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Summary

Hypolithic microbial communities are specialized
desert communities inhabiting the underside of trans-
lucent rocks. Here, we present the first study of the
viral fraction of these communities isolated from the
hyperarid Namib Desert. The taxonomic composition
of the hypolithic viral communities was investigated
and a functional assessment of the sequences deter-
mined. Phylotypic analysis showed that bacterio-
phages belonging to the order Caudovirales, in
particular the family Siphoviridae, were most preva-
lent. Functional analysis and comparison with other
metaviromes revealed a relatively high frequency
of cell wall-degrading enzymes, ribonucleotide
reductases (RNRs) and phage-associated genes.
Phylogenetic analyses of terL and phoH marker
genes indicated that many of the sequences were
novel and distinct from known isolates, and the class
distribution of the RNRs suggests that this is a novel
environment. The composition of the viral hypolith
fraction containing many Bacillus-infecting phages
was not completely consistent with Namib hypolith
phylotypic surveys of the bacterial hosts, in which the
cyanobacterial genus Chroococcidiopsis was found
to be dominant. This could be attributed to the lack of
sequence information about hypolith viruses/bacteria
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in public databases or the possibility that hypolithic
communities incorporate viruses from the surround-
ing soil.

Introduction

The Namib Desert, a coastal zone covering over
130 000 km? in South Western Africa, is a well-studied
hyperarid desert with an average annual rainfall of
25 mm, and is considered to be one of the oldest deserts
in the world (Eckardt etal, 2013; Henschel and
Lancaster, 2013). At the Gobabeb Desert Research
Station, situated on the northern bank of the Kuiseb river
bed, 90 km inland of Walvis Bay, relative humidity can
drop below 20% during the day, rains are infrequent, and
water is mostly only available from fog and dew events
(Henschel and Seely, 2008). The gravel plains north of
Gobabeb are home to specialized microbial communities
such as hypoliths, inhabiting the underside of translucent
rocks, which are usually composed of quartz (Bahl et al.,
2011; Chan et al., 2012). Hypoliths are present in all the
hot and cold deserts that have been investigated, where
they provide shelter from UV irradiation, desiccation and
temperature-related stresses (Schlesinger et al., 2003;
Warren-Rhodes et al., 2006; 2007; Pointing et al., 2007;
Cowan et al., 2010; Makhalanyane et al., 2013a). With
over 35% of Earth’s terrestrial surface permanently or
seasonably dry, soil and rock-surface communities such
as hypoliths are considered to carry out essential roles in
desert ecosystems and their importance is highlighted in
the UN’s Convention to Combat Desertification (Pointing
and Belnap, 2012).

The microbial communities of hot desert hypoliths are
dominated by cyanobacteria, with members of the genus
Chroococcidiopsis reported to be the most prevalent
(Warren-Rhodes et al., 2006; Bahl etal., 2011; Lacap
et al., 2011; Makhalanyane et al., 2013b). Recently, a dif-
ference in the microbial composition of hypoliths and the
surrounding open soil was demonstrated in the Namib
Desert (Stomeo et al., 2013). For these hypolithic com-
munities, it has been shown that fog effectively replaces
rainfall as a source of available water (Warren-Rhodes
et al., 2013). Microbial research in these hypolith niche
habitats has mainly focused on the bacterial fraction, and
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to date, no bacteriophages for this environment or in-
fecting the predominant bacterial classes have been
reported.

Bacteriophages or bacterial viruses make up the major-
ity of the environmental virus-like particles (VLPs), and
are the most abundant biological entities on earth
(Breitbart and Rohwer, 2005). Estimations of soil VLP
content range from 1.5x10% to 4.1 x10° per gram,
depending on soil composition and geographical location,
with soils lower in organic matter containing less VLPs
(Ashelford etal., 2003; Wiliamson et al., 2003; 2005;
Srinivasiah ef al., 2008). Phages are considered major
players in the shaping of microbial communities, as evi-
denced by their abundance and diversity, facilitating hori-
zontal gene transfer and affecting nutrient cycling in many
different environments (Hambly and Suttle, 2005). Even
though these traits have been mainly investigated in
marine environments, the soil phage community has been
shown to rapidly respond to changes in environmental
conditions (Srinivasiah et al., 2008), and we can thus
speculate that phages play similar important roles in soil.
Considering that hypolithic communities represent domi-
nant sites of productivity in desert environments and are
proposed model systems for understanding microbial
community assemblages, understanding the impact of the
phage contribution in shaping these communities is of
importance.

Metagenomic approaches have become the bench-
mark for research on viral community composition, cir-
cumventing the need for culturing steps and filling a
considerable void in microbial ecology research (Edwards
and Rohwer, 2005; Rosario and Breitbart, 2011; Mokili
et al., 2012; Willner and Hugenholtz, 2013). The use of
metagenomics to survey viral community diversity
(metaviromics) also bypasses the additional drawback
that there are no universal signature genes present in
viruses that can be used as phylogenetic markers to
assess their diversity (Rohwer and Edwards, 2002).
Indeed, a typical feature of viral metagenomes is the large
proportion of unknown sequences or database ORFans,
which may encompass up to 90% of the sequence data
(reviewed in Mokili etal, 2012). In comparison with
alternative phage biogeography approaches such as
microscopy, genome/amplicon restriction fragment-based
fingerprinting or target gene sequencing of specific viral
families, metaviromics is the only method that has access
to the total diversity present in a habitat (Thurber, 2009).
However, methodological biases are still present which
prevent the full viral diversity from being sampled
(Duhaime and Sullivan, 2012; Solonenko et al., 2013). In
addition, metaviromic sequence datasets are excellent
targets for bioprospecting of novel genes and gene prod-
ucts, and a new field of functional viral metagenomics
using these methods is now emerging, investigating
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among others novel DNA polymerases and endolysins
(Schmitz et al., 2010; Schoenfeld et al., 2010).

