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Paramutation is the epigenetic transfer of information between
alleles that leads to the heritable change of expression of one allele.
Paramutation at the b1 locus in maize requires seven noncoding tan-
dem repeat (b1TR) sequences located∼100 kb upstream of the tran-
scription start site of b1, and mutations in several genes required for
paramutation implicate an RNA-mediated mechanism. Themediator
of paramutation (mop1) gene, which encodes a protein closely re-
lated to RNA-dependent RNA polymerases, is absolutely required for
paramutation. Herein, we investigate the potential function ofmop1
and the siRNAs that are produced from the b1TR sequences. Produc-
tion of siRNAs from the b1TR sequences depends on a functional
mop1 gene, but transcription of the repeats is not dependent on
mop1. Further nuclear transcription assays suggest that the b1TR
sequences are likely transcribed predominantly by RNA polymerase
II. To address whether production of b1TR-siRNAs correlated with
paramutation, we examined siRNA production in alleles that cannot
undergo paramutation. Alleles that cannot participate in paramuta-
tion also produce b1TR-siRNAs, suggesting that b1TR-siRNAs are
not sufficient for paramutation in the tissues analyzed. However,
when b1TR-siRNAs are produced from a transgene expressing a hair-
pin RNA, b1 paramutation can be recapitulated. We hypothesize
that either the b1TR-siRNAs or the dsRNA template mediates the
trans-communication between the alleles that establishes paramuta-
tion. In addition, we uncovered a role formop1 in the biogenesis of
a subset of microRNAs (miRNAs) and show that it functions at the
level of production of the primary miRNA transcripts.
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Paramutation is an interaction between alleles that leads to a
heritable change of expression of one allele. One of the most

intensively studied examples of paramutation is at the b1 locus in
maize (1), which encodes a transcription factor that activates the
purple anthocyanin biosynthetic pathway (2). There are two alleles
involved in b1 paramutation, the highly transcribed and darkly
pigmented B-I allele and the lightly pigmented B′ allele that has
much lower transcription. When B-I and B′ are crossed together,
paramutation always occurs: B-I is always changed into B′ (3).
Several genes required for paramutation have been identified

through forward genetic screens. The mediator of paramutation
(mop) genes (1, 4–6) and the required to maintain repression (rmr)
genes (6, 8–10) have been isolated using the b1 and pl1 systems,
respectively. To date, all characterized genes required for para-
mutation identified through forward genetic screens encode
proteins that have been associated with siRNA biogenesis in other
species (1). Recently, a protein that binds to the b1 tandem repeat
(b1TR) sequences was identified, and expression of this protein
as a transgene can establish a paramutagenic state in B-I (11). The
mop1 gene, which is the focus of this study, encodes a protein with
high similarity to RNA-dependent RNA polymerases (RDRs)
and is the predicted ortholog of RDR2 in Arabidopsis thaliana
(Arabidopsis) (4, 5, 7). Activity of mop1 is required for para-
mutation at the b1 locus and other loci (5, 6, 12), and it is required
to maintain the silent B′ state (5). Similar to Arabidopsis RDR2,
mop1 is required for the accumulation of the vast majority of 24-nt
siRNAs (13–15), and it is involved in regulating the expression of

a subset of transposable elements (TEs), transgenes, and several
non-TE genes (7, 13–18).
The b1 gene is one of only two genes for which the sequences

mediating paramutation have been defined (12, 19, 20). The key
sequences required for b1 paramutation are seven b1TR units
(each of the b1TR units is 853 bp in length) of noncoding DNA
located ∼100 kb upstream of the b1 transcription start site (20,
21). This sequence is unique to this location within the maize
genome, and both B-I and B′ carry seven tandem repeats, whereas
alleles that do not undergo paramutation have a single copy of the
repeat unit (20, 21). B-I and B′ are epialleles; that is, they have
identical DNA sequences but show distinct patterns of DNA
methylation and chromatin structure within the tandem repeats
(20, 22–24). Generation of an allelic series with different numbers
of repeats demonstrated that multiple repeats are required for
paramutation (20).
The tandem repeats mediate enhancer activity that functions

in cis to increase transcription from the b1 gene when in the B-I
state (20), potentially through a long-distance looping mechanism
because the tandem repeats interact with the transcription start site
of the b1 gene differentially inB-I vs. B′ (23). The molecular nature
of the genes required for paramutation strongly suggests that an
RNA-dependent mechanism is critical for paramutation. Consis-
tent with this idea, transcription assays have demonstrated that the
repeats are transcribed in B-I and B′ as well as in alleles that do not
undergo paramutation (4). Bidirectional transcription potentially
generates dsRNA, the trigger molecule in a number of transcrip-
tional and posttranscriptional gene regulation mechanisms that
involve the processing of dsRNA into different classes of regula-
tory small RNAs (25, 26). Recent experiments have shown that
siRNAs are produced from the b1TR sequences in B′ (27).
In this study, we used transcription assays, deep sequencing of

small RNA libraries, and Northern blot analysis to investigate the
potential steps in siRNA biogenesis wheremop1may function and
whether production of b1TR-siRNAs correlates with paramuta-
tion. We also test whether DNA-dependent RNA polymerases are
mediating transcription from the b1TR sequences and investigate
alterations in microRNAs (miRNAs) in a mop1 mutant.

