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The aim of this study was to investigate the survival of freeze-dried bacterial species stored at
the International Patent Organism Depository (IPOD) and to elucidate the characteristics affect-
ing survival. Bacterial strains were freeze-dried, sealed in ampoules under a vacuum (<1 Pa),
and stored in the dark at 5°C. The survival of a variety of species following storage for up to 20
years was analyzed. The survival of freeze-dried species was analyzed in terms of two stages,
freeze-drying and storing. Nonmotile genera showed relatively high survival after freeze-drying.
Motile genera with peritrichous flagella showed low survival rates after freeze-drying. Vibrio and
Aeromonas, which produce numerous flagella, showed very low survival rates. In Lactobacillus,
non-trehalose-fermenting species showed better survival rates after freeze-drying than did fer-
menting species, and those species with teichoic acid in the cell wall showed lower survival
rates during storage than species with teichoic acid in the cell membrane. Human pathogenic
species of Corynebacterium, Bacillus, Streptococcus, and Klebsiella showed lower survival
rates during storage than nonpathogenic species within the same genus. Among Pseudomonas
species, P. chlororaphis, the only species tested that forms levan from sucrose, showed the low-
est survival rate during storage in the genus. Survival rates of Gram-negative species during
storage tended to be lower than those of Gram-positive species, though Chryseobacterium
meningosepticum had stable survival during storage. The conclusion is that smooth cell sur-
faces (i.e., no flagella) and lack of trehalose outside the cytoplasm improved survival rates after
freeze-drying. Because desiccation is important for survival during storage, the presence of ex-
tracellular polysaccharides or teichoic acids is disadvantageous for long-term survival. The
lower survival rates of freeze-dried Gram-negative bacteria compared with those of Gram-posi-
tive bacteria may be attributed to the thinner peptidoglycan layer and the presence of
lipopolysaccharides on the cell wall in the former species.
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Introduction

Freeze-drying is one of the most common methods
used to store microbial culture collections. Although
International Patent Organism Depositary, National Institute of freeze-drylrl]g is applicable to ma”Y bacteria, it ca'nnot
Advanced Industrial Science and Technology, 1—1-1, Higashi, € used with some, such as Helicobacter pylori and
Tsukuba, Ibaraki 305-8566, Japan. Clostridium botulinum, because of difficulties in obtain-
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across bacterial species and genera (Lapage et al.,
1970).

Many freeze-dried microbial strains have been de-
posited with IPOD, and their survival rates have been
tested periodically for up to 20 years. The deposited
strains are of great taxonomic variety. We have tried to
establish the survival rates of different microbes in an
effort to improve our methods of freeze-drying. At
IPOD, freeze-dried microorganisms are sealed in am-
poules under a vacuum (<1 Pa) and stored in the dark
at 5°C; such conditions allow the microorganisms to
survive for a longer time during storage than does
sealing under approximately 7 Pa (Antheunisse, 1973;
Miyamoto-Shinohara et al., 2006). Because the de-
posited strains represent a broad range of taxa, we
have been evaluating the survival rates after freeze-
drying and the survival rates during storage for each
species in the collection (Miyamoto-Shinohara et al.,
2000, 2006).

The survival of freeze-dried strains has been ana-
lyzed in terms of rehydration conditions (Abadias et al.,
2001; Costa et al., 2000; Tsvetkov and Brankova,
1983), storage conditions (lsraeli et al., 1974, 1975;
Sinskey et al., 1967), and growth conditions (Hino et
al., 1990; Israeli et al., 1993; Sampedro et al., 1998).
In this study, we plotted survival curves for freeze-
dried bacteria at IPOD and compared the survival pat-
terns of different species.

To better understand the mechanisms underlying the
improved survival rates that we have obtained, we an-
alyzed the survival of bacterial species in greater de-
tail, referring to previous reports of the species’ micro-
bial characteristics.

Materials and Methods

Strains and media. All the strains tested, with the
exception of recombinant ones, were stored at IPOD.
Each strain was cultured on agar medium until the be-
ginning of the stationary phase, the conditions of which
complied with the depositor’s instructions. For Bacillus
we generally used the following culture media: antibi-
otic medium 3, brain heart infusion, Luria-Bertani agar
(LB), nutrient agar, trypticase soy agar; for Corynebac-
terium: nutrient agar; for Streptococcus and Entero-
coccus: brain heart infusion, Rogosa agar, trypticase
soy agar; for Lactococcus: brain heart infusion, deMan
Rogosa Sharpe (MRS), nutrient agar; and for Lacto-
bacillus: MRS, Rogosa, tomato juice agar. For Gram-
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negative species we used nutrient agar, LB agar, or
trypticase soy agar (The numbers of strains examined
for each species and genus are listed in Tables 1 and
2).

Freeze-drying and recovery. The method of
freeze-drying was as described previously (Kawamura
et al., 1995; Miyamoto-Shinohara et al., 2000, 2006).
Cells on a slant culture were homogenously sus-
pended in suspension medium (10% skim milk, 1%
sodium glutamate) and dispensed at 0.2ml into glass
ampoules (7 mmx150mm). The ampoules were im-
mersed in ethanol at —60°C——70°C for 2 to 10 min,
connected to a manifold-type freeze-dryer (FreezeVac-
4C, Tozai Tsusho, Tokyo, Japan; FreezeMobile, Virtis,
Gardiner, NY, USA) for 4 to 20h under a vacuum of
<1 Pa, and sealed by heating to maintain the vacuum.
The sealed ampoules were stored at 5°C in the dark.
For the recovery of freeze-dried microbes, ampoules
were opened and 0.2 ml sterilized water or physiologi-
cal saline (0.9 w/v% NaCl) was added aseptically and
mixed well. The suspension was then serially diluted in
sterilized water, inoculated onto agar plates with a spi-
ral plater (Model D, Spiral System Instrument,
Bethesda, MD, USA; Autoplate Model 3000, Spiral
Biotech, Bethesda, MD, USA), and cultured under the
same conditions as those used before freeze-drying.

Data analysis. All the strains examined had been
deposited in our Patent Depository as patented mi-
croorganisms. We therefore had only the genus and
species name, or even the genus name without the
detailed characteristics of each strain. In light of this
absence of detailed information, we tried to cover the
uncertainty by grouping strains and processing these
groups statistically to find factors affecting the survival
of the bacteria.

The survival rate of each strain is expressed as the
number of CFUs/ml after freeze-drying as a percent-
age of the number before freeze-drying (100%). Sur-
vival rates of the same species freeze-dried for the
same number of years are expressed as mean values
with standard deviations, and the rates are designated
Yy (up to a week after freeze-drying), Y, (at 1 year
after freeze-drying), and so on. In this research, Y
represents the survival rate of species in response to
freeze-drying, whereas the other parameters represent
the survival rates of freeze-dried species in response
to storage.

The survival rates from 1 to 20 years (Y, to Y,,) and
the standard deviations calculated with real numbers
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Table 1. Survival rates of Gram-positive genera, after freeze-drying, and related mobility characteristics.
Genus No. species No. strains Y;+SD Mobility Flagella

Caseobacter 1 1 96.7 -

Sarcina 1 2 93.3 -

Planococcus 1 2 92.1 + polar

Enterococcus 8 29 90.6+6.5 -

Listeria 1 2 87.6 + peritrichous

Cellulomonas 4 12 86.9x14.5 + polar

Aureobacterium 1 7 85.4 +

Micrococcus 5 19 85.3+10.4 -

Rhodococcus 5 29 84.9+9.3 -

Nocardia 3 7 84.2+7.6 -

Microbacterium 3 14 81.7+18.2 + polar

Brevibacterium 6 19 80.2+9.8 -

Arthrobacter 12 70 79.3+13.3 + polar

Propionibacterium 1 8 77.7

Staphylococcus 5 16 76.7+19.3 -

Pediococcus 6 26 76.4+14.6 -

Sporosarcina 1 1 75.1 + polar

Leuconostoc 3 11 74.8+5.9 -

Corynebacterium 12 358 74.6x17.2 -

Lactococcus 1 14 70.7 -

Kurthia 1 4 64.3 + peritrichous

Bacillus 18 346 62.8+16.6 + peritrichous

Streptococcus 9 50 59.8+21.2 -

Lactobacillus 20 84 58.5+27.2 + peritrichous

Symbols: +, present, —, absent, =, differs among species. See text for details. Data on characteristics are from Sneath et al.

(1984) and Holt et al. (1994).

were plotted on a semi-logarithmic scale, representing
the curve of microorganism inactivation. By using the
least-squares method, the plots were satisfactorily fit-
ted to the following linear equation:

Log,, Y=A+BX (1)

where Y represents the number of predicted survivors,
X represents the number of storage years, A corre-
sponds to the intercept on the y-axis, and B corre-
sponds to the slope, and reflects the decrease in loga-
rithmic survival per year.

