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Abstract: A simulation experiment with a complex bacterial soil community in a Mars simulation
chamber was performed to determine the effect of Martian conditions on community activity, stability
and survival. At three different depths in the soil core short-term effects of Martian conditions with and
without ultraviolet (UV) exposure corresponding to 8 Martian Sol were compared. Community
metabolic activities and functional diversity, measured as glucose respiration and versatility in substrate
utilization, respectively, decreased after UV exposure, whereas they remained unaffected by Martian
conditions without UV exposure. In contrast, the numbers of culturable bacteria and the genetic
diversity were unaffected by the simulated Martian conditions both with and without UV exposure.
The genetic diversity of the soil community and of the colonies grown on agar plates were evaluated by
denaturant gradient gel electrophoresis (DGGE) on DNA extracts. Desiccation of the soil prior to
experimentation affected the functional diversity by decreasing the versatility in substrate utilization.
The natural dominance of endospores and Gram-positive bacteria in the investigated Mars-analogue
soil may explain the limited effect of the Mars incubations on the survival and community structure.
Our results suggest that UV radiation and desiccation are major selecting factors on bacterial functional
diversity in terrestrial bacterial communities incubated under simulated Martian conditions.
Furthermore, these results suggest that forward contamination of Mars is a matter of great concern in

future space missions.
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Introduction

Since the time of Galileo, scientists have been interested in the
nature of the planet Mars and over time there have been
numerous speculations on the prospect of life on Mars.
Today the surface of Mars is recognized as being hostile to all
known life forms (Table 1). However, in the past, 3.5-3.8 Ga
ago, when life had evolved on Earth, the climate of Mars was
probably much wetter and warmer (McKay & Stoker 1989)
and thereby offered conditions suitable for life. If life ever
evolved on Mars, extant life may possibly be found in sub-
surface habitats where liquid water may be present, for ex-
ample, in permafrost soils and in connection with the polar
icecaps. These areas are the largest known water reservoirs on
Mars. Moreover, the possible large areas with ground-ice,
identified by gamma-spectroscopy (Boynton et al. 2002),
would be possible environments supporting extant life. On
Earth there are several examples of life found in cold and dry
habitats similar to those on present-day Mars: endolithic
cyanobacteria have been found at the Antarctic under the
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crust of sandstone and granite (Friedmann 1982); viable
heterotrophic, methanogenic, nitrate- and sulphate-reducing
bacteria have been found under an Arctic glacier (Skidmore
et al. 2000); Gram-positive and a- and B-proteobacteria have
been isolated from ice cores, possibly originating from
accreted water from Lake Vostok, 3600 m below the ground
surface (Christner et al. 2001), and metabolic activity has
been observed down to —20 °C in permafrost soil (Rivkina
et al. 2000). These findings indicate that life potentially may
exist on Mars in similar environments. In the search for life or
the remains of life on other planets it is essential to develop
methods to avoid contamination with terrestrial bacteria.
Better knowledge concerning the probability of contami-
nation, the limits of life and appropriate methods to detect
exobiological life can be gained from investigations of the
response of terrestrial bacteria to simulated extraterrestrial
conditions.

Only a few exobiological simulation experiments have
investigated the effect of Martian conditions on terrestrial
bacterial soil communities (e.g. Kooistra et al. 1958; Packer
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Table 1. Physical conditions in the Mars simulation chamber
and on the surface of present-day Mars

Simulated Martian

Parameter conditions conditions®
Temperature (°C) —954to0 +12° —123to +25
Mean pressure (mbar) 9 and 13°¢ 5.6
UV radiation (nm) >200 >200
UV intensity at 239 nm 0.207 0.0064

(Wm—2nm™?)
Gas composition (%) CO,: 717.5; CO,: 95.3;

N,:8.7; Oy: 1.3° N,;:2.7; 0,:0.13

4 From Horneck (2000).

b See Fig. 1.

¢ Without and with UV radiation, respectively.

d Annual average intensity at 11.6° N (M. Patel, personal
communication).

¢ Composition when flushed with CO, during the experimentation.

et al. 1963; Green et al. 1971; Foster et al. 1978) and pure
cultures (e.g. Hawrylewicz et al. 1962; Hagen et al. 1964,
1967; Green et al. 1971 ; Koike et al. 1995, 1996 ; Mancinelli &
Klovstad 2000; Schuerger et al. 2003). The evaluation of
these simulation experiments has exclusively been based on
traditional cultivation techniques such as colony-forming
units (CFUs) or most probable number methods.

