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Seven strains of bacteria were isolated from Pacific oysters, Crassostrea gigas,
with a focal or systemic disease. The strains were aerobic, Gram-positive, acid-
fast, produced a mycelium which fragmented into irregular rod-like elements,
had a peptidoglycan containing meso-diaminopimelic acid, arabinose and
galactose as major sugars, mycolic acids with 46-58 carbon atoms and G+C-rich
DNA. All of these properties are consistent with the classification of the
organisms in the genus Nocardia. A partial sequence of the 165 rRNA gene of
isolate NB4H was determined following isolation and cloning of the PCR-
amplified gene. The sequence was aligned with those of representative
mycolic-acid-containing taxa and a phylogenetic tree was generated using the
neighbour-joining method. It was evident from the phylogenetic tree that the
three strains tested, RB1, OB3P and NB4H, were identical and belonged to the
Nocardia otitidiscaviarum rRNA sub-group. The biochemical, chemical,
morphological and physiological properties of the isolates were also
essentially identical and served to distinguish them from representative
nocardiae. It is, therefore, proposed that the strains isolated from the diseased
Pacific oysters be assigned to a new species, Nocardia crassostreae. The type
strain is NB4H (= ATCC 700418).
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British Columbia, Canada, and the State of Washing-
ton, USA (7, 8). The infected oysters often contained

The genus Nocardia encompasses several species that
cause clinical diseases in animals, including humans
(10, 11, 30). Nocardiae can be identified with certainty
only by laboratory means and their occurrence is
almost certainly underestimated. Nevertheless, it is
known that nocardiae can infect a large variety of
mammals, such as cats (3), and several species of fish
such as Hyphessobycon innesi (neon tetras), Oncor-
hynchus mykiss (rainbow trout; 39) and Seriola quin-
queradiata (Japanese yellowtail ; 18).

A Nocardia-like bacterium was recently isolated from
cultured Pacific oysters, Crassostrea gigas, which
experience summer mortality in several embayments in

Road, Bodega Bay, CA 94923, USA.

Abbreviations: DAP, diaminapimelic acid; FAME, fatty acid methyl ester;
MAME, mycolic acid methyl ester,

The GenBank/EMBL accession numbers for the sequences reported in this
paper are U92799, U92800 and Z37989,

00650 & 1998 IUMS

focal areas of brown discolouration on the mantle or
raised green or yellow nodules in the adductor muscle,
gills, heart and mantle. The nodules were composed of
host haemocytes surrounding Gram-positive, acid-fast
filamentous bacteria. Initial identification of the bac-
terium as a member of the genus Nocardia was based
on morphological and tinctorial characteristics. The
disease was, therefore, called Pacific oyster nocardiosis

(7.

The recognition of Gordona amarae (12, 20, 36) and
Skermania piniformis (3) as organisms previously
classified as nocardiae leaves the genus Nocardia as
a homogeneous taxon encompassing ten validly de-
scribed species. Members of the genus form extensively
branched, substrate hyphae which fragment into rod-
shaped, non-motile elements; aerial hyphae are usually
formed but are sometimes only visible microscopically
(11, 14, 15). Nocardiae are also characterized by a
number of chemical markers, including the presence of
meso-diaminopimelic acid (meso-DAP), arabinose and
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galactose (wall chemotype IV sensu, 26), mycolic acids
with 40—60 carbon atoms and DNA G + C content of
64-72 mol% (10, 11). Nocardiae fall into two ribo-
somal sub-groups, one corresponding to Nocardia
asteroides and related taxa and the other to Nocardia
otitidiscaviarum and allied species (2). The separation
of the two sub-groups is based on differences found in
helix 37.1.

In the present study, Nocardia-like actinomycetes
isolated from oysters grown in several locations in the
Pacific Northwest of the USA and British Columbia,
Canada, were the subject of a polyphasic taxonomic
study designed to determine the relationship of the
isolates with representative strains of the genus No-
cardia.