The characteristics of each genus and species, in-
cluding fermentation, hydrolysis, production, growth
condition, morphology, DNA base composition, and
cell-wall components, were obtained from Bergey’s
Manual of Systematic Bacteriology, vol. 1 (Krieg and
Holt, 1984), vol. 2 (Sneath et al., 1984), or Bergey’s
Manual of Determinative Bacteriology (Holt et al.,
1994).

Results

1. Survival of genera after freeze-drying

All the genera of Gram-positive bacteria and Gram-
negative bacteria that we tested are listed in Tables 1
and 2, along with the numbers of species and strains;
unspecified species (sp.) were grouped as one
species class. No significant differences were ob-
served among the survival rates of species (Yp) in the
same genus. The survival rate of each genus after
freeze-drying was therefore calculated from the mean
value for each species (Yp) in that genus and is shown
as Ys. The genera in Tables 1 and 2 are listed in de-
scending order of Yg; the motility and type of flagella
are also listed for each genus.

Presence or absence of diamino acid among the cell
wall fatty acids, oxygen requirement, catalase reaction,
type of major menaquinones, presence or absence of
oxidase and catalase, or production of acid from glu-
cose (Holt et al., 1994) was not related to genus-level
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Table 2. Survival rates of Gram-negative genera after freeze-drying, and related characteristics.

Genus No. species No. strains Ys+SD Motility Flagella
Flavobacterium? 5 25 87.7+17.1 - —
Agrobacterium 4 22 72.3£15.7 + peritrichous
Proteus 3 6 61.0=3.0 + peritrichous
Citrobacter 3 13 59.8+29.4 + peritrichous
Enterobacter 4 32 59.7+6.5 + peritrichous
Acinetobacter 6 43 58.2+25.0 + polar
Acetobacter 3 12 56.2+19.9 + peritrichous
Erwinia 3 25 56.0=17.7 + peritrichous
Klebsiella 5 32 54.8+8.9 —
Morganella 1 1 53.3 + peritrichous
Xanthomonas 3 31 53.1=6.1 + polar
Serratia 4 32 49.9+3.6 + peritrichous
Rhizobium 3 9 47.0£22.5 + peritrichous
Escherichia 3 146 43.4+24.6 + peritrichous
Alcaligenes 6 46 40.8+23.1 + peritrichous
Alteromonas 2 5 34.1 + polar
Pseudomonas® 16 330 32.1£13.0 + polar
Xanthobacter 1 2 30.6 + peritrichous
Aeromonas 5 15 15.9+18.3 + polar
Vibrio 2 8 10.7 + polar
Azotobacter 1 1 8.0 + peritrichous

Symbols: +, present, —, absent, =, differs among species. Data on characteristics are from Krieg and Holt (1984) and Holt et al.

(1994).

2Species of Chryseobacterium formerly classified as Flavobacterium are contained.
bSpecies of Burkholderia and Comamonas formerly classified as Pseudomonas are contained.

survival rates after freeze-drying (data not shown).
Among the Gram-positive bacteria, some genera and
species are motile but many are nonmotile (Holt et al.,
1994). On the other hand, among the Gram-negative
bacteria, of which many genera and species are motile
(Holt et al., 1994), the nonmotile genera Flavobac-
terium, Acinetobacter, and Klebsiella showed relatively
high survival rates after freeze-drying (54.8-87.7%),
whereas the motile genera Vibrio and Aeromonas had
the lowest survival rates (Table 2). Vibrio and
Aeromonas have polar flagella and are reported to
form numerous peritrichous flagella in young cultures
on solid media (Baumann et al., 1984; Popoff, 1984;
Shinoda and Okamoto, 1977); these conditions were
characteristic of our freeze-drying studies.

2. Survival of Corynebacterium, Bacillus, Streptococ-
cus, and Klebsiella

The logarithmic decrease in survival per year during
storage is expressed by B (Eq.(1)), the slope of the
survival curve. In some genera, the survival rates of

pathogenic species during storage were lower than
those of nonpathogenic species.

Table 3 lists species of Corynebacterium in de-
scending order of B values. Species that are patho-
genic to humans, such as C. pseudodiphtheriticum, C.
striatum, and C. urealyticum, showed the lowest sur-
vival rates during storage. Corynebacterium sepe-
donicum, a species pathogenic to plants, had a lower
survival rate than the nonpathogenic Corynebacterium
species but a higher survival rate than the species
pathogenic to humans. Characteristics other than
pathogenesis, such as varieties of utilizable sugars
(glucose, arabinose, xylose, rhamnose, fructose,
galactose, mannose, lactose, maltose, sucrose, tre-
halose, raffinose, salicin, dextrin, and starch); occur-
rence of hydrolytic reactions (e.g., of esculin, hippu-
rate, urea, tyrosine, or casein), production of phos-
phatase, pyrazinamidase, and methyl red; and reduc-
tion of nitrate to nitrite (Collins and Cummins, 1984;
Holt et al., 1994) were not correlated with survival rate
during storage (data not shown).
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Table 3. Survival rates of Corynebacterium species during storage, and related characteristics.

Species No. X A+SD B=SD Human = Plant
strains pathogen pathogen
C. liquefaciens 3 16 1.8+0.1 0.005+0.007 9 - -
C. melassecola 3 15 1.9+0.0 —0.001+0.004 5 - -
C. glutamicum 222 15 1.9+0.0 —0.003+0.003 15 - -
C. ammoniagenes 7 10 2.0=0.1 —0.009+0.006 5 - -
C. acetoacidophilum 14 15 1.9+0.1 —0.015+0.015 10 - -
C. sepedonicum 2 20 0.6x0.2 —0.028+0.021 6 - +
C. pseudodiphtheriticum 2 5 1.7+0.1 —0.037+0.026 3 + -
C. striatum 1 5 1.8x0.0 —0.066+0.009 3 + -
C. urealyticum 1 4 0.8+0.3 —0.349+0.121 3 + -

For definitions of A and B, see the explanation of Eq.(1). Log,, Y=A+BXin the text.
X is the number of storage years and N is the number of plotted points on the graph of the equation. Human pathogenic species
were classified according to Ezaki and Kawamura (2001) and plant pathogens according to the Phytopathological Society of Japan

(2000). Symbols: + pathogenic; — not pathogenic.

Table 4. Survival rates of Bacillus species during storage and related characteristics.

Growth with
Species N?' X A+SD B=SD Human Plant ph‘ospho- lysozyme
strains pathogen pathogen lipase
present
B. brevis 5 5 1.6x0.2 0.012+0.009 3 - - - +
B. stearothermophilus 6 10 1.2x0.3 0.007x0.062 7 - -
B. circulans 4 6 1.5+0.2 0.007+0.057 6 - — - +
B. pumilus 11 10 1.6+0.0 0.003+0.008 7 - - - +
B. macerans 1 10 2.0x0.0 0.000+0.000 4 - - - -
B. licheniformis 6 5 1.9+0.1 0.000%+0.019 3 - - - +
B. badius 1 6 1.9+0.1 0.000+0.034 4 - -
B. sphaericus 6 10 1.8+0.1 —0.009+0.024 6 - - — +
B. polymyxa 2 10 1.6x0.2 —0.010+0.030 4 - + - +
B. megaterium 4 5 1.7+0.1  —0.026=0.023 3 - - - -
B. coagulans 3 6 1.7+0.5 -0.032*0.107 4 - — - —
B. subtilis 132 10 1.8x0.0 —0.032+0.008 7 - + - +
B. thuringiensis 2 10 1.80.1 —0.034x0.017 5 - - * +
B. cereus 3 6 2.0x0.1  —-0.094=0.017 6 + — + +

See Table 3 for details. Characteristic data are from Claus and Berkely (1984).

Table 4 lists Bacillus species in descending order of
B values. Among the species, B. cereus showed the
greatest decrease in logarithmic survival per year, al-
though the survival rate after freeze-drying (Yp=79.7=
12.4) was higher than the average value for Bacillus
(Y5=62.8+16.6; see Table 1). Bacillus cereus was the
only Bacillus species that we examined that was path-
ogenic to humans (Ezaki and Kawamura, 2001); this
species makes extracellular products, including he-
molysin, soluble toxin, enzymes lytic for bacterial cells,

proteolytic enzymes, phospholipase C (Claus and
Berkely, 1984), and poly-(B-hydroxybutyric-co-B-hy-
droxyvaleric) acid copolymer (Ramsay et al., 1990).
Bacillus thuringiensis had a lower survival rate during
storage than some others in the genus. This species is
reported to be pathogenic to the Lepidoptera and is
closely related to B. cereus (Claus and Berkely, 1984).
The two species pathogenic to plants, B. subtilis and
B. polymyxa, had fairly low survival rates during stor-
age; these species form extracellular polysaccharides



14 MIYAMOTO-SHINOHARA et al.

Vol. 54

Table 5. Survival rates of Streptococcus, Enterococcus, and Lactococcus species during storage and related characteristics.

