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There are some puzzling genetic phe-
nomena in nature that have kept geneti-
cists busily searching for clues for decades.
Among genetics’ X-files are cases in which
alleles of the same gene have the same
sequence but very different functional
states. Gene behaviors of this sort fall
under the heading of “epigenetic phenom-
ena.” Traits attributable to epigenetically
altered alleles (epialleles) are often not
transmitted between generations as inde-
pendent, immutable characters, according
to the rules that Mendel worked out with
his garden peas. Instead, there are cases
where alleles can change state if and when
they find themselves in the same nucleus
as epialleles that are locked into a different
functional state. This is the case in
paramutation, which describes the situa-
tion whereby a silent, paramutagenic allele
can influence the expression of an active,
paramutable allele of the same gene when
the two alleles are exposed to one another
within the same genome [1]. The silent
allele, which is defined as being paramu-
tagenic, somehow transfers its silent state
to the other allele, causing that previously
active allele to become silenced, too. Most
interestingly, the previously active allele is
now stably altered in such a way that it can
retain the silenced state through meiosis
and future generations. Moreover, the
newly silenced allele is paramutagenic
itself and will silence compatible paramu-
table alleles. All of this happens without
any changes in the nucleotide sequence at
the affected locus. This unusual allelic
behavior is the genic analogue of the
shape-shifting that occurs among proteins
that can convert to a prion state and then
cause other proteins of identical amino
acid sequence to acquire the altered
conformation [2,3]. How alleles can influ-
ence one another to acquire or maintain a
paramutated or paramutagenic state is not
yet known. However, in this issue of PLoS
Genetics, two interesting papers from the
Hollick (Stonaker et al. [4]) and Chandler
(Sidorenko et al. [5]) laboratories provide
further evidence that paramutation in
maize has an RNA basis. Specifically, the
studies suggest that multiple alternative
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subunits of the plant-specific multi-subunit
RNA polymerases, Pol IV and Pol V,
first discovered in Arabidopsis [6,7], might
assemble into Pol IV or Pol V sub-types
that have different roles in paramutation
and gene silencing.

Paramutation and siRNA-
Mediated DNA Methylation

Paramutation occurs in animals as well
as plants, but was first described in maize in
the 1950s based on the behavior of genes
that affect pigmentation of the plants and/
or seeds. Sidorenko et al. and Stonaker
et al. based their studies on the B7 (boosterl)
and PlI-Rhoades (purple plantl-Rhoades)
genes, both of which are involved in red/
purple pigmentation. Certain alleles, such
as B-I (B-intense) and PlI-Rh, are fully
functional and cause dark pigmentation, but
alternative epialleles of these genes are
silent, paramutagenic and designated with
apostrophes (B’ and Pl). B-I and Pl-Rh
alleles can spontaneously convert to 5’ and
PP epialleles, but it is generally a one-way
street; once converted, B’ and PP alleles do
not readily revert to the active state.
Moreover, exposure of a functional allele
to a corresponding B’ or P/’ allele silences
the active allele and converts it to a B’ or P/’
allele. The predictability of these allelic
behaviors and interactions has allowed for
genetic screens to find mutants that are
defective for the establishment or mainte-
nance of paramutation.

The outcome of the maize genetic
screens, to date, is the revelation that
paramutation requires components of the

24-nt siRNA-directed DNA methylation
pathway defined in considerable detail in
Arabidopsis thaliana [7]. This pathway is
required for the transcriptional silencing of
transposable elements, endogenous re-
peats, and foreign transgenes. The path-
way involves two plant-specific DNA-
dependent  RNA  polymerases [8-11],
now abbreviated as Pol IV and Pol V
[12,13]; the RINA-dependent RNA poly-
merase, RDR2; the double-stranded RNA
endonuclease, DICER-LIKE3 (DCL3); and
at least two of the ten Argonaute proteins,
AGO4 and AGO6 [7]. Other proteins of
the pathway include two putative chromatin
remodeling ATPases—CLSY1 and DRDI
[14,15] —and the de novo cytosine meth-
yltransferase, DRM2 [16]. Pol IV acts early
in the pathway, presumably generating
transcripts that are then used as templates
by RDR2, thereby producing double-
stranded RNAs that are cleaved into 24-nt
double-stranded siRNAs by DCL3. CLSY1
is thought to assist transcription by Pol IV
and/or RDR2 [14]. Independent of siRNA
biogenesis, Pol V generates transcripts that
overlap loci that are subjected to siRNA-
directed DNA methylation [12]. DRDI is
required for the production of these Pol V
transcripts [12]. AGO4 can be crosslinked
to Pol V transcripts [17], suggesting that
structural RNAs synthesized by Pol V act as
scaffolds for the recruitment of AGO4-
siRNA complexes and the transcriptional
silencing machinery, including DRM2.
However, the biochemical details of how
transcriptional repression is actually estab-
lished are not yet in hand.
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Evidence that proteins of the RNA-
directed DNA methylation pathway are
required for paramutation first came in
2006 when the gene responsible for the
mediator of paramutation 1 (mopl) muta-
tion was shown by the Chandler lab to be
the maize ortholog of Arabidopsis RDRZ2
[18]. Two important papers from the
Hollick lab soon followed. First, the
required to maintain repression 1 (rmrl)
gene was shown to encode a putative
chromatin remodeling ATPase related to
Arabidopsis CLSY1 and DRDI [19]. Next,
mutations defining the 6 locus were
shown to disrupt shown to disrupt the
maize ortholog of Arabidopsis NRPD1, the
largest subunit of nuclear DNA-dependent
RNA polymerase IV [20].

