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As part of an ongoing effort to catalog spore-forming bacterial populations in environments conducive to
interplanetary transfer by natural impacts or by human spaceflight activities, spores of Bacillus spp. were
isolated and characterized from the interior of near-subsurface granite rock collected from the Santa Catalina
Mountains, AZ. Granite was found to contain ⬃500 cultivable Bacillus spores and ⬃104 total cultivable
bacteria per gram. Many of the Bacillus isolates produced a previously unreported diffusible blue fluorescent
compound. Two strains of eight tested exhibited increased spore UV resistance relative to a standard Bacillus
subtilis UV biodosimetry strain. Fifty-six isolates were identified by repetitive extragenic palindromic PCR
(rep-PCR) and 16S rRNA gene analysis as most closely related to B. megaterium (15 isolates), B. simplex (23
isolates), B. drentensis (6 isolates), B. niacini (7 isolates), and, likely, a new species related to B. barbaricus (5
isolates). Granite isolates were very closely related to a limited number of Bacillus spp. previously found to
inhabit (i) globally distributed endolithic sites such as biodeteriorated murals, stone tombs, underground
caverns, and rock concretions and (ii) extreme environments such as Antarctic soils, deep sea floor sediments,
and spacecraft assembly facilities. Thus, it appears that the occurrence of Bacillus spp. in endolithic or extreme
environments is not accidental but that these environments create unique niches excluding most Bacillus spp.
but to which a limited number of Bacillus spp. are specifically adapted.
Spore-forming bacteria of the species Bacillus are ubiquitous
in the environment, and their endospores represent some of
the hardiest and longest-lived cells on Earth (reviewed in references 37, 39, and 41). Endolithic Bacillus spp. have been
obtained from a wide variety of sites within the lithosphere, such
as the interiors of mined amber (6), halite crystals (58), marine
manganese nodules (36), rock varnishes from Sonoran, Mohave, and Negev desert rocks (23, 35, 45), deep subsurface
boreholes (2, 4), Sonoran desert basalts (3), and Florida limestones from intertidal zones (1). In addition, several Bacillus
spp. (e.g., Bacillus brevis, B. licheniformis, B. mycoides, B. megaterium, and B. subtilis) have repeatedly been found associated
with the biodegradative activities destroying ancient stone buildings and monuments in Europe (12, 15, 49, 52).
Of particular recent interest to us has been the potential role
that endolithic microbes may play in the transfer of life between the terrestrial planets. Because of their extreme resistance properties, bacterial spores have been a model system of
choice for testing the theory that viable microbes could be
successfully transferred through space between the environments of terrestrial planets such as Earth and Mars, which has
variously been dubbed “panspermia,” “lithopanspermia,” and
“transpermia” (reviewed in references 7, 11, 19, 33, 41, and
43). Interplanetary transfer of microbes can be envisioned to
occur by (i) human spaceflight activities or (ii) natural impacts
(11). In both processes, the initial microbial populations for
Earth-to-Mars transfer originate in Earth environments; thus,

it is of relevance to understand the compositions of populations which are in a position to be transferred and the likelihood that they could survive the journey (11).
Candidates for transfer by human spaceflight. The possibility that space exploration could lead to the microbial “forward
contamination” of pristine planetary environments such as
Mars has led to current international Planetary Protection
protocols which require that spacecraft destined for Mars be
constructed and assembled under conditions as nearly as possible approaching sterility (reviewed in reference 46). To
achieve disinfection, robotic spacecraft are assembled in spacecraft assembly facilities (SAFs), clean rooms which are considered extreme selective environments where air circulation is
controlled, strict hygienic practices are observed, and a number
of sterilants, such as hydrogen peroxide (H2O2) vapor and UV
radiation, are used (25, 27). Spores of a number of Bacillus spp.
have been identified as dominant inhabitants of SAFs and
spacecraft, both on Earth and in space (6a, 26, 55, 56). Recurring isolates from SAFs belong to Bacillus spp., particularly B.
pumilus; it has further been demonstrated that spores of several Bacillus spacecraft isolates exhibit hyperresistance to sterilants such as H2O2 and UV (25, 27, 55).
Candidates for natural interplanetary transfer. The notion
that endolithic microbes could naturally be transferred between Earth and Mars has been bolstered in part by the existence on Earth of at least 30 meteorites originating from Mars
(14, 32), which represent samples of the martian endolithic
environment. Sound theoretical and experimental support exists for a spallation mechanism by which near-surface rocks
could be launched into space by the energy released from large
impacts (30, 31; reviewed in references 19, 33, and 41). Spores
of B. subtilis have been shown to survive the shock, heating,
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TABLE 1. Summary of group I to XII Bacillus granite isolates
Group

