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The genera Exiguobacterium and Psychrobacter have been frequently detected in and isolated from
polar permafrost and ice. These two genera have members that can grow at temperatures as low
as —5 and —10°C, respectively. We used quantitative PCR (Q-PCR) to quantify members of these
genera in 54 soil or sediment samples from polar, temperate and tropical environments to determine
to what extent they are selected by cold environments. These results were further analyzed by
multiple linear regression to identify the most relevant environmental factors corresponding to their
distribution. Exiguobacterium was detected in all three climatic zones at similar densities, but was
patchier in the temperate and tropical samples. Psychrobacter was present in almost all polar
samples, was at highest densities in Antarctica sediment samples, but was in very low densities and
infrequently detected in temperate and tropical soils. Clone libraries, specific for the 16S rRNA gene
for each genus, were constructed from a sample from each climatic region. The clone libraries were
analyzed for o and § diversities, as well as for variation in population structure by using analysis of
molecular variance. Results confirm that both genera were found in all three climatic zones;
however, Psychrobacter populations seemed to be much more diverse than Exiguobacterium in all
three climatic zones. Furthermore, Psychrobacter populations from Antarctica are different from

those in Michigan and Puerto Rico, which are similar to each other.
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hypothesis

Introduction

Ubiquitous distribution of extremophiles has been
suggested to be implausible because of barriers to
their surviving dispersal (Whitaker et al., 2003;
Martiny et al., 2006). Most studies focusing on
bacterial biogeography from extreme environments
such as hot springs or geothermal springs have
shown endemism in these environments (Papke
et al., 2003; Whitaker et al., 2003). A few studies
with sea ice bacteria indicate that members of some
genera occur at both poles; however, cosmopolitan
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species of cold-adapted genera have not yet been
described (Staley and Gosink, 1999).

Among the cold habitats on our planet, micro-
organisms inhabiting permafrost are strong candi-
dates for biogeography studies because this habitat
underlies 20-25% of the terrestrial surface, the
mean annual temperature is between —10 and
—12°C in the Arctic and between —18 and —27°C
in the Antarctic, and the environment has been
constant and isolated for periods up to 3 million
years (Vishnivetskaya and Kathariou, 2005).

Earlier studies with Siberian permafrost soils
yielded isolates of Exiguobacterium and Psychro-
bacter from geological strata frozen for 20 thousand
to 3 million years (Vishnivetskaya et al., 2000;
Bakermans et al., 2006; Rodrigues et al., 2006), and
demonstrated ubiquity of the Exiguobacterium
genus in this habitat (Rodrigues and Tiedje, 2007).
In addition to Siberian permafrost, species of
Exiguobacterium and Psychrobacter have also been
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isolated from several other cold environments such
as Antarctica soil, sea ice and Himalayan mountain
soil (Bowman et al., 1997; Shivaji et al., 2005;
Chaturvedi and Shivaji, 2006; Shravage et al., 2007).
The fact that members of these genera seem to be
successful in cold environments, yet have very
distinct physiologies as one is Gram-positive (Ex-
iguobacterium) (Ponder et al., 2005; Rodrigues et al.,
2008) and the other is Gram-negative (Psychrobac-
ter) (Bergholz et al, 2009), make them good
candidates to test Baas Becking’s statement ‘every-
thing is everywhere, the environment selects’ for
cold-adapted microorganisms. Results suggest that
these cold-adapted microorganisms are not re-
stricted to cold environments but are also found in
temperate and tropical soils, although Psychrobacter
especially is only marginally successful in the non-
polar habitats.

Materials and methods

Sample collection and chemical analyses

A total of six sediments and forty-eight soil samples
were collected from a wide range of ecosystems with
diverse climates and site characteristics (Supple-
mentary Table S1). All samples were stored frozen at
—20°C until processed. The soil chemical analyses
were performed by the Soil and Plant Nutrient
Laboratory at Michigan State University.

DNA extraction

Total community genomic DNA was extracted using
the Fast DNA SPIN kit for soil (Bio 101, Qbiogene, Inc.,
Carlsbad, CA, USA) with some modifications, namely
the first step of the extraction was a grinding step using
liquid nitrogen followed by treatment with 100l of
lysozyme (50 ugul ") at room temperature before using
the kit. The quality of the extracted DNA was analyzed
by electrophoresis on a 1% agarose gel. DNA concen-
trations were measured by absorbance at 260 nm.

