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ABSTRACT 
Several  metastable Ac alleles at the  maize p locus were identified that produced  novel pericarp  var- 

iegation patterns.  From  the  transmission  analysis of pericarp  sectors, we  show  that Ac inactivation is a 
somatic  process. Ac excision from P and  transactivation of an unlinked Ds was  delayed or absent  in  plants 
with  metastable Ac alleles. These decreases  in Ac activity  were correlated to increases  in  cytosine  meth- 
ylation  at  specific  sites  near  the  start of Ac transcription (open reading frame a; ORFa) and at  sites in  some 
flanking Psequence. Reactivation of inactive  alleles was accompanied by decreased  methylation of Ac and 
P sequences. Using  a  competitive  polymerase  chain  reaction  assay,  steady  state  levels of ORFa  transcript 
were  quantitatively  compared  among  the  various  metastable alleles. We propose that changes  in  the 
methylation  profile of Ac correspond  to  changes  in Ac activity through  the  differential  accumulation of 
Ac transcript. 

T HE action of transposable elements in plants often 
results in characteristic patterns of variegation re- 

flecting the timing and frequency of transposon exci- 
sions during plant  development. Both environmental 
(CARPENTER et al. 1987) and genetic factors are involved 
in the regulation of this transposition process (reviewed 
in FEDOROFF 1990). Occasionally, changes in variegation 
patterns  are observed. In maize, these “changes in state” 
(MCCLINTOCK 1947-1950) can be caused by the move- 
ment of an  element within a  gene (WEIL et al. 1992), an 
increase or decrease in  element copy number in the 
genome (MCCLINTOCK 1949; BRINK and NILAN 1952) or 
a  mutational  event (MCCLINTOCK 1955). These muta- 
tional events are often  the result of internal  rearrange- 
ments, such as deletions, which alter transposition pat- 
terns (FEDOROFF et al. 1983; POHLMAN et al. 1984; 
SCHIEFELBEIN et al. 1985; SCHWARZ-SOMMER et al. 1985). 

In  addition  to stable changes of state, unstable 
changes in variegation patterns can occur.  Termed 
“changes in phase,” these events are  often associated 
with  novel patterns of variegation that  are somatically 
unstable (MCCLINTOCK 1957, 1963). Changes in phase 
associated with a loss  of  activity  have been described for 
the maize Activator (Ac) (MCCLINTOCK 1963-1965; 
SCHWARTZ and DENNIS 1986; CHOMET et al. 1987), 
Suppressor-mutator (Spm)  (MCCLINTOCK 1957, 1958; 
PETERSON 1966; BANKS et al. 1988; FEDOROFF and 
BANKS 1988; BANKS and FEDOROFF 1989) and Mutator 
( M u )  (ROBERTSON 1983; CHANDLER and WALBOT 1986; 
BENNETZEN 1987; MARTIENSSEN et al. 1990) transposon 
families. Unlike stable mutations, these metastable de- 
rivatives can revert to an active form  thus reestablishing 
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variegation patterns. The loss  of Ac function  at wx-m7 
and wx-m9, for example, is correlated with hypermeth- 
ylation of Ac sequences (SCHWARTZ and DENNIS 1986; 
CHOMET et al. 1987) and loss of elementencoded  gene 
expression (KUNZE et al. 1987, 1988; FUBWINKEL et al. 
1991). Furthermore, reactivation of the Ac element is 
correlated  to  a decrease in cytosine methylation near  the 
start of transcription (SCHWARTZ and DENNIS 1986) and 
the  reappearance of Ac transcript (KUNZE 1988). The 
association of methylation status with mRNA  levels  sug- 
gests that transcriptional changes are involved  in the 
inactivation process. 

Previous studies have suggested that  the metastable 
changes in A c  activity occur somatically, but suitable ge- 
netic markers were lacking to  monitor Ac changes  dur- 
ing  development (MCCLINTOCK 1947, 1948; SCHWARTZ 
and DENNIS 1986). The p locus of  maize provides such a 
somatic marker,  conditioning  pigmentation of pericarp 
and glume tissues  of the  ear (STYLES and CESKA 1977). 
The pericarp shares a close lineage relationship with the 
megaspore mother cell  allowing the  detection of so- 
matic mutations in the  pericarp and the recovery  of  mu- 
tant P alleles in kernel progeny (ANDERSON and BRINK 
1952; ORTON and BRINK 1966). This lineage relationship 
and the availability  of an Ac insertion at  the p locus (P- 
vu) (EMERSON 1914,191 7; BARCLAY and BRINK 1954) has 
facilitated numerous studies on the transposition pro- 
cess (GREENBLATT and BRINK 1962; GREENBUTT 1968, 
1974, 1984; CHEN et al. 1987, 1991) and aided  the de- 
velopment of insertional mutagenesis strategies ( ORTON 
and BRINK 1966; ATHMA et al. 1992; MORENO et al. 1992). 

In this study we recovered several metastable alleles  of 
Ac and utilized the Ac-induced P-vv mutation  to show 
that inactivation is a somatic process associated with 
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TABLE 1 

Genetic stocks and alleles 

Allele Phenotype Background Source 

P-uu::A Variegated pericarp, variegated cob w22 
P-uu::C 

EMERSON (1914) 
Pericarp red at tip of kernels, pink  cob  (see text) w22 This study 

w22 
P-wr 

This  study 
Colorless pericarp,  colored cob w22 

P-ww 
Supplied by J. L. KERMICLE 

Colorless  pericarp,  colorless cob w22 Supplied by J. L. KERMICLE 
r-sc:m3 Colorless  aleurone ( - A c ) ,  variegated aleurone ( t A c )  w22 KERMICLE (1984) 

r-r Colorless aleurone w22 Supplied by J. L. KERMICLE 

P-uu::I Colorless pericarp, colorless  cob 

r-l: Colorless aleurone w22 Supplied by J. L. KERMICLE 

Stock Genotype  Background  Source 

T 55 
T 43 
T 59 

P-uv::A/P-uu::A, r-g/r-g w22 
P-wr/P-rur, r-sc:m3/r-sc:m3 

Supplied by J. L. KERMICLE 

P-ww/P-ww, r-r/r-r w22 Supplied by J. L. KERMICLE 
w22 Supplied by J. L. KERMICLE 

cytosine methylation. Metastable elements show a 
decrease in A c  activity resulting in delayed and less 
frequent transpositions. Those derivatives that show no 
activity are methylated at several  sites near  the start of Ac 
transcription and at some sites  in flanking P sequence. 
Both the  extent of cytosine methylation and steady-state 
levels  of  Ac-encoded  mRNA are directly correlated with 
Ac activity.  Reactivation  of Ac is  associated  with dem- 
ethylation at some, but  not all  sites  within Ac, defining 
critical regions for Ac activity.  Finally, the  inheritance 
and maintenance of methylation patterns of Ac is  dis- 
cussed  in a model to explain the behavior of metastable 
Ac alleles. 

