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EGULAR, heritable changes in gene function directed by an allele were first 
demonstrated by BRINK (1956a, b, c) at the R locus in maize. Changes of 

this type have been designated paramutation (BRINK 1958a), a convenient ge- 
neric term emphasizing both the heritable nature of the changes and their origina- 
nation through heterozygous association of a sensitive (paramutable) allele with 
an inducing (paramutagenic) allele. Similar behavior (continuing conversion- 
type inheritance, an extreme form of paramutation) has been observed at the B 
locus in maize (COE 1958, 1959a), and somewhat similar behavior (somatic con- 
version) with the sulf alleles in tomato (HAGEMANN 1958a, b) . In each case, an 
inducing allele ( R S t ,  Rmb, and certain Rst  derivatives; B’ and certain paramutants; 
su1fPsra and sulfvag) causes heritable alteration in a sensitive allele (R‘ and certain 
alleles; B and certain alleles; s u l f f )  in the direction of reduced function. 

Earlier reports (COE 1958, 1959a, b, 1960, 1961a, b) describe the basic B’ phe- 
nomenon. B B plants (intense anthocyanin color) give rise occasionally to weak- 
colored mutants (B’)  . Progeny from these B’ mutants, self-pollinated or crossed 
to B or b, are all weak in color. Repeated backcrosses of B’ to B yield only B’ plants 
without segregation, even though markers on either side of B segregate and re- 
combine normally. Segregation is found, however, in progeny from B’ b hybrids, 
demonstrating association of the phenomenon with the B locus: the cross of B‘ b X 
B B gives half B’ plants (genetically B’ B’ in the succeeding generation) and half 
B plants (genetically B b )  . The phenomenon has been considered broadly to in- 
dicate conversion of B to B’ during a life cycle of exposure to B’ in heterozygous 
individuals, with b intractable to conversion. A gene-dependent plasmid model 
has been considered, but does not appear to be involved ( COE 1961 b) . 

The present paper reports experiments designed to examine in detail the prop- 
erties and mechanism of the B’ phenomenon. A model is developed that is com- 
patible with the controlling element ( MCCLINTOCK 1951, 1961 ) , parachromatin 
 BRINK 1960) or episome (JACOB and WOLLMAN 1961) concepts. An abstract of 
the general conclusions has been published ( COE 1963). 
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TABLE 1 

Ezpression, paramutability and paramutagenicity of B alleles 

Paramutability 
(Product f” Paramutagenicity 

Allele Expression ( w i d  A R g  PI) Origin exposure to E’) (Effect on E )  

B 

Bb 

b 

B O  

b-u 

B’ 

BV’ 

b‘-u 

Intense anthocyanin in  Standard stocks 
plant tissues (husks, sheaths, 
culm, leaves, tassel and 
ear glumes, coleoptile) 

Intense glume base and 
culm, weak elsewhere 

No anthocyanin Standard stocks 

Anthocyanin only where 
mutation to B occurs 
(sectors) ; also mutates to b 

No anthocyanin From Bv 

Like Bb Spontaneous 

Standard stocks 

UV: W. R. SINGLETON 
( STADLER stocks) 

mutation of B 

Anthocyanin only where From Bv 
mutation to B’ occurs 
(sectors) ; also mutates to b’ 

No anthocyanin From b-u or Bv‘ 

B‘ none 

none none 

none none 

Bz” none 

b’-u none 

B‘ 

B’ 

. .  . B‘ 

MATERIALS A N D  METHODS 

Table 1 lists the symbols, origins, and properties of the B alleles used in this study. Among 
the non-paramutagenic members ( B ,  Bb, b, Bv, b-U),  the allele with the higher level of pigmen- 
tation is dominant. All paramutagenic alleles show “dominance” of weak color (B’ B, B’ b, B V ’  B, 
and b’-u B are all weakly pigmented). 

Stocks used in the experiments were generally similar in background genotype; most had been 
derived by recovery from first or second backcrosses to a single uniform line, stock 3, homozygous 
Rg b PI (Rg, colored aleurone, no seedling or  anther pigment; b green plant; PI, full-purple 
plant pigmentation in presence of B ) .  In certain experiments, a uniform RO B pZ line (in which B 
produces intense, sun-red pigmentation) was employed. Several important combinations of mark- 
ers in chromosome 2 were provided by E. B. PATTERSON from the Maize Cooperative stocks; these 
were also recovered from backcrosses to stock 3. The markers lg (liguleless leaf, position l l ) ,  gl, 
(glossy seedling, 30) ,  B (plant color booster, 49), sk (silkless ear, 56), and u4 (virescent seedling, 
83) were used; the centromere is between sk and u4. Where necessary, external contamination 
markers (wz, C’, y, su) were included. 

EXPERIMENTS A N D  OBSERVATIONS 

SeZection: Among 51 plants in one B’ family, the two most lightly and two most 
darkly pigmented individuals were selected and crossed by B PI (PI series) and 
B pl  (pZ series) pollen parents. For two additional generations, among 30 to 50 
plants in each family, the lightest plants in the light lineage and the darkest in the 
dark lineage were chosen and backcrossed to the proper series parent. Progenies 
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were then coded, planted in random order in two replications, and graded without 
identification on a scale of increasing intensity. The arbitrary grading scale used 
in this experiment was not quantitative; in pl backgrounds, distinctions were 
minor in the range from 0 to 3, great from 3 to 5 ,  and minor from 5 to 6; in P1 
backgrounds, they were great from 0 to 3, minor from 3 to 5, great from 5 to 6, 
and minor from 6 to 9. Differences in color level were thus numerically exag- 
gerated by spreading grades within the range of B‘ expression. 