Quantitative real-time PCR assays (Q-PCR)

The primer sets for rpoB, gyrB and a hypothetical
gene, as well as the quantitative real-time PCR
conditions for Exiguobacterium spp. were described
earlier (Rodrigues and Tiedje, 2007). Detection was
only considered positive when at least two genes
were amplified by these primer sets. Data are
presented as copy number averages and s.d. The
primers used for Psychrobacter spp. quantification
targeted the 16S rRNA gene and were 432-F
(5'-GCACTTTAAGCAGTGAAGAAGA-3') and 476-R
(5'-TATTCTGCAGCTAATGTCATCG-3'). The reac-
tion mixture contained 1X SYBR green PCR buffer,
1.75 mM MgCl,, 0.2 mM dNTPs, 0.05 U ul~* Amplitag
Gold, 0.15 uM (Applied Biosystems, Foster City, CA,
USA) and 0.4mgml" of bovine serum albumin
(BSA) (Roche Applied Science, Indianapolis, IN,
USA). The amplification settings were the standard
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Table 1 Results obtained from the simple and multiple linear
regressions with Q-PCR results for each genus as a function of
environmental variables

Bacterium Significant Variables R?

Simple linear regression

Psychrobacter K* 36.6%**
pH 32.4%**
Salinity 23.2%*

Exiguobacterium pH 14.7%***
Cu?* 34.7%**

Multiple linear regression
Psychrobacter K*, Mg**, salinity and pH 90.5% **
Exiguobacterium K*, Cu®*, salinity and pH 63.4%**

*P<0.05; **P<0.01; ***P=0.08.

for real-time PCR with annealing and extension at
59°C for 1min. The real-time PCR assays and primer
optimizations for both genera were done as described
earlier (Rodrigues and Tiedje, 2007). The increase in
fluorescence emission was monitored during PCR
amplification using the 7700 Sequence Detector (PE
Applied Biosystems, Foster City, CA, USA). The G
values obtained from each sample were compared
with the standard curve to determine the initial copy
number of the target gene. As all Psychrobacter, so far
analyzed, have four 16S rRNA gene copies, we
adjusted the standard curve to reflect this difference.
The Exiguobacterium genes (rpoB, gyrB and a
hypothetical gene) used in this study have only one
copy per genome in the two Exiguobacterium closed
genomes. So, there was no need to adjust the standard
curves for each of these genes.

Statistical analyses were performed with 22 sam-
ples from different geographic regions with distinct
climates, namely Puerto Rico (P3, P5), Hawaii (HW),
Brazil (B1, B2, B3, B4, B5, B6), Michigan (M1, M2,
M3, M4, M5, M6, M7), Iowa (IA), Antarctica (A3, A5)
and Siberia (S1, S4 and S23) (Supplementary Table
S1). Simple and multiple linear regressions were
used to investigate correlations between the abun-
dance of gene copies of each genus and environ-
mental factors (Table 1). The relevant environmental
variables used for multiple regressions were chosen
by stepwise selection among the 14 measured
variables; these were phosphorus, potassium, mag-
nesium, calcium, cation exchange capacity, copper,
manganese, zinc, iron, pH, organic matter, moisture,
salinity and average annual temperature. In total, five
environmental variables were selected for further
analysis with the Q-PCR data for each genus, namely,
potassium, magnesium, pH, salinity and copper. The
program XLSTAT was used for the statistical analyses
(XLSTAT, 2006).

Genus-specific clone library construction

and sequencing

Primers for conserved regions of the 16S rRNA
genes for the genera Exiguobacterium spp. and
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Psychrobacter spp. were designed using ARB, based
on alignments of reference strains for each genus
and 50 other Gram-positive and Gram-negative
microorganisms (Ludwig et al., 2004). The annealing
temperatures for Exiguobacterium spp. and Psychro-
bacter spp. primer sets were 59 and 57°C,
respectively. Amplification for all primers was
performed by standard procedures, except for the
MgCl, concentration, which was used at 1.75 mM for
Psychrobacter spp. and 1.5 mM for Exiguobacterium
spp., respectively (Eden et al., 1991). The sequences
of the primers used for 16S rRNA gene were 432-F
and 823-R (5'-TCAAGGGACCCAACGACTAGTA-3')
for Psychrobacter spp. and Exi16S-F (5'-GATGAA
AGGCGCTYCGGCG-3') and Exi16S-R (5'-CGGTCAR
GGGGATGTCAAGAGTT-3') for Exiguobacterium
spp. Amplicon sizes were approximately 400bp
and 800 bp, respectively.

