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Progress in understanding of the genetic phenomenon paramutation 
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Plants have evolved a variety of mecha-
nisms to switch on and switch off genes 
in relation to their requirements for growth, 
development and adaptation to the envi-
ronment. One of these processes is para-
mutation. This genetic phenomenon 
permits abrogation of certain traits for 
some to many generations without physi-
cal loss of the concerned genes. The cal-
endar year 2006 is the golden jubilee 
year of the discovery of paramutation. 
There is an opportunity to discuss the 
progress made in recent years in the un-
derstanding of mechanism(s) underlying 
paramutation, especially in the light of 
the recent paper of Alleman et al.1, 
which shows that an RNA-dependent 
RNA polymerase is required for paramu-
tation in maize.  
 Diploid eukaryotic individuals receive 
a copy each of all genes from male and 
female parents. The two copies of a gene 
carried on separate homologous chromo-
somes may be in the form of identical or 
different alleles. Usually, the alleles de-
rived from the two parents express inde-
pendent of each other. When one allele 
silences the expression of the other allele 
in a heritable manner, the phenomenon 
has been called paramutation. First de-
scribed by Brink2 at the r-1 locus in the 
maize (Zea mays) plant in 1956, now 
many examples of paramutation are known 
in animals and plants3–10. However, the 
best dissected case of paramutation per-
tains to b-1 locus in maize.  
 The B-1 gene of maize specifies a basic 
helix–loop–helix (bHLH) transcription 
factor11, which together with the product 
of other genes is involved in the activation 
of anthocyanin biosynthesis pathway. 
Three alleles are known at the b-1 locus 
of maize7.9.12. The homozygous B-1/B-1 
seedlings or mature plants are intensely 
pigmented. Contrastingly, plants homo-
zygous for the null allele at b-1 locus (b-1/ 
b-1) lack pigmentation. The B-1 allele is 
known to spontaneously give rise to B′ 
allelic state, at a frequency of about 1 to 
10%, in certain maize stocks7. The B′ 
state once attained, is highly stable and 
penetrant. B′/B-1 and B′/B′ plants have 
little pigmentation. B-1 is invariably 
changed to the B′ state in B′/B-1 plants 
(Figure 1). Thus in the paramutation sys-

tem at the b-1 locus, the B-1 allele is para-
mutable, B′ allele is paramutagenic and 
b-1 allele is neither paramutable nor para-
mutagenic12. Recent studies address the 
question on how B-1 turns to B′. 
 The b-1 locus and adjoining regions 
have been sequenced in respect of b-1, 
B-1 and B′ allele13. A 6 kb region located 
100 kb upstream of the transcription start 

site concerned with enhancer activity was 
also found to be necessary for paramuta-
bility and paramutagenicity. This region 
comprises seven tandem repeats of a 
853 bp sequence, which are identical in 
B′ and B-1 alleles; only one copy of the 
853 bp is present at the b-1 allele. The 
occurrence of repeats indicated that the 
double-stranded RNA may be involved 

 
 
Figure 1. Paramutation at the b-1 locus in maize, Zea mays. The b-1/b-1 homozygous 
plants do not carry anthocyanin pigmentation, because b-1 is a null allele of the wild 
type gene B-1 that is responsible for activation of the anthocyanin biosynthesis pathway. 
Contrastingly, B-1/B-1 plants are darkly pigmented with anthocyanin. The B′/B′ plants 
carry paramutated/paramutagenic allele of b-1 locus in homozygous condition and be-
cause B-1 is paramutated or silenced to the B′ state, the plants are lightly pigmented 
with little anthocyanin. While the F1 progeny from the cross b-1/b-1 × B-1/B-1 is in-
tensely pigmented, progenies from the crosses B-1/B-1 × B′/B′ and B′/B′ × b-1/b-1 are 
lightly pigmented. The B-1 allele in the heterozygous B-1/B′ plants gets paramutated to 
the B-1′ or B′ state. Therefore, all the progeny plants from B-1′/B′ or B′/ B′ × b-1/b-1
crosses are highly pigmented. 
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Heterochromatic silencing of the enhancer element and thereby the paramutation of B-1 gene to its B’ state. 

