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Catellibacterium nectariphilum was recently proposed as a new genus and species within the ‘Rhodobacter

group’ in the �-3 subgroup of Proteobacteria. This species did not show significant growth on a nutrient medi-

um, and required unknown growth factor(s) for vigorous growth. The growth factor(s) would be diffused in the

supernatant of the enrichment culture of the activated sludge from which C. nectariphilum was isolated. We have

searched for microorganisms that produce growth factor(s) for C. nectariphilum, and obtained three bacterial

strains, designated GF9, GF20 and GF22, from the same sludge. A phylogenetic analysis based on the 16S rRNA

gene sequence indicated that these strains were closely related to each other, and all belonged to the genus Sphin-

gomonas. Addition of a supernatant prepared from a culture of strain GF9 clearly increased the cell yield and

growth rate of C. nectariphilum. Growth-promoting activity in other species of the family Sphingomonadaceae

was also measured. The results indicated that various Sphingomonas species and their relatives had a similar

ability and it was widely distributed within the family Sphingomonadaceae. The growth factor(s) produced by

Sphingomonas species have not been identified, but were heat-stable, non-peptides and low-molecular weight

(below 1,000 Da) compound(s).
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Microbial community analyses using molecular biologi-

cal techniques have suggested that most of the bacteria, pos-

sibly 90–99%, in natural and artificial environments remain

unknown and have yet to be cultivated. Quite a few micro-

biologists believe that these unknowns can not be cultivated

using conventional methods1,26). One reason for this would

be a lack of growth factor(s) in the artificial isolation media

used. Actually, some bacteria can not grow in artificial me-

dium alone since they require materials supplied by neigh-

boring bacteria8,19,20). Recently, it was reported that the addi-

tion of acylated homoserine lactone, a signal compound

used in bacterial quorum-sensing, to isolation media in-

creased numbers of cultivated cells (most-probable-number)

when lake and sea water samples were used as a source3,4,6).

Transfers of growth-promoting materials between heteroge-

neous bacterial species, e.g., Wolinella recta and Bacte-

roides species, Bacteroides forsythus and Fusobacterium

necleatum, have been observed in the human oral cavity7,27).

A similar promotion of growth by the following materials

was also observed: 2-amino-3-carboxy-1,4-naphtoquinone

and 1,4-dihydroxy-2-naphtoic acid produced by Propioni-

bacterium freudenreichii specifically enhanced the growth

of bifidobacteria such as Bifidobacterium longum and

Bifidobacterium breve13,18). These findings suggest to us that

bacteria yet to be cultured could be enriched by adding the

supernatant of other bacterial cultures, since the supernatant

possibly contains unknown growth factors. So we attempted
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to obtain yet to be cultured bacteria using isolation media

supplemented with the supernatant of another bacterial cul-

ture. We succeeded in isolating a bacterial strain requiring a

diffusible compound(s) produced by other bacteria for vig-

orous growth. An isolate designated strain AST4T was ob-

tained from an activated sludge25). On the basis of phenoty-

pic and phylogenetic data, we propose a new genus and

species within the ‘Rhodobacter group’ in the �-3 subgroup

of Proteobacteria, with the name Catellibacterium

nectariphilum25).

Although C. nectariphilum showed little growth in a me-

dium containing tryptone peptone, yeast extract and D-glu-

cose, its growth (growth rate and cell yield) was vigorous

when the supernatant from an enrichment culture of whole

activated sludge was added to the medium25). This certainly

indicated that something in the activated sludge caused the

vigorous growth of C. nectariphilum. It was also found that

a bacterial strain affiliated with the genus Sphingomonas

markedly promoted the growth of strain AST4T 25). Howev-

er, the procedure used to isolate the growth-promoting

strain was not mentioned at all in the previous report. Fur-

thermore, it has not been elucidated which kinds of bacteria

in the sludge culture provided the growth factor(s) for C.

nectariphilum. In this paper, we describe newly isolated

strains that supply C. nectariphilum with growth factor(s),

and the biochemical and physical properties of the growth

factor(s) produced by such a bacterium.

