Bates, and R. M. Maier. 2004. Structure and character-
ization of flavolipids, a novel class of biosurfactants pro-
duced by Flavobacterium sp. strain MTN11. Appl
Environ. Microbiol. 70:114-120.

Borg, A. F. 1948. Studies on Myxobacteria Associated with
Diseases in Salmonid Fishes [Ph D thesis]. University of
Washington. Seattle, WA.

Borg, A. F. 1960. Studies on Myxobacteria Associated with
Diseases in Salmonid Fishes. American Association for
the Advancement of Science. Washington, DC. Wildlife
Disease, no. 8.

Borriss, M., E. Helmke, R. Hanschke, and T. Schweder. 2003.
Isolation and characterization of marine psychrophilic
phage-host systems from Arctic sea ice. Extremophiles
7:377-384.

Bowman, J. P, S. A. McCammon, M. V. Brown, D. S. Nichols,
and T. A. McMeekin. 1997. Diversity and association of
psychrophilic bacteria in Antarctic sea ice. Appl. Envi-
ron. Microbiol. 63:3068-3078.

Bowman, J. P, S. A. McCammon, T. Lewis, J. H. Skerratt,
J. L. Brown, D. S. Nichols, and T. A. McMeekin. 1998.
Psychroflexus torquis gen. nov., sp. nov., a psychrophilic
species from Antarctic sea ice, and reclassification of
Flavobacterium gondwanense (Dobson et al. 1993) as
Psychroflexus gondwanense gen. nov.,, comb. nov.
Microbiology 144:1601-1609.

Bowman, J. P, and B. Nowak. 2004. Salmonid gill bacteria
and their relationship to amoebic gill disease. J. Fish Dis.
27:483-492.

Brinkmeyer, R., K. Knittel, J. Jirgens, H. Weyland, R.
Amann, and E. Helmke. 2003. Diversity and structure
of bacterial communities in Arctic versus Antarctic pack
ice. Appl. Environ. Microbiol. 69:6610-6619.

Brisou, J., C. Tysset, A. Jacob, and L. Valette. 1960.
Contribution a I’étude de deux germes du genre
Flavobacterium saprophytes d’anguille d’eau douce
(Anguilla vulgaris Turton). Arch. Inst. Pasteur Algérie
38:500-509.

Brown, L. L., W. T. Cox, and R. P. Levine. 1997. Evidence
that the causal agent of bacterial cold-water disease Fla-
vobacterium psychrophilum is transmitted within salmo-
nid eggs. Dis. Aquat. Org. 29:213-218.

Bruun, M. S,, A. S. Schmidt, L. Madsen, and I. Dalsgaard.
2000. Antimicrobial resistance patterns in Danish iso-

CHAPTER 6.4

lates of Flavobacterium psychrophilum. Aquaculture
187:201-212.

Bruun, M. S, L. Madsen, and I. Dalsgaard. 2003. Efficiency
of oxytetracycline treatment in rainbow trout experi-
mentally infected with Flavobacterium psychrophilum
strains having different in vitro antibiotic susceptibili-
ties. Aquaculture 215:11-20.

Bullock, G. L., D. A. Conroy, and S. F. Snieszko. 1971. Bac-
terial diseases of fish: Myxobacterioses. In: S. F. Snieszko
and H. R. Axelrod (Eds.)Diseases of Fish. TFH Publi-
cation. Jersey City, NJ. 60-87.

Bullock, G. L. 1972. Studies on Selected Myxobacteria
Pathogenic for Fishes and on Bacterial Gill Disease in
Hatchery-reared Salmonids. U.S. Bureau of Sport Fish-
eries and Wildlife Technical Papers 60.

Bullock, G. L., T. C. Hsu, and E. B. Shotts. 1986. Colum-
naris Disease of Fishes. US Department of the Interior,
Fish and Wildlife Service, Division of Fisheries and
Wetlands Research. Washington, DC. Fish Disease
Leaflet no. 72.

Burchard, R. P. 1981. Gliding motility of prokaryotes: ultra-
structure, physiology, and genetics. Ann. Rev. Microbiol.
35:497-529.

Busch, S., I. Dalsgaard, and K. Buchmann. 2003. Concomi-
tant exposure of rainbow trout fry to Gyrodactylus der-
javini and Flavobacterium psychrophilum: Effects on
infection and mortality of host. Veterinary Parasitology
117:117-122.

Callies, E., and W. Mannheim. 1978. Classification of the
Flavobacterium-Cytophaga complex on the basis of res-
piratory quinones and fumarate respiration. Int. J. Syst.
Bacteriol. 28:14-19.

Campbell, C. L., D. L. Mummey, E. T. Schmidtmann, and
W. C. Wilson. 2004. Culture-independent analysis of
midgut microbiota in the arbovirus vector Culicoides
sonorensis (Diptera: Ceratopogonidae). J. Med. Ento-
mol. 41:340-348.

Carson, J., L. M. Schmidtke, and B. L. Munday. 1993. Cytoph-
aga johnsonae: a putative skin pathogen of juvenile
farmed barramundi, Lates calcarifer Bloch. J. Fish Dis.
16:209-218.

Chakroun, C., M. C. Urdaci, D. Faure, F. Grimont, and J.-F.
Bernardet. 1997. Random Amplified Polymorphic DNA
analysis provides rapid differentiation among isolates of
the fish pathogen Flavobacterium psychrophilum and
among Flavobacterium species. Dis. Aquat. Org. 31:187-
196.

Chakroun, C., F. Grimont, M. C. Urdaci, and J.-F. Bernardet.
1998. Fingerprinting of Flavobacterium psychrophilum
isolates by ribotyping and plasmid profiling. Dis. Aquat.
Org. 33:167-177.

Chase, J. M. 1965. In: Nutrition of Some Aquatic Myxobac-
teria [MSc thesis]. University of Washington. Washing-
ton, DC.

Chester, F. D.. 1897. Report of the mycologist: bacteriological
work. Del. Agric. Exp. Sta. Bull. 9:38-145.

Chowdhury, M. B. R., and H. Wakabayashi. 1988. Effects of
sodium, potassium, calcium and magnesium ions on the
survival of Flexibacter columnaris in water. Fish Pathol.
23:231-235.

Chowdhury, M. B. R., and H. Wakabayashi. 1989. Effects of
competitive bacteria on the survival and infectivity of
Flexibacter columnaris. Fish Pathol. 24:9-15.

Chowdhury, M. B. R. 1995. Study on the virulence of
Flexibacter columnaris strains. /n: M. Shariff, J. R.
Arthur, and R. P. Subasinghe (Eds.) Diseases in Asian



CHAPTER 6.4

Aquaculture. Asian Fisheries Society, Fish Health
Section. Quezon City, The Phillipines. 11:269-274.

Christensen, P. J. 1974. A microbiological study of some
lake waters and sediments from the Mackenzie Valley
with special reference to cytophagas. Arctic 27:309-
312.

Christensen, P. J. 1977. The history, biology, and taxonomy
of the Cytophaga group. Can. J. Microbiol. 23:1599-
1653.

Cipriano, R. C., and J. D. Teska. 1994. Effects of medium
composition on the growth of two fish pathogens,
Cytophaga columnaris and Cytophaga psychrophila.
Biomed. Lett. 49:7-12.

Cipriano, R. C., L. A. Ford, and J. D. Teska. 1995. Association
of Cytophaga psychrophila with mortality among eyed
eggs of Atlantic salmon (Salmo salar). J. Wildl. Dis.
31:166-171.

Cipriano, R. C., W. B. Schill, J. D. Teska, and L. A. Ford. 1996.
Epizootiological study of bacterial cold-water disease in
Pacific salmon and further characterization of the etio-
logic agent, Flexibacter psychrophila. J. Aquat. Anim.
Health 8:28-36.

Cone, D. K., J. D. Miller, and W. K. Austin. 1980. The pathol-
ogy of “saddleback” disease of underyearling Atlantic
salmon (Salmo salar). Can. J. Zool. 58:1283-1287.

Cousin, M. A. 1982. Presence and activity of psychrotrophic
microorganisms in milk and dairy products: A review. J.
Food Protect. 45:172-207.

Crump, B. C, E. V. Armbrust, and J. A. Baross. 1999. Phylo-
genetic analysis of particle-attached and free-living bac-
terial communities in the Columbia River, its estuary,
and the adjacent coastal ocean. Appl. Environ. Micro-
biol. 65:3192-3204.

Crump, E. M., M. B. Perry, S. C. Clouthier, and W. W. Kay.
2001. Antigenic characterization of the fish pathogen
Flavobacterium psychrophilum. Appl. Environ. Micro-
biol. 67:750-759.

Dalsgaard, I. 1993. Virulence mechanisms in Cytophaga psy-
chrophila and other Cytophaga-like bacteria pathogenic
for fish. Ann. Rev. Fish Dis. 1993:127-144.

Dalsgaard, 1., and L. Madsen. 2000. Bacterial pathogens
in rainbow trout, Oncorhynchus mykiss (Walbaum),
reared at Danish freswater farms. J. Fish Dis. 23:199-2009.

Darwish, A. M., A. A. Ismaiel, J. C. Newton, and J. Tang.
2004. Identification of Flavobacterium columnare by a
species-specific polymerase chain reaction and renaming
of ATCC 43622 strain to Flavobacterium johnsoniae.
Mol. Cell. Probes 18:421-427.