Results
The mop1-1 Mutation Does Not Reduce Transcription of the b1TR
Sequences. Previously, we showed that the b1TR sequences are
transcribed on both strands using nuclear run-on experiments,
which should monitor either DNA-templated or RNA-templated
transcription in nuclei. To test whether the transcription we ob-
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serve is carried out by mop1, a putative RDR, we performed nu-
clear run-on experiments using immature ears with B′ plants that
were either wild type (WT) or homozygous formop1-1. The results
revealed thatWT (B′) and B′mop1-1 homozygous plants have very
similar transcription levels from all the regions monitored (Fig. 1 A
and B), demonstrating that the mop1-1 mutant did not reduce the
b1TR transcription measured by nuclear run-on analysis.

b1TR Sequences Are Transcribed by a DNA-Dependent RNA Polymerase.
To test whether DNA-dependent RNA polymerases might be
contributing the majority of the transcription in nuclei, nuclear run-
on reactions were performed with actinomycin D, an antibiotic that
forms stable complexes with DNA, blocking all DNA-templated
RNA synthesis. Results presented in Fig. 1C demonstrate that
actinomycin D reduces transcription from the b1TR and down-
stream sequences to levels similar to those of control genes tran-
scribed by RNA polymerase II (Pol II; Ubiquitin2) and Pol I (18S).
These results demonstrate that transcription from the b1TR

and sequences immediately downstream is predominantly me-
diated by DNA-dependent RNA polymerases. Previous studies
have shown that b1 repeat transcription is not altered in a mu-
tation ofmop2, which encodes the second largest subunit of a Pol
IV/Pol V-related complex (27). This suggests that Pol II might be
the major polymerase contributing to b1 repeat transcription. To
test this hypothesis, nuclei were treated with α-amanitin, a small
molecule that binds with high affinity within the Pol II active site,
strongly inhibiting its transcription (Fig. 1D). At high α-amanitin
concentrations, transcription from b1TR sequences was reduced
to levels similar to that of the Pol II-transcribed Ubiqutin2 gene.
As expected for α-amanitin (28, 29), transcription of the Pol I-
transcribed 18S gene was less affected. These results suggest that
the majority of the b1 repeat transcription measured in nuclei is
mediated by Pol II.

Production of b1TR-siRNAs Depends on mop1 but also Occurs in Alleles
That Cannot Participate in Paramutation. Recent studies with mop2,
which encodes the second largest subunit of Pol IV/PolV, dem-
onstrated that the b1TR sequences generate siRNAs and that
these are reduced in a mop2 mutant (27). To test if b1TR-siRNAs
are also reduced in mop1, we examined deep sequencing data
from small RNA libraries and performed Northern blots. We also
used Northern blots to examine other genotypes to determine if
b1TR-siRNA production correlated with the ability to undergo
paramutation.
In the sequencing data from small RNA libraries from imma-

ture ears of WT (B′) and B′ mop1-1 homozygous mutant plants
(one library from each genotype) (14), we identified a total of 35
unique small RNAs that perfectly and exclusively matched the
b1TR over their entire length (Fig. 2A). A total of 33 and 3 b1TR-
siRNAs were present in theWT andmop1-1 libraries, respectively,
from a total of 13 million reads (14). These small RNAs had
characteristics of siRNAs because they were predominantly 24 nt
in size and examples were found that matched to both strands
(Fig. 2A). The reduction in b1TR-siRNAs in mop1-1 was consis-
tent with the global reduction in 24-nt siRNAs previously reported
in the mop1-1 mutant (14). SNPs are present in four of the seven
repeats, and they allowed us to map distinct siRNAs to more than
one repeat (Table S1), indicating that multiple repeats are tran-
scribed and processed into siRNAs in B′.
Northern blots, combined with highly sensitive locked nucleic

