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Induction of Paramutatlon 

The general problem which paramu
tation presents is illustrated by the re
sults of a simple experiment. Pollen 
of three kinds of maize plants, with a 

-n.. .. common highly inbred background, is 
n applied to the silks of r' ro individualsDirected Genetic Change ---

.. ) rf r' 9 X R' RI 8Paramutation, occu r in. somatic. cells and. heritably 2) rs ro 9 XRe# Ra 6
alters the functional state of a locus. 3) r,,, 9 XFsRr R' 

R alleles condition anthocyanin for-
R. Alexander. Brink, E. Derek , Styles, John: D. mation in the plant and in the aleu-Axtell rone-the outer cell layer of the endo

sperm. The recessive rg allele condi
tions development of colorless aleurone 
and colorless plant (lacking in antho-It was observed about 10 years ago and in Oenothera by Renner (4) as cyanin). Rr, termed "standard Rr," rep.that an R" gene in maize, which con- anomalous exceptions to Mendelian in- resents a class of factors, of wide geditions anthocyanin formation in seed heritance. The R c.se in maize offered ographic distribution, that conditionsand plant, invariably has lowered an- advantages for experimental analysis pigment formation in both aleuronethocyanin-forming potential following which these other systems lacked, and and plant. The endosp rm is the prod

passage through a heterozygote with it has been intensively invstigated. The uct of a fertilization separate from thatthe stippled (R81) allele. The changed present article is limited to discussion which gives rise to the accompanying
form of R r was gametically transmis- of the R studies, for the most part, embryo. It receives a doulble complesible. It reverted toward the standa.J !dul the results appear to be meaning- ment of genes from the female parent,type when made hon'ozygous, but only ful for paramutation in general. and one set from the male parent, atid
partially. This unusual kind of heri- The biological significance of para- so is a triploid structure. Standard Rr 
table change was termed paramutation. mutation rests on the fact that the in single dose (Rr r r) gives darkly mot-The Rr allele in question was said to phenomenon involves constraint on gene tIed aleurone, and in either two dosesbe paramutable, and the stippled factor expression during development of the (Rr R r r) or three doses (Rr RRr),
was described as paramutagenic (1). individual which is exerted by factors gives self-colored aleurone. Rat (stip-

The initial studies revealed that para- located within the chromosome itself. pled) gives a spotting pattern in the
mutation involved chromosome corn- The illuminating advances made in re- aleurone, directly proportional to dos
ponents that do not conform to the cent decades in characterizing the age.
ordinary rules of gene stability and genetic substance biochemically have The endosperm genotypes which reintegrity in heterozygotes. Further- disclosed genomic components in suit from thebac- above three testcrosses 
more, the induced heritable changes teria that function in situl to regulate are 
were directed. R paramutation ap- the action of genes specifying protein 1) All RIrl 
peared to be comparable in these re- structure (5). The chromosomes of ) All R ror 
spects to certain phenomena reported higher organisms are vastly larger and 2) All R' i'i
much earlier in Pisum by Bateson and more complex than their counterparts 3) 50 percent Rr r8 r' plus
Pellew (2), in Malva by Lilienfeld (3), in flacteria, and one may expect to SO percent R" r90" 

find that they too embody devices Half of the seeds (Rr rg ro) resultingThe authors are, respectively, professor of whereby gene action is regulated local- from mating 3 should conform genetigenetics, University of Wisconsin, Madison; assistant professor of biology, University of Vic- ly. Paramutation is of general interest cally to those thetorla, Victoria, Canada; and assistant professor for the clues it may give to the nature 
from mating 1, andother half should conform to the seedof agronomy, Purdue University, Lafayette,Indiana. of gene-controlling mechanisms. resulting from mating 2. The latter 



expectation is fulfilled: the stippled to deal with the continuous variation potential of the allele by more than 
kernels resulting from testcrosses 2 and in amount of anthocyanin pigmentation three units on the seven-grade alcurone 
3 are indistinguishable from each other. in kernels of these lasses involves color scale. The fall in pigmenting po-
The correspondence, however, does not matching of each kernel in a 50-kernel tential characterized all, or nearly all, 

Rrextend to the Rr rt r0 seeds from mat- random sample of the rg rg seed the R r gametes from the Rr R at parent. 
ings I and 3. All the Rr r? rV kernels from a testcross ear against a set of The change is thus unique in two re
from testcross 3 are more weakly pig- six standard seeds ranging progressively spects: it is unidirectional and also in
mented than those from testcross 1. The from near-colorless to near-self-color, - ariable in occurrencL. 
difference is illustrated ir Fig. 1. The and defining seven classes. The mean As mentioned above, the stippled 
basis of the phenotypic difference is a aleurone-color score for the sample is kernels resulting from matings 2 and 3 
heritable alteration in pigmenting po- then used as the measure of the pig- are alike in appearance. Supplementary 

Rrtential of by virtue of passage ment-producing potential of the Rr tests prove that the R8t allele also is 
Rrthrough the Rr R st heterozygote; male gametes formed by the staminate unaltered in strength of paramutagenic 

has been changed to a more weakly plant under test. action by passage through an RrRit 
pigmenting form symbolized by Rr,. The mean score for the Rr rg rv ker- heterozygote. Paramutation thus affects 
The change from Rr to R r' is attributed nels from a type 1 testcross in a rep- only the Rr factor in Rr R 't plants. 
to paramutation. resentative experiment was 5.9. The A marked difference in pigment

rThe Rr rg g kernels from both mat- value for the corresponding class of producing action of R r and Rr' is again 
(Rr' ing 1 and mating 3 are mottled, and seeds rg ro) from the type 3 mat- expressed if plants are grown from the 

R rthe degree of mottling varies some- ing was 2.4. Thus passage of Rr ry and Rr' rg seeds resulting from the 
what within each group. A scoring through the heterozygote with the stip- matings referred to in the preceding 
procedure that has proved adequate pled factor reduced pigment-producing section. The strength of action of 

