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The growth of Lactobacillus plantarum WCFS1 and of its ΔccpA ery mutant, WCFS1-2, was compared in batch
fermentations in a complex medium at controlled pH (6.5) and temperature (30 °C) with or without aeration,
in order to evaluate the effect of ccpA inactivation and aeration on growth, metabolism and stress resistance.
Inactivation of ccpA and, to a lesser extent, aeration, significantly affected growth, expression of proteins re-
lated to pyruvate metabolism and stress, and tolerance to heat, oxidative and cold/starvation stresses. The
specific growth rate of the mutant was ca. 60% of that of the wild type strain. Inactivation of ccpA and aerobic
growth significantly affected yield and production of lactic and acetic acid. Stationary phase cells were more
stress tolerant than exponential phase cells with little or no effect of inactivation of ccpA or aeration. On the
other hand, for exponential phase cells inactivation of ccpA impaired both heat stress and cold/starvation
stress, but increased oxidative stress tolerance. For both strains, aerobically grown cells were more tolerant
of stresses. Evidence for entry in a viable but non-culturable status upon prolonged exposure to cold and
starvation was found. Preliminary results of a differential proteomic study further confirmed the role of
ccpA in the regulation of carbohydrate catabolism and class I stress response genes and allow to gain further
insight on the role of this pleiotropic regulator in metabolism and stress.
This is the first study in which the impact of aerobic growth on stress tolerance of L. plantarum is evaluated.
Although aerobic cultivation in batch fermentations does not improve growth it does improve stress toler-
ance, and may have significant technological relevance for the preservation of starter and probiotic cultures.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The protein CcpA (Catabolite control protein A) is a pleiotropic
regulator of carbon and nitrogen metabolism in Gram positive bacte-
ria (Fujita, 2009; Titgemeyer and Hillen, 2002). When bound to its co-
repressor, Hpr-Ser-P, CcpA binds to catabolite responsive elements
(cre, with consensus sequence WWTGNAARCGNWWWCAWW;
Fujita, 2009) in the promoter or after the transcriptional start site,
and represses the transcription. However, the Hpr-Ser-P/CcpA com-
plex is also involved in activation of gene expression (Fujita, 2009;
Zomer et al., 2007). CcpA directly or indirectly controls the transcrip-
tion of a large number of genes (>300 in Bacillus subtilis, ≥237 in
Lactococcus lactis) involved in both energy and nitrogen metabolism.

The role of CcpA in the control of metabolism has been studied in
several lactic acid bacteria (LAB), including Lact. lactis (Gaudu et al.,

2003; Lopez de Felipe andGaudu, 2009; Zomer et al., 2007), Lactobacillus
casei (Gosalbes et al., 1999), L. pentosus (Mahr et al., 2000) and Lactoba-
cillus plantarum (Castaldo et al., 2006; Lorquet et al., 2004;Muscariello et
al., 2001). The latter is a species widely distributed in fermented foods,
beverages and silage (Siezen et al., 2010), and includes strains which
are being used as probiotics (Shah, 2007). The genome of 4 strains of
L. plantarum subsp. plantarum has been completely or partially se-
quenced (WCFS1, GenBank AL935263, Kleerebezem et al., 2003; JDM1,
GenBank CP001617; ST-III, GenBank CP002222; ATCC14917, GenBank
ACGZ00000000).Moreover, significant genotypic and phenotypic diver-
sity has been found in this species, probably as a result of adaptation to
different ecological niches (Parente et al., 2010; Siezen et al., 2010). As
other LAB (Gaudu et al., 2002; Lechardeur et al., 2011) L. plantarum is ca-
pable of aerobic metabolism (Murphy and Condon, 1984a, 1984b;
Quatravaux et al., 2006) and in the presence of heme andmenaquinone
it can synthesize a limited respiratory chain (Brooijmans et al., 2009).
Pyruvate oxidase (POX) is a key enzyme in oxygen metabolism of
L. plantarum (Goffin et al., 2006; Lorquet et al., 2004; Murphy and
Condon, 1984a; Quatravaux et al., 2006): it is involved in the oxidation
of pyruvate (produced from lactate by lactate dehydrogenase, LDH),
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with production of hydrogen peroxide and acetyl phosphate, followed
ATP generation by acetate kinase (ACK). Five different pyruvate oxidases
are encoded in the genome of L. plantarum (Goffin et al., 2006) although
only two (PoxB and PoxF) are important in acetate production. Both
poxB and poxF are induced by oxygen or H2O2, and, since their expres-
sion is controlled by carbon catabolite repression (Goffin et al., 2006;
Lorquet et al., 2004), they are expressed at the end of the exponential
phase and during the stationary phase in cultures grown on glucose
and throughout growth phases in cultures grown on non-PTS sugars,
as maltose (Goffin et al., 2006; Lorquet et al., 2004; Murphy and
Condon, 1984a, 1984b; Quatravaux et al., 2006). Accumulation of H2O2

(0.1–9.9 mmol/L; Murphy and Condon, 1984a, 1984b; Quatravaux et
al., 2006) in aerobiosis may reduce vitality and activity of stationary
phase cells. In fact, inactivation of poxB and poxF increases the survival
of stationary phase cells, although the reasons are not completely clear
(Goffin et al., 2006). H2O2 can be detoxified by NADH peroxidase
(NPR), and some strains of L. plantarum can produce a Mn-dependent
pseudocatalase (Kono and Fridovich, 1983; Yousten et al., 1975), while
a heme-dependent catalase is produced in the presence of exogenous
heme (Abriouel et al., 2004). Accumulation of manganese (Archibald
and Fridovich, 1981) further contributes to the protection against reac-
tive oxygen species.