MATERIALS AND  METHODS 

Genetic analysis: The p locus controls the synthesis of a red 
flavonoid pigment in certain floral organs (STYLES and CESKA 
1977).  A two-letter  suffix is used to denote the expression pat- 
tern of a particular allele. The P-wr allele, for example, con- 
ditions a colorless (w) pericarp and red (r) cob. An Ac at  the 
p locus, first identified by  EMERSON (1914,1917) (P-vu) , results 
in  a variegated pericarp and variegated cob. The insertion of 
Ac disrupts P function rendering  the  pericarp colorless. So- 
matic excisions often restore Pfunction resulting in  red stripes 
on otherwise colorless pericarp and cob tissues. Plants het- 
erozygous for the P-vu allele display a characteristic striping 
pattern known  as medium variegated (BRINK and NILAN  1952). 
When an additional Acelement is present in the  genome fewer 
stripes are observed in the pericarp and cob tissues resulting 
in a light variegated phenotype. When plants are homozygous 
P-vu, the  pattern of striping differs from the light variegated 
response with slightly more stripes due to excisions from both 
P alleles (homozygous variegated). The P-vu allele used in this 
study was backcrossed eight generations into the W22 back- 
ground (see Table 1 for a list  of  stocks used in this study). A 
Ds insertion at  the R-sc gene (r-sc:mjr) was used to monitor Ac 
activity (KERMICLE 1984). R-sc is an allele of the r locus which 
fully pigments the aleurone of the kernel. The Ds insertion 
(ALLEMAN and KERMICLE 1993) disrupts the R-sc allele resulting 
in a colorless aleurone in the absence of Ac. In the presence 
of an active Ac, Ds excises during endosperm development 
resulting in  a characteristic pattern of aleurone variegation. A 
single active Ac in the triploid endosperm results in  early and 
frequent excisions of  Ds during  endosperm development. 
Increasing copies of an active A c  element result in  fewer trans- 

positions of Ds (see Figure 2). Derivative P-vu alleles  were  re- 
covered by testcrossing homozygous P-vv/P-vv or heterozy- 
gous P-vv/P-wr lines as females by the males  homozygous for 
the Ds-induced r-sc:m3 allele (tester T43). 

DNA isolation and Southern hybridization analysis: Maize 
genomic DNA  was isolated from the seventh leaf  of field grown 
plants using published techniques (CHEN and DELLAPORTA 
1993).  Southern analysis  was performed as  previously de- 
scribed (MORENO et al. 1992). Filters were hybridized with a 
P-specific probe, OP1-5, generated by polymerase chain reac- 
tion (PCR) amplification using the plasmid pRB514  as tem- 
plate DNA and oligonucleotide primers OP1 and OP5 
(MORENO et al. 1992). pRB514 contains a 3.2-kb Sal1 fragment 
of P which includes the insertion site of A c  in the P-vu allele 
(MORENO et al. 1992). Filters  were treated with  0.4 N NaOH, 
neutralized in  0.1 M Tris, pH 7.4, and rehybridized with an 
internal 1.6-kbHindIIIfragmentfromAc(AcH1.6).Agenome 
equivalent amount of A DNA  was added to restriction digests 
to monitor for complete digestion; after hybridization with the 
Ac-specific probe, blots  were rehybridized with radiolabeled 
genomic A DNA. 

Competitive PCR (cPCR) assays: A complete protocol for 
the cPCR  assay is available upon request. Briefly, RNA was  iso- 
lated from 7day-old seedlings as  previously described (GAVAZZI 
et al. 1990). From each tissue sample RNA  was recovered by 
LiCl precipitation and DNA  was also recovered from the su- 
pernatant by precipitation with EtOH. Southern analysis on 
DNA samples was used to confirm the methylation status of Ac 
(see RESULTS). Total RNA  was treated with  DNase I (1 unit/pg) 
before cPCR  analysis. Approximately 2.0 pg of  RNA  were re- 
verse transcribed in the presence of  0.1  pCi [ (Y-~~PI~ATP using 
2 units of Superscript reverse transcriptase (BRL). Reaction 
products were separated from unincorporated nucleotides by 
Sepharose CL-GB spin chromatography (DELLAPORTA 1993) 
and [32P] dATP incorporation  determined by scintillation 
counting. Equal amounts of radiolabeled RNA, corresponding 
to approximately 1 ng of  cDNA,  were added to each of the PCR 
reactions containing known quantities of competitive tem- 
plate. The competitive template was derived from plasmid 
pW38 (kindly supplied by  A. DELONG), which contains the 3’ 
region of Ac, by digestion with BclI and XhoI,  Klenow treat- 
ment, and ligation to  generate  the plasmid pW167.  pW167 
contains a deletion within A c  that generates a 633-bp PCR 
product when amplified with oAcl and oAc2 (oAcl, 5’- 

TCAATTCTATTCTAGTTGTAG-3‘). This product is  74 bp 
larger in size than  the expected A c  cDNA product derived from 
the mature open reading frame a (ORFa) message. 

