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This review emphasises the importance of spray-drying as an under-used but promising technique to
preserve viable and active starter cultures and also, potentially, probiotic cultures. The knowledge

concerning the production of spray-dried starter cultures is discussed. Different drying techniques and
micro-organisms have been investigated for their survival through the drying process. During drying and

subsequent storage in the dried state, bacteria are subjected to several stresses, which have already been
described as causing damage to cells, leading to the loss of cellular viability and activity. Some studies

found that several factors ⁄ strategies can confer improved cellular viability.
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INTRODUCT ION

Spray-drying (SD) is by definition the removal of
almost all the liquid, by vaporisation, from a solu-
tion of a nonvolatile solid (Santivarangkna et al.
2007). Generally, heat is applied as a heated atmo-
sphere and evaporation is promoted by spraying
the liquid feed into this atmosphere. The liquid is
sprayed in small droplets, which are dried very
rapidly by contact with hot air blown at high
velocity, and the residence time is therefore short
(0.5–3.0 s; Santivarangkna et al. 2007). Humidity
control, and hence drying rate, is by air flow and
temperature regulation. In some cases, the delicacy
of the substrate demands that the drying medium is
first dehumidified and then just warmed above
atmospheric temperatures. This is a variation of the
basic SD concept and is termed low temperature
SD (Masters 1985). In another variation, orange
juice was dried with maltodextrin value, using
dehumidified air, but at higher inlet temperatures,
to overcome the ‘stickiness’ of the dried product
(Goula and Adamopoulos 2009). Kitamura et al.
(2009) developed an experimental vacuum spray
dryer in which SD occurs in a vacuumed drying
tower at a lower temperature than the conventional
SD. This method, however, still needs to be
improved to reduce the moisture content in the
final product. Another recent innovation is that of
‘spray freeze drying’ (Semyonov et al. 2010) or
‘lyophilization spray drying’ (Cal and Sollohub
2010a), wherein fine droplets of material to be
dried are sprayed directly into liquid nitrogen and

the frozen droplets are collected and dried under
vacuum.
The first studies on SD have been reported in the

19th century; however, this technique was largely
developed during the Second World War because
of the need to transport large quantities of food
with long shelf lives and reduced weight and
volume. Spray-drying has proven to be an appro-
priate technique (Cal and Sollohub 2010a).
Spray-drying is actually a major preservation

process used to produce dehydrated powders from
pharmaceutical fine chemicals, foods, dairy pro-
ducts, blood plasma, microbial cultures to numer-
ous organic and inorganic chemicals, and other
products (Langrish and Fletcher 2001; Refstrup
2007; Rogers et al. 2008; Gonzalez-Palomares
et al. 2009; Salústio et al. 2009; Cal and Sollohub
2010b; Sollohub and Cal 2010).
The SD of micro-organisms dates back to the

work of Rogers (1914) in the preparation of dried
milk cultures of lactic acid bacteria (LAB). Since
then, much research has been performed on prepar-
ing stable spray-dried cultures of bacteria and yeast
(Teixeira et al. 1995a,b,c; Silva et al. 2005a;
Zamora et al. 2006; Chávez and Ledeboer 2007;
Oliveira et al. 2007; Rodrı́guez-Huezo et al. 2007;
Santivarangkna et al. 2008; Kabeir et al. 2009;
Sunny-Roberts and Knorr 2009) and some concen-
trated cultures are commercially available. Several
authors have also considered this technique as a
promising process for mass production of dry pro-
biotic preparations (Gardiner et al. 2000; Desmond
et al. 2001; Corcoran et al. 2004; Santivarangkna



et al. 2007; Kearney et al. 2009; Reddy et al. 2009; Riveros
et al. 2009; Sunny-Roberts and Knorr 2009).
Despite the advantages claimed for this method (Table 1),

and the short residence time in the drying chamber, significant
inactivation of the cells can occur during the process and subse-
quent storage (Teixeira et al. 1995a,b,c; Corcoran et al. 2004;
Ananta et al. 2005; Ferreira et al. 2005; Silva et al. 2005a;
Santivarangkna et al. 2007, 2008; Riveros et al. 2009) and will
be further discussed in the present review.

THE PROCESS STAGES OF SPRAY-DRYING

The SD process can be divided into three stages as shown in
Figure 1; atomisation, spray–air contact and moisture evapora-
tion and product recovery from the exit air (Cal and Sollohub
2010a). Each stage is carried out according to dryer design and
operation, and together with the physical and chemical proper-
ties of the liquid determines the characteristics of the dried pro-
duct (Cal and Sollohub 2010a).
Atomisation covers the process of liquid break up into mil-

lions of individual droplets forming a spray. Because atomisa-
tion and the contacting of the spray with air determine the size
distribution of droplets, it is the most important feature of a
spray dryer (Karel 1975; Masters 1985; Langrish and Fletcher
2001). Different classes of atomisers are used commercially: (i)
rotary atomiser (uses the energy of a high velocity rotating
wheel to divide bulk liquid into droplets); (ii) pressure nozzles
(feature the discharge of liquid under pressure through an ori-
fice); (iii) two-fluid or pneumatic nozzles (feature the break up
of liquid on impact with high velocity air or other gaseous flow)

and (iv) sonic nozzles (feature the break up of liquid through
sonic excitation) (Gohel et al. 2009). Rotary atomisers cannot
be used to atomise viscous feeds; however, it is easy to operate
and to control the droplet size. Pressure nozzles are the most
frequently used; several flow rates can be selected and can be
combined in multiple-nozzle installations. Although expensive,
pneumatic nozzle atomisers can produce very fine particles and
atomise highly viscous feeds. More recently, ultrasonic atomi-
sation permits the formation of very fine droplets (below
50 lm) (Gohel et al. 2009). The selection of the atomiser type,
rotary atomiser or nozzle, depends upon the nature of the feed

Table 1 List of advantages and disadvantages of spray-drying process

Advantages

Able to operate in variety of applications

Can be designed to virtually any capacity required

Drying with hot air takes place effectively and quickly

Drying of materials can be accompanied by a comparatively mild heat effect in the drying process

Adaptable to fully automated control system that allows continuous monitoring and recording of very large number of process variables simultaneously

Wide ranges of spray dryer designs are available to meet various product specifications

It has few moving parts and careful selection of various components can result in a system having no moving parts in direct contact with the product,

thereby reducing corrosion problems

It can be used with both heat-resistant and heat sensitive products

As long as they are can be pumped, the feedstock can be in solution, slurry, paste, gel, suspension or melt form

Offers high precision control over particle size, bulk density, degree of crystallinity, organic volatile impurities and residual solvents

Powder quality remains constant during the entire run of the dryer

Possibility of operating in open systems

Disadvantages

The equipment is very bulky and with the ancillary equipment is expensive

The overall thermal efficiency is low

Numerous useful materials are sensitive to oxidation

The treatment with hot air can lead to substantial losses of viability

Organic materials creates considerable problems arising out of the danger of fire or even explosion of the material being dried

(Adapted from: Gohel et al. 2009).

