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In situ gene expression studies are promising approaches for improving our understanding of the cheese
microbial flora. This requires efficient RNA extraction methods, but studies of cheeses are scarce. The objective
of the present study was to determine whether RNA samples compatible with quantitative mRNA transcript
analyses can be obtained without separating the cells from the cheese matrix. In the method that we describe,
the cellular processes are stopped at the very beginning of the procedure. When cheeses were produced with
Lactococcus lactis LD61 as the only starter microorganism, the integrity of the purified RNA was good, even for
2-week-old cheeses that had been incubated at 30°C. In addition, the RNA samples did not contain any traces
of RNases, and the amount of genomic DNA was negligible. A good level of reproducibility could also be
achieved. When real-time reverse transcription-PCR analyses were normalized to the total RNA concentration,
the amounts of 16S and 23S rRNA transcripts were constant during the 2-week incubation period, whereas the
amount of tuf mRNA transcripts decreased substantially. RNA samples obtained using the method described
in this study were compared to samples obtained using the method described by Ulvé et al. (J. Appl. Microbiol.,
in press), which is based on separation of the cells from the cheese matrix. For most of the 29 genes
investigated, the transcript abundance was the same for both types of samples. Differences were observed
mainly for genes whose expression has previously been shown to be modified by heat, acid, or osmotic stresses,
such as busAA and glnQ.

Many species of bacteria, yeasts, and molds are involved in
the production of cheese. The presence of these organisms is
required to generate the typical sensory properties of the final
product, such as texture, taste, aroma, and color. The compo-
sition of the cheese microbial flora varies as a function of the
type of cheese and the manufacturing stage. In order to im-
prove our understanding of the activity of the cheese microbial
flora, one promising approach is in situ analysis of the mRNA
transcripts. Indeed, more and more genomic sequences of
cheese microorganisms are becoming available, and it is there-
fore possible to design primers or probes that specifically target
mRNA transcripts from a given species. Quantitative analyses
can be performed by using real-time reverse transcription-
PCR, and semiquantitative analyses can be performed for a
large number of genes using DNA microarrays.

However, even though procedures for extraction of DNA
from cheese are being used increasingly in research laborato-
ries (1, 4–6, 8–10, 12, 13, 15, 17, 18, 20), the extraction of RNA
is still a challenge. Randazzo et al. (16) studied the bacterial
flora of an artisanal cheese by performing denaturing gradient
gel electrophoresis analysis after reverse transcription of
rRNA. Bonaı̈ti et al. (2) reverse transcribed rRNA from bac-
teria and yeasts after extraction of RNA from experimental
cheeses. To our knowledge, there has been only one study that
described analysis of mRNA transcripts in cheese samples
(22). In that study, the RNA was extracted from cheese after
separation of the bacterial cells from the cheese matrix.

The objective of the present study was to determine whether
RNA samples compatible with quantitative mRNA transcript
analysis can be obtained without prior separation of the cells
from the cheese matrix. The main advantage of such a method
would be that the production and degradation of mRNA tran-
scripts could be stopped immediately after a cheese is sampled.

MATERIALS AND METHODS

Strain and growth conditions. Lactococcus lactis subsp. lactis LD61 was ob-
tained from SOREDAB (La Boissière-Ecole, France) and was routinely grown
under static conditions in M17 lactose broth (21) at 30°C.

Cheese production. Ultrafiltered milk was produced as described by Hannon
et al. (7) and stored at �20°C. Its final fat concentration was 5.5%. To produce
cheese, strain LD61 was inoculated into 100 ml of reconstituted skim milk (100
g/liter; Difco Laboratories, Detroit, MI) that was previously heated for 10 min at
110°C and incubated for 15 h at 30°C. Ultrafiltered milk was inoculated using a
concentration of 107 CFU/ml, and rennet (chymosin with an activity of 180
international milk-clotting units/ml; Maxiren 180; DSM Food Specialities, Delft,
The Netherlands) was added at a final concentration of 60 �l/liter. After incu-
bation for 7 h at 30°C, the curd was transferred onto a grid in a sterile crystal-
lizing basin. Ripening was then performed either at 12°C or at 30°C. The latter
temperature is far above the temperature generally used during cheese ripening.
It was chosen in order to provide conditions under which the RNA transcripts
would be less stable.

Measurement of culturable bacterial concentration. One gram of cheese was
mixed with 9 ml of physiological saline (9 g/liter NaCl). After dispersion with a
mechanical blender (Ultra-Turrax model T25; Ika Labortechnik, Staufen, Ger-
many) for 1 min at 11,500 rpm, 10-fold serial dilutions in physiological saline
were prepared and plated on M17 agar. Colonies were enumerated after the
plates were incubated for 2 days at 30°C.