R r', however, is found to have shifted 
partway back to that of Rr in standard 

' form. The R" genes from Rr Rr homo
zygotes derived by self-pollination of 
R r Rat plant- likewise have significantly 
weaker aleurone-pigmenting action than 

R r
f.standard genes from homozygous 

stock cultures. The difference is illus
trated in Fig. 2. Thus Rr, is gametically 
transmissible through the embryo, but 
not necessarily in the highly repressed 
form characteristic of Rr' resulting di

rectly from R' Rat heterozygotes. 
Kermicle (6) observed that, in two 

Rr' RO' sublines derived by selfing an 
t

SRrRa plant, the partial reversion in 
i strength of Rr' action mainly occurred 

in the first Rr Rr' generation. There-
AD , l ,, ' after the R r' aleurone-pigmentation po

tential remained stable at a level about 
Rr

of standardhalfway between that 

t and that of the primary R' paramu
tant. 

Characteristics of the 
R Paramutation System 

* ,.1 : An analysis of the earlier work on 
, * paramutation at the R locus in maize 

was published in 1964 by Brink (7). 
Several of the questions discussed at 

the standard R' factor through a heterozygote that time are dealt with here only brief-Fig. I. Effect on seed color of passing 
with the R allele. The two groups of kernels shown in the top row resulted from ly, except as new evidence on them has 

onmatings on a colorless r' r' strain, with (top left) pollen from a standard R' R' stock been published. Many of the data 
culture and (top right) pollen from an R" R' stock culture. Note that the R' r, r' which the new conclusions in these cases 
testcross kernels are darkly mottled. The two groups of kernels shown in the bottom 

be found in the general re
row resulted from the application of F, R' R" pol'en to the same colorless female strain. rest may 

as a view mentioned above (7) and in theThe seed phenotype associated with the R" allele is unchanged, is evident from 
comparL.'n of the spotting pattern of the R' r' r' testcross kernels (bottom right) with primary articles cited therein. Particu
patterns of the R" r' r' controls (top right). The R" r' r' testcross kernels (bottom lar attention in this article is accorded 
left), on the other hand, are lightly mottled as compared with the stondard R' r' r the results of recent studies of special 
testcross kernels (top left). The change in phenotype in this case reflects Vhe markedly 

follows passage of Rr significance for the interpictation of
reduced aleurone-pigmenting potential of R' that regularly 
fhriath n qlinnled hefernvaote. paramutation. 



Assodation of the R Locus 
with- Paramutation 

The genetic elements involved in R 
paramutability are intimately connected 
with determinants situated at the R 
locus in the long arm of chromosome 
10. The R locus is complex, and there 
is now extensive evidence supporting 
Stadler's (8) view that two, among sev-
eral, components are (S) and (P), con-
ditioning seed and plant color, respec-
tively. Tests show that paramutability 
at the locus is closely associated, but 
probably not coincident, with (S). There 
is evidence also that paramutability is 
unaffected by loss from the locus of 
(P). These conclusions rest in part on 
the results of a comparative study of the 
response to RAt action of two types of 
mutants from standard R: R11 (colored
aleurone, green plant) and rr (colorless 
aleurone, red plant). Stadler and Nuf-
fer (9) postulated that one of the ways 
in which R, and rr mutants could arise 
is through crossing over, following 
oblique synapsis of (S) and (P) in 

rRri plants; such crossing over would 

-,result in chromosomes deficient in one 
or the other of these elements. Er-
merling (10) showed that a high pro-
portion of R9 mutants from R r were, 
in fact, deficient in (P). Brown (11)
found that nine RU mutants from stand-
ard Rr were indistinguishable from each 
other and from the parent Rr allele in 
sensitivity to R'I action and in the 
ability to acquire "secondary para-
mutagunic potential" following passage 
through heterozygotes with the stippled
factor. [Brown and Brink (12) observed 
that passage of standard Rr through 
an R' RIO heterozygote not only reduced 
the pigment-producing potential of Rr 
but also rendered the allele paramuta-
genic, although weakly so as compared 
with RIO. They termed this phenomenon 
secondary paramutation.] Application 
by Bray and Briiik (13) of Emmerling's
(10) test proved that some, but not all, 
of these R11 mutants were deficient in 
(P). It is apparent, therefo:e, that the 
potential for paramutation at the R 
locus is fully conserved in spite of 
changes in, and even loss of. the (P) 
component. 

The response of the locus to 'action 
of the stippled factor, on the other
hand, regularly is lost when Rr mutates 
to rr (colorless seed, red plant). Brown 
(11) showed that all members of a 
random sample of 20 rr mutants from 
standard Rr gave a negative result when 
tested for acquisition of secondary 
paramutagenic activity n RIOrr plants, 
whereas Rr and mutant RU controls all 
gave positive results. Eleven of the rr 

mutants were tested to determine 
whether, in any instance, the stippled 
factor reduced the plant-pigmenting po
tential of r' as it does that of Rr. Again
the results were negative throughout. 
Evidently loss of thz (S) function, pre
sumably either by inutation of (S) to 
(s) or by (S) deficiency, abolishes sen
sitivity of the locus to action of the 
stippled factor. 

