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Lactobacilli are known to use plant materials as a food source. Many such materials are rich in rhamnose-
containing polyphenols, and thus it can be anticipated that lactobacilli will contain rhamnosidases. Therefore,
genome sequences of food-grade lactobacilli were screened for putative rhamnosidases. In the genome of
Lactobacillus plantarum, two putative rhamnosidase genes (raml;, and ram2;,) were identified, while in
Lactobacillus acidophilus, one rhamnosidase gene was found (ramA, ,). Gene products from all three genes were
produced after introduction into Escherichia coli and were then tested for their enzymatic properties. Ram1,
Ram2, ,, and RamA, , were able to efficiently hydrolyze rutin and other rutinosides, while RamA,; , was, in
addition, able to cleave naringin, a neohesperidoside. Subsequently, the potential application of Lactobacillus
rhamnosidases in food processing was investigated using a single matrix, tomato pulp. Recombinant Ram1, ,
and RamA, , enzymes were shown to remove the rhamnose from rutinosides in this material, but efficient
conversion required adjustment of the tomato pulp to pH 6. The potential of Ram1, , for fermentation of plant
flavonoids was further investigated by expression in the food-grade bacterium Lactococcus lactis. This system
was used for fermentation of tomato pulp, with the aim of improving the bioavailability of flavonoids in
processed tomato products. While import of flavonoids into L. lactis appeared to be a limiting factor, rhamnose
removal was confirmed, indicating that rhamnosidase-producing bacteria may find commercial application,

depending on the technological properties of the strains and enzymes.

Lactobacilli such as Lactobacillus plantarum have been used
for centuries to ferment vegetables such as cabbage, cucumber,
and soybean (34). Fruit pulps, for instance, those from tomato,
have also been used as a substrate for lactobacilli for the
production of probiotic juices (38). Recently, the full genomic
sequences of several lactobacilli have become available (1, 22).
A number of the plant-based substrates for lactobacilli are rich
in thamnose sugars, which are often conjugated to polyphe-
nols, as in the case of cell wall components and certain fla-
vonoid antioxidants. Utilization of these compounds by lacto-
bacilli would involve o-L-rhamnosidases, which catalyze the
hydrolytic release of rhamnose. Plant-pathogenic fungi such as
Aspergillus species produce the rhamnosidases when cultured
in the presence of naringin, a rhamnosilated flavonoid (24, 26).
Bacteria such as Bacillus species have also been shown to use
similar enzyme activities for metabolizing bacterial biofilms
which contain rhamnose (17, 40).

In food processing, rhamnosidases have been applied pri-
marily for debittering of citrus juices. Part of the bitter taste of
citrus is caused by naringin (Fig. 1), which loses its bitter taste
upon removal of the rhamnose (32). More recently, application
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of rhamnosidases for improving the bioavailability of fla-
vonoids has been described. Human intake of flavonoids has
been associated with a reduced risk of coronary heart disease
in epidemiological studies (19). Food flavonoids need to be
absorbed efficiently from what we eat in order to execute any
beneficial function. Absorption occurs primarily in the small
intestine (12, 37). Unabsorbed flavonoids will arrive in the
colon, where they will be catabolized by the microflora, which
is then present in huge quantities. Therefore, it would be
desirable for flavonoids to be consumed in a form that is
already optimal for absorption in the small intestine prior to
their potential degradation. For the flavonoid quercetin, it has
been demonstrated that the presence of rhamnoside groups
inhibits its absorption about fivefold (20). A number of
flavonoids which are present in frequently consumed food
commodities, such as tomato and citrus products, often carry
rutinoside (6-B-L-rhamnosyl-D-glucose) or neohesperidoside
(2-B-L-rhamnosyl-D-glucose) residues (Fig. 1). Therefore, re-
moval of the rhamnose groups from such flavonoid rutinosides
and neohesperidosides prior to consumption could enhance
their intestinal absorption. With this aim, studies were recently
carried out toward the application of fungal enzyme prepara-
tions as a potential means to selectively remove rhamnoside
moieties (16, 30).

In view of the frequent occurrence of lactobacilli on decay-
ing plant material and fermented vegetable substrates, one
could anticipate that their genomes carry one or more genes
encoding enzymes capable of utilizing rhamnosilated com-
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FIG. 1. Chemical structures of rhamnose-containing flavonoids from
plants. Relevant carbon atoms in glycoside moieties are numbered. (1)
Rutin (quercetin-3-glucoside-1—6-rhamnoside); (2) narirutin (narin-
genin-7-glucoside-1—6-rhamnoside); (3) naringin (naringenin-7-glu-
coside-1—2-rhamnoside); (4) p-nitrophenol-rhamnose.

pounds. In the work reported here, we describe the identifica-
tion of three putative rhamnosidase genes in lactobacillus ge-
nomes. We expressed these genes in Escherichia coli and
characterized their gene products. The activities of all three
lactobacillus rhamnosidases on flavonoids naturally present in
tomato pulp were then assessed. One of the L. plantarum
genes, which encoded the enzyme with the highest activity and
stability in E. coli, was then also expressed in Lactococcus
lactis, with the aim of investigating the potential use of such a
recombinant organism to improve the bioavailability of fruit
flavonoids and thus their efficacy in common foodstuffs.

MATERIALS AND METHODS

Strains and chemicals. L. plantarum DSM20205 and Lactobacillus acidophilus
DSM9126 were obtained from DSMZ. Strain L. lactis NZ9000 came from the
NIZO food research collection. All chemicals were obtained from Sigma (St.
Louis, MO), except for rutin, quercetin-3-glucoside, kaempferol-3-rutinoside,
kaempferol-3-glucoside, naringenin-7-glucoside, narirutin, and naringin, which
were obtained from Apin (Oxon).

APPL. ENVIRON. MICROBIOL.

Sequence analyses. Protein sequences of experimentally verified a-L-rhamnosi-
dases (EC 3.2.1.40) were obtained from the Braunschweig enzyme database
(BRENDA) (5; http:/www.brenda-enzymes.org) and the carbohydrate-active en-
zymes (CAZY) database (9; http://www.cazy.org/). Homologous sequences were
searched using BLAST (E values of <e—2) (2), and the search was continued (E
values of <e—10) with the hits until no new sequences were retrieved. ClustalX (35)
was used to generate multiple sequence alignments and, based on those, boot-
strapped (n = 1,000) neighbor-joining trees. The trees were visualized with LOFT
(36). All sequence information was extracted from the ERGO bioinformatic suite
(31). This resource contained sequence information on the following lactobacilli: L.
acidophilus (accession no. NC006814), Lactobacillus brevis (NC008497), Lactobacil-
lus casei (NC008526), Lactobacillus delbrueckii (NC008054), Lactobacillus fermentum
(NC010610), Lactobacillus gasseri (NC008530), Lactobacillus helveticus (NC010080),
Lactobacillus johnsonii (NC005362), L. plantarum (NC004567), Lactobacillus reuteri
(NCO009513), Lactobacillus sakei (NCO007576), and Lactobacillus  salivarius
(NC007929). The initial analysis was performed in February 2007, and the final
analysis was performed in October 2008.

