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Paramutation is the directed, heritable alteration of the expression of one allele when heterozygous with another allele.
Here, the isolation and characterization of a mutation affecting paramutation, mediator of paramutation1-1 (mop1-1),
are described. Experiments demonstrate that the wild-type gene Mop1 is required for establishment and maintenance
of the paramutant state. The mop7-1 mutation affects paramutation at the multiple loci tested but has no effect on alleles
that do not participate in paramutation. The mutation does not alter the amounts of actin and ubiquitin transcripts,
which suggests that the mop1 gene does not encode a global repressor. Maize plants homozygous for mop7-1 can
have pleiotropic developmental defects, suggesting that mop1-1 may affect more genes than just the known paramu-
tant ones. The mop1-1 mutation does not alter the extent of DNA methylation in rDNA and centromeric repeats. The ob-
servation that mop1 affects paramutation at multiple loci, despite major differences between these loci in their gene
structure, correlations with DNA methylation, and stability of the paramutant state, suggests that a common mecha-

nism underlies paramutation. A protein-based epigenetic model for paramutation is discussed.

INTRODUCTION

Recognition of the widespread nature and importance of
epigenetic phenomena in many organisms has prompted
extensive review (see Cell Vol. 93, No. 2; Trends in Genetics
Vol. 13, No. 8; Plant Molecular Biology Vol. 43, No. 2/3). Epi-
genetics refers to altered gene expression associated with
alternative chromatin or methylation states (or both) super-
imposed on an unchanged primary DNA sequence. Alter-
native epigenetic states are frequently heritable through
mitosis (Holliday et al., 1996; Pirrotta, 1997; Sherman and
Pillus, 1997) and sometimes through meiosis (Jorgensen, 1995;
Grewal and Klar, 1996; Cavalli and Paro, 1998; Chandler et
al., 2000). Epigenetic modifications are often attributed to
trans-sensing or homology effects (Henikoff and Comai,
1998; Wu and Morris, 1999). Some of the earliest examples
of epigenetic phenomena were identified by pigment varie-
gation in maize and Drosophila (Muller, 1930; Hinton and
Goodsmith, 1950; Baker, 1953, Brink, 1956; McClintock,
1957; Hessler, 1958; Coe, 1959).
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Anthocyanin pigmentation is a valuable tool in plants for
identifying and tracking genetic and epigenetic events
(Dooner et al., 1991; Meyer, 1995). The amount of the non-
essential anthocyanins present is very sensitive to subtle
changes in expression of the regulatory genes, and these
differences are readily visible. In maize, these genes were
used by Barbara McClintock to identify and follow the be-
havior of transposable elements (reviewed in Fedoroff,
1983) and by Alexander Brink and several researchers since
to identify and characterize a phenomenon Brink (1958,
1973) termed paramutation. More recently, the first
examples of cosuppression—transgene silencing of a ho-
mologous endogenous gene—were identified by using an-
thocyanin genes in petunia (Napoli et al., 1990; van der Krol
et al., 1990).

Paramutation has been extensively characterized at three
maize loci: r1, b1, and pl1 (reviewed in Chandler et al.,
2000). b7 and r1 (see Methods for a summary of maize no-
menclature) encode functionally interchangeable basic helix-
loop-helix (bHLH) factors (Styles et al., 1973; Ludwig et al.,
1989; Goff et al., 1990; Radicella et al., 1991), whereas pl/1
encodes a myb-related transcription factor (Cone et al.,
1993). Activation of the anthocyanin biosynthesis pathway
requires coexpression of a bHLH factor and a myb-related



2102 The Plant Cell

factor (Goff et al., 1992). In general, the p/71 locus is ex-
pressed in the vegetative body of the plant, whereas its
functional equivalent, c7, is expressed in the embryo and
the aleurone layer of the kernel endosperm. Therefore, when
functional alleles of p/7 and c1 are present, the b7 and r1 al-
leles present are generally what determine the tissue-spe-
cific patterns of anthocyanin expression (Styles et al., 1973).

Paramutation is an interaction between two specific al-
leles that leads to a heritable alteration in one of the alleles
at a very high frequency. Paramutation was first described
at the r7 locus of maize (Brink, 1956, 1958). Brink observed
that the amounts of aleurone pigment in genotypically iden-
tical kernels (triploid endosperm R-r/r-g/r-g) differed con-
siderably, depending on whether R-r was previously
homozygous or heterozygous with R-stippled (R-st). R-st
(termed paramutagenic) induced a heritable decrease in the
expression of standard R-r (termed paramutable); the al-
tered R-r is designated R-r' (reviewed in Kermicle, 1996).
The r-g allele is null and does not participate in paramuta-
tion. The paramutable b7 and p/7 alleles are B-/ and PI-Rh,
respectively, and when heterozygous with a paramutagenic
B’ or PI' allele, the paramutable allele is heritably changed
into a paramutagenic allele (Coe, 1966; Hollick et al., 1995).
The paramutable B-/ and PI-Rh alleles are also unstable,
spontaneously changing to B’ and P/’ (Coe, 1966; Hollick et
al., 1995). Most alleles of b1, r1, and p/7 do not participate in
paramutation and are termed neutral. Paramutation-like
phenomena are not restricted to pigment-regulatory genes;
they have also been described in other plants (reviewed in
Brink, 1973) and with transgenes in petunia and tobacco
(Meyer et al., 1993; Matzke et al., 1994; reviewed in Hollick
et al., 1997).

A variety of mechanisms have been proposed to explain
paramutation (McClintock, 1963; Coe, 1966; Brink et al.,
1968; Patterson et al., 1993; Chandler et al., 1996; Colot et
al., 1996; Martienssen, 1996; Matzke et al., 1996; Hollick et
al., 1997; Chandler et al., 2000). Given the numerous differ-
ences in paramutation phenomenology among b7, r1, and
pl1 (Chandler et al., 2000), whether they share a common
mechanism is not clear. An important approach to eventu-
ally understanding the underlying mechanism or mecha-
nisms of paramutation is to isolate mutations in the genes
that affect paramutation. Here, we describe a genetic
screen and report the identification and characterization of a
trans-acting gene that, when mutated, affects aspects of
paramutation at b1, r1, and pl1.

RESULTS

Identification and Genetic Characterization of mop1

Paramutation always occurs when B’ and B-/ are heterozy-
gous, and B’ is extremely stable in subsequent gener-

ations (reviewed in Chandler et al.,, 2000). These
characteristics enable a simple genetic screen to isolate
mutations affecting paramutation. Furthermore, the pheno-
types of B-I and B’ are readily distinguishable even in young
seedlings; B-I seedlings have intense anthocyanin pigmen-
tation, whereas B’ seedlings have little or no anthocyanin
pigmentation. A screening population was generated by
crossing B’ plants with B-/ plants carrying active Mutator
(Mu) transposable elements. F, plants were screened for
darkly pigmented (B-/-like) individuals, which could repre-
sent dominant mutations that prevented the establishment
of paramutation. All F individuals (>3500) were lightly pig-
mented (B’), indicating that paramutation had occurred
without exception. To identify recessive mutations that
might represent failure to maintain the repressed B’ tran-
scription state, F; individuals were self-pollinated and F,
families were screened for darkly pigmented (B-/-like) seed-
lings segregating at 1/4 frequency. For brevity, in this article
we refer to the darkly anthocyanin-pigmented B-/-like indi-
viduals as dark and the lightly anthocyanin-pigmented B'-
like individuals as light. Several F, families yielded dark
seedlings (25 of 510 families screened). Segregation in sub-
sequent crosses confirmed the presence of a recessive mu-
tation at a single locus in each of these families (data not
shown). The high frequency of families segregating dark
seedlings was not observed in a similar screen resulting
from the cross of a B’ Mu stock with B-/; none of the F, fam-
ilies yielded dark seedlings (zero of 427 families screened).
The high frequency in one set of stocks but not in the other
suggested that a recessive mutation had been present in
some of the B-I Mu stocks used in these experiments. Con-
sistent with this hypothesis, genetic complementation tests
among plants from the 25 families yielded dark seedlings,
confirming that each of these families carried a mutation in
the same gene (data not shown). Pedigree analyses demon-
strated that this mutation was segregating in the B-I Mu
stocks. On the basis of subsequent analyses described be-
low, we designated the locus identified by this mutation as
mediator of paramutation1 (mop1) and the mutant allele as
mop1-1. Recessive mop1-1 likely represents a reduced or
loss-of-function allele; individuals heterozygous for mop1-1
have the same amounts of pigment as the B’ seedlings,
which is defined as wild type for this genetic background.
Because these individuals possess the Mop1 allele normally
present in most maize stocks, we refer to the Mop1 allele as
wild type.

