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We have developed a new method based on the sublimation of adenine from Escherichia coli to estimate
bacterial cell counts in natural samples. To demonstrate this technique, several types of natural samples,
including beach sand, seawater, deep-sea sediment, and two soil samples from the Atacama Desert, were heated
to a temperature of 500°C for several seconds under reduced pressure. The sublimate was collected on a cold
finger, and the amount of adenine released from the samples was then determined by high-performance liquid
chromatography with UV absorbance detection. Based on the total amount of adenine recovered from DNA and
RNA in these samples, we estimated bacterial cell counts ranging from ~10° to 10° E. coli cell equivalents per
gram. For most of these samples, the sublimation-based cell counts were in agreement with total bacterial
counts obtained by traditional DAPI (4,6-diamidino-2-phenylindole) staining.

Direct counting methods using DNA-specific fluorochromes,
such as 3,6-bis(dimethylamino)acridinium chloride (acridine
orange [AQO]) and DAPI (4,6-diamidino-2-phenylindole), have
traditionally been used to count total microbial cells in aquatic
samples (11, 19). DAPI specifically binds to double-stranded
DNA, emitting a blue fluorescence when excited by 365-nm
UV light, while AO-stained single-stranded DNA and RNA
emit an orange-red fluorescence with an excitation maximum
of approximately 470 nm, enabling nucleoid-containing cells
(NuCC) to be identified (13). DAPI has been rapidly replacing
AO as the bacterial stain of choice for a wide range of sample
types (13) and is particularly useful for quantifying the total
number of nonviable and viable but nonculturable bacteria in
natural samples. However, DAPI does not stain bacteria with
intact cell membranes that do not contain a visible nucleoid
region (non-NuCC) and is less specific for DNA than previ-
ously thought (13, 24). Moreover, the enumeration of bacteria
in soils and sediments using this method can be difficult due to
high background fluorescence and nonspecific staining (13). It
is also important to note that any nonstainable organic com-
pounds present in the soil and sediment derived from the
degradation of living bacterial cells, such as nucleobases or
amino acids, would not be detected by these staining methods.

Previous studies investigated a method to isolate both amino
acids and nucleobases from Escherichia coli and other natural
samples using a sublimation pyrolysis technique (8-10). In
these experiments, the samples were heated at 450 to 500°C for
at least 30 s under reduced pressure. Based on numerous tests
with pure amino acid and nucleobase standards as well as
natural samples, it was found that the maximum sublimation
yields were obtained under these heating conditions (8, 9).
After sublimation was complete, the residue on the end of the
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cold finger was dissolved in water and analyzed for amino acids
and nucleobases using high-performance liquid chromatogra-
phy (HPLC).

Although amino acids are the single most abundant com-
pounds in E. coli cells, comprising 55% of the total dry cell
weight (18), it was found that most of the amino acids origi-
nally present in the bacterial cells (>98%) did not undergo
sublimation and were destroyed during heating (10). Even
though nucleic acids are less abundant than amino acids, ac-
counting for only 24% of the dry E. coli cell weight (18),
purines and pyrimidines are much more resistant to thermal
degradation than protein-bound amino acids and readily sub-
limate directly from native E. coli DNA and RNA when the
cells are heated (9). A previous study found that the recovery
of adenine from DNA and RNA in E. coli after sublimation
(~90 to 100% of the theoretical amount) was much higher
than that of the other nucleobases present in E. coli (9); there-
fore, adenine was used as a proxy for estimating the bacterial
nucleic acid content in natural samples.

In order to use the sublimation recovery of adenine from
E. coli to estimate bacterial cell equivalents in natural samples,
we have made several assumptions: (i) the efficiency of the
sublimation of adenine from E. coli (~10%) in the serpentine
soil analogue is similar to that in the natural biofilm-type en-
vironments represented by the samples tested in this study, (ii)
E. coli is representative of the types and genome sizes of the
bacteria present in the natural samples, and (iii) all of the
adenine sublimed from the samples was derived from bacterial
DNA and RNA. Each of these assumptions will be critically
evaluated in Results and Discussion.

