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Limits imposed by ionizing radiation on the long-term survival of
trapped bacterial spores: beta radiation

A. J. NICASTRO†*, R. H. VREELAND‡ and W. D. ROSENZWEIG‡

(Received 9 January 2002; accepted 10 May 2002)

Abstract. bacterial spores trapped within � uid inclusions of
Purpose: A model is presented for determining the survival time crystals is examined.
TF of a fraction F of a population of bacterial spores trapped Bacterial spores trapped within a � uid inclusion
within a � uid inclusion and subject to genetic damage from are subject to exposure to ionizing radiation. Thisbeta radiation.

radiation may originate from radionuclides withinMethods: The limiting factor to survival is the production of
double-strand breaks (DSB) in the DNA resulting from single- the � uid, in the encasing crystal, or from crustal rock
track cleaving and from the cumulative eVects of single-strand surrounding the crystal. This paper shows that the
breaks (SSB) induced by the presence of ionizing radiation in � ux of alphas and of high-energy particles comprising
the environment. The model considers the probability that cosmic rays is a negligible factor compared to theradicals and ions formed by the passage of high-energy particles

beta dose. The fact that Vreeland et al. (2000) werewill interact with a DNA molecule and induce damage.
Results: The survival time TF for a fraction F of a trapped able to revive 250 Ma bacilli indicates that these
population is a weak function of both F and the length L in base organisms are rather robust, and that, at least in that
pairs of the genome. For irradiation due to a beta source trapped case, the exposure was insuYcient to kill all the
with the spores within the inclusion, the survival time is also trapped spores.inversely proportional to the concentration of the radionuclide,

Lesions on a DNA molecule may be created bythe dominant factor in limiting survival time.
Conclusions : The predictions of the model are consistent with the near-passage of a high-energy particle such as
measured DSB formation rates, the observed survival of trapped might be emitted in radioactive decay. A direct
spores over time periods as long as 250 Ma, and track structure collision of the particle with a constituent atom of
models which address low physical dose rates. the DNA may sever structural bonds by dislodging

or ionizing the atom, or the high-energy particle can
1. Introduction also create highly reactive radicals in the vicinity of

a DNA strand which can subsequently attack criticalSome species and strains of bacteria (i.e. Bacillus sites on the molecule and sever structural bonds. Theand Clostridium ) are able, when conditions are adverse, electric � eld of a relativistic particle is oriented soto enter a dormant spore state wherein metabolic that the greatest � eld strength lies perpendicular toactivity functionally ceases. Such spores, trapped the particle’s velocity ( Jackson 1975) . Passage of suchwithin crystal inclusions, may lie dormant for a particle through a � uid produces ions severalextended time periods, protected to some degree by nanometers on either side of its trajectory (Turnerthe encasing crystal. Vreeland et al. (2000) revived a 1995) . If the � uid through which the particle movesBacillus species (strain 2-9-3) trapped in a halite � uid has water as its dominant constituent, such as wouldinclusion 600 m below the surface for 250 Ma (250 be expected to be the case for bacterial DNA,million years). Parkes (2000) comments that, given ionizing radiation generally gives rise to H2O+,the care taken to avoid contamination, that study H3O+, OH, OH
Õ

and some H2O2 and H2 . Somepresents the best evidence for the extreme longevity of these products are the result of radicals interactingpossible in micro-organisms. A question naturally with themselves (Ward 1988) . Along with directarises as to what limits the long-term survival of ionization, the action of these radicals formed bytrapped bacteria. In this paper, the limits imposed water radiolysis produces lesions and deformationsby the presence of beta radiation on the survival of in DNA.

2. Lethal damage to DNA*Author for correspondence. e-mail: anicastro@wcupa.edu
†Department of Physics, West Chester University of The most signi� cant types of damage to DNA thatPennsylvania, West Chester, PA 19383, USA.

can lead to cell death are recognized to be double-‡Department of Biology, West Chester University of
Pennsylvania, West Chester, PA 19383, USA. strand breaks (DSB) and the accumulation of
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single-strand breaks (SSB). One SSB is not problem- many DSB, Frankenberg et al. (1981) found about
one unrejoined DSB per cell per lethal event. Whileatic for an active cell. EYcient, accurate repair of

the damage can be implemented so long as the dormant, the metabolic repair pathways are inactive
or disabled. Thus, a spore exposed to a suYcientintegrity of the undamaged complementary strand is

not compromised. No loss of base-sequence informa- number of attacks from ionizing radiation may
emerge from the dormant state with extensivetion occurs. If two SSB occur on opposite strands of

a molecule, they can still be repaired as if they were damage to its genome, and DSB repair may be
signi� cantly less eVective than when the cell is activesingly damaged sites if they are separated by a

suYcient number of base pairs. Two individual SSB while suVering DNA lesions. If the DNA of a spore
suVers a DSB, the chemically reactive terminal endsmay occur in opposite strands of a DNA molecule

close enough so that any base pairs remaining of the strands at the breaks are free to diVuse and
interact with nearby molecules or other regions ofbetween the damage sites do not provide enough

structural binding to hold the strands together. A the DNA. Thus, when one of these chemically reac-
tive ends diVuses away from its proper site on theDSB forms, and the DNA molecule eVectively is cut

into smaller fragments. This lesion results in a loss helix before it can be repaired, the DSB damage
may be irreparable. In this analysis, the productionof base sequence information and can result in cell

death (Freifelder 1965, Frankenberg et al. 1981, of a single DSB in a DNA molecule will be considered
to be a fatal lesion leading ultimately to cell death.Barendsen 1990, Frankenberg-Schwager and