Materials and Methods

Culture conditions

NPB medium (pH 7.0) containing 10.0 g of tryptone pep-

tone (Difco, Detroit, USA), 2.0 g of yeast extract (Difco),

1.0 g of MgSO4·7H2O, 1.0 g of K2HPO4, 0.5 g of KH2PO4

and 5.0 g of D-glucose in 1,000 ml of distilled water

was used as a basal medium in this study. To cultivate

C. nectariphilum strain AST4T (NBRC 100046T�JCM

11959T�DSM 15620T), NPB medium supplemented with

10% (v/v) supernatant from an enrichment culture of whole

activated sludge was used. This enrichment culture was pre-

pared as follows: 50 �g (wet weight) of activated sludge

sample (the same sludge from which strain AST4T was iso-

lated) was inoculated into 100 ml of NPB medium, and in-

cubated for 4 days at 30�C with shaking (200 rpm).

The following authentic bacteria used as references were

cultured in NPB medium at 30�C: Sphingomonas sanguinis

IAM 12578T, Sphingomonas mali NBRC 15500T, Sphingo-

bium yanoikuyae NBRC 15102T, Sphingobium herbicido-

vorans NBRC 16415T, Sphingobium chlorophenolica

NBRC 16172T, Novosphingobium rosa IAM 14222T, Novo-

sphingobium capsulata NBRC 12533T, Sphingopyxis

macrogoltabida NBRC 15033T, Sphingopyxis terrae NBRC

15098T, Sphingopyxis sp. NBRC 15915, Escherichia coli

DH5� (Takara), Pseudomonas putida IAM 1049 and Baci-

llus subtilis IAM 12118T.

Isolation of strains producing growth factor(s) for 

C. nectariphilum strain AST4T

A portion of the activated sludge from which C. necta-

riphilum strain AST4T was isolated was inoculated onto a

plate of NPB agar, and incubated for 4 days at 30�C. Thirty

strains, named GF1 through 30, emerged as single colonies

on the plate and were successfully isolated.

To test its effect on the growth of C. nectariphilum, each

strain was individually grown in 5 ml of NPB medium at

30�C, and a supernatant was prepared from stationary-

grown cultures (optical density at 660 nm [OD660] of 1.9 to

5.3) by centrifugation (33,768�g for 20 min). The superna-

tant was added to NPB medium at a final concentration of

10% (v/v) after autoclaving. Each supernatant-containing

medium was inoculated with C. nectariphilum, and incubat-

ed at 30�C for 2 days. The growth rate and cell yield of C.

nectariphilum in each supernatant-containing culture was

estimated by measuring cell density (OD660), and compared

to that in NPB medium without the supernatant. The growth

of C. nectariphilum was notably enhanced by the superna-

tant prepared from an enrichment culture of whole activated

sludge25), and near full growth was attained in 2 days. The

cell density of the 2-day culture was approx. 7 times greater

than that of the supernatant-free culture. Thus we regarded

an isolate to have effective growth-promoting activity,

when the addition of its supernatant enhanced the cell yield

of C. nectariphilum by 7-fold or more.

Reference species such as E. coli, P. putida, B. subtilis

and authentic Sphingomonadaceae species were also tested

for their ability to promote the growth of C. nectariphilum

strain AST4T under the same conditions.

Phylogenetic analysis of GF strains based on the 16S 

rRNA gene sequence

16S rRNA gene sequences of isolated GF strains were

obtained by PCR using two oligonucleotide primers, 5'-GT-

GCCAGCMGCCGCGG-3'16) and 5'-ACGGYTACCTTGT-

TACGACTT-3'14) (corresponding to positions 530–545 and

1492–1512 of the E. coli 16S rRNA, respectively). Partial

nucleotide fragments of the 16S rRNA gene (corresponding

to position 912–1389 of the E. coli 16S rRNA) in the strains

were sequenced by the dideoxynucleotide chain-termination
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method using a BigDye terminator cycle sequencing FS

ready reaction kit (Applied Biosystems, Lincoln Centre

Drive Foster, CA, USA). The 16S rRNA gene sequences

were compared to those in the NCBI database using the

standard nucleotide-nucleotide homology search program

(BLAST; http://www.ncbi.nlm.nih.gov/BLAST/). The nu-

cleotide sequence data determined in this study appear in

the DDBJ/EMBL/GenBank databases with the accession

numbers AB101544 to AB101573.