The grade distributions and averages, presented in Table 2, showed small dif- 
ferences in the direction of selection but no striking changes either to very low or 
very high levels of pigmentation. No important effect of selection is indicated; no 
quantitative variation in the degree of effect can be suggested. 

Repeated induction: To determine whether the effectiveness of B‘ is diminished 
by repeated exposure to B or by repeated transfer of its properties, all available 
ears from a repetitive series of backcrosses of B’ to a uniform B Pl parent were 
sampled. five seeds per ear. The progenies were graded without reference to pedi- 
gree on an  arbitrary scale somewhat more quantitative visually than that used in 
the selection experiment. Both plants and cobs were graded for the same group of 
individuals (Table 3 ) .  There is no regular pattern of effect from repeated back- 
crossing, and no suggestion of segregation for “old” and “new” paramutants. 

Comparisons among plants with various constitutions for B, B’, and b: Func- 
tional capacity of B, B‘ and b in various combinations can provide evidence on 

TABLE 2 

Distributions and average color grades for B‘ plants after three generations of backcrossing 
to B and divergent soleetion for color level 

Color grade 
- Grade range of 

Series and selection 0 1 2 1 4 5 Averagegrade recurrent parent 

p l  light 26 84 0.76 5-6 
p l  dark 15 110 0.88 5-6 
P1 light 6 78 27 3.19 6 9  
PI dark 52 55 10 3.64 6 9  

TABLE 3 

Plant and cob color distributions and average grades in a repeated series of backcrosses of B‘ to B 

Color grade 

Cios.ea So.  Tissue graded 0 1 2 3 4  Average grade - 
2 Plant 2 3 18 1.70 
3 Plant 2 16 1 1.95 
4 Plant 2 23 50 7 1.76 
5 Plant 5 21 2 1.89 
2 Cob 2 20 2.91 
3 Cob 16 3 3.16 
4 Cob 64 18 3.22 
3 Cob 26 3 3.10 
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TABLE 4 

Plant and cob color grade distributions and average grades for different genotypes 
involving B, B’, and b 

~ ~ ~ ~~ 
~ ~ 

Color grade 
Genotype 
$‘/d Tissue graded 0 1 2 3 4 5 6 7 8 9 Averagegrade 

Plant 30 153 31 2.00 
Plant 59 92 5 1.65 
Plant 14 174 71 5 3.26 
Plant 5 29 19 2 3.33 
Plant 1 20 51 7.69 
Plant 4 4 9 6  7.74 
Cob 56 98 25 15 3 105 
Cob 13 115 15 3 1.05 
Cob 8 101 83 63 1.79 
Cob 3 21 13 16 1.79 
Cob 43 20 4 6.42 
Cob 1 10 7.91 

timing and degree of paramutational events, and on reciprocal effects that would 
be indicative of extranuclear systems. A series of closely comparable progenies 
from crosses among B’, B and b stocks of PI constitution was replicated, ran- 
domized, and blind-graded both at flowering (composite judgment on husks, 
sheaths, and tassels) and in the mature, dry cobs (Table 4 ) .  In the B / B  entry, 
two exceptional plants were conspicuous new B’ mutants; these are excluded from 
the table. 

Since B’/B‘ and B ‘ / b  are not greatly different, a single dose of B’ has nearly 
as much effect as two; B is also nearly completely dominant to b. The reciprocal 
hybrids B’/B and B/B’ (allele from egg parent written first) are not distinguish- 
able, indicating no maternal effects. Finally and most significantly, B’/B and 
B/B’ plants are clearly more strongly pigmented than B’/B’ and B’/b ,  demon- 
strating that the functional capacity of B is not completely changed or suppressed 
during the first life cycle of exposure to B’, even though repeated induction (Table 
3) and selection (Table 2) show no inherited functional difference between ‘‘old” 
B’ and newly induced B’. These data alone do not permit distinction among: ( 1 ) 
suppression of B function by B’, with B unchanged until very late; (2) partial 
change in B early, completed late; or (3)  confounding of suppression and partial 
change. However, B clearly is not changed to the functional equivalent of B’ until 
very late in the life cycle-specifically, as late as the stage of terminal maturation 
and pigment synthesis. The change in germinal tissues might possibly be as late 
as meiosis, inasmuch as the graded somatic tissues (including tassels and cobs) 
derive from the same advanced meristematic cells as the germinal tissues out of 
which completely changed B (to B’)  arises. Deletion analyses presented in a subse- 
quent section demonstrate that B actually is not changed during most of the life 
cycle, but that it is suppressed in function when B’ is present in the same cell. 

