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Lactococcus lactis subsp. cremoris Ropy352 produces two distinct heteropolysaccharides, phenotypically
described as ropy and mucoid, when cultured in nonfat milk. One exopolysaccharide precipitated with 50%
ethanol as a series of elongated threads and was composed of glucose and galactose in a molar ratio of 3:2. The
second exopolysaccharide precipitated with 75% ethanol as a fine flocculant and consisted of galactose, glucose,
and mannose with a molar ratio of 67:21:12. A mutant strain, L. lactis subsp. cremoris EK240, lacking the ropy
phenotype did not produce the exopolysaccharide that precipitated with 50% ethanol; however, it produced the
exopolysaccharide that precipitated with 75% ethanol, indicating that the former exopolysaccharide is essential
for the ropy phenotype. Cultures of L. lactis subsp. cremoris Ropy352 in 10% nonfat milk reached a viscosity of
25 Pa-s after 24 h, while those of the nonropy L. lactis subsp. cremoris EK240 mutant did not change. A
mutation abolishing ropy exopolysaccharide expression mapped to a region on a plasmid containing two open
reading frames, epsM and epsN, encoding novel glycosyltransferases bordered by ISS1 elements oriented in the
same direction. Sequencing of this plasmid revealed two other regions involved in exopolysaccharide expres-
sion, an operon located between partial IS981 and IS982 elements, and an independent gene, epsU. Two and
possibly three of these regions are involved in L. lactis subsp. cremoris Ropy352 exopolysaccharide expression
and are arranged in a novel fashion different from that of typical lactococcal exopolysaccharide loci, and this
provides genetic evidence for exopolysaccharide gene reorganization and evolution in Lactococcus.

The use of lactic acid bacteria (LAB) for the manufacture of
fermented milk products has been ongoing for centuries, with
exopolysaccharides (EPS) produced by this group becoming
ever more important in food production. Consumers are in-
creasingly demanding fresh and natural foods free of overpro-
cessing and additives such as stabilizers and preservatives (56).
As a group, LAB are generally recognized as safe, and EPS
from LAB are considered natural products (31). The EPS from
LAB provide unique characteristics that are proving extremely
useful in stabilizing dairy products and improving their rheo-
logical properties (45). The compositions and structures of
these EPS are highly diverse, yet all are reported to have
similar thickening effects (7, 11, 43). Ropy strains of LAB yield
fermented milk products having smoother body, higher viscos-
ity, and less syneresis than products made with nonropy strains
(6, 55) and are of particular interest in Scandinavian milk
products such as viili and langmjolk (27). Ropy starter cultures
also provide benefits for yogurt production. In Mexico, where
the milk supply routinely faces shortages, yogurt can be made
with less total milk solids if a ropy starter culture is used (55).
However, the usefulness and desirability of EPS-producing
strains are not without problems. Depending on the culture
medium and conditions, some strains can produce excessive

ropiness and undesirable sensory characteristics (48, 55). Al-
though much research focuses on monoculturing of yogurts for
testing, mixed cultures of ropy and nonropy strains are recom-
mended to achieve a proper balance (7, 27, 30). Since LAB are
perceived as natural and have historically been used in foods,
they are a good source of more and potentially superior poly-
mers for use in healthy foods (31).

Several structures of LAB EPS have been recently reviewed
(25). Nakajima et al. (33, 34) have described a high-molecular-
weight EPS produced by Lactococcus lactis subsp. cremoris
STB 0495 cultured on whey permeate medium. This EPS was
composed of D-glucose, D-galactose, L-rhamnose, and phos-
phate, while � linkages preponderated in its structure. Mar-
shall et al. (29) described two EPS from L. lactis subsp. cre-
moris LC330 grown on a defined medium that are quite
different from one another; one is a neutral, high-molecular-
weight polysaccharide consisting of galactose, glucose, and glu-
cosamine, whereas the second polysaccharide is much lower in
molecular weight and contains glucose, galactose, rhamnose,
glucosamine, and phosphate.

In the lactococcal strains examined so far, the genetic loci
for EPS expression have been reported to be associated with
plasmids of various sizes, i.e., 4.5 MDa (53), 17 MDa (35), 18.5
MDa (52), 19.8 MDa (24), 26.5 MDa (50), 30 MDa (35, 54),
and 38.3 MDa (15). The presence of the EPS genes on plas-
mids has been implicated as the cause of EPS expression in-
stability with higher temperatures and frequent transfers (11,
52). More recently, the presence of mobile IS elements bor-
dering EPS operons has also been thought to provide a means
for instability of EPS expression (5, 16). Indeed, many strains
of Lactococcus have been shown to carry multiple copies of the
insertion sequences ISS1 and IS981 (37). Mobile elements are
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well known for enabling genetic exchange among different
genera (9), and these events are suspected of contributing to
the evolution of several cellular behaviors including the orga-
nization of EPS loci (5, 26), degradation of complex xenobiot-
ics (46, 49), spread of antibiotic resistance (10), and bacterial
pathogenesis (2, 32).

EPS-expressing LAB have been studied on the genetic level
to determine the organization and characterization of the
genes necessary for EPS expression. Members of the Lactoba-
cillus (25), Lactococcus (50), and Streptococcus (43) genera
have been studied, and the genes necessary for EPS expression
were found to be grouped into a single locus. A general orga-
nization of genes involved in EPS expression has emerged
beginning with regulation, chain length determination, synthe-
sis of the repeating units, polymerization, and finally export
(22, 25, 44); however, there are exceptions (5, 51).

In our previous studies of L. lactis subsp. cremoris Ropy352,
we found that this strain produces two distinct EPS, phenotyp-
ically described as ropy and mucoid, and that mutations could
be isolated impacting one EPS but not the other EPS (23). This
report examines the EPS operon and associated gene cluster
responsible for ropy EPS expression in the L. lactis subsp.
cremoris Ropy352 strain. The chemical composition and phys-
ical properties of two EPS produced by L. lactis subsp. cremoris
Ropy352 and a nonropy mutant when cultured in nonfat milk
medium are also described.