Extraction of DNA. DNA was extracted from cheese as previously described
(11).

Extraction of RNA. During the purification procedure, only RNase-free re-
agents and plastic utensils were used, and care was taken to avoid any contam-
ination by RNases. Approximately 125 mg of cheese was placed into a 2-ml tube
containing 800 mg of zirconium beads (diameter, 0.1 mm; BioSpec Products,
Bartlesville, OK), and this was followed by immediate addition of 1.25 ml TRIzol
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reagent (Invitrogen, Cergy Pontoise, France). The tubes were vigorously shaken
in a bead beater (FastPrep-24 system; MP Biomedicals, Illkirch, France) by using
three 60-s mixing sequences at a speed of 6.5 m/s. The tubes were cooled on ice
for 5 min before each mixing sequence. After centrifugation for 10 min at 12,000 �
g and 4°C, each supernatant (approximately 1,100 �l) was transferred into a 2-ml
tube containing 300 �l of a gel that improved separation of the aqueous and
organic phases (Phase Lock Gel Heavy; Eppendorf, Hamburg, Germany). In
some cases, an approximately 3-mm red layer formed just above the beads. This
layer was also transferred. However, the fat layer, which was at the top the liquid
phase, was not transferred. The tubes were incubated for 5 min at room tem-
perature before addition of 230 �l chloroform. They were then shaken for 15 s,
incubated for 3 min at room temperature and for 2 min on ice, and centrifuged
for 15 min at 12,000 � g and 4°C. Each aqueous phase (approximately 700 �l)
was recovered in a 2-ml tube, and 700 �l of phenol-chloroform-isoamyl alcohol
(125:24:1, pH 4.7) was added. The tubes were then shaken for 15 s and centri-
fuged for 10 min at 12,000 � g and 4°C. Each aqueous phase (approximately 550
�l) was recovered, taking care not to recover any part of the organic phase. In
order to increase the final RNA concentration in the samples, the contents of
tubes from three replications were pooled and a volume of ethanol (100%)
corresponding to 55% of the volume of the aqueous phase was added. Seven
hundred microliters of the sample was loaded on an RNeasy spin column (Qia-
gen, Courtaboeuf, France), which was then centrifuged for a few seconds at
12,000 � g and room temperature. After elimination of the flowthrough, the
remainder of the sample was loaded on the column and treated in the same way,
until the entire sample was used. When a large number of samples was pooled
(for example, 10 samples), the procedure was considered time-consuming due
the numerous successive centrifugations required. In such a case, the samples
were loaded on the column using a vacuum manifold (QIAvac 24; Qiagen). Then
350 �l of RW1 buffer (Qiagen) was loaded on the column, and following incu-
bation for 5 min at room temperature, the tube was centrifuged for a few seconds
at 12,000 � g. The flowthrough was discarded, and a second washing step with
350 �l of RW1 buffer was performed. Two washing steps were then performed
with 500 �l of RPE buffer (Qiagen), and the tube was centrifuged for 1 min in
order to eliminate all traces of RPE buffer. The RNA was recovered after
addition of 30 �l of RNase-free water, incubation for 2 min at room temperature,
and centrifugation for 1 min.

Quantification of RNA and quality control. Purified RNA was quantified at
260 nm using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technolo-
gies, Wilmington, DE). The quality of the RNA was analyzed with a 2100
bioanalyzer (Agilent, Palo Alto, CA) using RNA 6000 NANO chips according to
the manufacturer’s instructions.

DNase treatment and reverse transcription. When DNase treatment was
performed, the reaction was conducted with 800 ng of RNA in a 20-�l reaction
mixture, using a TURBO DNA-free kit (Ambion, Austin, TX). cDNA was
synthesized from RNA or DNase-treated RNA using the SuperScript III First-
Strand synthesis system (Invitrogen, Cergy Pontoise, France) according to the
manufacturer’s recommendations. The concentrations of RNA used in the re-
action mixtures are indicated below. Priming was performed using random hex-
amers. The resulting cDNA samples were stored at �20°C.