Frankenberg 1990, Sachs et al. 1997, Olive 1998) . Regardless of the eYciency with which DSB can be
repaired after dormancy is broken, the formation ofThe trajectory of a high-energy particle may be

oriented so that it lies along a line formed by a base fatal lesions will be modeled as the cumulative eVects
of non-repaired SSB coupled with single-track DSB.pair. In such a circumstance, the particle may cleave

the DNA and form a single-track DSB. As a consequence of this approach, all that is required
to predict the probability of survival for a populationMingot et al. (1978) analyzed the local deformations

in a DNA double helix in the vicinity of a strand of trapped spores is a model to estimate the occur-
rence and distribution of fatal lesions produced bybreak. They found that two SSB on opposite strands

within about 20 base pairs permits the complement- ionizing radiation. In the authors’ model, it is
assumed that all spores with one or more fatal lesionsary strands to denature and thus separate completely.

In a comprehensive analysis, Freifelder and Trumbo in their DNA die; the others survive.
Damage to DNA produced by ionizing radiation(1969) showed that the number of base pairs that

can retain the structural integrity of the DNA mole- can be viewed in a stepwise fashion: a high-energy
particle must pass near enough to the strand so thatcule varies with the ionic strength of the medium in

which the DNA � nds itself. They found that for the ions and radicals produced along its trajectory
are close enough to interact with the strand, and amedia of high ionic strength (1.0 M NaCl), as few as

2.64 base pairs, on average, can prevent a DSB from radical in the vicinity of the DNA molecule actually
interacts with a critical site on the molecule andforming. Note that a high concentration of salt ions

(a saturated salt brine is 6 M) also act as scavengers induces a SSB. Over time, the SSB damage accumu-
lates, and DNA molecules in a trapped populationfor the radicals created by the passage of a high-

energy charged particle, and thus serve to reduce the begin to suVer DSB. The authors seek to determine
the fraction of trapped DNA that survives after andamage induced in the DNA. This aspect will be

quanti� ed in a later section of this paper. interval of time subject to a speci� ed � ux of ionizing
radiation.Although in the present analysis the formation of

a DSB is considered to be a lethal event, it is noted First, the eVects of the accumulation of SSB will
be examined. Later, in §6, the eVects of single-trackthat it has been demonstrated that not all DSB are

lethal. The initial number of DSB created by expo- DSB will be included. In the model described by the
authors, lengths are most conveniently measured insure to ionizing radiation often is 40–100 times

higher than the frequency of lethal events (Ward units of base pairs, each contributing a length b to a
DNA strand.1988, see also Ward 1990) . Further, at least two

independent mechanisms (homologous recombina-
tion and non-homologous end-joining) permit the 3. SSB accumulationrepair of DSB in prokaryotes and eukaryotes
(Glasunov et al. 1989, Camerini-Otero and Hsieh The formation of a SSB on one strand of a DNA

molecule creates a critical zone on the opposite1995, Frieberg et al. 1995, Ivanov et al. 1996,
Shinagawa 1996, Eisen and Hanawait 1999) . strand that cannot sustain another SSB and, as a

consequence, produce a DSB. As mentioned in theAlthough cells are evidently capable of repairing
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Table 1. Average number of SSB that a genome of length L inprevious section, this zone extends from b 5 2.64 to
base pairs can sustain so that a fraction F of a trappedabout b 5 10 base pairs up and down the opposite
population will survive without a lethal DSB. The numberstrand. In a DNA molecule L base pair units long, of base pairs b between two SSB that are needed to avoid

the probability that the � rst SSB in the second strand a DSB varies with the ionic strength of the medium
surrounding the DNA molecule.avoids the critical zone is [L Õ (2b 1 1)]/L. The prob-

ability that a second SSB produces no DSB is
F 5 10

Õ 2 F 5 10
Õ 4

then [L Õ 2(2b 1 1)]/(L Õ 1), and for the nth SSB,
[L Õ n(2b 1 1)]/(L Õ n 1 1). Therefore, the probability L L
that all the SSB in the second strand avoid the

b 106 5 Ö 106 107 106 5 Ö 106 107critical regions is

2.64 1700 3800 5400 2400 5400 7700
a
n

i=1

L Õ i (2b 1 1)

