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ABSTRACT 
Biogeochemical modelhg of groundwater flow and nutrient flux in subsurface environments indicates that inhabitant 
microorganisms experience severe nutrient limitation. Using laboratory and field methods, we have been testing starvation 
survival in subsurfacemicroorganisms. In microcosm experiments, we have shown that strains of two commonly isolated 
subsurface genera, Arthrobucter and Pseudomonas, are able to maintain viability in low-nutrient, natural subdace 
sediments for over one year. These non-spore-forming bacteria undergo rapid initial miniaturization followed by a 
stabilization of cell size. Membrane lipid phospholipid fatty acid (PLFA) profiles of the Pseudomonas are consistent with 
adaptation to nutrient stress; Arthrobucter apparently responds to nutrient deprivation without altering membrane PLFAs. 
To test survivability ofmicroorganisms over a geologic time scale, we characterizedmicrobial communities in a sequenced 
unsaturated sediments ranging in age from modem to >780,000 years. Sediments were relatively uniform silts in eastem 
Washington State. Porewater ages at depth (measured by the chloride mass-balance approach) were as old as 3,600 years. 
Microbial abundance, biomass, and activities (measured by direct counts, culture counts, total PLFAs, and 
radiorespirometry) declined with sediment age. The pattern is consistent with laboratory microcosm studies of microbial 
survival: rapid short-term change followed by long-term survival of a proportion of cells. Even the oldest sediments evinced 
a small but viable microbial community. Microbial survival appeared to be a function of sediment age. Porewater age 
appeared to influence the makeup of surviving communities, as indicated by PLFA profiles. Sites with different porewater 
recharge rates and patterns of Pleistocene flooding had different communities. These and other studies provide evidence that 
microorganisms can survive nutrient limitation for geologic time periods. 
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1. INTRODUCTION 
It is now well established that the biosphere extends far beneath the earth's surface, to depths of at least 3 km at some 

Viable microorganisms have been detected in and isolated from a variety of deep subsurface terrestrial 
environments, including saturated and unsaturated (vadose zone) rocks and  sediment^).^'^ Many of these deep subsurface 
environments impose extreme conditions with regard to temperature, pressure, and nutrient availabilities. Energy sources, 
particularly various forms of organic carbon, are generally in short supply. Dissolved organic carbon concentrations in 
subsurfaceporewaters areusually quite low, typically less than 1 mg L-1.8 Solid phase organiccarbon may be present and 
comprise 1% or more by weight of subsurfacesediments; however, much of this carbon is refractory to microbial degradation 
and may also be relatively inaccessible to microorganisms. Bacteria may be immobile and unable to access organic carbon 
sources due to small pore throat diameters in low permeability rocks and sediments and due to thin, discontinuous water 
films in unsaturated e n ~ i r o n m e n t s , ~ , ~ * ~  or their metabolism may be limited by availability of electron acceptors or other 
inorganic nutrients.' These low nutrient concentrations, combined with generally low groundwater flow rates, result in 
extremely low nutrient flux. Low nutrient flux, in turn, constrains inhabitant microorganisms to glacially slow rates cf 
metabolic activity and concomitantly long generation times1 1-13 Phelps et al. estimated generation times ofhundreds to 



thousands of years fix microorganisms in deep subsurface sediments. Rather than actively growing, the majority d 
subsurface bacteria appear to be surviving in a starved, relatively inactive state.l 

The existence ofmicroorganisms in the subsurface can be the result ofrecent transport into the subsurface, long-term 
survival ofmicroorganisms that were deposited at the time of geologic deposition, or a combination of these two processes.* 
Given the very low groundwateqQow rates in most subsurface rocks and sediments, transport of colonizing bacteria into the 
subsurface is slow. Coastal plain aquifer sediments of the southeastern United States present an example of groundwater flow 
that is fast relative to most other groundwater environments, yet the groundwater ages within the aquifers where microbial 
communities have been detectedare as old as 1 1,000 years.* Thus, swiva l  of existing populations is at least as important 
as immigration of new populations in these environments. In many subsurface environments, microorganisms appear to 
have been starving in situ for thousands to millions ofyears. In some cases, the subsurfacemicrobial communities appearto 
be derived directly fiom populations of bacteria that were deposited at the same time as geologic deposition and burial d 
subsurface material. Examples of ancient communities of this type include those in thick unsaturated zones with low 
recharge rates4 and deep saturated environments with extremely tight formations. 