GAGCCACTTGCTACATCTTCATTAT-3’; 0Ac2,  5”TGTA- 
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FIGURE 1.-Identification  of Ac phase  changes. (A) Homozygous P-vv::A ears were  crossed by the Ds tester allele.  Kernels  were 
selected from F1 ears (arrow) with a very fine spotted or colorless aleurone and sown. These kernels presumably carried two Ac 
alleles; an Acat its original location in Panda second transposed Acelement ( tr-Ac) at an unknown location in the genome. Kernels 
with a  coarse  variegated aleurone were  also  selected as a control, possessing  a  single  active Ac element present in two copies in 
the endosperm. (B-D) Progeny ears from selected near colorless kernels. (B) A light variegated ear (P-vv::A/P-wr+  tr-Ac) derived 
from a plant containing two active Ac elements. Kernels with both fully colored aleurone representing premeiotic excisions of Ds 
and kernels covered by red pericarp, show that Ac is  active  early in development. (C) A  colorless ear showing  inactivation of the 
Acpresent at P (P-vv::I/P-wr). (D) An ear showing the cycling phenotype (P-vv::C/P-wr) that results  in  a  novel  variegation pattern 
in  the pericarp with pigmentation near  the silk attachment point. The apparent non-Mendelian segregation of the cycling allele 
in  the next generation (less than 50% of the kernels are variegated) demonstrates the instability of the cycling allele. 

A  modified procedure of M w s  and FALOONA (1987) was 
used  to coampli  competitor and cDNA sequences with  PCR. 
Samples  were  first denatured  at 94" for 2 min, 30  sec.  Ampli- 
fication was then performed for 35  cycles  as  follows: denatur- 
ation at 94" for 45 sec, annealing at 55" for 1 min and extension 
at 72" for 1 min. At the  end of  35  cycles, products were  ex- 
tended at 72" for 5  min. DNA products were  visualized by 
ethidium bromide staining on 3% 3:l NuSieve agarose  gels 
and photographed with Polaroid 667 positive/negative  film. 
Photographic negatives of the cPCR reactions were scanned 
with a densitometer, and integrated optical densities (IOD) of 
cDNA and competitor amplification products were  calculated 
from peak areas (Millipore). cDNAvalues  were obtainedusing 
a  modified procedure of  CLEMENTI et al. (1993) as  follows. The 
IOD  of the competitor (C) was corrected for its greater molar 
ethidium incorporation as C-(wild type length/competitor 
length) = C.0.833. The ratio (Cc/W)  of corrected competitor 
(Cc) IOD to wild-type  IOD ( W) was plotted against the con- 
centration of competitor DNA. Simple  regression lines were 
fitted to these values (72 values  all  >9.4) and cDNA values  were 
extrapolated when Cc/W = 1. Error bars show the difference 

between the mean and individual cDNA values in a  replica 
experiment. 

RESULTS 

Identification of P-vv derivative  alleles: The P-vv al- 
lele of  maize conditions  a  variegated pericarp and cob. 
Stripes of red tissue in the pericarp are due to Ac ex- 
cisions  from the P gene during ear morphogenesis  (see 
MATERIALS AND METHODS). Because P-vv contains an au- 
tonomous Ac element, it is  also  capable of transactivat- 
ing unlinked, non-autonomous Ds elements elsewhere 
in the genome (Bmcuyand BRINK 1954). When  females 
homozygous for the Ac-induced P-vv allele  were  crossed 
to  males  homozygous for the Ds-induced r-sc:m3 allele, 
the majority of the ears  showed the expected homozy- 
gous  variegated pericarp phenotype overlying  kernels 
with a  coarse spotted aleurone (Figure 1A). 
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TABLE 2 

Pericarp phenotypes of selected  spotted  kernels 

Pericarp phenotypes of ears 
~~ 

Kernel selection' Colorless  Red  Cycling  Light  variegated  Medium  variegated Total 

Coarse (2A c )  1 2 0 8 149 160 
Fine or colorless (0 or >4Ac) 12 23 7 80 17 139 

' Selections were  based on the spotting pattern in the aleurone due to Ds excision from the r-sc:m3 allele. The expected Ac dose is  shown in 
parentheses. 

" 

Premeiotic transpositions of Ac from P are  expected 
to change  the  aleurone  phenotype from coarse spotted 
to  either colorless aleurone, if Ac is absent in the  kernel 
(P-rr) , or a finely spotted  aleurone, if Ac copy number 
increases (P-vu + tr-Ac) . We observed such changes in 
approximately 5% of the progeny kernels (Figure lA, 
arrow). We examined 139 ears derived from these col- 
orless and finely spotted kernels to identify changes in 
pericarp variegation patterns.  In  addition  to  the ex- 
pected full red (P-rr) and light variegated (P-vu + tr- 
Ac) pericarp  ears (Figure lB), medium variegated (P-  
vu)  and two unexpected phenotypes were recovered 
(Table 2). These  medium variegated ears were  most 
likely the result of non-concordance between the  en- 
dosperm and embryo (DOONER and BELACHEW 1989). 
Ears  with an  unexpected  phenotype (19/139) were  of 
two types.  Twelve out of 139 ears showed a colorless peri- 
carp  phenotype overlying progeny with colorless aleu- 
rone (Figure IC) indicating loss  of both P and Ac ac- 
tivity. The  remaining ears (7/139) displayed a novel 
pattern of P variegation and did not display a charac- 
teristic pattern of aleurone variegation (Figure 1D). 

Inactive  derivatives  at I? The colorless pericarp ears 
were characterized by Southern analysis. The majority of 
these ears (8/10) carried  a  rearrangement of the p locus 
accompanied by loss  of Ac (Table 3). Further analysis 
indicated  that 7 of the 8 rearrangements  contained  a 
large deletion with endpoints within two 5.2-kb repeats 
that encompass the P gene  (data  not  shown).  These de- 
letions are similar to Ac-catalyzed deletions (PA) pre- 
viously described (ATHMA and PETERSON 1991). The 
eighth  rearrangement was complex involving both Ac 
and P sequences and has not  been characterized fur- 
ther. Two  of 10 colorless pericarp  ears  carried Ac ele- 
ments at P that were structurally indistinguishable from 
the  parental P-vu by Southern analysis,  yet both Ac and 
P activity  were absent. These derivative  alleles are d e s  
ignated inactive ( P-uu::I) to distinguish them  from  the 
rearrangement derivatives. 