In the present study we describe a new counting method,
based on the sublimation of adenine from E. coli, to estimate
total bacterial abundances in natural samples. In this tech-
nique, total cell counts measured in E. coli cell equivalents
(ECE) can be determined by a measurement of the amount of
adenine that is sublimed from intact or degraded bacterial
DNA and RNA in the samples after heating. In contrast to the
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FIG. 1. The SA used in the heating experiments. The custom-made
SA built at the University of California at San Diego was designed
specifically for the Lindberg Blue tube furnace and consists of a quartz
tube (2.5 by 31 cm) and a Pyrex glass cold finger (1.6 by 15.5 cm), which
are sealed together under a vacuum with a clamp and an O-ring. The
total cost of the SA was approximately $400. Several vacuum sublima-
tor designs are also available commercially and can be purchased
online from Safety Emporium.

fluorescent staining methods that count only cells containing
discrete bundles of intact DNA, the sublimation method also
accounts for intact or degraded nucleic acids from dead cells.
Therefore, the sublimation method of counting could be par-
ticularly useful for estimating total bacterial cell abundances in
samples containing mostly dead cells and degraded organic
matter. It has recently been shown that dead cells represent the
largest percentage (~70%) of total bacterial cells (dead plus
living cells) in coastal marine sediments (15).

MATERIALS AND METHODS

E. coli sample preparation and cell count determination. All glassware used in
the analyses was annealed at 500°C overnight. A crushed serpentine (hydrated
magnesium silicate) sample that was previously used as a martian soil analogue
material (9) was heated at 500°C for 3 h to remove any organic contaminants and
then inoculated with E. coli bacteria by the following procedure. E. coli (strain
MG1655) cells were grown in glass tubes with 500 mg of serpentine by shaking
at 250 rpm overnight in 10 ml of Luria-Bertani (LB) medium (23) at 37°C in a
water bath. In addition, E. coli cells were grown in LB medium inside glass tubes
that did not contain serpentine. After overnight growth, a 0.5-ml aliquot of the
LB medium was diluted 1:10 in culture medium, transferred into a quartz cuvette
(1-cm path length), and the optical density at 460 nm (OD,q,) was then mea-
sured using an HP 8452A diode array spectrophotometer. The E. coli cell con-
centration in the medium was calculated from the OD reading using an extinc-
tion coefficient of 10% cells per OD ¢, absorbance unit (18).

The remaining LB growth medium was centrifuged for 10 min at 5,000 rpm in
a Falcon plastic tube to pellet the cells. The medium was decanted from the tube,
the inoculated serpentine sample was resuspended in 1.5 ml of potassium-—
phosphate-buffered saline (KPBS) and centrifuged at 6,000 rpm for 2 min, and
the supernatant was removed. The KPBS washing procedure was repeated three
more times in order to completely remove the LB medium from the sample.
After rinsing, a thin bacterial film coating the top of the serpentine sample was
homogenized by mixing with a sterile spatula. The inoculated serpentine sample
was transferred into a capped Eppendorf vial and stored at 4°C. A crushed
serpentine control blank that had not been inoculated with E. coli cells was also
submitted to the LB medium treatment and the KPBS washing and mixing
procedure described above. Individual cell pellets generated after the growth and
centrifugation of different volumes of LB medium were washed in KPBS and
then weighed separately.

Natural samples and cell enumeration using the DAPI staining method.
Several natural samples containing a wide range of bacterial cell concentrations
were used in this study. A Nile Delta seafloor sediment from a core collected in
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1964 by the German research vessel Meteor at a water depth of 120 m (6) was
dried under a vacuum and weighed. This sample was originally taken from the
top 0 to 15 cm of the core and was stored at the GEOMAR Research Center for
Marine Geosciences (Kiel, Germany) at a temperature of 10 to 15°C from 1989
to 1999 (J. Gruetzner, personal communication). For the last 5 years, a dry
sample from the core has been kept at room temperature at the Scripps Insti-
tution of Oceanography. In addition, a sample of wet beach sand (~50 m above
the high-tide mark) and a sample of seawater from the surf zone collected in
January of 2004 from La Jolla Shores in San Diego, Calif., were also investigated.
Two soil samples from an extremely arid region of the Atacama Desert in
northern Chile (17) were also analyzed. A sample of fine surface particles and a
subsurface (1 cm deep) sample were collected in May and October of 2003,
respectively, from the Flat Top Hill site (24°S, 70°W) approximately 100 miles
south of the Yungay region (F. Grunthaner, personal communication).

