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Lactobacillus plantarum is the lactic acid bacterial species most frequently found in the fermentation of food products of plant
origin on which phenolic compounds are abundant. L. plantarum strains showed great flexibility in their ability to adapt to dif-
ferent environments and growth substrates. Of 28 L. plantarum strains analyzed, only cultures from 7 strains were able to hy-
drolyze hydroxycinnamic esters, such as methyl ferulate or methyl caffeate. As revealed by PCR, only these seven strains pos-
sessed the est_1092 gene. When the est_1092 gene was introduced into L. plantarum WCFS1 or L. lactis MG1363, their cultures
acquired the ability to degrade hydroxycinnamic esters. These results support the suggestion that Est_1092 is the enzyme re-
sponsible for the degradation of hydroxycinnamic esters on the L. plantarum strains analyzed. The Est_1092 protein was recom-
binantly produced and biochemically characterized. Surprisingly, Est_1092 was able to hydrolyze not only hydroxycinnamic
esters, since all the phenolic esters assayed were hydrolyzed. Quantitative PCR experiments revealed that the expression of
est_1092 was induced in the presence of methyl ferulate, an hydroxycinnamic ester, but was inhibited on methyl gallate, an hy-
droxybenzoic ester. As Est_1092 is an enzyme active on a broad range of phenolic esters, simultaneously possessing feruloyl es-
terase and tannase activities, its presence on some L. plantarum strains provides them with additional advantages to survive and
grow on plant environments.

Lactobacillus plantarum is a highly versatile lactic acid bacterial
species found in many different ecological niches, such as veg-

etables, meat, fish, and dairy products, as well as in the gastroin-
testinal tract (1). The genome of L. plantarum strain WCFS1 was
the first to be fully sequenced, and it was, in fact, the first of any of
the Lactobacillus genomes to be published (2). When the genome
diversity of L. plantarum on a full genome scale was analyzed, it
was revealed that L. plantarum strains are predicted to lack 9 to
20% of the genes of the L. plantarum WCFS1 reference genome,
and about 50 genes appeared to be specific to strain WCFS1, as
they were not found in any other strain (1). This variability con-
firms the flexibility of L. plantarum in its ability to adapt to differ-
ent environments and growth substrates.

Phenolic compounds are important constituents of food
products of plant origin, as they are related to the sensory char-
acteristics of the food and are beneficial to consumer health (3).
Therefore, it is interesting to know the metabolic pathways of
biosynthesis or degradation of these compounds in bacteria. L.
plantarum is the lactic acid bacterium that is the most frequently
found in the fermentation of food products of plant origin, being
the bacterial model for the study of phenolic compound metabo-
lism (4). Among these compounds, the metabolism of phenolic
esters is greatly relevant, as they are widely spread throughout the
plant kingdom (3). Esters of phenolic acids mainly belong to two
distinguishing constitutive carbon frameworks: the hydroxycin-
namic and the hydroxybenzoic structures (3) (see Fig. S1 in the
supplemental material). In relation to hydroxybenzoic esters, two
esterase enzymes able to hydrolyze them have been described in L.
plantarum. The L. plantarum TanA (TanALp) and L. plantarum
TanB (TanBLp) esterases, also known as tannases, hydrolyze the
ester bonds of gallic and protocatechuic acids (5, 6). TanBLp is an
inducible enzyme present in all L. plantarum strains, whereas
TanALp is not inducible by methyl gallate and is rarely present in
strains of this species (6). Subsequently, the hydroxybenzoic acids

formed by tannase action are decarboxylated by a decarboxylase
enzyme recently described (7).

In relation to the metabolism of hydroxycinnamic esters, the
decarboxylase enzyme involved in their metabolism (phenolic
acid decarboxylase) has been characterized (8, 9); however,
knowledge about the esterases (feruloyl esterases) implicated is
still limited. Feruloyl esterases are the enzymes involved in the
release of phenolic compounds from plant cell walls and consti-
tute an interesting group of enzymes with a potentially broad
range of applications in the food, fuel, pharmaceutical, and paper
pulp industries (10–13). The potential for feruloyl esterases to be
able to open up the plant cell wall is significant for the design of
processes for improved biomass utilization (13). Ferulic acid re-
leased from the plant cell wall is an effective industrial component
by virtue of its antioxidant and photoprotectant properties (11).
In human and herbivore digestion, feruloyl esterases are impor-
tant for the deesterification of dietary fiber, releasing hydroxycin-
namates and derivatives, which have been shown to have positive
effects, such as antioxidant, anti-inflammatory, and antimicrobial
activities (13).
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The availability of the L. plantarum WCFS1 genome allows the
application of bioinformatics tools to predict the functions of the
genes and to reconstruct metabolic pathways and regulatory
networks. However, understanding protein function is always a
major goal in biology. Most of the genes in sequenced genomes
are annotated on the basis of sequence similarity to other pro-
teins that have already been characterized (14). However, the
definite approach to assigning a molecular function to a pre-
dicted open reading frame is to isolate and biochemically char-
acterize the corresponding protein (14). In this regard, a wide
study to dissect the complex array of esterase activities in L.
plantarum WCFS1 cells was designed by our group (15–23). From
the esterases assayed, only Lp_0796 was able to hydrolyze hy-
droxycinnamic acids and was therefore considered a feruloyl es-
terase. Given the industrial significance of feruloyl esterases and
taking into account the great variability present on the L. planta-
rum pangenome, in this work the metabolism of esters from hy-
droxycinnamic acids was studied in several L. plantarum strains
and the enzyme involved on this metabolism was genetically and
biochemically characterized.