mop1-1 Alters the Phenotype of Both B’ and PI’

The fact that mop7-1 was isolated as dark B-/-resembling
seedlings among light B’ siblings indicated that mop7-1
modified the phenotype of B’ seedlings to resemble a B-/
phenotype. A similar modification of the B’ phenotype is ob-
served in mature plants. Figures 1A and 1B show the adult
phenotypes of B" Mop1/mop1-1 and B’ mop1-1/mop1-1



plants. Figures 1B and 1C illustrate the very similar pheno-
type of B’ mop1-1/mop1-1 and B-I Mop1/Mop1 plants.
These results are consistent with the mop7 gene having a
role in the maintenance of the paramutant B’ state. Although
B’ mop1-1 plants resemble B-/ plants, they occasionally
show somatic instability, manifest as sectors of B'-like pig-
mentation similar to that seen in Figure 1D. This observation
suggests that the mop7-7 mutation is unstable and may be
caused by a transposable element.

Does mop1-1 also alter the phenotype of the paramutant
PI' allele? To address this question, the p/7 expression phe-
notype must be assayed independent of changes in b7 ex-
pression; yet to activate the anthocyanin pathway, p/7 must
be coexpressed with a bHLH factor (b7 or r7). The anthers
represent a reliable tissue in which to assay p/7 expression
because r1, but no b1 allele, is expressed in the anthers.
Fortunately, the r1 gene expressed in the anthers does not
undergo spontaneous paramutation; accordingly, changes
in anther pigment reflect changes in p/7 expression. Be-
cause our homozygous B’ mop1-1 stocks lacked r1 expres-
sion in the anthers (homozygous for the null r-g allele), we
introduced R-r, which is expressed in both seeds and an-
thers. In the presence of R-r, PI' gives variegated (light) an-
thers, whereas PI-Rh gives fully pigmented (dark) anthers.
Light-anthered B'/b-W23 PI'/PI" Mop1/mop1-1 R-r/r-g indi-
viduals were self-pollinated, and purple kernels (inheriting

Figure 1. Phenotypes Associated with the mop7-7 Mutation.

(A) B’ Mop1/mop1-1.

(B) B"mop1-1/mop1-1.

(C) B-I Mop1/Mop1.

(D) B’ mop1-1/mop1-1 plant with B’-like sectors.

(E) PI’ Mop1/- (either Mop1/Mop1 or Mop1/mop1-1).
(F) PI”mop1-1/mop1-1.

A Mutation Affecting Paramutation 2103

dominant R-r) were planted. Recessive b-W23 produces
green vegetative tissues when homozygous, but b7 segre-
gation does not affect anther pigmentation. If mop1-1 inten-
sifies PI’, then one in four dark-anthered progeny are
expected to segregate. Light-anthered individuals, as seen
in Figure 1E, and dark-anthered individuals, as seen in Fig-
ure 1F, were observed among the F, progeny at the ex-
pected frequency (nine of 47 dark; x2 = 0.858, P = 0.35).
Three-quarters of these plants were B'/- (either B'/B’ or B’/
b-W23), and intensification of the B' phenotype in the dark-
anthered individuals confirmed that they were mop1-1/
mop1-1. This result demonstrated that mop7-17 is not spe-
cific to B’ but also affects the paramutant P/’ allele.

mop1-1 Does Not Heritably Alter B’ but Can Heritably
Alter PI’

Under some conditions, paramutant alleles can return to the
higher expression state characteristic of the paramutable al-
lele. This has been observed for paramutant alleles of p/7
and r1, although not for those of b7 (reviewed in Chandler et
al., 2000). Genetic crosses were performed to test whether
mop1-1 heritably alters B’ to B-/ or PI' to PI-Rh, as dia-
grammed in Figure 2. When B’ mop1-1 individuals are
crossed with plants null for b7 and wild type for mop1
(Mop1), all progeny are light (B'/b Mop1/mop1-1; >400
plants from >20 families), thus demonstrating that the light
pigment phenotype of B’ is not heritably altered by mop1-1.
Furthermore, crosses between B’ mop1-1 and B-I Mop1 in-
dividuals, both of which are dark, also generate all light pro-
geny (B'/[B-I]', Mop1/mop1-1; >100 plants from six families),
indicating that the B’ allele transmitted from homozygous
mop1-1 plants is fully capable of causing paramutation (Fig-
ure 2A) in a Mop1/mop1-1 nucleus. Thus, mop1-1 does not
disrupt the inheritance of the B’ state.

To test whether the P/’ allele in homozygous PI’ mop1-1
plants can be heritably altered to P/-Rh, dark-anthered P/’
mop1-1/mop1-1 individuals were crossed with PI-Rh Mop1/
Mop1 testers (Figure 2B). Progeny of this cross were scored
with respect to anther pigmentation by using the anther
color scale previously described (Hollick et al., 1995). In this
scale, individuals with an Anther Color Score (ACS) of 7 are
PI-Rh. Most progeny (~75%) had lightly pigmented anthers,
indicating that PI’ could be transmitted from homozygous
mop1-1 plants. However, dark-anthered individuals (PI-Rh-
like, with ACS 7) were sometimes observed, as shown in Figure
3. In contrast, in control crosses, sibling PI' Mop1/mop1-1
plants were crossed with P/-Rh testers, and all progeny had
lightly pigmented anthers (Figure 3). Not all PI' mop1-1/
mop1-1 individuals produced dark-anthered progeny. In a
total of 12 progeny families, representing test crosses from
11 different individuals, only six families had some dark-
anthered progeny. All six of these families were from ho-
mozygous PI'/PI' mop1-1/mop1-1 individuals in which one of
the PI’ alleles had been exposed to homozygous mop1-1 for



2104 The Plant Cell

A B' mopl-1
B' mopl-1
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Gametes produced if B'is
heritably altered to B-I (B' —»B-I):

B-Imopl-1 X  B-I Mopl ____, B-I Mopl Dark
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Gametes produced if B'is not
heritably altered to B-I (B' —%% B-I):

B'mopl-1 X B-I Mopl _____ (B-)! Mopl Light
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Gametes produced if PI’is
heritably altered to PI-Rh (P’ —®PI-Rh):

Pl-Rhmopl-1 X PI-Rh Mopl — » PI-Rh Mopl  Dark
PI-Rh Mopl Pl-Rh mopl-1 anthers

Gametes produced if P/'is not
heritably altered to PI-Rh (PI' —%» PI-Rh):

v
Pl'mopl-1 X  PI-Rh Mopl , (PL-Rh)' Mopl  Light
PI-Rh Mopl Pl  mopl-1 anthers

Figure 2. Diagram Outlining Test for Heritability of B” and P/’ from Homozygous mop1-1 Individuals.

(A) If mop1-1 heritably alters B’ to B-/, then B’ mop1-1/mop1-1 individuals would generate B-/ mop1-1 gametes and progeny would be dark. Al-
ternately, if B'is still B’, then all gametes would be B’ mop1-1, B’ would paramutate B-/ (indicated by [B-/]) in the next generation, and all prog-
eny would be light.