Regularity of segregation: The demonstrated segregation of B’ from b in a B’ b 
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heterozygote proves B-locus control of the B’ phenomenon (COE 1959a). How- 
ever, only limited numbers of segregants were reported previously, so occasional 
exceptions derived from crossing over or other infrequent events might have been 
undetected. Accordingly, a somewhat larger family of plants from B’ b X B  was 
progeny-tested by self-pollination or backcrossing to b. Progeny families (20 to 
45 plants each) from 44 B’ individuals were entirely B’ (i.e., b was absent), while 
those from 48 B individuals were all segregating B-b (i.e., B’ was absent). A few 
new B’ exceptions (approximately 0.5%) appeared in the latter group; this is not 
an unusual frequency of new exceptions. Segregation of B’ from b is quite regular. 

Cytology and recombination in the B region: In a previous report ( COE 1961b), 
markers flanking B in chromosome 2 were shown to segregate, recombine and 
transmit normally in hybrids involving B’. Cytological examinations and more 
extensive recombination data have been obtained. A series of hybrids was pre- 
pared as follows: 

From B‘ b X lg gl B U :  

From B B x lg gl B:  
From B‘ B‘ X lg gl b U :  

F r o m B B X l g g l b u :  
From B B X lg gl B’ U :  

From b b x lg  gl B‘ U: 

From b b X lg gl B:  

(1) B’/lg gl B U ,  ( 2 )  b/lg gl B u 

( 3 )  B / k  gl B 
(4) B’/lg gl b u 

( 5 )  B/lg gl b U 

(6) B/lg gl B‘ U 

( 7 )  b/lg gl B’ U 

(8) b / k  gl B 

Additional material for cytological study was obtained from original source 
stocks: (9) B’ B’ and (IO) B’ B. Meiotic samples were collected from each, and 
the hybrids were backcrossed to lg gl b U .  

Cytological examinations of samples were graciously carried out by DR. A. E. 
LONGLEY. No aberrancies were found in chromosome 2, particularly concentrat- 
ing on the short arm in the region of B, in the following numbers of plants of 
genotypes ( 1 ) through ( lo) ,  respectively: 2,4,3, 7,2,3,3,4, 1, 1 .  No other chro- 
mosomes appeared to have any consistent anomalies, except for the familiar in- 
version in chromosome 8, which was heterozygous in many plants but inde- 
pendent of B’ constitution. It should be commented that some suggestion of 
abnormalities in chromosome 2 had been seen in samples from a very limited 
number of B‘-bearing plants in the preceding season, but these observations were 
not confirmed in the present experiment. 

Seedling progenies from backcrosses of genotypes ( I ) ,  (e), (4),  and (5) were 
classified for Zg, gl, and U .  Recombination percentages (Table 5) showed signifi- 
cant variation among genotypes in the Lg-GZ region, and slightly lower values 
for the two B’-bearing genotypes in the GE-V region. Coincidence was slightly 
lower in B’/B. Combined data showed a distinctly lower percentage of recombi- 
nation in the Gl-V region for B’-bearing genotypes than for B’-free genotypes. 
Taken at face value, the data suggest that B’ may cause a reduction in pairing 
capacity and exchange, and may increase interference when ‘Lconverting,” as in 
B’/B. These are the opposite of effects that would be expected if paramutagenesis 
involved unusually intimate pairing at the same stage as meiotic exchange, en- 
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TABLE 5 

Recombination and coincidence in heterozygotes involving B', B and b (B is between G1 and V; 
m indicates segment bearing recessive markers) 

Le-GI Gl-V 
Genotype Total number (percent) (percent) C 

( 1 )  B'/mB 368 26.6 f 2.3' 30.2 f 2.4 0.47 t 0.107 

(4) B'/mB 1,076 19.3 k 1.2 31.8 t 1.4 0.68 + 0.083 
(5) B/mb 434 16.1 f 1.8** 37.3 * 2.3 0.65 t 0.128 
B'-bearing 1,444. 21.12 f 1.07 31.37 f 1.22t 0.62 k 0.067 
B'-free 1,124 21.26 t 1.22 36.30 f 1.43 0.65 + 0.070 
All samples 2,568 21.2 f 0.8 33.5 .+- 0.9 0.63 k 0.048 

(2) b/mB 690 24.5 k 1.6' 35.7 * 1.8 0.65 t 0.082 

* * *  Significant at 5'3, and 1% 
+'Highly significant difference 

level, respectively, relative 
from B'-free value. 

to  total. 

hancing meiotic exchange; instead they imply the kinds of effects that might be 
caused by an abnormal constituent in or on the chromosome. 

Deletion test for time of event and chromosomal restriction of B': If B' repre- 
sents a property residing at B, deletion of the B segment should concurrently de- 
lete the B' properties (paramutagenicity and functional suppression) ; if B' repre- 
sents B plus an extrachromosomal entity, deletion of the B segment and deletion 
of the B' properties should not coincide. Deletions induced over a sequence of time 
from pre-fertilization forward in crosses of B x B' should establish whether 
change of B to B' has occurred up to the stage at which deletion occws. 

