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Abstract Nine intact core samples, collected aseptically from depths of 10-436 nanear the
Savannah River Plant m South Carolina, were tested for water potential, microbial
numbers, and microbial activity. Although ali sampies were collected from below
the water table, two samples (a Poe Dee clay from 238 m and a Middendoff clay
from 324 m) showed unsaturated conditions (,-2.7and -2.1 MPa, respectively). Both
of these samples had very low numbers of culturable cells, low microbial biomass
(ATP assay), and low microbial activities (measured as respiration), suggesting that
low matric water potentials in these strata are limiting factors to microorganisms, An
A.q.J£__ .sp..isolated from the 324 m depth was found to maintain viability
under starvation conditions in sterilized aquifer material, even when subjected to
severe desiccation (-22 MPa). A _.tl_I1Q.0_ _., with the ability to oxidize thio-
sulfate to sulfate, was isolated from the 378 m Middendorf clay sample. This

organism survived nument deprivation reasonably weil; however, the presence of
thiosulfate appeared to interfere with its normal ability to maintain viability by
endogenous metabolism. Cells cultured in the presence of thiosulfate did not
undergo dwarfing and cell viability declines. These are two examples of indigenous
subsurface microorganisms, each with different adaptations for )ong-term survival
under conditions of destccation and/or starvation.
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Introduction Concerns regarding the safety of groundwater supplies have fostered an intense
interest in the microbiology of subsurface terrestrial environments. Early studies of
relatively shallow groundwater sediments (10-30 m) clearly demonstrated that
microbial life extends well below surface soil horizons. 4.5.7.9,14,16.17-30These studies
have been followed more recently by far deeper probes of subsurface environments,
and these have also unearthed a diverse microflora.2-3,1t.13.15_4The existence of

.indigenous communities of microorganisms in these groundwater sediments
suggests a potential for in situ microbiological degradation of organic pollutants in
contaminated groundwater supplies, With the development of bioremediation as an
eventual goal, a number of basle studies have been undertaken to determine the
presence and abundance of microorganisms in deep subsurface environments and to
assess their potential for survival and metabolic activity under the limiting envi-
ronmental conditions of the subsurface.

As in most natural environments, the numbers of microorganisms which can be
directly observed by microscopy exceed by one or more orders of magnitude those
which can be quantified by culture methods (e.g., standard p!ate counts). 7,9.1+.17.24

Examples of non-culturable microorganisms include: (1) cells which are dead or
dying, (2) cells which are fastidious (i.e., requiring growth factors that ar_ not
provided by standard plate count media), and (3) cells which are starving or injured.
The latter two groups comprise viable nonculturable cells, which require non-
culture methods for assessing their potential for metabolic activity. Given the low
concentrations of organic carbon typically found in these subsurface sediments, it is
to be expected that a high proportion of microorganisms are in starvation-survival
mode. In addition to nutrient stress, reduced water availability may be a factor which
is limiting to microbial activity, particularly in the vadose zone, but possibly in
regions below the water table as weil. In the present study, subsurface samples from
near the Savaaaah River Plant (SR,P) in South Carolina were characterized in terms
of water potential and microbiological parameters. An effort was made to use
nonculture methods which have been developed for soil microbiology, along with
standard plate counts, to determine biomass, rates of in situ metabolic activity, and
the physiological status of deep subsurface microorganisms. Desiccation ,and
starvation responses of individual isolates from the Middendorf formation were also
examined.

Materials Sample collection. Subsurface sediment samples were collected aseptically
and from borehole C10 as part of the United States Department of Energy's Deep

Methods Subsurface Microbiology Program. The C 10 site is located approximately 40 km
east of the Savannah River Plant. Samples were collected from August through
October 1988, from depths of 10-436 m. The aseptic sampling technique consisted
of a subcoring procedure described by Phelps et al._-3Portions of the intact subcores
were sent by overnight express to New Mexico Tech for immediate microbiological
testing.