The seawater, sand, soil, and sediment bacteria were stained in solution with
DAPI and enumerated using a standard epifluorescence microscopy technique
(19). Approximately 1 ml of KPBS was combined with 1 g of each of the solid
samples or 1 ml of seawater, and 100 wl of 2% borate-buffered formalin was then
added to the mixture. The samples were then sonicated three times for 1 min at
50% power (Fisher Scientific Sonic Dismembrator 50) and centrifuged at 3,000
rpm for 1 min, and the supernatant was removed. Five milliliters of KPBS was
added to the supernatant, and the entire solution was filtered through a 0.2-pm-
pore-size, 25-mm-diameter black polycarbonate membrane filter (Nuclepore) to
collect the bacteria from the sample solution. A 20-pl aliquot of DAPI stain (1
mg/ml) was added to a clean microscope slide, and then the drop was covered
with the sample membrane filter and a 25-mm-diameter square coverslip. Cell col-
onies were counted under UV by using a fluorescence microscope (Olympus BX51,
100X magnification) with a DAPI fluorescence emission filter. The average cell
count was determined from 10 separate field counts, and the cell concentration
(number of cells per sample) was then inferred from the filter and field areas.

Sublimation heating experiments. A portion of the inoculated serpentine
sample (190 mg) was transferred to a quartz glass sublimation apparatus (SA)
(Fig. 1), sealed in air at 0.5 torr, and heated in a tube furnace (Lindberg/Blue M
Mini-Mite) set at 1,100°C. Three separate E. coli cell pellets (P1, P2, and P3)
weighing 1.3, 6.2, and 7.5 mg, respectively, were also sublimed under the same
conditions (Fig. 2). For the other samples, 1 g each of the Nile Delta and
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FIG. 2. The calibration data for the sublimation recovery of ade-
nine from E. coli (solid line). LB medium (LBM) that did not contain
E. coli and three separate E. coli pellets (P1, P2, and P3) were heated
to 500°C for 30 s in the sublimation apparatus. The total number of
E. coli cells was calculated from the mass of each cell pellet given an
average wet weight for a single E. coli cell of 9.5 X 1073 g (18). An
average sublimation yield of (8.5 = 0.4) X 107! mol of adenine per
cell from E. coli was calculated from the slope of the best-fit line. The
uncertainties in the adenine recoveries were based on the standard
deviation of the average value of three separate measurements. An
error in the sublimation yield of ~5% was determined from the un-
certainty in the slope of the best-fit line. The theoretical yield is also
shown for comparison (dashed line).
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Atacama samples, 5 g of beach sand, and 20 ml of seawater were evaporated to
dryness and heated separately. A cold finger, attached to the sublimation tube,
was kept at —195°C with liquid nitrogen throughout the experiments. After
heating for 30 s, the apparatus was removed from the furnace, and the pressure
inside the SA was brought up to 1 atm. According to thermocouple measure-
ments of the temperature inside the apparatus, the samples were heated to 500°C
for at least 30 s during the experiment. The experimental conditions (i.e., tem-
perature, internal pressure, and duration of heating) used in this study have
previously been optimized to achieve maximum sublimation yields of amino acids
and nucleobases from natural samples (8, 9).

After sublimation of the E. coli samples was carried out, a yellow residue
coated the end of the cold finger. This colored coating was also observed,
although to a lesser extent, after sublimation of the Nile Delta sediment, beach
sand, and seawater samples. We did not observe any yellow coloration of the cold
finger for the Atacama Desert soils or the control blank that did not contain
bacterial cells. The residue on the cold finger was carefully rinsed off in 1 ml of
double-distilled water, and the water extract was then analyzed directly by HPLC
separation and UV absorbance detection. Purines and pyrimidines were sepa-
rated isocratically using 0.1 M sodium phosphate buffer, pH 4.8, at a flow rate of
1 ml/min on a YMC ODS-AQ reverse-phase column (4.6 by 150 mm) at 25°C
using a Beckman 110B pump. Peaks were detected at 260 nm using a Kratos
Spectroflow 757 UV and visible-light detector. Peaks were identified by compar-
ison of the retention times with those of a standard run carried out in parallel.
The entire sublimation extraction and analysis method can be carried out in less
than 3 h, in contrast to traditional acid extraction techniques, which require more
than 1 day (9).