Ashman (14) found that 13 color
less-aleurone, red-plant mutants isolated 
among the offspring of Rr RIO plants, 
most of which were crossovers be
tween markers bracketing the R locus. 
were nonparamutagenic throughout. All 
the evidence at present available, there-

Fig. 2 (above). Testcross cars from (left) rvi,' 9 X Rr Rr jand (right) r' rl 9 X R" Rr,'S~matings. The lower degree of
kernel pigmentation of the kernels on the car ,t right illustrates
he genetically persistent reduction in aleurone-pigmenting po
ential of Rr that regularly follows passage of the factor through
iheterozygote with the stippled alle",:. Fig. 3 (right ) Rpesenitativc ears from testerosses on r"r, females of plants in 

wo R ' r' families, with pollen collected from separate branches 
n the tassel of a particular R' R" individual. Half the kernels on-ach ear are colorless by virtue of homoz~ asity for the rl alecle. The darkly colored kernels (R" Y4r') on the ear at right showhat little change in R' pigmenting potential occurred in the corresponding tassel branch of the R' R" plant. The numerousolorless and n'esr-colorless RT' r' r kernels on the ear~ at left show that marked reduction in R' aleurone-pigmenting potentialiccurred in umt,oier tassel branch on the same RA R' plant. [From Sastry, Cooper. and Brink (16)1 
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Fig. 4 (left). Progressive divergence in R' aleurone color expression through six generations of matings, without selection, of R' r* 
and R" R" males with r' females. The R1 allele in question was derived initially from a single source, and the background in
heritance throughout was that of the N'12 inbred strain. The R' r*and RrR7 lineages were separately propagated by self-pollination 
of the two kinds of plants within the respective R' r9 and R" R' successions illustrated in the diagram. [From Styles and Brink 
(21)] Fig. 5 (right). Mean aleurone scores of Rr' derivatives from standard RI stocks maintained homozygous and neterozy
gous with r, through four generations, showing changes in sensitivity of standard Rr to paramutation when subsequently tested 
in RrRI heterozygotes. [From Styles and Brink (21)] 

fore, supports the conclusion that the rone spotting, about six units distal to Kermicle (6)' reported. Bray and 
mutation of colored to colorless seed the R locus.) All 12 mutants were re- Brink observed that, as the pigmenting 
leads to a null condition at the locus mbinants between the outside mark- ability of R r' rises in such cases, the 
for paramutation. ers. It may be inferred from the pheno- mutability to rr also increases. 

The property of overt paramuta- type that they carried the basic aleurone
genicity likewise resides at the R locus, color component of Rat and also the . 
McWhirter and Brink (15) found that red-plant-color element of Rr. If these Paramutatlon as a / 
when the stippled factor (Rat) mutates inferences are valid, then we may con- Somatic Phenomenon 
to self-colored aleurone (Ra)-an clude that the mutants were products 
event that occurs with a frequency of of recombination within the R locus Sastry, Cooper, and Brink (16) 
about two occurrences per 1000 ga- itself. Ashman showed that all 12 me:m- found, on sampling separately the pol
metes-paramutagenicity may be un- bers of the group were paramutagenic, len in different tassel branches, that 
altered, lost entirely, or changed in but less so than Rat, and, further- many individuals heterozygous for a 
varying degrees. The mutation of Rat more, that they differed significantly paramutable and a paramutagenic R 
to R80 in some instances without altera- from each other in degree of para- allele were clearly mosaic with respect 
tion in paramutagenicity demonstrates mutagenicity. Ashman interpreted this to aleurone-pigmenting potential of the 
that the pe',.,irc bases of the stippled evidence as indicating that the physical paramutable member of thL pair (Fig. 
phenotype and paramutagenicity are basis of paramutagenicity was a chro- 3). The occurrence of somatic mosai
distinct from each other. The fact that, mosomal region that was partitionable cism also was established in Rr' rg plants 
in other cases, both functions change by crossing over. resulting from rg rg 9 X Rr Rat a mat
together suggests that the two kinds of Bray and Brink (13) explored the ings, in which partial reversion of the 
elements in question are close enough relation between mutation and paramu- R r' factor toward the pigmenting po
to each other in the chromosome to tation at the R locus and found it to be tential of standard Rr is known to oc
be involved frequently in a single mu- complex. Certain regularities, however, cur. Sectoring for paramutation in the 
tation, were brought to light. The normal form tassel would be expected if paramuta-

Additional evidence for the corn- of the standard R' allele, for example, tion occurs during vegetative growth 
rpound nature and divisibility of the was observed to mutate to r (colorless of the plant and also takes place inde

genetic material involved in R para- aleurone) at the rat. of 12.7 X 10-4, pendently in different cell lineages. The 
mutagenicity has been adduced by Ash- whereas the rate for paramutant Rr, results obtained by Sastry, Cooper, and 
man (14) from a study of intralocus was much lower-namely, 7.4 X 10- 4. Brink show that easily recognizable dif
recombination at meiosis. He charac- Similarly, the paramutant forms of four ferences in strength of R pigmenting 
terized three classes of seed-color mu- out of five R' mutants from standard potential between tassel sectors within 

Rrtants among the offspring of had lower mutation rates than their a plant in which paramutation is occur
normal counterparts. For the fifth, the ring ire sufficiently frequent to give 

+ R' + / g R" M ° X g r + mutation rates for R9 and R91 were credence to the conclusion that all such 
crosses, one of which, comprising 12 equal. Paramutant Rr, .,nds to revert plants are paragenetically mosaic in one 
near-colorless-aleurone, red-plant indi- toward the pigmenting potential charac- degree or another. 

R rviduals, is of particular interest in this teristic of standard following ex- McWhirter and Brink (15) found 
context. (Mat is a modifier of Rat aleu- traction from Rr Rat heterozygotes, as that a given paramutable R allele may 



be brought to different average levels 
of aleurone-pigmenting potential by be-
ing passed through a series of hetero-
zygotes carrying R o' alleles of varying 
paramutagenicities. They observed also 
that paramutation was progressive 
through successive plant generations. 
Since the only somatic structures that 
may be sampled directly in maize are 
terminal products of growth-namely, 
tassel and ear shoot-the course of 
paramutation as plant development pro- 
ceeds cannot be ascertained directly 
in this species. The indirect evidence 
strongly suggests, however, that para-
mutation is progressive during ontog-
eny. The occurrence of mosalcism 
shows that the amount of change varies 
in different cell lineages, and it may 
be supposed that the progression is 
irregular. 