MATERIALS AND METHODS

Bacterial strains and media. Frozen stock lactococcal cultures were main-
tained in 11% reconstituted nonfat dry milk containing 20% glycerol at �70°C.
The strains used included L. lactis subsp. cremoris Ropy352 (13); L. lactis subsp.
cremoris Ropy352 nonropy mutant EK240 (L. lactis subsp. cremoris Ropy352
EK238 [23] cured of pGh9:ISS1); spontaneous L. lactis subsp. cremoris Ropy352
nonropy strains EK316, EK317, and EK318 (this study); and strain EK396 (L.
lactis MG1363 [17] harboring pEK396). The plasmids used included pEPS352
(native ropy EPS plasmid), pGh9:ISS1 (28), pEK238 (pGh9:ISS1 with a fragment
of the insertion locus [see Fig. 4] isolated with HindIII), and pEK396 (pGh9:ISS1
with a fragment of the insertion locus [see Fig. 4] isolated with EcoRI). Strains
were cultured on whey agar as previously described (23). Isolated colonies were
transferred to M17-glucose broth (47), grown at 30°C without shaking for 24 h,
and used for further manipulations or inoculations. The ropy EPS phenotype was
assayed on whey-glucose agar as previously described (23). Colonies were scored
as ropy if visible strings greater than 5 mm in length were observed and nonropy
if no strings were observed (53).

Electroporation, DNA isolation, PCR, and sequencing. Electroporation of
Lactococcus was carried out as previously described (23). Plasmid DNA from
Lactococcus was isolated as previously described (36). Plasmid DNA was elec-
trophoresed in 0.7% agarose gels to generate plasmid profiles. DNA sequencing
was done on an Applied Biosystems 3730 Genetic Analyzer with Big Dye Ter-
minator chemistry at the Center for Gene Research and Biotechnology’s Central
Services Laboratory (Oregon State University, Corvallis). PCR-based walking
was performed as previously described (21).

Production and isolation of EPS. All EPS production medium consisted of
10% nonfat milk, which was prepared by dissolving dry nonfat milk powder in
deionized water at room temperature for 1 h and then sterilizing the mixture for
12 min at 120°C. Typically, 1 liter of milk medium was placed in a 2.8-liter
Fernbach flask for culture. When culturing L. lactis subsp. cremoris Ropy352, the
milk medium was inoculated from single colonies that tested positive for the ropy
phenotype on whey agar plates. After a 16-h static culture at 30°C, the milk
solution had changed to a more gel-like consistency. When culturing L. lactis
subsp. cremoris EK240, individual colonies that were not ropy were picked from
whey agar plates and cultured as described above. In each case, the culture
broths were transferred to 500-ml centrifuge bottles and the insoluble fraction
was pelleted at 10,000 � g for 20 min. The clarified supernatant was then
transferred to dialysis tubing with a 6- to 8-kDa MWCO (Spectra/Por 1; Spec-

trum Laboratories, Inc., Laguna Hills, CA) and dialyzed against water containing
0.02% sodium azide for at least 24 h.

The volume of the contents of the dialysis tubing was then measured, and an
equal volume of absolute ethanol was added while the solution was stirred in an
ice bath. L. lactis subsp. cremoris Ropy352 cultures yielded a precipitate consist-
ing of elongated threads that formed in the mixture and were collected by
centrifugation as described above. To the remaining supernatant, 2 additional
volumes of absolute ethanol were added and the mixture was allowed to stand at
4°C for 24 h. After this time, a fine flocculent precipitate formed and was
collected by centrifugation. When treating the supernatant obtained from 16-h
cultures of L. lactis subsp. cremoris EK240, no precipitates formed when 1
volume of ethanol was added, so 2 additional volumes of ethanol were added and
the mixture was treated as just described. The ropy fraction from L. lactis subsp.
cremoris Ropy352 was resuspended in a small volume of deionized water, and
solid trichloroacetic acid was added to yield a 15% (wt/vol) solution in order to
precipitate residual protein. The solution was allowed to stand for 10 min in an
ice bath and then centrifuged at 30,000 � g for 30 min at 4°C. The supernatant
containing the EPS was again dialyzed against deionized water. The same pro-
cedure to remove residual protein was applied to the flocculant (F) fraction from
both L. lactis subsp. cremoris Ropy352 and EK240. Total polysaccharide recovery
was determined from the dry weight of the final lyophilized material. For both
EPS (ropy and F fractions), the final protein concentration was determined by
the bicinchoninic acid method (BCA assay; Pierce Chemical Co., Rockford, IL)
and phosphorus content was measured as described by Ames (1).

Characterization of EPS by size exclusion chromatography (SEC) with mul-
tiangle laser light scattering (MALLS) detection. Purified EPS (ropy fraction
from L. lactis subsp. cremoris Ropy352 and F fractions from L. lactis subsp.
cremoris Ropy352 and EK240) were filtered through a 0.45-�m syringe filter and
injected onto a high-performance liquid chromatography (HPLC) apparatus
equipped with a Showdex OH-pak KB-806 M column (0.8 by 30 cm; Waters
Corp., Milford, MA) equilibrated in water pumped at a flow rate of 1 ml/min at
room temperature. A Wyatt Technology DAWN EOS detector with a 690-nm
laser coupled with a Wyatt Optilab DSP interferometric refractometer was
used to analyze the column effluent. The signal from the detectors was
analyzed with the ASTRA software (version 4.73.04) from Wyatt Technology
(Santa Barbara, CA).

