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Abstract

Bacillus fumarioliwas originally isolated from geothermal soils in continental and maritime Antarctica, and recently, it has been
to be a frequent contaminant of gelatine extracts obtained from European and American production plants. These habitats are geo
widely separated, share similar temperature and pH conditions, but have substantially different organic loads. Because of the pr
gelatine extracts and the dissimilarity of this habitat to geothermal soil, a comparative study was performed to assess the diversityB.
fumarioli strains and reveal possible intraspecies differences that might correspond to their niches of origin. Genomic (rep-PCR, 1
sequencing, DNA–DNA hybridisations) and phenotypic techniques (analysis of fatty acid content, total cellular proteins, metab
morphological traits) illustrate the very close relationship between isolates from the two niches. An abundant protein band was demonstrate
for gelatine isolates only. This band was shown to result from a protein with high similarity to a stress response protein. Furt
subtractive hybridisation revealed genomic differences between Antarctic and gelatine isolates that may indicate adaptive evo
specific environment.
 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Bacillus fumarioliwas originally isolated from geothe
mal soils in continental and maritime Antarctica [18], and
has been shown to be a frequent contaminant of gelatin
tracts [8,9]. Gelatine is an animal protein hydrolysate tha
of great value because of its gelling and stabilising prope
in food and other industries.B. fumarioliwas isolated from
crude gelatine extracts during production [8] and has
been found in UHT-treated, semi-final gelatine batches f
several European and American production plants [9]. S
isolations were performed in different gelatine product
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plants, the incidence ofB. fumarioli as an occasional con
taminant in gelatine may be discounted, especially as t
have been no further reports on the isolation of this organ
in other niches except the Antarctic environment.

Isolates ofB. fumarioli from Antarctic geothermal en
vironments, the only other habitat known for this orga
ism, are of special biological interest as Antarctica is larg
an ice-bound continent, supporting only sparse growth
terrestrial life, while these geothermal sites exhibit uniq
selective pressures.B. fumarioli is described as a mod
erately thermophilic and acidophilic, aerobic endospo
former, growing optimally at pH 5.5 and 50◦C. Its isolation
from geothermal soils on the one hand, and from gelatin
the other is remarkable. Although both kinds of ecosyste
have similarly low pH values and moderately high temp



484 E. De Clerck et al. / Research in Microbiology 155 (2004) 483–490

, an
hes
w

sin-
s,
in-

for
va-
i-
dy

evea
with
ha-
r-

e
nc-
e-

ole
sis

ad-
tine
isa-
the
g
cies

ns

at
atures, their geographical separations are considerable
the intrinsic nutrient-status differences between the nic
are striking. The organic load in Antarctic soils is very lo
compared with that of gelatine.

Comparson of two subsets of isolates attributed to a
gle species, but with widely divergent biological origin
can provide valuable ecological information and allow
sights into the special traits needed by the organisms
survival in their different habitats. Because of the pre
lence ofB. fumarioli in gelatine extracts and the dissim
larity of this habitat with geothermal soil, the present stu
aimed to assess the diversity between the strains and r
possible intraspecies differences that might correspond
their niches of origin. Therefore, we performed a polyp
sic study onB. fumarioli isolates from gelatine and geothe
mal soils by means of (GTG)5 primed rep-PCR (repetitiv
element primed-PCR) fingerprinting, 16S rDNA seque
ing, DNA–DNA hybridisations, SDS-PAGE (sodium dod
d

l

cyl sulphate-polyacrylamide gel electrophoresis) of wh
cell proteins, fatty acid analysis and phenotypic analy
(API 50CHB, cultural and morphological characters). In
dition, genome differences between Antarctic and gela
isolates were studied by suppression subtractive hybrid
tion. This technique has been shown to be efficient for
detection and characterisation of genome differences amon
strains of a single species [2,3] or closely related spe
[14,24].

