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Viruses are the most abundant and diverse biological entities within soils, yet their ecological impact is largely unknown. Defin-
ing how soil viral communities change with perturbation or across environments will contribute to understanding the larger
ecological significance of soil viruses. A new approach to examining the composition of soil viral communities based on random
PCR amplification of polymorphic DNA (RAPD-PCR) was developed. A key methodological improvement was the use of viral
metagenomic sequence data for the design of RAPD-PCR primers. This metagenomically informed approach to primer design
enabled the optimization of RAPD-PCR sensitivity for examining changes in soil viral communities. Initial application of
RAPD-PCR viral fingerprinting to soil viral communities demonstrated that the composition of autochthonous soil viral assem-
blages noticeably changed over a distance of meters along a transect of Antarctic soils and across soils subjected to different land
uses. For Antarctic soils, viral assemblages segregated upslope from the edge of dry valley lakes. In the case of temperate soils at
the Kellogg Biological Station, viral communities clustered according to land use treatment. In both environments, soil viral
communities changed along with environmental factors known to shape the composition of bacterial host communities. Over-
all, this work demonstrates that RAPD-PCR fingerprinting is an inexpensive, high-throughput means for addressing first-order
questions of viral community dynamics within environmental samples and thus fills a methodological gap between narrow sin-
gle-gene approaches and comprehensive shotgun metagenomic sequencing for the analysis of viral community diversity.

Although only �30% of our planet is covered by landmass,
terrestrial ecosystems are responsible for 50% of global net

primary productivity (2). Because soils are the essential basis of all
terrestrial plant communities, global productivity ultimately relies
on the health and fertility of soils. In turn, the fertility of soils is
dictated by the activity of microorganisms, which are the key fa-
cilitators of biogeochemical cycles. It is these cycles that maintain
the nutrient balance of soils (6–8). Bacterially mediated redox
reactions of elements and molecules contribute substantially to
nutrient transformations occurring in the biosphere (9–12).
Agricultural practices such as application of biofertilizers (e.g.,
nitrogen-fixing and phosphate-solubilizing bacteria) have lever-
aged these microbial processes to increase levels of plant-available
nutrients in soils (13, 14). In a similar way, bioremediation strat-
egies for environmental cleanup are aimed at empowering specific
bacterial populations responsible for the transformation of pol-
lutant compounds to less harmful forms (15–17). Collectively,
these services provided by soil bacteria are critical to ecosystem
health, yet our understanding of the factors that regulate the mag-
nitude and rates of such services is limited.

Predator-prey and host-parasite interactions are considered
key ecological factors regulating the composition and activity of
bacterial communities (18–22). Nematodes, protozoa, viruses,
and microarthropods form the principle bactivorous fraction of
soil microbiota, which help to regulate bacterial abundance and
therefore influence bacterial processes within soils. Eloquent ex
situ model studies have credited soil viruses with modulating bac-
terial diversity (23), and observations of phage and bacterial pop-
ulations indicate viral regulation of bacterial activity in Artic soil
ecosystems (24). In addition, the sheer abundance (�109 viruses
g�1) and diversity of soil viruses (25, 26), along with an absence of
any metabolic requirements for survival outside the host cell, ar-

gue that viruses may be persistent microbial parasites within soils.
In support of this idea, investigations into the fate and transport of
pathogenic viruses have found that viable virus particles show
long-term persistence in soils (27–29).

For aquatic environments, we now appreciate that virioplank-
ton populations have significant influence in the flow of carbon
and energy (30). In highly productive marine ecosystems, virio-
plankton assemblages are dynamic, showing fast turnover rates
(31, 32) and high diversity (33). Viruses in aquatic environments
are known to regulate the growth of bacterial communities di-
rectly through host cell lysis and indirectly through the lytic re-
lease of nutrients, which benefit the growth of uninfected popula-
tions (34). Through these and other mechanisms, aquatic viruses
contribute to ecosystem productivity and the flux of nutrient ele-
ments through global biogeochemical cycles. In contrast, the de-
gree to which viral activities influence soil biogeochemical pro-
cesses remains an open question. Documenting the dynamics of
soil viral populations with changes in edaphic and geographic fac-
tors is one important step toward understanding the larger role of
soil viral communities.