The traditional approach to studying starvation survival is to grow environmental isolates in the laboratory, 
resuspend them in a ncrh-nutrient solution, and then to quantify the decline in numbers of cells with time.l The 
physiological state of W2ke starved cells can then be determined by quantifying cellular constituents, e.g., nucleic acids, 
proteins, storage products, phospholipid fatty acids (PLFAs), etc. Unfortunately, this approach is limited by the length cf 
time that one can incubate starved cells, the limit generally being a single fimding period. The physiological state d 
bacteria starved for one td,two years may or may not resemble the condition of bacteria that have starved in situ for geologic 
time periods. Another approach to studying starvation survival is to attempt to recover viable bacteria from ancient materials 
that have been protected from outside contamination for periods ranging from decades to millions of years.’ ti The cwent 
record forrecovery of bacteriasealed forthe longest time in situ is 25 million years fora Bacillus sp. isolated fromthe gut cf 
an insect preservedin amber.” The’unfortunate drawbackto this approach is that the extremely low numbers ofswiving 
cells in these materials precludes any assessment oftheir physiological state and once they have been revived in culture, their . 
status has been radically altered. At best, one can determine the size of such ancient bacteria using light or electron 
microscopy, but the small size and low numbers can make this task especially difficult. 

Miniaturization of bacterial cells to form dwarf cells (also known as ultramicrobacteria, nanobacteria, or 
volumetrically challenged bacteria) is a common response to starvation conditions. * Deprived of external nutrient sources, 
bacteria survive by endogenous metabolism, i.e., breakdown of storage compounds and other cellular macromolecules. The 
energy provided by endogenous metabolism fuels the reactions necessary for maintenance of cell viability, e.g., cellular repair 
mechanisms, including DNA repair. Miniaturization of bacterial cells is tied to this endogenous metabolism. Diminished 

, size also increases the surface-to-volume ratio, thereby increasing the capacity foruptake of nutrients relative to the cell fllass 
to be maintained. Bacteria observed within subsurface sediment and rock matrices are typically relatively small, 50.5 p in 
diameter. This is further indication of the starvation conditions that exist in the subsurface and the physiological stress d 
subsurface bacteria. 

k 

Several questions come to mind when one considers surviving communities of ancient subsurface bacteria. For 
instance, one can ask whether subsurface bacteria are even more highly adapted for starvation survival than surface bacteria. If 
subsurface bacteria are truly able to survive adverse subsurfaceconditions for geologic time periods, one would like to know 
more of the physiological state of these cells. The majority of microorganisms that have been isolated from subsurface 
environments are non-spore-formers, and so most appear to be surviving as vegetative cells. What characteristics enable 
these cells to maintain cellular integrity practically indefinitely without nutrient input? Long-term survival in the subsurface 
is likely a function of physical and chemical conditions as well as properties of the microorganisms themselves. 
Identification of properties that favor long-term persistence of microbial communities would enhance our understanding of the 
subsurface. Properties that may enhance survival include residual organic carbon, moisture saturation, and clay minerals. 
One can also ask which populations within a microbial community are best adapted for long-term survival in situ and which 
populations disappear. 

This paper describes our recent efforts to characterize the status of subsurface bacterial cells undergoing long-term 
starvation survival and to determine the environmental factors that influence long-term survival. Both laboratory and field 
sampling approaches were used. Laboratory microcosm studies were used to compare the starvation survival capabilities d 
surfaceand subsurface bacteria. Field studies were used to determine the community makeup and physiological status cf 
microorganisms that have been sequestered in situ for time periods ranging up to one million years. 



