APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Mar. 2007, p. 1544-1552

0099-2240/07/$08.00+0  doi:10.1128/AEM.01870-06

Vol. 73, No. 5

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Expression of Plant Flavor Genes in Lactococcus lactis’t
Igor Hern4andez,' Douwe Molenaar,' Jules Beekwilder,> Harro Bouwmeester,”
and Johan E. T. van Hylckama Vlieg'*

NIZO food research, P.O. Box 20, 6710 BA Ede, The Netherlands," and Plant Research International,
P.O. Box 16, 6700 AA Wageningen, The Netherlands*

Received 7 August 2006/Accepted 21 December 2006

Lactic acid bacteria, such as Lactococcus lactis, are attractive hosts for the production of plant-bioactive
compounds because of their food grade status, efficient expression, and metabolic engineering tools. Two genes
from strawberry (Fragaria x ananassa), encoding an alcohol acyltransferase (SAAT) and a linalool/nerolidol
synthase (FaNES), were cloned in L. lactis and actively expressed using the nisin-induced expression system.
The specific activity of SAAT could be improved threefold (up to 564 pmol octyl acetate h~' mg protein—') by
increasing the concentration of tRNA4"2, which is a rare tRNA molecule in L. lactis. Fermentation tests with
GM17 medium and milk with recombinant L. lactis strains expressing SAAT or FaNES resulted in the
production of octyl acetate (1.9 pM) and linalool (85 nM) to levels above their odor thresholds in water. The results
illustrate the potential of the application of L. lactis as a food grade expression platform for the recombinant
production of proteins and bioactive compounds from plants.

Plants produce a wide variety of secondary metabolites with
a broad range of functionalities that are of industrial interest,
including antimicrobial, antifungal, antioxidant, flavor-enhanc-
ing, or health-promoting properties (33). One obvious ap-
proach for harvesting these compounds is their isolation from
plants. In many cases, however, productivities of target com-
pounds are low and they may have to be isolated from complex
raw materials requiring advanced downstream processing pro-
cedures. In recent years, there has been growing interest in
using recombinant microbial systems as alternative production
platforms for the efficient production of specific bioactive plant
compounds. Microbial production systems offer the possibility
for production of target compounds in a clean and simple
metabolic background that minimizes the risk of formation of
unwanted side products. Moreover, additional metabolic engi-
neering strategies aimed at increasing the availability of pre-
cursors or the addition of functional groups that increase bio-
activity, as for instance through the addition of glycosyl groups,
may be applied. Various groups have described the construction
of Escherichia coli strains producing carotenoids, terpenoids, fla-
vonoids, and flavanones after the introduction of the respective
metabolic pathways of Rhodotorula rubra, plant, or fungal origin
(1, 27, 31, 41, 43). Similarly, yeast strains have been constructed
producing taxol or sesquiterpenes (15, 28, 54).

In recent years, Lactococcus lactis has gained a strong posi-
tion as an alternative cell factory for the production of proteins
and bioactive compounds (reference 45 and references
therein). This has been facilitated by the development of effi-
cient expression systems such as the nisin-controlled expression
(NICE) system. The NICE system consists of a bacterial host
with the nisRK regulatory genes integrated into the chromo-
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some and an expression vector carrying the gene of interest
under the control of the nisA promoter. Using this system,
expression can be efficiently controlled through the addition
of nisin (34).

This system has several interesting properties, including the
use of a food grade inducer molecule, a linear dose-response
curve, and the absence of formation of inclusion bodies and
endospores (46). Moreover, the relatively simple metabolism
of L. lactis allows efficient rerouting of metabolic fluxes, en-
abling the rational increase of production levels of desired
products. Finally, its food grade status favors its application as
a host for the production of plant metabolites that are used as
food ingredients. Recently, Martinez-Cuesta et al. (42) re-
ported the first example of the functional expression of a plant
protein, coumarate:coenzyme A (CoA) ligase from Arabidopsis
thaliana, in L. lactis.

In the current paper, we report on the expression of genes
from strawberry (Fragaria x ananassa) in L. lactis. We focus on
enzymes involved in the production of two major classes of
fruit flavor metabolites: terpenoids and esters. Terpenoids are
an important class of biologically active molecules, including
flavor and fragrance compounds, pheromones, medically active
compounds, growth regulators, and vitamins (2, 44). Terpenoid
classification is based on the number of Cs5 moieties (isopentyl
diphosphate and dimethylallyl diphosphate) used to build the
carbon skeleton of the molecule. Monoterpenes are the sim-
plest terpenes, composed of two of these moieties, whereas
compounds containing three moieties are referred to as ses-
quiterpenes. Linalool is a monoterpene directly derived from
geranyl diphosphate (GPP) and a key flavor compound in
strawberry and other fruits (1, 5, 38). This acyclic monoterpene
has a sweet, floral, and citrus-like odor, and recently, various
linalool synthases have been characterized (1, 17, 29, 40) and
used for the enhancement of volatile production in transgenic
plants (38). Another component of strawberry flavor is nerol-
idol, a sesquiterpene with a floral and woody odor that plays a
role in the defense response of plants against arthropod pests



VoL. 73, 2007

Acetyl-CoA

\ Mevalonate pathway

Isopentyl-PP

Geranyl-PP — Farnesyl-PP —= Geranylgeranyl-PP

Undecrapenyl-PP

Methylalyl-PP —FaNES—_|

Linalool Nerolidool [ Lipid II route

Baclcriai cell wall

FIG. 1. Partial view of the undecaprenyl diphosphate acid pathway
in L. lactis, focused on the formation of GPP and FPP, and the reaction
catalyzed by FaNES leading to the production of the monoterpene
linalool, the major terpene produced in L. lactis, and the sequiterpene
nerolidol (30).