The principal focus of environmental (non-human/
animal-associated) metaviromic research has been on
marine habitats (Suttle, 2005; Breitbart etal, 2007;
Williamson et al.,, 2008; 2012; Cottrell and Kirchman,
2012; Hurwitz and Sullivan, 2013), and to a lesser extent,
extreme environments (Schoenfeld et al., 2008; Diemer
and Stedman, 2012; Emerson et al., 2012; Yoshida et al.,
2013) and soils (Fierer et al., 2007). The only published,
hot desert-related metaviromes are those from desert soil
from the Joshua Tree National Park (CA, USA) (Fierer
etal, 2007) and from four perennial ponds in the
Sahara desert (Fancello et al., 2013). A small volume of
sequence data obtained from a soil viral fraction from the
Namib Desert showed mostly Bacillus-associated and
Siphoviridae phages (Prestel et al., 2008).

In this paper, we present the first dsDNA viral
metagenome dataset from a pooled hypolith sample, re-
presenting a specific desert niche habitat. Analysis of
this viral community will increase the knowledge base of
(desert) soil viruses, specifically in these hotspots
of microbial productivity, and will complement the micro-
bial community data that have been previously published.

Results and discussion
Electron microscopy

Analysis of the Namib hypolith virus fraction showed
mostly virus particles belonging to the order Caudovirales,
with Siphoviridae-type phages most commonly observed,
followed by myoviruses and podoviruses, as well as
various other VLPs (Fig. 1). The undetermined structures
(V) in Fig. 1 might indicate residual cellular material in the
suspension.

Metavirome assembly

Contig assembly was performed to circumvent the short
read lengths generated with the lllumina platform
(average read length 240-250 bp) for open reading frame
(ORF) prediction and annotation; however, the possibility
of chimeric sequences in the assembly could not be pre-
cluded. Assembly with Segman Ngen and Velvet yielded
4575 contigs larger than 500 bp, with an average length
of 1301 bp accounting for a total of 5950 925 bp. This
assembly was uploaded to four different metagenomics
pipelines for analysis (see Experimental procedures). The
RAMMCAP workflow of the CAMERA portal predicted
11 289 ORFs, whereas MetaVir predicted 11 919 genes,
VIROME 11 935 ORFs and MG-RAST identified 5830
protein-coding features (Table 1). With VIROME, pre-
dicted ORFs were further subdivided into complete
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(5789), missing both ends (983), missing start (2564) and
missing stop (2599). The lower number of predicted ORFs
with MG-RAST was possibly caused by the inability to
predict truncated ORFs or due to the difference in gene
calling algorithm (see Experimental procedures). No
rDNA features were found with either VIROME or
RAMMCAP, but MG-RAST identified 19 rDNA reads in the
raw read datasets, not in the assembly. This can indicate
bacterial contamination, previously reported to occur with
tangential flow filtration-based concentration methods
(Hurwitz etal., 2013), or the presence of general
transducing phages that package host DNA (including
rDNA) randomly upon infection. The presence of small
numbers of rDNA features (9-67 features) has been
reported previously for metaviromes available on
MG-RAST such as the terrestrial hot springs (Schoenfeld
et al., 2008) or several viromes from the Ocean Viruses
project (Angly et al., 2006).

Depending on the annotation pipeline used, between
2545 and 6755 ORFs with counterparts in public data-
bases were found, making for a proportion of ORFans in

Fig. 1. Transmission electron micrographs of
the viral fraction of hypolith scrapings. Scale
bars represent 200 nm. Particles were
negatively stained with 2% uranyl acetate.
Depicted virus particles either belong to the
families Siphoviridae (S), Myoviridae (M) or
are of an undetermined (U) shape.

this metavirome between 40.2% and 62.6%. VIROME
predicted the largest number of affiliated ORFs, drawing
information from Uniref 100 in combination with four anno-
tated databases (KEGG, COG, SEED and ACLAME) and
from Metagenomes On-Line (Table 1).

Viral diversity and taxonomic composition

The rarefaction curve computed by MetaVir showed
approximately 270 000 sequencing clusters at 90%
sequence identity for the 800 000 reads that were
uploaded (Fig. 2). Since the rarefaction curve is nearing
an asymptote, we could assume a substantial fraction of
the viral richness was sampled. For this metavirome, an
additional 100 000 sequences is predicted to lead to less
than 10 000 extra clusters. At 98% similarity, the number
of clusters for this metavirome increased to 340 000 (data
not shown). In the current phage taxonomy (ICTV Discus-
sions, talk.ictvonline.org; King et al., 2012), isolates are
grouped into the same species at nucleotide identity
levels of 90% to 95%. Factoring in an average phage

Table 1. Comparison of the automated pipelines used to characterize the Namib hypolith metavirome (assembled contigs).

Feature MetaVir VIROME MG-RAST CAMERA

# predicted CDS 11919 11 935 5830 11 289

# affiliated CDS 4462 6755 2545 6741

% ORFans 62.6% 43.4%* 56.3% 40.3%

# tRNAs NA 57 NA 57

# rBNAs NA 0 0 0

Databases used for RefSeq virus, UniRef100, SEED, GO, COG, GenBank, IMG, KEGG, PATRIC, RefSeq, COG, pfam,
CDS annotation pfam KEGG, ACLAME, MGOL SEED, SwissProt, TrEMBL, eggNOG, TIGRfam

COG, NOG, KOG, subsystems

a. VIROME classifies the unaffiliated CDSs in true ORFans and unassigned proteins which have blast hits to the UNIREF100P database at an
e value higher than 0.001. We combined these two classes for the % ORFans.

CDS: coding sequence.

