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Ribonucleic acid (RNA) viruses that infect marine plankton

have been poorly studied compared with their deoxyribonu-

cleic acid (DNA)-containing counterparts, but evidence of

their importance has been accumulating. RNA-containing

viruses have been isolated that infect marine protists, includ-

ing a noxious dinoflagellate

(Tomaru et al. 2004), a common fungoid protist (Takao et

al.  2005), a red tide–forming raphidophyte (Tai et al. 2003),

and three types of diatom (Nagasaki et al. 2004; Shirai et al.

2008; Tomaru et al. 2009). There is also at least one report of

a marine RNA-containing bacteriophage (Hidaka and Ichida

1976). More detailed descriptions of these viral isolates can be

found in reviews by Munn (2006), Brussaard and Martinez

(2008), Nagasaki (2008) and Lang et al. (2009).

The isolation and cultivation of a virus from the environ-

ment is essential if the virus is to be fully characterized. Nev-

ertheless, cultivation is an unrealistic approach to describing

the full range of diversity in natural marine viral assemblages.

Cultivation-independent methods have thus been adopted,

which include categorization based on morphology (Frank

and Moebus 1987), genome size distributions (Steward et al.

2000), the phylogeny or finger print of a specific viral gene

(Chen et al. 1996; Fuller et al. 1998; Short and Suttle 1999;

Filée et al. 2005; Larsen et al. 2008), or construction of metage-

nomic libraries (Breitbart et al. 2002, 2004; Angly et al. 2006;

Bench et al. 2007; Helton and Wommack 2009).

Characterizing RNA virus diversity based on morphology is

the least informative of the above approaches because it is

laborious and provides little resolution among viruses. To the

best of our knowledge, most RNA viruses are relatively small

and untailed with little morphological detail to distinguish

them from small, untailed DNA-containing viruses. Moreover,

there appears to be no relationship between the morphology of

an RNA virus and the type of host that it is able to infect. Char-

acterizing the distribution of genomes sizes within a sample is

a more tractable approach to determining RNA virus diversity,

because these results are relatively quick and easy to obtain and

can provide quantitative data on diversity. Our preliminary

results suggest that RNA sizing by denaturing agarose gels elec-

trophoresis can be used to generate “fingerprints” of RNA virus

genotypes from marine assemblages. However, this method is

limited because relatively large amounts of viral RNA are

required, and only significant differences in genome size are

discriminated and not differences in sequence.

The superior sensitivity and resolution achievable by

sequence analysis has made sequence-based methods the most

widely used approach to categorizing microbial diversity, and

molecular surveys have made it clear that much of the diver-

sity among RNA viruses has yet to be discovered. Many of the

novel gene sequences recovered so far appear to derive from

viruses of marine protists. Their high diversity suggests that
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viral infections are a persistent force-shaping protistan com-

munity composition in the sea.

Because this is a relatively new area of research, the number

of methods described in the literature for investigating the

diversity of marine RNA viruses is still limited. We present

here two protocols that have been used successfully in pub-

lished articles (Culley et al. 2006; Culley and Steward 2007;

Djikeng et al. 2008, 2009), but note that this is a nascent field

and there are no routine methods. We hope the protocols

described will at least serve as starting point for further

improvements.

Protocol 1. A degenerate primer reverse transcription-
polymerase chain reaction–based protocol to deter-
mine the diversity of picorna-like viruses

This protocol is designed to detect picorna-like viruses from

marine samples. It is based on a strategy first reported by Cul-

ley et al. (2003) and refined by Culley and Steward (2007). All

picorna-like viruses have single-stranded positive-sense RNA

genomes and are classified in the order Picornavirales (Le Gall

et al. 2008). Picorna-like viruses are responsible for several sig-

nificant human and animal diseases and infect a diversity of

marine protists including a diatom (Nagasaki 2008; Lang et al.

2009). The procedure outlined below uses direct filtration of

relatively small volumes of water and reverse transcription-

polymerase chain reaction (RT-PCR) amplification of an RNA-

dependent RNA polymerase (RdRP) gene fragment using

degenerate primer sets.

With this method, viral polymerase sequences were ampli-

fied in several distinct aquatic environments, including an

estuarine urban canal (Ala Wai canal, Waikiki, HI, USA), a trop-

ical bay (Kaneohe Bay, HI, USA), and a temperate bay (Mon-

terey Bay, CA, USA). Amplification occurred in samples from

the same site in different seasons and at different depths show-

ing that RNA viruses are widespread and consistently present.