Strain

Blue
fluorescence

Sporulation
in SSM

GenBank
accession no.

I
II
III
IV
V
VI
VII
VIII
IX
X
XI
XII

WN603
WN611
WN585
WN613
WN586
WN606
WN591
WN570
WN579
WN577
WN559
WN575

⫹
⫹
⫹
⫺
⫹
⫹
⫹
⫹
⫹⫹
⫺
⫺
⫺

⫹
⫹
⫹
⫺
⫹
⫹
⫹
⫺
⫹
⫺
⫹
⫺

DQ275182
DQ275184
DQ275179
DQ275185
DQ275180
DQ275183
DQ275181
DQ275175
DQ275178
DQ275177
DQ275174
DQ275176

a
b

Nearest neighbor by 16S rRNA
gene sequencing a

B.
B.
B.
B.
B.
B.
B.
B.
B.
B.
B.
B.

megaterium
megaterium
megaterium
barbaricus
megaterium
megaterium
megaterium
simplex
simplex
niacini
drentensis
drentensis

% Identity by 16S rRNA
gene sequencing b

99.2
99.6
99.4
87.1
100.0
100.0
100.0
99.6
100.0
95.1
96.2
98.6

Full-length 16S rRNA gene (⬃1.5 kb) PCR fragments were sequenced.
Isolates with a percent identity of ⬎97.5% were considered the same species (59).

and acceleration forces calculated to prevail during impactmediated launch into space (5, 9, 21, 29). In addition, B. subtilis
spores embedded in artificial meteorites have been demonstrated to survive long-term exposure to the space environment
(18, 20) and hypervelocity atmospheric entry from space (10).
Characterization of the collection of martian meteorites and
the predictions of spallation theory indicate that the most likely
rock types which could serve as putative vehicles of natural
interplanetary transfer are igneous rocks situated close to the
surface (29–31). On Earth, these rocks consist mainly of basalts
and granites. In a previous communication (3), we described
the isolation of endolithic Bacillus sp. spores from the interior
of near-subsurface basalt. We found exceedingly low numbers
of spores in basalt (a few tens of spores per gram of rock), but
interestingly, as found in SAFs (26, 56), the major species
recovered was B. pumilus; these B. pumilus isolates formed
spores which were more resistant to acceleration shock and
UV than were spores of the reference B. subtilis lab strain (3).
An examination of the occurrence, distribution, and UV resistance properties of endolithic Bacillus spp. from granite would
provide us with a more complete catalog of spore formers
naturally positioned for space travel. Therefore, in this communication we describe sampling of the interiors of near-subsurface granite rocks collected in the Sonoran desert (Arizona)
to obtain, identify, and characterize endolithic spores.
MATERIALS AND METHODS
Bacterial strains, media, and cultivation conditions. Reference strains from
our collection used in this study were B. subtilis strains 168 (trpC2), HA101
(hisA1 metB5) (44), and ATCC 6633 (22) and the B. pumilus type strain, ATCC
7061 (3). The media used were Luria-Bertani (LB) medium (34), either liquid or
solidified with 1.5% agar, and Schaeffer sporulation medium (SSM) (47), either
liquid or solidified with 1.7% agar. All bacteria were cultivated at 37°C, and
liquid cultures were incubated with vigorous aeration.
Sampling locations and methods. Granite samples were obtained from natural
outcrops at six locations in the Santa Catalina mountain range near Tucson, Ariz.
At each location, surface material was first removed to a depth of 3 to 5 cm using
a rock hammer and chisel, each of which had been field disinfected by soaking in
hypochlorite bleach. The chisel was again disinfected, and subsurface granite
samples of 200 to 500 g apiece were removed and placed inside zipper-closure
plastic bags for transport to the laboratory. Using aseptic technique in a disinfected laminar flow hood, the outer faces of the sample from sampling site 2 were
further pared off with a flame-sterilized chisel, and the resulting cores were
crushed to 1- to 2-mm-diameter particles using a flame-sterilized hammer. Particles were weighed, transferred to 3-ml aliquots of phosphate-buffered saline (10

