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Bacteriophage lytic to Desulfovibrio
aespoeensis isolated from deep

groundwater
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Viruses were earlier found to be 10-fold more abundant than prokaryotes in deep granitic
groundwater at the Asp6é Hard Rock Laboratory (HRL). Using a most probable number (MPN)
method, 8-30000 cells of sulphate-reducing bacteria per ml were found in groundwater from seven
boreholes at the Aspdé HRL. The content of lytic phages mfectmg the indigenous bacterium
Desulfovibrio aespoeensis in Asp6é groundwater was analysed using the MPN technique for phages.
In four of 10 boreholes, 0.2—80 phages per ml were found at depths of 342-450 m. Isolates of lytic
phages were made from five cultures. Using transmission electron microscopy, these were
characterized and found to be in the Podoviridae morphology group. The isolated phages were
further analysed regarding host range and were found not to infect five other species of
Desulfovibrio or 10 Desulfovibrio isolates with up to 99.9% 16S rRNA gene sequence identity to
D. aespoeensis. To further analyse phage-host interactions, using a direct count method, growth
of the phages and their host was followed in batch cultures, and the viral burst size was calculated
to be ~170 phages per lytic event, after a latent period of ~70h. When surviving cells from infected
D. aespoeensis batch cultures were inoculated into new cultures and reinfected, immunity to the
phages was found. The parasite—prey system found implies that viruses are important for microbial

ecosystem diversity and activity, and for microbial numbers in deep subsurface groundwater.
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Introduction

Viruses are known to influence prokaryotic mortal-
ity and biogeochemical cycles, and to have great
genetic diversity in marine ecosystems (Fuhrman,
1999; Suttle, 2005). They are the most abundant
biological agents on earth, so microbial ecology in
all environments is greatly affected by viruses. Deep
subsurface water in granitic rock at the Aspé Hard
Rock Laboratory (HRL) contained 10*-10° cells ml™
(Pedersen, 2001) and, in fact, the mass of subsurface
prokaryotes likely exceeds the mass of plant and
prokaryotic life in surface environments (Whitman
et al, 1998). Kyle et al. (2008) have reported
fluorescent microscopy counts of virus-like particles
in the range of 10°~10” ml~* groundwater at the Aspé
HRL from depths of 69-455m and a morphologi-
cally diverse viral population when viewed under a
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transmission electron microscope (TEM). The num-
ber of viruses in Aspd groundwater exceeded the
number of cells by one order of magnitude, a ratio
frequently found in active surface environments
(Kutter and Sulakvelidze, 2005; Suttle, 2005).

The lack of a large microbial biomass concentra-
tion in the intraterrestrial environments has com-
monly been taken as evidence that the
microorganisms present are inactive or metabolizing
extremely slowly (Kerr, 2002). The presence of
viruses offers an alternate explanation, according
to which viruses control active microbial popula-
tions in deep intraterrestrial environments. Viral
lysis of bacterial cells releases nutrients, making an
important contribution to microbial metabolism in
benthic deep-sea ecosystems (Danovaro et al., 2008).
However, the activity of such lytic viruses in deep
granitic groundwater has yet to be confirmed by
means of cultivation and isolation.

Deep groundwater in granitic rock is anaerobic
and contained several metabolic groups of micro-
organisms, including sulphate-reducing bacteria
(SRB) (Hallbeck and Pedersen, 2008). Viruses found
in the natural environments were often species
specific (Suttle, 2005) and could be isolated from
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environments where the host was found. Bacterio-
phages (phages) infecting three sulphate-reducing
species of Desulfovibrio have been previously
reported: Rapp and Wall (1987) found phages that
could mediate transduction in Desulfovibrio desul-
furicans; mitomycin C-induced lysogenic phages
have been isolated from Desulfovibrio vulgaris by
Handley et al. (1973); and Walker et al. (2006) and
Kamimura and Araki (1989) isolated a lytic phage
infecting Desulfovibrio SaleX1genS

The activity of phages in Asp6 HRL groundwater
was tested here using Desulfovibrio aespoeensis as a
host. This bacterium was isolated from the Aspé
HRL and described ~10 years ago (Motamedi and
Pedersen, 1998). It has been repeatedly enriched
from Aspdé HRL groundwater and identified by its
16S rRNA gene sequence (Pedersen et al., 1996; Fru
and Athar, 2008). There was Consequently strong
evidence that D. aespoeensis is an indigenous
species in the deep groundwater of the Asp6 HRL.
Here we report on the extent of phages infecting D.
aespoeensis in the Aspé HRL, analysed with a most
probable number (MPN) technique. Ten boreholes
ranging in depth from 183 to 455m were investi-
gated. Phages were isolated from MPN cultures and
described with respect to morphology and host
range using six different species of Desulfovibrio,
as well as ten different isolates of SRB from Aspdo
HRL groundwater. Growth of SRB and phage batch
cultures was followed and the immunity of the cells
to phage isolates was analysed.