Real-time PCR conditions. SYBR green I PCR amplification was performed
using a LightCycler instrument (Roche Applied Science, Mannheim, Germany).
Amplification was carried out in a 20-�l (final volume) mixture containing 5 �l
of DNA or cDNA sample, 4 mM MgCl2, each primer at a concentration of 0.3
�M, and 2 �l of LightCycler FastStart DNA Master SYBR green I (Roche). The
primers were synthesized by Eurogentec (Seraing, Belgium). Amplification in-
volved incubation at 95°C for 8 min for the initial denaturation, followed by 45
cycles of (i) denaturation at 95°C for 10 s, (ii) annealing at 60°C for 7 s, (iii)
extension at 72°C for 6 s, and (iv) fluorescence acquisition (530 nm) at the end
of extension. The temperature transition rate was 20°C/s for each step. After
real-time PCR, a melting curve analysis was performed by continuously measur-
ing fluorescence during heating from 65 to 95°C at a transition rate of 0.1°C/s.
Threshold cycle (CT) values were determined with LightCycler software (version
3.3), using the second derivative method. Standard curves were generated by
plotting the CT values as a function of the log of the DNA concentration (analysis
of genomic DNA) or of the dilution of the cDNA sample (analysis of reverse-
transcribed RNA). PCR efficiency (E) was then calculated using the following
formula: E � 10�1/slope (14). The genes investigated in the present study and the
corresponding primer pairs are shown in Table 1. The primers were designed
using LightCycler probe design software (v1.0; Roche Applied Science) and a
melting temperature of 65°C. The expression of selected genes in cheese was
measured using the relative standard curve method (ABI Prism 7700 sequence
detection system user bulletin 2, 1997). Reverse transcription results were stan-
dardized using an RNA concentration of 2.5 ng/�l, and real-time PCRs were

performed after dilution of the samples in order to avoid PCR inhibition and to
obtain a linear relationship between the CT value and the logarithm of the
amount of RNA. Twenty-five-fold dilutions were used for analysis of the tuf gene,
and 125-fold dilutions were used for analysis of the 16S rRNA and 23S rRNA
genes. The amount of target at different sampling times was divided by the
amount of target at 3 h, which was chosen as the calibrator sample. Thus, data
were expressed as differences relative to the results for the sample at 3 h.

Statistical analyses. The means of CT values were compared using a Student
test. Three repetitions (separate RNA extracts) were performed for each extrac-
tion method, using the same initial cheese sample.

RESULTS

Development of the RNA extraction method. In order to
establish an efficient method for extracting RNA from cheese
without prior separation of bacterial cells, both the quality and
extraction yield of the purified RNA were taken into account.
Experiments were performed with a model semifat cheese
produced with L. lactis strain LD61. After numerous initial
attempts, the procedure described in Materials and Methods
was chosen. The most critical factor is the ratio of the amount
of cheese to the volume of TRIzol reagent. This ratio should
not exceed 150 mg of cheese per ml of reagent, as a higher
ratio affects the quality and quantity of the purified RNA.
Consequently, the amount of RNA that can be recovered from
cheese with this protocol is limited by the amount of cheese
that can be processed in the first step. To minimize this prob-
lem, several tubes containing the same sample were processed
in parallel and pooled later in the protocol (for example, be-
fore the purification on silica membrane-based columns). The
samples could also be pooled after the bead-beating step, but
this required the use of larger tubes in subsequent steps. The
presence of fat in cheese does not interfere with the purifica-
tion of RNA since the fat is eliminated after the first centrif-
ugation step. The amount of beads and the time and intensity
parameters of the bead-beating treatment were optimized for
the destruction of L. lactis cells. No further improvement was
obtained when additional bead-beating procedures were per-
formed, indicating that the destruction of the cells was prob-
ably complete. TRIzol-based purification methods do not usu-
ally require any further extraction of the samples with phenol.
However, we observed that slight degradation of RNA some-
times occurred, except when an acid phenol treatment was
included. Under these conditions, the level of contamination of
the RNA samples with genomic DNA was also lower. An acid
phenol extraction step was therefore included in the final pu-
rification protocol.

Validation of the conditions for DNase treatment, reverse
transcription, and real-time PCR. Different standard curves
for real-time PCR amplification of genomic DNA or of re-
verse-transcribed RNA are shown in Fig. 1. For the tuf gene,
the amplification efficiency with genomic DNA was constant
between 0.2 and 2,000 pg/�l, and the corresponding PCR ef-
ficiency was 1.93 (97%). RNA extracted from cheese after 15 h
of incubation at 30°C was treated with DNase and reverse
transcribed using an RNA concentration equivalent to 15 ng/
�l. When dilutions of the corresponding cDNA were analyzed,
the PCR efficiency (1.96) was similar to that obtained with
genomic DNA. This indicated that the reverse transcription
reaction mixture did not inhibit the real-time PCR. However,
this type of inhibition was detected when the reverse-tran-
scribed RNA was not diluted before real-time PCR analysis
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(results not shown). Furthermore, omission of the DNase
treatment did not change the threshold values of the reverse-
transcribed RNA (both types of measurements were per-
formed during the same PCR run). This means that the RNA
samples did not contain significant amounts of genomic DNA,
that the DNase treatment did not degrade the RNA, and that
the DNase mixture did not change the reverse transcription