2.0 LABORATORY MICROCOSM APPROACH 
Subsurface bacterial isolates have been tested in laboratory incubations for their abilities to survive conditions of little or no 
n ~ t r i e n t s . l ~ - ~ ~  Amy et al.3 study of several bacteriaisolated fiom deep subsurfacevolcanic tuffat the Nevada Test Site 
showed that the isolates were able to survive in a non-nutrient artificial porewatermedium for 100 days and that the bacteria 
miniaturized during the incubation peri0d.l Overall patterns of starvation survival and morphological change were very 
similar to those observed in marine and fieshwaterisolates. We have carriedout short- and long-term starvation experiments 
in porous media on strains of Pseudomonas and Arthrobacter.20-21 The genera Pseudomonas and Arthrobacter are 
frequently isolated in culture from diverse subsurface environments. In microcosms composed of silica sand as a model 
porous medium, it was shown that a subsurface Pseudomonas strain that was deprived of nutrients altered its membrane lipid 
PLFA profiles in patterns that were very similar to those of starved aquatic bacteria20 Similar treatment of an Arthrobacter 
strain resulted in no discernible change in membrane lipids?' 

More recently, we have tested the starvation responses of subsurface Pseudomonas and Arthrobacter isolates and 
have compared them to those of closely related strains isolated from surface environments.2 The close phylogenetic 
relationship between the two Pseudomonas isolates and between the two Arthrobacter isolates was demonstrated by 
similarity in 16s rRNA- sequences. The microcosms were designed to mimic in situ conditions more closely than in 
previous experiments. T&o different subsurfacesediments wereused as porous media. One was a fluvial silt deposit and the 
other was a similar silt that underwent soil development prior to burial. Previous studies have shown that unsaturated 
buried soils (paleosols) typically have higher numbers of microorganisms than nearby sediments that never underwent soil 
d e ~ e l o p m e n t ~ , ~  The higber numbers in the paleosols may reflect large populations that existed in the soil before burial. 
Another possibility is &it the physicaYchemica1 conditions of buried soils favor microbial survival. Becausemoisture is 
thought to play an important role in microbial survival in the subsurface,6 the effects ofmoisture were also tested in these 
microcosms. Saturated and unsaturated moisture conditions were imposed in separate treatments. Microcosms w m  
incubated for over 1 year. During that time, microcosms were sacrificed at various time intervals and the microorganisms 
within were tested for total cell numbers, numbers of culturable cells, and cell sizes. 

All strains of bacteria survived reasonably well in the microcosms. Greater than 99.9% of cells remained culturable 
after over one year of incubation. In fact, culturable cells declined by less than 3 orders of magnitude from the initial levels of 
approximately IO8 cells g'l in over 1 year of incubation. Rates of decline in the total numbers of cells and the numbers cf 
culturable cells did not differ significantly between subsurfxe and surface strains, either for the Pseudomonas strains or forthe 
Arthrobacter strains (Fig. 1). These data refUtedour original hypothesis that subsurface strains ofbacteriaare better adapted 
than surface strains to long-term survival. However, our one year incubations may hzve been too short for differences in 
survivorship to appear between spains. Both arthrobacters survived better than either pseudomonad. This is not surprising 
given the well known starvation survival abilities of Arthrobacter spp. in soils.22 If one extrapolates the exponential 
survival curves of these bacteria, it appears that none would remain culturable in the microcosms after only a few yeais, P 
less than the geologic time period that was hypothesized. However, loss of culturability does not necessarily mean loss cf 
viability. The cells may be entering a viable but non-culturable state, as is common fora very large proportion of subsurfhce 
bacteria in situ. Also, exponential curve-fitting may not accurately describe survival of these bacteria over the long term. 
Instead, populations of viable cells may level out at population densities typically observed in the field. 

Environmental parameters exerted a strong effect on microbial survival. Survival was generally greater in the 
paleosol than in the non-paleosol silt sediment. All strains ofbacteria survived better under saturatedconditions than under 
unsaturated conditions. These findings are consistent with observations of microbial abundance in natural subsurface 
sediments: saturated sediments tend to have higher biomasses than vadose zone sediments,697 and paleosols often have 
higher microbial biomasses than other sediments.4*6 

