JOURNAL OF BACTERIOLOGY, Apr. 1999, p. 2624-2630
0021-9193/99/$04.00+0

Vol. 181, No. 8

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Correlation of 16S Ribosomal DNA Signature Sequences with
Temperature-Dependent Growth Rates of Mesophilic and
Psychrotolerant Strains of the Bacillus cereus Group

BIRGIT M. PRUB, KEVIN P. FRANCIS, FELIX voN STETTEN,
AND SIEGFRIED SCHERER*

Institut fiir Mikrobiologie, FML Weihenstephan, Technische Universitit Miinchen,
D-85350 Freising, Germany

Received 12 November 1998/Accepted 3 February 1999

Sequences of the 16S ribosomal DNA (rDNA) from psychrotolerant and mesophilic strains of the Bacillus
cereus group revealed signatures which were specific for these two thermal groups of bacteria. Further analysis
of the genomic DNA from a wide range of food and soil isolates showed that B. cereus group strains have
between 6 and 10 copies of 16S rDNA. Moreover, a number of these environmental strains have both rDNA
operons with psychrotolerant signatures and rDNA operons with mesophilic signatures. The ability of these
isolates to grow at low temperatures correlates with the prevalence of rDNA operons with psychrotolerant
signatures, indicating specific nucleotides within the 16S rRNA to play a role in psychrotolerance.

The cold shock response of Escherichia coli and Bacillus
subtilis has been studied in some detail (for reviews see refer-
ences 11, 18, and 39). It includes the induction of a number of
cold shock proteins (13), among which are small acidic RNA-
and DNA-binding proteins (12, 22, 24). Far less is known about
the adaptation of bacteria to growth at low temperatures. To
understand the physiological and molecular bases of psychro-
tolerance, a large number of strains of the Bacillus cereus group
which differ mainly in their ability to grow at low temperatures
(25, 26) have been investigated. The comparison of more than
20 mesophilic B. cereus and Bacillus thuringiensis strains, as
well as psychrotolerant B. cereus and Bacillus mycoides strains
revealed sequence differences in the 16S ribosomal DNA
(rDNA), 23S rDNA, the 16S-23S rDNA spacer region, and the
major cold shock protein CspA. A new psychrotolerant species
of the B. cereus group, Bacillus weihenstephanensis, was there-
fore proposed (21). This new species can be distinguished from
the mesophilic B. cereus by PCR assays directed against the
major cold shock protein CspA (9) or the 16S rDNA (36).

Among the physiological differences found between meso-
philic B. cereus and psychrotolerant B. weihenstephanensis was
an improved protein synthesis of the psychrotolerant isolate at
low temperature. The incorporation of L-[**S]methionine into
protein was higher in B. weihenstephanensis when cold shocked
to 7 or 12°C. The response occurred quickly after the cold
shock. It was concluded that the improved protein synthesis
was not a cold shock response but rather a constitutive ability
of the psychrotolerant strain (20).

This ability may be due to a different structure of the ribo-
some. Therefore, the 16S rDNA sequences of 18 mesophilic B.
cereus and B. thuringiensis strains and 9 psychrotolerant B.
weihenstephanensis and B. mycoides strains were compared (for
accession numbers for EMBL, see reference 21). The sequences
revealed a very high degree of identity. Single base pair sub-
stitutions were randomly distributed over the gene. The most
obvious difference (Table 1) was one signature that was char-
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acteristic for mesophilic B. cereus and B. thuringiensis (AACA
TTTTGAACCGCATGGTTC) and for psychrotolerant B.
weihenstephanensis and B. mycoides (AATATTTTGAACTGC
ATAGTTC). This signature was located at bp 180 to 192
according to the E. coli nomenclature (2, 3, 8) and at bp 180 to
201 according to the B. cereus nomenclature (1). The differ-
ence between the two nomenclatures is due to the gapped
alignment. All of the substitutions are transitions from C and
G (mesophilic) to T and A (psychrotolerant). Three of the
examined B. thuringiensis strains possessed a C-to-T transition
at position 2 of the signature.