In addition to being involved in the regulation of aerobic metabo-
lism in both L. plantarum (Lorquet et al., 2004) and Lact. lactis (Gaudu
et al., 2003; Lopez de Felipe and Gaudu, 2009), CcpA also regulates
the expression of the class I heat shock response operons in L. plan-
tarum: in a mutant carrying a null mutation in the ccpA gene both
the expression of the groESL and hrcA operons were reduced and so
was the heat stress tolerance (Castaldo et al., 2006).

Aerobic growth under respiration condition has been found to im-
prove the tolerance of several technologically relevant stresses (heat
and oxidative stress, starvation) in LAB (Lechardeur et al. 2011) and
given the role of CcpA in both the control of stress response and
aerobic metabolism, in this work we have investigated the impact of
the inactivation of ccpA and aerobic growth on the growth and stress
tolerance of L. plantarum WCFS1.

2. Materials and methods

2.1. Microbial strains and inactivation of the ccpA gene

L. plantarum WCFS1 (Kleerebezem et al., 2003) was obtained from
Dipartimento di Scienze Ambientali, Seconda Università di Napoli. Inacti-
vation of the ccpA genewas obtained byhomologous recombination. Two
fragments of 1040 (UP) and 1053 (DOWN) bp, localized upstream
and downstream the ccpA gene, respectively, were amplified from the
L. plantarum chromosomal DNA by PCR and cloned into BamHI-EcoRI
and HindIII-PstI sites of pUC18Ery, respectively (van Kranenburg et al.,
1997). UP includes the pepQ gene, and DOWN corresponds to the
lp_2254 locus. In the PCR reactions the oligonucleotides UP1 (5′-
CCGGAATTCGCCTTCCTTAGTAACGACCCC-3′) andUP2 (5′-CGCGGATCCG-
GACCCAAGACAATCACGTTGACG-3′) were used to amplify the UP frag-
ment; DOWN1 (5′-CGCGGATCCGCCATTCCGTCCACCAAA TCAAGTCC-3′)
and DOWN2 (5′-CCCAAGCTTGGCCGTTGCGACCTTAGCCGGC-3′) were
used to amplify the DOWN fragment. The resultant pLM13 plasmid
was used to transform L. plantarum cells as described previously
(Muscariello et al., 2001). Antibiotic-resistant transformants were select-
ed on MRS agar containing erythromycin. About 15% of the recombinant
clones, analyzed by PCR, showed that a double homologous recombina-
tion event had occurred between chromosomal regions flanking the
gene of interest and their homologous regions present in pLM13, leading
to replacement of the ccpA genewith the ery cassette. One of these clones,
named WCFS1-2 (ΔccpA ery) was chosen for further analysis.

Both strains were maintained frozen (−75 °C) in 25% glycerol.
Active cultures were obtained by inoculating (1% v/v) MRS broth

followed by incubation for 16 h at 30 °C. For WCFS1-2 erythromycin
(5 μg/mL) was used in all media.

2.2. Fermentation conditions

Fermentations were carried out in WMB (tryptone, 5 g/L; KH2PO4,
1 g/L; yeast extract, 10 g/L; glucose, 20 g/L=0.11 mol/L; sodium ace-
tate, 5 g/L; sodium citrate, 5 g/L; MgSO4∙7H2O, 0.2 g/L, MnSO4∙H2O,
0.05 g/L, Tween 80 0.5 mL). One liter fermentation vessels (Applikon,
Schiedam, NL) were inoculated (5% v/v) using an overnight culture in
the same medium. Two parallel fermentations (one in aerobiosis and
one in anaerobiosis) were carried out using the same inoculum. Agi-
tation was achieved by a magnetic stirrer (250 rpm), and pH (6.5,
by addition of 1:1 Na2CO3/NaOH solution, 4 eq/L) and temperature
(30 °C) were controlled using ezControl controllers (Applikon,
Schiedam, NL). Foam was controlled by adding at the beginning of
the fermentation 5 mL of a 1% v/v Antifoam A solution. Anaerobic or
aerobic conditions were obtained by flushing with sterile nitrogen or
sterile air (0.1 vol/vol min), respectively. Dissolved oxygen concentra-
tion (DO,%) was measured by polarographic electrodes (Applisens
Applikon). In-line variables (temperature, pH, level, DO, ml base)
were monitored using BioXpert 2. Two replicate fermentations were
carried out for each treatment.

2.3. Growth, chemical, and biochemical analyses

Growth was monitored by measuring the absorbance of the cul-
ture at 650 nm (A650). Cell dry weight (measured by separating the
biomass by centrifugation at 10,000 g, 5 min, 4 °C, washing twice in
distilled water and drying at 105 °C for 24 h) and plate counts (pour
plating in WMB with 1.2% Agar bacteriological, WMA, followed by in-
cubation at 30 °C for 48 h) were carried out on exponential phase cul-
tures (A650 approx. 1) and at the end of fermentation (24 h) in order
to calculate calibration curves to relate absorbance to cell dry weight
or plate counts. Growth was modeled using the dynamic model of
Baranyi and Roberts (1994) with DMFit v. 2.0 (Baranyi and Le Marc
1996). Biomass yield (YX/S, g/g) was calculated by dividing the net
biomass production by the glucose consumed.