The early simulation studies with soil communities
(Kooistra et al. 1958; Packer et al. 1963) failed to create the
conditions that are now known to exist on Mars. They
included an N, atmosphere instead of a CO, atmosphere, if
ultraviolet (UV) radiation was included it was monochro-
matic and the pressure was too high compared to the actual
Martian pressure. We have only been able to find one study
where the effects of the presently know Martian conditions
have been evaluated on a bacterial soil community (Green
et al. 1971). In this study, severe effects were found on
bacterial community survival at the soil surface, when the soil
was exposed to UV radiation (Green et al. 1971). However,
no detectable decline in survival was observed in the sub-
surface soil community, indicating that UV radiation is a
primary damaging factor for soil bacteria under simulated
Martian conditions.

In recent years, simulation studies have exclusively been
carried out with pure cultures. These studies have focused on
the survival of endospore-forming bacteria, which are known
to be very tolerant to desiccation and UV radiation. In
agreement with the community studies, simulation studies
with pure cultures have shown that UV radiation is the
primary selecting agent on the viability of bacterial cells
incubated under Martian conditions. Furthermore, the
recovery of viable spores has generally been much higher,
when they were protected from direct UV exposure with
either cell layers, soil or dust (Green et al. 1971 ; Mancinelli &
Klovstad 2000; Schuerger et al. 2003). In addition, studies
with different pure cultures have shown that Gram-positive
cells and spores have a much higher survival rate than cells of
Gram-negative bacteria (Koike er al. 1995, 1996). Hence,
in recent years, bacterial laboratory strains have been the
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preferred biological model system for space experiments,
meaning that insights into the effects of Martian conditions
on natural communities remain unclear. However, simulation
experiments with natural environmental bacterial communi-
ties will by natural selection have the ability to identify the
bacterial groups particularly well suited to surviving Martian
conditions. Thus, community studies provide an additional
tool expanding our knowledge about the response of terres-
trial bacteria to extraterrestrial conditions.

In this communication, results are reported from a Mars
simulation experiment, where the native bacterial community
of the Mars-analogue soil from Salten Skov, Denmark, was
studied. To the best of our knowledge this is the first investi-
gation where the short-term effects of Martian conditions
on the activity and stability of a complex bacterial soil com-
munity have been investigated. Our examination was based
on a combined methodological approach including tra-
ditional cultivation techniques, metabolic activity studies and
physiological and molecular studies. The soil from Salten
Skov, Denmark, was used as a Mars-analogue because of its
high content of the iron oxides haematite, maghaemite and
goethite (Nernberg et al. 2004). This specific soil has pre-
viously been used as a Mars-analogue in several simulation
experiments studying the properties of Martian dust
(Merrison et al. 2002, 2004a,b).

Materials and methods

Soil samples and bacterial community

The Mars-analogue iron-rich beech forest soil from Salten
Skov, Denmark (Nernberg et al. 2004) was sampled at a
depth of 5-20 cm and air-dried at room temperature (air-
dried control soil) or stored at 4 °C to prevent water loss
(fresh control soil). After sieving (500 um) the air-dried soil
was homogenized by fractionation into equal samples with
respect to grain size with a Laborette sample feeder and
divider (Fritsch, D), frozen at —20 °C and freeze-dried for
24-48 h (freeze-dried control soil). The freeze-dried soil was
stored in 50 ml centrifuge tubes at —80 °C until required.

Incubation under Martian conditions

The Mars simulation chamber used for incubations was a
stainless steel cylinder (30 cm diameter and 30 cm height).
One soil core of the homogenized freeze-dried Salten Skov
soil (4 cm diameter and 6 cm height) was mounted in the
middle of the chamber in a tube of inert glass. Thermocouples
for monitoring temperature and humidity during incubation
were mounted in the soil core at 2, 46 and 60 mm depth in
the sample not exposed to UV radiation (chamber (Cha)
samples) and at 8.5, 17, 36, 45 and 60 mm depth in the incu-
bation subjected to UV radiation (UV samples). The chamber
was evacuated using an external vacuum pump (Edwards
rotary pump, model 1SC150B) and the atmosphere replaced
with carbon dioxide (CO, >99.999 % purity, AGA, DK)
through a sterile filter (0.22 um, Osmonics). The mean press-
ure in the chamber was 13 and 9 mbar in the incubations with
and without UV radiation, respectively. However, due to air
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Fig. 1. Temperature profiles in soil cores during incubation in the
Mars simulation chamber, with (x) and without ([J) UV radiation,
respectively. The temperature was measured with thermocouples.
Data are shown as means with standard deviations.