The signatures were used to develop a rapid PCR assay to
discriminate between mesophilic and psychrotolerant strains
(36). During the development of this assay, a primer combi-
nation that yielded exclusively a psychrotolerant signal for the
psychrotolerant strains was found. However, some of the me-
sophilic strains showed both the mesophilic and the psychro-
tolerant signal. The occurrence of these two signals can be
explained by the coexistence of unknown numbers of meso-
philic and psychrotolerant 16S rDNA copies within a single
organism. In this study, the proportion of mesophilic and psy-
chrotolerant signatures of these intermediate strains was de-
termined, and a correlation with growth at extreme tempera-
tures was established.

Isolation of individual bacterial cells. First, individual colo-
nies were obtained by serial dilutions. However, due to hydro-
phobic interactions on the surfaces of the bacteria, cells some-
times stick together. A second approach was applied in order
to exclude the possibility that the occurrence of the interme-
diate strains was a result of coisolated, mixed bacterial strains.
Individual cells were isolated from four intermediate strains
with a micromanipulator (10). These bacteria were grown to
colonies, and the chromosomal DNA was isolated from five
different colonies of each strain. The PCR assay (36) was
repeated with these isolates. The PCR fragments from each of
the isolates looked identical to the strain from which it was
derived (data not shown). This indicates that the mixed pat-
terns did not result from a mixed bacterial culture.

Psychrotolerance index as determined by restriction digest
of rDNA. The signature of the psychrotolerant strain, AATA
TTTTGAACTGCATAGTTC, contains an Sspl site. This re-
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TABLE 1. Bacterial strains and 16S rDNA sequences used in this study
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Species and/or strain” Origin® Phenotype® Signature (180-192)° resfg;];;se?;)d
E. coli Mesophilic AACGT------- CGCABA--C 2,3,8
B. subtilis Mesophilic GTTGTTT-GAACGCATSGTTC 14
B. cereus

WSBC10027 Weihenstephan, Germany; pasteurized milk Mesophilic AACATTTTGAACGCATSGTTC 21

WSBC10028 Weihenstephan, Germany; pasteurized milk Mesophilic KK RRRAARAAR *okkkk ok Sk 21

WSBC10030 Weihenstephan, Germany; pasteurized milk Mesophilic Rk dkkkkxck ok ok 21

WSBC10032 Weihenstephan, Germany; pasteurized milk Mesophilic Fh K RRRRRRAAK *okkkk ok Sk 21

WSBC10033 Weihenstephan, Germany; pasteurized milk Mesophilic Rk dkkkkkck ok dokkek 21

WSBC10034 Weihenstephan, Germany; pasteurized milk Mesophilic il *okkkk ok Sk 21

WSBC10035 Weihenstephan, Germany; pasteurized milk Mesophilic Rk dkkkkkck ok ek 21

WSBC10037 Weihenstephan, Germany; pasteurized milk Mesophilic I K RRRRARAAK *okkkk ok Sk 21

ATCC27877 ATCC Mesophilic kK dkkklkokek K lkk ok sk 21

IAM12605 N'D. *%k Kk kkkkkkkkk * kkkk Kk kkkk 32

NCTC11143 N.D. *k Kk kkkkkkkkk * kkkk * kkkk 1

WSBC10312 Thailand; kurkuma root Mesophilic N.D. 36
B. weihenstephanensis

WSBC10201 Weihenstephan, Germany; pasteurized milk Psychrotolerant el Reicaiaioioied B R 21

WSBC10204T Weihenstephan, Germany; pasteurized milk Psychrotolerant il i Tkkk AR 21

WSBC10205 Weihenstephan, Germany; pasteurized milk Psychrotolerant el Reicaiaioioied TRk ARk 21

WSBC10206 Weihenstephan, Germany; pasteurized milk Psychrotolerant il R Txkk - AR 21

WSBC10207 Weihenstephan, Germany; pasteurized milk Psychrotolerant il Reciaioioie TRk [Rx 21

WSBC10210 Weihenstephan, Germany; pasteurized milk Psychrotolerant il i Txrk - AR 21

WSBC10311 Weihenstephan, Germany; soil Psychrotolerant N.D. 36
B. mycoides

WSBC10276 Weihenstephan, Germany; pasteurized milk Psychrotolerant il i Txrk - AR 21