Materials and methods

Sampling site: the Asps HRL

The Aspé HRL was built as a research laboratory and
to demonstrate the potential for the geological
disposal of spent nuclear waste (Pedersen, 2001).
Along the walls of the tunnel, groundwater-contain-
ing fractures are intersected by boreholes with
packed-off borehole sections that could be accessed
through valves and tubes. The age and origin of the
water surrounding the tunnel have been modelled
from geochemical data and were shown to correlate
generally with salinity (Laaksoharju et al., 1999).
The water was found to be heterogeneously dis-
tributed at different depths: water down to a depth
of ~250m was dominated by meteoric freshwater,
unlike water from depths of 250 to 600m, which
consisted of brackish—saline water with mixing
proportions of current and ancient Baltic Sea water
and meltwater from the last glaciation event
~10000 years ago (Supplementary information
gives more details).

MPN of SRB and identification of SRB isolates

Sulphate-reducing bacteria were sampled from
seven boreholes in the tunnel and enumerated by a
MPN technique as described in Supplementary
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information. Four different isolates of SRB from
Aspd groundwater were used to scan for the viable
number of viruses and to analyse the host range of
the isolated phages, as described in more detail
below. Six additional Asps groundwater SRB iso-
lates were subsequently used to further test the
phage host range. The ten Aspé groundwater
isolates were identified by their 16S rRNA gene
sequence as described in Supplementary informa-
tion. Further, enterobacterial intergenomic repeti-
tive consensus (ERIC) sequences from the ten isolate
genomes were amplified by ERIC-PCR (Debruijn,
1992) as described in the Supplementary informa-
tion.

Determination of total bacterial and viral numbers
and viable biomass

The total number of cells and the number of virus-
like particles were determined using a direct count
method with SYBR Gold (Invitrogen, Eugene, OR,
USA) according to Noble and Fuhrman (1998) and
Chen et al. (2001). The concentration of viable
biomass in cultures was estimated using an ATP
assay (Lundin et al., 1986; Lundin, 2000). Details are
given in Supplementary information. The s.d. of
three ATP determinations of laboratory cultures
typically ranged from 10 to 25% of the obtained
mean value (Eydal and Pedersen, 2007).

Detection of lysed cultures

Three different methods for the detection of lysis
were tested and compared on D. aespoeensis
cultures immune and sensitive to the phages as
described in detail in Supplementary information.
The first method comprised visual inspection, the
second method used the ATP assay to estimate the
viable biomass in samples (Eydal and Pedersen,
2007) and the third method was to measure turbidity
using spectrophotometry.

Sample collection of phages in the Aspd tunnel

Samples were collected from 10 boreholes along the
Asp6 HRL tunnel (Table 1) ranging in depth from
183 to 455m, using in situ pressure and based on
the descriptions by Pedersen (2001). Groundwater
was drained from the borehole sections before
sampling with a volume corresponding to one bore-
hole volume. For boreholes KA2198A, KA2162B,
SA1328A and KF0069A01, the groundwater was
sampled from continuously flowing water. Samples
for estimating viable numbers of virus (VNV)
were collected using 20-ml BD Plastipak syringes
(VWR) and filtered though 32-mm diameter, 0.2-um
pore size Filtropur S syringe filters (No./REF
83.1826.001; Sarstedt), before being transferred into
N,-filled 27-ml anaerobic tubes using a needle. The
filtration removed microbial cells from the water,
but not viral particles smaller than 200nm. The
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Table 1 The 10 boreholes where viable numbers of SRB and phages infecting D. aespoeensis were analysed

Borehole Depth Chloride Sulphate Sulphide Viable SRB (cellsml™) Viable virus
(m) (mgl™) (mgl™) (mgl™") (virus per ml)
KA3110 415 3050 323 0.083 2200 (1000-5800)* 80 (30-250)
KA2198A 294 3050 337 0.023 NA® ND¢
KA2162B 342 3870 313 0.024 80 (30-250) 0.2 (0.1-1.1)
KA3542G01 449 4460 366 0.133 3000 (1000-13 000) ND
SA1328A 183 4840 NA NA NA ND
KA3510A 450 5150 442 0.104 1700 (700-4800) 13 (5-39)
KJ0052F03 447 9070 527 0.006 8 (3-25) 0.4 (0.1-1.7)
KJoo50F01 448 10200 593 0.005 130 (50-390) ND
KJ0052F01 447 10200 594 2.01 30000 (10 000-130000) ND
KF0069A01 455 10810 659 0.067 NA ND

Abbreviation: SRB, sulphate-reducing bacteria.