Sequencing of the amplified gene fragments revealed novel

sequences that are highly divergent from any known isolates.

Material and equipment

Equipment—Peristaltic pump and pump heads, thermocy-

cler, heating block, incubator, gel electrophoresis unit, elec-

troporator, gel documentation system

Supplies—Sterile, 1.7 mL nucleic acid-free microcentrifuge

tubes; 0.2 mL sterile, nucleic acid-free PCR tubes; 0.02 µm alu-

minum oxide filters (Anotop, Whatman); 10 mL sterile syringes;

peristaltic pump tubing; sterile razor blades; MinElute Gel

Extraction kit (Qiagen); MinElute PCR Purification kit (Qiagen);

Masterpure Complete DNA and RNA Purification kit (Epicenter

Biotechnologies); PCRTerminator End Repair kit (Lucigen);

CloneSmart HCKan Blunt Cloning kit with Ecloni Supreme cells

(Lucigen); Turbo DNA-free Kit (Applied Biosystems)

Solutions, reagents, and media—0.02-filtered, sterile, nucleic

acid-free TE buffer (10 mM Tris, 1 mM EDTA; pH 8); 0.1 M

dithiothreitol (DTT); Superscript III Reverse Transcriptase and

buffers (Invitrogen); RNase Out (Invitrogen); RNase H (Invitro-

gen); Platinum Taq DNA polymerase and buffers (Invitrogen)

Primers in concentrations discussed as follows: 0.5 × TBE

(45 mM Tris-borate, 1 mM EDTA; pH 8.0) electrophoresis

buffer; nucleic acid–free, sterile water; 10 mM dNTP mix

Steps

Collection—Whole seawater (if intracellular viruses are to be

included in the analysis) or 0.22-filtered seawater (if only the

free virus community is targeted) is gently filtered (7 mmHg)

through a 0.02 µm aluminum oxide filter (Anotop, What-

man). Filtration should continue until the rate slows dramati-

cally or drops to zero (note that it is important to measure the

total volume of sample that passes through the filter). Use

pumped air to remove as much residual sample as possible.

Once dry, seal the filter inlets and outlets with parafilm, label

the filter, and then flash-freeze the filter in liquid nitrogen and

store it at –80°C until extraction.

Extraction—Total nucleic acids are extracted from the alu-

minum oxide filters using a Masterpure complete DNA and

RNA Purification kit (Epicenter, Biotechnologies) with a pro-

tocol slightly modified from the manufacturer’s instructions.

The detailed protocol of this method is presented elsewhere in

this book (Steward and Culley 2010, this volume).

DNase treatment—To reduce the likelihood of mispriming

and increase the sensitivity of the subsequent cDNA synthesis

and PCR reactions, we remove contaminating DNA from our

RNA preparations with the Turbo DNA-free kit (Applied

Biosystems) as described in the protocol provided with the kit.

Although the manufacturers suggest that treated RNA tem-

plate should not exceed 40% of the total cDNA synthesis reac-

tion, using the reaction discussed below, we have used 55%

template without inhibition.

cDNA synthesis—We have synthesized complementary DNA

(cDNA) using reverse transcriptase (Superscript III, Invitrogen)

in reactions primed with random hexamers (N6) or the spe-

cific primers RdRp2, Mpl.sc1R, Mpl.sc2R, Mpl.sc3R, or

Mpl.cdhR (details for these primers are listed in Table 1), and

have found no detectable difference in sensitivity between the

two approaches. Priming with random hexamers is preferable

because the resultant cDNA can be used in a PCR reaction with

any of the five primer sets listed in Table 1, eliminating the

necessity for a different cDNA reaction for each primer set.

Each cDNA reaction contains 11 µL of extracted Turbo

DNA-free–treated RNA template, 0.2 mM of each dNTP, and

100 ng of N6 primer in a total volume of 13 µL. Denaturation

and annealing of the primers to the RNA template occurs by

heating the sample to 65°C for 5 min and then cooling it on

ice. While still on ice, DTT (0.5 mM final conc.) is added to the

reaction as an enzyme stabilization reagent with 40 U RNase

OUT (Invitrogen) to protect the sample from RNAse activity.