WSBC10279 Weihenstephan, Germany; pasteurized milk Psychrotolerant el Reicaiaioioie TRk Rk 21

WS26417 DSM2048 Psychrotolerant o Tekkiokkk ke [k 21
B. thuringiensis

WS2614 HERI1211 Mesophilic AACATTTTGAACGCATSGTTC 21

WS2617 HER1232 Mesophilic K dkiiokkk kol ok ek 21

WS2618 HER1233 Mesophilic kK dkkklokokiek K kkk ok stk 21

WS2625 HER1387 Mesophilic K kkiiokkk TRk ok ek 21

WS2626 HER1404 Mesophilic kK dkkkkokiek K lkk ok stk 21

WS2627 HER1410 Mesophilic N.D. Ackermann

WS2629 HER1418 Mesophilic N.D. Ackermann

IAM12077 N'D. *%k Kk kkkkkkkkk T**** * kkkk 32

NCIMB9134 N.D. *k Kk kkkkkkkkk T**** * kkkk 1
B. anthracis “Sterne” Mesophilic Rk dkkkkkck ok dokkek 1
Other strains

WSBC10246 (S38/21) Copenhagen, Denmark; soil Mesophilic N.D. 6

WSBC10250 (S38/25) Copenhagen, Denmark; soil Mesophilic N.D. 6

WSBC10313 (3) Kiel, Germany; milk powder Mesophilic N.D. 38

WSBC10314 (4) Kiel, Germany; milk powder Mesophilic N.D. 38

WSBC10315 (6) Kiel, Germany; milk powder Psychrotolerant N.D. 38

WSBC10316 (46) Kiel, Germany; milk powder Mesophilic N.D. 38

WSBC10310 Weihenstephan, Germany; soil Mesophilic N.D. 36

WSBC10297 Weihenstephan, Germany; soil Psychrotolerant N.D. 36

“ DSM, Deutsche Sammlung fiir Mikroorganismen und Zellkulturen, Braunschweig, Germany; ATCC, American Type Culture Collection, Rockville, Md.; HER,
Centre de référence pour virus bactériens, Felix d’Herbelle Université Laval, H.-W. Ackermann, Quebec, Canada; WS, Weihenstephan Collection, Institute of
Microbiology, FML Weihenstephan, Freising, Germany; WSBC, Weihenstephan Bacillus cereus Collection, Institute of Microbiology, FML Weihenstephan, Freising,

Germany.

b Psychrotolerant strains are able to grow at and below 7°C (27). N.D., not determined.
¢ According to the E. coli nomenclature (2, 3, 8). According to the B. cereus nomenclature (1), the signature is located at bp 180 to 201. Letters in boldface are the
signature bases. N.D., not determined.
@ References are given for the accession numbers of 16S rDNA sequences if sequences are available. In all other cases, the reference for the strain is given.

striction site includes the first signature base T. The mesophilic

strains possess a C at this position and, therefore, do not

contain this restriction site in their 16S rDNA signatures.
Chromosomal DNA was isolated from mesophilic, interme-

diate, and psychrotolerant strains. A PCR was performed (2
mM MgCl,, 50 pmol of each primer, 0.2 mM concentrations of
each dNTP, 1 U of Taq polymerase) (30 cycles of 95°C for 15s,
55°C for 30 s, and 72°C for 30 s) using 5'-GTC GAG CGA
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FIG. 1. Restriction digests at the psychrotolerance signature. Chromosomal DNA was isolated. A PCR was performed using 5'-GTC GAG CGA ATG GAT TAA
G-3' as the forward primer and 5'-GCT GCT GGC ACG TAG TTA-3' as the reverse primer. The PCR products were digested with SspI and separated on an agarose
gel. The experiment was done twice, and one of the identical experiments is presented. Lanes: M, molecular weight standard, 100-bp ladder; 1, WSBC10028; 2,
WSBC10030; 3, WSBC10312; 4, WSBC10250; 5, WSBC10246; 6, WSBC10316; 7, HER1418; 8, HER1410; 9, WSBC10310; 10, WSBC10313; 11, WSBC10314; 12,
WSBC10315; 13, WSBC10297; 14, WSBC10311; 15, WSBC10201; 16, WSBC10204; 17, WSBC10206; 18, WSBC10276; 19, WSBC10279.