acid (LNA)-modified oligonucleotide probes, confirmed the deep
sequencing results; the 24-nt siRNA signal, both globally and from
the b1TR, was dramatically reduced in the B′ mop1-1 mutant
relative to WT B′ (Fig. 2B). Also, as shown in Fig. 2B, the 24-nt
b1TR-siRNA signal was detected from both strands with multiple
probes in B-I, B′, and b. Despite the fact that all b1TR-siRNAs
identified from the libraries mapped exclusively to the 5′-half of
the repeats, we were able to detect faint levels of 24-nt siRNAs
from the 3′-end of the repeats. These results demonstrated that
most siRNAs produced from the b1TRs are dependent on mop1
function, which is absolutely required for paramutation. However,

there is no correlation between the levels of b1TR-siRNAs
detected in the blots and silencing (compare the active B-I vs.
silent B′ alleles), nor is there a correlation with alleles that par-
ticipate in paramutation (B-I and B′) vs. the b allele that does not.
In addition to the small RNA signal, the Northern blots revealed

signals corresponding to larger RNA species ranging between 35
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Fig. 1. Transcription from the b1TRs is not reduced in mop1-1 but is re-
duced by inhibitors of DNA-dependent RNA polymerases. (A) Map of the
RNA probes used for nuclear run-on analyses. Open arrows depict parts of
the sixth and seventh b1TRs required for paramutation. The black box
indicates the sequence immediately downstream of the repeats. No tran-
scription was detected upstream of the repeats (4); thus, that region was not
tested in these experiments. Black paired arrows below the repeats indicate
forward and reverse RNA probes used in relation to this drawing. The lo-
cation of the four LNA probes used for Northern blot analysis (Fig. 2B) is
indicated with four lines below repeat 7. (B) The b1 repeat transcription in B′
immature ears that are WT or homozygous for mop1-1. The results for the
genotypes are indicated with open (WT) or solid (mop1-1) histograms for
each forward (F) or reverse (R) probe, For each of the three biological rep-
licates, raw counts were normalized to the Ubiquitin2 probe; SD is shown as
bars within each histogram. (C) Transcription results after treatment with
actinomycin D, a drug that inhibits all DNA-templated RNA synthesis. B′ and
B′ mop1-1 samples not treated (no inhibitor) and B′ mop1-1 samples treated
with 50 and 100 μg/mL actinomycin D are shown. The percent transcription
from inhibitor-treated relative to no-inhibitor–treated control is indicated
above each group of histograms. (D) Transcription results after treatment
with α-amanitin, a drug that most strongly inhibits Pol-II transcription. The
percent transcription from inhibitor-treated relative to no-inhibitor samples
is indicated above each pair of histograms. For both C and D, young sheaths
were used and transcription is shown for probes with the strongest signals in
untreated samples. Transcription of control genes, Ubiquitin2 (transcribed
by Pol-II) and 18S (transcribed by Pol-I), is shown separately to accommodate
their high incorporation rates. The significance of the differences between
control and treated samples was tested using an exact binomial probability
calculation with the null hypothesis that drug treatments do not affect
transcription and the alternative hypothesis that treatments reduce tran-
scription (49). With either actinomycin treatment (P = 0.002) or α-amanitin
treatment (P = 0.002), nine of nine probes demonstrated reduced tran-
scription with drug treatment.
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and 250 nt. These larger RNAs were consistently observed in
a number of repetitions of these experiments with RNA from
immature ears as well as from leaves and sheath tissues in all
genotypes tested. These RNA species may represent transcripts
synthesized directly as short molecules or intermediates from
a stepwise processing of longer primary transcripts. The strong
signal observed for these RNA populations suggests they may
be highly transcribed, very stable, or both. The patterns were dis-
tinct with each probe, and the levels did not obviously correlate
with the levels of the 24-nt b1TR-siRNAs observed with the
same probe.

Transgenic Production of b1TR dsRNA and siRNAs Recapitulates
Paramutation. Northern blots revealed that both the active (B-I)

and silenced (B′) alleles involved in paramutation (B-I and B′) and
an allele (b) that does not participate in paramutation produce
siRNAs, indicating that the b1TR-siRNAs are not sufficient for
silencing in the tissues examined. Other experiments with a mop2
mutant, in which the b1TR-siRNAs are dramatically reduced but
B′ silencing is not relieved, indicate that siRNAs are not required
to maintain silencing (27). One possible explanation is that the
b1TR-siRNAs are mediating the establishment of paramutation,
which occurs very early in development, just after fertilization or in
early embryogenesis (30). To test whether b1TR-siRNAs might be
sufficient to establish paramutation, we used a transgenic ap-
proach to produce b1TR-siRNAs independent of b1 (Fig. 3A).
Transgenic plants carrying the 35S:b1IR construct with a single
b1TR unit cloned as an inverted repeat (IR) hairpin under the