The 10 boreholes are listed in order of increasing chloride concentration; contents of sulphate and sulphide are also shown. The number of viable
SRB cells in Aspé Hard Rock Laboratory groundwater was tested using an anaerobic most probable number (MPN) technique in 10-ml medium
portions. Phage presence was tested for in triplicate 50-ml Desulfovibrio aespoeensis cultures by adding borehole groundwater filtered through
0.2-um-pore-size filters. Boreholes where the results indicated infectious phages were sampled again and analysed for phages using the MPN

method.

*Lower and upper 95% confidence limits.
"Not analysed.

“Not detected.

tubes containing the filtered groundwater were then
moved to a subsurface laboratory at a depth of 450m
for addition to SRB batch cultures in mid-exponen-
tial growth and estimation of VNV.

Viable numbers of virus in Aspé HRL groundwater
All inoculations of borehole groundwater listed in
Table 1 for the determination of VNV took place
within 1h of collection. Screening for phages
infecting D. aespoeensis type strain Aspo-2 (DSM
10631) was conducted in October 2006 (Supple-
mentary Table 1). In this screening, 5ml of filtered
groundwater, sampled as described for bacterioph-
age collection, was added using 10-ml BD Plastipak
syringes (VWR) to triplicate 50-ml batch cultures of
D. aespoeensis at mid-exponential growth. Cultures
were grown for 2-3 weeks after sample inoculation,
when visual inspection was used to detect infected
cultures.

In addition, in November 2006 and March 2007,
the VNV infecting D. aespoeensis in groundwater
from boreholes, KA2162B, KA3110, KJ0052F03 and
KA3510A, were estimated using a phage MPN
technique in 10-ml portions of medium in 27-ml
anaerobic tubes (Supplementary Table 1). Lysis and
death of the host cultures was detected using visual
inspection and the ATP assay. Groundwater filtered
through 0.02-um pore size Anodisc filters (What-
mann, Maidstone, UK) and added to cell cultures
served as a control for SRB growth. This would also
confirm that the agent responsible for culture lysis
was between 20 and 200 nm in size.

The four SRB isolates from borehole KJ0052F01
(SRB2, SRB3, SRB5 and SRB22; Table 2) were
considered potential hosts for phages from the Aspo
HRL. To test this, groundwater from the ten bore-
holes listed in Table 1 were added to SRB cultures in

September 2007. Six-replicate batch cultures of each
of the four SRB isolates were grown in 9-ml portions
in 27-ml anaerobic tubes and D. aespoeensis was
used as the control. At mid-exponential growth, 1 ml
of sample filtered though 0.2-pm pore size Filtropur
S syringe filters (Sarstedt) was added to five cultures
of each type. The sixth culture was used as a control
to which sample filtered through 0.02-um pore size
Anodisc filters (Whatmann) was added. After add-
ing the water samples, the cells were grown for 14
days. Cultures were analysed using visual inspec-
tion and spectrophotometric turbidity measurement
to detect lysed cultures.

Phage isolates and phage morphology

Five phage isolates were obtained from infected
D. aespoeensis cultures. Lysed cultures were chosen
from cultures derived from the four boreholes,
KA2162B, KA3110, KJ0052F03 and KA3510A, and
diluted for the purification of phages; 1ml of each
lysed culture was filtered though a Filtropur S
syringe filter with a 0.2-pm pore size (Sarstedt) and
transferred to 9ml of medium using 5-ml BD
Plastipak syringes (VWR). Ten-fold serial dilutions
were further made in 9ml of medium using 1-ml BD
Plastipak syringes (VWR), and 1 ml of each dilution
was added to D. aespoeensis batch cultures during
mid-exponential growth. Lysis of cultures was
detected using visual inspection. The process of
purification by dilution was repeated with the
highest dilutions that displayed lysis, which were
then retained and considered pure isolates. Phage
morphology was examined to examine the morphol-
ogy of the obtained phages and to confirm that the
phage cultures retrieved had uniform morphologies
as described in Supplementary information.
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Table 2 Desulfovibrio isolates from the Aspo Hard Rock Laboratory

