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Using a combination of various enrichment techniques, the strictly anaerobic, gram-positive, endospore-
forming bacterium Sedimentibacter hongkongensis strain KI as revealed by 16S rRNA analysis and the gram-
negative enterobacterium Cifrobacter amalonaticus strain G as revealed by physiological tests were isolated from
an anaerobic cyanophycin (CGP)-degrading bacterial consortium. S. hongkongensis strain KI is the first
anaerobic bacterium with the ability to hydrolyze CGP to 3-Asp-Arg and 3-Asp-Lys dipeptides, as revealed by
electrospray ionization-mass spectrometry and reversed-phase high-performance liquid chromatography anal-
ysis. However, these primary accumulated hydrolysis products were only partially used by S. hongkongensis
strain KI, and significant growth on CGP did not occur. On the other hand, C. amalonaticus strain G did not
degrade CGP but grew on the -linked iso-dipeptides formed in vitro by enzymatic CGP degradation or in vivo
by metabolic activity of S. hongkongensis strain KI. Dipeptide utilization occurred at the highest rate if both
strains were used in cocultivation experiments with CGP, indicating that cooperation between different
bacteria occurs in anaerobic natural environments for complete CGP turnover. The amino acids obtained from
the cleavage of dipeptides were fermented to ethanol, acetic acid, and succinic acid, as revealed by gas

chromatographic analysis and by spectrophotometric enzyme assays.

Cyanophycin (cyanophycin granule polypeptide) (CGP) is a
branched, nonribosomally synthesized natural occurring poly-
amide consisting of a polymer backbone of a-linked aspartic
acid residues [poly(a-aspartic acid)] along with arginine resi-
dues covalently linked to the B-carboxyl groups via their
a-amino groups (47; for reviews see references 34 and 35).
CGP was discovered in 1887 during microscopic studies (6),
but its structure and physicochemical properties were de-
scribed about 100 years later (43, 44, 46, 47). CGP is water
insoluble under physiological conditions and occurs in mem-
brane-less granules in the cytoplasm of most cyanobacteria (2,
3,4,25,26,27,43, 44, 45, 53). Only recently have bacteria that
do not belong to the cyanobacteria (like Acinetobacter cal-
coaceticus strain DSM 587 or Desulfitobacterium hafniense) and
that also possesses CGP biosynthesis genes been discovered,
and at least some of these bacteria actually synthesize CGP
(23, 55). Biosynthesis of CGP is now well understood, and the
cyanophycin synthetase genes (cphA) of many cyanobacteria
have been cloned and the corresponding synthetases (CphA)
have been characterized biochemically (1, 5, 16, 54). Only
recently has a cyanophycin synthetase of a noncyanobacterial
strain (A. calcoaceticus) been purified, and kinetic parameters
like K,,, values for the amino acid constituents and for ATP and
characteristics of binding of CphA to CGP have been de-
scribed (22).

The intracellular degradation of the transiently accumulated
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storage polymer CGP is catalyzed by cyanophycinases (CGPases)
(CphB) and proceeds via an a-cleavage mechanism that results
in the formation of B-Asp-Arg dipeptides (15, 39). These en-
zymes are highly specific for hydrolysis of CGP and do not
degrade other polypeptide substrates (39). Furthermore, CGP
proved to be highly resistant to many proteases and arginase
(45, 47). Therefore, CGPases probably evolved as specialized
enzymes for the purpose of degrading CGP under certain
environmental conditions (30, 32, 39).

CGP is a widespread biopolymer that represents a valuable
source of nitrogen, carbon, and energy and probably occurs in
many habitats (see the spectrum of CGP-producing organisms
mentioned above). Therefore, it is likely that CGP is released
into the environment quite frequently from biomass. As a
consequence of this, a variety of different bacteria that possess
extracellular enzymes which are specialized to hydrolyze CGP
are expected to occur in the habitats. An extracellular CGPase
exhibiting an a-cleavage mechanism for CGP degradation like
intracellular CGPases was detected for the first time by Obst et
al. (32), who isolated from pond sediment the gram-negative
aerobic bacterium Pseudomonas anguilliseptica BI, which was
able to use CGP as a sole carbon source for growth and de-
graded CGP completely to B-Asp-Arg dipeptides. Later, a
similar enzyme was purified from a culture supernatant of the
gram-positive organism Bacillus megaterium strain BACI9,
which was isolated from soil and also had the ability to degrade
CGP completely to small molecules via an a-cleavage mecha-
nism. In addition to B-Asp-Arg dipeptides this enzyme also
formed (B-Asp-Arg), tetrapeptides as primary degradation
products (31). Furthermore, the gene coding for the CGPase
of P. anguilliseptica strain BI (cphEPa) was identified and char-
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acterized at the nucleotide sequence level (32). By comparing
the amino acid sequences of CphEPa and cyanobacterial
CGPases (CphA), a conserved catalytic center with a catalytic
triad consisting of a histidine, an aspartic acid (or a glutamic
acid), and a serine residue as a nucleophile in a lipase box
motif (Gly-Xaa-Ser-Xaa-Gly) was found. Analysis of the N
terminus of CphEPa revealed the presence of a leader peptide
(32), which confirmed the assumption that the extracellular
enzyme is probably secreted via a type II secretion mechanism
(36). Radioactive labeling experiments employing L-[U-
14C)arginine showed that degradation of CGP by CphEPa pro-
ceeds via an exomechanism that results in continuous release
of B-Asp-Arg dipeptides from the C-terminal region of CGP,
to which CphEPa remains attached during degradation (32).

The extracellular degradation of CGP by aerobic gram-neg-
ative and gram-positive bacteria is now well understood (for a
review see reference 30). However, CGP also occurs in anaer-
obic habitats and may also be formed as a storage compound
by anaerobic bacteria which harbor CGP biosynthesis genes,
like Clostridium botulinum ATCC 3502 and D. hafniense (23,
55). In these bacteria, active enzymes which encode CGPases
of the CphB type must be present for mobilization of intracel-
lularly accumulated CGP (23). In addition, the occurrence of
bacteria that synthesize extracellular CGPases (CphE) can be
expected in anaerobic habitats. The aims of this study were to
demonstrate the occurrence of anaerobic CGP-degrading bac-
teria and to characterize the degradation products in cultures
of such bacteria.