Gene cloning. For amplification of gene sequences, bacteria were boiled in
water for 5 min. After centrifugation, the DNA-containing supernatant was
diluted and used as a template for amplification. Amplification was carried out
using Phusion polymerase (Finnzyme) according to the manufacturer’s instruc-
tions. L. plantarum Raml (Raml;;) was amplified from L. plantarum
DSM20205, using the oligonucleotides 5’'TATATAGATCTCATGTCGAAAG
AGGCTGTTTGG and 5'TATATCTCGAGTCACACTGGGACCACCGCAG
TTG. Ram2,, was amplified from the same strain, using the oligonucleotides
5’ ATATGAATTCGGAAGAGATGGCGTTTACTTTTC and 5'TATATGCG
GCCGCTCCTCCTAAACGAGGTACT. L. acidophilus RamA (RamA_,) was
amplified from L. acidophilus DSM9126, using the oligonucleotides 5'TTATG
GATCCTATGAAAATTACAAATATTTTAGTTAACCAAATGG and 5'AAT
AACTGCAGCTGCTGCACATAGATTGCTAG. Amplified fragments were di-
gested with restriction enzymes (for Raml,,, Bglll and Xhol; for Ram2,,
EcoRI and Notl; and for RamA ,, BamHI and PstI) and cloned into digested
pACYC-DUETT1 (Novagen) (for Ram1, ,, BamHI and Sall; for Ram2, ,, EcoRI
and Notl; and for RamA, ,, BamHI and PstI). This generated plasmids pDM2
(Ramly,), pDM6 (Ram2; ,), and pDM9 (RamA; ). Sequences were confirmed
by analyses in both orientations.

To introduce Ramly, into lactococci, pDM2 was digested with HindIII and
Ncol and ligated into vector pNZ8148. The ligation mixture was directly intro-
duced into L. lactis NZ9000 by electroporation (27).

Protein production and extraction. Plasmids pACYCDUET-1, pDM2
(Ramly ), pDM6 (Ram2; ), and pDM9 (RamA,,) were introduced into E. coli
BL21(DE3). For protein expression, fresh overnight cultures were diluted 1:100
in 2X YT medium (16 g tryptone, 10 g yeast extract, and 5 g NaCl per liter)
supplemented with 10 mg/liter chloramphenicol and grown at 37°C and 250 rpm
to an optical density at 600 nm (ODy) of 0.5. At that point, 0.1 mM isopropyl
B-p-thiogalactopyranoside (IPTG) was added, and the culture was incubated
overnight at 30°C and 250 rpm.

Individual transformants of E. coli were inoculated into LB medium with 1%
glucose and 30 mg/liter chloramphenicol and grown overnight at 37°C. These
overnight cultures were diluted 1:100 in 50 ml 2X YT medium with 15 mg/liter
chloramphenicol and further incubated at 37°C. At an ODg, of 0.4, IPTG was
added to give a final concentration of 1 mM, and cultures were grown overnight
at 28°C and 250 rpm. The next day, the cultures were centrifuged and cell pellets
were resuspended in 2 ml buffer (50 mM Tris, pH 7, 300 mM NaCl). After
sonication and centrifugation, the supernatant was either used as the intracellu-
lar fraction or used for metal affinity purification with Ni-nitrilotriacetic acid spin
columns (Qiagen) according to the manufacturer’s instructions. Purified Ram1,
was dialyzed and stored at —20°C in 100 mM Tris, pH 7, 15% glycerol, and 5 mM
B-mercaptoethanol.

Fresh overnight cultures of L. lactis strains harboring the plasmids pNZ8148
and pNZ-DM2 were diluted 1 to 20 in M17 medium with 0.5% glucose and
chloramphenicol (10 mg/liter) to a final volume of 25 ml and incubated at 30°C
without agitation. Expression was induced at an ODg, of 0.3 by the addition of
5 ng/ml nisin (27), and incubation was continued overnight.

L. lactis cultures were centrifuged, and cell pellets were resuspended in 2 ml
buffer (50 mM Tris, pH 7, 300 mM NaCl). To 1 ml cell suspension, 0.3 g
zirconium sand (Biospec) was added, and the suspension was subjected to Fast-
Prep treatment (speed 4; twice for 20 s each time) (Bio101 Savant) followed by
centrifugation (5 min, 13,000 X g, 4°C).

Enzyme assays. Rhamnosidase activity was measured using the substrate p-
nitrophenyl rhamnose, in which the p-nitrophenyl group is attached to the 1
position of rhamnose, as described by Romero et al. (33). Briefly, protein was
mixed with 50 mM 3-(N-morpholino)propanesulfonic acid (MOPS), pH 6.5, and
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1.7 mM substrate (final concentration), unless otherwise indicated in the text.
After 1 h of incubation at 30°C, the reaction was stopped and color was devel-
oped following the addition of an equal volume of a 0.2 M sodium carbonate
solution. Product formation was measured at 405 nm. One unit (U) was defined
as the amount of enzyme that liberates 1 wmol nitrophenol/min.

Flavonoids were dissolved in dimethyl sulfoxide and digested at 30°C in 50 mM
MOPS, pH 6.5, and 5% dimethyl sulfoxide at 30°C at 0.05 mg/ml in the presence
of 30 pU enzyme. After 1 h, the reaction was stopped by the addition of 3
volumes of methanol with 0.13% formic acid. From each extract, 10 ul was
injected into a high-performance liquid chromatography (HPLC) system with a
Luna 3u Cig(, 150- by 4.6-mm column (Phenomenex). The HPLC setup was
composed of a Waters 600 controller and a Waters 996 photo diode array
detector. The column was maintained at 40°C with a flow rate of 1 ml/min. The
products were eluted using a linear gradient going from 95% buffer A (0.1%
formic acid in water) and 5% buffer B (100% acetonitrile) to a 50-50 mixture in
37 min. Product formation was calculated by comparing the peak surface area to
those for dilutions of standard compounds of known concentration. Product
identification was performed using a QTOF Ultima mass spectrometer, as de-
scribed before (7).

Kinetic constants were determined by supplying 1 mg/liter enzyme with various
concentrations of rhamnose-pNP (from 0 to 0.14 M) and rutin (from 0 to 1 mM)
and measuring product formation after 1 h.

