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process samples at a constant air inlet temperature of 180°C
and an outlet temperature of 95 to 100°C, and the percentage
of surviving bacteria was determined as described previously
(8). Following spray-drying, cultures overproducing GroESL
exhibited approximately 10-fold better survival (P ⬍ 0.05) than
controls; this treatment resulted in powders that contained
8.03 ⫻ 107 CFU g⫺1 and exhibited 5.15% survival, while cultures of L. paracasei NFBC 338 transformed with plasmid
pMSP3535 (control) exhibited only 0.46% survival and contained 1.12 ⫻ 107 CFU g⫺1 (Fig. 1a). In a recent study, overexpression of BetL in Lactobacillus salivarius UCC118 using a
nisin-inducible promoter increased the survival after spraydrying up to fivefold (19). Previously, we found that up to 16to 18-fold better survival of L. paracasei NFBC 338 spray-dried
in RSM (20%, wt/vol) occurred at outlet temperature 95 to
105°C as a result of salt or heat adaptation (6), while another
study demonstrated that growth at an uncontrolled pH increased the survival of Lactobacillus delbrueckii subsp. bulgaricus after spray-drying up to 10-fold, which was linked to overexpression of GroEL (20). A comparison of these data
indicated that although GroESL plays a major role in the
survival of L. paracasei NFBC 338 during exposure to stress, it
is part of a wider arsenal of mechanisms (5). While we demonstrated that GroESL overproduction results in some protection during drying, the global consequences of overproduction
were not studied. For example, GroESL overproduction can
influence hrcA-regulated genes, thus reducing the expression
of key proteins, such as DnaK (15). Furthermore, Tomas et al.
(26) demonstrated that global expression patterns were altered
following GroESL overexpression.
The sensitivity of dried cultures to NaCl, which was used as
an indicator of cellular damage, was determined before and
after processing as previously described (8). It was apparent
that greater cell damage occurred in the control cultures (82%
of the survivors exhibited sensitivity) than in the GroESLoverproducing cultures (only 1.5% of the cultures exhibited
sensitivity) during spray-drying (Fig. 1a).
To assess the significance of GroESL overproduction on
probiotic survival during low-temperature processing, cultures
were grown as described previously (5), centrifuged, suspended
in RSM (20%, wt/vol) to a final density of 1.5 ⫻ 109 to 2.5 ⫻ 109
CFU g⫺1, and freeze-dried. A laboratory-scale freeze-dryer