MATERIALS AND METHODS

Bacterial strains, preparation of media, and growth of bacteria. Anaerobic
CGP-degrading enrichment culture AK15 was obtained by direct application of
an environmental sample taken from the sediment of a pond located close to
Borkenwirthe (Germany) to low-salt Pelobacter liquid medium (33) containing
0.2% (wt/vol) CGP and subsequent incubation at 30°C. Subsequently, two bac-
terial strains, Sedimentibacter hongkongensis strain KI and Citrobacter amalonati-
cus strain G, were isolated from this enrichment culture and were deposited in
the culture collection of the Institute for Molecular Microbiology and Biotech-
nology (Minster, Germany). These strains and Clostridium hydroxybenzoicum
DSMZ 7310, which was used as a closely related anaerobic reference strain, were
grown in low-salt Pelobacter liquid medium during CGP degradation experi-
ments. The following other media were employed for isolation and cultivation
experiments: standard 1 complex medium (Merck, Darmstadt, Germany), glu-
cose yeast extract agar (DSMZ medium 54), M9 mineral medium (40), mineral
medium B (9), and mineral salt medium (42). During isolation experiments on
agar-solidified media, gas atmospheres having different compositions were added
to the 3.5-liter anaerobic jars (Oxoid, Wesel, Germany) employed for cultivation.
The concentrations of the gas constituents of the artificial atmospheres used are
indicated below. For most cultivations of S. hongkongensis strain KI and C.
hydroxybenzoicum DSMZ 7310, which was used as a reference strain on agar
plates, C. hydroxybenzoicum complex medium (DSMZ medium 643) was used.
The concentrations of CGP and of other carbon sources added to the media are
indicated below. C. amalonaticus strain G was cultivated on Luria-Bertani (LB)
medium (40) for strain maintenance. All isolates were grown at 30°C for CGP
degradation experiments in liquid media. Cultures of C. amalonaticus were
routinely incubated at 37°C. The increase in the optical density in Hungate tubes
as a function of growth of C. amalonaticus was recorded with a Klett-Summerson
photometer.

Production and isolation of cyanophycin. To obtain CGP as a carbon source,
a recombinant Escherichia coli DH1 strain harboring plasmid pMa/c5-914::cphA
(cphA from Synechocystis sp. strain PCC6803) with an inducible temperature-
sensitive promoter was employed, and cells were cultivated at 37°C in terrific
broth complex medium as described previously (14). After CGP-containing re-
combinant E. coli DH1 cells were harvested, the polymer was isolated and
purified by the acid extraction method (14). Sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis with subsequent Coomassie blue staining (51) and
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high-performance liquid chromatography (HPLC) analysis after acid hydrolysis
of 1- to 2-mg aliquots of CGP samples (see below) were employed to analyze the
purity of the isolated CGP and its amino acid composition. The CGP employed
had a comparably low degree of dispersity (range, 25 to 40 kDa), and the CGP
molecules had an average molecular mass of about 30 kDa.

Enrichment of anaerobic CGP-degrading microorganisms. Samples from the
AK15 enrichment culture were spread on solid basic inorganic medium B (9)
supplemented with trace element solution SL 7 (52) and overlaid with 0.5%
(wt/vol) agar containing 0.2% (wt/vol) CGP as described previously (32). Due to
the CGP these overlay agar plates were turbid. CGP-degrading bacteria or
CGPase activities were detected by the presence of degradation halos. Staining
of CGP-containing agar plates with Serva Blue R was performed as described
previously for the detection of proteins in sodium dodecyl sulfate-polyacrylamide
gels (51). To avoid staining that was too strong, the staining solution was applied
to CGP overlay agar plates for only a short time (2 to 4 min) and was subse-
quently replaced with a destaining solution. For preparation of CGP-containing
Pelobacter liquid medium, diethyl ether-sterilized CGP was first dissolved in 0.1
N HCI and then injected into sterile, butyl rubber-sealed Hungate tubes con-
taining 10 ml of Pelobacter liquid medium. For readjustment of the initial pH of
the medium (pH 7.4) and for complete CGP precipitation, an equal volume of
0.1 N NaOH was added. Dilutions of the AK15 mixed culture were also prepared
by using butyl rubber-sealed Hungate tubes containing 10 ml Pelobacter liquid
medium. For enrichment of endospore-forming bacteria, Hungate tubes were
pasteurized by incubation at 80°C for 30 min.

Isolation, manipulation, and analysis of DNA. Total genomic DNA of the
enriched anaerobic mixed culture and of S. hongkongensis strain KI was isolated
by the method of Rao et al. (38). The 16S rRNA genes were amplified from total
DNA using oligonucleotide primers as described previously (37). After purifica-
tion of PCR products with a NucleoTrapCR kit (Macherey-Nagel, Diiren, Ger-
many), the amplified 16S rRNA genes were cloned into plasmid pGEM-T Easy
(Promega, Madison, WI). The nucleotide sequences were determined as de-
scribed below. The 16S rRNA gene sequence of S. hongkongensis obtained was
aligned with previously published sequences of representative clostridia and
other bacteria available from the National Center for Biotechnology Information
database.

Competent cells of E. coli TOP10 (Invitrogen, San Diego, CA) were prepared
by the method of Hanahan (17) and were used as recipients of plasmid DNA. For
identification of E. coli clones harboring hybrid plasmids, cells were grown at
37°C in LB medium containing 75 pg/ml ampicillin and 0.004% (wt/vol) 5-bro-
mo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal). Culture supernatants and
cell pellets were obtained by centrifugation (15 min, 2,800 X g, 4°C).