Recently, random PCR amplification of polymorphic DNA
(RAPD-PCR) has provided a valuable means for examining fine-
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scale changes in the composition of virioplankton within aquatic
environments (1, 3–5, 35, 36). However, no comparable high-
throughput approaches have been developed for examining
short-term changes in the composition of soil viral assemblages at
high resolution. To address these first-order questions surround-
ing the dynamics of soil viral assemblages, we developed a RAPD-
PCR fingerprinting approach suitable for the particular demands
of soil samples. Subsequently, limited proof-of-concept experi-
ments were conducted to test the use of RAPD-PCR for docu-
menting changes in soil viral assemblages across geographic scales
and with changes in land use.

MATERIALS AND METHODS
Soil samples. Antarctic soil samples were collected as �1-kg frozen cores
of 0 to 10 cm in depth along a transect at the eastern rim of Tom’s Pond
(ETP) and the southern rim of Obelisk Pond (SOB), Antarctica. Three soil
samples were analyzed over each transect. These soils were provided by M.
Uhle and M. Howard, University of Tennessee, Knoxville, TN, and were
stored at �20°C. Delaware soils were Matapeake silt loam composite sam-
ples of 0 to 10 cm in depth collected across a cornfield at the Agricultural
Experimental Station, University of Delaware, Newark, DE. The Delaware
soil samples were maintained at 12.7% moisture and 4°C until use. Prop-
erties of the Antarctic and Delaware soils can be found in a publication
from Williamson et al. (37). Soils from Kellogg Biological Station (KBS)
Long-Term Ecological Research (LTER) treatment plots were either Kala-
mazoo fine loamy or Oshtemo coarse loamy. The following soil samples
were collected on 19 May 2008 from KBS treatment plots (http://lter.kbs
.msu.edu/): T1, corn/soybean/wheat, conventional till and inputs; T4,
corn/soybean/wheat, organic (reduced inputs, winter cover); T7, early
successional community, annually burned; T8, early successional com-
munity, annually mowed, never tilled; and SF2, mid- to late successional
forest (40 to 60 years postagriculture).

Preparation of virus and cell concentrates from soil samples. Viruses
were extracted from soils using a potassium citrate extraction procedure
described elsewhere (38). Briefly, soils were vortexed with potassium
citrate extraction buffer and kept on ice during the sonication treatment.
After sonication, the soil-buffer mixture was centrifuged at 3,000 � g for
30 min at 4°C. The resulting supernatant was filtered through a 0.22-�m-
pore-size filter (Sterivex; Millipore Corp., Bedford, MA). This viral extract
was snap-frozen in liquid nitrogen before storage at �80°C. To increase
the concentration of virus particles, extracts were ultracentrifuged at
�200,000 � g at 4°C for 2 h (41,000 rpm in an SW 41 Ti rotor; Beckman
Coulter Inc., Fullerton, CA). The supernatant was carefully decanted, and
viral pellets were resuspended to a total volume of 200 �l of the potassium
citrate viral extraction buffer. Dilutions of this viral concentrate were
prepared using extraction buffer. Extracted viruses were enumerated us-
ing epifluorescence microscopy as described by Williamson et al. (38).

Prior to analysis by RAPD-PCR, viral concentrates were treated with a
high concentration of DNase I to remove free, extraviral DNA (39). Five
units of DNase I (RQ1 RNase-free DNase; Fisher Scientific, Pittsburg,
PA), 2 �l of 10� DNase buffer, and 20 �l of viral concentrate or viral
extract were mixed, and the mixture was incubated at 37°C for 30 min.
Reactions were terminated by addition of 2 �l of DNase I stop solution,
and the reaction mixtures were incubated at 65°C for 10 min.