Paramutation-like phenomena that 
were described long before the term 
paramutationwas used afford the most 
direct evidence for the occurrence of 
paramutation during development of the 
plant. Hybrids that were morphological-
ly inconstant were found in Pisuim by 
Bateson and Pellew (2), in Malva by 
Lilienfeld (3), and in Oenothera by 
Renner (4). Progeny tests, in which 
seed from phenotypically different 
branches within a single mosaic plant 
were used, showed, in each of these 
cases, that the distribution of offspring 
varied in accordance with the pheno-
type of the parent somatic tissue. More 
recently Hagemann (17) has found that 
in Lycopersicon also the heritable 
changes induced by paramutagenic al-
leles may appear initially as sectors 
during vegetative growth. 

If paramutation at the R locus in 
maize is comparable to the phenom-
ena described in Pisum, Malva, Oe-
nothera, and Lycopersicon, pollen col-
lected from an entire RrRJt tassel will 
embody an array of paramutant Rr' 
alleles representing the terminal staies 
in all the cell lineages that extend into 
the sporogenous tissue, and in which 
successive changes in Rr potential dur-
ing plant development have been ac-
cumulated. If the reductk - in Rr po-
tential is far advanced in all cell line- 
ages within a plant, all the resulting 
Rr, testcross kernels will have low 
aleurone-pigmentation scores. Test-
crosses involving heterozygotes be-
tween standard Rr (an allele highly 
sensitive to paramutation) and Rot (a 
strongly paramutagenic factor) often 
yield Rr kernel populations which ap-
pear to have uniformly low aleurone-
color scores. By means of progeny 

tests, Kermicle (6) has shown, how-
ever, that even such seemingly uniform 
kernel samples may be heterogeneous 
for level of R pigmenting potential. 
Evidence of this sort suggests that 
somatic mosaicism for R paramutation 
is the rule. Much variability of R pig-
menting potential between different cell 
lineages that arises early in plant de-
velopment may be extinguished at later 
stages. The tests of pollen from differ-
ent tassel branches within the plant 
made by Sastry, Cooper, and Brink 
demonstrate, however, a large residu-
um of mosaicism at the flowering stage. 

Recently Coe (18) has postulated that 
paramutation at the B locus on chro-
mosome 2 in maize does not occur 
during vegetative growth of the plant 
but occurs late in ontogeny, probably 
at meiosis. Coe reports that F1 B B' 
hybrids between normal B B and homo- 
zygous paramutant B' B' plants are 
paramutant in phenotype, and produce 
only B' gametes. He suggests, how-
ever, that the basis of the paramutant 
phenotype, in this instance, is not 
change of the B B' to the B' B' g"no-
type during plant growth but domi-
nance of B' over B. Experiments de-
signed to test this suggestion did not 
provide clear evidence on the question. 
Coe (18) reports, however, that the 
comparatively infrequent primary muta-
tion of normal B to the paramutagenic 
form, B', has a somatic basis. He 
found that such mutants appear as vis-
ible sectors during plant development, 
It may be concluded, therefore, that 
there is no established exception to the 
general rule exemplified in Pisun, 
Malva, Oenothera, and Lycopersicon, 
and also at the R locus on chromo-
some 10 in maize, that paramutation 
takes place in vegetative cells during 
plant growth. 

Effect of Abnormal Chromosome 
Structure on R Paramutation 

The R locus lies in the distal half 
of the long arm of chromosome 10 
(10L). Reciprocal translocations involv-
ing a break in 10L, and a chromo-
some carrying a large, distinctive, ter-
minal knob, known as KI0, both in-
fluence the function and paramutabil-
ity of R. 

Insertion of standard Rr into a trans-
located chromosome (T) involving a 
break in IOL either proximal or distal 
to the R locus, and not necessarily 
close to the latter, leads to two changes 
in R action: (i) Rr aleurone-pigment-

producing potential is enhanced and 
(ii) the allele is rendered relatively in
sensitive to paramutation in TRr/R81 
heterozygotes. These changes are irregu
larly expressed, and they persist for at 
least one generation following return of 
Rr to a structurally normal chromo. 
some by crossing over. The latter fact 
proves that the changes in sensitivity 
are not position effects in the conven. 
tional sense of the term (19). 

Brink and Weyers (20) tested a sin
gle crossover of standard Rr into a 
KIO chromosome and observed that 
sensitivity of the allele to paramutation 
was significantly reduced as compared 
,'th sensitivity of the same factor in a 
structurally normal chromosome 10. 
The possibility that the observed change 
in RF sensitivity was due, not to the 
knob, but to some linked factor inci
dentally present in this particular K10 
chromosome has since been explored 
by testing 12 additional crossovers of 
paramutable R alleles into KIO chro
mosomes. Three mutant Ro alkles from 
standard Rr, termed Rgi, R92, and 
RO,. which coincided with standard 
Rr in aleurone-pigmenting action and 
in sensitivity to Rot action, were used. 
The outcome of the experiment was 
decisive; the R9 alleles that had been 
incorporated in the knob-carrying chro
mosome were significantly less sensitive 
to paramutation in Rol heterozygotes 
than their R9 controls in structurally 
normal chromosomes in all 12 of the 
cases tested. 

Additional tests have shown that Rr 

is not mr-le relatively insensitive to 
paramutation by passage through a 
plant in which R' and KIO are present 
in repulsion-that is, are borne by 
homologous chromosomes. A number 
of Rr Rr and rrKlO/rr plants were 
mated with each other, and the two 
resulting classes of offspring, Rr/rrKlO 
and Rr/rr, were then crossed with Rot 

R"t. Testcrosses showed that Rnr alleles 
derived from the two groups of Rr/R8J 
plants were indistinguishable from each 
other in aleurone-pigmenting poten
tial. 