L Õ i 1 1
(1) 5 1300 2900 4100 1800 4100 5800

10 940 2100 3000 1300 3000 4200
20 670 1500 2100 950 2100 3000

If we assume that, on average, each of the two
strands suVers half the total number of SSB on the
molecule, then with n SSB forming on one strand of DNA genomes for bacteria vary from about
the total number of SSB on both is N 5 2n. In the 760 000 base pairs in mycoplasma to about 5 million
situations the authors will be considering n is small in Escherichia coli. The minimal size genome for
compared with L, and this product can be approxi- cellular life is approximately 320 000 base pairs
mated by (Mushegian and Koonin 1996) . For the case of DNA

in media of high ionic strength, such as is the case
for the halotolerant bacteria, several thousand SSBCL Õ n (2b 1 1)

L D n

(2)
can form and still yield an appreciable survival rate.

Thus, the fraction F(N) of DNA molecules which
4. Interaction probabilitiessuVer N SSB distributed equally among the two

strands of the helix and possess no DSB is (cf. analysis Although the linear energy transfer (LET) model
in Freifelder and Trumbo 1969) is useful when considering the stopping power of

various media, it proves to be inadequate when
analyzing the interaction with speci� c structures theF (N ) 5 CL Õ n (2b 1 1)

L D n

5 CL Õ N/2 (2b 1 1)

L D
N /2

size of a DNA molecule. Ionizing radiation produces
aggregates of ions along its path. These energy(3)
deposition events vary in frequency and size from

This transcendental equation needs to be solved for spurs 4 nm in diameter, which account for approxi-
N so that once a survival rate is speci� ed the average mately 95% of the events and about 80% of the
number of SSB that a DNA molecule can sustain deposited energy, to larger aggregates about 7 nm in
and not produce a DSB can be determined. diameter and accounting for 5% of the events and

roughly 20% of the energy deposited. A spur forms
from a loss of less than 100 eV; the larger aggregatesln F 5

N

2
ln C1 Õ

N

2L
(2b 1 1)D form from depositions of approximately 500 eV or

less (Ward 1988) . Furthermore, these energy depo-
sition structures are well separated by approximately# Õ

N

2 A N

2L
(2b 1 1)B 5 Õ

2b 1 1

4L
N 2 (4)

400 nm (Chatterjee and Magee 1985) . Thus, in con-
sidering whether radiation can induce damage to a

and thus particular DNA molecule, the authors take up an
analysis of the probability that the trajectory takes
the particle close enough to the molecule and a spurN 5 C Õ

4 L ln F

2b 1 1 D1/2

(5) or cluster forms near enough to interact.
In pure water, the ions created as part of a spur

or cluster can diVuse many tens of nanometers awaywhere the Taylor approximation that ln(1 Õ x)# Õ x
has been used. Table 1 lists the number of SSB that from the sites of their creation in a time equal to the

half-life of the reactions involving the radicals (Turnercan be sustained for various size genomes and for
varying values of the parameter b and have a fraction 1995) . In a typical � uid inclusion such as being

considered, the solute ions present act as eVectiveF of the population survive without a DSB. The sizes
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scavengers. The half-life of such scavenger reactions
is tscav 5 ( ln 2)/K(S), where K(S) is the reaction rate
for solute species S with the relevant radicals and
ions. Typically, the rate constant is 109 M

Õ 1 s
Õ 1 . In

a time tscav , a radical will diVuse a distance l given
by l 5 (6tscav D)1/2 , where D is the diVusion constant
for the particular species of radical. D varies from
2 Ö 10

Õ 9 m2 s
Õ 1 for OH, one of the more reactive

species, to 8 Ö 10
Õ 9 m2 s

Õ 1 for H3O+. A saturated
NaCl brine is 6 M. In eubacteria that form spores, a
high level of compensatory osmoregulatory material
will be produced to oVset the eVects of the brine in
which the spore is immersed. This material will
generally bind water strongly to its structure.
Examples of such regulatory materials are ectoine,
hydroxyectoine or glycine-betaine (Galinski 1993,
Del Moral et al. 1994) . The spores also tend to
dehydrate themselves by primarily removing the
osmotically responsive water, leaving mostly the
bound water. With these eVects, the intraspore en-
vironment can be approximated as equivalent to a
6 M brine in terms of its ability to generate, diVuse
and scavenge ions and radicals. With this assumption,
tscav # 10

Õ 10 s. This value is consistent with studies
of molecular yields of water radiolysis showing that
high concentrations of scavengers reduce the avail-

Figure 1. Geometrical con� guration of a radionuclide at Oability of ions beyond the spur (Schwarz 1955). These which can emit a high-energy particle that might interact
data also imply that intraspur reactions among the with a naked DNA strand. In order to interact with the
radicals are heavily suppressed. A 0.3 M concentra- strand, the particle must pass within a distance l on

either side of the strand.tion of bromide ions yields half the hydrogen perox-
ide with this ion’s presence. At this concentration the

that its path passes within a distance l on either sideOH radicals possess a half-life of 2 Ö 10
Õ 9 s, consistent

of it iswith the tscav of about 10
Õ 10 s for a higher concentra-

tion of solute ions. It is also noted that these time
P traj 5 P

h
P

w
5 Adh

2pBAdw

2pB 5 C 1

2p

2l1 2 nm

xavg Dscales arise in the context of in vivo studies of Chinese
hamster cells. Reuvers et al. (1973) demonstrate the
protective action of four diVerent OH scavengers