Tomato digestion. Ripe tomatoes were purchased at the local market and
finely pulped using a blender. The pulp was separated into two portions, one of
which was left untreated (pH 3.9), while the other was adjusted to pH 6.0 by the
addition of a 1 M disodium hydrogen phosphate solution. For digestion of 700 .l
tomato pulp, 20 pl of a 3-mU/ml enzyme solution was added, and the mixture
was incubated overnight at 37°C. The reaction was stopped by the addition of 1.5
ml methanol with 0.13% formic acid to 500 pl reaction mixture, which was
followed by 10 min of sonication and filtration through a 0.2-wm Anotop filter.
Product identification was performed on an HPLC system coupled to a QTOF
Ultima mass spectrometer and by comparison to authentic standards, as de-
scribed before (7). Rutin apioside was identified using the MOTO database (28).

Tomato fermentation. Fresh overnight cultures of L. lactis strains harboring
plasmids pNZ8148 and pNZ-DM2 were diluted 1:20 in M17 medium containing
2% glucose and 10 pg/ml chloramphenicol to a final volume of 50 ml and
incubated at 30°C without agitation. Expression was induced at an ODg, of 0.3
by the addition of 5 ng/ml nisin and was continued until an ODyg, of 2.0 was
achieved. Subsequently, 20 ml of the culture was centrifuged, and the pellet was
washed with phosphate-buffered saline and finally dissolved in 20 ml phosphate-
buffered saline with 5 ng/ml nisin. This was transferred to 200 ml of commercial,
shop-bought tomato paste (Royalty gezeefde tomaten), mixed at a 1:1 ratio with
a phosphate buffer to reach a pH of 4.6, and incubated for 48 h at 30°C. The
number of CFU per ml increased from 10% to 10'2, and the substrate acidified to
pH 4.0. Subsequently, the material was deep-frozen, and analysis was performed
as described above.

RESULTS

Comparative sequence analyses of lactoballus a-rhamnosi-
dases. A comprehensive search for homologs of experimentally
characterized a-L-rhamnosidases yielded the following four
lactic acid bacterial proteins: Lbal473 of Lactobacillus aci-
dophilus NCFM (1), Lp_3471 and Lp_3473 of Lactobacillus
plantarum WCFS1 (22), and sequence 5806 of Enterococcus
faecium ATCC 35667 (13) (see Materials and Methods). The
sequences were aligned, aberrant sequences were removed,
and a bootstrapped neighbor-joining tree was generated. The
tree, which is depicted in Fig. 2A, indicates that orthologs of
the L. acidophilus protein exist in some bacilli (e.g., RhaA of
Bacillus sp. strain GL1 [17]), in Clostridium stercorarium, in
Rhizobium etli, and in Opitutus terrae. Considering the se-
quence conservation, Lbal473 probably displays a substrate
preference that is highly similar to that of RamA of Clostridium
stercorarium (40). The protein is therefore referred to as
RamA, ,. Orthologs of the L. plantarum and E. faecium putative
rhamnosidases were found only in phylogenetically distant spe-
cies, such as Victivaldis vadensis, Rhuminococcus obeum, Fla-
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vobacterium johnsonii, several Bacteroides species, and Salmo-
nella bongori. These sequences appeared most similar to those
of some of the experimentally characterized a-rhamnosidases
of Aspergillus spp. (e.g., Aspergillus nidulans [6] and Aspergillus
kawachii [24]), though the distinct differences in the alignment
imply that their substrate specificities could well differ. The
proteins are therefore referred to as Raml,, (Lp_3471),
Ram?2, , (Lp_3473), and Ramy, (sequence 5806).

Raml, ,, Ram?2; ,, and Ramg,, together with the ortholo-
gous putative rhamnosidase in S. bongori, share two striking
genomic associations, namely, with a gene encoding a transport
protein and a gene encoding a transcription factor of the AraC
family (Fig. 2B). The transport proteins could be involved in
(di)saccharide transport, whereas the transcription factor
could be rhamnose responsive for S. bongori and N-acetylglu-
cosamine responsive for L. plantarum and E. faecium (see the
legend to Fig. 2).

The genomic arrangement of the two genes in L. plantarum
is suggestive of a specific association with a transporter-encod-
ing gene for each of the two, as follows: Ip_3471 with Ip_3472
and Ip_3473 with Ip_3474 (Fig. 2B). Furthermore, the ortholo-
gous relationships imply more substrate similarity between
Raml, , and Lp_3472 and the respective proteins in E. fae-
cium, on the one hand, and between Ram2, , and Lp_3474 and
the respective proteins in S. bongori on the other. Clearly, the
associations with the transporter and transcription factor genes
suggest that the putative rhamnosidases from lactobacilli are
involved in (di)glycoside utilization. However, detailed char-
acteristics of the enzymes cannot be revealed by in silico anal-
yses, and their potential involvement in the utilization of (di)
saccharides coupled to phenolic compounds would remain to be
proven. Therefore, we set out to characterize these enzymes.

Production and activity of Lactobacillus rhamnosidase en-
zymes. The raml, , and ram2, , genes (L. plantarum) and the
ramA, , gene (L. acidophilus) were amplified from chromo-
somal DNA and expressed as fusions to an N-terminal His, tag
in E. coli BL21 to test their proposed rhamnosidase activity.
After protein expression, the cells and culture supernatant
were separated by centrifugation. The cell pellet was subse-
quently lysed and clarified by centrifugation. Rhamnosidase
activity was assayed both in the culture supernatant and in the
intracellular soluble protein fraction from the lysed cells. The
results given in Table 1 indicate that the activities of the sol-
uble intracellular protein fractions from E. coli clones express-
ing Raml; ,, Ram2; ,, and RamA; , proteins were very similar
on the substrate rhamnose-p-nitrophenyl. The activities of
Raml, , and RamA, , preparations did not change much after
1 day of incubation at 4°C, whereas the activity of Ram2; , was
strongly reduced after overnight incubation under these
conditions (not shown). This shows that raml,,, ram2,,,
and ramA, , indeed encode enzymes with rhamnosidase activity,
in agreement with the expectation based on sequence analysis.
Notably, about 30% of the total activity of Ram1, , was found
in the culture supernatant. The other enzyme activities were
restricted to the intracellular fractions.