efficiency. In addition, when different initial amounts of RNA
were reverse transcribed and analyzed using a constant dilu-
tion factor (25-fold), the relationship between the threshold
value and the concentration of RNA was similar to the rela-
tionship obtained by analysis of various dilutions of a cDNA
which was produced by reverse transcription of 15 ng/�l of
RNA. This means that under our conditions, the efficiency of

TABLE 1. Primers used in this study

Gene Gene product Forward primer (5�33�) Reverse primer (5�33�) Reference

adhE Alcohol-acetaldehyde
dehydrogenase

ATC TAT ACT GAT GCA ATG
CGT CC

ACG AAC CCA TTG TGG GC This study

aldB Alpha-acetolactate
decarboxylase

AAT GGC AGG CCT TTA
CGA G

AGC TTG GTA GGC TTT ACC G This study

als Alpha-acetolactate synthase GCA CGT CAT TTC AAA TCA
TAC GAA C

CCT CCA TCA CCA GAG TGT
GAA TA

This study

busAA Betaine ABC transporter ATP
binding protein

CGA TTA AGC AAA CGC
AAC AA

AGG TGA GCC CAA AAA TGA
AA

This study

butB 2,3-Butanediol dehydrogenase AGT AGG TGA CCA TGT
CGT TG

ACC TCC ACC ATT TCC GC This study

citD Citrate lyase acyl-carrier
protein

GTC TTC AGA TGT GCA AAT
CAT G

CGC ATT TTC CAA TGG CAT
AAG C

22

citF Citrate lyase alpha chain TCG CTG GAA GAA GTG
GTT TT

AGA AGA CGG AGC AAT CCT
CA

This study

codY Transcriptional repressor CAG AAG AAA GCC TTG
GCG A

CGT CTT CAC GCC ACA TGA T This study

cspD Cold shock protein D TGG CAA ATG GAA CAG
TAA AAT G

GCT GAG AAG TGA GCG AAC
AA

This study

cspE Cold shock protein E TAA CAG CTT GAG GTC
CAC GA

ACG ACG TTT TCG CTC ACT
TC

This study

cysS Cysteinyl-tRNA synthetase TGG ATG AGC AAG CTG
AGT CT

TTC TTT GAC CTC AGG CCC
AC

This study

cysK Cysteine synthase GAG CGT CGT CAG ATT ATT
CAA G

GCA TAA ACC AAC CAT TTT
CTT C

22

deoB Phosphopentomutase CGA AAG TCC GCT CAA
AAC G

TTC CCA GTG CCC AGT CAT T This study

dnaK Molecular chaperone GCA GCT CTT GCT TAT GGT
CTT G

CGG CAA CCA TCC AGT CAA
TG

This study

gapB Glyceraldehyde 3-phosphate
dehydrogenase

GTT GTT ATC ACT GCA CCT
GG

CAT TGG AGC AAG ACA GTT
AGT TG

22

glnQ Glutamine ABC transporter
ATP-binding protein

AAA GAT GCA ATG CCT
GAA ATG

CGT CAA AGA GCA TAA CGT
CAG

This study

groEL Chaperonin TGTA GCT GAT GAT GTT
GAT GGA GA

CTT TAC GAC GAT CAC CAA
ATC CT

This study

gyrA DNA gyrase subunit A CAC GGG CAC TTC CTG ATG
TA

CCA TAA CTT CAC CGA CAA
TA

22

ldh L-Lactate dehydrogenase GTC GCT GTA GCT CTT GCT
CG

GTT GAC CAA GGT AGC AGT
CG

22

ldhB L-Lactate dehydrogenase AGG TTT TCC ACC TAC CGT
CGT

TCT CGA ATT GTC GGA ACT
GGT

This study

metA Homoserine O-
succinyltransferase

CCT TGA TAA ACC GCA TAA
TTC A

GAA GGA CTG AAA CCC AAT
CTT C

19

metB1 Cystathionine gamma-synthase GTT GCT AGA GCA AAT
TGT CCT G

CAA CGA CCT ATC AAC ATC
CAG A

19

mleS Malolactic enzyme ACC ACC CTG AAA ACA TTA
CTG AA

CTT GAG TTC CCC AGT CTC
CA

This study

pfl Pyruvate-formate lyase ATG AGC CAC AAG CAT TCT
TCT AT

AAG TGG TGA GAC ACA ACA
AGA G

This study

purM Phosphoribosylaminoimidazole
synthetase

GAT TGC GTA GCC ATG
TGC GTC

GCC ACT CCA GCC ACA ACT
TG

22

rpiA Ribose-5-phosphate isomerase
A

TCG AAG AAT TGG GTC
GAA GAA

AATTTCATCTGCGCCATCAAC This study

tuf Elongation factor Tu CTC TAA AGT ATT GTC TGA
CA

GTG TTG ATT GTG ATA CCA
CG

22

16S rRNA 16S rRNA GCT CAC CAA GGC GAT
GAT ACA TA

ACC AAC GTT CTT CTC TAC
CAA CA

This study

23S rRNA 23S rRNA ACA GGA TAG GTA GGA
GCC ATT

CGA TTA TGC CAG CGG GTT
AG

This study
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the reverse transcription was constant. We also verified that
the reproducibility of the reverse transcription and real-time