METHODS

Organisms and culture conditions. The test strains consisted
of seven Nocardia-like strains and eight reference strains.
The seven bacterial strains obtained from individual oysters
from the following locations. Five strains were obtained
from two embayments in Southern Puget Sound, WA, USA.:
RBI, RB13 and RB29 were obtained from Rocky Bay, and
strains OB3P and OB5H were obtained from Oakland Bay.
Two additional strains were obtained from British Colum-
bia, Canada: strain SI was obtained from Scott Island and
the type strain NB4H was obtained from Nanoose Bay,
Vancouver Island. Six of the latter were provided by Dr B.
L. Beaman, namely Gordona amarae strain Se-6, isolated
from a sewage treatment plant, and clinical isolates of N.
asteroides strain GUH-2, Nocardia brasiliensis strain 17E, N,
otitidiscaviarum strain 112, Mycobacterium paratuberculosis
strain 116 and Rhodococeus strain SL. The remaining
reference strain, Nocardia seriolae strain N1 (formerly
‘ Nocardia kampachi’; 24), was donated by Dr R. Kusuda
(Department of Cultural Fisheries, Faculty of Agriculture,
Kochi University, Kochi, Japan) and Necardia farcinica was
obtained from the American Type Culture Collection
(ATCC 33187). Two additional type strains were obtained
from the ATCC: N. asteroides (ATCC 192477) and N.
seriolae (ATCC 439937). The strains were maintained on
Brain Heart Infusion (BHI) agar plates, with or without
supplemental NaCl, at room temperature.

Biomass for the chemotaxonomic studies was prepared in
flasks of BHI broth shaken at 180 r.p.m. for 5-7 d at 28 °C.
Biomass for the 1658 rRNA study was cultivated on BHI agar
for 2 weeks at 25°C., At maximum growth, the broth
cultures were checked for purity, killed with formaldehyde
(1%, v/v), harvested by centrifugation and washed with
distilled water.

Morphological and staining properties. Colonial and micro-
morphological properties of the seven strains isolated from
the Pacific oysters and some of the reference strains (Table 1)
were observed after 3—5 d growth on BHI agar. The presence
of aerial hyphae was determined microscopically. The same
preparations were used to determine the staining properties
of the organisms using the acid-fast (Kinyoun), Gram and
periodate—Schiff base stains (Difco).

Electron microscopy. Colonies (about 1 mm in diameter) of
isolate RB29 and N. asteroides strain GUH-2 were grown
for 5d at 22°C. The colonies were fixed in 2:5% (v/v)
glutaraldehyde in 001 M phosphate buffer (pH 7-4), post-
fixed in agueous osmium tetroxide (1 %, w/v), dehydrated
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through a graded series of acetone concentrations and
embedded in epoxy resin. Ultrathin sections were stained
with uranyl acetate and lead citrate and sections were viewed
and photographed using a Phillips EM400 electron micro-
scope.

Biochemical characterization. The seven isolates and four
reference strains of Nocardia (Table 2) were examined for
their ability to form acid from p- and L-arabinose, galactose,
glucose, meso-inositol, lactose, maltose, D-mannitol, su-
crose, trehalose and xylose using an inorganic nitrogen basal
medium supplemented with 1% (w/v) of the appropriate
sugar (14). Bacterial suspensions in 2% saline were used to
inoculate test tubes containing the medium prior to in-
cubation at 28 °C for 1 month. Degradation of aesculin
(01 %, w/v), casein (2%, w/v), gelatin (0-4%, w/v),
hypoxanthine (2 %, w/v), starch (2%, w/v), tyrosine (2%,
w/v) and xanthine (2 %, w/v) were recorded after incubation
at 25 °C for up to 6 weeks using established methods (13, 22).
Hydrolysis of Tweens 20 and 80 was detected in Sierra’s
medium (38), following incubation at 25 *C for up to 1
month. The presence of urease was observed after 14d
growth at 25 °C using Bacto urea base slants (Difco) and
urease broth (40). Similarly, resistance to catalase was
determined on BHI slants after 14 d.

The ability of the test strains to grow on citrate, creatine,
ethanol, gluconic acid and propionic acid (at 1 %, w/v) was
examined using a carbon-free medium (13). Growth was
evaluated after 1 month at 28 °C by comparison with that of
strains grown on BHI agar. Similarly, the ability of the
strains to use salicin as a sole carbon source was determined
as described by Goodfellow (9). The organisms were also
examined for their ability to grow on lysine, ornithine and
valine (at 1%, w/v) as sole sources of carbon and nitrogen
using an established basal medium (13).

Resistance to 5-fluorouracil (20 pg ml™), isoniazid (200 pg
ml™"), mitomyein C (57 pg ml™") and rifampicin (20 pg ml™)
was recorded following incubation at 25 °C for | week with
glucose-yeast (both 5%, w/v) agar as basal medium;
presence or absence of growth was confirmed following
subculture onto BHI agar. Survival at 50 °C was examined
by incubating triplicate cultures of each organism in BHI
tubes; after 8 h at 50 °C the inoculated tubes were cooled to
23 °C in a waterbath then held at this temperature for up to
1 month. Growth in the tubes was used to subculture onto
BHI agar to confirm positive results. The organisms were
also examined for their capacity to grow on BHI agar
supplemented with sodium chloride (2 and 5%, w/v)
following incubation at 25 °C for up to 1 month. Similarly,
the strains were observed for their ability to survive at 5 °C
and to grow on BHI agar at 22 °C. Survival at 5 °C for 1
month was assessed following passage of bacteria onto fresh
BHI agar and incubation at 22 °C. Visible growth after 5-7 d
indicated survival.