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 17, 480—-495



280 000

260 000

240 000

220 000

200 000

180 000

160 000

140 000

120 000

100 000

Number of sequence clusters

80 000

60 000

40 000

20 000

0

0 200 000 400 000

Metaviromics of Namib hypoliths 483

600 000 800 000 1000 000

Number of sequences

Fig. 2. Rarefaction curve of the Namib hypolith metavirome generated by MetaVir. Clustering was set at 90% similarity.

genome length of 50 000 bp [as used previously for
marine genomes (Breitbart et al., 2002)] and a read length
of 250 bp, we could estimate the lower limit of the viral
richness (number of different virus species) in this
metavirome to be between 1350 and 1700 [# clusters/
(genome length/read length)].

MetaVir was used for analysis of the viral taxonomic
composition of the raw reads. This pipeline uses the
GAAS tool which normalizes the composition plot against
the genome lengths (Angly etal., 2009) with BlastX
matches (e-value cut-off = 10-%) generated by comparison
against the RefSeq complete viral genomes database.
With these parameters, 23.77% of the reads produced a
significant hit. In assessing the composition of the assem-
bled contigs, 60.99% of the contigs showed similarity to
known sequences and so did 37.46% of the predicted
genes. MG-RAST and VIROME also computed taxonomic
composition plots, but these were heavily biased towards
bacterial taxa, as prophage and temperate phage
sequences are often classified as bacterial in origin (data
not shown). Despite a higher fraction of bacterial signa-
tures in MG-RAST, 43.9% of the raw reads encoded only
ORFans (data not shown).

Using the GAAS taxonomic composition plot (Fig. 3),
80% of the reads that produced a significant database hit
were recognized as belonging to dsDNA viruses with no

RNA stage, 13% as unclassified phages and 7% as
ssDNA viruses. The majority of taxonomic hits (48%) were
to the Siphoviridae family, based on the taxonomy of the
viral genomes deposited in the NCBI database. However,
the unclassified Geobacillus virus E2, making up 6% of
the virus fraction, was described as a siphovirus in its
original publication (Wang and Zhang, 2008), giving a
total of 54% hits to the family Siphoviridae. The
Podoviridae family accounted for 10% of the viral fraction
and the Myoviridae for 9%. Furthermore, 7% of the
sequences shared sequence identity with sequences in
the ‘unclassified Caudovirales' group and 4% in the
‘unclassified dsDNA viruses, no RNA stage’ grouping. In
our case, for the 7% ssDNA viruses, 99% of the reads
mapped to a single microvirus, Enterobacteria phage
phiX174, which can be considered residual contamination
of the phiX v3 phage used as a qualitative marker for
sequencing (see Experimental procedures) and should
thus be disregarded in the taxonomic composition. In raw
reads number, this microvirus makes up only 0.0014% of
the virus fraction, but the GAAS tool compensates for its
small genome size. Virus families detected at below 1%
abundance (and above 0.05%) include Tectiviridae,
Ascoviridae, Phycodnaviridae and Anelloviridae.

The Namib hypolith viral composition was compared
with selected metaviromes (Supporting Information

© 2014 Society for Applied Microbiology and John Wiley & Sons Ltd, Environmental Microbiology, 17, 480—495



484 E. M. Adriaenssens et al.

Siphovirida

LdoNirae

eep-sea thermophilic phage D6E

46 More

Fig. 3. Taxonomic composition of the Namib hypolith metavirome. Composition type was GAAS (genome length normalization) with a
threshold of 10-° on e value, as generated by MetaVir. The most abundant virus taxa are indicated in red, second yellow, then green and blue

(at below 1%).

Table S1) spanning different biomes, including freshwater
[French lakes (Roux etal, 2012), Antarctic Lake
(Lépez-Bueno et al., 2009), Saharan Ponds (Fancello
et al., 2013)], hypersaline [solar salterns (Rodriguez-Brito
et al., 2010)], hyperthermophilic [Yellowstone hot springs
(Schoenfeld et al.,, 2008)] and marine [Pacific Ocean
Virome (Hurwitz and Sullivan, 2013), Indian Ocean
(Williamson et al., 2012)]. The prevalence of Caudovirales
as the dominant taxon was observed in most meta-
viromes except for three of the freshwater datasets (Lake
Pavin, Lake Bourget and Antarctic Lake) and two extreme
environments (saltern high and Octopus hot spring). The
former frequencies ranged from 31% to 89% of the known
virus fraction, whereas the freshwater lakes were domi-
nated by ssDNA viruses and the saltern and hot spring by
unclassified dsDNA viruses. The higher presence of
ssDNA viruses might have been caused by the use of

phi29 multiple displacement amplification (MDA) of the
metagenomic DNA during library construction, which has
been reported to be biased towards ssDNA (Kim et al.,
2008). However, the Saharan ponds and solar saltern
samples also used MDA and were dominated by dsDNA
viruses. Comparing the families within the Caudovirales,
podovirus signatures represented the major fraction in
marine environments, while siphovirus reads were pre-
dominant in non-marine environments, including our
hypolith dataset. As of yet, no explanation for this division
could be offered. The rare virus families present in the
hypolith dataset were also found at similar frequencies in
most of the other metaviromes.

Cyanophages were expected to be abundant based
on the known dominance of Cyanobacteria in hypolith
bacterial communities (Warren-Rhodes etal,, 2006;
Makhalanyane et al., 2013b). To test their presence, the
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contig annotations (MetaVir) were investigated for
cyanophage resemblance (Supporting Information
Table S2). All but two of the cyanophages in the NCBI
virus genome database, the majority of which consists of
marine cyanophages, could be mapped to the hypolith
metavirome, yet at significance levels lower than the best
Blast hit. From these findings, we can hypothesize that
either cyanophages make up a small fraction of the
hypolith metavirome, or that they are significantly distinct
from their marine counterparts to the extent that, with
current similarity searches, they are not recognized as
cyanophages. In this respect, it is important to note that
cyanobacteria found in terrestrial environments differ sig-
nificantly from those used as model organisms in marine
studies such as Synechococcus and Prochlorococcus sp.
(i.e. the bacteria belong to different orders) which will
have an effect on the phage population (Schlesinger
et al,, 2003; Wong et al., 2010).