Ö C 1

2p

L (3.4 nm/10 base pairs)

xavg Dand conclude that the half-life of this radical is
approximately 10

Õ 9 s. A value of tscav # 10
Õ 10 s

implies l# 2 nm. This � gure illustrates that the rad-
5

2l 1 2 nm

4p
2 x2

avg
L A 3.4 nm

10 base pairsB (6)icals do not possess a large diVusive range in the
context being considered. Thus, the trajectory of a

wherehigh-energy particle needs to pass within a distance
l# 2 nm on either side of a DNA strand in order to
interact with it. l 5 A6D ln 2

K (S ) B
1/2

(7)
First to be determined is the probability that the

trajectory of a randomly emitted particle originating and xavg is the average separation between the DNA
within the inclusion volume Vinc approaches close strand and all other points in the volume of the
enough for radicals to diVuse over and induce a inclusion. That is, for a DNA molecule located at an
lesion. A DNA molecule constructed of L base pairs arbitrary point (x0 , y0 , z0 ),
will have a length L (3.4 nm/10 base pairs) and a
width of 2 nm. (Supercoiling is ignored, which will xavg 5

1

Vinc PPP
V inc

[(x Õ x0 )2 1 ( y Õ y0 )2

only serve to lessen the cross-section for interaction.)
If such a naked strand is considered to be the target
of the radiation as in � gure 1, then the probability 1 (z Õ z0 )2 ]1/2 dx dy dz (8)



895Long-term survival of trapped bacterial spores

For arbitrary values of (x0 , y0 , z0 ), this integral cannot DNA is
be evaluated in closed form, but it can be approxi-
mated by PDNA react 5 5

p(1 nm)2 l

p(l 1 1 nm)2 l
5 5

1 nm2

(l1 1 nm)2 (15)
xavg 5

3
4 V 1/3

inc (9)
Further, even if the radicals interact with the DNA

The fact that the spurs and other aggregates of molecule, the damage induced may not be at a
radicals and ions are separated by approximately critical site, i.e. a phosphodiester bond, and yield a
400 nm implies that the probability that one of these SSB. The ratio of base damage to sugar damage in
ion structures forms along the trajectory and is near double-stranded DNA is about 2.7 (Ward 1985) ,
enough to interact with the DNA molecule is accounting for both damage caused from diVusing

OH radicals and direct ionization. This ratio, though,
P ion proximity 5 P traj A2l 1 2 nm

400 nm B (10) has been measured to be as high as 7 to 10 (Ward
and Kuo 1978). Thus, even if a radical interacts with
a portion of the DNA molecule, the probability thatwhere the fact is used that the spur or aggregate of
it produces an SSB rather than base damage isions can form either a distance l in front of the 2 nm
reduced by a factor of at least 2.7. Therefore, of thewide DNA molecule or a distance l behind it. This
high-energy particles whose trajectories take themexpression can be re� ned if the energies of the particles
near enough, only the fractioninvolved are known. Speci� cally, the 400 nm separation

between the energy deposition structures is simply a
typical � gure for high-energy electrons. It is assumed A2l 1 2 nm

S BA 5 nm2

(l 1 1 nm)2BA 1

2.7Bthat the energy of a particle is lost quasi-continuously
over its entire path in the form of spurs and aggregates.
The weighted energy content per structure is 5

2
S A 1 nm2

l 1 1 nmBA 1

2.7B (16)
0.8(100 eV) 1 0.2(500 eV) 5 180 eV. Thus, if R0 is the
range of a particle of energy E, the average distance will induce a SSB, assuming that any damage to a
between energy deposition structures is phosphodiester moiety always results in a SSB. Finally,

the probability that a randomly emitted particle will
S 5

R0

E

180 eV

1 structure
(11) pass a DNA molecule and induce a SSB is

For betas, the range in cm for a particle of energy E PSSB 5
2 (l 1 1 nm)

4p
2 ( 3

4 V 1/3
inc )2

L A 3.4 nm

10 base pairsBin MeV moving through a medium of density r in
g/cm3 is (Turner 1995)

Ö
2

S A 5 nm2

(l 1 1 nm)B 1

2.7
(17)

R0 5
0.412

r
E1.27 Õ 0.0954 ln E (12)

which, in a convenient set of units, reduces to
Therefore, the average distance between structures
becomes PSSB 5 1.12 Ö 10

Õ 19 mm3 L

SV 2/3
inc

(18)

S 5
0.412

r
E0.27 Õ 0.0954 ln E A1.8 Ö 10

Õ 4 MeV

1 structure B where L is measured in base pairs and the volume
of the inclusion Vinc is measured in cubic millimeters.