The experimental results for chro
mosome K10 suggest, but do not prove, 
that the terminal knob exerts an in
direct effect on sensitivity of Rr to ac
tion of the stippled factor by genetical
ly altering the component of the R 
locus imm':diately involved in paramu
tation. Since the R locus and KIO are 
widely separated from each other in 
10L, and a condition of the change 
in question is that the two factors be 
present in the nucleus in coupling, it 



Is I nferred that the stimulus exerted 
by the.KlO knob is propagated along 
the chromosome to the R locus, where 
the paramutable component then re-
sponds by changing quantitatively, 

Inherent Metastabilllty of 

Paramutable R Alleles 

Recent investigations have revealed 
that the functional state of a para-
mutable R allele can change heritably 
without association of the allele in a 
heterozygote with a paramutagenic fac-
tor such as Ret . The capacity for heri-
table change in action is a built-in 
characteristic. The R t allele in a stand-
ard RrR. t heterozygote does not "con-
taminate," or confer any new prop-
erty on, standard Rr; rather it directs 
and amplifies a kind of genetic change 
that standard Rr is capable of under-
going quite independently of R't, or 
any other partner. 

The chain of evidence which leads 
to this conclusion began with the con-
firmation by Styles and Brink (21) of 
an earlier observation by Brink and 
Blackwood (22) that Rr genes derived 
from otherwise comparable R r and 
R R plants differed regularly, and the 
demonstration that the difference re-
suited from an inherited change in R 

r
action. Standard R , initially derived 
from stock RrR r cultures, becomes 
progressively enhanced in aleurone-
pigmenting potential when the allele is 
maintaii.d through successive genera-

r
tions in R rg heterozygotes (Fig. 4). 
The further fact was established that 
the sensitivity of standard-Rr action 
to repression in '"R't heterozygotes 
becomes progressively reduced as the 
aleurone-pigmenting potential of the al-
lele becomes progressively enhanced 
(Fig. 5). The evidence suggests, there-
fore, that both phenomena reflect a 
single kind of change in standard Rr. 

Styles and Brink (21) noted that the 
heritable enhancement in pigmenting 

Rr Rr
potential of standard in rg 
plants Is a paramutational process in 
that it is a regular and directed change. 
Standard Rr is thus subject to heri-
table alterations in both directions in 
terms of aleurone-pigmenting potential, 
and the direction of change is control-
lable. The possibility exists that r is 
influential in directing the enhancement 
of standard Rr action, just as Rat is 
influential in directing its repression. 
Proof that r is paragenetically amor-
phic in R r plants, however, has now 

been obtained by Styles and Brink (23) 
in a comparative study of the aleurone-
pigmenting potentials of Rg rr hetero-
zygotes and R91 r-x hemizygotes. (The 
symbol r-x represents a small defi-
ciency spanning the R locus; the deft. 
ciency is female-, but not male-trans-
missible.) 

In that study, RV2, a mutant fromstandard Rr which conditions the de-
velopment of colored aleurone and 
green plant and is indistinguishable 

Rr
from in sensitivity to paramuta-
tion, was maintained for three succes-
sive generations in a lineage of Rg.rr 
heterozygotes and also in an other-
wise closely comparable lineage of 
plants hemizygous for the R locus, 
The two lineages were maintained by 

2.29 on the commonly used seven. 
grade aleurone color scale. Matingi 
were made in series, and r'/r--x plant, 
were used recurrently as the female par. 
ents throughout, continuous RD' rr and 
Rg'/r-xl lineages being thereby pro. 
duced in each of the three replicates, 
The mean testcros: scc,-es in generation 
3 for the corie~ponding R9'rr and
R/r-x lineages were 5.04 and 4.62. 
Thus, pronounced reversion in level of 
Rg' action occurred in both lineages. The 
difference between the two values was 
no greater than that between values 
from several parallel mixed lineages, 
a fact which suggests that the disparity 
was not meaningful for the compari
son in question. 

The important deduction from the 
recurrent pollinations of rr/r--xl in. experimental evidence summarized in 

r
dividuals by R,, r and RD0/r-x 1 
plants. The effects on R9. a.eurone-
pigmenting potential were determined 
in matings on rg rg females. Mean 
testcross scores for control R9. R92 

plants, of stock-culture origin, ranged 
between 5.63 and 5.85. Mean test-
cross scores from RD. rr lineages in 
generations 1, 2, and 3 were 5.72, 
6.07, and 6.48, respectively. The cor-
responding mean values from the par-
allel Rg./r-xl testcrosses were 5.80, 
6.03, and 6.42. Thus the aleurone-
pigmenting action of R,7., was pro-
gressively enhanced in both experi-
mental lineages and, on the average, 
by almost identical amounts (Fig. 6). 
It is evident, therefore, that enhance-
ment in the pigmenting potential of a 
paramutable R allelp ca i occur au-
tonomously, and that paramutational 
change in the upward direction is not 
necessarily directed by a partner allele. 

Tests with R alleles in paramutant 
(partially repressed), rather than nor-
mal, form provide further evidence of 
the capacity of paramutable R factors 
to undergo heritable changes spontane-
ously. Kermicle (6) showed that para-
mutant RI alleles represented by first-
generation progeny of R R t plants 
undergo partial reversion in an R' 
hemizygote. The amount of reversion 
is equivalent to that occurring in R' r 
individuals. This conclusion has been 
amply confirmed by Styles and Brink 
(23) in tests extended over three gen-
erations. 

The more recent experiment was 
r
made in triplicate; the respective Rg'r

and Rg/r-xl offspring from three 
r"/r-xl 9 X R9 R8 8 matings were 
used. The mean R91 testcross score 
for the three initial testcrosses was 

this section is that a paramutable R 
allele, in standard as well as paramu
tant form, may change spontaneously 
in directed fashion. The basic condi
tion underlying paramutation is the 
metastability inherent in sensitive al
leles. 

Interactions between 
Paramutable R Alleles 

Recent studies by Styles (24) have 
shown that paramutable R alleles of 
unlike geographic origin and initially 
unlike in strength of aleurone-pigment
ing action are not necessarily perma
nently unlike. Furthermore, such R 
alleles were found to interact with each 
other in heterozygotes in a characteris. 
tic way. 