leaking into the chamber two short-term increases in pressure
were monitored (18 and 21 mbar) during incubation of the
soil exposed to UV radiation. These pressure increases lasted
for less than 5 min each. The experimental conditions in the
simulation chamber are given in Table 1. The UV, visible and
near-infrared light (200-1000 nm) was generated with a
200 W mercury—xenon lamp (Hamamatsu Photonics, D) at
99.3 W and was directed to the sample surface through a
quartz window by a mirror. The dose of UV radiation applied
during the experiment (5.5 h) was equivalent to 8 Martian Sol
(Sol=Martian day; 24h 37 min). The temperature was
maintained between —60 and —40 °C at the bottom of the
soil core regulated by liquid nitrogen cooling of the steel
sample holder. Soil temperature profiles were similar in the
two simulation experiments with and without UV radiation
(Fig. 1). The gas composition in the simulation chamber was
monitored using a rest gas analyser (Microvision plus;
Spectra Sensor Tech Ltd, UK) during the experiment without
UV radiation (after 27, 105 and 304 min). These measure-
ments showed that temporary changes in the atmospheric
composition, due to air leaking into the chamber, increased
N, from 8.74 to 44.2 % and O, from 1.28 to 9.54 % while CO,
decreased from 77.5 to 35.4%. Upon leakage, the chamber
was immediately flushed with CO, resulting in a chamber gas
composition as given in Table 1. After 5.5 h of incubation,
corresponding to 8 Martian Sol with respect to UV radiation,
the chamber temperature, pressure and atmospheric compo-
sition were returned to Earth conditions. Air was introduced
through a sterile filter (0.22 um, Osmonics). The soil core
was taken out of the chamber and divided into three depth
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horizons: D1, 0-1 cm; D2, 2-3 cm and D3, 4-5 cm. These
horizons were analysed as separate samples in all subsequent
experiments, evaluating the effects of Martian conditions at
the different soil depths.

Culture media and viable counts

Two growth media were used to estimate the total number of
CFUs of aerobic bacteria, Gram-negative bacteria and en-
dospore-forming bacteria. Nutrient broth (NB, Difco) was
used as indicated by the manufacturer and solidified with
agar (1.5% w/v). Sodium N-lauroylsarcosinate (SLS, Fluka)
was added (1.2 g17") to some of the NB media to prevent
growth of Gram-positive bacteria (Gould ez al. 1985). Filter-
sterilized nystatin in methanol (50 mg1~!) was added to all
media after autoclaving to prevent fungal growth.

The inoculum was prepared from 1.2 g of soil sample
mixed with 10 ml of NaCl solution (0.9% w/v). A dilution
series was prepared (10'~107) and triplicate samples (50 ul)
were spread on NB plates with and without SLS. The inocu-
lum for enumeration of endospore-forming bacteria was
pasteurized at 80 °C for 10 min and spread on NB plates. All
plates were incubated at 15 °C and colonies counted (CFUs)
until no new colonies developed, the colony density was too
high or fungal growth appeared on the plates.

Community analysis with DGGE fingerprints

DNA was extracted directly from the soil samples using the
FastDNA spin kit for soil (Bio 101, Vista, CA, USA) with the
modification that samples were bead beaten at level 6.0 for
30 s (FastPrep DNA Extractor, Biol01). The DNA yield
was evaluated on a 1% (w/v) SeaKem GTG agarose gel
(BioWhittaker Molecular Applications, ME, USA). Region
V3-V5 of 16S rDNA was amplified by PCR using the
Eubacterial specific primer 341f (Muyzer et al. 1993) with
a GC-clamp attached (5-CGCCCGCCGCGCCCCGCGC-
CCGTCCCGCCGCC CCCGCCCG-CCTACGGGAGG-
CAGCAG-3') and the universal primer 907r (Lane 1991)
(5-CCGTCAATTCCTTTGAGTTT-3). The total volume of
the PCR mixture was 50ul (33.5ul dH,O, 5ul buffer
(100 mM Tris-HCI pH 8.3, 500 mM KClI; Sigma, D), 5ul
dNTP (1.25 mM of each dNTP; Invitrogen, NL), 3 ul 25 mM
MgCl,, 1 wl of each primer (50 pmol Wl ~'; MWG Biotech, D),
2 U Taq DNA polymerase (Sigma) and 1 ul template). DNA
amplification was achieved by the following cycles: 93 °C for
1 min, 30 cycles at 92 °C for 30 s, 57 °C for 1 min and 72 °C
for 45 s; the extension time was increased by 1 s per cycle; the
last cycle was kept at 72 °C for 5 min. To concentrate the
PCR product, two products from each sample were pooled
and purified with GenElute PCR Clean-up Kit (Sigma). The
optimal denaturing gradient gel electrophoresis (DGGE) gel
loading volume of the purified PCR product was evaluated
from a 2% (w/v) Nusieve 3:1 agarose gel (Bio Whittaker
Molecular Applications).