Characterization of growth factor(s) for 

C. nectariphilum

Strain GF9, one of the most effective growth factor-pro-

ducers, was used to investigate when the growth factor(s)

was effused into a medium. A portion of strain GF9 culture

was collected at periodic intervals (12, 18, 24, 36, 48, 60

and 85 h). The collected cultures were centrifuged at

33,768�g for 20 min, and the supernatant was subjected to a

bioassay after autoclaving.

The molecular weight of the growth factor(s) produced

by strain GF9 was estimated with ultrafiltration devices,

Microcon YM-50, Microcon YM-10, Microcon YM-3 (mo-

lecular cut off, 50,000, 10,000 and 3,000, respectively; Mil-

lipore, Billerica, MA, USA) and Microsep 1K (molecular

cut off, 1,000; Nihon Pall, Tokyo, Japan).

Tolerance of protease or alkaline- and acid-treatments

was also studied with the supernatant from a fully grown

culture of strain GF9. PRONASE protease from Streptomy-

ces griseus (10 mg/ml in 100 mM potassium phosphate

buffer [pH 7.0]; Wako, Osaka, Japan) was added to the su-

pernatant at a concentration of 0.2 mg/ml, and incubated at

37�C for over 2 h. The reaction mixture was autoclaved, and

residual growth-promoting activity for C. nectariphilum

was evaluated. Alkaline- and acid-treatments were per-

formed as follows: the pH of the supernatant was adjusted

to 2.0 and 10.0 with 6N HCl and 6N NaOH, respectively.

After incubation at room temperature for 6 h, the superna-

tants were neutralized and autoclaved, and the growth-pro-

moting activity was measured.

Results and Discussion

Isolation of bacterial strains producing growth factor(s) 

for C. nectariphilum strain AST4T

C. nectariphilum strain AST4T was recently reported to

require some diffusible growth factor(s) produced by other

microorganisms for vigorous growth25). This strain did not

show significant growth on a standard nutrient medium

such as NPB medium, but its growth was clearly enhanced

on the addition of supernatant (10%, v/v) from an enrich-

ment culture of the whole activated sludge. This indicated

that the activated sludge contained bacteria producing the

growth factor(s) for strain AST4T. To determine the growth

factor-producers, we first isolated thirty bacterial strains,

designated GF1 through 30, from the activated sludge using

NPB agar medium. The phylogenetic relationships of these

isolates were determined based on the analysis of partial

16S rRNA gene sequences (Table 1). Almost all isolates (29

strains) belonged to the phylum Proteobacteria while one,

GF25, was akin to the Actinobacteria (formally Gram-posi-

tive bacteria with a high G�C content). Each GF strain was

incubated in NPB medium, and a supernatant was obtained

from each culture to test whether it can enhance the cell

yield of strain AST4T. In three of the thirty isolates, i.e.

Table 1. Phylogenetic affiliations based on partial 16S rRNA gene sequences among strains isolated from the activated sludge (GF strains)

Isolated strainsa Most related authentic strains 
(Accession number)

Taxonomic 
affiliationb

Similarity 
(%)

GF1/GF4/GF6/GF7/GF8/GF11/GF13/GF18/GF26/GF28 Brachymonas denitrificans11) (D14320) � 99.8

GF2/GF3/GF5/GF10/GF12/GF14/GF15/GF16/GF17/GF30 Paracoccus marcusii9) (Y12703) � 94.3

GF9/GF20/GF22 Sphingomonas adhaesiva24) (D13722) � 99.8

GF19/GF29 Rhodobacter veldkampii12) (D16421) � 96.7

GF21 Ochrobactrum intermedium17) (AJ242583) � 98.5

GF23 Ramlibacter henchirensis10) (AF439400) � 97.7

GF24 Thermomonas haemolytica5) (AJ300185) � 98.3

GF25 Leucobacter komagatae22) (D17751) High G�C 97.9

GF27 Zoogloea ramigera21) (D14255) � 99.2

a Strains with identical 16S rRNA gene sequences are indicated together. b �, � and � indicate �-, �- and �-Proteobacteria, respectively. High G�C

indicates Gram-positive bacteria with a high G�C DNA content (�the phylum Actinobacteria).
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strains GF9, GF20 and GF22, effective growth-promoting

activity was clearly found (Fig. 1). The phylogenetic analy-

sis based on partial 16S rRNA gene sequences indicated

that these three strains had the same 16S rRNA gene se-

quence, and were closely related to Sphingomonas

adhaesiva23) with high (99.8%) sequence similarity (Table

1). Based on the phylogenetic analysis, these three isolates

were considered to be the same species in the genus Sphin-

gomonas. The ability of each strain to promote growth was

more effective than that shown by the supernatant of the

whole activated sludge culture. Thus, it is quite likely that

the Sphingomonas strain played the leading role in the abili-

ty of the activated sludge to promote the growth of C. necta-

riphilum strain AST4T.