B

A 853 bp ~100 Kb

Fig. 2. siRNAs associated with the b1TRs that mediate paramutation. (A) siRNAsmatching the b1TRs (b1TR-siRNAs) from small RNA libraries. The seven tandem
repeats found in B-I and B′ are depicted as open arrows relative to the b1 coding region (located ∼100 kb downstream of the repeats). Repeat 1 is expanded to
show the location of the b1TR-siRNAs identified from deep sequencing [ref. 14; Gene Expression Omnibus (GEO) database accession nos. GSM306487 and
GSM306488]. For simplicity, the mapping is shown only for the first repeat, with details of where each siRNA mapped summarized in Table S1. A dotted line
inside the repeat unit indicates the AT-rich (72% AT-rich) region within the 3′-end of the tandem repeats. This region is not drawn to scale because no siRNAs
were found in the libraries that matched the AT-rich region. The siRNAs are shown as bars above or below the repeat unit, representing the strand of DNA to
which they match. Different colors represent different siRNA sizes, as indicated in the key. Two siRNAs observed only in the B′ mop1-1 libraries are shown as
dotted bars. The siRNA observed in both libraries is labeled with an asterisk. All other siRNAs were observed only in the WT library. Locations of LNA probes
VC1657, VC1658, VC1659, and VCFB (Materials and Methods) used for the Northern blot analysis (B) are shown below the repeat. (B) Northern blot analysis
using 100 μg of small RNA-enriched fractions from immature ears. The genotypes are B-I and B′, each of which has seven tandem repeats and participates in
paramutation (B-I is highly transcribed, and B′ has very low transcription) (50); B′ mop1-1, which does not participate in paramutation because of the mop1-1
mutation (5, 20); and the recessive b allele, which has a single copy of the repeat unit and does not participate in paramutation (21). Each b1TR probe used for
hybridization is indicated above each panel. rRNA is shown as a loading control. Ethidium bromide staining of the small RNA-enriched fraction, which monitors
global siRNA levels, is shown at the bottom of each panel.
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control of the strong constitutive 35SCaMV promoter (Fig. 3A)
were crossed with a B-I/B-Peru (B-I/B-P) tester, and the progeny
were screened for silencing of B-I (Fig. 3B). The B-I/B-P tester is
particularly useful because B-I is less prone to spontaneous par-
amutation when heterozygous with an allele like B-P or b that
cannot participate in paramutation. In addition, the purple seed
(aleurone) pigmentation of B-P provides a useful marker for the
allele, facilitating the crosses (5, 31, 32). The 35S:b1IR transgene
was able to establish paramutation efficiently, because 100% of
the B-I alleles were silenced in plants that inherited the transgene,
a state indicated as B′* (Fig. 3B and Fig. S1). To determine if the
silencing could be maintained in the absence of the transgene, B′*
plants were crossed with the B-I/B-P tester and the progeny were
examined (Fig. 3C). The newly developed B′* state was fully
heritable in the absence of the transgene, and, importantly, the B′*
state was able to paramutate naive B-I alleles (Fig. 3C), although
the paramutagenic activity was reduced relative to B′, which is
always 100% paramutagenic. Spontaneous paramutation of B-I
occurred at a much lower frequency as determined by the b/B-I
progeny (Fig. 3C). These results indicate that the key features of
paramutation can be recapitulated by transcription of a hairpin of
the b1 repeat unit that generates siRNAs (Fig. 3D).
In Arabidopsis, silencing induced by IR constructs is rarely

heritable in the absence of the inducer transgene and is not par-
amutagenic. One possibility is that IR transgenes are more prone
to paramutation in maize than in Arabidopsis. To test this hy-
pothesis, we examined silencing of the anthocyaninless-1 gene, a1,
by an a1 promoter IR (a1pIR). As diagrammed in Fig. S2, the 35S:
a1pIR efficiently silenced the A1 allele, but the silencing was not
paramutagenic in subsequent generations in the absence of the
transgene. A similar result was observed with the pIR-induced
silencing of a pollen-specific promoter, MS45 (33). Thus, we hy-
pothesize that the ability of the 35S:b1IR to establish a heritable

paramutagenic state is a property of the b1 repeats rather than
a difference between the silencing machinery in maize and
Arabidopsis.