Daskalov, H., D. A. Austin, and B. Austin. 1999. An improved
growth medium for Flavobacterium psychrophilum.
Lett. Appl. Microbiol. 28:297-299.

Davidson, M. L.. 1996. Characterization of the Outer Mem-
brane Proteins of Flavobacterium columnare and Exam-
ination of their Antigenicity to Channel Catfish Ictalurus
punctatus [MSc thesis]. Auburn University. Auburn,
AL.

Davis, H. S. 1922. A new bacterial disease of fresh-water
fishes. Bull. US Bur. Fish. 38:261-280.

Davis, H. S. 1946. Care and Diseases of Trout. US Govern-
ment Printing Office. Washington, DC. US Department
of Interior Research Report no. 12.

Decostere, A., F. Haesebrouck,and L. A. Devriese. 1997.
Shieh medium supplemented with tobramycin for selec-
tive isolation of Flavobacterium columnare (Flexibacter
columnaris) from diseased fish. J. Clin. Microbiol.
35:322-324.

The Genus Flavobacterium 523

Decostere, A., F. Haesebrouck, and L. A. Devriese. 1998.
Characterization of four Flavobacterium columnare
(Flexibacter columnaris) strains isolated from tropical
fish. Vet. Microbiol. 62:35-45.

Decostere, A., F. Haesebrouck, G. Charlier, and R. Duca-
telle. 1999. The association of Flavobacterium colum-
nare strains of high and low virulence with gill tissue
of black mollies (Poecilia sphenops). Vet. Microbiol.
67:287-298.

Decostere, A., F. Haesebrouck, J. F. Turnbull, and G. Char-
lier. 1999. Influence of water quality and temperature
on adhesion of high and low virulence Flavobacterium
columnare strains to isolated gill arches. J. Fish Dis.
22:1-11.

Decostere, A., F. Haesebrouck, E. Van Driessche, G. Char-
lier, and R. Ducatelle. 1999. Characterization of the
adhesion of Flavobacterium columnare (Flexibacter
columnaris) to gill tissue. J. Fish Dis. 22:465-474.

Decostere, A., E. D’Haese, M. Lammens, H. Nelis, and F.
Haesebrouck. 2001. In vivo study of phagocytosis, intra-
cellular survival and multiplication of Flavobacterium
psychrophilum in rainbow trout, Oncorhynchus mykiss
(Walbaum), spleen phagocytes. J. Fish Dis. 24:481-487.

Decostere, A., R. Ducatelle, and F. Haesebrouck. 2002. Fla-
vobacterium columnare (Flexibacter columnaris) associ-
ated with severe gill necrosis in koi carp (Cyprinus
carpio L.). Vet. Rec. 150:694-695.

del Cerro, A., M. C. Mendoza, and J. A. Guijarro. 2002.
Usefulness of a TagMan-based polymerase chain reac-
tion assay for the detection of the fish pathogen Fla-
vobacterium psychrophilum. J. Appl. Microbiol. 92:1-8.

del Cerro, A., I. Marquez, and J. A. Guijarro. 2002. Simulta-
neous detection of Aeromonas salmonicida, Flavobacte-
rium psychrophilum, and Yersinia ruckeri, three
major fish pathogens, by multiplex PCR. Appl. Environ.
Microbiol. 68:5177-5180.

Derksen, J. A., V. E. Ostland, and H. W. Ferguson. 1999.
Effects of hydrogen peroxide on clearance of formalin-
killed Flavobacterium branchiophilum from the gills of
rainbow trout, Oncorhynchus mykiss (Walbaum). J. Fish
Dis. 22:59-67.

Desolme, B., and J.-F. Bernardet. 1996. Freeze-drying of Fla-
vobacterium columnare, Flavobacterium psychrophilum
and Flexibacter maritimus. Dis. Aquat. Org. 27:77-80.

Dorey, M. J. 1959. Some properties of a pectinolytic soil
Flavobacterium. J. Gen. Microbiol. 20:91-104.

Ekman, E., H. Borjeson, and N. Johansson. 1999. Flavobac-
terium psychrophilum in Baltic salmon Salmo salar
brood fish and their offspring. Dis. Aquat. Org. 37:159-
163.

Ekman, E., and L. Norrgren. 2003. Pathology and immuno-
histochemistry in three species of salmonids after exper-
imental infection with Flavobacterium psychrophilum. J.
Fish Dis. 26:529-538.

Ekman, E., G. Akerman, L. Balk, and L. Norrgren. 2003.
Nanoinjection as a tool to mimic vertical transmission of
Flavobacterium psychrophilum in rainbow trout Onco-
rhynchus mykiss. Dis. Aquat. Org. 55:93-99.

Ellerbroek, L. 1997. Airborne microflora in poultry slaugh-
tering establishments. Food Microbiol. 14:527-531.

Elotmani, F., O. Assobhei, A. M. Revol-Junelles, and J. B.
Milliere. 2004. Microflora of fresh and ice-stored sar-
dines (Sardina pilchardus) from the Moroccan Atlantic
coast. Ciencias Marinas 30:627-635.

Engelbrecht, K., P. I. Jooste, and B. A. Prior. 1996. Spoilage
characteristics of Gram-negative genera and species



524 J.-F. Bernardet and J.P. Bowman

isolated from Cape marine fish. S. Afr. J. Food Sci. Nutr.
8:60-71.

Escalante, A., M. E. Rodrigez, A. Martinez, A. Lopez-
Munguia, F. Bolivar, and G. Gosset. 2004. Charac-
terization of bacterial diversity in Pulque, a tradi-
tional Mexican alcoholic beverage, as determined by
16S rDNA analysis. FEMS Microbiol. Let. 235:273—
279.

Euzéby, J. P. 1997. List of Bacterial Names with Standing in
Nomenclature: A folder available on the Internet. Int. J.
Syst. Bacteriol. 47:590-592.

Evensen, ., and E. Lorenzen. 1996. An immuno-
histochemical study of Flexibacter psychrophilus infec-
tion in experimentally and naturally infected rainbow
trout (Oncorhynchus mykiss) fry. Dis. Aquat. Org.
25:53-61.

Farkas, J. 1985. Filamentous Flavobacterium sp. isolated
from fish with gill diseases in cold water. Aquaculture
44:1-10.

Faruk, M. A. R. 2000. Characterization of Flavobacterium
psychrophilum, the Causative Agent of Rainbow
Trout Fry Syndrome [PhD thesis]. University of Stirling.
Stirling, UK.

Faung, S.-T., L. Chiu, and C.-T. Wang. 1996. Platelet lysis and
functional perturbation by 13-methyl myristate, the
major fatty acid in Flavobacterium ranacida. Thrombo-
sis Res. 81:91-100.

Ferguson, H. W., V. E. Ostland, P. Byrne, and J. S. Lumsden.
1991. Experimental production of bacterial gill disease
in trout by horizontal transmission and by bath chal-
lenge. J. Aquat. Anim. Hlth. 3:118-123.

Fijan, N. N. 1969. Antibiotic additives for the isolation of
Chondrococcus columnaris from fish. Appl. Microbiol.
17:333-334.

Fijan, N. N,, and P. R. Voorhees. 1969. Drug sensitivity of
Chondrococcus columnaris. Vet. Arhiv, Zagreb 39:259—
267.

Flaherty, D. K., F. H. Deck, M. A. Hood, C. Liebert, F. Sin-
gleton, P. Winzenburger, K. Bishop, L. R. Smith, L. M.
Bynum, and W. B. Witmer. 1984. A Cytophaga species
endotoxin as a putative agent of occupation-related lung
disease. Infect. Immun. 43:213-216.

Frankland, G. C., and P. F. Frankland. 1889. Uber einige
typische Mikroorganismen im Wasser und im Boden. Z.
Hyg. 6:373-400.

Fujihara, M. P, and R. E. Nakatani. 1971. Antibody produc-
tion and immune responses of rainbow trout and coho
salmon to Chondrococcus columnaris. J. Fish. Res.
Board Can. 28:1253-1258.

Garcia, C., F. Pozet, and C. Michel. 2000. Standardization
of experimental infection with Flavobacterium psy-
chrophilum, the agent of rainbow trout Oncorhyn-
chus mykiss fry syndrome. Dis. Aquat. Org. 42:191-
197.

Garnjobst, L. 1945. Cytophaga columnaris (Davis) in pure
culture: A myxobacterium pathogenic to fish. J. Bacte-
riol. 49:113-128.

Garrity, G. M., and J. G. Holt. 2001. The road map to
the manual: Taxonomic outlines of the Archaea
and Bacteria. In: D. R. Boone and R. W. Castenholz
(Eds.) Bergey’s Manual of Systematic Bacteriology, 2nd
ed. Springer-Verlag. New York, NY 1.

Gennari, M., and C. Cozzolino. 1989. Observations on
Flavobacterium, Cytophagaceae and other pigmented
bacteria isolated from fresh and ice stored sardines.
Arch. Vet. Ital. 40:372-384.

CHAPTER 6.4

Geornaras, 1., A. E. de Jesus, E. van Zyl, and A. von Holy.
1996. Bacterial populations associated with poultry pro-
cessing in a South African abattoir. Food Microbiol.
13:457-465.