X-irradiation was applied at three stages: pollen, young zygotes, and develop- 
ing sporophytes. Pollen of + B' + was irradiated with 1,000 to 2,000 r and used to 
pollinate silks of gl B +/gl B sk and gl b +/gl b sk; the progeny were observed for 
loss of GI or B', and exceptional plants were classified for sk, pollen sterility, and 
morphology. Young zygotes of genotypes + B' +/gl B sk and + B' + / g l  b sk were 
irradiated on the ear with 1,000 to 2,000 r at 1 to 5 days post-pollination; plants 
developing from these zygotes were observed for complete or sectorial loss of G1 
or B', and exceptional plants were observed closely for continuation of sectors and 
classified for sk, pollen sterility, and morphology. Progeny tests of exceptions 
from pollen and zygote treatment were carried out when possible; markers lg and 
U ,  on opposite sides of the indicated marked region, were usually present and 
aided the analysis. In addition, distinctive morphological features associated with 
hemizygosity in this region, determined in the course of analysis, were helpful in 
establishing the nature of exceptions: plants hemizygous for the Lg GI segment 
are slightly stunted and show a slightly club-like tassel, those for Lg GZ B are 
stunted and show zigzag culms and distinctly clubbed tassel, and those for Lg G1 
B Sk are extremely stunted, zigzag, and clubbed. Haploids were excluded from 
consideration. Developing sporophytes of + B' +/gl B sk were irradiated with 
1,000 or 1,500 r at the 4,5,6, 7,8, and IO-leaf stage and at premeiosis; the treated 
plants were then crossed extensively on and by B and b, and the progeny ex- 
amined for B exceptions. In this experiment, it was anticipated that deletion of 
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the B’ segment would result in a hemizygote, gl B sk/-, which should transmit B 
unchanged to progeny. 

No overall effect of X-irradiation on B’ expression, either in B’ B or B‘ b plants, 
was observed; the plants were not color-graded since control and irradiated plants 
were not conspicuously different in color level. Slightly variant types, both lighter 
and darker than the average, were found in treatments and controls at similar 
frequencies. In  small, nonirradiated control populations, no losses were found. 
The degree of difference between B’ and By it should be emphasized, is great 
enough to permit direct classification and discrimination of B from B’ with very 
few errors (COE 1959.1961a, b).  

Pollen irradiation induced many losses of GI and B‘ concurrently, some con- 
current losses of GI, B‘, and Sky and occasional losses of GI alone, but none of B‘ 
alone (Table 6). Because of the design, in the cross of +/sk X +/+ half of the 
GI B’ Sk losses would be identified as GZ B’ losses only, but this proportion is not 
crucial to the experiment. Losses of GZ alone in the B crosses (first line of Table 
6) were paralleled by losses of GI in the b crosses (second line), representing 
breaks between GI and B’. Losses of B’ alone were not found; these were not ex- 
pected frequently as short intercalary deletions but might have been expected if a 
chromosome-independent property sensitive to X rays was essential to the B’ phe- 
nomenon, or if a loosely attached chromosomal appendage were involved. 

Irradiated zygotes through 5 days showed concurrent loss of B’ and GZ, demon- 
strating that B is unchanged by B‘ during this period. One case ( 5  days, sectored 
loss of B’ only) was particularly informative: The main stalk was nearly but not 
absolutely full purple, 50 to 75% pollen-sterile, and transmitted through the fe- 
male the markers on the B chromosome, Zg and gl, almost exclusively, indicative 
of a small deficiency in the B’-bearing homolog, but the progeny were B‘, suggest- 
ing that B’ may have been present but prevented from suppressing B function 

TABLE 6 

X-ray induced deletions of B‘ and adjacent markers in crosses of + B’ + 
with recessive-marked B and b 

Loss recognized’ 

Cross Stage irradiated GIB’ G l B ’ S k  G1 B’ Numberexamined 

B x B‘ pollen 23 4 4 0  3,590 
b x B‘ pollen 20 1 3 0 1,100 
B’ x B zygotes, 1 day 7,O 1,0 1,5 1,0 1,166 

2 days 1,3 1,0 0,O 0,O 887 
3 days 0,o 0,o 0,o 0,o 26 
4 days 0,l 0,o 0,o 0,o 1M 
5 days 0,2 0,o 0,o 0,l 43 

2 days 3,l 0,O 2,2 0,O 343 
B‘ x b zygotes, 1 day l,o 0,o 0,l 0,o 58 

* The plant color phenotype of losses in crosses with B (first and third crosses) is, respectively, B,  B ,  B’, B; that for 
mosses v i t l i  b IS b ,  b ,  B’, b (or B ) .  Entries such as 1,3 represent 1 whole-plant case, 3 sectored cases. 
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fully. Two basal branches of this plant were typical B’ in phenotype, showed no 
sterility, and transmitted markers normally. A third basal branch was full purple 
( B )  and 75% pollen-sterile, but produced no progeny as male or female from 
several crosses. Of all the cases from zygote irradiation, this plant was the only 
one in which prageny were obtained from deletion-bearing germinal tissue (main 
stalk). Most sectored plants have not included germinal tissue, and those which 
have, as well as the whole-plant cases, have failed to produce viable progeny. 
These failures are difficult to explain, particularly since five of the B cases from 
pollen irradiation have produced progeny, all consistently B and carrying mark- 
ers expected from a hemizygote. In the absence of progeny from B sectors, a B 
phenotype is assumed to represent unchanged B, uncovered by deletion of B’. 