An alternative approach to investigating the diversity and
taxonomy of phages is to assign the phylogeny of certain
signature genes predicted in the metavirome. The marker
gene with the most hits in the hypolith virome (as calculated
by MetaVir) was the terminase large subunit terL, present
in phages of the order Caudovirales. The phylogeny of this
gene can give an indication of the type of DNA packaging
mechanism utilized by certain phage groups (Sullivan
et al,, 2009). A PhyML phylogenetic tree was generated
from the contig sequences (Supporting Information
Fig. S1) and showed that most of the hypolith metavirome
terL sequences clustered separately from those of cultured
tailed phages. Some sequences did cluster with known
phages; these were either siphoviruses or myoviruses,
which are known to employ headful packaging mecha-
nisms with pac sites. None of the hypolith sequences
clustered with cos site phages or T4-like phages using
random headful packaging.

Functional analysis

The putative functions of the annotated ORFs from the
assembled contig dataset were predicted using VIROME,
MG-RAST and CAMERA. The database searches result-
ing in the most functional hits were those against
SEED (subsystems approach of MG-RAST) with 3804
hits, pfam (CAMERA) with 2222 hits and GO (VIROME)
with 3389 hits. Almost half (49%) of the hits in the sub-
systems functional annotation belonged to the subsystem
‘phages, prophages, transposable elements, plasmids’
(Fig. 4) with phage structural, integration/excision and
DNA metabolism-related proteins most commonly identi-
fied. The other SEED functional categories showed
‘nucleotides and nucleosides’, ‘regulation and cell signal-
ling’ and ‘DNA metabolism’ as the dominant annotations.
In these categories, many proteins could be phage-
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related (of possible cellular origin), such as DNA
polymerases, helicases, ribonucleotide reductases
(RNRs) and peptidoglycan-degrading enzymes. These
hits were also found in the pfam databases, with nucleic
acid binding and DNA replication families being the
most common protein families identified, followed by
peptidoglycan-degrading or hydrolase enzymes. Com-
parisons against the GO database identified the largest
number of hits for proteins with hydrolase, transferase
and nucleic acid binding activities. In this database, a
large number of hits relating to cellular, nitrogen and
macromolecular metabolic processes were also found.

The SEED functional categories were used to compare
the hypolith metavirome functional composition with those
of six publically available viromes [Octopus hot spring
(Schoenfeld et al., 2008), Joshua Tree desert (Fierer
etal.,, 2007), Matapeake Bay (K.E. Wommack, unpub-
lished), GWAD Pacific rise (K.E. Wommack, unpub-
lished), LJ26S POV (Hurwitz and Sullivan, 2013) and
M601K Indian Ocean (Williamson et al., 2012)] using the
comparison function of VIROME. Eight functional catego-
ries were identified that were present at a significantly
higher frequency in the Namib hypolith annotation than in
any of the other metaviromes (Table 2) and no categories
were present at significantly lower frequency. Three of
these categories, ‘murein hydrolases’, ‘recycling of
peptidoglycan amino acids’ and ‘clustering-based sub-
systems Cbss-393121.3.peg.2760’ are involved in the
degradation of the bacterial cell wall, with the most com-
monly identified protein a N-acetyl-muramoyl-L-alanine-
amidase. This type of amidase has been included recently
in several patents describing lytic enzymes used as anti-
bacterials [Fischetti et al., 2013 (US8580553 B2); Grallert
and Forchheim, 2013 (US8492519 B2); Loessner et al.,
2012 (US20120171188 A1)], making this hypolithic
environment an ideal target for antibacterial enzyme
bioprospecting. Three categories of phage-related pro-
teins were also more frequent in the Namib, ‘phage tail 2’,
‘r1t-Like streptococcal phages’ and ‘Listeria phi-A118-like
prophages’, all encoding several structural proteins and
the latter two several phage enzymes as well. This might
indicate a higher frequency of the r1t and A118-like phage
types in the hypolith metavirome without making assump-
tions about the host. RNRs, involved in dNTP synthesis,
were also more frequent and are discussed further in
this section. The remaining two categories contain cell
division-related and phosphate metabolism-associated
proteins from prokaryotes, plasmids or phages with no
clearly defined function.

Only 3% of the functionally annotated genes were clas-
sified in the subsystem ‘virulence, disease and defense’
by MG-RAST (Fig.4). The corresponding coding
sequences (CDSs) were further investigated and
identified as either hypothetical proteins from known
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M Phages, Prophages, Transposable elements, Plasmids
Nucleosides and Nucleotides
m Regulation and Cell signaling
M Clustering-based subsystems
B DNA Metabolism
B Miscellaneous
m Virulence, Disease and Defense
Cofactors, Vitamins, Prosthetic Groups, Pigments
i Respiration
B Metabolism of Aromatic Compounds
= Cell Division and Cell Cycle
M Secondary Metabolism
= Membrane Transport
RNA Metabolism
Motility and Chemotaxis
M Protein Metabolism
m Cell Wall and Capsule

B Phosphorus Metabolism

m Stress Response
Nitrogen Metabolism
Iron acquisition and metabolism
m Dormancy and Sporulation
W Amino Acids and Derivatives
B Sulfur Metabolism
Carbohydrates

Potassium metabolism

Fig. 4. Composition of predicted functional genes of the Namib hypolith contigs. The CDSs were compared with the SEED database using
subsystems in MG-RAST. The predicted subsystems in the legend are listed according to their relative occurrence (from high to low) and in
the pie chart starting at the bottom in a clockwise direction. The expanded region shows the functional classes represented at low abundance,
1% and below (in legend from phosphorus metabolism to potassium metabolism).

pathogenic bacteria or phage-related proteins such as
integrases and replication proteins (data not shown). All
contigs were blasted against an online virulence, toxin
and resistance gene database, MvirDB (Zhou et al.,
2007), but no relevant CDSs were identified in the hypolith
metavirome, leading us to assume that the CDSs in this
functional category are more involved in phage virulence
than human-pathogenic virulence.

