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Abstract Sphingomonas elodea ATCC 31461 produces
gellan, a capsular polysaccharide that is useful as a
gelling agent for food and microbiological media.
Complementation of nonmucoid S. elodea mutants with
a gene library resulted in identification of genes essential
for gellan biosynthesis. A cluster of 18 genes spanning
21 kb was isolated. These 18 genes are homologous to
genes for synthesis of sphingan polysaccharide S-88
from Sphingomonas sp. ATCC 31554, with predicted
amino acid identities varying from 61% to 98%. Both
polysaccharides have the same tetrasaccharide repeat
unit, comprised of [ fi 4)-a-L-rhamnose-(1 fi 3)-b-D-
glucose-(1 fi 4)-b-D-glucuronic acid-(1 fi 4)-b-D-glu-
cose-(1 fi ]. Polysaccharide S-88, however, has mannose
or rhamnose in the fourth position and has a rhamnosyl
side chain, while gellan has no sugar side chain but is
modified by glyceryl and acetyl substituents. Genes for
synthesis of the precursor dTDP-L-rhamnose were
highly conserved. The least conserved genes in this
cluster encode putative glycosyl transferases III and IV
and a gene of unknown function, gelF. Three genes (gelI,
gelM, and gelN) affected the amount and rheology of
gellan produced. Four additional genes present in the
S-88 sphingan biosynthetic gene cluster did not have
homologs in the gene cluster for gellan biosynthesis.
Three of these gene homologs, gelR, gelS, and gelG, were
found in an operon unlinked to the main gellan bio-
synthetic gene cluster. In a third region, a gene possibly

involved in positive regulation of gellan biosynthesis was
identified.
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Introduction

The genus Sphingomonas [42] includes a growing number
of strains that produce capsular polysaccharides with
related structures [19, 29, 32]. The backbone of these
polymers, collectively referred to as sphingans [48], nearly
always consists of a tetrasaccharide repeat comprised
of [ fi 4)-a-L-rhamnose-(1 fi 3)-b-D-glucose-(1 fi 4)-b-
D-glucuronic acid-(1 fi 4)-b-D-glucose-(1 fi ]. In some
polymers (e.g., I-885 [6] and S-7 [43]), 2-deoxyglucuronic
acid replaces glucuronic acid. In others, L-rhamnose can
be partially (S-88 [15]) or fully (NW-11 [31]) replaced by
L-mannose. In addition, many of these polysaccharides
contain ester-linked organic acids, and a monomer or
dimer side chain comprised of D-glucose, L-mannose or
L-rhamnose sugar residues. These structural variations
have major effects on the physicochemical characteristics
of the polysaccharides, e.g., gelation, thermostability,
and cation compatibility [24], and have led to unique
commercial food and industrial applications for four
of these polysaccharides (gellan, welan, rhamsan and
diutan) [19, 29, 39].

Sphingomonas elodea ATCC 31461 (originally des-
ignated Pseudomonas elodea, also referred to as
Sphingomonas paucimobilis) was isolated as a Gram-
negative bacterium capable of producing a novel gelling
polysaccharide, designated S-60 or gellan gum [18, 20].
This polysaccharide is a linear tetrasaccharide repeat
lacking any side-chain sugar residues [14, 30], but
modified with acetyl and glyceryl substituents, having
on average, one glycerate and one-half acetate per
repeat unit on the 3-linked glucose residue, as shown
in Fig. 1 [23]. While acetyl esters are common on
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exopolysaccharides, the glyceryl group is an unusual
substituent that has not been reported as a component
of other polysaccharides. The two acyl substituents
control the gel-like properties of this polysaccharide.
Native or acylated gellan forms elastic gels when heated
and cooled. After removal of the acyl groups by alkali
treatment, deacylated gellan forms firm brittle gels in
the presence of cations [1, 2, 16]. Deacylated gellan is
commercially valuable as a microbiology and plant
media matrix (Gelrite) and as a texture modifier in food
applications (Kelcogel).

The genes involved in the biosynthesis of gellan have
not been fully characterized; however, the cluster of
genes for synthesis of the related sphingan polysaccha-
ride S-88 produced by Sphingomonas sp. ATCC 31554
has been isolated, sequenced and characterized [48]. In
addition, a cluster of genes from Sphingomonas sp.
ATCC 21423, which produces polysaccharide S7, has
been identified and shown to increase polymer produc-
tion when amplified on a multicopy plasmid [43]. Al-
though the sequence of the polysaccharide biosynthetic
genes from ATCC 21423 was not reported, the
arrangement of genes was shown to be similar, but not
identical, to those for S-88 polysaccharide synthesis by
hybridization with S-88 gene probes [43]. A gene
encoding the b-1,4-glucuronosyltransferase from ATCC
31461 has been cloned, and the enzyme purified and
characterized [45]. The genetics and biochemistry of
gellan biosynthesis, including identification of several
genes, has been recently reviewed [37].

This study reports the isolation of a series of mutants
of S. elodea ATCC 31461 that are deficient in gellan
production, and the subsequent isolation, identification
and structural analysis of a cluster of genes for gellan
biosynthesis. The genes in the S. elodea gellan biosyn-
thetic gene cluster show some differences in organization
compared to those for synthesis of the S-88 and S-7
polysaccharides. Three of the genes for polysaccharide
synthesis, which are part of the Sphingomonas sp. ATCC
31554 S-88 sphingan gene cluster, are not adjacent to the
S. elodea gellan gene cluster, but are located in a dif-
ferent region of the chromosome. Knowledge of the
location and regulation of genes for biosynthesis and
modification of the gellan and other sphingan polysac-
charides may provide insights into methods of further
modification or alteration of the structure of sphingan
polysaccharides to provide polymers with unique rheo-
logical properties.