2. Materials and methods

2.1. Bacterial strains and growth conditions

Details of the origin and the affiliation of the strai
tested are shown in Table 1.B. fumariolistrains were grown
aerobically on trypticase soy agar (TSA, BBL), pH 5.5
a
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a
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a
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a
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m
m
m
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m
m
m
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m

and
Table 1
List of strains studied

Species Strain No. Other designation Source (if known)

B. fumarioli LMG 17487 Logan Rcp L1 Soil from active fumarole, Antarctic
LMG 17491 Logan Rcu Ir1 Soil from active fumarole, Antarctic
LMG 17494 Logan Rfu S10 Soil fromactive fumarole, Antarctica
LMG 18417 Logan Rfu S9 Soil from active fumarole, Antarctic
LMG 18430 Logan Rcu Sm3 Soil from active fumarole, Antarcti
LMG 18432 Logan Rcu S5 Soil from active fumarole, Antarcti
LMG 18469 Logan SS1096 Soil from dead fumarole, Antarctic
LMG 18470 Logan SS1097 Soil from dead fumarole, Antarctic
LMG 18472 Logan SS1010 Soil from dead fumarole, Antarctic
LMG19448T LMG 17489, Logan Rcp Sm1 Soil from active fumarole, Antarcti
R-10919 Gelatine, production chain, Belgium
R-13595 Gelatine, semi-final product, Belgiu
R-13623 Gelatine, semi-final product, Belgiu
R-13624 Gelatine, semi-final product, Belgiu
R-13860 Gelatine, semi-final product, Belgiu
R-13992 Gelatine, semi-final product, Belgiu
R-14704 Gelatine, semi-final product, Belgiu
R-14705 Gelatine, semi-final product, Belgiu
R-14711 Gelatine, semi-final product, Belgiu
R-16112 Gelatine, semi-final product, France
R-16404 Gelatine, semi-final product, France
R-19905 Gelatine, semi-final product, France
R-19906 Gelatine, semi-final product, France
R-19910 Gelatine, semi-final product, France
R-20081 Gelatine, semi-final product, France
R-20285 Gelatine, semi-final product, France
R-20287 Gelatine, semi-final product, France
R-20342 Gelatine, semi-final product, US
R-20444 Gelatine, semi-final product, US

B. cereus LMG 6910 ATCC 7004 Pasteurised milk
R-13611 Gelatine, semi-final product, Belgiu

B. coagulans LMG 12401 Logan B0607
R-16392 Gelatine, semi-final product, France

B. licheniformis LMG 17334 DVL 8400227 Aborted bovine, placenta
R-13938 Gelatine, semi-final product, Belgiu

‘Paenibacillus cookii’ LMG18419T Soil from active fumarole, Antarctica
R-11600 Gelatine, production chain, Belgium

Abbreviations: ATCC, American Type Culture Collection, Rockville, Maryland, US; DVL, Danish Veterinary Laboratory, Department of Pathology
Epidemiology, Copenhagen, Denmark; LMG, BCCM/LMG Bacteria Collection, Laboratorium voor Microbiologie Gent, Ghent University, Belgium.
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45◦C, while strains of other species were grown under
same conditions, but at neutral pH.

2.2. Repetitive element primed genomic fingerprinting
(Rep-PCR)

Template DNA was prepared using a slight modificat
of the method of Pitcher et al. [22] as previously descri
[15]. The (GTG)5 primer (5′-GTGGTGGTGGTGGTG-3′)
was used as previously described [27]. PCR amplificat
were performed as described before [27] using a DNA th
mocycler (Perkin–Elmer 9600) and Goldstar DNA po
merase (Eurogentec, Belgium). The PCR products were
jected to electrophoresis in a 1.5% agarose gel (15× 20 cm)
for 16 h at 1.9 V cm−1 in 1 × TAE (40 mM Tris-acetate
1 mM EDTA, pH 8.0) at 4◦C. The rep-PCR profiles wer
visualised after staining with ethidium bromide under
traviolet light, followed by digital image capturing using
CCD camera. The resulting fingerprints were analysed
the BioNumerics V3.0 software package (Applied Maths
Belgium). Similarities of digitised profiles were calculat
using the Pearson correlation method and an average
age (UPGMA) dendrogram was obtained.