Characterization of purified EPS by gas chromatography-mass spectrometry
(GC-MS). The sugar compositions of these two EPS fractions have been previ-
ously described (23). To characterize the linkage sites in the EPS, a sample of
each EPS, obtained as described above, was permethylated with sodium methyl-
sulfinylmethanide and methyl iodide in dimethyl sulfoxide (40). The methylated
EPS was then hydrolyzed at 120°C for 1 h with 2 M trifluoroacetic acid. The
trifluoroacetic acid was removed by passing the sample over a minicolumn (0.5
by 5 cm) containing AG1-X8 anion-exchange resin (Bio-Rad Laboratories, Her-
cules, CA) and then drying the effluent under reduced pressure (SpeedVac;
Savant Instruments, Inc., Farmingdale, NY). The sugars were then converted to
the peracetylated aldononitrile (PAAN) derivatives (40) and analyzed by GC-MS
on a cross-linked methyl silicone column (25 mm by 0.22 mm [inside diameter]
by 0.1 �m [thickness]; Hewlett Packard, Wilmington, DE). The column temper-
ature was held for 3 min at 130°C, increased by 5°C/min to 165°C, and then held
at 165°C for 10 min; helium was used as the carrier gas.

Viscometry. The viscosity of the intact fermented milk culture produced by L.
lactis subsp. cremoris Ropy352 and the nonropy mutant L. lactis subsp. cremoris
EK240 was characterized in a rotary viscometer (LV2000; Cannon Instrument
Co., State College, PA) at room temperature with the L1 spindle. The viscosity
of a supernatant obtained by centrifugation of the intact culture was obtained in
the same fashion. The initial viscosity at the lowest spindle speed, 0.3 rpm, was
first recorded, and subsequent measurements were made at increasing spindle
speeds to estimate the shear sensitivity of the intact culture and the clarified
supernatant.

Acid titration of phosphate groups in the EPS. The degree of protonation of
the phosphate groups in the ropy and F fraction EPS was determined by titration
with base. For the ropy polysaccharide, 0.5 mg in 5 ml water was first decation-
ized by treatment with AG 50W-X1 cation-exchange resin (hydrogen form;
Bio-Rad Laboratories). The solution was then titrated by adding 20-�l aliquots
of 0.1 M NaOH and recording the pH after each addition. The same procedure
was used for the F fraction polysaccharide.

Nucleotide sequence accession number. The complete sequence of the ropy
eps gene cluster of plasmid pEPS352 is available in the GenBank database under
accession number EF192213.
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RESULTS

Properties of fermented milk products. After 24 h, the milk
medium inoculated with L. lactis subsp. cremoris strain
Ropy352 became quite firm, although there was a small
amount of liquid permeate on the surface of the culture. The
viscosity of the intact L. lactis subsp. cremoris Ropy352 culture
was 25.6 Pa-s when measured at the slowest spindle speed
setting on the viscometer, which was 0.3 rpm. At higher spindle
speeds, the viscosity decreased substantially, reaching a value
of only 2 Pa-s at 60 rpm, indicating a large degree of shear
sensitivity in the culture. Additionally, after centrifugation of
the intact L. lactis subsp. cremoris Ropy352 culture to sediment
cells and insoluble matter, the viscosity of the remaining su-
pernatant reached a value of only 10.0 Pa-s at a spindle speed
setting of 0.3 rpm. This is a significantly lower value than for
the intact culture, which indicates that it is not the polysaccha-
ride alone that is responsible for the elevated viscosity in intact
cultures of L. lactis subsp. cremoris Ropy352. Despite the sig-
nificant reduction in viscosity in the clarified supernatant, the
solution could still be described as being ropy in nature, al-
though not to the same extent as seen in the intact L. lactis
subsp. cremoris Ropy352 culture. In contrast to the results
derived from L. lactis subsp. cremoris Ropy352, the viscosity of
cultures of the nonropy mutant, L. lactis subsp. cremoris
EK240, did not change from that of the starting milk medium
during the same time period.

Production of EPS in milk. The EPS responsible for the
ropy characteristic of L. lactis subsp. cremoris strain Ropy352
was purified by precipitation with 50% ethanol, followed by
removal of residual protein by precipitation with trichloroace-
tic acid. The ropy fraction contained 204 mg/liter polysaccha-
ride and was essentially protein free (�20 �g/mg polysaccha-
ride). The ropy fraction also contained 2.3 �g phosphorus/mg
polysaccharide. Further addition of ethanol (to 75% [vol/vol],
final concentration) to the 50% ethanol supernatant yielded a
second EPS, the F fraction. The F fraction contained 7 mg/liter
polysaccharide after it was deproteinized. It contained 1.7 �g
phosphorus/mg polysaccharide.

In contrast to L. lactis subsp. cremoris Ropy352, the nonropy

mutant, L. lactis subsp. cremoris EK240, did not produce an
EPS that precipitated with 50% ethanol. However, an EPS did
precipitate with 75% ethanol (F fraction). The residual protein
concentration was negligible (�20 �g/mg polysaccharide), and
phosphorus was present at 1.5 �g/mg polysaccharide.

Molecular mass analysis. The purified ropy fraction EPS
was analyzed by HPLC SEC-MALLS. The ropy EPS eluted
from the SEC column as a single, moderately broad peak (Fig. 1).
Analysis of the molar mass along the peak indicated significant
heterogeneity in mass in the ropy fraction, which is seen as a
downward-sloping line on a plot of molar mass versus time.
The polysaccharide emerging at the front of the peak had a
mass close to 107 Da, and at the top of the peak the average
mass was approximately 2 � 106 Da. The EPS that emerged at
the end of the peak had a mass of approximately 8 � 105 Da.
An analysis of the root mean square radius of the EPS showed
that it too was moderately heterogeneous, ranging from a high
of approximately 250 nm down to around 70 nm, with a mean
value for the root mean square radius of 100 nm.