Isolate  Borehole Sampling date  Dilution Accession number 16S rRNA Closest species % 16S rRNA
(year-month-day) of MPN for the isolate gene sequence in the database® gene sequence
tube 16S rDNA length (bp) identity
SRB2  KJ0052F01 2006-03-30 10 FJ037679 874 D. aespoeensis ssp. Aspo-2 99.1
SRB3  KJ0052F01 2006-03-23 10 FJ037680 871 D. aespoeensis ssp. Aspo-2 99.1
SRB5  KJ0052F01 2006-03-30 1072 FJ037681 870 D. aespoeensis ssp. Aspo-2 99.1
SRB22 KJ0052F01 2006-05-04 10°° FJ037688 938 D. aespoeensis ssp. Aspo-2 99.1
SRB32  KA3110 2007-09-27 10 FJ627779 568 D. desulfuricans 99.6
SRB33 KA3110 2007-09-27 107 FJ627780 879 D. aespoeensis ssp. Aspo-2 99.9
SRB34 KA2162B 2007-09-27 10°° FJ627781 1492 D. aespoeensis ssp. Aspo-2 99.9
SRB35 KA3510A 2007-09-27 1072 FJ627782 1457 D. aespoeensis ssp. Aspo-2 99.9
SRB40 KA3510A 2007-09-27 107 FJ627782" 1451 D. aespoeensis ssp. Aspo-2 99.9
SRB41 KA2162B 2007-09-27 107 FJ627781°¢ 1493 D. aespoeensis ssp. Aspo-2 99.9

Abbreviations: MPN, most probable number; SRB, sulphate-reducing bacteria.The percentages of base pairs in the 16S rRNA gene identical to the
closest cultured species or strain at GenBank are listed for the isolates, as well as the GenBank accession numbers and sequence lengths.
2Species with which 16S rRNA gene sequences in GenBank were compared using the BLAST tool at NCBI.

*The gene sequence was identical to and described as SRB35 in GenBank.

“The gene sequence was identical to and described as SRB34 in GenBank.

Host range experiments with phages on SRB

Six Desulfovibrio species that were widely distrib-
uted in the phylogenetic tree based on the 16S rRNA
gene for Desulfovibrio (Bale et al., 1997) were
exposed to phages to test the specificity of the five
phage isolates. The six species included were
retrieved from the German Collection of Microor-
ganisms and Cell Cultures (DSMZ), and were D.
aespoeensis subspecies Aspo-2 (DSM 10631), D.
desulfuricans subspecies desulfuricans (DSM 642),
D. vulgaris subspecies vulgaris (DSM 644), Desulfo-
vibrio africanus (DSM 2603), D. salexigens (DSM
2638) and Desulfovibrio profundus (DSM 11384).
These species were cultured in 9-ml portions in
27-ml anaerobic tubes. Each species was exposed to
each phage isolate in triplicate by adding 1ml of
each culture of the five phage isolates filtered
though 0.2-pm pore size Filtropur S syringe filters
(Sarstedt). Triplicate controls containing only SRB
batch cultures were also used. Cultures of D.
aespoeensis infected with phages served as positive
controls of infection. After addition of phages, the
cells were grown for 11-15 days before analysis. The
cell density of the cultures and the presence of lysis
were measured using visual inspection and the ATP
assay.

The host range of phages was further investigated
using the four isolates from borehole KJ0052F01
(Table 2) and the six isolates from boreholes,
KA3110A, KA3510A and KA2162B, (Table 2) using
the same procedure. Lysed cultures were identified
using visual inspection and the ATP assay or
turbidity measurements using spectrophotometry 8
or 18-24 days after the phages had been added.

Growth, infection and reinfection of D. aespoeensis
batch cultures

To follow SRB batch culture growth and infection by
phages, D. aespoeensis was grown in six-replicate
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batch cultures of 50 ml of medium in 100-ml bottles.
When the batch cultures had reached mid- to late-
exponential growth after 94 h, 2ml of phage isolate
HEy2 was added through 0.2-um pore size Filtropur
S syringe filters (Sarstedt) into three of the cultures.
Uninfected triplicate SRB cultures were grown for
comparison and triplicate bottles containing med-
ium served as the negative controls. Samples of
1.5ml were taken eleven times, the first after 22h
and the last after 576 h, using 2-ml BD Plastipak
syringes (VWR). Samples were preserved in 2-ml
Eppendorf tubes using 0.02-um filtered 37% acid-
free formaldehyde (Scharlau Chemie, Sentmenat,
Spain) to a final concentration of 2% and kept at 4 °C
until the total number of cells and number of virus-
like particles were determined.