DGGE was performed with the D GENE SYSTEM
(BioRad, Hercules, CA, USA) (Muyzer et al. 1998).
Polyacrylamide gels (8 % w/v acrylamide) with gradients of
40—-60 % denaturant (100 % denaturant=7 M urea and 40 %
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v/v formamide) were made using a BioRad gradient maker.
Gels were run for 15h at 100 V in 1 xTAE buffer at 60 °C.
After electrophoresis, gels were stained for 20 min with Sybr
Gold (Molecular Probes, Leiden, NL). Patterns were visua-
lized through UV transillumination and digital images of the
gel were made (Gel Doc 2000, BioRad).

DGGE fingerprint analysis was carried out using Quantity
One software version 4 (BioRad). The fingerprints were
scored by inspection of the lane intensity curves to detect
presence or absence of bands independent of intensity.
Similarity matrices were generated from binary data for each
lane with the Dice coefficient (Cp):

Cp=2j/(a+Db)

where j is the number of bands shared between samples A and
B, and a and b are the total number of bands in sample A
and B, respectively (Dice 1945). The percentage similarity is
obtained by multiplying this number by 100.

Cultivable community analysis was carried out by molecular
analysis of colonies grown on the agar plates described above.
DNA was extracted from the total aerobic and endospore-
forming colonies harvested from agar plates with the lowest
and highest dilution of the inoculated soil suspension. DNA
extraction was achieved using the FastDNA spin kit for
soil (Bio 101), where all colonies from each agar plate
were scraped down in a kit-supplied lysing matrix tube with
needles. PCR amplification and DGGE fingerprints were
carried out as described above but without pooling and
purifying the PCR products and with a 30-70 % denaturant
gradient instead. The cultivable community composition was
quantified as the number of operational taxonomic units
(OTUs) in each sample defined as the number of unique
bands in each sample on the DGGE gel.

Soil respiration
4C glucose oxidation was measured in four different time
course incubations: (1) a short-term (0—24 h) and (2) a long-
term (0—118 h) control incubation of freeze-dried control soil,
(3) a long-term incubation (0—116 h) of freeze-dried soil after
UV exposure under Martian conditions and (4) a long-term
incubation (0-120 h) of freeze-dried soil after incubation
under Martian conditions, but without UV exposure. In-
cubations were performed as follows: 0.5 ml *C-[U]-glucose
tracer was injected into ~0.5 g freeze-dried soil in an ex-
etainer; the specific activity of the tracer was 3.0 uCi pumol ~*
and the activities of tracer per mole of glucose were 2.31, 1.59,
2.31 and 2.35uCi 0.5ml™! in incubation 1, 2, 3 and 4,
respectively. Glucose oxidation activity was stopped by the
addition of 0.5 ml 2.5% (w/v) NaOH. The soil-NaOH sus-
pension was thoroughly mixed and frozen for later analysis.
Processing of samples prior to liquid scintillation counting
was in principle as described in Lund & Blackburn (1989).
Radioactivity was counted in a Packard Tri-Carb 2900 TR
Liquid Scintillation analyser. The mean glucose oxidation
rate constant was calculated for the three time intervals
(0-21, 21-46 and 46—120 h) according to the method of Lund
& Blackburn (1989).
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Substrate utilization profiles

Biolog Ecolog™ plates (Biolog Inc., Hayward, CA, USA),
containing three replicates of 31 different carbon sources and
one negative control, were incubated with a ten times dilution
of the soil suspension also used for the plate count. The soil
suspension was added to each well (150 ul). Plates were
incubated at 15 °C and colour development in each well was
recorded as absorbance at 515 nm with a EL309 microplate
autoreader (BIO-TEK Instruments Inc., CT, USA). The ab-
sorbance in each well was corrected for colour development
in the control well. Bacterial activity in each soil sample was
expressed as average well colour development (AWCD; n=3)
for the full plate as described by Garland and Mills (1991).

Data analysis

Principal components analysis (PCA) was performed using
PC-ORD software (MjM Software Design, Oregon, USA) to
analyse patterns of substrate utilization in Ecolog™ plates.
Prior to principal component analysis the corrected absor-
bance for every Ecoplate™ well was normalized by division
by the AWCD (Garland & Mills 1991).

SPSS version 11.0 (SPSS Inc., Chicago, IL, USA) for
Windows was used to conduct the statistical analysis.
Differences in community activity (AWCD) and diversity
(number of substrates utilized) were tested using one-way
ANOVA followed by Fisher’s least significant difference test
(LSD), when a significant treatment effect was observed
(P<0.05). Differences in bacterial numbers (CFUs) were
tested by the non-parametric Mann—Whitney U test, where
the raw data were converted into ranks before the test was
carried out. This test was used because the CFU data was not
normally distributed.