Sugar linkages. The predominant sugar found in the ropy
EPS, at 36 mol%, is (1,4)-linked glucose (Table 1). The only
sugar found as a terminal nonreducing end group was galac-
tose at 27 mol%; this quantity is indicative of a highly branched
structure. A (1,4,6)-linked glucose residue was found at a con-
centration of 21 mol%; the three linkage sites indicate that it is
a branch point in this structure. The least represented sugar
was the (1,4)-linked galactose, which occurred at a concentra-
tion of 15 mol%.

In the F fraction EPS from L. lactis subsp. cremoris Ropy352,
terminal nonreducing galactose is the most predominant resi-
due at 42 mol%. Linear (1,3)-linked galactose (21 mol%) and
(1,4)-linked glucose (10 mol%) residues were also determined.
Mannose, as the (1,2)- and (1,3,6)-linked branches, was also
present in the F fraction EPS obtained from both sources.
While the overall ratios of galactose-glucose-mannose were
similar between the F fractions from L. lactis subsp. cremoris
Ropy352 (67:21:12) and the L. lactis subsp. cremoris EK240
mutant (68:17:15), there were some differences in the sugar
linkages found in the two sources. The F fraction from L. lactis
subsp. cremoris Ropy352 did not contain any (1,6)-linked glu-
cose, which was present in the F fraction from L. lactis subsp.
cremoris EK240 at 6 mol%. Conversely, the F fraction EPS

FIG. 1. HPLC SEC-MALLS molar mass distribution plot of puri-
fied ropy fraction EPS from L. lactis subsp. cremoris Ropy352. The
solid line is the 90° light-scattering signal; the dashed line is the re-
fractive-index signal. � corresponds to molar mass on the y axis.

TABLE 1. Identification of permethylated PAAN derivatives from
L. lactis subsp. cremoris Ropy352 and EK240 polysaccharides

PAAN methyl sugar Linkage
site(s)

Ropy352
ropy

fraction
(mol%)

Ropy352
F

fraction
(mol%)

EK240 F
fraction
(mol%)

2,3,4,6-Tetra-O-methyl galactose 1 27 42 36
2,3,6-Tri-O-methyl galactose 1,4 15 NDa ND
2,4,6-Tri-O-methyl galactose 1,3 ND 21 22
2,3,4-Tri-O-methyl galactose 1,6 ND 4 10
2,3,6-Tri-O-methyl glucose 1,4 36 10 9
2,3,4-Tri-O-methyl glucose 1,6 ND ND 6
3,4,6-Tri-O-methyl mannose 1,2 ND 5 5
2,3-Di-O-methyl glucose 1,4,6 21 5 ND
3,4-Di-O-methyl glucose 1,2,6 ND 6 2
2,4-Di-O-methyl mannose 1,3,6 ND 7 10

a ND, not detected.
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from L. lactis subsp. cremoris Ropy352 had 5 mol% (1,4,6)-
linked glucose, while this branched sugar was not detected in
the F fraction EPS from L. lactis subsp. cremoris EK240.

Degree of phosphate protonation. As sodium hydroxide was
added to the polysaccharide solution, there is only one inflec-
tion in the titration profiles, indicating that the phosphate
group in the ropy and F fraction EPS is in the form of a
phosphodiester linkage rather than as the monoester, which
would have shown two inflection points (Fig. 2). Incubation of
the decationized polymer at 100°C for 30 min did not change
the titration pattern for the ropy EPS, which suggests that the
phosphate does not occur in a simple sugar phosphodiester
bridge in the side chain as is found in phosphomannans (42).

Plasmid localization of the ropy EPS phenotype. L. lactis
subsp. cremoris Ropy352 contains at least 18 and possibly as
many as 20 native plasmids that range in size from an esti-
mated 2.5 kb to 34 kb (Fig. 3). During routine maintenance of
the L. lactis subsp. cremoris Ropy352 strain on whey agar
plates, three nonropy colonies spontaneously arose, L. lactis
subsp. cremoris Ropy352 nonropy strains EK316, EK317, and
EK318 (this study). These three nonropy colonies, however,
still expressed the mucoid phenotype. The plasmid profiles of
the three spontaneous nonropy colonies of L. lactis subsp.
cremoris Ropy352 were examined and found to be devoid of a
large plasmid further referred to as pEPS352 (Fig. 3). The total
plasmid DNA of the spontaneous nonropy strains was tested
by PCR with primer sequences internal to the ropy EPS loci
described in the following sections. Plasmid pEPS352 was ab-
sent, and no products were observed (data not shown), indi-
cating that these strains had lost the genes necessary for ropy
EPS expression. These results suggested that the ropy EPS
locus was located on a large plasmid, pEPS352.

Isolation of DNA fragments surrounding the Gh9:ISS1 in-
sertion site. The transposon-based mutagenic tool pGh9:ISS1
allows the isolation of DNA flanking either side of the Gh9:
ISS1 insertion site by HindIII and EcoRI digestion (28). A
HindIII DNA fragment of 2,016 bp (pEK238) from L. lactis
subsp. cremoris EK240 was isolated adjacent to the Gh9:ISS1
insertion. However, isolating flanking DNA on the other side

of the Gh9:ISS1 insertion with EcoRI proved to be more
difficult. Hypothesizing that the ropy EPS genes might reside
on a large plasmid, plasmid DNA was isolated from the non-
ropy mutant, L. lactis subsp. cremoris EK240 containing the
pGh9:ISS1 insertion, restricted with EcoRI, diluted, and li-
gated to form covalently closed plasmids. The plasmids were
electroporated into L. lactis MG1363 and cultured at 37°C to
block replication driven by the replication origin (ori) of pGh9:
ISS1. This led to erythromycin-resistant transformants carrying
a large plasmid consisting of pGh9:ISS1 and an EcoRI DNA
fragment of 12,736 bp (pEK396). Presumably, the EcoRI DNA
fragment came from pEPS352 (Fig. 4) and contained this na-
tive plasmid’s replication origin (ori) because replication would
not be able to be sustained by the pGh9:ISS1 replication origin
(ori) because of the culturing temperature.