Phage isolates were reintroduced to surviving
cells from previously infected D. aespoeensis
batch cultures to test for cells immune to the phages.
The tested cells were taken from four of the six-
replicate D. aespoeensis batch cultures used to
follow SRB growth and infection by phage isolates
as described in the previous paragraph. The tripli-
cate cultures originally infected with phage isolate
HEy2 and one of the uninfected cultures were
transferred to and grown in seven batch cultures of
9ml of medium in 27-ml anaerobic tubes. At mid-
exponential growth, 1ml of each of the five phage
isolates HEy1-5 was filtered through 0.2-pm pore
size Filtropur S syringe filters (Sarstedt) and added
to separate tubes. The remaining two tubes served as
controls. At 8 days after the phages had been added,
visual inspection and turbidity measurements
using spectrophotometry were used to detect lysed
cultures.

Nucleotide sequence accession numbers
The 16S rRNA gene sequences of the SRB strains
that were isolated and sequenced in this study



have been submitted to the DDBJ/EMBL/GenBank
databases under accession No. FJ037679, FJ037680,
FJ037681, FJ037688, F]627779, F]627780, F]627781
and FJ627782.

Results

MPN of SRB and identification of SRB isolates

The two boreholes, KA3542G01 and KJ0050F01,
contained 3000 and 130 viable cells of SRB per ml as
determined using the MPN method (Table 1). Sam-
ples from KJ0052F01 contained 30000 cellsml™.
The numbers of SRB found in boreholes, KA2162B,
KA3110A, KA3510A and KJ0052F03, were between
8 and 2200 cells ml™.

The MPN cultures were subsequently used to
isolate SRB. Four isolates denoting SRB2, SRB3,
SRB5 and SRB22 were obtained from borehole
KJ0052F01 (Table 2); they were all isolated from
MPN cultures diluted from 10° to 10° relative to the
original sample. The SRB isolates, SRB35 and
SRB40, were from borehole KA3510A groundwater,
and, SRB34 and SRB41, from KA2162B (Table 2);
they originated from MPN cultures diluted from 10?
to 10° relative to the sampled groundwater. The 16S
rRNA gene sequences of the isolates grouped in two
identical clusters that were similar but not identical
to that of the D. aespoeensis type strain Aspo-2.
A 99.1 and 99.9% base pair identity was found
between the two cluster sequences and the type
strain sequence (Table 2). However, the isolates
displayed different ERIC-PCR gel band patterns
when compared with each other (data not shown).
One additional isolate was closely related to D.
desulfuricans with 99.6% base pair identity.

Viable numbers of virus in Aspé HRL groundwater

Of the ten groundwater samples tested for VNV
in October 2006 using D. aespoeensis as host,
samples from the four boreholes, KA2162B,
KA3110A, KA3510A and KJ0052F03, from depths of
342-450m displayed phage infection on screening
(that is, lysed cultures). MPN cultivations of VNV
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performed with groundwater from these boreholes
showed 0.2—80ml™" infectious units of viable
viruses infecting the host D. aespoeensis (Table 1).
The samples positive for viral infection were
collected at sites containing chloride of 3050-
9070mgl™, sulphate of 313—659 mg 1™ and sulphide
of 0.006—-0.104 mg 1™ concentrations (Table 1).

Groundwater from the ten boreholes in Table 1
was sampled again in September 2007 and added to
SRB2, SRB3, SRB5, SRB22, and to D. aespoeensis,
now used as a control, to analyse for phage
infection. For the only samples found to be positive
for viral infection, these dates were those in which
groundwater from boreholes, KA3510A and
KA3110A, had been added to D. aespoeensis. These
boreholes were earlier shown to contain the highest
VNV infecting D. aespoeensis (Table 1).

Phage isolates and phage morphology

Five phage isolates, HEy1, HEy2, HEy3, HEy4 and
HEy5, were isolated from infected D. aespoeensis
cultures (Table 3). HEy3 was isolated from one 50-ml
culture from borehole KA3510A and the other four
isolates were isolated from the highest dilutions of
the various MPN cultures: isolate HEy1 from bore-
hole KA3510A, isolate HEy2 from KA3110, isolate
HEy4 from KA2162B and isolate HEy5 from
KJ0052F03. Figures 1a and b shows TEM images of
the isolated phage. The morphology of the phage
isolates was characterized as icosahedral heads with
tails, and the phages belong to the Podoviridae
morphology group and the C1 morphotype. The
average head size (xs.d.) was 56.3nm (x0.7,
n=179). All isolates displayed a tail with an overall
average length of 16.1nm (£ 1.1, n=54) and width
of 10.6 nm (£ 0.6, n=>54) (Table 3). Phages attached
to the cell surface of D. aespoeensis are shown in
Figures 1c and d.