Results

Viable counts

The numbers of culturable aerobic heterotrophic bacteria,
Gram-negative bacteria and endospores in the soil samples
were determined as CFUs on agar plates at 15 °C (Fig. 2).
There was a high recovery of bacteria from all samples in-
cubated in the simulation chamber and compared to the
control soils no decrease in survival was observed. The total
number of culturable aerobic bacteria recovered from the
samples varied from 1.2x10° to 1.5x 105 CFU g soil ™!
(Fig. 2a). The lowest number of bacteria was obtained with
the air-dried control soil and the highest number of bacteria
with the fresh control soil, although these were not signifi-
cantly different. Endospore-forming bacteria, determined
after pasteurization of the soil samples, dominated the aero-
bic bacterial community and were in the range of 1.3-7.2 X
10° CFU g soil™! (Fig. 2b). The number of culturable
endospore-forming bacteria was not significantly different
from the total number of culturable bacteria. They accounted
for 82-143% of all culturable bacteria in samples that were
incubated in the simulation chamber and for 15, 435 and
44% in the fresh, air-dried and freeze-dried control soils,
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Fig. 2. Bacterial numbers as CFUs at 15 °C (n=3). (a) Total
number of aerobic bacteria, (b) number of endospores and (c)
number of Gram-negative bacteria. Fresh, air-dried and freeze-
dried control soils and samples incubated under Martian conditions
without (Cha) and with UV radiation (UV) from three horizons of
the soil core: D1, 0-1 cm; D2, 2-3 cm; and D3, 4-5 cm. Data are
shown as means with standard deviations. No significant difference
due to incubations was revealed by the Mann—Whitney U-test
(P>0.05). Note that the y-axis on plot (c) differs from those of
plots (a) and (b).

respectively. The recovery of Gram-negative bacteria was low
in all samples and ranged from non-detectable in the air-dried
control soil and the upper horizon of the soil incubated under
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Fig. 3. DGGE community fingerprints of 16S rDNA amplified
from DNA extracted from the soil samples. Lanes 1-3: non-
incubated fresh, air- and freeze-dried control soils, respectively.
Lanes 4-6: soil incubated under Martian conditions without UV
radiation from D1 (0—1 cm), D2 (2-3 cm) and D3 (4-5 cm),
respectively. Lanes 5-7: soil incubated under Martian conditions

with UV radiation corresponding to 8§ Martian Sol from D1
(0-1 cm), D2 (2-3 cm) and D3 (4-5 cm). M : marker.

Martian conditions with UV radiation (UVDI1) to 8.6 x 10?
CFU g soil 7! in the fresh control soil (Fig. 2¢). The contri-
bution of Gram-negative bacteria to the total number of
aerobic bacteria was <1% in all samples.

Community analysis

Molecular community analysis was achieved with DGGE on
DNA extracted from the control soils and incubated soils
(Fig. 3). Analysis of the DGGE banding patterns revealed a
great similarity between the community structures in all
samples (85-100% ; Table 2). Only the intensity of the weak
bands differed between the fingerprints. Thus, on the
molecular level, exposure to Martian conditions did not cause
any detectable community change.

Analysis of the culturable bacterial community

Visualized as distinct bands on a polyacrylamide gel by
DGGE, the numbers of OTUs of culturable bacteria were
similar in the incubated samples and the freeze-dried control
soil (Table 3). The 16S rDNA amplicons, loaded on the
DGGE gel, were obtained from DNA extracts from bacterial
colonies harvested from agar plates inoculated with the
lowest and highest dilution of the soil suspensions.
Consequently, the OTU number reflects both the total
number of taxonomic groups of the culturable community as
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Table 2. Similarities (expressed in %), calculated from the Dice coefficient, between the DGGE fingerprints (Fig. 3) from the
three control soils (fresh, air-dried and freeze-dried), and the samples incubated under Martian conditions without (Cha) and with
UV radiation (UV). The soil core was divided into three horizons: D1, 0—1 cm; D2, 2-3 ¢m and D3, 4-5 cm

Fresh Air-dried Freeze-dried ChaD1 ChaD2 ChaD3 UVDI1 uUvD2
Fresh
Air-dried 94.1
Freeze-dried 92.3 89.8
ChaDl1 94.3 92.0 94.1
ChaD2 94.3 92.0 94.1 99.8
ChaD3 89.8 87.0 93.6 91.7 91.7
UVDI 89.8 87.0 93.6 91.7 91.7 100.0
UvVD2 88.0 85.1 91.7 93.9 93.6 97.8 97.8
UvVD3 89.8 95.7 89.4 91.7 91.7 90.9 90.9 88.9

Table 3. Genetic composition of the culturable aerobic- and endospore-forming bacteria determined as number of distinct bands
on a DGGE-gel (OTUs). Colonies were harvested from agar plates inoculated with the lowest (total number of taxonomic groups)
and the highest (dominant taxonomic groups) dilution of the soil suspension. Numbers of substrates utilized and AWCD from
Ecolog™ plates (n=3; mean+ std. dev.). Samples: fresh, air-dried and freeze-dried control soils and samples incubated under
Martian conditions without (Cha) and with UV radiation (UV) from three horizons of the soil core: D1, 0—1 cm; D2, 2-3 c¢m;

and D3, 4-5 cm

Aerobic OTUs Endospore-forming OTUs

(number of bands) (number of bands)

