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Abstract Arid zones cover over 30 % of the Earth’s
continental surface. In order to better understand the
role of microbes in this type of harsh environment, we
isolated and characterized the bacteriophages from
samples of the surface sand of the Mesquite Flats
region via electron microscopy and DNA sequencing
of a select number of cloned phage DNAs. An electron
microscopic analysis of the recovered virus-like
particles revealed at least 11 apparently different
morphotypes sharing structural characteristics of the
Caudoviridae family of tailed phages. We found that
36 % of the sequences contained no significant identity
(e-value >1O_3) with sequences in the databases. Pilot
sequencing of cloned 16S rRNA genes identified
Bacteroidetes and Proteobacteria as the major bacterial
groups present in this severe environment. The majority
of the 16S rDNA sequences from the total (uncultured)
bacterial population displayed <96 % identity to 16S
rRNA genes in the database, suggesting an unex-
plored bacterial population likely adapted to a desert
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environment. In addition, we also isolated and identi-
fied 38 cultivable bacterial strains, the majority of
which belonged to the genus Bacillus. Mitomycin-C
treatment of the cultivable bacteria demonstrated that
the vast majority (84 %) contained at least one SOS-
inducible prophage.
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Introduction

With the recognition of increasing global climate
changes, desertification is becoming a problem that
has attracted attention from a number of sources. The
consequences of desertification can be dramatic in
terms of the loss of cultivatable land, threatening the
economy and health of neighbouring populations, in
addition to airborne transport of desert sand to distant
locations (Kellogg and Griffin 2006). Arid zones cover
over 30 % of the Earth’s continental surface, and are
defined as regions that receive less than 150 mm of
precipitation per year. As water is essential for life on
Earth, deserts are considered as an extreme environ-
ment, with concomitant reduced biodiversity.
However, arid zones have been found to contain a
large diversity of animals, plants and microbial
eukaryotes and prokaryotes that have evolved the
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capacity to live in these harsh environments (Chesson
et al. 2004; Lewis and Lewis 2005). In deserts, as in
other environments, microorganisms are key compo-
nents in the proper functioning of the ecosystem, such
as the maintenance of soil physical structure (West
1990).

In order to better understand the role of microbes in
this type of environment, it is important to increase our
knowledge of arid region microbial diversity. The
bacterial diversity of different Antarctic cold desert
mineral soils, the Tataouine region of the Sahara
desert, soil crusts in the Sonoran desert, and the
Atacama desert have been examined (Smith et al.
2006; Chanal et al. 2006; Nagy et al. 2005; Drees et al.
2006). However, only recently have the viruses of
bacteria (called bacteriophages) been identified in hot
desert sand samples (Prigent et al. 2005; Fierer et al.
2007; Prestel et al. 2008), as well as in cold desert soils
(Williamson et al. 2007). Bacteriophages are the most
abundant living entities on Earth (Hendrix et al. 2003)
and have been discovered in a variety of diverse
extreme environments (Le Romancer et al. 2007). The
majority of available data concerning bacteriophage
diversity in environmental samples comes from
aquatic, or relatively humid, ecosystems. In marine
and fresh-water ecosystems, bacteriophages can be
found at densities of up to 10® virus-like particles
(VLPs) per millilitre, and are, on average, tenfold
more abundant than their bacterial hosts (Bergh et al.
1989). In soils, fewer studies concerning viruses have
been published. In a rhizosphere in Scotland, numer-
ous viral particles have been observed (Swanson et al.
2009) and direct counts have estimated the density of
bacteriophages as 1.5 x 10%/g (Ashelford et al. 2003).
A crucial rapid bacteria-phage coevolution has been
suggested to explain the structure, population dynam-
ics, and the function of soil microbial communities
(Gomez and Buckling 2011). The effects of bacterio-
phages on bacterial community function in soils is also
reinforced by the prevalence of lysogeny, and thus
including prophage gene expression plus superinfec-
tion immunity, as a phage lifestyle (Ghosh et al. 2008;
Williamson et al. 2007).

Because of their abundance and capacity to affect
the growth and diversity of bacteria, phages play a key
role in the control of bacterial populations and thus in
ecosystem function (Weinbauer 2004). Moreover, the
relationships between bacteriophages and their hosts
can often be more complex than simple cell killing.
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Examples include selective advantages conferred by
temperate bacteriophages to their hosts, such as the
bor function of A that provides protection to Esche-
richia coli against the human innate immune system
(Barondess and Beckwith 1995). Another striking
example is the mutualist symbiosis between pea
aphids and the bacterium Hamiltonella defensa that
itself contains the temperate Podiviridae phage APSE-
2, whose genome encodes a toxin that allows the pea
aphid to resist the attack of the wasp Aphidius ervi
(Moran et al. 2005). The role of phage-mediated
horizontal gene transfer (transduction) on bacterial
evolution has also been well documented (Canchaya
et al. 2003). Comparisons of the bacteriophages in hot,
versus cold and/or temperate soils, are much less
numerous (Williamson et al. 2007; Williamson 2011).