(13) S, the average separation between energy deposition
structures, is now in millimeters.where E is in MeV, r in g/cm3 , and S in cm. Because

The striking feature of this result is that it isthe weighted energy content per structure is approxi-
independent of the average diVusion distance of themately 180 eV and approximately 31 eV are required
radicals and ions. This feature of the result can beto produce an ion pair (ICRU 31 1979), on average,
understood by noting that a large diVusion distanceenergy deposition structures contain about � ve ion
l means that a spur or aggregate can form furtherpairs. These � ve ions are contained somewhere in
away from the DNA strand and still interact with it.the nearly cylindrical volume of
But, because the spur or aggregate contains a � xed

Vion s 5 p(l 1 1 nm)2 l (14) number of ions, those ions are diluted over a larger
volume. The two eVects compensate, and the prob-Most of the volume contains scavengers and � uid;

the DNA molecule itself occupies only a small fraction ability of interaction is independent of l.
Note that if the size of the inclusion is largeof the volume wherein the ions possibly have been

created. The probability that the ions react with the compared to the average range R of particles emitted
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from radionuclides uniformly dispersed within the The number of these decays that will produce SSB
after a time TF will beinclusion volume Vinc , PSSB needs to be reduced by

a form factor of the order of R3 /Vinc . This accounts
for a reduction in particle � ux due to attenuation NSSB 5

CVinc NA

M
{exp [(ln 2)TF /t1/2 ] Õ 1}

produced by the � uid itself. The volume accessible
to damage may be substantially smaller than Vinc .
For example, 40

19 K betas have a maximum energy of Ö (1.12 Ö 10
Õ 19 mm3 )

L

SV 2/3
inc1.312 MeV and an average energy of 0.585 MeV.

The ranges of such betas in a 1.2 g/cm3 brine are
5 (1.12 Ö 10

Õ 19 mm3 )
CV 1/3

inc L

S

NA

M
0.46 cm and 0.20 cm, respectively. Betas typically
penetrate only to about one half of their range for
energies up to about 1.25 MeV (Turner et al. 1988). Ö {exp [(ln 2)TF /t1/2 ] Õ 1} (20)
Thus, on average, betas originating from nuclei more Solving this expression for TF yieldsdistant than 0.1 cm do not reach a DNA strand.
Even though a bacterial spore may be physically

T F 5
t1/2

ln 2C SNSSB M

(1.12 Ö 10
Õ 19 mm3 )CV 1/3

inc NA LDcon� ned to an inclusion of volume Vinc , eVectively it
is subject to genetic damage from the radiation
originating within a volume Vef f 5 f (4/3)pR3 , where

5
t1/2

ln 2C Õ
4 ln F

2b 1 1D1/2

R is the average range of any relevant high-energy
particle and f is a factor or order unity which accounts
for the relative location of DNA within Vinc . For

Ö C SM

(1.12 Ö 10
Õ 19 mm3 )CV 1/3

inc NA L1/2D (21)example, if a spore is located in one corner of a
cubic inclusion, only one-eighth of the � uid volume

where used again is the Taylor series expansionproduces particles that can damage the spore DNA.
ln(1 1 x)# x, for x small compared to 1.

5. Survival time limited by SSB
accumulation 6. E Ú ect of single-track DSB and total

surviving fractionLet a survival time TF be the average time interval
after entrapment that a fraction F of a con� ned Not considered so far is the eVect of single-track
population of spores survives. The probability has DSB. Such a DSB will arise if the particle track lies
been evaluated that the DNA of such spores suVer roughly along a line formed by a base pair or the
SSB due to the presence of ionizing radiation, and interstitial regions between successive base pairs;
the average number of SSB that a DNA strand can other trajectories will result in a SSB.
suVer and not sustain a DSB has been determined. The relative probability that a single track results
It remains to consider the rate at which ionizing in a DSB rather than a SSB can be estimated. One
events occur. As seen, this rate is intimately depend- helical segment of a DNA strand is 3.4 nm in length
ent on the nature and concentration of radioactive and 2 nm in width, representing a total target area
nuclei in the environment and the geometric con� g- of 7 nm2 . The diameter of a base pair region is
uration of the entrapment. approximately 0.6 nm, presenting a cross-sectional

Consider a � uid inclusion containing a beta emit- target area of 0.3 nm2 . Thus, 0.3/7 5 0.04 of the
ter, such as 40

19 K, as a solute ion at a present concentra- particle interactions ought to yield a DSB rather
tion of C g/mm3 . The total number of nuclei with than a SSB. In fact, this heuristic result is con� rmed
gram-molecular-mass M is Nn 5 CVinc NA /M. These experimentally. For the human genome, the rate of
nuclei remain from an original number N0 at entrap- formation of DNA SSB is 1000 per Gy and 40 single-
ment, and Nn 5 N0 exp{Õ ( ln 2)t/t1/2 }. Thus, N0 5 track DSB per Gy (Ward 1988) , or equivalently,
Nn exp{( ln 2)t/t1/2 }. And the number of decays that a DSB rate of 10