Specificity of rhamnosidases. To assess the specificities of
the Raml, ,, Ram2; ,, and RamA; , enzymes, four substrates
(p-nitrophenyl a-L-rhamnopyranoside [rhamnose-pNP], p-ni-
trophenyl B-p-glucopyranoside, p-nitrophenyl a-D-galactopyr-
anoside, and p-nitrophenyl B-p-glucoronide) were tested. For
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FIG. 2. (A) Neighbor-joining tree of experimentally characterized a-L-rhamnosidases and some of their homologs. Though enzyme activity has
been reported for enzymes of three different glycoside hydrolase families (i.e., families 28, 78, and 106 in the CAZY reference database [18]), clear
homologs (as judged from sequence similarity) were retrieved only for glycoside hydrolase family 78. The sequences for RhaB of Bacillus sp. strain
GL1 and RhmB of Thermomicrobia bacterium PRI-1686 were left out of the comparison (due to clear sequence differences with the others). The
comprehensive search for homologs yielded various additional homologs with respect to the CAZY reference database entries, including Ip_3473
of L. plantarum and SBO00509 of S. bongori. (B) Gene context information related to the putative a-L-rhamnosidase-encoding genes in E. faecium
ATCC 35667, L. plantarum WCFS1, and S. bongori 12419. The genes showed conserved associations with an AraC family transcription factor and
a disaccharide transporter. Orthologous genes are coded by identical shading. In E. faecium, the transcription factor is orthologous to ChbR, the
regulator of the N,N’-diacetylchitobiose [(GlcNAc),] utilization operon in E. coli, which is induced by (GIcNAc), (21) or the monosaccharide. The
transporter is a protein of the MFS superfamily and can be related to carbohydrate transport. In L. plantarum, the putative rhamnosidase-encoding
genes are located in one operon, together with two paralogous MFS family transporter-encoding genes, whereas a third transporter paralog,
Ip_3596, is found in association with the rhamnose utilization operon that is equivalent to the one found in E. coli (29). The transporters are
orthologous to IolF of Bacillus subtilis, which should transport carbohydrates that are somehow similar but not identical to myo-inositol (39).
Finally, in S. bongori, the transcription factor is orthologous to RhaS and RhaR (see reference 23 and references cited therein) and thus probably
induced by rhamnose. The two transporter-encoding genes are related to a GPH family periplasmic membrane protein that is similar to XylP, the
isoprimeverose transporter of Lactobacillus pentosus (10), and to an outer membrane channel protein that is similar to ScrY (sucrose transport) (3).
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each of the three enzymes, only rhamnose-pNP gave any de-
tectable activity, indicating that the enzymes act as rhamnosi-
dases. In a second experiment, the ability to degrade rhamno-
sylated flavonoids was tested, using the potential substrates
rutin (quercetin-3-glucoside-6-B-1-rhamnoside), nicotiflorin
(kaemferol-3-glucoside-6-B3-1-rhamnoside), narirutin (narin-
genin-7-glucoside-6-B-1-rhamnoside) and naringin (naringenin-7-
glucoside-2-B-1-rhamnoside) (Fig. 1). As shown in Table 2,
Raml, , and Ram2, , efficiently converted the rutinosides ru-
tin, nicotiflorin, and narirutin into quercetin glucoside,

TABLE 1. Rhamnosidase activities of intracellular fluid (intracellular)
and culture medium (extracellular) collected after expression
in E. coli, as measured by release of p-nitrophenol from
rhamnose-pNP in a 50 mM MOPS, pH 6.0, buffer

. Activity
Enzyme Fraction (mU per pg protein)
Raml, Intracellular 7121
Extracellular 0.020 = 0.005
Ram2, , Intracellular 3105
RamA; Intracellular 85*+09

kaempferol glucoside, and naringenin glucoside, respectively.
Naringin, a neohesperidoside isomer of narirutin, was hardly
deglycosylated by the Ram1, , and Ram2, ,, enzymes. RamA, ,,
on the other hand, readily converted all rutin, nicotiflorin, and

TABLE 2. Rhamnosidase activities of Ram1;,, Ram2; ,, and
RamA, , on flavonoid substrates®

Rhamnosidase activity

(?;Abs_treli_tle]z) Product (M — H]) (% conversion of substrate)
LpRaml LpRam2 LaRamA

Rutin (609 m/z) Quercetin-3-glucoside 100 100 100
(463 m/z)

Nicotiflorin (593 m/z) Kaempferol-3-glucoside 100 100 100
(447 m/z)

Narirutin (579 m/z) ~ Naringenin-7-glucoside 100 100 80
(433 m/z)

Naringin (579 m/z) Naringenin-7-glucoside 2 0 100
(433 m/z)

“ Compounds (50 pg/ml) were incubated overnight at 37°C in 50 mM morpho-
lineethanesulfonic acid, pH 6.1, with 5 mM B-mercaptoethanol and in the presence or
absence of 10 pg protein of crude E. coli cell extract. Substrate formation was monitored
using HPLC QTOF mass spectrometry. The masses of the compounds, as measured in
negative mode ([M — H]), are indicated behind the substrate and product names.
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TABLE 3. Activities of Ram1;,, and RamA,, in the presence of
different salts, as measured by release of p-nitrophenol from
rhamnose-pNP in a 50 mM MOPS, pH 6.0, buffer”

Activity (%)
Salt at 250 mM

Raml,, RamA, ,
NaCl 100 = 15 65 14
KCl 115 = 18 50+ 15
CaCl, 60 = 10 356
MgSO, 50+ 8 20+ 7
(NH,),SO, 80 =30 25*12

“ Activity in the absence of additional salts was set at 100%.

naringin and the majority of narirutin. Thus, Raml;, and
Ram?2; , liberated 1—6-conjugated rhamnose residues, like
those present in rutinosides, but not 1—2-conjugated rham-
nose residues, like those in neohesperidosides. RamA, , acted
on both 1—6- and 1—2-conjugated rhamnose residues.

Properties of Lactobacillus rhamnosidases. For further in-
vestigations, Raml, , and RamA;, were produced in 100-ml
recombinant E. coli cultures. Ram2; , was not used for further
studies because it was instable during storage. Raml, , was
then purified from the culture medium to apparent homoge-
neity by Ni-nitrilotriacetic acid chromatography, using the N-
terminal His, tag. For as yet unknown reasons, a similar puri-
fication strategy did not work for RamA;, in the soluble
intracellular protein fraction of E. coli cells. The purified
Raml, , protein (6.7 U/ml) and a cell lysate of RamA,, (1.6
U/ml) were filtered through a 0.2-pm filter, and after the
addition of 5 mM B-mercaptoethanol and 15% glycerol, they
were stored at —20°C. Monthly activity assays showed that the
enzymes could be stored in this way for at least 6 months
without a significant loss of activity.

The tolerance of the Raml;, and RamA;, enzymes to a
number of conditions relevant to their application in foods was
tested. Both enzymes showed the most activity at temperatures
from 37 to 45°C. Higher temperatures irreversibly inactivated
the enzymes. The presence of all five tested salts had a dele-
terious effect on the performance of RamA;,. For Raml, ,
the effects were salt dependent: while CaCl, and MgSO, sig-
nificantly reduced activity, the other three salts had essentially
no effect (Table 3).

The effect of pH on rhamnosidase activity was measured and
is displayed in Fig. 3. The specific pH dependence of enzyme
activity has a major impact on potential future applications in
view of the generally low pH of fruit material. Since the de-
tection of the synthetic substrate is sensitive to pH, rutin was
used as a substrate. For both enzymes, the optimal pH was
around 6. Raml;, was active from pH 4.5 to pH 8.0, while
RamA, , was active from pH 4.5 to pH 6.5. At pHs of <4.0, the
activities of both enzymes dropped to background levels.