For DNA sequencing by the “primer-hopping strategy” (49), 5’-IRD 800-
labeled synthetic oligonucleotides (MWG-Biotech, Ebersberg, Germany) were
used as primers, and a SequiTherm EXCEL TM II long-read cycle sequencing
kit was employed (Epicentre Technologies, WI). The analysis was performed
with 6% (wt/vol) acrylamide gels using Sequagel XR (acrylamide/urea), Com-
plete (buffer reagent) solutions (National Diagnostics, Sommerville, NJ), and
buffer containing 89 mM Tris, 8 mM boric acid, and 2 mM EDTA with a
LI-COR 4000L automatic sequencing apparatus (MWG-Biotech, Ebersberg,
Germany). Nucleic acid sequence data were analyzed with the CAP (Contig
Assembly Program) sequence analysis software (21), and Genamics Expression
1.1, ClustalX 1.8 (50), was used for sequence alignment and construction of a
phylogenetic tree.

Taxonomic determination with physiological tests. Motility, Gram behavior,
oxidase (Bactident oxidase test strips from Merck, Darmstadt, Germany), and
catalase tests were performed according to standard protocols. Further physio-
logical determinations were done by using an API 20E test kit according to the
instructions of the manufacturer (BioMérieux, Marcy-I'Etoile, France).

Detection of CGP degradation products. Degradation products were generally
detected in cell-free supernatants obtained by centrifugation, which were then
filtered through polyethersulfone filters with a pore size of 0.2 um. Reversed-
phase HPLC was used to determine the products of enzymatic CGP degradation
and to create standard calibration curves for quantitative determination of amino
acid constituents (aspartic acid, arginine, and lysine) of the CGP fractions em-
ployed (see above) and for quantification of B-Asp-Arg dipeptides. The proce-
dure was performed as described by Aboulmagd et al. (1) and was based on the
fluorescence detection of derivatives of amino groups containing substances after
precolumn derivatization with the o-phthaldialdehyde reagent.

Electrospray ionization -mass spectrometry-mass spectrometry (ESI-MS-MS)
was used for identification of primary CGP degradation products by mass de-
termination and structural analysis (10). All measurements were obtained with a
Quattro LCZ system (Micromass, Manchester, United Kingdom) with a nanos-
pray inlet.
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FIG. 1. Halo formation on CGP overlay agar plates caused by extracellular enzymes of S. hongkongensis strain KI and cell morphology of strain
KI and C. amalonaticus strain G. After 14 days of incubation of S. hongkongensis strain KI on CGP-containing agar plates under a nitrogen
atmosphere, a faint diffuse clear zone occurred around the inoculation spot (spot 1 in panel A); the spot became much clearer and appeared to
be much more extended after staining of the remaining CGP with Serva Blue R (spot 1 in panel B). C. hydroxybenzoicum DSMZ 7310 was used
as a reference strain and did not degrade CGP (spot 2 in panels A and B [inoculation spots are indicated by arrows]). C. hydroxybenzoicum medium
containing 0.2% (wt/vol) CGP in the upper layer was used as the basic medium for cultivation experiments on agar plates. The light micrograph
in panel C shows pairs of curved vegetative cells of S. hongkongensis strain KI which grew at very low cell densities in CGP-containing liquid
medium. (D) One cell of strain KI exhibiting a typical terminal endospore. (E) Light micrograph of the straight, rod-shaped cells of C. amalonaticus

strain G grown on solid LB medium.

Gas chromatography (GC) was used for identification of fermentation prod-
ucts produced during anaerobic degradation of primary accumulated CGP deg-
radation products (iso-dipeptides). A GC-9A chromatograph (Shimadzu, Kyoto,
Japan), which was equipped with a Porapak QS-packed column (length, 2 m;
diameter, 2 mm), was used, and nitrogen was used as the carrier gas at a flow rate
of 50 ml/min. A flame ionization detector was used for quantitative measurement
of small polar molecules like short-chain fatty acids and short-chain fatty alco-
hols.

Succinic acid was determined spectrophotometrically by an enzyme assay by
coupling the reactions of succinyl coenzyme A (succinyl-CoA) synthetase (EC
6.2.1.4), pyruvate kinase (EC 2.7.1.40), and lactate dehydrogenase (EC 1.1.1.27)
as described by the manufacturer (R-Biopharm, Darmstadt, Germany).

All degradation experiments were performed at least in duplicate, and cata-
bolic products were measured in duplicate or triplicate. The maximum deviations
of single values from average values for a set of experiments were less than 5%.

Nucleotide sequence accession number. The 16S rRNA gene sequence data
for S. hongkongensis strain KI have been deposited in the National Center for
Biotechnology Information database under accession number AY571338.

RESULTS

Isolation of an anaerobic CGP-degrading mixed culture.
Culture AK15 was originally isolated from a pond sediment
using Pelobacter liquid medium which contained CGP as the
sole carbon source. This stable mixed culture was transferred
several times to fresh CGP-containing medium, and it retained
the ability to degrade CGP for months. Two bacterial strains

were isolated from the anaerobic consortium in this mixed
culture and were identified as the strictly anaerobic organism
S. hongkongensis strain KI and the facultative anaerobic organ-
ism C. amalonaticus strain G (Fig. 1). These strains were finally
obtained from AK15 by sequential use of different enrichment
strategies (see below). Degradation of CGP was detected sim-
ply by observing the disappearance of sedimented water-insol-
uble CGP at the bottom of the Hungate tubes employed for
anaerobic cultivation (Fig. 2). Mixed culture AK15, as well as
an axenic culture of S. hongkongensis strain KI, remained via-
ble and stable after they were frozen in the presence of 20%
(wt/vol) glycerol.