Materials and methods

Strains, plasmids, media and culture conditions

Bacterial strains and plasmids used are listed in Table 1. Escher-
ichia coli cells were grown in YT or LB medium [28] at 30–37�C.
Sphingomonas cells were grown in YM (Difco, Detroit, Mich.),
YT or LB medium at 30–36�C. S. elodea is very mucoid when
grown in YM medium, making it difficult to isolate cells free of
polysaccharide. Therefore, a modified medium, YEME (0.25%
yeast extract, 0.025% malt extract), was developed to reduce
gellan production and improve cell suspensions. Antibiotics were
used in the following concentrations (lg/ml): rifampicin (100),
streptomycin (25), kanamycin (Km; 7–50 for Sphingomonas, 50
for E. coli), tetracycline (5–10 for Sphingomonas, 5–15 for E. coli),
bacitracin (Bac; 1,000) and ampicillin (100). Plasmid inserts in
E. coli DH5a strains were identified using X-gal (40 lg/ml) and
IPTG (20 lg/ml). For gellan production, cells were grown in S-60
salts medium, modified from that described previously [44], con-
taining per liter: 0.23 g NaCl, 0.165 g CaCl2Æ2H2O, 2.8 g
K2HPO4, 1.2 g KH2PO4, 1.9 g NaNO3, 1.0 g N-Z-Amine type
EKC (Sheffield Products; Quest International, Chicago, Ill.),
36.46 g Star-Dri corn syrup, 2.5 mg FeSO4Æ7H2O, 24 lg Co-
Cl2Æ6H2O and 0.1 g MgSO4Æ7H2O.

Mutagenesis

Spontaneous rifampicin-resistant colonies were selected on YM
agar with 100 lg/ml rifampicin. To isolate nonmucoid mutants,
S. elodea was mutagenized using ethyl methane sulfonate (EMS,
15 lg/ml) in Tris-HCl buffer (pH 8) for 30 min at 30�C; cells
were then washed, grown in YM medium, and plated on YM
agar. To select bacitracin-resistant, nonmucoid mutants, an
overnight culture of S. elodea was spread on YM agar with
bacitracin (1 mg/ml).

Gene library construction

S. elodea chromosomal DNA was purified [44], partially digested
with PstI and fractionated by sucrose gradient centrifugation
[10–40% gradient, centrifuged in an SW41 rotor at 25,000 rpm
(107,000 g) for 20 h]. Fractions containing DNA fragments of
approximately 20–30 kb were pooled, purified by ethanol pre-
cipitation and the isolated DNA ligated into the polylinker of
pLAFR3 [41]. The ligation mixture was packaged into k bacte-
riophage using packaging extracts (Gigapack Gold Packaging
Extract; Stratagene, La Jolla, Calif.) and transduced into E. coli
strain DH5aMCR (Gibco BRL, Rockville, Md.).

DNA techniques

Plasmid DNA was purified by alkaline lysis [38] or using com-
mercially available kits (Qiagen, Valencia, Calif.). Poor plasmid
yield was obtained with DNA purified directly from S. elodea,
therefore plasmids isolated from S. elodea were transformed into
E. coli (DH5a or SCS1) for further purification and character-
ization. Restriction digests and ligations were as recommended by
the manufacturer (Gibco BRL). Gel electrophoresis was con-
ducted using standard procedures [38]. Plasmids were transferred
from E. coli into S. elodea using the triparental mating system [4].
Cell cultures, grown overnight in YT (minus NaCl) or YEME,
were mixed in a 1:1:2 ratio of donor, helper and recipient cells,
placed on YT agar, directly or after recovery on filters, and
incubated for 6–8 h at 30�C, prior to plating on selective media.
Plasmids were transferred into competent or electrocompetent
E. coli cells (Gibco BRL; Stratagene) using standard procedures
[38] or as recommended.

Fig. 1 Structure of the repeat unit of gellan polysaccharide secreted
by Sphingomonas elodea ATCC 31461. Glc Glucose, GlcA
glucuronic acid, Rha rhamnose
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PCR amplification for plasmid constructs used to perform
chromosomal insertion and deletion mutations was performed
using commercial enzymes, reagents and equipment (Roche, Indi-
anapolis, Ind., Qiagen) and primers (Amitof, Boston, Mass.), by
methods described by suppliers. Probes for colony blot and
Southern hybridizations were labeled with biotin (Schleicher and
Schuell, Riviera Beach, Fla.) or by incorporation of digoxigenin-
labeled dUTP during PCR (Boehringer Mannheim, Mannheim,
Germany). Colony hybridizations were performed according to
manufacturer’s protocols (Schleicher and Schuell). For evaluation
of the gene library, LB-tetracycline plates with 500–1,000 colonies
were hybridized with labeled probe. As needed, individual colonies
were purified and retested. For Southern hybridization, transfer of
DNA, denaturation, hybridization and detection procedures were
performed according to procedures described by Schleicher and
Schuell or Boehringer Mannheim.

DNA sequencing was performed on restriction fragments
subcloned into appropriate vectors. Sequences were assembled
using SeqMan software (DNASTAR) and analyzed for open
reading frames using Clone Manager (Sci Ed Central, Durham,
N.C.) or the GCG program package (http://www.gcg.com).
Homologous proteins in the database at the National Center for
Biotechnology Information (NCBI) were identified using BlastX,
BlastP or Psi Blast programs, or Pfam (http://www.ncbi.nlm.-
nih.gov).

Insertion mutagenesis and deletion

For insertional inactivation, a region of DNA within the gene was
amplified by PCR and cloned into the multiple cloning site of vector
pLO2 [26].Restrictionnuclease sites for cloningwere addedas part of
the PCR primers. To construct deletions, two regions of DNA
flanking the gene(s) were amplified by PCR and cloned into pLO2.
Insertion of the plasmid into the chromosome was selected by
kanamycin resistance. Gene deletions were isolated by selecting for

loss of sucrose (8%) toxicity encoded by the sacB gene of pLO2 [9,
17], followed by screening byPCR for thosewith the correct excision.
Diagnostic PCR using primers outside the deletion or insertion was
used to confirm each strain construction.

Characterization of gellan

To evaluate the composition of gellan,S. elodea strainswere grown in
shake flask cultures. An aliquot from a YM overnight culture was
transferred to S-60 salts medium for 24 h, then 5 ml of this culture
transferred to salts medium (100 ml per 500 ml flask) and incubated
with shaking at 350 rpm for 72 h at 36�C. Broth viscosity was mea-
sured at 60 rpm with a number 4 spindle in the Brookfield LVT
viscometer. Gellan was recovered by heating the broth to 121�C for
approximately 15 min, followed by precipitation with two volumes
of isopropyl alcohol. After drying at 40�C for 16 h, the amount of
total precipitable material was determined gravimetrically. For
composition analysis, aliquots of approximately 50 mg were
hydrolyzed with trifluoroacetic acid (100�C, about 18 h). The
hydrolysate neutral sugars were quantitated by high-performance
anion-exchange chromatography with pulsed amperometric detec-
tion using Dionex BioLC 300 system, as described by the supplier
(Dionex, Sunnyvale, Calif.). The hydrolysate organic acids were
quantitated by high-performance ion-exclusion chromatography
with chemically suppressed conductivity detection using the same
type of instrument (Dionex).