Cycling  derivatives  at Z? The P alleles producing 
novel variegation patterns were  also examined. The peri- 
carp  phenotype associated with these alleles consisted of 
small red stripes often restricted to the  top (crown) of 
the  kernel (Figure 1D). When rare stripes occurred in 
the sides (gown) of the  kernel, they  were often small, 
indicating excision was late and  infrequent  during  ear 

development. The pattern of aleurone variegation in 
these kernels was also different  from  the  pattern gen- 
erated by an active Ac. Segregation of a single active Ac 
is expected  to  produce  a variegated aleurone in 50% of 
the progeny. With these elements, however,  less than 
50% of the kernels were variegated (see Figure 1D). Un- 
like the  uniform  pattern of variegation conditioned by 
an active Ac, those kernels with aleurone variegation 
often  had spotting confined  to regions of the  aleurone 
(Figure 2). This variability has also been observed 
with metastable derivatives  of the Ac-induced wx-m7 
(MCCLINTOCK 1964) and wx-mg alleles (SCwARTz 
and DENNIS  1986). In accordance with these previous 
studies, we designate these P-vu derivatives as  cycling 
(P-uu::Cy). In  contrast to the fairly stable patterns con- 
ditioned by active and inactive P-vu alleles, the highly 
unstable nature of the cycling  alleles suggest that they 
represent unstable intermediates between active and in- 
active Ac elements. 

The differences between active and cycling  alleles 
were examined by comparing  aleurone variegation pat- 
terns  and  frequencies of  fully colored R-sc  derivatives. 
One difference between active and cycling  alleles was 
clearly seen in the  pattern of r-sc:m3 variegation. The 
active P-vu allele is capable of transactivating Ds 
throughout  endosperm development resulting in an 
uniform interspersion of both large and small aleurone 
spots (Figure 2, A-C) . The aleurones  containing cycling 

TABLE 3 

Genotypes of colorless  ears 

Allele Selection P allele 

P-DT91M-1 Coarse ND a 

P-192E-1 Light Deletion 
P-DT91R-1 Colorless ND 

P-DT91R-2 Colorless Deletion 
P-DT91R-3 Colorless P-uu::I 
P-DT91R-4 Colorless Deletion 
P-DT91R-5 Colorless Deletion 
P-DT91R-6 Colorless ND 

P-194C-1 Colorless Deletion 
P-201A-1 Colorless P-uu::I 
P-206B-1 Colorless Deletion 
P-215A-1 Colorless Deletion 
P-217A-1 Colorless Deletion 

a ND, P allele not determined. 
bThe deletion breakpoints differ from the other characterized 

deletions. 
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FIGURE 2 .Spott ing  patterns observed with  active and cy- 
cling alleles of Ac. All kernels shown  are homozygous for the 
r-sc:m3 tester and are inbred into the W22 background. Peri- 
carps  have been removed to show aleurone variegation  pat- 
terns. The r-sc:m3 allele contains a Ds insertion at the R-sc 
locus. In the absence of Ac, the aleurone is colorless. When Ac 
is active, however, the pattern of aleurone variegation  corre- 
sponds to the number of active copies of Ac present in the 
endosperm. Increasing copies of Ac result in  smaller and less 
frequent colored spots. (A-C) Kernels selected from  ears car- 
rying the active P-vv allele transmitted through (A) the male 
(one  dose), (B) the female (2  dose) C; both Le., self (3 dose). 
(LLF) Kernels selected from a selfed ear containing three c o p  
ies of a P-vv::Callele in the endosperm. Cycling alleles display 
a range of variegation  patterns  that do  not correspond to the 
Ac copy number present. 

alleles, however, were often colorless or non-uniformly 
spotted  (Figure 2, E and  F). Although large regions of 
the  aleurone were sometimes heavily pigmented,  the 
aleurone cells were mosaic for  both  colored  and color- 
less  cells  within this region (Figure 2D). This mosaicism 
is evidenced by comparing  the colored areas in aleu- 
rones  containing  the active (Figure 2B) and cycling  (Fig- 
ure 2E) P-vu alleles. With the active allele, colored areas 
were uniformly pigmented with  clearly defined  borders 
(Figure 2B). With the cycling allele, colored  borders in 
kernels were highly irregular due to  the interspersion of 
colored and colorless cells. Thus,  the  dense clustering of 
colored cells in the  aleurone actually represented sev- 
eral very late excision events of Ds at r-sc:m3, giving the 
impression of a large colored sector. 

A second major difference between the derivative and 
active Ac elements was in the dosage response. Active Ac 
elements typically  show a dosage response; as the  num- 
ber of Ac elements in the  genome increases, transposi- 
tion becomes later and less frequent  during  develop 
ment (MCCLINTOCK 1949). This dosage response is 
evident in the  aleurone, as r-sc:m3 dependent variega- 

tion patterns vary  with the copy number of  active 
Ac alleles (Figure 2, A X ) .  However, the  pattern of 
aleurone variegation was independent of A c copy num- 
ber in the  aleurone of kernels containing cycling de- 
rivatives. Moreover, there were no discernible effects on 
either  the timing of transposition or the frequency of 
transposition by varying the copy number of  cycling Ac 
derivatives  in the  aleurone  (data  not shown). 

A third difference between active and cycling Ac el- 
ements consisted of the frequency of germinal deriva- 
tives. An active Ac can catalyze germinal Ds excision at 
r-sc:m3 to give  self-colored kernels (R-sc derivatives) 
(ALLEMAN and KERMICLE 1993). The frequency of these 
self-colored kernels is a measure of the Ac activity prior 
to fertilization ( i. e., during or before megagametogen- 
esis). Therefore, we determined  the frequency of  self- 
colored derivatives  in plants containing an r-sc:m3 allele 
and  either a single active,  cycling or inactive Ac allele 
(P-vv/P-wr, r-sc:m3/r-g). With the active Ac element at 
P, approximately 4% of the 2500 kernels examined were 
self-colored.  With the cycling or inactive P-vu alleles, no 
selfcolored derivatives  were recovered in populations of 
over 5,000-kernel progeny for each allele. The failure to 
detect R-sc germinal derivatives indicates the Ac activity 
of  cycling and inactive alleles is insufficient to  promote 
germinal Ds transpositions. 

Timing of Ac state changes: We were able to exploit 
the close lineage relationship between the  pericarp  and 
the underlying female gametophyte to monitor somatic 
changes at the p locus and test the heritability of these 
changes. The somatic activity  of a single active Ac at P 
was monitored in testcrosses between females heterozy- 
gous for  the Ac at P  (P-uu/P-wr) and males homozygous 
for r-sc:m3. We screened 127 ears  for  pericarp sectors 
that were colorless (Figure 3A, arrow) or with pigmen- 
tation limited to the silk attachment  point. A total of 63 
such pericarp sectors were identified. Although most 
sectors encompassed a single kernel or less, one sector 
covered approximately three kernels. 