PCR steps was good. For example, when the same reverse-
transcribed RNA sample (15 ng/�l of RNA) was analyzed
during the same PCR run, the standard deviation of the thresh-
old value was as low as 0.15 (n � 4). Taken together, these
results show that the conditions for DNase treatment, reverse
transcription, and real-time PCR that were used are compati-
ble with quantitative analysis of RNA transcripts from cheese.
For the measurements described below, we included assays
that ensured that no inhibition of reverse transcription or of
real-time PCR occurred and that the amount of genomic DNA
in the RNA samples was negligible.

Extraction and analysis of RNA from cheese after different
incubation times. During the production of cheese with strain
LD61, samples were taken after 3, 5, and 7 h (one cheese at
each sampling time). After 7 h, some cheeses were incubated
on a grid at 30°C, while others were incubated at 12°C, and
samples were taken at 15 h and 2, 7, and 14 days. The pH of the
cheeses decreased at the beginning of production (Fig. 2) due
to the acidifying activity of L. lactis. For the cheeses incubated
at 30°C, the culturable cell concentration reached the maxi-
mum value at 15 h and decreased thereafter. After 14 days,
only 0.2% of the cells survived. However, no significant de-
crease was observed for the cheeses incubated at 12°C. The
maximum RNA extraction yield was obtained after 2 days, and
the value was close to 40 �g per g of cheese. It is interesting
that there was only a slight decrease in the extraction yield
between 2 and 14 days, even for the cheeses incubated at 30°C,
in which cell viability decreased substantially. When the extrac-
tion of RNA was repeated (three separate RNA samples, ob-
tained from the same initial cheese), the RNA extraction yield
was relatively constant. Indeed, the mean coefficient of varia-
tion calculated from the data shown in Fig. 2C was 15%.
Analysis of RNA samples with a 2100 bioanalyzer is based on
capillary electrophoresis, followed by calculation of a value,
known as the RIN value, which is representative of the integ-
rity of the RNA. A RIN value of 10 corresponds to apparently
intact material. Examples of electropherograms are shown in

Fig. 3. The RNA extracted after 5 h of incubation at 30°C
showed very good integrity (RIN value, 9.6). A few small peaks
were present in the electropherogram of RNA extracted after
14 days of incubation at 30°C. The corresponding RIN value
was 8.3, which is still good for most types of RNA analyses. For
all the other samples, the RNA integrity was very good since
the RIN values were between 9.2 and 9.6.

The results of some quantitative analyses of RNA transcripts
in cheese samples are shown in Fig. 4. For each cheese sample,

FIG. 1. Standard curve analyses of tuf amplification for genomic
DNA (f), RNA (�), cDNA (‚), and cDNA from DNase-treated RNA
(�) dilution series. RNA and genomic DNA were extracted from
cheese incubated for 15 h at 30°C. For the DNA standard curve,
various dilutions of the DNA sample were directly analyzed by real-
time PCR. For the RNA standard curve, various amounts of RNA
were reverse transcribed and analyzed by real-time PCR after 25-fold
dilution. For the two cDNA standard curves, reverse transcription was
done using an RNA concentration of 15 ng/�l, and various dilutions
were then analyzed by real-time PCR.

FIG. 2. Changes in pH (A), culturable cell concentration (B), and
RNA extraction yield (mean � standard deviation) (C) during cheese
production. After incubation for 7 h at 30°C, the curd was transferred
onto a grid and incubated further at 30°C (F) or 12°C (E).