The specific 16S rRNA gene amplicons for
each genus were cloned using the TOPO TA Cloning
kit for sequencing (Invitrogen Life Technologies,
Inc., Carlsbad, CA, USA) and sent to Macrogen Inc.
(Seoul, Korea; www.Macrogen.com) for sequencing
with primers for the cloning vector (M13F). The
sequences with unique operational taxonomic units
(OTUs) generated in this study were deposited in
GenBank (accession numbers EU735449 to
EU735531).

Clone library analysis

The 16S rRNA gene sequences from the clone
libraries were processed by using the pipeline
quality filter tools on the Ribosomal Database
Project (RDP-II) website (Cole et al., 2005) (http://
rdp.cme.msu.edu). The Classifier tool provided by
RDP-II was used to assign the 16S rRNA gene
sequences to the taxonomic hierarchy. Aligned
sequences assigned to Exiguobacterium or Psychro-
bacter were downloaded from RDP-II for further
analyses. The aligned sequences were uploaded to
FastGroupll program (Yu et al, 2006) to cluster
sequences with 99% similarity including gaps.
One representative of each cluster with identical
sequences was used to construct the phylogenetic
tree within the MEGA 3.1 environment (Kumar
et al., 2004) by the neighbor-joining method. The
robustness of the inferred tree was evaluated by
applying 1000 bootstrap re-samplings.

Distance matrix files for each clone library were
downloaded from the RDP-II pipeline to determine o
diversity through the Distance-Based Operational
Taxonomic Unit and Richness (DOTUR) program
(Schloss and Handelsman, 2005), and to compare
clone library similarity through statistical tests
provided by [-libshuff and Unifrac programs for p
diversity (Schloss et al., 2004; Lozupone and
Knight, 2005; Lozupone et al., 2006). Libraries were
also compared by the analysis of molecular variance
(AMOVA), as implemented by the program Arlequin
(Excoffier et al., 2005).
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Results

Distribution and abundance of Exiguobacterium

and Psychrobacter in different environments

The DNA extracted from the 54 samples was
subjected to Q-PCR analysis with four specific
primer sets (3 protein-coding marker genes for
Exiguobacterium and the 16S rRNA gene for
Psychrobacter) to establish the presence, distribu-
tion and abundance of the target organisms.
Psychrobacter spp. was present at higher densities
in Antarctica sediments than Exiguobacterium spp.,
and higher than Psychrobacter spp. in the Siberian
permafrost (Figure 1). In temperate (Michigan
and lIowa) and in tropical (Brazil, Puerto Rico
and Hawaii) environments, the distribution and
abundance of Psychrobacter spp. was patchy and
minimal. The Exiguobacterium spp. distribution
was also patchy but when present the abundance
was similar to that found in colder habitats.

The role of environmental factors in the selection

of Exiguobacterium and Psychrobacter

The unusual distribution and abundance of Exiguo-
bacterium and Psychrobacter in diverse soils led us
to investigate environmental variables to search for
common factors that could select for these cold-
adapted species. Among 14 variables, simple and
multiple regression analyses were performed to find
environmental variables that significantly correlate
with the abundance of the two genera. The results
show that several environmental variables signifi-
cantly correlate with the abundance of the two genera
(Table 1), indicating that environmental factors play
an important role in the abundance and distribution
of both Exiguobacterium and Psychrobacter species
in different environments. The abundances of Ex-
iguobacterium spp. and Psychrobacter spp. popula-
tions significantly correlated with pH, salinity, as
well as potassium (K*). Furthermore, Exiguobacter-
ium and Psychrobacter abundance also significantly
correlated with copper (Cu®") and magnesium
(Mg*?) concentrations, respectively.

Diversity of Exiguobacterium and Psychrobacter
populations in diverse geographic locations
The fact that these microorganisms were found in
diverse geographic locations does not imply that
their populations were similar, especially because
their densities were different in different regions or
habitats. Hence, we analyzed 16S rRNA gene
libraries from one site in each climatic region, that
is, Antartica, Michigan and Puerto Rico, that
had high population densities for each genus
(Tables 2 and 3). The number of clones sequenced
was determined by rank abundance curves to
insure that most of the phylotypes were sampled
in each site.

Phylogenetic analysis of Psychrobacter spp. and
Exiguobacterium spp. was done with one represen-
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Figure 1 Exiguobacterium spp. and Psychrobacter spp. abundance in various habitats as measured by Q-PCR amplification. The sample
numbers shown on the graphic corresponds to the sample numbers presented in Supplementary Table S1.

Table 2 Individual comparisons of Exiguobacterium and Psychrobacter 16S TRNA clone libraries obtained from different environments

Analyses Psychrobacter spp. Exiguobacterium spp.