Figure 1 The process stages of spray-drying.



and desired characteristics of the dried product (Cal and Sollo-
hub 2010a). For all types of atomiser, increased amounts of
energy available for liquid atomisation results in aerosols with
smaller droplet sizes. The droplet size establishes the heat-trans-
fer surface available and thus the drying rate (Filková and
Mujumdar 1987; Langrish and Fletcher 2001). The manner in
which the spray contacts the drying air is an important factor in
dryer design, as droplet behaviour during SD has an influence
on the properties of the dried product. Selecting the dryer
dimension is based on (i) the vessel that must be of adequate
volume to provide enough contact time between the atomised
cloud and the heated glass and (ii) all droplets that must be suf-
ficiently dried before they contact a surface (Gohel et al. 2009).
In a single-stage dryer, moisture is reduced in one step through
the dryer. On the other hand, in the two-stage dryer, the moist-
ure is reduced twice (first in the dryer chamber and then in a
fluidised bed dryer or a vibrating bed dryer). This last one
allows the use of lower temperatures in the dryer, being more
suitable for products that are particularly heat sensitive (Gohel
et al. 2009).
Spray–air contact is determined by the position of the atomi-

ser in relation to the drying air inlet. Many positions are avail-
able, and their selection is based on the required particle size
and dried particle form and on the temperature to which the
dried particle can be subjected (Masters 1985; Langrish and
Fletcher 2001). The majority of spray dryers in commercial use
employ cocurrent flow of gas and solids (Cal and Sollohub
2010a).
Evaporation of water from the spray involves a simultaneous

heat and mass transfer process (Santivarangkna et al. 2007).
With the contact between droplets and drying air, heat is trans-
ferred by convection from the air to the droplets and converted
to latent heat during moisture evaporation. The vaporised
moisture is transported into the air by convection through the
boundary layer that surrounds each droplet (Masters 1985;
Langrish and Fletcher 2001). Evaporation takes place in two
phases. In the first phase, moisture migrates from the droplet
interior at a rate sufficient to maintain surface saturation, and it
is removed at near constant rate, with constant droplet surface
temperature and constant partial pressure of vapour at the
droplet surface. During this phase, termed the constant rate per-
iod or first period of drying, the wet bulb temperature represents
the droplet temperature. Moisture migration lowers the moist-
ure level within the droplet and when the moisture content
becomes too low to maintain saturated conditions a dried shell
forms at the droplet surface. At this point, evaporation is depen-
dent upon the rate of moisture diffusion through the dried sur-
face shell. The thickness of the dried shell increases with time,
causing a decrease in the rate of evaporation, and the surface
temperature rises above that of the wet bulb temperature (Mas-
ters 1985). The high rates of evaporation and the homogenisa-
tion of the spray enable the temperature of the dry product to
be considerably lower than the drying air leaving the drying
chamber (Lievense 1991). The large total drying surface and

small droplet sizes created mean that the total residence time of
a particle in the system is on average not more than 30 s (Cal
and Sollohub 2010a).
Product separation from the drying air follows completion of

the drying stage. The end product consists of dried particles
suspended in the drying air from which an efficient particle
removal system is essential. The dry powder is collected at the
bottom of the drying chamber and discharged. Separation of
product from the drying air may be performed either inside the
drying chamber itself or outside in a separate device. Fine parti-
cles are best removed in separate devices outside the drying
chamber (Filková and Mujumdar 1987; Langrish and Fletcher
2001; Santivarangkna et al. 2007; Riveros et al. 2009). Effec-
tive separation can be achieved with cyclones, bag filters,
scrubbers or electrostatic precipitators (Masters 1985). The
complicated nature of the flow and heat-transfer patterns in the
drying chamber makes this operation difficult to be described
in simple engineering equations; furthermore, and perhaps
more significantly, they make pilot plant experience difficult to
apply to subsequent commercial scale-up.
The SD process is very rapid, and the evaporation step takes

place in a few seconds (Gohel et al. 2009). In general, the eva-
porator and the dryer feed system is cleaned every 20 hr for
dairy products; however, to CIP-clean all plant components,
more time is required [Niro Webpage; http://www.niro.com/
niro/cmsdoc.nsf/WebDoc/webb7xme7c (consulted in Decem-
ber 2010)], typically takes 12–14 hr depending on number of
CIP tanks.
A comprehensive review on the SD technique was recently

published by Cal and Sollohub (2010a).

S PRAY-DRY ING OF MICRO-ORGANISMS

Potential advantages
The preparation of starter cultures for fermentations in food-
processing plants, e.g. conversion of milk into cheese and
yoghurt has always been a time-consuming job and subject to
failures. Bacteria may be supplied as stock cultures, which
are then used for the preparation of bulk starters. A disadvan-
tage of using stock cultures is the need for preliminary fer-
mentation to produce the large volume required to inoculate
the process batch. The propagation procedure is long, requires
skilled operators and is subject to bacteriophage contamina-
tion, which is one of the major hazards in the dairy industry
(Tamine 1981; Desmond et al. 2001; Santivarangkna et al.
2007). The development of concentrated cultures, for inocu-
lating bulk starters or the production vat directly, has elimi-
nated many of the problems traditionally involved in the
preparation and maintenance of starter cultures in the dairy
plant (Teixeira et al. 1995b; Silva et al. 2005a; Santivarang-
kna et al. 2007).
For industrial use, two main methods of concentration ⁄pre-

servation can be used: storage of the culture in a frozen form
after concentration by centrifugation and storage of the culture



in a dried form. The difficulties and costs of transportation and
storage are the major disadvantages of the use of deep-frozen
cultures (Carvalho et al. 2004; Santivarangkna et al. 2007).
Dried preparations have advantages of long-term preservation
and convenience in handling, storage, marketing and use (Cas-
tro et al. 1997; Carvalho et al. 2003a; Silva et al. 2005a; Santi-
varangkna et al. 2007). Freeze-drying (FD) is a widespread
technique and a number of freeze-dried cultures are commer-
cially available (Tamine 1981; Carvalho et al. 2003a; Santivar-
angkna et al. 2007). Nevertheless, the high costs and
complexity of the process itself (Lievense 1991; Carvalho et al.
2004; Santivarangkna et al. 2007) and the large commercial
interest in microbial cultures explain the continuing research to
develop alternative drying techniques.
If FD is compared with SD, the former has some important