MATERIALS AND METHODS
Strains and growth conditions. In this study, 29 L. plantarum strains
were analyzed. L. plantarum strains WCFS1, NC8, and LPT 57/1 were
kindly provided by M. Kleerebenzem (NIZO Food Research, The Neth-
erlands), L. Axelsson (Norwegian Institute of Food, Fisheries and Aqua-
culture Research, Norway), and J. L. Ruíz-Barba (Instituto de la Grasa,
CSIC, Spain), respectively. Eight strains were purchased from the Spanish
Type Culture Collection (CECT): L. plantarum CECT 220 (ATCC 8014),
CECT 221 (ATCC 14431), CECT 223, CECT 224, CECT 749 (ATCC
10241), CECT 4185, CECT 4645 (NCFB 1193), and the type strain L.
plantarum subsp. plantarum CECT 748 (ATCC 14917, DSMZ 20174).
Seven strains were purchased from the German Collection of Microor-
ganisms and Cell Cultures (DSMZ): L. plantarum DSM 1055, DSM 2648,
DSM 10492, DSM 12028, DSM 13273, DSM 20246, and the type strain L.
plantarum subsp. argentoratensis DSM 16365. Eleven strains were isolated
from must grape or wine of different wine-producing areas of Spain over
the period from 1998 to 2001: L. plantarum RM28, RM31, RM34, RM35,
RM38, RM39, RM40, RM41, RM71, RM72, and RM73 (24). In addition, two
Lactobacillus paraplantarum strains purchased from the DSMZ, DSM 10641
(ATCC 10776) and DSM 10667T, were also analyzed. Among these strains,
the complete genome sequences of the WCFS1 (GenBank assembly number
GCA_000203855.3), NC8 (GenBank assembly number GCA_000247735.2),
and ATCC 14917T (GenBank assembly number GCA_000143745.1) strains
are available.

The L. plantarum strains were routinely grown in MRS medium ad-
justed to pH 6.5 and incubated at 30°C. For the degradation assays, the L.
plantarum strains were cultivated in a modified basal and defined medium
for L. plantarum described previously (18, 25).

Lactococcus lactis MG1363 was used as a host for heterologous gene
expression in the pNZ:Tu plasmid (26). Escherichia coli DH10B was used
for DNA manipulations. E. coli BL21(DE3) was used for expression in the
pURI3-Cter vector (27). The pGro7 vector (TaKaRa) overexpressing
GroES/GroEL E. coli chaperones was also used. E. coli strains were cul-
tured in Luria-Bertani (LB) medium at 37°C and 140 rpm. When re-
quired, ampicillin and chloramphenicol were added to the medium at
concentrations of 100 and 20 �g/ml, respectively.

Hydrolysis of esters of phenolic acids by L. plantarum cultures. The
sterilized modified basal medium was supplemented with the filter-ster-
ilized esters of phenolic acids at a 1 mM final concentration. L. plantarum
WCFS1 transformed with the pNZ:Tu plasmid harboring the est_1092
gene was grown in RPM (a modified basal and defined medium for L.
plantarum described previously [18, 25]) containing chloramphenicol (5
�g/ml). L. lactis was cultivated in M17 medium supplemented with glu-

cose (final concentration, 0.5%), and L. lactis strains harboring pNZ:Tu
derivatives were grown in medium to which chloramphenicol (5 �g/ml)
was added. The L. plantarum- or L. lactis-inoculated media were incu-
bated in the darkness without shaking at 30°C for 7 days. Incubated media
with cells and without phenolic compound and incubated media without
cells and with phenolic compounds were used as controls. The reaction
products were extracted twice with one-third of the reaction volume of
ethyl acetate (Lab-Scan, Ireland). The solvent fractions were filtered
through a 0.45-�m-pore-size polyvinylidene difluoride (PVDF) filter
(Teknokroma, Spain) and analyzed by high-pressure liquid chromatog-
raphy (HPLC).

