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METHOD

Characterizing multiple exogenous and endogenous

small RNA populations in parallel with subfemtomolar
sensitivity using a streptavidin gel-shift assay

H. ALEXANDER EBHARDT1 and PETER J. UNRAU
Department of Molecular Biology and Biochemistry, Simon Fraser University, Burnaby, British Columbia, V5A 1S6 Canada

ABSTRACT

Here we present a simple and inexpensive gel-shift assay for the detection and quantification of small RNAs. The assay is at least
5–10 times more sensitive than a conventional Northern, and is highly scalable. Total RNA is first size purified to enrich the
desired size range, phosphatase treated, and then radiolabeled to high specific activity using polynucleotide kinase. The
resulting RNA stock is then hybridized to an excess of biotinylated DNA probe oligonucleotide, prior to mixing with streptavidin
and loading on a native gel. The amount of supershifted material was proportional to the amount of labeled target RNA in the
sample. We applied this method to verify sequencing data originally obtained from a four-point comparison study on the effect
of endogenous expression of HC-Pro on Y-satellite/cucumber mosaic virus infection in tobacco plants. The results of the
streptavidin gel-shift assay were consistent with the concentrations of small RNA infected plants inferred by our original cloning
data, and rapidly provided information about the relative concentration of a number of viral and endogenous small RNAs.
Further straightforward improvements to this simple methodology might be expected to improve the methods sensitivity by as
much as another 10-fold.

Keywords: streptavidin gel shift; viral small RNA; endogenous small RNA; quantification

INTRODUCTION

High-throughput sequencing has revolutionized the study
of small RNA expression levels and provides a ‘‘digital’’
readout of the relative RNA concentrations found in an
RNA sample by counting the number of each type of small
RNA sequenced in each sample (Rajagopalan et al. 2006;
Mi et al. 2008; Morin et al. 2008). Despite the power of this
new approach, there are many biochemical reasons why
relative RNA concentrations inferred by sequencing might
disagree with reality. As the workup of RNA for sequencing
involves the ligation of adaptor sequences to the 59 and 39

termini of the library members, any sequence modification
that interferes with the ligation efficiency might be expected
to bias sequencing results. In fact, the ubiquitous terminal
39 methylation of plant small RNAs significantly inhibits

ligation in plants. The endogenous expression of HC-Pro in
tobacco led to an unexpected enrichment in viral small
RNAs upon sequencing that resulted from a decrease in the
methylation of exogenous small RNA (Ebhardt et al. 2005;
Li et al. 2005; Yang et al. 2006; Horwich et al. 2007). There
is therefore a need for an unbiased methodology to quickly,
cheaply, and sensitively measure the relative concentrations
of small RNAs found in a biological sample.

Traditionally, RNA levels have been measured by using a
Northern blot (Alwine et al. 1977, 1979). Since the probe is
labeled, the Northern is best suited for comparing RNA
expression levels between distinct samples that are loaded
onto the same blot. This limits the ability of the method to
measure the relative concentration of distinct RNAs within
the same sample and requires the blot to be stripped and
reprobed. Microarrays are ideal for the comparison of
relative RNA concentrations within a sample, but micro-
arrays are costly and tend, due to hybridization kinetics, to
suffer from a relatively low dynamic range (Zhang et al.
2005; Eklund et al. 2006; MAQC Consortium et al. 2006).
Methods based on quantitative PCR are likely to be very
sensitive but require multiple enzymatic steps and multiple
pairs of oligonucleotides to achieve results. This may
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ultimately bias the quantification of small RNA concen-
trations. The miR-Q protocol, for example (Sharbati-
Tehrani et al. 2008), is based on annealing a heterohexamer
oligonucleotide to the 39 terminus of small RNAs, followed
by reverse transcription with a second primer specific to the
sequence of interest. While each of the methods just
discussed have particular strengths, they are not simulta-
neously cheap, sensitive, and fast.