mM potassium phosphate, 150 mM NaCl, pH 7.4) (42), suspended by vigorous
vortexing, diluted serially 10-fold, and plated on solid LB medium, either before
or after heat shock (80°C, 10 min), which selects for heat-resistant spores (42).
After incubation at 37°C for several days, colonies were counted. Colonies arising
from isolates which survived heat shock were picked at daily intervals, streak
purified at least three times on LB plates, grown overnight in liquid LB medium
or SSM, Gram stained, and stored as glycerol stocks at ⫺80°C.
Visualization of blue fluorescence. Colonies or culture supernatants were
illuminated with a hand-held medium-wavelength UV lamp (model UVM-57;
UVP, Upland, CA), which emits a spectrum of UV wavelengths spanning 280 to
320 nm, with an emission maximum at 302 nm. Photographs were taken with a
digital camera using the same UV illumination.
DNA isolation. Individual strains from frozen glycerol stocks were streaked
onto LB plates and incubated overnight at 37°C. Cells were lifted directly from
plates, and their chromosomal DNAs were extracted using an Ultraclean Microbial DNA isolation kit (Mo Bio Laboratories, Inc., Solana Beach, CA). The
quality and quantity of DNA were verified by electrophoresis through 0.8%
agarose gels versus DNA standards.
Bacterial DNA fingerprinting by rep-PCR. Bacterial isolates were analyzed by
repetitive extragenic palindromic PCR (rep-PCR) (57), using the commercial
Diversilab microbial typing system for Bacillus spp. (Bacterial Barcodes Inc.,
Athens, GA) according to the manufacturer’s protocols and using the manufacturer’s proprietary Bacillus sp. primers and reagents. rep-PCR products were
separated on an Agilent 2100 bioanalyzer (Agilent Technologies, Wilmington,
DE) and analyzed with Diversilab system, version 1.4, software as directed by the
manufacturer.
16S rRNA gene sequencing. Approximately 10 ng of purified chromosomal
DNA from each selected isolate was used as the template for 16S rRNA gene
amplification by standard PCR, using the universal bacterial primers B27F
(5⬘-GAGTTTGATCMTGGCTCAG-3⬘) and B1512R (5⬘-AAGGAGGTGATC
CANCCRCA-3⬘) (M ⫽ A or C; N ⫽ A, T, C, or G; and R ⫽ A or G) (3). PCRs
were performed in a PTC-200 thermal cycler (MJ Research, Waltham, MA),
using 35 cycles of denaturation for 1 min at 95°C, annealing for 2 min at 55°C,
and elongation for 3 min at 72°C. After a final incubation for 10 min at 72°C, the
PCR products were purified using a Qiaquick PCR purification kit (QIAGEN),
and the purified products were sequenced at the University of Florida Interdisciplinary Center for Biotechnology Research. The taxonomic identification of
organisms was accomplished by comparison to 16S rRNA gene sequences in the
Ribosomal Database Project II, release 9.32 (8), available at http://rdp.cme.msu
.edu/ and hereafter called the RDP.
Spore preparation. Strains were streaked onto solid SSM and incubated at
37°C for 48 h, the resulting growth was resuspended in sterile water, and spores
were purified by lysozyme treatment followed by a series of buffer and detergent
washes, as described previously (42), and then by heat shock (80°C, 10 min). All
spore preparations were determined by phase-contrast microscopy to consist of
⬎99% phase-bright spores.
Spore UV resistance. Purified spores were suspended in water at a concentration of 1 ⫻ 106/ml and irradiated with 254-nm UV using a model UVGL-25
low-pressure mercury vapor lamp (UVP). The absorbance at 254 nm (A254) of
each spore suspension was determined in an Ultraspec 3000 UV-visible spectrophotometer (Pharmacia). The lamp output at 254 nm was measured with a UVX
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FIG. 1. Numbers of total viable bacteria (solid bars) and heatresistant spores (open bars) per gram of granite, grown on solid LB
medium. Numbers are averages ⫾ standard deviations (n ⫽ 2 or 3).