RESULTS AND DISCUSSION

E. coli cell counts and sublimation calibration results. After
blank correction using growth medium that did not contain
E. coli cells, we measured the OD,q, of the E. coli growth
medium as 0.65. From the OD reading, we calculate 6.5 X 10°
E. coli cells in 10 ml of LB growth medium with a 5% mea-
surement error. We recognize that physiological variation may
cause aggregation, changes in cell size, or capsule formation,
leading to small differences in the conversion between OD and
total cell counts. Therefore, the total number of E. coli cells
determined from the OD reading was independently con-
firmed by a measurement of the mass of a solid E. coli pellet
(P2) (Fig. 2) generated by overnight growth and centrifugation
of a volume of LB medium identical to that used to inoculate
the serpentine. Assuming that the E. coli cells were homoge-
nously mixed into the 0.5-g crushed serpentine sample, a con-
centration of 1.3 X 10'° cells/g (=5%) for the serpentine is
inferred. This value is in close agreement with the cell concen-
tration of 1.1 X 10'" cells/g that was previously determined
from the total amount of amino acids present in a soil analogue
inoculated with E. coli after hydrolysis (10).

After sublimation of the inoculated serpentine sample, high
concentrations (31 to 125 nmol/g) of several nucleobases, in-
cluding adenine, cytosine, thymine, and uracil, were detected
in a water extract of the cold finger (Table 1). Guanine did not
sublime from the cells at this temperature. In a previous sub-
limation experiment with A DNA, it was demonstrated that at
a temperature of 150°C, melting and fragmentation of the
DNA occur and the glycosidic bonds that attach the nucleo-
bases to the DNA begin to break, facilitating the sublimation
of adenine, cytosine, and thymine directly from the A DNA (9).
Therefore, the nucleobases detected after sublimation of the
inoculated serpentine sample and cell pellets were probably
derived from native E. coli DNA and RNA. The sublimation
process for nucleobases occurs rapidly and to completion when
E. coli is heated in the SA at temperatures above 450°C for at
least 30 s. We were unable to detect any nucleobases in the UV
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TABLE 1. Summary of nucleobase recovery after sublimation
of several natural samples”

Recovery (nmol/g) from:

Nucleo- Atacama soil”
base Serpentine- Sand Sea-  Nile Delta tacama sol
E. coli water  sediment Surface  Subsurface
Adenine 125 0.2 0.005 12.7 <0.05 0.04
Guanine® ND ND ND ND ND ND
Cytosine 42 1.1 0.002 11.2 <0.05 0.59
Thymine 31 1.0  0.010 3.0 <0.05 0.13
Uracil 68 0.8  0.005 16.8 <0.05 0.05

“ The total recoveries of several nucleobases (nmol/g) from water extracts of a
cold finger after sublimation are shown. All reported values were corrected using
the procedural blank. The uncertainty in these measurements was +5% based on
repeat sublimation experiments of the sand and seawater that gave consistent
results within the measurement error.

® The upper limits for the recoveries from the Atacama soil were based on the
detection limits for these nucleobases obtained using HPLC and UV absorbance.

¢ Guanine did not sublime at these temperatures. ND, not determined.

absorbance chromatogram of the control blank, which indi-
cates that the nucleobases recovered from the inoculated ser-
pentine and cell pellets were entirely derived from the E. coli
cells and were not associated with any remnants of the growth
medium used for inoculation.

From the data in Fig. 2, we calculate an average sublimation
recovery of adenine from the E. coli cell pellets of (8.5 *
0.4) X 1077 mol per cell. These data are reasonably close to
the theoretical yield of adenine in E. coli and demonstrate that
the sublimation process for adenine from E. coli is linear over
the range of cell concentrations tested (Fig. 2). For the inoc-
ulated serpentine sample we measured an adenine concentra-
tion of 125 nmol per gram (Table 1), which is equivalent to
9.6 X 10~'® mol of adenine per cell based on the measured
number of E. coli bacteria in the sample. This sublimation yield
is approximately 10% of the adenine recovered directly from
solid E. coli pellets sublimed alone (8.5 X 10" mol/cell),
indicating that the mineral matrix inhibits the sublimation of
adenine from the cells. Previous experiments have shown that
the sublimation yield of a pure adenine standard is substan-
tially reduced in the presence of serpentine as well as in other
media, such as seawater and humic acid, with recoveries rang-
ing from 1 to 10% (7). These recoveries are similar to the
adenine yield obtained from the inoculated serpentine sample.
Because the data for sublimation from the E. coli cell pellets do
not take into account potential matrix effects from reactive
mineral surfaces, salts, and larger amounts of organic matter,
the recovery of adenine from the inoculated serpentine sample
(9.6 x 10718 mol/cell), rather than that from the E. coli pellets,
was used to estimate cell counts in the natural samples. Using
the higher theoretical yield of adenine from E. coli to calculate
bacterial abundances would result in lower overall cell counts
for the same sublimed adenine yield; therefore, the bacterial
concentrations reported for the natural samples in Table 2
must be considered to be upper limits. Additional studies will
be required to critically evaluate the efficiency of adenine sub-
limation from E. coli in a variety of different porous media.