The complementary DNA strand is synthesized with 200 U

Superscript III (Invitrogen) Reverse Transcriptase. The final

reaction volume should be 20 µL.
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The reaction is incubated initially at 25°C for 5 min so that

the relatively unstable hexamer primers remain annealed to

the template while cDNA synthesis commences. The tempera-

ture is then increased to 50°C, the temperature at which

Superscript III’s processivity is highest, for 60 min. The activ-

ity of the enzyme is terminated by incubating the reaction at

85°C for 5 min. After cDNA synthesis, add 1 µL (2 U) of RNase

H (Invitrogen) to the reaction and incubate at 37°C for 20 min

to digest the RNA template from the cDNA:RNA molecule.

PCR—PCR can be performed with the RdRp, Mpl.sc1,

Mpl.sc2, Mplsc3, and Mpl.cdh primer sets listed in Table 1 and

the cDNA synthesized in the previous step. In a 0.2 mL nucle-

ase-free PCR tube, add reaction components to achieve final

concentrations of 1× Platinum Taq buffer, 3 mM MgCl
2
, 0.2

mM of each dNTP, 1 µM of each primer, and 1 unit of Platinum

Taq DNA polymerase (Invitrogen). Incubate the reactions with

the following thermal cycling conditions: 94°C for 75 s (this is

necessary to activate the enzyme and ensures complete initial

denaturation of template), followed by 35 cycles of denatura-

tion at 94°C for 45 s, annealing at a primer-specific tempera-

ture (Table 1) for 45 s, and extension at 72°C for 45 s (note that

the target product size is approximately 500 bp). Complete the

cycle with a single final extension step of 9 min 15 s at 72°C.

Before gel separation, we purify and concentrate the PCR

reactions with a MinElute PCR cleanup column (Qiagen) as

described by the manufacturer. A smaller volume of product

allows one to load the product on a thinner gel, ultimately

resulting in a more efficient recovery of target DNA from the

excised band. Purified PCR products are loaded onto a 1%

agarose gel containing 1× SYBR safe stain (Invitrogen) and

0.5× TBE buffer. Bands of DNA of the appropriate size (approx-

imately 500 bp) are excised and purified with a MinElute Gel

Extraction kit (Qiagen) according to the manufacturer’s

instructions. In the final step of this procedure, we recom-

mend eluting DNA from the column with three washes of 10

µL nuclease-free water in preparation for the end repair reac-

tion described below.

Cloning and sequencing—Several commercial kits are avail-

able for the efficient cloning of PCR products. We use the

CloneSmart Blunt Cloning kit from Lucigen. Some advantages

of this cloning kit are the high efficiency of recombinants that

eliminate the need for screening (e.g., XGAL/IPTG) and the

prevention of transcription of inserts in the vector reduces

cloning bias. However, the pSMART vector requires blunt ends

with 5′ phosphate groups (unlike TOPO-TA [Invitrogen]

cloning kits for example). The additional step adds time,

increases cost, and increases risk of sample loss, but we have

found that it works well.

In preparation for ligation, PCR products are polished and

phosphorylated with the PCRTerminator End Repair kit (Luci-

gen) as described by the manufacturer. After a 15-min incuba-

tion at room temperature the reaction is purified and concen-

trated with a MinElute Reaction Cleanup column (Qiagen).

The eluted PCR products are subsequently ligated into the

pSMART-HCKan vector (Lucigen) according to the manufac-

turer. In this reaction, we typically use the maximum amount

of template (6.5 µL) and the maximum incubation time (2 h).

After terminating the ligation reaction with by incubating for

15 min at 70°C, 2 µL of the ligation reaction is transformed

into Ecloni 10G Supreme cells (Lucigen) via electroporation.

We do not recommend using greater than 2 µL of the ligation

mixture in the transformation reaction because the chances of

arcing are greatly increased during electroporation. Before ini-

tiating a large-scale sequencing effort, we recommend screen-

ing 10 to 20 colonies for inserts by PCR amplification with the

primers SL1 and SR2 (Table 1) to assess the quality of the

library. Colony PCR products can be visualized on a gel and

the products in the correct size range purified and sequenced.
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Table 1. RT and PCR primer details. 