radiometer fitted with a UVX-25 filter (UVP). UV fluence rates for each experiment were determined by entering the values of the lamp output and the A254
of the spore suspension into UVCalc, a software program for custom UV calculations available from Bolton Photosciences. UV inactivation curves were
determined and used to compute the average UV dose lethal to 90% of the spore
population (LD90) and the average dose necessary to reduce the spore population by 1 order of magnitude (D value) (3, 38, 40). All UV inactivation experiments were repeated three or four times. Basic statistical parameters and analysis
of variance were computed using commercial statistical software (Kaleidagraph,
version 3.6.2; Synergy Software, Reading, PA).
Nucleotide sequence accession numbers. All 16S rRNA gene sequences obtained in this work have been deposited in the GenBank database, and their
accession numbers are listed in Table 1.

RESULTS AND DISCUSSION
Cultivable endolithic spore populations from near-subsurface granite. The interiors of granite rocks were sampled for
bacteria, with particular emphasis on characterizing sporeforming Bacillus spp. We previously reported that exceedingly
low numbers of spore-forming Bacillus spp. were isolated from
Sonoran desert basalt, on the order of 101 CFU/g rock (3). In
contrast, sampling of near-subsurface granite yielded much
higher numbers of both total cultivable bacteria and heatresistant spores. Suspensions prepared from granite were
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plated on solid LB medium before and after heat shock and
then incubated at 37°C for 3 days, with colonies being counted
each day. The results showed that after 3 days of incubation,
approximately 104 total viable bacteria and ⬃5 ⫻ 102 heatresistant viable spores were obtained per gram of granite (Fig. 1).
Further incubation of the plates did not yield appreciably
larger numbers of isolates (data not shown). Colonies from a
total of 56 isolates which had survived heat shock were picked
randomly as they arose at daily intervals, streak purified several
times on solid LB medium, and assigned the identifying codes
WN558 to WN613 in our laboratory strain collection. All 56
isolates formed colonies on solid SSM with the appearance
typical of Bacillus spp., i.e., flat, tan colonies with rough margins. All 56 isolates were grown overnight in liquid SSM and
subjected to Gram staining. All were observed to be grampositive rods, and many isolates were observed to contain endospores. From these observations, we tentatively concluded
that all 56 isolates were Bacillus spp.
Blue fluorescence of endolithic Bacillus isolates. During
streak purification of the 56 isolates, it was noticed that under
certain lighting conditions, some of the isolates exhibited a
slight bluish-green color. Upon further examination, we found
that many, but not all, of the 56 isolates fluoresced blue under
medium-wavelength UV light (Fig. 2A). To our knowledge,
the production of blue fluorescent compounds by Bacillus spp.
has not been reported to date. In a search of the literature, we
were able to find a publication describing the characterization
of chlorxanthomycin, a yellow fluorescent compound, produced by a strain of Bacillus isolated from soil (28). In contrast
to the yellow fluorescent compound, which is located intracellularly (28), the blue fluorescent compound from the granite
isolates diffused out of the cells and accumulated in the surrounding medium (Fig. 2B). We reasoned that production of
the blue fluorescent compound could be used as a further
distinguishing characteristic to group the granite isolates (Fig. 3).
At this time, the identity of the blue fluorescent compound is
unknown; details of its purification and characterization will be
reported elsewhere.
rep-PCR grouping of endolithic granite and basalt isolates.
In order to classify the 56 granite isolates in a rapid and
cost-effective manner, we decided to use rep-PCR as a relatively quick, high-throughput method capable of “fingerprint-