To determine  the heritability of the somatic change 
at P, kernels underlying these sectors were grown and 
testcrossed to males  homozygous for r-sc:m3. A total of 
46 ears were recovered. Due to meiotic segregation of 
homologs, 25 ears  carried  the P-wr homolog. Ninety-five 
percent (20/21) of the  remaining  ears showed a novel 
pericarp Variegation pattern. Of these, eight  ears dis- 
played a pattern with frequent  and small red stripes 
but few large red stripes. Although the  pericarp phe- 
notype was novel, the  aleurone was uniformly spotted 
and often indistinguishable from the  parental P-vu pat- 
tern. We refer to these derivatives  as "weakened" alleles 
(P-vv::W) because the  apparent diminished activity  of 
Ac results in developmentally later excisions in the peri- 
carp (Figure 3B). Seven  of the 21 ears showed a colorless 
pericarp and probably represent  either  rearrangements 
(e .g . ,  deletions) or inactive Ac derivatives. Three of 
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FIGURE 3.Pomatic instability  of  metastable alleles. (A) Ker- 
nels  with a colorless  pericarp  over  the  germinal  face (arrow) 
were  selected from ears heterozygous  for  the P-uu::A allele  the 
r-sc:m3 allele. (B) Kernels from progeny ears with the active 
P-uu::A allele (top) are compared to those  showing  the 
P-vu:: Wphenotype (bottom). Kernels do not carry the r-sc:m3 
allele. (C) Sector of reactivation on an ear derived  from a plant 
heterozygous  for  the P-uu::C allele (P-uu::C/P-wr, r-sc:m3/r- 
sc:m3). 

these  seven  ears carried one  or two kernels  with  a  re- 
activated  allele that showed aleurone variegation and 
could be classified as P-vv::I derivatives.  Five ears  were 
also generated with pericarp and aleurone variegation 
patterns characteristic of  cycling Ac derivatives.  Only  ac- 

tive P-vv alleles  were  recovered  from  100  sibling  kernels 
showing  a  medium  variegated pericarp and spotted aleu- 
rone (data not shown). In summary,  somatic  changes in 
Ac activitywere identified in heterozygous P-vu individu- 
als through a change in  the expected pericarp variega- 
tion pattern associated  with the active Ac allele. These 
changes  were then transmitted  to kernel progeny in 
most  cases  indicating that inactivation  occurs  somati- 
cally and is propagated meiotically. 

Metastability of Ac derivatives: Cycling and inactive 
alleles resulted in novel  variegation patterns that were 
often  unstable both somatically and germinally.  Somatic 
changes in variegation patterns were  observed in peri- 
carp sectors  resembling either a more active or less  ac- 
tive state of Ac. Plants  with  inactive  alleles, for instance, 
occasionally  displayed ear sectors  with  a  cycling pattern 
of pericarp variegation.  These  sectors  were infrequent 
and rarely larger than a few kernels in size,  indicating 
that  the change in  activity occurs late in ear develop- 
ment. The highly  unstable nature of  cycling  alleles  often 
resulted in more frequent changes  to more or less  active 
forms.  These  changes  were  observed both as small and 
large (i. e. ,  several  kernels to half an ear) sectors  (Figure 
3C) indicating that these  metastable  alleles  can undergo 
changes in activity throughout development. 

Molecular analysis of P-vu states: Inactive,  cycling 
and weak  alleles  of Ac at P were  examined by Southern 
analysis to determine whether or  not alleles  differed in 
their degree of cytosine  methylation. We examined a 
7.9-kb region of  P-vv defined by SalI sites  which  in- 
cludes  some of the p locus and all  of the Ac sequence. 
The 7.9-kb SalI fragment was detected in every allele 
when filters  were probed with either a  P-specific  (OP1-5) 
(Figure 4A) or Ac-specific  (AcH1.6) probe (data not 
shown), demonstrating that these SalI sites  were un- 
methylated.  Because the P-specific probe is part of a  re- 
peat in P, additional bands were detected (see  Figure 4) 
and were  used  to monitor for complete  digestion. 

Double  digests  with  Sal1 and several other methyla- 
tion  sensitive  enzymes  were  used  to monitor the meth- 
ylation of sites  within  this  7.9-kb  region.  Examples  of 
these data are shown in Figure  4,  B and C,  which contain 
the results of double digests  using SalI and either NciI 
or PvuI, respectively.  Results from all other digests are 
summarized in Figure  5. In double digests  with the 
methylation  sensitive  enzymes SalI and Nczl, apredomi- 
nant 640-bp fragment was seen in DNA from active and 
weak  alleles indicating the 5' Nczl site in' Ac is unmeth- 
ylated in most  cells  (Figure 4B, lanes 2, 7 and 8). When 
methylated,  this 640-bp fragment is replaced by  5.9- and 
6.5-kb fragments due to  methylation of Nczl sites  clus- 
tered in flanking P sequence. The cycling DNA (lanes 3 
and 4) contained both the 640- and 6.5-kb fragments 
showing that the tissue contained both methylated and 
unmethylated  forms of  Ac, whereas the inactive DNA 
(lanes 5 and 6) contained a predominant 6.5-kb band 
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indicating that in most cells Ac is methylated at  the NciI 
site. Thus,  the activity  of Ac, as monitored by variegation 
patterns, was correlated to the methylation status of the 
5’ NciI site in Ac. 

In contrast to these results, we failed to detect cleavage 
in  any allele at  a methylation sensitive PvuI site in Ac. A 
500-bp  SaZI-PvuI fragment is expected in double digests 
probed with  OP1-5 if the 5‘ site in Ac is unmethylated 
(Figure 4C). Methylation differences were detected, 
however, at a flanking Pvu  I site in P DNA between the 
active and metastable alleles. With  active and cycling  al- 
leles, the sites  within Pwere unmethylated in most of the 
DNA as indicated by the  presence of a 6.5kb  band (Fig- 
ure 4C, lanes 2-4). With the inactive and weak alleles, 
however, an  additional 7.9-kb band was detected (Figure 
4C, lanes 5-8) indicating that  the 3’ sequences in Pwere 
methylated. 