disadvantages. Not only is the sublimation of water more
energy and time consuming than evaporation, but also the
investment costs for a FD plant are higher (Prajapati et al.
1987; Zamora et al. 2006; Santivarangkna et al. 2007). Con-
cerning cellular viability, the amount of information on com-
parison of the two techniques is scarce and controversial.
While some researchers reported a higher survival during FD
(Fu and Etzel 1995; Johnson and Etzel 1995; Costa et al.
2002; Wang et al. 2004; Corcoran et al. 2006), others did not
find significant differences between these two drying methods
(Kim and Bhowmik 1990, 2006; Teixeira et al. 1995a;
Zamora et al. 2006; Chávez and Ledeboer 2007). Viability
following SD or FD was demonstrated to be species- and
strain-dependent (Kim and Bhowmik 1990; Zamora et al.
2006). Some authors refer to a two-stage drying process to
enhance survival of LAB, especially probiotic strains, in
which SD is at a low outlet temperature to minimise cellular
damage, but the moisture content is above 4% which leads to
poor storage stability; the powder obtained is further dried in a
vacuum oven at low temperature (e.g. Chávez and Ledeboer
2007). The final powder was as stable as a freeze-dried pro-
duct at much less cost.
Fu and Etzel (1995) and Johnson and Etzel (1995) found that

although the viabilities of spray-dried cultures of Lactococcus
lactis and Lactobacillus helveticus, respectively, were lower
than freeze-dried cultures, the fermentation abilities were simi-
lar. However, for three other species of LAB, To and Etzel
(1997) found a longer lag before lactic acid production began.
This increased lag is undesirable in the case of starters for food
fermentations, where the rapid fall in pH will determine the
quality and safety of the final products. Important attributes of
several LAB are such bacteriocinogenic activity (Mauriello
et al. 1999; Gardiner et al. 2000; Silva et al. 2002; Zamora
et al. 2006) and key probiotic properties (Reddy et al. 2009;
Riveros et al. 2009) have been reported to be maintained dur-
ing SD and subsequent storage.
Recent advances and developments in thermal drying tech-

nologies for bio-origin and agricultural products were discussed
by Law et al. (2008).

Problems and factors affecting microbial survival during
spray-drying and subsequent storage
Low survival rates of the dried cultures during drying and sub-
sequent storage (Mamaeva 1956; Porubcan and Sellars 1975a;
Teixeira et al. 1995a,b,c; Silva et al. 2005a) and the difficulties
of rehydrating the product (Teixeira et al. 1995b; Santivarang-
kna et al. 2007) have been identified as problems in SD and
subsequent storage. A better understanding of the causes of cel-
lular injury by drying would be useful to prevent death and to
produce dried cultures with high viability not only after drying
but also during storage in the dried state.
Santivarangkna et al. (2008) published an interesting and

comprehensive review on inactivation mechanisms of LAB.

Cellular inactivation during spray-drying and storage
During SD, storage in the dried state and reconstitution, bac-
teria are subjected to several stresses, the injurious or lethal
effects of each of which may be because of one or more of sev-
eral different events. In fact, it is difficult to identify which is
the first damaged site and what is the consequence of this
damage: there may be more than one primary site of damage
and damage to one site rapidly leads to some other secondary
damage. Injured cells are generally characterised by an
increased lag phase before the onset of growth; this means that
‘injured starter cultures’ may compromise the quality and safety
of fermented foods.
Considering the SD process, cellular damage will occur as a

result of the high drying temperatures, dehydration itself and
storage in dried state (Santivarangkna et al. 2008). Studies on
the effect of the initial cellular concentration in the survival dur-
ing SD are limited. Fu and Etzel (1995) reported that increasing
cell concentration slightly increased the per cent survival of
Lact. lactis subsp. lactis C2 after SD. However, this effect was
insignificant at the highest outlet air temperatures investigated.
On the contrary, Reddy et al. (2009) reported a lower survival
of Pediococcus acidilactici during SD in 10% maltodextrin
when the initial cell concentration was increased from 1% to
3% and 5%. However, no significant differences were observed
when cells were dried in nonfat dry milk or when Lactobacillus
plantarum and Lactobacillus salivarius were dried in any of
the media.
Shear forces during atomisation are not considered to cause

significant cell damage (Fu and Etzel 1995; Santivarangkna
et al. 2007; Riveros et al. 2009). According to Fu and Etzel
(1995), exposure to high temperatures during atomisation and
drying and cell dehydration are the main mechanisms of cellu-
lar injury during SD. Comparing the results obtained when
studying sites of injury during heating in liquid media with
those obtained when studying sites of injury during SD, Teix-
eira (1995) observed that cytoplasmic membrane and cell wall
damage occurred as a result of both processes. Protein and
DNA damages however were related to the heating (Teixeira
et al. 1997) and to the drying processes (Teixeira et al. 1995c),



respectively. It was therefore concluded that the destruction of
bacteria during SD has not only to be ascribed to a thermal
effect, but also to a nonthermal drying effect. It is important to
point out that the thermal effect during SD is counteracted by
the increase in the thermoresistance, which is caused by the
decrease in the water activity of the particles (Troller 1980). It
is therefore possible that during the last stages of the process,
inactivation because of drying may be more important than that
resulting from heating.
According to Daemen et al. (1983), four phases of heat inac-

tivation can be identified during SD: in the initial phases, the
evaporation rate at the surface of some particles is so high that
the diffusion of water to the surface temporarily cannot keep up
with this evaporation and the temperature of the particle will
temporally rise above the wet bulb temperature; in the second
phase, the period of the wet bulb temperature, no heat inactiva-
tion occurs; in the third phase, the temperature of the particles
on account of the decreasing water activity rises above the wet
bulb temperature in the direction of the outlet air temperature;
finally, during the fourth stage, the increase in the thermoresis-
tance starts to have more effect than the increase in the tempera-
ture. If inactivation occurs as described, we believe that
most of the heat inactivation should occur at the beginning and
consequently the extent of the inactivation during this phase
depends on the thermoresistance of the bacteria at the moment
of atomisation.
LiCari and Potter (1970a) found no close relationship