(32). The production of linalool and nerolidol occurs via the
same pathway, where the last biosynthetic step(s) is catalyzed
by the Fragaria x ananassa linalool/nerolidol synthase (FaNES)
(9) (Fig. 1).

Esters are key components of the flavors of strawberry, ap-
ple, mango, and other fruits and vegetables. In plants they are
typically produced by the enzyme-mediated transfer of the acyl
chain from an acyl-CoA ester to an alcohol, and a wide variety
of such enzymes in many plant species have been characterized
(3,9, 18, 57, 59).

Here we report the cloning and expression of a linalool/
nerolidol synthase and an alcohol acyltransferase from straw-
berry in L. lactis as examples of the suitability of L. lactis as an
expression platform for plant genes. Functional expression
was analyzed, and the production of monoterpenes, sesquiter-
penes, and long-chain alcohol esters during L. lactis fermenta-
tion is reported.

MATERIALS AND METHODS

L. lactis strains and growth conditions. Strains and plasmids used are listed in
Table 1. L. lactis strain NZ9000, an MG1363-derived strain with the nisR and
nisK genes integrated into the chromosome, was used for cloning and expression
purposes. Strain NZ9000 was grown in M17 medium (61) supplemented with 1%
glucose (GM17) at 30°C unless indicated otherwise. The following antibiotics
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were added when appropriate for the selection of plasmid-containing clones:
chloramphenicol (10 pg ml~") and erythromycin (10 pg ml~"). Growth experi-
ments with milk were carried out using skim milk after sterilization (10 min at
110°C) supplemented with Casitone (0.5%) and glucose (1%) prior to inocula-
tion as a protein and carbon source for the nonproteolytic and Lac™ strain L.
lactis NZ9000. Milk fermentation tests were carried out at 30°C, without the
addition of antibiotics to the medium.

DNA and plasmids. The genes expressed in L. lactis were originally isolated
from Fragassia x ananassa (strawberry). The SAAT gene encodes an alcohol
acyltransferase (SAAT) that was previously described by Aharoni et al. (3)
(GenBank accession number AF193789). The FaNES gene encodes the Fragas-
sia x ananassa enzyme linalool/nerolidol synthase (FaNES), a monoterpene-
sesquiterpene synthase that was initially described by Aharoni and O’Connell (4)
and subsequently characterized by Aharoni et al. (1, 4) (GenBank accession
number AX529025).

SAAT was previously cloned into the pRSET-B vector (3), designed for ex-
pression in E. coli. It was amplified with Pwo DNA polymerase (30 cycles of 15 s
at 94°C, 30 s at 47°C, and 90 s at 72°C), using the SAAT forward primer
5'-ATTGGAGAAAATTGAGGTCAG-3" and SAAT reverse primer 5'-CGCC
GCATGCGCCACATAATCTTTCTTAATC-3'. The PCR product was digested
with Sphl, and the resulting fragment was introduced into the pNZ8150 vector
using Scal and Sphl sites, producing a 4,581-bp plasmid designated pNZ7601.

For the pNZ7610 insert, the nucleotide sequence described in the supplemen-
tal material was purchased in the pPCR-Script vector from Geneart (Regens-
burg, Germany). This vector was digested with Dral and Kpnl, and the resulting
1,339-bp fragment was cloned into pIL253 using the Haelll and Kpnl sites.
Hence, this construct was a fusion between the nisF promoter (15), a spacer
region usually preceding L. lactis tRNA operons (49), and the sequence pre-
dicted for tRNA{"8 in L. lactis strain IL-1403 (GenBank locus L200111). In this
cloning step, the ColE1 origin of replication for E. coli was introduced with the
synthetic sequence into the pIL253 vector, producing pNZ7610, an E. coli and L.
lactis shuttle vector. The synthetic codon-optimized variant of the SAAT gene
(see the nucleotide sequence described in the supplemental material) was pur-
chased from Geneart. For cloning purposes, a PstI site was introduced between
the nisA promoter and the ATG start codon of SAAT. The insert was received in
the pPCR-script vector and was introduced into pNZ8150 using the Pstl and
Kpnl sites in the vector and in the insert. The resulting vector was designated
pNZ7630 and maintains the main characteristics of pNZ8150.

FaNES was amplified using Pwo DNA polymerase, and the resulting fragment
was digested with Xbal and introduced into pNZ8150 using Scal and Xbal sites.
The resulting vector carries the FaNES gene under the control of the nisA
promoter and was designated pNZ7640. All the plasmids were sequenced to
confirm that the sequences obtained were correct. Standard molecular biology
techniques and protocols were carried out as described by Sambrook et al. (56).