Nucleotide sequence accession numbers

The DNA sequences have been deposited in the NCBI GenBank
database and assigned the following accession numbers: region I gel
gene cluster (AY217008), gelR, gelS, gelG genes (AY220099) and
gelA (AY220100).

Table 1 Bacterial strains and
plasmids. SmR Streptomycin
resistant, RifR rifampi-
cin resistant, KmR kanamycin
resistant,TcR tetracycline
resistant, SuR sulfona-
mide resistant, AmpR ampicillin
resistant, Mob+mobilizable,
Tra+ provides transfer
functions

Strain or plasmid Genotype or phenotype Source or
reference

Sphingomonas elodea
0201 Wild-type
(ATCC 31461)

SmR This laboratory

4150 Plasmid cured SmR This work
4153 Rifampicin
resistant #4150

SmR, RifR This work

Sphingomonas sp. S-88 SmR This laboratory
E. coli
JZ279 recA56 lacY galK galT22 metB1 trpR55 supE44

supF58 hsdR514
[11]

DH5a F�F80dDlacZM15 D(lacZYA-argF)U169 deoR
recA1 endA1 hsdR17(rK

-, mK
+) phoA supE44

k� thi-1 gyrA96 relA1

Gibco BRL

DH5aMCR F�mcrA D(mrr-hsdRMS-mcrBC) F80dDlacZM15
D(lacZYA-argF) U169 deoR recA1 endA1 phoA supE44
k�thi-1 gyrA96 relA1

Gibco BRL

DH10B F�mcrA D(mrr-hsdRMS-mcrBC) F80dDlacZM15 DlacX74
deoR recA1 endA1 araD139 D(ara, leu)7697
galU galK l�rpsL nupG

Gibco BRL

SCS1 recA1 endA1 gyrA96 thi-1 hsdR17 (rK
� mK

+)
supE44 relA1

Stratagene

XLI-blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1
lac [F¢proAB lacIq DZM15 Tn10 (TcR)]

Stratagene

Plasmids
pJC106 SmR SuR KmR Mob+ This work
pLAFR3 TcR Mob+ Tra� [41]
pRK2013 ColE1 Mob+ Tra+ (RK2) KmR [4]
pLO2 KmR Mob+ sacB [26]
pBluescript II KS+ ColE1 f1 origin AmpR MCS lacZapromoters T3 and T7 Stratagene
pZERO ColE1 f1 origin KmR MCS lacZa Invitrogen
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Results

Isolation of mutants of S. elodea with increased
conjugation frequency

Initial experiments showed that the frequency of con-
jugal transfer of the IncP type broad-host-range vector
pLAFR3 (22 kb) [41] from E. coli to S. elodea was very
low (0.7·10�7) whereas transfer of the IncQ type vector,
pJC106 (10 kb), a KmR derivative of RSF1010 [10]
(J. M. Cleary, unpublished), was much higher
(2.5·10�2). This result was consistent with observations
by others [7], noting a significant reduction in conjuga-
tion frequency with increasing plasmid size. The low
conjugation frequency of pLAFR3 was not due to
capsular polysaccharide, since a low frequency
(0.6·10�7) was also obtained with a spontaneous non-
mucoid mutant.

To efficiently perform mutant complementation
analysis with a S. elodea gene library made using the
pLAFR3 vector, it was necessary to increase the effi-
ciency of transfer. It was suspected that those few cells
that were successful recipients of this plasmid represented
mutants in the population with an increased ability to
take up this plasmid DNA. Three transconjugants con-
taining pLAFR3 were cured of the plasmid by growing
them under nonselective conditions with serial passage
for about 30 generations. Three plasmid-cured strains
(tetracycline-sensitive derivatives from each of the initial
transconjugants) exhibited conjugation frequencies of
4.2·10�3, 0.6·10�2 and 1.5·10�2, representing a 105-fold
increase compared to the wild type strain. The increased
conjugation frequency was stable and reproducible. A
possible explanation may be the elimination of a
restriction nuclease system in S. elodea that was causing
degradation of incoming DNA; however, this has not
been tested. One of these plasmid-cured strains, #4150,
and a rifampicin-resistant derivative, #4153 (Table 1)
were used for isolation of nonmucoid mutants. However,
rifampicin resistance was observed to decrease gellan
production by between 10 and 40%, as reported [7].

Isolation and complementation of nonmucoid mutants

Using cured strain #4150 and rifampicin-resistant
#4153, 51 nonmucoid (gellan polysaccharide synthesis)
mutants (Gps1–51) were isolated from over 100,000
colonies following EMS mutagenesis. An additional 10
nonmucoid mutants of #4150 (Gps52–61) were isolated
using selection for bacitracin resistance. The antibiotic
bacitracin inhibits the dephosphorylation of C55-iso-
prenyl pyrophosphate to form C55-isoprenyl phosphate,
which is essential for both polysaccharide and peptido-
glycan syntheses [34, 40]. Among mutants resistant to
bacitracin are those blocked in polysaccharide synthesis,
allowing available isoprenyl phosphate to be used for
peptidoglycan synthesis for the bacterial cell wall. The

nonmucoid mutants were observed to be of two phe-
notypes. All BacR mutants and 24 EMS mutants grew
uniformly suspended in liquid cultures, whereas 27 EMS
mutants formed clumps.

The S. elodea gene library was mated into three
nonmucoid mutants. Mucoid transconjugants were
purified and plasmid DNA isolated and analyzed. Un-
ique plasmids were then mated into all 61 nonmucoid
mutants and two major complementation regions were
identified. The ten BacR mutants and 25 of 51 EMS
mutants were complemented only by plasmids with
overlapping inserts from a region designated region I.
The BacR mutants and most (19 of 25) of the other
region I mutants were readily suspended in liquid med-
ium, whereas six region I mutants grew in clumps. Most
of the mutants not mapping to region I exhibited the
clumping phenotype (21 of 26). Two of these mutants
(one clumping and one suspended) were used to isolate
additional plasmids from the gene library, which were
then mated into all remaining (non-region I) mutants.
These mutants were restored to full mucoidy by plas-
mids with overlapping inserts from a region designated
region III. These mutants were also partially comple-
mented, (i.e., smaller, less mucoid, colonies than wild-
type but more mucoid than the mutants) by plasmids
with inserts from region I or another unique region
designated region II, or random inserts (data not
shown). The region III Gps mutants may produce a low
level of polysaccharide and thus different genes can
promote increased gellan synthesis. Cell clumping is
likely due to polysaccharide, since mutants completely
blocked in gellan synthesis do not form clumps but grow
in uniform suspension.