between the thermoresistance of various Salmonella serotypes
and their behaviour during SD. They ascribed this to the fact
that the destructive effect of SD results from a combination
of wet heat, dry heat and nonthermal drying effects. Accord-
ing to Rasic and Kurman (1978), Streptococcus salivarius
subsp. thermophilus (hereafter termed Strep. thermophilus) is
a more thermoduric organism than L. delbrueckii subsp. bul-
garicus (hereafter termed Lactobacillus bulgaricus). Work
done by Metwally et al. (1989) shows that Strep. thermophi-
lus is also more resistant to SD than L. bulgaricus. This is in
agreement with results of Kim and Bhowmik (1990).
Golowczyc et al. (2010) demonstrated a good correlation
between Z values and resistance to SD for L. plantarum,
Lactobacillus kefir and Saccharomyces lipolytica, all probiotic
strains isolated from Kefir. Interestingly, Simpson et al.
(2005) reported that a group of closely related Bifidobacter-
ium species tolerant to heat and oxygen demonstrated a high
survival during SD and prolonged storage under refrigeration
conditions.
The cell wall, cytoplasmic membrane and DNA were the

probable sites of injury proposed by Teixeira et al. (1995c) in
L. bulgaricus during SD. According to Santivarangkna et al.
(2008), although a number of cell components are affected the
cell membrane is the main site of inactivation.
Zamora et al. (2006) reported that damage induced by SD to

several LAB isolated from blood only become evident during
storage.

According to Chopin et al. (1978) slightly or severely
injured cells can be found in a spray-dried powder. It is prob-
able that resistance of both types of cells during storage might
also be different. According to Teixeira (1995), the first cells
that lose viability during storage are those injured during the
drying process; because storage itself can be considered as a
stress situation, those cells that were not injured during drying
will become injured and eventually inactivated during this per-
iod. Similarly to the SD process, Teixeira et al. (1995c) also
identified the cell wall, cytoplasmic membrane and DNA as
probable sites of injury in L. bulgaricus during storage in the
dried state. Ananta et al. (2005) observed cellular injury during
storage of spray-dried Lactobacillus rhamnosus GG. They
reported that the cell death was caused by damage to the cell
membrane and that the degree of damage increased as the outlet
air temperature increased.
It has been suggested in the literature that lipid oxidation and

survival of dried cells during storage may be related (Teixeira
et al. 1996; Castro et al. 1997; Santivarangkna et al. 2007; Yao
et al. 2009).

Growth medium
Reports on the effect of the growth media on the cellular survi-
val during SD and subsequent storage are scarce (Table 2).
Most of the available information on this topic refers to FD and
was reviewed by Carvalho et al. (2004).
Silva et al. (2004b) demonstrated that the influence of the

growth media (MRS, M17 or Lee’s broth) in the survival of
various Enterococcus during SD and storage was strain
specific.
According to Font de Valdez et al. (1985), the ability of a

protective agent to preserve the viability of dried cells during
the desiccation process is conferred by the presence of either an
amino group or a secondary alcohol group or both. During dry-
ing processes and subsequent storage in the dried state, cells are
subjected to conditions of low water activity. Accumulation of
compatible solutes would therefore be expected to enhance sur-
vival during those processes. Compatible solutes are small
organic osmolytes including but not limited to sugars, polyols,
amino acids and their derivatives. They are compatible with cell
metabolism even at molar concentrations. A variety of organ-
isms synthesise or take up compatible solutes when adapting to
extreme environments (Kurz 2008). As micro-organisms are
unlikely to be able to accumulate compatible solutes during the
short drying period, these solutes should be accumulated before
drying, i.e. during the growth phase (Kets and De Bont 1994;
Leslie et al. 1995; Silva et al. 2004a). In addition to osmotic
stress, during SD cells are exposed to stressful temperatures.
Accumulation of compatible solutes has been shown to be asso-
ciated with increased thermotolerance of various organisms
(Welsh 2000). Sheehan et al. (2006) showed that enhancing the
betaine uptake system in L. salivarius UCC118, enhanced
resistance to several stresses, osmo-, cryo- baro- and chill-
stress, as well as increased resistance to spray- and FD.



Table 2 List of drying parameters concerning the strain used

Micro-organisms

Outlet

temperature

(�C)

Inlet

temperature

(�C)
Growth

media

Drying

media

Viability

reduction

after

Spray-drying Reference

Lactobacillus plantarum 83114 70 180 MRS RSMa (11% w ⁄ v) 9.09% Golowczyc

et al. (2010)Lactobacillus kefir 8348 15.89%

Sccharomyces lipolytica 812 23.71%

Lactobacillus rhamnosous GG 85–90 170 MRS RSM (10%w ⁄ v) Corcoran et al.

(2004)Lactobacillus rhamnosous E800

Lactobacillus salivarius UCC 500

Beijerinckia sp. 80 135 YM SMb (10% w ⁄ v) + 15%

(w ⁄ v)Maltodextrin

11.38% Boza et al. (2004)

90 155 18.87%

100 175 21.95%

Bifidobacterium lactis BB12 48 80 MRS SPIc+MDd 44% Chávez and Ledeboer

(2007)

Lactobacillus paracasei NFBC338 95–100 170 MRS RSM (20% w ⁄ v) + 0.5%

(w ⁄ v) yeast extract
95.7% Desmond et al. (2001)

100–105 95.5%

Lactobacillus sakei 70 200 MRS SM(11% w ⁄ v) 3.78% Silva et al. (2002)

L. salivarius 0.11%

Carnobacyerium divergens 4,22%

Lactobacillus bulgaricus 70 200 MRS RSM (11% w ⁄ v) <11% Silva et al. (2005a)

Candida sake CPA-1 150 MBMediae RSM (10% w ⁄ v) 93% Cañamás et al. (2008)

Lactococus garviae-PS14 80–85 170 MRS 20% NFSMf + 0,5%

yeast extract

0% Zamora et al. (2006)

Lactococus garviae-PS22 0%

Lactococus garviae-PS23 0%

Lactococus garviae-P48 0%

Lactococus garviae-PS60 0%

Lactococus garviae-PS95 0%

Lactobacillus murinus-PS85 0%

Lactobacillus murinus-PS86 35.8%

Lactobacillus murinus-PS87 0%

Enterococcus raffinosus-PS7 0%

Enterococcus raffinosus-PS99 44.4%

Lactobacillus reuteri-PS77 0%

L. paracasei NFBC338 70–75 170 MRS RSM (20% w ⁄ v) + 0.5%

(w ⁄ v) yeast extract
3% Gardiner et al. (2000)