ATG GAT TAA G-3' as the forward primer and 5'-GCT GCT
GGC ACG TAG TTA-3' as the reverse primer. This PCR
yielded a 473-bp fragment extending from bp 61 to 534 (B.
cereus nomenclature) and containing the signature. The PCR
products were digested with Sspl and separated on a 1.5%
agarose gel. The agarose gel was scanned, and the intensity of
the bands was measured with the Imagemaster 1D software
package from Pharmacia Biotech (Braunschweig, Germany).
This method allowed the estimation of the fraction of rDNA
operons carrying mesophilic or psychrotolerant signatures
(psychrotolerance index).

Figure 1 shows the restriction patterns of the Sspl digests of
the signature. The mesophilic strains (lanes 1 to 3) show the
uncleaved 473-bp PCR product. The psychrotolerant strains
(lanes 14 to 19) show the two cleavage products of the Sspl
restriction digest at 351 and 122 bp but not the uncleaved
473-bp PCR product. The remaining intermediate strains show
all three bands. Strain WSBC10250 (lane 4) has a mesophilic
band 6.6 times more intense than the psychrotolerant band,
strain WSBC10316 (lane 6) has a mesophilic band 4 times more
intense, and strains WSBC10246, HER1418, and HER1410
(lanes 5, 7, and 8) have a mesophilic band 3 times more intense.
Strains  WSBC10310, WSBC10313, WSBC10314, and
WSBC10315 (lanes 9, 10, 11, and 12) show the mesophilic and
the psychrotolerant bands at identical intensities, and strain
WSBC10297 (lane 13) shows a psychrotolerant band 2.3 times
more intense. We conclude from these data that intermediate
strains have different percentages of rDNA operons with a
psychrotolerant signature.

Psychrotolerance index as determined by inverse PCR and
Southern hybridization. Chromosomal DNA was digested with
Hhal, whose restriction site is located 394 bp downstream of
the last signature base, and self-ligated. An inverse PCR was
performed (2 mM MgCl,, 50 pmol of each primer, 0.2 mM
concentrations of each dNTP, 1 U of Tag polymerase) (35
cycles of 95°C for 15 s, 55°C for 60 s, and 72°C for 180 s) using
the universal primers 5'-GGT GAG GTA ACG GCT CA-3’
and 5'-GGG TCC ATC CAT AAG TGA-3'. The binding site

for these primers is located between the Hhal site and the
signature (21). The PCR products were separated on an aga-
rose gel. Due to the close proximity of the restriction site to the
signature, every band on the gel corresponds to one individual
operon, the smallest band possible being 591 bp. The frag-
ments were blotted onto nitrocellulose. A Southern analysis
(29) was performed using DIG-labelled oligonucleotide probes
directed against the psychrotolerant (GAT AAT ATT TTG
AACTGC ATA G) and the mesophilic (GAT AACATT TTG
AAC CGC ATG G) signature. Another probe from 16S rDNA
was derived by PCR. This probe recognized a 211-bp region
from 323 to 534 (B. cereus nomenclature) that was identical in
all the 16S rDNA sequences. This probe was used to determine
the total number of 16S rDNA operons.

Figure 2 shows the Southern blots of the inverse PCR of
selected strains. Among the members of the B. cereus group we
detected between 6 and 10 copies of 16S rDNA. The PCR
products of the mesophilic strain WSBC10028 (lane 1) reacted
only with the mesophilic probe. The PCR products of the
psychrotolerant strains WSBC10311 (lane 9) and WSBC10204
(lane 10) reacted only with the psychrotolerant probe. The
same was true for the mesophilic B. cereus (WSBC10030 and
WSBC10312) and the psychrotolerant B. weihenstephanensis
(WSBC10201 and WSBC10206) and B. mycoides (WSBC10276
and WSBC10279) strains not shown in Fig. 2. The control
experiment with the nonspecific 16S rDNA probe showed that
all the bands that hybridized with the nonspecific IDNA probe
also reacted with either the mesophilic or the psychrotolerant
probe (data not shown).