RAPD-PCR primer design. The total population and frequency of all
possible decamers having �70% G�C content were recorded within 22
viral metagenome libraries (see Table S2 in the supplemental material).
The PERL script RDP-M (RAPD primer design from metagenomes), used
to calculate decamer frequencies, is located at http://rpd-m.sourceforge
.net. The decamer frequency of occurrence within different viral meta-
genomic libraries was normalized through multiplication by use of a nor-
malizing factor unique to each library. Library normalizing factors were
calculated as the ratio of the number of base pairs of DNA sequence within
each library to the number of base pairs of DNA sequence within the

largest library in the collection of 22 viral metagenome libraries. Normal-
ization was done to allow comparison of the decamer frequency of occur-
rence across libraries, as no two libraries were of similar size in terms of the
numbers of base pairs of DNA.

RAPD-PCR analysis. RAPD-PCR assay mixtures of a 25-�l total vol-
ume contained 2.5 �l of 10� Ex Taq buffer (Mg2� plus), 1.60 �l of a
deoxynucleoside triphosphate (dNTP) mixture (0.16 mM each), 2 �l of a
50-pmol �l�1 primer stock (final concentration, 4 �M), 0.50 �l of
TaKaRa Ex Taq Hot-Start DNA polymerase (5 units/�l; Hot-Start ver-
sion; TaKaRa Bio Inc., Otsu, Shiga, Japan), and 1 �l of template (104, 105,
106, or 107 viruses). The primers used in the investigations were HDC-1
(5=-CGCCGCCGCC-3=), HCB-1 (5=-CCAGCAGCAG-3=), LWHS-1 (5=-
GTTCGGGTCG-3=), RLWLS-1 (5=-GCGATCCACG-3=), and AAWZS-1
(5=-CACCACCTGC-3=). Single primers served as both forward and re-
verse primers in the PCR amplification. Thermocycler conditions were as
follows: (i) 94°C for 10 min for denaturing the protein capsids and releas-
ing the viral DNA, (ii) primer annealing at the indicated temperature
for each primer for 3 min (HDC-1, 55°C; HCB-1, 47°C; LWHS-1, 43°C;
RLWLS-1, 44°C; AAWZS-1, 43°C), (iii) primer extension at 72°C for 1
min, (iv) 94°C for 30 s, (v) repeat of steps ii through iv for an additional 29
cycles, (vi) annealing at the temperature for each primer indicated above
for 3 min, (vii) final primer extension at 72°C for 10 min, and (viii) hold
at 4°C.

RAPD-PCR amplicons were separated on a 1.8% high-resolution aga-
rose gel (Agarose–Hi-Res separation, �1,000 bp [Affymetrix, Inc., Santa
Clara, CA] or GenePure HiRes agarose [ISC BioExpress, Kaysville, UT])
made in 1� Tris-borate-EDTA (TBE; 10� TBE is 890 mM Tris base, 890
mM boric acid, 20 mM EDTA, pH 8.3). Running buffer consisted of 0.5�
TBE. Molecular size markers were loaded into two terminal lanes and one
central lane of the gel (100-bp DNA ladder plus; Fermentas Gene Ruler,
Burlington, ON, Canada). Electrophoresis was conducted using a 21-cm
(distance between electrodes) gel box and a 13.5-cm gel. After electropho-
resis, the gel was stained with SYBR gold (Molecular Probes Inc., Eugene,
OR), according to the manufacturer’s instructions, in 500 ml of 1� Tris-
EDTA (TE; 10� TE is 100 mM Tris-Cl, 10 mM EDTA, pH 8) buffer.
Stained gels were imaged using an MD Typhoon 6500 variable-mode
imager (Amersham Biosciences, Buckinghamshire, United Kingdom).

Banding patterns from gel images were analyzed using GelCompar II
software (version 4.5; Applied Maths, Sint-Martens-Latem, Belgium).
Bands were initially selected by screening the fingerprints with 5% mini-
mum profiling and 2% gray zone criteria before manually checking for
band assignment. Matrices of banding pattern similarity were determined
using Dice’s binary coefficient (40). Dendrograms of banding pattern
similarity were obtained using the unweighted-pair group method using
arithmetic averages (UPGMA) (4).

The reproducibility of the RAPD-PCR banding patterns across PCRs
and gels was investigated. The experimental design consisted of two indi-
vidual PCR master mixes (MMs) each aliquoted twice. Each master mix
contained diethyl pyrocarbonate-treated water, reaction buffer, dNTPs,
primer, and DNA polymerase. A single template of 105 soil viruses that
had been DNase I treated was assayed in two aliquots of two MMs for a
total of four independent reactions. These independent reactions were
each run on two different gels to compare the between and within repro-
ducibility of the RAPD-PCR banding patterns according to master mix
and gel.