All strains of bacteria miniaturized during long-term incubations (Fig. 2). No significant differences in cell sizes 
occurredbetween surface and subsurface strains of the same genus. The Arthrobacter strains decreasedin size rapidly during 
the first 24 hours, losing approximately 90% of their volumes; thereafter, the rate of miniaturization slowed considerably. 
The Pseudomonas strains gradually diminished in size over the first four weeks and thereafter slowed their rates cf 
miniaturization. Microcosm conditions appeared to have little influence on the rates of miniaturization. There was no 
significant diffaence in cell volumes of bacteriaas a result of differences in sediment types or moisture contents. Although 
all strains tested underwent a miniaturization response, they did not reach the diminutive cell volumes of true dwarfcells 
(Kieft, in press), within the timefiame ofthese experiments. It may be that by slowing their rates ofendogenous metabolism 
and thus slowing their rates of miniaturization, these cells are able to maintain viability in situ for millennia. 
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Figure 1. Plate counts of surface and subsurface bacterial strains incubated in sediment 
microcosms. Error bars show one standard deviation. (horn reference 21, with permission). 
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Figure 2. Cell volumes of surface and subsurface bacterial strains incubated in sediment 
microcosms. Error bars show one standard deviation. (from reference 21 with permission). 



The Pseudomonas strains initially changed their membrane PLFAs in a pattern previously observed in other starved 
gram negative bacteria, i.e., increasedratios of saturated to unsaturated fatty acids, increasedratios of trans to cis monoenoic 
fatty acids, and increasedratios of cyclopropyl fatty acids to their monoenoic precursors (Figs. 3 and 4)s * 723,24 High ratios 
of these values have been associated with physiological stress, including nutrient depri~ation.2~ After several weeks d 
incubation in sediment microcosms, some of these ratios began to return to levels approaching those of the original 
inoculum. This suggests that aJ&ation of membrane fluidity, mediated by changes in membrane PLFAs, is a transient 
response to starvation conditions and that cells starved for long periods (>1 year) may have membrane PLFA patterns that 
are very similar to those of unstarved cells. This may also explain the fact that ratios thought to be indicative d 
physiological stress are rarely seen in samples ftom deep subsurface e n ~ i r o n m e n t s . ~ ~ , ~ ~  
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Figure 3. PLFA stress-associated ratios of a subsurface Pseudomonasjluorescens strain in 
sediment microcosms. Error bars show 1 standard deviation. From reference 2 1, with 
permission. 
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Figure 4. PLFA stress-associated ratios of a surface Pseudomonasfluorescens strain in 
sediment microcosms. Error bars show 1 standard deviation. From reference 21, with 
permission. 

The Arthrobacter strains showed little indication in their PLFAs of physiological stress during over one year of 
incubation in the sediment microcosms. Changes in PLFA profiles that would indicate changes in membrane fluidity, e.g., 
increasedratios of saturated to unsaturated fatty acids, increased PLFA chain lengths, a d  increased ratios of iso-branched to 
anteiso-branched fatty acids occurred transiently (within 2 to 4 weeks) if at all. PLFA profiles remain unchanged in these 
Arthrobacter strains, despite other indications of a physiological response to starvation conditions, e.g., the dwarfing 
response. 

3.0 FIELD APPROACH 
Our field sampling approach was designed to determine patterns of microbial survival and succession over a geologic time 
scale and to characterize the physiological status ofmicrobial communities that have been sequestered in the subsurface. For 
this purpose, we developed the concept of a chronosequence of buried sediments. The idea of the chronosequence was to 
study a series ofburied sediments that vary in the amount of time that they have been buried, but that were deposited under 
similar geological and climatic conditions. For this purpose, we chose sites in the Palouse area of eastern Washington 



State, an area also known as the Channeled Scablands. Soils and subsurface sediments in this area consist of loess silts 
deposited on the underlying basalt bedrockover a period ofmore than 1 million years. Climatic conditions are thought to 
have remained relatively constant over this period. However, catastrophic glacial flooding occurred several times resulting in 
the formation of channels in the loess. Soils formed in the loess at the land surface and were then buried by subsequent 
aeolian silt deposits. These buried soils (paleosols) forma chronosequenceof soils, ranging in age from modem to greater 
than 1 million years. -,'% 