The remaining strains yielded mixed patterns. WSBC10250
(lane 2) reacted predominantly with the mesophilic probe but
also slightly with the psychrotolerant probe. WSBC10246 (lane
3) and WSBC10316 (lane 4) showed one strong psychrotoler-
ant band, several weak psychrotolerant bands, and numerous
mesophilic bands. B. thuringiensis HER1410 (lane 5) and
WSBC10310 (lane 6) also had only one strong psychrotolerant
band. Two bands reacted predominantly with the mesophilic
probe. Several bands showed up slightly with both probes.
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FIG. 2. Southern blot of inverse PCR fragments. Chromosomal DNA was digested with Hhal and self-ligated. An inverse PCR was performed using 5'-GGT GAG
GTA ACG GCT CA-3' as the forward primer and 5'-GGG TCC ATC CAT AAG TGA-3' as the reverse primer. The PCR products were separated on an agarose
gel and blotted onto nitrocellulase. A Southern analysis using DIG-labelled oligonucleotide probes directed against the psychrotolerant (GAT AAT ATT TTG AAC
TGC ATA G) and the mesophilic (GAT AAC ATT TTG AAC CGC ATG G) signature 1 was performed. The experiment was done two or three times, and one of
the identical experiments is presented. Lanes: 1, WSBC10028; 2, WSBC10250; 3, WSBC10246; 4, WSBC10316; 5, HER1410; 6, WSBC10310; 7, WSBC10314; 8,
WSBC10297; 9, WSBC10311; 10, WSBC10204. Left lane of each pair of blots, psychrotolerant probe; right lane, mesophilic probe.

Three more bands were detected for B. thuringiensis HER1410
with the nonspecific 16S rDNA probe (data not shown) which
were not detectable with either the mesophilic or psychrotol-
erant probe. WSBC10314 (lane 7) possessed six 16S rDNA
copies. One of them hybridized with the psychrotolerant
probe, the other with the mesophilic probe. Two more bands
hybridized weakly with the mesophilic probe and two with the
psychrotolerant probe. WSBC10297 (lane 8) showed mostly
psychrotolerant bands. The majority of these also showed up
slightly with the mesophilic probe. Only one band at high
molecular weight hybridized exclusively with the mesophilic
probe.

Comparison of psychrotolerance indices. The intensity of
the bands resulting from the Sspl restriction (Fig. 1) was mea-
sured with the Imagemaster 1D software package. The pro-
portion of the psychrotolerant (351-bp) band was determined
as a percentage of the total PCR product (the 351-bp band plus
the 473-bp band). The proportion of psychrotolerant signa-
tures from the inverse PCR (Fig. 2) was determined as a
percentage of those bands that appeared predominantly with
the psychrotolerant probe. The psychrotolerance index (ex-
pressed as a percentage) as determined by restriction digest
was plotted against the psychrotolerance index as determined
by inverse PCR. Figure 3 shows that the correlation between
the two different approaches to determine the prevalence of
psychrotolerant signatures of the strains is reasonably good.

As an additional approach, the 16S rDNA PCR products
obtained from strains WSBC10246, WSBC10314, and
WSBC10297 (Fig. 2) were purified and directly sequenced. The
sequences of these three strains were 100% identical, with the
following exceptions: strain S38/21 possessed 30% T and 70% C
in the positions of the first (182) and second (192) signature bases
(A[CT0T30]JATTTTGAAC[C70T30]GCATGGT), with the third
(197) signature base being a mesophilic G. This strain was found
to be 24.5% psychrotolerant according to the SspI digest and
12% psychrotolerant according to the inverse PCR. Strain
S74/3 possessed 70% T and 30% C in the position of the first
signature base (A[C30T70]JATTTTGAACTGCATGGT), with
the second signature base being a psychrotolerant T and the
third signature base being a mesophilic G. This strain was
found to be 39% psychrotolerant according to the SspI digest
and 50% psychrotolerant according to the inverse PCR. Strain

V1R/14 possessed 80 to 90% T and 10 to 20% C in a position
between the first and the second signature bases (ATATTT[T
85CI15]GAACTGCATGGT), with the first and second signa-
ture bases being the psychrotolerant T and the last signature
base being the mesophilic G. This strain was found to be 70%
according to the Sspl digest and 87% psychrotolerant accord-
ing to the inverse PCR. Therefore, the three different methods
to determine a psychrotolerance index of the strains yielded
comparable results.