(B) If mop1-1 heritably alters PI” to PI-Rh, then PI” mop1-1/mop1-1 individuals would generate PI-Rh mop1-1 gametes and progeny would have
dark anthers. Alternately, if P/’ is still PI’, then all gametes would be PI” mop1-1, PI” would paramutate P/-Rh (indicated by [P/-Rh]’) in the next
generation, and all progeny would have light anthers.

two consecutive generations. In contrast, no ACS 7 prog- mop1-1 Increases Transcription of B’ and Amounts of
eny were observed from any of the four PI’ mop1-1/mop1-1 PI’ Transcripts

individuals in which the P/’ alleles were exposed to homozy-

gous mop1-1 for only one generation. Thus, mop1-1 can, To test whether changes in pigment are the result of

but does not always, heritably alter P/’ to PI-Rh. changes in transcript amounts and transcription, as ob-



served with b7 and p/1 paramutation (Patterson et al., 1993;
Hollick et al., 2000), RNA concentrations and transcription
rate were determined. As depicted in Figure 4, analysis of
RNA concentrations in husk tissue by using RNase protec-
tion assays showed a strong (46-fold) increase in b7 RNA in
B’ mop1-1/mop1-1 relative to that in B’ Mop1/mop1-1 sib-
lings. RNase protections also reveal a marked (5.6-fold) in-
crease in p/T RNA concentrations in PI' mop1-1/mop1-1
relative to those in PI' Mop1/mop1-1 siblings (Figure 4).
These increases in b1 transcript values are consistent with
(although greater than) the 10- to 20-fold differences in tran-
script values between B-/ and B’ (Patterson et al., 1993). In-
creases in pl1 transcripts are also similar to (although less
than) those differences seen between P/’ and PI-Rh (Hollick
et al., 2000).

To determine whether the increases in transcripts of ho-
mozygous B’ mop1-1 plants are associated with increased
transcription, in vitro transcription assays were performed
on nuclei isolated from sheath tissue. As shown in Figure
5A, the transcription rate of b7 was increased in sheaths of
B’ mop1-1/mop1-1 plants relative to that in Mop1/mop1-1
siblings. The results of three independent pairwise compari-
sons between sibling mop1-1/mop1-1 and Mop1/mop1-1
individuals are shown graphically in Figure 5B. RNase pro-
tection assays with the same samples were performed to
determine the amounts of transcripts in the same sheath tis-
sues. The results of pairwise comparisons of RNA concen-
trations for the same six individuals are summarized in
Figure 5C. The in vitro transcription assays reveal a three-
fold to 4.5-fold increase in transcription rate, whereas
RNase protection assays reveal a sevenfold to 13-fold in-
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40 | W mopi-1/mopli-1

30 4
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Percentage of Plants

10 |

1 2 3 4 5 6 7

Anther Color Scores among Testcross Progeny

Figure 3. ACSs of PI” mop1-1/mop1-1 Outcrosses versus Pl’
Mop1/mop1-1 Outcrosses.

PI” mop1-1/mop1-1 individuals versus P/’ Mop1/mop1-1 individuals
were outcrossed with PI-Rh (Mop1/Mop1) testers. Individual prog-
eny plants were scored for amount of anther pigment.
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Figure 4. Amounts of Transcripts in mop1-1 versus Wild-Type Siblings.

An example of RNase protections for p/7, b1, and actin1 on four sib-
ling individuals. All individuals are homozygous B’ and P/’ and seg-
regate for mop71-1 as indicated. The bar graph shows the
normalized amounts of b7 (open bars) and p/7 (closed bars) RNA
from the RNase protection.

crease in transcripts in the same tissues. Similar differences
in RNA versus transcription rate increases (five- to eightfold
versus 13- to 14-fold) are observed at c2, a gene regulated
by b1 and pl1 (Figure 5A; data not shown). Overall, the
marked pigmentation differences between B’ Mop1/mop1-1
and B’ mop1-1/mop1-1 siblings can be explained by in-
creased b1 transcripts, which can be at least partially ex-
plained by an increase in b1 transcription rate.

mop1 Does Not Affect Neutral Alleles

To determine whether mop1-1 is a general modifier of the
anthocyanin regulators or is specific to those alleles that
participate in paramutation, we tested the ability of mop7-1
to enhance the amount of pigment produced by b7 and pl/1
alleles that do not participate in paramutation. The B-Peru
allele, which does not participate in paramutation (Patterson
et al., 1995), has dark aleurone pigment and extremely weak
pigment in the vegetative body of the plant, which make it
readily distinguishable from B’. As diagrammed in Figure 6,
B’ Pl r-g mop1-1 plants were crossed with a B-Peru Pl r-g
Mop1 stock, and four F, individuals were self-pollinated.
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Figure 5. Transcription Rates in mop1-1 versus Wild-Type Siblings.

(A) An example of an in vitro transcription assay showing the SK+
plasmid negative control and the signal for b7, c2, and ubiquitin2 tran-
scription in B’ mop1-1/mop1-1 versus B’ Mop1/mop1-1 individuals.
(B) Paired data for b7 transcription rate from several in vitro tran-
scription assays for several mop1-1/mop1-1 (closed bars) versus
Mop1/mop1-1 (open bars) individuals. The data represent three sep-
arate comparisons between a pair of sibling individuals. The n-fold
(designated X) increase is given below each pairwise comparison.
(C) Paired data from RNase protection assays for b7 RNA quantities
normalized to quantities of ubiquitin2 RNA for the same mop1-1/
mop1-1 (closed bars) versus Mop1/mop1-1 (open bars) sibling indi-
viduals as examined in (B).

Only purple F, kernels were planted to select for homozy-
gous or heterozygous B-Peru. Among these progeny, three
classes of plant color phenotypes were observed (Figure 6).
Because intensification of B’ pigmentation would preclude
any conclusions about mop1-1 intensification of the lighter
B-Peru pigmentation in the vegetative body of the plant, it

was essential to compare only homozygous B-Peru individ-
uals, identified by the presence of 100% purple kernels on
the ears produced by these individuals. All 24 individuals
characterized as having typical B-Peru pigment in the vege-
tative body of the plant had ears with 100% purple kernels,
confirming their b7 genotype as B-Peru/B-Peru. These
plants were test-crossed with B’/B” mop1-1/mop1-1 plants
to determine their mop1 genotype. If any of these individu-
als were also homozygous for mop17-1, they would be ex-
pected to produce 100% dark progeny (vegetative plant
phenotype) from the test crosses with B’ mop1-1. Four of
the homozygous B-Peru individuals met this expectation
and thus had been homozygous for mop7-1. The fact that
their pigment phenotypes were indistinguishable from their
B-Peru/B-Peru Mop1/mop1-1 or B-Peru/B-Peru Mop1/
Mop1 siblings demonstrates that mop7-1 does not intensify
B-Peru pigmentation. All plants that had the B” mop1-1 or
B’ Mop1/- phenotype (Figure 6) were confirmed to be het-
erozygous for B".

In the process of introducing mop17-1 into other genetic
backgrounds, a stock was generated that contained B-bar
and pl-W22, weakly pigmented neutral alleles of b7 and p/1,
respectively. Three dark plants, subsequently shown to be
B-bar/B’ mop1-1/mop1-1 pl-W22/pl-W22, were self-polli-
nated, producing 3:1 dark/light progeny (76 dark and 25
light). Polymerase chain reaction analyses confirmed that
the light progeny were homozygous for B-bar. The fact that
these light progeny resembled B-bar Mop1/- pl-W22 plants
demonstrated that mop7-1 did not intensify B-bar. Because
these plants were also homozygous for pl-W22, an allele of
pl1 that does not participate in paramutation (Hollick et al.,
1995), the effects of mop7-71 on a neutral p/71 allele could
also be examined. All plants had weak p/-W22 anther color.
Together with the results described above with B-Peru, these
results suggest that the mop17-1 intensification of pigment is
selective for paramutant alleles.

mop1-1 Inhibits Establishment of b7 Paramutation

To determine whether mop1 is involved in the establishment
of b1 paramutation, we asked whether B-/ could be paramu-
tated when encountering B’ in a homozygous mop7-1 nu-
cleus. To address this question, homozygous B’ mop1-1
individuals were crossed, as diagrammed in Figure 7, with
plants heterozygous for B-I/b-K55 and Mop1/mop1-1. The
b-K55 allele is recessive, producing green vegetative tissues
when homozygous. B'/B-I and B’/b-K55 were differentiated
by restriction fragment length polymorphisms between the
B-I and b-K55 alleles, and each class was crossed with both
B-1/B-Peru testers (Figure 7) and with b1 testers (not dia-
grammed). A feature of the B-I/B-Peru cross is that the B-/
allele is frequently more stable (less prone to spontaneous
paramutation to B’) when heterozygous with a neutral allele
(Chandler et al., 2000). Furthermore, the purple aleurone
pigmentation of B-Peru kernels provides a useful marker for
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B-Peru Mpl

+

B’ mopl-1

Light pl
B-Peru Mopl (ight pLants)

® Gives 3/4 purple kernels.