Enzymatic assays. For determination of enzyme activities, an aliquot from an
overnight culture was used to inoculate (5%, vol/vol) fresh medium, and subse-
quently, growth was monitored until the optical density at 600 nm (ODgq)
reached between 0.4 and 0.5 (early exponential phase). The culture was split in
two equal subsamples, and nisin (final concentration, 1 ng ml~') was added to
one of these, whereas the other subsample was used as a noninduced control.
Aliquots were taken every hour to monitor bacterial growth. At sampling times,
40- to 50-ml aliquots were taken and centrifuged (6,000 rpm, 15 min, 4°C). The
pellet was resuspended in 1 ml of cold reaction buffer (described below for each

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description® Reference
Strain
L. lactis subsp. cremoris MG1363 pepN::nisRK; host strain for the NICE system 36
NZ9000
Plasmids
pIL253 Ery" 58
pNZ8150 Cm"; nisA transcriptional fusion vector 46
pNZ7601 Cm"; pNZ8150 derivative carrying the SAAT gene This work
pNZ7610 Ery"; pIL253 derivative carrying the nisF promoter fused to the tRNA®® gene of L. lactis This work
strain 1L-1403
pNZ7630 Cm"; pNZ8150 derivative carrying the codon-optimized SAAT gene This work
pNZ7640 Cm'; pNZ8150 derivative carrying the FaNES gene This work

¢ Cm" and Ery", resistance to chloramphenicol and erythromycin, respectively.
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determination), and crude extracts (CE) were prepared by disrupting cells by
bead beating (FastprepTM FP120 beater; twice for 30 s each time) using 1 mg of
silica sand. An amount of 0.5 ml of buffer was added to wash the sand, and the
liquid phase was transferred to an Eppendorf vial, which was centrifuged again
(14,000 rpm, 10 min, 4°C). The soluble fractions (cell extracts [CFE]) were used
immediately for enzymatic activity assays or stored (—20°C) until the sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis.

Acyltransferase activities were determined essentially as described by Aharoni
et al. (3). Just before the reaction was started, 70 pl of 1-octanol stock solution
(160 mM in reaction buffer) and 50 pl of acetyl-CoA stock solution (4 mM in
water) were mixed with 50 pl of the reaction buffer (50 mM Tris-HCI, 1 mM
dithiothreitol, pH 8.0) and 30 pl of the sample (CE or CFE) to a final volume of
200 wl in 10-ml vials, and each vial was closed with a Teflon septum. Reactions
were carried out at 35°C with vigorous shaking for 5, 10, 15, 20, or 30 min, after
which the reaction was stopped by injecting 200 pl CaCl, (4 M in reaction
buffer). Samples were stored at 4°C until injection into a gas chromatograph-
mass spectrometer (GC-MS).

Linalool synthase activity was determined as described previously (1). Briefly,
in a 10-ml vial, 500 wl of the CFE in reaction buffer (15 mM 3-morpholino-2-
hydroxypropanesulfonic acid, pH 7.0, 10% [vol/vol] glycerol, 10 mM MgCl,, 1
mM MnCl,, 1 mM sodium ascorbate, and 2 mM dithiothreitol) was mixed with
480 pl reaction buffer and with 20 pl GPP (from a 2.1 mM solution). The vial was
closed with a Teflon septum and incubated with shaking for 60 min at 30°C.
Then, 1 ml CaCl, (4 M in reaction buffer) was added to stop the reaction.
Samples were stored at 4°C until injection into the GC-MS.

Reaction products were detected with a GC-MS (ThermoFinigan) operating
in selective ion mode (m/z = 61 for octyl acetate and m/z = 93 for linalool, with
an ionization potential of 70 eV). Injection was done by an automatic injector
(PAL system) equipped with a solid-phase dynamic extraction fiber (polydiem-
ethylsiloxane, 50 wm by 76 mm; Hamilton) when a low level of product was
expected. Before injection, samples were shaken for 15 min at 60°C. GC oven
conditions were from 40°C (1-min hold) to 250°C (2-min hold) with a 35°C
increase per min. At sampling time, chlorohexane was added as an internal
standard. Retention times and spectra were compared with those of authentic
standards.

Monitoring of product formation during fermentation. Fermentation condi-
tions were similar to those used for enzymatic assay sampling. In this case, every
60 min, 2 ml of medium was transferred to a 10-ml vial. Samples were quenched
by adding 250 pl of a solution consisting of HgSO, (2.97 mM) and NaCl (6.8 M)
in water. The vial was closed with a Teflon septum and stored at 4°C until GC
analysis as described above. For monitoring ester production, SAAT-producing
cultures were grown in GM17 medium until the ODg, was 0.4 to 0.5. Subse-
quently, cells were removed by centrifugation (10 min at 5,000 rpm) and resus-
pended in the same volume of fresh GM17 or skim milk supplemented with 100
M l-octanol and prewarmed at 30°C and, when necessary, nisin (final concen-
tration, 1 ng ml~') was added. To reduce the possible differences in the media
between experiments, 1-octanol was sonicated in GM17 (six times at 10-s inter-
vals) prior to inoculation.

Protein analysis and molecular mass estimation. The apparent molecular
mass of the protein was analyzed by SDS-PAGE on 10% (wt/vol) polyacrylamide
gel as described by Sambrook et al. (56). Molecular masses were estimated using
the Benchmark protein ladder (Invitrogen).

Protein concentrations in cellular extracts were determined using the BCA
protein assay kit (Pierce, Rockford, IL) according to the protocols of the man-
ufacturer, using pure bovine serum albumin (Sigma) as the standard. SDS-PAGE
gels were analyzed with an ImaGo compact imaging system (B&L Systems, The
Netherlands). Analysis of band patterns and quantification were performed with
ImageMaster 1D version 3.0 software (Amersham Pharmacia Biotech, The
Netherlands).