Statistical and other analyses. Statistical tests were conducted using
JMP software (SAS Institute Inc., Cary, NC). Viral and bacterial quan-
titative data were plotted with Prism software (GraphPad Software, La
Jolla, CA).

RESULTS
Primer design and testing. A total of 22 viral metagenome librar-
ies (see Table S2 in the supplemental material) were used in de-
signing RAPD-PCR decamer primers. All libraries are publicly
available on the Viral Informatics Resource for Metagenome
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Exploration (VIROME) web portal (virome.dbi.udel.edu) (41).
The theoretical maximum numbers of unique decamers was
1,048,576; however, for greater primer specificity and binding
strength, only decamers having a �70% G�C content were se-
lected (42, 43). High-G�C-content primers also favored amplifi-
cation of soil viral DNA, as soil viruses are known to have genomes
of high G�C content (26, 44). High-G�C-content decamers were
obtained through analysis of viral metagenomic DNA sequences,
and their frequency of occurrence in viral metagenome libraries
from water, soils, extreme environments, and sludges was re-
corded (see Table S1 in the supplemental material). Occurrence
frequency was subsequently normalized according to the size of a
given library in terms of the total numbers of base pairs of DNA.
Altogether, 190,279 high-G�C-content decamers occurred in at
least one of the viral metagenome libraries.

Sixteen decamers were selected for initial tests in RAPD-PCR
assays against soil viral extracts from Delaware soil. Decamer
HDC-1 had the highest normalized frequency of occurrence in the
Matapeake soil viral metagenome library and, similar to decamer
HKCHD-1, also occurred relatively frequently in other soil and
sludge viral libraries. Primer HDPC-1 had a high average normal-
ized frequency of occurrence in soil and water viral libraries. The
frequency of HDPC-1 was highly variable across libraries due to its
frequentoccurrenceintheWisconsinsoilandChesapeakeBay(CBAY_
Bench) viral libraries. Decamer HCCG-1 was the most common in
aquatic viral libraries, including extreme aquatic environments.
Primer AAWZS-1 had a low frequency of occurrence in soils, and
its frequency was zero in Desert, Kansas, and Peru soils (data not
included for frequencies in individual libraries). Decamer
LWHS-1 had a zero frequency in viral metagenomes from sludge
and a low occurrence in water and extreme environments.

For each selected decamer, the optimal PCR annealing temper-

ature was determined by testing a gradient of annealing tempera-
tures; for example, the optimal annealing temperature of primer
HCB-1 was found to be 47°C (see Fig. S1 in the supplemental
material) rather than the predicted temperature of 37.9°C. An-
nealing temperatures of 47.1°C and 47.8°C provided the most
similar banding patterns among the annealing temperatures
tested. This higher annealing temperature was also chosen to
avoid nonspecific DNA binding (45) and false-positive banding in
no-template control samples (46, 47). Among the group of 16
primers, a subset was selected on the basis of the number of
RAPD-PCR bands produced and the banding pattern spread of
RAPD-PCR fingerprints across the gel lane. Primer HDC-1, which
had the highest frequency of occurrence in the Matapeake soil
viral library, produced an excessive number of bands and was not
used in RAPD-PCR fingerprint analysis of soil viruses.

Primer frequency and banding patterns. Four primers,
HCB-1, LWHS-1, RLWLS-1, and AAWZS-1 (listed according to
decreasing frequency within the Matapeake [Delaware] soil viral
metagenome library), were used in RAPD-PCR trials against var-
ious concentrations of viruses extracted from a single soil sample
(Fig. 1). Primer HCB-1 produced more bands at the lower tem-
plate concentration (104 viruses) than the lower-frequency prim-
ers LWHS-1, RLWLS-1, and AAWZS-1 (Fig. 1). Band intensity
also increased with increasing template concentration up to 106

viruses. At any given template concentration, primers with a
greater frequency of occurrence produced more bands in the
RAPD-PCR assay (Fig. 1). As the number of template viral parti-
cles in each PCR assay increased, higher-molecular-size bands
tended to disappear and the number and intensity of smaller am-
plification products increased. At template concentrations of 107

viruses per reaction mixture, none of the primers produced am-
plicons. The absence of RAPD-PCR amplicons at a high template