Species Nc?. A+SD B+SD Human Extracellulgr
strains pathogen  polysaccharide

E. avium 2 21 2.0+0.0 —0.005+0.003 7 + -

L. lactis 13 20 1.6+0.1 —0.006+0.008 6 - -

E. casseliflavus 2 10 1.8x0.3 —0.012+0.044 4 -

E. faecium 4 16 2.0+0.1 —0.016*+0.007 6 + —

S. equi 9 20 1.8+0.1 —0.025+0.007 7 + -

S. mutans 16 21 1.7+0.1 —0.027+0.007 11 + +

E. faecalis 4 15 2.0+0.1 —0.031+0.010 5 + -

E. hirae 1 5 1.9+0.0 —0.049+0.005 3 +

S. gordonii 1 5 1.3+0.2 —0.061+0.056 3 + +2

S. salivarius 7 21 1.7+0.1 —0.064+0.010 6 + +

S. sanguinis 2 21 1.1x0.3 —0.093+0.024 7 + +

S. mitis 2 21 1.3+0.4 —0.108+0.035 7 + +P

All species were formerly classified into Streptococcus. See footnote to Table 3 for details. Data on characteristics are from Hardie
(1984) and Holt et al. (1994). @ from Haisman and Jenkinson (1991), ?from Matsushita et al. (1995).

(levan or dextran) from sucrose (Claus and Berkely,
1984). Claus and Berkely (1984) reported several
characteristics that differ among Bacillus species, in-
cluding growth conditions, gelatin hydrolysis, tyrosine
degradation, nitrate reduction to nitrite, acid formation
from various carbohydrates, and deamination of
phenylalanine. None of these characteristics, however,
was related to survival rate during storage (data not
shown). Because spores of B. subtilis have higher sur-
vival rates than vegetative cells after freeze-drying
(Fairhead et al., 1994), future studies should examine
spore formation in cultures of Bacillus species pre-
pared for freeze-drying.

Species of Enterococcus and Lactococcus were pre-
viously classified as belonging to the genus Strepto-
coccus (Hardie, 1984); Table 5 lists these three genera
in descending order of B values. Species showing the
greatest decrease in logarithmic survival per year
tended to be orally pathogenic to humans and to pro-
duce extracellular polysaccharides. The common char-
acteristic of orally pathogenic Streptococcus is the pro-
duction of extracellular polysaccharides from sucrose,
a mechanism that is considered to be helpful in colo-
nization of the mouth (Colman and Ball, 1984; Hardie,
1984). Species not producing polysaccharides (E.
avium, L. lactis, E. faecium, S. equi, and E. faecalls;
Fig. 1(a)—(c)) showed higher survival rates during stor-
age than many of the species producing extracellular
polysaccharides (S. mutans, S. gordonii, S. salivarius,
S. sanguinis, and S. mitis; Fig. 1(d)—(f)). Growth condi-

(a) (b) (c)

N

o

Log,,Y=2.0-0.005X Log,,Y=1.8-0.025X Log,,Y=2.0-0.031X

Loglo(Percentage survival rate)
NS

2p o o
(d) "o (e)
1 L]
Ld .
0 . n
—11 Log,,Y=1.7-0.064X Log,,Y=1.3-0.108X
Log,,Y=1.1-0.093X .
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Storage period (years)
Fig. 1. Survival curves of Enterococcus and Streptococcus

species, (a) E. avium, (b) S. equi, (c) E. faecalis, (d) S. salivar-
ius, (e) S. sanguinis, (f) S. mitis.

(O-) and (®@-) show means and standard deviations calcu-
lated with real numbers of survival rate each year, respectively.
(O), freeze-drying effect; (@), storage effect. Only the upper
standard deviations are shown. The values during storage were
fitted to the equation Log,,Y=A+BX by the least-squares
method (see data in Table 5).

tions, varieties of utilizable sugars (inulin, lactose,
mannitol, raffinose, ribose, salicin, sorbitol, and tre-
halose), and hydrolytic reaction of, for example,
arginin, hippurate, esculin, starch, and urea vary
greatly among Enterococcus, Lactococcus, and Strep-
tococcus species (Hardie, 1984; Holt et al., 1994), but
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Table 6. Survival rates of Klebsiella species during storage, and the related characteristics.

Species No. strains X A*=SD B+SD N Pathogen
K. planticola 6 10 1.5+0.1 —0.031+0.015 8 -
Klebsiella sp. 6 15 1.8+0.1 —0.070+0.012 9
K. terrigena 1 15 1.8+0.1 —0.079%+0.010 5 -
K. oxytoca 9 10 1.5+0.1 —0.120*+0.015 4 +
K. pneumoniae 10 15 2.0x0.2 —0.148+0.027 5 +
Pathogen: +, pathogenic; —, nonpathogenic. For definition of A and B, see Eq.(1) in the text.
none of these characteristics was related to survival
during storage in the species studied here (data not 2 . ©

shown).

Table 6 lists species of the nonmotile Gram-negative
genus Klebsiella in descending order of B values.
Klebsiella planticola (Fig. 2(a)) and K. terrigena had
more stable survival rates during storage than did K.
oxytoca (Fig. 2(b)) and K. pneumoniae (Fig. 2(c)). The
characteristic difference between these species is that
the former two are nonpathogenic species and the lat-
ter two are pathogenic (Ezaki and Kawamura, 2001;
Orskov, 1984). The two pathogenic species contain
large polysaccharide capsules and form large mucoid
colonies, especially on carbohydrate-rich media (Holt
et al.,, 1994); these types of media were used in our
freeze-drying study.

3. Survival of Lactobacillus

Table 7 lists species of Lactobacillus and their pat-
terns of carbohydrate fermentation (Holt et al., 1994;
Kandler and Weiss, 1984) in descending order of sur-
vival after freeze-drying (Yp). Gluconate- and ribose-
fermenting species had higher Y, and sorbitol- or tre-
halose-fermenting species had lower Y.

Table 8 lists Lactobacillus species (all nonpatho-
genic to humans) in descending order of B values. The
survival rate during storage appeared to be related to
plant pathogenesis and serological differentiation. The
species showing the greatest decrease in logarithmic
survival per year, Lactobacillus delbrueckii, is patho-
genic, but only to plants (Kandler and Weiss, 1984).
Serological studies of Lactobacillus have shown that
these species can be assigned to several groups on
the basis of specific antigenic characteristics, including
production of cell wall polysaccharides, cell wall tei-
choic acids, and membrane teichoic acids (Knox and
Wicken, 1973; Sharpe, 1981). Teichoic acids are com-
ponents of the outer layers of Gram-positive bacteria;

Log,Y=15-0031X | Log,,Y=1.5-0.120X Log,,Y=2.0-0.148X

ol

3
0 5

Logm(Percentage survival rate)
o

10 15 20 0 5 10 15 20 0 5 10 15 20

Storage period (years)

Fig. 2. Survival curves of Klebsiella species, (a) K. planti-
cola, (b) K. oxytoca, (c) K. pneumoniae.

(O-) and (®@-) show means and standard deviations calcu-
lated with real numbers of survival rate each year, respectively.
(O), freeze-drying effect; (@), storage effect. Only the upper
standard deviations are shown. The values during storage were
fitted to the equation Log,,Y=A+BX by the least-squares
method (see data in Table 6).

they function like extracellular polysaccharides in
processes such as antigen activity, adhesion, and
biofilm formation (Birdsell et al., 1975; Doyle et al.,
1975; Graham and Beveridge, 1994; Knox and
Wicken, 1973; Neuhaus and Baddiley, 2003).