Sampling sites were near the towns of Washtucna and Winona. Average annual precipitation is 29 cm at 
Washtucna and 36 cm at Winona. The Washtucna site was flooded multiple times during the last glaciation 
(approximately 13,000 years ago); the Winona site is at a higher elevation and is thought not to have been flooded during 
this time. We sampled these sediments initially by horizontal drilling and coring at road cuts and more recently by vertical 
drilling and coring at sites adjacent to road cuts. The sediments are relatively easy to access at the road cuts; however, there 
is a chance that they have been altered by their proximity to the surface. The vertical borehole sites were chosen to be near 
enough to the road cuts for the road cuts serve as stratigraphic controls, but far enough away to avoid the altering effects cf 
the road cuts. A hollow-stem agar, split-spoon sampling technique was used. All samples were collected fromabove the 
water table and from within the silt loess overlying the basalt bedrock. Fluorescent microbeads were added to the borehole 
at intervals as particulat$ tracers to detemine whether contaminant microbes could have been introduced into sample 
material. Samples formiqobiology were collected exclusively from the centers of cores. Tracer beads werenot observed in 
any subcore samples. 

Sediment age w y  determined by thermoluminescence, identification of tephra layers, and by estimated rates cf 
pedogenesis. AdditionjdM at the Winona site, a geomagnetic reversal was noted at a depth of 28.3 m, indicating a 
sediment age of 780,000 years. Recharge was quantified by the chloride mass balance approach.28 Chemical analyses 
included measurement of leachable organic and inorganic carbon. Microbiological analyses included direct microscopic 
counts, heterotrophic plate counts, measurement of 3H-glucose uptake, measurement of 4C-glucose mineralization, total 
PLFA analysis as a measure ofbiomass, PLFA profiles as indicators of community makeup and physiological state, and use 
of the Biolog assay as a measure of microbial diversity. The Biolog assay tests the abilities of microorganisms to use 95 
different organic compounds as electron donors for microbial metabolism 

Sediment ages ranged to approximately 250,000 years at a depth of 15 m at the Washtucna site and approximately 1 
million years at 37 m in the Winona borehole. Porewater ages ranged from modem at the surface to approximately 3600 
years at 15 m depth at the Washtucna site and approximately 1200 years at 37 m depth at the Winona site. The younger 
porewater ages at the Winona site reflect the higher precipitation rate at this site. The sediment ages represent the oldest 
possible age of the microbial communities; the porewater ages represent the youngest possible age. 

Microbial biomass, as indicated by total PLFAs and by direct microscopic counts, declined with depth (and also 
with sediment and porewater ages) at both sites (Fig. 5). Similar patterns were observed for counts of culturable 
microorganisms and for rates of radiolabeled glucose uptake and mineralization. While the rates of 4C-glucose 
mineralization to C02 declined with depth, &ere was an increase with depth in the lag time until mineralization began. 
Although the total PLFA data indicate that the magnitude of the biomasses were approximately equal in samples cf 
equivalent sediment age at the two sites, the PLFA profiles indicated that the microbial communities at the two sites M i  
markedly from each other (Fig. 6). The ratio of diglyceride fatty acids @GFAs) to PLFAs increased with depth at both 
sites. DGFAs are thought to indicate the numbers ofdead microbial cells, because PLFAs are rapidly dephosphorylated to 
DGFAs when cells die?5 Microbial diversity, as indicated by the Biolog assay, declined with depth at both sites. 

+I 

Although biomass declined sharply with depth at these sites, there was still detectable biomass and potential 
metabolic activity in the deepest, oldest samples. Winona samples with sediment ages approaching 1 million years and 
porewater ages of approximately 1200 years showed evidence of viable biomass. Sediment and porewater ages thus constrain 
the age ofthe microbial communities at this depth to lo3 to lo6 years. Given that the sediments at the Winona site were 
not flooded during the last glacial period and thus have remainedunsaturated, the transport ofmicroorganisms into deeply 
buried sediments would occur by unsaturated flow (recharge) from the surface. Balkwill et al. found that microbial transport 
by unsaturated flow processes was negligible in semi-arid regions of southeastem Washington State.29 Bacteria are 
transported in water films that move by capillary forcesin unsaturated flow systems. At low water contents, capillary forces 
retain water in increasingly smaller pores. Under these conditions, bacterial transport was negligible due to physical 
filtration and attachment to particle surfaces.29 It is more likely, therefore, that the microbial communities at depth are much 
older than the porewater ages; and they may even be remnants of original surface soil communities. 

, 



-i 

10000 

1000 

100 

10 

1 

Washtucna 

0 Winona 

0 250 500 750 1000 
Sediment Age (ka) 

* a  
i 

Figure 5 .  Biomass, as indicated by PLFAs vs. sediment age at two sites in the Palouse region of 
eastern Washington State. 