Styles chose for detailed study four 
R alleles from different geographic 
sources that, in single dose, give com
plete, or nearly complete, self-color 
and four that give distinctly mottled 
aleurone, in plants of the W22 inbred 
strain. S'nme of the alleles carried the 
red-seedling marker; the others gave 
green seedlings. All eight alleles were 
shown to be inherently metastable, like 

r
standard R .The significant fact new
ly establiiaed was that the initial dif
ferences between the eight factors were 
impermanent. Each allele co- !dbe al
tered, by simple mating procedu;:,. 
until it was essentially indistinguish
able from any other. Furthermore, 
heritable, but not necessarily stable, 
differences in aleurone-color expression 
could be produced in different sublines 

Rr
carrying the same allele. The or 
RD factors that initially, in single dose, 
conditioned development of very dark, 



or self-colored, aleurone gave progres-
sively more mottling when bred as 
homozygotes, but retained their p-
tential for conditioning self-color when 
kept heterozygous for r. Alleles that
initially conditioned aleurone mottling, 

vergent degrees of mottling when 
propagated as homozygotes or hetero-
zygotes. The stocks bred as R r hetero-
zygotes usually became more darkly 
mottled, whereas corresponding stocks 
bred as homozygotes either became 
more lightly mottled or did not change 
in R expression. 

Styles (25) also observed that para-
mutable R alleles which 
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pollination of r1 r' plants with generationspigmenting potential when propagated 1, 2. and 3 of Rr and R/R-deficient in-

routinely in stock cultures of the W22 dividuals, and scores for R R controls. It
inbred strain changed genetically in a is apparent that the R-pigmenting potentialcharacteristic way 

period in mitosis during which the 
in the repressor segment 

serve as templates for the formation 
ofof daughter metameres;metameresor first copiesnotthe, parent might 

be seq:.estered at once from the replication process but might serve in turn 
as templates for second copies within 
the same mitotic cycle. Hemizygosity

R, or heterozygosity of Rt for 
the paragenetically amorphic allele 
r, on the other hand, is assumed to 
shift the balance of conditions affect
ing replication in a direction that fa
vors undercopying of metameres. 

tuae effects mon eamerev Theors postulated fet nmtmr 
re pii verr thae assumed 

ermissive rather than determina
tive. The presence of R41 in the nu
cleus of an Rr R-t plant, for exam
ple, merely increases the probabilitywhen maintained assame ratey rises, in R/R-deficient hemizygotesofas the generations ethrsasoiedwhR 

heterozygotes with each other. If R i 
represents a p.'ramutable R allele of 
relatively high aleurone-pigmenting po-
tential in stock culture and R., rep-
resents one of lower potential, then, 
in successive generations of self-ferti-
lized R, R., plants, the level of pig-
menting potential of R, tends to fall 
to that of R. Eventually expression 
of the two alleles becomes indistin-
guishable. 

The parallel between the effect of 
R.. on R, in R, R.. heterozygotes and 
the phenomenon which Brown and 
Brink (12) called secondary paramuta-
lion is apparent. 

It thus becomes clear that the meta-
stability inherent in paramutable R 
alleles may be manifested in a variety
of ways. Apparently uniformity of R 
expression in these cases, if achieved, 
is a contingent condition, and does 
not reflect permanent stabilization of 
the factor. 

Model of a Paramutable R Factor 

Brink (7) and Sastry, Cooper, and 
Brink (16) have attempted to account 
for the experimental evidence on R 
paramu- .lion in terms of the follow-
ing model. The R locus is assumed 
to comprise two main components: 
(i) a structural gene (more probably 
a gene complex) specifying a particu-
lar enzyme involved in anthocyanin 
formation, and (ii) a heterochromatic 
segment closely associated with the 
structural gene, which affects expres-
sion of the latter during seed and plant 
development. The heterochromatic seg. 

advance, at the that, ilat a given mitosis, the number 
and Rraeterozygotes. 

ment. termed the repressor segment, 
is assumed to consist of varying num-
hers pf a common repeating unit, 
called a metamere, the effect of which 
is to repress R action. The degree of 
repression is assumed to be propor-
tional to the number of metameres 
making up the repressor segment. An 
R gene accompanied by a large num
ber of metameres is only weakly ex
pressed, whereas R action is strong 
if only a few metameres are present.
All paramutable R alleles are assumed 
to possess at least one metamere. 

Paramutation is assumed to be a 
change in the number of metameres 
making up the repressor segment. It 
is postulated that such change results 
from misreplication within the segment
during somatic mitosis. The copying 
of a given repressor segment more 
than once in a mitotic cycle would 
lead to an increase, and failure to 
copy some part of the segment would 
result in a decrease, in the total num-
ber of metameres. The potential
strength of R expression would be 
altered accordingly. 

The directed nature of paramuta-
tion is assumed to reflect sensitivity 
of the metamere replication process to 
regulation in definite ways. It may be 
supposed, for example, that the stip-
pled allele in an RrRs* plant estab-
lishes a metabolic condition in the nu-
cleus that favors overcopying of meta-
meres at the R locus in the homolo-
gous chromosome. The immediate ef-
feet of R' t might be to prolong the 

of metameres associated with Rr Will 
be increased. It does not ensure that 
such change will always occur, nor 
,ioes it regulate the amount of change 
at each mitosis. The mosaicism, in 
Rr R" plants, for level of Rr pig
menting potential is explainable on the 
assumption that changes in metamere 
number occur at varying rates in dif
ferent cell lineages within the indi
vidual. 