Sequence of genes for gellan synthesis in region I

Plasmids complementing region I Gps mutants were
analyzed by digestion with BamHI and HindIII, or
BamHI and EcoRI, and a restriction enzyme map
assembled. Appropriate restriction enzyme fragments
were subcloned and sequenced, generating a sequence of
about 22 kb. Alignment of this sequence, represented by
pYP140 (Fig. 2A), with the published sequence of genes
for S-88 sphingan synthesis (GenBank accession number

Fig. 2A–C Genes (gel) for gellan biosynthesis. Putative or known
gene functions are indicated. Genes of unknown function are
designated orf (open reading frame) and a number indicative of the
encoded amino acids. DNA segments cloned on plasmids are
shown. A Gene alignment for the cluster of gellan biosynthetic
genes (region I, GenBank accession number AY217008) and
comparison to S-88 sphingan biosynthetic genes (adapted from
Yamazaki et al. [48], GenBank accession number U51197). B
Location and arrangement of gelR, gelS and gelG genes
(AY220099). Plasmids shown were obtained from the gene library
by hybridization to a gelS-gelG probe. C Map of the gelA region
(AY220100). Plasmids complemented region III Gps (gellan
polysaccharide synthesis) mutants. The initial BamHI fragment
cloned (B) is indicated

c
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U51197 [48]) suggested that additional DNA was nee-
ded. Using mutant Gps31 (a double mutant in region I)
as recipient, complementation was performed with the
gene library. However, only an additional 2 kb of DNA
was isolated, represented by pYP155. Since additional
DNA was not obtained by functional complementation,
clones containing adjacent DNA were identified by
DNA hybridization. Colony hybridization was per-
formed on the S. elodea gene library using as a probe a
biotin-labeled 280 bp fragment amplified by PCR from
the additional 2 kb in pYP155 using primers P17 and
P18 (Table 2). Two new plasmids, pYP158 and pYP159

were isolated (Fig. 2A), and additional DNA sequenced.
This sequence was added to the original 22 kb, for a
total sequence of 31.5 kb (GenBank accession number
AY217008).

Comparison of genes for polysaccharide synthesis
in region I

The genes for gellan synthesis were compared to the
corresponding genes for synthesis of sphingan S-88 [48]
(Fig. 2A). Eighteen open reading frames (ORFs)

Table 2 Primers for PCR amplification

Primer Sequence (5¢–3¢) Restriction
site

Primer
binding
site

Purpose

P17 CTGCAGTTCCTGGCCTTTGA None pYP155 Probe for additional region I DNA
P18 GATGAAGTCGGTGGAGTGGT None pYP155 Probe for additional region I DNA
P21 TTGAGCTCGATCTCCACCCCTGG SacI 3¢ end orf385 Amplify orf189-orf276 flanking

region (660 bp)
P22 GCTCTAGATGGACATGCCGACCC XbaI 3¢ end orf189 Amplify orf189-orf276 flanking

region (660 bp)
P23 GCTCTAGACATGCTTCTCTCCTC XbaI 5¢ end of orf276 Amplify orf189-orf276 flanking

region (699 bp)
P24 AACTGCAGAAGCTCTCGTCGAAG PstI 5¢ end gelQ Amplify orf189-orf276 flanking

region (699 bp)
P25 AGCACCATCAGGAATAAGGC None 5¢ end orf385 Diagnostic for orf189-orf276

deletion
P26 ATGAAGTCGGTGGAGTGGTA None 3¢ end gelQ Diagnostic for orf189-orf276

deletion
NH-P17 ACTCTAGACGCTGCAGCGCATCATC XbaI gelI Amplify gelI internal region

(416 bp)
NH-P18 ACGAGCTCATCTTGCCGGCGATTTC SacI gelI Amplify gelI internal region

(416 bp)
RC-P17V ATTCTCACCGGATTCAGTCGTCA None pLO2P Diagnostic for vector

integration (pair with NH-P17)
RC-P8 CCAAGCATGCATGTCGACCTCGCCTC

AATCCTC
SphI 3¢ end gelE Amplify gelM-gelN flanking

region (494 bp)
RC-P9 CCAATCTAGAGCCCTCCGCGCTCCAGACCT XbaI 5¢ end gelM Amplify gelM-gelN flanking

region (494 bp)
RC-P10 TAGGTCTAGAGCCCGCGAGCTGGTCAAG XbaI 3¢ end gelN Amplify gelM-gelN flanking

region (512 bp)
RC-P11 GAAGAGCTCGAGGCCGAGGTGATG

GTGGAGA
SacI 3¢ end atrD Amplify gelM-gelN flanking

region (512 bp)
RC-P12 CGGCACGCACGGAGCTTCAGTAA None 3¢ end gelE Diagnostics; chromosomal deletion

of gelM-gelN
RC-P13 AGCGCCAGCAGCCAGTCCGTTCGTA None 3¢ end atrD Diagnostics; chromosomal deletion

of gelM-gelN
RC-P6 CCTCTAGATGGCGGAGGCACAGACC XbaI 5¢ end urf302 Amplify urf302 internal

region (455 bp)
RC-P7 TTGAGCTCATCGGCACCACGGCGGAGAC SacI 3¢ end urf302 Amplify urf302 internal region (455 bp)
RC-P6VB GCTCAGGCGCAATCACGAA None pLO2P Diagnostic for vector integration

(pair with RC-P6)
RC-P1 TTGAGCTCACAACCGCGAGATGAT SacI 5¢ end gelF Amplify gelF internal region (503 bp)
RC-P2 GCTCTAGATCGGCCTTGGTGTAGTT XbaI 3¢ end gelF Amplify gelF internal region (503 bp)
P35 TTGGTTGGTCATGGCGACAT None spsG Amplification of S-88 spsG for probe
P36 CGCCGTGACTACAACCAAAA None spsG Amplification of S-88 spsG for probe
P37 GGGACTTCTATCACGTCTGA None spsS Amplification of S-88 spsS for probe
P38 AAATGTCGCCATGACCAACC None spsS Amplification of S-88 spsS for probe
P39 AACGAGGGTAGAGTACATGC None spsR Amplification of S-88 spsR for probe
P40 GTCAGACGTGATAGAAGTCC None spsR Amplification of S-88 spsR for probe
P41 TTCCTAATCCTTGTCGCCAA None gelS Amplification of portion of gelG

and gelS for probe
P42 GGGATCCATATGCAAAAAGCT None gelG Amplification of portion of gelG

and gelS for probe

76



spanning 21 kb, were colinear with the S-88 gene cluster
from spsQ to rmlD. Based on comparison to the S-88
biosynthetic genes [35, 48] and Blast searches of Gen-
Bank, four genes (gelB, gelK, gelL and gelQ) appear to
encode glycosyl transferases for the tetrasaccharide re-
peat unit of the backbone, four genes (gelD, gelC, gelE
and gelJ) have DNA sequences homologous to genes for
secretion of polysaccharides, two genes (atrD, atrB) are
homologous to genes for ABC transporters of proteins,
and four genes (rmlA, rmlC, rmlB and rmlD) are in-
volved in the synthesis of the sugar-nucleotide precursor
dTDP-L-rhamnose.