Õ 2 DSB Gy
Õ 1 Mbp

Õ 1 . Thus, to
have occurred over this time t is calculate the number of DSB produced in a popula-

tion of Npop individuals, the dose to which theN0 Õ N n 5 N0 {1 Õ exp[ Õ ( ln 2)t/t1/2 ]}
population has been subjected needs to be

5 N n exp[(ln 2)t/t1/2 ]{1 Õ exp[ Õ ( ln 2)t/t1/2 ]} determined.
This dose is dependent upon the properties of5 N n {exp [(ln 2)t/t1/2 ] Õ 1}

the relevant radionuclide, and for spores trapped
in halite inclusions 40

19 K is the most likely source of5
CVinc NA

M
{exp [(ln 2)t/t1/2 ] Õ 1} (19)

high-energy particles. This radionuclide produces
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betas of average energy 0.585 MeV/decay or Note that both F and m are functions of time. Figure 2
illustrates this time-dependence. Note that for9.37 Ö 10

Õ 14 J/decay. (It also emits gammas, a cir-
cumstance that will be addressed in §7.) The number very early times (t<0.4 Ga) single-track DSB is the

dominant killing mechanism, but eventually theof decays after a time t is given by equation 19,
where the concentration of radionuclides is C (in accumulation of SSB produces more DSB than those

which arise from single tracks. For increasinglyg/mm3 ) and Vinc is the volume of the inclusion
(in mm3 ). M is the gram-molecular-mass of the radio- smaller inclusions trapping progressively fewer

spores, single-track DSB dominate as the principalnuclide, 40 in the present case, and NA is Avagadro’s
number. Thus, for a � uid of density r (in g/mm3 ) source of genetic damage for increasingly larger

fractions of the survival time. Note, also, that thewithin the inclusion, the dose will be
time-dependence of the surviving fraction is basically
that of the accumulation of SSB, but diminished toD 5

CVinc NA

M
{exp [(ln 2)t/t1/2 ] Õ 1}(9.37 Ö 10

Õ 14 ) J
a small but signi� cant extent by the eVects of single-
track DSB. The concentration of the radionuclide is

5
CNA

Mr
{exp [(ln 2)t/t1/2 ] Õ 1}(9.37 Ö 10

Õ 8 ) Gy by far the most in� uential factor limiting survival
time. Figure 3 shows the total fraction of surviving
spores Ftotal as a function of time for four concentra-(22)
tions of 40

19 K. Although less dramatic, the dependence
where now r is in g/cm3 . For a DSB rate of 10

Õ 2

on b nonetheless is signi� cant (b is the minimum
DSB Gy

Õ 1 Mbp
Õ 1

5 (10
Õ 8 DSB Gy

Õ 1 bp
Õ 1 )L, the number of base pairs that can retain the integrity of

number of single-track DSB is given by the two strands of DNA without a DSB forming.)
Figure 4 illustrates the dependence of the survival

N K Õ 40
DSB, single-track 5

CNA L

Mr
(9.37 Ö 10

Õ 16 ) rate on b. Finally, the surviving fraction depends also
on the number of trapped individuals, and � gure 5

Ö {exp [(ln 2)t/t1/2 ] Õ 1} (23) illustrates that relationship. For populations in excess
of about 50 000 individuals, the surviving fractionFor a trapped population to yield individuals that
becomes nearly independent of the size of the trappedsuVer no single-track DSB, the number in the popula-
population.tion needs to exceed the number of single-track DSB

Determining the number of viable spores in ainduced. Simply being roughly equal or marginally
sample extracted from an inclusion would be diYcultlarger will not suYce, for additional individuals will
to ascertain experimentally. More to the point, onceaccumulate enough SSB to form fatal DSB.
an inclusion has been drained and any trapped sporesThe number of single-track DSB, of course, will
extracted, only a few viable survivors are needed tonot be distributed uniformly among the individuals,

but instead will follow a Poisson distribution. For an
average occurrence of

m 5 N K Õ 40
DSB, single-track /Npop (24)

the probability that an individual in the population
will sustain k single-track DSB is

P (k) 5
m

k

k !
e

Õ
m (25)

k 5 0, 1, 2, . . . and the probability that an individual
suVers no single-track DSB is P(0) 5 e

Õ
m.

Spores will be killed by two mechanisms acting
simultaneously: single-track DSB and the accumula-
tion of enough SSB to form a DSB. A segment of
the trapped population will suVer both types of DSB.