FIG 1 RAPD-PCR of viral assemblages from a Delaware soil sample using four different decamer primers at four levels of viral template DNA. Lanes 4, 5, 6, and
7 indicate 104, 105, 106, and 107 viruses per PCR, respectively. Lanes M, molecular size marker lanes; lanes �, no-template control. A decrease in decamer
frequency in soil viral metagenomes is shown from left to right: HCB-1 � LWHS-1 � RLWLS-1 � AAWZS-1.
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concentration might have been due to the high ratio of sites for
priming to primer molecules within the PCR. This high ratio
would have scavenged primer molecules within early PCR cycles,
preventing effective amplification in later cycles. Alternatively,
PCR inhibition at high template concentrations could have been
caused by inhibitory substances, such as humic acids, within soil
viral extracts (48). Considering the loss of higher-molecular-size
bands at template concentrations of 106 viruses per PCR mixture
and the complete loss of amplification with 107 viruses per PCR
mixture, a template concentration of 105 viruses per 25-�l PCR
mixture was determined to be the optimal amount of starting
template in the RAPD-PCR assay.

Reproducibility. Because the ultimate objective of RAPD-PCR
analysis is the comparison of polymorphic DNA templates, the
reproducibility of whole fingerprints is of paramount importance
to unbiased assessment of similarities and differences between
samples. To assess the reproducibility of RAPD-PCR analysis of
soil viral assemblages, RAPD-PCR fingerprints obtained using a
single sample and a single template concentration were produced
from two master mixes, each of which was split into two aliquots.
The resulting RAPD-PCR amplicons were resolved on two inde-
pendent agarose gels.

Fingerprints from the same master mix and aliquot resolved on
a single gel were 99 to 100% similar. However, this similarity
dropped to 92 to 97% across gels (Fig. 2). Similarity fell to 91 to
95% for RAPD-PCR fingerprints from the same master mix but
from different master mix aliquots resolved on a single gel. Across
gels, the similarity of these reactions fell to 89 to 92%. Fingerprint
similarities were 90 to 96% and 90 to 95% from different master
mixes resolved on a single gel or two different gels, respectively.
Most fingerprints tended to cluster with fingerprints run on the
same gel, irrespective of the master mix or the different aliquots
used during PCR. Thus, for amplicons produced from the same
master mix and master mix aliquot and resolved on the same gel,
a similarity above 99% would be considered identical. For finger-
prints produced from different master mixes and run on different

gels, those with similarity values above 89% would be considered
identical.

RAPD-PCR analysis of soil viral communities. To explore the
influence of environmental factors on soil viral communities,
primer AAWZS-1 was used to investigate differences in the com-
position of viral assemblages in soils from Antarctica, the Kellogg
Biological Station, and Delaware (Fig. 3). Viral RAPD-PCR fin-
gerprints from Antarctic soils included three samples from a tran-
sect near the eastern rim of Tom’s Pond (ETP) and three from a
transect of the southern rim of Obelisk Pond (SOB) in the dry
valleys. RAPD-PCR fingerprints showed these viral assemblages to
be highly distinct from one other (Fig. 3A). Viral fingerprints from
the SOB transect clustered together at 77% similarity, with two
upgradient samples, SOB sample 4 (SOB-4) and SOB-6, clustering
most tightly at 82%. The SOB viral assemblages were very different
from those in the ETP soils, with the closest similarity between the
two sites being 51%. While the SOB viral communities clustered
tightly, the RAPD-PCR fingerprints from the ETP site indicated
that the soil viral assemblage composition changed dramatically
across geographic distances as short as 20 m. The viral communi-
ties in ETP soil sample 0 (ETP-0), adjacent to the edge of Tom’s
Pond, shared only 26% similarity to those in the upslope ETP-2
and ETP-20 sites, and the viral communities in the ETP-2 and
ETP-20 sites shared only 33% similarity in RAPD-PCR banding
patterns (Fig. 3A). Thus, it appears that the changing intensities of
environmental factors along the ETP transect, such as levels of
carbon, moisture, and salinity and the number of hours of sun-
light exposure, resulted in substantial changes in the composition
of soil viral assemblages within this extreme soil environment.