L. salivarius UCC 118 60–65 89%

Bifidobacterium animalis ssp.

animalis DMZ 20104

85–90 170 MRS RSM (20% w ⁄ v) 13% Simpson et al. (2005)

Bifidobacterium animalis ssp.

lactis BB12

21%

Bifidobacterium animalis ssp.

lactis BB12

28%

Bifidobacterium bifidum NCMB 795 79%

Bifidobacterium breve NCMB 8807 62%

Bifidobacterium breve NCMB 8807 77%

Bifidobacterium cholerinum

ATCC 27686

0%

Bifidobacterium longum biotype

longum NCIMB 8809

80%

Bifidobacterium magnum

NCIMB 20222

32%

Bifidobacterium pseudolongum

spp. globosum JCM 5820

6%

Bifidobacterium psychraerophilum LMG 21775 81%



On the other hand, the addition of various compounds to the
growth medium, before drying, has been also referred to by
several authors as a mechanism capable of modifying the survi-
val of micro-organisms through drying and subsequent storage
(Carvalho et al. 2003b,c; Silva et al. 2004a, 2005b; Ferreira
et al. 2005; Otero et al. 2007; Sunny-Roberts and Knorr 2009).
The degree of protection during storage afforded by a given
protective solute, however, is reported to be species and strain
dependent (Carvalho et al. 2003b,c, 2004; Ferreira et al. 2005;
Siaterlis et al. 2009) and stress dependent (Wang et al. 2004;
Ferreira et al. 2005). Sucrose as an osmolyte accumulated by
stressed bacteria is advantageous in that as a nonreducing sugar
and it does not undergo Maillard reactions with the amino
groups of proteins (Page-Sharp et al. 1999). Sucrose accumu-
lated but not metabolised by L. bulgaricus, during growth in
MRS supplemented with this sugar, resulted in significantly
enhanced survival during heating and during storage of dried
cells (Silva et al. 2004a). Ferreira et al. (2005) investigated the
effect of sucrose and monosodium glutamate (MSG) added to
the growth medium on the survival of L. sakei CTC 494 during
heating, drying and storage. Both agents enhanced the survival
of spray-dried cells during storage. The selection of an appro-
priate growth medium on a case-by-case basis is essential to
maximise survival of the organisms during drying ⁄ storage.

Growth conditions
Growth phase has been demonstrated to be an important factor
affecting cellular survival to several stresses. Limited studies
however have addressed the effect of growth phase on the sub-
sequent resistance of cells to SD and powder storage. Teixeira
et al. (1995a) reported a higher survival of L. bulgaricus during
SD when cells were harvested in the stationary phase in
comparison with exponential-phase cells. Corcoran et al.
(2004) also demonstrated that stationary-phase cultures of

Lactobacillus rhamosus were more resistant to SD and subse-
quent storage at 4, 15 and 37�C than cultures in exponential
phase. Zamora et al. (2006), however, reported 100% recovery
of 10 out of the 12 strains of LAB harvested and spray-dried in
the exponential phase. The highest resistance of stationary
phase has been associated with nutrient starvation (van de
Guchte et al. 2002; Santivarangkna et al. 2007) and to cross-
protection conferred by the low pH attained during growth
under uncontrolled pH conditions (Silva et al. 2005a).
Silva et al. (2005a) demonstrated that cultures of L. bulgari-

cus grown under uncontrolled pH were more resistant to heat-
ing and SD than cultures grown under controlled pH (6.5;
sodium hydroxide). This was correlated with enhanced expres-
sion of the heat shock proteins Hsp70, GroES and GroEL. No
significant differences were observed during storage in the
dried state. Lorca and de Valdez (2001) had previously demon-
strated that survival of Lactobacillus acidophilus to several
stress conditions, including FD, was higher for cells grown
under uncontrolled pH conditions. On the contrary, Linders
et al. (1997) reported that pH control during growth of L. plan-
tarum cells resulted in a higher residual activity after fluidised
bed drying.

Drying medium
The choice of an appropriate drying medium is crucial because
it might enhance the survival rates of bacteria throughout the
drying process and subsequent storage (Table 2; Carvalho et al.
2002, 2003a,b, 2004; Otero et al. 2007; Rogers et al. 2008;
Santivarangkna et al. 2007; Tymczyszyn et al. 2007; Sunny-
Roberts and Knorr 2009).
In several studies, the influence of solids’ concentration on

the survival of micro-organisms during SD has been reported
(Miller et al. 1972; Kim and Bhowmik 1990; Boza et al.
2004). Miller et al. (1972) showed that the drying of a milk

Table 2 (Continued)

Micro-organisms

Outlet

temperature

(�C)

Inlet

temperature

(�C)
Growth

media

Drying

media

Viability

reduction

after

Spray-drying Reference

Bifidobacterium psychraerophilum LMG21775 70%

Bifidobacterium psychraerophilum LMG 21775 84%

Bifidobacterium thermacidophilum LMG 21395 88%

Bifidobacterium thermophilum NCIMB 702554 74%

Bifidobacterium thermophilum NCIMB 702554 78%

Aeriscardovia aeriphila 90.5%

aReconstituted skim milk.
bSkim milk.
cSoy protein isolate.
dMaltodextrin.
eMolasses Base Media.
fNonfat skim milk medium.



concentrate with 20% solids resulted in more destruction of
Salmonella serotypes and Escherichia coli than the drying of
one with 40% solids. The authors attributed this result to the
thinner wall of the particles resulting from the 20% concentrate.
Chopin et al. (1977) observed that a lower solid concentration
of the milk favoured the destruction of E. coli, but no effect
was observed with Staphylococcus aureus. Similarly, Daemen
and ver der Stege (1982) found that for Serratia marcescens a
lower solid content of the concentrate resulted in greater
destruction than did higher ones. Different results were pre-
sented by Espina and Packard (1979) who reported that survi-
val of L. acidophilus was higher in milk with 25% than 40%
solids content. Riveros et al. (2009) did not find significant dif-
ferences in the viability of L. acidophilus during SD at feed
concentrations ranging from 10% to 30%. These authors also
reported that feed concentration could not exceed 30% to avoid
nozzle spray blocking. For values lower than 12%, the drying
time was not sufficient to evaporate the water content in feed
solution.
Solutions of nonfat dry milk solids, maltodextrin, soluble