Name Sequence (5′-3′) °C annealing ~Product (bp)

Mpl.sc1F TIGCIGGWGAYTWYARM 50 500

Mpl.sc1R YTCCTTWTCRGSCATKGTA

Mpl.sc2F ITWGCIGGIGATTWCA 43 500

Mpl.sc2R CKYTTCARRAAWTCAGCATC

Mpl.sc3F TIATIGMKGGIGAYTA 49 500

Mpl.sc3R TTMARGAAIKMAGCATCTT

Mpl.cdhF GMIGGTGAYTAYAGCGCTTWYGAY 44 500

Mpl.cdhR ATACCCAATGCCTYTTIARRAA

RdRp1 GGRGAYTACASCIRWTTTGAT 50 450

RdRp2 MACCCAACKMCKCTTSARRAA

SL1 CAGTCCAGTTACGCTGGAGTC 50 NA

SR2 GGTCAGGTATGATTTAAATGGTCAGT

FR26RV-N GCCGGAGCTCTGCAGATATCNNNNNN NA NA

FR40RV-T GCCGGAGCTCTGCAGATATC(T)20 NA NA

FR20RV GCCGGAGCTCTGCAGATATC 65 NA

NA, not applicable.



Assessment

The method described above is based on reverse transcrip-

tion (RT) of RNA into cDNA and PCR amplification of mixed

templates. PCR in combination with cloning, sequencing and

bioinformatic analysis, has resulted in the identification and

cultivation-independent classification of thousands of

microbes (Rappé and Giovannoni 2003). However, bias associ-

ated with every step of a PCR-based assay, including sample

collection, nucleic acid extraction, PCR amplification, and

sequence analysis of PCR amplicons, can contribute to an

inaccurate portrayal of the community under examination

(von Wintzingerode et al. 1997).

Reverse transcriptase synthesizes DNA from an RNA tem-

plate. The enzyme lacks 3′ to 5′ proofreading exonuclease

activity, contributing to its relatively high error rate in com-

parison with other DNA polymerases (Roberts et al. 1988). For

example, Superscript II reverse transcriptase (Invitrogen) is

approximately 13 times more error prone than Platinum Taq

polymerase (Invitrogen) (Roberts et al. 1988). Factors such as

the concentration of target RNA, the amount of template sec-

ondary structure and priming conditions including annealing

temperature can significantly affect the precision, efficiency

and production of the RT reaction (Stahlberg et al. 2004).

Amplification of environmental targets with PCR can result

in differential amplification, the formation of chimeras and

heteroduplexes, and artifacts from DNA polymerase error,

among other biases (von Wintzingerode et al. 1997; Kanagwa

2003). Polz and Cavanaugh (1998) found that PCR with degen-

erate primers did not maintain the original ratio of template

after 25 cycles and that templates with GC-rich priming sites

were preferentially amplified. Moreover, Suzuki and Giovan-

noni (1996) observed that in reactions with greater than 35

cycles, a 1:1 ratio of products occurred regardless of the initial

ratio of target sequences. PCR can also produce artifacts.

Chimeras, molecules formed from parts of two different

sequences, can comprise approximately 10% of PCR amplified

products and appear to increase in frequency with cycle num-

ber (von Wintzingerode et al. 1997). The DNA polymerase in

PCR can mis-incorporate bases during amplification resulting

in sequencing artifacts. Eckert and Kunkel (1990) calculated

Taq error rates as high as 3 × 10–3, and Acinas et al. (2005) iden-

tified Taq DNA polymerase error as the primary cause of arti-

facts during the construction of rRNA clone libraries.

The cloning of amplified products can be another signifi-

cant source of bias. Factors that may lead to cloning bias

include the expression of deleterious genes (a significant con-

cern when cloning phage genes), a decrease in cloning effi-

ciency with increasing insert size, the formation of heterodu-

plexes, and inappropriate antibiotic resistance (Kanagwa

2003). For example, Rainey et al. (1994) observed significant

differences in community composition between clone

libraries constructed with different cloning systems from the

same sample. Although PCR-based methods can be effective in

characterizing the richness of a community as well as the

identity and phylogeny of its members, estimates of evenness

are dubious, because of the biases discussed above.

The advantages of the method described above are that it is

relatively simple and inexpensive (compared with a metage-

nomic approach for example). Using this approach, novel

marine RNA viruses are being discovered and characterized at

an increasing rate (Lang et al. 2009; Nagasaki 2008). The

primers used in the assay can be redesigned to incorporate the

most current available sequence information. Moreover, this

assay is not limited to picorna-viruses, and can be targeted

toward any group of RNA viruses that have an appropriate

molecular marker (e.g., RdRP, helicase, or capsid genes).

