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Erythrobacter longus gen. nov., sp. nov., an Aerobic

Bacterium Which Contains Bacteriochlorophyll a
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Four orange-pigmented and seven pink-pigmented strains of bacteria which
contained bacteriochlorophyll a were isolated from high-tidal seaweeds, such as
Enteromorpha linza (L.) J. Ag. and Porphyra sp. All of the isolates were gram
negative. The orange-pigmented bacteria were rods with parallel sides and
rounded ends, and the pink-pigmented bacteria were ovoids and short rods. All
were motile by means of subpolar flagella. None of the strains produced growth
anaerobically in the light. No growth occurred with an atmosphere containing H»
and CO,. All of these bacteria grew aerobically and utilized glucose, pyruvate,
acetate, butyrate, and glutamate as sole organic carbon sources. The best growth
occurred on complex media formulated for heterotrophic marine bacteria. Biotin
was required. Oxidase and catalase were present. Small amounts of acid were
produced from a wide range of carbohydrates under microaerobic conditions.
Gelatin was hydrolyzed. The strains which we investigated fell into the following
three clusters: cluster A, all of the orange strains; cluster B, three pink strains;
and cluster C, four pink strains. The strains of clusters B and C required thiamine
and nicotinic acid and were susceptible to streptomycin. Tween 80 was hydro-
lyzed and phosphatase activity was produced by the strains of clusters A and B.
Pantothenate was required only by the strains of cluster C. The guanine-plus-
cytosine contents of the deoxyribonucleic acids of these organisms ranged from 60
to 64 mol%. These organisms are recognized here as members of a new genus,
Erythrobacter. Although these organisms did not grow phototrophically, the
presence of bacteriochlorophyll a indicated that they are most closely related to
the Rhodospirillaceae. The type species is Erythrobacter longus, the type strain

of which is an orange strain, OCh101 (= IFO 14126).

Bacteriochlorophyll a is a photopigment
which until recently had been found only in
bacteria that produce growth anaerobically in
the light (17). Recently, however, Sato (21)
reported the presence of minute amounts of this
pigment in the aerobic, methanol-utilizing bacte-
ria Protaminobacter ruber and Pseudomonas
sp. strain AM-1. Also, we have frequently isolat-
ed orange-and pink-pigmented bacteria which
contain bacteriochlorophyll a but which do not
grow anaerobically or utilize methanol (6, 24). In
contrast to the known facultatively anaerobic
phototrophic bacteria, such as Thiocapsa roseo-
persicina, Chloroflexus aurantiacus, and the
purple nonsulfur bacteria, the production of
bacteriochlorophyll a by these pigmented bacte-
ria is not repressed by aeration (5, 10, 18, 19).
Thus, the aerobic orange- and pink-pigmented
bacteria are not members of any of the known
phototrophic species of bacteria, and they are
here recognized as members of new genus. The
characteristics of these organisms are presented
below.

211

MATERIALS AND METHODS

Bacterial strains. Two strains of orange-pigmented
bacteria, OCh101 and OCh102, were isolated from the
high-tidal seaweed Enteromorpha linza (L.) J. Ag.
collected in April 1975. Two other orange organisms,
strains OCh103 and OCh104, were isolated from Por-
phyra sp. collected in February 1978. The pink-pig-
mented strains OCh110, OCh113, OCh114, OCh115,
OCh118, OChl119, and OCh120 were isolated from E.
linza in February 1978. All of the seaweeds were
coliected at Aburatsubo Inlet, Kanagawa, Japan. The
bacterial isolates were maintained on PPES-II medium
(27). All test media were incubated at 20°C in the dark
unless otherwise stated.