starch, gum arabic, whey and gelatin and more commonly skim
milk (SM) have been used as drying media (Espina and Pack-
ard 1979; Teixeira et al. 1995a,b,c; Lian et al. 2002; Carvalho
et al. 2004; Chávez and Ledeboer 2007; Manojlović et al.
2010). Lian et al. (2002) compared the effect of gum arabic,
gelatin and soluble starch on the survival of bifidobacteria after
SD; these investigators observed that Bifidobacterium infantis
strains survived better with gum arabic followed by gelatin and
soluble starch. On the other hand, Bifidobacterium longum
strains survived better with gelatin as a carrier compared to
gum arabic and soluble starch. Further testing with B. infantis
CCRC 14633 and B. longum B6 showed that the percentage of
survival increased to 16.0% and 82.6%, respectively, when
dried in SM. In fact, nowadays, several LAB strains and ⁄or
starter cultures are successfully commercially available in the
dried form, and the positive effect of SM as a suspending agent
before drying has been well accepted and reported by several
authors (Castro et al. 1996; Selmer-Olsen et al. 1999; Abadias
et al. 2001; Lian et al. 2002; Carvalho et al. 2004; Manojlović
et al. 2010). Skim milk is capable of preventing cellular injury
by stabilising the cell membrane, creating a structure easy to
rehydrate after drying and protecting the cells as it contains pro-
teins that provide a protective coating to the cells. Reddy et al.
(2009), with three probiotic bacteria, found that maltodextrin in
combination with a dilute suspension of cells, provided better
protection of the probiotic properties of the organisms, despite
of the lower viability, than did SM.
Additionally, by supplementing the cells in SM with protec-

tive agents before drying may significantly enhance viability
through the drying process and storage. This cellular protection
is dependent on the compound added, on the tested strain and
on the drying process (Carvalho et al. 2004; Silva et al. 2004a;
Ananta et al. 2005). According to some authors, however, the
protective effect conferred by some compounds during the

drying processes may be masked by the protective effect of
milk components (Teixeira et al. 1994; Carvalho et al.
2003a,c). Nevertheless, the addition of protective agents to the
drying medium is common, and it can enhance cellular protec-
tion through drying and subsequent storage (Carvalho et al.
2004; Ferreira et al. 2005).
Porubcan and Sellars (1975b) claimed that LAB could with-

stand storage at room temperature if ascorbic acid and MSG
were added to the drying medium; these two compounds
impart some stabilisation during storage because of the antioxi-
dant properties of the ascorbate coupled with the moderating
effect of glutamate, in controlling the rate of ascorbate oxida-
tion. Teixeira et al. (1995c) investigated the effect of ascorbic
acid and MSG in the survival of L. bulgaricus during SD and
subsequent storage at 4 and 20�C. Increased survival during
SD was observed in the presence of these compounds. During
storage at 4�C, ascorbic acid and MSG increased the survival
rates, and this effect was stronger during the first 2 months.
The addition of ascorbic acid and MSG to the drying medium
demonstrated a deleterious effect on survival during storage at
20�C. This was attributed to the pro-oxidant properties of
ascorbic acid, which are temperature dependent. Sunny-
Roberts and Knorr (2009) demonstrated that addition of MSG
to the drying medium increased survival of two strains of Lac-
tobacillus rhamonosus during SD. These cultures also retained
a high viability during storage at 25�C in trehalose-containing
powders.
Corcoran et al. (2004) evaluated the survival of several pro-

biotic lactobacilli during SD in the presence of prebiotics (poly-
dextrose and inulin) and powder storage. Powders with high
number of viable micro-organisms were attained when the dry-
ing media contained SM but not in the presence of prebiotics
alone. Skim milk with polydextrose was a better protectant than
SM with inulin.
Although agents such as SM powder can provide a protective

layer or shell around the dried organisms, as a result of the dry-
ing process, some authors refer specifically to microencapsula-
tion of the lactic culture, e.g. Champagne and Fustier (2007).
Rodrı́guez-Huezo et al. (2007) reported that viability of Bifido-
bacterium bifidum was increased in the presence of protective
colloids and of the prebiotic aguamiel. The highest viability
was registered for the blend exhibiting the largest activation
energy and which contained whey protein concentrate, mes-
quite gum and maltodextrine. Semyonov et al. (2010) used a
matrix composed of maltodextrin and trehalose in spray FD,
with considerably enhanced viability. de Vos et al. (2010)
reviewed the application of encapsulation to bioactive materi-
als, including probiotic bacteria and targeted release within the
intestinal system. The use of prebiotic carbohydrates such as
chitosan in combination with alginates to resist the acid condi-
tions in the stomach was suggested, as well as future work on
inulin (a prebiotic virtually indigestible except by bifidobacteria
in the large intestine) as a cheap and abundant encapsulating
material.



Drying parameters
Much research has examined the relationships between air tem-
perature (inlet and outlet) and survival of micro-organisms dur-
ing SD, and it is generally agreed that increasing SD
temperatures decreases cellular viability (Table 2, Kim and
Bhowmik 1990; Mary et al. 1993; Teixeira et al. 1995a; Kim
and Bhowmik 2006; Zamora et al. 2006; Zhou et al. 2008;
Sunny-Roberts and Knorr 2009; Kabeir et al. 2009; Golowczyc
et al. 2010). LiCari and Potter (1970b) found that as the tem-
peratures of SD were increased, the rate of destruction of four
strains of Salmonella increased proportionally. Working with
yeasts, Labuza et al. (1970) reported that the log of survival
ratio decreased in a linear relationship with increasing outlet air
temperature independently of the air inlet temperature. Differ-
ent results were obtained by Peri and De Cesari (1974) during
SD of Sac. cerevisiae, who did not find a simple straight-line
relationship between the log of survival ratio and outlet air tem-
perature. Peri and De Cesari (1974) concluded that the intensity
of the osmotic shock that results from an increase in the rate of
drying and the decrease in residual humidity below the critical
value of 10% had more important effects on the survival of
micro-organisms than an increase in the drying temperature.
Chopin et al. (1977) showed that outlet air temperature was the
principal factor affecting survival of Microbacterium lacticum,
E. coli and S. aureus, but no simple mathematical equation
could be derived to describe the relation between bacterial
death rates and outlet air temperature. Daemen and ver der
Stege (1982) found that outlet air temperature had a larger
effect on the survival of Ser. marcescens and a Staphylococcus
strain coded C131, than inlet air temperature. Metwally et al.
(1989) observed survival rates of 26%, 46.9% and 19.5% at
70–72�C outlet air temperature and 1.8%, 12.1% and 4.7% at
82–84�C outlet air temperature for Lact. lactis, Strep. thermo-
philus and L. bulgaricus, respectively, when inlet air tempera-
ture was 190�C. Investigating the survival of LAB during SD
of yoghurt, Kim and Bhowmik (1990) concluded that outlet air
temperature was a major parameter affecting the number of sur-
vivors and that the effect of inlet air temperature could be con-
sidered to be much less than that of outlet air temperature. It
was also reported that the effect of a 10�C rise in inlet air
temperature was equivalent to that of 1.8 and 2.4�C increase
in outlet air temperature for Strep. thermophilus and for
L. bulgaricus, respectively. Lievense (1991) suggested that sur-
vival of bacterial cells during SD is strongly correlated to the
outlet air temperature but not directly to the inlet air tempera-
ture in the drier, because of the evaporative cooling effect in the
first part of the drying process. Teixeira et al. (1995b) studied
the survival of L. bulgaricus during SD at outlet temperatures
ranging from 62 to 105�C; the logarithmic survival ratio
decreased linearly with increasing outlet air temperature.
In fact, the influence of the outlet and inlet air temperatures