The impact of land use practices on soil viral community com-
position was evaluated through the use of viral RAPD-PCR fin-
gerprints from experimental treatment plots of the Kellogg Bio-
logical Station LTER and a Delaware farm soil under conventional
corn cultivation. The greatest differences in viral RAPD-PCR fin-
gerprints (76% similarity) occurred between the KBS treatment
plots and Delaware agricultural soil, despite the fact that the treat-

FIG 2 Reproducibility of RAPD-PCR fingerprints using the HCB-1 decamer against whole viral assemblages from a single Delaware soil sample. The scale at the
upper top left is the percent similarity of RAPD-PCR fingerprints. Numbers at the nodes of the dendrogram indicate percent similarity. RAPD-PCR fingerprints
were produced from two aliquots (A) each from two different PCR master mixes (MMs). Subsequently, a total of 3 lanes per master mix aliquot were run: 2 lanes
on one gel (G) and 1 lane on the other gel. The sizes of marker bands are given as numbers of base pairs of DNA.
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ment used in the KBS T1 plot was similar to the cultivation prac-
tices used in the Delaware soil (Fig. 3B). Thus, within this sam-
pling design, geographic distance and differences in edaphic
properties appeared to be the greatest contributors to the differ-
ences in soil viral communities between the two sites. The samples
with the highest similarity (88%) were from KBS plots T1 and T4,
which had similar cropping practices, albeit with conventional till
and inputs and with organic reduced till and winter cover crops,
respectively. Viral assemblages within soils from KBS treatment
site T7 (with annually burned early successional community treat-
ment) clustered with those within soils from plots T1 and T4 at
85% similarity. Soil viral assemblages within KBS treatment plot
T8 (annually mowed, never tilled, early successional community
treatment) did not cluster with those within T7 and instead clus-
tered at 85% with those within plot SF2, a mid- to late successional
forest treatment (40 to 60 years postagriculture).

DISCUSSION

Comparative analysis of the microbial community composition
across environmental samples is critical for revealing important
structure-function relationships within microbial communities
that may have emergent impacts at the ecosystem scale. An ideal
method for measuring microbial community composition would
be capable of identifying all populations comprising a community
and enumerating all individuals within each population. No ex-
isting microbial community composition method fulfills these
ideal requirements; however, for bacterial communities, tech-
niques utilizing the 16S rRNA gene have continued to inch toward

this goal and have become the de facto standard for comparative
analyses. For viruses, no universally shared genetic marker exists;
thus, marker gene approaches to analyzing viral communities are
incapable of fully capturing viral diversity. Moreover, because the
genetic markers used for viral diversity studies have all been pro-
tein-encoding genes, it has been notoriously difficult to design
degenerate PCR primer pairs capable of detecting all viruses car-
rying the gene without spurious amplification of nontarget se-
quences (5, 36). To a point, shotgun metagenomics approaches
have come closer to the ideal requirements of a method for mea-
suring viral community composition; however, these approaches
are still expensive (despite the falling costs of sequencing) and do
not allow the sample throughput necessary for ecological investi-
gations (49). Furthermore, the short read length of current next-
generation sequencing platforms is not well suited to unambigu-
ously identifying viral populations (50, 51). The RAPD-PCR
approach fills a methodological gap between more narrowly fo-
cused marker gene approaches and broadly focused, low-
throughput, expensive shotgun metagenomics approaches for
semiquantitative estimation of viral diversity in environmental
samples.