A c  excision from P-vu results in a 4.5-kb shift in frag- 
ment size. This excision fragment w a s  detected in DNA 
digested with Sal1 as a 3.3-kb fragment  from  the active 
and weak alleles (Figure 4A, lanes 2, 7 and 8) but was 
undetectable in DNA from the inactive alleles (lanes 5 

and 6 ) .  A faint 3.3-kb band in lane  2 indicates that ex- 
cisions of Ac are less frequentwith cycling alleles relative 
to active or weak  alleles. The excision products from 
cycling alleles are  more  apparent in the NciI/SaZI 
double digests where a 1.3-kb  excision band is predicted 
when the  5’ NciI site in P is unmethylated (Figure 4B, 
lanes 2 and 3). Additional higher molecular weight 
bands  (Figure 4B, lane 2, 1.4 kb; lane 3,  1.45  kb; lanes 
7 and 8, 1.7 kb) are also detected due to differential 
methylation of the NciI sites  in flanking P sequence. 
Thus, Ac is capable of  excision as a cycling allele, but  at 
a lower frequency relative to  an active or weak allele. 

In a similar fashion, double digests were performed 
with the methylation-sensitive restriction enzymes SuZI 
and  either AvuI,  EcoRII,  SstII, or NmI. These results 
are summarized in Figure 5. Typically, sites in Acwere 
more heavily methylated in the inactive alleles  than in 
other alleles. Some sites, however, were more infor- 
mative than  others. For instance,  the  degree of methy- 
lation of the Nnl and SstII sites within Ac inversely 
correlated with its activity. Other sites, including  the 
5‘ most EcoRII and PvuI  in Ac, failed  to show any 
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FIGURE 5.-Summaly of methylation sensitive restriction digests. Double digests were performed with SuZI and either 
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methylation  differences  between  alleles. For most 
sites in  flanking  Psequences, methylation  differences 
were not  detected,  although  differences  did exist at a 
few sites, including a PvuI and two  NruI sites. These 
data show that significant  methylation  differences ex- 
ist between the active and metastable  alleles of Ac. At 
several sites within Ac and a few sites  within P, in- 
creased cytosine methylation is directly correlated 

with reduced Ac activity. 
Quantitation of Ac transcript levels: It was previ- 

ously shown that when Ac is in an inactive phase at waxy 
(wx-m9) ,  Ac-encoded OFWa transcripts are  not detect- 
able by Northern analysis (KUNZE et al. 1988; FUBWNKEL 
et al. 1991). To investigate the relationship between 
ORFa  levels and Ac activity at P, we examined mRNA 
levels  of  active,  cycling and inactive alleles of Ac using 
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FIGURE 6.-Quantitative PCR  analysis  of A c  transcript levels. 
RNA was extracted and reverse transcribed as described in 
MATERIALS AND METHODS from seedling tissue. (A) diagram of Ac 
showing  position of BclI and XhoI sites  used in generating the 
competitor template. (B) Competitive PCR results. PCR reac- 
tions were  visualized on agarose  gels  in the presence of EtBr 
and photographed under UV illumination. The genotype of 
each plant and picograms of competitor plasmid  used for 
analysis are given  above each photograph. Band A, represent- 
ing the amplification product from the competitive template 
was detected at each competitor concentration but was absent 
when competitor was not present. Band B, corresponding to 
the cDNA amplification product was not detected when an 
active Ac is absent (P-wr/P-wr), but was present when plants 
carrying  active (P-vv::A/P-wr), cycling (P-vv::C/P-wr), or in- 
active (P-vv::Z/P-wr) alleles  were  used. 

a cPCR  assay. Although the assay is an indirect measure 
of transcript levels (GILLILAND et al. 1990), it is highly 
quantitative and extremely  sensitive. As described  in 
MATERIALS AND METHODS, a cDNA  value for each  allele  of 
Ac was calculated  to compare ORFa  mRNA  levels. This 
value represents the quantity of competitor (Figure 6A) 
when the cDNA and competitor are equimolar  after  co- 
amplification.  Amplification products for the cPCR 
analysis are shown  in  Figure  6B. In the control RNA, 6 

Quantitative PCR  analysis  of Ac transcript levels. RNA 
was extracted and reverse  transcribed as described in 
MATERIALS AND METHODS from  seedling  tissue. (A) dia- 
gram  of Ac showing  position  of  BclI and XhoI sites  used 
in generating the competitor template. (B) Competitive 
PCR results. PCR reactions  were  visualized on agarose 
gels  in the presence of EtBr and photographed under 
UV illumination. The genotype of each plant and pico- 
grams of competitor plasmid  used for analysis are given 
above each photograph. Band A, representing the am- 
plification product from the competitive  template was 
detected at each competitor concentration but was ab- 
sent when competitor was not present. Band B, corre- 
sponding to the cDNA amplification product was not 
detected when  an  active Ac is absent  (P-wr/P-wr), but 
was present when  plants  carrying  active (P-vv::A/P-wr), 
cycling  (P-vv::C/P-wr), or inactive (P-vv::I/P-wr) alle- 
les  were  used.samples  from a line that did not contain 
Ac (P-wr/P-wr), we were  unable  to detect ORFa  mes- 
sage.  ORFa  amplification  products  were found in  all 
other Ac containing lines  including the inactive  lines.  In 
both heterozygous and homozygous  individuals,  de- 
creased Ac activity was associated  with  lower  levels  of 
ORFa  mRNA. By calculating cPCR  values (see  Figure  7) 
we were  able  to quantitate the differences in transcript 
levels  between the alleles.  Plants  homozygous for an in- 
active  allele contained only 2.8% of the ORFa present in 
a plant homozygous for the active  allele.  Similarly, a het- 
erozygote for the inactive  allele contained only  1.7%  of 
the steady  state  level  of Acencoded transcript present in 
a plant carrying a single  active Ac. Although  decreases 
in cDNA  values for plants with  cycling  alleles  relative  to 
the active  alleles  were  observed, the differences  were 
greater between  homozygous  individuals  than  between 
heterozygotes.  These  differences  could  reflect the un- 
stable nature of the cycling  alleles or increased ORFa 
expression  associated  with  homozygosity.  Also,  as  shown 
in  Figure  7, the level  of  Ac-encoded  message  in a plant 
homozygous for an active Ac was 1.5  times the level  in 
a heterozygote.  This  result is consistent with  previous 
studies of Ac that correlated an  increased copy number 
of  active Ac to  an  increase  in  steady  state mRNA  levels 
(FUBWINKEL et al. 1991). 