Low High Low High Number of

dilution dilution dilution dilution substrates utilized AWCD
Fresh na na na na 27.340.6* 0.9040.12%
Air-dried na na na na 12.941.7% 0.62+0.17%
Freeze-dried 14 13 10 8 17.6 +3.5¢ 0.6+0.21%
ChaD1 15 7 13 15 18.0+0.0° 1.23+0.15¢
ChaD2 24 18 14 20 15.742.1% 0.8440.1°
ChaD3 15 12 10 13 17.3+3.8¢ 0.82+0.06°
UVDI1 12 7 11 6 9.7+2.1¢ 0.4140.23¢
UvD2 16 16 13 19 9.74+1.5¢ 0.36+0.21¢
UvVD3 11 20 13 11 14.741.5% 0.86+0.142>

na. Not analysed.
Letters (a—d) indicate differences revealed by Fisher’s LSD test (P <0.05). Samples with the same letter are not significantly different. The Fisher’s
LSD was performed if one-way ANOVA revealed significant differences (P <0.05).

well as the number of dominant taxonomic groups. two deeper soil horizons, UVD2 and UVD3, were higher than
Regardless of dilution, similar numbers of OTUs were found the rate constant obtained in surface soil, UVDI, but they did
with both cultured endospore-forming bacteria and cultured not reach the rate constant of the freeze-dried control soil
aerobic bacteria (Table 3). Hence, the genetic community during the 120 h incubation. The rate constant remained
composition of the cultured colonies from the lowest and unchanged with depth in the soil incubated under Martian
highest dilution was in the same range for all samples. The conditions without UV radiation (Cha D1-3). Furthermore,
only exception was the soil sample ChaD2, where the number the glucose oxidation rate constants obtained in the samples
of OTUs was inexplicably higher than all other soil samples. Cha D1-3 did not differ from the freeze-dried control soil
Thus, UV exposure under Martian conditions was not found except from the second time interval, where the activities in
to reduce the genetic composition of the culturable bacterial Cha D1-3 were incomprehensibly high.

community.

Substrate utilization and functional diversity
Soil respiration Examination of the substrate utilization potential with
A temporary decrease in the glucose oxidation rate constants Ecolog™ plates showed that the bacterial community of the
was observed in samples exposed to simulated Martian con- fresh control soil respired 27.3 of the 31 possible substrates.
ditions including UV radiation (Fig. 4). The lowest oxidation The bacterial communities in UVD1 and UVD2 samples
rate constant was observed in the upper soil horizon during utilized only 9.7 of the 31 possible substrates (Table 3), which
the three time intervals of the glucose incubation. The were significantly fewer than the substrate utilization abilities

oxidation rate constants obtained in soil samples from the of the freeze-dried control soil and the other incubated
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Fig. 4. Soil “C-glucose oxidation rate constants determined from time courses obtained within the following time intervals after exposure to
Martian conditions: 0-21, 21-46 and 46—120 h. The mean oxidation rate constants are plotted in the middle of each time interval as the
mean of triplicate measurements. Ctrl. 1, 2: freeze-dried control soil measured in a short- and long-term series. UV: samples incubated under
Martian conditions with UV radiation corresponding to 8 Martian Sol from 0—1 cm (D1), 2-3 cm (D2) and 4-5 cm (D3). Cha: samples
incubated under Martian conditions without UV radiation from 0-1 cm (D1), 2-3 cm (D2) and 4-5 cm (D3).

samples. Compared to the freeze-dried control soil UVDI1
and UVD2 were not able to respire four amino acids (L-
asparagine, L-phenylalanine, L-serine and L-threonine), four
carboxylic acids (y-hydroxy butyric acid, a-keto butyric acid,
4-hydroxy benzoic acid and itaconic acid), two carbohydrates
(B-methyl-D-glucoside and i-erythritol), an amine (phenyl-
ethylamine) and an ester (pyruvic acid methyl ester). The
highest functional diversity was observed in the fresh control
soil compared to the dried and incubated soil samples
(Table 3). Thus, both the exposure to Martian conditions
including UV radiation and desiccation prior to experimen-
tation decreased the functional diversity of the bacterial
community.