Biogenesis of Several MiRNA Families Is Altered in the mop1-1 Mutant.
Mutations in mop1 often show developmental phenotypes, in-
cluding delayed flowering, reduced height, feminized tassels (tas-
selseed phenotype), and reduced seed set (5). MiRNAs play key
roles during plant development and mutations, altering the bio-
genesis or action of miRNAs result in numerous developmental
defects (34). Based on the observation that raw abundances for
perfect matches to known miRNAs were different in WT vs.
mop1-1 small RNA libraries (14) and on a report showing that
levels of miR156 were down-regulated in feminized tassels of
mop1-1 (35), we hypothesized that other developmental pheno-
types observed in the mop1-1 mutant might be related to alter-
ations in levels of additional miRNAs. To investigate this, we
examined the levels of nine highly conserved miRNAs (36) in
mop1-1 homozygous and WT plants by RNA blot analysis. Results
were highly reproducible in three independent experiments, with
a representative experiment shown in Fig. 4 A and B. The levels of
five of the miRNAs were reduced by 2- to 5-fold in mop1-1 rel-
ative to WT (Fig. 4 A and B), whereas miR164 exhibited a slight
(1.25-fold) but reproducible reduction (Fig. 4A). In Arabidopsis,
two miRNA species (20 and 21 nt) are observed for miR156 from
shoot apices (37). In maize, a single miRNA species has been
reported for miR156 (35, 38), but its specific size was not reported.
We found that similar to Arabidopsis, two size classes of miR156
can be observed in maize. The 21-nt species is not detected in
mop1-1, whereas the 20-nt species is reduced 2-fold relative to WT
(Fig. 4B). To explore the step at which miRNA biogenesis might
be compromised in mop1-1 mutants, we examined the levels of
miR156 primary transcripts (pri-miRNAs) in WT and mop1-1
mutants. In maize, the miR156 family contains 11 members (a–k)
(39) mapping to different genomic regions. We found EST sup-
porting evidence for 8 of the 11 pri-miR156 members and de-
signed a set of primers outside the precursor region (pre-miRNA)
specifically to amplify each pri-miRNA (Table S2). Because there
was no EST evidence for pri-miR156e and pri-miR156j, we used
genomic sequences to design the primers. The levels of each pri-
miR156 family member were determined using RT-PCR, with
reduction observed for 8 pri-miR156 family members in mop1-1
relative to WT (1.25- to 10-fold; Fig. 4C). We could not detect pri-
miR156a, pri-miR156e, or pri-miR156f in immature ears, despite
increasing RNA concentration and PCR cycles. These results
show that the levels of several miRNAs are affected in mop1-1
and, in the case of the miR156 family, that the reduction in
miRNA levels correlates with a reduction in the levels of their
corresponding pri-miRNAs.

Discussion
Here, we show that Pol II is likely to be the DNA polymerase
contributingmost significantly to the b1TR transcription, consistent
with a role formop1 functioningdownstreamofb1TR transcription.
We found that b1TR-siRNAs are dramatically reduced in mop1-1
mutants, as are 24-nt siRNAsmoreglobally, consistentwith a roleof
mop1 in siRNA biogenesis (14). The previously described effects of
mop1mutants on transgene (17)and transposon(7, 16, 18) silencing
are most easily explained by the global requirement of mop1 for
siRNA biogenesis (14). Models for RNA-directed DNA methyla-
tion (RdDM) in Arabidopsis hypothesize that RDR2 (the likely
ortholog of MOP1) is required to amplify the dsRNA signal (40).
Studies inTetrahymena suggestRDRs can also interact directlywith
Dicer proteins (41) and that this interaction is required for siRNA
biogenesis. Our observations thatmop1 is required to maintain the
silent state (5) but that b1TR-siRNAs are not required to maintain
silencing of B′ (27) suggest thatmop1may have a function in main-
taining B′ silencing beyond generating b1TR-siRNAs.
Despite deep sequencing in WT stocks (6 million reads), not

all b1TR-siRNAs were identified by this approach, as evidenced
by the detection of 24-nt signals in regions where no siRNAs from
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Fig. 3. Transgene-generated b1TR-siRNAs recapitulate key features of par-
amutation. (A) Diagram of the 35S:b1IR construct harboring a single tandem
repeat unit (arrows) cloned as an inverted repeat that produces b1TR-siRNAs.
(B and C) Crossing scheme used to test paramutation effects of 35S:b1IR on
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the results are summarized below for each progeny class. (B) Test for estab-
lishment of paramutation. All B-I plants that inherited the transgene were
silenced, as evidenced by reduced pigment levels. The phenotypes are illus-
trated in Fig. S1. We indicate this silent state as B′*. No spontaneous para-
mutation was observed in the nontransgenic B-I siblings. (C) Test for heri-
tability of the B′* state and its ability to induce paramutation in the absence
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duction of exposure time (12 h vs. 5 d) were used relative to results in Fig. 2B.
rRNA is shown as a loading control.
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the libraries mapped. This could represent the very low abundance
of these siRNAs (every siRNA sequenced was detected only
once), such that the level of sequencing was not saturating. It is
also possible that there were library or sequencing biases. Larger
RNA species are also observed on the blots, which may reflect
processing intermediates, separate transcripts, or a combination of
both. These larger RNAs were similarly produced in all genotypes,
including mop1-1, and are thus unlikely to be directly involved
in paramutation.
The presence of b1TR-siRNAs does not correlate with para-