FIG. 2. Blue fluorescence exhibited by Bacillus spp. from granite. (A) Colonies of strains WN612 (fluorescent granite isolate; top) and WN613
(nonfluorescent granite isolate; bottom) after 2 days on solid LB medium. (B) Cell-free culture supernatants of 2-day cultures in liquid LB medium
of B. subtilis HA101 (nonfluorescent reference strain; left), strain WN572 (fluorescent granite isolate; center), and strain WN613 (nonfluorescent
granite isolate; right). Photographs were taken under medium-wavelength UV illumination.
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FIG. 3. rep-PCR analysis of 56 endolithic Bacillus sp. isolates from granite. The rep-PCR gel image is shown to the right of the corresponding
strain number. Bracketed groups I to XII denote strains sharing ⬎93% homology in their rep-PCR patterns based on cluster analysis. Strains with
asterisks were chosen as group representatives for 16S rRNA gene sequence determination. The production of blue fluorescence after 48 h on LB
solid medium is denoted as follows: ⫺, no fluorescence; ⫹, weak to moderate fluorescence; ⫹⫹, strong fluorescence.

ing” bacteria at the subspecies level (16, 57). Chromosomal
DNAs from all 56 isolates were analyzed by rep-PCR, using the
Diversilab system, and sorted using the proprietary web-based
cluster analysis software provided with the system (Fig. 3).
Cluster analysis revealed a complex set of relatedness of repPCR patterns among the granite isolates, suggesting a rich
population diversity of spore-forming Bacillus spp. within the
granite sample. We arbitrarily decided to group isolates whose
rep-PCR patterns were at least 93% similar, which resulted in
division of the 56 isolates into 12 groups, designated groups I
through XII (Fig. 3). We attempted to assess the concordance
of blue fluorescence with the rep-PCR groupings, with a moderate amount of success. All members of groups I, II, III, V,
VI, VII, VIII, and IX displayed blue fluorescence, while groups
IV, X, XI, and XII contained mostly nonfluorescent members,
with a few exceptions (Fig. 3).
In a previous communication, we reported the isolation of
endolithic Bacillus spores from the interior of Sonoran desert
basalt; seven total isolates were obtained and characterized
using randomly amplified polymorphic DNA PCR (RAPDPCR) and 16S rRNA gene sequencing (3). Six of the isolates
were identical by RAPD-PCR and 16S rRNA gene sequencing
and were closely related (99.9%) by 16S rRNA gene analysis to
B. pumilus. The seventh isolate, WN696, was shown to be most
closely related (99.1%) by 16S rRNA gene analysis to B. subtilis
but was distinct by RAPD-PCR and 16S rRNA gene analysis
from B. subtilis laboratory strains (3). Because the RAPD-PCR

technique used in that experiment resulted in a rather low
resolution (only two visible RAPD-PCR bands), we reexamined the basalt isolates using the higher-resolution technique
of rep-PCR. Chromosomal DNAs of the seven endolithic Bacillus spp. previously isolated from basalt (3) were also subjected to rep-PCR analysis. All of the basalt isolates exhibited
rep-PCR patterns which were completely distinct from those of
the granite isolates (Fig. 4). It was observed that six of the
isolates from basalt identified by 16S rRNA gene sequencing as

FIG. 4. rep-PCR analysis of seven endolithic Bacillus sp. isolates
from basalt (3). Strain WN696 was most closely related to B. subtilis,
and strains WN691-695 and WN697 were most closely related to B.
pumilus by 16S rRNA gene analysis (3). Isolates WN570 (B. simplex)
and WN611 (B. megaterium) from granite and type strains B. subtilis
168 and B. pumilus ATCC 7061 were included for comparison.
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TABLE 2. Relationships of granite isolates to environmental Bacillus isolates

Group(s)

I, II, III, V,
VI, VII

Species

VIII, IX

Environmental origin

% Identity

Reference

Soil, Mars oasis,
Antarctica
SAF
SAF
SAF
SAF
Biodeteriorated mural
painting
Biodeteriorated mural
painting
Kartchner Caverns, AZ
SAF
Experimental wall
painting
Biodeteriorated mural
painting
Siderite concretion
Sea floor sediment,
Mariana trench
Sea floor sediment,
Mariana trench
Biodeteriorated mural
painting
Biodeteriorated mural
painting
Biodeteriorated mural
painting
Biodeteriorated mural
painting
Biodeteriorated mural
painting
Biodeteriorated mural
painting
Kartchner Caverns, AZ