RNA isolation and Northern blotting. Total RNA was isolated by the Macaloid
method (35) from exponentially growing cultures. For Northern blot analysis,
RNA was separated on 1% formaldehyde agarose gel and blotted and hybridized
as described by van Rooijen and de Vos (62). Hybridization probes were radio-
labeled with [a-*?P]dATP by nick translation. The blots were washed with 0.2X
SSC (1X SSC is 0.15 M NaCl plus 0.015 sodium citrate) at 65°C, and hybridizing
bands were visualized by autoradiography.

RSCU. Relative synonymous codon usage values (RSCU) were calculated as
described by Fuglsang (21) to compare codon usage in SAAT and FaNES with
the codon usage in the entire genome of L. lactis IL-1403 and in highly expressed
proteins in L. lactis IL-1403. Total codon usage data were collected from the
KEGG database (30), and most of the codon usage of highly expressed proteins
was derived from the work of Fuglsang (21).
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FIG. 2. Production of FaNES by L. lactis NZ9000 clones. SDS-PAGE
analysis of CFE of L. lactis NZ9000(pNZ7640) induced with 1 ng ml ™!
nisin for 2 h (Lis+ lane), noninduced L. lactis NZ9000(pNZ7640) (Lis—
lane), and L. lactis NZ9000(pNZ8150) induced with 1 ng ml~" nisin
(Control). Lane M contains protein size markers.

Statistical analysis. SPSS software (version 14.0; SPSS, Chicago, IL) was used
for the statistical analysis. Two-way analysis of variance, one-way analysis of
variance, and Student’s ¢ test were used when necessary to establish the presence
or absence of significant differences (P = 0.05) in enzymatic activity according to
the factors “induction” and “recombinant strain.”

RESULTS

Stability of SAAT- and FaNES-recombinant strains. The
standard plasmid pNZ8150 was used for the cloning of SAAT
and FaNES, resulting in pNZ7601 and pNZ7640, respectively.
In order to demonstrate that pNZ7601 and pNZ7640 were
stable in L. lactis NZ9000, plasmid-containing L. lactis NZ9000
clones were incubated for 100 generations without antibiotic in
the medium and the retention of the plasmid was confirmed by
comparing numbers of CFU per milliliter on M17 medium
with or without chloramphenicol for plasmid selection. More-
over, the intactness of the plasmids in 10 colonies isolated from
plates without chloramphenicol every 20 generations was con-
firmed by PCR and restriction analysis (Scal and Sphl).

Expression of FaNES in L. lactis NZ9000(pNZ7640). Protein
production was evaluated by SDS-PAGE analysis. In crude
extracts of induced cultures of L. lactis NZ9000(pNZ7640), an
extra band with an apparent molecular mass of 54 kDa was
detected, similar to the predicted molecular mass of FaNES
(59.2 kDa) (1). This band was observed in samples after 2 h of
induction and did not appear in samples of L. lactis NZ9000
with pNZ8150 or in L. lactis NZ9000(pNZ7640) cultures that
were not induced with nisin (Fig. 2). According to the densi-
tometry analysis, this protein represented approximately 10%
of the total cellular protein. Linalool synthase activity was
measured with CFE of nisin-induced cultures of L. lactis
NZ9000(pNZ7640). The activity was 0.4 = 0.1 pmol linalool
h™! ug total protein™!, and no linalool production was de-
tected in the noninduced samples or in the control strain [L.
lactis NZ9000(pNZ8150)]. Using purified protein, the specific
activity reported by Aharoni et al. (1) was 2.3 nmol h™' pg
protein ! Hence, it can be calculated that recombinant ex-
tracts contained 0.017% of active soluble FaNES. Considering
that SDS-PAGE analysis showed that that enzyme accounted
for approximately 10% of the soluble protein, these results
indicate that the majority of the soluble FaNES in L. lactis is
inactive or that other compounds in CFE negatively affected
protein activity.

Expression of SAAT in L. lactis NZ9000(pNZ7601). When
CE or CFE of nisin-induced L. lactis NZ9000(pNZ7601) were
analyzed by SDS-PAGE gels and stained with Coomassie bril-
liant blue, no extra bands were detected. The specific SAAT
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TABLE 2. Specific SAAT activities in cell extracts of L. lactis NZ9000 strains transformed with different plasmids after the
induction of expression with 1 ng ml™~! nisin

Plasmid(s) in the clone Description Activity”
pNZ7601 “Wild-type” SAAT in pNZ8150 192 = 14
pNZ7630 “Codon-optimized” SAAT in pNZ8150 225 =74
pNZ7601 + pIL253 PNZ7601 with the empty pIL253 vector 257 + 49~
pNZ7601 + pNZ7610 pNZ7601 and pIL253 with tRNAM® 564 * 148

PNZ7630 + pNZ7610
pNZ7610

PNZ8150 Empty vector

“Codon-optimized” gene and pIL253 with tRNA®® <1€
pIL253 with tRNA‘]Arg

Not detectable®
Not detectable®

¢ Activity was measured in picomoles of octyl acetate per hour per milligram of protein. Superior letters (A to D) placed next to enzymatic activities indicate values

that were significantly different (P < 0.05) from values with a different letter.

activity detected in these extracts was 192 = 1 pmol of octyl
acetate h™' mg of total protein~" (Table 2). No detectable
octyl acetate production was observed in extracts of L. lactis
NZ9000(pNZ8150) or in extracts of noninduced L. lactis
NZ9000(pNZ7601) cultures, demonstrating that ester produc-
tion was due to expression of the SAAT gene (Table 2). Using
purified SAAT protein carrying a His tag isolated from E. coli,
Abharoni et al. reported a specific SAAT activity for acetyl-CoA
and 1-octanol of 4.45 pmol h™! mg protein~' (3). According to
these data, SAAT protein represents 0.004% of total soluble
protein in CFE of L. lactis NZ9000(pNZ7601). This amount of
SAAT protein in our L. lactis is, indeed, too low to be detected
on a protein gel.