To counter these limitations we developed a novel
streptavidin gel-shift assay that makes possible the direct
comparison of multiple small RNA expression levels within
a particular sample using a single gel. This simple approach
uniformly labels a small RNA library and then ensures
efficient hybridization by using an excess of a probe
sequence. The method requires no specialized equipment
or enzymatic reactions, and has a demonstrated ideal
detection limit in the low attamole range in our hands.
While sensitivity is lower with real samples, we have
routinely obtained sensitivities that are 5–10 times better than
for a conventional Northern and further simple improve-
ments to the methodology might be expected to realize a
further factor of 10 in sensitivity. We apply the method to
quickly verify relative small RNA levels that were inferred
from sequencing Y-satellite (Y-Sat) and cucumber mosaic
virus (CMV) infected tobacco plant libraries.

RESULTS AND DISCUSSION

Streptavidin gel-shift assay

We devised a method in which size fractionated small RNA
is first 59 phosphorylated using [32P]-gATP and then
hybridized to biotinylated DNA oligonucleotides comple-
mentary to particular target small RNA. As a result of the
biotin label, the nucleic acid duplex forms an extremely
stable complex with streptavidin that migrates in a native
gel significantly slower than unhybridized RNA. This shift
allows the accurate determination of a particular RNA
concentration relative to the total small RNA concentra-
tion. Figure 1A illustrates the annealing of a biotinylated
DNA probe to a radiolabeled RNA (Fig. 1A, lane 1). Adding
streptavidin to the hybridized dimer shifts the tagged
complex substantially upward on the gel, as seen in Figure
1A, lane 2. To test the sensitivity of this method, we size
fractionated tobacco plant small RNA using a preparative
polyacrylamide gel. The recovered RNA then was treated
with calf alkaline phosphatase (CIP) to remove 59 phos-
phates which could otherwise interfere with labeling effi-
ciency and then radiolabeled with polynucleotide kinase
(PNK). This RNA was held at a fixed concentration and
spiked with a synthetic radiolabeled RNA called 24.11
in a dilution series from 9.6 fmol to 77 amol. The radio-
labeled RNA was hybridized to a biotinylated DNA probe
specific for the 24.11 RNA. The resulting mixture was then
heated and cooled prior to mixing with an excess of

streptavidin. On a 10% native gel, the shifted complexes
were separated as seen in Figure 1A, lanes 3–6. The
detection limit of the synthetic RNA 24.11 was between
1.9 fmol and 384 amol. This threshold was set by the small
but appreciable amount of radioactivity present through-
out the lanes of the native gel. This smearing presumably
resulted from the small RNA radiolabeling protocol, which
uses an excess of [32P]-gATP.

To establish the detection limit under ideal conditions,
we gel purified the 24.11 RNA prior to mixing it with
unlabeled plant small RNA. The dilution series were again
analyzed by 10% native PAGE (Fig. 1B, lanes 1–6). The
detection limit in this experiment was considerably im-
proved and was found to be in the z10 amol range.
Interestingly, removing the plant RNA from the experiment
did not appreciably alter this sensitivity (Fig. 1B, lanes 7–
12). This 40- to 100-fold increase in sensitivity indicates
that further improvement in small RNA labeling, such as
removal of unincorporated [32P]-gATP by desalting with a
spin column prior to the gel-shift assay, are likely to further
improve the sensitivity of our straightforward methodology.

Even without such a step, the gel-shift protocol was
significantly more sensitive than a Northern blot. Dilution
series identical to those used in Figure 1, A and B, were
transferred to a positively charged membrane, blocked, and
then probed with the same DNA oligonucleotide used in
the gel-shift experiments. Figure 1C, lanes 1–6, show in the
top panel the radiolabeled 24.11 probe being detected in
the low fmole range. The same membrane was stripped and
reprobed using a MIR166 DNA probe. The signal for
MIR166 stayed constant as expected; reflecting the fixed
concentration of plant small RNA in each lane. When total
plant small RNA was omitted from the Northern, the 24.11
probe showed increased sensitivity in contrast to the gel-
shift methodology, which appears less biased in this respect.
The MIR166 probe in Figure 1C, lanes 8–13, was blank in
these lanes, as expected due to the absence of plant RNA in
these lanes.