Only purple kernels planted
(B-Peru/B-Peru or B-Peru/B’)

14 B’ mopl-1
B-Peru mopl-1

- mopl-1

Figure 6. Diagram Showing Three Progeny Classes from B’/B-Peru Mop1/mop1-1 Self-Pollinations.

B’ mop1-1 plants were crossed with B-Peru Mop1 plants. The light Fy B’/B-Peru Mop1/mop1-1 plants were self-pollinated, and purple kernels
(B-Peru/-) were planted. The progeny fell into three phenotypic classes; the numbers and genotypes of each phenotype are shown. The mop1
genotype of the 24 B-Peru/B-Peru plants was determined by test crosses with B’ mop17-1.

the allele, and the weak B-Peru pigmentation in the vegeta- to B-I/B-Peru (Mop1/Mop1), purple kernels (inheriting the
tive body of the plant is recessive to and readily distin- B-Peru allele of the tester) gave rise to plants segregating as
guished from B-/ or B’ pigmentation (Radicella et al., 1992; 50% light (original B’) and 50% dark (unaltered B-/) individ-
Patterson et al., 1995). uals, as shown in Table 1. A similar result was obtained

Among offspring of B’/B-I mop1-1/mop1-1 plants crossed among offspring of B’/B-I mop1-1/mop1-1 plants crossed
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is prevented (B-I —%¥%» B’):
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Gametes produced if paramutation
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Figure 7. Diagram Outlining Test for Ability of mop7-1 to Prevent b7 Paramutation.

B’/B” mop1-1/mop1-1 plants were crossed with B-I/b Mop1/mop1-1 plants, generating four types of segregating progeny. The B’/B-I and B'/b
progeny were distinguished by restriction fragment length polymorphisms. The B’/b progeny were not analyzed further. Both classes of B/B-/
progeny (dark and light) were crossed with B-I/B-Peru Mop1/Mop1 testers (and with testers null for b7; not diagrammed) to test whether the B-/
allele heterozygous with B had become B’ in the mop1-1/mop1-1 versus Mop1/mop1-1 plants. The expectations for crosses with B’/B-I mop1-
1/mop1-1 with one type of tester (B-Peru Mop1, which gives purple kernels) are shown. The expectation for the B’/B-I Mop1/mop1-1 progeny is

that all offspring will be light plants (not diagrammed).

with b7 tester stocks (b-K55/b-K55 Mop1/Mop1 or b-K55/
b-W23 Mop1/Mop1). Eighteen of 43 plants were dark or me-
dium-dark, and the remaining 25 individuals were light (Ta-
ble 1). Medium-dark individuals could be explained by
spontaneous paramutation of B-/ to B’, or PI-Rh to Pl’,
which is often observed with these alleles (Coe, 1966; Hollick
et al.,, 1995). Some of these individuals were crossed with
appropriate tester stocks, and the phenotypes of progeny
were consistent with spontaneous paramutation of PI-Rh
causing the reduction in pigment. Control crosses of B'/B-/
Mop1/mop1-1 plants with the same B-I/B-Peru and b1
tester stocks produced progeny that were all light colored.

These results demonstrate that paramutation is not estab-
lished in mop1-1/mop1-1 plants.

Surprisingly, colorless kernels from the same crosses with
the B-1/B-Peru tester (inheriting the B-/ allele of the tester)
gave fewer than the expected 50% B-/ plants (Table 1).
Many individuals were dark toward the base of the plant but
appeared to lighten progressively during development, so
that at anthesis, 46 plants were scored as medium or light
and only three as dark (B-/). Observation of B-/ progeny at
the anticipated 50% frequency requires three conditions: in-
heritance of an unaltered B-/ allele from the B-I/B-Peru
tester parent, inheritance of an unaltered B-/ allele from B’/



B-1 mop1-1/mop1-1 individuals, and stability of both B-/ al-
leles in the homozygous B-/ progeny individuals. Homozy-
gous B-/ is generally less stable than is B-I//B-Peru (K.M.
Kubo, G.I. Patterson, J.E. Dorweiler, and V.L. Chandler, un-
published data; discussed in Chandler et al., 2000). The de-
velopmentally progressive reduction in pigment of many
(presumed B-I/B-I) progeny plants appeared similar to the
progression sometimes observed during spontaneous para-
mutation of B-/ to B’. This result could also be caused by a
greater than usual rate of spontaneous paramutation of the
B-I allele segregating from the B-I/B-Peru tester. Alternately,
the B-/ allele segregating from B’/B-l mop1-1/mop1-1 may
be subtly destabilized. This subtle destabilization could be
exacerbated in the next generation by homozygosity with a
second B-/ allele, whereas it could be overcome in the next
generation by heterozygosity with a neutral allele such as
B-Peru or b1. Nevertheless, mop1-1 is clearly able to inhibit
the establishment of paramutation in B’/B-I mop1-1/mop1-1
plants, as shown by the dark offspring carrying B-/, which
segregated from these individuals. This is in sharp contrast
to wild-type stocks for mop1 in which paramutation always
occurs (Coe, 1966; Patterson et al., 1993, 1995).

mop1-1 May Inhibit Establishment of p/7 Paramutation

We also examined whether mop7-1 inhibits the establish-
ment of p/7 paramutation, although this experiment is com-
plicated by the fact that P/’ can occasionally be heritably
altered to PI-Rh in homozygous mop1-1 plants. To ensure
that the allele entering the cross was the paramutagenic P/’
light-anthered PI’/PI” Mop1/mop1-1 plants (in which PI’ is
stable and does not change to P/-Rh) were crossed with
dark-anthered PI-Rh/PI-Rh Mop1/mop1-1 plants. Each of
these stocks also carried the B’ allele, which enabled an
independent assay of the mop1 genotype. Among the prog-
eny, dark anther and vegetative tissue pigmentation
perfectly cosegregated (mop7-1/mop1-1). Three dark-
anthered individuals (P/’/PI-Rh) were crossed with a b-K55
PI-Rh tester to determine whether paramutation occurred
(all progeny should have light anthers) or whether the PI-Rh
allele could be inherited unaltered (50% dark- and 50%
light-anthered plants). The resulting progeny segregated 39
purple-anthered PI-Rh plants and 36 light-anthered P/’ plants.
The simplest explanation for this result is that mop7-1/
mop1-1 prevented the establishment of paramutation and
thus resulted in segregation of the original PI-Rh and P/’ al-
leles.

mop1-1 Inhibits Establishment of r1 Paramutation

Because the phenomenology of r1 paramutation is very dif-
ferent from that of b7 (reviewed in Chandler et al., 2000), we
asked whether mop1-1 is able to affect paramutation at r7.
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Table 1. Results of B’/B-I mop1-1/mop1-1 Test Crosses with
Several Tester Stocks

No. of No. of

Dark Light

Cross Progeny Progeny x2 (P)

B//B-I mop1-1/mop1-1 x 18P 25 1.139 (0.29)
b/b Mop1/Mop1

B’/B-Imop1-1/mop1-1 X 26 25 0.0196 (0.89)
B-Peru Mop1°

B’/B-I mop1-1/mop1-1 X 3 46d 37.7 (<0.0001)
B-I Mop1¢

aThe hypothesis tested is 1:1 segregation.

b Plants were scored as dark or medium-dark. Test crosses demon-
strated that medium-darks were B-/ P/".