Experimental Tests of the Model 

An early observation by Stadler 
(26), since verified by others, suggest
ed a method of testing this model of 
a paramutable R allele. Stadler found 
that in maize, contrary to the results 
with various other plants and animals, 
high-energy radiations do not ordinari
ly induce point mutations that give 
viable homozygotes. Such induced mu
tations appear to he small deficiencies 
that behave like recessive lethal genes.
If the level of pigmenting potential of 
a paramutable R factor is a function 
of the number of metameres in a re
pressor segment adjacent to R, and 
if ionizing radiations always cause de
ficiencies, then effective treatment with 
x-rays of individuals carrying a par
tially repressed R allele should always
shift the R phenotype in the plus di
rection. That is, such an R allele, if 
altered at all, should tend to be de
repressed by virtue of the loss of some 
metameres. It is assumed that such 
loss of metameres would be only par
tial in most instances, hence not lethal 
to the plant. 



Fig. 7 (left). Testcross ears from matings on strain-W22 r' r" females with (left) pollen from a plant grown from untreated
strain-W22 R,.' R,.' seed and (right) pollen from a plant reared from R,' R,' sib seed treated with diethyl sulfate. [From Axtell and
Brink (27)] Fig. 8 (right). Testcross ears from matings on strain-W22 r' r' females with (left) pollen from a plant grown
from untreated R' R" seed and (right) pollen from a plant grown from R R' sib seed treated with diethyl sulfate. The very
lightly spotted kernels, on both ears, are the stippled segregates. It is evident that only the R" r' r' class of testcross kernels has been 
affected by the diethyl sulfate treatment. [From Axtell and Brink (27)] 

Experiments were initiated in our showing partial fertility following ex- Rr R"' plants grown from seed treat
laboratory to determine whether in posure of maize seed to high-energy ed with diethyl sulfate is regularly and 
fact high-energy radiations cause uni- radiation was approximately two tassel markedly reduced (see Table I and 
directional change in the strength of branches. If this observation is gen- Fig. 8). Significant amounts of change
the action of paramutated R genes. erally valid, then pollen collected from in the strength of R action were ob-
Parallel tests were undertaken with a single tassel branch usually would served following testcrosses involving 
chemical mutagens. The two series of represent a cell lineage in the mature all the treated MI plants. Present data 
investigations are currently in progress, plant based upon a single cell in the do not serve to distinguish between 

embryo of the treated seed. Pollen three possible interpretations of this 
from individual lateral branches of result: (i) .the sensitivity of the R r 

Chemical Paramutagenesis three R,.' R,.' plants reared from allele to R' t action may have been 
diethyl-sulfate-treated seed was used in reduced; (ii) paramutation of Rr to 

Experiments with two chemical mu- testcrosses on colorless individuals. Rrr may have occurred in response 
tagens, diethyl sulfate and ethyl meth- Nine of the ten branches yielded ker- to Rat action in the heterozygote and 
anesulfonate, have advanced to a stage nels more heavily pigmented than the then have been reversed by the treat
at which a meaningful assessment of control seeds. Thus, considered on a ment with diethyl sulfate; or (iii) the 
the results can be made. The follow- cellular basis, the incidence of change paramutagenic action of Rat may have 
ing summary account is based upon in response to the chemical treatment been impaired by the chemical. 
recent tests by Axtell and Brink (27). is very high. Obviously the frequency 6) Two lines of evidence suggest

1) The strength of the pigmenting of change is far higher than that char- that the changes induced in R' action 
action of paramutated R alleles is al- acteristic of ordinary mutation, which by an alkylating agent, such as diethyl
tered markedly and with high frequen- diethyl sulfate is known to promote sulfate, are directed. First, the mean 
cy by treatment of seed with either of also. pigment-producing potential of R' 
these chemicals in fresh aqueous solu- 3) The altered forms of the R,.' alleles of initially intermediate poten
tion. The treatment of pollen with sat- allele recovered from plants reared tial is regularly raised by treatment of 
urated diethyl sulfate vapor for periods from seeds treated with diethyl sulfate the seed, but not to the original stand
such that subsequent seed set is re- were heritable, and the deviant pheno- ard-R value. Although the average
duced even to about 20 percent of types were found to be dependent on change in phenotype is upward on the 
normal does not affect the strength of the R locus in each example tested. pigmenting scale, the possibility that 
paramutant R action. 4) Repressed R alleles whose aleu- R' may sometimes be changed by the 

2) More than 90 percent of the Ml rone-pigmenting potential had been treatment to a more weakly pigmenting
plants reared from diethyl-sulfate-treat- raised by treatment with diethyl sulfate form is not excluded. The second body
ed seed homozygous for a particular were again repressed by passage of data supporting the conclusion that 
highly repressed paramutant R allele, through Rat heterozygotes. This result the changes are directed is derived 
designated R,., yielded kernels with shows that the effect of the alkylating from the experiment in which RrRat 
higher levels of aleurone pigmentation agent is on the R-locus component seed were treated with diethyl sulfate 
(Fig. 7). Anderson et al. (28) observed concerned with paramutation. (Table 1). Scores for the entire popu
that the average size of tassel sector 5) Paramutation of Rr to Rr, in lation of Rr' rg ru testcross kernels 



derived from iach of the ten treated 
individuals were shifted upward by 
nearly two grades on the seven-grade 
aleurone-pigmentation scale. There was 
no indication in any instances of a 
reduction in level of R' pigmenting po-
tential in the progeny of the treated 
Rr R' t plants below that of the un
treated Rr R controls. 

It is significant, of course, that the
effect of diethyl-sulfate treatment of 
seed on the pigmenting potential of 

R rthe allele in RrRat heterozygotes 
is opposite to the effect on the poten-
tial by the R8t allele. The RAI allele 

Rrinvariably causes repression of 
action, whereas the alkylating agent 
gives a response in the other direc-

R r' tion relative to the average , or 
paramutant, value. The changes are di-
rected in both instances, upward on the 
aleurone-pigment scale in one case, 
downward in the other. 