mutation in the tissues examined, which include immature ears,
sheaths, and leaves. The transcription of and siRNA presence in
the single-repeat unit b allele indicate that the presenceof siRNAs,
at least in the tissues examined, is not sufficient for establishing
silencing. The observation that the tandem repeats in the highly
expressed B-I allele are transcribed at similar levels and have
similar b1TR-siRNA levels as the silenced B′ allele raises the
question as to how B-I remains active. One possibility is that the
distinct chromatin structure of B-I relative to B′ provides “immu-
nity” from silencing, potentially through a distinct nuclear locali-
zationor the binding of specific proteins. The initial silencing event
happens early in development (30), and our studies of mop2 (27)
indicate that b1TR-siRNAs are not required to maintain silencing
in tissues such as immature ears and leaves, inwhich it is possible to
examine siRNAs and transcription of the b1TR sequences. Thus,
one possibility is that if we could examine siRNAs and transcrip-
tion when paramutation is established, we might see a correlation
between siRNAs or a larger RNA and establishment of silencing.
There is precedence for a role of larger RNAs in silencing in
Arabidopsis in that the heterochromatic silencing of certain 5S
ribosomal DNA tandem repeats requires Pol V and most likely
longer RNAs but not other RdDM components (42–44).
Despite the lack of correlation between b1TR-siRNAs and

maintenance of silencing, our transgene results suggest that ei-
ther b1TR-siRNAs or the hairpin template mediates the trans-
communication that establishes silencing. These results are similar
to transgene-induced silencing of FWA in Arabidopsis: The siRNA
pathway is involved in establishing but not in maintaining silenc-
ing (45). A difference between FWA silencing in Arabidopsis and
our observations is that the silenced B′* state is heritable and
paramutagenic when the inducing transgene is segregated away.

Although the B′* state established by the transgene is not as par-
amutagenic as “natural” paramutation, it is similar to that observed
for B′ alleles with fewer repeats (20), the state established by the
binding of the CBBP protein (11), and most other paramutation
systems, which are often not 100% efficient (46). Thus, the gen-
eration of a hairpin dsRNAor siRNAs from the b1TR sequence can
establish a heritable chromatin state in trans at the endogenous
locus. Other RdDM constructs in maize, such as the a1 promoter
described in this study, are not paramutagenic, similar to Arabi-
dopsis RdDM, suggesting that there is something “special” about
the b1TR sequences that enables them to mediate paramutation.
Two possibilities that are not mutually exclusive are chromatin
structure and self-generation of transcripts or siRNAs. Thus, al-
though an RNA-based silencing mechanism is conserved among
plant species, there are likely to be unique players that mediate the
distinct characteristics of paramutation.
The reduction in miRNA levels observed for a subset of con-

served miRNA families in themop1-1mutant indicates thatmop1
also affects miRNA biogenesis. Further experiments are required
to determine ifmop1 is a multifunctional gene involved in several
molecular processes, including siRNAbiogenesis andmiRNAbio-
genesis, or whether the observed phenotypes represent aspects
of the same function. The observation of reduced levels of pri-
miR156 transcripts is consistent withmop1 functioning at an early
step, potentially through siRNA regulation of pri-miRNA ex-
pression. This finding is consistent with recent transcriptome anal-
ysis showing altered expression of a number of Pol II-transcribed
genes (13). Independent of whether themop1-1 effects onmiRNA
biogenesis are direct or indirect, the reduction in several miRNAs
important for plant development provides an explanation for the
developmental phenotypes frequently observed inmop1-1mutants.

Materials and Methods
Plant Material. Immature ears (3–5 cm in length) were harvested from plants
grown outdoors in Tucson, AZ, between 68 and 75 d after germination.