ORF identification and organization of the ropy EPS loci.
The genetic organization of a 22.4-kb region of the plasmid,
pEPS352, identified as containing the Gh9:ISS1-interrupted
EPS locus is shown in Fig. 4. Two fragments, one on either side
of the Gh9:ISS1 insertion, were recovered by the strategy out-
lined above. The sequences bordering these fragments were
isolated from the wild-type L. lactis subsp. cremoris Ropy352

FIG. 2. Titration of the purified ropy and F fraction polysaccha-
rides from L. lactis subsp. cremoris Ropy352. Symbols: �, ropy poly-
saccharide; E, F fraction polysaccharide.

FIG. 3. Plasmid profiles of L. lactis subsp. cremoris Ropy352 and its
spontaneous nonropy mutants. Lane A, supercoiled plasmid ladder
(16,210, 14,174, 12,138, 10,102, 8,066, 7,045, 6,030, 5,012, 3,990, 2,972,
and 2,067 bp). Lanes B, C, and D, spontaneous nonropy mutants L.
lactis subsp. cremoris EK316, EK317, and EK318, respectively. Lane E,
wild-type L. lactis subsp. cremoris Ropy352. The arrow indicates the
plasmid absent from the nonropy mutants.
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strain by PCR-based walking. The EPS locus was organized
into three separate yet sequential regions containing putative
components of the ropy EPS expression system, namely, the
epsMN region, the epsU region, and the EPS operon (epsR, -X,
-A, -B, -C, -D, -E, -F, -O, and -P) region. Sequence data of
these regions revealed 19 complete open reading frames
(ORFs) having ATG as a start codon and putative ribosomal
binding sites (RBS), as well as many incomplete or fragmented
ORFs.

EpsMN region. Sequence analysis of this region showed
three complete ORFs (epsM, epsN, and ISS1) having putative
RBS (12) just upstream from their start codons and one partial
ORF (ISS1) missing a start codon and putative RBS (Fig. 4).
The predicted gene products of two of the complete ORFs
(epsM and epsN) showed similarity to glycosyltransferases in-
volved in EPS expression in a variety of gram-positive and
gram-negative organisms. Interestingly, the top matches for
gram-positive dairy organisms are all Streptococcus thermophi-

FIG. 4. Genetic organization of the ropy eps gene cluster of plasmid pEPS352 of L. lactis subsp. cremoris Ropy352. Restriction sites relevant
for pGh9:ISS1-mediated subcloning are shown. The symbol @ indicates the replication origin used for recovery of the EcoRI fragment. Large
block arrows with diagonal dashes indicate partial ORFs. The large block arrows filled with dots correspond to novel genes described in the text.
The pGh9:ISS1 insertion site is indicated. Putative RBS-promoter sequences for the epsN, epsM, and epsU genes and the EPS352 gene operon are
indicated with black flags. The corresponding plasmid of the pGh9:ISS1-mediated subcloned fragment is indicated below the arrows. The small
block arrows with vertical lines are the two fragments of epsH as described in the text.

TABLE 2. Properties and similarities of novel enzymes encoded by pEPS352 eps

pEPS352
gene

Predicted
protein

sizea

pI of
protein

G�C
content

(%)

Putative translation start
sequenceb

Similar
polypeptide(s)

% Identity/
similarity Organismc Putative function of gene

product

epsM 331/38.6 9.61 27 GGAGtataaaattgATG EpsG 35/54 S. thermophilus (1) Glycosyltransferase
CpsI 35/54 S. thermophilus (2) Glycosyltransferase
EpsH 35/52 S. thermophilus (1) Glycosyltransferase
EpsI 33/55 S. thermophilus (3) Glycosyltransferase

epsN 329/38.3 8.69 30.2 AGGAGtagaataaagagATG Eps7F 94/96 S. thermophilus (4) Glycosyltransferase
EpsH 34/52 S. thermophilus (1) Glycosyltransferase
EpsV 32/55 S. thermophilus (5) Glycosyltransferase
Eps9I 32/53 S. thermophilus (6) Glycosyltransferase

epsO 235/27.8 7.74 30.2 GAGAAgatATG Eps7I 86/91 S. thermophilus (4) Putative glycosyltransferase
EpsQ 41/61 L. lactis subsp.

cremoris (7)
Putative glycosyltransferase

Eps10 41/59 S. thermophilus (8) Putative glycosyltransferase
WciT 38/56 S. pneumoniae (9) Putative glycosyltransferase

epsP 364/42.2 9.89 26.9 GGAAaataattactATG Eps7H 78/82 S. thermophilus (4) Putative repeating-unit
polymerase

Orf7B 78/79 S. thermophilus (4) Putative repeating-unit
polymerase

CpsIVH 22/41 S. agalactiae (10) Putative repeating-unit
polymerase

Eps4N 19/40 S. thermophilus (11) Putative repeating-unit
polymerase

epsU 472/53.5 9.61 30.2 GGAGGgttattaATG CpsU 97/98 S. thermophilus (12) Glycosyltransferase
EpsU 97/98 S. thermophilus (5) Glycosyltransferase
EpsI 97/98 S. thermophilus (1) Glycosyltransferase
Eps7M 96/97 S. thermophilus (4) Glycosyltransferase

a Number of amino acids/molecular mass in kilodaltons.
b The lactococcal 16S rRNA sequence of the 3� end is 3�-UCUUUCCUCC-5� (12). Uppercase letters indicate putative RBS, and boldface indicates the start codon.
c Numbers in parentheses correspond to the following accession numbers: 1, AF373595; 2, AJ272341; 3, AAQ04245; 4, AF454498; 5, Z98171; 6, AF454499; 7,