Isolation and taxonomic affiliation of isolate G. The first
attempts to isolate CGP-degrading microorganisms from
mixed culture AK15 using simple purification strategies, like
plating of small sample volumes on agar plates, failed. Proba-
bly because of the rapid growth of other unidentified bacteria
on CGP degradation products during these isolation experi-
ments, it was not possible to detect CGP-degrading, halo-
forming strains or to differentiate between degrading and non-
degrading bacterial colonies. In addition, no useful strain
discrimination based on differences in utilization of substrates
like aspartic acid, arginine, glucose, or intermediates of the
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FIG. 2. Anaerobic degradation of CGP by S. hongkongensis strain KI and anaerobic growth of C. amalonaticus G on B-Asp-Arg dipeptides.
After 10 days of incubation, S. hongkongensis strain KI showed almost complete degradation of CGP in liquid Pelobacter medium containing 0.2%
(wt/vol) CGP (right Hungate tubes in panel A before shaking and in panel B after shaking). The controls (left tubes in panels A and B) contained
only CGP (white sediment or suspension) and were kept sterile. (C) Growth of C. amalonaticus strain G on solid M9 medium containing 0.1%
(wt/vol) dipeptides which were produced by enzymatic digestion of CGP employing the extracellular CGPase of P. anguilliseptica BI (CphEPa) (32).
(D) Growth of C. amalonaticus strain G on liquid Pelobacter medium containing 0.2% (wt/vol) dipeptides.

tricarboxylic acid cycle or based on morphological character-
istics on the different complex and mineral media employed
(see above) was possible. CGP-degrading organisms were de-
tected neither on standard 1 medium or glucose yeast extract
agar nor on M9 or mineral salt medium; none of the separate
colonies occurring on the agar plates employed was able to
degrade CGP after transfer onto CGP overlay agar plates or to
CGP-containing liquid medium. Furthermore, supplementa-
tion of the medium with vitamins, different trace eclement so-
lutions, and yeast extract or variations in the composition of
the atmosphere used (5% [vol/vol] H, and 95% [vol/vol] N,;
76% [volivol] N,, 4% [vol/vol] H,, and 20% [vol/vol] CO,;
100% N.; 82% [vol/vol] argon and 18% [vol/vol] CO, [vol/vol])
did not result in significant differences between the isolated
bacteria (data not shown). Only when mineral medium B was
used in combination with a mixture of arginine and aspartate
(each amino acid at a concentration of 0.1% [wt/wt]) did col-
onies exhibiting certain differences in size appear on the agar
plates after 10 days. One bacterial strain (isolate G) formed
comparatively large colonies; however, it did not grow on CGP
agar plates or degrade CGP in Pelobacter liquid medium. This
isolate was determined to be a gram-negative, facultatively
anaerobic, motile, oxidase-negative, catalase-positive, rod-
shaped bacterium that occurred as single cells or pairs of cells
that were about 1.5 to 5 wm long and 1 pm in diameter (Fig.
1E). The strain had a temperature optimum of 37°C on LB

agar plates. The API 20E test system identified this isolate as
a strain of C. amalonaticus; it exhibited an excellent identifi-
cation profile with reactions typical only of this bacterium.
Typical test results for the genus Citrobacter or results related
to amino acid or anaerobic metabolism are as follows: positive
arginine dihydrolase, positive ornithine decarboxylase, and
positive citrate utilization assays and acid production from
glucose (fermentation-oxidation). In addition, lysine decarbox-
ylase and urease assays were negative, and no H,S or acetoin
(Voges-Proskauer test) were formed. The strain was cyto-
chrome oxidase negative and also negative for tryptophan de-
iminase, gelatinase, and acid formation (fermentation-oxida-
tion) from inositol, sucrose, and melibiose.

The cell size (see above), which was close to the typical
dimensions described for C. amalonaticus (diameter, 1 pm;
length, 2 to 6 wm), motility, temperature optimum, and results
of physiological tests indicated that strain G was a C. ama-
lonaticus strain (compare the description of the genus
Citrobacter in reference 20). Later, it was shown that this bac-
terium utilized dipeptides released from CGP by another bac-
terium (see below).

Isolation of CGP-degrading isolate KI. To isolate the pri-
mary CGP-degrading bacterium, the original AK15 mixed cul-
ture was diluted stepwise to eliminate contaminants. A 107-
fold dilution of AK15 was the most diluted culture with the
ability to utilize CGP for growth. Plating of this enriched cul-
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Exiguobacterium gaetbuli TF-19 (AY594265)

Bacillus megaterium BAC19 (AY180964)

Paenibacillus polymyxa GBR-465 (AY359623)

Sedimentibacter saalensis ZF2 (AJ404680)

Sedimentibacter I&y benzoicus JW/Z-1 (L11305)
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FIG. 3. 16S rRNA gene dendrogram showing the phylogenetic position of the strictly anaerobic CGP-degrading bacterium S. hongkongensis
strain KI. S. hongkongensis strain KI (enclosed in a box), the most closely related strains of the Clostridiales (including members of clostridial
clusters I, XI, and XII (nomenclature of Collins et al. [11]), and some members of the Bacillales were included in the analysis The two
CGP-degrading bacteria (underlined), gram-positive B. megaterium strain BAC19 and gram-negative P. anguilliseptica strain BI described
previously (31, 32), were also included, demonstrating the wide distribution of CGP degradation genes among bacteria. Nucleotide, partial genome,
and whole genome accession numbers are indicated in parentheses. The phylogenetic tree was constructed using ClustalX 1.8. Bar = 0.1 nucleotide

change per site.

ture onto different solid media (see above) still revealed the
presence of C. amalonaticus strain G, which was the only vi-
sually detectable organism present in the culture broth. To
obtain more information about the “invisible” primary CGP-
degrading microorganism(s), total DNA of the enriched cul-
ture was isolated, and 16S rRNA gene sequencing was em-
ployed to gain insight into the species composition. PCR
primers with different specificities were employed. Whereas
archaeon-specific primers (ArcF and a reverse primer [7]) pro-
duced only nonspecific PCR amplification products, indicating
the absence of archaea in the degrading consortium, standard
16S rRNA gene primers yielded a mixture of PCR amplifica-
tion products. These products were cloned, and nucleotide
sequence data were obtained for several recombinant E. coli
TOP10 16S rRNA gene clones. Of the 12 clones sequenced, 6
were clones of bacterial strains belonging to the genus Sedi-
mentibacter (formerly Clostridium). Therefore, the partially en-
riched CGP-degrading mixed culture was pasteurized, and an
aliquot was used to inoculate fresh CGP-containing liquid me-
dium. After 10 days of incubation at 30°C, the CGP at the
bottom of the tube had disappeared, indicating that CGP was
degraded by germinated cells. In contrast to previous experi-
ments, in which mixed cultures were used, the medium was not
brownish but remained colorless. Although CGP disappeared
visibly in the Hungate tubes, no significant increase in the
turbidity of the medium was observed, indicating that growth
of the cells was poor (Fig. 2). For further cultivation, bacteria
enriched by heat treatment were cultivated on C. hydroxyben-
zoicum agar plates, because C. hydroxybenzoicum (synonym,
Sedimentibacter hydroxybenzoicus) was the most closely related
species (Fig. 3) for which a defined medium had been de-
scribed. After aliquots of the pasteurized mixed culture were
spread on C. hydroxybenzoicum agar plates, small rigid colonies
appeared after about 1 week of incubation at 30°C. These
colonies were transferred onto fresh agar plates, and one iso-