Those species with glycerol teichoic acid (GTA) in
the cell wall and cell membrane (L. helveticus) and in
the cell membrane (L. fermentum) had higher survival
rates during storage than species that had GTA in the
cell wall (L. brevis and L. delbrueckii) (Fig. 3(a), (b),
(e), (f)). Among these species, L. helveticus also has a
surface-layer protein that confers hydrophobic proper-
ties on the cell surface (Schar-Zammaretti and Ubbink,
2003; Steen et al., 2003; Ventura et al., 2000). In re-
gard to antigens in the cell wall, species with ribitol tei-
choic acid (RTA; L. plantarum) or polysaccharides (L.
casei and L. salivarius) showed higher survival rates
during storage than species with GTA (Fig. 3(c)—(f)).
Like extracellular polysaccharides, teichoic acids in the
cell wall appear to decrease survival rates during stor-
age, with species having GTA in the cell wall showing
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Table 7. Survival rates of Lactobacillus species after freeze-drying, and related characteristics.
Fermented carbohydrate
Species No. strains Y,*=SD Gluconate, .
. Sorbitol Sucrose Trehalose
ribose
L. confusus 5 92.3+12.6 + - + -
L. reuteri 3 90.7+4.6 + - + -
L. animalis 1 89.8 - + + -
L. casei 15 72.2+20.8 + + + +
L. fermentum 8 66.7+24.8 + — + +
L. brevis 4 65.8+35.0 + — + —
L. plantarum 4 63.5+24.2 + + + +
L. acidophilus 8 62.5+24.5 - + + +
L. alimentariu 1 53.0 + - + -
L. delbrueckii 3 45.0+21.3 - + + +
L. amylovorus 1 43.0 - + + +
L. salivarius 5 33.2+20.2 - + + +
L. helveticus 1 26.0 - + - +
L. gasseri 5 22.2x17.0 - + + +

Symbols: +, 90% or more strains positive; —, 90% or more strains negative; =, 11-89% strains positive. Data on carbohydrate

fermentation are from Kandler and Weiss (1984).

Table 8. Survival rates of Lactobacillus species during storage, and related characteristics.

Serological classification

Species st’r\la?ﬁs A+SD B+SD pai']izten
Antigen Location
L. helveticus 2 10 0.8%0.1 —0.005*+0.024 4 - GTA cell membrane, cell wall
L. fermentum 7 16 1.5+0.1 —0.018*+0.016 7 - GTA cell membrane
L. plantarum 4 5 1.7+-0.0 —0.025*+0.014 3 - RTA cell wall
L. casei 15 15 1.8+0.1 —0.035+0.009 6 - Polysaccharide cell wall
L. salivarius 5 21 1.3x0.2 —-0.078*0.019 7 - Polysaccharide cell wall
L. brevis 4 16 1.9+0.2 —0.108+0.023 5 - GTA cell wall
L. delbrueckii 2 15 1.7+05 —0.183+0.063 5 + GTA cell wall

See Table 3 for details. Characteristic data are from Kandler and Weiss (1984).

lower survival rates than those with polysaccharides.

4. Survival of Pseudomonas

Table 9 lists species of Pseudomonas, a motile
genus, and two species formerly classified as
Pseudomonas in descending order of B values, along
with their physiological characteristics (Holt et al.,
1994; Palleroni, 1984). In this genus, survival rates
during storage did not appear to be related to patho-
genesis. Pseudomonas pseudoalcaligenes and P. al-
caligenes, the two species that cannot utilize glucose

as an energy source, showed relatively low survival
rates during storage. Although trehalose is an effective
protectant for freeze-dried cells (Conrad et al., 2000;
Crowe et al., 1992), trehalose utilization was not corre-
lated with survival rate during storage in this study. In
regard to polysaccharide formation, P. chlororaphis
(Fig. 4(c)), one of two species that can form levan from
sucrose, had the lowest survival rate. Three of five P,
fluorescens biovars are also reported to form levan
(Holt et al., 1994; Palleroni, 1984), but in this study the
average survival rate of the species was high, with no
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Fig. 3. Survival curves of Lactobacillus species, (a) L. hel-

veticus, (b) L. fermentum, (c) L. casei, (d) L. salivarius, (e) L.
brevis, (f) L. delbrueckii.

(O-) and (®-) show means and standard deviations calcu-
lated with real numbers of survival rate each year, respectively.
(O), freeze-drying effect; (@), storage effect. Only the upper
standard deviations are shown. The values during storage were
fitted to the equation Log,,Y=A+BX by the least-squares
method (see data in Table 8).
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further information about the biovars of the strains
tested.

5. Survival of Flavobacterium

Table 10 lists Flavobacterium aquatile and two
species of Chryseobacterium formerly classified as
Flavobacterium in descending order of B values, along

(b) (c)
5 Log,¥=09-0.139X |3 Log,Y=13-0335X

¢

Log,,Y=1.0-0.0435X

Logm(Percentage survival rate)

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20

Storage period (years)

Fig. 4. Survival curves of Pseudomonas species, (a) P.
aeruginosa, (b) P. solanacearum, (c) P. chlororaphis.

(O-) and (®-) show means and standard deviations calcu-
lated with real numbers of survival rate each year, respectively.
(O), freeze-drying effect; (@), storage effect. Only the upper
standard deviations are shown. The values during storage were
fitted to the equation Log,,Y=A+BX by the least-squares
method (see data in Table 9).

Table 9. Survival rates of Pseudomonas species, Burkholderia species and Comamonas species during storage,
and the related characteristics.
Pathogen Utilization
Levan
. No. formation
Species strains A=SD BxSD N from
Human Plant Glucose Geraniol Trehalose
sucrose
P. aeruginosa 10 15 1.0£0.2 —0.044+0.024 5 + + + + — —
P. fluorescens 28 20 1.0x0.5 -0.053*0.048 8 — + + — + +or —
P. putida 45 16 0.9+04 -0.078+0.043 12 - - + - - -
P. gladioli 1 16 0.9+0.3 -—0.079x0.041 6 — + + — +
P. cichorii 1 15 1.8+0.1 —-0.118+0.012 6 - + + - - -
B. cepacia® 17 15 1.1x0.4 —0.136+0.045 8 + + + — +
P. stutzeri 8 15 1.5+x0.4 -0.139+0.049 5 - — + - - -
P. solanacearum 4 20 0.9+0.3 -0.139%+0.023 6 - + + — + —
C. testosteroni? 4 11 0.6+0.4 -0.151+0.069 7 + - + — —
P. pseudoalcaligenes 3 5 1.3+x0.3 -0.203+0.089 3 - + - - - -
P. aureofaciens 3 10 1.0£0.1 -0.219+0.013 4 - - + = +
P. alcaligenes 1 5 0.7x0.3 -0.246=0.074 3 + - - - -
P. pickettii 2 5 1.7+x0.2 —-0.290+0.059 3 - - + — — —
P. chlororaphis 4 10 1.3£0.3 -0.335%0.058 4 - - + - + +

2These species were formerly classified into Pseudomonas. Symbols: +, 90% or more strains positive; —, 90% or more strains
negative; =,11-89% of strains positive; + or —, difference among biovar. For definitions of A and B, see Eq.(1) in the text.
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Table 10. Survival rates of Flavobacterium species and Chryseobacterium species during storage and related characteristics.
-
Q= =
o E©° 5 %) K9]
T @ = O ‘» 7
No. T EQ S g > =
Species © A+SD B+SD N g-2 3 & 9 ©
strains c S E Y o Y © °
T O @ a © > >
% O & o @ - < <
o S > % a S 5 G
§ 885 & & 5 =z
o <55 D> G & O
C. meningosepticum? 2 15 1.7+0.1 —0.001+0.017 5 + + + + - +
C. balustinum? 1 5 1.5+0.4 —0.093+0.103 3 - - - - -
F. aquatile 3 15 1.6+0.1 —0.174+0.011 5 - - - - -

4These species were formerly classified into Flavobacterium. For symbols, see Table 9. For definition of A and B, see Eq.(1) in the

text.

with their physiological characteristics (Holmes et al.,
1984; Holt et al., 1994). Survival of C. meningosep-
ticum was very stable during storage, whereas the sur-
vival rates of C. balustinum and F. aquatile were much
less so (Fig. 5). Among these nonmotile species, only
C. meningosepticum is pathogenic (Ezaki and Kawa-
mura, 2001); its high survival rate is opposite to that of
some Corynebacterium, Bacillus, Streptococcus and
Klebsiella and many Gram-positive bacteria. Chry-
seobacterium meningosepticum differs from the other
two species in the ability of some strains to aerobically
produce acid from several sugars, produce urease,
and grow at 42°C (as shown by = in Table 10). Neither
C. meningosepticum nor C. balustinum has the ability
to hydrolyze starch, and the reaction of F. aquatile is
not known. Chryseobacterium meningosepticum can
hydrolyze  ONPG  (o-nitrophenyl-B-D-galactopyra-
noside) and commonly produces B-galactosidase, un-
like the other two species (Holmes et al., 1984; Holt et
al., 1994). In contrast to C. meningosepticum, how-
ever, other ONPG-positive species of the genera Citro-
bacter, Enterobacter, Escherichia, Klebsiella, and Ser-
ratia (Brenner, 1984; Holt et al., 1994) did not show
stable survival during storage in this study (data not
shown). Chryseobacterium meningosepticum also pro-
duces oligosaccharide-cleaving enzymes (Elder and
Alexander, 1982; Plummer et al., 1991). In addition,
electron micrographs have revealed that C.
meningosepticum has a smoother surface than F
aquatile, which has extracellular appendages (Thom-
son et al., 1981).