Sample characteri:ation. Moisture content was determined gravimetncally
after 24 hours of desiccation at I05°C. Water potentials were measured by
thermocouple psychrometry, tDecagon Devices, mc_delSC-10. Pullman. W A).
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! Standard plate coums. Initial ten-t'old dilutions were made in 0. 1% Na4P20 7
• 10H20 (pH 7.0). Further serial I0-fold dilutions were made in phosphate-buffered
saline.t4 Diluted sediment suspensions were spread plated in triplicate onto PTYG
and 1%PTYG agar) Colonies were counted after eight days of incubation at 22°C.

Basal respiration. One-grarn (wet weight) sediment samples were placed in 8-
ml serum vials, sealed, and incubated at 22°C. Carbon dioxide was measured by gas
chromatography immediately after sealing and after 24 hours. Immediately prior to
gas sampling, the vials were vortexed for five seconds to mix headspace and
sediment gases. Three replicates of each sediment sample were tested. Controls
poisoned with 0.5% NaN 3 were used to quantify abiotic CO, production and the
resulting values were subtracted from those of the live treatments.

Substrate-induced respiration. Biomass carbon was estimated by the SIR assay
as modified by West and Sparling.t-'9 One-gram (wet weight) sediment samples,
along with 30 nag glucose, were placed in 8-ml serum vials, sealed, and incubated at
22"C. Carbon dioxide in the headspace was measured by ,as chromatography at 0.5
and 2.5 hours after the vials were sealed. Immediately pr ._rtogas sarnpling, the vials
were vortexed for five seconds to mix headspace and sediment gases. Biomass was

_ calculated using the following relationship 1' y = 40.04x + 0.37, where y = biomass
C (I.tg 100/gdw ) and x = respiration rate (ml CO2 I00/g of sediment (h-t)). Five
replicates of each sample were tested.

ATP and adenvlate energy charge. Adenylates were extracted by a modifica-
tion of the method of Vaden et al.2g A 10-ml solution of exwactant containing 2 N

H3PO 4, 0_02 M ethylenediaminetetraacetic acid (EDTA), 2 M urea, and 0.24 M
--_ dimethylsulfoxide (DMSO) was added to one-gram (wet weight) sediment

samples. The samples were sonicated on ice for five minutes at a constant output of

t 75 watts, centrifuged at 12,100 x g for 10minutes at 5°C, _mddecanted. The resulting

] extract was stored at -80°C prior to analysis. The efficiency of extraction wasdetermined by amending the extractant to contain 0.5 I.tMeach of ATP, ADP, and
= AMP (Sigma Chemical Co., St Louis, MO). The amended extractant (10 ml) was

added to a one-gram sample of the same sediment and sonicated and centrifuged ,as
described above. Adenosine triphosphate standards were made up in the extractant,

_- * and the plain extractant served as the blank. Prior to analysis, the pH of standards,
_z blanks, and sediment extracts were adjusted to 7.70 - 7.90 with 0.1 M tricine buffer

(pH 10.0) and 5 M ethanolamine. Adenyiates were measured as ATP by a luciferin-
luciferase assay. Adenosine txiphosphate was measured directly. Adenosine

diphosphate and AMP were measured m_ATP following enzymatic conversion as

__ _ described by Martens. z| Adenylate energy charge (AEC) w_ calculated according
, to the formula: AEC = ([ATP] + I/2[ADP])/([ATP] + [ADP] + [AMP]).

-_ _ Isolation and characterization of a stara,ation-toterant microorganism. Although
•, a}_ _ initial plate counts yielded no viable microorganisms from the .__4m depth sample

, in the Middendorf formation, plate counts pert'on,ned usin_z I%PTYG agar after
,, several weeks storaize of the core material at 5°C showed the presence of 1.9 x 102

2- " Colony Forming Units (CFU)/g of a single colony type. One colony ,.,,,asselected and_
3
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correlated with ATP values (r = 0.77) and adenylate energy ch;:trge values (r = 0.86').
'f '_' e ' " " tl_I Star_atton/destccatto survival. The strain isolated from sample G-14 was
_' identified as an A¢inetobact._ based on its being a Gram-negative, strictly aerobic,

i oxidase negative, catal_tse positive, nonmotile rod. It prcwed t_ be, remarkably
tolerant of nutrient deprivation_ even under conditions of s_vere,desiccation (-21.9

. MPa) (Figure 1). Only those exposed to the most severe desicc:lti_ns (-7.7 artd -21.9
_, MPa) declined in numbers and even these declined by a factor of less th,-mtwo during
' 53 days incubation.
4_t.