In order to obtain more information on phages and
their hosts in hot desert soils, we report here an
exploration of the bacterial and bacteriophage diver-
sity of a hot surface desert sand sample taken from the
Mesquite Flats region of the Death Valley desert in
California (USA). The oldest rocks found in this desert
have been dated to the Precambrian at approximately
1.8 billion years old. Temperatures in Death Valley
can range from up to 54 °C in the day in summer, to
below freezing at night in winter. Death Valley attains
temperatures that are among the hottest on Earth. The
hottest temperature recorded in the USA was 56.7 °C
at Furnace Creek (Death Valley) on July 10, 1913.
Death Valley receives less than 50 mm of rain
annually, and years without any rain have been
recorded (data from the Death Valley National Park,
http://www.nps.gov/deva).

We have previously characterized the morphology of
bacteriophages from samples of the surface sand of the
Sahara and Namib deserts (Prigent et al. 2005; Prestel
et al. 2008) via electron microscopy, and potential
genome diversity using pulsed-field gel electrophoresis.
Here, in addition to the above criteria, phage diversity
was also examined by random amplification and cloning
of phage DNA, followed by sequencing of a select
number of clones. Sequencing of random cloned 16S
rRNA genes identified Bacteroidetes and Proteobacte-
ria as the major bacterial groups present in this sand
sample. In addition, we identified 38 cultivable bacterial
strains, the majority of which belonged to the genus
Bacillus. Mitomycin-C treatment of the cultivable
bacteria demonstrated that the vast majority (84 %)
contained at least one SOS-inducible prophage.
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Materials and methods

Surface (0-3 cm depth) sand samples were aseptically
collected (by direct scooping) from the surface of a
dune of the Death Valley desert in the Mesquite Flats
region (GPS coordinates: 36.45 N; 117.15 W) into
three sterile 50 ml polypropylene conical centrifuge
tubes (a kind gift of E. Marguet and P. Forterre,
Université Paris-Sud) in December 2005. Samples
were returned to the laboratory within 1 week, and
then processed.

Procedure for the isolation of bacteriophages

The procedure for the isolation of bacteriophages from
the desert sand was adapted from that of Prigent et al.
(2005). Five grams of sand were resuspended in two
different bacteriological culture media: 10 ml LB
medium (Lennox L: 1 % Bacto-Tryptone, 0.5 %
Bacto-Yeast Extract, 1 % NaCl, NaOH
3 x 1072 M]) or 10 ml % TS medium (0.25x
Tryptic Soy broth, Difco). Samples were sonicated
for 15 s at 33 % duty cycle at a maximum output of 4
using a microprobe on a Branson model 450 Sonifier,
followed by two different incubation times (1 or 3 h)
at 30 °C with 150 rpm shaking. The samples were
then subjected to centrifugation at 6,000x g 10 min,
4 °C and the supernatant fluids were collected. Each
pellet (bacteria and sand particles) was resuspended in
10 ml of the same medium containing freshly-
prepared 1 pg/ml mitomycin-C (Sigma-Aldrich), and
incubated for 20 min at 30 °C with 150 rpm shaking.
After two washing steps to remove the mitomycin-C,
the samples were resuspended and incubated for 2 h at
30 °Cin 10 ml of fresh medium. In order to extract the
bacteriophages, the cells, debris and sand were
centrifuged for 10 min at 6,000 g and 4 °C. The
supernatant fluids were removed and filtered through a
0.22 um pore-size filter (Millipore). The bacterio-
phages were concentrated by ultracentrifugation at
100,000 g for 3 h at 4 °C (Beckman TL-100 ultra-
centrifuge, TLS 100.4 rotor), and after removal of the
supernatant fluid, the phage pellets were overlayed
with 50 pl of Mu buffer (20 mM Tris—HCI pH 7.5,
200 mM NaCl, 20 mM MgSO,, 1 mM CaCl,, 0.1 %
(w/v) gelatin) at 4 °C overnight. The pellet was then
gently resuspended and stored at 4 °C.

To determine the presence of temperate bacterio-
phages in cultivable bacteria, mid-log growth phase

cultures of each bacterial strain were subjected to
mitomycin-C treatment, and phages partially purified,
as described above.

Electron microscopy

Formvar, carbon-coated copper electron microscopy
grids (400 mesh) were overlaid with 10 pl of concen-
trated bacteriophage suspensions for 5 min, nega-
tively stained with 1 % (w/v) phospho-tungstic acid
for 1 min and then allowed to air dry. The bacterio-
phages were observed using an EM 205 Philips
electron microscope (80 kV microscope accelerating
voltage). For each sample, phages from two grids were
examined to distinguish specific morphotype groups
of the major observable Caudoviridae VLPs. Lower
and higher numbers are presented that represent
stringent versus relaxed criteria for each VLP to be
assigned to a specific morphotype.