late representing the first anaerobic pure culture with the abil-
ity to slowly degrade CGP was obtained. Although CGP deg-
radation by the AK15 mixed culture was faster than CGP
degradation by a pure culture of isolate KI, this bacterium was
capable of hydrolyzing CGP completely and retained this abil-
ity even after it was transferred several times to fresh medium.

The isolated strain was transferred onto CGP overlay agar
plates prepared with C. hydroxybenzoicum medium. In contrast
to all aerobic CGP-degrading bacteria described previously,
which formed degradation halos (31, 32) with clear borders,
the newly isolated strain KI produced only very faint, translu-
cent, diffuse degradation halos which became visible only after
about 14 days of incubation (Fig. 1A, spot 1), indicating that
the enzyme activity was low. After staining of the plate with
Serva Blue R, the degradation halo appeared to be much more
extended (Fig. 1B, spot 1), demonstrating that there was par-
tial degradation of CGP in areas at some distance from the
colonies as a result of diffusion of the extracellular enzyme and
comparatively weak enzyme activity. The reference strain of C.
hydroxybenzoicum did not degrade CGP (Fig. 1A and B, spot
2). Furthermore, no formation of degradation halos was ob-
served if small volumes of sterile filtered culture supernatants
were applied to CGP overlay agar plates in CGPase activity
tests (data not shown) (31, 32), again indicating that the activ-
ity of the CGP-degrading enzyme of strain KI was low or the
CGPase was removed by filtration.

Taxonomic affiliation of isolate KI. Total genomic DNA of
purified strictly anaerobic isolate KI was isolated from cells
grown on C. hydroxybenzoicum agar plates, and the complete
16S rRNA gene sequence was determined. This sequence was
used for identification of the most closely related bacterial
strains in a database search to determine the taxonomic posi-
tion of isolate KI, as shown in the phylogenetic tree in Fig. 3.
Only the 16S rRNA gene sequence of S. hongkongensis HKU2
had a high level of identical nucleotides (99% over 1,475 bp).
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FIG. 4. Identification of B-Asp-Arg (M., 289) and B-Asp-Lys (M,, 261) dipeptides from a culture supernatant of S. hongkongensis KI grown on
CGP by ESI-MS-MS. The structural analysis of ions at m/z 290 and m/z 262 of a positive ion spectrum revealed a characteristic fragmentation
pattern and confirmed the presence of B-Asp-Lys ((M1+H]") (panel A, peak Ia) and B-Asp-Arg ([M2+H]") (panel B, peak Ib), respectively. Peak
ITa represents the B-Asp-Lys dipeptide after the loss of NH;, peak IIla at m/z 147 ([lysine+H]") indicates fragmentation of B-Asp-Lys at the
B-amide bond, and peak IVa at m/z 130 represents the same ion after the loss of NH; ([lysine+H-17]"). In the spectrum in panel B a peak at m/z
175 ([arginine+H] ") (peak I1Ib) was found. Peak IIb represents the B-Asp-Arg dipeptide after the loss of NH3, peak IVb at m/z 158 corresponds
to the arginine ion after the loss of NH; [arginine+H—17]", and peak Vb represents the residual part of the aspartic acid molecule after

fragmentation of the B-Asp-Arg dipeptide at the B-amide bond.

Therefore, isolate KI is referred to here as S. hongkongensis
strain KI. The most closely related other species belonging to
the genus Sedimentibacter, like Sedimentibacter saalensis, S.
hydroxybenzoicus (formerly C. hydroxybenzoicum according to
Breitenstein et al. [8]), and Sedimentibacter sp. strain BRS22,
exhibited levels of sequence identity to isolate KI between 94
and 95%. Much lower levels of homology to bacilli (89 to 90%)
(Fig. 3, right branch) were found. Other related bacteria were
Clostridiaceae belonging to clostridial cluster XI (for example,
Clostridium felsineun DSM 794) and clostridial cluster XII
(e.g., Clostridium purinolyticum ATCC 33906 and Clostridium
acidurici ATCC 7906) according to the taxonomic classification
proposed by Collins et al. (11). The phylogenetic tree also
demonstrates that strain KI exhibits a lower level of related-
ness to clostridia belonging to cluster I, like C. botulinum type
E Iwanai, Clostridium butyricum ATCC 43755, Clostridium pu-
niceum DSM 2619, and Clostridium beijerinckii NCIMB9362.
Primary CGP degradation products and formation of dipep-
tides by axenic cultures of S. hongkongensis strain KI. The
primary CGP degradation products occurring during cultiva-
tion of S. hongkongensis strain KI in CGP liquid medium were
identified by ESI-MS-MS as B-Asp-Arg and B-Asp-Lys dipep-
tides (Fig. 4). This analysis did not detect higher-order dipep-
tide oligomers [(B-Asp-Arg),] like (B-Asp-Arg), tetrapeptides,
which were observed during previous CGP degradation studies
with CphEBm of Bacillus megaterium strain BAC19 (31), or
free amino acids in the degraded CGP samples. The B-Asp-Lys

dipeptide was identified for the first time in a CGP degradation
experiment in which mass spectrometric analysis was used.
This was due to the use of CGP produced in recombinant E.
coli strains in which about 6 mol% of the arginine side chains
were replaced by lysine. The fragmentation patterns of the
B-Asp-Arg and B-Asp-Lys dipeptides were in good agreement
with the structures of both molecules and confirmed their
identity (Fig. 4). For example, fragmentation of the dipeptides
at the B-amide bond during analysis was indicated by the peaks
at m/z 147 ([lysine+H]") in the case of B-Asp-Lys and at m/z
175 ([arginine+H] ") in the case of B-Asp-Arg (Fig. 4, peaks
IIIa and IIIb). The ESI-MS-MS results clearly showed that S.
hongkongensis strain KI degrades CGP via an a-cleavage
mechanism.