The presence of ‘auxiliary metabolic genes’ (AMGs) in
phages, which are presumed to assist in rate-limiting or
key steps in host metabolism, has been described previ-
ously (Breitbart et al., 2007). In marine cyanophages,
where these AMGs have been mainly studied, they can be
involved in photosynthesis (psbA and psbB), carbon
turnover (talC), phosphate uptake (pstS), nucleotide
metabolism (nrd genes) or of unknown function (phoH)
(Sullivan et al., 2006; Williamson et al., 2008; Goldsmith
et al., 2011; Thompson et al., 2011; Dwivedi et al., 2013).
The hypolith metavirome was investigated for the

presence of these AMGs and both phoH and several
different classes of nrd genes were found.

Eighteen complete phoH genes and 23 partial
sequences were identified in the metavirome by MetaVir.
The topology of the PhyML phylogenetic tree generated
(Fig. 5) clearly shows that the majority of the hypolith
PhoH amino acid sequences (in red) cluster separately
from those of complete phage genomes (deposited in
the NCBI database), supported by high bootstrap values.
The three long branches in the tree were caused by the
inclusion of partial genes sequences of the hypolith
metavirome that do not span the length of the alignment.
The marine cyanophages (in blue), for which phoH is
used as a marker gene (Goldsmith et al., 2011), form a
distinct clade, unrelated to the hypolith sequences.
This supports the hypothesis that putative hypolith
cyanophages are unrelated to marine cyanophages, and
at the same time illustrates the lack of sequence informa-
tion on non-marine cyanophages and their hosts that
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Table 2. SEED categories and associated genes from the Namib hypolith metavirome present at significantly higher frequencies than in selected

metaviromes as annotated by VIROME?.

SEED functional category

Predicted genes in Namib hypolith metavirome

Putative function

Murein hydrolases
carboxypeptidase

Recycling of peptidoglycan amino acids

Clustering-Based Subsystems
Cbss-393121.3.peg.2760

Bacterial rna-metabolizing zn-dependent
hydrolases

Phage tail proteins 2

R1t-Like streptococcal phages

N-acetyl-muramoyl-L-alanine-amidase, tail fiber,

N-acetyl-muramoyl-L-alanine-amidase, tail fiber
Phage N-acetyl-muramoyl-L-alanine-amidase,

(metalloendo)peptidase, sporulation protein
cell division protein, FtsK/SpoElll protein

tail tape measure protein, major tail protein
structural proteins, homing endonucleases,

Bacterial cell wall degradation

Bacterial cell wall degradation
Bacterial cell wall degradation

DNA transfer

Phage particle assembly
Phage particle assembly

phage-associated proteins, endonuclease, endopeptidase,

hypothetical protein
Listeria phi-a118-like prophages

putative tail or baseplate protein, minor/major capsid protein,

Phage particle assembly

terS, replication protein, lysin, tmp, hypothetical protein,
ssDNA binding protein, repressor, antirepressor

Phosphate metabolism
Ribonucleotide reduction

hypothetical protein, phoH
Ribonucleotide reductases

Unknown function
dNTP synthesis

a. The Namib hypolith metavirome was compared with the following public metaviromes: Octopus hot spring (Schoenfeld et al., 2008), Joshua
Tree Desert (Fierer et al., 2007), Matapeake (K.E. Wommack, unpublished), GWAD (K.E. Wommack, unpublished), LJ26S POV (Hurwitz et al.,

2013), M60O1K Indian Ocean (Williamson et al., 2012).

inhabit this environment. Bacterial PhoH sequences from
the NCBI database (in green) were also included in the
analysis, showing that two hypolith contigs clustered with
Xenococcus sp. PC7305. This cyanobacterial isolate has
been shown to be closely related to Chroococcidiopsis sp.
PC6712 (Shih et al., 2013), a member of the most preva-
lent bacterial genus in Namibian desert hypoliths
(Makhalanyane et al., 2013b).

Given that no photosynthesis- or nutrient-stress-related
host-derived genes (psb pst, tal genes) were identified in
this metavirome, we could assume that these genes
provide no additional benefit for the viral community in this
environment or that their absence is merely a reflection of
the host gene content. The presence of phoH at frequen-
cies higher than in other metaviromes could suggest that
this gene is more universally valuable in this environment
than the other AMGs. The role of phoH in phosphate
uptake or starvation remains unclear with expression
being either upregulated or downregulated in different
bacteria (Sullivan et al., 2010; Goldsmith et al., 2011).
Recently, it was found that transcript levels in phages do
not rise under phosphate limiting conditions, suggesting
an alternate role for this gene (Zeng and Chisholm,
2012).

A total of 123 putative RNRs were identified in the
hypolith metavirome. The RNR genes are divided in three
classes based on oxygen dependency, with class | genes
oxygen dependent, class Il genes oxygen independent
and class lll genes oxygen intolerant, which means that
the class distribution can give an indication of the host
environment (Nordlund and Reichard, 2006; Dwivedi
et al.,, 2013). Most of the RNR genes (60 predicted ORFs)
belonged to class || RNRs which is represented by nraJ,