The health benefits associated with consumption of probiotic bacteria have been well characterized (13, 18). From a
processing perspective, these microorganisms must be suitable
for large-scale industrial production, so that up to 107 CFU g⫺1
are present in a food product at the end of its shelf-life. Spraydrying is an effective method for producing stable powders at
low operating costs; however, the survival rates of lactic acid
bacteria are often low (12), and the loss of viability is caused
principally by cell membrane damage (1). Freeze-drying exposes cells to attenuating effects of freezing and rehydration.
In addition, the secondary structures of RNA and DNA stabilize, resulting in reduced efficacy of DNA replication, transcription, and translation (27).
Lactobacillus paracasei NFBC 338 is a suitable probiotic
candidate for spray-drying (8), and heat or salt adaptation
increased its tolerance to spray drying (6). As GroESL was
upregulated following heat stress of L. paracasei NFBC 338, we
homologously overexpressed the GroESL operon in L. paracasei NFBC 338, thereby conferring protection during heat,
salt, and butanol stresses (5). The chaperone protein GroESL
refolds denatured proteins during heat stress (17). The functions of the chaperone do not appear to be limited to heat
stress but involve a wider role in cellular processes, such as
growth (7), mRNA stability (9), and cytoplasmic protein folding (10). The studies described in this paper built on these
findings and demonstrated that L. paracasei NFBC 338 overproducing GroESL exhibited enhanced survival during drying,
thus demonstrating a novel use for an overproduced chaperone protein.
In order to evaluate the significance of overexpression of
GroESL on the technological performance of a probiotic strain
during drying, L. paracasei NFBC 338 containing either pGRO2
(an overproducer of GroESL) or pMSP3535 (control) was
grown to the late exponential phase as previously described
(5), centrifuged, suspended in reconstituted skim milk (RSM)
(20%, wt/vol) to a final density of 2.0 ⫻ 109 to 2.5 ⫻ 109 CFU
g⫺1, and spray-dried. A laboratory-scale spray-dryer (model
B191 Buchi mini spray-dryer; Flawil, Switzerland) was used to
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GroESL-overproducing Lactobacillus paracasei NFBC 338 was dried, and its viability was compared with that
of controls. Spray- and freeze-dried cultures overproducing GroESL exhibited ⬃10-fold and 2-fold better
survival, respectively, demonstrating the importance of GroESL in stress tolerance, which can be exploited to
enhance the technological performance of sensitive probiotic cultures.
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(Edwards Modulyo, Crawley, Sussex, England) was used to
process shell frozen samples at a constant temperature of ⫺48°C
and a vacuum pressure of 1.33 ⫻ 103 mbar for 16 h. Cultures
overproducing GroESL exhibited 36.6% survival following
freeze-drying (and produced powders containing 5.5 ⫻ 108
CFU g⫺1), compared with the approximately 22.2% survival of
control cultures (which yielded powders containing 4 ⫻ 108
CFU g⫺1) (Fig. 1b). Similar results were obtained by Walker et
al. (28) when Lactobacillus johnsonii was exposed to a heat
shock at a temperature at which GroESL expression was highest (55°C for 45 min) prior to freezing at ⫺20°C for 7 days.
Interestingly, expression of small heat shock proteins during
exposure to cold has been reported for Lactobacillus plantarum, suggesting that there is a link between chaperone induction and cold stress (21, 22). It has been reported that GroESL
is responsible for low-temperature growth and mRNA stability
in Escherichia coli (7, 9), which may explain the protective
functions associated with GroESL overproduction during
freeze-drying. L. paracasei NFBC 338 survived freeze-drying
better than it survived spray-drying, as observed previously for
other lactic acid bacteria (24). The greater losses during spraydrying were associated with the effects of thermal inactivation
(25). Furthermore, 31% of probiotic survivors overproducing
GroESL exhibited increased sensitivity to NaCl, while 62% of
control cultures had process-associated injuries (Fig. 1b). Surprisingly, the NaCl susceptibility of the GroESL-overproducing culture was higher following freeze-drying than following

FIG. 2. (a) Survival of spray-dried L. paracasei NFBC 338 during
storage of powder at 4°C (■ and 䊐), 15°C (Œ and ‚), and 37°C (} and
〫). The solid symbols indicate powders prepared with cultures containing pGRO2, while the open symbols indicate powders prepared
with cultures containing pMSP3535. (b) Survival of freeze-dried L.
paracasei NFBC 338 during storage of powder at 20°C (■ and 䊐) and
37°C (Œ and ‚). The solid symbols indicate powders prepared with
cultures containing pGRO2, while the open symbols indicate powders
prepared with cultures containing pMSP3535. The results are the
means of triplicate drying trials, and the standard deviations are indicated by the error bars.