The concentration of dipeptides in the cultures was deter-
mined by reversed-phase HPLC after precolumn derivatization
with the o-phthaldialdehyde reagent, a method used mostly for
identification and quantification of free amino acids. HPLC
calibration curves (data not shown) were obtained with dipep-
tides produced by total hydrolysis of CGP employing purified
extracellular CGPase of P. anguilliseptica BI (CphEPa) iso-
lated from recombinant E. coli (32).

The degradation of CGP in the medium (initial concentra-
tion, about 2 g/liter) by cells of S. hongkongensis strain KI
correlated with the formation of up to 1.5 g/liter of dipeptides
after cultivation for about 30 days, as shown in Fig. 5. We
therefore concluded that CGP was almost completely hydro-
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FIG. 5. Release of 3-Asp-Arg dipeptides during cultivation of ax-
enic S. hongkongensis strain KI on CGP and subsequent degradation of
the dipeptides by C. amalonaticus strain G. Cultivation was performed
in 10 ml Pelobacter liquid medium. All cultures (m, [J, A, and A)
contained approximately 2 g/liter CGP and were inoculated with 200 .l
of an S. hongkongensis KI preculture grown on CGP. Two of the
cultures (OJ and A) also contained 0.01% (wt/vol) yeast extract. After
30 days of incubation (arrow), two of the cultures (A and A) were
inoculated with a suspended colony of C. amalonaticus strain G grown
on LB agar plates.

lyzed to dipeptides by this strain. Hydrolysis was enhanced and
occurred much earlier in the presence of low concentrations of
yeast extract. If the incubation period was extended, no further
accumulation of B-Asp-Arg dipeptides was observed. The
dipeptide concentration remained constant in the presence or
absence of yeast extract, indicating that the dipeptides pro-
duced were not utilized during a later stage of cultivation (>25
days). Light microscopy showed that the cell density of the
culture grown on CGP was extremely low, and sporulation
started after only after 10 to 14 days of incubation, indicating
that the life cycle of S. hongkongensis KI was short under the
conditions employed (Fig. 1C and D). Because most cells of
strain KI formed endospores at the early stage of cultivation,
we concluded that this strain can utilize only a small fraction of
the dipeptides produced (maximum, about 0.5 g/liter, corre-
sponding to 1.7 mmol/liter) for growth before completion of its
life cycle.

Degradation of dipeptides by an axenic culture of C. ama-
lonaticus strain G. To analyze degradation of dipeptides by the
rapidly growing organism C. amalonaticus strain G, an axenic
culture of this bacterium was grown on dipeptides, which were
produced by treatment of sterile anaerobic CGP-containing
Hungate tubes with isolated CphEPa of P. anguilliseptica strain
BI, and growth was monitored for 18 days (Fig. 6). In three
independent experiments it was found that axenic cultures of
C. amalonaticus strain G degraded only about 13 to 15% [wt/
wt] of the dipeptides (0.8 mmol/liter) in the medium during
long-term incubation. Nevertheless, C. amalonaticus strain G
was able to grow well under anaerobic conditions on dipeptides
added to solid or liquid media. For example, on dipeptide-
containing (0.1%, wt/vol) M9 agar plates C. amalonaticus
strain G grew in about 36 h under a nitrogen atmosphere to a
high cell density, and visible colonies were detected on the agar
plates (Fig. 2C). On M9 agar plates with the same amount of
free arginine and aspartate that was in the dipeptide-supple-
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FIG. 6. Degradation of B-Asp-Arg dipeptides by axenic C. ama-
lonaticus strain G. The dipeptides were produced by using heterolo-
gously synthesized CphEPa of P. anguilliseptica strain BI which was
heat inactivated before inoculation (32). The degradation experiment
was reproduced three times to confirm the observed low degradation
rates.

mented medium, colonies were slightly larger (data not
shown), indicating that uptake and subsequent hydrolysis of
dipeptides consume more energy than uptake of the free
amino acids. In dipeptide-containing liquid medium, an optical
density that was about 80 Klett units greater than the inocu-
lation level was obtained (Fig. 2D). This increase may have
been partially due to the slightly brownish color of the medium
that occurred during growth of C. amalonaticus. Nevertheless,
comparably good growth on dipeptides was clearly demon-
strated.

CGP degradation by mixed cultures of S. hongkongensis
strain KI and C. amalonaticus strain G. To simulate simulta-
neous production and utilization of dipeptides in a defined
anaerobic mixed culture, C. amalonaticus strain G was used in
cocultivation experiments and was added to two of the Hun-
gate tubes employed after 30 days of CGP degradation by S.
hongkongensis strain KI (Fig. 5). The latter organism slowly
degraded CGP and poorly utilized the released dipeptides, and
75% (wt/vol) of the hydrolyzed CGP was accumulated as
dipeptides in the medium over a period of 30 days in axenic
cultures (Fig. 5). After addition of cells of strain G the con-
centration of B-Asp-Arg dipeptides decreased rapidly during
the next 48 h. In the case of the culture containing yeast
extract, which markedly promoted CGP degradation during
the initial degradation phase, about 50% (wt/wt) of the dipep-
tides present in the medium was degraded (about 2.25 mmol
dipeptides/liter).