Several studies have applied RAPD-PCR to examinations of
genotypic changes in virioplankton communities over time and
by location in marine ecosystems. Offering greater sensitivity to
virioplankton community changes than pulsed-field gel electro-
phoresis methods (36), RAPD-PCR has demonstrated shifts in
viral communities across depth zones in the pelagic ocean (1),
over seasonal scales in estuarine ecosystems (36), and most re-

FIG 3 RAPD-PCR fingerprints of viral communities in soils from Antarctica, Kellogg Biological Station (KBS), and Delaware. (A) RAPD-PCR fingerprints from
Antarctic soils (ETP and SOB series). (B) RAPD-PCR fingerprints from KBS soils (T1, T4, T7, T8, and SF2) and Delaware soils (DE soil) under different land use
practices. A percent similarity scale is shown at the top left of each panel. Values at the nodes in the dendrogram are percent similarity values for the clusters.
Banding patterns with similarity values of �89% are considered identical.
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cently, in permanently anoxic freshwater sediments (35). This
community fingerprinting approach was also important in dem-
onstrating that lysogenic viral populations in deep-sea hydrother-
mal vent environments are a less diverse subset of the virioplank-
ton communities found at the vents (4). When coupled with direct
sequencing of bands, RAPD-PCR has provided a means for lim-
ited exploration of the genetic capabilities and taxonomic identity
of viruses within environmental samples (3–5). Like shotgun met-
agenomic sequences, RAPD-PCR sequences have shown a similar
distribution of sequences that are known (i.e., showing homology
to a sequence in a known organism), unknown, and novel, with
known sequences accounting for less than half of the RAPD-PCR
amplicons. This study is the first to demonstrate that RAPD-PCR
can be used to fingerprint soil viral communities and subsequently
compare the composition of these communities across different
soil samples.

Advantages of metagenomically informed RAPD-PCR primer
design. Primer design was a key difference between this study and
previous RAPD-PCR studies of viral diversity. This study utilized
shotgun viral metagenome sequence data to inform the design of
RAPD-PCR primers according to their frequency of occurrence in
the environment, whereas earlier RAPD-PCR studies used exist-
ing RAPD-PCR primers initially tested for use in genotyping plant
(52) or bacterial (53) species. Conventionally, RAPD-PCR prim-
ers have been randomly selected without previous knowledge of
the target sequence (53–55). While random primer selection can
avoid bias, it might not be optimal for analyzing a heterogeneous
mixture of template DNA (56). Indeed, virioplankton RAPD-PCR
assays using plant or bacterial RAPD-PCR primers produced rel-
atively few bands (�20) compared to the larger number of bands
in the more complex patterns resulting from the use of primers
designed using viral shotgun metagenome sequence data (Fig. 1)
(5, 36). It was encouraging that decamers showing a greater fre-
quency of occurrence in viral metagenome sequence data tended
to provide a greater number of bands in the RAPD-PCR finger-
printing assay (Fig. 1). This phenomenon indicates that decamers
that are more common within viral metagenome sequence librar-
ies more frequently prime PCR amplification from environmental
viral template DNA. Similar observations have been reported for
RAPD primers designed using sequence information from the
Arabidopsis thaliana genome (57). It is also notable that different
decamers showed different frequencies within metagenomes from
different environments (see Table S1 in the supplemental mate-
rial). In future applications, choosing from a range of primers
with different frequencies of occurrence in different environ-
ments will enable optimization of RAPD-PCR assays to provide
greater or lesser sensitivity in detecting differences between
viral communities.

It was also encouraging to see that the RAPD-PCR fingerprint
patterns obtained using these new, metagenomically informed
primers showed a high degree of reproducibility across gels and
PCRs. Past virioplankton studies found that identical templates
run under identical reaction conditions and resolved on a single
agarose gel produced RAPD-PCR fingerprint patterns showing no
more than 80% similarity (5, 36). In contrast, the metagenomi-
cally designed HCB-1 decamer used in this study showed greater
than 90% similarity in banding patterns for identical templates
amplified in two independent PCR master mixes and run on sep-
arate gels (Fig. 2). This similarity increased to 99% for identical
templates analyzed with a single master mix on the same gel. The

improved reproducibility in RAPD-PCR fingerprinting is wel-
comed, although the source of the improved reproducibility is not
known. However, we are certain that adherence to a strict set of
experimental conditions is critical to reproducibility. As others
have noted and we have observed, even slight changes in the tem-
plate concentration or annealing temperature can alter the ob-
served banding patterns (58–60). Because of the inherent variabil-
ity in RAPD fingerprint patterns, we established that patterns with
�89% similarity should be considered identical.