A3 M5 P5 Ab5 M7 P3
Number of sequences 129 150 137 149 109 135
Number of OTUs 21 14 11 7 4 1
Shannon Index (H) 2.60 2.22 1.84 1.53 0.34 0
Simpson Index (D) 0.09 0.13 0.21 0.26 0.84 1
Chao 1 estimator 21.43 17.00 11.50 7 5 1
AMOVA population-specific (Fy,) (%) 5.41 5.29 5.33 58.25 58.53 58.77

Abbreviations: A, Antarctica; M, Michigan; P, Puerto Rico.
The numbers following the letters correspond to the sampling sites in Supplementary Table S1.

Table 3 Pairwise 16S rRNA clone library comparisons between each pair of environments for each genus

Analyses Psychrobacter spp. Exiguobacterium spp.

A3:M>5 M>5:P5 A3:P5 A5:M7 M7:P5 A5:P3
J-Libshuff (P-value) 0.000 0.1578 0.0234 0.000 0.000 0.000
Unifrac (P-value) <0.003 0.573 <0.003 <0.003 <0.003 <0.003
AMOVA within population (%) 94.66 41.49

Abbreviations: A, Antarctica; M, Michigan; P, Puerto Rico.

The numbers following the letters correspond to the sampling sites Supplementary Table S1.

tative of each cluster of identical sequences. The

phylogenetic trees show that new sp

ecies are

still to be described, especially in Antarctica

(Figures 2 and 3). The o diversity, that is, species
diversity within each location, differed between
sampling sites as shown by the diversity index
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Figure 2 Phylogenetic tree based on 16S rRNA gene sequences
of Psychrobacter strains and the top seven dominant OTUs in the
clone libraries from Michigan (A), Puerto Rico (O) and Antarctica
sediment ([J). The trees were produced by the neighbor-joining
method and rooted using the 16S rRNA gene from M. atlantae.
The nodes with less than 45% bootstrap values were not added to
the tree. The scale bar represents changes per nucleotide.

values and OTU abundances (Table 2). Psychrobac-
ter spp. and Exiguobacterium spp. were more
diverse in Antarctica and had reduced diversity in
Puerto Rico. Psychrobacter exhibited more diversity
than Exiguobacterium in all sites (Table 2).

[-libshuff analysis determines the B diversity by
verifying whether two samples are drawn from the
same population or whether one is a subset of the
other. The Puerto Rican and Michigan clone
libraries for Psychrobacter displayed significantly
different communities from those from Antarctica
(Table 3), but shared many OTUs with each other.
All the Exiguobacterium from the three sites had
significantly different populations (OTUs). Similar
results were observed when AMOVA and the
Unifrac tests were applied to these data.

The AMOVA evaluates the variance in genetic
diversity within and between populations or com-
munities by calculating the Fs; value (Excoffier
et al., 2005). UniFrac measures [ diversity by
analyzing the differences in population composition
among environments and by taking into account the
different evolutionary relationships (Lozupone and
Knight, 2005). According to the AMOVA results
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Figure 3 Phylogenetic tree based on 16S rRNA gene sequences
of Exiguobacterium strains and clone libraries from Michigan (A),
Puerto Rico (O) and Antarctica sediment ((0). The trees were
produced by the neighbor-joining method and rooted using the
16S rRNA gene from B. subtilis. The nodes with less than 45%
bootstrap values were not added to the tree. The scale bar
represents changes per nucleotide.

most of the phylogenetic variation for Psychrobacter
was observed within populations (94.7%). The
variation among populations was low (Fst 5.34%)
but significant, showing that the Psychrobacter
populations in the different environments were
phylogenetically close, but still had significant
genetic variation. All Psychrobacter populations
presented different genetic structure with the excep-
tion of the populations from Michigan and Puerto
Rico. Unifrac also showed non-significant P-values
for the populations in these two environments
(Table 3). More genetic variation was found among



Exiguobacterium populations than among Psychro-
bacter populations in the different environments, as
indicated by its Fsr value (58.3%), which was also
statistically significant. For Exiguobacterium, all
pairwise Fsr values were significantly different.