Among irradiated developing sporophytes (respectively 7, 7, 3, 1, 7, 8, and 7 
plants at the 4, 5 ,  6, 7, 8, 10-leaf, and premeiotic stages), two plants had large, 
distinct B sectors in the cob, one from treatment at the 4-leaf and one from the 
10-leaf stage. Over 3,000 pollen progeny and 3,300 ear progeny were observed, 
including over 500 ear progeny from premeiotic treatment, but no B individuals 
were found. As with the cases from zygote treatment, the anticipated B progeny 
appear not to have been transmitted. This failure of transmission can be attributed 
to somatic competition between hemizygous and normal tissues and to competi- 
tion among gametes derived from these tissues in this experiment; the degree of 
these effects is difficult to assess. Nevertheless, B sectors in cobs, a very late tissue, 
demonstrate persistence of unchanged B through most of the life cycle. 

From the above experiments it is clear that B’ is regularly deleted in concert 
with markers in the B region of chromosome 2, and that B is unchanged in func- 
tional potential throughout most of a life cycle of heterozygosity with B’. In a 
preceding section it was concluded, from the fact that B’ B plants are darker than 
B’ B’, that B is not changed to the functional equivalent of B’ until very late in 
the life cycle. On the basis of both analyses, B’ must suppress functional expres- 
sion of B, but the change of B to B‘ must be deferred until meiosis or very near 
meiosis. 

Ultraviolet treatment of B’ pollen: In a small test for gross effects of ultraviolet 
light, B’ pollen was exposed for 30 seconds to two-sided irradiation from the ger- 
micidal source used in this laboratory, then crossed onto b and B. Respectively, 
94 and 91 plants were observed from these crosses and compared visually with 
controls. No gross effects on B’ expression were noted; three plants of b pheno- 
type, probably deletions rather than contaminations, were found among the 
crosses to b. 

Attempts to accomplish infectious transmission of B’: Pilot-scale trials of in- 
fectiox using B’ B‘ and B B (unstable source) seedlings ground briefly in phos- 
phate buffer, pH 7.0, were made in two seasons (1962, 1963). The fresh mash 
was rubbed into the leaves or injected into the growing-point region of B B 
seedlings and repeated at a later stage. Neither the 145 treated plants nor proge- 
nies from them totaling over 500 plants showed any increase in B’ occurrences. 
Although it could not be argued that infection necessarily should have been ob- 
served, it is not easily accomplishable, if at all. 
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Tests for effects of chromosome aberrations: The effects of heterozygous chro- 
mosome aberrations are of interest inasmuch as they might affect the phenomenon 
through their effects on synapsis. Two aberrations were tested. B plants homo- 
zygous for Translocation 2-9a (breakpoints 2S.36, 9L.58; proximal to sk) or for 
Inversion 2a (breakpoints 2S.7, 2L.8; proximal to B) were crossed to B' plants 
with normal constitution. The translocation heterozygotes were selfed and back- 
crossed to B and b, and inversion heterozygotes were backcrossed to B; no obvious 
differences in color expression between normal and semisterile sibs were found in 
small progenies. 

Since the primary trisomic for chromosome 2 was unavailable, modest attempts 
were made to derive tertiary trisomics homozygous for B, without success. 

Independence of mutability from paramutability and paramutagenicity: The 
mutable allele B" simulates b, but mutates frequently to stable B and b. In hetero- 
zygotes with B', B" is altered, not to B' but to B"' (green plants with B' sectors, 
frequency similar to B sectors in B" plants). Crosses between B"' and B cause B 
to change to B', which is indistinguishable from the standard B' originally used 
to induce B"'. Whatever change occurs in paramutation is independent of the 
mutability, and the mechanisms of one seem not to interfere with the other. 

To test the absoluteness of this independence, the following aspects were 
studied: ( 1 ) Paramutagenic stability of B"'; (2) tractability and paramutagenic- 
ity of stable b mutants from B" and B"'; (3)  tractability and paramutagenicity 
of stable B and B' mutants from B" and B"'. In these experiments, the wide 
phenotypic differences among B, B', B", B"', and b were used with progeny tests 
as criteria of the events, rather than color grading. 

The instability of B"' might be expected to give rise to mutants lacking para- 
mutagenic action. Crosses were made between B B and B"' B"'. and the progeny 
observed for B exceptions. None was found among 586 individuals. B"' mutates 
to stable alleles in about 2 to 4% of gametes, so the rate of mutation to non- 
paramutagenic alleles, if it occurs, is not comparably high. 

To test the properties of b mutants, marked B" B" plants were crossed by b b, 
and two b (green exceptions) among 96 plants were selfed and crossed onto B', 
B and b. In large progenies from each, no residual mutability was detected for 
either exception. The crosses of b-u/b X B'were testcrossed to B. Half of the proge- 
nies were found to be entirely B' and half 1B':lB. Segregation of gl, linked to b-u 
in each case, was normal. Thus the two mutants (b-vl  and b-v2) were caused to 
become paramutagenic (b'-vl and b'-v2) by exposure to B'. 

From crosses of b b x B"' B"', five b exceptions were found among 159 plants. 
Four of the five, derived from a single male parent, were tested separately and 
found to be indistinguishable in behavior; they are designated b'-u3 because they 
may represent a single somatic event; the fifth is designated b'-u4. The exceptions 
were selfed and crossed onto B', B and b. No residual mutability was found in any 
of the progenies. In  all progeny tests, both cases behaved like b with paramuta- 
genic capacity; for example, crosses of b'-u4/b X B gave half B' and half B prog- 
eny, and progeny tests of these (selfs and testcrosses on B and b )  confirmed ex- 
pected segregations (from b'-u/B' and b / B )  and paramutagenicity. Case b'-u4 
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was found to be homozygous inviable, even though transmitted through both male 
and female. 