General methods. We Gram stained 24-h-old PPES-
11 slant cultures by using the Hucker modification (26).
Motility was examined by the hanging drop method.
The sizes and shapes of the cells from agar slant and
broth cultures were examined by phase-contrast mi-
croscopy. The flagellum stain procedure used was a
modification of the Bailey method (26). Spreading
growth on agar plates was examined by the methods of
Anacker and Ordal (1) and Hendrie et al. (7). Observa-
tions were made for up to 3 weeks. The ability of each
strain to grow under various physical and chemical
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conditions was investigated by using an agar streaking
method in which PPES-II plates were used. The
abilities of the strains to grow at pH 5.0, 6.0, 7.0, 7.5,
8.0, and 9.0 and at 2, 10, 20, 30, and 37°C were
determined. Salinity tolerance was also examined. The
requirements for Na®, K*, Ca?*, and Mg>* were
determined by the method of Colwell and Wiebe (2).
The requirements for the following vitamins were
tested in four combinations, each lacking one of the
four vitamins: biotin (10 pg), nicotinic acid (1 mg),
thiamine hydrochloride (1 mg), and sodium-pantothe-
nate (1 mg). The vitamins were added to 1 liter of
amino acid mixture. The vitamins were added to a
mixture of amino acids (13) in artificial seawater (12).
One control containing none of the vitamins and the
another containing all of them were also used. Results
were recorded after three serial transfers in test media.
Aerobic utilization and anaerobic utilization of simple
organic substrates were tested by using a basal medi-
um which contained (per liter of aged seawater diluted
with distilled water to 70%) 0.02 g of yeast extract
(Difco Laboratories), 0.001 g of ferric citrate, 0.05 g of
NaH,PO,, 0.50 g of KNO;, 0.12 g of tristhydroxy-
methyl)aminomethane, 1 mg of thiamine hydrochlo-
ride, 1 mg of nicotinic acid, 1 mg of sodium pantothe-
nate, 10 pg of biotin, and 1 ml of a trace element
solution (16). Organic substrates were added to final
concentrations of 0.1% (wt/vol), and the pH was
adjusted to 7.5. Anaerobic utilization tests were per-
formed by using a GasPak anaerobic system (BBL
Microbiology Systems) with and without illumination.
The light intensity was 2,000 Ix. The results were
recorded after 1 week. Susceptibilities to antibiotics
were determined with Showa disks (Showa Co., To-
kyo, Japan). The results were recorded after 48 h of
incubation. Acid production from carbohydrates was
tested with MOF medium (11). Oxidase activity was
determined by the method of Kovacs (9); catalase
production was detected with 3% H,0,. Reduction of
nitrate to nitrite was tested after 7 days of incubation
in PPES-II broth containing 0.2% KNOs. The medium
used to test for photoautotrophic growth and chemo-
autotrophic growth with H, contained (per liter of aged
seawater diluted with distilled water to 70%) 0.5 g of
KNO;, 0.05 g of NaH,PO,, 0.001 g of FeCl;, 0.12 g of
tris(hydroxymethyl)aminomethane, 1.0 mg of thiamine
hydrochloride, 1.0 mg of nicotinic acid, 1.0 mg of
sodium pantothenate, 10 pg of biotin, and 1.0 ml of a
trace element solution (16). The pH was adjusted to
7.5. Then 20-ml portions of the medium were dis-
pensed into 100-ml test tubes sealed with rubber
stoppers fitted with gas-sparging needles and gas exit
needles. For photoautotrophic growth tests, cultures
were bubbled with filter-sterilized 80% H,-20% CO,
for 20 min and were illuminated at a light intensity of
4,000 to 5,000 1x. For chemoautotrophic growth tests,
cultures were bubbled with filter-sterilized 70% Hr—
18% C0O,-12% O, and were incubated in the dark. The
results were recorded after 1 week. Growth in the
above-mentioned medium containing 20 mg of yeast
extract (Difco) per liter was also determined. The
methyl red and Voges-Proskauer tests were performed
in a seawater medium which contained 0.5% (wt/vol)
glucose and 0.5% (wt/vol) proteose peptone no. 3
(Difco). The pH was adjusted to 7.0. H,S production
and indole production were tested by using sulfide
indole motility medium (Eiken Co., Tokyo, Japan)
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prepared with aged seawater. To detect the production
of slight amounts of indole, 1 ml of chloroform was
placed on top of the medium. Indole was detected with
1 ml of Kovacs reagent (8). After 4 days of incubation,
the test for phosphatase activity was carried out on a
PPES-II agar plate containing 0.01% phenolphthalein
diphosphate. Degradation of the following substrates
was tested with PPES-II medium as the basal medium:
0.5% starch; 0.75% gelatin; 1.0% chitin; 1.0% cellu-
lose; and 0.75% alginate. The hydrolysis of Tween 80
was determined by the method of Colwell and Wiebe
).

Determination of DNA base composition. Deoxyribo-
nucleic acids (DNAs) were extracted and purified by
the method of Marmur (14). The guanine-plus-cytosine
(G+C) contents of the DNAs were calculated from
thermal melting point data (15). Flavobacterium sp.
strain NCMB 259 DNA (63.7 mol% G +C) (3) was used
as a standard.