Initial application of RAPD-PCR fingerprinting to soil viral
ecology. It is known that soil biotic and abiotic properties can
change at microscales (61) and that temporal and spatial varia-
tions in Antarctic soils are critical in influencing the richness and
structure of microbial communities (62). RAPD-PCR fingerprints
showed that the heterogeneous conditions among Antarctic dry
valley soils influenced the composition of soil viral assemblages in
this unique and extreme environment. Past work examining the
abundance of viruses and bacteria within Antarctic soils found
that the ratio of viruses to bacteria increased as water and organic
matter content decreased when moving upslope from the edge of
ephemeral dry valley lakes (37). The proportion of inducible lyso-
genic cells also increased along the upgradient transects; however,
this trend did not correlate with any measured soil edaphic factors
(37). RAPD-PCR fingerprint analyses corroborate these earlier
observations by showing that the composition of viral assem-
blages changes when moving upgradient along the ETP and SOB
transects. Whether these changes in soil viral assemblages were
related to an increasing predominance of temperate phages is not
known; however, future work using sequence data from RAPD-
PCR bands (3–5) or shotgun metagenomic surveys could provide
data on whether the relative prevalence of temperate phages
changes with edaphic factors within dry valley soils.

Differences in land use practices can result in changes in bac-
terial communities that are likely connected to changes in soil
properties. For example, slash-and-burn agricultural practices
have been shown to cause shifts in bacterial community structure
that are linked with ash nutrient inputs (63). Agricultural land use
leads to increases in methane-oxidizing bacteria, sulfate-reducing
bacteria, and the diversity of denitrifying bacteria (64, 65). RAPD-
PCR analysis of viral communities across different land use treat-
ments at the Kellogg Biological Station indicated that shifts in viral
communities also occur with changes in land use practices.

Previous microbial community analysis of KBS agricultural
plots T1, T4, and T7 showed that they had remarkably similar
bacterial community structures (66). Although crop cultivation
within plot T7 (an annually burned, early successional plant com-
munity) ceased in 1989, it shared a similar bacterial community
structure with the agricultural plots (T1 and T4). Our RAPD-PCR
analyses found that the viral assemblages in plots T1, T4, and T7
were the most similar to one another (at least 85% similar), in
agreement with earlier observations of the bacterial community
structure in these land use plots (Fig. 3B). In contrast, the soil viral
communities present in KBS plots SF2 and T8, which support
stable successional plant communities, were more distant from
the viral communities present in plots T1, T4, and T7. Earlier
work in SF2 and T8 found that these plots supported microbial
communities different from those seen in T1, T4, and T7 (67).
Despite their close geographic proximity, the cultivated (T1, T4,
and T7) and uncultivated (SF2 and T8) plots showed differences
in soil biogeochemical properties that ultimately appear to influ-
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ence soil microbial communities (67). It is known that cultivation
can perturb common soil properties like pH, C/N ratio, organic
matter content, exchangeable cation content, nutrient availability,
electrical conductivity, and bulk density, all of which can influence
the microbial community structure (64). Once a soil microbial
community is disturbed by cultivation (68), it takes many years
after cultivation ceases for soil properties and, therefore, micro-
bial communities to return to their original state (69). This sce-
nario likely explains why the viral assemblages seen in plot SF2 (40
to 60 years postagriculture) are similar to those seen in unculti-
vated plot T8 and more distant from those seen in the T1, T4, and
T7 cultivated plots.

Overall, these data indicate that RAPD-PCR fingerprinting can
capture changes in the composition of soil viral communities that
occur with environmental features known to affect the composi-
tion of host microbial communities. Our initial applications also
demonstrate the utility of RAPD-PCR fingerprinting as an inex-
pensive and high-throughput tool for comparative analyses of vi-
ral assemblages across soil environments and a diverse range of
soil types. More broadly interpreted, these data support the idea
that viruses are active within soil ecosystems and capable of influ-
encing the activity and population ecology of coexisting microbial
host communities.
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