Transcription analysis. Because the SAAT protein levels
detected by SDS-PAGE were much lower than FaNES levels,
further research focused on increasing the expression of SAAT
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L 1.35 Kbp
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FIG. 3. Northern blot analysis of L. lactis NZ9000 clones express-
ing the FaNES gene and SAAT gene blotted with the FaNES probe
(lanes 1) and the SAAT probe (lanes 2). Lanes: A, L. lactis NZ9000
(pNZ8150) induced with 1 ng ml~! nisin; B, L. lactis NZ9000(pNZ7
640) induced with nisin; C, noninduced L. lactis NZ9000(pNZ7640);
D, L. lactis NZ9000(pNZ7601) induced with nisin; E, noninduced L.
lactis NZ9000(pNZ7601); F, L. lactis NZ9000(pNZ8150) induced with
nisin.

protein. As described above, plasmid instability due to the
toxicity of the induced protein was not observed. Hence, we
hypothesized that limited protein production may be due to
low mRNA levels as a result of improper transcription or
mRNA instability. Therefore, SAAT mRNA levels in nisin-
induced L. lactis NZ9000(pNZ7601) cultures were analyzed
and compared with FANES mRNA concentrations in nisin-
induced L. lactis NZ9000(pNZ7640) cultures. Northern blots
of mRNA samples form L. lactis NZ9000(pNZ7601) and L.
lactis NZ9000(pNZ7640) showed the presence of two clear
bands that were around 1.5 kb in induced samples, with similar
intensities in both samples (Fig. 3). This size is in agreement
with the predicted mRNA size (1,357 bp for SAAT and 1,559
bp for FaNES). No signal was detected with strain NZ9000
(pNZ8150) or in noninduced samples, demonstrating that mRNA
was produced exclusively in induced recombinant strains carrying
plant genes. Therefore, a reduced transcription level or mRNA
instability was unlikely to be the major cause of the lower
protein level of SAAT produced in recombinant L. lactis
NZ9000 strains.

Codon usage analysis. It is well documented that codon
usage is one of the main factors interfering with the efficient
production of eukaryotic proteins in microorganisms (46).
There are many examples of low translation efficiencies caused
by the accumulation of rare codons in bacteria (25, 55) or yeast
(8). Accumulations of rare Arg codons can inhibit bacterial
growth (23, 51), and in other cases where a protein is highly
expressed, aberrant incorporation of amino acids resulted in a
high fraction of inactive protein (11).

RSCU were calculated for SAAT and FaNES and plotted in
Fig. 4. Frequently used codons in wild-type SAAT or FaNES
are rarely used in the highly expressed gene set in L. lactis.
These appear as high values in Fig. 4, and the results show that
several “rare” codons occur in the SAAT and FaNES (Fig. 4B)
sequences. In the SAAT sequence, 35 “rare” codons occur and
major “rare” codon accumulations occur at positions 108 to
109 (TTA CGT), 241 to 242 (GAA TCA), 309 to 312 (ATT
TTA GAA TTA), and 411 to 412 (ATC ATT). The FaNES
gene contains only six rare codons in a total of 520 codons, and
there are no rare-codon accumulations in this well-expressed
protein. Therefore, we hypothesized that frequencies and the
distribution of rare codons are responsible for low protein
expression levels due to inefficient translation.

Optimization of protein expression through codon usage
optimization. Different solutions have been proposed to im-
prove protein expression when there are codon usage prob-
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FIG. 4. Codon usage analysis of SA4T and FaNES. (A) Codon usage in “wild-type” SAAT (m) and codon usage in “codon-optimized” SAAT
(©) relative to the codon usage of highly expressed genes in L. lactis. (B) Codon usage in FaNES (#) relative to the codon usage of highly expressed
genes in L. lactis. The x axis represents the codon position in the protein sequence. Rare codons are defined as codons with a value larger than 40
in the y axis. In both graphs, for representation purposes, the codon usage of AGG, CGG, and CTA in L. lactis is considered to be 0.5 instead of 0.

lems. In some cases, gene synthesis with optimal codon usage
of the complete gene (60) or in the initial part of the gene (8,
63) proved to be an effective means of increasing protein pro-
duction. Alternatively, rare-codon tRNA may be coexpressed
to increase the availability of rare-codon tRNAs (24). To the
best of our knowledge, no examples of the last strategy for
improving protein production in L. lactis have been reported.
Initially, we tried to improve SAAT protein production by
introducing a codon usage-optimized gene containing only 32
of a possible 64 codons, potentially solving in a single strategy
the translation initiation and translation blockage problems
derived by rare-codon accumulation. The codon usage of the
resulting gene was similar to that for the set of highly expressed
genes in L. lactis (Fig. 4A). The codon-optimized gene was
introduced into the vector pNZ8150; the resulting plasmid was
designated pNZ7630 and used to transform L. lactis NZ9000.
Protein production and enzyme activity were analyzed in in-
duced cultures of L. lactis NZ9000(pNZ7630) as described

above. However, no protein band was observed by SDS-PAGE
analysis, and enzyme activities in both CE (data not shown)
and CFE (Table 2) were comparable to the activities measured
with “wild-type” SAAT in extracts of induced L. lactis
NZ9000(pNZ7601). From these results, we concluded that
codon optimization did not improve protein production. Sim-
ilar observations have been made by others working on the
optimization of protein expression in E. coli (20) and in L.
lactis (Igor Mierau, unpublished results).