Detection of isomers of DAP. The procedure of Staneck &
Roberts (40) was used to prepare acid hydrolysates from
biomass (300 mg wet wt) of . amarae strain Se-6 and the
seven isolates from oysters. Aliquots of each sample (2-5 ul)
were spotted along the bottom of thin-layer cellulose sheets
(Eastman Kodak 13255), and the amino acids in the
hydrolysates were separated for 16 h using the solvent system
methanol, distilled water, 6 M HCl and pyridine (80:26:
4:10, by vol.; 16). The chromatogram was dried in air,
sprayed with *75% (w/v) ninhydrin in 95% ethanol and
heated at 100 °C for 3 min [procedure modified from Hoare
& Work (16) and Staneck & Roberts (40)]. The 1somers of
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DAP were detected following comparison with the results
obtained with a standard mixture of DAP isomers (Sigma).

Extraction and characterization of mycolic acids. Mycolic
acid methyl esters (MAMEs), prepared from 0-5-1-0 g wet
wt bacterial cells of &. amarae strain Se-6, N. asteroides
strain GUH-2, M. paratuberculosis strain 116, Rhodococcus
strain SL and the seven isolates from oysters, using the
procedure of Beaman & Moring (1), were spotted onto
activated TLC plates and separated in petroleum ether:
diethyl ether (4: 1, v/v) according to Minnikinet al. (31). The
MAMEs were visualized using UV illumination (266 nm),
scrapped from the TLC plates, extracted three times in
lipopure methanol (Allied Associates)/petrolenm ether (1:4,
v/v) and the preparations were centrifuged at 209 g for
10 min at 4°C to pellet any residual sibica dust. The
supernatants were decanted into clean test tubes, dried
under argon, resuspended in 1-0 ml isooctane and analysed
by GLC using a procedure modified from Lechevalier er al.
(29, 30).

The samples were analysed using an Hewlett-Packard 5880A
autoinjection gas chromatograph fitted with a flame-ioniza-
tion detector and a capillary column (-2 mm x 12 m DB-1
methyl-silicone-fused silica) following a protocol modified
from that of Beaman & Moring (1). The initial oven
temperature for the capillary column of 230 °C was followed
by a 15 °C min™' linear gradient increase to 350 *C. The inlet
temperature was 350 °C and the temperature of the flame-
ionized detector was 3735 °C. The retention time for each
fatty acid methyl ester (FAME) and aldehyde pyrolysis
product of the MAMEs of each strain examined was
compared to that of a fatty acid standard (Applied Sciences
Laboratories) or to aldehydes from pyrolysis of N. asteroides
strain GUH-2 that were previously identified by GLC-MS
(1), respectively. Mycolic acid chain-lengths were estimated
by combining the chain-lengths of the smallest FAME and
aldehyde products to yield the smallest parent MAME
possible. The largest MAME was determined in the same
manner.

Wall sugar analyses. Biomass (about 100 mg wet wt)
prepared from G. amarae strain Se-6, N. asteroides strain
GUH-2 and the seven oyster isolates was hydrolysed at
95°C for 15h in 3ml 2 M H,S50, (33), cooled to 23 °C,
centrifuged at 1700 g for 10 min and passed through a
(+22 pym nylon filter (MicronSep; Magna Nylon Membrane
Filters). Protein was precipitated from the samples by the
addition of 1:10 (v/v) 60% perchloric acid. The resultant
samples were split into two equal fractions for analysis by
HPLC and paper chromatography, respectively. Solutions
of 2mgml* trehalose, D(—)-arabinose and/or D(+ )-ga-
lactose in distilled water were used as standards.

Samples (5pl) were manually injected into an HPLC
apparatus fitted with a Waters 501 HPLC pump, a U6K
injector and a 300x 7-8 mm Bio-Rad cation-exchange
column with a 90 pm particle size. The mobile phase was
0-01 M H,80, at a rate of 0-6 ml min* at 41 *C. Absorbance
of each fraction at 193 mm was detected using a Kratos
Spectroflow spectrophotometer. In the corresponding ex-
periments, approximately 100 pl of the bacterial extracts
and standards were spotted onto Whatman no. 3 paper and
analysed by descending paper chromatography according to
the methods of Murray & Proctor (33). Confirmation that
the experimental samples co-migrated with the appropriate
standards was determined by elution of parallel unstained
fractions with approximately 200-300 ul distilled water
followed by HPLC analysis.
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Isoprencid quinone analysis. Menaguinones were extracted
from freeze-dried biomass (50 mg) of strain NB4H and N.
asteroides N317" using the small-scale procedure of Minnikin
et al. (32). Purified menagquinones were separated by HPLC,
using a Pharmacia LKB instrument fitted with a Spherisorb
octaldecylsilane column (5 pm) with acetonitrile /2-propanol
(75:25, v/v) as the mobile phase. The menaquinones were
detected at 254 nm.