¢B-Peru Mop1 and B-I Mop1 represent the different gametes pro-
duced by the B-I/B-Peru tester.

dPlants were scored as medium (20) or light (26). Many mediums
were darker at the base, consistent with spontaneous paramutation.

Our B mop1-1 stocks contained the r-g allele of r7, which
does not participate in paramutation (Kermicle et al., 1995).
These mop1-1 r-g stocks were crossed with stocks that
were wild type for mop1 (Mop1) and contained r1 haplo-
types that participate in paramutation. The term haplotype is
used for complexes composed of multiple r7 genes. The r1
haplotypes used included the paramutagenic R-st haplo-
type and two paramutable haplotypes, standard R-r and
R-d:Catspaw (R-d). The F; progeny between R-st and
mop1-1 (R-st/r-g; Mop1/mop1-1) were intercrossed with F
progeny of the paramutable haplotypes (R-d/r-g or R-r/r-g;
Mop1/mop1-1). Thus, the paramutagenic and paramutable
haplotypes were combined in homozygous mop1-1 mutant
progeny and in siblings that were wild type for mop1 (Mop1/-).
Fifty percent of intercross progeny inherited the paramu-
table haplotype (R-d or R-r), and among these, four geno-
types of interest segregated as shown for R-d in Figure 8A.
The presence of B’ allowed the mop1 genotype to be easily
monitored. Test crosses onto r-g/r-g females of Mop1/- (ei-
ther Mop1/Mop1 or Mop1/mop1-1) individuals in which R-d
was heterozygous with neutral r-g provided a baseline for
wild-type kernel pigmentation. Test crosses of R-d/r-g
plants homozygous for mop7-1 did not differ detectably
from those of wild-type plants (Mop1/-), as shown in Figure
8B. Paramutation occurred as expected in the R-st/R-d
Mop1/- individuals, manifested as less pigment in the R-d
kernel progeny (Figure 8B). However, siblings homozygous
for mop1-1 showed no decrease in R-d expression (Figure
8B). Thus, in individuals homozygous for the mop7-1 mutation,
paramutable R-d exits the cross as if it had been heterozy-
gous with a neutral allele rather than with paramutagenic R-st.
Similar results were obtained with the paramutable standard
R-r (data not shown). This demonstrates that mop7-1 is able
to inhibit the establishment of r1 paramutation.
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Figure 8. Summary of mop1-1 Effects on r1 Paramutation.

(A) Parental genotypes and progeny classes used to evaluate the effect of mop7-7 on the establishment of r7 paramutation. mop7 genotypes
were determined on the basis of the intensity of the vegetative tissue pigment within the PI/- phenotypic class. Individuals belonging to the two
R-d/- genotypic classes were identified by crossing with an r-g tester stock, and the R-d/r-g kernel progeny were then assayed for pigment in-

tensity.

(B) The bar graph shows results of paramutation test with r7. Color scores for kernels inheriting the R-d allele are plotted from individuals having
the parental genotype indicated along the x axis. The first two columns are Mop1/- genotype controls. The color score equals 100 minus the av-
erage reflectometer reading, as described by Alleman and Kermicle (1993). Error bars indicate SD.

Mutations in mop1 Correlate with Negative
Pleiotropic Effects

As shown in Table 2 and Figures 9B, 9C, and 9D, plants ho-
mozygous for B’ mop1-1 can show deleterious pleiotropic
phenotypes when compared with the wild type (Figure 9A).
The range of effects seen include delayed flowering or
shorter stature relative to wild-type siblings, spindly and
sometimes barren stalks, and in some instances, aberrant
development resulting in feminized tassels (such as that ob-
served in tassel seed mutants [lrish et al., 1994]). We repro-

ducibly see differences in flowering time, whereas other
abnormalities appear stochastically. Perhaps, there is an
environmental effect on the frequency with which these de-
velopmental abnormalities occur, because the frequency
has been greatest in our Hawaii nursery during the past two
winters. Two alternative hypotheses could explain the corre-
lation of these deleterious effects with mop7-71. These ef-
fects could be caused either by other mutations that are
linked to mop1-1 or by the mop1-1 mutation itself. Recently,
a second allele of mop1 was isolated in a similar screening
that was looking for modification of P/’ instead of B’ and



used ethyl methanesulfonate (EMS) as the mutagen (Hollick
and Chandler, 2001). This independent allele (mop1-2EMS)
provided independent data with which to judge the two al-
ternative hypotheses. B’/- mop1-2EMS/mop1-2EMS and
B’/- mop1-1/mop1-2EMS individuals showed the same
suite of deleterious pleiotropic phenotypes as homozygous
mop1-1 (Table 2). This strongly suggests that these negative
pleiotropic effects are the result of the mutant mop7 locus
rather than the result of linked mutations.

mop1-1 Does Not Affect Global Methylation Levels

Although no differences in DNA methylation are observed in
comparisons of the paramutagenic and paramutable alleles
of b1 and p/7 (within the coding and ~15 kb of the respective
flanking regions) (Patterson et al., 1993; Hollick et al., 2000),
paramutation of R-r correlates with DNA methylation in the
transcribed region (Walker, 1998). In other systems, changes
in DNA methylation often have correlated with differences in
transcription; thus, in one model, mop7 encodes a protein
that influences global DNA methylation levels such as a
DNA methyltransferase (Finnegan et al., 1996) or DDM1 (for
decrease in DNA methylation) (Vongs et al., 1993). Under this
model, one could hypothesize that methylation differences
occur at b7 and pl1, but the changes occur outside of the re-
gions examined. We tested whether global DNA methylation
levels were affected by mop7-1. DNA gel blots with methyla-
tion-sensitive restriction enzymes were prepared to compare
homozygous B’ mop1-1 individuals, wild-type siblings (B’
Mop1/mop1-1), and B’ stocks (Mop1/Mop1). These blots
were hybridized with repeated sequences of the 45S riboso-
mal region (McMullen et al., 1986) as well as a repeated se-
quence found at centromeres (Jiang et al., 1996). As shown in
Figures 10A and 10B, no differences in DNA methylation were
detected among the mop1 genotypes.
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DISCUSSION

Our results demonstrate that mop7 plays a central role in
paramutation. The mop7-1 mutation disrupts the mainte-
nance and establishment of paramutation at multiple maize
loci but has no effect on alleles that do not participate in para-
mutation. The pleiotropic developmental phenotypes that
stochastically occur in some families segregating mop1 muta-
tions suggest that mop7 may play a broader role than simply
regulating alleles that undergo paramutation. Experiments are
in progress to determine whether developmental phenotypes
are heritable independent of the mop1 mutation; if so, this
would suggest that those phenotypes represent epimutations
at other loci induced by the mop1 mutation. This has been ob-
served with the ddm7 mutation, which encodes a putative
chromatin remodeling protein. Plants that are homozygous for
ddm1 for consecutive generations accumulate epimutations
at other loci (Kakutani et al., 1996).

Paramutation at b1, p/1, and r1 Shares a
Common Mechanism

The behavior of b1, p/1, and r1 alleles participating in para-
mutation has unique aspects (reviewed in Chandler et al.,
2000). r1 paramutation involves structurally distinct haplo-
types of a complex or repeated nature. In contrast, B’ and
PI’ are spontaneous derivatives of B-/ and PI-Rh, respec-
tively. Furthermore, increased methylation is readily appar-
ent in R-r’ relative to R-r (Walker, 1998), whereas such
differences have not been observed for b1 and pl1 (Patterson
et al., 1993; Hollick et al., 2000). We have demonstrated that
mop1-1 disrupts the maintenance of B’ and P/’ expression,
the heritability of P/’, and the establishment of b7 and r71
paramutation. These results provide compelling evidence

Table 2. Developmental Phenotypes Associated with mop7 Mutants

Phenotypes?
Segregation Mop1 mop1
Family Expected Observed X2 (P) No (0] N STS WTS BT Re
mop1-1 segregating 1:1 37:39 0.05 (0.82) 36 1d 13 15 3 3 5
mop1-2EMS segregating 3:1 75:15 3.33(0.07) 74 1e 6 2 1f 4 2
mop1-1/mop1-2EMS segregating 1:1 13:15 0.14 (0.71) 13 - 6 3 1 2 3

aPhenotypes are as follows: Mop1, lightly pigmented plant; mop7, darkly pigmented plant; N, normal; O, other; STS, strong tasselseed; WTS,
weak tasselseed; BT, barrenized tassel; R, runty or scrawny plant.