A comparison of the protein homologies of the
gellan and S-88 sphingan gene products shows a broad
range of sequence conservation. The four genes for
dTDP-L-rhamnose synthesis are highly conserved (91–
98% amino acid identity). Genes encoding the glycosyl
transferases [35, 45] are less conserved, e.g., gelB and
spsB encoding transferase I (86% identity); gelK and
spsK encoding transferase II (87%); gelL and spsL,
which likely encode transferase III (77%); and gelQ
and spsQ, possibly encoding transferase IV (67%
identity). Homology between gelB and spsB varies in
different parts of the gene. The carboxyl portions (277
amino acids) are very homologous (93% identical),
whereas the amino portions (193 amino acids) are
more variable (74% identical). The carboxyl portion of
GelB has strong homology to glycosyl transferases. As
with the S-88 SpsB protein [48], fewer proteins have
homology to the amino portion of GelB. Homology
extending into the amino portion of the GelB protein
was found in Blast search of GenBank for putative
glycosyl transferases from Mesorhizobium loti and
Sinorhizobium meliloti and hypothetical proteins from
Novosphingobium aromaticivorans, Azotobacter vinelan-
dii and Rhodopseudomonas palustris. Based on trans-
lated DNA sequences, proteins for polysaccharide
secretion (GelJ, GelD, GelC, and GelE) had homolo-
gies relative to S88 proteins of 87%, 79%, 87%, and
88%, respectively. The AtrD and AtrB proteins were
92% and 97% identical to the S-88 proteins. The
function of the genes with the least homology, gelF
and spsF (61%), is unknown, and no other genes with
significant homology were found in Blast searches of
GenBank.

One major difference noted was the absence of genes
at one end of the gellan gene cluster corresponding to
S-88 genes spsR, spsS and spsG. DNA sequences 7.8 kb
beyond gelQ and portions of DNA at a distance of up to
14 kb were examined and no homologs to these S-88
genes were found. Among six additional ORFs located
adjacent to the gene cluster, at the position where spsR,
spsS and spsG are found in the S-88 gene cluster, no
homologies with known polysaccharide biosynthetic
genes were found by Blast analysis. Two of these ORFs
were predicted to encode DNA gyrase subunit B (gyrB)
and ferrichrome receptor (fhuA) homologs (Fig. 2A).

Another difference in gene organization was noted. In
the S-88 sphingan gene cluster, the gene urf31 (an

unidentified reading frame encoding a 31 kDa protein) is
located between rmlD and urf34 (an unidentified reading
frame encoding a 34 kDa protein). No homolog of urf31
was found in the gellan gene cluster, and the start codon
for the adjacent gene designated orf302 (homolog of
urf34) corresponding to the start codon of urf34 is
missing, but translation likely starts at a GTG codon
corresponding to a position 48 bp downstream from the
start in the S-88 sphingan gene cluster, encoding a
smaller protein. At the right end of the region sequenced
is an unidentified ORF (orf209) with weak homology to
methyl transferases and part of a gene with homology to
dpp (encoding a dipeptidylpeptidase), suggesting that the
end of the gellan biosynthetic gene cluster has been
reached.

The sequenced DNA of region I has a high GC
content (66.5%), as expected for Sphingomonas. Most of
the genes have an ATG start codon, except gelJ, gelC
and orf302, which utilize a GTG start codon, as do S-88
spsJ and spsC. Several genes have overlapping stop/start
codons, gelK-gelL (ATGA), gelC-gelE (TGATG), atrB-
atrD (ATGA), rmlA-rmlC (ATGA), and rmlB-rmlD
(TGATG), indicating they are cistronically linked. The
end of gelM overlaps the start of gelN by 17 bp. The 3¢
ends of orf302 and orf206 overlap by 26 bp. On a DNA
level, intercistronic regions were less conserved than
protein coding regions; however, an 81 bp segment
immediately upstream of gelB and spsB was highly
conserved (80 identical residues), although the remain-
der of the 636 bp intercistronic region was variable. This
conservation of sequence suggests that this region may
have an important regulatory function.

Insertion inactivation of unidentified
genes in region I

Putative functions for most of the genes in region I
could be inferred based on homology to other proteins
in the databases, or to functions determined by T. Pol-
lock and coworkers [35, 48]. Several genes including
three ORFs flanking the gene cluster (orf189, orf276,
orf302) and four genes within the gene cluster (gelI, gelF,
gelM and gelN) were of unknown function. To deter-
mine if they affect gellan synthesis or composition,
particularly acyl substituents, these genes were inacti-
vated by insertion or deletion mutation. Primers used for
construction and confirmation of mutants are shown in
Table 2.

orf189–orf276

Of particular interest were two genes adjacent to the
gellan gene cluster at the point of divergence from the
S-88 genes (Fig. 2A). Gene orf189 encodes a protein
with homology to N-acetyl transferases. Gene orf276
encodes a protein with homology to numerous con-
served hypothetical proteins. A deletion of most of
these two genes was constructed. Primers P21+P22
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and P23+P24 were used to amplify flanking DNA
fragments by PCR, which were cloned into pLO2 and
used to replace the genes in the chromosome. There
were no apparent deleterious effects on growth or
gellan production or change in the composition of
gellan (Table 3). Thus, these genes are apparently not
involved in gellan biosynthesis or modification with
O-acyl substituents.