Gherna, R., and C. R. Woese. 1992. A partial phylogenetic
analysis of the “Flavobacter-Bacteroides” phylum: Basis
for taxonomic restructuring. System. Appl. Microbiol.
15:513-521.

Gonzélez, C. J, J. A. Santos, M.-L. Garcia-Lépez, and A.
Otero. 2000. Psychrobacters and related bacteria in
freshwater fish. J. Food Protect. 63:315-321.

Griffin, B. R. 1991. Characteristics of a chondroitin AC lyase
produced by Cytophaga columnaris. Trans. Am. Fish.
Soc. 120:391-395.

Griffin, B. R. 1992. As simple procedure for identification of
Cytophaga columnaris. J. Aquat. Anim. Health 4:63-66.

Gunasinghe, R. N., C. J. Ikiriwatte, and A. M. Karunaratne.
2004. The use of Pantoea agglomerans and Flavobacte-
rium sp. to control banana pathogens. J. Horticult. Sci.
Biotechnol. 79:1002-1006.

Hamana, K., and S. Matsuzaki. 1990. Occurrence of homo-
spermidine as a major polyamine in the authentic genus
Flavobacterium. Can. J. Microbiol. 36:228-231.

Hamana, K., and S. Matsuzaki. 1991. Polyamine distribution
in the Flavobacterium-Cytophaga-Sphingobacterium
complex. Can. J. Microbiol. 37:885-888.

Hamana, K., Y. Nakagawa, and K. Yamasato. 1995. Chemo-
taxonomic significance of polyamine distribution pat-
terns in the Flavobacterium-Cytophaga complex and
related genera. Microbios 81:135-145.

Hamana, K., and Y. Nakagawa. 2001. Polyamine distribution
profiles in newly validated genera and species within the
Flavobacterium-Flexibacter-Cytophaga-Sphingobacte-
rium complex. Microbios 106 (S2):105-116.

Hawke, J. P, and R. L. Thune. 1992. Systemic isolation and
antimicrobial susceptibility of Cytophaga columnaris
from commercially reared channel catfish. J. Aquat.
Anim. Health 4:109-113.

Heo, G.-J, K. Kasai, and H. Wakabayashi. 1990. Occurrence
of Flavobacterium branchiophila associated with bacte-
rial gill disease at a trout hatchery. Fish Pathol. 25:99-
105.

Heo, G.-J., H. Wakabayashi, and S. Watabe. 1990. Purification
and characterization of pili from Flavobacterium bran-
chiophila. Fish Pathol. 25:21-27.

Holmes, B., R. J. Owen, and T. A. McMeekin. 1984. Genus
Flavobacterium Bergey, Harrison, Breed, Hammer and
Huntoon 1923, 974, In: N. R. Krieg and J. G. Holt (Eds.)
Bergey’s Manual of Systematic Bacteriology. Williams
& Wilkins Baltimore MD. 1:353-361.

Holmes, B. 1992. The Genera Flavobacterium, Sphingobac-
terium, and Weeksella. /n: A. Balows, H. G. Truper, M.
Dworkin, W. Harder, and K.-H. Schleifer (Eds.) The
Prokaryotes, 2nd ed. Springer-Verlag. New York, NY.
3620-3630.

Holt, R. A. 1988. Cytophaga psychrophila, the Causative
Agent of Bacterial Cold-water Disease in Salmonid Fish
[PhD thesis]. Oregon State University. Corvallis, OR.

Holt, R. A., A. Amandi, J. S. Rohovec, and J. L. Fryer. 1989.
Relation of water temperature to bacterial cold-water
disease in coho salmon, chinook salmon, and rainbow
trout. J. Aquat. Anim. Health 1:94-101.

Holt, R. A., J. S. Rohovec, and J. L. Fryer. 1993. Bacterial
cold-water disease. /n: V. Inglis, R. J. Roberts, and N. R.
Bromage (Eds.) Bacterial Diseases of Fish. Blackwell
Scientific Publications. Oxford, UK. 3-22.



CHAPTER 6.4

Horn, M., M. D. Harzenetter, T. Linner, E. N. Schmid, K.-D.
Miiller, R. Michel, and M. Wagner. 2001. Members of
the Cytophaga-Flavobacterium-Bacteroides phylum as
intracellular bacteria of acanthamoebae: Proposal of
“Candidatus Amoebophilus asiaticus.” Environ. Micro-
biol. 3:440-449.

Huh, G.-J., and H. Wakabayashi. 1989. Serological character-
istics of Flavobacterium branchiophila isolated from gill
diseases of freshwater fishes in Japan, USA, and Hun-
gary. J. Aquat. Anim. Health 1:142-147.

Humphry, D. R., A. George, G. W. Black, and S. P. Cummings.
2001. Flavobacterium frigidarium sp. nov., an aerobic,
psychrophilic, xylanolytic and laminarinolytic bacterium
from Antarctica. Int. J. Syst. Evol. Microbiol. 51:1235-
1243.

Hunnicutt, D. W.,; and M. J. McBride. 2001. Cloning and
characterization of the Flavobacterium johnsoniae glid-
ing motility genes gldD and gldE. J. Bacteriol. 183:4167—
4175.

Hunnicutt, D. W., M. J. Kempf, and M. J. McBride. 2002.
Mutations in Flavobacterium johnsoniae gldF and gldG
disrupt gliding motility and interfere with membrane
localization of gldA. J. Bacteriol. 184:2370-2378.

lida, Y., and A. Mizokami. 1996. Outbreaks of coldwater
disease in wild ayu and pale chub. Fish Pathol. 31:157-
164.

Inoue, K., and K. Komagata. 1976. Taxonomic study on obli-
gately psychrophilic bacteria isolated from Antarctica. J.
Gen. Appl. Microbiol. 22:165-176.

Izumi, S., and H. Wakabayashi. 1997. Use of PCR to detect
Cytophaga psychrophila from apparently healthy juve-
nile ayu and coho salmon eggs. Fish Pathol. 32:169-
173.

Izumi, S., and H. Wakabayashi. 1999. Further study on sero-
typing of Flavobacterium psychrophilum. Fish Pathol.
34:89-90.

Izumi, S., and H. Wakabayashi. 2000. Sequencing of gyrB and
their application in the identification of Flauobacterium
psychrophilum by PCR. Fish Pathol. 35:93-94.

Izumi, S., F. Aranishi, and H. Wakabayashi. 2003a. A novel
serotype of Flavobacterium psychrophilum detected
using antiserum against an isolate from amago, Onco-
rhynchus masou rhodurus Jordan & Gilbert, in Japan. J.
Fish Dis. 26:677-680.

Izumi, S., F. Aranishi, and H. Wakabayashi. 2003b. Genotyp-
ing of Flavobacterium psychrophilum using PCR-RFLP
analysis. Dis. Aquat. Org. 56:207-214.

Izumi, S., and F. Aranishi. 2004b. Relationship between gyrA
mutations and quinolone resistance in Flavobacterium
psychrophilum isolates. Appl. Environ. Microbiol.
70:3968-3972.

Jaspers, E., K. Nauhaus, H. Cypionka, and J. Overmann.
2001. Multitude and temporal variability of ecological
niches as indicated by the diversity of cultivated bacte-
rioplankton. FEMS Microbiol. Ecol. 36:153-164.

Johnson, J. L., and W. S. Chilton. 1966. Galactosamine glycan
of Chondrococcus columnaris. Science 152:1247-1248.

Jooste, P. I, and C. J. Hugo. 1999. The taxonomy, ecology and
cultivation of bacterial genera belonging to the family
Flavobacteriaceae. Int. J. Food Microbiol. 53:81-94.

Kaiser, P. 1961. Etude de I’activité pectinolytique du sol et
d’autres substrats naturels [thesis]. Université de Paris.
Paris, France.

Kaplan, C. W,, and C. L. Kitts. 2004. Bacterial succession in
a petroleum land treatment unit. Appl. Environ. Micro-
biol. 70:1777-1786.

The Genus Flavobacterium 525

Kempf, M. J., and M. J. McBride. 2000. Transposon insertions
in the Flavobacterium johnsoniae ftsX gene disrupt glid-
ing motility and cell division. J. Bacteriol. 182:1671-1679.

Kent, M. L., J. M. Groff, J. K. Morrison, W. T. Yasutake, and
R. A. Holt. 1989. Spiral swimming behavior due to cra-
nial and vertabral lesions associated with Cytophaga
psychrophila infections in salmonid fishes. Dis. Aquat.
Org. 6:11-16.

Kimura, N., H. Wakabayashi, and S. Kudo. 1978. Studies on
bacterial gill disease in salmonids. I: Selection of bacte-
rium transmitting gill disease [in Japanese with English
abstract]. Fish Pathol. 12:233-242.

Kirchman, D. L., L. Y. Yu, and M. T. Cottrell. 2003. Diversity
and abundance of uncultured Cytophaga-like bacteria
in the Delaware estuary. Appl. Environ. Microbiol.
69:6587-6596.

Kisand, V., and J. Wikner. 2003. Limited resolution of 16S
rDNA DGGE caused by melting properties and closely
related DNA sequences. J. Microbiol. Meth. 54:183-191.