Spectrophotometric methods were used for the measurement of
glucose (Miller, 1959), H2O2 (Risse et al., 1992), DL-lactic acid and
acetate concentration (enzymatic kits, R-Biopharm AG, Darmstadt,
Germany) in culture supernatants. Lactic acid (YL/S, mol/mol) and
acetic acid yields (YA/S, mol/mol) were calculated by dividing the
net acid production by the substrate (glucose) consumed. Catalase
activity was measured on whole cells using the method described
by Quatravaux et al. (2006).

2.4. Stress tolerance

The tolerance to heat, oxidative, acid and starvation/cold stress
was evaluated on exponential and stationary phase cells, which
were recovered by centrifugation (10,000×g, 5 min at 4 °C), washed
twice in 20 mmol/L potassium phosphate buffer pH 7 (PB7) and re-
suspended in PB7 to obtain a final A650=1.

For heat stress, cells were rapidly added to pre-warmed (55 °C)
PB7 in screw cap tubes in a circulation water bath. Survival was mea-
sured by plate counts in WMA at 0, 15 and 30 min.

Oxidative stress tolerance was tested by spotting 5 μL of a 1.5%
H2O2 on the top layer (7 mL) of WMA (containing 0.6% w/v Agar bac-
teriological) inoculated with 100 μL of standardized cell suspension,
on a 10 mL bottom layer of sterile WMA. Two replicate plates were
used for each suspension with two replicate spots. The area of the in-
hibition zone was measured with a calliper after incubation at 30 °C,
48 h.

Tolerance to starvation and cold storage was evaluated by storing
cell suspensions in PB7 at 4 °C and by counting survivors on WMA or

52 T. Zotta et al. / International Journal of Food Microbiology 155 (2012) 51–59



Author's personal copy

WMA+0.05% v/v cysteine (48 h, 30 °C). The proportion of metaboli-
cally active cells was evaluated by epifluorescence microscopy using
propidium iodide and 5-(6)-carboxyfluorescein diacetate (PI and
cFDA, respectively, both from Molecular Probes Inc., Eugene, OR,
USA) as described in Zotta et al. (2012).

2.5. Proteome analysis

Proteome extraction from pooled exponential phase biomass
samples (two replicate fermentations) was carried out by lysis with
mutanolysin (134 units of approx. 2×1010 cells in 500 μL 20 mmol/L
Tris–HCl, 10 mmol/L MgCl2, 0.5 mol/L sucrose, pH 7.4) followed by
protein precipitation with acidic acetone. 2-DE electrophoresis,
image analysis and protein identification were carried out as already
described (Tosco et al., 2005).

After protein identification the standardized volume (obtained by
dividing spot volume by the sum of volume of all spots in a given gel)
of spots containing the same protein was summed and, for each pro-
tein the volumes were standardized to z-scores by subtracting the
mean and dividing by the standard deviation.

2.6. Statistical analysis

Univariate statistical analysis (two-way ANOVA) and graphing on
the fermentation, stress tolerance and proteome data were carried
out using Systat 13 (Systat Inc.). Permutation analysis on the prote-
ome data was carried out using PermutMatrix (Caraux and Pinloche,
2005).

2.7. Reagents, culture media and ingredients

Unless otherwise stated all reagents were obtained from Sigma-
Aldrich (Milan, Italy) while culture media and ingredients were
obtained from Oxoid Ltd. (Basingstoke, Hampshire, UK).

3. Results

3.1. Growth and metabolite production

The growth in aerobiosis and anaerobiosis of L. plantarum WCFS1
and of its mutant WCFS1-2 (ΔccpA ery) was compared in fermenta-
tions at controlled pH. The kinetics of growth is shown in Fig. 1,
while kinetic parameters and metabolite concentrations are reported
in Table 1.

Inactivation of ccpA severely impaired growth. On the other hand,
in the wild type strain a significant decrease in A650 was found at the
end of growth. Therefore, growth kinetics was compared using the D
model using the exponential phase data only. Estimated μmax values
and biomass concentration are shown in Table 1. Only differences be-
tween μmax of WCFS1 and its mutant were significant (pb0.05) while
no significant difference was found in final biomass concentration.
Biomass yield was significantly higher in aerobiosis for WCFS1 but
not for the mutant. For both strains and conditions the viable cell
count at the end of growth was close to 2×109 cfu/mL. After base
consumption ended, pH increased by 0.1–0.2 units both in aerobiosis
and anaerobiosis, possibly due to lactate consumption. For WCFS1-2,
but not for WCFS1, oxygen consumption continued in the stationary
phase. Total lactic acid concentration was significantly lower in aero-
biosis in both the exponential phase and after 24 h (stationary phase)
and was lower for the mutant strain. Lactic acid yield was always
lower than that predicted for homolactic fermentation (2 mol lactic
acid/mol glucose) and was lower in aerobiosis for both strains and
for the mutant compared toWCFS1, and was lower in the exponential
phase when net acetic acid production was observed for both strains.
Net acetic acid production was higher in aerobiosis compared to an-
aerobiosis and for the mutant strain. H2O2 production was always

very low: higher concentrations were found for the mutant and in
aerobiosis. Catalase activity was always below the sensitivity of the
method used.

Cell size was measured in bright field images for both exponential
phase and stationary phase cells. The results are shown in Table 1. Ex-
ponential phase cells of WCFS1-2 were significantly smaller (pb0.01)
than those of WCFS1. For the latter, stationary phase cells were signif-
icantly smaller than exponential phase cells, while no significant
difference was found for either strain between aerobically and anaer-
obically grown cells.