Kinetic constants for both enzymes were determined (Table
4). The synthetic substrate rhamnose-pNP and the flavonoid
rutin were tested as substrates. For Raml, , the K,, value for
rhamnose-pNP (6 mM) was much higher than that for rutin (50
wM). For RamA, ,, K,,, values were much closer for both sub-
strates (0.7 mM and 0.3 mM for rhamnose-pNP and rutin,
respectively). For the Ram1, , enzyme, the k., value was much
higher for rhamnose-pNP (64 s~ 1) than for rutin (1 s~'). The
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FIG. 3. Activities of Raml,;,, and RamA,, at various pHs. The
activities of rhamnosidases were measured using rutin as a substrate.
Buffers were 100 mM sodium citrate (pH 2.3 to 3.7), 100 mM sodium
acetate (pH 3.9 to 5.8), 100 mM MOPS (pH 6.5 to 7.3), and 100 mM

Tris-HCI (pH 7.6 to 9.9). The reported values are the averages for
three technical replications.

k., values could not be calculated for RamA; , because the
enzyme could not be purified from the total E. coli soluble
protein extract. V., values indicated that the activity of
RamA, , with rhamnose-pNP was also much higher than that with
rutin. Due to the higher affinity of Ram1;, for rutin, its cata-
Iytic efficiency (k.,/K,,) with this natural rhamnoside substrate
is on the same order of magnitude as that with the synthetic
substrate.

Activities of rhamnosidases in tomato pulp. The activities of
Raml, , and RamA;, (at 85 pU/ml) on naturally occurring

TABLE 4. Kinetic constants for Ram1; , and RamA, ,

Kea kealK,,
Enzyme Substrate K,, (M) (s"[) (s [M’ 1
Raml;,, Rhamnose-pNP 6.3 X 103+31x1073 64+12 1.0=*10°
Rutin 50X107°+22x107° 1.0+03 20=*10°
RamA;, Rhamnose-pNP 7.0 X 107* + 4.2 X 107*
Rutin 3IX1074=13x10°




3452 BEEKWILDER ET AL.

APPL. ENVIRON. MICROBIOL.

714 m/z\ 699 m/z pH =6
control ] A
LaRamA . 595 m/z—f 463 m/z
LpoRami A N~

12,00 1300 1400 1500 16.00 17.00 1800 1900 20.00 21.00 2200 2300 2400 2500 26.00 27.00 28.00

minutes

pH=4

control jL A
LaRamA , o A A
LpRami A A AN

1200 1300 1400 1500 16.00 17.00 1800 19.00 20.00 21.00 2200 2300 2400 2500 2600 2700 2800

minutes

FIG. 4. Flavonoid content of tomato pulp upon rhamnosidase treatment. The data shown are HPLC chromatograms recorded at 360 nm
following enzyme treatment of tomato pulp which had first been adjusted to pH 6.0 (A) or had not been adjusted (B). The masses of the compounds
at the absorption peaks, as determined by mass spectrometry in negative mode, are indicated.

flavonoids in tomato pulp were tested. In buffered pulp (at pH
6), both enzymes were highly active and showed a complete
turnover of rutinosides into glucosides. In Fig. 4, the HPLC
chromatograms show that two peaks with elution times similar
to those for rutin occurred in the control samples. By mass
spectrometry, it was determined that the peak at 22.0 min
represents rutin apioside ([M — H] = 741 m/z), while the peak
at 24.0 min corresponds to rutin ([M — H] = 609 m/z). After
complete conversion, two new peaks with the same absorption
intensities appeared, at 23.6 and 25.2 min. Mass spectrometry
analysis revealed that these peaks corresponded to quercetin-
glucoside-pentoside ([M — H] = 595 m/z) and quercetin-glu-
coside ([M — H] = 463 m/z), respectively. These compounds
represent the expected products of rhamnosidase activity on
rutin apioside and rutin, respectively. At pH 6, incubation with
RamA,, as well as Raml, , resulted in (almost) complete
conversion of rutin and rutin-apioside (Fig. 4A). In contrast, at
pH 4.0, only 60% of the rutin and rutin-apioside was converted
by Raml, ,, and only 10% was converted in the case of
RamA, , (Fig. 4B).

Expression of rhamnosidase in L. lactis. For application in
food production strategies, rhamnosidases need to be pro-
duced in food-grade systems. As a first experiment, L. planta-
rum WCFS1 was used to ferment tomato pulp and then tested
for rhamnosidase production. However, no conversion of to-
mato flavonoids was observed, nor could any rhamnosidase
activity be detected in bacterial lysates using the synthetic
substrate (data not shown). This indicated that the rhamnosi-
dase operon was not expressed in L. plantarum under the
circumstances tested. Therefore, we switched to a different
food-grade expression system. A good example of such a sys-
tem is the nisin-controlled expression (NICE) system based on
Lactococcus lactis (27). To express Ram1, , in the NICE sys-
tem, the gene was cloned into pNZ8148 and subsequently
transferred to L. lactis NZ9000. Control L. lactis did not show
a background rhamnosidase activity (Table 5). Subsequently,
we tested whether Raml; , was produced and if this activity
was secreted from the cells. As detailed above, the intracellular
fluid of L. lactis expressing Ram1, , (at 5 ng/ml nisin inducer)
showed a rhamnosidase activity (using rhamnose-pNP) of 0.67
pU per pg protein. No activity was detected in the culture
medium or in the intracellular fraction of nonexpressing strains

(uninduced or with empty plasmid). The L. lactis strain ex-
pressing Raml,, was used for the fermentation of tomato
paste. After 48 h of fermentation, the changes in the concen-
tration of rutin or rutin apioside were analyzed by HPLC.
Unexpectedly, the levels of these compounds were unaltered
relative to those in the original paste and after control fermen-
tations using L. lactis harboring a control plasmid, uninduced
L. lactis harboring Ram1, ;,, and induced, Raml; ,-expressing
L. lactis. In addition, no formation of the reaction products quer-
cetin-3-glucoside and quercetin-3-glucoside-apioside could be de-
tected.