spray-drying. While the milder processing conditions encountered during freeze-drying would be expected to cause less
damage than spray-drying, it may be that the time of exposure
(i.e., the residence time in the freeze-dryer [16 h] compared
with the residence time in the spray-dryer [1.0 to 1.5 s]) led to
increased salt sensitivity.
Following spray-drying, all powders were placed into polyethylene bags and stored at 4 to 37°C for 8 weeks under
ambient atmospheric conditions, and the probiotic viability was
assessed to establish whether overexpression of GroESL contributed to protection during storage. The viabilities of probiotic L. paracasei NFBC 338 cultures were initially 8.03 ⫻ 107
CFU g⫺1 and 1.20 ⫻ 107 CFU g⫺1 for GroESL-overproducing
cultures and controls, respectively. At 4°C the viability of control or GroESL-overexpressing L. paracasei NFBC 338 remained stable for 8 weeks, while cultures stored at 15°C were
less stable and the viabilities of powders containing GroESLoverproducing cultures and controls decreased 21- and 33-fold,
respectively (Fig. 2a). At 37°C, dramatic losses were observed
in both probiotic cultures, and the levels of L. paracasei NFBC
338 overproducing GroESL and the control decreased
165,000- and 58,000-fold, respectively, during the 8 weeks of
storage (Fig. 2a).
Freeze-dried powders were stored at 20 and 37°C as de-
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FIG. 1. (a) Survival of L. paracasei NFBC 338 spray-dried in the
presence of RSM (20%, wt/vol) at outlet temperatures of 95 to 100°C.
Powders were formulated with cultures containing pGRO2 or
pMSP3535. Powders were pour plated in MRS (open bars) and MRS
containing NaCl (5%, wt/vol) (shaded bars). (b) Survival of L. paracasei NFBC 338 freeze-dried in the presence of RSM (20%, wt/vol) at
outlet temperatures of 95 to 100°C. Powders were formulated with
cultures containing pGRO2 or pMSP3535. Powders were pour plated
in MRS (open bars) and MRS containing NaCl (5%, wt/vol) (shaded
bars). The results are the means of triplicate drying trials, and the
standard deviations are indicated by the error bars.
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FIG. 3. (a and b) TEM images of spray-dried L. paracasei NFBC 338 containing pGRO2. (c) TEM image of spray-dried L. paracasei NFBC
338 containing pMSP3535. (d and e) TEM images of freeze-dried L. paracasei NFBC 338 containing pGRO2 (d) and pMSP3535 (e). Magnification,
⫻60,000. Bars ⫽ 0.5 m.

scribed above, and the viability of L. paracasei NFBC 338 was
assessed for 8 weeks. Previously, we showed that L. paracasei
NFBC 338 was stable at 4 and 15°C (4); hence, we used higher
storage temperatures. Viable populations containing 5.5 ⫻ 108
CFU g⫺1 for GroESL-overproducing cultures and 4 ⫻ 108
CFU g⫺1 for controls were present in freeze-dried powders on
day 0 of storage, and the viabilities remained high in powders

stored at 20°C; there were 38- and 35-fold decreases in the
viabilities of the GroESL-overproducing and control cultures,
respectively, over 8 weeks (Fig. 2b). However, as described
above for spray-dried powders, the decreases in viability were
much greater following storage at 37°C, and approximately
3,000-fold decreases were observed for both cultures. It was
apparent that freeze-dried cultures were more stable during
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high-temperature storage than spray-dried cultures, an observation that was in agreement with a previous study (29). The
data also indicated that GroESL overproduction did not stabilize L. paracasei NFBC 338 during storage in either the
freeze-dried or spray-dried form. It has been reported that the
lipid membrane may be the principal site of damage during
storage of spray-dried and freeze-dried powders due to lipid
oxidation (3, 23).
The moisture contents of powders were determined as described in the International Dairy Federation bulletin (11).
Spray-dried powders had moisture contents of 2.20 to 2.30%
H2O g⫺1, while freeze-dried powders manufactured in this
study contained 3.26 to 3.31% H2O g⫺1. The water activity (aw)
in the dried powders was measured in duplicate using an
Aqualab model series 3 (Decagon Devices Inc., Pullman, WA)
according to the manufacturer’s instructions. The aw for spraydried powders was 0.373, while freeze-dried powders produced
in this study had an aw of 0.320; these values were within the
range (0.28 to 0.65) considered suitable for survival of bacterial
populations dried in milk-based powders (14).
Using transmission electron microscopy (TEM), it was apparent that the probiotic lactobacilli present in both spraydried and freeze-dried powders were in close contact, and
there were indications of bacteria huddled together. This phenomenon was seen in both GroESL-overproducing L. paracasei
NFBC 338 (Fig. 3a) and controls (data not shown). The
GroESL-overproducing cultures appeared to be more robust
and intact following drying (Fig. 3b and d) than the control
cultures (Fig. 3c and e), and damage was observed in control
cells, particularly the broken cell shown in Fig. 3e. TEM has
been used previously to show the effects of salt and nisin on the
integrity of lactobacilli (2, 16).
This study demonstrated that GroESL overproduction in L.
paracasei NFBC 338 resulted in improved performance during
spray- and freeze-drying but did not contribute to enhanced
survival of probiotic cultures during storage in the powder
form. While undoubtedly multiple mechanisms are involved in
stress tolerance in lactobacilli, our data demonstrate that the
heat chaperones GroESL exert a dominant phenotype with
regard to strain performance during drying.
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