PCR detection of est_1092 gene. Bacterial chromosomal DNA was
isolated from overnight cultures as described previously (28). The
est_1092 gene (GenBank accession number CP001617.1) was amplified by
PCR using 10 ng of chromosomal DNA. PCRs were performed in 0.2-ml
centrifuge tubes in a total volume of 25 �l containing 1 �l of template
DNA (approximately 10 ng), 20 mM Tris-HCl (pH 8.0), 50 mM KCl, 2.5
mM MgCl2, 200 �M each deoxynucleoside triphosphate, 1 U of Ampli-
Taq Gold DNA polymerase, and 1 �M each primer. The reactions were
performed using oligonucleotides 1230 and 1231 to amplify the est_1092
gene in a personal Eppendorf thermocycler using the following cycling
parameters: an initial 10 min at 98°C for enzyme activation, denaturation
at 94°C for 1 min, annealing at 50°C for 30 s, and extension at 72°C for 1
min. The expected size of the amplicon was 0.9 kb. PCR fragments were
resolved on a 0.7% agarose gel.

Heterologous expression of est_1092 in L. lactis. The est_1092 gene
from L. plantarum DSM 1055 was amplified by PCR using the F-1092
(5=-CCATGGTATCAAAAGAATTGAGTCGGTCAATAATTG) and R-1092
(5=-TCTAGATCATCAGGCCATATGTTCCTGCAA) oligonucleotides
(the underlined sequences represent NcoI and XbaI sites, respectively).
The F-1092 forward primer introduced an NcoI site at about the initiation
codon of the est_1092 gene, and the R-1092 reverse primer introduced an
XbaI site downstream of the stop codon. The PCR product was digested
with the two restriction enzymes and ligated into the corresponding re-
striction sites of vector pNZ:Tu (26). The ligation mixture was trans-
formed into L. lactis MG1363 by electroporation (29), and the transfor-
mants containing the recombinant pNZ:Tu-1092 plasmid were checked
by restriction mapping and sequencing of the inserted fragment.

Production and purification of Est_1092 from L. plantarum DSM
1055. The est_1092 gene from L. plantarum DSM 1055 was PCR amplified
by the use of PrimeStar HS DNA polymerase (TaKaRa) and primers 1230
(5=-TAACTTTAAGAAGGAGATATACATatgatatcaaaagaattgagtcggt) and
1231 (5=-GCTATTAATGATGATGATGATGATGggccatatgttcctgcaaaaa
gcg) (the nucleotides pairing the expression vector sequence are indicated
in italics, and the nucleotides pairing the lp_1092 gene sequence are indi-
cated in lowercase letters). The 0.9-kb purified PCR product was inserted
into the pURI3-Cter vector using a restriction enzyme- and ligation-free
cloning strategy (27). The vectors produce recombinant proteins having a
six-histidine affinity tag in their C termini. E. coli DH10B cells were trans-
formed; recombinant plasmids were isolated; and plasmids containing the
correct insert were identified by restriction enzyme analysis, verified by
DNA sequencing, and then transformed into E. coli BL21(DE3) cells for
expression.

E. coli BL21(DE3) was cotransformed with the recombinant plas-
mid pURI3-Cter-1092 and the pGro7 plasmid (TaKaRa), a vector
overexpressing GroES/GroEL chaperones. E. coli cells were grown in LB
medium containing 100 �g/ml ampicillin, 20 �g/ml chloramphenicol,
and 2 mg/ml arabinose until an optical density at 600 nm (OD600) of 0.4
was reached and then induced by adding isopropyl-�-D-thiogalactopyra-
noside (IPTG) at a final concentration of 0.4 mM. Following induction,
the cells were grown at 22°C for 20 h and collected by centrifugation (8,000 �
g, 15 min, 4°C). The cells were disrupted, and the Est_1092 protein (GenBank
accession number ACT61979.1) was purified by affinity chromatography as
described previously (18), except that the bound enzyme was eluted using 150
mM McIlvaine buffer (pH 5.0) (30).
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Spectrophotometric assays for esterase activity and substrate spec-
ificity. Esterase activity was determined by a spectrophotometric method
previously described, but p-nitrophenyl butyrate (Sigma-Aldrich) was
used as the substrate (18).

The substrate specificity of Est_1092 was determined by using differ-
ent p-nitrophenyl esters of various chain lengths (Sigma-Aldrich), i.e.,
p-nitrophenyl acetate (C2), p-nitrophenyl butyrate (C4), p-nitrophenyl
caprylate (C8), p-nitrophenyl laurate (C12), p-nitrophenyl myristate
(C14), and p-nitrophenyl palmitate (C16), as the substrates as described
previously (18, 31) but using 50 mM McIlvaine buffer, pH 5.0.

The enzymatic substrate profile of purified protein was determined by
using an ester library described previously (18, 32), but two additional
esters of hydroxybenzoic acids, ethyl protocatechuate (ethyl 3,4-dihy-
droxybenzoate) and methyl gallate, were included. p-Nitrophenol was
used as a pH indicator to monitor ester hydrolysis colorimetrically (18).
Assays with blanks without enzyme were carried out for each substrate,
data were collected in triplicate, and the average activities were quantified.
Results are shown as means � standard deviations.

Esterase activity on gallate esters (tannase activity) was determined
using a rhodanine assay specific for gallic acid (33). The amount of gallic
acid in the reaction mixture was determined as described previously (5).
One unit of tannase activity was defined as the amount of enzyme required
to release 1 �mol of gallic acid per minute under standard reaction con-
ditions.