Extraction of DNA. Nucleic acids were extracted from .
amarae strain Se-6, N. asteroides strain GUH-2, N. otitidis-
cavigrum strain 112, N. seriolge strain N-1 and from the
seven isolates from oysters using modifications of established
procedures (41, 43). The strains were grown, at 28 °C on a
rotary shaker at 150 r.p.m., to late-exponential phase in
flasks of BHI broth buffered with sodium dihydrogen
phosphate (275 g I™"). The biomass was harvested by centri-
fugation at 7096 g for 20 min at 4 °C and transferred to BHI
broth supplemented with glycine (4%, w/v), then shaken at
150 r.p.m. for 48 h at 29 °C. The resultant growth was lysed
with lysozyme (mg ml™") for 90 min at 37 °C and with SDS
(5%, w/v) for 15min at 37°C (41). Nucleic acids were
extracted from the aqueous phase using modifications of the
method of Whipple et al. (43). The crude nucleic acids were
pelleted by centrifugation (151 194 g, 20 min at 4 °C) and the
supernatant was mixed with isopropyl alcohel (1:1, v/v) to
precipitate any additional nucleic acids. The nucleic acids
were pelleted as before, washed in 70 % ethanol and then
suspended in TE buffer (10 mM Tris/HCI, | mM EDTA) at
pH 8:0. RNA was removed from the preparations by the
addition of (5 vol. 7:5 M ammonium acetate followed by
centrifugation at 9268 g for 10 min at 4 °C. The supernatant
was added to 6 ml 2-propanol and the resultant mixture was
centrifuged to pellet the DNA, which was resuspended in TE
buffer. Proteinase K (1 mg ml™") and SDS (1 %, w/v) were
added to the mixture and incubated at 50 °C for 1 h. The
DMNA was further extracted with TE-saturated phenol and
purified according to methods of Whipple et al. (43).

DNA base composition. The G+ C content of the DNA,
prepared as described above, was determined by a method
modified from that of Nelson er al. (35). The DNA was
heated in the cuvette of a spectrophotometer in 0-1 *C min™!
increments from 72-90°C and absorbance was read at
260 nm.

PCR amplification and sequencing of the 165 rRNA gene.
Isolation of the chromosomal DNA, amplification, cloning
and sequencing of the 165 rRNA gene of oyster isolates was
carried out using the following two methods: (I) small-
subunit rRNAs for clinical bacterial isolates RB1, OB3P and
NB4H were sequenced with a modified dsDNA template
protocol as presented in Protocol p/n 402078-ABI Prism
Dye Terminator Cycled Sequencing (Perkin-Elmer). The
165 rRNA gene was amplified from bacterial cells that were
washed in an alkali solution and heat-lysed to liberate
genomic DNA. PCR was performed using AmpliTaq Gold
DNA polymerase (PE/Applied Biosystems). An initial
incubation at 95 °C for 10 min was employed to activate the
polymerase and increase the specificity of the PCR reaction.
The amplification products were purified from excess pri-
mers and dNTPs using Microcon 100 (Amicon) molecular
mass cut-off membranes. PCR products were checked for
quality and quantity by agarose gel electrophoresis before
carrying out cycle sequencing.

Cycle sequencing of the 168 rRNA amplification products
was carried out using AmpliTag FS DNA polymerase and
they were labelled with dideoxy fluorescent dye terminators.
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response,
Property Oyster N. asteroides N, brasiliensis N. otitidiscaviarum  N. seriolae
isolates strain GUH-2 strain 17E strain 112 strain N-1
| Colony colour:
Beige - + + + -
Pale orange - - + " - e
Pale yellow + — - +
Colony morphology:
Aerial hyphae = - - + -
Filamentous margins +* - + + +v
Growth into agar +* + " + + +*
Dry and waxy + + /- + /- + +
Raised and convex - - - = =
Wrinkled 4 +* v g +
Soluble pigment - - ~ — =
Micromorphology:
Beaded +Y +¥ + 4 4
Filamentous + + + + +
Fragmentation into rods and cocci + + + + +
Staining properties
Acid-fast + +" +" +-" 4%
Gram + + + + +
Periodate—Schiff + + + - +

Excess dye-labelled terminators were removed from the
sequencing reaction mixture using a Sephadex G-50 spin
column. The products were collected by centrifugation,
dried and stored at —20°C. Stored samples were re-
suspended in a solution of formamide /blue dextran/EDTA
and denatured prior to loading on electrophoresis gels. A
5% Long Ranger (FMC) polyacrylamide furea gel was used
to separate the sequencing reaction products. The gels were
run for 6h and data were analysed with PE/Applied
Biosystems DNA editing and assembly software. Sequencing
was done by MIDI Labs (Microbial ID).