(c)

Log,,Y=1.6-0.117X Log,,Y=1.6-0.174X

15 20 0 5 10 15 20

Log,,Y=1.7-0.001X
2

Logm(Percentage survival rate)
o

0 5 10 15 20 0 5 10

Storage period (years)

Fig. 5. Survival curves of Flavobacterium species and
Chryseobacterium species, (a) C. meningosepticum, (b) C.
balustinum, (c) F. aquatile.

(O-) and (®@-) show means and standard deviations calcu-
lated with real numbers of survival rate each year, respectively.
(O), freeze-drying effect; (@), storage effect. Only the upper
standard deviations are shown. The values during storage were
fitted to the equation Log,,Y=A+BX by the least-squares
method (see data in Table 10).

6. Survival rates of Gram-negative versus Gram-pos-
itive bacteria

Survival rates during storage of Gram-negative
species tended to be lower than those of Gram-posi-
tive species. Figure 6 illustrates the distributions of B
values for 110 Gram-positive species and 77 Gram-
negative species. Most Gram-negative bacteria
showed relatively low survival rates during storage, al-
though a few species, such as C. meningosepticum,
showed stable rates. The mean B value for the 77
Gram-negative species was —0.117+0.109, compared
with —0.023=0.045 for the 110 Gram-positive species
(ttest, df=185, p<<0.0001). A few of the Gram-positive
species with B values greater than —0.075 were path-
ogenic species that produce extracellular polysaccha-
rides, or species with teichoic acids on their cell walls.
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Fig. 6. Frequency distribution of B values of (a) Gram-posi-

tive species (n=110) and (b) Gram-negative species (n=77).
For a definition of B, see Eq.(1) in the text.

Discussion

1. Survival after freeze-drying is related to cell wall
structure

Survival after freeze-drying reflects the ability of the
cell to resist the effects of rapid freezing and drying.
Differences in survival should reflect structural differ-
ences in the cell wall and cell membrane of organisms;
the cell wall and membrane of S. cerevisiae and L. aci-
dophilus are degraded by freeze-drying or drying
(Brennan et al., 1986; Deere et al., 1998). In most
cases, no significant differences were observed in the
survival rates of species (Yp) of the same genus, with
the exception of Lactobacillus. At species level, this re-
search suggested that survival in the lactobacilli was
related to the presence of trehalose in the cell mem-
brane. In the lactobacilli, carbohydrates are taken up
with the help of specific permeases and are phosphor-
ylated in the cytoplasm (Kandler and Weiss, 1984).
This phosphorylation is assumed to be important in the
regulation of carbohydrate metabolism in Gram-posi-
tive bacteria (Viana et al., 2000). Trehalose is a carbo-
hydrate useful for preventing desiccation in bacterial
cells, and the presence of trehalose in the cell mem-
brane during dehydration helps to prevent leakage of
dry cell membranes during rehydration (Crowe et al.,
1992). Bacterial cells freeze-dried with trehalose or su-
crose show better survival and lower membrane
phase-transition temperatures during drying (Leslie et
al.,, 1995). Trehalose utilization begins with phospho-
transferase-mediated uptake delivering trehalose-6-
phosphate to the cytoplasm (Boos et al., 1990). The
non-trehalose-fermenting species Lactobacillus con-
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fusus, Lactobacillus reuteri, and Lactobacillus animalis
had high survival rates after freeze-drying (Yy) (Table
7), suggesting that these species may have trehalose
or trehalose-like substances outside the cytoplasm.
The relationship between trehalose assimilation and its
location in freeze-dried microorganisms should be ex-
amined further.

At genus level, the study suggested that survival
was related to the presence of flagella. Many Gram-
negative bacteria move individually with flagella,
whereas many Gram-positive bacteria are nonmotile
and form cell clusters. Our results showed that cells
with numerous flagella were more sensitive to freeze-
drying than those with smooth surfaces. The relation-
ship between type of flagella and survival after freeze-
drying needs to be examined further by using co-iso-
genic mutants of Bacillus subtilis with defective flagella
(Calvio et al., 2005).

Comparison of Gram-positive bacteria and Gram-
negative bacteria suggested that survival was related
to the thickness of the cell wall peptidoglycan layer.
Survival rates of Gram-negative genera after freeze-
drying (Yg) varied from 8.0% to 87.7% (Table 2),
whereas those of Gram-positive genera ranged from
58.5% to 96.7% (Table 1). Gram-negative bacteria
have a peptidoglycan layer about 5 to 10 nm thick be-
tween the inner and outer plasma membranes,
whereas the thickness of this layer in Gram-positive
bacteria is about 20 to 80nm (Alberts et al., 1994;
Beveridge, 1999; Cooper, 2000; Gupta, 2002; Lodish
et al., 2000; Salton and Kim, 1996). The cell walls of
Gram-negative bacteria, with a thinner peptidoglycan
layer than those of Gram-positive bacteria, have a
much greater tendency to rupture during the
processes of desiccation and rehydration (Pembrey et
al., 1999).

2. Survival during storage is related to the presence
of extracellular polysaccharides or teichoic acid
Survival of freeze-dried microorganisms during stor-
age is expressed by a decrease in the logarithm of
survival per year (B). The genera Corynebacterium,
Bacillus, and Streptococcus include both pathogenic
and nonpathogenic species, and the pathogenic
species had lower B values than the nonpathogenic
ones. Pathogenesis is sometimes accompanied by the
presence of extracellular polysaccharides, as shown
for Streptococcus in Table 5. The presence of extracel-
lular polysaccharides appears to be associated with
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decreased survival of freeze-dried pathogenic bacteria
during storage. Pathogenic species that move with fla-
gella release the flagella and grow a stalk at the pole
to adhere to the host cell (Shapiro et al., 2002). In con-
trast, nonmotile pathogenic species of Streptococcus
produce extracellular polysaccharides that aid in ad-
hering to and colonizing host cells (Hardie, 1984).
Members of the Gram-negative genera Klebsiella are
nonmotile, and two pathogenic species have polysac-
charide capsules (Holt et al., 1994). Klebsiella pneu-
moniae produces more extracellular polysaccharides
than does E. coli (Jones and Bradshaw, 1996), and in
our study the survival rate of K. pneumoniae during
storage was lower (B=-0.148+0.027; Table 6) than
that of E. coli (B=-0.041=0.005; Miyamoto-Shino-
hara et al., 2006). Because most pathogenic Gram-
negative species are motile, production of extracellular
polysaccharides may not be necessary for their sur-
vival in natural environments. In motile Pseudomonas,
the survival rates of species during storage were not
related to pathogenesis. The survival rate of P. chloro-
raphis, one of two species that forms levan from su-
crose, decreased faster than those of other
Pseudomonas species; this finding suggests that the
presence of extracellular polysaccharides decreases
the survival rate during storage of freeze-dried bacte-
ria.

By retaining water in the cells, extracellular polysac-
charides help bacteria to survive in desiccant environ-
ments (Billi and Potts, 2002; Potts, 1994; Schnider-
Keel et al., 2001). Soil bacteria such as Pseudomonas
spp. and B. subtilis produce extracellular polysaccha-
rides when proliferating in dry environments (Hamon
and Lazazzera, 2001; Roberson and Firestone, 1992),
and Streptococcus and Lactobacillus strains that pro-
duce extracellular polysaccharides increase the mois-
ture levels of cheese (Low et al., 1998; Petersen et al.,
2000; Vuyst and Degeest, 1999). Teichoic acid mole-
cules on the cell wall surface are more exposed and
hold more water than those in the cell membrane.
Thus, species that have teichoic acids within the cell
membrane are better able to withstand freeze-drying
and have better survival rates during storage. The di-
rect influence of extracellular polysaccharides or tei-
choic acid on the survival of freeze-dried bacteria
should be examined further.
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3. Survival during storage is related to the presence
of lipopolysaccharides

Freeze-dried Gram-negative bacteria generally had
lower survival rates during storage than did freeze-
dried Gram-positive bacteria. Among species of Gram-
positive bacteria, those with extracellular polysaccha-
rides or teichoic acids showed lower survival rates
than other species. Analogous to polysaccharides and
teichoic acids, lipopolysaccharides are held by rela-
tively weak bonds in the outer membrane of Gram-
negative bacteria, with hydrophilic polysaccharide
chains outermost. The outermost polysaccharide re-
gion of lipopolysaccharides may prevent the removal
of water molecules during the process of the freeze-
drying. Most Gram-negative bacteria have lipopolysac-
charides on their surfaces; these lipopolysaccharides
may trap water molecules in the storage ampoules,
causing a decrease in survival rates during long-term
storage. Those Gram-negative species with extracellu-
lar polysaccharides in addition to lipopolysaccharides
would retain even more water molecules, and their
survival rates would be lower than those of species
having only lipopolysaccharides on the cell wall. Some
strains of Rhizobium etli (Carlson et al., 1995), Neisse-
ria gonorrhoeae (Crooke et al., 1998), and Helicobac-
ter pylori (Merkx-Jacques et al., 2004) are reported to
have lost the ability to synthesize lipopolysaccharides.
These strains without lipopolysaccharide should be
studied in future to determine whether or not they have
stable survival during storage.