HPLC analysis of Est_1092 activity on phenolic esters. The activity of
Est_1092 against 20 potential substrates was analyzed by HPLC. The sub-
strates assayed were esters derived from benzoic and cinnamic acids.
Among the benzoic acids, gallic esters (methyl gallate, ethyl gallate, propyl
gallate, and lauryl gallate), benzoic esters (methyl benzoate, ethyl benzo-
ate, and vinyl benzoate), hydroxybenzoic esters (methyl 4-hydroxybenzo-
ate and ethyl 4-hydroxybenzoate), vanillic ester (methyl vanillate), and
dihydroxybenzoic esters (methyl 2,4-dihydroxybenzoate, methyl 2,5-di-
hydroxybenzoate, ethyl 3,4-dihydroxybenzoate or ethyl protocatechuate,
and ethyl 3,5-dihydroxybenzoate) were analyzed. In relation to hydroxy-
cinnamic acids, ferulic esters (methyl ferulate and ethyl ferulate), caffeic
ester (methyl caffeate), p-coumaric ester (methyl p-coumarate), and si-
napic ester (methyl sinapinate) were analyzed. In addition, epicatechin
gallate was also assayed as a potential substrate. Est_1092 (100 �g) was
incubated in McIlvaine buffer (50 mM), pH 5.0, at 30°C in the presence of
the substrate (1 mM). As controls, McIlvaine buffer containing the re-
agents but not the enzyme were incubated under the same conditions. The
reaction products were extracted twice with ethyl acetate; the solvent frac-
tions were filtered through a 0.45-�m-pore-size PVDF filter and analyzed
by HPLC with photodiode array detection (DAD). A Thermo chromato-
graph (Thermo Electron Corporation, Waltham, MA, USA) equipped
with a P4000 SpectraSystem pump and AS3000 autosampler and a
UV6000LP photodiode array detector were used. A gradient of solvent A
(water and acetic acid, 98:2, vol/vol) and solvent B (water, acetonitrile,
and acetic acid, 78:20:2, vol/vol/vol) was applied to a reversed-phase No-
va-Pak C18 cartridge (25 cm by 4.0 mm [inside diameter]; particle size, 4.6
�m) at room temperature as described previously (18). The identification
of degradation compounds was carried out by comparing the retention
times and spectral data for each peak with those of standards from com-
mercial suppliers or by liquid chromatography-DAD/electrospray ioniza-
tion-mass spectrometry.

Biochemical characterization of Est_1092. The effects of pH and
temperature on the esterase activity of Est_1092 were studied by using
buffers of different pHs ranging from 3 to 9. The buffers (100 mM) used
were acetic acid-sodium acetate (pH 3 to 5), sodium phosphate (pH 6 to
7), Tris-HCl (pH 8), and glycine-NaOH (pH 9). The optimal temperature
was assayed by incubating purified Est_1092 esterase in 50 mM McIlvaine
buffer (pH 5.0) at different temperatures (5, 20, 30, 37, 40, 45, 55, and
65°C). For temperature stability measurements, the recombinant esterase
was incubated in 50 mM McIlvaine buffer, pH 5.0, at 20, 30, 37, 45, 55, and
65°C for 5, 15, and 30 min and 1, 2, 4, 6, and 20 h. Aliquots were with-

drawn at these incubation times to test the remaining activity under stan-
dard conditions. The nonheated enzyme was considered a control, and
the activity obtained with the control was given a value of 100%. The
analyses were performed in triplicate.

To study the effect of metals and ions on Est_1092 activity, the enzyme
was incubated in the presence of the different additives at a final concen-
tration of 1 mM for 5 min at room temperature. Then, the substrate was
added and the reaction mixture was incubated at 30°C. The residual es-
terase activity was measured after the incubation of the purified enzyme
with each additive. The additives analyzed were MgCl2, KCl, CaCl2,
HgCl2, ZnCl2, CuCl2, NiCl2, MnCl2, Triton X-100, Tween 20, Tween 80,
SDS, urea, EDTA, dimethyl sulfoxide, cysteine, dithiothreitol, phenyl-
methylsulfonyl fluoride, diethyl pyrocarbonate, and �-mercaptoethanol.
The esterase activity measured in the absence of any additive was taken as
a control and was given a value of 100%. The experiments were done in
triplicate.