®The number of individuals represent progeny from four, five, and two plants for the mop7-1, mop1-2EMS, and mop1-1/mop1-2EMS segregat-
ing crosses, respectively.

¢One of five, one of two, and one of three plants also possessed a barrenized tassel, and one of five plants possessed a feminized tassel, which
failed to emerge (see Figure 9C).

dThis plant was slightly deformed with a twisted stalk.

¢This plant was diseased.

fThis plant was shorter than were sibling plants and did not produce an ear.
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Figure 9. Phenotypes Characteristic of mop7 Mutations Relative to
Wild-Type Siblings.

(A) A B’ Mop1/mop1-1 individual bearing a normal tassel.

(B) A B’ mop1-1/mop1-1 individual bearing a feminized tassel
(strong tasselseed).

(C) A B’/- mop1-2EMS/mop1-2EMS individual bearing a severely
barrenized tassel.

(D) A runty B’ mop1-1/mop1-1 individual in which the feminized ter-
minal inflorescence failed to emerge.

that despite several phenomenological differences, all three
loci use a common molecular factor for paramutation,
strongly suggesting that a common mechanism underlies
paramutation at these three loci.

A Role for MOP1 in Establishing and Maintaining the
Paramutant State

Our results indicate that MOP1 function is clearly involved in
all three phases of gene silencing: establishment, mainte-
nance, and heritability (reviewed in Loo and Rine, 1995).
When paramutable and paramutagenic alleles of b1, p/1, or
r1 are heterozygous, paramutation always occurs (reviewed
in Kermicle, 1996; Chandler et al., 2000), but in nuclei that
were homozygous for mop1-1, paramutation was not estab-
lished at b1, r1, or p/1. When PI-Rh was introduced to P/’ in
homozygous mop1-1 plants, PI-Rh appeared to be trans-
mitted unaltered, because the offspring plants segregated

as 50% dark-anthered (P/-Rh) and 50% light-anthered (P/’).
This interpretation is complicated by the fact that homozy-
gous P’ mop1-1 plants can sometimes produce dark-
anthered PI-Rh progeny. However, for the 50% dark-
anthered plants to have resulted from full establishment of
paramutation and subsequent reversion of half the P/’ alleles
to PI-Rh seems quite unlikely. The establishment experiment
used P/’ alleles exposed to homozygous mop1-1 for a single
generation, a condition in which in other experiments no PI-
Rh progeny were observed. Thus, the simplest explanation
for the 50% segregation observed in this experiment is that
mop1-1 inhibits the establishment of p/7 paramutation.

One possibility is that MOP1 function mediates or facili-
tates the interaction between the paramutagenic and para-
mutable alleles, such that loss of function disrupts that
interaction. MOP1 function may be necessary for the para-
mutagenic properties of B’, PI’, or R-st, such that loss of
function makes these alleles more similar to neutral or para-
mutable alleles. For B’ and PI’, the paramutagenic property

A B’ B’ Mopl/mopl-1 B mopl-1l/mopl-1
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Figure 10. DNA Gel Blots Assaying Methylation of Repeated Se-
quences.

Individual genotypes are indicated above the DNA gel blots (B’
stands for B’/B’ Mop1/Mop?1).

(A) Samples digested with the methylation-insensitive enzyme BstNI
(B) and the methylation-sensitive enzyme EcoRlIl (E) were probed
with the 45S ribosomal repeat.

(B) Samples digested with Hpall (H) or Mspl (M) were probed with
the centromere repeat.



may be the repressed state, and mop7-1 prevents the es-
tablishment of paramutation by derepressing these alleles.
The appearance of phenotypically B’ sectors in B’ mop1-1
plants suggests that MOP1 can function throughout devel-
opment to reduce the expression of B’ such that regaining
MOP1 function in a somatic sector reestablishes the re-
duced expression state.

MOP1 function also plays a role in maintenance of the b1
and pl/1 paramutagenic states and affects the heritability of
PlI’. Experiments are in progress to determine whether
MOP1 functions similarly at r7. Inheritance of the PI-Rh al-
lele from PI” mop1-1 appears to be stochastic: only a few
progeny plants are PI-Rh; most are PI’. This is true even
among progeny derived from the outcross of a single PI’/Pl’
mop1-1/mop1-1 tassel on a single day. Interestingly, only
six of the 11 homozygous P/’ mop1-1 individuals gave rise
to PI-Rh progeny. These were all derived from P/’ Mop1/
mop1-1 crossed with PI” mop1-1/mop1-1. PI-Rh progeny
were not observed from homozygous PI” mop1-1 individuals
derived from self-pollinations of P/’ Mop1/mop1-1 individu-
als. One interpretation is that P/’ alleles exposed to mop1-1/
mop1-1 for two consecutive generations are more suscepti-
ble to destabilization of the P/’ state. The failure to detect
purple anthers in progeny from some of the homozygous P/’
mop1-1 individuals could also relate to the stability of PI-Rh
in the various tester stocks used, given that P/I-Rh can spon-
taneously change to P/". If such a change occurred, any PI-Rh
allele transmitted from P/” mop1-1 plants would be altered
again to PI” and would not be detected. We suspect the lat-
ter explanation is unlikely, however, as it would require a
high frequency of spontaneous paramutation. Because P/’
has been observed to return to the more highly expressed
state when heterozygous with a neutral allele or hemizygous
(Hollick and Chandler, 1998), the varied effects of mop1-1
on the heritability of B’ versus P/’ likely reflect the inherent
differences in stability between B’ and PI’. Thus, homozy-
gous Pl mop1-1 represents another genotype in which P/’
is capable of returning to the PI-Rh state.

The effect of mop7-1 on B’ provides a very clear demar-
cation between two of the phases of gene silencing—main-
tenance and inheritance—as described by Loo and Rine
(1995). Although functional MOP1 is required to maintain the
reduced transcription state of B’, loss of MOP1 function is
not sufficient to disrupt the inheritance of the B’ state; the
latter is faithfully and completely restored when MOP1 func-
tion is recovered. In fact, we know of no condition in which
B’ is heritably changed to B-I. We have speculated that this
is because B’ represents the default transcription state
specified by the DNA sequence (Patterson et al., 1993).

A Model for MOP1 Function and Paramutation
Numerous facets of b1, r1, and p/1 paramutation are consis-

tent with chromatin structural changes, rather than DNA se-
quence changes, underlying paramutation. The absence of
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detectable DNA sequence differences between B’ and B-/,
the multiple extents of P/’ expression, and the instability of
the paramutant R-r’ and P/’ states fit well with a chromatin
model (reviewed in Chandler et al., 2000). We propose that
MOP1 functions as a chromatin-remodeling protein. As ob-
served for some chromatin-related proteins, individuals
mutant for mop71 can show developmental phenotypes
(Kakutani et al., 1996; Grossniklaus et al., 1998; Eshed et al.,
1999; Ogas et al., 1999). We hypothesize that MOP1 is in-
volved in the assembly of a repressive chromatin structure
at b1, pl1, and r1 during paramutation. This repressive
structure could be analogous to polycomb group (PcG)
complexes assembled at polycomb response elements
(PRE) (Hollick et al., 1997; Pirrotta, 1998).