The wide variety of microbes and large genetic diversity of
bacteria in soils, seawater, and marine sediments (3, 12, 22)
should be taken into consideration when using sublimation to
estimate total bacterial counts in natural samples. Although
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TABLE 2. Bacterial cell counts of the natural samples

Bacterial abundance

Sample L
origin Characterization Sublimation DAPI

(10° ECE/g)*  (10° cells/g)”

La Jolla Seawater (surface) 0.52 = 0.04 13202
La Jolla Beach sand (upper 5 cm) 21+2 63 x 1.1
Nile Delta  Deep-sea core (upper 15 cm) 1,300 = 90 1.9x03
Atacama Surface fines <5 0.7x0.1
Atacama Subsurface (1 cm deep) 44+03 9.6 = 1.6

“ Bacterial counts in ECE per gram for the soil and sediment samples were
calculated by dividing the sublimation recovery of adenine from Table 1 by an
adenine yield of (9.6 = 1.4) X 10~ '® mol per cell from the inoculated serpentine
sample. Propagated errors in the cell counts were based on the uncertainty of the
adenine yields from the sample and E. coli sublimation experiments and ranged
from +7 to 10%.

® For the DAPI cell counts (cells/g) we assumed an average uncertainty of
+17% based on measurements made in a previous study (12).

the genome size of E. coli, ~4 Mbp of DNA (18), is similar to
the average size of prokaryotic genomes (0.6 to 10 Mbp) as
well as several common marine and soil bacteria (5), we rec-
ognize that by using E. coli as a reference we only obtain total
bacterial counts for cells with genome sizes similar to that of
E. coli. For example, a bacterium with a smaller genome size,
such as a mycoplasma (~0.6 to 0.8 Mbp [5]), would be at least
five times more abundant than E. coli for the same sublimed
adenine yield. Variable RNA contents in bacterial cells could
also influence bacterial cell counts extrapolated from adenine
levels using the sublimation method. In addition, the amount
of adenine in a given cell can vary depending on its growth
stage and rate, which could also impact bacterial cell count
extrapolations.

Another possible source of adenine in E. coli is free ATP.
However, the concentration of ATP in E. coli is much lower
than that found in DNA and RNA, accounting for only a small
fraction (~0.1%) of the adenine derived from nucleic acids
(18). In addition to bacteria, there are other potential sources
of adenine in the marine and soil samples analyzed in this
study, including phytoplankton, zooplankton, algae, plants,
and other debris that would contribute to our sublimation-
based bacterial counts. Viruses are also abundant in marine
seawater, soil, and sediment samples with concentrations rang-
ing from 10° to 10° free particles per ml (2, 20, 25). Since viral
genome sizes range from 10° to 10° bp (4), a significant con-
tribution of adenine from viral DNA and RNA could have
been present in the sublimed extracts of the natural samples
analyzed in this study. Given these additional sources of ade-
nine, our sublimation-based cell counts, expressed as E. coli
cell equivalents, likely overestimate the total number of bac-
teria present in the natural samples. On the other hand, using
the DAPI method, many viruses in these samples would not
have been counted, since single-stranded viral DNA and RNA
are not stained by the DAPI fluorochrome, which is specific for
double-stranded DNA (19).