RNA isolation, reverse transcription-PCR, and quantitative PCR.
For RNA isolation, L. plantarum MRS cultures were grown to an OD600 of
0.8 to 0.9 and then supplemented with methyl ferulate or methyl gallate at
a 30 mM final concentration. After 10 min of incubation, the cultures
were immediately processed for RNA extraction as previously described
(34). After DNase I treatment, the DNA-free RNA was retrotranscribed
using a High-Capacity cDNA reverse transcription kit (Applied Biosys-
tems) according to the manufacturer’s instructions. From the DNA ob-
tained, quantitative gene expression was analyzed in an ABI Prism 7500
Fast real-time PCR system (Applied Biosystems). The SYBR green method
was used, and each assay was performed in triplicate using a SYBR green
real-time PCR master mix (Applied Biosystems). Amplification was ini-
tiated at 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C
for 1 min. Control PCRs were included to confirm the absence of primer
dimer formation (no-template control) and to verify that there was no
DNA contamination (without reverse transcriptase enzyme as a negative
control). Specific primer pairs were designed with the Primer Express
(version 3.0) program to amplify internal regions of the lp_0796 and
est_1092 esterase genes. Oligonucleotides 977 (5=-GCCAACATGCCGTC
ATTTTA) and 978 (5=-CCGCACATCATTGGCACTT) were used to am-
plify 56 bp of lp_0796, and primers 1031 (5=-TCCTCGCGGGCATGTT)
and 1032 (5=-CCGTCGCTTGTTGTGCTAATT) were used to amplify a
59-bp fragment of est_1092. The level of expression of the endogenous
control gene (16S rRNA) was assayed with primers 597 (5=-GGGTAATC
GGCCACATTGG) and 598 (5=-CTGCTGCCTCCCGTAGGA). Amplifi-
cations were performed in triplicate. All real-time PCR assays amplified a
single product, as determined by melting curve analysis and by electro-
phoresis. A standard curve was plotted with cycle threshold (CT) values
obtained from amplification of known quantities of cDNA and used to
determine the efficiency (E) of amplification as 10�1/slope. The levels of
expression of the target genes were normalized. BestKeeper analysis (35,
36) was applied, and the geometric mean of the most stably expressed
housekeeping gene (16S rRNA) was used as a normalization factor. Re-
sults were analyzed using the comparative CT method (also named the
double delta-delta CT [2��CT] method). Relative expression levels were
calculated with 7500 Fast system relative quantification software using the
L. plantarum 16S rRNA gene as the endogenous gene and the growth in
the absence of compound as the growth condition calibrator. In order to
measure L. plantarum gene expression, amplification of the endogenous
control gene was performed simultaneously, and its expression was com-
pared with that of the target gene.

Statistical analysis. The two-tailed Student’s t test, performed using
GraphPad InStat (version 3.0) software (GraphPad Software, San Diego,
CA), was used to determine the differences between means. The data are
representative means from at least three independent experiments.

RESULTS AND DISCUSSION
Metabolism of esters from hydroxycinnamic acids by L. planta-
rum strains. Previously, it has been described that L. plantarum
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WCFS1 cultures are unable to hydrolyze any of the four esters
from hydroxycinnamic acids assayed (methyl ferulate, methyl
caffeate, methyl p-coumarate, and methyl sinapinate), even
though this strain possesses Lp_0796, an enzyme exhibiting feru-
loyl esterase activity (18). In order to know if this is a general
behavior among L. plantarum strains, 27 additional strains were
assayed. L. plantarum cultures were grown for 7 days in the pres-
ence of the four model substrates for feruloyl esterases at a 1 mM
final concentration. After various incubation times, the phenolic
compounds present in the supernatants were analyzed by HPLC.
Similar to the findings for L. plantarum WCFS1, most of the strains
analyzed (20 strains) were unable to hydrolyze the esters assayed.
However, seven strains (L. plantarum DSM 1055, CECT 220,
CECT 221, CECT 223, CECT 224, RM35, and RM73) partially
hydrolyzed methyl ferulate, methyl caffeate, and methyl p-couma-
rate (Fig. 1) but were unable to hydrolyze methyl sinapinate.

Currently, the complete genomes of almost 20 L. plantarum
strains are available. Among the strains analyzed in this study, the
genomes of three strains which were unable to hydrolyze the esters
assayed (L. plantarum strains WCFS1, ATCC 14917T, and NC8)
are available. Initially, it was thought that it could be possible that
the gene encoding the esterase involved in the metabolism of these
esters from hydroxycinnamic acids is absent from these three ge-
nomes. Therefore, the L. plantarum genomes sequenced were
studied for the presence or absence of proteins annotated as an
esterase. Only one protein annotated as an esterase/lipase was ab-
sent from the L. plantarum WCFS1, ATCC 14917T, and NC8 ge-
nomes and present in the genome of L. plantarum strains