Potential reasons for the lack of activity of rhamnosidase-
expressing L. lactis cells on tomato rutinosides were investi-
gated. The L. lactis culture was calculated to produce 324 pU
rhamnosidase per ml, which is 4 times the enzyme load used
when the activity of purified enzyme on tomato pulp was pos-
itively tested (see above) (85 wU rhamnosidase per ml). There-
fore, it was concluded that sufficient enzyme should be avail-
able. Subsequently, it was tested if the flavonoid substrate rutin
is accessible to the intracellular compartment of L. lactis in
comparison with the artificial substrate rhamnose-pNP. To this
end, cultures of L. lactis expressing Ram1, , and control cul-
tures of L. lactis (with an empty plasmid, pNZ8148) were
generated. Equal volumes of these cultured cells were trans-
ferred to a small volume of phosphate buffer (pH 7) and were
left as intact cells, or the intracellular fluid was released by

TABLE 5. Rhamnosidase activity of L. lactis expressing Ram1,
compared to a control L. lactis strain (pNZ) lacking the
Raml, , gene*

Activity (% of substrate

Enzyme prepn converted)

Rutin Rhamnose-pNP

L. lactis expressing Ram1, , intracellular 13.2 9.8
L. lactis expressing pNZ, intracellular 0.0 0.0
L. lactis expressing Ramly ,, whole cells 0.6 22.8
L. lactis expressing pNZ, whole cells 0.0 0.0

¢ Activity measurements were made using both a clarified cell lysate (intracel-
lular) and unlysed cells (whole cells) on the substrates rutin (measured after 24 h
by HPLC at 360 nm) and rhamnose-pNP (measured after 2 h as the release of
pNP at 405 nm).
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FastPrep treatment and then cleared by centrifugation. Subse-
quently, the rhamnosidase activities of both whole cells and the
intracellular fluid were tested on rutin and pNP-rhamnose.
The results are summarized in Table 5. Whole cells containing
Raml, , converted rhamnose-pNP at a similar rate to that for
intracellular fluid. In contrast, the conversion of rutin by whole
cells was much lower (>20-fold) than that for the intracellular
fluid. Thus, in comparison to rhamnose-pNP, rutin seems to
have very poor access to intracellular rhamnosidases as a sub-
strate in whole L. lactis cells.

DISCUSSION

In this paper, we describe the identification, isolation, and
characterization of three rhamnosidases from L. plantarum
and L. acidophilus. First, the evolutionary relationships be-
tween these sequences and those of known rhamnosidases
were established. Unexpectedly, the enzyme of L. acidophilus
mapped to a distinctly different branch of the rhamnosidase
glycoside hydrolase family from that for the two L. plantarum
enzymes. Furthermore, the analysis implied that RamA, , is
the L. acidophilus functional equivalent of RamA (40) of Clos-
tridium stercorarium. Indeed, both enzymes are active on the
1—2-linked rhamnose in naringin.

In contrast, the enzymes of L. plantarum seem to be related
more closely to rhamnosidase A of Aspergillus, although the
sequences are distinctly different. The genomic association of
the L. plantarum genes with a putative (di)saccharide trans-
porter and a transcription factor that is induced by an N-
acetylglucosamine-like molecule could indicate a possible role
in assimilation of gellan-like substrates, much like the role of
the rhamnosidases in the soil bacterium Bacillus sp. strain
GL1. Gellan is a rthamnose-containing heteropolysaccharide
produced by soil bacteria (15). The Bacillus thamnosidases are
proposed to act intracellularly on disaccharide breakdown
products of gellan. Though the lactobacilli are not known to
live in association with roots and thus with gellan, they likely
encounter disaccharide breakdown products of plant cell wall
constituents, produced, for instance, in the colon part of the
digestive system. A role in this gut compartment is further
suggested by the homology of Raml, , and Ram2, , to rham-
nosidases from bacteria occurring mainly in the colon (Bacte-
roides, Ruminococcus, and Salmonella species) (Fig. 2A).
Moreover, previous data (8) indicate that expression of
Ram?2, ; is induced in the colon. Colonization of the colon by
lactobacilli needs to be established among massive numbers of
enteric bacteria in an environment that has been deprived of
readily available monosaccharides. Under such conditions,
means for utilization of rhamnose-containing oligosaccharides
may be useful. Especially in woody plant material, polysaccha-
rides are often coupled to phenolic compounds, e.g., flavonoids
(Fig. 1). In fermentation of cabbage and tomato by Lactoba-
cillus, breakdown of rhamnose-containing oligosaccharides is
probably less important, since these are quite rich in ferment-
able monosaccharides (1.8% and 5% of the fresh weight, re-
spectively) (11, 14).

Application of rhamnosidases. The rhamnosidases de-
scribed in this paper have been shown to convert flavonoid
rutinosides (such as rutin from tomato) into well-absorbed
glucosides, and one of the enzymes is also active on naringin,
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a neohesperoside from citrus. Consequently, the activities of
the Lactobacillus thamnosidases are potentially useful for the
enhancement of the health benefits of naturally occurring plant
flavonoid rhamnosides. This could imply that probiotic lacto-
bacilli such as L. plantarum, when present in the gut micro-
flora, may enhance flavonoid bioavailability. However, while
flavonoid absorption occurs mainly in the small intestine (12,
37), L. plantarum will predominantly colonize the colon. This
implies that rhamnosidase activity expressed by probiotic lactic
acid bacteria such as L. plantarum will occur too late in the
digestive system to be of direct benefit. Therefore, an efficient
application of rhamnosidases will most likely rely on the treat-
ment of foodstuffs prior to ingestion.

In this paper, we show that Lactobacillus rhamnosidases are
able to degrade compounds such as rutin and naringin present
in a food matrix (Fig. 4). However, a strong limitation to the
application of Ram1, , and RamA, , in the processing of fruit
juices is that these enzymes act efficiently only at pHs of >4.5
(Fig. 3 and 4), while many fruit juices have a pH of 4.0 (to-
mato) or even lower (citrus). Adjustment of the fruit pulp
matrix to pH 6 resulted in full conversion, which indicates that
apart from its pH, this matrix enabled the enzyme to act on the
flavonoids. However, pH adjustment is often not feasible dur-
ing fruit juice production, and therefore an application of
Raml, , in industrial fruit juice processing is probably not
realistic. Alternative applications may be found in fermenta-
tion of less acidic flavonoid sources, such as cabbages and
beans, and during extraction of flavonoids from plant waste
material, such as olive mill residue (4). Application in soy
processing, a material which is typically rich in polyphenols,
could also be considered.