Bacterial pigments. The bacterial strains were grown
in PPES-II liquid medium through which filter-steril-
ized air was bubbled. The cells were harvested by
centrifugation at 10,000 rpm for 10 min and were
washed with artificial seawater (12). Approximately
0.1 g of packed cells was suspended in 3 ml of 3% NaCl
to which 1.6 g of sucrose was added. Absorption
spectra were recorded with a Hitachi model 124 spec-
trophotometer equipped with a model 0049 integrating
sphere.

Bacteriochlorophyll a was identified by thin-layer
chromatography (4, 5, 23). The pigment was prepared
by the method of Sato and Murata (23). Samples of
reference bacteriochlorophyll a, and bacteriochloro-
phyll ag, were prepared from Rhodopseudomonas
capsulata NCIB 8254 and Rhodospirillum rubrum
NCIB 8255, respectively.

Electron microscopy. Cultures grown for 1 to 10 days
at 20°C in PPES-II broth were stained with 1% phos-
photungstic acid (pH 7.0). The samples were examined
with a JEOL JEOX-100 CX electron microscope (Ni-
hon Densi Co., Tokyo, Japan).

RESULTS

The strains which we investigated were divid-
ed into the following three clusters: cluster A
included the orange-pigmented bacteria
OCh101, OCh102, OCh103, and OCh104; cluster
B included the pink-pigmented bacteria OCh113,
0OCh114, and OCh118; and cluster C included
the pink-pigmented bacteria OCh110, OCh115,
OCh119, and OCh120. All of these strains were
gram negative and multiplied by binary fission.
The cells of the orange-pigmented bacteria (clus-
ter A) were rods which measured 0.5 to 0.7 by
0.7 to 5.0 pm and had paraliel sides and rounded
ends; they occurred singly and in chains of two
to four cells. The cells in old cultures were
actively motile by means of one to three subpo-
lar flagella (Fig. 1). Because very few cells were
motile in young cultures, we previously (5) had
not detected motility in strain OCh101. The cells
of the pink-pigmented bacteria (i.e. clusters B
and C) were ovoids and short rods which mea-
sured 0.6 to 1.0 by 0.7 to 2.0 pm. These cells



VoL. 32, 1982

ERYTHROBACTER LONGUS GEN. NOV., SP. NOV. 213

———————

FIG. 1. Electron micrograph of a cell of strain OCh101. x21,323.

aggregated in young cultures and occurred sin-
gly in old cultures. The cells in old cultures were
actively motile by means of subpolar flageila
(Fig. 2). The number of flagella per cell was one
to five (mostly two to three). The absorption
spectra of cell suspensions of the orange-pig-
mented bacteria had a small peak in the 802- to
804-nm region and a large peak in the 863- to
867-nm region (Fig. 3). The absorption spectra
of the cluster B strains had two large peaks (805
to 807 nm and 868 to 873 nm) (Fig. 3). In the
infrared region, the spectra of cluster C strains
were similar to the spectra of the orange-pig-
mented bacteria, but the spectra in the 450- to
550-nm region, which is the carotenoid region,
were similar to the spectra of the cluster B
strains. The photopigments in all of the strains
were identified as bacteriochlorophyll a, and the
photopigments in strains OCh101 and OCh114
were identified as bacteriochlorophyil a,,.

None of the strains was able to grow anaerobi-
cally in the light. In addition, no growth oc-
curred with an atmosphere containing H, plus
CO, or with an atmosphere containing H,, CO,,
and O,. All of the strains were heterotrophic
under aerobic conditions. The temperature for

maximum growth was between 25 and 30°C, and
the salinity for maximum growth was between
17.5 and 35°°/,. The optimum pH was 7.0 to 8.0.
The sodium salt ion was required by all of the
strains except OCh101. Growth was better with
nitrate than with ammonium salt. All of the
strains produced a small amount of acid from
glucose, fructose, xylose, arabinose, maltose,
sucrose, cellobiose, ribose, sorbitol, and manni-
tol in the upper region of MOF medium covered
with sterilized liquid paraffin. Spreading growth
was not observed for any of the strains.