(IT) Small-subunit rRNAs of clinical bacterial isolate NB4H
and of the 10 reference Nocardia species were sequenced with
a Tag DyeDeoxy Terminator Cycle Sequencing Kit and an
373A DNA sequencer (both Applied Biosystems) as de-
scribed previously (2).

Phylogenetic analysis. The sequence editor and analysis
program, version 3.0.4, of Gary J. Olsen was used for data
entry, editing, sequence alignment, similarity matrix gen-
eration and output of tree diagrams (Fig. 3). The program
calculates the fractional sequence similarity and Jukes-
Cantor distance value for pairs of sequences (17). Tree
diagram construction was based on paired distance values.
The OB3 sequence was also sent to the Ribosomal Database
Project (RDP) for analysis (25). The RDP data (not shown)
is consistent with our conclusions.

In a separate trial, the 168 rRINA gene sequence of the oyster
isolate NB4H was aligned manually against sequences of
representative mycolic-acid-containing actinomycetes using
the program ALI16S to determine the secondary structure
(2). The additional sequence data were obtained from the
RDP release 4 (25) and from our own entries. An evol-
utionary distance matrix was calculated using the Jukes—
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Cantor algorithm (17). A phylogenetic tree was constructed
using the neighbour-joining method (36) with Arthrobacter
globiformis DSM 201247 as the outgroup strain. The stability
of the resultant tree was determined using the bootstrap
method (5). All analyses were carried out using the pHyLIP
package (6).

Nucleotide sequence accession numbers, The two almost
complete 165 rRNA sequences (1513 nucleotides each) have
the accession GenBank numbers 1792799 and U92800 for N.
crassosireae strains RB1 and OB3P, respectively. The partial
168 rRNA gene sequence of the oyster isolate NB4H has the
EMBL accession number Z37989.

The accession numbers of the other nucleotide sequences
used in this study are M23411 (Arthrobacter globiformis),
D38575 (Corynebacterium bovis), X53185 (Corynebacterium
variabilis), M59058 (Corynebacterium xerosis), MB0OG35 (.
amarae), X80634 (Gordona sputi), X79286 (Gordona terrae),
M20940 (Mycobacterium bovis), X79094 (Mycobacterium
chlorophenolicum), X52931 ( Mycobacterium simiae), Z36934
(Nocardia asteroides), Z36935 (N. brasiliensis), Z36928
(Nocardia brevicatena), Z36929 (Nocardia carnea), Z36936
(N. farcinica), £36930 (Nocardia nova), M59056 (N. otitidis-
caviarum), Z36925 (N. seriolae), 236926 (Nocardia trans-
valensis), Z36927 (Nocardia vaceini), X53203 { Rhodococcus
erythropolis), X79186 (Rhodococcus fascians), X77779
(Rhodocoeccus globerulus), Z35435 (Skermania pinensis) and
236933 (Tsukamurella paurometabola).

RESULTS
Morphological and staining properties

All seven strains isolated from diseased Pacific oysters
were Gram-positive, acid-fast and produced a well-
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developed mycelium which fragmented into irregular
rod-shaped forms. The colonies of these organisms
were dry, waxy and wrinkled but did not carry aerial
hyphae. The colonial morphology of the isolates
differed from that of all of the Nocardia reference
strains but was most similar to N. seriolae (Table 1).

Electron microscopy

Photomicrographs of N. asteroides strain GUH-2 and
oyster isolate RB29 demonstrated that both strains are
emarginated by a trilaminar cell wall (Fig. 1). The
electron-dense peptidoglycan layer is separated from
the cytoplasm by a less dense area. In addition, the
outer wall is also separated from the murein layer by
an electron-lucent layer.