Host range experiments with phages on SRB

The host range test for infection with the six
different DSMZ species showed the original host
D. aespoeensis to be the only species receptive for

Table 3 Size of phage isolates and the average of all isolates, measured in transmission electron microphotographs using Image]

Isolate and borehole of origin Capsid diameter n Tail length Tail width n
(nm)+£s.d. (nm)+£s.d. (nm)+£s.d.
HEy1, KA3510A 57.1%+3.1 30 15.3+2.0 10.9+3.8 6
HEy2, KA3110 56.7 £2.7 41 17.9+3.0 11.2+2.7 15
HEy3, KA3510A 55.8+2.2 35 16.1+2.7 10.8+2.2 9
HEy4, KA2162B 56.41+2.8 23 15.2+2.1 9.9+1.6 7
HEy5, KJ0052F03 55.3+2.8 50 16.0+ 2.5 99124 17
Average 56.31£0.7 179 16.1£1.1 10.6 £0.6 54

In terms of morphology, the phages had icosahedral capsids with tails. All phage isolates were obtained from cultures of Desulfovibrio
aespoeensis that had been infected with groundwater filtered through 0.2-um pore size filters. Isolate HEy3 was obtained from one of the 50-ml
cultures and groundwater from borehole KA3510A; the remaining four isolates were obtained from the highest dilutions of the different most

probable number cultures.
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Figure 1 The morphologies of phages isolated from deep groundwater lytic to Desulfovibrio aespoeensis growing in a medium for
sulphate-reducing bacteria are shown in transmission electron micrographs (a and b). Images (c and d) show phages (arrows) at the
surface of a bacterium. Images were taken using x 70 000 magnification in (a—c) and x 45 000 magnification in (d). Images (a) and (b) are
from phage isolate HEy5, (c) from isolate HEy4 and (d) from isolate HEy2. The scale bar is 100nm in (a—c) and 500 nm in (d).

lytic infection. Subsequently, the host range of the
phage isolates was tested using the isolates, SRB2,
SRB3, SRB5 and SRB22, from borehole KJ0052F01
(Table 2), all of which were resistant to phage
infection. The host range of phage isolates was
further tested using SRB32, SRB33, SRB34, SRB35,
SRB40 and SRB41 isolated from boreholes,
KA2162B, KA3110A and KA3510A, boreholes
known from earlier experiments to contain phages
lytic to D. aespoeensis. However, none of these
cultures were infected. For isolate SRB32, the
optical density values of the control cultures were
low with greater variation, averaging (+s.d.) 0.062
(£0.076, n=3), making it difficult to judge whether
this particular isolate had lysed. In addition, black
precipitations had formed, so the cells might have
lysed due to a lysogenic phage.

Growth, infection and reinfection of D. aespoeensis
batch cultures

Batch cultures of D. aespoeensis grew exponentially
for ~120h, before they reached the stationary
growth phase at a concentration of 5-6x 10°
cellsml™ (Figure 2). The cultures to which phage
isolate HEy2 had been added after 94h contained
5.3 X 107 cells ml™ at the time of phage addition, and
the number of cells per ml™ decreased to 2.1 x 10°
cellsml™ after 263h. Bacterial morphology indi-
cated that the cells were enlarged after 119h of
growth and that many cells were destroyed after
143 h with viral particles found in close proximity.
After 360h, the cells had started to increase in
number again and the culture had the same
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Figure 2 Sulphate-reducing bacteria and phage numbers fol-
lowed over time by counting particles filtered onto a 0.02-pm pore
size filter and stained with SYBR Gold. Samples were taken from
50-ml uninfected (A) and infected (M) batch cultures of D.
aespoeensis. Phage isolate HEy2 ((J) was added after 94 h and the
error bars indicate s.d. (n=3).

concentration of cells, as did the uninfected control
cultures after 576 h. Few enlarged or lysed cells with
viral particles in close proximity were observed in
the 360- and 576-h samples. The number of phages
in the infected batch cultures was 1.0 x 10* pha-
gesml™ at addition; this number increased to
~2 x 10" phagesml™ after 167 h. Using the average
numbers of virus-like particles before and after lysis,
the viral burst size was calculated to be 170. The
time taken by the phages to lyse most of the SRB
cells, the latent period, was ~70h. The surviving
cells from lysed D. aespoeensis cultures again



exposed to phages were not lysed, whereas cells
exposed to the phages for the first time were
infected; this was observed for all HEy1-5 phage
isolates.