DISCUSSION 

Ac inactivation is a  somatic  process: Several  me- 
tastable  alleles  of Ac have been derived  from  an  active 
element present at  the p locus. The changes  in activity 
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FIGURE 7.-A comparison of cDNA values from plants con- 
taining  homozygous and heterozygous P-vv::A, P-vv::C, 
P-vv::I and  homozygous P-rur alleles. 

are similar to  the Ac phase changes previously charac- 
terized at  the waxy locus (MCCLINTOCK 1964, 1965; 
SCHWARTZ and DENNIS 1986; CHOMET et al. 1987; CHOMET 
1988).  In this study, we show that inactivation is a so- 
matic process by identifylng changes in Ac activity as 
pericarp sectorswith novel variegation patterns. The loss 
of Ac activity  is associated with increased cytosine meth- 
ylation and reduced ORFa (transposase) mRNA  levels. 
Despite our ability to  detect transcript, Ac is incapable 
of excision or Ds transactivation in the inactive lines. 

The decrease in Ac activity associated with  methyla- 
tion results in a delay  of transposition. Large red peri- 
carp sectors, germinal red  pericarp  ears or germinal ex- 
cisions of unlinked Ds elements were not observed with 
cycling or inactive alleles. These observations suggest 
that A c  is incapable of  excision and Ds transposition 
before meiosis is completed in lineages that give  rise to 
gametes. Furthermore, the pericarp  phenotype associ- 
ated with  cycling alleles; red  pericarp at the crown  of the 
kernel, suggests that excisions of Ac are limited to the 
epidermal tissue. Clonal analysis  of pericarp sectors 
has shown that  the  pericarp is comprised of both epi- 
dermal  (LI) and subepidermal  (LII) derived tissues 
(GREENBLA'IT 1985; DELLAPORTA et al. 1991). The majority 
of the tissue at  the crown  of the  kernel is derived from 
the LI layer,  while the gown of the kernel and underlying 
germ cells are primarily derived from the LII  layer. Ex- 
cisions limited to the LI layer  would result in a pheno- 
type characterized by red  pericarp in tissues at  the crown 
of the kernels and a lack  of premeiotic Ds excisions 
(self-colored kernels) in progeny, a phenotype con- 
sistent with  cycling alleles of Ac. We are currently in- 
vestigating this potential tissue-specific suppression of 
Ac activity. 

Cytosine methylation and Ac expression: The weak, 
cycling and inactive Ac derivatives are  not associated 
with structural  changes but  are distinguished from active 

alleles and each other by the  extent  and  degree of 
cytosine methylation. Previous studies of the maize 
transposable elements Ac (SCHWARTZ and DENNIS 1986; 
CHOMET et al. 1987), Mu (CHANDLER  and WALBOT 1986; 
BENNETZEN et al. 1988; MARTIENSSEN et al. 1990), and Spm 
(BANKS et al. 1988;  BANKS and FEDOROFF 1989) have  also 
shown that metastable derivatives differ from active  el- 
ements by increased DNA methylation. Furthermore, 
for  both Ac and Spm, sequences near  the  start of tran- 
scription often show greater differences in the  degree of 
methylation between active and inactive elements  than 
do  other regions of the  element (SCHWARTZ and DENNIS 
1986; CHOMET et al. 1987; BANKS et al. 1988; BANKS and 
FEDOROFF 1989). Our studies also correlate  reduced 
transposon activity to decreases in gene expression as 
was shown from previous studies of Spm (MASSON et al. 
1987) and Ac (KUNZE et al. 1987,1988; FUBWINKEL et al. 
1991). Finally, unlike previous studies that have failed to 
detect  Acencoded transcript in seedlings with  inactive 
alleles (KUNZE et al. 1987, 1988), our data indicate that 
methylation affects gene expression quantitatively, with 
the lowest  levels  of  mRNA found in the inactive Ac al- 
leles. Although it is likely that these differences reflect 
differences in rates of transcription (for a review see 
CEDAR and WIN 1990), we can not rule out  the possi- 
bility that message  stability may be affected, perhaps 
through  the use of different initiation sites or premature 
transcript  termination caused by methylation (BARRY 
et al. 1993). 

It is not known if these decreases in  ORFa expression 
are a direct or indirect  consequence of  DNA methyla- 
tion. Methylation may act to inhibit transcription by 
blocking the  binding of transcription factors directly 
(IGUCHI-ARIGA and SCHAFFNER 1989;  PRENDERGAST and ZIFF 
1991) or with proteins  that  bind specifically to methyl- 
ated sequences, thus preventing the entry of transcrip 
tional machinery (MEEHAN et al. 1989; Born  and BIRD 
1991; LEWIS et al. 1992). It is possible that activators of 
Ac transcription are also  sensitive to methylation within 
Ac. In  the CpG rich leader region that is susceptible to 
methylation changes, both Ac and Spm contain putative 
binding sites for  their respective transposases (POHLMAN 
et al. 1984; PEREIRA et al. 1986; GIERL et al. 1988; KUNZE 
and STARLINGER  1989;  FELDMAR and KUNZE 1991). This 
raises the  intriguing possibility that transposase may  ac- 
tivate its expression and  that this regulation is sensitive 
to the methylation status of transposase binding sites. 
Reactivation  of an inactive Spm, for example, appears  to 
be dependent  on  the presence of a second active  Spm, 
suggesting a role  for an Spmencoded  product in the 
reactivation process (MASSON et al. 1987; BANKS 1988; 
FEDOROFF 1989). Although previous studies have indi- 
cated that  the  presence of an active Ac in the  genome 
is insufficient for reactivation of an inactive element 
(MCCLINTOCK  1964,  1965;  SCHWARTZ and DENNIS 1986; 
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CHOMET et al. 1987),  the active elements were  only  in- 
troduced  to  the inactive alleles for a single generation. 
As demonstrated  for Spm, the reactivation of an inactive 
element may require  the  presence of an active element 
over  several generations (FEDOROFF 1989). 