4. Improving the survival of freeze-dried bacteria dur-
ing storage

Reports of residual moisture in freeze-dried am-
poules (Greiff, 1971; Podolsky and Konstantinov,
1980; Seligmann and Farber, 1971) suggest that there
is residual air containing water molecules, even in am-
poules sealed under vacuum. The water molecules
may become trapped in extracellular polysaccharides
around the dried cell wall and injure the cell during
storage. Complete desiccation is thought to be impor-
tant for the survival of freeze-dried cells.

All the bacterial species studied here were freeze-
dried and stored under the same conditions, but sur-
vival rates during storage varied among species. To
improve the survival of freeze-dried bacteria during
storage, we suggest three strategies: reducing the
number of water molecules in an ampoule, reducing
the activity of the water molecules, and preventing
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bacterial cells from trapping water molecules.

To reduce the number of water molecules in an am-
poule, bacteria should be prepared under dry condi-
tions and completely freeze-dried. Ampoules should
be sealed under as high a vacuum as possible, which
will depend on the capacity of the vacuum pump used
and the strength of the glass ampoules.

To reduce the activity of water molecules, ampoules
should be stored at low temperature. Freeze-dried
bacteria stored at lower than —20°C show better sur-
vival rates than those stored at 4°C (Gu et al., 2001),
and vacuum-dried specimens stored at 5°C show bet-
ter survival than those stored at 37°C (liima and
Sakane, 1973; Sakane and Kuroshima, 1997). The ac-
tivity of water molecules is reduced at low tempera-
tures and reduced more by freezing. In this research,
freeze-dried bacteria were stored at 5°C, allowing
water molecules in the ampoules to be somewhat ac-
tive during the years of storage and likely decreasing
bacterial survival as a result.

To prevent bacterial cells from trapping water mole-
cules, a desiccant should be added to the ampoule. A
double ampoule within desiccant prepared by the
American Type Culture Collection (ATCC) is ideal.
When vacuum-drying is used, with a cotton wool plug
in the ampoule, the plug functions as a desiccant to
improve the survival of the specimen (lijima and
Sakane, 1973). In addition, because extracellular poly-
saccharides and teichoic acids trap water molecules,
ways of inhibiting the formation of those substances
should be examined. The marine bacterium Pela-
giobacter sp. shows higher survival rates when cells
are washed with seawater before vacuum-drying (Ka-
tsuta and Kasai, 2003), suggesting that polysaccha-
rides around the cells might be removed physically.
Because Lactobacillus rhamnosus hydrolyzes extra-
cellular polysaccharide by glycohydrolase (Pham et
al., 2000), enzymatic removal of those substances
might be possible. The production of extracellular tei-
choic acids by Lactobacillus salivarius and Staphylo-
coccus aureus is controlled by the addition of Tween
80 in the media used, or by the use of aero-anaerobic
conditions (Jacques et al., 1980; Sadovskaya et al.,
2005). Thus, to improve the survival rates during stor-
age of these species when freeze-dried, future studies
should examine which culture conditions suppress the
production of polysaccharides and teichoic acids.

Although extracellular polysaccharides and teichoic
acid are important for bacterial pathogenesis and sur-
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vival in desiccated environments, these compounds
may negatively affect the survival of freeze-dried cells.

Acknowledgments

This study was done as part of the official duties
started by Dr. J. Ohyama and taken over by Dr. S.
Kawamura, Ms. Y. Murakami, and many others. We
are thankful to Dr. T. Sakane at IFO for his guidance
on vacuum-drying, and to Mr. K. Kimura for his guid-
ance on freeze-drying. We are very thankful to Ms. F.
Nozawa, Ms. H. Numata, and the many coworkers
who participated in the prior business of the laboratory
for their technical assistance. This study was based on
their careful work and accurate tests, which have con-
tinued for 30 years.

References

Abadias, M., Teixido, N., Usall, J., Benabarre, A., and Vinas, |.
(2001) Viability, efficacy, and storage stability of freeze-
dried biocontrol agent Candida sake using different protec-
tive and rehydration media. J. Food Prot., 64, 856—-861.

Alberts, B., Bray, D., Lewis, J., Raff, M., Roberts, K., and War-
son, J. D. (1994) Molecular Biology of the Cell, 3rd ed.,
Garland Publishing, New York, 1294 pp. +23, 44 p.

Antheunisse, J. (1973) Viability of lyophilized microorganisms
after storage. Antonie van Leeuwenhoek, 39, 243—-248.

Baumann, P., Furniss, A. L., and Lee, J. V. (1984) Genus |. Vib-
rio Pacini 1854, 4112, In Bergey’s Manual of Systematic
Bacteriology, Vol. 1, ed. by Krieg, N. R. and Holt, J. G.,
Williams & Wilkins, Baltimore, pp. 518-538.

Beveridge, T. J. (1999) Structure of Gram-negative cell walls
and their derived membrane vesicles. J. Bacteriol., 181,
4725-4733.

Billi, D. and Potts, M. (2002) Life and death of dried prokary-
otes. Res. Microbiol., 153, 7-12.

Birdsell, D. C., Doyle, R. J., and Morgenstern, M. (1975) Orga-
nization of teichoic acid in the cell wall of Bacillus subtilis.
J. Bacteriol., 121, 726-734.

Boos, W., Ehmann, U., Forkl, H., Klein, W., Rimmele, M., and
Postma, P. (1990) Trehalose transport and metabolism in
Escherichia coli. J. Bacteriol., 172, 3450-3461.

Brennan, M., Wanismail, B., and Ray, B. (1986) Cellular dam-
age in dried Lactobacillus acidophilus. J. Food Prot., 49,
47-53.

Brenner, D. J. (1984) Family |. Enterobacteriaceae Rahn 1937.
In Bergey’s Manual of Systematic Bacteriology, Vol. 1, ed.
by Krieg, N. R. and Holt, J. G., Williams & Wilkins, Balti-
more, pp. 408—420.

Calvio, C., Celandroni, F., Ghelardi, E., Amati, G., Salvetti, S.,
Ceciliani, F., Galizzi, A., and Senesi, S. (2005) Swarming
differentiation and swimming motility in Bacillus subtilis are



22 MIYAMOTO-SHINOHARA et al.

controlled by swrA, a newly identified dicistronic operon. J.
Bacteriol., 187, 5356-5366.

Carlson, R. W., Reuhs, B., Chen, T. B., Bhat, U. R., and Noel,
K. D. (1995) Lipopolysaccharide core structures in Rhizo-
bium etli and mutants deficient in O-antigen. J. Biol. Chem.,
270, 11783—-11788.

Claus, D. and Berkely, R. C. W. (1984) Genus Bacillus Cohn
1872, 174", In Bergey’s Manual of Systematic Bacteriol-
ogy, Vol. 2, ed. by Sneath, P. H. A., Mair, N. S., Sharpe, M.
E., and Holt, J. G., Wiliams & Wilkins, Baltimore, pp.
1105-1139.

Collins, M. D. and Cummins, C. S. (1984) Genus Corynebac-
terium Lehmann and Neumann 1896, 350*. In Bergey’s
Manual of Systematic Bacteriology, Vol. 2, ed. by Sneath,
P. H. A., Mair, N. S., Sharpe, M. E., and Holt, J. G.,
Williams & Wilkins, Baltimore, pp. 1266—1283.

Colman, G. and Ball, L. C. (1984) Identification of Streptococci
in a medical laboratory. J. Appl. Bacteriol., 57, 1-14.

Conrad, P. B., Miller, D. P., Cielenski, P. R., and de Pablo, J. J.
(2000) Stabilization and preservation of Lactobacillus aci-
dophilus in saccharide matrices. Cryobiology, 41, 17-24.