Discussion

The Q-PCR results show that Exiguobacterium spp.
and Psychrobacter spp. were more commonly found
in Antarctica and in the Siberian permafrost than in
any of the other studied sites (Figure 1). Notably,
Psychrobacter spp. seemed to be more successful in
Antarctica than Exiguobacterium spp., whereas in
the Siberian permafrost the result was opposite. The
Antarctica samples were all non-frozen marine,
salty or fresh water sediments, whereas the perma-
frost samples were subzero with low water activity.
Hence, growth in the cold unfrozen Antarctic
sediments could have accounted for the much
higher population densities of Psychrobacter there
than found elsewhere. The much lower densities of
Psychrobacter in the Puerto Rican mangrove sedi-
ments suggest that their growth is favored by the
cold temperatures, as the Antarctic and Puerto Rican
sediments are otherwise similar. Strains of Psychro-
bacter have been shown to grow at temperatures as
low as —10 °C and have reasonable generation time
of 2.5 days at 0 °C (Bakermans and Nealson, 2004).

In temperate (Michigan and Iowa) and tropical
(Brazil, Puerto Rico and Hawaii) environments,
Psychrobacter spp. and Exiguobacterium spp. po-
pulations exhibited a patchy distribution, but when
present, Psychrobacter spp. was in very low density,
whereas Exiguobacterium spp. abundance was
similar to that found in colder habitats (Figure 1).
The fact that both genera were not detected in 58%
of the non-polar soil samples suggests that they are
not cosmopolitan in the strict sense; however, they
are not restricted to the poles as are some polar
bacteria (Staley and Gosink, 1999).

The distribution of these microorganisms corre-
lated with some physico-chemical factors of their
environment (Table 1), such as salinity, pH, potas-
sium and the micronutrient copper. The effect of
salinity on the abundance of these genera can be
explained by their adaptation to low water activity,
whether it is due to subzero temperatures or salt.
Studies with Psychrobacter and Exiguobacterium
spp. isolated from the Siberian permafrost have
shown that these genera can tolerate increased
osmolarity and show associated changes in mem-
brane composition, cell morphology and size (Pon-
der et al.,, 2005). Furthermore, all isolates from
Exiguobacterium spp. and Psychrobacter spp. can
grow with additional NaCl in their medium (Roma-
nenko et al., 2004; Shivaji et al., 2005; Rodrigues
et al., 2006; Crapart et al., 2007). This evidence
suggests that these genera are adapted to salinity,
which would explain the strong correlation of the

Biogeography of two cold-adapted genera
DF Rodrigues et al

abundance of these genera to moderate to high
salinity habitats, that is, Antarctic marine sedi-
ments, the Puerto Rican mangroves and the Siberian
permafrost, the latter due to its limited but salty
liquid phase (low water activity) (Ponder et al.,
2005).

The presence of these genera also showed strong
correlation with pH. The ability of the cell to
maintain the pH homeostasis is very important for
cell survival. Although several species of Exiguo-
bacterium have been described as alkalophilic
(Collins et al., 1983; Yumoto et al.,, 2004), both
Exiguobacterium spp. and Psychrobacter spp. seem
to prefer pH closer to neutrality. Potassium is the
principal cation in bacteria, and it not only plays a
role as a cofactor for many enzymes and ribosomes,
but is also responsible for pH and osmotic home-
ostasis (White, 2000). Environments with pH 6-38,
which seems to be the optimum environmental pH
range for these genera, triggers K* influx to raise the
intracellular pH (White, 2000). This physiological
need for K* to maintain the cell pH homeostasis,
could explain their preference for higher environ-
mental concentrations of K*. Therefore, the envir-
onmental analysis combined to the Q-PCR showed
that the Baas Becking hypothesis applies to these
two cold adapted microorganisms.

Although these two genera were found in different
geographic locations, their microbial diversities,
that is, o diversity, were distinct. The recovered
Exiguobacterium seemed to be much less diverse
than Psychrobacter. Furthermore, in some sites the
quantity of Exiguobacterium spp. was higher than
that of Psychrobacter spp. (Figure 1), but the
diversity within Exiguobacterium was never higher
than within Psychrobacter (Table 2). The diversity
results also indicate an apparent latitudinal gradient
in diversity at the species level (99% 16S rRNA
cutoff) (Konstantinidis and Tiedje, 2005) for both
genera: Psychrobacter spp. and Exiguobacterium
spp. were more diverse in the Antarctica samples
with less diversity in Michigan and even less
diversity in Puerto Rican samples (Table 2). The
higher abundance and diversity of these genera at
the poles than in the other regions suggest that the
preferred habitats for these genera are the cold, polar
environments.