 

Figure 2. Model for paramutation at the b-1 locus. The enhancer element of the B-1 gene located 100 kb upstream 
has seven copies of a 853 bp sequence. The transcription product(s) of this region is/are double-stranded RNA (dsRNA) 
molecules. The DICER (DCL3)-mediated cleavage of this product generates small single-stranded RNA (ssRNA) mole-
cules. More dsRNA of the enhancer sequence is synthesized by the action of RNA-dependent RNA polymerase 
(RDRP). Thus more of small ssRNA or small interfering RNA (siRNA) becomes available. The locus-specific siRNA or 
RNAi then guides silencing of the enhancer element via its heterochromatization. Chromatin modification may occur 
variously. First, by the action of a complex of DOMAIN REARRANGED METHYLTRANSFERASEs (DRM1 and DRM2) 
that carries out de novo cytosine methylation and ARGONAUTE (AGO4) protein and siRNA. Second, by the complex 
included with CHROMOMETHYLTRANSFERESE 3 (CMT3) that methylates cytosine in non-CG-contexts and 
KRYPTONITE (KYP) histone methyltransferase involved in methylation of lysine-9 position of H3 histone (H3mK9). The 
third siRNA-guided heterochromatizing complex has in it the cytosine methyltransferase for CG-methylation (MET1), 
histone deacetylase (HDA6) and DECREASE IN DNA METHYLATION (DDM1), which is essential for both cytosine and 
H3mK9 methylation. Heterochromatization or gene silencing is probably achieved by histone methylation or histone 
and cytosine DNA methylations of the target chromatin. This model of B-1 silencing is based on the current under-
standing of the heterochromatic gene silencing process14,15. Alleman et al.1 have shown that B-1 to B′ silencing does 
not occur in RDRP or MOP-1 mutants in Zea mays. Why paramutation occurs in a fraction of progeny of some seem-
ingly wild-type strains, but not in others remains an enigma. 

 
 
 
in paramutational silencing of the b-1 
gene and related functions. Indeed, nuclear 
run-on assays revealed that the tandem 
repeats required for paramutation at the 

b-1 locus are transcribed from both 
strands1. 
 When large size populations of B′/B-1 
were examined, some plants were found 

to be darkly anthocyanin-pigmented. The 
pigmented plants were homozygous for 
mutation in a separate locus called mop-1 
(mediator of paramutation 1)12. Thus, 
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whereas B′/B-1, Mop-1/Mop-1 or B′/B-1, 
Mop-1/mop-1 plants are lightly pig-
mented, the B′/B-1, mop-1/mop-1 plants 
are densely pigmented. That is, mop-1 
mutation modifies the phenotype of B′/B-
1 plants to that of B-1/B-1 plants, by pre-
venting the establishment of the B′ state 
in the B-1 allele in the B′/B-1, mop-1/ 
mop-1 plants. The initial mop-1-1 mutant 
allele was due to mutator-caused sponta-
neous mutation. Subsequently, an ethyl-
methane sulphonate-induced mop-1-2 
allele has been recovered1. A syntenic 
comparison between the maize and rice 
maps with respect to the mop-1 region 
and sequencing of mop-1 established that 
the mop-1 gene specified an RNA-depen-
dent RNA polymerase gene (RDRP), 
equivalent to RDRP known to be associ-
ated with the production of short interfer-
ing RNA (si RNA) that targets chromatin 
in plants1. 
 Although the presence of siRNA has 
not yet been demonstrated in B′/B-1, 
Mop-1/Mop-1 or B′/B-1, Mop-1/mop-1 
plants, data gathered by Alleman et al.1 
favour trans-acting RNAi-directed estab-
lishment of epigenetic marks, in the form 
of DNA and/or histone modification, on 
B′ for its continued heritable silencing 
over generations (Figure 2). This model 
of establishment of paramutation will 
find additional support, if mutations in 
the gene for the argonaute protein(s), 
dicer enzyme(s), and other protein com-
ponents of the RNA-induced transcrip-
tional silencing (RITS)14,15 apparatus, 
besides RNA-dependent RNA polymerase, 

are also found to lose paramutagenic 
activity of the B′ allele. An intriguing 
fact that remains to be understood is why 
the B-1 allele spontaneously turns into the 
B′ allele in certain maize lines with high 
frequency7. What is the genetic cause of 
instability in these lines? Are the events 
in such lines associated with the hyperac-
tivity of the RITS complex based on cer-
tain internal or external biotic and abiotic 
signals?  
 The fact that the mutated mop-1 gene 
obviates occurrence of paramutation, not 
only at the b-1 locus but also at the other 
loci such as r-1 and pl-1, means that the 
mechanism of paramutation at different 
loci may be common in maize, i.e. via 
synthesis of double-stranded RNA from 
repeat sequences which somehow silences 
the corresponding b-1, r-1 and pl-1 1oci 
in trans1,12. Recently, evidence has been 
adduced for si-, mi- or some other kind 
of small regulatory-RNAs to be responsible 
for the occurrence of a kind of paramuta-
tion in mouse10. Thus RNA has been 
identified as the medium of crosstalk be-
tween alleles of genes in diploid nuclei, 
for affecting expression of one by the 
other, both in plant and animal systems. 
Undoubtedly, understanding of paramu-
tation will parallel developments in the 
field of genetics of epigenetics and will 
uncover new principles about the dynamics 
of gene regulation in eukaryotic organisms.  
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