Optimization of protein expression through tRNA supple-
mentation. As a next step, we decided to supplement a poten-
tially rare tRNA. Three primary candidates can be recognized
based on the rare-codon analysis of SAAT (Fig. 4A). These are
tRNAg" (CUA), tRNA7"E (AGG), and tRNAS"™ (AGA), and
they are frequently reported to interfere with the efficient
expression of eukaryotic proteins in bacteria. To our knowl-
edge, no tRNA concentrations have been reported for L. lactis,
so we decided to base our selection on the genetic organization
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of tRNA loci in the genome of strain IL-1403 (10). In this
genome, tRNAE®" is in a cluster with other tRNA and rRNA
genes, and this cluster is under the control of a predicted
promoter. The tRNAP8 and tRNA%"E genes, however, are lo-
cated between two terminators and may not be efficiently ex-
pressed. We decided to supplement the tRNA%"8 (AGG) gene
because it has the lowest RSCU and may also allow the incor-
poration of arginine at positions corresponding to the AGA
codon (21). In the SAAT sequence, AGG appears five times
and AGA six times, which represents 58% of Arg codons in the
protein.

Rare codons are used mostly in proteins that are expressed
in non-exponential growth phases (22), and in theory, tRNA
supplementation should be done carefully to avoid any toxic
effect. Therefore, we designed a strategy in which this rare
tRNA was added as an extra sequence in an independent
plasmid under the control of an inducible promoter, analo-
gously to the strategy successfully applied for E. coli (60). The
nisF promoter was selected because it is inducible by nisin, is
strictly controlled, and is compatible with the NICE system
(15). By this strategy, the pIL253 vector was used to insert a
copy of the L. lactis tRNA%"® gene under the control of the
nisF promoter, generating the plasmid pNZ7610. This plasmid
was transformed into L. lactis NZ9000, resulting in L. lactis
NZ9000(pNZ7610). Also, the control strain L. lactis NZ9000
(pIL253), with unmodified pIL253, was created. Strains with
pIL253 or pNZ7610 are erythromycin resistant. The pIL253-
derived vectors are compatible with plasmids derived from
pNZ8150 carrying a chloramphenicol resistance marker (45).
Cotransformation of L. lactis NZ9000 with pNZ7601 and
pNZ7610 results in a strain carrying both the SAAT and
tRNA%"2 genes under the control of a nisin-inducible pro-
moter. Control strains were constructed by replacing either
pNZ7601 or pNZ7610 with the corresponding empty vector
pNZ8150 or pIL252, respectively. All of these control strains
were able to grow on GM17 supplemented with erythromycin
and chloramphenicol.

SAAT expression in tRNA}"® gene-supplemented clones.
The supplementation with the tRNA gene was a successful
strategy. The coexpression of SAAT and the tRNA%'e gene
resulted in a threefold increase in specific SAAT activity in L.
lactis NZ9000(pNZ7630pNZ7610) CFE, compared to activities
in “wild-type” and “codon-optimized” SAAT clones (Table 2).
The specific octyl acetate production rate with L. lactis
NZ9000(pNZ7601pIL253) was similar to that in L. lactis
NZ9000(pNZ7601), demonstrating that the increased acyl-
transferase activity is due the expression of the tRNA% gene
(Table 2). No octyl acetate production was detected with L.
lactis NZ9000(pNZ7610), demonstrating that the SAAT gene is
necessary for the enzymatic activity. Finally, when the tRNA"" gene
was coexpressed with the codon-optimized gene in strain L.
lactis NZ9000(pNZ7630pNZ7610), acyltransferase activity was
reduced dramatically to below the detection limit (Table 2).
This codon-optimized gene no longer contained the rare codon
AGG or AGC, and hence the overexpression of tRNAL™ may
lead to the accumulation of Arg linked to tRNAP"8, which
cannot be used for protein synthesis and ultimately may result
in reduced levels of usable tRNA“™ molecules. Analysis of the
noninduced clones resulted in no octyl acetate production,
which is in agreement with the tight control of the NICE
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system. A sample of all CFE was subjected to SDS-PAGE
analysis. No protein band with the expected molecular mass
could be visualized in extracts of nisin-induced clones.

Production of terpenes by FaNES-producing L. lactis NZ9000
clones during fermentation in GM17 or milk. L. lactis NZ9000
(pPNZ7640) carrying the FaNES gene was grown in GM17
medium and induced with nisin at early exponential phase
(ODg = 0.4). Linalool synthase uses GPP as a substrate for
linalool production. GPP is an intermediate in the production
of lipid Il in L. lactis (Fig. 1). In this pathway, GPP is converted
to farnesyl-PP (FPP), which is also accepted as a substrate by
FaNES and is converted to the sesquiterpene nerolidol. We
hypothesized that FaNES-producing L. lactis NZ9000 strains
may be able to produce both linalool and nerolidol, and there-
fore samples were removed from the medium to monitor ter-
pene production.

Initially, we used purge-and-trap analysis to concentrate the
volatile compounds formed during L. lactis NZ9000(pNZ7640)
fermentation in GM17. Chromatographic conditions were sim-
ilar to those used by Aharoni et al. (1). Comparative analysis of
induced and noninduced samples showed that FaNES expres-
sion indeed resulted in the production of two compounds that
were identified as linalool and nerolidol, respectively, by com-
paring their retention times and mass spectra with those of
authentic standards. In all samples, the amount of linalool
produced was four times higher than the amount of nerolidol,
and therefore we focused subsequent experiments on linalool
production.