Total DNA extraction from sand

The DNA extraction protocol was adapted from that
of Zhou et al. (1996). Five grams of sand were added
to 13.5 ml extraction buffer (100 mM Tris—HC] pH
8, 100 mM NaEDTA, 100 mM Na,HPO,, 1.5 M
NaCl, 1 % (w/v) CTAB) containing 1 pg/ml self-
digested pronase (final concentration) and incubated
for 2 h at 37 °C with 200 rpm horizontal shaking.
Then, 1.5 ml 20 % (w/v) SDS was added and a
supplementary 2 h incubation at 65 °C was per-
formed with the samples mixed by inversion every
20 min during this step. After centrifugation at
6,000x g for 10 min at room temperature, the super-
natant fluid was collected. The pellet was extracted
two more times with 4.5 ml extraction buffer plus
0.5 ml 20 % (w/v) SDS, mixed by vortex for 10 s,
and incubated at 65 °C for 10 min. The nucleic acids
were extracted through the addition of an equal
volume of chloroform/isoamyl alcohol (24:1), and
precipitated by the addition of 0.6 volume of
isopropanol for 1 h at room temperature. After a
20 min centrifugation at 16,000x g, the nucleic acid
pellet was washed with 70 % ethanol. The pellet was
allowed to solubilize in 1/10 TE (1 mM Tris—HCI,
pH 8; 0.1 mM NaEDTA) at 4 °C for 24 h and stored
at —20 °C until use (Tolias and DuBow 1985).
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Isolation of cultivable bacteria

After suspension and sonication of the sand samples in
culture media, 1 ml of the suspension was spread on
petri dishes containing LB-agar (for the sand dispersed
in LB medium), or 4 TS-agar (for the sand dispersed
in ¥4 TS medium). Plates were then incubated at 30 °C
for up to 96 h. Based on colony morphology, 38
different strains were isolated through two serial
streak plates. The bacterial clones were grown in
liquid media and stored at —80 °C in the presence of
15 % (v/v) glycerol.

Cultivable bacterial genomic DNA extraction

Isolated strains were cultivated overnight in LB
medium. The cells in 3 ml of the culture were
harvested by centrifugation and the cell pellet was
resuspended in 250 pl P1 buffer, and then 250 pl
buffer P2 was added (Qiaprep Spin kit, Qiagen). The
nucleic acids were extracted twice by the addition of
an equal volume of phenol/chloroform/isoamyl alco-
hol (24/24/1) and the DNA was precipitated by the
addition of 2.5 volumes of 100 % ethanol, followed by
a 1 hincubation at —80 °C. The DNA precipitate was
collected by centrifugation at 20,000 x g for 20 min at
4 °C, washed in 70 % ethanol and resuspended in
50 ul sterile 1/10 TE.

Phage DNA extraction

Prior to phage DNA extraction, free RNA and DNA
present in the phage preparations were removed by a
1 h incubation at 37 °C with 1 pg/ml DNAsel and
1 pg/ml RNAse A. Bacteriophage genomic DNA was
then extracted from the virions by the addition of 1
volume of lysing buffer (50 mM Tris—HCI pH 7.5,
2 mM NaEDTA, 1 % (w/v) SDS, 13 % (w/v) sucrose)
and incubation for 10 min at 65 °C. The DNA was
purified by phenol/chloroform/isoamyl alcohol (25/
24/1) extraction, followed by ether extraction and
ethanol precipitation as described above.

Bacteriophage DNA random amplification
and cloning

Bacteriophage DNA was amplified using the protocol

described by Bohlander et al. (1992) and Wang et al.
(2002). A first round of random amplification was
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carried out using primer A (5-GTTTCCCAGTCAC-
GATCNNNNNNNNN-3") (Operon), 8 units of Se-
quenase enzyme, 1x sequenase buffer (USB Europe,
Staufen, Germany) and 3 mM dNTPs (Fermentas).
Subsequently, the result of this first amplification was
used as the template for 30 cycles of PCR amplifica-
tion with primer E (5'-GTTTCCCAGTAGGTCTC-3’)
using the following program: 30 s at 94 °C, 30 s at
40 °C, 30 s at 50 °C, 2 min at 72 °C and 2.5 units of
High Fidelity PCR enzyme Mix (Fermentas). When
necessary, the amplified fragments were purified using
the MinElute PCR purification Kit (Qiagen), cloned
into the pSmart LCKan vector as recommended by the
manufacturer (Lucigen), and transformed into elec-
trocompetent E. coli DH10B cells.