Protocol 2. Construction of shotgun libraries from
RNA virus assemblages

The following protocol is used to construct shotgun

libraries from RNA virus assemblages. This method is designed

to detect all RNA viruses, regardless of their genome orienta-

tion, and therefore provides a broader assessment of RNA virus

diversity compared to the single-gene–based method

described in Protocol 1.

Metagenomics is loosely defined as the analysis of genome

sequences from a community of organisms. In the field of

marine virology, metagenomic approaches have been pre-

dominantly used to characterize natural assemblages of

marine DNA phages (see Edwards and Rohwer 2005 for a

review). These studies have generated an immense quantity of

sequence data that has resulted in the discovery of a signifi-

cant number of novel viral genes and has revealed the extraor-

dinary diversity of DNA viruses in the ocean.

The diversity of RNA virus assemblages in human feces

(Zhang et al. 2006b; Victoria et al. 2009), reclaimed water

(Rosario et al. 2009), and a freshwater lake (Djikeng et al.

2009) have been characterized with metagenomic methods.

These studies detected unexpected viral genomes from each

respective sampling environment as well as sundry novel RNA

virus genes. The only metagenomic analysis of marine RNA

virus assemblages to date characterized two marine RNA virus

communities from coastal British Columbia (Culley et al.

2006). In this study, most of the sequences were unrelated to

known sequences. For the sequences that were related to

known sequences, positive-sense ssRNA viruses that are dis-

tant relatives of known RNA viruses dominated the samples.

One RNA virus library was characterized by diverse picorna-

like viruses, while the second library was dominated by viruses

related to members of the family Tombusviridae and genus

Umbravirus (Culley et al. 2006). In the latter library, 59% of the

sequence fragments that formed overlapping contiguous sec-

tions fell into one segment. Similarly, 66% of JP sequence frag-

ments contributed to only four contigs (Culley et al. 2006).

These sequences presumably represent the most abundant

viruses in the two marine RNA virus communities sampled.

This first “snap shot” suggests that marine RNA viruses have
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primarily eukaryotic hosts and are orders of magnitude less

diverse than DNA viruses.

There are two primary challenges to constructing shotgun

libraries of marine RNA virus communities: producing a puri-

fied fraction of viral RNA from seawater and the unbiased pro-

duction of DNA appropriate for sequencing from a relatively

small amount of RNA template. We have constructed libraries

with a low percentage of non-viral sequences from concentrated

RNA virus assemblages that have simply been filtered and enzy-

matically treated (Culley et al. 2006). However, we have subse-

quently found that filtration-only is ineffective in removing

contaminating nucleic acid from some samples. To consistently

produce the necessary purity of viral RNA for library construc-

tion, we recommend that filtration is followed by two rounds of

density gradient purification of the viruses (Lawrence and Stew-

ard 2010, this volume, Protocol B), followed by DNase treat-

ment in order to remove contaminating DNA. There are several

means of producing microgram amounts of double-stranded

DNA from sub-nanogram amounts of RNA beyond the method

described here. Examples include 1) linear amplification of RNA

(Frias-Lopez et al. 2008) and ds cDNA synthesis, 2) RNA-tailing

(Botero et al. 2005) and PCR, 3) cDNA tailing and PCR (Iscove

et al. 2002), 4) ds cDNA synthesis, primer adapter addition and

PCR (Culley et al. 2006; Zhang et al. 2006b), and 5) random ds

cDNA synthesis and multiple displacement amplification

(Berthet et al. 2008; Rosario et al. 2009). These alternatives may

prove to be less biased and more sensitive and merit further

investigation. However, to the best of our knowledge, the accu-

racy, reproducibility, and limitations of these methods have not

been evaluated in a systematic manner and/or the protocol has

not been used with RNA viruses.