3.2. Stress tolerance

The tolerance of both exponential phase and stationary phase cells
to heat, oxidative and starvation stresses was assayed.

The kinetics of heat inactivation is shown in Fig. 2. Inactivation of
ccpA impaired heat tolerance (pb0.001). For both strains cells grown
in aerobiosis were more tolerant of heat (pb0.01).

Stationary phase cells of both the wild type and the mutant were
significantly more heat tolerant (logN/N0 at 30 min−3.5/−4) and
the differences between the two strains were negligible (data not
shown).

Oxidative stress tolerance was assayed using a spot on lawnmeth-
od: the diameters of the zone of inhibition caused by 5 μL of a 1.5%
H2O2 solution for exponential phase cells were respectively 0.96±
0.02 and 0.78±0.05 for WCFS1 in anaerobiosis and aerobiosis, re-
spectively; 0.82±0.10 and 0.79±0.01 for WCFS1-2 in anaerobiosis
and aerobiosis, respectively. Cells grown in aerobiosis were signifi-
cantly more resistant with no difference between strains. For cells
grown in anaerobiosis WCFS1 was significantly more sensitive than
WCFS1-2. For stationary phase cells the diameters of the zone of inhi-
bition caused by 5 μL of a 1.5% H2O2 solution were respectively 1.13±
0.02 and 0.75±0.02 for WCFS1 in anaerobiosis and aerobiosis, re-
spectively; 0.72±0.02 and 0.59±0.02 for WCFS1-2 in anaerobiosis
and aerobiosis, respectively. Differences between exponential and
stationary phase cells were not significant for WCFS1, while they
were significant for WCFS1-2 (pb0.01). Again, for each growth condi-
tion the mutant was more tolerant than the wild type, while for both
strains aerobically grown cells were significantly more tolerant.

The survival of both exponential phase and stationary cells after
cold storage in a nutrient depleted buffer (PB7) was evaluated.

Fig. 1. Kinetics of growth and dissolved oxygen concentration (DO,% saturation) of rep-
resentative fermentations for L. plantarum WCFS1 and its ΔccpA ery mutant (WCFS1-2)
in batch fermentations in a complex medium at controlled pH (6.5) and temperature
(30 °C) with nitrogen (N2) or air sparging. Growth: O WCFS1 △ WCFS1-2; empty
symbols air; closed symbols N2; DO is shown only for fermentations with air sparging:
continuous line WCFS1; dotted line WCFS1-2.
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Three methods were compared to establish if the cells entered a
viable but non-culturable (VNBC) state: plate counts on WMA and
WMA+0.05% cysteine and measurement of live/metabolically active
cells by direct counts in epifluorescence microscopy images stained
with cFDA/PI. The results of plate counts on WMA for exponential
and stationary phase cells are shown in Fig. 3. Exponential phase
cells of WCFS1-2 were significantly more sensitive than the parental
strain and cells grown in aerobiosis were significantly more resistant.
Stationary phase cells were more tolerant of cold and starvation stres-
ses for both strains and the difference in survival for aerobic grown
cells was negligible, while WCFS1 cells grown in anaerobiosis were
significantly more tolerant than WCFS1-2 cells grown in the same
conditions. The sensitivity of direct counts by epifluorescence micros-
copy was low: the number of cells per field ranged from 3 to 181
(median 27) and, even summing all the cells over replicate fields,
the minimum survival fraction which could be reliably estimated
ranged between 0.2 and 1%. After 30 days only red (dead) cells
were detected by microscopy for 50% of the treatments. However, a
comparison of the three methods was possible at 15 d. The results
for exponential and stationary phase cells are shown in Fig. 4. Survival
measured by direct counts was significantly higher than that mea-
sured by plate counts, and counts on WMA+cys were significantly
higher than counts on WMA, especially for the mutant. At 30 d the
differences between WMA and WMA+cys increased: counts on
WMA were 50–60% of those on WMA+cys. At least for exponential
phase cells, a significant portion of the population is sub-lethally

damaged and enters a VBNC stage. This proportion was higher for
WCFS1-2 and for cells grown in anaerobiosis.

3.3. Impact of inactivation of ccpA and aerobic growth on the expression
of stress related proteins

Preliminary proteomic results showed that the inactivation of
ccpA and aerobic growth significantly affected the expression of a
large number of proteins (data not shown). Proteins in spots whose
intensity was significantly affected (as shown by univariate and mul-
tivariate tests) by ccpA inactivation or by growth conditions were
identified by mass spectrometry. A complete analysis of the effects
on the proteome is beyond the scope of this paper and preliminary re-
sults have been published elsewhere (Mazzeo et al., 2011): here we
will focus on the impact on 20 proteins whose functionmay be direct-
ly or indirectly related to stress. A list of these proteins is shown in
Table 2. The standardized spot volumes are compared in Fig. 5. Al-
though differences in protein expression levels are readily visible in
Fig. 5, a comparison of expression patterns is made difficult by the dif-
ferences in scale for the average spot volume for different proteins,
with large volumes for pyruvate oxidase and very small volumes for
some oxidoreductases.