during the SD process has been discussed by several authors,
namely during drying of encapsulated cells (Boza et al. 2004;
Oliveira et al. 2007; Goderska and Czarnecki 2008; and

reviewed by de Vos et al. 2010), during drying of probiotic
bacteria (Gardiner et al. 2000; Desmond et al. 2001; Lian et al.
2002; Ananta et al. 2005; Sunny-Roberts and Knorr 2009) or
potential probiotic cells (Zamora et al. 2006).
Desmond et al. (2001) reported that higher cellular stability

was obtained during storage of spray-dried powder, when pro-
duced at a lower outlet air temperature. However, according to
this author, too low outlet air temperature can result in high
residual moisture contents. Kim and Bhowmik (2006) reported
that survival of several LAB strains (used in the processing of
yoghurt powder) through SD decreased with increased outlet or
inlet air temperatures and that outlet air temperature was the
parameter that affected the cellular viability to a greater extent.
Zhou et al. (2008) evaluated the viability of Bacillus thurin-
giensis under different SD conditions. These authors observed
that with the increased inlet air temperature, outlet air tempera-
ture and atomising air pressure, the viability of the spray-dried
cells decreased. In certain drying conditions, the viability of
Bac. thuringiensis through FD and SD were very similar.
Golowczyc et al. (2010) studied the preservation of probiotic
strains isolated from kefir, by SD; the survival rates of L. kefir
and Sac. lipolytica through drying and subsequent storage in
the dried state decreased when the drying outlet air tempera-
tures increased. The differences in the viability through the
tested outlet temperatures were strain dependent.
LiCari and Potter (1970b) studied the influence of milk dro-

plet and dried particle size on Salmonella survival, controlled
by varying feed-atomising pressure. No significant differences
were detected, but variations in particle size investigated were
not large. Daemen and ver der Stege (1982) and Daemen
(1984) reported that an enlargement of particle size corre-
sponded to an increase in the inactivation of phosphatase.

Storage conditions
Zamora et al. (2006) demonstrated that the drying process did
not affect the viability of spray-dried cells of several LAB per
se but the subsequent phase of storage. Previous studies (Castro
et al. 1995; Teixeira et al. 1995a; Gardiner et al. 2000; Abadias
et al. 2001) have shown that storage conditions are critical for
maintaining the viability of dried cells.
It is well established that storage temperature is a critical

parameter affecting the survival of dried cells; in general, the
number of viable bacteria inactivated in a given period
increases as the storage temperature increases, and this is strain
dependent (Teixeira et al. 1995a,c; Silva et al. 2002, 2004a;
Simpson et al. 2005; Reddy et al. 2009; Golowczyc et al.
2010). Foster (1962) reported that the best conditions to store
spray-dried Lact. lactis were packaging under nitrogen at
)18�C. Storage at refrigeration temperatures has demonstrated
to be a suitable temperature for the storage of several dried cul-
tures (Wang et al. 2004; Simpson et al. 2005; Zamora et al.
2006; Kearney et al. 2009; Riveros et al. 2009).
The relative humidity (RH) of storage of dried cultures was

also reported as a major parameter affecting survival. Working



with spray-dried Lactococcus and Micrococcus strains isolated
from milk, and with a typical strain of Bac. subtilis, Higginbot-
tom (1953) showed that during storage at RHs from 80% to
100% a rapid fall in the numbers of viable bacteria was fol-
lowed by rapid growth of bacteria and by overgrowth by
moulds. At RHs below 80%, the number of surviving bacteria
increased with decreasing humidity to maximum survival at
about 10% RH but then tended to fall again towards 0% RH.
Peri and Pompei (1976) reported that during the storage of
spray-dried yoghurt, the survival of related bacteria was highest
at 5% RH and at 5�C. The sorption data obtained with Sac. cer-
evisiae cells by Peri (1976) showed that at RHs lower than 5%
there was a rapid increase in the heat of sorption. This level of
humidity, therefore, represented a critical value for the micro-
organisms’ survival. Thompson et al. (1978) pointed out that
the percentage of bacterial survival decreased as the moisture
content of the product increased. Mary et al. (1993) found that
oxygen and ambient temperature were detrimental for survival
of spray-dried cells of Bradyrhizobium japonicum during sto-
rage. High initial cell concentrations increased the longevity of
the culture. This phenomenon was attributed to a large number
of dead cells, which probably reduced the interfacial area
between the live cells and the external medium and (or) reduced
the oxygen diffusion into the dried matrix. Storage under RHs
lower than 23% preserved the cells for a longer period. Teixeira
et al. (1995c) evaluated the survival of dried cells of L. bulgari-
cus during storage at various water activities; the survival rate
was not linearly related to aw. These authors concluded that
environments of 0.11 and 0.23 gave the greatest survival rates.
According to Carvalho et al. (2004), dried powders should

be stored under vacuum, maintained in controlled water activity
and not exposed to light. Controversial results concerning the
storage atmosphere of dried micro-organisms have been pub-
lished. Espina and Packard (1979) reported a marginal increase
in the survival of L. acidophilus stored under nitrogen in com-
parison with storage under atmospheric air conditions. Wang
et al. (2004) demonstrated that Strep. thermophilus and
B. longum survived better during storage of fermented soymilk
in laminated pouches than in deoxidant- and desiccant-contain-
ing glass or polyester bottles. Golowczyc et al. (2010), how-
ever, observed lower survival of three spray-dried probiotic
organisms when storage occurred under vacuum than in air.