The method described below, based on the work of Reyes

and Kim (1991), Froussard (1992), and Allander et al. (2005), is

referred to as random priming-mediated sequence-independ-

ent single-primer amplification or RP-SISPA, and was devel-

oped by Djikeng et al. (2008) to generate whole genome shot-

gun libraries of virus communities. Victoria et al. (2008)

described a similar approach to characterize virus diversity

from tissue samples. In RP-SISPA, cDNA is synthesized from a

DNA-free viral RNA template with a primer mixture that con-

tains two types of primers. The first primer type, FR26RV-N, has

a 5′, 20-bp primer sequence (FR20RV), and a 3′ random hexa-

mer (N6) segment. The second primer type (FR40RV-T) has the

same 5′ 20 bp primer (FR20RV) sequence coupled with a 3′ poly

T tail (Figure 1A). Second strand synthesis is primed by rean-

nealing the cDNA primers (FR26RV-N) remaining from the RT

reaction to the newly synthesized cDNA strand and catalyzed

by Klenow exo – DNA polymerase (Figure 1B). Single-strand

PCR is performed with the double stranded cDNA template and

a single 20 bp primer (FR20RV) that is the same sequence as the

5′ cDNA primers (Figure 1B). PCR products are visualized on a

gel and DNA of the target size can be excised and either cloned

or processed directly for pyrosequencing. An evaluation of the

accuracy of RP-SISPA by Djikeng et al. (2008) demonstrated

that the method consistently produced libraries with > 90%

genome coverage and 15-fold depth of coverage of positive and

negative sense RNA virus genomes. Subsequently, RP-SISPA was

used to characterize seasonal differences in the diversity of

RNA viruses in a freshwater lake (Djikeng et al. 2009). Just as in

the marine environment, a majority of sequences did not show

significant similarity to known sequences. The sequences that

were characterized suggest that the lake RNA virus assemblage

includes pathogens of protists, plants, insects, fish, and

humans (Djikeng et al. 2009).
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Figure 1. RP-SISPA Schematic. This figure is based on Djikeng et al.

(2008). Figure 1A shows the three primers used in RP-SISPA. FR26RV-N is

composed of the 20 bp 5′ primer sequence, FR20RV (black bar), and a

random hexamer at the 3′ end (light blue bar). Primer FR40RV-T is a com-

posite of the FR20RV primer (black bar) and a 20 bp poly T tail (red bar).

FR20RV (black bar) is used in PCR. The reverse complement of FR26RV-N

(green and orange bar) and FR40RV-T (green and yellow bar) are shown.

In Figure 1B, cDNA is synthesized from viral RNA (gray segmented line)

with reverse transcriptase primed with FR26RV-N and FR40RV-T. To syn-

thesize the second strand, FR26RV-N is annealed to the newly synthesized

cDNA strand where it primes Klenow exo – DNA polymerase “gap filling”

activity, resulting in an FR20RV site on both 5′ and 3′ ends. The DNA tem-

plates, which represent random stretches of the initial viral RNA genomes,

are then amplified with the FR20RV primer to generate more material for

cloning and sequencing. 



Material and equipment

Equipment—Thermocycler, heating block, incubator, gel

electrophoresis unit, gel documentation system

Supplies—1.7 mL sterile, nucleic acid–free microcentrifuge

tubes; 0.2 mL sterile, nucleic acid-free PCR tubes; sterile razor

blades; QIAamp Viral RNA Mini kit (Qiagen); MinElute Gel

Extraction kit (Qiagen); MinElute PCR Purification kit (Qia-

gen); MinElute Reaction Cleanup kit (Qiagen); PCRTerminator

End Repair kit (Lucigen); CloneSmart HCKan Blunt Cloning

kit with Ecloni Supreme cells (Lucigen); Turbo DNA-free Kit

(Applied Biosystems); electroporation cuvettes

Solutions, reagents, and media—Superscript III Reverse Tran-

scriptase and buffers (Invitrogen), 10 µM dNTP mix, RNase

Out (Invitrogen), Klenow Fragment, 3′-5′ exo – (New England

Biolabs); primers (Table 1): 0.5 × TBE (45 mM Tris-borate, 1

mM EDTA [pH 8.0]) electrophoresis buffer; nucleic acid-free,

sterile water; Ampligold Taq Polymerase and buffers (Applied

Biosystems); 0.02-filtered SM Buffer (100 mM NaCl, 8 mM

MgSO4, 50 mM Tris pH 7.5)

Steps

Sample collection, purification, and extraction—The ideal start-

ing amount for this method is on the order of nanograms or

greater of purified viral RNA, however the sensitivity of RT-

PCR suggests that sub-nanogram starting template will be suc-

cessful. Because of how little RNA is present in a viral genome,

the virus community in tens to thousands of liters of seawater

must be isolated and concentrated before one can proceed

with shotgun library construction. Other chapters in this book

(Wommack et al. 2010, this volume; Steward and Culley 2010,

this volume) discuss approaches to concentrating viral com-

munities from seawater.