FIG. 3. RNA quality assessment with the Agilent bioanalyzer: elec-
tropherograms of RNA preparations from cheese after 5 h (A) or 14
days (B) of incubation at 30°C.
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three separate RNA extractions were performed. The error
bars thus represent the combined variability of the extraction,
reverse transcription, and real-time PCR steps. However, the
amount of RNA was standardized in all the reverse transcrip-
tion reactions, and the real-time PCR results were expressed
relative to a calibrator (the sample after 3 h), which was in-
cluded in all the PCR runs. Since the samples contained no
significant amount of genomic DNA, DNase treatment was not
performed. There was no significant variation over time of the
16S rRNA and 23S rRNA transcript abundance. Furthermore,
there were only limited differences between repeated samples.
For example, after 48 h of incubation at 30°C, the means �
standard deviations of the variation corresponding to the three
samples resulting from separate RNA extractions were 1.18 �
0.20 and 0.98 � 0.22 for 16S rRNA and 23S rRNA, respec-
tively. The expression ratio of the tuf gene was constant from 3
to 7 h at 30°C and even at 15 h when the cheese was transferred
at 12°C. The ratio decreased substantially after this, especially
for the cheeses incubated at 30°C. After 14 days, the abun-
dance of tuf transcripts was approximately 1 and 10% of the
abundance after 3 h for the cheeses incubated at 30 and 12°C,
respectively.

Effect of the amount of cheese on the recovery of RNA. Since
it was not possible to increase the amount of cheese processed
in the first step of the protocol, the possibility of parallel

processing of several samples and pooling after the bead-beat-
ing step was assessed. In all these experiments, the amount of
RNA loaded on the silica membrane-based column was less
than the column capacity (100 �g). The recovery of RNA was
linear, and there were only small differences in the extraction
yields between the different samples (Fig. 5). No significant
difference in RNA quality or in 16S rRNA, 23S rRNA, and tuf
transcript abundance was detected in these samples (results
not shown). The concentration of RNA in samples can thus be
increased by pooling samples after the bead-beating step.
However, this considerably increases the cost and duration of
the purification method. Since the amount of cheese recovered
in each tube is approximately 125 mg, an adequate sampling
procedure (e.g., the number of tubes that are subsequently
pooled and the spatial distribution of the samples) has to be
considered.

Comparison with the RNA extraction method based on
prior separation of cells from cheese. The extraction method
developed by Ulvé et al. (22) consists of purification of RNA
after separation of the bacterial cells from the cheese matrix.
In order to compare this method with the method described in
the present study, the abundance of transcripts from 29 genes
from the same cheese after 15 h of incubation at 30°C was
measured (Table 2). Several of the selected genes are involved
in the response to various stresses. No significant difference in
transcript abundance could be detected for 17 of these genes,
including the 16S rRNA and 23S rRNA genes. Interestingly
enough, for the other 12 genes, there was always a higher
abundance in the RNA samples extracted after separation of
cells from cheese. For most of these genes (busAA, cspD, cspE,
glnQ, metA, metB1, and mleS), previous studies showed that
their expression was modified by heat, acid, or osmotic stresses
(23, 24). The largest difference was the difference for busAA,
which encodes a betaine ABC transporter ATP-binding pro-
tein and for which the abundance of transcripts was about 50
times higher with the RNA samples extracted after separation
of cells from cheese. Similar results were obtained when the
RNA samples were treated with a DNase before reverse tran-
scription (results not shown), even for the genes for which the
highest threshold values were obtained (for example, metA and
metB1). This shows that the contamination of the samples with
genomic DNA was negligible.

FIG. 4. Changes in the relative expression ratios of 16S rRNA (A),
23S rRNA (B), and tuf (C) genes during the production of cheese.
After incubation for 7 h at 30°C, the curd was transferred onto a grid
and incubated further at 30°C (F) or 12°C (E). The levels of expression
are the levels relative to the expression of the sample at 3 h (calibra-
tor), and the error bars indicate standard deviations. Reverse tran-
scription was done using an RNA concentration of 2.5 ng/�l, and
real-time PCR were performed using a 25-fold dilution for the tuf gene
and a 125-fold dilution for the 16S rRNA and 23S rRNA genes.