Biochemical characterization

The seven strains isolated from the diseased Pacific
oysters gave identical results for all of the tests. Both
the isolates and the Necardia reference strains were
catalase-positive and urease-positive on slants (see
Table 2 for urea broth results), hydrolysed aesculin,
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Fig. 1. Transmission electron micrographs
showing trilaminar cell wall structure
{arrows) in (top) strain RB29, isolated from a
diseased Pacific oyster, and (bottom) N.
asteroides strain GUH-2. Bars, 0-27 pm.

produced acid from glucose and sucrose, were resistant
to lysozyme, grew in the presence of sodium chloride
(2%, w/v), survived at 5 °C for 1 month and grew at
22 °C. These strains were unable to hydrolyse gelatin
or starch, did not produce acid from D- or L-arabinose,
galactose, lactose, maltose, rhamnose or xylose, were
unable to use creatine or ethanol as sole carbon
sources, or L-arginine and lysine as sole carbon and
nitrogen sources, and did not grow at 5°C. The
biochemical and physiological properties which gave
differential results are shown in Table 2. The bio-
chemical results of all reference strains were identical
to those of the type strain of each nocardial species
examined (9, 15, 26).

Chemotaxonomic characterization

Whole-organism hydrolysates of G. amarae Se-6 and
the seven strains from Pacific oysters contained meso-
DAP. These organisms and N. asteroides strain GUH-
2 were found to contain arabinose, galactose and
glucose when whole-organism hydrolysates were
analysed by HPLC ; these sugars were also detected in
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Table 2. Some differential phenutyplc prnpertles of the isolates from Pacific nysters and the reference Nocardia strains

Oygr,er Jsulalgs are NB4H OB3P OBSH RBI RBi ". R 329 .md ‘il antwc —, negative; v, varmble and W, weﬂk gmwth
relative to that in BHI agar; NT, not tested.
Test Ovyster N. asteroides N. brasiliensis N. otitidiscaviarum N, seriolae
isolates GUH-2 17E 112 MN-1
Acid from:
p-Mannitol — — + + —
Trehalose - B - B -
Decomposition of:
Casein — — +* - -
Hypoxanthine - - + - -
Tween 20 4" — + + +*
Tween 80 + v — — + +
Tyrosine — — + —
Urea (broth) - + + + -
Xanthine — - - + -
Growth at:
pH 90 - + + — —
37eC - - + + —
Growth after heating (50 °C/8 h) - + - + -
Growth with 5% NaCl - + + - s
Growth on sole C sources:
Citrate - - - - =
Gluconic acid - - - — +*
Propionic acid - - + +* --
Salicin — + NT NT NT
Growth on sole C and N sources:
Ornithine — - - = 4+
L-Valine - + - + =
Resistance to:
5-Fluorouracil - + + + NT
Isomand + + 4= + d
Mitomycin C - + + o= +
Rifampicin = = + + i

eluents of the appropriate unstained HPLC strips. The
HPLC results were confirmed in the corresponding
analyses using descending paper chromatography. The
major wall sugars detected on the basis of the colori-
metric and R, data were arabinose and galactose.
Strain NB4H and Nocardia asteroides strain N3177
contained predominant amounts of hexahydrogenated
menaquinones with eight isoprene units in which the
two end units were cyclized [MK-8(H,)C].

The DNA G+C content of the test strains was
67-0-71-0 mol%. The values for the seven strains
isolated from diseased Pacific oysters was 68-6—
69-3 mol %, the mean value being 68-8 mol %. Slightly
higher DNA base composition values were recorded
for N. asteroides strain GUH-2 (70-8 mol %), N.
otitidiscaviarum strain 112 (70-4 mol %) and N. seriolae
strain N-1 (69-5 mol %). The corresponding value for
the G. amarae strain Se-6 was 67-1 mol %.

The test and reference strains contained MAMEs with
characteristic mobilities on TLC of the crude methyl
mycolate preparations. The R, value of the MAMEs of

N. asteroides strain GUH-2 and the seven oyster
isolates was 0-246. The corresponding R, values for G.
amarae strain Se-6 and Rhedoecoccus strain SL were
0-258 and 0-223, respectively. M. paratuberculosis
strain 116 produced a multispot mycolate pattern with
R, values of 0-291 and 0-248. The results obtained
when purified MAMEs were examined by GLC are
shown in Table 3. The oyster pathogens contained
mycolic acids with 46-58 carbon atoms, which on
pyrolysis gave both odd- and even-numbered methyl
mycolates (Fig. 2c, ). Similarly, N. asteroides strain
GUH-2 contained mycolates with 42-56 carbons and
major GLC peaks representing methyl esters with even
numbers of carbons, though traces of C,,.,, C,,., and
C,;., were detected. The mycolic acids of N. seriolae
strain N-1 ranged from approximately C,, to C,, with
pyrolysates primarily composed of even numbers of
carbons; the aldehyde products of this strain were
longer than those of the other test strains. In all of the
pyrolysis profiles mentioned above, the methyl esters
were separated from the aldehydes (Fig. 2). This was
not the case with M. paratuberculosis strain 116 or
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Table 3. Relative percentage area of peaks of individual FAMEs and aldehydes from pyrolysis of mycolic acids of the
seven strains isolated from diseased Pacific oysters and the reference strains