Other characteristics are summarized in Table
1. Although all of the strains utilized acetate,
pyruvate, butyrate, glucose, and glutamate,
growth of the strains of cluster A was generally
feeble. With strains of cluster A, only growth
with butyrate was better than that of strains of
clusters B and C. Glycolate, malate, succinate,
citrate, and lactate were also utilized by the
strains of clusters B and C. Methanol was not
utilized by any of the strains. OChl13 and
0OCh119 showed feeble growth with formic acid.
Biotin was required by all of the strains. Thia-
mine and nicotinic acid were required by the
strains of clusters B and C, whereas pantothe-
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FIG. 2. Electron micrograph of a cell of strain OCh114. x27,746.

nate was required only by the strains of cluster
C. The strains of clusters A and B hydrolyzed
Tween 80 and produced phosphatase. Suscepti-
bility to streptomycin was observed in the

strains ¢{ clusters B and C, whereas the strains
of cluster B were susceptible to polymyxin B.
Nitrate was reduced to nitrite by strains
0OCh101, OCh114, and OCh118. Strains OCh101
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FIG. 3. Absorption spectra of cell suspensions. Line A, Strain OCh113; line B, strain OCh102; line C, strain
OCh110. The optical densities (O.D.) of the peaks for strain OCh102 (0.13 g [wet weight] per 3 ml) were as
follows: 866 nm, 0.615; 806 nm, 0.275; 470 nm, 1.790; and 377 nm, 1.200. For strain OCh110 (0.11 g/3 ml) the
optical densities of the peaks were: 864 nm, 0.570; 803 nm, 0.273; 480 nm, 0.568; and 373 nm, 0.775. And for
strain OCh113 (0.08 g/3 ml), the optical densities of the peaks were: 869 nm, 0.690; 807 nm, 0.793; 510 nm, 0.772;

and 378 nm, 1.412.
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TABLE 1. Characteristics of the strains studied

No. of positive strains in

cluster:
Character

A B C
(n=4) (n=3) (n=4)

Utilization of

Glucose

Acetate

Pyruvate

Glutamate

Butyrate

Citrate

Malate

Succinate

Glycolate

Lactate

Formic acid

Methanol
Requirement for:

Biotin

Thiamine

Pantothenate

Nicotinic acid
Susceptibility to:

Chloramphenicol (100 pg)

Penicillin (20 U)

Streptomycin (50 pg)

Tetracycline (50 pg)

Fusidic acid (0.5 pg)

Polymyxin B (100 U)
Hydrolysis of:

Tween 80

Alginate

Gelatin

Starch

Chitin

Cellulose
Phosphatase production
NO; reduction to NO,
Voges-Proskauer reaction
Methyl red test
H,S production
Indole production
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and OCh102 hydrolyzed alginate.
The G+C contents of the DNAs of the strains
ranged from 60 to 64 mol%.

DISCUSSION

The presence of bacteriochlorophyll ¢ and the
inability to grow under anaerobic conditions
were the most striking characteristics of the
strains investigated. Although a number of aero-
bic strains of photopigment-containing bacteria
have been reported previously, most of these
strains are mutants induced from facultatively
anaerobic phototrophic bacteria. Only two
strains of P. ruber and Pseudomonas sp. strain
AM-1 are known to be inhabitants of natural
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environments, and these strains contain only
small amounts of bacteriochlorophyll a (22).

As shown previously (24), orange- and pink-
pigmented bacteria which contain bacteriochlo-
rophyll @ widely inhabit aerobic marine environ-
ments. The population densities reported are 10°
to 10° cells per cm? of high-tidal seaweeds and
10® cells per ml of surface seawater. It was
calculated that there were roughly 10° cells per g
of beach sand. In contrast to the known photo-
trophic bacteria, the synthesis of bacteriochloro-
phyll a by strains OCh101 and OCh114 was not
repressed at full atmospheric oxygen tension but
rather was repressed by an insufficient supply of
oxygen (5). The large population densities in
aerobic environments, together with the ability
to synthesize pigment aerobically, indicate that
the aerobic photopigment-containing bacteria
have adapted to aerobic environments.