Ko, Y.-M., and G.-J. Heo. 1997. Characteristics of Flavobac-
terium branchiophilum isolated from rainbow trout in
Korea. Fish Pathol. 32:97-102.

Kondo, M., K. Kawai, K. Kurohara, and S. Oshima. 2002.
Adherence of Flavobacterium psychrophilum on the
body surface of the ayu Plecoglossus altivelis. Microbes
and Infection 4:279-283.

Kondo, M., K. Kawai, M. Okabe, N. Nakano, and S. Oshima.
2003. Efficacy of oral vaccine against bacterial coldwater
disease in ayu Plecoglossus altivelis. Dis. Aquat. Org.
55:261-264.

Koski, P., V. Hirveld-Koski, and J.-F. Bernardet. 1993. Flexi-
bacter columnaris infection in Arctic char (Salvelinus
alpinus L.): First isolation in Finland. Bull. Eur. Ass. Fish
Pathol. 13:66-69.

Kumagai, A., and K. Takahashi. 1997. Imported eggs respon-
sible for the outbreaks of cold-water disease among cul-
tured coho salmon in Japan. Fish Pathol. 32:231-232.

Kumagai, A., S. Yamakoa, K. Takahashi, H. Fukuda, and H.
Wakabayashi. 2000. Waterborne transmission of Fla-
vobacterium psychrophilum in coho salmon eggs. Fish
Pathol. 35:25-28.

LaFrentz, B. R., S. E. LaPatra, G. R. Jones, J. L. Congleton,
B. Sun, and K. D. Cain. 2002. Characterization of serum
and mucosal antibody responses and relative per
cent survival in rainbow trout, Oncorhynchus mykiss
(Walbaum), following immunization and challenge with
Flavobacterium psychrophilum. J. Fish Dis. 25:703-713.

LaFrentz, B. R., S. E. LaPatra, G. R. Jones, and K. D. Cain.
2003. Passive immunization of rainbow trout, Oncorhyn-
chus mykiss (Walbaum), against Flavobacterium psy-
chrophilum, the causative agent of bacterial coldwater
disease and rainbow trout fry syndrome. J. Fish Dis.
26:377-384.

Leadbetter, E. R.. 1974. Order II: Cytophagales Nomen
novum. /n: R. E. Buchanan and N. E. Gibbons (Eds.)
Bergey’s Manual of Determinative Bacteriology, 8th ed.
Williams & Wilkins. Baltimore, MD. 99-122.

Lednicka, D., J. Mergaert, M. C. Cnockaert, and J. Swings.
2002. Isolation and identification of cellulolytic bacteria
involved in the degradation of natural cellulosic fibres.
Syst. Appl. Microbiol. 23:292-299.

Lee, K.-B., and G.-J. Heo. 1998. First isolation and identifica-
tion of Cytophaga psychrophila from cultured ayu in
Korea. Fish Pathol. 33:37-38.

Lehmann, J., D. Mock, E-J. Stiirenberg, and J.-F. Bernardet.
1991. First isolation of Cytophaga psychrophila from a



526 J.-F. Bernardet and J.P. Bowman

systemic disease in eel and cyprinids. Dis. Aquat. Org.

10:217-220.

Lelliott, R. A., and D. E. Stead. 1987. Methods for the Diag-
nosis of Bacterial Diseases in Plants. Blackwell Scientific
Publications. Oxford, UK.

Lewin, R. A. 1969. A classification of Flexibacteria. J. Gen.
Microbiol. 58:189-206.

Liao, C.-H., and J. M. Wells. 1986. Properties of Cytophaga
johnsonae strains causing spoilage of fresh produce at
food markets. Appl. Environ. Microbiol. 52:1261-1265.

Liebert, C. A., M. A. Hood, F. H. Deck, K. Bishop, and
D. K. Flaherty. 1984. Isolation and characterization of a
new Cytophaga species implicated in a work-related
lung disease. Appl. Environ. Microbiol. 48:936-943.

Liu, H., S. Izumi, and H. Wakabayashi. 2001. Detection of
Flavobacterium psychrophilum in various organs of ayu
Plecoglossus altivelis by in situ hybridization. Fish
Pathol. 36:7-11.

Lorenzen, E., and N. Karas. 1992. Detection of Flexibacter
psychrophilus by immunofluorescence in fish suffering
from fry mortality syndrome: A rapid diagnostic
method. Dis. Aquat. Org. 13:231-234.

Lorenzen, E. 1993. The importance of the brand of the beef
extract in relation to the growth of Flexibacter psychro-
philus in Anacker and Ordal’s medium. Bull. Eur. Ass.
Fish Pathol. 13:64-65.

Lorenzen, E. 1994. Studies on Flexibacter psychrophilus in
Relation to Rainbow Trout Fry Syndrome (RTFS) [PhD
thesis]. National Veterinary Laboratory, Arhus, and
Royal Veterinary and Agriculture University. Copen-
hagen, Denmark.

Lorenzen, E., I. Dalsgaard, and J.-F. Bernardet. 1997. Char-
acterization of isolates of Flavobacterium psychrophi-
lum associated with cold-water disease or rainbow trout
fry syndrome I: phenotypic and genomic studies. Dis.
Aquat. Org. 31:197-208.

Lorenzen, E., and N. J. Olesen. 1997. Characterization of
isolates of Flavobacterium psychrophilum associated
with cold-water disease or rainbow trout fry syndrome.
1I: Serological studies. Dis. Aquat. Org. 31:209-220.

Lumsden, J. S., V. E. Ostland, P. J. Byrne, and H. W. Ferguson.
1993. Detection of a distinct gill-surface antibody
response following horizontal infection and bath chal-
lenge of brook trout Salvelinus fontinalis with Flavobac-
terium branchiophilum, the causative agent of bacterial
gill disease. Dis. Aquat. Org. 16:21-27.

Lumsden, J. S., V. E. Ostland, D. D. MacPhee, J. Derksen,
and H. W. Ferguson. 1994. Protection of rainbow trout
from experimentally induced bacterial gill disease
caused by Flavobacterium branchiophilum. J. Aquat.
Anim. Health 6:292-302.

Lumsden, J. S, V. E. Ostland, and H. W. Ferguson. 1996.
Necrotic myositis in cage cultured rainbow trout, Onco-
rhynchus mykiss (Walbaum), caused by Flexibacter psy-
chrophilus. J. Fish Dis. 19:113-119.

MacLean, L. L., E. Vinogradov, E. M. Crump, M. B. Perry,
and W. W. Kay. 2001. The structure of the lipopoly-
saccharide O-antigen produced by Flavobacterium
psychrophilum (259-93). Eur. J. Biochem. 268:2710-
2716.

MacLean, L. L., M. B. Perry, E. M. Crump, and W. W. Kay.
2003. Structural characterization of the lipopolysaccha-
ride O-polysaccharide antigen produced by Flavo-
bacterium columnare ATCC 43622. Eur. J. Biochem.
270:3440-3446.

CHAPTER 6.4

MacPhee, D. D., V. E. Ostland, J. S. Lumsden, and H. W.
Ferguson. 1995. Development of an enzyme-linked
immunosorbent assay (ELISA) to estimate the quantity
of Flavobacterium branchiophilum on the gills of rain-
bow trout Oncorhynchus mykiss. Dis. Aquat. Org.
21:13-23.

Madetoja, J., P. Nyman, and T. Wiklund. 2000. Flavobacte-
rium psychrophilum, invasion into and shedding by rain-
bow trout Oncorhynchus mykiss. Dis. Aquat. Org.
43:27-38.

Madetoja, J., M.-L. Hénninen, V. Hirveld-Koski, 1. Dals-
gaard, and T. Wiklund. 2001. Phenotypic and genotypic
characterization of Flavobacterium psychrophilum from
Finnish fish farms. J. Fish Dis. 24:469-479.

Madetoja, J., and T. Wiklund. 2002. Detection of the fish
pathogen Flavobacterium psychrophilum in water from
fish farms. System. Appl. Microbiol. 25:259-266.

Madetoja, J., S. Nystedt, and T. Wiklund. 2003. Survival and
virulence of Flavobacterium psychrophilum in water
microcosms. FEMS Microbiol. Ecol. 43:217-223.

Madsen, L., and I. Dalsgaard. 1998. Characterization of Fla-
vobacterium psychrophilum: comparison of proteolytic
activity and virulence of strains isolated from rainbow
trout (Oncorhynchus mykiss). /n: A. C. Barnes, G. A.
Davidson, M. P. Hiney, and D. McIntosh (Eds.) Method-
ology in Fish Diseases Research. Fisheries Research
Services. Aberdeen, UK. 45-52.

Madsen, L., and I. Dalsgaard. 2000. Comparative studies
of Danish Flavobacterium psychrophilum isolates:
Ribotypes, plasmid profiles, serotypes and virulence. J.
Fish Dis. 23:211-218.

Maeda, T., M. Murakami, S. Ohsugi, M. Furushita, A. Mitsu-
tani, and T. Shiba. 1998. Perspectives of the development
of 16S rDNA probe specific for algicidal and/or algal-
lytic bacteria. Fish. Science 64:861-865.

Mahmoud, B. S. M, K. Yamazaki, K. Miyashita, S. II-Shik, C.
Dong-Suk, and T. Suzuki. 2004. Bacterial microflora of
carp (Cyprinus carpio) and its shelf-life extension by
essential oil compounds. Food Microbiol. 21:657-666.