The distinct expression states of B-/ versus B’ and PI-Rh
versus Pl’, as well as the spontaneous and directed alter-
ation of the paramutable alleles, could be explained by this
model. The alleles that participate in paramutation could
possess PRE-like elements, but in the high-expression state
(B-1 or PI-Rh), the elements are not efficiently recognized for
PcG-like assembly. We postulate that the chromatin struc-
ture can spontaneously change to allow access of PcG-like
proteins for assembly, which results in the B’ and P/’ states.
The fully assembled state of the B’ and P/’ alleles, when to-
gether in a nucleus with the unassembled state, would in-
duce assembly on the paramutable allele (Patterson et al.,
1993; Hollick et al., 1997).

Variations on this model can explain differences in stabil-
ity between the PI” and the B’ states and the different effect
that mop7-1 has on the heritability of this state. Once as-
sembled in B’, the PcG-like complex would remain quite
stable because of multiple, strong interactions between
members of the complex and DNA binding sites. When
MOP1 function is lacking in B’ mop1-1 homozygotes, several
remaining members of the complex would stay associated
with the PRE-like binding sites, such that restoration of MOP1
function would quickly reestablish the repressive structure,
just as some residual proteins are thought to mark PREs for
rapid reassembly in Drosophila (Pirrotta, 1998). Divergence or
fewer binding sites at p/7 could result in a less stable complex
relative to b7. Loss of MOP1 function in PI” mop1-1 homozy-
gotes, combined with fewer or compromised binding sites,
could destabilize the complex such that residual association
of the complex with the PRE-like element would be reduced
in some nuclei, resulting in the PI-Rh state.

Mutants Affecting Epigenetic Silencing or
Allelic Interactions

Active research into many trans-sensing phenomena in-
volves identifying mutations that disrupt the interaction. Be-
cause paramutation and other trans-sensing interactions
share many features, these screens could identify mop1 ho-
mologs. Our results indicate that mop7-7 does not alter the
extent of methylation of repetitive centromeric sequences or
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the 45S ribosomal repeated sequences. Thus, the mop7-1
mutation does not behave like mutations in either DNA meth-
yltransferase or ddm1. The ddm1 locus was identified by its
effect on methylation of repetitive sequences in Arabidop-
sis, such as the ribosomal genes and centromeric repeats
(Vongs et al., 1993). The ddm1 locus has been cloned and
shares similarity with SNF2, a yeast protein involved in chro-
matin remodeling (Jeddeloh et al., 1999). Interestingly, a re-
lated protein in humans has also been shown to decrease
global DNA methylation when mutated (Gibbons et al.,
2000). Similarly, decreased activity of the DNA methyltrans-
ferase of Arabidopsis, achieved by antisense expression of
a MET1 transgene, reduces the extent of methylation of re-
peated sequences (Finnegan et al., 1996).

Several mutations altering the transcriptional silencing of
plant transgenes have been identified (Furner et al., 1998;
Mittelsten Scheid et al., 1998; Amedeo et al., 2000). Some of
these mutations are allelic to ddm1 (Mittelsten Scheid et al.,
1998; Jeddeloh et al., 1999), whereas one encodes a novel
protein, MOM1 (Amedeo et al., 2000). Our mop1 alleles
show pleiotropic developmental abnormalities, which is not
seen with mom1 mutants. Several mutations have been
identified that disrupt cosuppression or post-transcriptional
gene silencing (EImayan et al., 1998), but these are unlikely
to represent mop1 homologs because post-transcriptional
gene silencing appears to be mechanistically distinct from
paramutation (reviewed in Meyer and Saedler, 1996; Chandler
et al., 2000). A screen for mutations affecting transvection at
the yellow locus of Drosophila identified exclusively cis-act-
ing mutations at yellow (Morris et al., 1999). Numerous mu-
tations in Drosophila have been isolated that affect position-
effect variegation, identifying proteins associated with and
involved in chromatin structure (Sass and Henikoff, 1998;
Wakimoto, 1998; Wallrath, 1998; Cryderman et al., 1999).

Cloning of mop1, isolation and characterization of other
loci required for paramutation, and characterization of the
minimal cis-acting sequences required for paramutation will
be critical for revealing mechanisms. A further understand-
ing of proteins mediating paramutation in maize, transvection
in Drosophila (Lewis, 1954), and many additional trans-
sensing phenomena in a range of organisms (reviewed in
Henikoff and Comai, 1998; Wu and Morris, 1999) is likely to
reveal universal biological principles mediating cross-talk be-
tween alleles in the nucleus that influences their expression.

METHODS

Maize Nomenclature

In maize nomenclature, a gene is designated with lowercase italics
(b7) (http://www.agron.missouri.edu/maize_nomenclature.html). Spe-
cific alleles are indicated with an allele designation separated from
the gene designation with a hyphen. Dominant alleles are indicated
by an uppercase gene designation (B-Peru) and recessive alleles by

a lowercase gene designation (b-K55). Gene products are indicated
by capital letters and are not italicized (B).

Plant Stocks

All plant stocks contained dominant functional alleles for all the
genes encoding the anthocyanin biosynthetic enzymes required in
vegetative plant tissues. Because transcription of these genes in
vegetative plant tissues is controlled by p/7 in combination with b7 or
r1, the specific b1, pl1, and r1 alleles are indicated for relevant
stocks. One exception is the distinction between PI’-mahogany (Pl’)
and PI-Rhoades (PI-Rh) (Hollick et al., 1995). Many stocks possess
the r-g allele of r1 (no expression in the seed or vegetative body of
the plant), which precludes reliable scoring of P/’ versus PI-Rh. In
these stocks, we have used P/ to indicate the presence of either PI-
Rh or its spontaneous derivative P/".

Although stocks containing various b7 alleles have been main-
tained in the Chandler laboratory for several years, they were origi-
nally obtained from various sources: B-I Pl r-g (inbred W23
background), B’ Pl r-g (inbred K55 background), and b-K55 Pl r-g (in-
bred K55 background) stocks were from E.H. Coe, Jr. (University of
Missouri, Columbia); B-bar was from E.D. Styles (University of Victo-
ria); and B-Peru (inbred W22 background) was from M.G. Neuffer
(University of Missouri). J.B.H. and V.L.C. have maintained P/-Rh and
PI’-mahogany stocks originally obtained from E.H. Coe, Jr., and ad-
ditional PI-Rh stocks from the Maize Cooperative Stock Center.
J.L.K. has maintained the R-stippled (R-st), R-r:standard (R-r:std,
a specific accession of R-r, also known as standard R-r), and
R-d:Catspaw (R-d) stocks (each containing B-bar and pl-W22, in-
bred W22 background) established by R.A. Brink and colleagues.

Genetic Screen

A B-I Pl r-g stock was used to generate a B-/ Pl r-g Mu stock by se-
quential backcrosses into active Mutator stocks (Patterson et al.,
1991). The B-I PI r-g Mu stock, carrying functional alleles for all of the
anthocyanin biosynthetic enzymes, was crossed with B’ Pl r-g (in-
bred W23 background). The B’ allele in this stock was a spontaneous
derivative of the B-/ allele obtained from E.H. Coe, Jr. F, individuals
between B’ and B-I Mu were self-pollinated to generate F, families.
F, families were screened in sand benches for rare, darkly pigmented
seedlings resembling B-/-like plants among siblings that were essen-
tially green. The mop1-1 mutation was isolated from this screen.

Genetic Crosses

In all crosses, a single allele listing indicates homozygosity, whereas
heterozygous individuals are indicated with alleles separated by a
slash (/). In some instances, the identity of one (dominant) allele is
known, but the second allele could be either of two possibilities (e.g.,
B’/-). The term family refers to plants grown from kernels on the
same ear, all of which share a common tassel parent.