PLFA profilesindicate changes in the community profiles with depth and sediment age (Fig. 6). If i t  is true that 
these subsurface communities represent the survivors from original soil communities, then the patterns with sediment age 
indicate which microbial groups are capable of persisting for at least 1 million years and which groups declined in biomass 
or disappeared. The finding of polyunsaturated fatty acids indicative of eukaryotes at depth is surprising, since they have 
rarely been detected in other deep sediments. These may represent ancient microeukaryotes or ancient plant cell remnants. 
PLFA signature biomarkers indicative of gram negative bacteria such as Pseudomonas and gram positive bacteria such as 
Arthrobacter were present in sediments nearly 1 million years old. The differences in community profiles within sediments 
of similar ages observedin the two boreholes may be the result of spatial heterogeneity in microbial communities or they 
may be due to differences in moisture patterns (unsaturated recharge and saturation by flooding). 

PLFA profiles also give some hint as to the physiological state of the microorganisms. The increase in the ratio c€ 
DGFAs to PLFAs indicates that large proportions of the communities in the deepest sediments are dead. These dead cells 
may provide a small source of nutrients to the survivors; however, physical access to this and other sources of energy and 
other nutrients is extremely limited in unsxturated sediments. The ratio of cyclopropyl saturated fatty acids to monoenoic 
unsaturated fatty acids (a stress signature ratio) increased with depth in both boreholes, peaking at a depth corresponding to a 
sediment age of about 150,000 years in the Winona borehole. This stress ratio then declined as depth increased, reaching 
values near those of the surfacesoils at depths corresponding to sediment ages of 500,000 to 1 million years. This 
corroborates previous stress signature data observed in sediments collected at road cuts.. . In road cut samples, all three types 
of stress signature ratios (saturatedunsaturated fatty acids, translcis monoenoic fatty acids, and cyclopropyllmonoenoic fatty 
acids) increased with depth fiom surfacesoil samples to buried sediments of intermediate age (10,000 to 100,000 years) and 
then decreased as depth increased M e r .  Stress signature ratios in the deepest sediments, whose ages were approximately 1 
million years, were approximately equal to those of the surface soils. 

4.0 SUMMARY AND CONCLUSIONS 
Laboratory and field studies support the idea that microorganisms in some subsurface environments are capable d 

persisting with little input of new energy sources and thus with few opportunities for reproduction over periods of time 
ranging from decades to perhaps as long as millions ofyears. Laboratory experiments alone cannot prove microbial survival 
for geologic time periods. However, they do provide supporting data. The experiments described here show that subsurface 
bacteria are capable ofsurvival in high numbers for at least a year. If the cells had died out completely within a year, then 
serious doubt would have been cast on the notion of survival in situ for geologic time periods. The laboratory microcosm 
data also show that environmental parameters such as sediment type and moisture content exert strong influences on 
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Figure 6. Mole percents of signature PLFA classes (representing different functional groups d 
microorganisms) vs. sediment age at two sites in the Palouse region of eastern Washington State. 
Polyunsaturated PLFA (polyunsat) for micro-eukaryotes; branched monounsaturated PLFA 
(brmonounsat) for gram hegative bacteria including reducing organisms such as sulfate reducing 
and iron reducing bacteria; normal monounsaturated PLFA (monounsat) fortypical gram negative 
bacteria such as Pseudomonus; mid-chain branched saturated PLFA (midbrsat) for gram variable 
organisms such as. the actinomycetes; terminally branched saturated PLFA for typical gmm 
positive bacteria such as Arrhrobacter; normal saturated PLFA (nsat) which are ubiquitous and 
not indicative of any single group of microorganisms. 

microbial survival. It is easy to imagine that conditions exist in some subsurface environments that are even more 
conducive to microbial survival that than those of our microcosms. The cell size data of our experiments shed further light 
on the role of cell miniaturization in subsurface environments. The bacteria in our experiments underwent rapid downsizing 
as an initial response to nutrient deprivation and then slowed their rates of miniaturization to nearly undetectable levels. 
This slowdown in the rate of miniaturization occurred well before the cells reached the status of ultramicrobacteria. By 
slowing their rates of miniaturization, and presumably slowing their rates of endogenous metabolism, they may be able 
sustain life through very modest expenditure of cellular reserves. They may not reach the lower size limits for life (0.1 to 0.2 
pm diameter?) until they have been sequesteredh situ for decades or more. 