followed by class la RNRs in which nrdA and nrdB had an
almost equal number of ORF hits (21 and 19 respectively)
(Nordlund and Reichard, 2006). Class Ib (nrdH=3,
nrdl=2, nrdE=11, nrdF=6) and Il RNR genes
(nrdD = 2) were also found at lower frequency, with the
exception of the class Ill nrdG gene. This metavirome
RNR composition, with all classes present and class Il
most abundant, has not yet been described in any other
metaviromes analysed (Dwivedi et al., 2013), reflecting
the novelty of the hypolith biome. The presence of both
classes | and Il at much higher frequency than class Il
suggests that the host community is aerobic, or faculta-
tively anaerobic. Other metaviromes with class Il RNRs at
the highest frequency include a freshwater microbialite, a
saltern at high salinity and a coral metavirome, but in
these three metaviromes, at least one of the other classes
of RNRs is absent (Dwivedi etal, 2013). The soil
metaviromes (Fierer et al., 2007) on the other hand, con-
tained all classes but at similar frequencies. It was also
observed that RNR classes of podoviruses are host-
dependent (Dwivedi et al., 2013; Holmfeldt et al., 2013),
but soil phage isolation studies would be required to draw
conclusions about the hypolith metavirome hosts. In a
comparison of RNR distribution in completely sequenced
phage genomes sorted by environmental source, host
oxygen requirement and phage family (Dwivedi et al.,
2013), class Il RNRs were most common in Siphoviridae
isolated from the soil environment. This is consistent with
our finding that siphoviruses are most common in the
Namib hypolith community, and provides additional evi-
dence that the host community is aerobic (Dwivedi et al.,
2013). Furthermore, the hypothesis that nrdJ offers a
competitive advantage to phages in nutrient-limited
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environments (Dwivedi et al., 2013) is supported by the
RNR composition of the hypolith metavirome.

Contig analysis

Seven contigs larger than 40 kb, as well as 10 contigs
between 20 and 40 kb in size, were generated during
assembly, with the largest contig being 108 kb. Only one
contig represented a putative complete phage genome
that was either circularly permuted or had terminal
repeats longer than the average read length. The unique
sequence of this contig was 48 632 bp long, encoding 75
ORFs as predicted by MetaVir with MetaGeneAnnotator
(Fig. 6). Of the 75 coding sequences (CDSs), 12 showed
similarity to siphoviruses and 7 to myoviruses, indicating
that this phage almost certainly belongs to the order
Caudovirales. The genome size is consistent with it
being a member of the order Caudovirales, most likely
part of the Siphoviridae family (King et al., 2012). MetaVir
classified this contig, using lowest common ancestor
affiliation, as being related to Bacillus phage Cherry.
However, no definitive classification can be made from
these data, taking into account the low number of func-
tional gene predictions and the lack of signature genes
for specific phage families. For example, in the phage
genome in Fig. 6, the terminase large subunit places the
phage in the order Caudovirales but no other signature
genes are annotated which would narrow down its clas-
sification into a specific family or even genus. This terL
sequence was also inserted in the phylogenetic tree and
showed a distant relation to a clade of siphoviruses
infecting Firmicutes (Supporting Information Fig. S1,
Hypolith_contig1_gene34).

The ORF prediction capacities of several virus-
optimized gene prediction programs were compared
using Contig 1. MetaGeneAnnotator (included in the
MetaVir pipeline) predicted 75 ORFs, while FgenesVO0
(www.softberry.com) and MetaGene (in the CAMERA
portal) identified 62 and 72 ORFs respectively. Manual
verification of the predicted genes for the presence of a
ribosome binding site, small ORF lengths and minimal
intergene region lengths showed that MetaVir produced
the most accurate output. FgenesVO failed to predict many

b e e
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of the small hypothetical proteins that are common in viral
genomes and both FgenesV0 and MetaGene tended to
predict genes within ORFs on the opposing strand without
valid ribosome binding sites (data not shown).

Taxonomic delineation of the other large contigs was
not definitive. For example, contig32 (74 003 bp) was
identified by MetaVir as an unclassified dsDNA phage,
related to the deep-sea thermophilic phage D6E. In its
annotation, however, several myovirus-related genes
could be found, such as baseplate proteins, a tail tube and
a tail sheath protein (data available from the MetaVir
server). The annotation pipelines offer a taxonomic clas-
sification, but after examination of the predicted genes, it
was clear that classification beyond the level of family, or
even order, for this environment is difficult.

Implications of the virus complement on the hypolith
community structure

Previous studies of the hot desert hypolithic microbial
community composition have been performed using
gPCR, terminal Restriction Fragment Length Polymor-
phism, amplicon sequencing and clone library sequencing
with 16S rRNA and Internal Transcribed Spacer region
primer sets (Warren-Rhodes et al., 2006; Wong et al.,
2010; Makhalanyane et al., 2013b; Stomeo et al., 2013).
While these techniques give a good representation of the
microbial community composition and diversity, they offer
no information on the viral composition. The composition
of the metavirome sequenced here is, at first sight, not
fully consistent with the results of 16S rRNA gene
sequence analyses performed on samples from the same
habitat; the metavirome is dominated by presumed Bacil-
lus and Geobacillus-infecting phages, while the most
dominant genus of bacteria identified in Namib hypolith
communities is Chroococcidiopsis from the order
Pleurocapsales of the Phylum Cyanobacteria
(Warren-Rhodes etal., 2007; Wong etal, 2010;
Makhalanyane et al., 2013b).

There are several hypotheses that can explain these
results. First, there are no known cultured phages which
infect Chroococcidiopsis sp. or other bacterial species
dominant in hypoliths, making this a database issue,

Db

=»DNA methylase = virion associated hydrolase 5 Kbp
=»DNA polymerase =mphoming endonuclease
=>conserved phage protein = ATP-dependent helicase

=pFtsK/SpollE family protein

=pN-acetylmuramoyl-L-alanine amidase
endolysin

=) structural protein

=) terminase, large subunit

=pqp157-ike protein
=ss binding protein
DNA primase

=5DNA-cytosine methyltransferase

Fig. 6. Predicted full phage genome (contig 1). Arrows indicated the protein coding sequences (CDSs) as predicted by MetaVir. Colored
arrows had putative functions assigned by BlastP similarity. The figure was generated using Easyfig (Sullivan et al., 2011).
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keeping in mind that over 40% of the predicted CDSs
are ORFans. Under this hypothesis, the expected
(cyano)phages show too little sequence similarity to cul-
tured phages to be identified. Related to this, it is possible
that the contigs currently linked to Bacillus phages infect
different hosts, as they are assigned based on only a few
conserved CDSs. A final hypothesis could be that the
hypolithic microbial community is seeded from the sur-
rounding open soil and has incorporated some of the
phages present there. This concept is supported by pre-
vious phylogenetic surveys in Namibia (Makhalanyane
et al.,, 2013b), which showed that 80% of bacterial opera-
tional taxonomic units found in the hypoliths were also
found in the surrounding soil.