A novel way to deploy the rhamnosidase activity of Lacto-
bacillus enzymes could be to ferment fruit juices with whole
food-grade bacteria expressing rhamnosidases. No expression
of rhamnosidase activity in L. plantarum could be observed.
Therefore, Ram1, , was expressed in L. lactis, using the NICE
system. Food fermentations using recombinant microbes will
not easily find commercial application. It has been shown that
Saccharomyces cerevisiae can express and secrete a rhamnosi-
dase from Aspergillus during vinification (25), with the aim to
increase the content of volatile terpenoid compounds in wine,
but this system has not been deployed commercially. However,
recombinant systems do provide a platform to identify the
required components for such a system. From this perspective,
it is interesting that L. lactis, while fermenting tomato pulp, can
functionally express sufficient amounts of Raml; , to convert
tomato rutin into the more bioavailable quercetin-3-glucoside.
However, this conversion does not occur during fermentation
due to the fact that the substrate fails to be internalized by L.
lactis. From Table 5, it is evident that although a synthetic
substrate like rhamnose-pNP is readily taken up and degraded
by intact L. lactis cells, a natural substrate (the rhamnosilated
flavonoid rutin) is not available to the intracellular enzyme.
This focuses our interest on the role of the transporter genes
flanking the L. plantarum Raml;, and Ram?2; , genes. Bioin-
formatic analysis clearly implies that they are involved in
(oligo)carbohydrate import. Possibly they mediate absorption of
rhamnose-containing molecules such as flavonoids. If this is
the case, they may be deployed to facilitate internalization of
rhamnosilated flavonoids into lactobacilli, which may, by the
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action of one of the rhamnosidases described in this paper,
remove the rhamnose and produce flavonoids with improved
bioavailability to the human digestive system.

ACKNOWLEDGMENTS

This work was financially supported by the EU 6th Framework
project FLORA (2005-FOOD-CT-01730). C.F. acknowledges the sup-
port of NBIC/The Netherlands Genomics Initiative via the Kluyver
Centre for Genomics of Industrial Fermentations. R.D.V. and R.D.H.
also acknowledge initial support from the Centre for BioSytems
Genomics, an initiative under the auspices of The Netherlands
Genomics Initiative (NGI/NWO).

We thank Harry Jonker, Bert Schipper, and Ingrid van Alen for
their excellent technical assistance and Michiel Wels for help with
annotation of L. plantarum genome regions. Roland Siezen is acknowl-
edged for critically reading the manuscript.

REFERENCES

1. Altermann, E., W. M. Russell, M. A. Azcarate-Peril, R. Barrangou, B. L.
Buck, O. McAuliffe, N. Souther, A. Dobson, T. Duong, M. Callanan, S. Lick,
A. Hamrick, R. Cano, and T. R. Klaenhammer. 2005. Complete genome
sequence of the probiotic lactic acid bacterium Lactobacillus acidophilus
NCFM. Proc. Natl. Acad. Sci. USA 102:3906-3912.

2. Altschul, S. F., T. L. Madden, A. A. Schaffer, J. Zhang, Z. Zhang, W. Miller,
and D. J. Lipman. 1997. Gapped BLAST and PSI-BLAST: a new generation
of protein database search programs. Nucleic Acids Res. 25:3389-3402.

3. Andersen, C., R. Cseh, K. Schulein, and R. Benz. 1998. Study of sugar
binding to the sucrose-specific ScrY channel of enteric bacteria using current
noise analysis. J. Membr. Biol. 164:263-274.

4. Aranda, E., 1. Garcia-Romera, J. A. Ocampo, V. Carbone, A. Mari, A.
Malorni, F. Sannino, A. De Martino, and R. Capasso. 2007. Chemical char-
acterization and effects on Lepidium sativum of the native and bioremedi-
ated components of dry olive mill residue. Chemosphere 69:229-239.

5. Barthelmes, J., C. Ebeling, A. Chang, I. Schomburg, and D. Schomburg.
2007. BRENDA, AMENDA and FRENDA: the enzyme information system
in 2007. Nucleic Acids Res. 35:D511-D514.

6. Bauer, S., P. Vasu, A. J. Mort, and C. R. Somerville. 2005. Cloning, expression,
and characterization of an oligoxyloglucan reducing end-specific xyloglucano-
biohydrolase from Aspergillus nidulans. Carbohydr. Res. 340:2590-2597.

7. Beekwilder, J., H. Jonker, P. Meesters, R. D. Hall, I. M. van der Meer, and
C. H. R. de Vos. 2005. Antioxidants in raspberry: on-line analysis links
antioxidant activity to a diversity of individual metabolites. J. Agric. Food
Chem. 53:3313-3320.

8. Bron, P. A., C. Grangette, A. Mercenier, W. M. de Vos, and M. Kleerebezem.
2004. Identification of Lactobacillus plantarum genes that are induced in the
gastrointestinal tract of mice. J. Bacteriol. 186:5721-5729.

9. Cantarel, B. L., P. M. Coutinho, C. Rancurel, T. Bernard, V. Lombard, and
B. Henrissat. 2008. The carbohydrate active enzymes database (CAZy): an
expert resource for glycogenomics. Nucleic Acids Res. 37:D233-D238.

10. Chaillou, S., P. W. Postma, and P. H. Pouwels. 1998. Functional expression
in Lactobacillus plantarum of xylP, encoding the isoprimeverose transporter
of Lactobacillus pentosus. J. Bacteriol. 180:4011-4014.

11. Choi, M. H,, G. E. Ji, K. H. Koh, Y. W. Ryu, D. H. Jo, and Y. H. Park. 2002.
Use of waste Chinese cabbage as a substrate for yeast biomass production.
Biores. Technol. 83:251-253.

12. Day, A. J., J. M. Gee, M. S. DuPont, I. T. Johnson, and G. Williamson. 2003.
Absorption of quercetin-3-glucoside and quercetin-4’-glucoside in the rat
small intestine: the role of lactase phlorizin hydrolase and the sodium-
dependent glucose transporter. Biochem. Pharmacol. 65:1199-1206.

13. Doucette-Stamm, L. A., and D. Bush. 24 June 2003. Nucleic acid sequences
and expression system relating to Enterococcus faecium for diagnostics and
therapeutics. U.S. patent 6583275.

14. Gautier, H., V. Diakou-Verdin, C. Benard, M. Reich, M. Buret, F. Bourgaud,
J. L. Poessel, C. Caris-Veyrat, and M. Genard. 2008. How does tomato
quality (sugar, acid, and nutritional quality) vary with ripening stage, tem-
perature, and irradiance? J. Agric. Food Chem. 56:1241-1250.

15. Giavasis, 1., L. M. Harvey, and B. McNeil. 2000. Gellan gum. Crit. Rev.
Biotechnol. 20:177-211.

16. Gonzalez-Barrio, R., L. M. Trindade, P. Manzanares, L. H. De Graaff, F. A.
Tomas-Barberan, and J. C. Espin. 2004. Production of bioavailable fla-
vonoid glucosides in fruit juices and green tea by use of fungal alpha-L-
rhamnosidases. J. Agric. Food Chem. 52:6136-6142.

17. Hashimoto, W., O. Miyake, H. Nankai, and K. Murata. 2003. Molecular
identification of an alpha-L-rthamnosidase from Bacillus sp. strain GL1 as an
enzyme involved in complete metabolism of gellan. Arch. Biochem. Biophys.
415:235-244.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

APPL. ENVIRON. MICROBIOL.