Cooper, G. M. (2000) The Cell: A Molecular Approach, 2nd ed.,
Sinauer Associates, Inc., Sunderland, 689 pp.

Costa, E., Usall, J., Teixido, N., Garcia, N., and Vinas, I. (2000)
Effect of protective agents, rehydration media and initial
cell concentration on viability of Pantoea agglomerans
strain CPA-2 subjected to freeze-drying. J. Appl. Microbiol.,
89, 793-800.

Crooke, H., Griffiss, J. M., John, C. M., Lissenden, S., Bramley,
J., Regan, T., Smith, H., and Cole, J. (1998) Characteriza-
tion of a sialyltransferase-deficient mutant of Neisseria gon-
orrhoeae strain F62: Instability of transposon Tn1545
delta3 in gonococci and evidence that multiple genetic loci
are essential for lipooligosaccharide sialylation. Microb.
Pathog., 25, 237-252.

Crowe, J. H., Hoekstra, F. A., and Crowe, L. M. (1992) Anhydro-
biosis. Annu. Rev. Physiol., 54, 579-599.

Deere, D., Shen, J., Vesey, G., Bell, P., Bissinger, P., and Veal,
D. (1998) Flow cytometry and cell sorting for yeast viability
assessment and cell selection. Yeast, 14, 147-160.

Doyle, R. J., McDannel, M. L., Helman, J. R., and Streips, U. N.
(1975) Distribution of teichoic acid in the cell wall of Bacil-
lus subtilis. J. Bacteriol., 122, 152—158.

Elder, J. H. and Alexander, S. (1982) End-B-N-acetylglu-
cosaminidase F: Endoglycosidase from Flavobacterium
meningosepticum that cleaves both high-mannose and
complex glycoproteins. Proc. Natl. Acad. Sci. USA, 79,
4540-4544.

Ezaki, T. and Kawamura, Y. (2001) Manual for Handling and
Identification of Pathogens, 1st ed., The Japanese Society
for Clinical Microbiology, Gifu, 129 pp. (in Japanese).

Fairhead, H., Setlow, B., Waites, W. M., and Setlow, P. (1994)
Small acid-soluble proteins bound to DNA protect Bacillus
subtilis spores from being killed by freeze-drying. Appl. En-
viron. Microbiol., 60, 2647—2649.

Vol. 54

Graham, L. L. and Beveridge, T. J. (1994) Structural differentia-
tion of the Bacillus subtilis 168 cell wall. J. Bacteriol., 176,
1413-1421.

Greiff, D. (1971) Protein structure and freeze-drying: The effects
of residual moisture and gases. Cryobiology, 8, 145-152.

Gu, M. B., Choi, S. H., and Kim, S. W. (2001) Some observa-
tions in freeze-drying of recombinant bioluminescent Esch-
erichia coli for toxicity monitoring. J. Biotechnol., 88,
95-105.

Gupta, R. S. (2002) Phylogeny of bacteria: Are we now close to
understanding it? ASM News, 68, 284—291.

Haisman, R. J. and Jenkinson, H. F. (1991) Mutants of Strepto-
coccus gordonii Challis overproducing glucosyltransferase.
J. Gen. Microbiol., 137, 483-489.

Hamon, M. A. and Lazazzera, B. A. (2001) The sporulation
transcription factor SpoOA is required for biofiim develop-
ment in Bacillus subtilis. Mol. Microbiol., 42, 1199-1209.

Hardie, J. M. (1984) Genus Streptococcus Rosenbach 1884,
221 In Bergey’s Manual of Systematic Bacteriology, Vol. 2,
ed. by Sneath, P. H. A., Mair, N. S., Sharpe, M. E., and
Holt, J. G., Williams & Wilkins, Baltimore, pp. 1043—-1071.

Hino, A., Mihara, K., Nakashima, K., and Takano, H. (1990) Tre-
halose levels and survival ratio of freeze-tolerant versus
freeze-sensitive yeasts. Appl. Environ. Microbiol., 56,
1386-1391.

Holmes, B., Owen, R. J., and McMeekin, T. A. (1984) Genus
Flavobacterium Bergey, Harrison, Breed, Hammer and
Huntoon 1923, 972, In Bergey’s Manual of Systematic
Bacteriology, Vol. 1, ed. by Krieg, N. R. and Holt, J. G.,
Williams & Wilkins, Baltimore, pp. 353—-361.

Holt, J. G., Krieg, N. R., Sneath, P. H. A., Staley, J. T., and
Williams, S. T. (1994) Bergey’s Manual of Determinative
Bacteriology, 9th ed., Williams & Wilkins, Baltimore, 787 pp.

lijima, T. and Sakane, T. (1973) A method for preservation of
bacteria and bacteriophages by drying in vacuo. Cryobiol-
ogy, 10, 379-385.

Israeli, E., Giberman, E., and Kohn, A. (1974) Membrane mal-
functions in freeze-dried Escherichia coli. Cryobiology, 11,
473-477.

Israeli, E., Kohn, A., and Gitelman, J. (1975) The molecular na-
ture of damage by oxygen to freeze-dried Escherichia coli.
Cryobiology, 12, 15-25.

Israeli, E., Shaffer, B. T., and Lighthart, B. (1993) Protection of
freeze-dried Escherichia coli by trehalose upon exposure to
environmental conditions. Cryobiology, 30, 519-523.

Jacques, N. A, Hardy, L., Knox, K. W., and Wicken, A. J. (1980)
Effect of Tween 80 on the morphology and physiology of
Lactobacillus salivarius strain IV CL-37 grown in a chemo-
stat under glucose limitation. J. Gen. Microbiol. 119,
195-201.

Jones, K. and Bradshaw, S. B. (1996) Biofilm formation by the
Enterobacteriaceae: A comparison between Salmonella
enteritidis, Escherichia coli and a nitrogen-fixing strain of
Klebsiella pneumoniae. J. Appl. Bacteriol., 80, 458—464.

Kandler, O. and Weiss, N. (1984) Genus Lactobacillus Beijer-



2008

inck 1901, 212", In Bergey’s Manual of Systematic Bacte-
riology, Vol. 2, ed. by Sneath, P. H. A., Mair, N. S., Sharpe,
M. E., and Holt, J. G., Williams & Wilkins, Baltimore, pp.
1209-1234.

Katsuta, A. and Kasai, H. (2003) Japan Society for Culture Col-
lections. Abstr. 10th Gen. Meet., 8 (in Japanese).

Kawamura, S., Murakami, Y., Miyamoto, Y., and Kimura, K.
(1995) Freeze-drying of yeast. In Cryopreservation and
Freeze-Drying Protocols, ed. by Day, J. G. and McLellan,
M. R., Humana Press, Totowa, NJ, pp. 31-37.

Knox, K. W. and Wicken, A. J. (1973) Immunological properties
of teichoic acids. Bacteriol. Rev., 37, 215-257.

Krieg, N. R. and Holt, J. G. (1984) Bergey’s Manual of System-
atic Bacteriology, Vol. 1, Williams & Wilkins, Baltimore, 964
pp.

Lapage, S. P, Shelton, J. E., Mitchell, T. G., and Mackenzie, A.
R. (1970) Culture collections and the preservation of bacte-
ria. In Methods in Microbiology, Vol. 3A, ed. by Norris, J. R.
and Ribbons, D. M., Academic Press, New York, pp.
135-228.

Leslie, S. B., Israeli, E., Lighthart, B., Crow, J. H., and Crowe, L.
M. (1995) Trehalose and sucrose protect both membranes
and proteins in intact bacteria during drying. Appl. Environ.
Microbiol., 61, 3592—-3597.

Lodish, H., Berk, A., Zipursky, L. S., Matsudaira, P., Baltimore,
D., and Darnell, J. (2000) Molecular Cell Biology, 4th ed.,
W. H. Freeman and Co., New York, 1084 pp. +17, 36 p.

Low, D., Ahigren, J. A., Horne, D., McMahon, D. J., Oberg, C.
J., and Broadbent, J. R. (1998) Role of Streptococcus ther-
mophilus MR-1C capsular exopolysaccharide in cheese
moisture retention. Appl. Environ.  Microbiol., 64,
2147-2151.

Matsushita, K., Fujimaki, W., Kato, H., Uchiyama, T., Igarashi,
H., Ohkuni, H., Nagaoka, S., Kawagoe, M., Kotani, S., and
Takada, H. (1995) Immunopathological activities of extra-
cellular products of Streptococcus mitis, particularly a su-
perantigenic fraction. Infect. Immun., 63, 785—793.