The effect of inactivation of ccpA or growth conditions is indicated
in Table 2. Two-way ANOVA was used to evaluate the two effects
(strain and aeration) and of their interaction, and pb0.01 was used
as a conservative limit for significance but for all proteins listed in
the table either effect, or both, were highly significant (pb0.001).
The expression of 4 proteins in Table 2 was significantly affected by
ccpA inactivation, 4 by aeration only, while for 12 more than one ef-
fect was significant.

The first group includes CcpA, DnaK, GroEL, and a putative oxidase
(lp_1776). CcpA, as expected, was absent in WCFS1-2, in which this
gene had been inactivated, and as a consequence, expression of
DnaK and GroEL, which are both in operons which are known to be
activated by CcpA (Castaldo et al., 2006), was reduced. The second
group included two putative alkaline shock proteins (Asp1 and
Asp2) whose expression was higher in anaerobiosis in both strains,
catalase (whose expression was increased in both strains aerobiosis),
and two protein-methionine-S-oxide reductases, MsrA2 MsrA3
(whose expression was increased in the WCFS1-2 in aerobiosis). Sev-
eral other proteins were affected by either ccpA inactivation (ClpE and
the putative oxidoreductase gi|28379735, encoded by locus lp_3403)
or aeration (the cell division protein DivIVA) but the effect of aeration
appeared to be different in intensity or direction in the mutant and
parent strain, while NADH oxidase (Nox5), NAD peroxidase (Npr2)
and the ClpL ATP-ase were affected by both mutation and aeration.
In fact, Nox5 was found in WCFS1-2 only and its expression was
higher in anaerobiosis, while Npr2 expression was higher in
WCFS1-2 than in WCFS1 in both aerobiosis and anaerobiosis, but
was higher for both strains in aerobiosis. The small heat shock protein
Hsp1 (which was present in aerobiosis in WCFS1-2 only), pyruvate

Table 1
Maximum specific growth rate (μmax), metabolite concentrations and yields per unit glucose consumed (YX/S, biomass; YL/S, DL lactic acid; YA/S acetic acid) and average cell size for
L. plantarum WCFS1 and its mutant WCFS1-2 (ΔccpA ery) grown in a complex medium at controlled pH (6.5) and temperature (30 °C) in anaerobiosis (N2 sparging) or aerobiosis
(air sparging). Mean±standard error for two replicate fermentations. For acetic acid the net production (the medium contained 5 g/L sodium acetate) is shown.

Strain Treatment Growth
phase

μmax

(h−1)
Biomass
(g/L)

Glucose
mmol/L

DL-lactic acid
mmol/L

Acetic acid
mmol/L

H2O2

μmol/L
YX/S

g/g
YL/S

mol/mol
YA/S

mol/mol
Cell size
μ2

WCFS1 N2 E 0.69±0.01 0.54±0.05 84.4±1.8 46.0±1.6 10±2 62±2 0.10±0.02 1.58±0.05 0.37±0.08 0.58±0.08
S – 3.1±0.4 6.5±0.3 202.2±2.1 12±1 73±2 0.14±0.01 1.88±0.01 0.11±0.01 0.33±0.04

Air E 0.68±0.01 0.51±0.05 81.7±1.7 9.1±0.2 17±2 127±6 0.09±0.01 0.24±0.02 0.57±0.11 0.56±0.06
S – 3.4±0.3 4.8±0.1 174.5±2.5 35±1 188±16 0.16±0.01 1.60±0.02 0.32±0.01 0.40±0.05

WCFS1-2 N2 E 0.37±0.02 0.44±0.01 87.5±2.7 26.2±1.1 13±1 83±5 0.09±0.01 1.04±0.13 0.55±0.12 0.30±0.03
S – 3.1±0.7 11.7±0.6 174.4±1.3 12±1 69±2 0.17±0.02 1.71±0.01 0.11±0.01 0.28±0.01

Air E 0.37±0.04 0.46±0.03 93.0±1.2 1.1±0.7 36±1 142±2 0.12±0.01 0 1.63±0.01 0.32±0.05
S – 3.4±0.1 9.0±0.4 114.4±1.8 82±1 306±7 0.18±0.01 1.09±0.01 0.79±0.01 0.27±0.01

Fig. 2. Survival of exponential phase cells of L. plantarum WCFS1 and its ΔccpA ery mu-
tant (WCFS1-2) in batch fermentations in a complex medium at controlled pH (6.5)
and temperature (30 °C) with nitrogen (N2) or air sparging following exposure to
55 °C in 20 mmol/L potassium phosphate buffer, pH 7. O WCFS1 △ WCFS1-2; empty
symbols air; closed symbols nitrogen. Average of two replicates for a single fermenta-
tion with standard error bars.

54 T. Zotta et al. / International Journal of Food Microbiology 155 (2012) 51–59



Author's personal copy

oxidase PoxB (which dramatically increased in the mutant in both
fermentation conditions and in aerobiosis for both strains), the
nitroreductase encoded by lp_2968 (gi|28379407) which was present
in anaerobiosis in WCFS1-2 only, the chaperonin GrpE (which was
little affected by the mutation in anaerobiosis, but whose expression
was lower in WCFS1 in aerobiosis) and the putative oxidoreductase
encoded by locus lp_0244 (gi|28377171) which was increased in
WCFS1 only by aeration.

To readily visualize groups of proteins which responded to inacti-
vation of ccpA or to growth conditions a permutation analysis was
carried out on the results: the four combination strain/fermentation
conditions were sharply separated and groups of proteins for which
ccpA inactivation and/or aeration had a similar effect were clearly
evident (Supplementary Fig. 1).