Comparing Figure 1, A and C, indicates that the gel-shift
methodology is 5–10 times more sensitive than a conven-
tional Northern analysis. As the method is intrinsically able
to detect RNA concentrations in the low attamole range
(Fig. 1B), we believe that further improvements to the
methodology should ultimately be able to improve sensi-
tivity further.

Case study: Small RNAs from CMV and its
Y-satellite-infected plants

A four-point comparison study was used to characterize
CMV/Y-Sat infection of tobacco plants as a function of
endogensous HC-Pro expression. The samples in the study
were: s1: wild type, s2: HC-Pro+, s3: CMV/Y-Sat+, and s4:
HC-Pro+, CMV/Y-Sat+ (Ebhardt et al. 2005). Small RNAs
isolated from individual plants were size fractionated and

Streptavidin gel-shift assay

www.rnajournal.org 725

 Cold Spring Harbor Laboratory Press on March 18, 2009 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


adaptors ligated onto their 39 and 59

termini. Subsequently, the constructs
were reverse transcribed, cloned, and
sequenced. The resulting sequences
were analyzed by a software package
called Ebbie (Ebhardt et al. 2006). Ebbie
searches the sequencing file for the two
adaptor sequences and excises the
sequence corresponding to the small
RNA. Then, the new small RNA
sequence is compared with all previ-
ously cloned small RNAs by a locally
installed BlastN search. The advantage
of the automated approach is the elimi-
nation of human error and the instant
comparison of new RNA sequences to
sequences previously deposited into the
project database. Using this approach a
total of 698 small RNAs were classified,
with 213 being of viral origin (see Sup-
plemental Data). In all, 165 of viral-
derived small RNAs were from the
Y-Sat genome and 48 from the tripartite
CMV genome. As the tripartite CMV
genome consists of 8623 nucleotides
(nt) and Y-Sat genome of 369 nt, we
had an z90-fold higher coverage of the
Y-Sat genome by small RNAs than the
CMV genome. This can only partially be
accounted for by the seven- to 10-fold
higher concentration of Y-Sat RNA in
infected plants (Takanami 1981). The
remaining sequences, in the absence of
a complete tobacco genome, presumably
correspond to RNAs derived from the
host system. The more highly expressed
of these small RNAs were clustered into
32 distinct groups that were classified
into five clades: the NULL-clade, micro-
RNA, silencing RNA clade, rRNA clade,
and tRNA clade (Supplemental Table 1).

Endogenous small RNA

We used the streptavidin gel-shift assay
to study some of the endogenous small
RNAs discovered in our four-point
study. Fresh small RNA from adult
leaves of tobacco plants (Wisconsin38)
was extracted and radiolabeled. The re-
sulting RNA was then used to test the
expression of 10 RNAs simultaneously in
a single gel. Figure 2 shows the forma-
tion of a shifted RNA–DNA–streptavidin
complex, with a radiolabeled synthetic