Conclusion and perspectives

Analysis of the metavirome of Namib Desert hypoliths has
revealed that this is a novel, soil-related virome. The
majority of the sequence reads were classified as
unknown, with only 24% having known virus counterparts
among which members of the order Caudovirales were
predominant. This is consistent with the phages previ-
ously described from the Namib Desert (Prestel et al.,
2008) as well as other metavirome compositions from a
range of different biomes. However, using a quantitative
transmission electron microscopy approach on marine
samples, it was recently discovered that non-tailed
viruses dominate that environment, contradicting the
metaviromic data (Brum et al., 2013). This calls to ques-
tion which virus types are present in the unknown fraction
of the metavirome and whether they are the dominant
group. When comparing the functional composition of the
hypolith metavirome, this habitat seemed to be richer in
cell wall-degrading enzymes, offering new perspectives
for bioprospecting of antibacterials.

The prevalence of presumptive Firmicutes-infecting
phages as opposed to the expected cyanophages is
thought to be caused by a database bias towards the
former group of phages or possibly by phage incorpora-
tion from the surrounding desert soil. For evidence-based
linking of viruses to their hosts, novel techniques such as
viral tagging and phageFISH have been developed
recently (Deng et al., 2012; Allers et al., 2013) and incor-
poration of these techniques in future studies will greatly
reduce the database/bioinformatics biases currently
present in environmental studies.

The unique patterns observed in this Namib hypolith
metavirome (taxonomic composition, functional diversity
and RNR distribution) will aid the interpretation of indi-
vidual patterns from future soil metaviromic studies and
the incorporation of metaviromes from extreme environ-
ments into current datasets will enhance future environ-
mental analyses. Further research could focus on

sequencing the full hypolith and surrounding soil
metagenomes, as well as by culturing of hypolith-
associated bacteria and their bacteriophages, whereas
the metabolically active fraction of hypoliths could be
determined using transcriptomics studies.

Experimental procedures
Sample collection and processing

Quartz rocks with established hypolith communities were col-
lected by hand (gloved) in the Namib Desert near the
Gobabeb Desert Research and Training Station (23°3340”S,
15°02"29”E). The ecology of hypoliths in this area has been
previously described (Warren-Rhodes et al., 2013). Roughly
80 rocks were scraped at depths ranging from+ 10cm
to £ 20 cm over 100 m?. The soil was dry in appearance and
in accordance with other hypolith studies, all material
cemented to the rock when extracted was considered as part
of the hypolith community (Khan et al., 2011). The microbial
communities were recovered on site with gloved hands,
scraped off with sterile spatulas and collected in sterile whirl-
pack bags (Nasco).

Approximately 0.5 kg of hypolith-associated material was
suspended in 31 of de-ionized water, homogenized by
shaking and then allowed to settle. The suspension was
made by first grinding the material to a fine powder using a
mortar and pestle, then vigorously shaken manually for
10 min. It was left to stand for 30 min so that phage particles
could diffuse freely into the suspension and this process was
repeated 10 times. The supernatant was decanted and the
remaining solids suspended in another 3 | of de-ionized water
and the settling and decanting processes repeated. The
aqueous fraction was centrifuged at low speed to remove the
largest particles and the supernatant was passed through
a 0.22um filter (Millipore, Streicup 500 ml, Cat. no.
SCGPUO5RE). The initial low speed spin (1590 x g for
10 min) to get rid of large debris was performed using a
Beckman JA10 rotor using autoclaved 500 ml Nalgene
PPCO bottles (cat. no. 3120-9500) and the supernatant was
decanted into a larger autoclaved vessel. To collect phage
particles, centrifugation of this supernatant was performed in
a Beckman JA20 rotor at 43667 x g for 6 h in autoclaved
30 ml Nalgene PPCO (cat. no. 3119-0030) tubes. The indi-
vidual pellets were resuspended in 3 ml successively. In other
words, the first pellet was resuspended in 3 ml and the liquid
was then transferred to the next tube, the pellet resuspended
properly, then transferred to the next tube and so on until all
pellets were resuspended. This phage suspension was
treated with DNase | (EN0521) and RNase A (ENO0531)
(Fermentas — final concentration of 0.1 ug mi™') at 37°C for
1 h (DNase |). The presence of free or background contami-
nating bacterial DNA was checked by polymerase chain reac-
tion amplification of the 16S RNA gene [primers EO9F:
5-GAGTTTGATCCTGGCTCAG-3; U1510R: 5-GGTTACC
TTGTTACGACTT-3 (Reysenbach and Pace, 1995; Hansen
et al., 1998)]. The phage particles were treated with Protein-
ase K (Fermentas — final concentration 1 ug ml™") at 55°C
for 2 h. Seventy microlitres of 20% SDS was then added
and the sample was incubated at 37°C for 1 h. The DNA
was extracted with three rounds of phenol : chloroform :
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isoamylalcohol (25:24:1) phase separation followed by two
replicates of chloroform : isoamylalcohol (24:1) phase sepa-
ration (15 ml Sterillin tube, Eppendorf 5810R centrifuge,
5000 r.p.m. for 10 min). Precipitation was performed with
1/10 volume of 3 M NaOAc (pH 5.2) and 2x volume 95%
ethanol, with overnight incubation at 4°C. Precipitated DNA
was recovered by centrifugation at 13 000 r.p.m. for 10 min
and the resulting pellet was resuspended in 30 ul of TE
(Tris/EDTA) buffer. The DNA was further purified using the
Qiagen Gel Extraction kit (Qiaex Il, cat. no. 20021).