No. of Ovyster isolate: Reference strain:
carbons —

NB4H OB3P OB5SH RE1 RB13 RB29 ol | N. asteroides . seriolae

GUH-2 N-1

Aldehydes
C30:2 0 0 0 0 0 0 0 4 0
C32:2 0 0 R 0 2 2 0 11 0
C34:4 6 5 4 4 3 5 £ 17 0
C36:4 16 16 24 4 12 10 16 18 2
C38:4 29 15 15 30 30 18 23 3 2
C40* 3 16 f 11 6 9 5 0 2
Ca2+ 4 6 8 10 8 8 10 0 4
Cdq* 0 0 0 0 0 0 0 0 15t
Methyl esters
Cl12:0 4 9 5 4 5 3 9 1 17
C13:0 4 8 TR TR 9 7 4 TR 16
Cl4:0 20 12 23 20 15 16 15 10 30
C15:0 4 7 TR TR 5 6 3 TR 11
Cl6:0 11 7 15 8 7 7 11 27 TR
C17:0 TR TR R TR R TH ™" TR 11
Cl18:0 TR TR TR R TR TR TR 6 TR
Cl8:1 0 0 0 0 0 0 0 2 4
Cl19:0 0 0 0 0 0 0 0 0 0
C20:0 0 0 0 0 0 0 0 TR 0

TR, Trace amount.,

* Estimation of aldehyde size by comparison to retention time of saturated and mono-unsaturated standards.
T Muost aldehyde products had in excess of 42 carbons and were not quantified.

Rhodococcus strain SL. The pyrolysis pattern of the M.
paratuberculosis strain 116 differed from all of the
other profiles as only one major methyl ester, C,,,
eluted from the column (Fig. 2d).

165 rDNA sequence analysis

Three almost complete 168 rRNA sequences were
obtained from oyster isolates NB4H (1473 nucleo-
tides), RB1 (1513 nucleotides) and OB3P (1513 nucleo-
tides). The three isolates had almost identical
sequences (99-9-100-0% similarity). The phylogenetic
position of strain NB4H amongst the representative
mycolic-acid-containing actinomycetes is shown in
Fig. 3. This strain clearly belongs to the N. oritidis-
caviarum sub-group and is most closely related to N.
nova (976 % similarity), N. otitidiscaviarum (97-8 %)
and V. seriolae (97-3 %), though these relationships are
not supported by particularly high bootstrap values.

DISCUSSION

The biochemical, chemical, morphological and physio-
logical characteristics of the seven bacterial isolates
from diseased Pacific oysters from different locations
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were essentially identical. All of the isolates were
Gram-positive, acid-fast, produced a mycelium which
fragmented into irregular rod-like elements, had a
peptidoglycan containing meso-DAP, arabinose and
galactose as major sugars, mycolic acids with 4658
carbon atoms and G + C-rich DNA. In addition, strain
NB4H contained predominant amounts of hexahydro-
genated menaquinones in which the two end units were
cyclized. All of these properties are consistent with the
classification of the isolates in the genus Nocardia (9,
11, 21). This conclusion is supported by the 165 rDINA
sequence data. It is also interesting that the nucleotide
similarities found between the test strains and the
representatives of the validly described species of
Nocardia are in the same order of magnitude as those
found between representatives of the various estab-
lished species (2).

It has been recommended that nomenclature should
reflect genomic relationships (42), though confirma-
tory phenotypic data should be sought before new
names are introduced (34). It is, therefore, particularly
encouraging that the strains isolated from diseased
Pacific oysters can be separated from representative
nocardiae using a combination of biochemical, chemi-
cal and physiological properties. It was particularly

243



| |
(a) ‘ (d) ‘ '

E_—__

{c) (f}

Fig. 2. Py-GLC profiles of methyl mycolates
prepared from (a) N. asteroides strain GUH-
2: (b) N. seriolae strain N-1; (c) strain RB29,
isolated from a diseased Pacific oyster; (d)
M.  paratuberculosis  strain = 116;  (e)
Rhodococcus strain SL; and (f) the type
strain NB4H, isolated from a diseased Pacific
ayster,

interesting that the relative proportions and sizes of
the aldehyde and methyl ester pyrolysis products
differed amongst the test and reference strains (Fig. 2).
The strains isolated from the aquatic hosts were
characterized by the presence of more methyl esters
with odd numbers of carbons than the other organisms
studied. Similar results were reported by Kudo er al.
(21) who compared N. seriolae (formerly * Nocardia
kampachi’; 23, 24) and * Nocardia salmonicida’ (a fish
pathogen) with nocardiae isolated from terrestrial
sources.