Comparison of bacterial cell counts in marine samples us-
ing sublimation and DAPI. The sublimation results for the
natural samples are shown in Fig. 3 and Table 1. Several nu-
cleobases, including adenine, cytosine, thymine, and uracil,
were detected on the cold finger after sublimation of the sand,
seawater, and Nile Delta sediment samples. The distribution of
nucleobases in these sublimed extracts was similar to that of
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the purines and pyrimidines identified after sublimation of the
inoculated serpentine sample containing E. coli. We did not
detect any peaks with retention times similar to those of a
nucleobase standard in the HPLC chromatograms of the sub-
limed control serpentine blank that did not contain bacteria
(Fig. 3). The concentration of adenine in the sublimed extracts
from these marine samples ranged from 0.005 to ~13 nmol/g.
For the seawater, we calculated a cell count of 0.5 X 10° ECE/g
based on the average sublimation of adenine from two sepa-
rate samples (Table 2). This cell concentration agrees reason-
ably well with the DAPI cell count of 1.3 X 10° cells/g mea-
sured in the same sample. Both of these values are well within
the range of total microbial cell counts of 0.2 X 10° to 1.6 X 10°
cells/g obtained from seawater using whole-cell fluorescent in
situ hybridization (16). Our results suggest that the presence of
viruses does not bias the total bacterial counts in seawater
since the sublimation cell count was significantly lower and not
higher than the DAPI count, which does not account for vi-
ruses. It is also possible that some adenine from dissolved
cyclic AMP (cAMP) present in seawater could contribute to
sublimation-based cell counts of the marine samples. However,
given a maximum free cAMP concentration of ~35 pM for
seawater (1), the contribution of adenine from cAMP in sea-
water would translate into a bacterial cell concentration of only
4,000 cells/g. This value is within the uncertainty of the subli-
mation-based cell count of the seawater and is well below the
detection limit for this method.

The concentrations of sublimed adenine from the beach
sand (0.2 nmol/g) and Nile Delta deep-sea sediment (12.7
nmol/g) were higher than that from the seawater sample (0.005
nmol/g), which is not surprising since marine sediments have
much higher total bacterial concentrations per gram than sea-
water. For the Nile Delta sample we calculated a cell concen-
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FIG. 3. The 0- to 30-min region of the reverse-phase HPLC chro-
matograms of UV absorbance spectra (A = 260 nm) from sublimed
extracts of the (a) Nile Delta deep-sea sediment sample, (b) Atacama
Desert subsurface particles, and (c) serpentine blank made after heat-
ing the samples in the SA at ~500°C for 30 s. UV absorbance mea-
surements for the sublimed sand, seawater, and Atacama Desert fine
surface particles were also carried out but are not shown here. Peak
identifications: (1) HCI front, (2) cytosine, (3) uracil, (4, 5) guanine/
hypoxanthine, (6) thymine, and (7) adenine.
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tration of ~1.3 X 10° ECE/g based on sublimation. This value
is within the range (0.1 X 10° to 5 X 10° cells/g) reported for
coastal marine sediments (14, 15, 21). An estimate for the cell
count based on the total hydrolyzable amino acid abundance
(10) of the Nile Delta sediment sample (20.3 ppm) also yields
a bacterial concentration of 0.2 X 10° ECE/g, which is consis-
tent with marine sediments. However, the DAPI staining of the
Nile Delta sample gave a cell concentration of only 1.9 X 10°
cells/g, less than 0.2% of the ECE value obtained by sublima-
tion (Table 2), suggesting that there is a much higher percent-
age of organic matter associated with dead cells than with
intact NuCC in the Nile Delta sample.

In most marine sediments, living bacterial cells (i.e., those
displaying an intact membrane) account for roughly 25 to 30%
of total bacterial counts, while dead cells represent the most
abundant fraction (15). Among the living bacteria, nucleoid-
containing cells (i.e., those that actively grow) represent only
4% of total bacterial counts (15). Since the DAPI method only
stains NuCC, these total bacterial counts do not take into
account dead non-NuCC and any detrital organic matter as-
sociated with them. Moreover, since the Nile Delta sediment
sample analyzed in the present study was from a dried-out core
collected nearly 40 years ago and probably contains mostly
dead cells and/or organic matter derived from the long-term
degradation of cells, it is not surprising that the DAPI total cell
counts were considerably lower than the values obtained by
sublimation, which takes into account all organic matter from
both dead and living cells. Because the sublimation count of
1.3 X 10° ECE/g for the Nile Delta sample is consistent with
DAPI counts for fresh deep-sea sediment cores (15), the sub-
limation count for the Nile Delta sample may represent the
total bacterial population present in this sample at the time of
collection. However, adenine that was not derived from nucleic
acids in the sediment (e.g., deposition of dead organic matter
from the Mediterranean Sea surface waters by gravitational
settling) would have added to the bacterially derived adenine
content of the Nile Delta sediment sample over time. There-
fore, the sublimation-based count must be considered to be an
upper limit for the total number of cells present in this sample
at the time of collection.