AF142639; 8, AJ289861; 9, AF316641; 10, AF355776; 11, AF454495; 12, AF448249.
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lus (Table 2). The ORF epsM shows only limited sequence
similarity to glycosyltransferases present in the database, while
epsN exhibits a very high sequence similarity (94%) to S. ther-
mophilus eps7F whereas the rest of the significant sequence
similarities are much lower (32 to 34%). The G�C contents of
these two ORFs are 30.2 and 27%, respectively, which are
lower than the reported 37.2 to 39.8% G�C content of S.
thermophilus (14) and the 35.3% G�C content of Lactococcus
as calculated from the chromosomal nucleotide analysis of L.
lactis subsp. lactis IL-1403 (AE005176) in the codon usage da-
tabase (http://www.kazusa.or.jp/codon) or the 34 to 36% G�C
content previously reported (8). The Gh9:ISS1 insertion site
was localized to the terminal end of epsN, a putative glycosyl-
transferase (Fig. 4). Glycosyltransferases are responsible for
the transfer of sugar residues to a growing EPS backbone. A
mutation blocking the ability of epsN to add the proper sugar
residue to a growing EPS chain would presumably affect the
ropy phenotype of L. lactis subsp. cremoris Ropy352. Also
present in this region are two ISS1 ORFs facing in the opposite
direction relative to epsM and epsN yet facing in the same
direction relative to each other. This is a typical arrangement
for native ISS1 units after having been transposed (28). The
ISS1 ORF located 3� to epsN is complete, while the ISS1 ORF
located 5� to epsM is missing the first 82 amino acids (aa) and
is probably not functional. In the nonropy mutant L. lactis
subsp. cremoris EK240, the PCR was used to verify that no
other insertions had occurred in any of the other putative EPS
genes, epsR-P, epsM, or epsU, including the upstream promoter
regions. PCR products were exactly the same as in the wild
type, except for the Gh9:ISS1 insertion localized to epsN (data
not shown).

The epsU and plasmid replication region. The epsU and
plasmid replication region was sequenced and found to encode
seven complete ORFs (epsU, repA, repC, resolvase, and three
hypothetical ORFs [Fig. 5]) and four incomplete ORFs. This
region contains a single gene that is possibly involved in ropy
EPS expression and several other genes involved in plasmid
replication. epsU shows 97% sequence similarity to epsU of S.
thermophilus CNRZ368 (5) and limited sequence similarity to
repeat unit polymerases involved in polymer biosynthesis. Con-
tained in the intergenic region between the complete ISS1
sequence downstream of epsN and epsU is an incomplete ORF
encoding the last 214 aa of epsH of S. thermophilus Sfi39
(AF373595). Contained in the intergenic regions between
epsU, resolvase, RepA, RepC, and IS981 are three complete
hypothetical proteins and several incomplete genes related to
plasmid replication including a resolvase, RepB, and a mobi-
lization protein fragment. An origin of replication composed of
four direct repeats of 19 bp each was found directly upstream
of RepA, a typical organization for a bacterial replication or-
igin (18). The discovery of genes involved in replication and an
associated binding site in this region demonstrates that our

hypothesis was correct that the L. lactis subsp. cremoris
Ropy352 EPS locus resides on a large plasmid and that a native
origin of replication resides on the 12,736-bp EcoRI fragment
of pEK396 and is able to replicate pEK396 independently of
the replication origin (ori) associated with pGh9:ISS1.

The eps operon region. Plasmid pEPS352 contains an operon
of 10 genes (epsR, -X, -A, -B, -C, -D, -E, -F, -O, and -P) and is
flanked on both ends by partial IS elements (Fig. 4). The IS
element upstream of the operon shows 62% sequence similar-
ity to other IS elements found in dairy lactococci. The down-
stream IS element shows 91% sequence similarity to IS981 but
is missing the first 38 aa, start codon, and RBS and is presum-
ably not functional. Between the downstream IS981 element
and epsP is a small fragment of the same epsH ORF seen in the
epsU region. The 5� 39-aa end of epsH is located between epsP
and IS981, while the 3� 214-aa end is located between ISS1 and
epsU. These two fragments are facing in opposite directions
and encode different parts of the epsH gene, suggesting that an
insertional event occurred at some point to interrupt this gene.
epsR shows 98 and 97% identity to epsR of L. lactis subsp.
cremoris HO2 (AF142639) and L. lactis NIZO B40 (AF036485),
respectively. epsX showed 100% identity over 149 aa to epsX of
L. lactis NIZO B40; however, the amino-terminal 106 aa are
missing and no start codon was found, suggesting that epsX of
L. lactis subsp. cremoris Ropy352 may not be expressed. epsA
shows 91% identity to epsA of L. lactis subsp. cremoris HO2
and L. lactis NIZO B40. The epsB-epsF region shows a high
degree of sequence similarity to the same region of L. lactis
NIZO B891 (AF100298). The DNA sequence of this region
showed a 98% sequence similarity with just 5 bp changes over
2,884 bp verified by three independent PCR events. The ORF
epsO shows 86% identity with eps7I of S. thermophilus
(AF454498) and lower sequence similarities with putative gly-
cosyltransferases. The ORF epsP shows only limited sequence
similarities with putative polysaccharide polymerases from
Streptococcus species (Table 2).