16S rDNA amplification and cloning

16S rDNA was amplified from the sand-extracted
DNA using universal primers 8F and 1492R (Crump
et al. 1999), and the following protocol: 2 uM primer,
0,4 mM dNTPs (Fermentas), 1x Thermopol buffer
(Fermentas), and 2 U High Fidelity PCR enzyme mix
(Fermentas). PCR condition were as follows: 5 min at
95 °C, followed by 30 cycles of 1 min at95 °C, 30 s at
51 °C, 2 min at 72 °C, and a 7 min final elongation at
72 °C. The MinElute PCR Purification Kit (Qiagen)
was used to purify the amplified fragments. The
PSmart LCKan (Lucigen) kit, with E. coli DH10B
competent cells, were used as cloning vector and host.

For the isolated cultivable bacteria, the 16S rRNA
genes were amplified using the same primers and the
same PCR conditions, except that GoTaq polymerase
(Promega) was used in order to perform TA cloning of
the amplified fragments in the PDrive vector (Qiagen)
and transformed into electro-competent E. coli
DHI10B cells.

Sequencing and DNA sequence analyses

Clones with plasmids containing 16S rRNA genes, or
bacteriophage DNA fragments, were sequenced on
both strands by GENOME EXPRESS (Cogenics,
Meylan, France) using the pSMART primers SL1,
SR2 (Lucigen) or the T7/Sp6 primers for the PDrive
vector. Sequences of plasmid origin were removed by
hand. The remaining sequences were checked for the
presence of chimeras using the program Bellerophon
(Huber et al. 2004) available online at the Greengenes
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(http://greengenes.lbl.gov/) web site. Sequences were
compared against the GenBank, RDP 2, Greengenes
and ssurRNA databases using BLASTn for 16S rRNA
gene analyses. For phage DNA analyses, BLASTX
searches were performed using virus protein and nr
protein and the comparison was considered significant
if a similar sequence had an e-value <0.001.

The 16S rDNA sequences identified here are
available in the NCBI database under accession
numbers EU362130 to EU362184, while the phage
DNA sequences are available in the NCBI database
under accession numbers ET190212 to ET190260.

Phylogenetic analysis

The 16S rRNA gene sequences obtained were aligned
with sequence representatives of each close relative by
BLAST analysis (for which the accession number is
indicated in brackets), using the CLUSTALW algo-
rithm (Chenna et al. 2003). Alignments were manually
verified by comparing the homologous positions of
related sequences. The phylogenetic trees were cal-
culated with the software package MEGA version 3
(Kumar et al. 2004), using the neighbour-joining (NJ)
method (Saitou and Nei 1987) and the Kimura-2
model (Kimura 1980). Bootstrap analyses were based
on 1,000 replicates, and only values >50 % are
indicated.

Results
Bacteriophage electronmicroscopic analysis

The sand samples from the Mesquite Flats site of
Death Valley were examined in order to search for the
presence of bacteriophages in desert environments.
Incubation of the sand in two different types of
bacterial culture media, in the absence and presence of
mitomycin-C, was performed in order to recover
intracellular phages (SOS-inducible prophages and
phages within “pseudolysogens”) (Armon 2011;
Leroy et al. 2008; Prestel et al. 2008; Prigent et al.
2005). Phages were recovered and then collected by
ultracentrifugation. An electron microscopic analysis
of the recovered VLPs revealed at least 11 apparently
different morphotypes (Fig. 1). In addition, all of these
VLPs shared structural characteristics of the Caud-
ovirales order. Only two short tailed VLPs, with

icosahedral capsids and apparently belonging to the
Podoviridae, were observed (Fig. 1b, d). The remain-
ing VLPs appeared to be equally distributed between
the Siphoviridae (non contractile flexible tails) and
Myoviridae (contractile tails) phage morphotypes.
The capsid size of the Myoviridae and Siphoviridae
VLPs ranged from 50 to 100 nm, with tail lengths
ranging from 100 to 700 nm for the Siphoviridae, and
from 100 to 500 nm for the Myoviridae type
bacteriophages.

The relative abundance and diversity of the VLPs
from the different incubation conditions are shown in
Table 1. The VLPs were only observed in significant
numbers after mitomycin-C treatment, suggesting that
the active phage population is mostly present as SOS-
inducible prophages (Williamson et al. 2007; Ghosh
et al. 2008). After a 1 h incubation of the sand in each
medium, three different VLP morphotypes were
detected, two of which were isolated from the sand
sample incubated in Y4 TS medium (Fig. la, b;
Table 1), while the other VLP morphotype was found
to be present after incubation of the sand sample in LB
medium. Interestingly, this bacteriophage is charac-
terized by the presence of an apparent ribbon at the
extremity of the tail, rather than individual fibers
(Fig. 1c). This peculiar morphology has been previ-
ously observed in other desert sand samples (Prestel
et al. 2012). After 3 h of incubation, the number of
different VLP morphotypes observed was increased
from 3 to 11 VLP morphotypes (Table 1).