gelI

A function for spsI of S-88 was not specified by Yama-
zaki et al. [48]. PCR primers (NH-P17 and NH-P18)
were used to amplify an internal fragment from gene
gelI, which was cloned into plasmid pLO2 and used to
inactivate the gene on the chromosome by insertion of
the plasmid. The gelI mutant had altered colonial mor-
phology (mucoid but runnier), less viscous broth, and
20% lower yield of total precipitable material (Table 3).
The composition (glucose, rhamnose, acetyl and glyc-
eryl) was comparable to the control. Thus, the gelI gene
affects the amount of gellan polysaccharide, but not its
composition. Blast analysis showed weak homology
(16–22% identity) between the GelI protein and pept-
idyl-prolyl cis-trans isomerases from Methylobacillus sp.
12S, Caulobacter crescentus, Clostridium acetobutylicum,
Brucella melitensis, Brucella suis and Pseudomonas
aeruginosa and the prsA gene of Bacillus subtilis. Pept-
idyl-prolyl cis-trans isomerase is involved in protein
folding and export [22].

gelM–gelN

Functions for Sphingomonas S-88 genes urf32 and urf26
(unknown reading frames) were not identified, and
mutations in these genes did not block sphingan pro-
duction [48]. A deletion of most of the corresponding
S. elodea genes gelM and gelN was constructed by gene
replacement, using PCR to amplify a fragment including
the end of gelE and start of gelM (primers RC-P8 and
RC-P9), and a fragment with the end of gelN and part of
atrD (RC-P10 and RC-P11). Mutants with deletion of
gelM-gelN exhibited slightly mucoid, soft colonies
compared to the mucoid hard colonies of the wild-type.
In shake flask fermentation, the DgelM-gelN broth was
fluid and smooth compared to the more solid, viscous
wild-type broth. For the mutant strain, total precipitable

yields were 78% and broth viscosity was only 30%
(3,000 vs. 10,000 cP) of that of wild-type. The compo-
sition of gellan from the mutant strains was comparable
to wild-type gellan (Table 3). Thus, one or both of these
genes affects the amount of gellan produced. These genes
appear to be in an operon with other gel genes for gellan
secretion, and are therefore designated gel. The proteins
encoded by genes gelM and gelN were homologous to
morphology proteins 1 and 2 of Zoogloea ramigera [25]
(28% and 15% identity, respectively), the EpsH and
EpsI proteins of Methylobacillus sp.12S [49] (33% and
22%, respectively) and to several hypothetical proteins.

orf302

Gene orf302, which is homologous to, but smaller than,
gene urf34 of S-88 [48], encodes a protein with homology
to integral membrane proteins. A mutation in orf302
was constructed by insertional inactivation, after cloning
an internal fragment (PCR primers RC-P6 and RC-P7).
The orf302 mutants were mucoid on plates and had
yields of total precipitable material and composition of
gellan comparable to wild-type (Table 3). Thus, this
gene does not appear to be involved in synthesis of
gellan.

gelF

An attempt was made to insert pLO2 into gelF by
amplification and cloning of an internal region of gelF
using primers RC-P1 and RC-P2. While insertion could
be made in a transferase I-deficient mutant (Gps2), no
KmR colonies were obtained in the wild-type strain.
Mutation in gelF may be lethal if gellan synthesis has
been initiated on the lipid carrier. A broad-host-range
plasmid (pYP3.6XDBam) containing the transferase I
gene was mated into Gps2 and Gps2-gelF�. Many
mucoid transconjugants were obtained for Gps2 (con-
fluent growth on selection plates), whereas only five
colonies were obtained with Gps2-gelF�, again sug-
gesting that the mutation in gelF is lethal, unless the first
step in formation of lipid-linked intermediates is
blocked. Such lethality could be due to accumulation of
tetrasaccharide repeat units on the lipid carrier that
cannot be polymerized, which may impair cell wall
synthesis [35]. Alternatively, this mutation in gelF may
exert a polarity effect on downstream genes, since gelF is
the first gene in what appears to be an operon of six
genes, many of which are involved in polysaccharide
secretion. Yamazaki et al. [48] report mutants in spsF,
spsD, spsC and spsE; however, these mutants may have
acquired spontaneous mutations in spsB. Many of the
mutants described in their reports were double mutants
also defective in transferase I [35, 48]. Due to this
putative lethality of mutations in genes encoding
downstream steps in the biosynthesis of gellan, most of
the region I nonmucoid mutants obtained were in gene
gelB encoding transferase I.

Table 3 Yield and composition of gellan from mutant strains

Strain Total precipitable
material g/100 ml

Acetyl/
repeat

Glyceryl/
repeat

Wild-type
(plasmid cured)

1.42±0.13 (n=4) 0.65 0.62

Dorf189–276 1.38±0.02 (n=3) 0.59 0.55
gelI� 1.13±0.03 (n=4) 0.59 0.71
DgelM–gelN 1.11±0.05 (n=4) 0.58 0.76
orf302� 1.42±0.05 (n=3) 0.58 0.80
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Identification of gelR, gelS, and gelG genes

To determine if genes corresponding to spsR, spsS and
spsG are present in S. elodea, chromosomal DNA was
digested with restriction enzymes (BamHI, EcoRI, and
HindIII) and hybridized with probes corresponding to
the S-88 genes. DNA fragments were amplified from the
S-88 spsG, spsS, and spsR genes using PCR (primer pairs
P35/P36, P37/P38, P39/P40, Table 2) and digoxigenin-
labeled dUTP. Positive signals on Southern hybridiza-
tion were obtained for all three probes, confirming that
homologous genes are present in S. elodea. Hybridizing
fragments were 1.4 and 2.4 kb (BamHI), 2.3 kb (EcoRI),
and 0.9 and 2.2 kb (HindIII). To make a probe specific
for S. elodea, genomic BamHI fragments of about 1.4 kb
were excised from a gel, ligated into plasmid pZERO
and transformed into E. coli DH10B. Transformants
were tested by hybridization of the spsS probe to iso-
lated plasmids. One of 144 transformants had the cor-
rect fragment cloned, which was confirmed by DNA
sequencing. Specific primers were designed (P41/P42)
and the 1.4 kb fragment amplified from the cloned DNA
by PCR incorporating digoxigenin-labeled dUTP. This
probe was used to identify plasmids from the S. elodea
cosmid gene library that carried these genes, by colony
hybridization. Plasmids that hybridized to the probe
were analyzed by restriction enzyme digestion and
mapping. Fragments that corresponded to the sizes
expected based on the Southern hybridization were
sequenced, along with adjacent DNA (Fig. 2B, Gen-
Bank accession number AY220099).