JDM1 (JDM1_1092 protein, GenBank accession number
YP_003062676.1), ZJ316 (zj316_1310 protein, GenBank acces-
sion number YP_007413995.1), 2025 (N876_10330 protein, Gen-
Bank accession number ERJ63142), EGD-AQ4 (N692_11190 pro-
tein, GenBank accession number EQM54850.1), and WHE92
(O209_09595 protein, GenBank accession number EYR71161.1).
This is a 295-amino-acid-residue protein with an expected molec-
ular mass of 33.5 kDa which exhibited the conserved motif Gly142-
X-Ser-X-Gly146 typical of serine hydrolases. Two conserved do-
mains were found in Est_1092, pfam00135 of the carboxyl esterase
family and pfam07859 alpha/beta hydrolase fold, a catalytic do-
main found in a very wide range of enzymes, including esterases.
Even though the ability of the sequenced L. plantarum strains
possessing this protein to hydrolyze esters from hydroxycinnamic
acids is unknown, this protein could be a potential candidate for
the wanted esterase. In order to corroborate this hypothesis, the
strains assayed previously in this study were analyzed for the pres-
ence of this protein (denominated Est_1092 from here on). DNA
from these strains was used to amplify the 0.9-kb DNA fragment
containing the est_1092 gene. A clear association between the
presence of the est_1092 gene and the ability to degrade hydroxy-
cinnamic esters by the L. plantarum cultures was observed. The
est_1092 gene was present only in strains CECT 220, CECT 221,
CECT 223, CECT 224, RM35, RM73, and DSM 1055, the same
strains which possess hydroxycinnamic esterase activity in cul-
tures (see Fig. S2 in the supplemental material).

Other lactobacillus species presented on their genomes genes
for proteins similar to Est_1092. Degrees of identity higher than

FIG 1 HPLC analysis of hydroxycinnamic ester degradation by L. plantarum cultures. Modified basal medium containing 1 mM methyl ferulate (A), methyl
caffeate (B), methyl p-coumarate (C), or methyl sinapinate (D) was inoculated with L. plantarum WCFS1 or DSM 1055 and incubated at 30°C for 7 days. A
noninoculated control medium was incubated under the same conditions. Detection was performed at 280 nm. The peaks detected for methyl ferulate (MF),
methyl caffeate (MC), methyl p-coumarate (MpC), methyl sinapinate (MS), ferulic acid (FA), caffeic acid (CA), and p-coumaric acid (pCA) are indicated. The
chromatograms were recorded at 280 nm. mAU, milli-arbitrary units.

Esteban-Torres et al.

3238 aem.asm.org May 2015 Volume 81 Number 9Applied and Environmental Microbiology

http://www.ncbi.nlm.nih.gov/nuccore?term=YP_003062676.1
http://www.ncbi.nlm.nih.gov/nuccore?term=YP_007413995.1
http://www.ncbi.nlm.nih.gov/nuccore?term=ERJ63142
http://www.ncbi.nlm.nih.gov/nuccore?term=EQM54850.1
http://www.ncbi.nlm.nih.gov/nuccore?term=EYR71161.1
http://aem.asm.org


50% were found between Est_1092 and proteins annotated as an
esterase/lipase in L. pentosus IG1 (the G0M163 protein, 82.4%
identity), a triacylglycerol lipase in L. gasseri CECT 5714 (the
J2Z3C4 protein, 59.8% identity), an esterase/lipase in L. johnsonii
ATCC 33200 (the C2E7B7 protein, 57.8%), a lipase in L. acidoph-
ilus ATCC 700396 (the Q5FJE2 protein, 56.3%), a lipase in L.
crispatus strain ST1 (the D5GYE3 protein, 55.8%), a triacylglyc-
erol lipase in L. helveticus DSM 20075 (the C9LZH1 protein,
54.8%), and a hydrolase in L. jensenii JV_V16 (the D6S2C7 pro-
tein, 53.4% identity). However, the biochemical activity of these
proteins remains unknown.

Identification of Est_1092 as an enzyme possessing cinnam-
oyl esterase activity. An experimental procedure in which this
gene was introduced into strains devoid of this activity was per-
formed to ascertain the involvement of Est_1092 in the hydroxy-
cinnamic esterase activity observed. As est_1092 is absent in L.
plantarum WCFS1, this strain could be a host adequate for the
study of Est_1092 enzymatic activity. In order to demonstrate the
activity of Est_1092, the gene encoding this protein was cloned
into replicative plasmid pNZ:Tu, resulting in pNZ:Tu-1092. Sub-
sequently, the pNZ:Tu-1092 plasmid was introduced into L. plan-
tarum WCFS1 competent cells. Contrary to the findings for L.
plantarum WCFS1, L. plantarum WCFS1(pNZ:Tu-1092) cultures
grown in the presence of the model substrates for feruloyl es-
terases partially hydrolyzed the substrates assayed, with the excep-
tion of methyl sinapinate (see Fig. S3 in the supplemental mate-
rial). As the pNZ:Tu plasmid also replicates on L. lactis, its
derivative pNZ:Tu-1092 plasmid was also introduced into L. lactis
cells. Cultures of L. lactis MG1363 cells grown in the presence of
the four feruloyl esterase substrates were not able to hydrolyze
them, although methyl p-coumarate was minimally degraded (see
Fig. S3 in the supplemental material). The presence of Est_1092 on
L. lactis cells confers to them the ability to hydrolyze partially the
four model substrates assayed. It could be observed that in both
host bacteria, the substrate most degraded was methyl ferulate,
followed by methyl p-coumarate. As only the minor hydrolysis of
methyl sinapinate was observed on L. lactis cells, it is possible that
Est_1092 could be expressed more efficiently on this bacterium
and, therefore, the activity on L. plantarum cells was not detected.
These results confirmed that Est_1092 is an esterase able to hydro-
lyze hydroxycinnamic esters. Apart from the feruloyl esterase
Lp_0796 described previously in L. plantarum strains (18), among
lactic acid bacteria, only feruloyl esterases from L. johnsonii (12)
and L. acidophilus (37) had been previously identified.