The B diversity analyses, that is, the pairwise 16S
rRNA clone library comparisons between each pair
of environments for each genus, showed distinct
populations among the different environments (Ta-
ble 3). Psychrobacter populations from the different
sites were phylogenetically closer to each other than
Exiguobacterium. For instance, the Psychrobacter
populations from Puerto Rico were a subset of the
Michigan populations, that is, species found in
Puerto Rico were similar to species found in
Michigan, whereas several species found in Michi-
gan were not found in Puerto Rico, as indicated by
[-Libshuff, Unifrac and phylogenetic analyses
(Table 3 and Figure 2). The Psychrobacter population
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from Antarctica, on the other hand, was completely
different from the populations from the other two
environments. The Exiguobacterium populations
from the three different sites were completely
different from each other as shown in Table 3. These
results suggested that the populations of both genera
were genetically different or became genetically
different as a result of different selective pressures
to adapt to particular temperature or environmental
conditions. The fact that these microbes have been
shown to be ubiquitous in Siberian permafrost soils
as old as 3 million years (Rodrigues et al., 2008) and
that microorganisms can be dispersed by dust an
live for centuries and survive intercontinental travel
(Gorbushina et al., 2007) would suggest that these
cold-adapted populations could have been dis-
persed at a much earlier time to other regions and
(perhaps) diverged through local adaptation or
random genetic drift yielding the warmer region
species we have today. The presence of similar
populations in different geographic regions, as seen
in the Psychrobacter populations from Puerto Rico
and Michigan (Table 3), would corroborate their
common origin.

The phylogenetic trees from Psychrobacter spp.
and Exiguobacterium spp. show that new species
are yet to be described, especially in Antarctica,
because there are many clusters of clones that do not
contain any described species (Figures 2 and 3). The
Psychrobacter spp. tree (Figure 2) confirms the
results from [-libshuff that Michigan and Puerto
Rico share similar OTUs, because several clusters
contain clones from both habitats. In addition, some
Puerto Rican clones also contain OTUs with high
similarity to isolates from the Siberian permafrost,
such as P. cryohalolentis K5 (Bakermans et al.,
2006), but also to isolates found in warmer habitats,
such as P. pulmonis (Vela et al., 2003) that was
isolated from lamb lungs.

In the case of Exiguobacterium spp. (Figure 3) all
the Puerto Rican clones clustered with Exiguobac-
terium oxidotolerans isolated from a fish processing
plant, a strain that tolerates 12% of NaCl and pH
values from 7 to 10 (Yumoto et al., 2004). One group
of clones from Antarctica had identical sequences to
several isolates from the Siberian permafrost, such
as Exiguobacterium sibiricum strains 7—3 and 255—
15, and Exiguobacterium sp. strain 5138 (Rodrigues
et al., 2006), confirming that both poles share similar
phylotypes. The Exiguobacterium phylogenetic tree
also confirmed the results from f -libshuff, as the
clones from the diverse geographic locations never
clustered with one another.

Ecologists describing microbial biogeography ty-
pically invoke Bass Becking’s statement that: ‘Every-
thing is everywhere, but the environment selects’,
that is, although all microbial life is distributed
worldwide, in a given environmental setting most of
the microbial species are only latently present (de
Wit and Bouvier, 2006). This study shows that
Exiguobacterium spp. and Psychrobacter spp. are
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more commonly found and have higher densities in
the polar regions, but they can be detected in
temperate and tropical sites. The latter is more
likely the case when physicochemical conditions
such as salinity, K* and pH are more similar to
these in their polar sites. In the context of the Baas-
Becking statement, our data suggest that Exiguobac-
terium and Psychrobacter have been widely
distributed and colonized diverse sites but espe-
cially cold and other non-polar but low water
activity environments.

Acknowledgements

This work was supported by a cooperative agreement with
NASA Astrobiology Institute number NCC2-1274 and the
NSF Long-Term Ecological Research Program at the
Kellogg Biological Station. We thank Chia-Ju Lin and
Yahira M. Baez for their valuable technical support,
Andrew Corbin for providing site access to the Kellogg
Biological Station and sampling assistance, Peter Bergholz
for the samples from Bratina Island during the 2005-2006
NSF Antarctic Biology Course (OPP Project B-301-M), Dr
Fatima Moreira, and the Global Environmental Facility/
United Nations Environment Program (GEF/UNEP project
CSM-BGBD/GF2715-02 with the global coordination of
CIAT/TSBF) for the Brazilian soil samples. We thank the
Coordenacgdo de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES) for the financial support to Ederson da
Conceigdo Jesus.

References

Bakermans C, Ayala-del-Rio HL, Ponder MA, Vishnivets-
kaya T, Gilichinsky D, Thomashow MF et al. (2006).
Psychrobacter cryohalolentis sp. nov. and Psychrobac-
ter arcticus sp. nov., isolated from Siberian permafrost.
Int J Syst Evol Microbiol 56: 1285-1291.