Figure 2. Relative eVects of single-track DSB and DSB pro-Thus, when the number of SSB as a function of time
duced by the accumulation of SSB for an entrapped

is given by equation 20 and the corresponding surviv- population of 10 000 individuals whose genome has a
ing fraction is given by equation 5, the fraction of length of 4 Mbp and is subject to damage by 40

19 K betas
when this radionuclide is present at a concentration ofsurviving spores that have not suVered a DSB of any
6.5 Ö 10

Õ 11g/mm3 . For these calculations, we have chosentype is
b 5 2.64, the smallest experimentally determined value
(Freifelder and Trumbo 1969) . 1 Ga 5 109 years.FTotal 5 F e

Õ
m (26)
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Figure 5. The dependence of the surviving fraction of sporesFigure 3. The dependence of survival time on the concentration
on the number of trapped individuals. For populations(in g/mm3 ) of the radionucleotide 40

19 K trapped with the
exceeding about 50 000 individuals, the surviving fractionspores. For survival times for small fractions of surviving
is nearly independent of the number of spores initiallyspores, see table 2. These calculations assume a trapped
trapped within the inclusion. For these calculations, b 5population of 10 000 and a genome length of 4 Mbp. b
2.64 and the concentration of 40

19 K is 6.5 Ö 10
Õ 11 g/mm3 .was chosen to be 2.64 again.

Table 2. Survival times for three fractions of a population of
trapped spores and their dependence on the concentration
of 40

19 K and the number of base pairs needed to prevent
DNA strands from denaturing.

Survival times

C (g/mm3 ) b (base pairs) T10
Õ 2 (Ga) T10

Õ 4 (Ga) T10
Õ 6 (Ga)

2.64 0.31 0.43 0.53
6.5 Ö 10

Õ 9 5 0.24 0.34 0.41
10 0.18 0.25 0.30

2.64 0.61 0.83 0.98
3.0 Ö 10

Õ 10 5 0.49 0.67 0.79
10 0.37 0.51 0.61

2.64 1.4 1.8 2.1
Figure 4. The eVect of b on survival time. b is the number of 1.0 Ö 10

Õ 10 5 1.2 1.5 1.8
base pairs that are needed between two SSB on opposite 10 0.94 1.1 1.4
strands so that a DSB does not form. The size of the

2.64 1.9 2.4 2.7trapped population is 10 000, and the size of the genome 6.5 Ö 10
Õ 11 5 1.6 2.0 2.3is 4 Mbp. The concentration of 40

19 K is 6.5 Ö 10
Õ 11 g/mm3 .

10 1.3 1.7 1.9

The data are for an initial population of 10 000 individualssuccessfully culture the sample. In table 2, the time
whose genome length is 4.0 Mbp trapped in an inclusion whoseintervals TF for three fractional survival rates are
volume is 9 mm3 and with a brine of density 1.2 g/cm3 .quoted: F 5 10

Õ 2 , 10
Õ 4 and 10

Õ 6 . Values of T10
Õ 6

are given to better facilitate comparisons with previ-
ously published models and data, even though trap- the trapped spores are exposed is somewhat less than

the background dose rate encountered at the earth’sping spore populations in the millions is unlikely.
surface. As shall shortly be argued, at the depth in
which a typical halite inclusion is located, the cosmic7. Discussion ray � ux is greatly attenuated, and alpha sources are
eVectively excluded from halite crystals and pose anWe have considered limitations to the survival

times of a trapped population of spores subject to inconsequential threat for genetic damage.
As part of a comprehensive study examining thethe action of beta radiation originating within the

inclusion trapping the spores. Such a circumstance natural transfer of viable microbes in space,
Mileikowsky et al. (2000) used a track structure modelsubjects the spores to a low physical dose rate seldom

investigated. In fact, the physical dose rate to which (based on Katz et al. (1971) and Cucinotta et al.
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(1995)) to calculate survival times until N/N0 5 10
Õ 6 the value of 3.15 Ô 0.29 Ö 10

Õ 9 DSB Gy
Õ 1 bp

Õ 1 for
alphas measured by Newman et al. (1997) using thefor B. subtilis (wild-type and pol

Õ
) and Deinococcus

radiodurans shielded against the galactic cosmic ray distribution size method (Lehmann and Ormerod
1970) . This agreement is, to some extent, fortuitous� ux by modeled Martian regolith. The smallest phys-

ical dose rate presented is 0.06 cGy/a. We seek to and coincidental, for the present model would have
predicted values a factor of 2 higher and lower thancompare their model with the one presented here.

As seen, the dose rate depends primarily on the this depending on the values of b, L, and F. Using
the model of Cook and Mortimer (1991) , Newmanconcentration of 40

19 K. The concentration of potas-
sium, and consequently, this radionuclide, varies et al. (1997) � nd for alphas that the breakage frequen-

cies ranged from 4.5Ô 0.8 Ö 10
Õ 9 DSB Gy

Õ 1 bp
Õ 1throughout the strata associated with the Permian

Salado Formation from where strain 2-9-3 for fragments with a mean weight of 5 Mbp to
633 Ô 140 Ö 10