2.3. 16S rDNA sequencing

A fragment of the 16S rDNA gene was sequenced
ing an ABI 3100 automated DNA sequencer, as pre
ously described [16]. The sequencing primers used w
5′-CTCCTACGGGAGGCAGCACT-3′ (forwardprimer, cor-
responding to positions 339–358 inE. coli numbering),
5′-AACTCAAAGGAATTGACGG-3′ (forward, 908–926)
5′-AGTCCCGCAACGAGCGCAAC-3′ (forward, 1093–
1112),5′-ACTGCTGCCTCCCGTAGGAG-3′ (reverse, 358–
339), 5′-GTATTACCGCGGCTGCTG-3′ (reverse, 536–519
and 5′-GTTGCGCTCGTTGCGGGACT-3′ (reverse, 1112–
1093). The FASTA programme [21] was applied to find
most closely related sequences from the EMBL database.

2.4. DNA–DNA hybridisations and determination
of DNA base composition

Large-scale DNA extraction for determination of t
G+ C content and DNA–DNA hybridisations was pe
formed as described before [10]. Determination of the G+C
content was performed as described previously [18]. DN
DNA hybridisations were performed using a modification
the microplate method described by Ezaki et al. [12], as
scribed before [29]. A hybridisation temperature of 37◦C
was used.

2.5. Fatty acid methyl ester analysis (FAME)

After an incubation period of 24 h, fatty acid meth
esters were prepared and separated as described befor
-

-

].

2.6. Analysis of whole-cell proteins and identification
of selected proteins

After an incubation period of 24 h, preparations of who
cell proteins and SDS-PAGE were performed as descr
before [23]. Based on these results, bands were sele
for N-terminal amino acid sequence determination and m
spectrometric identification. Therefore, proteins were tran
ferred onto a ProBlott membrane (Applied Biosystems)
ing standard protocols. The membrane was stained
Coomassie blue, and the corresponding protein band
subjected to N-terminal sequence determination usin
477A pulsed liquid sequenator (Applied Biosystems) f
lowing the manufacturer’s instructions.

For mass spectrometric identification, the band of interes
was excised from the SDS-PAGE gel, and slices of 4 m3

were washed twice with 150 µl of 200 mM NH4HCO3 in
50% ACN for 30 min at 30◦C, and air-dried. The protein
were reduced and alkylated as described before [17]. Af
final drying step, in-gel digestion and extraction of the p
tides were done as previously described [11]. From MAL
MS spectra, generated using a 4700 Proteomics Anal
(Applied Biosystems) with TOF/TOF optics, precursor io
were selected and fragmented in MS/MS experiments. Frag
mentation spectra were manually interpreted with the as
tance of the ‘Data Explorer’ data analysis software (Appl
Biosystems). For identification, ‘de novo’ sequence inform
tion was combined with N-terminal sequence informati
The FASTS programme [20] was used to search agains
NCBI nonredundant database using default settings.

2.7. Phenotypic characterisation and numerical analysis

All strains of B. fumarioli were phenotypically charac
terised as described before [18], with incubation at 50◦C
and reading at 24 and 48 h. With the exception of gro
temperature ranges, all other tests were incubated at 4◦C.
Numerical analysis of data followed the approach descr
before [18].

2.8. Analysis of genome differences

Genome comparison by suppression subtractive hyb
sation (SSH) was performed as previously described [3]
ing Sau3A-digested DNA fragments. SSH identifies DN
sequences that are specific to one genome (tester) an
sent from the other genome (driver). The gelatine iso
R-13624 was chosen as tester and the Antarctic isolate L
19448T as driver.

Resulting products were inserted in the pMosBluevector
and transformed into MOSBluecompetentEscherichia coli
cells using the pMosBlue blunt ended cloning kit (Amer
sham Biosciences) following the guidelines of the ma
facturer. Screening of recombinants was performed by d
rect colony PCR screening, applying PCR conditions as
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posed by the manufacturer and primers used in the sub
tive hybridisation protocol [3].