RP-SISPA will not discriminate between viral and non-viral

nucleic acids, and it is therefore critical that only pure viral

RNA is present as template. We have found that purification

through two sequential cesium chloride gradients (Protocol B

in Lawrence and Steward 2010, this volume) is effective for

removing contaminating cellular and exogenous nucleic acids

prior to library construction.

Once the cesium chloride fractions have been collected

and concentrated with a centrifugal ultrafiltration unit as

described, viruses are recovered by eluting in 3 × 50 µL of

0.02-filtered SM buffer. Each density fraction is then

extracted with the QIAamp Viral RNA Mini kit (Qiagen) as

directed by the manufacturer with the following exception.

We do not add carrier RNA as suggested to the “AL” lysis

buffer to avoid introducing non-target RNA to the sample.

Note that there is no RNase treatment before extraction

because exogenous RNA will pellet and is thus removed dur-

ing the CsCl fractionation procedure. We recommend quan-

tifying the RNA from each density fraction to identify in

which fraction the concentration of viral RNA is highest. The

template for RP-SISPA can be RNA extracted from mutiple

pooled fractions or from a single fraction depending on your

research objectives.

Enzymatic treatment—As in Protocol 1, we remove contami-

nating DNA from our RNA preparations with the Turbo DNA-

free kit (Applied Biosystems) as described in the protocol pro-

vided with the kit.

RP-SISPA

cDNA synthesis: In preparation for cDNA synthesis, 10 µL

purified RNA viral template is mixed with a final dNTP con-

centration of 0.2 mM and 1 µM and 5 nM final concentra-

tions of FR26RV-N and FR40RV-T primer, respectively (see

Table 1 for the sequence of each primer). FR40RV-T is added

to take advantage of the fact that a majority of characterized

RNA virus genomes have poly(A) tails. The addition of a

poly(T) primer may increase the likelihood of the 3′ ends

being sequenced (Figure 1B). The reaction is heated to 65°C

then cooled on ice to allow the primers to anneal. While still

on ice, DTT (0.5 mM final conc.) is added to the reaction as

an enzyme stabilization reagent with 40 U RNase OUT (Invit-

rogen) to protect the sample form RNAse activity. The com-

plementary DNA strand is synthesized with 200 U of Super-

script III (Invitrogen) reverse transcriptase. The final reaction

volume should be 20 µL. The reaction is incubated initially at

25°C for 10 min so that the hexamer 3′ end of primer

FR26RV-N and the poly(T)
20

3′ end of primer FR40RV-T

remain annealed to the template while cDNA synthesis com-

mences. The temperature is then increased to 50°C, the tem-

perature at which Superscript III’s processivity is highest, for

60 min.

Second strand synthesis: In a simple and elegant step, the

second strand synthesis reaction results in a ds cDNA template

with a primer site added to both the 5′ and 3′ end (Figure 1B).

After the hour-long incubation at 50°C, the first strand syn-

thesis reaction is heated immediately to 94°C for 3 min and

then rapidly cooled on ice. This step results in the reannealing

of excess FR26RV-N primer to the nascent cDNA strand. A

complementary second strand is subsequently synthesized at

37°C for 60 min with the addition of 2.5 U of Klenow Frag-

ment, 3′-5′ exo – (New England Biolabs). The Klenow reaction

is terminated with a final incubation at 75°C for 10 min.