FIGURE 1. Comparing the sensitivity of a Streptavidin gel-shift assay to a Northern
hybridization. (A) In an autoradiogram of a 10% native PAGE, a complementary 39 biotin-
labeled probe was annealed to a 59 radiolabeled RNA (lane 1). The annealed duplex migrates
significantly slower when it is bound to streptavidin (lane 2). Lanes 3–6 are serial dilutions of a
synthesized RNA that was added to a pool of size fractionated small RNAs prior to appending
the 59 radiolabel. Following the phosphorylation reaction and kinase inactivation, the 39
biotin-labeled probe was annealed and streptavidin added to induce a gel shift. The assay using
gel-purified RNA detects as little as 384 amol of radiolabeled RNA (lane 4). (B) Autoradiogram
of a 10% native PAGE where 59 radiolabeled RNA is titrated in fivefold dilutions with (lanes 1–
6) or without (lanes 7–12) nonradiolabeled total plant RNA (size purified previously on a
denaturing gel). The sensitivity of the streptavidin gel-shift assay under these ideal conditions
is limited to the detection limit of the phosphorimaging system, which is between 15 and 3.1
amol. (C) Autoradiogram showing a Northern hybridization experiment under identical
conditions to B. In C on top, a probe for the artificial RNA is added and in the bottom panel a
probe for MIR166 was added. The sensitivity of the Northern is at least 125-fold lower than the
streptavidin gel-shift assay in ideal conditions.
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RNA (Fig. 2, lane 1), that is then hybridized to a
biotinylated DNA to form a duplex (Fig. 2, lane 2), which
is then shifted up the native gel by the addition of
streptavidin (Fig. 2, lane 3). Lanes 4 to 8 show gel shifts
induced with various endogenous microRNA probes. Nota-
bly, MIR166 does not show a strong signal in mature leaves
when compared with RNA isolated from young leaves in our
four-point comparison study. This observation is consistent
with Jung and colleagues (Jung and Park 2007), who
established that the MIR165/MIR166 family is involved in
lateral meristem formation, leaf polarity, and vascular
development. Figure 2, lanes 10–14, shows the streptavidin
shift when using complementary probes for various small
RNA groups identified by Ebbie, as discussed above. A
negative control in Figure 2, lane 9, consisting of a random
sequence probe remained blank as expected.

Exogenous small RNA

Besides endogenous small RNAs, exogenous small RNAs
stemming from the infection of tobacco plants with Y-Satellite
and its helper virus CMV were found in the small RNA
cloning data. Small RNAs cloned from Y-Sat were aligned

to the Y-Sat sequence and in HC-Pro+ plants Y-Sat small
RNAs were found that spanned the entire Y-Sat genome
(Fig. 3A, green lines). While 65% were derived from the (+)
strand, a considerable number of sequences were derived
from the (–) strand (35% or 46/131). Only rarely were
solitary small RNAs found and typically small RNAs
were found in strongly overlapping clusters. These clusters
were found in a staggered pattern with high expression on
the (+) strand alternating with strong expression on the (–)
strand in the middle of the Y-Sat genome. Interestingly, at
the 59 terminus this staggered pattern disappears and the
small RNAs from both strands occur in phase with
approximately equal amounts of (+) and (–) small RNA
being produced in the same register (Fig. 3A, z20–40 nt).
At the other end of the genome, significant levels of small
RNA are only seen after moving z35 nt in from the 39

terminus of the Y-Sat genome.
All small RNAs from the CMV genome had a length

between 20 and 24 nts and are listed in the Supplemental
Data; the majority, 36 out of 48 CMV small RNAs,
originated from CMV RNA III (21 out of 48 sequences
were derived from HC-Pro+ CMV/Y-Sat infected samples).
Of those small RNAs mapping to the CMV III genome, 24

mapped to the (+) strand and 12
mapped to the (–) strand (see Supple-
mental Fig. 1). The remaining 12 CMV
small RNAs mapped to CMV RNA I (3
to [+], 1 to [–] strand) and CMV RNA
II (6 to [+], 2 to [–] strand). The
relative amount of small RNA from
the (+) and (–) strand of CMV RNA
III is consistent with the higher levels of
(+) strand expression that is known to
exist (Sivakumaran and Kao 1999) from
the rolling circle replicative process
(Dressler 1970; Modahl and Lai 1998)
that is thought to produce these geno-
mic elements.