Merkx-Jacques, A., Obhi, R. K., Bethune, G., and Creuzenet, C.
(2004) The Helicobacter pylori flaA1 and wbpB genes con-
trol lipopolysaccharide and flagellum synthesis and func-
tion. J. Bacteriol., 186, 2253-2265.

Miyamoto-Shinohara, Y., Imaizumi, T., Sukenobe, J., Murakami,
Y., Kawamura, S., and Komatsu, Y. (2000) Survival rate of
microbes after freeze-drying and long-term storage. Cryobi-
ology, 41, 251-255.

Miyamoto-Shinohara, Y., Sukenobe, J., Imaizumi, T., and Naka-
hara, T. (2006) Survival curves of freeze-dried and stored
microbial species. Cryobiology, 52, 27-32.

Neuhaus, F. C. and Baddiley, J. (2003) A continuum of anionic
charge: Structures and functions of D-alanyl-teichoic acids
in Gram-positive bacteria. Microbiol. Mol. Biol. Rev., 67,
686—723.

Orskov, |. (1984) Genus V. Klebsiella Trevisan 1885, 105", In
Bergey’s Manual of Systematic Bacteriology, Vol. 1, ed. by
Krieg, N. R. and Holt, J. G., Williams & Wilkins, Baltimore,

Survival of freeze-dried bacteria 23

pp. 461-465.

Palleroni, N. J. (1984) Genus |. Pseudomonas Migula, 237", In
Bergey’s Manual of Systematic Bacteriology, Vol. 1, ed. by
Krieg, N. R. and Holt, J. G., Williams & Wilkins, Baltimore,
pp. 141-199.

Pembrey, R. S., Marshall, K. C., and Schneider, R. P. (1999)
Cell surface analysis techniques: What do cell preparation
protocols do to cell surface properties? Appl. Environ. Mi-
crobiol., 65, 2877—2894.

Petersen, B. L., Dave, R. I., McMahon, D. J., Oberg, C. J., and
Broadbent, J. R. (2000) Influence of capsular and ropy ex-
opolysaccharide-producing Streptococcus thermophilus on
mozzarella cheese and cheese whey. J. Dairy Sci., 83,
1952-1956.

Pham, P. L., Dupont, I., Roy, D., Lapointe, G., and Cerning, J.
(2000) Production of exopolysaccharide by Lactobacillus
rhamnosus R and analysis of its enzymatic degradation
during prolonged fermentation. Appl. Environ. Microbiol.,
66, 2302-2310.

Phytopathological Society of Japan (2000) Common Names of
Plant Diseases in Japan, 1st ed., Plant Protection Associa-
tion, Tokyo, 857 pp. (in Japanese).

Plummer, T. H., Tarentino, A. L., and Hauer, C. R. (1991) Purifi-
cation of oligosaccharide-cleaving enzymes of Flavobac-
terium meningosepticum. Glycobiology, 1, 257—263.

Podolsky, M. V. and Konstantinov, J. A. (1980) A study of the
final period of freeze-drying and determination of residual
moisture of dry biological materials. Cryobiology, 17,
585-588.

Popoff, M. (1984) Genus Ill. Aeromonas Kluyver and van Niel
1936, 398"-. In Bergey’s Manual of Systematic Bacteriol-
ogy, Vol. 1, ed. by Krieg, N. R. and Holt, J. G., Williams &
Wilkins, Baltimore, pp. 545-548.

Potts, M. (1994) Desiccation tolerance of prokaryotes. Micro-
biol. Rev., 58, 755-805.

Ramsay, B. A., Lomaliza, K., Chavarie, C., Dube, B., Bataille,
P., and Ramsay, J. A. (1990) Production of poly-(B-hydrox-
ybutyric-co-B-hydroxyvaleric) acids. Appl. Environ. Micro-
biol., 56, 2093—-2098.

Roberson, E. B. and Firestone, M. K. (1992) Relationship be-
tween desiccation and exopolysaccharide production in soil
Pseudomonas sp. Appl. Environ. Microbiol., 58, 1284—
1291.

Rudge, R. H. (1991) Maintenance of bacteria by freeze-drying.
In Maintenance of Microorganisms, 2nd ed., ed. by Kirsop,
B. E. and Doyle, A., Academic Press, London, pp. 31—43.

Sadovskaya, |., Vinogradov, E., Flahaut, S., Kogan, G., and
Jabbouri, S. (2005) Extracellular carbohydrate containing
polymers of a model biofilm-producing strain Staphylococ-
cus epidermidis RP62A. Infect. Immun., 73, 3007-3017.

Sakane, T. and Kuroshima, K. (1997) Viabilities of dried cultures
of various bacteria after preservation for over 20 years and
their prediction by accelerated storage test. Microbiol. Cult.
Coll., 13, 1-7.

Salton, M. R. J. and Kim, K.-S. (1996) Structure. In Medical Mi-



24 MIYAMOTO-SHINOHARA et al.

crobiology, 4th ed., ed. by Baron, S., University of Texas
Medical Branch, Galveston, pp. 37-52.

Sampedro, J. G., Guerra, G., Pardo, J. P., and Uribe, S. (1998)
Trehalose-mediated protection of the plasma membrane
H*-ATPase from Kluyveromyces lactis during freeze-drying
and rehydration. Cryobiology, 37, 131-138.

Schéar-Zammaretti, P. and Ubbink, J. (2003) The cell wall of lac-
tic acid bacteria: Surface constituents and macromolecular
conformations. Biophys. J., 85, 4076—4092.

Schnider-Keel, U., Lehbolle, K. B., Baehler, E., Haas, D., and
Keel, C. (2001) The sigma factor AlgU (AlgT) controls ex-
opolysaccharide production and tolerance toward desicca-
tion and osmotic stress in the biocontrol agent
Pseudomonas  fluorescens CHAO. Appl.  Environ.
Microbiol., 67, 5683—-5693.

Seligmann, E. B., Jr. and Farber, J. F. (1971) Freeze drying and
residual moisture. Cryobiology, 8, 138—144.

Shapiro, L., McAdams, H. H., and Losick, R. (2002) Generating
and exploiting polarity in bacteria. Science, 298, 1942—
1946.

Sharpe, M. E. (1981) The genus Lactobacillus. In The Prokary-
otes, ed. by Starr, M. P., Stolp, H., Trlper, H., Balows, A.,
and Schlegel, H. G., Springer-Verlag, New York, pp.
1653-1679.

Shinoda, S. and Okamoto, K. (1977) Formation and function of
Vibrio parahaemolyticus lateral flagella. J. Bacteriol., 129,
1266-1271.

Sinskey, T. J., Silverman, G. J., and Goldblith, S. A. (1967) Influ-
ence of platen temperatures and relative humidity during

Vol. 54

storage on the survival of freeze-dried Salmonella ty-
phimurium. Appl. Microbiol., 15, 22-30.

Sneath, P. H. A., Mair, N. S., Sharpe, M. E., and Holt, J. G.
(1984) Bergey’s Manual of Systematic Bacteriology, Vol. 2,
Williams & Wilkins, Baltimore, pp. 965—1599.

Steen, A., Buist, G., Leenhouts, K. J., Khattabi, M. E., Grijpstra,
F., Zomer, A. L., Venema, G., Kuipers, O. P., and Kok, J.
(2003) Cell wall attachment of widely distributed peptido-
glycan binding domain is hindered by cell wall constituents.
J. Biol. Chem., 278, 23874—23881.

Thomson, K. S., McMeekin, T. A., and Thomas, C. J. (1981)
Electron microscopic observation of Flavobacterium
aquatile NCIB 8694 (=ATCC 11947) and Flavobacterium
meningosepticum NCTC 10016 (=ATCC 13253). Int. J.
Syst. Bacteriol., 31, 226-231.

Tsvetkov, T. and Brankova, R. (1983) Viability of micrococci and
lactobacilli upon freezing and freeze-drying in the presence
of different cryoprotectants. Cryobiology, 20, 318-323.

Ventura, M., Callegari, N. L., and Morelli, L. (2000) S-layer gene
as a molecular marker for identification of Lactobacillus hel-
veticus. FEMS Microbiol. Lett., 189, 275-279.

Viana, R., Monedero, V., Dossonnet, V., Vadeboncoeur, C.,
Péres-Martinez, G., and Deutscher, J. (2000) Enzyme | and
HPr from Lactobacillus casei: Their role in sugar transport,
carbon catabolite repression and inducer exclusion. Mol.
Microbiol., 36, 570-584.

Vuyst, L. D. and Degeest, B. (1999) Heteropolysaccharides
from lactic acid bacteria. FEMS Microbiol. Rev., 23,
153-177.