Growth promotion of  C. nectariphilum strain AST4T by 

supernatant from strain GF9

Figure 2 shows growth curves of C. nectariphilum AST4T

in NPB medium containing 0 to 10% (v/v) supernatant ob-

tained from the culture of strain GF9, one of the newly iso-

lated growth factor-producers. The rate of growth of C. nec-

tariphilum strain AST4T was enhanced in proportion to the

concentration of supernatant added. The doubling time of

strain AST4T in the logarithmic phase in NPB medium con-

taining 10% (v/v) supernatant was calculated to be 14.5 h,

while that in NPB medium without the supernatant was 30.2

h. All cultures containing supernatant reached a stationary

phase after 2 days. The cell density (OD660) of strain AST4T

was approx. 10 times greater in NPB medium containing

10% supernatant than in the supernatant-free medium after

2 days of culture. Even in the NPB medium that contained

0.5% (v/v) supernatant, an approx. 6-fold increase in cell

density was observed. The culture without supernatant grew

slowly, and reached a stationary phase after 5 days. Howev-

er, the cell density (OD660) of the culture collected at the sta-

tionary phase did not exceed 0.5. These results indicated

that some diffusive compound(s) produced by strain GF9

enhanced both the cell yield and growth rate of C. nectari-

philum strain AST4T.

Figure 3 shows the ability to promote the proliferation of

C. nectariphilum strain AST4T in each phase of growth. A

portion of the GF9 culture was collected at regular intervals

(12, 18, 24, 36, 48, 60 and 85 h) and the growth-promoting

activity in the supernatants was measured. The activity was

detected even in the early logarithmic phase (12 h) and in-

creased during the growth phase of Sphingomonas sp. GF9.

The level of activity peaked in the early stationary phase,

and decreased slightly in the late stationary phase. The re-

sults suggested that strain GF9 constantly produced growth

factor(s) throughout its life cycle, and the production

stopped as the growth stagnated.

Effects of supernatants from strains in the family 

Sphingomonadaceae and other bacteria on the 

growth of strain AST4T

The phylogenetic analysis based on the 16S rRNA gene

sequence suggested that growth factor(s)-producers isolated

from the activated sludge, i.e., strains GF9, GF20 and

GF22, should be classified into the genus Sphingomonas as

described above. The next question to answer is whether the

ability to promote the growth of C. nectariphilum strain

AST4T is limited to our isolates, or evenly distributed

Fig. 1. Effects of culture supernatants from GF strains on the growth

of C. nectariphilum strain AST4T. The numbers 1–30 indicate

strains GF1–30; Em, enrichment of the whole activated sludge;

C, control (NPB medium without any supernatant). C. nectariphi-

lum strain AST4T was cultivated in NPB medium containing 10%

(v/v) supernatant prepared from each isolated strain and the

whole activated sludge at 30�C for 2 days. The growth was shown

by the cell density at 660 nm. Fig. 2. Growth of C. nectariphilum strain AST4T on NPB medium

containing supernatant from strain GF9 at various concentrations.

The growth of strain AST4T in the medium containing 0, 0.5, 1.0,

5.0 and 10.0% (v/v) autoclaved supernatant is described by ,

, ,  and , respectively. The error bars indicate standard

deviations (n�3).
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among other Sphingomonas species and related bacteria.

Therefore, we measured the growth-promoting activity of

supernatants from other species belonging to Sphingomonas

and related Sphingomonadaceae genera, Novosphingobium,

Sphingobium and Sphingopyxis. In addition, other unrelated

bacterial species, Pseudomonas putida IAM 1049, Escheri-

chia coli DH5� and Bacillus subtilis IAM 12118T, were

also tested for their effect on the growth of strain AST4T

(Fig. 3).