99.1–100

Rodriguez-Diaz et al.,
unpublished
Venkateswaran, unpublished

R-16769

AJ748259

B. megaterium

SAFN-002
SAFR-038
SAFR-011
SAFR-040
LMG20240

AY167824
AY167862
AY167865
AY167861
AJ316310

LMG19497

AJ315065

Bacillus sp.
B. megaterium
B. barbaricus

L2 (Kartchner)
KL-197
VII-B3-A2 (type strain)

DQ192209
AY030338
AJ422145

B. decolorationis

LMG19507 (type strain)

AJ315075

B. arsenicus
Bacillus spp.

con a/3
HTA437

AJ606700
AB002642

HTA506

AB002643

LMG19489

AJ628744

LMG21002

AJ628745

LMG17633

AJ628746

LMG17636

AJ628747

LMG19491

AJ315057

LMG19494

AJ315062

HI-D3
MI-qb2
SAFN-019
LMG19498

DQ196470
DQ196481
AY167811
AJ315066

LMG20241

AJ316313

B. simplex

Bacillus spp.

Bacillus spp.
X

Accession no.

Bacillus sp.

Bacillus sp.

IV

Strain

B. niacini
Bacillus spp.

XI

Bacillus spp.

Various

Various

XII

B. niacini

SAFN-019

AY167811

B. pumilus (WN691-695 and WN697) exhibited rep-PCR patterns that were visually indistinguishable from each other and
were ⬎97% similar by cluster analysis but were readily distinguished from the B. pumilus type strain, ATCC 7061 (Fig. 4).
These observations are consistent with the notion that the
isolates are likely siblings originating from the same microcolony within the basaltic rock (3). Furthermore, the rep-PCR
patterns of the B. pumilus isolates were easily distinguishable
from that of the sole B. subtilis isolate from basalt, strain
WN696 (Fig. 4). Furthermore, WN696 itself was easily distinguishable from the typical laboratory B. subtilis strain 168 (Fig.
4). Thus, both the absolute numbers and the diversity of Bacillus sp. spores from granite were considerably higher than
those from basalt.
Comparison of 16S rRNA gene sequences from granite isolates. One representative granite isolate from each of groups I
to XII was chosen for 16S rRNA gene sequencing, and each
16S rRNA gene sequence obtained was analyzed using the
RDP web-based software. In our analysis, we used the criterion

SAF
Biodeteriorated mural
painting
Biodeteriorated mural
painting
Soils, sediments, tap
water biofilms
SAF

98.6
98.6
98.9–99.3
98.7–99.3
98.9–100

17

98.9–100
98.6
99.1–99.4
87.1

Ikner et al., unpublished
54
50

78.9

Heyrman et al., unpublished

82.3
97.5

48
51

97.1
98.5–98.6

Heyrman et al., unpublished

99.5–99.6
99.0–100
99.0–100
99.2

17

99.1
99.7
99.2
94.0
94.6

Ikner et al., unpublished
Venkateswaran, unpublished
17

94.0
94.1–97.2

RDP

94.6

Venkateswaran, unpublished

that bacteria sharing ⱖ97.5% identity in their 16S rRNA gene
sequences belong to the same species (59). It is well established
that rep-PCR distinguishes strains below the species level (16,
57). Because multiple groups were found whose rep-PCR patterns were ⬍93% similar but which were essentially the same
species at the level of the 16S rRNA gene sequence (see
below), we assumed that the unsequenced members of each
group were also of the same species as the sequenced representative. Preliminary classification of 16S rRNA genes confirmed that all 12 sequenced individuals belonged to the genus
Bacillus. Using the criterion outlined above, it was determined
that the 15 isolates from groups I to III and V to VII were
strains of B. megaterium (99.2 to 100.0% identity), the 23 isolates from groups VIII and IX were strains of B. simplex (99.6
to 100.0% identity), and the 5 isolates from group XII were
strains of B. drentensis (98.6% identity) (Table 1). In addition,
the seven isolates from group X were most closely similar to B.
niacini (95.1% identity), and the single isolate from group XI
was most similar to B. drentensis (96.2% identity); however,
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FIG. 5. Spore UV resistance. The graphs show comparisons of LD90 values (A) and D values (B) of granite isolates (white bars) (numbers
denote strain numbers; see Table 1) and the UV dosimetry strain B. subtilis ATCC 6633 (6633; shaded bars). Bars and error bars represent averages
and standard deviations, respectively (n ⫽ 3 or 4). Strains with P values of ⬍0.05 by analysis of variance were judged as belonging to separate
groups (indicated with lowercase letters).