In L. lactis NZ9000(pNZ7640), linalool was rapidly produced
upon induction with nisin, and after 3 h, a linalool concentration
of 85 + 26 nM was detected (Fig. SA). Subsequently, the linalool
concentration remained constant during the stationary phase.
The results show that there is a clear correlation between bacte-
rial growth and linalool production, and it can be calculated that
approximately 1.3 pmol of linalool was produced per mg of cells
(with 30 mg ml™* being produced per ODg, unit) (52). When L.
lactis NZ9000(pNZ7640) cell suspensions or CFE were incubated
with linalool, no degradation of the monoterpene was observed
(data not shown), indicating that the constant linalool levels are
not caused by an equilibrium between linalool formation and
degradation. When fresh GM17 medium was added to a fully
grown culture, linalool levels increased in proportion to the bac-
terial growth (data not shown). The correlation between linalool
and growth may be related to GPP availability. In nongrowing
cells, the lipid II synthesis rates and GPP levels may be low.
Hence, nongrowing cells may no longer produce linalool due to
limiting levels of GPP. Alternatively, FANES may be sensitive to
low intracellular pH levels in the later stages of the fermentation
process.

FaNES productivity during fermentation was high compared
with activities determined in CFE. The production rate in the
first 3 h of the fermentation process was 146 pmol linalool h~*
mg total protein'. This corresponds to approximately 40% of
the production rate measured in vitro with CFE (400 pmol
linalool h™' mg total protein'). Differences in the substrate
concentrations or intracellular pH values that are suboptimal
for FaNES could explain these differences.

Finally, FaNES was expressed during growth in skim milk sup-
plemented with Casitone and glucose, required for proper growth
of the expression host L. lactis NZ9000. Linalool was produced to
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FIG. 5. Linalool production in GM17 and skim milk by recombi-
nant L. lactis NZ9000(pNZ7640) expressing FaNES. (A) Fermentation
in GM17; (B) fermentation in skim milk. @, bacterial growth; m,
linalool concentration. At time zero, nisin was added (1 ng ml™!) for
the induction of protein expression. Data are averages of sample re-
sults from three independent cultures, and the standard deviations are
depicted.

a concentration of 65.0 = 7.8 nM after 4 h of incubation, and
subsequently, the concentration remained constant (Fig. 5B).
There was no detectable linalool production in noninduced sam-
ples or in the clones with the empty vector (pNZ8150) in all
fermentation tests. These results are in agreement with the results
obtained with GM17 medium and clearly indicate that L. lactis
NZ9000(pNZ7640) can be used for the in situ production of the
plant flavor compound linalool in fermented milk.

Octyl acetate production during fermentation in GM17 and
milk. L. lactis NZ9000(pNZ7601) carrying the wild-type SAAT
gene was grown in GM17 and skim milk to study ester pro-
duction. In initial fermentations in GM17, we did not observe
significant ester production (data not shown). SAAT catalyzes
the production of ethyl esters from acetyl-CoA and terminal
alcohols, and we postulated that levels of alcohols in GM17 are
too low to allow ester production. Various alcohols can be used
as substrates by SAAT with 1-octanol as the preferred sub-
strate (3). Therefore, 1-octanol was added to the medium to a
concentration of 100 pM as the alcohol substrate. No growth
inhibition of L. lactis NZ9000 occurred at this concentration of
1-octanol (data not shown). For monitoring ester production in
the SAAT-producing clone, cultures were grown in GM17
medium until the ODg,, was 0.4. The cells were harvested by
centrifugation and resuspended in the same volume of fresh
GM17 supplemented with 100 puM 1-octanol.

The results clearly demonstrated that alcohol addition was
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necessary for measurable ester production and that octyl ace-
tate production was linear with time for at least 4 h after
induction and transfer to the fresh medium (data not shown).
The octyl acetate production rate with an induced culture of L.
lactis NZ9000(pNZ7601) was 326 pmol octyl acetate h~* mg of
total protein~', which is nine times higher than the activity
observed with a noninduced culture and with a clone carrying
the pNZ8150 vector (Table 3). This background octyl acetate
production activity may be caused by the indigenous L. lactis
esterase EstA, which is capable of catalyzing ester production
through the condensation of acid and alcohols or through
transacylation reactions (39, 47) We also included the L. lactis
NZ9000(pNZ7601pNZ7610) strain producing tRNAL" and L.
lactis NZ9000(pNZ7630) carrying the codon-optimized SAAT
gene in these experiments. The octyl acetate production rates
with induced and noninduced cultures of these clones were
similar to production rates with their L. lactis NZ9000(pNZ7601)
counterparts (Table 3). Finally, we evaluated the possibility of
producing octyl acetate during fermentation in skim milk supple-
mented with glucose and Casitone. Cells were inoculated in skim
milk (0.1%), and when necessary, nisin was added at an ODy,,
of 0.4 to 0.5. The results showed that during skim milk
fermentation, L. lactis NZ9000(pNZ7601) can produce 776
pmol octyl acetate h™' mg total protein~ ' after induction
with nisin (Table 3), which is almost twofold higher than
production rates in GM17. Octyl acetate production was
linear during the initial 5 h.