RNA Analysis. Nuclear run-on and Northern blot analyses were performed as de-
scribed (27). LNA probes were synthesized by Sigma–Proligo. LNA-modified
bases are preceded by a plus (+) sign: VC1657F (gCTg+CAgCCT+gTgCA+ggCT
TAg+CCTCA+gCCTAT+CgTgg+CCCgA+CA), VC1657R (TgTC+gggCC+ACgATAg+g-
CTgA+ggCTAA+gCCTgC+ACAgg+CTgC+AgC), VC1658F (TgAA+CATCTT+gTCCA+
gTTAAAT+CACTgg+ACACC+gTgAC+AgCC+ACA), VC1658R (TgT+ggCTgT+CACg+
gTgTC+CAgT+gATTTAA+CTggA+CAAgAT+gTTCA),VC1659F (CAg+CATCAC+CCT-
CACA+CATgg+TCCg+CATgg+CTACg+CgTAT+CTATg), VC1659R (CATA+gATAC+
gCgTAg+CCATg+CggAC+CATg+TgTgAg+ggTgATg+CTg), VCFBF (G+AGGGCTC+
CAAGAGG+TCTATAA+AAATTTG+GTGTTTA+AAAATTC+ATG), and VCFBR (CA+T-
GAATTT+TTAAACA+CCAAATT+TTTATAG+ACCTCTT+GGAGCCC+TC). For the
three miRNA Northern blot replicates, 20 μg of the small RNA-enriched frac-
tionwas loadedper lane and 5′-end–labeledoligonucleotides complementary
to thematuremiRNAwere used as probes. For the replicate RT-PCR analysis of
pri-miRNAs, cDNA was synthesized from 6 μg of total RNA using reverse
transcriptase (Invitrogen) and oligo(dT). Specific primers for all miR156 family
members are identified in Table S2. Hybridizations and imageprocessingwere
performed using QuantityOne software (BioRad) and ImageJ software (Na-
tional Center for Biotechnology Information).

Transgenic Construct, Plant Transformation, and Transgenic Plants. An 853-bp
b1 repeat unit was PCR-amplified using primers VC977A (ggTTggTTgCgA-
TCgCCCTAggCCATgggTTTgCTgCATCCTTg with AvrII-SgfI tail) and VC977B
(ggACTAgTggCgCgCCCCAAgTATTCggTATAAAAgTTgT with AscI-SpeI tail) and
cloned in the pMCG161 vector to produce an inverted repeat construct similar
to that described by McGinnis et al. (47). The resulting 35S:b1IR plasmid was
introduced in the HiII genetic background by biolistic transformation, as de-
scribed by Frame et al. (48). HiII carries a b allele that specifies no anthocyanin
pigment and is neutral to paramutation. The primary transgenic line was
crossed with a tester carrying B-I and B-P alleles. The B-P allele does not par-
ticipate in paramutation and does not produce plant anthocyanin pigment, and
its purple seed color allows preplanting identification of seeds carrying B-P.
Resulting progeny were grown to assay the effect of 35S:b1IR transgene on
B-I expression (Fig. 3B) using herbicide resistance to identify transgenic plants. In
the paramutagenicity test (Fig. 3C), Southern blot analysis was used to distin-
guish between b/B-I→B′;−/− and B′*/B-I;−/− plants, taking advantage of re-
striction polymorphisms between b and B-I/B′.
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Fig. 4. The mop1-1 mutation influences biogenesis of certain miRNAs. (A
and B) Levels of each indicated miRNA family were monitored by Northern
blot analysis using 5′-end–labeled DNA oligonucleotides complementary to
the mature miRNA and 20 μg of the small RNA fraction from B′ immature
ears that were WT (wt) or homozygous for the mop1-1 (mop1) mutation.
Levels of rRNA and U6 are shown as loading controls. The numbers indicate
the mean abundance and SD of miRNAs inmop1-1 relative to the WT control
after scanning and normalization for loading for three biological replicates.
(C) Levels of pri-miRNAs were reduced in the mop1-1 mutant. RT-PCR
analysis of pri-miR156 levels in WT and mop1-1. Total RNA was extracted
from immature ears. Analysis of actin served as a loading control showing
that equivalent amounts of RNA were tested in all reactions. The numbers
indicate the mean abundance and SD of pri-miRNAs in mop1-1 relative to
the WT control from three biological replicates.
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Fig. S1. Phenotype of the 35S:b1IR-induced paramutagenic B′* state. (A) Lightly pigmented B′* plant. (B) Darkly pigmented nontransgenic sibling.

Fig. S2. Silencing induced by a transgene carrying an IR of the a1 gene promoter is not paramutagenic. (A) Outline of the experiment is similar to that for
35S::b1IR (Fig. 3). The 150-bp (274–420 bp of AY730792) fragment of the a1 (anthocyaninless1) gene promoter and 5′ UTR was cloned, and a transgene was
isolated similar to that described for 35S::b1IR (Materials and Methods). (B) Silencing of the functional A1 allele by the 35S::a1pIR was assayed after crosses with
a tester that introduced functional alleles for all genes required for anthocyanin pigment biosynthesis in plant and anther tissues. The endogenous A1 allele
that becomes silenced is denoted with an asterisk and lowercase (a1*). Assaying plant pigment in the progeny revealed 100% correlation between transgene
presence and reduced plant and anther pigment. This result indicates that both copies of the endogenous A1 allele are efficiently silenced by the 35S::a1pIR
transgene. All nontransgenic plants were fully pigmented, demonstrating that the endogenous a1* did not paramutate the naive A1 allele. To test whether
a1* paramutagenicity might occur after two generations of exposure to 35S::a1pIR, the outcross with the tester was repeated. Again, all nontransgenic plants
were fully pigmented, indicating that continued exposure to the transgene did not result in paramutagenicity of the a1* promoter.
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Table S1. Distribution of b1-TR siRNAs among the seven b1 repeats