both of these values were slightly below the 97.5% cutoff for
assignment to the same species (59). The five isolates from
group IV were intriguing, as a search of the RDP revealed that
these strains were most closely related to B. barbaricus; however, the degree of identity was low, at 87.1% (Table 1). A
search of the RDP with the 16S rRNA gene sequence from the
group IV representative did reveal two closely related (97.1 to
97.5%) uncharacterized Bacillus spp. isolated from deep-sea
sediments in the Mariana Trench (10,897-m depth) (51). Thus,
these three isolates may represent a new Bacillus species.
Relationship of granite isolates to environmental Bacillus
spp. During our search of the RDP for 16S rRNA gene homologies to our 56 granite isolates, we were struck by the
repeated number of high-scoring hits to Bacillus spp. deposited
in the RDP which have also been isolated from rocks (Table 2).
For example, the granite isolates described here for every
group except group XI were found to be closely related in 16S
rRNA gene sequence to Bacillus sp. isolates from biodeteriorated murals, stone churches, tombs, and experimental wall
paintings in Europe (17, 50); an underground cavern in Arizona (L. Ikner et al., unpublished data); and concretions of
siderite (i.e., the mineral iron carbonate) from India (48).
Furthermore, granite isolates from all groups except groups IV
and XI were also closely related in 16S rRNA gene sequence
to Bacillus spp. previously isolated from extreme environments
such as Antarctic soils (M. Rodriguez-Diaz et al., unpublished
data), sediment from the deep-ocean Mariana Trench (51),
and ultraclean spacecraft assembly facilities (54; K. Venkateswaran et al., unpublished data) (Table 2).
Spore UV resistance of endolithic Bacillus isolates. A number of environmental Bacillus spp. have been isolated, both
from within rock (3) and from within the extremely clean
environments of spacecraft and spacecraft assembly facilities
(26, 56) (Table 2), which produce spores exhibiting elevated
resistance to sporicidal treatments in comparison to standard
spore dosimeters (25, 27, 55). We are particularly interested in
extreme spore resistance to UV, as it relates to spore survival
in response to both clean room disinfection treatments and