Corresponding to the substrate utilization profiles, the
lowest AWCD values were observed in Ecolog™ plates
inoculated with suspensions from the UVDI and UVD2
samples (Table 3). Furthermore, the AWCD values from
UVDI1 and UVD?2 were significantly lower than the AWCD
from samples incubated under Martian conditions without
UV radiation (Cha D1-3). However, the AWCD from UVDI1
and UVD?2 were not significantly different from the air-dried
and freeze-dried control soils. The AWCD of the Ecolog™
plate inoculated with soil suspension of the fresh control soil
was significantly higher than the AWCD in the dried control
samples (air-dried and freeze-dried). Thus, the bacterial
activity was also negatively affected by desiccation of the soil
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prior to incubation in the simulation chamber. The AWCD of
the Ecolog™ plate incubated with the suspension of ChaD1
sample was incomprehensible higher than the AWCD of all
other samples.

The first and second axis of the principal component
analysis of normalized substrate utilization data explained
78 % of the total variation in the data set (Fig. 5). UVDI and
UVD2 were separated out from the other samples on both
PCs, while UVD3 and samples incubated without UV radi-
ation (ChaDI1-3) grouped together with the control soils.
Hence, the PCA diagram illustrates that the incubation under
simulated Martian conditions with UV radiation had a
negative effect on the functional diversity and activity in the
UVDI1 and the UVD2 communities compared to the other
samples.

Discussion

In this study we found that the metabolic activities of the
bacterial community decreased after incubation under simu-
lated Martian conditions. Glucose oxidation rate constants
and substrate utilization determined with Ecolog™ plates
were negatively affected when samples were incubated with
UV radiation. This effect was detected down to a depth of
at least 3cm of the soil core, equivalent to the samples
UVDI and UVD2. The activity decrease can most likely be
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Fig. 5. Principal component analysis based on substrate utilization data from Ecolog™ plates. PC1 and PC2 (Axis 1 and Axis 2) explained
44.1 and 34.3 % of the variance, respectively. UV: soil incubated under Martian conditions with UV radiation corresponding to 8 Martian
Sol. Cha: soil incubated in simulation chamber without UV radiation. Soil cores were cut into three horizons 0—1 cm (D1), 2-3 cm (D2) and
4-5 cm (D3). Control soils: unincubated fresh, air-dried and freeze-dried soil.

attributed directly or indirectly to UV radiation since no
negative effect was observed on the community incubated
under Martian conditions not exposed to UV radiation.
Previous studies have shown that the penetration depth of
UV radiation is dependent on the properties of the soil or
sediment. Garcia-Pichel and Bebout (1996) found that
irradiance of UVB was reduced to 1% at depths <1.25 mm
in different sediment types. Moreover, the UV penetration
depth is found to be further reduced by stronger scattering in
dry sediments (Garcia-Pichel & Bebout 1996) and by ab-
sorption of iron compounds (Pierson et al. 1993 ; Kumar et al.
1996). Thus, the observed decrease in the community activity
down to a soil depth of at least 3 cm in our experiment cannot
simply be explained by direct UV radiation effects alone. The
subsurface impact must be due to indirect effects such as
photochemically produced free oxygen species, a mechanism
that Yen et al. (2000) recently proposed to occur on the
surface of Mars. The relatively high pressure of oxygen in our
experiment (1.3 %) compared to present-day Mars (0.13 %)
most likely caused formation of harmful free oxygen radicals.
However, this potential UV-mediated formation of radicals
under our experimental conditions remains to be verified.
Recently, long-term elevated UV radiation exposure of
bacterial communities was reported to affect the bacterial
community structure and to reduce the bacterial activity
(Johnson et al. 2002). However, in our short-term experiment
UV exposure did not cause detectable changes in the com-
munity structure; i.e. the DGGE fingerprint analysis did not
reflect the observed decrease in functional diversity demon-
strated with EcoLog™ plates. There may be several reasons
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for this lack of UV effects on the molecular level: (1) DNA in
the dead cells was not degraded, (2) the surface soil section
analysed was too coarse to reveal surface UV effects and (3)
most of the bacterial community was protected by the soil
matrix. The subzero temperatures and dry conditions in the
simulation chamber probably prevented degradation of
DNA from dead cells. Hence, such DNA was extracted and
amplified together with DNA from bacteria surviving the UV
exposure, thereby frustrating the molecular fingerprint
analysis. Persistence of DNA at low temperatures is well
known and has recently been demonstrated in a study by
Willerslev et al. (2003), who PCR-amplified DNA of extinct
animals and plants from Siberian permafrost soil samples
that were up to 400000 years old. An effect of UV radiation
on the bacterial community structure would possibly have
been detected at the molecular level if we had analysed the
uppermost millimetre of the surface layer separately.
Analysing the upper centimetre as one sample may have
obscured a significant extinction or change in the bacterial
community in the very surface of the soil.