Manz, W., R. Amann, W. Ludwig, M. Vancanneyt, and K.-H.
Schleifer. 1996. Application of a suite of 16S rRNA-
specific oligonucleotide probes designed to investigate
bacteria of the phylum cytophaga-flavobacter-bacteroi-
des in the natural environment. Microbiology 142:1097-
1106.

Mata, M., A. Skarmeta, and Y. Santos. 2002. A proposed
serotyping system for Flavobacterium psychrophilum.
Lett. Appl. Microbiol. 35:166-170.

McBride, M. J,, and S. A. Baker. 1996. Development of tech-
niques to genetically manipulate members of the genera
Cytophaga, Flavobacterium, Flexibacter, and Sporocy-
tophaga. Appl. Environ. Microbiol. 62:3017-3022.

McBride, M. J., and M. J. Kempf. 1996. Development of
techniques for the genetic manipulation of the gliding
bacterium Cytophaga johnsonae. J. Bacteriol. 178:583—
590.

McBride, M. J. 2001. Bacterial gliding motility: multiple
mechanisms for cell movement over surfaces. Ann. Rev.
Microbiol. 55:49-75.

McBride, M. J., T. F. Braun, and J. L. Brust. 2003. Flavobac-
terium johnsoniae gldH is a lipoprotein that is required
for gliding motility and chitin utilization. J. Bacteriol.
185:6648-6657.

McBride, M. J,, and T. F. Braun. 2004. GIdI is a lipoprotein
that is required for Flavobacterium johnsoniae gliding



CHAPTER 6.4

motility and chitin utilization. J. Bacteriol. 186:2295-
2302.

McCammon, S. A., B. H. Innes, J. P. Bowman, P. D. Fran-
zmann, S. J. Dobson, P. E. Holloway, J. H. Skerratt, P. D.
Nichols, and L. M. Rankin. 1998. Flavobacterium hiber-
num sp. nov., a lactose-utilizing bacterium from a freswa-
ter Antarctic lake. Int. J. Syst. Bacteriol. 48:1405-1412.

McCammon, S. A., and J. P. Bowman. 2000. The taxonomy
of Antarctic Flavobacterium species: description of Fla-
vobacterium gillisiae sp. nov., Flavobacterium teget-
incola sp. nov., and Flavobacterium xanthum sp. nov.,
nom. rev. and reclassification of [Flavobacterium] sale-
gens as Salegentibacter salegens gen. nov., comb. nov.
Int. J. Syst. Evol. Microbiol. 50:1055-1063.

McCarthy, D. H. 1975. Columnaris disease. J. Inst. Fish.
Mgmt. 6:44-47.

McGrath, C. FE.,, C. W. Moss, and R. P. Burchard. 1990. Effect
of temperature shifts on gliding motility, adhesion, and
fatty acid composition of Cytophaga sp. strain U67. J.
Bacteriol. 172:1978-1982.

Merle, C., D. Faure, M.-C. Urdaci, and M. Le Hénaff. 2003.
Purification and characterization of a membrane glyco-
protein from the fish pathogen Flavobacterium psychro-
philum. J. Appl. Microbiol. 94:1120-1127.

Meyers, T. R. 1989. Apparent chronic bacterial myeloen-
cephalitis in hatchery-reared juvenile coho salmon
Oncorhynchus kisutch in Alaska. Dis. Aquat. Org.
6:217-219.

Michel, C., D. Antonio, and R. P. Hedrick. 1999. Production
of viable cultures of Flavobacterium psychrophilum:
Approach and control. Res. Microbiol. 150:351-358.

Michel, C., S. Messiaen, and J.-F. Bernardet. 2002. Muscle
infections in imported neon tetra, Paracheirodon innesi
Myers: Limited occurrence of microsporidia and pre-
dominance of severe forms of columnaris disease caused
by an Asian genomovar of Flavobacterium columnare.
J. Fish Dis. 25:253-263.

Michel, C., and C. Garcia. 2003. Virulence stability in Fla-
vobacterium psychrophilum after storage and preserva-
tion according to different procedures. Vet. Res. 34:127—
132.

Michel, C., B. Kerouault, and C. Martin. 2003. Chloram-
phenicol and florfenicol susceptibility of fish-pathogenic
bacteria isolated in France: Comparison of minimum
inhibitory concentration, using recommended provisory
standards for fish bacteria. J. Appl. Microbiol. 95:1008—
1015.

Miguez, B., and M. P. Combarro. 2003. Bacteria associated
with sardine (Sardina pilchardus) eggs in a natural envi-
ronment (Ria de Vigo, Galicia, northwestern Spain).
FEMS Microbiol. Ecol. 44:329-334.

Mgller, J. D, J. L. Larsen, L. Madsen, and I. Dalsgaard. 2003.
Involvement of a sialic acid-binding lectin with hemag-
glutination and hydrophobicity of Flavobacterium psy-
chrophilum. Appl. Environ. Microbiol. 69:5275-5280.

Moore, W. E. C., E. P. Cato, and L. V. H. Moore. 1985. Index
of the bacterial and yeast nomenclatural changes pub-
lished in the International Journal of Systematic Bacte-
riology since the 1980 Approved Lists of Bacterial
Names (1 January 1980 to 1 January 1985). Int. J. Syst.
Bacteriol. 35:382—407.

Moore, A. A., M. E. Eimers, and M. A. Cardella. 1990.
Attempts to control Flexibacter columnaris epizootics in
pond-reared channel catfish by vaccination. J. Aquat.
Anim. Health 2:109-111.

The Genus Flavobacterium 527

Moreno, Y., C. R. Arias, H. Meier, E. Garay, and R. Aznar.
1999. In situ analysis of the bacterial communities asso-
ciated to farmed eel by whole-cell hybridization. Lett.
Appl. Microbiol. 29:160-165.

Morita, R. Y. 1975. Psychrophilic bacteria. Bacteriol. Rev.
39:144-167.

Morrison, C., J. Cornick, G. Shum, and B. Zwicker. 1981.
Microbiology and histopathology of “saddleback” dis-
ease of underyearling Atlantic salmon, Salmo salar L. J.
Fish Dis. 4:243-258.

Mudarris, M., B. Austin, P. Segers, M. Vancanneyt, B. Hoste,
and J.-F. Bernardet. 1994. Flavobacterium scophthal-
mum sp. nov., a pathogen of turbot (Scophthalmus max-
imus L.). Int. J. Syst. Bacteriol. 44:447-453.

Miiller, K.-D., E. N. Schmid, and R. Michel. 1999. Intracellu-
lar bacteria of Acanthamoebae resembling Legionella
spp. turned out to be Cytophaga sp. Zbl. Bakteriol.
289:389-397.

Naas, T., S. Bellais, and P. Nordmann. 2003. Molecular
and biochemical characterization of a carbapenem-
hydrolyzing beta-lactamase from Flavobacterium
johnsoniae. J. Antimicrob. Chemother. 51:267-273.

Nakagawa, Y., and K. Yamasato. 1993. Phylogenetic diversity
of the genus Cytophaga revealed by 16S rRNA sequenc-
ing and menaquinone analysis. J. Gen. Microbiol.
139:1155-1161.

Nakagawa, Y., and K. Yamasato. 1996. Emendation of the
genus Cytophaga and transfer of Cytophaga agaro-
vorans and Cytophaga salmonicolor to Marinilabilia
gen. nov.: Phylogenetic analysis of the Flavobacterium-
Cytophaga complex. Int. J. Syst. Bacteriol. 46:599-603.

Nakagawa, Y., M. Suzuki, and K. Hatano. 2001. Phylogenetic
diversity of Cytophaga-like strains isolated from the sub-
tropical zone of Japan. IFO Res. Commun. 20:61-71.

Nedoluha, P. C., and D. Westhoff. 1997. Microbiological anal-
ysis of striped bass (Morone saxatilis) grown in a recir-
culating system. J. Food Protect. 60:948-953.

Needleman, D. S., and R. E. Pacha. 1974. Isolation and par-
tial characterization of a bacteriocin from Chondrococ-
cus columnaris. Abstr. Ann. Meet. Am. Soc. Microbiol.
74:21.

Nematollahi, A., A. Decostere, F. Pasmans, R. Ducatelle, and
F. Haesebrouck. 2003a. Adhesion of high and low viru-
lence Flavobacterium psychrophilum strains to isolated
gill arches of rainbow trout Oncorhynchus mykiss. Dis.
Aquat. Org. 55:101-107.

Nematollahi, A., A. Decostere, F. Pasmans, and F. Haese-
brouck. 2003b. Flavobacterium psychrophilum infec-
tions in salmonid fish. J. Fish Dis. 26:563-574.

Newton, J. C., T. M. Wood, and M. M. Hartley. 1997. Isolation
and partial characterization of extracellular proteases
produced by isolates of Flavobacterium columnare
derived from channel catfish. J. Aquat. Anim. Health
9:75-85.

Nieto, T. P, A. E. Toranzo, and J. L. Barja. 1984. Comparison
between the bacterial flora associated with fingerling
rainbow trout cultured in two different hatcheries in the
North-West of Spain. Aquaculture 42:193-206.