When S. hongkongensis strain KI and C. amalonaticus strain
G were cultivated together in CGP-containing liquid medium,
free dipeptides were detected after about 5 days of incubation;
however, the final dipeptide concentration of the medium was
significantly lower (about 0.65 g/liter) than the concentration in
degradation experiments employing only S. hongkongensis KI
(Fig. 7). Because this culture originally contained 2 g of CGP
per liter, about 1.35 g/liter of dipeptides (4.7 mmol/liter) must
have been degraded during total hydrolysis of CGP. Assuming
that there was complete CGP hydrolysis to dipeptides in all
degradation experiments, the initial dipeptide concentrations
were significantly reduced over time if the two bacterial strains
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FIG. 7. Simultaneous release and degradation of B-Asp-Arg dipep-
tides during cocultivation of S. hongkongensis strain KI and C. ama-
lonaticus strain G in liquid Pelobacter medium containing 0.2% (wt/vol)
CGP.

were cultivated together. In the absence of yeast extract, cocul-
tivation led to a 68% reduction in the dipeptide concentration
(1.35 gliter) (see above), and sequential cultivation of the two
strains also led to a significant reduction (to 0.25 g/liter) in only
48 h (Fig. 5 and 7).

Degradation of aspartate and arginine. From these data we
concluded that S. hongkongensis degrades CGP by employing
an extracellular CGPase but cannot use large quantities of the
dipeptides for growth. C. amalonaticus strain G, however, can
grow on dipeptides in pure culture but utilizes only about 15%
of the dipeptides provided at an initial concentration of about
1.55 g/liter. If both strains were cultivated together, up to 68%
of the released dipeptides were consumed before another fac-
tor became growth limiting.

GC analysis of CGP degradation samples revealed that dur-
ing formation of dipeptides by S. hongkongensis KI about 1
mmol/liter of ethanol and traces of acetate were formed. After
addition of C. amalonaticus cells to an S. hongkongensis cul-
ture, the concentrations of ethanol and acetate increased rap-
idly (Fig. 8). During cocultivation of the two strains, the con-
centrations of ethanol and acetic acid paralleled each other for
about 33 days, and the concentrations of both compounds were
about 1 to 1.2 mmol/liter (Fig. 9). After 60 days of incubation
the ethanol concentration decreased to 0.25 mmol/liter,
whereas the acetate concentration reached a maximum of
about 1.3 mmol/liter. If C. amalonaticus strain GI was culti-
vated alone on dipeptides, very low concentrations of ethanol
and acetate were produced over a period of about 15 days
(data not shown). Only traces of other fermentative products,
like propionate or butanol, were detected during degradation
experiments, and no other short-chain length alcohols or fatty
acids were detected by GC.

It was calculated that the molar concentrations of ethanol
and acetate approximately equaled the molar concentration of
the degraded dipeptides at each sampling time and, accord-
ingly, equaled the concentrations of the released aspartate and
arginine. At all sampling times during the early phase of the
first degradation experiment only cells of S. hongkongensis
strain KI were present, and later, after addition of C. ama-
lonaticus G cells, such a molar proportion of the concentra-
tions of dipeptides and fermentation products was observed

CGP DEGRADATION BY ANAEROBIC BACTERIAL CONSORTIUM 3649

2.57 A

=

T T T 1

0 10 20 30 40

Incubation time [days]

Ethanol concentration [mmol/L]

; B
°
£
E
c
L
o
=
o
Q
=
=]
o
2
]
]
9 T T Lt 1
<
0 10 20 30 40

Incubation time [days]

FIG. 8. Formation of ethanol and acetic acid as fermentation prod-
ucts of S. hongkongensis strain KI cultivated in CGP-containing Pe-
lobacter liquid medium under anaerobic conditions. The samples an-
alyzed were collected from the cultures used for the experiments
whose results are shown in Fig. 5, and the same sampling times were
used. Ethanol (A) and acetic acid (B) were the only secondary CGP
degradation products occurring in significant amounts, as detected by
gas chromatography. Two cultures (CJ and A) also contained 0.01%
yeast extract, and two cultures (m and A) were not supplemented with
complex compounds. The time of inoculation of the cultures with C.
amalonaticus strain G cells is indicated by arrowheads. Sharp increases
in the ethanol concentration and the acetic acid concentration were
observed after the addition of C. amalonaticus at 30 days.

(compare Fig. 5 and 8). Furthermore, during cocultivation of
the two organisms almost equal concentrations of ethanol and
acetate were detected for all samples except the sample taken
after 60 days of incubation.

Succinate formation was observed in all degradation exper-
iments after long-term incubation. During cultivation of C.
amalonaticus strain G on dipeptides (Fig. 6) about 0.5 mmol/
liter of succinate was produced (data not shown), and during
cocultivation of the two strains investigated in this study a final
concentration of about 2 mmol/liter was obtained (after 60
days) (Fig. 9). In contrast, during degradation of CGP by S.
hongkongensis strain KI only traces of succinate (0.1 to 0.2
mmol/liter) were released into the medium. Because the num-
ber of samples collected during the experiments was limited by
the restricted cultivation volumes, degradation experiments
and determination of metabolite concentrations were done at
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FIG. 9. Formation of ethanol (A), acetic acid (m), and succinate
(O) during cocultivation of S. hongkongensis strain KI and C. ama-
lonaticus strain G in Pelobacter liquid medium containing 0.2% (wt/vol)
CGP.

least in duplicate or triplicate to ensure reproducibility of the
results.

DISCUSSION

Genes for CGP biosynthesis were recently also detected in
anaerobic bacteria (23, 55). Among these bacteria are mem-
bers of the proteolytic clostridia (for example, C. botulinum
type A) (23), indicating that CGP may serve as a transient
intracellular storage material in anaerobic habitats. In addi-
tion, CGP-containing biomass produced by cyanobacteria may
arrive in anaerobic habitats. Since especially bacteria of anaer-
obic consortia are often metabolically dependent on each other
(19, 41), it was not surprising that during this study many stable
bacterial mixed cultures, like AK15, were easily isolated in
CGP-containing media from several different anaerobic habi-
tats (data not shown). Sequential application of several elab-
orated enrichment strategies finally led to isolation of the
strictly anaerobic bacterium S. hongkongensis strain KI, which
is the first known anaerobic CGP-degrading microorganism. A
second bacterium, the facultative anaerobic enterobacterium
C. amalonaticus strain G, was isolated from the same consor-
tium, which degraded the dipeptides formed by the former
organism. It was found that in liquid media the overall effec-
tiveness of the CGP degradation process was highest during
cocultivation of the two bacteria, and the presence of S.
hongkongensis strain KI strongly promoted dipeptide degrada-
tion by C. amalonaticus strain G (Fig. 5 and 7).