The finding that subsurface bacteria are not significantly better adapted for long-term survival than their surfice 
counterparts is perhaps not entirely surprising. The subsurface bacteria that have been isolated to date are generally not 
radically different from surface bacteria in their physiologies. Though novel species have been identified in subsurface 
samples, the majority are phylogenetically related to previously described surface isolates. Thus, the subsurface appears not 
to have exerted sufficient selective pressure to generate radically different physiological types. Most surface environments 
(soils and aquatic environments) also select for starvation survival. It should also be noted that when viewed on a geologic 
time scale, subsurface bacteria are not permanently separated from surfixe environments. The normal movements of ground 
water and rocks constantly recycles subsurface materials including microorganisms to the subsurfa~e.~ Thus, bacteria may 
not be sequestered in the subsurface for time intervals that are long enough for selection of truly novel bacterial types. 
Another possibility is that the strains that we have tested are already optimally selected for starvation survival, Le., they 
have reached energetically constrained limits. 

The field data further demonstrate the survival capabilities of microorganisms in the subsurface. The porewater age 
data and the sediment age data constrain our estimates of the age of the microbial communities. For the deepest sediments, 
the age constraints are 1200 years and 1 million years. However, the fact that these sediments are unsaturated indicates that 
microbial transport of colonizing bacteria from the surface to deep sediments may be minimal, so the majority of the 
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microorganisms in the subsurface are likely populations that have persisted since the time of burial. The unsaturated nature 
of these sediments and the low concentrations of organic carbon suggest that microbial persistence has come about through 
long-term survival, rather than active metabolism and continuous cellular reproduction. Phelps estimated cell generation 
times of greater than 100 years for coastal plain sediment aquifers in the southeastern United States.l* Nutrient fluxes in 
unsaturated sediments with low recharge rates are probably orders of magnitude lower than in coastal plain sediments. Rates 
of metabolic activity have been estimated to be 4 orders ofmagnitude or more lower in deep vadose zones than in aquifer 
sediments.’ Therefore, averagzin situ generation times in deep vadose zones of arid and semiarid regions such as those in 
our study might best be estimated in millennia. Clearly, the microorganisms of these vadose zone sediments are extremely 
well adapted for long-term starvation survival. 

Long-term survival of microorganisms in a relatively inactive state within sediments and rocks in subsurface 
terrestrial environments has implications for the consideration of life in extraterrestrial rocks and sediments. As challenging 
and inhospitable as the deep biosphere is on Earth, it can only be worse in extraterrestrial subsurface environments. Nutrient 
deprivation as well as temperature extremes, moisture stress, and other environmental hardships likely prevail in 
extraterrestrial subsurface environs. In looking for life, past or present, on other planets, the familiar detection-limit problems 
in our assays are challenging. Cells, if they exist, are likely dead or inactive, and,extremely small. Indeed, putative 
nanobacterial fossils in McKay et al‘s report ofpast life on Mars3 have analogous forms on Earth.32 Whether such forms 
are truly cellular is ope&for debate; their extremely small size is less than that of the ulh-amicrobacteria found in terrestrial 
environments.l* Even if viable cells exist in extraterrestrialrocks or sediments, detecting their activity will be an even 
greater challenge than it is on Earth. In situ subsurface microbial activities on Earth are generally detectable only by 
biogeochemical modelipg based on biologically mediated chemical change along a groundwater flow path or in porewaters 
that are moving by diRi&on. It may be necessary to employ the same approach in searching for life on other planets, rather 
than hoping to design instruments sensitive enough to detect microbial activities in extraterrestrial rocks or sediments. For 
subsurface scientists, it is extremely gratifying that the consideration of extraterrestrial life has intensified interest in terrestrial 
deep subsurface environments. Regardless ofwhether or not Earth’s deep biosphere is an appropriate analog for the extreme 
conditions that exist in extraterrestrial systems, it stretches our concepts of the limits for life. . 
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