4. Discussion

Inactivation of ccpA and, to a lesser extent, growth in aerobiosis
significantly affected growth and fermentation end products in

L. plantarum WCFS1, in agreement with what has been found for
other microorganisms (Esteban et al., 2004; Gaudu et al., 2003;
Mahr et al., 2000; Muscariello et al., 2001; Titgemeyer and Hillen,
2002), although for some species no effect on growth has been ob-
served in ccpA-disrupted mutants (Asanuma et al., 2004). Aeration
did not significantly affect the growth rate nor the biomass yield in
spite of increased ATP production which would be expected in the
mutant grown in aerobiosis because of pyruvate oxidase and acetate
kinase activity (Quatravaux et al., 2006). On the other hand, aeration
did not reduce the growth rate in the exponential phase (as found for
L. plantarum by Murphy and Condon, 1984a; and for Lact. lactis in aer-
obic heterolactic fermentation by Lan et al., 2006). No evidence for
diauxic growth due to CO2 depletion (Stevens et al., 2008) was ob-
served, probably due to the presence of Na2CO3 in the neutralizing
agent. The expression of glycolytic enzymes was reduced in WCFS1-
2 in both aerobic and anaerobic growth (Mazzeo et al., 2011, data
not shown) and this might account for the reduced growth rate of
the mutant in agreement with what has been found for other species
(Ludwig et al., 2001; Luesink et al., 1998).

Fig. 3. Effect of cold storage (4 °C) in a nutrient free medium on the survival of exponential (E) and stationary (S) phase cells of L. plantarum WCFS1 and its ΔccpA ery mutant
(WCFS1-2) grown in batch fermentations in a complex medium at controlled pH (6.5) and temperature (30 °C) with nitrogen (N2) or air sparging. Number of survivors enumerated
onWMA. A. Exponential phase cells. B. Stationary phase cells. OWCFS1△WCFS1-2; empty symbols air; closed symbols nitrogen. Average of two replicates for a single fermentation
with standard error bars.

Fig. 4. Bar plot showing the logarithm of the proportion of survivors after exposure to cold and starvation stress (4 °C in 20 mmol/L potassium phosphate buffer, pH 7) of exponen-
tial (E) and stationary phase (S) cells of L. plantarum WCFS1 and its ΔccpA ery mutant (WCFS1-2) in batch fermentations in a complex medium at controlled pH (6.5) and temper-
ature (30 °C) with nitrogen (N2) or air sparging, as determined by direct epifluorescence microscopy counts (DC), plate counts on WMA (PC) and on WMA+0.05% cysteine (PCC).
Mean results with standard error are shown.

55T. Zotta et al. / International Journal of Food Microbiology 155 (2012) 51–59



Author's personal copy

Table 2
A partial list of Lactobacillus plantarum WCFS1 proteins whose expression was affected by inactivation of ccpA (strain WCFS1-2) or by aerobic (air)/anaerobic (N2) growth at
controlled pH and temperature in a complex medium. Role categories, locus and genes are extracted from the L. plantarum WCFS1 genome data in the Comprehensive Microbial
Resources database (http://cmr.jcvi.org/tigr-scripts/CMR/CmrHomePage.cgi). — indicates a change in expression b1.5 fold; ↓ and ↑ indicate a change in expression ≥1.5 fold; ↓↓
and ↑↑ indicate a change in expression ≥3 fold; * indicates proteins present in the mutant only; WT indicates proteins present in the wild type strain only; and + indicates proteins
present in aerobiosis only. For all proteins shown in the table the effect of either ccpA inactivation or aeration, or both, was highly significant (pb0.001).

NCBI accession
number

Locus Gene Protein JCVI cellular role category Regulation

Air vs. N2 WCFS1-2 vs WCFS1

WCFS1 WCFS1-2 Air N2

gi|28377757 lp_0929 asp1 Alkaline shock protein Cellular processes:
Adaptations to atypical conditions

↓↓ ↓↓ – –

gi|28377758 lp_0930 asp2 Alkaline shock protein ↓ ↓ – –

gi|28378793 lp_2189 divIVA Cell division initiation protein DivIVA Cellular processes: Cell division ↓ – ↑ –

gi|28379886 lp_3578 kat Catalase Cellular processes: Detoxification ↑ – – –

gi|28379083 lp_2544 npr2 NADH peroxidase Energy metabolism: Electron transport ↑ ↑ ↑ ↑↑
gi|28379772 lp_3449 nox5 NADH oxidase ↓ * *
gi|28379896 lp_3589 pox5 Pyruvate oxidase Energy metabolism: Sugars ↑ ↑ ↑↑ ↑↑
gi|28378034 lp_1269 clpE ATP-dependent Clp protease,

ATP-binding subunit ClpE
Protein fate: Degradation of proteins,
peptides, and glycopeptides

↑ – – ↑

gi|28379892 lp_3583 clpL ATP-dependent Clp protease,
ATP-binding subunit ClpL

– ↓ – ↑

gi|28377077 lp_0129 hsp1 Small heat shock protein Protein fate: Protein folding
and stabilization

+ *
gi|28377591 lp_0728 groEL GroEL chaperonin – – ↓ ↓
gi|28378660 lp_2027 dnaK Heat shock protein DnaK – – ↓ ↓↓
gi|28378661 lp_2028 grpE Heat shock protein GrpE ↓ – – –

gi|28378496 lp_1835 msrA2 Protein-methionine-S-oxide reductase Protein fate:
Protein modification and repair