Est_1092 is an esterase active on a broad range of esters from
phenolic acids. Given the industrial significance of feruloyl es-
terases and the difficulty of distinguishing these enzymes on the
basis of sequence comparisons alone (38), the function of these
proteins needs to be confirmed through the biochemical charac-
terization of the expressed protein. Once the feruloyl esterase ac-
tivity of Est_1092 was confirmed, it was biochemically character-
ized. The est_1092 gene from the L. plantarum DSM 1055 strain
was cloned into the pURI3-Cter expression vector (27) and trans-
formed into E. coli BL21(DE3). SDS-PAGE analysis of cell extracts
showed that there was one major protein band, of approximately
35 kDa, present as inclusion bodies in the insoluble fraction (data
not shown). To obtain Est_1092 in a soluble form, plasmid pGro7,
producing GroES/GroEL chaperones, was used. When pURI3-
Cter-1092 and pGro7 plasmids were used simultaneously, Est_
1092 appeared in the intracellular soluble fraction of the cells
(Fig. 2). Est_1092 was purified by immobilized metal affinity
chromatography, although some overproduced GroEL proteins
were retained in the resin and eluted along with Est_1092.

Esterase activity on pure Est_1092 protein was confirmed us-
ing p-nitrophenyl esters possessing different acyl chain lengths
from C2 to C16. Est_1092 was active on all the substrates assayed,
exhibiting a clear preference for p-nitrophenyl butyrate (Fig. 3A),
which was selected as the substrate used to determine the bio-
chemical properties of Est_1092 (see Fig. S4 in the supplemental
material). The optimal pH for Est_1092 activity was found to be
5.0, although more than 80% of the maximal activity was observed

FIG 2 Purification of Est_1092 from L. plantarum DSM 1055. SDS-PAGE
analysis of the expression and purification of Est_1092. Soluble cell extracts of
IPTG-induced E. coli BL21(DE3)(pURI3-Cter) (lane 1) or E. coli BL21
(DE3)(pURI3-Cter-1092) (pGro7) (lane 2), flowthrough from the affinity
resin (lane 3), and protein eluted after His affinity resin (lane 4) were analyzed.
Arrow, the overproduced and purified protein. The 12.5% gel was stained with
Coomassie blue. Molecular mass markers are located in the left lane (SDS-
PAGE standards; Bio-Rad).

FIG 3 Substrate profile of Est_1092 toward chromogenic substrates (p-nitrophe-
nyl esters) with different acyl chain lengths (C2, acetate; C4, butyrate; C8, caprylate;
C12, laurate; C14, myristate; C16, palmitate) (A) or a general ester library (B). The
relative specificities obtained toward different substrates are displayed, and the
lines on the top of each bar represent the standard deviation estimated from three
independent assays. The maximum activity observed was defined as 100%.
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at pH 6.5 (see Fig. S4A in the supplemental material). In relation
to the optimal temperature, Est_1092 exhibited maximum activ-
ity at 30°C, although over the range from 5 to 30°C it also pre-
sented 90% of its maximal activity (see Fig. S4B in the supplemen-
tal material). This activity at a low temperature could be related to
the role of L. plantarum in the fermentation of food substrates
which is carried out at low temperatures. Interestingly, Est_1092
also showed high thermostability, since it retained up to 70% of its
activity after incubation for 20 h at 37°C or 40% of its activity after
incubation for 20 h at 45 to 65°C (see Fig. S4C in the supplemental
material). Regarding the effects of several ions and additives, the
activity of Est_1092 was slightly increased by Tween 80 but highly
inhibited by SDS (see Fig. S4D in the supplemental material).

The substrates in a library previously used to determine the
substrate profile of L. plantarum esterases were assayed (18, 21,
23). This library included two additional esters from hydroxyben-
zoic acids, ethyl protocatechuate (ethyl 3,4-dihydroxybenzoate)
and methyl gallate, used to check tannase activity. As expected, the
ester library confirmed that the four model substrates for feruloyl
esterases were efficiently hydrolyzed by Est_1092 (Fig. 3B). Sur-
prisingly, Est_1092 also exhibited activity against the two model
hydroxybenzoic esters hydrolyzed by bacterial tannases (tannin
acyl hydrolases), gallate and protocatechuate esters (5, 6, 39, 40).
The specific activity of Est_1092 on methyl gallate hydrolysis was
compared to the activity reported for the two tannase enzymes
(TanALp and TanBLp) previously described on L. plantarum (6).
By using the rhodanine assay, Est_1092 showed a specific activity
of 25 U/mg, which was similar to the activity of TanALp (39 U/mg)
but significantly lower than the specific activity observed for Tan-
BLp (404 U/mg) (6). This result could indicate that, among the
enzymes possessing tannase activity on L. plantarum, gallate esters
seem to be hydrolyzed mainly by the action of TanBLp, the only
one of these enzymes which is present in all L. plantarum strains.