The gelR, gelS and gelG genes appear to be in an
operon in the same order as in the S-88 sps gene cluster,
but not adjacent to the genes in the region I gene cluster.
The sequence of the gelR, gelS and gelG genes showed
that the proteins encoded are more divergent from the
S-88 homologous proteins than are those encoded in
region I. The GelR protein was somewhat smaller than
its S-88 homolog (659 vs 670 amino acids) with
49% identity, and had homology to surface layer pro-
teins and outer membrane proteins. The GelS protein
was smaller than SpsS (426 vs 452 amino acids) with
56% identity and 26 fewer amino acids at the amino
terminus. GelS had homology to membrane proteins
involved in polysaccharide export, and had 22% iden-
tity to the protein encoded by an E. coli wzx gene
(GenBank AAK64374.1), a putative O-antigen flippase,
which may be involved in transport of lipopolysaccha-
ride [27]. The GelG protein was larger than SpsG (553 vs
539 amino acids) with 44% identity, and was homolo-
gous to several hypothetical proteins. A portion of the
protein (amino acids 400–462) was homologous to a
consensus sequence for pfam04932 or Wzy, a putative
O-antigen polymerase [5].

Genes gelS and gelG have GTG start codons. The
GC content of the gelR, gelS, and gelG genes (58.3%)
was distinctly less than that of the overall region cloned
on these plasmids (67.4%) and that of region I (66.5%).
Flanking the gelR, gelS, gelG genes are a cluster of genes

encoding proteins for nitrogen assimilation, and genes
encoding prolyl tRNA synthetase, and arginine-tRNA-
protein transferase (Fig. 2B).

Regulatory gene affecting gellan synthesis

Of the 51 nonmucoid mutants isolated following EMS
mutagenesis, about half (25) mapped to region I, in
particular the gelB gene encoding transferase I. The
other 26 mutants were restored to full mucoidy by
region III plasmids. Restriction enzyme maps of these
plasmids were compared and 4 kb found to be in com-
mon in the inserts. A 4.6 kb BamHI fragment spanning
this 4 kb DNA was cloned, sequenced and shown to
contain a large ORF encoding a protein of 796 amino
acids that was homologous to two component regula-
tory proteins. This protein had regions homologous to
both sensor kinase and response regulator proteins,
suggesting that this gene codes for one protein that has
both motifs. Thus, this gene may encode a positive
regulator for gellan synthesis and is designated gelA.
Additional DNA adjacent to gelA was sequenced from
pYP225. Flanking gelA are genes encoding an unknown
protein, a homolog to valyl tRNA synthetase, and a
conserved small protein (Fig. 2C, GenBank accession
number AY220100).

Mutants that map to region III appeared nonmucoid
on YM agar, but most displayed a clumping phenotype
when grown in liquid medium. In contrast, nonmucoid
mutants in region I (primarily transferase I-defective)
grew uniformly in suspension. The clumping phenotype
suggests that a low amount of polysaccharide was pro-
duced, which caused the cell association typical of
S. elodea. The partial complementation observed with
plasmids containing region I DNA may be due to in-
creased production of polysaccharide with excess copies
of genes in the biosynthetic pathway. Partial comple-
mentation of region III mutants was also observed with
plasmids containing DNA from another region (II) that
has not been fully characterized. Partial sequencing of
region II indicates the presence of genes for a sensory
transduction histidine kinase, AMP nucleosidase, S-
adenosyl homocysteine hydrolase, iron receptor protein
and three unidentified genes, but whether any of these
genes has a role in gellan synthesis has not yet been
elucidated. Unique plasmids with DNA from regions I,
II and III were mated into mutants of Xanthomonas
campestris defective in genes encoding UDP-glucose
pyrophosphorylase and UDP-glucose dehydrogenase
[12], enzymes essential for synthesis of the sugar nucle-
otides UDP-glucose and UDP-glucuronic acid, required
for both gellan and xanthan synthesis. No complemen-
tation was observed, suggesting that these genes are not
present on the plasmids. Plasmids containing gelB
encoding transferase I (e.g., pYP3.6XDBam, Fig. 2A)
did complement a transferase I-deficient mutant of X.
campestris, (xps109) [11], as expected since the first step
in polysaccharide biosynthesis, formation of glucose-
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isoprenylpyrophosphate, is in common in these organ-
isms [13, 34, 35, 48].

Discussion

Several Sphingomonas strains produce polysaccharides
with related structures [e.g., S-7, S-60 (gellan), S-88,
S-130 (welan), S-194 (rhamsan), S-198, S-657 (diutan)
and NW11] that have unique rheological properties [19,
24, 29, 32]. Recent taxonomic studies (unpublished data)
indicate that the Sphingomonas strains producing poly-
saccharides S-88, S-198, and diutan (which all have
rhamnose side chains) are closely related to each other
and to the strain Sphingomonas trueperi based on 16S
ribosomal RNA homology. S. elodea producing gellan is
most closely related to Sphingomonas pituitosa (unpub-
lished data). In this report, the genes for gellan biosyn-
thesis were isolated and compared to the sequenced
genes for synthesis of S-88 [48]. While many of the genes
were similar, differences were noted in gene organization
and homology between related proteins. The arrange-
ment of genes is different with respect to the location of
homologs of spsR, spsS and spsG, and the lack of a
homolog to S-88 gene urf31. A gene with homology to S-
88 urf31 is present in the diutan biosynthetic gene cluster
(R. J. Coleman, unpublished results). Since diutan, like
the S-88 polysaccharide, has a rhamnose side chain [3],
urf31 may be involved in addition of this rhamnose
substituent. The biosynthetic gene cluster for S-7, which
has glucose rather than rhamnose in the side chain, also
lacks a homolog to gene urf31 [43].