Henrissat, B., and G. Davies. 1997. Structural and sequence-based classifi-
cation of glycoside hydrolases. Curr. Opin. Struct. Biol. 7:637-644.

Hertog, M. G. L., E. J. M. Feskens, P. C. H. Hollman, M. B. Katan, and D.
Kromhout. 1993. Dietary antioxidant flavonoids and risk of coronary heart-
disease—the Zutphen elderly study. Lancet 342:1007-1011.

Hollman, P. C. H., M. N. C. P. Bijsman, Y. van Gameren, E. P. J. Cnossen,
J. H. M. de Vries, and M. B. Katan. 1999. The sugar moiety is a major
determinant of the absorption of dietary flavonoid glycosides in man. Free
Radic. Res. 31:569-573.

Keyhani, N. O., and S. Roseman. 1997. Wild-type Escherichia coli grows on
the chitin disaccharide, N,N’-diacetylchitobiose, by expressing the cel
operon. Proc. Natl. Acad. Sci. USA 94:14367-14371.

Kleerebezem, M., J. Boekhorst, R. van Kranenburg, D. Molenaar, O. P.
Kuipers, R. Leer, R. Tarchini, S. A. Peters, H. M. Sandbrink, M. W. E. J.
Fiers, W. Stiekema, R. M. K. Lankhorst, P. A. Bron, S. M. Hoffer, M. N. N.
Groot, R. Kerkhoven, M. de Vries, B. Ursing, W. M. de Vos, and R. J. Siezen.
2003. Complete genome sequence of Lactobacillus plantarum WCFSI. Proc.
Natl. Acad. Sci. USA 100:1990-1995.

Kolin, A., V. Balasubramaniam, J. M. Skredenske, J. R. Wickstrum, and
S. M. Egan. 2008. Differences in the mechanism of the allosteric L-rhamnose
responses of the AraC/XylS family transcription activators RhaS and RhaR.
Mol. Microbiol. 68:448-461.

Koseki, T., Y. Mese, N. Nishibori, K. Masaki, T. Fujii, T. Handa, Y. Yamane,
Y. Shiono, T. Murayama, and H. Iefuji. 2008. Characterization of an a-L-
rhamnosidase from Aspergillus kawachii and its gene. Appl. Microbiol. Bio-
technol. [Epub ahead of print.] doi:10.1007/s00253-008-1599-7.
Manzanares, P., M. Orejas, J. V. Gil, L. H. de Graaff, J. Visser, and D.
Ramon. 2003. Construction of a genetically modified wine yeast strain ex-
pressing the Aspergillus aculeatus rhaA gene, encoding an alpha-L-rhamno-
sidase of enological interest. Appl. Environ. Microbiol. 69:7558-7562.
Manzanares, P., H. C. van den Broeck, L. H. de Graaff, and J. Visser. 2001.
Purification and characterization of two different alpha-L-rhamnosidases,
RhaA and RhaB, from Aspergillus aculeatus. Appl. Environ. Microbiol. 67:
2230-2234.

Mierau, I., and M. Kleerebezem. 2005. 10 years of the nisin-controlled gene
expression system (NICE) in Lactococcus lactis. Appl. Microbiol. Biotech-
nol. 68:705-717.

Moco, S., R. J. Bino, O. Vorst, H. A. Verhoeven, J. de Groot, T. A. van Beek,
J. Vervoort, and C. H. R. de Vos. 2006. A liquid chromatography-mass
spectrometry-based metabolome database for tomato. Plant Physiol. 141:
1205-1218.

Moralejo, P., S. M. Egan, E. Hidalgo, and J. Aguilar. 1993. Sequencing and
characterization of a gene-cluster encoding the enzymes for L-rhamnose
metabolism in Escherichia coli. J. Bacteriol. 175:5585-5594.

Nielsen, I. L. F., W. S. S. Chee, L. Poulsen, E. Offord-Cavin, S. E. Rasmus-
sen, H. Frederiksen, M. Enslen, D. Barron, M. N. Horcajada, and G. Wil-
liamson. 2006. Bioavailability is improved by enzymatic modification of the
citrus flavonoid hesperidin in humans: a randomized, double-blind, crossover
trial. J. Nutr. 136:404-408.

Overbeek, R., N. Larsen, T. Walunas, M. D’Souza, G. Pusch, E. Selkov, Jr., K.
Liolios, V. Joukov, D. Kaznadzey, I. Anderson, A. Bhattacharyya, H. Burd, W.
Gardner, P. Hanke, V. Kapatral, N. Mikhailova, O. Vasieva, A. Osterman, V.
Vonstein, M. Fonstein, N. Ivanova, and N. Kyrpides. 2003. The ERGO genome
analysis and discovery system. Nucleic Acids Res. 31:164-171.

Puri, M., and U. C. Banerjee. 2000. Production, purification, and character-
ization of the debittering enzyme naringinase. Biotechnol. Adv. 18:207-217.
Romero, C., A. Manjon, J. Bastida, and J. L. Iborra. 1985. A method for
assaying the rhamnosidase activity of naringinase. Anal. Biochem. 149:566-571.
Steinkraus, K. H. 1983. Lactic-acid fermentation in the production of foods
from vegetables, cereals and legumes. Antonie van Leeuwenhoek J. Micro-
biol. 49:337-348.

Thompson, J. D., T. J. Gibson, F. Plewniak, F. Jeanmougin, and D. G.
Higgins. 1997. The CLUSTAL_X Windows interface: flexible strategies for
multiple sequence alignment aided by quality analysis tools. Nucleic Acids
Res. 25:4876-4882.

van der Heijden, R. T., B. Snel, V. van Noort, and M. A. Huynen. 2007.
Orthology prediction at scalable resolution by phylogenetic tree analysis.
BMC Bioinform. 8:83.

Wolffram, S., M. Block, and P. Ader. 2002. Quercetin-3-glucoside is trans-
ported by the glucose carrier SGLT1 across the brush border membrane of
rat small intestine. J. Nutr. 132:630-635.

Yoon, K. Y., E. E. Woodams, and Y. D. Hang. 2004. Probiotication of tomato
juice by lactic acid bacteria. J. Microbiol. 42:315-318.

Yoshida, K. 1., Y. Yamamoto, K. Omae, M. Yamamoto, and Y. Fujita. 2002.
Identification of two myo-inositol transporter genes of Bacillus subtilis. J.
Bacteriol. 184:983-991.

Zverlov, V. V., C. Hertel, K. Bronnenmeier, A. Hroch, J. Kellermann, and
W. H. Schwarz. 2000. The thermostable alpha-L-rhamnosidase RamA of
Clostridium stercorarium: biochemical characterization and primary structure
of a bacterial alpha-L-rhamnoside hydrolase, a new type of inverting glyco-
side hydrolase. Mol. Microbiol. 35:173-179.