, Heterotrophic sulfiu" oxidizer. The bacterium isolated from sample G-15 on a

, thiosulfate-containing medium was identified as a .p__.u_ sp. based on its
' being a Gram negative, strictly respiratory, oxidase positive, catalase positive,

motile rod. lt was identified as P. t_.l:R by the Biolog test. This identification
_' was supported by the finding that the isolate could degrade testosterone as a sole
'-- carbon source in minimal medium. In thiosulfate-containing growth medium

,. amended with organic substrates, the isolate was shown to oxidize thiosulfate slowly
to sulfate, with the production of tetrathionate and trithionate as intermediates

r (Figure 2a), Growth and thiosulfate oxidation in medium containing only thiosulfate
was very poor. Oxidation of thiosulfate did not appear to enhance the growth rate

; of 1_._ in organic media; generation times were approximately 0.5 hours
': in both media (Figure 3). However, the presence of thiosuifate in the growth medium
_. had a profound effect on cell size (Figure 2b) and viability. Cells grown in a

heterotrophic medium underwent dwarfing beginning in the stationary phase of
" growth, whereas cells cultured with thiosulfate grew to an average length of' 3.3 lain
,,- and width of 1.5 tan after 25 hours and diminished in size only slightly after

p.,'olonged incubation. Long-term survival of cells cultured with thiosulfate was
much lower than those cultured in plain organic medium. Per cent viability,

* calculated as (viable counts/direct counts) x 100, declined steadily to 0.6% during 31

q. days incubation with thiosulfate, while 77.5% of cells cultured without thiosulfate
" remained viable after the same incubation period.

1
Discussion The application of assays borrowed from soil microbiology has the advantage

that the methods are intended for microbial populations which are frequently in a
relatively inactive state, Also, as in soil systems, many subsurface microbial
populations are undoubtedly forced to subsist on diets of recalcitrant polymeric
compounds such as humic and fulvic acids. The respiration- and adenylate-based
assays used in this study ,',re appropriate tbr the viable nonculturable cells which

i comprise large proportions of the microbial commtmities in soils and in subsurface

sediments. The disadvantage of these methods for subsurface applications lies in
their sensitivity. Biomass estimates and rates of activity of microorganisms in
subsurface environments are typically _;everalorders of magnitude lower than those

- in surface soils, and so they are often below detection. Nonetheless, the values
obtained here provide some insights into life in the deep subsurface.

Adenosine triphosphate concentra(ions have been shown to be good predictos,'s f'_.

lr _ I,_1 , ,,_rlp ,,, _,r lll,,i,,l_, ,_,, , , ii



of contaminant biodegradation rates in shallow aquifer material.33 In the SRP
samples, AEC was even more strongly correlated tha_l ATP with overall microbial
respiration rates, suggesting that AEC may be a more accurate predictor than ATP
of potential for contaminant biodegradation.

Ratios of microbial biomass carbon to total organic carbon (TOC) have been
used in soil studies as indicators of the degree of development of microbial
communities, with high values corresponding to relatively "new" or recently
disturbed communities, and low values occurring in later successional stages. *s
These ratios also reflect the forms of available carbon, in that "older" microbia_
communities are coincident with higher proportions of stabilized, recalcitrant
compounds, such as humic madfulvic acids. Total organic carbon measurements
were available for four of the nine sediment samples received, and of these four, three
had biomass levels which were detectable by the SIR method. The TOC's for
samples G-5, G-6, and G-20 were 0.52, 2.2, and 11.0 mg ofcarbort/gdw, respectively.
Combining TOC's with the SIR biomass values as ratios yields values of 11.0, 5.18,
and 3.68 mg biomass-C/mg organic carbon for the three samples. These ratios are
considerably lower than those typically found in surface soils and, therefore, are in
agreement with what we ,alreadyknow or can surmise about these communities(i.e.,
that they are extremely "old," stable, and surviving amid predominandy stable,
recalcitrant organic carbon).