Most likely, dipeptides are hydrolyzed to their amino acid
constituents by intracellular enzymes (see equation 2 below)
(18) after uptake into bacterial cells. Because of the low overall
turnover and the use of arginine and aspartate as building
blocks (for example, in protein biosynthesis), it was impossible
to estimate on the basis of the data obtained exact turnover
rates for the conversion of dipeptides to fermentation products
with respect to energy yield and redox balance. However, use-
ful suggestions about how a major fraction of the dipeptides
was converted to ethanol, acetate, and succinate are described
below. On the basis of known catabolic enzymes of clostridia
(for example, Clostridium thermosuccinogenes [48] or C. botu-
linum [12]), the following pathways could be involved in amino
acid utilization. Aspartate could be converted to pyruvate by
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aspartate ammonia lyase (EC 4.3.1.1) in combination with fu-
marase (EC 4.2.1.2.), malate dehydrogenase (EC 1.1.1.37), and
oxaloacetate decarboxylase (EC 4.1.1.3). Pyruvate could sub-
sequently be oxidized to acetyl-CoA by pyruvate-ferredoxin
oxidoreductase (EC 1.2.7.1). The reducing equivalents pro-
duced by pyruvate-ferredoxin oxidoreductase could be trans-
ferred to NAD™ (via NADH,:ferredoxin-oxidoreductase [EC
1.18.1.3]). Together with reducing equivalents obtained from
the malate dehydrogenase reaction (a total of 4 [H]), acetyl-
CoA could be reduced subsequently to ethanol by a combina-
tion of acetaldehyde dehydrogenase (acetylating; EC 1.2.1.10)
and alcohol dehydrogenase (EC 1.1.1.1) (48). One molecule of
ethanol would be produced from one molecule of aspartate
(see equation 3 below). This is a plausible explanation for the
initial formation of the comparatively large amounts of only
ethanol observed during CGP degradation of axenic S.
hongkongensis (Fig. 8) without the production of any reducing
equivalents. However, these reactions do not yield ATP, which
is a prerequisite for growth and which could be easily obtained
from acetyl-CoA via phosphotransacetylase (EC 2.3.1.8) and
acetate kinase (EC 2.7.2.1) reactions; however, acetate was not
observed in the initial degradation phase, and its formation
would require another sink for the reducing equivalents pro-
duced, which were obviously mainly employed for ethanol pro-
duction (see above). Therefore, it seems likely that during the
initial degradation phase energy is obtained mainly by arginine
degradation, which does not yield reducing equivalents. Deg-
radation of arginine under anaerobic conditions is most likely
to occur via the arginine deiminase (ADI) (arginine dihydro-
lase; EC 3.5.3.6) pathway, which is widespread in anaerobic
bacteria (12, 13) and probably is present also in C. amalonati-
cus strain G, as indicated by a positive arginine dihydrolase
test. One product of the ADI pathway reactions is carbamoyl
phosphate, which yields ATP by the carbamate kinase (EC
2.7.2.2) reaction. Ornithine, the second product of the ADI
pathway, was not detected in significant amounts in the media.
Clostridium sticklandii and C. botulinum convert ornithine to
proline by means of ornithine cyclase (12), and this product
may have been formed but was not detectable by the HPLC
system employed. A combination of the two pathways yields
equation 4 (see below).

Ethanol, which is produced during aspartate degradation,
could serve as an overflow product or metabolic intermediate
which is reused in the late degradation phase, presumably
when arginine is almost completely utilized. Reoxidation of
ethanol to acetyl-CoA and conversion to acetate by phospho-
transacetylase and acetate kinase would subsequently yield ad-
ditional energy (1 ATP/ethanol) (48), thus explaining the dis-
appearance of a fraction of ethanol and the occurrence of
comparatively large amounts of acetate in the late degradation
phase (Fig. 9). Furthermore, reducing equivalents obtained by
reoxidation of ethanol (4 [H]) could be transferred to fumarate
formed from aspartate, yielding succinate, by fumarate reduc-
tase (EC 1.3.1.6) (24). This would explain formation of com-
paratively large amounts of succinate, as observed after long-
term incubation of defined cocultures on CGP (60 days) (Fig.
9). The x in equation 5 indicates that the amount of ATP
formed via fumarate respiration cannot be stated exactly be-
cause less than one ATP molecule is obtained during reoxida-
tion of one molecule of NADH, (24).
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Cyanophycin: (B-Asp-Arg), — n B-Asp-Arg (1)
B-Asp-Arg — aspartate + arginine (2)
Aspartate — ethanol + NH; + 2 CO, 3)
Arginine + P; + ADP — proline + ATP
+3 NH; + CO, 4)
Ethanol + 2 fumarate + x P, + x ADP — 2 succinate

+ acetate + x ATP (5)

A positive ornithine decarboxylase (EC 4.1.1.17) test for C.
amalonaticus strain G indicated that putrescine is formed from
ornithine; however, putrescine was not detected in the me-
dium. It was shown previously that putrescine can be fer-
mented to acetate, butyrate, molecular hydrogen, and ammo-
nia by species related to Clostridium or Eubacterium (28, 29).
However, butyrate was not detected by GC, indicating that this
type of fermentation does not contribute on a larger scale to
production of acetate from CGP.

Both strains isolated in this study were dependent on the
other strain for increased utilization of about 68% (wt/vol) of
the CGP employed and may be dependent on other unidenti-
fied consortium partners in the AK15 mixed culture for com-
plete fermentative utilization of B-Asp-Arg dipeptides. For a
more detailed analysis of enzyme activity measurements, prod-
uct formation, and metabolic cooperation under anaerobic
conditions, it would be useful to analyze CGP utilization by
bacteria of other anaerobic consortia which exhibit better
growth characteristics and a lesser tendency to sporulate al-
most immediately after germination, as observed for S.
hongkongensis strain KI.
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