We have previously demonstrated
that changes in terminal methylation
(such as are induced by HC-Pro expres-
sion) affect RNA ligation efficiency
(Ebhardt et al. 2005). To ensure that
our cloning data reflected the distribu-
tion of Y-Sat small RNAs found in the
total small RNA population, six 39

biotin-labeled DNA sequences were
designed to probe both the sense and
antisense of three Y-Sat genomic
regions (Fig. 3A, positions 76–99, 173–
193, 225–247). For the yellowing region
of Y-Sat, Figure 3A, positions 173–193,
a ratio of two antisense to 12 sense was
observed from the cloned data. The
intensities in the gel shift also have a

FIGURE 2. Probing for micro-RNAs and ribosomal and tRNA groups commonly found in
sequencing results. Autoradiogram of a 10% native gel: lanes 1–3 demonstrating the stages of
the streptavidin gel-shift assay: single-stranded radiolabeled RNA, RNA annealed to biotin-
labeled probe and streptavidin annealed to the DNA–RNA duplex. RNA was extracted from
fully grown leafs of wild-type tobacco plants (strain: Wisconsin38), size fractionated by
denaturing PAGE and 59 radiolabeled using polynucleotide kinase. Various 39 biotin labeled
DNA probes (microRNAs, a negative control, and various rRNA groups) were annealed to the
radiolabeled RNA and streptavidin added prior to being loaded on the gel.

Streptavidin gel-shift assay

www.rnajournal.org 727

 Cold Spring Harbor Laboratory Press on March 18, 2009 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


FIGURE 3. Small RNAs from CMV’s Y-Satellite. (A) In black letters is the Y-Sat genome and its numbering. Red letters within the Y-Sat genome
refer to the yellowing region (positions 171–191) and the necrosis region (positions 223–244) (Masuta et al. 1993; Sleat et al. 1994). Green bars
represent small RNA cloned from HC-Pro+ plants, whereas yellow bars are small RNA cloned from HC-Pro– plants. Colored bars above the Y-Sat
genome are from the sense (+) strand; colored bars below the Y-Sat genome align to the antisense (–) strand. If there is a small black line within a
colored line it represents a mismatch to the aligned viral genome. (B) Autoradiogram of a streptavidin gel-shift assay probing size purified plant
small RNA with six 39 biotin tagged DNA oligonucleotides whose sequences are the reverse complement of the indicated regions (s: plus strand,
as: antisense) of the Y-Sat genome. Small RNAs from HC-Pro+ CMV/Y-Sat+ plants (lanes 1–6) and HC-Pro– CMV/Y-Sat+ plants (lanes 7–12)
were probed. As controls, both plant samples were also probed for NULL group 08, MIR166 and rRNA group 01 (lanes 13–18). (C) Comparing
small RNA ratios of exogenous and endogenous small RNAs. Autoradiogram of a 10% native gel: lanes 1–3 show a 59 radiolabeled RNA oligo
hybridized to a complementary DNA (lane 1), single-stranded 59 radiolabeled RNA oligo (lane 2), and 59 radiolabeled RNA hybridized to its
complementary 39 biotin-labeled DNA oligonucleotide together with streptavidin (lane 3). Lanes 4 and 5 probe for Y-Sat (positions 173–193, plus
strand) in HC-Pro– and HC-Pro+ plants. Lanes 6–9 probe for MIR168 in all tobacco plants in the four-point comparison study. The percentages
of material shifted to the total material are given below each lane.
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similar ratio of 1 to 9, respectively (Fig. 3B, lanes 3,4). The
Y-Sat region from 225 to 247 has a ratio of six antisense
to four sense, as seen in the cloning data as well as in the
native gel-shift assay; the gel-shift ratio was z2 to 1 (Fig. 3B,
lanes 5,6). As expected, HC-Pro+ plants that were not
infected with CMV/Y-Sat failed to produce a gel shift using
Y-Sat-specific probes (Fig. 3B, lanes 7–12). Judging from
the cloning data, the sense and antisense probe for Y-Sat,
Figure 3A, positions 76–99, should have nearly equal
intensities in the autoradiogram of the native gel-shift
counting sequences that fully overlapped with this region
by 14 nt or more. This was indeed the case (Fig. 3B, lanes
1,2) although overall expression as judged by gel shift was
higher than anticipated based on our sequencing results.
Samples were also probed with three nonviral 39 biotin-
labeled oligonucleotides that probed for common endog-
enous small RNAs (Supplemental Table 1, NULL group 08,
MIR166, rRNA group 01) as controls (Fig. 3B, lanes 13–
18). As the percentage shift observed between infected and
uninfected plants for these samples was quite similar we
concluded that endogenous small RNA production was not
radically different as a result of CMV/Y-Sat infection.