b1TR-siRNA sequences

Presence (+) or absence (−) in b1 repeats

Size, nt Repeat 1 Repeats 2–5 Repeat 6 Repeat 7

AGGCTTAGCCTCAGCCTATCGTGG 24 + + + +
ACCACTAATAGTCGTGATCTCTGT 24 + − − −
AGTCGTGATCTCTGTTTGGAGACG 24 + − − −
GTTTGGAGACGGTGACTAGTGGAC 24 + − − −
TTGGAGACGGTGACTAGTGGACA 23 + − − −
TGGAGACGGTGACTAGTGGACAAA 24 + − − −
GTGACTAGTGGACAAATAGTGCAT 24 + − − −
AGTGGACAAATAGTGCATTCACC 23 + − − −
AGTGGACAAATAGTGCATTCACCT 24 + − − −
TGGACAAATAGTGCATTCACCTC 23 + + + +
GTTCAGTTCGTGGTGGACCGATGG 24 + + − +
TTCAGTTCGTGGTGGACCGATGGC 24 + − − −
GTTCGTGGTGGACCGATGGCTCGC 24 + − − −
GGTGGACCGATGGCTCGCAGTCGC 24 + − − −
GTGGACCGATGGCTCGCAGTCGCA 24 + − − −
GTGGACCGATGGCTCGCAGTCGC 23 + − − −
TGGACCGATGGCTCGCAGTCGCAG 24 + − − −
AACTAAACAGGTCGTGCAGTGCTC 24 − + + +
GTTTGGAGACGATGACTCGTGGAC 24 − + + +
TGGACAAATAGTGCATTCACCTC 23 + + + +
GTTCAGTTCGTGGTGGACCGATGG 24 + + − +
TCAGTTCGTGGTGGACCGATGGTT 24 − + − +
AGTGATTTAACTGGACAAGATGTT 24 + + + +
GACTATTAGTGGTCGGGACTTGGG 24 + + + +
GCACAACCTGTTTAGTTGTCGGGC 24 + − − −
CAACCTGTTTAGTTGTCGGGCC 22 + − − −
CAACCTGTTTAGTTGTCGGGCCA 23 + − − −
AACCTGTTTAGTTGTCGGGC 20 + − − −
TTAGTTGTCGGGCCACGATAGGCT 24 + + + +
AGTTGTCGGGCCACGATAGGC 21 + + + +
TGCTGCGACTGCGAACCATCGGT 23 + − − −
TTGGGGAGAGCACTGCACGACCT 23 − + + +
GCACAGGCTGCAGCAGTTGCATA 23 − + + +
GGCCCGACAACTAAACAGGTCGTG 24 − + + +
TGCGACTGCGAACCATCGGTCC 22 − + − +

Table S2. List of primers for RT-PCR analysis of pri-miR156 family members

Identification pri-miRNA Forward Reverse EST data

VC4383 pri_miR156a GGCCTGCCACCACTATAACT ACCCGTTCGTTCATTCATTC Yes
VC4384 pri_miR156b TGTAGGGTGGAGGAGAGGTG GAGCACGCATAGCTTCGAG Yes
VC4385 pri_miR156b and c TCAATCTCGATCTCCCTCTTTC CTTCACGCAAAGTGCAAAAA Yes
VC4386 pri_miR156c CATGTGCGGATCTCGTGTAT TCCTTTCTTCGCAATCATGG Yes
VC4387 pri_miR156d GCCTGATTTGATGTCCAGGT AGATAAGGAGGCGGCAGTGT No
VC4388 pri_miR156e CTGCATGACCCGTCTCTTCT GTCGTTCCATTCCATCAACC Yes
VC4389 pri_miR156f CCTTATCTTGTGCCCTGCTC GCCCACCTCTCTCTCAACAG Yes
VC4390 pri_miR156g TAGTCCCACTTCCGTCCATC AGCAGAGGTCATCGAAATCC Yes
VC4391 pri_miR156h CATGTCTAAGCCCCCATCC TCTGGTGGAAGGAAGACGAT No
VC4392 pri_miR156i ACACGCCCATCTTCTTGTTC GTACGAACCGCCCAGAAATA Yes
VC4393 pri_miR156j GTGGGTTATGCGGATGTTTC GCCTGAACTGGTGGGAGTAG No
VC4394 pri_miR156k GAGCGTCGTGTGTGTGTAGC CGTGCCAATTCCTCTCTCTC Yes
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