– ↑ – –

gi|28378497 lp_1836 msrA3 Protein-methionine-S-oxide reductase – ↑↑ – –

gi|28378851 lp_2256 ccpA Catabolite control protein A Regulatory functions: DNA interactions WT WT
gi|28377171 lp_0244 Oxidoreductase (putative) Unknown function:

Enzymes of unknown
specificity

↑ – – –

gi|28378450 lp_1776 Oxidoreductase – ↑ – ↓↓
gi|28379407 lp_2968 Nitroreductase ↓↓ * *
gi|28379735 lp_3403 Oxidoreductase – – ↓↓ ↓↓

Fig. 5. Differences in the expression patterns of proteins related to stress and pyruvate metabolism for L. plantarum WCFS1 and its ΔccpA ery mutant (WCFS1-2) grown in batch
fermentations in a complex medium at controlled pH (6.5) and temperature (30 °C) under nitrogen (N2) or air sparging. For each protein the average standardized spot volume
and standard deviation are shown. Proteins are identified by NCBI accession number and gene symbol (when available). A list of the proteins is shown in Table 2.
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The major pathway for acetate production in aerobiosis in
L. plantarum involves LDH, POX and ACK, with NOX and NPR involved
in NAD/NADH cycling (Quatravaux et al., 2006). When grown in an-
aerobiosis both WCFS1 and WCFS1-2 carried out a prevalently homo-
lactic fermentation, with final lactic/acetic acid ratios between 14
and 20 mol/mol, and with a lactic acid yield between 1.68 and
1.88 mol/mol. However, in the exponential phase acetic acid produc-
tion was relatively higher and lactic acid yield was lower. The contri-
bution of citrate, which was present in WMB, as a source of pyruvate
and acetate cannot be excluded. The largest differences between the
two strains were found in aerobiosis. The wild type strain showed a
behavior similar to that described by other authors (Goffin et al.,
2006; Murphy and Condon, 1984a, 1984b; Quatravaux et al., 2006)
with O2 consumption increasing during the exponential phase, peak-
ing at the beginning of the stationary phase and then decreasing. At
24 h the lactic acid yield was lower than in anaerobiosis and more
acetic acid was produced, as expected by the role of ccpA in the con-
trol of the expression of pox genes (Goffin et al., 2006; Lorquet et al.,
2004), which is confirmed by the increased and anticipated acetic
acid production in the mutant. Low H2O2 concentrations, even in
the presence of active acetic acid production from pyruvate or lactate,
cannot be due to catalase activity, which was undetectable. This
depends on the lack of heme in the medium, but the presence of
catalase (Table 2) may led to speculate that catalase production is
regulated in a way independent from the availability of heme. Small
amounts of NADH peroxidase (which is known to contribute to the
detoxification of H2O2, Quatravaux et al., 2006) were found for
WCFS1-2 in both anaerobiosis and aerobiosis, with increased expres-
sion in aerobiosis for both strains. The effect of carbon catabolite re-
pression (CCR) and oxygen on the presence of POX, NOX and NPR is
in agreement with what has been found by other authors (Lorquet
et al., 2004; Murphy and Condon, 1984a, 1984b; Quatravaux et al.,
2006) although our data suggest that the role of CcpA is more impor-
tant. However, several other enzymes which may be involved in
NADH/NAD balance were affected by ccpA inactivation (Mazzeo et
al., 2011; data not shown).

Inactivation of ccpA significantly affected the size of exponential
phase cells. DivIVA, which is involved in cell division and cell shape
(Zapun et al., 2008) was differentially expressed in the two strains,
but the effect of growth rate on cell size may be more important.

The reduced heat tolerance of the mutant is in agreement with the
role of CcpA in the activation of the expression of class I heat stress re-
sponse operons in L. plantarum (Castaldo et al. 2006) and is confirmed
by the proteomic data. Interestingly, although DnaK expression was re-
duced as expected in WCFS1-2, GrpE, whose gene belongs to the same
operon (Kleerebezem et al., 2003), was overexpressed in WCFS1-2
compared to WCFS1 at least in aerobiosis. Further investigations are
needed to clarify the mechanism of GrpE expression in the mutant
strain. Clp proteases and ATPases play several important roles in low
G+C% Gram positive bacteria, in both stressed and non stressed cells
(Frees et al., 2007). The ATP-binding subunits ClpL and ClpE were
both overexpressed in WCFS1-2 compared to the parent strain at least
in anaerobiosis, and in both strains a significant, although different, ef-
fect of aeration was found. The reasons for this are unclear. A further
heat shock protein, Hsp1, was found only in WCFS1-2 cells grown in
aerobiosis. Hsp1 is a 16 kDa protein which belongs to the conserved
HSP20 family of L. plantarum (Fiocco et al., 2010). A BLASTN search
(http://blast.ncbi.nlm.nih.gov/Blast.cgi, Altschul et al., 1997) for hsp1
resulted in 99–100% identity with the same gene in two other se-
quenced L. plantarum genomes (ST-III and JDM1) and in significant
identities with small heat shock proteins of members of the genera
Lactobacillus and Pediococcus (data not shown). Both clpL and hsp1 be-
long to the CtsR regulon in L. plantarum WCFS1 (Fiocco et al., 2010).
Given the complex interplay of the three regulators (CcpA, HrcA and
CtsR) further study is needed to clarify if the expression of these pro-
teins may compensate the lower expression of DnaK and GroESL.