Discussion and Conclusions 

A conclusion of major interest to 
which the recent studies on the R 
locus in maize leads is that paramuta-
bility is an intrinsic property of certain 
alleles. Paramutagenic factors do not 
confer the means for this kind of 
genetic change on their partners in 
heterozygotes; they alter the expression 
of the paramutability the basis for 
which the partner already embodies. A 
paramutagenic factor may exert an in-
fluence which leads to a major change 
in level of pigmenting potential of its 
partner in a heterozygote, but it is not 
self-sufficient in this respect. The para-
mutagenic factor does not instigate 
paramutation; it acts as an adjuvant to 
the process, which can occur inde-
pendently of it. The primary consid-
eration in paramutation is thus the 
metastability inherent in sensitive al-
leles.

This point of view has been implicit 
in earlier reports from our laboratory 
(7). It is now supported by critical evi-
dence. The aleurone-pigmenting poten. 
tial of a paramutable R allele from 
an R R stock-culture origin rises sig-
nificantly, and at the same rate, ir, 
successive generations of otherwise 
identical R r heterozygotes and RIR. 
deficient hemizygotes. The capacity for 
paramutation, as a directed form of 
heritable change, is inherent in the 
paramutable allele itself. Paramutation 
is not dependent, in heterozygotes, 
on paramutagenic factors. The latter 

Table 1. Frequency distributions'and mean aleurone color scores for the R' 7r, kernels from 
testcroses on rorr femalessulfate-treated) of R'R" (untreated), R'R' (untreated), ana R'R" (diethyl.plants. The amount of reduction In level of Rf action ordinarily associated
with passage of the allele through a stippled heterozygote is greatly reduced if the F, RrR*' 
seed from which the test plants are grown, is treated with diethyl sulfate. [From Axtell and

nk (27)] 

Staminate Aleurone color class Mean
 
plant No. 1 2 
 3 4 5 6 7 score* 

Rr R1, untreated 
38-3 6 34 6.85
38.4 8 32 6.8038.6 20 20 6.5038-8 14 26 6.6539-1 12 .28 6.70 
39-3 . 17 23 '6.58 
39-710. . .. 10 430 6.76 
39-10 

"R R', untreated 
103.1103-2 " 1511 . 1 1 . :'214 . 12 .
 
103-3 . 3 - 6 11 19 
103.4 2 2 .12 16' 865
103-5. 1 2 3 '.10 17103-6 1 9 10 20 
103-7 ' 1' 4 20 '10 5 

R" 
. " Rat, treatedt, 

98.1 2 17 
98-2 2 '5 
98-3 1 5 8 15 
98.4
98-5 1 6 8
98.6 1 7 21
98-7 1 11
98-8 1 9 
98-9 9 
98-10 1 13 

3.45'3.88 ... 
1 4.23. 

' 
7 4.534.23 

3.35 

9 
. 

.1278 
14 
8 

13
17 
7 

16 
16 
19 
18 

- 19 
3 

27 
8 
4 

12 
14 
12 
8 

6.25 
'4.83 

6.68
5.63 
5.15 
5.95 
6.08 
6.08 
5.83 

*Overall mean scores: families 38 and 39, 6.55; family 103, 3.90; family 98, 5.83. t Treatment: 
2 ml of dlethyl sulfate per 1000 ml of H.O per 400 minutes (1.5 X 10-tM). 

modify the process, and the modifica-
tions result in changes in level of pig-
menting potential-changes which vary 
over a wide range. 

The evidence for change in the func-
tional state of R in plants hemizygous 
for the locus rules out, of course, any 
form of interallelic particle transfer as 
the basis of paramutation. Conversion, 
as visualized in 1930 by Winkler (29) 
or as shown by Mitchell (30) to result 
from intragenic recombination, does 
not apply to R paramwiation. Excluded 
also is the hypothetical form of con-
version recently suggested by Coe (18)
in seeking an interpretation of para-
mutation at the B locus in maize, 

Obviously conversion has no rele-
vance for a hemizygous locus, and if 
paramutation can occur at such a lo-
cus, as has now been proved in the R 
case in maize, the essential basis of the 
phenomenon cannot be any form of 
copying from a model in a homologous 
chromosome or particle transfer be-
tween alleles. The term conversion as 
applied by some other investigators to 
paramutation is misleading in its basic 
implication, and its use in this context 
should be abandoned, 

It is not yet possible to formulate a 
general rule applicable to the spectrum 
of interallelic relations exhibited by the 
R paramutation system. Variation in 
level of pigmenting potential of para
mutable R alleles appears to become 
minimal in lineages of R R plants 
maintained as homozygotes by con
tinued self-fertilization. The two rep
resentatives of a given R allele in dip
loid individuals seem to attain a con
dition of metastable equilibrium in re
lation to each other under this mating 
system. The observed relative uni
formity of R expression in such cases, 
however, clearly is contingent, and 
does not reflect permanent stabilization 
of the allele. The metastability inherent 
in all such factors regularly comes to 
expression i. the descendants, follow
ing intercrosses between different para
mutable R R stocks and after out
crosses, for example, to RAt RAt, rr rr, 

or rr/r-xl plants. 
The general significance of the ex

traordinary sensitivity of the R par
mutation system to alkylating agents 
remains to be determined. The avail
able data do not provide a decisive 
test of the validity of the model de



scribed above, wherein level of pig-
menting potential of a paramutable R 
factor is assumed to be a function of 
the number of metameres making up
a 	 repressor segment associated with 

the R gene. The seemingly regular in-
creases in pigmenting potential of para-
mutable R' alleles resulting from treat-
ment of seeds with di-.thyl sulfate could 
be due to loss of metameres either by 

direct deletion or though an effect on 
the chromosome replication process 

that leads indirectly to metamere loss-
es. The direct deletion of metameres 
is considered unlikely because of the 
high frequency of induced changes 
appearing in the offspring following 
treatment of the seed from which the 
parent plant was reared, and because 
of the insensitivity of R' alleles in 
the sperm present in pollen grains to 
the action of alkylating agents. Per-
haps the striking effects of alkylation 

result from impairment of the repres-
sor segment -as a template in somatdc 
cells-impairment such that under-
copying of metameres, and hence par-
tial derepression of R', during chro-
mosome reolication results. 
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