Growth rates at different temperatures. It was unclear
whether the presence of these signatures has any functional

100 r =

Psychrotolerance from restriction digest

O 1. 1
0 50 100

Psychrotolerance from inverse PCR (%)

FIG. 3. Correlation of the psychrotolerance indices obtained by restriction
digest (Fig. 1) and inverse PCR (Fig. 2). The proportion of psychrotolerant
signatures from the inverse PCR is determined as a percentage of those bands
that appear predominantly with the psychrotolerant probe. These data are plot-
ted on the abscissa. The intensity of the bands resulting from the Sspl restriction
was measured with the Imagemaster 1D software package. The proportion of the
psychrotolerant (351-bp) band is expressed as a percentage of the total PCR
product (the 351-bp band plus the 473-bp band). These data are plotted on the
ordinate. The experiment was done twice, and the means of the populations were
determined. Standard errors were less than 10%.
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FIG. 4. Comparison of growth rates and psychrotolerance indices. Cultures were grown in plate count broth at 10°C (A), 28°C (B), and 42°C (C). The optical
densities were measured at 600 nm, and the growth rates were determined during exponential growth as generations per hour (gen/h). The growth rates are plotted
against the percentage of psychrotolerant signatures as determined by restriction digest with SspI (Fig. 1). The experiment was done two to six times, and the means
of the populations were determined. Standard errors were less than 20%. The exact psychrotolerance indices were as follows: WSBC10028, 0%; WSBC10030, 0%;
WSBC10312, 0%; WSBC10250, 10%; WSBC10246, 12.5%; WSBC10316, 14.3%; HER1418, 25%; HER1410, 33%; WSBC10310, 33%; WSBC10313, 43%; WSBC10314,
50%; WSBC10315, 50%; WSBC10297, 87%; WSBC10311, 100%; WSBC10201, 100%; WSBC10204, 100%; WSBC10206, 100%; WSBC10276, 100%; WSBC10279,

100%.

consequence for growth at low or high temperature. To test
this possibility, bacteria were grown from an overnight culture
in plate count broth (5 g of casein peptone/liter, 2.5 g of yeast
extract/liter, 1 g of glucose/liter [pH 6.8]) at 10, 28, and 42°C
under continuous shaking at 150 rpm.

Figure 4 shows the growth rates as generations per hour
(gen/h) plotted versus the psychrotolerance index as estimated
by restriction digest with Sspl. At 10°C, a clear correlation
between the growth rate and the psychrotolerance index was
observed. The growth rates increased with an increasing psy-
chrotolerance index of from 0.0063 * 0.0009 gen/h for the
mesophiles to 0.097 = 0.0079 for the psychrotolerant strains.
The experiment was also done at 7°C (data not shown). All
psychrotolerant B. weihenstephanensis and B. mycoides strains,
with the exception of WSBC10311, were capable of growing at
a slow rate, as were the strains WSBC10297 (83% psychrotol-
erant) and WSBC1315 (50% psychrotolerant). The other
strains did not grow and are considered mesophilic according
to the definition of psychrotolerance (27). At 28°C, all strains
grew at approximately the same rate of 1.08 = 0.033 gen/h. A
correlation between the psychrotolerance index and the
growth rate at 42°C was also seen. The growth rates decreased
with increasing psychrotolerance index from rates around 2.1
gen/h for the mesophilic B. cereus to rates between 0.17 and
0.51 gen/h for the psychrotolerant B. weihenstephanensis and B.
mycoides. An exception was strain WSBC10311, which grew
faster (1.05 gen/h) than the other psychrotolerant strains.