DISCUSSION

Industrial interest in ropy strains of LAB such as L. lactis
subsp. cremoris is on the rise for the purpose of developing and
improving the production of fermented milk products. EPS
involved in the development of the ropy property of fermented
milk products have been chemically characterized to various
extents (23, 27, 29, 33, 34, 41, 51). The compositions and some
of the physical properties of the EPS produced by L. lactis
subsp. cremoris Ropy352 and L. lactis subsp. cremoris EK240, a
mutant lacking the ropy phenotype, were elucidated in this
study, and our results show that they are different from those
that have been described to date. We isolated and character-
ized two distinct EPS and have shown that one of them is
responsible for the ropy characteristic that is found in the

FIG. 5. Genetic organization of the pEPS352 replication-epsU region of L. lactis subsp. cremoris Ropy352. Large block arrows with diagonal
dashes indicate partial ORFs. Putative RBS-promoter sequences are indicated with black flags. The small block arrow with vertical lines is the
fragment of epsH as described in the text. The symbol @ indicates the replication origin.
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intact cultured milk product. The sugar composition of the
ropy EPS is 57% glucose and 42% galactose, and it also con-
tains phosphorus. The ropy EPS from strain L. lactis subsp.
cremoris Ropy352 is most like that from L. lactis NIZO B891
(51). The GC-MS data for linkage analysis were similar; how-
ever, the L. lactis NIZO B891 EPS has acetyl groups to the
internal glucose of the disaccharide side chain, which were not
detected in L. lactis subsp. cremoris Ropy352. Additionally, L.
lactis subsp. cremoris Ropy352 contains phosphate in a diphos-
phate linkage that was not released by autohydrolysis. The EPS
from L. lactis subsp. cremoris LC330 (29) was also phosphory-
lated but differed from the ropy polysaccharide of L. lactis
subsp. cremoris Ropy352 in that it contained a large proportion
of rhamnose and a small amount of glucosamine. The authors
reported that this low-molecular-weight phosphopolysaccharide
was a minor component of cultures relative to a high-molecu-
lar-weight neutral polysaccharide. However, this low-molecu-
lar-weight phosphopolysaccharide was consistently produced
and was not affected by variations in growth conditions and it
was not reported whether the polysaccharide retained its ropy
property after purification. Another EPS that produces highly
viscous solutions is made by Lactobacillus sake 0-1; it contains
glucose and rhamnose and also phosphorus (39). The phos-
phate in the polysaccharide produced by L. sake 0-1 occurred
as glycerol 3-phosphate attached to the 4 position of a side
chain rhamnose. Other structural analyses of polysaccharides
made by LAB have shown that some of them are homopoly-
saccharides of galactose, such as that made by L. lactis subsp.
cremoris H414 (20), and can also impart a ropy character to a
solution. Thus, it would appear that no one particular struc-
tural feature must exist in order to impart the ropy property to
these polymers.

Removal of the cells and other insoluble material from the
24-h L. lactis subsp. cremoris Ropy352 cultured milk caused a
considerable drop in viscosity with retention of ropiness. Ap-
parently, it is the interaction of the ropy polysaccharide with
other cellular components, such as the intrinsic protein or
capsular polysaccharides (CPS) that remain attached to the
cell walls, that is responsible for the dramatic change in vis-
cosity during growth while also providing the desirable ropi-
ness evident when the fluid is manipulated. The exact nature of
this interaction remains to be determined, but it warrants fur-
ther investigation if these compounds are to be effectively
exploited in foods or other industrial applications.

The organization of EPS genes in L. lactis subsp. cremoris
Ropy352 is different from that of other lactococcal operons
encoding EPS biosynthesis. Three ORFs, epsM, epsN, and
epsU, complete with putative promoter regions, RBS, and
ATG start codons exist separately and are oriented in the
opposite direction of an operon containing 10 genes predicted
to be involved in EPS expression. Previously, we showed that
the ropy EPS locus of L. lactis subsp. cremoris Ropy352 had the
potential to be plasmid borne, as demonstrated by the ability to
transfer the Gh9:ISS1-interrupted EPS locus, marked by eryth-
romycin resistance, to L. lactis MG1363 (23). In this study, we
demonstrated that the spontaneous loss of the ropy phenotype
along with the loss of a large plasmid supports the conclusion
that the ropy EPS locus is plasmid borne. This is in agreement
with other described lactococcal plasmid-borne EPS loci (15,
24, 35, 50, 52–54).

Sequence data show that the ISS1 insertion conferred by
pGh9:ISS1 mapped to epsN. Analysis of the three genetic loci
(the epsMN region, epsU, and the EPS operon) on pEPS352
revealed no other insertions other than in epsN. The ORFs
epsM, epsN, and epsU show strong sequence similarity to glyco-
syltransferases; however, epsU also shows limited sequence
similarity to repeat unit transporters. Isolation and character-
ization of EPS produced by the nonropy L. lactis subsp. cre-
moris EK240 mutant strain support the claim made by the
genetic analysis, that impairing the expression of epsN, an
enzyme responsible for the transfer of sugar moieties to a
growing EPS chain, eliminated production of the ropy EPS,
while production of the mucoid EPS was unaffected. Blocking
expression of one glycosyltransferase, epsN, could be expected
to lead to the observed nonropy phenotype by creating prob-
lems with recognition of the incomplete heteropolysaccharide
by the polymerizing and exporting enzymes. One study ob-
served that EPS expressed by an exoV mutant lacked only a
pyruvyl modification to the polymer, but this difference was
enough to eliminate production of the EPS, presumably be-
cause of the inability of the polymerization or export machin-
ery to recognize the unmodified EPS (19).

The structure of the L. lactis subsp. cremoris Ropy352 EPS
operon (epsR, -X, -A, -B, -C, -D, -E, -F, -O, and -P) is similar to
that of EPS operons described in L. lactis strains NIZO B40
and NIZO B891 (51). The operons share the epsRXABCDEF
genes, but in L. lactis subsp. cremoris Ropy352 these genes are
followed by two more genes, epsO and epsP, that are presum-
ably involved in polymerization and export. It would be inter-
esting to determine if L. lactis NIZO B891 also has these two
genes. The ability to interrupt one of the isolated glycosyltrans-
ferase genes, epsN, and disrupt ropy EPS biosynthesis suggests
that the expression of the ropy phenotype of L. lactis subsp.
cremoris Ropy352 is the result of at least two independent
genetic loci, a glycosyltransferase cluster consisting of epsM
and epsN and an operon of 10 genes (epsR, -X, -A, -B, -C, -D,
-E, -F, -O, and -P). What role epsU plays, if any, in expression
of the ropy or mucoid EPS phenotype has yet to be deter-
mined.