spore exposure to the space environment during interplanetary
transport (reviewed in references 41 and 43). We therefore
undertook the measurement of spore UV resistance from the
representative isolates from groups I to XII that had been
characterized by 16S rRNA gene sequencing (Table 1). Despite the fact that all 12 representative strains had been originally isolated as heat-resistant spores from granite suspensions, four isolates failed to produce spores under our standard
laboratory conditions, i.e., cultivation for several days on SSM
plates at either 37°C or room temperature (Table 1). The eight
remaining representative strains sporulated on SSM plates,
and purified spores of each strain were tested for resistance to
254-nm UV radiation in comparison to spores of the standard
UV dosimetry strain B. subtilis ATCC 6633 (22, 40). Spore UV
inactivation curves characteristically exhibit a “shoulder” at
low UV doses followed by an exponential decline in viability at
higher UV doses. To quantify spore resistance properties, two
parameters, the LD90 value and the D value, are often used
(for extensive discussion of these parameters, see references 3,
27, 38, and 40). The LD90 value is defined as the lethal dose for
90% of the population and mostly reflects the length of the
“shoulder” of the curve. The D (decimal reduction) value,
defined as the dose producing 1 log10 of inactivation, is derived
from the exponential portion of the inactivation curve and
reflects its slope (24).
The spore UV resistance of the strains tested appeared to
fall into four general categories (Fig. 5), as follows. (i) Spores
of granite isolates WN559 (group XI, B. drentensis) and
WN579 (group IX, B. simplex) displayed very similar levels of
UV resistance, and both strains were significantly more UV
sensitive than the reference strain ATCC 6633, using either the
LD90 (Fig. 5A) or the D value (Fig. 5B) as a criterion. (ii)
Spores of granite isolates WN586 (group V), WN591 (group
VII), WN603 (group I), and WN611 (group II), all classified as
B. megaterium, exhibited LD90 values similar to that of ATCC
6633 (Fig. 5A) and D values either similar to or marginally
lower than that of ATCC 6633 (Fig. 5B). (iii) Granite isolate
WN585 (group III), classified as B. megaterium, exhibited a
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significantly higher D value than ATCC 6633 but had a similar
LD90 (Fig. 5). (iv) Granite isolate WN606 (group VI), also
classified as B. megaterium, displayed the reverse, having a
significantly higher LD90 value than ATCC 6633 but a similar
D value (Fig. 5). Therefore, of the eight granite isolates tested,
only WN585 and WN606 could justifiably be considered to
produce spores with more UV resistance than the reference B.
subtilis strain; furthermore, even the most UV-resistant granite
isolates did not approach the extreme spore UV resistance
exhibited by B. pumilus isolates from basalt (3) or spacecraft
assembly facilities (27).
In conclusion, as part of our investigation of endolithic Bacillus spores, we report the isolation and characterization of
spores found inside basalt (3) and granite (this study) from the
extreme environment of the Sonoran desert. The location of
these rocks just below the Earth’s surface was deliberately
chosen to represent sites potentially available for natural
launch into space by hypervelocity impacts according to the
spallation model of lithopanspermia theory (7, 11, 19, 33, 41,
43). We describe here the discovery of a likely new taxon
represented by group IV isolates, and we report the discovery
of a previously unknown blue fluorescent compound produced
by granite-inhabiting Bacillus spp. We found that granite appeared to harbor larger numbers and a richer diversity of
cultivable Bacillus spp. than basalt. We suggest that this may be
due to two factors. First, it has been demonstrated that bacteria can infiltrate porous rock in association with the percolation of groundwater (23a). The lower porosity of basalt (3 to
35% void space) than that of granite (34 to 57% void space)
(34a) may limit the infiltration of microorganisms into basalt
(39). Second, the Sonoran desert is characterized by extreme
solar radiation and heating; the darker color of near-surface
basalt may result in stronger diurnal heating cycles, limiting
microbial survival.
A question naturally arising from our observations is
whether the Bacillus spp. found were actually living (i.e., undergoing metabolism and growing) inside these endolithic environments or were merely accidental inhabitants. Our observation that six B. pumilus spores inhabiting basalt were likely
siblings (Fig. 4) (3) suggests either replication within the rock
or, alternatively, transport into the rock as a group. Certainly,
the current study did not set out to answer this question, as
assays of in situ metabolism were not performed. Indeed, we
specifically selected heat-resistant (and presumably dormant)
spores as part of the isolation procedure. However, prior evidence has been obtained of Bacillus spp. making their living in
isolated deep subsurface endolithic environments (4). Furthermore, as of 2003, well over 200 distinct species of aerobic
endospore-forming bacteria have been described from a wide
variety of environments (13). In contrast, it is striking that only
a limited subset of apparently closely related Bacillus spp. has
been repeatedly isolated from rock environments distributed
worldwide (Table 2). These observations strongly suggest either (i) that these Bacillus spp. are indeed living within the rock
matrix itself or (ii) that there exists some unknown mechanism
by which only these species become accidentally and preferentially transported into, or survive within, rock interiors. In
either case, it appears that the endolithic environment creates
niches that exclude all but a few Bacillus spp. Understanding
the mechanisms by which this group of microbes infiltrates,
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colonizes, and lives within rock habitats will yield important
insights, with impacts on fields as disparate as astrobiology,
geomicrobiology, microbial ecology, and biodeterioration.
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