The higher stress tolerance of stationary phase cells is in agree-
ment with data from the literature for L. plantarum (De Angelis
et al., 2004; Parente et al., 2010) and for other LAB (van de Guchte
et al., 2002) and is probably due to a generalized stress response.

No data are available in the literature on the effect of aerobic
growth of L. plantarum on stress tolerance. Increased heat stress resis-
tance of exponential phase cells grown in aerobiosis is in contrast
with the decreased expression of some heat stress related proteins
(GrpE, ClpL) but may be indirectly due to increased tolerance to oxida-
tive stress, which may improve recovery of sub-lethally damaged cells.
In Lact. lactis growth in aerobiosis under conditions which promote the
formation of an electron transport chain has been found to significantly
increase tolerance to oxidative stress (Gaudu et al., 2002).

Although L. plantarum is relatively resistant to oxidative stress
(Murphy and Condon 1984a), a large variability has been found for
tolerance to H2O2 by Parente et al. (2010), with stationary phase
cells usually, but not always, more tolerant than exponential phase
cells. L. plantarum is known to accumulate manganese as a response
mechanism to oxygen stress (Archibald and Fridovich, 1981) and
thioredoxin reductase is known to play a fundamental role in oxida-
tive stress tolerance in L. plantarum WCFS1 (Serrano et al., 2007). A
H2O2 (3.5 mmol/L) pulse during continuous cultivation of this strain
has been found to affect the transcription of a large number of
genes (Serrano et al., 2007). However, this sort of stress may be
quite different from the effect of aerobic growth in batch culture. In
fact, although kat, pox5 and npr2 are up-regulated in both situations,
we found that aerobic growth did significantly affect the expression
of a number of proteins which were not included among those affect-
ed by H2O2 pulse. Two notable examples are the protein-methionine-
S-oxide reductases encoded by msrA2 and msrA3, which may play a
role in protein repair. Two oxidoreductases, encoded in the loci
lp_0244 and lp_1776, were overexpressed in aerobiosis in the wild
type and/or the mutant strain. A BLASTN search showed that
lp_0244 is highly conserved in the genomes of the three sequenced
L. plantarum strains, and shows high identity (74–99%) with
NADPH-dependent FMN reductases in several other LAB, including
L. acidophilus 30SC and several Leuconostoc strains (data not
shown). On the other hand, lp_1766 sequence shows high identity
only with L. plantarum JDM1 and ST-III. It is unclear if these proteins
play a role in oxidative metabolism or stress tolerance.

Two further stress related proteins, Asp1 and Asp2, were overex-
pressed in anaerobiosis in both the parent and the mutant strains,
while Serrano et al. (2007) found that their transcription increased
following a H2O2 pulse. Both proteins are annotated as alkaline
shock proteins and are highly conserved in L. plantarum genomes.
However, in a proteomic study of the effect of exposure of L. plantarum
ATCC8014 cells to alkaline shock (pH 7.7–9.7) Asp1 and Asp2were not
among the proteins for which a change in expression was reported
(Lee et al., 2011), thus suggesting that the role of these proteins may
not be related to alkaline stress.

Starvation and temperature downshift are among the factors that
cause entry of bacteria, including LAB, in VBNC status (Keer and
Birch, 2003). Viability of exponential phase cells of both the WCFS1
and the WCFS1-2 slowly decreased during storage, while stationary
phase cells showed a much better survival. Evidence of entry in a
VBNC status has been found for L. plantarum (Golod et al., 2009)
with formation of cyst like dormant structures in some conditions. In
our experimental set-up a temperature downshift to 4 °C (close to
the minimum temperature for growth for L. plantarum, Zwietering et
al., 1991) and storage in a nutrient depleted buffer provide both a
cold and starvation stress. Survival during starvation is usually attrib-
uted to the capacity of maintaining an active metabolic state and
avoiding energy depletion (van de Guchte et al., 2002). The higher sur-
vival of stationary phase cells may be due to a generalized stress re-
sponse and to lower initial metabolic activity, while higher survival
of aerobically grown exponential phase cells, at least after 15 d may
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be due to higher oxidative stress tolerance as in Lact. lactis (Gaudu et
al., 2002).

5. Conclusions

It is now well known that growth under conditions that favor the
presence of a respiratory chain has important consequences on bio-
mass yield and stress tolerance of some industrially important lactic
acid bacteria (Lechardeur et al., 2011), but this is the first report
showing that aerobic growth can significantly enhance heat and oxi-
dative stress tolerance of L. plantarum. This may have important tech-
nological consequences for the production of probiotic and adjunct
cultures containing this species, since spray drying, which is far
more economic than freeze drying, does impose both oxidative and
heat stresses to cells (Peighambardoust et al., 2011). Furthermore,
we have confirmed the role of the pleiotropic regulator CcpA in stress
resistance and aerobic metabolism of L. plantarum. Apart from known
stress response proteins (DnaK, GroEL, GrpE, ClpL, ClpE) and proteins
involved in production or detoxification of reactive oxygen species
(POX, NOX, NPR, catalase), we found that a number of other oxidore-
ductases and proteins related to stress (Hsp1, Asp1, Asp2) or protein
repair, were affected by aerobic/anaerobic growth and by ccpA inacti-
vation. Further work is needed to clarify the regulation of the expres-
sion of these proteins and their role in stress response.

Supplementary materials related to this article can be found
online at doi:10.1016/j.ijfoodmicro.2012.01.017.
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