To test whether mop1-1 affects the paramutant P/ allele, B’ Pl r-g
mop1-1 plants were crossed with a b-W23 PI” R-r stock, and F; indi-
viduals were self-pollinated. Additional segregating families were
generated by intercrossing light- and dark-anthered siblings. Inher-
itance of P/’ was assayed from four mop1-1/mop1-1 individuals



derived directly from the self-pollinated F; individuals. Additional
tests were conducted with individuals from segregating families de-
rived from PI” Mop1/mop1-1 crossed with PI”mop1-1/mop1-1. Tests
from these families totaled seven P/’ mop1-1/mop1-1 and three PI’
Mop1/mop1-1 individuals. The inheritance of P/’ was tested by
crosses with various PI-Rh tester stocks. Specific stock constitutions
are available upon request.

To test whether mop1-1 influences the expression of other b7 al-
leles, B’ Pl r-g mop1-1 plants were crossed with a B-Peru Pl r-g
Mop1 stock (inbred W22 background), and the F; plants were self-
pollinated. Purple kernels were planted (B-Peru/-), and homozy-
gous B-Peru individuals produced ears with 100% purple kernels.
All F, individuals were test-crossed with B’ Pl r-g mop1-1 to deter-
mine the mop1 genotype. B-bar stocks were derived as follows:
B-bar pl-W22 R-r Mop1 (inbred W22 background) was crossed with
B’ Pl r-g mop1-1; the F; plants were self-pollinated; dark progeny
(B’/- mop1-1/mop1-1) were backcrossed with B-bar pl-W22 R-r
Mop1; progeny of the backcross were self-pollinated; and the dark
progeny were self-pollinated again. The phenotypes of progeny
from the last self-pollinations were used to discern whether mop1-1
intensifies B-bar.

To test the effects of mop7-1 on establishment of r7 paramutation,
B’ Pl r-g mop1-1 plants were crossed with R-st and R-d. Inter-
crosses between the resulting R-st and R-d progenies produced
paramutagenic R-d R-st and nonparamutagenic R-d r-g heterozy-
gotes for comparison among mop1-1/mop1-1 and Mop1/- classes.
Because mop1-1 does not intensify B-bar pigmentation, one in 13
plants classified as Mop 1/- (light plant) is expected to be B-bar/B-bar
mop1-1/mop1-1. Reduced paramutation in this genotype would un-
derestimate paramutation in the control population and thus would
underestimate the ability of mop7-1 to inhibit r1 paramutation. Test
crosses onto W23 r-g (null for both aleurone and vegetative tissue
expression of r1) served to distinguish parental R-d/r-g and R-d/R-st
genotypes and provided R-d/r-g and R-d’/r-g kernels for evaluating
paramutation. The amounts of kernel pigmentation were measured
with a reflectometer as described previously (Alleman and Kermicle,
1993). A similar crossing scheme was used to test the effects of
mop1-1 on the paramutable R-r:std haplotype. R-r:std, also known
as standard R-r, indicates that this is the specific R-r accession orig-
inally tested by Brink (1956).

Analysis of RNA Concentrations and Transcription Rates

RNA concentrations were assayed by RNase protections, with actin
or ubiquitin used as an internal control. RNA was isolated by using
Trizol (Gibco BRL) according to manufacturer’s directions, except
that tissue was ground in liquid nitrogen with a mortar and pestle.
RNase protections were performed as described in Selinger and
Chandler (1999). Each hybridization used 5 ng of total RNA. The
actin1 probe (5’ half of exon 2), the 315-bp cDNA probe from b7, and
the 438-bp cDNA probe from c2 were as described previously
(Selinger and Chandler, 1999). The ubiquitin probe is a 228-bp Bglll
fragment from ubi2 (Christensen et al., 1992), which encompasses
one of the seven ubiquitin repeats. The p/71 probe is a 505-bp cDNA
fragment that includes exons 1 and 2 and ends at the Bgll site in
exon 3 of the PI-Rh allele (Hollick et al., 2000).

Transcription rates were determined by using in vitro transcription
assays on isolated nuclei. Nuclei from 5 to 10 g of sheath and husk
tissue from plants at anthesis were prepared by using a chromatin
isolation protocol (Steinmuller and Apel, 1986) with the following
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changes. Ground material was suspended in 15 mL of isolation
buffer (Steinmuller and Apel, 1986) and filtered through two layers of
cheesecloth followed by filtration through a 53-pum (pore size) nylon
sheet. Three centrifugations were performed (each for 15 min at
—10°C and 6000g). After the first two centrifugations, crude nuclei
pellets were resuspended in 15 mL of isolation buffer. After the last
centrifugation, crude nuclei were resuspended in 2 mL of resuspen-
sion buffer modified to contain 20% glycerol (Hollick and Gordon,
1993). Nuclei (1 mL) were repelleted (for 30 sec at room temperature
and 2040g in an Eppendorf microcentrifuge) and resuspended in 100
wL of resuspension buffer. Reactions and RNA isolations were per-
formed as described in Hollick and Gordon (1993), except that 100
wCi of a-32P-CTP (800 Ci/mmol) was used and incubation was for 25
min at 30°C. Comparable amounts of labeled RNA for each genotype
were used for filter hybridization.

Slot blots on nitrocellulose filter membrane were prepared with
100 ng of denatured purified gene fragments or the equivalent
amount of denatured linearized plasmid per slot. The sequences
used were ubiquitin, ~975-bp Pstl fragment of ubi2 from plasmid
ca210 (Christensen et al., 1992); b1, ~1970 bp from plasmid pB-
cDNA (Radicella et al., 1991); and c2, 1450 bp of cDNA from plasmid
cLC46E (Wienand et al., 1986). Strips of nitrocellulose with the slot-
blotted gene fragments were prehybridized for 3 hr at 42°C in 5 X
SSPE (1 X SSPE is 0.15 M NaCl, 0.01 M sodium phosphate, and
0.001 M EDTA), 0.1% polyvinyl pyrrolidine, 0.1% Ficoll, 50% forma-
mide, and 12.5 pg/mL tRNA. This was followed by hybridization for
60 to 72 hr with the radiolabeled heat-denatured RNA. Strips were
briefly rinsed, washed twice for 15 min each at 42°C in 1 X SSPE
containing 0.1% SDS, and washed once for 15 min at 42°C in 0.1 X
SSPE containing 0.1% SDS.

The in vitro transcription assay filters and RNase protections were
visualized by using a Storm 860 Phosphorlmager (Molecular Dynam-
ics, Sunnyvale, CA), and signals were quantified with ImageQuaNT
(Molecular Dynamics) software. Background was subtracted from
each signal before normalizing the b7 and p/7 signals to the signals
for ubiquitin or actin.

Analysis of Global DNA Methylation

The extent of global DNA methylation was assayed using methyl-
ation-sensitive restriction enzymes and DNA gel blots. DNA was iso-
lated from leaves (Dellaporta et al., 1983), and ~4 pg of DNA was
digested with restriction enzymes according to the manufacturers’
(New England Biolabs, Beverly, MA; Gibco BRL; and Pharmacia Bio-
tech.) specifications and size-fractionated by electrophoresis in
0.8% agarose gels with 45 mM Tris-borate buffer containing 1 mM
EDTA. The DNA was transferred to Hybond N+ (Amersham) mem-
brane with alkaline transfer buffer (0.4 M NaOH and 0.6 M NacCl).
The 45S ribosomal repeat (McMullen et al., 1986, 1991) and the cen-
tromere repeat from sorghum (pSau3a9) (Jiang et al., 1996) were ra-
dioactively labeled using random hexamer priming (Feinberg and
Vogelstein, 1983). Hybridization was performed overnight at 65°C in
a reaction reagent of 5% SDS, 50 mM Pipes, pH 6.5, 50 mM
NaHPO,, pH 7, 1 mM EDTA, 100 mM NaCl, and 100 p.g/mL salmon
sperm DNA. The membrane was washed for 2 min at 65°C with 1 X
SSC (1 X SSC is 0.15 M NaCl and 0.015 M sodium citrate)/0.1%
SDS, for 30 min at 65°C with 0.5 X SSC/0.1% SDS, and for 10 min at
room temperature with 0.1 X SSC/0.1% SDS. Blots were exposed to
a phosphor-imaging screen and visualized with a Storm 860 Phos-
phorlmager (Molecular Dynamics).
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