There were variable degrees of homology between
genes for synthesis of S-88 and gellan polysaccharides in
the main gene cluster (61–98% amino acid identity, based
on translated DNA). The most variable genes (61%
identity) in the main gene cluster were gelF and spsF,
which encode an unknown function essential for poly-
saccharide synthesis.Mutations in gelFwere not obtained
when a functional glycosyl transferase I was present,
indicating possible lethality of this mutation, presumably
due to accumulation of lipid-linked oligosaccharide
intermediates [35], suggesting a role for GelF in a down-
stream step, e.g., polymerization or secretion. Glycosyl
transferases III and IV were more variable (77% and
67% identity) than transferases I and II (86% and 87%).
For both polysaccharides, transferase III links glucose to
glucuronic acid. For transferase IV, the substrate speci-
ficity may be different. S-88 can have L-rhamnose or
L-mannose in the fourth position, whereas gellan contains
only L-rhamnose. For transferase I, the carboxyl portion
was more conserved (93% identity) than the amino por-
tion (74%), and had homology to other glycosyl trans-
ferases, suggesting that the carboxyl portion likely
encodes the enzymatic activity. In X. campestris, the car-
boxyl portion of transferase I is sufficient for enzymatic
activity [21]. Gene gelK encoding the glucuronosyl
transferase is one gene in the gellan and S-88 biosynthetic
clusters, but in many other organisms (e.g., Rhizobium,

Streptococcus and Lactococcus), homologs to gelK are
two genes, one encoding a transferase and the other a
transferase enhancer protein [45]. GelK protein has been
purified and the amino portion shown to be membrane-
bound whereas the carboxyl protein was soluble [45].
Thus, the carboxyl portion of these enzymes may encode
the enzymatic activity while the amino portion (or a sep-
arate protein) encodes a function that could be involved in
anchoring the protein in the membrane or in a complex of
proteins involved in polysaccharide synthesis. Two genes
required for secretion, gelC and gelE, encode proteins that
are encoded by one gene (wzc) in many Gram-negative
bacteria, where GelC is homologous to the amino portion
and GelE to the carboxyl portion. Wzc is a tyrosine
autokinase involved in secretion of capsular polysaccha-
ride in E. coli and Klebsiella [5, 36, 46, 47]. Gram-positive
bacteria also encode this activity as two proteins corre-
sponding to the amino and carboxyl domains of the Wzc
protein from E. coli [47]. Since many of the proteins in-
volved in polysaccharide biosynthesis likely form a com-
plex within the cell membrane, the observed difference in
amino acid sequences for homologous proteins may re-
flect the involvement of these proteins in protein-protein
interactions or associations with other components of the
cell membrane.

Several genes for which functions were not reported in
previous studies [35, 48] have been analyzed by gene
inactivation. A deletion of gelM-gelN and inactivation of
gelI resulted in softer, lessmucoid, colonies, lower amount
of gellan, and lower broth viscosity. It has not been
determined whether the decrease in viscosity is due en-
tirely to production of less gellan or to production of
gellan with lower molecular weight. GelM and GelN
are homologous to morphology proteins 1 and 2 of
Z. ramigera [25], which affect colony morphology, i.e.,
rugose or capsular versus smooth. As with the gelM-gelN
deletion mutants, the variants of Z. ramigera produced
polysaccharide with the same sugar and organic acid
composition. GelM and GelN are also homologous to
EpsH (a membrane protein) and EpsI (a putative export
protein) involved in exopolysaccharide synthesis in
Methylobacillus sp.12S [49]. Thus, gelMor gelN affects the
amount of gellan and might affect the length or attach-
ment of the polysaccharide molecules. The enzymatic
function of the protein encoded by gelI is unknown.Weak
homology (16–22%) was detected to peptidyl-prolyl cis-
trans isomerase, which is involved in protein folding and
export [22]. This homology and the phenotype of de-
creased gellan production suggest a possible involvement
in processing of proteins involved in secretion of the
polysaccharide. Inactivation of three genes of unknown
function flanking the gellan biosynthetic gene cluster
(orf189, orf276 and orf302) indicated that these genes did
not affect gellan synthesis, composition or O-acyl modi-
fication. Genes for addition of acetyl or glyceryl to gellan
were not identified in the region I gene cluster.

Genes gelR, gelS and gelG were found in an operon
unlinked to the main gene cluster, whereas in S-88 these
genes are adjacent to other genes for polysaccharide
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synthesis. Differences in the arrangement of the R, S, G
genes were also observed for Sphingomonas strains
ATCC 21423 that produces S-7 polysaccharide [43], and
ATCC 53159 that produces diutan (unpublished results).
Although a gene homologous to spsG is present in the
S-7 biosynthetic gene cluster, genes corresponding to
spsS and spsR are not in the cluster [43], but their
presence elsewhere on the genome has not been re-
ported. The diutan gene cluster has homologs to spsG
and spsR but lacks a homolog to spsS. The gelR, gelS
and gelG genes vary considerably in DNA sequence
from their S-88 homologs (44–56% identity). Pollock
and coworkers reported that inactivation of spsG or spsS
blocked sphingan synthesis, indicating that these genes
are essential for polysaccharide production [48]. GelG
and GelS are hydrophobic proteins and may function in
polymerization and export of gellan polysaccharide.
GelS is homologous to the Wzx protein of E. coli, which
is postulated to be a flippase involved in transport of
lipid-linked repeat units across the cytoplasmic mem-
brane [27]. A portion of the GelG protein was homol-
ogous to Pfam04932 or Wzy, a putative O-antigen
polymerase [5]. The GelR protein had homology to
surface proteins and outer membrane proteins. SpsR has
been reported to have a secondary structure similar to
that of PlyA and PlyB of Rhizobium leguminosarum,
although there is low sequence similarity [8]. PlyA and
PlyB are secreted, but cell-associated, proteins with
polysaccharide degradation activity. Mutations of plyB
result in formation of longer chains of polysaccharide
resulting in increased culture viscosity. These proteins
are secreted by type I secretion systems, similar to those
encoded by atrB and atrD [8].

S. elodea and other Sphingomonas strains [33], exhibit
sessile-motile dimorphism. The motile phenotype could
be due to hydrolysis of the polysaccharide or release of
the polysaccharide from its attachment on the cell sur-
face. GelR and SpsR may be polysaccharide lyases in-
volved in hydrolysis of polysaccharide to liberate the
cells from the capsule under conditions of nutrient lim-
itation, promoting cell motility.

The gene gelA, encoding a two-component regulatory
protein, that was not linked to either the main gellan
biosynthetic gene cluster or to the gelR, gelS, gelG op-
eron was also identified. This gene encodes a protein of
796 amino acids that has regions homologous to both
sensor kinase and response regulatory proteins, and
complemented mutants that were nonmucoid on agar,
but produced a low amount of polysaccharide as indi-
cated by their clumping phenotype in liquid culture. This
gene may encode a regulatory protein that senses envi-
ronmental conditions, e.g., nutrient levels, and turns on
gellan production under conditions of abundant carbon
source. Improved understanding of the genetics, bio-
chemistry and regulation of polysaccharide synthesis in
the Sphingomonads may lead to techniques for pro-
duction of modified polysaccharides with improved
functional characteristics.
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