For the beach sand, which was collected within days of
analysis, a total bacterial count of 21 X 10° ECE/g was deter-
mined based on sublimation (Table 2). This result was con-
firmed by a repeat sublimation experiment of the sand. The
beach sand count was significantly lower than that of the Nile
Delta sediment, which is in accordance with the microbial load
being much lower in coarse-grained sand than in mud cores,
such as the Nile Delta sample (14). With the DAPI method a
bacterial count of roughly 6.3 X 10° cells/g was measured for
the sand (Table 2), which is consistent with previous estimates
for the percentage of living cells (~30%) in total bacterial
counts of marine sediments (15).

Bacterial cell count estimates of the Atacama Desert soil.
Trace levels of nucleobases (0.04 to 0.6 nmol/g) were identified
in the sublimed extract of the Atacama subsurface soil sample
(Table 1). Based on the amount of adenine sublimed from this
sample (0.04 nmol/g), we estimate a total bacterial concentra-
tion of 4.4 X 10° ECE/g of soil. We were unable to identify any
adenine in the sublimed extract of the Atacama fine surface
particles above the level ~0.05 nmol per gram after heating

ESTIMATING BACTERIAL CELL COUNTS IN NATURAL SAMPLES 5927

(Fig. 3; Table 1); therefore, only an upper limit for the number
of cells in this sample (<5 X 10° ECE/g) could be obtained by
the sublimation method (Table 2). In order to detect adenine
released from Atacama surface samples by using this method,
a sample size larger than what was available for this study
would be required.

Using the DAPI staining method, we measured bacterial
counts for the surface and subsurface Atacama samples of
~0.7 X 10° cells/g and 9.6 X 10° cells/g, respectively. These
values compare reasonably well to the sublimation cell count
estimates (Table 2). The DAPI counts for the Atacama soils
are much higher than the total counts of viable, culturable
heterotrophic bacteria (<10 to 10* CFU/g) previously mea-
sured by serial dilution plating (17), which could indicate that
soil samples from the Atacama Desert contain mostly noncul-
turable bacteria that are not detected by dilution plating. The
extremely dry conditions in the Atacama Desert may inhibit
biological productivity in the soils and enhance the survival of
photochemically produced oxidants that would destroy organic
material (17). Although our sublimation count estimates for
the Atacama soils were very near the detection limit of the
analytical technique, these results confirm that the subsurface
sample contains higher organic content and a higher bacterial
cell concentration than fine surface particles. This may be due
to the existence of a concentration gradient of soil oxidants
corresponding to depth.

Conclusions. These results demonstrate the feasibility of
using sublimation to estimate total bacterial counts in natural
samples. Since sublimation-based cell enumeration accounts
for all organic matter associated with dead and living cells, this
method is particularly useful for determining total cell equiv-
alents in samples that contain only low levels of viable nucle-
oid-containing cells. In addition, the greater simplicity and
robustness of the sublimation technique compared to the
DAPI staining method make this approach particularly attrac-
tive for use by spacecraft instrumentation.

NASA is currently planning to send a rover to Mars in 2009
in order to assess whether or not organic compounds, espe-
cially those that might be associated with life, are present in
martian surface samples. The sublimation method for deter-
mining the adenine content in martian samples is one ap-
proach that should be considered. However, the extrapolation
to evidence of extinct or extant life on Mars using this ap-
proach may not be warranted, since adenine of chemical origin
might also behave similarly in the sublimation procedure.
Nonetheless, based on our analyses of the Atacama Desert soil
samples, several million bacterial cells per gram of martian soil
should be detectable using this technique. Since the Atacama
Desert soils contain only traces of organic compounds and
extremely low levels of viable bacteria, these samples serve as
valuable martian analogue material for the testing of instru-
ments designed for future martian life detection missions.
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