Specificity of the final products was verified by Southe
hybridisation. Transfer of PCR amplified difference pro
ucts to a Hybond-N+ membrane (Amersham Bioscience
after separation on an agarose gel was performed by
dard Southern blot protocols [25]. Southern blots were
bridised with genomic,Sau3A-digested driver DNA on the
one hand and tester DNA on the other, using the ‘ECL
rect nucleic acid labelling and detection system’ (Amersh
Biosciences) according to the manufacturer’s recomme
tions.

Hybridisation of difference products with genomic DN
of a selection ofB. fumarioli strains with different origins
and strains attributed to other relevant species was verifie
Therefore, dot blotting of genomic DNA of these stra
was performed using a Bio-Dot® apparatus according t
the instruction manual (BIO-RAD) and resulting dot blo
were hybridised with difference products using the ‘E
direct nucleic acid labelling and detection system’ (Am
sham Biosciences) following the manufacturer’s recomm
dations. In each hybridisation reaction, the tester strain
driver strain were included as a positive and negative con
respectively.

Difference products specific for gelatine isolates were
quenced. Sequence analysis was performed on PCR a
fied fragments (as described above) in both directions
an ABI 3100 automated DNA sequencer using the orig
primers [3] and PCR conditions as described before [
The BLASTX search tool [13] was applied to find the mo
closely related sequences frompublicly available database

3. Results

Rep-PCR analysis (Fig. 1) revealed comparable patt
for B. fumarioli strains, with minor inter-strain variation
No clear distinction was observed between the band
patterns of the Antarctic isolates and the gelatine isolate

Almost the complete 16S rDNA sequences of ge
tine isolates R-10919 (accession No. AJ438295), R-13
(AJ581124), R-13624 (AJ581125) and R-14705 (AJ5811
were determined and FASTA analysis [21] revealed m
than 99.9% sequence similarity of each of these isolates
the Antarctic isolate and type strain ofB. fumarioli, LMG
19448T, illustrating a close phylogenetic relationship.

Gelatine isolates R-13624, R-14705 and R-16404 sho
more than 98% DNA–DNA reassociation amongst the
selves and 87, 88 and 94% DNA–DNA reassociation
spectively with the type strain and Antarctic isolate LM
19448T. According to the recommendations for species
lineation [26] these findings clearly assign these strain
one single species,B. fumarioli. The G+ C content for these
four strains has a limited range, between 40 and 42%.

The fatty acid patterns of all gelatine isolates (not sho
fit within the mean profile set up forB. fumarioli based on
-

-

-

Fig. 1. Cluster analysis of digitised banding patterns, generated by rep
using the (GTG)5 primer, of B. fumarioli isolates among otherBacillus
species. Gelatine isolates are indicated with an R-number, while An
tic isolates are indicated with an LMG number. The dendrogram was
structed using the unweighted pair-group method using arithmetic averag
with correlation levels expressed as percentage values of the Pearson
lation coefficient.

profiles of Antarctic isolates [18]. There was no clear-
distinction between profiles of isolates from the two habit

Biochemical and morphological characterisation did
reveal any characters that could consistently and c
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vincingly distinguish between the group of Antarctic is
lates and the set of gelatine isolates (data not sho
All strains possessed gelatinase activity. The descrip
of this species [18] stated that acid without gas was p
duced fromD-fructose,D-glucose, mannitol,D-mannose
N -acetylglucosamine (weak), sucrose and trehalose (weak
and indicated that appreciable interstrain variability w
observed in the production of acid from galactose, gl
erol, lactose, maltose,D-melibiose,D-melezitose,D-methyl-
D-glucoside,D-raffinose, andD-turanose. A similar patter
was seen with the gelatine isolates. In both sets of str
this interstrain variability was seen mainly as wide diff
ences in strengths of reaction, which ranged from too w
to be scored as positive in some strains, to sufficiently str
to be scored as positive reactions in others. One chara
acid production from ribose, varied from negative to mod
ately positive in Antarctic isolates, but it was never posit
for gelatine isolates, while acid production from sorbitol a
D-xylose ranged from weak to positive in the gelatine i
lates, but was never strong enough to count as positiv
the Antarctic strains. Overall, however, the metabolic pro
of the gelatine isolates fits within the profile described
Antarctic isolates [18].