Electron microscopy

Phage suspensions were prepared according to the ammo-
nium acetate method as described by Ackermann (2009).
Three microlitre of each sample taken from the 30 ul concen-
trate was pipetted onto carbon coated 200 mesh copper grids
and stained with 2% aqueous uranyl acetate for 30 s. The
samples were viewed using a LEO 912 Omega TEM (Zeiss,
Oberkochen, Germany) at 120 kV. Images were collected
using a ProScan CCD camera.

Sequencing

Library preparation of the hypolith viral DNA was performed
with the Nextera XT kit (Illumina) with a 10% phiX v3 spike as
per the manufacturer’s instructions (Preparation Guide, Part
#15031942 Rev A May 2012) and the MiSeq Reagent kit V2
(500 cycle). One ng of uncloned, unamplified viral DNA was
used to prepare one NexteraXT library. This was repeated
four times and the resultant libraries were sequenced using
the lllumina MiSeq at the University of the Western Cape,
Cape Town, South Africa, generating 2 x 250 bp reads. The
raw reads were trimmed (bases with a Q-score less than 36
were trimmed from the 3’end) and demultiplexed at the
sequencing facility, resulting in eight (4 x 2) paired fastq files
(accessible at the Sequence Read Archive Bioproject
PRJNA229525, accession number SRX385198).

In silico analyses

The processed reads were loaded into Segman Ngen®
(DNASTAR, Madison, WI, USA) with the following param-
eters: kmer =21, no read trimming and a minimum of 100
reads per contig; other parameters were at the default set-
tings. The unassembled sequences were saved and assem-
bled with Velvet (Zerbino and Birney, 2008) (kmer =15,
coverage cut-off = 3). The Ngen and Velvet assemblies were
merged and autoblasted with BioEdit (Hall, 1999) to manually
extend contigs.

The contigs from the above assembly were uploaded to
four automated annotation pipelines available online (from
which the analyses presented in this paper can be accessed),
two specifically designed for viral metagenomes [MetaVir
(Roux etal., 2011) and VIROME (Wommack et al., 2012)]
and two general metagenomic webservers [MG-RAST
(Meyer etal., 2008) and the RAMMCAP workflow of
CAMERA (Li, 2009; Sun et al., 2011)]. Raw reads were also
uploaded to MetaVir and MG-RAST. For the former, the eight
fastq files were converted to fasta format using the
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Fastg2fasta program at bio.chpc.ac.za/ER. These were then
merged into one file containing 946 094 reads. With this file,
a reference assembly against the microvirus phiX v3, used in
the lllumina Miseq quality control, was performed at 99%
identity, which removed 104 636 reads. The remaining
841 458 reads were uploaded to the server. Taxonomic com-
position was assessed with MetaVir (on the reads), which
uses the GAAS tool (Angly etal, 2009), with MG-RAST
which combines annotation from all database sources and
with VIROME using the top Uniref 100 BLAST hits. For ORF
prediction of the contigs, MetaVir and VIROME use
MetaGeneAnnotator (Noguchi et al., 2008), MG-RAST uses
FragGeneScan (Rho et al.,, 2010), and the ORF prediction
algorithm chosen for RAMMCAP was MetaGene (Noguchi
et al., 2006). The predicted genes were scanned against the
following databases for functional annotation: RefSeqVirus
(MetaVir), ACLAME (VIROME), pfam (MetaVir, RAMMCAP),
TIGRfam (RAMMCAP), GO (MG-RAST, VIROME), SEED
(MG-RAST, VIROME), NCBI nr (MG-RAST), COG
(RAMMCAP, VIROME), KEGG (MG-RAST, VIROME,
RAMMCAP), UniProt (MG-RAST), Uniref100 (VIROME),
eggNOG (MG-RAST) and MGOL (VIROME).

A comparison of the SEED functional categories was
carried out on the VIROME webserver using the comparison
tab. Significant differences in frequencies between the Namib
hypolith metavirome and the selected publically available
metaviromes were calculated by uploading the VIROME
output pairwise onto the Metastats webserver (http:/
metastats.cbcb.umd.edu/detection.html) at P < 0.05 and 100
permutations (White et al., 2009).

The presence of AMGs was confirmed by scanning of the
MetaVir contig annotation table output for specific metabolic
genes, namely psbA, psbB, phoH, taland nrd. The RNRs (nrd
genes) found in the metavirome were compared by BLAST
analysis against the RNRdb, a curated database of RNRs, to
determine the class (Lundin et al., 2009).

Phylogenetic analyses were performed using the
phylogenetic tree computation tool on the MetaVir server,
described in detail in Roux and colleagues (2011). Briefly,
selected amino acid sequences were aligned with MUSCLE
(Edgar, 2004) and trees with 100 bootstraps were generated
with PhyML (Guindon et al., 2009). The output was visualized
with FigTree (Rambaud, 2007). For the PhoH tree, amino
acid sequences were downloaded from NCBI, alignment was
performed using MUSCLE (Edgar, 2004) and tree rendering
with PhyML 3.0 (Guindon et al., 2010) on the phylogeny.fr
server (Dereeper et al., 2008) without curation.
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Fig. S1. PhyML phylogenetic tree of TerL amino acid
sequences of the Namib hypolith metavirome (red) with
selected phages from the RefSeq database as constructed
by MetaVir. Nodes with poor bootstrap support (on 100) were
collapsed. Scale bar indicates the number of substitutions
per site.
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Table S1. Comparison of the Namib hypolith metavirome
(HY) taxonomic composition (GAAS) with selected publically
available viromes as performed with MetaVir.

Table S2. List of all cyanophages in the NCBI viral genomes
database and the number of contig hits with MetaVir (Blastp e
value cut-off 107%) of the hypolith metavirome to these phages.
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