Bakermans C, Nealson KH. (2004). Relationship of critical
temperature to macromolecular synthesis and growth
yield in Psychrobacter cryopegella. | Bacteriol 186:
2340-2345.

Bergholz PW, Bakermans C, Tiedje JM. (2009). Psychro-
bacter arcticus 273-4 uses resource efficiency and
molecular motion adaptations for subzero temperature
growth. J Bacteriol 191: 2340-2352.

Bowman JP, Nichols DS, McMeekin TA. (1997). Psychro-
bacter glacincola sp. nov., a halotolerant, psychrophi-
lic bacterium isolated from Antarctic sea ice. Syst
Appl Microbiol 20: 209-215.

Chaturvedi P, Shivaji S. (2006). Exiguobacterium indicum
sp. nov., a psychrophilic bacterium from the Hamta
glacier of the Himalayan mountain ranges of India. Int
J Syst Evol Microbiol 56: 2765—2770.

Cole JR, Chai B, Farris RJ, Wang Q, Kulam SA, McGarrell
DM et al. (2005). The Ribosomal Database Project
(RDP-II): sequences and tools for high-throughput
rRNA analysis. Nucleic Acids Res 33: D294-D296.

Collins MD, Lund BM, Farrow JAE, Schleifer KH. (1983).
Chemotaxonomic study of an alkalophilic bacterium,
Exiguobacterium Aurantiacum Gen-Nov, Sp-Nov.
J Gen Microbiol 129: 2037-2042.



Crapart S, Fardeau M, Cayol J, Thomas P, Sery C, Ollivier
B et al. (2007). Exiguobacterium profundum sp. nov.,
a moderately thermophilic, lactic acid-producing
bacterium iolated from a deep-sea hydrothermal vent.
Int J Syst Evol Microbiol 57: 287-292.

de Wit R, Bouvier T. (2006). ‘Everything is everywhere,
but, the environment selects’; what did Baas
Becking and Beijerinck really say? Environ Microbiol
8: 755-758.

Eden PA, Schmidt TM, Blakemore RP, Pace NR. (1991).
Phylogenetic analysis of Aquaspirillum magnetotacti-
cum using polymerase chain reaction-amplified 16S
rRNA-specific DNA. Int J Syst Bacteriol 41: 324-325.

Excoffier L, Laval G, Schneider S. (2005). Arlequin ver. 3.0:
an integrated software package for population genetics
data analysis. Evol Bioinform Online 1: 47-50.

Gorbushina AA, Kort R, Schulte A, Lazarus D, Schnetger
B, Brumsack HJ et al. (2007). Life in Darwin’s dust:
intercontinental transport and survival of microbes
in the nineteenth century. Environ Microbiol 9:
2911-2922.

Konstantinidis KT, Tiedje JM. (2005). Genomic insights
that advance the species definition for prokaryotes.
Proc Natl Acad Sci USA 102: 2567—-2572.

Kumar S, Tamura K, Nei M. (2004). MEGA3: Integrated
software for Molecular Evolutionary Genetics
Analysis and sequence alignment. Brief Bioinform 5:
150-163.

Lozupone C, Hamady M, Knight R. (2006). UniFrac—an
online tool for comparing microbial community
diversity in a phylogenetic context. BMC Bioinfor-
matics 7: 371.

Lozupone G, Knight R. (2005). UniFrac: a new phyloge-
netic method for comparing microbial communities.
Appl Environ Microbiol 71: 8228-8235.

Ludwig W, Strunk O, Westram R, Richter L, Meier H,
Yadhukumar et al. (2004). ARB: a software environment
for sequence data. Nucleic Acids Res 32: 1363-1371.

Martiny JB, Bohannan BJ, Brown JH, Colwell RK, Fuhrman
JA, Green JL et al. (2006). Microbial biogeography:
putting microorganisms on the map. Nat Rev Micro-
biol 4: 102-112.

Papke RT, Ramsing NB, Bateson MM, Ward DM. (2003).
Geographical isolation in hot spring cyanobacteria.
Environ Microbiol 5: 650—659.

Ponder MA, Gilmour SJ, Bergholz PW, Mindock CA,
Hollingsworth R, Thomashow MF et al. (2005).
Characterization of potential stress responses in
ancient Siberian permafrost psychroactive bacteria.
FEMS Microbiol Ecol 53: 103—-115.

Rodrigues DF, Goris J, Vishnivetskaya T, Gilichinsky D,
Thomashow MF, Tiedje JM. (2006). Characterization of
Exiguobacterium isolates from the Siberian perma-
frost. Description of Exiguobacterium sibiricum sp.
nov. Extremophiles 10: 285-294.