Although the presence of bacteriochlorophyli
a indicates that the strains which we studied are
most closely related to the Rhodospirillaceae,
the ability to hydrolyze gelatin, Tween 80, and
alginate suggests that these organisms have
evolved into chemoorganotrophs. Except for the
hydrolysis of gelatin by Rhodopseudomonas ge-
latinosa, no hydrolyzing activity has been re-
ported for the Rhodospirillaceae (17). Maximal
growth in half- to full-strength seawater medium
and subpolar flagella are characteristic of the
organisms. Subpolar flagellation has been re-
ported only for Rhodopseudomonas palustris
(17). The aerobic organisms also differ from P.
ruber and Pseudomonas sp. strain AM-1 by not
utilizing methanol. Other distinguishing charac-
teristics of the methylotrophs are that they do
not require any growth factor and they are
polary flagellated (20, 25). Thus, we place the
aerobic, orange- and pink-pigmented bacteria
into a new genus, Erythrobacter. This genus is
most closely related to the Rhodospirillaceae.
However, assignment to this family must be
based on a revision of the family because the
family is currently limited to bacteria which are
anaerobic phototrophs (17).

Erythrobacter gen. nov. (Gr. adj. erythrus red;
M. L. masc. n. bacter rod or staff; M. L. mas. n.
Erythrobacter red rod).

Ovoid to rod-shaped cells. Motile by means of
subpolar flagella. Gram negative. Cells are or-
ange or pink, contain bacteriochlorophyll @ and
carotenoids, and multiply by binary fission.

Aerobic chemoorganotrophs. Cultures do not
grow anaerobically in the light. No autotrophic
growth occurs with H,. Methanol is not utilized.
Halophilic. Biotin is required. Some strains re-
quire thiamine, nicotinic acid, and pantothenate.
Although small amounts of acid are produced
from a wide range of carbohydrates under mi-
croaerobic conditions, metabolism is predom-
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inantly respiratory. The Voges-Proskauer and
methyl red tests are negative. Gelatin is hydro-
lyzed. Some strains hydrolyze Tween 80 and
alginate. Oxidase and catalase are produced.
Susceptible to chloramphenicol, penicillin, and
tetracycline; not susceptible to nalidixic acid.

The G+C content of the DNA ranges from 60
to 64 mol%.

The type species is Erythrobacter longus.

Erythrobacter longus sp. nov. (L. adj. longus
long).

Gram-negative, orange-pigmented rods, 0.5
by 1.0 to 5.0 um. Motile by means of subpolar
flagella. Cells contain bacteriochlorophyll a and
carotenoids. Aerobic chemoorganotrophs. No
autotrophic growth occurs. Methanol is not uti-
lized. Metabolism is predominantly respiratory.

The temperature for maximum growth is 25 to
30°C, and the salinity for maximum growth is 17
to 35°°/,. The optimum pH is 7.0 to 8.0. Biotin is
required for growth. Phosphatase, catalase, and
oxidase are produced. Some strains reduce ni-
trate to nitrite. The Voges-Proskauer and methyl
red tests are negative. H,S is not produced.
Indole is produced. Tween 80 and gelatin are
hydrolyzed. Some strains hydrolyze alginate.
Susceptible to chloramphenicol, penicillin, tet-
racycline, and fusidic acid; not susceptible to
streptomycin, polymyxin B, or nalidixic acid.

The G+C content of the DNA is 60 to 64
mol%.

Habitat: Marine environments.

Type strain: OCh101, a culture of which has
been deposited in the Institute for Fermentation
(IFO), Osaka, Japan, under the number 14126.
The description of the type strain is as follows.
Gram-negative rods, 0.5 by 1.0 to 5.0 um. Motile
by means of subpolar flagella. Contains bacte-
riochlorophyll a, and carotenoids, giving colo-
nies an orange color. Aerobic and chemoorgano-
trophic. No autotrophic growth occurs.
Metabolism is predominantly respiratory.
Growth occurs with butyrate; feeble growth
occurs with acetate, pyruvate, glucose, and glu-
tamate. Methanol is not utilized.

The temperature for maximum growth is 30°C,
and the salinity for maximum growth is 17 to
26°°/,. The optimum pH is 7.0.

Biotin is required for growth. Phosphatase,
catalase, and oxidase are produced. Nitrate is
reduced to nitrite. The Voges-Proskauer and
methyl red tests are negative. H,S is not pro-
duced. Indole is produced. Tween 80, gelatin,
and alginate are hydrolyzed. Susceptible to
chloramphenicol, penicillin, tetracycline, and
fucidic acid; not susceptible to streptomycin,
polymyxin B, or nalidixic acid.

The G+C content of the DNA is 60.7 mol%.

Although the strains of the genus fall into
three clusters, only one species is recognized at
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present. Any additional proposals of new spe-
cies must await future investigation of more
isolates.
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