DISCUSSION

We have cloned and expressed in L. lactis two proteins from
the secondary metabolism of strawberry. Both proteins are
involved in the production of flavor compounds (1, 3). The
proteins could be functionally expressed, but the amount of
active protein produced was much lower than that typically
observed with bacterial proteins in L. lactis (45). For FaNES,
we observed significant protein production, but our results
indicate that only a fraction of the protein was active. Protein
synthesis in a SAAT-expressing clone was much less efficient,
and we were able to demonstrate that the efficiency of expres-

TABLE 3. Octyl acetate production rates by SAAT-producing
L. lactis NZ9000 strains transformed with different plasmids®

i -1 N
Fermentation medium and Activity (pmol h™! mg protein™)

plasmid(s) used

Induced Noninduced

GM17

pNZ7601 326 = 874 65 = 338

pNZ7601 + pNZ7610 371 =24 73 + 388

pNZ7630 355 =574 40 + 18

pNZ8150 40 = 9B 55+ 7%
Skim milk

pNZ7601 776 = 66 80 + 8P

pNZ8150 74 + 13P 68 = 9P

“ Fermentation was performed with GM17 medium or skim milk, and nisin
was added at a concentration of 1 ng ml™! at early exponential phase for the
induction of protein production.

b Superior letters (A to D) placed next to enzymatic activities indicate values
that were significantly different (P < 0.05) from other values with a different
letter.
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sion could be improved almost threefold using a rare-tRNA
supplementation approach. Rare-tRNA supplementation has
been successfully applied in E. coli and other microbial cell
factories (6, 7, 11, 14). To our knowledge, the current study is
the first successful example of rare-tRNA supplementation in
L. lactis. Tt is important to notice that low yields, or even the
complete absence, of functional expression levels are fre-
quently observed when plant enzymes are expressed in E. coli
or other microbial expression platforms. For instance, melon
alcohol acyltransferase, an enzyme highly similar to SAAT,
could not be functionally expressed in E. coli, whereas in this
case, active enzyme could be produced in recombinant yeast
(64). Our results and those presented by Martinez-Cuesta (42)
represent three successful examples of very different plant pro-
teins that were actively produced in L. lactis and justify a
broader exploration of the suitability of this organism as a
complementary screening host for elucidating protein function
and screening of plant cDNA libraries in a food grade bacterial
expression platform.

FaNES-expressing L. lactis NZ9000 was able to produce linal-
ool and nerolidol without substrate addition. FaNES catalyzes the
synthesis of these compounds from GPP and FPP, respectively
(Fig. 1), and L. lactis has the enzymatic machinery necessary to
produce GPP and FPP as intermediates in the undecaprenyl
diphosphate acid pathway (30). Using the linalool synthetase ac-
tivity measured in CFE, it can be calculated that the productivity
of growing cells was approximately 40% of the maximal produc-
tivity. This indicates that indigenous GPP levels were not severely
limiting for linalool production in growing cells, especially when
the fact that intracellular conditions may be suboptimal for the
enzyme is taken into account. To our knowledge there are no
reports of GPP or FPP concentrations in L. lactis, but this exam-
ple demonstrates the potential of using L. lactis for the charac-
terization of enzymes for the biosynthesis of monoterpenes and
sesquiterpenes, classes of compounds containing a wide range of
high-value bioactive compounds. Several groups have reported
the construction of microbial cell factories for these compounds,
as exemplified by the introduction in yeast or in E. coli of the
biosynthetic pathways for monoterpenes, sesquiterpenes, and
carotenoids (12, 19, 41, 65). The efficient metabolic engineering
strategies that are available for L. lactis could enable the construc-
tion of efficient cell factories for the production of target terpenes
(26).

SAAT-expressing L. lactis NZ9000 required the addition of
long-chain alcohols for the production of ethyl esters. These
results show that acetyl-CoA levels were sufficient to sustain a
base-level ester production, but the equal levels of productivity
of L. lactis NZ9000 clones producing different SAAT levels
indicates that acetyl-CoA levels may limit ester formation.
Glucose, which was used as a carbon source in our experi-
ments, is converted mainly to L-lactate, whereas approximately
2% is converted to acetyl-CoA; ultimately, ethanol, acetate, or
biomass formation occurs (16, 50). In our clones, at least three
enzymes may compete for acetyl-CoA pools (phosphotrans-
acetylase, acetaldehyde/alcohol dehydrogenase, and SAAT),
and the relative amount of acetyl-CoA used for ester produc-
tion depends on the amounts and kinetic parameters of these
enzymes. Lactococcal primary metabolism can be efficiently
rerouted, and this offers the potential of increasing acetyl-CoA
levels (48) and hence ester productivity.
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The octyl acetate and linalool concentrations produced in
fermentation tests are higher than the odor threshold values
for these molecules. The octyl acetate concentration in GM17
of 1.9 uM is 27 times higher than the reported odor threshold
for octyl acetate in water (Flavor-Base, version 2004, Leffinger
& Associates, Canton, GA). Analogously, linalool levels of 13
ppb (85 nM) are twofold higher than its odor threshold (6 ppb)
in water (37). In a preliminary sensorial analysis done with
GM17 cultures, however, neither octyl acetate nor linalool
could be detected, probably because of the strong background
odor of this medium. The expression plasmids that were used
can be easily transferred into a food grade expression system
by exchanging the chloramphenicol marker with lacF as the
selective marker (45, 53). Hence, L. lactis may be a valuable
production host for plant-derived bioactive compounds for
food applications.
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