Discussion

Viable numbers of SRB and phages

The water around the Aspé HRL tunnel at a depth
below 250m is ancient anaerobic glacial water and
seawater that has been subsurface for ~ 10000 years
(Laaksoharju et al., 1999). The sampled groundwater
contained sulphate of 313—-659 mgl—"and sulphide of
0.006—2.01mgl™ concentrations (Table 1), which
suggested that microbial sulphate reduction was
ongoing. Hence, SRB could be cultivated from all
tested samples. Although SRB could be cultivated in
substantial numbers from the Aspé HRL ground-
water, many microorganisms from environmental
samples are difficult to cultivate and isolate. As
viruses are normally species specific and need an
isolated host in order to be cultivated, enumeration
of infectious viruses in the groundwater is even
more challenging. To the best of our knowledge, this
is the first time viable viruses have been isolated
from deep granitic groundwater, as well as the first
time the numbers of viruses infectious to a Desulfo-
vibrio species in environmental samples have been
successfully estimated.

Applying a phage MPN method with D. aespoeen-
sis as a host, groundwater from four of ten tested
boreholes at depths ranging from 342 to 450 m was
shown to contain active phages (Table 1). At these
locations, or in the vicinity, the lytic release of
phages was extensive enough to be detected using
the MPN method. Reliable methods are needed to
cultivate and detect viral infection of bacterial
cultures. As the SRB used in this study grew well
in liquid media, and plaque count methods are
difficult to perform under anaerobic conditions for
SRB, the MPN method in liquid media was used to
estimate VNV. Such methods have been used
extensively to trace viruses and monitor water
quality, and the total cultivable virus assay MPN
method is recommended by the US Environmental
Protection Agency (Anonymous, 1995). The MPN
method then allowed the number of infectious units
to be compared between different sites at the Apo
HRL.

Phage morphology

From phage MPN cultures using D. aespoeensis as a
host, phages were isolated and TEM was used to
confirm the presence of pure phage cultures and to
describe their morphology. The phage isolates were
all in the Podoviridae morphology group with an
average head diameter of 56nm (Figure 1 and
Table 3). Podoviruses are known to have subterm-
inal fibres, but these structures were not observed,
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possibly because of the interference from the
sulphide and salts in the medium. Podoviruses
were also described by Kyle et al. (2008) using TEM
on groundwater samples from borehole KA3110A in
the Aspb’ HRL, the borehole here shown to have the
highest MPN of phages. The morphologies of phages
infecting three Desulfovibrio species have been
previously reported. All of these earlier described
phages were tailed, but differed from each other and
from the phages isolated from the Asp6 HRL. Rapp
and Wall (1987) found phages that were able to
mediate transduction in D. desulfuricans. These
phages, like those reported here, belonged to the
Podoviridae morphology group, having a head
~43nm in diameter and a tail 7.1nm long and
5.7nm wide. Other types of phages that have been
reported to infect Desulfovibrio are Myoviridae
(Handley et al., 1973), icosahedral phages (Walker
et al. 2006) and Siphoviridae (Kamimura and Araki
1989). Although only a few different phages have
been isolated so far with Desulfovibrio species as a
host, more phages are likely to be described.

Host range and selection of immune cells .

To further describe the phages isolated from Aspo
HRL groundwater, their host range was tested. Of
the six Desulfovibrio type strains, only D. aespoeen-
sis was infected. Subsequently, the next step was to
add the phage isolates to cultures of SRB isolates
from earlier experiments at the Aspé HRL. The D.
aespoeensis isolates, SRB2, SRB3, SRB5 and SRB22,
from borehole KJ0052F01 were shown to be 99.1%
similar to D. aespoeensis in their 16S rRNA gene
sequence, though the ERIC-PCR patterns differed
between the isolates. All these isolates were found
to be immune to phage isolates HEy1-5, and the
phages were likely to be specific to D. aespoeensis
aspo-2 type strain only.

As the phages were found in groundwater origi-
nating from four different boreholes at the Aspé HRL
(KJ0052F03, KA2162B, KA3110A and KA3510A),
their host was likely to live at the same locations.
From SRB cultivations from these boreholes, five
isolates of SRB similar in 16S rRNA gene sequence
to D. aespoeensis and one isolate similar to D.
desulfuricans were retrieved (Table 2). Surprisingly,
none of these isolates was infected with the phage
isolates, even though the isolates had 99.9% 16S
rRNA gene sequence identity to D. aespoeensis.
Podoviruses have often been found abundantly in
oceans and to have a narrow host range (Suttle,
2005), which is in line with the host range found in
the present study. On the other hand, as only
isolates from high dilutions of groundwater were
tested here, it may be merely by chance that no
isolates sensitive to the phages were found. Alter-
nately, these SRB isolates might be dominant in the
boreholes because they were in fact resistant to the
phages in the water (Waterbury and Valois, 1993).
The host range of phages can also be influenced by
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how they were isolated, as was shown by Jensen
et al. (1998), working mainly with samples from
sewage sources. They isolated a higher frequency of
phages with a broader host range when two bacterial
strains were used as hosts to isolate phages. It is
unknown to what extent of cultivation of SRB from
borehole groundwater might have selected for
bacteria immune to the phages common in these
environments—cells might easily become immune
to phages as shown here (Figure 2).