The morphological consequences of
rdr2/mopl and nrpdl disruption are more
severe in maize than in Arabidopsis. In
Arabidopsis, rdr2- and nrpdI-null mutants
cause an essentially complete loss of
24-nt siRNAs, loss of siRNA-directed
DNA methylation, and derepression of
transposons. The 7dr2 and nrpd] mutants
are also developmentally impaired, dis-
playing delayed flowering time, especially
when days are short and nights are long.
However, gross morphological aberra-
tions are not observed in Arabidopsis rdr2
and nrpd] mutants. Maize mopl and nrpdl
mutants are similarly deficient for 24-nt
siRNNA biogenesis, transposon silencing,
and flowering but also display a high
incidence of morphological abnormalities
[18,20-23]. The much higher transposon
and retrotransposon content of the
maize genome, compared to Arabidopsis,
likely confers a greater requirement for
Pol IV, RDR2/MOP1 and the siRNA-
directed DNA methylation pathway to
prevent transposon-induced misregula-
tion of genes affecting morphological
development.

The Possibility of Multiple Pol
IV or Pol V Sub-Types with
Nuanced Functions

In the current issue, Stonaker et al. and
Sidorenko et al. independently report on
paramutation-impaired mutants that are
defective for a maize paralog of NRPD2/
NRPE2, the gene that encodes the second-
largest subunit of both Pol IV and Pol V in
Arabidopsis. Interestingly, maize has three
such genes, with distinctive intron—exon
structures (Figure 1), all of which are
expressed and are presumably functional.
By contrast, Arabidopsis thaliana has only
one functional NRPD2/NRPEZ2 gene. The
three maize NRPD2/NRPEZ2-like genes
must not be fully redundant in their
functions given that Stonaker et al. and
Sidorenko et al. both identified recessive
mutants of the same NRPD2/NRPEZ2-like
gene in their screens for paramutation-
defective plants. If the different NRPD2/
NRPE2-like genes were fully redundant,
double- or triple-recessive loss-of-function
mutants would have been needed to
observe mutant phenotypes.

Despite the lack of full redundancy, the
three maize NRPD2/NRPE2-like genes
may be partially redundant for some Pol
IV and/or Pol V functions. Evidence for
this interpretation is indirect, but compel-
ling. First, 24-nt siRNAs are severely
depleted as a result of recessive loss-of-
function mutations in the NRPD2/NRPE2-
like gene that was identified in both
studies; this 1s also true in wpd! mutants,
suggesting that the NRPD2/NRPE2-like
protein encoded by the gene is most likely
a Pol IV subunit. Both the largest and
second-largest subunits of Pol IV are
required for polymerase activity, as in
other multi-subunit RNA polymerases,
because these are the catalytic subunits
[24]. Therefore, one would expect loss-of-

function mutations in the NRPDI and
NRPD2 genes to have the same pheno-
types. However, the phenotypic conse-
quences of recessive loss of function
mutations in the NRPD2/NRPE2-like gene
that was identified (termed NRPD2/E2a in
the Chandler lab and NRPD2a by the
Hollick lab) are not as severe as in nrpdl
mutants. These observations suggest that
one or more of the other NRPD2/
NRPE2-like proteins might also interact
with NRPD1 to form Pol IV complexes
with somewhat different functions, all of
which are lost in an nrpdl mutant. This
interpretation is also supported by the fact
that the Mop2-1 allele of the NRPD2/E2a
gene identified by Sidorenko et al. is a
dominant loss-of-function allele with more
severe phenotypes than recessive nrpd2/e2
loss-of-function alleles. The authors sug-
gest that the mutated second-largest sub-
unit in Mop2-1 plants may assemble with
other subunits to tie up NRPDI in non-
functional Pol IV complexes, thereby
phenocopying nrpd! mutants.

Predictions to Test, Questions
to Answer

The Stonaker et al. and Sidorenko et al.
papers raise a number of interesting
questions and present some interpretations
that will need to be further tested. First
and foremost, it will be important to
determine if the proteins encoded by the
three NRPD2/NRPE2-like genes can truly
serve as alternative catalytic subunits of
Pol IV, Pol V, or both enzymes. Recipro-
cal co-immunoprecipitation studies could
be one approach for revealing which of the
three NRPD2/NRPE2-like proteins sub-
units associate with NRPD1 or NRPEI in
maize. It would be even more informative
to affinity purify Pol IV or Pol V
complexes containing each of the three
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Figure 1. Intron-exon structures of the three NRPD2-/NRPE2-like genes in maize. The gene models were made using TARGeT (http://target.
iplantcollaborative.org/), with the Zea mays NRPD2/E2a amino acid sequence obtained from the NCBI Protein database (AAY45706.1) queried against
the Z. mays pseudo-genome. Exonic regions are indicated by boxes; intronic regions are marked with lines. Darker bars in exons indicate increasing
similarity to the query sequence. Numbers indicate amino acid positions relative to the query sequence (NRPD2/E2a). Positions with missing amino
acids relative to the query sequence are marked in red.

doi:10.1371/journal.pgen.1000736.g001
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alternative second-largest subunits and use
mass spectrometry to determine the com-
plete subunit compositions of the com-
plexes. By this approach, Arabidopsis Pol IV
and Pol V were recently shown to have 12
core subunits that are identical or para-
logous to the 12 core subunits of Pol II
[13]. For most of the smaller subunits of
Arabidopsis Pol IV and Pol V, alternative
versions of the proteins, encoded by
paralogous genes, were detected in the
complexes [13]. It is not yet known
whether these alternative subunits are fully
redundant and interchangeable in Arabi-
dopsis or whether they co-associate in
unique permutations within distinctive
Pol IV or Pol V sub-types, but the latter
is a distinct possibility. Therefore, it is
possible that Pol IV and/or Pol V may
come in multiple flavors, or sub-types in
both maize and Arabidopsis, but using
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