Nikoskelainen, S., S. Salminen, G. Bylund, and A. C. Ouwe-
hand. 2001. Characterization of the properties of
human- and dairy-derived probiotics for prevention of
infectious diseases in fish. Appl. Environ. Microbiol.
67:2430-2435.

Nilsson, W. B., and M. S. Strom. 2002. Detection and identi-
fication of bacterial pathogens of fish in kidney tissue



528 J.-F. Bernardet and J.P. Bowman

using terminal restriction fragment length polymor-

phism (T-RFLP) analysis of 16S rRNA genes. Dis.

Aquat. Org. 48:175-185.

Nogales, B., K. N. Timmis, D. B. Nedwell, and A. M. Osborn.
2002. Detection and diversity of expressed denitrifica-
tion genes in estuarine sediments after reverse transcrip-
tion-PCR amplification from mRNA. Appl. Environ.
Microbiol. 68:5017-5025.

Nomura, S., and N. Ohara. 1994. Production and some prop-
erties of the extracellular proteases of Cytophaga
columnaris. Fish. Science 60:97-102.

Obach, A., and F. Baudin-Laurencin. 1991. Vaccination of
rainbow trout (Oncorhynchus mykiss) against the vis-
ceral form of cold-water disease. Dis. Aquat. Org. 12:13—
15.

Oppong, D., V. M. King, and J. A. Bowen. 2003. Isolation and
characterization of filamentous bacteria from paper mill
slimes. Int. Biodeter. Biodegrad. 52:53-62.

Ordal, E. J., and R. R. Rucker. 1944. Pathogenic Myxobac-
teria. Proc. Soc. Exp. Biol. Med. 56:15-18.

Ostland, V. E., H. W. Ferguson, and R. M. W. Stevenson.
1989. Case report: bacterial gill disease in goldfish Car-
assius auratus. Dis. Aquat. Org. 6:179-184.

Ostland, V. E., J. S. Lumsden, D. D. MacPhee, and H. W.
Ferguson. 1994. Characteristics of Flavobacterium bran-
chiophilum, the cause of salmonid bacterial gill disease
in Ontario. J. Aquat. Anim. Health 6:13-26.

Ostland, V. E., P. J. Byrne, D. J. Speare, M. A. Thornburn,
A. Cook, M. Morrison, and H. W. Ferguson. 1995.
Comparison of formalin and chloramine-T for control
of a mixed infection (bacterial gill disease and ichthyo-
bodiasis) in rainbow trout. J. Aquat. Anim. Health
7:118-123.

Ostland, V. E., D. D. MacPhee, J. S. Lumsden, and H. W.
Ferguson. 1995. Virulence of Flavobacterium branchio-
philum in experimentally infected salmonids. J. Fish Dis.
18:249-262.

Ostland, V. E., D. G. McGrogan, and H. W. Ferguson. 1997.
Cephalic osteochondritis and necrotic scleritis in inten-
sively reared salmonids associated with Flexibacter psy-
chrophilus. J. Fish Dis. 20:443-451.

Ostland, V. E., P. J. Byrne, J. S. Lumsden, D. D. MacPhee,
J. A. Derksen, M. Haulena, K. Skar, E. Myhr, and H. W.
Ferguson. 1999. Atypical bacterial gill disease: A new
form of bacterial gill disease affecting intensively reared
salmonids. J. Fish Dis. 22:351-358.

Ostland, V. E., P. J. Byrne, G. Hoover, and H. W. Ferguson.
2000. Necrotic myositis of rainbow trout, Oncorhynchus
mykiss (Walbaum): proteolytic characteristics of a crude
extracellular preparation from Flavobacterium psychro-
philum. J. Fish Dis. 23:329-336.

O’Sullivan, L. A., A. J. Weightman, and J. C. Fry. 2002. New
degenerate Cytophaga-Flexibacter-Bacteroides-specific
16S ribosomal DNA-targeted oligonucleotide probes
reveal high bacterial diversity in River Taff epilithon.
Appl. Environ. Microbiol. 68:201-210.

Otis, E. J. 1984. Lesions of Coldwater Disease in Steelhead
Trout (Salmo gairdneri): The Role of Cytophaga psy-
chrophila Extracellular Products [MSc thesis]. Univer-
sity of Rhode Island. Kingston, RI.

Ototake, M., and H. Wakabayashi. 1985. Characteristics
of extracellular products of Flavobacterium sp., a
pathogen of bacterial gill disease. Fish Pathol.
20:167-171.

Oyaizu, H., and K. Komagata. 1981. Chemotaxonomic and
phenotypic characterization of the strains of species in

CHAPTER 6.4

the Flavobacterium-Cytophaga complex. J. Gen. Appl.
Microbiol. 27:57-107.

Pacha, R. E., and E. J. Ordal. 1967. Histopathology of exper-
imental columnaris disease in young salmon. J. Comp.
Pathol. 77:419-423.

Pacha, R. E., and E. J. Ordal. 1970. Myxobacterial Dis-
eases of Salmonids. American Fisheries Society, Dis-
eases of Fishes and Shellfishes. Bethesda, Maryland.
5:243-257.

Pearce, D. A. 2003. Bacterioplankton community structure in
a maritime Antarctic oligotrophic lake during a period
of holomixis, as determined by denaturing gradient gel
electrophoresis (DGGE) and fluorescence in situ
hybridization (FISH). Microb. Ecol. 46:92-105.

Rahman, H., A. Kuroda, J. M. Dijkstra, I. Kiryu, T.
Nakanishi, and M. Ototake. 2002. The outer membrane
fraction of Flavobacterium psychrophilum induces pro-
tective immunity in rainbow trout and ayu. Fish Shell.
Immunol. 12:169-179.

Rangdale, R. E., and K. Way. 1995. Rapid identification of
Cytophaga psychrophila from infected spleen tissue
using an enzyme-linked-immunosorbent assay (ELISA).
Bull. Eur. Ass. Fish Pathol. 15:213-216.

Rangdale, R. E., R. H. Richards, and D. J. Alderman. 1996.
Isolation of Cytophaga psychrophila, causal agent of
rainbow trout fry syndrome (RTFS) from reproductive
fluids and egg surfaces of rainbow trout (Oncorhynchus
mykiss). Bull. Eur. Ass. Fish Pathol. 16:63-67.

Rangdale, R. E., R. H. Richards, and D. J. Alderman. 1997.
Minimum inhibitory concentrations of selected antimi-
crobial compounds against Flavobacterium psychrophi-
lum the causal agent of rainbow trout fry syndrome
(RTFS). Aquaculture 158:193-201.

Rangdale, R. E., R. H. Richards, and D. J. Alderman. 1999.
Histopathological and electron microscopical observa-
tions on rainbow trout fry syndrome. Vet. Rec. 144:251—
254.

Reichardt, W., and R. Y. Morita. 1982. Influence of
temperature adaptation on glucose metabolism in a
psychrotrophic strain of Cytophaga johnsonae. Appl.
Environ. Microbiol. 44:1282-1288.

Reichenbach, H. 1989. Order I: Cytophagales Leadbetter
1974. In: J. T. Staley, M. P. Bryant, N. Pfennig, and J. G.
Holt (Eds.) Bergey’s Manual of Systematic Bacteriol-
ogy. Williams & Wilkins. Baltimore, MD. 3:2011-2013.

Reichenbach, H. 1992. The Order Cytophagales. In: A.
Balows, H. G. Triiper, M. Dworkin, W. Harder, and
K.-H. Schleifer (Eds.) The Prokaryotes. Springer-Verlag.
New York, NY. 2:3631-3675.

Riffel, A., and A. Brandelli. 2002. Isolation and characteriza-
tion of a feather-degrading bacterium from the poultry
processing industry. J. Indust. Microbiol. Biotechnol.
29:255-258.

Rintamiki-Kinnunen, P, J.-F. Bernardet, and A. Bloigu. 1997.
Yellow pigmented filamentous bacteria connected with
farmed salmonid fish mortality. Aquaculture 149:1-14.

Roberts, S. D. 1998. Ineffective control of bacterial coldwater
disease after pre-spawning erythromycin injections. Fish
Health Newslett. 26:10-11.

Rodgers, M., D. Flanigan, S. Pfaller, W. Jakubowski, and B.
Kinkle. 2003. Identification of a flavobacterium strain
virulent against Giardia lamblia cysts. World J. Micro-
biol. Biotechnol. 19:703-709.

Saitou, N., and M. Nei. 1987. The neighbor-joining method:
A new method for reconstructing phylogenetic trees.
Molec. Biol. Evol. 4:406-425.



CHAPTER 6.4

Sakai, M., M. K. Soliman, T. Yoshida, and M. Kobayashi. 1993.
Identification of pathogenic fish bacteria using the API
ZYM system. Can. J. Fish. Aquat. Sci. 50:1137-1141.

Sanders, J. E., R. A. Holt, and J. L. Fryer. 1976. Serological
comparison of Flexibacter columnaris isolates using rab-
bit and rainbow trout (Salmo gairdneri) antisera. J. Fish.
Res. Board Can. 33:1386-1388.

Sanni, A. 1., A. A. Onilude, I. F. Fadahunsi, and R. O. Afolabi.
1999. Microbial deterioration of traditional alcoholic
beverages in Nigeria. Food Res. Int. 32:163-167.