SDS-PAGE of whole cell proteins showed a simil
species-specific pattern for all isolates (Fig. 2). Rema
ably, profiles of gelatine isolates from semi-final batch
showed a thick band, absent in profiles of Antarctic i
lates and the strain isolated from a crude gelatine ex
during production (R-10919). This band points to an ab
dant protein of approximately 26 kDa that could be s
cific for isolates from semi-final gelatine batches or is ov
expressed in these strains. Surprisingly, this abundant
tein band was less pronounced or even absent when o
isms had been cultivated in trypticase soy broth at 45◦C for
6 h. Further attempts have been made to identify this
tein. N-terminal sequence analysis resulted in a stretc
40 amino acids (MANLLRLKNVIMADLHEALEQREN-
QTPQAMLNEYLRQDXH). Comparison with nonredun
dant protein databases revealed significant homology (7
with the 26 kDa phage shock protein A (pspA) ofBacillus
cereus. Peptide mass fingerprinting and MS/MS confirm
the 40 N-terminal residues, and additionally obtained
quence tags supporting the differentially expressed pro
as a pspA family member.

From the SSH procedure, 20 difference products w
retrieved that showed Southern and dot blot hybridisa
signals with tester DNA (R-13624) and not with driver DN
(LMG 19448T). These difference products were furth
screened by means of dot blot hybridisation for th
presence in otherB. fumarioli strains originating from
geothermal soils or gelatine (Table 1) and also in ot
Bacillus species that have been associated with gela
contamination [8]. For each of these species, we inclu
a gelatine isolate and a strain of different origin (Table
Of special interest was ‘Paenibacillus cookii’ [19], since
this species has been isolated, as hasB. fumarioli, both
,

-

Fig. 2. SDS-PAGE profiles of whole cell proteins ofB. fumarioli isolates.
Gelatine isolates are indicated with an R-number, while Antarctic isolates
are indicated with an LMG number. A thick band occurring in profiles
of isolates from semi-final gelatine batches is shown, which distinguishes
these strains from Antarctic isolates and the isolate from a crude gelatine
extract during production (R-10919). Amolecular weight marker (MWM)
is included.
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Fig. 3. Dot blot hybridisation of subtractive hybridisation difference products, usingB. fumarioli strain R-13624 as tester and LMG 19448T as driver, with
immobilised genomic DNA of a selection of strains. Strains that did not give any signal were omitted from the figure.
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from a geothermal Antarctic environment and from gelati
Results are shown in Fig. 3. Strains that did not give a sig
with any of the difference products, were omitted from
figure. Regarding the Antarctic isolates, only strains LM
18469, LMG 18470 and LMG 18472 gave signals with
few of the difference products; all of these signals were v
weak, however. The signals obtained for theB. fumarioli
isolates from gelatine were strain-dependent, and non
the difference products hybridised to every gelatine isol
Concerning the other species, onlyB. coagulansstrain LMG
12401 showed some signals, though they were mostly
weak.

Results for the 20 difference products that were
quenced are summarised in Table 2. Nine difference p
ucts did not give a match with known proteins. Five d
ference products showed sequence similarities with a tr
posase. Two products showed sequence similarities w
nitrate reductase. Other products showed similarities wit
integrase, a transcriptional regulator, a transport system
mease protein or an endonuclease.