VLP DNA cloning and sequence

In order to extend the data concerning the Death
Valley phage community, a molecular approach, using
random PCR DNA amplification, cloning, and sample
sequencing, was undertaken. The VLPs from the
phage preparations after 1 and 3 h incubations in the
four media used (LB or % TS + mitomycin-C addi-
tion) were pooled and their nucleic acids extracted,
amplified and the resultant fragments subsequently
cloned. Selected clones, containing inserts of >400 bp,
were chosen and sequenced. We found that 36 % of
the sequences contained no significant identity (e-value
>1072) with sequences in the databases, 28 % pos-
sessed homologies with sequences of bacterial origin,
and 36 % yielded significant similarities with known
bacteriophage sequences (Fig. 2). Additionally, 82 %
of the sequences were found to possess a GC content of
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Fig. 1 Examples of phage particle isolates from the Death
Valley desert sample. Phage particles were isolated as described
in the Materials and methods section and examined with a

Table 1 Relative phage morphotype abundance

Phage morphotype Culture medium Incubation

LB TS 1 hour 3 hours
al-a3 +++ + + +H+
b - + + + ++
c + + -
d + - +
e ++ - - ++
f ++ ++ - +H+
g ++ + +++
h ++ + +
i + +
j + +
k + +

— not observed, + represents 10-50 observable VLPs, 4++ from
50 to 100 VLPs, +++ from 100 to 200 VLPs, ++++ 200-500
VLPs. Grey shading represents phage observations after a 3 h
incubation, while no shading represents phage observations
after a 1 h incubation

<50 %, with 27 % having a GC content of <40 %. In
the “unknown” category, a large proportion were
found to contain sequences with very low GC content.
Except for two sequences that displayed homologies
with sequences of bacteriophages able to infect
Proteobacteria, the analysis suggests the presence of
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Philips 205 electron microscope on Formvar carbon-coated
copper grids after negative staining with phosphotungstate.
Arrows indicate the structures of VLPs

many sequences belonging to phages infecting low GC
gram positive bacteria. The rest of the sequences have
significant homologies with phages infecting proteo-
bacteria often present in soils (Table 2).

Bacterial 16S rDNA analysis

In order to identify the abundant bacterial community
members present in the sand of the Mesquite Flats
samples, total DNA was extracted from the sand and
16S rRNA genes were PCR amplified using universal
bacterial primers. After purification, cloning, and
DNA sequencing of selected random full length 16S
rRNA genes, the sequences were analysed against
different 16S rDNA databases. The major detected
bacterial group was found to belong to the Bacteroi-
detes, followed by members of the Proteobacteria.
The remaining bacterial 16S rDNA sequences were
dispersed among several other bacterial groups.
Strikingly, the majority of 16S genes displayed less
than 97 % identity (for example: 91 % similar in the
case of DV203 and a sequenced, yet uncultured,
Gemmatimonadetes) with the 16S rDNA sequences
available in the databases, suggesting an unexplored
bacterial diversity adapted to this environment
(Fig. 3a).
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No significant database
homologues
36%

Bacterial homologues
28%

Phage homologues
36%

Fig. 2 Distribution of the phage sequences as a function of their
best blastX hit. Black areas represent the proportion of sequences
with no significant homology to sequences in the databases. Dark
grey areas represent the proportion of sequences with significant
homology to known bacterial sequences and the light grey area
represents the proportion of sequences with significant homol-
ogy to phage sequences in the databases

Isolation and identification of cultivable bacteria

Cultivable bacteria that could grow under laboratory
conditions in the two media used for incubation of the
sand samples were isolated and characterized. Approx-
imately equal numbers of CFUs were found between
the two different media used (LB or % TS), suggesting
the presence of approximately 5 x 107 cfu/g of sand.
After re-streaking of the morphologically different
colonies obtained, all strains isolated on LB were found
to be able to grow on ¥ TS and vice versa. On the basis
of criteria such as colony color, morphology (edge
shape, mucoid or not), and size of the colonies, 38 of
the most likely different colonies were chosen for
subsequent characterisation.

In order to identify each isolated strain, genomic
DNA was extracted, the 16S rRNA genes amplified by
PCR and cloned into the pDrive vector. The results of
the sequencing of the different rDNA clones are
presented in Fig. 3a and b. The vast majority (95 %)
of the strains were found to be Gram positive and most
belong to the phylum Firmicutes, with one Planomicr-
obium and one strain whose 16S rRNA gene displayed
99 % sequence identity with that of Saccharibacillus

kuerlensis, a recently isolated bacterium from a desert
soil in China (Yang et al. 2009). The majority of the
Bacillus species detected were similar to B. mojavensis,
B. vallismortis, B. sonorensis and B. niabiensis that have
been isolated and identified from other desert samples.

The remaining clones belong to the Actinobacteria
and are distributed between the Arthrobacter and
Microbacterium genera. Only two Gram negative
cultivable bacterial species were isolated from the
Mesquite Flats sand samples used in this study. Both
are members of the Proteobacteria, and are represen-
tatives of the Pseudomonas (7y-Proteobacteria) and
Erwinia (B-Proteobacteria) genera.