Rehydration
An organism surviving the various steps of drying, whether by
SD or FD, and storage may, however, lose its viability during
rehydration (Sinha et al. 1982; Font de Valdez et al. 1985; Sel-
mer-Olsen et al. 1999; Abadias et al. 2001; Carvalho et al.
2004; Zhao and Zhang 2005, 2009). In fact, rehydration is a cri-
tical step in the recovery of dried micro-organisms, because cells
that were previously subjected to a sublethal injury may not be
able to repair in inappropriate rehydration conditions (Costa
et al. 2000). Mamaeva (1956) spray-dried a mixture of lacto-
bacilli and yeasts used for the manufacture of Koumiss, but

recovered only a fraction of 1% of the cells in a viable condition.
Nevertheless, on rehydration the organisms grew rapidly and
showed acceptable rates of gas and acid production. The dried
culture was said to be suitable for use for up to about 6 months.
Teixeira et al. (1995a) reported that a higher recovery of SD

L. bulgaricus was obtained when rehydration was performed
by soaking for 30 min than by vigorous shaking for 2 min.
Similar results had been previously reported and attributed to
less damages caused by osmotic shock. The same authors
reported that the rehydration temperature influenced the viabi-
lity of dried L. bulgaricus; survival rate increased linearly with
temperature between 4 and 50�C. Similar results were obtained
by Wang et al. (2004) for Strep. thermophilus and B. longum.
As reviewed by Santivarangkna et al. (2008), during drying

lipids may begin changing from a fluid and molten phase, at
physiological temperature, to a gel phase. Rehydration at tem-
peratures higher than the membrane phase transition tempera-
tures will promote a gel- to-liquid phase transition of the cell
membrane.
Teixeira et al. (1995a) also demonstrated that there were no

significant differences between the recoveries of dried L. bul-
garicus cells when SM, MRS broth, deionised water or phos-
phate buffer were used as rehydration media. Abadias et al.
(2001) reported that a higher viability of freeze-dried Candida
sake was achieved when the same solution was used as a pro-
tectant and as a rehydration medium; best survival was obtained
using as protecting solution 10% lactose plus 10% SM and
rehydration in SM.
Overall, the rehydration solution (in terms of pH and nutri-

ents) and the rehydration conditions (temperature and volume)
can significantly affect the rate of micro-organisms’ recovery
and subsequently the apparent survival rates (Font de Valdez
et al. 1985; Poirier et al. 1999; Selmer-Olsen et al. 1999; Aba-
dias et al. 2001; Carvalho et al. 2004; Zhao and Zhang 2005,
2009).

Attempts to improve viability of spray-dried cells
Various methods to improve the viability bacteria through dry-
ing processes and during storage in the dry state have been
attempted by a number of researchers and reviewed by Morgan
et al. (2006), Santivarangkna et al. (2007), Law et al. (2008)
and Meng et al. (2008). These can be summarised as (i) new or
optimised drying technology, (ii) selection of the most appropri-
ate growth, drying and rehydration media ⁄ conditions, (iii)
selection of the most effective protectants and (iv) improvement
in cultures performance. Points (i), (ii) and (iii) were already
discussed in the previous sections.
Concerning the improvement in cultures performance, sub-

jecting the cells to prior sublethal stress conditions (e.g. heat,
starvation, acid pH) has been demonstrated to be a potential
strategy. It is well documented that when exposed to a low level
of stress, most bacteria develop adaptation strategies to resist a
subsequent exposure to a higher level of the same stress and
also to a number of different stresses (O’Driscoll et al. 1997;



Wang and Doyle 1998; Lorca and de Valdez 2001). The best-
studied stress response in bacteria is heat shock, which, like
other stress responses, is characterised by the transient induc-
tion of specific proteins and physiological changes that gener-
ally enhance the ability of an organism to withstand more
adverse environmental conditions (Whitaker and Batt 1991;
Teixeira et al. 1994; Kilstrup et al. 1997; Glaasker et al. 1998;
Broadbent and Lin 1999; Derré et al. 1999; Yan et al. 2000;
Lorca and de Valdez 2001).
The utilisation of sublethal stresses to enhance microbial

resistance to SD was demonstrated by Schweigart (1971). Since
then, research has been conducted in this subject and some arti-
cles have been published (Teixeira et al. 1995a; Desmond et al.
2001; Corcoran et al. 2006; Kabeir et al. 2009). Teixeira et al.
(1995a) demonstrated that although heat shock increased the
survival of exponential cells of L. bulgaricus during SD, this
survival was lower than that observed for unshocked station-
ary-phase cells. Heat shock had no effect on stationary-phase
cells. Similarly, Cañamás et al. (2008) observed an induced
tolerance of C. sake to SD when cells were previously heat-
adapted at 33�C but not of a sufficient magnitude to be of
commercial interest. Desmond et al. (2001) observed that
viability of heat-adapted Lactobacillus paracasei NFBC 338
was enhanced 18-fold during SD at outlet temperatures of 95–
105�C (but not at 85–90�C and 90–95�C), while salt-adapted
cultures (0.3 M NaCl for 30 min) exhibited 16-fold greater via-
bility than unadapted controls. Exposure of B. longumm
BB536 to 45�C during 30 min before SD in Medida increased
cellular survival during the process, and no significant cell
reduction was observed during storage at 4�C for 60 days
(Kabeir et al. 2009). Wan-Ling et al. (2010) reported that heat
shock significantly increased the viability Cronobacter saka-
zakkii during SD.
Because during SD micro-organisms are likely to respond to

stress conditions in similar ways (by virtue of conserved genetic
sequences), application of stress conditions might be expected
to result in higher survival during SD and subsequent storage in
the dried state.

CONCLUDING REMARKS

Further work remains to be carried out, both in developing the
most suitable drying technology and in determining the most
efficacious drying media and appropriate conditions of storage
for individual species, because each strain seems to require dif-
ferent conditions.
A better understanding of the stress responses to SD and sto-

rage may contribute to the optimisation of the preparation ⁄pre-
servation of cultures with economic relevance, e.g. starter
cultures or probiotic preparations.
Genetic modification of LAB will certainly contribute to the

improvement in their viability during SD and storage. In fact,
Corcoran et al. (2006) has already demonstrated that increased
tolerance to drying (SD and FD) and survival in the dried state

was conferred by over-production of GroESL in a strain of
L. paracasei. Sheehan et al. (2006) reported that strains expres-
sing betL (listerial betaine uptake system) were more resistant
during SD and FD.
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