It is clear given the unique combination of genomic
and phenotypic properties that the strains isolated
from diseased Pacific oysters merit species status in the
genus Nocardia (11). It is, therefore, proposed that the
strains from the infected oysters be assigned to the
genus Nocardia as Nocardia crassostreae.

Description of Nocardia crassostreae Friedman,
Beaman, Chun, Goodfellow, Gee and Hedrick sp. nov.

Nocardia crassostreae (crass.os’tre.ae. M.L. n. Cras-
sostrea generic name of Pacific oyster; M.L. gen. n.
crassostreae of Crassostrea, referring to the source of
the organism).

Aerobic, Gram-positive, acid-fast, non-motile actino-
mycetes which form a branched substrate mycelium
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which fragments into irregular rod-shaped forms. Pale
yellow, waxy, wrinkled colonies are formed on BHI
agar. Aerial hyphae are not formed. Strains have an
oxidative metabolism and are catalase- and urease-
positive but oxidase-negative. Degrades aesculin,
Tweens 20 and 80, but not casein, gelatin, hypoxan-
thine, tyrosine or xanthine. Acid is produced from
glucose, sucrose and trehalose, but not from D-
arabinose, L-arabinose, galactose, maltose, D-manni-
tol, rhamnose or xylose. Gluconic acid, propionic acid,
salicin, creatine and ethanol are not used as sole
carbon sources. L-Valine is used as a sole carbon and
nitrogen source but not L-arginine, lysine or ornithine.
Grows at 22-30 °C and in the presence of isoniazid
(200 pg ml™"), lyzozyme, sodium chloride (2%, w/v)
but not at 5°C, at pH9, or in the presence of 5-
fluorouracil (20 pg ml™'), mitomycin C (5 pg ml™),
rifampicin (20 ug ml™") or sodium chloride (5%, w/v).
The peptidoglycan contains meso-DAP and whole-
organism hydrolysates have large amounts of arabi-
nose and galactose. The organism contains [MK-
8(H,)C] menaquinones. Cell wall mycolic acids have
46-58 carbon atoms; on Py-GLC, large amounts of
Ciy.0. €y, and C,;., methyl mycolates are released.
The DNA G+ C content is 68-6-69-3 mol %. Isolated
from cultured Pacific oysters (Crassostrea gigas). Type
strain: Nocardia crassostreae strain NB4H (= ATCC
700418).
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Conynehactenum diphtheriae NCTC 113977
l_— Corpnebacterium amycolafum ATCC403687
Turicells ofitidis ATCCS15137
Digfzia maris DSM436727
100 r Tsukamurela inchonensis DEM440877
Tsukamurella paurometabols DSM201627
Ahodococows rhodochrous DSM432417

—— Ahodococcus shodni DSMA3336T
Skermania piniformis [FO150597

el | M = Gordona amarae DSM433027

-__:Gwmbrmm.n‘rocm'

99 Mycobachenum chicrophenohcum ATCCASR2ET
—_L_——— Mycobacterium lubsrcwosis ATCC272047
Nocardia asteroides ATCC 192477
Mocardia transvalensis DSMA43405"

Nocardia brasihensis ATCC182067
Mocardia farcinica ATCC33187
Nocardia brevicatena DEMA3024T
Mocardia camea DSM433E7T
Nocardia pseudobrasifiensis ATCCS1512T
Mocardia nove JCMB044T

Mocardia vaceiii SM432a57
Oysber isolate NB4H

Cyster isolate RAB1

Orysier molate DBIP

Necardia otiliciscavigrum ATCC 146297
Nocardia sericlae JCM3360T

Fig. 3. Phylogenetic tree, constructed by neighbour-joining
(37), showing the relationship between NB4HT and strains RE1
and OB3P, isolated from a diseased Pacific oyster, and
representatives of other mycolic-acid-containing taxa. The
numbers at the nodes indicate the levels of bootstrap support
on data for 1000 replicates; only values with = 50%
significance are presented. The scale bar represents 001
substitutions per nucleotide position.

Further taxonomic studies are required to determine
the relationship between N. crassostreae and what
would seem to be a similar organism isolated from a
diseased giant gourami, Osphronemus goramy (19).
Such studies should provide insight into the host
specificity and potential pathogenicity of nocardiae
that infect aquatic hosts.
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