Induction and observation of cultivable bacterial
prophages

The cultivable bacteria from the Death Valley Mesquite
Flats sand samples were examined for the presence of
temperate bacteriophages after mitomycin-C treatment
of an LB culture of each bacterial isolate, grown to mid-
log phase. Bacteria were removed by filtration and the
filtrates were subjected to ultracentrifugation in order to
collect any phages that may have been produced. The
concentrated phage preparations were then examined
for the presence of DNA on agarose gels. No phages
were observable by electron microscopy in the prepa-
rations in which no discernable DNA was detected (data
not shown). However, in all preparations containing
discernable DNA, after examination by electron
microscopy, VLPs were found in significant quantities.
The vast majority of the bacterial isolates (32/38) were
found to contain at least one temperate bacteriophage
inducible by mitomycin-C. Except for three isolates, all
of the remaining Bacillus clones were found to produce
mitomycin-C inducible bacteriophages. The most fre-
quently encountered morphotype was a Myoviridae
type bacteriophage with a capsid diameter of approx-
imately 50 nm and a contractile tail approximately
330 nm in length (Fig. 4; $DV4, $DV44, $DV48, ¢
DV16). A Siphoviridae morphotype phage was pro-
duced from bacterial clones DV49 and DV 19, with a
long thin tail of 330 nm, along with a Myoviridae type
phage with a small head (45 nm) and a tail of 220 nmin
length ($¢DV5). Strain DV1 produced a Siphoviridae
phage morphotype (Fig. 4; $DV1) with a large head
(100 nm) and a very long tail of 450 nm. In the group of
cultivable Actinobacteria, only one type of phage
morphotype was observed to be inducible from the
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Table 2 VLP DNA
sequences analysis

different Microbacterium strains, a Siphoviridae type

SCunHCES acc num

(GC%)

BlastX best hit/nr protein and viruses protein

Function Organism Score

ET190213 (51.8 %) Putative exonuclease Xanthomonas phage Xpl5 8e-05
ET190214 (43.4 %) gp427 Bacillus phage G 2e-06
ET190217 (46.2 %) Hypothetical protein Staphylococcus phage phiN315 9e-38
ET190218 (41.5 %) Deoxyguanosine kinase Lactobacillus phage Lb338-1 3e—43
ET190221 (49.7 %) RNA polymerase Yersinia phage Berlin le-38
ET190222 (39.5 %) gp34.61 Bacillus phage SPO1 9e-04
ET190223 (59.4 %) Hypothetical protein Bacillus thuringiensis 5e-06
ET190225 (43.4 %) Hypothetical protein Bacillus azotoformans 9e-166
ET190226 (32.4 %) Hypothetical protein Bacillus sp. 2e-33
ET190227 (50.72 %) Hypothetical protein Bacillus phage phil05 2e-36
ET190229 (35.5 %) Putative RNA Desulfotomaculum acetoxidans le-15

polymerase
ET190232 (41.5 %) Virion structural Bacillus phage 0305phi8-36 le-38

protein
ET190233 (45.5 %) Hypothetical protein Bacillus cereus 4e-30
ET190234 (41.3 %) Hypothetical protein Clostridium phage phiCTP1 3e-23
ET190235 (37.3 %) Hypothetical protein Bacillus phage 11143 2e-29
ET190236 (47 %) ATPase Candidatus Puniceispirillum 3e-11

marinum

ET190239 (59.4 %) Hypothetical protein Pantoea ananatis 6e-05
ET190241 (38.9 %) Putative helicase Clostridium phage phiCTP1 le-17
ET190242 (36 %) Hypothetical protein Alkaliphilus metalliredigens 2e-33
ET190244 (35.6 %) Hypothetical protein Paenibacillus dendritiformis 5e-08
ET190245 (31 %) Phage gene product I Paenibacillus popilliae Se-21
ET190246 (45 %) DNA primase/helicase  Vibrio phage N4 5e-06
ET190247 (57 %) Hypothetical protein Pseudomonas putida Se—44
ET190249 (37.7 %) Hypothetical protein Paenibacillus polymyxa 8e—17
ET190252 (40.2 %) 2p323 Bacillus phage G 5e-04
ET190253 (44.8 %) Virion structural Synechococcus phage S-PM?2 S5e-04

protein
ET190254 (37.1 %) Hypothetical protein Bacillus cereus 1le-09
ET190255 (42 %) DNA polymerase Bacillus weihenstephanensis 2e-24
ET190256 (41.3 %) Rhodopsin-like protein  Bacillus licheniformis 4e-37
ET190257 (47.1 %) Unnamed protein Erwinia phage PEpl4 2e-18
ET190259 (58.7 %) Phage exonuclease Rhizobium phage RHEphO1 8e-25
ET190260 (46.3 %) gpl63 Sphingomonas phage PAU 4e-31

Discussion

phage with a 70 nm capsid and a short tail of 120 nm in

length. The phages designated $DV40, $DV42 and ¢
DV46, induced from the Arthrobacter species, were
composed of two different morphotypes, a Siphoviridae
with a long tail (350 nm) and a Myoviridae phage

(Fig. 4).