These probes allowed a comparison of viral small RNA
levels relative to endogenous small RNA expression levels in
a range of plant backgrounds. Figure 3C shows the
autoradiogram of a streptavidin gel-shift assay probing
for exogenous Y-Sat small RNA (+) strand from HC-Pro+/–

plants from the yellowing region (Fig. 3A, Y-Sat positions
173–193) relative to endogenous microRNA (Fig. 3C,
MIR168) expression levels. In HC-Pro– CMV/Y-Sat+

plants, 0.6% of the total population of small RNAs
hybridized to the Y-Sat 173–193 region probe (Fig. 3C,
lane 4). In HC-Pro+ CMV/Y-Sat+, this ratio doubled to
1.2% (Fig. 3C, lane 5). Considering that this positive strand
region samples z1/35 (the satellite has z740 nt of plus and
minus strand sequences and the probe is 21-nt long) of the
available Y-Sat sequence, these numbers agree very well
with the 23% and 57% observed in the cloning results
discussed earlier. The results also show that the endogenous
MIR168 was expressed evenly at 0.2% of the total small
RNA population in all four of the tobacco plant types (Fig.
3C, lanes 6–9) and was not strongly perturbed by either
viral infection of HC-Pro expression. The observation that
Y-Sat-derived small RNAs in HC-Pro+ plants are expressed
at a higher level than in HC-Pro– is consistent with earlier
experiments by Wang et al. (2004) using Northern analysis.

CONCLUSION

The streptavidin-based gel-shift assay described here takes
advantage of the Watson-Crick base pairing between small
RNAs and biotin tagged DNA probes. Compared with
Northern analysis, our streptavidin gel-shift assay has two
major advantages. First, Northern hybridization can only
be used with a single radiolabeled probe sequence at a time.

As seen in Figure 2, 10 small RNA expression levels were
simultaneously analyzed by gel shift. The same experiment
using Northern hybridization would have taken ten sepa-
rate hybridizations and the relative concentrations of each
RNA would have been difficult to determine. Second, the
detection limit of Northern is at least 5–10 times worse
than for the streptavidin gel-shift assay. We demonstrate
that further gains in sensitivity and speed of the method
are possible and that detection in the low attomole range is
technically possible. This might be achieved by making use of
FPLC to size purify small RNA from total RNA preparations
and after labeling (Kim et al. 2007). We note that a major
assumption of this method is that the small RNA population
is, in fact, uniformly labeled by polynucleotide kinase.
Fortunately, any RNAs possessing either 59 phosphates or
hydroxyls should be uniformly processed by PNK as long as
RNA is initial phosphatase treated prior to labeling.