B mutants from B", and B' from E', have been examined less thoroughly than 
the b mutants; two cases of B from B" have been crossed to B' and progeny tested; 
both were changed to the B' level of expression. Three B' cases from B"' have been 
crossed to B and progeny tested; each was paramutagenic. 

These experiments confirm that the change from mutable to stable does not in- 
fluence paramutability or paramutagenicity and that the change to the para- 
mutagenic condition does not influence mutability. The effects can be represented 
diagrammatically: 

Product of B 

Allele exposure to B' allele at left 

t 
> B"' 
L 

>b'-u 

Product of when exposed to 

Stable level B > B' B' 

B' 
,r 

Mutable level B" 

B' 
J 

Stable level b-v 

Somatic origin of B': Distinct from the effects of B' on B, new mutations of B 
to B' occur at variable frequencies. This mutation from orthodox to unorthodox 
inheritance has been studied by the use of ear diagrams and a mathematical index 
of association designed to reveal somatic sectoring (COE 1961a). Although the 
evidence presented previously did not indicate sectoring, and compelled an in- 
terpretation that the mutation was a meiotic event, numerous plants with definite 
somatic sectors have since been found; several have been confirmed in progenies 
derived from mutant and nonmutant areas, These new observations became pos- 
sible as a result of the use of P1 (full purple) background in place of the original 
p l  (sun-red) ; the advantages of a background genotype permitting direct observa- 
tions for sectors were intimated in the earlier paper. 

The three sectored plants that have been most thoroughly tested are dia- 
grammed in figure l .  It can be seen that B' areas transmitted B' almost without 
exception, while B areas transmitted mostly or entirely B.  No poIlen or ear steril- 
ity was found in the B or B' portions. Plant No. 5513B-10 is the only case yet 
found which was of B b genotype, and must be considered somewhat doubtful 
because of abnormal transmission ratios. Areas assumed to be B' b showed high 
or exclusive transmission of b, while adjacent B b areas showed high transmission 
of B .  The cause of these anomalies is not clear, and there is only circumstantial 
evidence (phenotype) on which to conclude that B' was tmly present. The other 
two exceptions were more consistent in their behavior. Exceptions in progeny (B' 
from B areas, B from B' areas) can be attributed to inadvertant mixing in pollen 
samples from B' areas, and to new B' mutations in phenotypically B areas. There 
is no indication of spreading of the mutation through the plant. In fact. mutant 
areas show patterns like those of cell lineages in morphogenesis, rather than like 
infectious spreading. 

In addition to these three sectored plants, eight other plant-sector cases in scat- 
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Progeny (B:B‘) 
I 17:3 I P 0:31 

3:49 
4:l 

5183AD-13 (BB) 
> 0:16 
> 36:O 
> 5:O 
> 63:O 

- 
5269D-1 (BB) 

Progeny (B:B‘:b) 
Self bx Bx 

> 1 : 0 2  13:O:- , 7:0:5 , 10:1:4 
> 5:0:2 

47:O:ZO 
5:0:5 30:O:- 

25:o:- 
0:OlO 222:-  

5513B-10 (Bb) 

FIGURE 1.-Three plants showing new somatic mutation to B’. B (intense) areas are repre- 
sented by solid lines, mutant B’ (weak color) areas by dashed lines, and linear sectoring by 
parallel dotted and solid lines. Ears are represented by diagonal branches, tassels by cross 
branches. Phenotypic ratios of progeny are indicated by numbers following arrows (1 7: 3 repre- 
sents 17 B and 3 B’ in  testcrosses, etc.). 

tered families and a few cob-sector cases have been found. One further, unusual 
B B selfed progeny (5320) had nine sectored plants in 63, each of the nine with 
a B‘ tassel and some phenotypically B areas elsewhere. Selfed ears were obtained 
from 6 of these 9 plants; each cob was B’ in appearance, and progeny plants were 
B’. Among normal-appearing ( B )  sibs to the sectored exceptions, nine were found 
to have ears that appeared to be sectored for B’, according to cob color. These nine 
had been self-pollinated and testcrossed as male on b. The selfed progeny of 4 of 
these 9 were mixed B and B’ (kernels on one were clearly separable for B and B’ 
areas on the ear and showed correspondence in the plant phenotypes) ; male test- 
cross progeny of 2 of these 4 were B and of the other two were mixed. The selfed 
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progeny of the remaining five were all B’; male testcross progeny of 1 were B, of 
2 mixed, and of 2 all B’. Six other B plants in family 5320 showed no obvious 
sectoring in the cob, but female progenies were 1 B, 4 mixed, and 1 all-B’, and 
male progenies 3 B and 3 mixed. In the 21 tested plants a B’ tassel or ear pheno- 
type signaled full change of both organs to B’; sectored ear or tassel did not neces- 
sarily signal sectoring in the other organ, and not all tassel and ear changes were 
recognized before progeny tests. 