The biological characterization of these deep subsurface samples indicates
relatively inactive, severely nutrient-stressed microbial corrununities, a conclusion
which is consistent with the data of other subsurface investigations, z.x4 Most
samples showed some biologic'xi activity, as evidenced by the respiration-based
biomass and activity assays; however, not ali of these s,'unples showed viable cells
in the standard plate count assays. This suggests the presence of viable non-
culturable cells which may be starved, injured, or nutritionally fastidious. As an

example, ceils could not be cultured from sample G-14 in the upper Middendorf
formation until after a prolonged period of storage at 5°C, a step which may
resuscitate starving or injured cells. Indications of highly stressed cells in this upper
Middendorf region have _dsobeen found in the phospholipid analyses.3a The AEC
values for most of the strata suggest inactive and physiologically stressed cells.
Adenylate energy charge values in the range of 0.50-0.75 are considered to represent
dormant or inactive cells; values below 0.4 are thought to indicate dead or dying
cells. _9 Irl at least two of the sam.pies from the Pec Dec "andMiddendorf formations,
desiccation may have contributed additional stress to microorganisms. Desiccation
in porous media inhibits microbial metabolism directly by loss of water and
indirectly by the reduction of solute diffusion.

The finding of a starvation-tolerant A.._cinetobacter in the deep subsurface is
perhaps not surprising since members of this genus are nearly ubiquitous in other
natural environments, including soil and aquatic environments. 6 Acinetobacters are
found in high concentrations in groundwatersS; they are common isolates from the
SRP boreholes3; and they have been found in subterranean volcanic tuff at the
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Nevada Test Site (Penny Amy, personal communication). The extraordinary
starvation tolerance as well as desiccation tolerance of this bacterium is reminiscent

of the frequently studied soil bacteria of the genus A_. InfacL
might be considered a Gram-negative subsurface counterpart of soil arthrobacters.
The actual physiological basis of this starvation tolerance has yet to be.studied, but
one may assume that it includes a limiting of the rates of respiration and endogenous
metabolism as has been found in Arthrobact_!g.er_rystallopoietes and numerous other
starvation-tolerant bacteria._0

Conclusion Evidence of heterotrophic sulfur oxidation has been found by other deep
subsurface investigators (I. K. Fredrickson, personal communication). Thiosulfate
oxidation by strictly heterotrophic bacteria has been found in bacteria from soil and
marine habitats and has been the subject of sporadic study for decades. 2_-._-27The
selective advantage, if it exists for this phenomenon, has remained a mystery.
Most investigators have failed to demonstrate an inc'reased growth rate when
thiosulfate is present. One might hypothesize an advantage in long-term survival
during organic nutrient deprivation. However, the data of the present study fail to
support this hypothesis and, in fact, indicate a distinct disadvantage of thiosulfate
oxidation in this particular strain ofKo t..__. Thiosulfate appears to interfere
with the normal dwarfing response in this isolate. This is perplexing in that
thiosulfate is actually present in the porewater of the Middendorf formation; and so
presumably these microorganisms are similarly disadvantaged in their natural

. environments. We have also tested the starvation/desiccation responses of this _..
testos_roni isolate by the system described above for Ac inetob_acte_ irl this system,
P. _i remains viable only under moist conditions (data not shown).

-_ Starvation survival appears to be a requisite trait for existence in subsurface
systems. Desiccation tolerance may be advantageous in selected groundwater
microhabitats, and itmay also indicate that at least some groundwater microorganisms
are derived from more water-stressed environments such as surface soils and
unsaturated subsoils.
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Figure 1. Starvation survival of an Acinetobacter._R. inoculated into sterilized
Middendorf clay from SRP and incubated under varied degrees of
desiccation stress.
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Figure 2. Growth of pseudonlonas _ isolated from a Middendorf
clay. (a) Concentrations of thiosulfate and _ts oxidation products in
the polythionate pathway in an organic medium amended with
thiosu|fate. (b) Average cell sizes when cultured in organic broth with
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Figure 3. Growx,h of P_udomo,rtU _ (direct microscopic counts)
cultured in organic broth with and without thiosulfate amendment,
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