The ability to promote the growth of C. nectariphilum

strain AST4T was found in almost all species in the family

Sphingomonadaceae. Notably, the supernatants obtained

from cultures of S. yanoikuyae NBRC 15102T, N. rosa IAM

14222T and S. terrae NBRC 15098T had growth-promoting

activity equal to that of strain GF9. Although a similar ef-

fect was obtained with the supernatant of the E. coli culture,

it was just half of that with strain GF9. The other reference

species, Bacillus subtilis and Pseudomonas putida, had no

effect. In the former experiments on growth promotion by

GF strains (Fig. 1), the isolates other than Sphingomonas-

related strains did not have a significant promotional effect

on the growth of C. nectariphilum (Fig. 1). Table 1 shows

that the strains having no effective growth-promoting activ-

ity were phylogenetically diverse and widely distributed

among the Proteobacteria and Actinobacteria (each was

closely related to the following authentic species: Brachy-

monas denitrificans; Paracoccus marcusii; Rhodobacter

veldkampii; Ochrobactrum intermedium; Ramlibacter

henchirensis; Thermomonas haemolytica; Leucobacter ko-

magatae; Zoogloea ramigera, respectively). These results

suggested that the ability to produce the compound(s) pro-

moting the growth of strain AST4T is not ubiquitous to all

bacteria but often found in species belonging to the family

Sphingomonadaceae.

Growth factor(s) produced by strain GF9

To determine the molecular weight of the growth-pro-

moting compound(s), the supernatant of strain GF9 was

treated with ultrafiltration devices. The compound(s) passed

through all the filters used in this study (molecular cut off,

50,000, 10,000, 3,000 and 1,000) and enhanced the growth

of C. nectariphilum strain AST4T. Therefore, the growth-

promoting compound(s) would have a low molecular

weight (below 1,000 Da). No reduction in the promotion of

growth was observed using the supernatants treated with

protease (PRONASE protease from Streptomyces griseus),

and the activity was entirely maintained after alkaline- (pH

10.0) and acid- (pH 2.0) treatments. The compound(s) were

heat-stable, and not deactivated by autoclaving. These find-

ings suggest that the growth-promoting compound(s) were

not peptides or other labile materials.

Vitamins, fatty acids and carbohydrates often serve as

growth factor(s) for microorganisms in microbial

communities22). We examined whether the growth of C.

nectariphilum strain AST4T was promoted by various vita-

Fig. 3. Production of growth-promoting compound(s) during the

cultivation of strain GF9. The growth of strain GF9 is indicated

by . White columns indicate the cell density (OD660) of the cul-

tures of C. nectariphilum strain AST4T incubated in NPB medi-

um containing 10% (v/v) supernatant of GF9 culture collected at

regular intervals. Each incubation was done at 30�C for 2 days.

The error bars indicate standard deviations (n�3).

Fig. 4. Growth-promoting effects of supernatants from various

Sphingomonadaceae species, P. putida IAM 1049, E. coli DH5�

and B. subtilis IAM 12118T on the growth of C. nectariphilum

strain AST4T. C. nectariphilum strain AST4T was cultivated in

supernatant-containing (10%, v/v) medium at 30�C for 2 days.

The error bars indicate standard deviations (n�3).
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mins, short-chained fatty acids, sugars, amino acids and al-

cohols commonly used in biological laboratories, but found

no growth-enhancing effects. Recently, several non-peptide

chemicals, norepinephrine, dopamine, isoprotenol, 5-hy-

droxytriptamine, 1,4-dihydroxy-2-naphthoic acid, N-(oxo-

hexanoyl)-DL-homoeserine lactone, N-(butyryl)-DL-ho-

moserine lactone and cyclic AMP have been reported to

promote the growth of some kinds of bacteria2–4,6,13,15). How-

ever, none of these compounds enhanced the growth of C.

nectariphilum strain AST4T. The growth-promoting com-

pound(s) for strain AST4T are, therefore, clearly different

from known growth-promoting or -stimulating com-

pound(s). The compound(s) produced by strain GF9 have

yet to be identified, but their isolation and structural analy-

ses are now in progress.

Although it has not been clarified whether the com-

pound(s) can enhance the growth of any other bacteria in

standard nutrient media, the possibility seems likely. Identi-

fication of the growth-promoting compound(s) would be

important to establish a method of culturing uncultivable

bacteria requiring some compound(s) produced by other mi-

croorganisms.
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