The selection of immune cells was further
investigated in the laboratory. When bacterial and
viral numbers were followed in batch cultures, most
of the cells exposed to the phage isolate HEy2 were
lysed, with a latent period of ~70h and a viral burst
size of 170 (Figure 2). The viral burst size has been
shown to increase with the cell size of the host in
marine samples (Weinbauer and Peduzzi, 1994).
This would mean that factors affecting the cell size,
such as the nutrient supply, might determine the
number of released viral particles. Deep terrestrial
ecosystems are oligotrophic, where the number of
viruses produced by a viral infection is likely to be
smaller than that observed in laboratory batch
cultures. After the first phage lysis observed in the
D. aespoeensis Aspo-2 laboratory batch cultures,
some of the cells started to grow again in the three
parallel cultures (Figure 2). The cells that were
able to grow despite the presence of phages
were inoculated into fresh medium. By adding
the five phage isolates, HEy1-5, to the cultures of
cells surviving the HEy2 phage isolate attack,
D. aespoeensis cultures were found to be immune
to all the five phage isolates. This indicates that all
the phage isolates originating from four different
locations at the Aspdé HRL infect D. aespoeensis
using a similar mechanism. It may be that some of
the phages entered a lysogenic cycle and were
integrated into the genome of their host, which by
this mechanism became immune to the same type of
phage.

On the basis of what has been learnt so far about
the five phages isolated and described here, they
seemed very similar to each other, though the degree
of identity between the isolates needs to be tested by
comparison of their DNA sequences to confirm that
they are in fact the same phage. By selecting for cells
immune to viruses, microorganisms and viruses
from deep groundwater environments can evolve
over time through an ‘arms race’ between viruses
and bacteria. A similar replacement of cells sensi-
tive to the phages with resistant clones has been
observed in marine phage—host systems grown in
artificial seawater batch cultures (Middelboe et al.,
2001).

The SRB isolated from Aspé HRL groundwater in
this study displayed variation in the 16S rRNA gene
sequence and ERIC-PCR pattern. The bacterial
communities have likely changed and diverged over
time and phage activity might have contributed to
this development. This could have happened as
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described by the ‘killing the winner’ theory (Thing-
stad and Lignell, 1997), according to which lytic
phages kill the fast-growing and dominant cells,
enabling the coexistence of less competitive popula-
tions and thereby sustaining bacterial diversity. The
phages from the Aspé HRL might also affect the
microbial evolution by mediating gene transfer
between cells, as described by Weinbauer and
Rassoulzadegan (2004). Rapp and Wall (1987) found
phages that were able to mediate transduction in
D. desulfuricans, and the parasite—prey system of
phages and bacteria described here supports the
idea that transduction could occur in the subsurface
environment.

The phages isolated here had a narrow host range,
and a morphologically diverse viral population
(including polyhedral, tailed, filamentous and pleo-
morphic viruses) has previously been observed in
Asp6 HRL groundwater (Kyle et al., 2008). Taken
together, this suggests that a great many types of
viruses may be involved in controlling microbial
populations. All types of viruses present must be
considered when modelling the evolution of deep
biosphere ecosystems and when studying the activ-
ity of their microbial populations.

Intraterrestrial environments, represented here by
the Aspo HRL, have been argued to be inhabited by
inactive or extremely slowly metabolizing micro-
organisms because of the lack of a large microbial
biomass (Kerr, 2002). Like what was found in deep-
sea sediments (Danovaro et al, 2008), the finding of
active lytic viruses offers an alternate explanation
where the microorganisms are in a state of growth.
This supports the earlier data obtained from sig-
nificant energy source assimilation and activity
(Pedersen and Ekendahl, 1992) and amounts of
ATP in groundwater (Eydal and Pedersen, 2007).

As the specific host must be replicating and
present in numbers that are able to sustain the
viruses, the idea of the viruses as isolated from
dynamic microbial communities is further sup-
ported by the narrow viral host range. As well, the
isolated viruses are lytic, which is the life strategy
thought to be more common when the host density
is high (Chibani-Chennoufi et al., 2004). This stands
in contrast to lysogeny, which has been shown to be
more prevalent in isolates from oligotrophic marine
environments induced with mitomycin C and UV
radiation (Jiang and Paul, 1998).
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