FIG. 5. Recovery of RNA from various amounts of cheese. Sam-
ples (approximately 125 mg) of cheese produced after 5 h of incuba-
tion at 30°C were treated with TRIzol reagent and subjected to bead
beating as described in Materials and Methods. Various numbers of
samples (1 to 24 samples) were then pooled, and RNA was recovered
using a single silica membrane-based purification column.
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DISCUSSION

The RNA extraction method that we propose in the current
study does not require separation of cells from the cheese
matrix. In this procedure, the first step is addition of TRIzol
reagent to a sample. This reagent is appropriate for isolating
RNA using the method of Chomczynski and Sacchi (3). Since
it contains phenol and guanidine isothiocyanate, it has the
ability to rapidly stop the cellular processes and to inactivate
RNases. Hence, the main advantage of this procedure is that
the cellular processes are stopped at the very beginning of the
extraction. When cheeses were produced with L. lactis LD61,
the integrity of the purified RNA was excellent, even for
2-week-old cheeses. In addition, the RNA samples did not
contain any traces of RNases, and the amount of genomic
DNA was negligible. A good level of reproducibility could also
be achieved. However, because it is impossible to increase the
ratio of cheese weight to the volume of TRIzol reagent, the
amount of RNA that can be recovered in each extraction tube
is limited. This problem can be reduced by processing several
identical samples in parallel and pooling them after the bead-
beating step. However, it is clear that such a procedure is more
time-consuming than the procedure based on separation of

cells from cheese (22), which allows a large amount of cheese
to be processed without difficulty.

Quantitative data for the abundance of rRNA and mRNA
transcripts during the manufacturing of cheese are reported
here. Several factors support the hypothesis that these data
may reflect the “true” quantitative evolution of the transcripts.
For example, the reverse transcription and real-time PCR
steps were reproducible, and their efficiency was constant. In
addition, similar results were obtained with RNA samples from
repeated extractions. Furthermore, because the RNA con-
tained mainly rRNA, because the amount of RNA subjected to
reverse transcription was standardized, and because the integ-
rity of the RNA was good, the abundance of 16S and 23S
rRNA transcripts should have been constant in our experi-
ments. This was verified for all the samples that we tested, even
for 2-week-old cheeses incubated at 30°C. It has often been
stated that rRNA is characteristic of living and active cells. No
such conclusion can be drawn from our results, since the abun-
dance of 16S and 23S rRNA remained constant, even in samples
in which the culturable cell concentration decreased substantially.

In a previous study, the tuf gene was used as a reference gene
for normalization of real-time PCR results for the sulfur amino

TABLE 2. Measurement of gene expression in cheese incubated for 15 h at 30°C using RNA directly extracted from cheese or after
separation of cells

Gene Gene product

Threshold valuea

Gene
expression

ratiobDirect RNA
extraction

RNA extraction
after separation

of cells
Difference

adhE Alcohol-acetaldehyde dehydrogenase 22.70 � 0.30 23.00 � 0.12 0.30 0.82
aldB Alpha-acetolactate decarboxylase 22.04 � 0.22 21.53 � 0.23 0.51 1.40
als Alpha-acetolactate synthase 19.44 � 0.34 19.66 � 0.06 �0.22 0.87
busAA Betaine ABC transporter ATP-binding protein 25.58 � 0.37 19.69 � 0.33 5.89c 51.51
butB 2,3-Butanediol dehydrogenase 23.33 � 0.38 23.81 � 0.19 �0.48 0.73
citD Citrate lyase acyl-carrier protein 19.10 � 0.20 19.73 � 0.26 �0.63 0.66
citF Citrate lyase alpha chain 16.78 � 0.10 16.92 � 0.35 �0.14 0.91
codY Transcriptional repressor 24.56 � 0.24 22.31 � 0.30 2.25c 4.46
cspD Cold shock protein D 19.20 � 0.35 16.14 � 0.28 3.06c 6.71
cspE Cold shock protein E 19.92 � 0.07 18.06 � 0.35 1.87c 3.30
cysS Cysteinyl-tRNA synthetase 26.43 � 0.11 23.97 � 0.34 2.46c 9.77
cysK Cysteine synthase 18.92 � 0.17 18.73 � 0.07 0.19 1.13
deoB Phosphopentomutase 18.73 � 0.12 19.31 � 0.37 �0.58 0.68
dnaK Molecular chaperone 16.85 � 0.21 16.98 � 0.32 �0.13 0.91
gapB Glyceraldehyde 3-phosphate dehydrogenase 15.70 � 0.12 16.40 � 0.39 �0.70 0.64
glnQ Glutamine ABC transporter ATP-binding protein 25.89 � 0.47 21.62 � 0.37 4.28c 16.13
groEL Chaperonin 20.58 � 0.22 20.58 � 0.11 0.00 1.00
gyrA DNA gyrase subunit A 20.83 � 0.06 19.67 � 0.06 1.17c 2.10
ldh L-Lactate dehydrogenase 18.33 � 0.06 18.27 � 0.26 0.07 1.04
ldhB L-Lactate dehydrogenase 24.36 � 0.10 25.07 � 0.57 �0.71 0.64
metA Homoserine O-succinyltransferase 30.72 � 0.21 27.71 � 0.27 3.01c 6.23
metB1 Cystathionine gamma-synthase 29.97 � 0.17 26.77 � 0.16 3.20c 7.67
mleS Malolactic enzyme 27.50 � 0.28 25.54 � 0.18 1.96c 3.51
pfl Pyruvate-formate lyase 25.10 � 0.14 23.99 � 0.25 1.12c 2.03
purM Phosphoribosylaminoimidazole synthetase 24.99 � 0.04 22.75 � 0.03 2.24c 4.85
rpiA Ribose-5-phosphate isomerase A 24.02 � 0.23 24.03 � 0.18 �0.01 1.00
tuf Elongation factor Tu 17.44 � 0.12 17.89 � 0.21 �0.45 0.75
16S rRNA 16S rRNA 9.60 � 0.19 9.92 � 0.12 �0.32 0.81
23S rRNA 23S rRNA 10.83 � 0.15 11.10 � 0.22 �0.27 0.84