PCR: PCR is used to produce a sufficient quantity of DNA

from the ds cDNA template from the second strand reaction

for sequencing (Figure 1B). One PCR reaction contains 5 µL of

template taken directly from the second strand synthesis reac-

tion, 40 pM of FR20RV primer (see Table 1), a final dNTP con-

centration of 0.2 mM, 1 × Gold buffer, 2.5 mM MgCl
2
, and 2.5

U of Ampligold DNA polymerase (Applied Biosystems) in a

final volume of 50 µL. The reaction is incubated at 94°C for 10

min to fully denature the template and activate the hot start

enzyme (we have found that a hot start is absolutely essential),

followed by 35 cycles of denaturation at 94°C for 1 min,

annealing at 65°C for 1 min, and extension at 72°C for 2 min

and a final extension for 13 min that permits the completion

of complementary strand synthesis.
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Before gel separation, we purify and concentrate the PCR

reactions with a MinElute PCR cleanup column (Qiagen) as

described by the manufacturer. This reduces the thickness of

the gel, ultimately resulting in a more efficient recovery of tar-

get DNA from the excised band. Purified PCR products are

loaded onto a 1% agarose gel containing 1 × SYBR safe stain

(Invitrogen) and 0.5 × TBE buffer. Bands of DNA of the appro-

priate size range (the size range excised should be based on

what type of sequencing method is being used; for example,

we target the 800-2000 bp size range for Sanger sequencing)

are excised and purified with a MinElute Gel Extraction kit

(Qiagen) according to the manufacturer’s instructions. When

visualizing the gel, prolonged exposure to UV irradiation can

damage the DNA and greatly reduce downstream cloning effi-

ciency. An illuminator with blue light-emitting bulbs is ideal

for gel visualization. If this is not available, take steps to

reduce the exposure of the gel to ultraviolet irradiation during

excision as much as possible. To mitigate the biases associated

with high cycle number PCR (see the “Assessment” section of

Protocol 1), we recommend pooling the products from multi-

ple PCR reactions using the same ds cDNA template.

If the sample is to be cloned for Sanger sequencing, we rec-

ommend eluting DNA from the column with three washes of

10 µL nuclease-free water in preparation for the PCRTermina-

tor (Lucigen) end repair reaction. For the cloning protocol,

please refer to the “Cloning and sequencing” section of Proto-

col 1 in this chapter. The procedure from this point forward is

the same. The material purified from the gel may instead be

processed for pyrosequencing.

Assessment

The primary strengths of the RP-SISPA are that it requires

no previous knowledge of the composition of the target RNA

virus assemblage, it has a low detection limit (nanograms or

less) and that it is a relatively straightforward, inexpensive

procedure that uses equipment standard to any molecular lab-

oratory. A systematic comparison of metagenomic approaches

to characterizing marine RNA virus diversity is not available.

However, several different methods have been developed to

accurately interrogate the transcriptome of single cells (Peano

et al. 2006). These methods share several of the same chal-

lenges as the examination of natural communities of RNA

viruses, starting with very low concentrations of starting RNA

template. Surprisingly, those methods that include an expo-

nential amplification step after the addition of primer sites to

the target template (such as RP-SISPA) generally introduced

less bias than other approaches such as linear RNA amplifica-

tion (Iscove et al. 2002; Subkhankulova and Livesey 2006).

Presumably those protocols that rely on multiple displace-

ment amplification during RNA virus shotgun library con-

struction are subject to the same high incidence of chimera

formation as found in previous studies (Zhang et al. 2006a;

Lasken and Stockwell 2007), however this has yet to be

demonstrated.

The limitations of the RP-SISPA method included the gen-

eral biases associated with RT-PCR discussed in the assessment

section of Protocol 1. RP-SISPA appears to achieve full cover-

age of RNA viral genomes less than or equal to 15 kb in size,

but only recovered an average of 50% of a 50 kb ds DNA bac-

teriophage genome. Furthermore sequences from the 3′ end of

all RNA viral genomes tested were consistently underrepre-

sented, as expected with a method based on randomly primed

RT. Gaps in the sequence occurred and may have been due to

regions of secondary structure, extreme codon bias, or shear-

ing of the RNA template (Djikeng et al. 2009). Finally, the

requirement of having viral RNA free from contamination can

be a significant challenge with some samples.

Conclusions

Study of the ecology of marine RNA viruses is still in its

infancy and thus the number of methods available are limited.

In this chapter, we have presented two molecular approaches

to determining RNA viral diversity from seawater samples. The

first is a relatively rapid and inexpensive approach based on

the amplification of a single-gene, wheras the second method,

based on the sequencing of whole genome shotgun libraries,

requires more investment but produces a more comprehensive

picture of the RNA virus community. The choice of method is

dependent on the research objective and the resources avail-

able. We hope that this chapter will kindle interest in marine

RNA viruses and serve as an informative starting point for fur-

ther research and development on this understudied compo-

nent of the plankton.
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