4. Discussion

Genomic and phenotypic techniques illustrate the v
close relationship between theB. fumarioli isolates from
geothermal soils and gelatine. Although both habitats s
similarities in their temperature and pH conditions, nutrien
availabilities are considered to be very different. Wh
gelatine is a pure animal protein, the organic content of
Antarctic geothermal soils is much lower [4–7]. A strikin
parallel with these isolations ofB. fumarioli from such
disparate and distant habitats is that of the isolation
Paenibacillus cookiifrom geothermal soil of Candlema
Island and from a European gelatine production plant [1
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Table 2
Results of sequencing of difference products retrieved after SSH

Difference product Sequence length (bp) Sequence output Organism E-value

D4 579 Hypothetical protein Bacillus subtilis 1.9E-40
D8 292 Transposase Oceanobacillus iheyensis 1.3E-8
D11 696 Hypothetical protein ‘Methanosarcina acetivorans’ 4.1E-7
D12 697 Transposase Geobacillus slearothermophilus 1.5E-20
D17 977 Integrase/recombinase Bacillus subtilis 6.6E-11
D22 900 Hypothetical protein Deinococcus radiodurans 2.4E-14
D24 700 Transcriptional regulator Bacillus halodurans 3.3E-57
D32 781 Hypothetical protein Bacillus anthracis 1.6E-21
D35 516 Hypothetical protein Oceanobacillus iheyensis 0.0001
D41 692 Transposase Mycobacterium tuberculosis 3.1E-7
D42 862 Nitrate reductase Bacillus anthracis 2.2E-9
D45 429 No significant identification
D48 837 Transposase Mycobacterium tuberculosis 1.6E-22
D57 1071 Hypothetical protein Lactobacillus gasseri 5.00E-80
D65 666 Transposase Bacillus halodurans 7.6E-85
D68 1051 Hypothetical protein Clostridium acetobutylicum 1.00E-21
D73 405 Transport system permease protein Clostridium tetani 6.6E-22
D75 977 Hypothetical protein Methanococcus jannaschii 1.3E-8
D77 564 Nitrate reductase Bacillus subtilis 2.5E-82
D78 S04 Endonuclease BsuFI Bacillus subtilis 3.2E-93
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The presence of an abundant protein band in isol
from semi-final gelatine batches, a band that was abse
or less pronounced in Antarctic isolates, and in the iso
from a crude gelatine extract during production, is
interest. N-terminal sequencing of this protein band reve
significant homology with the phage shock protein A (psp
of B. cereus. The phage shock protein operon consists o
least four genes, designatedpspABCE. It has been suggeste
thatpspgenes play a role in competition with other bacte
for survival under energy-limited conditions [28]. The ex
physiological role of the individual psp proteins is still no
known. ThepspAgene encodes a 26 kDa protein, which
peripherally associated with the cytoplasmic membrane
has a negative regulatory role in expression of the operon
It is abundantly expressed upon induction and under extr
stress conditions, and can become one of the most hi
expressed bacterial proteins [28]. The overexpression
protein sharing a great deal of homology with pspA in
gelatine isolates may be consistent with the harsh condit
that the organisms would encounter during the gela
production process, and the absence of this dominant
when culturing in broth for a shorter period may reflect l
stressful conditions. Further analysis of the expressio
this protein during gelatine production is needed to cla
this issue.

Although most of the retrieved difference products a
subtractive hybridisation did not hybridise with Antarc
isolates, and thus seem specific for gelatine isolates,
did not hybridise with all of the gelatine isolates and
they would not appear to have essential roles for surviva
gelatine. Some of these corresponding genes may have
in the colonisation of gelatine, and the pattern of sign
retrieved for different gelatine isolates may thus reflec
phenomenon of adaptive evolution linked to this habi
s

Since most difference products did not give a match w
known proteins, future sequencing work may throw so
light on this matter. The observation of 6 transposases an
integrase may indicate significant roles for mobile elemen
in adaptation to different environments and colonisation
these habitats.

In this paper, we have illustrated the very close relati
ship betweenBacillus fumarioli isolates from geograph
cally widely-separated habitats that share similar tem
ature and pH conditions, but have substantially differ
organic loads. Differences in genome content and gene
pression were observed between gelatine and Antarctic
lates, and this may indicate that adaptive evolution has
curred in the gelatine habitat.
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