Hydrolytic activity on esters from hydroxybenzoic acids is not
a common activity on feruloyl esterases, such as L. plantarum
Lp_0796 (data not shown) (41). To our knowledge, an enzyme
(Tan410) possessing feruloyl esterase and tannase activity has
been reported only from a cotton soil metagenomic library (42).
The ability of an enzyme such as Est_1092 or Tan410 to hydrolyze
both acid types makes it an interesting enzyme for biotechnolog-
ical applications.

In relation to tannase substrates, it has been described that
only the esters derived from gallic and protocatechuic acids
were hydrolyzed (5, 6, 39, 40, 43). It seems that other hydroxy-
benzoic acids without hydroxyl groups and with substituents
other thanOH orOOH at position 2 are not metabolized by
bacterial tannases. Therefore, the hydrolysis of nine additional
benzoic esters, including benzoic esters (methyl benzoate, ethyl
benzoate, and vinyl benzoate), hydroxybenzoic esters (methyl
4-hydroxybenzoate and ethyl 4-hydroxybenzoate), vanillic es-
ter (methyl vanillate), and dihydroxybenzoic esters (methyl
2,4-dihydroxybenzoate, methyl 2,5-dihydroxybenzoate, and
ethyl 3,5-dihydroxybenzoate), was analyzed by HPLC. Unex-
pectedly and contrary to the findings for bacterial tannases, all
the benzoic esters assayed were hydrolyzed (see Fig. S5 in the
supplemental material). Therefore, the Est_1092 esterase from
L. plantarum is not only a feruloyl esterase which hydrolyzes esters
from hydroxycinnamic acids and a tannase which hydrolyzes es-
ters from hydroxybenzoic acids but also is an esterase active on a
broad range of esters from phenolic acids.

Expression of est_1092 in the presence of phenolic esters. Es-
ters from phenolic acids are common in foods, as phenolic acids
account for almost one-third of the dietary phenols (44). L. plan-
tarum strains could be found on environmental niches on which
phenolic acids are abundant. In order to gain insights into the
specific physiological role of the esterases hydrolyzing hydroxy-
cinnamic acids on L. plantarum DSM 1055, Lp_0796 and Est_
1092, the relative expression of both esterase-encoding genes
upon exposure to a hydroxybenzoic ester (methyl gallate) or a
hydroxycinnamic ester (methyl ferulate) was studied. L. planta-
rum DSM 1055 cultures were induced for 10 min by the presence
of 30 mM methyl gallate or methyl ferulate, which were used as
potential esterase substrates. The gene expression levels obtained
were substantially different between the two esterase-encoding
genes, indicating the presence of two different patterns of expres-
sion of these proteins (see Fig. S6 in the supplemental material).
The est_1092 gene, present in only a few L plantarum strains,
showed an expression level affected by the presence of both po-
tential substrates. Upon methyl gallate exposure, the level of
est_1092 transcription was reduced 85-fold. From this strong re-
duction it could be hypothesized that Est_1092 plays an active role
in the synthesis of methyl gallate but not in its hydrolysis. The
repression of est_1092 and the low specific tannase activity shown
by Est_1092 support the hypothesis that Est_1092 does not play a
relevant role during tannin degradation. On the contrary, the hy-
droxycinnamic ester (methyl ferulate) induces an approximately
2.5-fold increase in the level of expression of the est_1092 gene.
This expression behavior allows the assumption that est_1092 en-
codes an inducible feruloyl esterase in L. plantarum. This expres-
sion pattern differs from that observed on the feruloyl esterase
Lp_0976. In L. plantarum DSM 1055, the expression of the
lp_0796 gene was reduced 1.4-fold in the presence of its substrate,
methyl ferulate. Similarly, the expression of lp_0796 in L. planta-
rum WCFS1 under methyl ferulate exposure was also reduced
(5-fold) (data not shown). The repression observed in lp_0796
could explain the degradation pattern presented by L. plantarum
WCFS1 cultures in the presence of esters from hydroxycinnamic
acids. Even though L. plantarum WCFS1 possesses at least one
enzyme exhibiting feruloyl esterase activity (Lp_0796), cultures
from this strain were unable to hydrolyze the esters from hydroxy-
cinnamic acids presented on the culture media, probably due to
the repression of the lp_0796 gene.

The presence on L. plantarum strains of enzymes able to me-
tabolize phenolic compounds confers on them a selective advan-
tage for life in environments where compounds of plant origin are
abundant. In addition, the flexibility of the L. plantarum genome
that allows it to adapt to different environments and growth sub-
strates has led to the presence in some L. plantarum strains of an
enzyme able to hydrolyze a broad range of esters from phenolic
acids. This new esterase will be induced by esters from hydroxy-
cinnamic acids, providing L. plantarum strains an additional ad-
vantage to survive and grow on plant environments where these
compounds are abundant.
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