Schachte Jr., J. H., and E. C. Mora. 1973. Production of
agglutinating antibodies in the channel catfish (Ictalurus
punctatus) against Chondrococcus columnaris. J. Fish.
Res. Board Can. 30:116-118.

Schmidt, A. S., M. S. Bruun, I. Dalsgaard, K. Pedersen, and
J. L. Larsen. 2000. Occurrence of antimicrobial resis-
tance in fish-pathogenic and environmental bacteria
associated with four Danish rainbow trout farms. Appl.
Environ. Microbiol. 66:4908-4915.

Schmidtke, L. M., and J. Carson. 1995. Characteristics of
Flexibacter psychrophilus isolated from Atlantic salmon
in Australia. Dis. Aquat. Org. 21:157-161.

Secades, P, B. Alvarez, and J. A. Guijarro. 2001. Purification
and characterization of a psychrophilic, calcium-
induced, growth-phase-dependent metalloprotease
from the fish pathogen Flavobacterium psychrophilum.
Appl. Environ. Microbiol. 67:2436-2444.

Secades, P, B. Alvarez, and J. A. Guijarro. 2003. Purification
and properties of a new psychrophilic metalloprotease
(Fpp2) in the fish pathogen Flavobacterium psychrophi-
lum. FEMS Microbiol. Lett. 226:273-279.

Shamsudin, M. N. 1994. Pathogenesis of Flexibacter colum-
naris and Immunity in Channel Catfish [PhD thesis].
Auburn University. Auburn, AL.

Shamsudin, M. N, and J. A. Plumb. 1996. Morphological,
biochemical, and physiological characterization of Flex-
ibacter columnaris isolates from four species of fish. J.
Aquat. Anim. Health 8:335-339.

Shieh, H. S. 1980. Studies on the nutrition of a fish pathogen,
Flexibacter columnaris. Microbios Lett. 13:129-133.
Shoemaker, C. A., P. H. Klesius, C. Lim, and M. Yildirim.
2003. Feed deprivation of channel catfish, Ictalurus
punctatus (Rafinesque), influences organosomatic
indices, chemical composition and susceptibility to

Flavobacterium columnare. J. Fish Dis. 26:553-561.

Shotts, E. B, and C. E. Starliper. 1999. Flavobacterial dis-
eases: Columnaris disease, cold-water disease and bac-
terial gill disease. /n: P.T. K. Woo and D. W. Bruno (Eds.)
Fish Diseases and Disorders, Volume 3: Viral, Bacterial
and Fungal Infections. CABI Publishing. Oxford, UK.
559-576.

Skerman, V. B. D., V. McGowan, and P. H. A. Sneath. 1980.
Approved lists of bacterial names. Int. J. Syst. Bacteriol.
30:225-420.

Soltani, M., and C. M. Burke. 1994. Responses of fish-
pathogenic Cytophaga/Flexibacter-like bacteria (CFLB)
to environmental conditions. Bull. Eur. Ass. Fish Pathol.
14:185-187.

Soltani, M., B. Munday, and J. Carson. 1994. Susceptibility
of some freshwater species of fish to infection by
Cytophaga johnsonae. Bull. Eur. Ass. Fish Pathol.
14:133-135.

Soltani, M., S. Shanker, and B. L. Munday. 1995. Chemo-
therapy of Cytophaga/Flexibacter-like bacteria (CFLB)
infections in fish: studies validating clinical efficacies of
selected antimicrobials. J. Fish Dis. 18:555-565.

The Genus Flavobacterium 529

Song, Y.-L.,J. L. Fryer, and J. S. Rohovec. 1988a. Comparison
of gliding bacteria isolated from fish in North America
and other areas of the Pacific rim. Fish Pathol. 23:197-
202.

Song, Y.-L.,J. L. Fryer, and J. S. Rohovec. 1988b. Comparison
of six media for the cultivation of Flexibacter colum-
naris. Fish Pathol. 23:91-94.

Stackebrandt, E., W. Frederiksen, G. M. Garrity, P. A. D.
Grimont, P. Kdmpfer, M. C. J. Maiden, X. Nesme, R.
Rossell6-Mora, J. Swings, H. G. Triiper, L. Vauterin,
A. C. Ward, and W. B. Whitman. 2002. Report of the ad
hoc committee for the re-evaluation of the species defi-
nition in bacteriology. Int. J. Syst. Evol. Microbiol.
52:1043-1047.

Stanier, R. Y. 1947. Studies on non-fruiting myxobacteria. I:
Cytophaga johnsonae n. sp., a chitin-decomposing myx-
obacterium. J. Bacteriol. 53:297-315.

Stanier, R. Y. 1957. Order VIII: Myxobacterales Jahn 1915.
In: R. S. Breed, E. G. D. Murray, and N. R. Smith (Eds.)
Bergey’s Manual of Determinative Bacteriology, 7th ed.
Williams & Wilkins. Baltimore, MD. 854-891.

Starliper, C. E., E. B. Schotts, T. C. Hsu, and W. B. Schill.
1988. Genetic relatedness of some Gram-negative yel-
low pigmented bacteria from fishes and aquatic environ-
ments. Microbios 56:181-198.

Stringer-Roth, K. M., W. Yunghans, and L. F. Caslake. 2002.
Differences in chondroitin AC lyase activity of Fla-
vobacterium columnare isolates. J. Fish Dis. 25:687-691.

Strohl, W. R., and L. R. Tait. 1978. Cytophaga aquatilis
sp.nov., a facultative anaerobe isolated from the gills of
freshwater fish. Int. J. Syst. Bacteriol. 28:293-303.

Suzuki, M., Y. Nakagawa, S. Harayama, and S. Yamamoto.
2001. Phylogenetic analysis and taxonomic study of
marine Cytophaga-like bacteria: proposal for Tenacibac-
ulum gen. nov. with Tenacibaculum maritimum comb.
nov. and Tenacibaculum ovolyticum comb. nov., and
description of Tenacibaculum mesophilum sp. nov. and
Tenacibaculum amylolyticum sp. nov. Int. J. Syst. Evol.
Microbiol. 51:1639-1652.

Takeuchi, M., and A. Yokota. 1992. Proposals of Sphingobac-
terium faecium sp. nov., Sphingobacterium piscium sp.
nov., Sphingobacterium heparinum comb. nov., Sphingo-
bacterium thalpophilum, comb. nov. and two genospe-
cies of the genus Sphingobacterium, and synonymy of
Flavobacterium yabuuchiae and Sphingobacterium spir-
itivorum. J. Gen. Appl. Microbiol. 38:465-482.

Tamaki, H., S. Hanada, Y. Kamagata, K. Nakamura, N.
Nomura, K. Nakano, and M. Matsumura. 2003. Fla-
vobacterium limicola sp. nov., a psychrophilic, organic-
polymer-degrading bacterium isolated from freshwater
sediments. Int. J. Syst. Evol. Microbiol. 53:519-526.

Taylor, P. W., and J. R. Winton. 2002. Optimization of nested
polymerase chain reaction assays for identification of
Aeromonas salmonicida, Yersinia ruckeri, and Fla-
vobacterium psychrophilum. J. Aquat. Anim. Health
14:216-224.

Teska, J. D. 1993. Assay to evaluate the reaction kinetics of
chondroitin AC lyase produced by Cytophaga colum-
naris. J. Aquat. Anim. Health 5:259-264.

Tiirola, M., E. T. Valtonen, P. Rintamiki-Kinnunen, and
M. S. Kulomaa. 2002. Diagnosis of flavobacteriosis by
direct amplification of rRNA genes. Dis. Aquat. Org.
51:93-100.

Topley, W. W. C,, and G. S. Wilson. 1929. The Principles of
Bacteriology and Immunity, 1st ed. Edward Arnold.
London, UK.



530 J.-F. Bernardet and J.P. Bowman

Topp, E., R. L. Crawford, and R. S. Hanson. 1988. Influence
of readily metabolizable carbon on pentachlorophenol
metabolism by a pentachlorophenol-degrading Fla-
vobacterium sp. Appl. Environ. Microbiol. 54:2452—
2459.

Toyama, T., K. Kita-Tsukamoto, and H. Wakabayashi.
1994. Identification of Cytophaga psychrophila by
PCR targeted 16S ribosomal RNA. Fish Pathol.
29:271-275.

Toyama, T., K. Kita-Tsukamoto, and H. Wakabayashi.
1996. Identification of Flexibacter maritimus, Fla-
vobacterium branchiophilum and Cytophaga colum-
naris by PCR targeted 16S ribosomal DNA. Fish
Pathol. 31:25-31.

Tripathi, N. K., K. S. Latimer, C. R. Gregory, B. W. Ritchie,
R. E. Wooley, and R. L. Walker. 2005. Development and
evaluation of an experimental model of cutaneous
columnaris disease in koi carp (Cyprinus carpio). J. Vet.
Diag. Invest. 17:45-54.

Triyanto, and H. Wakabayashi. 1999. Genotypic diversity of
strains of Flavobacterium columnare from diseased
fishes. Fish Pathol. 34:65-71.

Trust, T. J. 1975. Bacteria associated with the gills of
salmonid fishes in freshwater. J. Appl. Bacteriol. 38:225-
233.