Õ 9 DSB Gy
Õ 1 bp

Õ 1 for fragments ofwas extracted. For concentrations of 40
19 K of

6.5 Ö 10
Õ 10 g/mm3 down to 6.5 Ö 10

Õ 11 g/mm3 , 14 kbp mean weight. The agreement with the present
authors’ model is still satisfying.the corresponding physical dose rates are

7.9 Ö 10
Õ 3 cGy/a and 7.9 Ö 10

Õ 4 cGy/a, respectively. The results of the present model can be checked
for consistency with the observed survival of bacterialExtrapolating the results of Mileikowsky et al. (2000)

to an even lower dose rate than 0.06 cGy/a yields spores trapped for 250 Ma. In Vreeland et al., the
spores were extracted from an inclusion 3 Ö 3 Ö 1 mm.survival times until N/N0 5 10

Õ 6 of 180 Ma for
a dose rate of 7.9 Ö 10

Õ 3 cGy/a and 1.7 Ga for The threat to the genome in this case arises from
the 40

19 K in the brine; potassium would largely be7.9 Ö 10
Õ 4 cGy/a for B. subtilis. The corresponding

times for D. radiodurans are approximately a factor of excluded from the solid crystal. The concentration
of potassium in the brine is approximately 6.2 g/l 53 longer. A comparison of these extrapolations with

results in table 2 makes it apparent that they agree 6.2 Ö 10
Õ 6 g/mm3 . This � gure represents a concen-

tration of potassium averaged over all the stratato about a factor of 2. Typically, this level of inde-
terminacy is characteristic of track structure calcula- comprising the Permian Salado Formation. The 40

19 K
abundance is 0.0117% of the natural potassiumtions. The extrapolation of the model in Mileikowsky

et al. (2000) to such a low dose rate is dangerous, abundance. Further, only 89.3% of the decays of this
radionuclide produce betas (Emax 5 1.312 MeV;but at least it shows that their model is consistent

with the direct representation presented here. Both Eavg 5 0.585 MeV); the remainder decay by electron
capture accompanied by the emission of a 1.461 MeVapproaches indicate that for the low dose rates to

which trapped spores such as strain 2-9-3 have been gamma. The concentration of beta emitters is there-
fore 6.5 Ö 10

Õ 10 g/mm3 . With an average beta energyexposed, survival times are measured in hundreds of
millions of years. of 0.585 MeV, the average separation S of the energy

deposition structures is 5.2 Ö 10
Õ 4 mm (520 nm).The eYcacy of the model may also be compared

with measured rates of induced damage to DNA. From equation 20 the survival time for F 5 1%, b 5
2.64 base pairs, and L 5 4 Ö 106 base pairs is T1% 5Newman et al. (1997) irradiated Chinese hamster

V79 cells with alphas from 238Pu which possessed an 3.1 Ö 108 a, which is consistent with the observed
survival of Bacillus strain 2-9-3 over 250 Ma.incident energy at the cells of 3.5 MeV and corre-

sponded to an LET of 110 keV/mm. The range of Although a genome length of L 5 4 Ö 106 base pairs
was used for strain 2-9-3, the actual value has notthese alphas within the cell is 31.8 mm, and using

equation 11 the average distance S between energy been determined. The actual length, though, is likely
to be somewhat smaller than the value used, whichdeposition structures is 1.6 Ö 10

Õ 6 mm. From the
authors’ model, the number of SSB induced per Gy is equivalent to the size for E. coli. A smaller value

for L would produce a larger value for TF .per bp is given by equation 20 divided by equation
22 and divided by L, i.e. As can ben seen from equation 20, TF is a weak

function of F (increasing as (ln F )1/2 ) and also of L(1.12 Ö 10
Õ 19 mm3 )V 1/3

inc r/S, (decreasing as L1/2 ). The most important factor to
the survival of bacterial DNA, however, is the con-which for this case is 5.7 Ö 10

Õ 6 SSB Gy
Õ 1 bp

Õ 1 .
Table 1 indicates that, depending on the size of the centration of the radionuclides. The value of C at

the location of the sample used by Vreeland et al. isgenome, b, and the surviving fraction of spores,
roughly 2000 SSB need to accumulate so as to form likely one full order of magnitude smaller than what

was used above. With a concentration of emitters ofa DSB. The 4% contribution of single-track DSB is
not signi� cant at this level of approximation. Thus, 6.5 Ö 10

Õ 11 g/mm3 , T1% 5 1.9 Ö 109 a and T0.01% 5
2.4 Ö 109 a under optimum conditions where only anwe expect a DSB formation rate of approximately

3 Ö 10
Õ 9 DSB Gy

Õ 1 bp
Õ 1 . This rate agrees with average of 2.64 base pairs are needed to retain DNA
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strand integrity. These times fall to 1.3 Ö 109 a and spores trapped in � uid inclusions within deeply buried
crystals, cosmic rays are negligible sources of genetic1.7 Ö 109 a when 10 base pairs are needed. A hypo-

thetical population of bacteria with the minimal damage and do not severely limit survival times.
genome size would have a survival time in excess of
the age of the universe under these same conditions.
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