Phenotypically, new B’ sectors in B B plants are quite dark; in the case of 5320, 
differences between B and B’ areas were relatively indistinct, but most other ex- 
ceptions were clearer. The level of pigmentation in sectors appears at least as dark 
as that of B’ B F, plants; whether it is darker than this is difficult to judge. How- 
ever, in plant 5513B-10 (discussed above) the presumed B’ b sector appeared to 
be exactly comparable to B’ b plant tissues. It seems most reasonable to conclude 
that newly arisen B’ is entirely like established B’, and that sectors arising in B B 
plants are simply as dark as B’ B, rather than unique in any way. Gametes pro- 
duced by B’ B sectors are all B’, indicating that paramutation in these sectors oc- 
curs very late in the life cycle, after the mutation rather than concurrently. 

These observations demonstrate that new B’ mutations occur somatically rather 
than meiotically. The mutation apparently is complete in one step, and no gross 
infectious behavior is involved. Paramutation can occur very late, after mutation, 
since the gametes from a B’ B sector are all B’. 

Tests of inheritance of instability (B to B’ mutability) : For several years, it was 
assumed that certain B B lines were unstable (represented by B”) and others 
stable ( B s ) ,  because extensive plantings were consistent within their source. Be- 
ginning in 1961, however, the assumed stable standard line ( B  B PI P1) com- 
menced to produce B’ exceptions, independent of outcrossing, in much the same 
fashion as the original B B p l  p l  line and its PI derivatives. In  1961, a large plant- 
ing from five ears, totaling 406 individuals (812 gametes) of the “stable” line, 
was observed closely for B’ sectors or plants, and none was found; a smaller fam- 
ily, however, from one of the same source ears, showed three B’ individuals in 11 
plants. No consistently stable line has been derived from the “stable” line since. 
Although extensive tests have not been carried out on various B lines, it is possible 
that no B source resistant to B’ mutation exists. The following studies of inher- 
itance of instability, designed to analyze for segregation of B”, B8, and b, are thus 
of very uncertain foundation, though informative. 

To study instability, all possible reciprocal hybrids were made between 4- B” 4- 
and gl B U testcrossed reciprocally with 4- b + and 4- B +, and between B” and b 
crossed reciprocally to B and testcrossed reciprocally to b and B. Table 7 shows 
terminal progeny data for the B”-B crosses and Table 8 for the B”-b series. Sectors, 
whole plants, and whole progenies of B’ phenotype were sought and tested. B’ 
sectors are considered to have arisen within the genotype of the sectored plant, 
and B’ plants and progenies within the preceding parent. 

According to marker constitutions (Table 7), B’ can arise either from B” or 
from a B with which Bu has been in contact; crossing over is not a requirement. 
No mutations to B’ occurred in testcrosses to b (0/753) parallel to testcrosses to B 
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TABLE 7 

Markers carried in H' exceptions occurring in reciprocal hybrids and progenies from 
unstable-B crossed with marked B, testcrossed reciprocally to b and B 
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Cross B' sectors B' plants Observed 

BU/gl B U X b 
Reciprocal 
gl B u/BU X b 
Reciprocal 

BU/gl B u x B 
Reciprocal 
gl B u/BU x B 
Reciprocal 

Total exceptions 

216 
139 
288 
110 

264 
120 
313 
168 

4 1618 

(6/865), suggesting that B B constitution may be more important than derivation 
and history of the B allele. This suggestion is also strong in the Bu-b series (Table 
a ) ,  where only one possible mutation to B' occurred in a B / b  plant (case No. 
5513B-10). The most impressive indication here, however, is that instability may 
be transmitted maternally with greater efficiency. If it is assumed that the B line 
remained completely stable, six B' exceptions (Table 8 )  will be considered to 
have arisen in plants carrying B' derived entirely through maternal parents and 
three in plants carrying B" transmitted once or twice through the male. In only 

TABLE 8 

Origins of B' exceptions occurring in reciprocal progenies of reciprocal hybrids 
between unstable-B and b, testcrossed reciprocally with b and B 

Cross B' sectors B' plants B' progenies 

( b / B U )  B X b 
Reciprocal 

Reciprocal 

Reciprocal 

Reciprocal 

(B'/b) B x b 

B ( b / B U )  x b 

B W / b )  x b 

(b /BU)  B X B 
Reciprocal 
( B U / b )  B X B 
Reciprocal 
B (b/Bi l )  x B 
Reciprocal 
B ( B U / b )  X B 
Reciprocal 

Total exceptions 

0 
0 
0 
0 

1 B/Bu? 
0 
0 

1 B/b  

2 

0 
0 

1 Bu/B 
0 
0 
0 
0 
0 

1 BU/B 
0 

2 Bu/B 
1 Bu/B 

0 
0 

0 
1 B/Bu 

6 

0 
0 
0 

1 Bu/B 
0 
0 
0 
0 

0 
0 
0 

1 Bu/B 
0 
0 
0 
0 

2 

Observed __ 
312 
80 

197 
113 
72 
24 

216 
78 

355 
96 

360 
145 
120 
48 

176 
110 

2502 
- 
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the single case of 5513B-10, instability would be considered to have been trans- 
mitted with b through the male through two generations; this case is doubtful be- 
cause of anomalously low transmission of B’ to progeny, as indicated in the pre- 
ceding section. 