@ Springer

The microbial biodiversity of hot desert ecosystems
has attracted increasing interest in recent years (Drees
et al. 2006; Chanal et al. 2006; Nagy et al. 2005;
Dunbar et al. 2002; Fancello et al. 2013; Neilson et al.

2012) including analyses of the bacteriophages from
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Fig. 3 Phylogenetic trees of the 16S rDNA sequences identi-
fied from the uncultivable and cultivable bacteria of the Death
Valley sand samples. a Tree constructed with all the obtained
sequences except those belonging to the genus Bacillus. b Tree
drawn with the related Bacillus species sequences. Trees were
calculated as described in Materials and methods. Bacterial

this type of environment (Fierer et al. 2007; Prigent
et al. 2005; Prestel et al. 2008; Prestel et al. 2012). A
metagenomic analysis of phages extracted from three
different soil environments (prairie, desert and rain
forest) (Fierer et al. 2007) suggests that similar phage
types can be found among all three soil ecosystems.
However, the phage DNA sequences from each soil
were different and significantly dissimilar from phages
present in aquatic environments, suggesting an enor-
mous genetic diversity among the 3 soils examined.
However, no electron microscopic observations of the
phage morphotypes were reported.

Although we did not observe VLPs or phage DNAs
in the absence of an incubation step, we were able to
visualize bacteriophages after 1 or 3 h incubations of
the sand in culture medium, as previously reported

Actinobacteria

DV2s

B. sub. spizizeniistra (DQ219358)
—3 subtilis 168 (Z99104)
91 8. f:chemﬁ:rmrs (DQ993676)

97— B. sonorensis 993679
SVia oQ )
LB niabensis 176421)

100 B. .sphaencus (EF032669)
A ey
B. massiliensis (DQ350822)

Escherichia coli K12 (AE000471)
0.05

names in bold correspond to 16S rDNA sequences from
cultivable bacterial strains, while bacterial strains identified
from total sand-extracted DNA are also underlined. The letter
“¢” indicates the detection of a mitomycin-C-inducible
prophage from a cultivable isolated strain

(Prigent et al. 2005; Prestel et al. 2008). An exami-
nation of phage diversity in a cold desert soil
ecosystem revealed that the extracellular phages were
abundant and likely preserved due to the cold
temperatures (Williamson 2011). While free viruses
are likely present in low abundance in the hot Death
Valley sand, it is known that dry, mineral sand
particles can irreversibly adsorb and inactivate extra-
cellular VLPs and render their extraction too harsh to
maintain their morphological integrity (Rossi 1994;
Williamson et al. 2003). The sonication and incuba-
tion steps were included to allow phage-infected
bacteria, pseudolysogens, (Elasri et al. 2000) and
SOS-inducible phages to complete a lytic cycle, with
incubations limited to 1 or 3 h to minimize skewing of
the population and thus more accurately reflect the
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Microbacterium

$DV48 $DV19

$DV29 $DV1
Bacillus subtilis

Arthrobacter

Bacillus sp.

¢DV16

Fig. 4 Examples of phage particles isolated from each phylum of cultivable bacteria after induction with mitomycin-C. Same legend as

in Fig. 1

diversity of the indigenous sand microbial community
(Prigent et al. 2005; Prestel et al. 2008). In addition to
LB broth, diluted TS broth was used to augment phage
recovery by allowing bacterial metabolism of a plant-
based medium and to minimize nutrient shock to the
cells (Reasoner and Geldreich 1985). The addition of
mitomycin-C is frequently employed to induce the
lytic cycle of SOS-inducible prophages (Williamson
et al. 2007). However, this antibacterial compound is
unstable at temperatures above 4 °C, while still
retaining its cytotoxic effect (Velpandian et al.
2005). Thus, we limited the exposure time to 30 min
using freshly-prepared mitomycin-C, followed by a
wash step to remove the mitomycin-C plus subsequent
incubation, to allow SOS-inducible temperate phages
to complete a lytic cycle (Prigent et al. 2005; Prestel
et al. 2008) to reduce skewing the production of
phages to those from resistant bacteria. Lysogeny is
thought to be a viral survival strategy at low host
densities and may also confer advantages to the host,

@ Springer

including immunity to superinfection by homoim-
mune phages (Ackermann and DuBow 1987). More
studies will be required to determine the proportion of
lysogeny in soil bacteria (Stopar et al. 2004; William-
son et al. 2007). The greater phage diversity observed
when incubating sediment in different culture media
and in the absence and presence of mitomycin-C
suggests that intracellular phages may be a significant
fraction of the viral community (Leroy et al. 2008),
particularly in soil and sediment environments (Ghosh
et al. 2008).