MATERIALS AND METHODS

Small RNA isolation procedure

A sample lacking large RNA fractions is essential with this
protocol. The HC-Pro+ and HC-Pro– tobacco plants are described
by Wang et al. (2004). For the streptavidin gel-shift method
development, RNA was isolated from 4 g of tobacco plant leafs
(Wisconsin 38). The leaf tissue was ground into fine powder with
mortar and pestle in the presence of liquid nitrogen and sand
(Ottawa Standard). The powder was transferred to a 14-mL
centrifuge tube (Sarstedt) and suspended quickly in 4 mL
extraction buffer (100 mM LiCl, 1% SDS, 10 mM EDTA, 100
mM Tris at pH 9), 4 mL of phenol, and 4 mL of chloroform. The
mixture was constantly inverted for 20 min at room temperature.
After incubation, the tube was spun down in a Sorvall SS-34 rotor
and the supernatant transferred to a new 14 mL centrifuge tube to
which 4 mL of chloroform were added for another extraction.
Following centrifugation of the second chloroform extraction, the
supernatant was transferred into a new 14 mL centrifuge tube,
NaCl was added to a final concentration of 300 mM, mixed, and
10 mL of anhydrous ethanol were added to precipitate the nucleic
acids overnight at �20°C. Smaller amounts of material are most
easily prepared using the Trizol reagent (Invitrogen) as described
by the manufacturer’s protocol. Size fractionation of small RNAs
(18–30 nt) was achieved by gel extraction using a 15% preparative
polyacrylamide gel loading 3–6 mg of total RNA per square mm of
gel-well area in formamide loading dye. To visualize the small
RNA during this procedure, a small fraction of isolated RNA was
59 end radiolabeled using PNK. Small RNAs were eluted from
polyacrylamide gel slices overnight in 300 mM NaCl at 4°C. The
resulting RNA was precipitated by the addition of 12.5 mg/mL
glycogen (Ambion) and 2.5 vol of anhydrous ethanol. Samples
were placed at �96°C for 60 min before pelleting the labeled RNA
at 12,000g for 30 min.

Small RNA labeling

For high specific activity, small RNA populations were first
dephosphorylated using alkaline phosphatase, calf intestinal
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(CIP) from New England Biolabs according to the manufacturer’s
specifications. To remove CIP, the small RNAs were extracted
twice using phenol-chloroform before being precipitated for a
second time. The resulting dephosphorylated RNA was 59 end-
labeled at 37°C for 15 min using 0.66 mM [g-32P]ATP (6000 Ci/mmol
specific activity, Perkin-Elmer), 100 mM NaCl, 10 mM MgCl2, 1 mM
DTT, 50 mM Tris�HCl (pH 7.9), and 0.5 units/mL PNK (New
England Biolabs), PNK was heat killed at 65°C for 20 min.

Gel-shift assay

An aliquot of the radiolabeled plant RNA was then mixed with 39

biotinylated DNA (typically, 2.5 mM) in 50 mM NaCl and 20 mM
Tris-borate at pH 8. The mixture was heated to 90°C for 1 min,
slowly cooled to room temperature, and then incubated with an
excess of streptavidin (Sigma) for 5 min. The streptavidin-shifted
RNA:DNA duplexes were then separated away from other small
RNA species in a 10% native polyacylamide gel containing 50 mM
NaCl and 90 mM Tris-borate at pH 8. The native PAGE was
performed in the cold room and the gel exposed to a Fuji digital
PhosphorImager screen at 4°C. Freezing of native gels during ex-
posure to PhosphorImager screens is not advised, as the native gels
will easily crack. The gel’s autoradiogram scanned using Typhoon
Storm 820 and analyzed using Molecular Dynamics Image Quant.

Biotin probe synthesis

The following DNA oligonucleotides with a terminal biotin (39-
BiotinTEG-CPG, Glen Research) and complementary to particu-
lar small RNAs were synthesized using standard DNA phosphor-
amidite chemistry on an ABI 392 machine and were used for the
streptavidin gel-shift assay (‘‘B’’ indicates 39-BiotinTEG-1000
Angstrom CPG, Glen Research):

MIR166 probe, 59-GGGGAATGAAGCCTGGTCCGATTB-39;
MIR168 probe, 59-GTCCCGACCTGCACCAAGCGATTB-39;
Y-Sat probe (nucleotides 193–173 of Y-Sat), 59-ATGCAGAGCTG

AAAAAGTCACTTB-39;
Y-Sat antisense probe (nucleotides 173–193 of Y-Sat), 59-GTGAC

TTTTTCAGCTCTGCATTTB-39; and
Random control sequence, 59-ATGAGCGGAGATAGGCTGGTT

CTB-39.

Analysis of small RNA sequence

Applied Biosystems sequencing chromatograms were manually
reviewed by using CHROMAS (www.technelysium.com.au/chro-
mas.html). All files having unambiguous sequences within the
cloning region were analyzed by Ebbie (Ebhardt et al. 2006).

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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