These studies do not establish a clear-cut inheritance pattern; instability may 
be cytoplasmically inherited but could be Mendelian or nonheritable instead. In 
the absence of stable B lines and of direct evidence for infectious transmission of 
B’ or of instability, no firm conclusion can be reached. Experimental infection 
trials have been unsuccessful, and sectored plants have not shown any greater in- 
stability in progenies from nonmutant areas than have nonsectored plants. It 
could be conjectured that lines assumed to be stable become unstable through 
natural infectious transmission resulting from proximity to unstable and B’ lines, 
but no basis for this conjecture has been adduced from study of spatial relation- 
ships between lines in field plantings. Some considerations of coincidental occur- 
rence of B‘ mutations follow. 

Time clusters and coincidences in the origin of B’: New exceptions, especially 
in sectors, have shown many coincidental relationships. Unfortunately, new B’ 
exceptions have been sporadic and have not permitted quantified comparisons; in 
addition, progeny tests have not been possible with many sectors. The following 
observations assume that B‘ phenotype indicates valid B’ mutation in each case. 

In 1962, two adjacent plants out of 12 in family 5267.1 had small, similar-sized 
husk sectors; two plants out of 17 in 5267.2, planted from the same ear as 5267.1 
but two weeks later, were entirely B’, and two additional entirely B’ plants were 
found in related families planted at the same time in another area of the field. In 
the 1962-63 greenhouse planting, 9 sectored plants in 63 were found in family 
5320, each with a B’ tassel and some B tissue in lower parts; a replanting from the 
parent ear in 1964 produced 5 sectored plants in 16, exactly like those in family 
5320. In 1963, an early planting of one ear (family 5537.1) showed 1 plant in 29 
with a small tassel sector, while a same-ear planting two weeks later (5537.2) 
showed 3 sectored plants in 13, each with a B’ tassel and some B tissue in lower 
parts; two other sectored exceptions in the field could be interpreted to have oc- 
curred at about the same calendar time as the others. The 1964 and 1965 plant- 
ings did not seem to show any time clustering among the exceptions found. 

Environmental factors might influence the frequency of mutation to B’. For 
example, family 5320 had been exposed accidentally to below-freezing tempera- 
tures in the seedling stage, with severe injury, at a point morphogenetically close 
to that at which the mutations seemed to arise. Accordingly, a small test was 
conducted for environmental induction of B’ in 1964. From each of seven 
unstable-source ears ( B  B )  and seven F, crosses ( B  b )  of the same source with a 
uniform b line, five random 10-seed samples were taken to provide 70 kernels for 
each of five treatments for each genotype. Treatments included field planting, 
cold shock of seedlings in a deepfreeze on each of three consecutive days, cold 
delay of seedlings for 3 weeks under continuous low illumination at 55 F, heat 
treatment of seedlings for 3 weeks in a closed greenhouse, and a control planted 
in bands. All treated seedlings were then transplanted to the field and observed 
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TABLE 9 

New B’ exceptions arising under uariosus environmental treatments 
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~ 

Treatment 
~~ 

B B’ sector B’ X 2  

Field planted 24 8 5 3.8 
Cold shock 2.3 10 13 0.1 
Cold delay 5 4 7 3.0 
Heat treatment 28 7 18 1 .e 
Band control 24 12 12 0.6 

Total 104 41 55 

at the time of flowering. No B’ exceptions occurred in the B b plants. Table 9 
presents the results for B B plants; none of the treatments had significant effect 
(xz at 5% level, 2 df, is 5.99). Survival was lowest, as might be expected, in the 
cold-delay treatment; these plants were severely shocked by transplanting 
directly to the field without adaptation. Better survival of plants with less pig- 
ment might be expected under high light intensities, explaining the small devia- 
tion in the direction of a treatment effect. 

No experimental evidence has been obtained for the induction of B’ by specific 
environmental conditions. The tendency for coincidental time clusters in the 
origin of B’ suggests induction or enhancement by particular conditions but could 
not be said to prove it. 

DISCUSSION 

The lengthy considerations presented above, combined with a few observations 
from previous reports (COE 1959a, 1961b), are summarized in Table IO. Es- 
pecially pertinent features for interpretation of the mechanism of the B’ phenom- 
enon are that the B’ properties are closely and firmly localized at the B locus, that 
“conversion” (paramutation) is a late event possibly at meiosis, that the phe- 
nomenon affects functional capacity but is essentially independent of function 
and mutability, that the presence of B’ may influence meiotic exchange, and that 
instability (the tendency to mutate from orthodox to unorthodox inheritance) 
may be cytoplasmically inherited yet possibly gene-dependent, giving rise to B’ 
somatically. 

Two of these features contradict previous reports. In the original abstract 
report (COE 1958), the regular change of B to B’ in B x B’ hybrids was inferred 
to come about at fertilization, since the immediate generation from crosses is weak 
in color. Both indirect evidence (B’ B plants darker than B’ B’ or B’ b)  and direct 
evidence (deletion of B’ uncovers unchanged B in B’ B plants) demonstrate that 
the change is delayed and that B function is largely but incompletely suppressed 
by B’ in B‘ B heterozygotes, explaining the weak color of these plants. This possi- 
bility was originally indicated by the observation (COE 1959b) that B’ Bv plants 
have ‘intense’ sectors; these sectors actually are phenotypically like B’ B on a B’ b 
backdrop, rather than intense in color. The second feature concerns the stage at 
which new B‘ mutants arise. The mutation has now been shown to be somatic, 