Discussion and concluding remarks. The organization of the
rrm operons has been extensively studied in E. coli and B. subtilis.
E. coli contains 7 rrn operons (16), and B. subtilis possesses 10 rrn
operons (28, 31). In both organisms, it is possible to delete one
of these operons without any major influence on cell growth or
physiology under normal conditions (5, 37). Yet, the existence
of multiple rn operons suggests some selective advantage to
the organism. Condon and coworkers (4) found that seven rrn
operons are required for E. coli to rapidly adapt to nutrient
and temperature changes. The time taken to adapt to a tem-
perature shift from 28 to 42°C increased with decreasing num-
bers of intact operons. It was suggested that the ability to adapt

to changing environmental conditions has provided the selec-
tive pressure to retain several operons. As observed previously
(17, 21), strains of the B. cereus group possess between 6 and
10 rDNA operons. The overall number of operons varies
among members of the group but does not correlate with the
growth rate at any temperature (data not shown).

It has been suggested before that the ribosome acts as a
procaryotic sensor for the heat and cold shock response (33,
35). It was postulated that the physiological signal for the
induction of the cold shock response may be the inhibition of
initiation of translation caused by the temperature shift. Three
ribosome-associated proteins, IF2, CsdA, and RbfA, are in-
duced during the transient block in initiation of translation in
E. coli (7, 15, 34) to convert the cold-sensitive nontranslatable
ribosome into a cold-resistant translatable state. At least one
of these three proteins, CsdA, was also involved in optimal
growth at low temperature, possibly by unwinding stable sec-
ondary structures in mRNA (19). The inhibition of protein
synthesis upon cold shock was significantly more dramatic for
mesophilic B. cereus than for psychrotolerant B. weihen-
stephanensis (20). Since protein synthesis of the psy-
chrotolerant strain occurred instantaneously after cold shock,
it was postulated that the ability of this strain to synthesize
protein at low temperature was a constitutive ability, its ribo-
somes being in a cold-resistant, translatable state.

This study is in agreement with the idea of the ribosome
being a critical factor for the adaptation to growth at low
temperature. The observed differences in the 16S rDNA se-
quence correlated significantly with the growth behavior of the
strains at extreme temperatures. At low (10°C) and high (42°C)
temperature, we obtained a correlation of the growth rate with
the psychrotolerance index as estimated by restriction digest
with SspI (Fig. 3). The same data plotted versus the percentage
of operons that hybridized with a probe directed against the
psychrotolerant signature in the 16S rDNA looked similar (not
shown). A high percentage of psychrotolerant signatures may
help the strain to grow at low temperatures, and a high per-
centage of mesophilic signatures may help the cells to grow at
high temperatures. Sequence analysis of selected strains and
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the occurrence of weak hybridizations of the inverse PCR
products with both the mesophilic and the psychrotolerant
probes (Fig. 2) show that intermediate forms of the signature
are as well possible.

The 16S rDNA is part of the small (30S) ribosomal subunit
which also contains 21 ribosomal proteins. This subunit is in-
volved in the early steps of translation initiation and is the site
of codon-anticodon interaction. In E. coli, the structure around
the region of the signature (bp 100 to 190) is involved in
binding of the primary binding protein S20 (30). Our data
imply that the 16S rDNA molecule of the B. cereus group
species may exist in two different states. This may lead to a
different structure of the 30S subunit since binding of primary
binding proteins affects binding of the secondary and tertiary
binding proteins (30). One of these structures may allow trans-
lation initiation at low temperature, and the other one may
allow it at high temperature. The ability of a strain to grow at
low or high temperature may be influenced by the ratio of
these two structures, considering that intermediate forms are
possible.

Particularly striking is the fact that the base pair substitu-
tions are all from G and C in the mesophilic strains to A and
T in the psychrotolerant strains. With respect to the lower
melting temperature of A-T bonds, it is possible that the 16S
rDNA forms hydrogen bonds at the position of the signature
which cannot be dissolved at low temperature in case of G-C
bonding but can be dissolved in case of A-T bonding. This
transition may yield a state of the ribosome which is capable of
translation at low temperature. On the other hand, the A-T
bonding may be too weak to guarantee stable structures at
higher temperatures. Lodmell and Dahlberg (23) have ob-
served that even single point mutations in the 912 region of the
E. coli 16S rDNA enhanced the stability of one or the other of
two proposed 16S rDNA conformations. In order to finally
prove that the different 16S rDNA operons are responsible for
efficient translation at different temperatures, one would have
to construct knockout mutants of the various different copies
of 16S rDNA. However, a genetic system for B. cereus which
would allow these mutants to be constructed is not yet avail-
able.
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