The bacteriophages observed here share the struc-
tural characteristics of the Caudovirales (Ackermann
and DuBow 2000). It is difficult to assess how many
different bacteriophages are present using electron
microscopy, as sample preparation can cause altera-
tions in phage morphology (Williamson et al. 2012).
However, phage diversity at the morphological level
appears to be quite large for this type of harsh, low
biomass environment.
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To gain insights into the genetic diversity of the
phages recovered from the sand, we amplified frag-
ments of phage DNA and sequenced a number of
randomly selected clones. A significant portion
(36 %) of the sequences bore no significant identity
to sequences in the databases, a finding in line with
that reported for phages isolated from soil (Fierer et al.
2007) or aquatic (Breitbart et al. 2004) environments.
Based on an analysis of marine phages, from 65 to
73 % of the phage DNA sequences had no significant
identity (cutoff value e <0.001) with sequences in the
databases, a situation also observed with viral
sequences from human feces (59 % of the sequences)
(Breitbart et al. 2003). Approximately 90 % of
sequences obtained from marine phages (Angly et al.
2006) displayed no significant homologies with
sequences in the databases when a cut off value of e
510_5 was used.

Several facts can explain these results. First, there
are relatively few annotated bacteriophage sequences
in the databases compared with their estimated total
biodiversity. Moreover, bacteriophage sequences can
be incorrectly annotated as bacterial chromosomal
sequences when, in reality, they represent unrecog-
nized prophages or cryptic phage fragment regions
(Fouts 2006). The sequences we found that possessed
homologies with bacteriophage sequences included
phage-related proteins such as virion structural pro-
teins and enzymes linked to the replication of phage
DNA. The largest number of sequence identities
observed in our sample were with those from phages
isolated from Firmicutes. However, as phage genomes
are often constructed with modules, these homologies
may be of limited use in precise phage identification
(Romero et al. 2004).

Cloning and sequencing of selected 16S rDNA
genes from the total DNA extracted from the sand
revealed that the majority represented members of the
phylum Bacteroidetes, not including the cultivable
bacteria. We also found members of the Proteobacte-
ria, which are common environmental bacteria,
though more frequently observed in temperate and
aqueous environments. Members of the Proteobacteria
have been found in surveys of bacterial biodiversity in
desert sand samples (Nagy et al. 2005; Chanal et al.
2006). It is worth noting that a majority of the 16S
rDNA sequences from the total (uncultured) bacterial
population displayed <96 % identity with 16S rDNA
genes in the database. Thus, the rDNA genes we

characterised suggest an unexplored bacterial popula-
tion likely adapted to a desert environment.

When cultivable bacteria were examined, we found
that a majority belonged to the Firmicutes (76 %), and
in particular to members of the Bacilli, and to the
Actinobacteria, and specifically to members of the
Arthrobacter/Microbacteria genera. In order to doc-
ument the presence of SOS-inducible prophages in the
desert sand, bacterial prophage induction by mitomy-
cin-C of the cultivable bacteria was explored. The vast
majority (84 %) of the bacterial isolates were found to
contain at least one mitomycin-C inducible prophage.
It is essential to remember that surface desert sand is a
very mobile soil, frequently on the move via wind
(aeolian) action. Thus, a small (1-3 cm) layer of sand,
such as sampled here, will not long attenuate UV
irradiation due to particle movement and rotation
leading to eventual direct bacterial and/or phage
exposure to sunlight. It is interesting to speculate that
bacteria, in addition to resistant spores, may exist
within biofilms on the surface of the sand particles.
Biolfilms are known to provide protection against UV
radiation and desiccation (Donlan 2002; Elasri and
Miller 1999; Elasri et al. 2000). Gommeaux et al.
(2010) microscopically examined sand grain particle
surfaces from the Sahara desert, and found evidence of
bacteria (via Syto 9 staining) on the surface of
individual sand grains. It is unclear if the individual
bacteria on the sand grains were encased in extracel-
lular biopolymers (i.e. a unicellular biofilm). It is
important to note here that the silts and clays (i.e. the
smaller sand mineral particles) are perhaps where
minute biofilms may be located as particle-associated
dried organic matter (such as from desert plant
rhizospheres or decaying dead animals, for example).

This work suggests that both bacteria and their
phages can survive the harsh conditions of surface
sand found in the Mesquite Flats region of the Death
Valley desert. Many of the phage DNA sequences
yielded no significant homology with sequences in the
databases, while many of the bacterial 16S rDNA
sequences were sufficiently divergent from known
bacterial rRNA sequences as to likely represent novel
bacterial species. Their mechanisms of survival are
not, as yet, clearly understood. These results also
suggest that temperate phages may play an important
role in desert sand viral processes, perhaps during
favorable growth conditions (Armon 2011; Williamson
2011). The increasing awareness of the microbial
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biodiversity observed in deserts suggests that further
study of the bacterial and phage ecology of this
extensive terrestrial ecosystem will be vital.
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