Rodrigues DF, Ivanova N, He Z, Huebner M, Zhou J, Tiedje
JM. (2008). Architecture of thermal adaptation in an
Exiguobacterium sibiricum strain isolated from 3

Biogeography of two cold-adapted genera
DF Rodrigues et al

million year old permafrost: a genome and transcrip-
tome approach. BMC Genomics 9: 547.

Rodrigues DF, Tiedje JM. (2007). Multi-locus real-time
PCR for quantitation of bacteria in the environment
reveals Exiguobacterium to be prevalent in permafrost.
FEMS Microbiol Ecol 59: 489—499.

Romanenko LA, Lysenko AM, Rohde M, Mikhailov VV,
Stackebrandt E. (2004). Psychrobacter maritimus sp.
nov. and Psychrobacter arenosus sp. nov., isolated
from coastal sea ice and sediments of the Sea of Japan.
Int J Syst Evol Microbiol 54: 1741-1745.

Schloss PD, Handelsman J. (2005). Introducing DOTUR, a
computer program for defining operational taxonomic
units and estimating species richness. Appl Environ
Microbiol 71: 1501-15086.

Schloss PD, Larget BR, Handelsman J. (2004). Integration
of microbial ecology and statistics: a test to
compare gene libraries. Appl Environ Microbiol 70:
5485-5492.

Shivaji S, Reddy GS, Suresh K, Gupta P, Chintalapati S,
Schumann P et al. (2005). Psychrobacter vallis sp. nov.
and Psychrobacter aquaticus sp. nov., from Antarctica.
Int J Syst Evol Microbiol 55: 757-762.

Shravage BV, Dayananda KM, Patole MS, Shouche YS.
(2007). Molecular microbial diversity of a soil sample
and detection of ammonia oxidizers from Cape Evans,
Mcmurdo Dry Valley, Antarctica. Microbiol Res 162:
15-25.

Staley JT, Gosink JJ. (1999). Poles apart: biodiversity and
biogeography of sea ice bacteria. Annu Rev Microbiol
53: 189-215.

Vela Al, Collins MD, Latre MV, Mateos A, Moreno MA,
Hutson R et al. (2003). Psychrobacter pulmonis sp.
nov., isolated from the lungs of lambs. Int J Syst Evol
Microbiol 53: 415-419.

Vishnivetskaya T, Kathariou S, McGrath J, Gilichinsky D,
Tiedje JM. (2000). Low-temperature recovery strategies
for the isolation of bacteria from ancient permafrost
sediments. Extremophiles 4: 165—173.

Vishnivetskaya TA, Kathariou S. (2005). Putative transpo-
sases conserved in Exiguobacterium isolates from
ancient Siberian permafrost and from contemporary
surface habitats. Appl Environ Microbiol 71: 6954—6962.

Whitaker RJ, Grogan DW, Taylor JW. (2003). Geographic
barriers isolate endemic populations of hyperthermo-
philic archaea. Science 301: 976-978.

White D. (2000). The Physiology and Biochemistry of
Prokaryotes, 2nd edn. Oxford University Press: NY.

XLSTAT (2006). XLSTAT. Addinsoft Inc.: Paris.

Yu Y, Breitbart M, McNairnie P, Rohwer F. (2006).
FastGroupll: a web-based bioinformatics platform for
analyses of large 16S rDNA libraries. BMC Bioinfor-
matics 7: 57.

Yumoto I, Hishinuma-Narisawa M, Hirota K, Shingyo T,
Takebe F, Nodasaka Y et al. (2004). Exiguobacterium
oxidotolerans sp. nov., a novel alkaliphile exhibiting
high catalase activity. Int J Syst Evol Microbiol 54:
2013-2017.

Supplementary Information accompanies the paper on The ISME Journal website (http://www.nature.com/ismej)

665

The ISME Journal


http://www.nature.com/ismej

	Biogeography of two cold-adapted genera: Psychrobacter and Exiguobacterium
	Introduction
	Materials and methods
	Sample collection and chemical analyses
	DNA extraction
	Quantitative real-time PCR assays (Q-PCR)
	Genus-specific clone library construction and sequencing
	Clone library analysis

	Results
	Distribution and abundance of Exiguobacterium and Psychrobacter in different environments
	The role of environmental factors in the selection of Exiguobacterium and Psychrobacter
	Diversity of Exiguobacterium and Psychrobacter populations in diverse geographic locations

	Discussion
	Acknowledgements
	Note
	References