Typical of EPS operon organization in Lactococcus and
Streptococcus is the presence of IS elements flanking the
operon. The CPS type 1 operon in Streptococcus pneumoniae is
flanked by a pair of IS1167 elements, both facing in the same
direction (32). In a lactococcal strain, an EPS region involved
in preventing phage adsorption is flanked by IS elements (15).
In L. lactis subsp. cremoris Ropy352, the EPS operon (epsR, -X,
-A, -B, -C, -D, -E, F, -O, and -P) is flanked by a pair of partial
IS elements, IS981 and IS982, and the epsMN cassette is
flanked by complete and incomplete ISS1 elements. This or-
ganization is similar to the IS element organization reported
for S. thermophilus CRNZ368, and the authors noted that the
epsL-IS981SC region was likely transferred to S. thermophilus
CRNZ368 from L. lactis via horizontal transfer (5). L. lactis
subsp. cremoris Ropy352 and S. thermophilus CRNZ368 share
another organizational similarity. Both strains contain IS ele-
ment-flanked intact ORFs for genes potentially involved in
EPS biosynthesis that are separated from the EPS operon, the
epsU and epsMN genes of L. lactis subsp. cremoris Ropy352 and
the epsUV genes of S. thermophilus CRNZ368. Interestingly,
no EPS expression from S. thermophilus CRNZ368 under the
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conditions tested was noted (5). One study found that genes
necessary for the transport of a CPS across the inner mem-
brane in Escherichia coli are separated from the genes neces-
sary for production and export of the polymer (38). This type
of mosaic structure is also seen in the alkane degradation genes
of Pseudomonas putida (49). What is striking in the alkane
degradation example is that two genes involved in degradation
are separated from the main operon by IS elements and are
facing in the opposite direction, very similar to the structure
and orientation observed for epsMN in the ropy EPS loci of L.
lactis subsp. cremoris Ropy352. These mosaic areas of IS ele-
ments found to be flanking specific genes are formed in regions
of DNA not necessarily needed for survival. Through the ac-
tivity of mobile genetic units such as IS sequences, competitive
advantages may be realized by gaining or losing genes or re-
arranging genes which lead to the expression of functions
needed under unpredictable or hostile growth conditions.

Analysis of the EPS operons in lactococcal and streptococcal
strains provides a clear example of IS-mediated evolution. Gly-
cosyltransferases involved in polymer biosynthesis have been
previously reported to be localized to the central region of a
single EPS operon (22). This is the first report that two addi-
tional glycosyltransferases, bounded by ISS1 elements, are lo-
cated separately and in the opposite transcriptional direction
from the EPS operon in a lactococcal strain. The low G�C
content of the ISS1-epsMN-ISS1 region and the relationship of
the structure of these two genes with the ISS1 elements suggest
that it was transposed from a source other than lactococcal or
streptococcal origins. On the basis of the evidence obtained,
we hypothesize that through horizontal transfers and IS-medi-
ated rearrangements, transcriptionally distant yet functionally
coupled glycosyltransferases operate in concert with an EPS
operon to produce a unique ropy EPS in L. lactis subsp. cre-
moris Ropy352. This type of genetic organization has not pre-
viously been reported for a ropy EPS polymer and is probably
a manifestation of the activity of the mobile genetic elements
present in LAB. Indeed, as more EPS and CPS operons are
sequenced, it is likely that IS elements will be found in close
association with these operons and affiliated eps genes, under-
scoring the natural evolutionary origin of the vast diversity of
polymers found in the LAB family.

There are obvious benefits for the food and beverage indus-
try in designing and constructing custom-made LAB EPS with
specific functional characteristics. Previous work shows that
heterologous complementation of priming glycosyltransferases
by different genera in Lactococcus can be achieved (51). Sim-
ilarly, the exoA gene product, a glucosyltransferase from Rhi-
zobium meliloti, was shown to complement an amsE mutant of
Erwinia amylovora to mucoidy; however, no mention was made
of how the polymer structurally or compositionally compares
to the wild-type polymer (3). The evidence obtained in this
study demonstrates heterologous expression and function of
additional glycosyltransferase activity. The organization of the
genetic regions necessary for expression of the L. lactis subsp.
cremoris Ropy352 EPS illustrates that it may be possible to
provide a glycosyltransferase activity in trans, and not tran-
scriptionally coupled with the EPS operon, to create a novel
polymer. One potential problem would be the failure of the
polymerization and export machinery to recognize the novel
polymer, yet there are conflicting reports in this area. Trans-

port of an altered S. thermophilus polymer in L. lactis was
shown to occur as the altered polymer was present in the
supernatant, but at only 0.001% compared to wild-type S.
thermophilus levels (4, 44). Additionally, expression of an al-
tered polymer was observed in L. lactis at 5% of wild-type
levels (4, 44). This work shows that glycosyltransferases may
have multiple specificities for donor and acceptor molecules
and that the polymerase and exporters are active on repeating
units that differ in backbone, as well as side chain, composition.
Our results suggest that the specificity of the polymerization
and export enzymes in L. lactis subsp. cremoris Ropy352 is high
enough that blocking the function of just one glycosyltrans-
ferase abolishes ropy EPS production. However, we do not
know whether that glycosyltransferase plays a role in construc-
tion of the backbone or side chain modification, as this could
determine whether the polymer is recognized by the polymer-
ization and export enzymes. As more details emerge about the
organization, function, and specificity of the genes and en-
zymes involved in EPS expression in LAB, we are nearing the
threshold of being able to use a rational design strategy to
mimic the natural activity of IS elements in EPS construction
by providing additional glycosyltransferase activities via plas-
mids to create novel polymers.
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