The relatively coarse sampling procedure used in our
investigation may likewise explain why the number of cul-
turable bacteria, determined as CFUs, did not differ between
samples incubated in the Mars simulation chamber and the
control soils. We suggest that the bacterial cells covered by
soil particles were protected against the direct detrimental
effects of UV radiation. This is in agreement with earlier Mars
simulation studies with soil communities. In these studies it
was found that <0.3 % of the community survived on the soil
surface when exposed to UV radiation (Packer er al. 1963;
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Green et al. 1971), while there was no reduction in survival
1 cm below the surface (Green et al. 1971). Similarly, Mars
simulation studies with Bacillus subtilis endospores found
that spores protected by soil particles or spore layers had a
higher survivability than unprotected spores, which were
inactivated after only 15 min of UV exposure (Mars equiva-
lent intensity; Mancinelli & Klovstad 2000; Schuerger et al.
2003). Moreover, a 1 mm dust layer gave the endospores full
protection against the damaging effects of UV radiation
(Mancinelli & Klovstad 2000). Survival experiments with
endospores of Bacillus subtilis in space have shown similar
results, where almost none of the unprotected spores survived
(<0.001%), while 2-70% survived when protecting sub-
stances were present (e.g. glucose or meteorites; Horneck
et al. 1994 ; Rettberg et al. 2002).

The majority of the original bacterial community in the
Salten Skov soil formed endospores. Hence, the present study
adds to the increasing number of studies underlining the high
resistance of endospore-forming bacteria to the harsh condi-
tions on present-day Mars. In 1963, Packer et al. demon-
strated that endospore-forming bacteria survived Martian
conditions preferentially compared to other bacterial
members of the investigated soil community. This has been
confirmed by the studies of Koike et al. (1995, 1996), who
demonstrated that Gram-positive cells and spores had a
profoundly higher survivability (25-72%) than Gram-
negative bacteria (<0.8 %) when pure cultures were exposed
to UV and proton particle doses equivalent to 200 Martian
years. We believe that the observed loss of culturability of
Gram-negative bacteria in our experiment can be explained
by the initial desiccation of the fresh control soil. The
preferential survival of the spore-forming part of the soil
community was expected, as desiccation tolerance among
spores is well known and well documented (e.g. Potts 1994;
Nicholson et al. 2000; Dose et al. 2001). Moreover, with the
Ecolog™ plates desiccation of the fresh control soil was
shown to significantly affect the functional diversity of the
soil community. From these results it is evident that the arid
conditions on Mars are important in terms of bacterial
survival. However, previous experiments under simulated
Martian conditions have not evaluated the effect of desic-
cation on bacterial communities and comparisons are there-
fore not possible. Nevertheless, aridity is found to be very
selective for bacterial soil communities and recently an
investigation of soil samples from the Atacama Desert, Chile
(the driest desert on Earth), showed that bacterial numbers,
diversity and activity were dependent on moisture (Navarro-
Gonzalez et al. 2003). According to this investigation, the
most arid location was too dry to support bacterial life as
neither bacterial colonies, activity nor DNA were recovered
from the soil samples. In addition, the cultivated micro-
organisms from the nearby region were exclusively Gram-
positive bacteria (Navarro-Gonzalez et al. 2003).

In conclusion, methods operating on the molecular, meta-
bolic and community level were applied for evaluation of the
effects of Martian conditions on the activity and stability of a
complex soil community. Based on the results, it is apparent
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that a combined methodological approach provides a more
comprehensive analysis of the effects of Martian conditions
on terrestrial bacteria. The short duration of our simulation
experiment combined with the coarse soil sectioning meant
that the methods evaluating metabolic responses had the best
suited resolution for evaluation of the effects. The results
indicate that UV radiation and desiccation are the major
selecting factors on bacterial functional diversity under
simulated Martian conditions. The observed effects of UV
radiation on bacterial metabolic activity and functional
diversity down to 3 cm depth in the soil may be explained by
production of free oxygen radicals. Such radical production
would be facilitated by the somewhat higher oxygen pressure
and UV intensity in this experiment compared to present-day
Martian conditions.

Long-term investigations in the range of several weeks to
months are needed to gain further insight into the survival
potential of bacterial communities under Martian conditions.
Future studies should operate with finer depth resolutions
than those undertaken in the present study. Also, attempts
should be made to identify and quantify reactive gasses in
the soil pore volume in order to test whether the suggested
indirect UV effect is of any importance.

By including a complex bacterial community our study
adds a new dimension to our understanding of the impact of
Martian conditions on the survival of terrestrial bacteria. In
addition, studies with complex communities will elucidate
which microorganisms are particularly well pre-adapted to
simulated Martian conditions.

Insight into the mechanisms behind the ability of terrestrial
bacteria to survive Martian conditions has a great importance
for the development of decontamination procedures for
spacecrafts. Consequently, such insights will help to prevent
target site contamination with terrestrial bacteria.
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