a The values are means � standard deviations for three repetitions (separate RNA extractions) using the same cheese sample. Reverse transcription was standardized
using an RNA concentration of 15 ng/�l, and real-time PCR were done using a 25-fold dilution, except for 16S rRNA and 23S rRNA, for which a 125-fold dilution
was used.

b Ratio of the gene abundance measured using RNA extracted after separation of cells to the abundance measured using RNA extracted directly from cheese.
c The threshold values of the two protocols were significantly different (P � 0.05).
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acid metabolism of L. lactis (19). In the current study the
abundance of the tuf transcript was observed to be constant at
the beginning of cheese production but to be substantially
decreased after 7 h (30°C) or 15 h (12°C). The main function
of a reference gene is to normalize for differences in sample
extraction and cDNA synthesis efficiencies. Our measurements
were normalized using total cellular RNA, which took possible
differences in sample extraction efficiency into account, and we
checked that the reverse transcription and real-time PCR ef-
ficiencies were constant. However, normalization with total
RNA would be inappropriate for cheeses in which several
microbial species are present. In such a case, one could nor-
malize the results with a reference gene. However, it is likely
that, as observed for tuf, the abundance of transcripts from
most genes is not constant during cheese production. A careful
interpretation of the results would then be required. Another
possibility would be to normalize the results with 16S or 23S
rRNA from the target species. Indeed, we showed that real-
time PCR measurements of L. lactis 16S or 23S rRNA are
representative of the total RNA of this species. A drawback of
this approach is that real-time PCR analysis of rRNA and
mRNA transcripts cannot be performed with the same dilution
of the reverse-transcribed RNA due to large differences in
abundance. Since the abundance of tuf transcripts decreased
together with the concentration of culturable cells during rip-
ening, it is tempting to use the tuf gene as a marker of cell
viability. This would require additional validation experiments.

For most genes investigated, the transcript abundance was
the same for RNA samples obtained using the method pro-
posed in this study and for samples obtained after separation
of the cells from the cheese matrix. Differences were observed
mainly for genes in which expression has previously been
shown to be modified by heat, acid, or osmotic stresses. It is
thus likely that the treatments used for separating the cells
from the cheese matrix (mixing in a mechanical blender, cen-
trifugation) activate the transcription of several genes. As a
consequence, the extraction method that we developed may be
appropriate for the study of the genes involved in stress re-
sponse. However, since the abundance of transcripts was never
lower than the value reported for the method based on sepa-
ration of cells, there is no evidence that degradation of some
transcripts occurs during the separation of cells. It may be
interesting to devise an RNA extraction method that is based
on separation of cells but in which the transcription of genes is
totally inhibited during cell separation steps. The performance
of potential transcription inhibitors could be evaluated by com-
paring the abundance of transcripts from genes such as busAA
and glnQ (Table 2) with the abundance obtained with the
direct RNA extraction method.

In conclusion, in the present work, RNA was successfully
extracted from cheeses manufactured with L. lactis, and rRNA
and mRNA transcripts were quantified by real-time PCR. The
extraction method could probably be used or adapted for
cheeses in which other microbial species are present.
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