Turnbull, J. F. 1993. Bacterial gill disease and fin rot. In: V.
Inglis, R. J. Roberts, and N. R. Bromage (Eds.) Bacterial
Diseases of Fish. Blackwell Scientific Publications.
Oxford, UK. 40-57.

Uddin, M. N, and H. Wakabayashi. 1997. Effects of temper-
ature on growth and protease production of Cytophaga
psychrophila. Fish Pathol. 32:225-226.

Urdaci, M. C., C. Chakroun, D. Faure, and J.-F. Bernardet.
1998. Development of a polymerase chain reaction assay
for identification and detection of the fish pathogen Fla-
vobacterium psychrophilum. Res. Microbiol. 149:519-
530.

Vandamme, P, J.-F. Bernardet, P. Segers, K. Kersters, and B.
Holmes. 1994. New perspectives in the classification of
the flavobacteria: description of Chryseobacterium gen.
nov., Bergeyella gen. nov., and Empedobacter nom. rev.
Int. J. Syst. Bacteriol. 44:827-831.

Vandamme, P, B. Pot, M. Gillis, P. De Vos, K. Kersters,
and J Swings. 1996. Polyphasic taxonomy, a consensus
approach to bacterial systematics. Microbiol. Rev.
60:407-438.

Van der Meulen, H. J., W. Harder, and H. Veldkamp. 1974.
Isolation and characterization of Cytophaga flevensis sp.
nov., a new agarolytic flexibacterium. Ant. v. Leeuwen-
hoek 40:329-346.

Van Trappen, S., J. Mergaert, S. Van Eygen, P. Dawynt, M. C.
Cnockaert, and J. Swings. 2002. Diversity of 746 het-
erotrophic bacteria isolated from microbial mats from
ten Antarctic lakes. System. Appl. Microbiol. 25:603—
610.

Van Trappen, S., J. Mergaert, and J. Swings. 2003. Flavobac-
terium gelidilacus sp. nov., isolated from microbial mats
in Antarctic lakes. Int. J. Syst. Evol. Microbiol. 53:1241-
1245.

Van Trappen, S., I. Vandecandelaere, J. Mergaert and J.
Swings. 2003. Flavobacterium degerlachei sp. nov., Fla-
vobacterium frigoris sp. nov. and Flavobacterium micro-
mati sp. nov., novel psychrophilic bacteria isolated from
microbial mats in Antarctic lakes. Int. J. Syst. Evol.
Microbiol. 54:85-92.

CHAPTER 6.4

Van Trappen, S., I. Vandecandelaere, J. Mergaert, and J.
Swings. 2005. Flavobacterium fryxellicola sp. nov. and
Flavobacterium psychrolimnae sp. nov., novel psychro-
philic bacteria isolated from microbial mats in Antarctic
lakes. Int. J. Syst. Evol. Microbiol. 55:769-772.

Vatsos, I. N., K. D. Thompson, and A. Adams. 2001. Adhesion
of the fish pathogen Flavobacterium psychrophilum
to unfertilized eggs of rainbow trout (Oncorhynchus
mykiss) and n-hexadecane. Lett. Appl. Microbiol.
33:178-182.

Vatsos, I. N., K. D. Thompson, and A. Adams. 2002. Devel-
opment of an immunofluorescent antibody technique
(IFAT) and insitu hybridization to detect Flavobacte-
rium psychrophilum in water samples. Aquacult. Res.
33:1087-1090.

Vatsos, I. N, K. D. Thompson, and A. Adams. 2003.
Starvation of Flavobacterium psychrophilum in broth,
stream water and distilled water. Dis. Aquat. Org.
56:115-126.

Vinogradov, E., M. B. Perry, and W. W. Kay. 2003. The struc-
ture of the glycopeptides from the fish pathogen Fla-
vobacterium columnare. Carbohydr. Res. 338:2653-
2658.

Von Graevenitz, A. 1990. Revised nomenclature of
Campylobacter laridis, Enterobacter intermedium, and
“Flavobacterium branchiophila.” Int. J. Syst. Bacteriol.
40:211.

Von Weis, J. 1987. Uber das Vorkommen einer Kalt-
wasserkrankheit bei Regenbogenforellen, Salmo gaird-
neri. Tierdrztl. Umschau 42:575-577.

Wakabayashi, H., and S. Egusa. 1974. Characteristics of myx-
obacteria associated with some freshwater fish diseases
in Japan. Bull. Jap. Soc. Sci. Fish. 40:751-757.

Wakabayashi, H., S. Egusa, and J. L. Fryer. 1980. Character-
istics of filamentous bacteria isolated from a gill disease
of salmonids. Can. J. Fish. Aquat. Sci. 37:1499-1507.

Wakabayashi, H., and T. Iwado. 1985. Effects of a bacterial
gill disease on the respiratory functions of juvenile rain-
bow trout. /n: A. E. Ellis (Ed.)Fish and Shellfish Pathol-
ogy. Academic Press. London, UK. 153-160.

Wakabayashi, H., G. J. Huh, and N. Kimura. 1989. Flavobac-
terium branchiophila sp.nov.,, a causative agent of
bacterial gill disease of freshwater fishes. Int. J. Syst.
Bacteriol. 39:213-216.

Wakabayashi, H. 1991. Effects of environmental conditions
on the infectivity of Flexibacter columnaris to fish. J. Fish
Dis. 14:279-290.

Wakabayashi, H. 1993. Columnaris disease. In: V. Inglis,
R. J. Roberts, and N. R. Bromage (Eds.) Bacterial Dis-
eases of Fish. Blackwell Scientific Publications. Oxford,
UK. 23-39.

Wakabayashi, H., T. Toyama, and T. Iida. 1994. A study on
serotyping of Cytophaga psychrophila isolated from
fishes in Japan. Fish Pathol. 29:101-104.

Wayne, L. G., D. J. Brenner, R. R. Colwell, P. A. D. Grimont,
O. Kandler, M. I. Krichevsky, L. H. Moore, W. E. C.
Moore, R. G. E. Murray, E. Stackebrandt, M. P. Starr, &
H. G. Triiper. 1987. Report of the ad hoc committee on
reconciliation of approaches to bacterial systematics.
Int. J. Syst. Bacteriol. 37:463-464.

Weisburg, W. G., Y. Oyaizu, H. Oyaizu, and C. R. Woese.
1985. Natural relationship between bacteroides and
flavobacteria. J. Bacteriol. 164:230-236.

Weller, R., E. O. Glockner, and R. Amann. 2000. 16S rRNA-
targeted oligonucleotide probes for the in situ detection



CHAPTER 6.4

of members of the phylum Cytophaga-Flavobacterium-
Bacteroides. System. Appl. Microbiol. 23:107-114.

Wiklund, T., K. Kaas, L. Lonnstrom, and I. Dalsgaard. 1994.
Isolation of Cytophaga psychrophila (Flexibacter psy-
chrophilus) from wild and farmed rainbow trout (Onco-
rhynchus mykiss) in Finland. Bull. Eur. Ass. Fish Pathol.
14:44-46.

Wiklund, T., L. Madsen, M. S. Bruun, and I. Dalsgaard. 2000.
Detection of Flavobacterium psychrophilum from fish
tissue and water samples by PCR amplification. J. Appl.
Microbiol. 88:299-307.

Wiklund, T., and I. Dalsgaard. 2002. Survival of Flavobacte-
rium psychrophilum in rainbow trout (Oncorhynchus
mykiss) serum in vitro. Fish Shell. Immunol. 12:141-153.

Wiklund, T., and I. Dalsgaard. 2003. Association of Flavobac-
terium psychrophilum with rainbow trout (Oncorhyn-
chus mykiss) kidney phagocytes in vitro. Fish Shell.
Immunol. 15:387-395.

Woese, C.R., D. Yang, L. Mandelco, and K. O. Stetter. 1990.
The flexibacter-flavobacter connection. System. Appl.
Microbiol. 13:161-165.

The Genus Flavobacterium 531

Xie, H. X., P. Nie, and B. J. Sun2004. Characterization of two
membrane-associated protease genes obtained from
screening out-membrane protein genes of Flavobacte-
rium columnare G4. J. Fish Dis. 27:719-729.

Yabuuchi, E., E. Tanimura, and I. Ohyama. 1979.
Flavobacterium devorans ATCC 10829: A strain of
Pseudomonas paucimobilis. J. Gen. Appl. Microbiol.
25:95-107.

Yi, H., H--M. Oh, J.-H. Lee, S.-J. Kim, and J. Chun. 2005.
Flavobacterium antarcticum sp. nov., a novel psychrotol-
erant bacterium isolated from the Antarctic. Int. J. Syst.
Evol. Microbiol. 55:637-641.

Zdanowski, M. K., P. Weglenski, P. Golik, J. M. Sasin, P.
Borsuk, M. J. Zmuda, and A. Stankovic. 2004. Bacterial
diversity in Adélie penguin, Pygoscelis adeliae, guano:
molecular and morpho-physiological approaches. FEMS
Microbiol. Ecol. 50:163-173.

Zhu, F, S. Wang, and P. Zhou. 2003. Flavobacterium xinjian-
gense sp. nov. and Flavobacterium omnivorum sp. nov.,
novel psychrophiles from the China no. 1 glacier. Int. J.
Syst. Evol. Microbiol. 53:853-857.