Ac methylation may affect flanking P sequences: We 
examined several restriction sites in flanking P se- 
quences  for  their methylation status. Although previous 
studies in maize  have  shown that increases in methyla- 
tion associatedwith inactivation are  confined  to  element 
sequences (SCHWARTZ and DENNIS 1986; CHOMET et al. 
1987; BANKS et al. 1988), differences have  also been iden- 
tified in flanking sequences (MARTIENSSEN et al. 1990). 
We also identified a few sites in P sequences that were 
more heavily methylated in DNA from inactive alleles 
than in other alleles. Thus, extensive methylation of Ac 
sequences may result in a spreading of methylation into 
flanking DNA as demostrated  in mammalian systems 
(TOTH et al. 1989,1990). Although the  phenotypic effect 
of increased P methylation has not  been  determined, 
novel patterns of P expression have been  correlated  to 
increased methylation of P sequences in studies of an- 
other mitotically unstable P allele (DAS and MESSING 
1994). 

Ac copy  number and transposase  expression: The 
highly quantitative nature of the cPCR  assay allowed  us 
to accurately measure levels  of Acencoded ORFa in ho- 
mozygous and heterozygous individuals. Seedlings ho- 
mozygous for any Ac allele always contained  greater 
amounts of  ORFa  mRNA than in heterozygous seed- 
lings. This result is consistent with previous studies 
which  showed Ac message is more  abundant in seedlings 
homozygous for  an active Ac than in heterozygotes 
(FUBWINKEL et al. 1991). However, the increase does not 
appear to be linear with  copy number  and suggests that 
ORFa  levels  may be down-regulated by increasing copies 
of Ac. 

Methylation  may  modulate  the  strength of the  ORFa 
promoter: We show that  the  pattern of methylation is 
correlated with a particular metastable state of Ac. In- 
creases in methylation are associated with a decrease in 
A c  activity ( L e . ,  late transposition of Ac from P and Ds 
from R) and a decrease in transcript levels. The strong 
correlation between increased methylation and de- 
creased transcript accumulation suggests that  the var- 
iegation patterns  conditioned by metastable alleles of A c  
are  due to transcriptional differences among  the alleles. 
We propose  that  the methylation of sequences in Ac 
near  the start of transcription serve to  inhibit  the action 
of transcriptional activators. In this model (Figure B ) ,  
transcription of  ORFa  is achieved through an interac- 
tion of binding factors with unmethylated binding sites 
within Ac. With inactive alleles of Ac, a low  level of tran- 
scription is maintained in most cells due to  the hyper- 
methylation of sequences  near  the  start of transcription. 
Similarly, higher rates of transcription are observed in 
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FIGURE 8.-A model for the inheritance of metastable  alle- 
les. The region shown represents A c  sequence at or near the 
start of  ORF'a transcription. The stippled box represents Ac 
sequence presumably  recognized by transcription factors 
(boxes). When  these  sites are unmethylated (open circles), the 
factor(s) bind and ORFa  is transcribed. Through most  cell 
divisions (thick half  arrows) the pattern of methylation is main- 
tained. Rare changes in the pattern (thin half  arrows) that are 
propagated through mitotic  divisions may result in changes in 
the rate of transcription. The thickness of the arrows  above the 
binding factors  reflects the rate of transcription. 

cycling, weak and active alleles as more transcription 
factor  binding sites become available. Thus,  the  patterns 
of variegation observed with metastable alleles of Ac are 
determined by quantitative effects of methylation on 
ORFa transcription. Studies of Ac in Arabidopsis and 
tobacco have  also suggested that transcript levels are 
critical in the developmental timing of transposition 
(DEAN et al. 1992;  SCOFIELD et al. 1992;  SWINBURNE et at. 
1992). The strength of heterologous  promoters fused to 
the ORFa cDNA determines  the  pattern of variegation, 
suggesting that transactivation of Ds only occurs once a 
threshold of Ac message is reached (SCOFIELD et al. 
1992). We propose  that in  maize the methylation profile 
of Ac alleles quantitatively determines  the rate of  ORFa 
transcription. After a sufficient accumulation of  ORFa 
message, a critical threshold of  ORFa protein is reached 
and transposition may occur. 

Transpositions may occur any time after this thresh- 
old is reached  but  the  pattern of transposition is then 
dependent  on post-translational (FU~WINKEL et al. 1991) 
controls imposed on Ac ( L e . ,  the negative dosage ef- 
fect). For example, a cycling allele conditions a low  level 
of transcription as a result of insufficient binding of  fac- 
tors required for effkient transcription (Figure 8, top). 
Through most  cell  divisions (thick arrow),  the initial 
pattern of methylation is maintained, few sites are 
bound  and transcription rates are low. Only late in de- 
velopment will sufficient transposase levels accumulate 
to catalyze either Acor Ds excisions resulting in the char- 
acteristic pattern of P striping and aleurone variegation 
observed with a cycling allele. The loss  of methylation at 
a single or a few sites  allows for additional binding  and 
increased transcription rates. As a result, the critical 
threshold of transposase is reached earlier and excisions 
can occur  earlier in development. Depending on  the 
extent of methylation loss, the  patterns of variegation 
will resemble either weak  alleles (some demethylation) 
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or active  alleles (most sites demethylated). Similarly, an 
increase in the  number of methylated binding sites 
would decrease transcription even further resulting in 
the  generation of an inactive allele. 

Although our model  does not address the mechanism 
of inactivation, several features  are  apparent  from our 
analysis. We frequently identified small (single kernel) 
sectors of colorless pericarp  contiguous with medium 
variegated pericarp (see Figure 3).  These sectors indi- 
cate that  the inactivation process can occur rapidly, pos- 
sibly  within a single cell  division. In  addition, we show 
that  the levels  of  ORFa transcript can be quantitatively 
related to  the  degree of methylation of Ac sequences, 
suggesting that methylation is directly involved in the 
inactivation process.  However, it is not known if the 
methylation of A c  is the result of a stochastic process or 
a mechanism that targets repetitive sequences. The cor- 
relation of hypermethylation with inactivation in several 
transposable elements families suggests that  a  general 
mechanism exists to  target and inactivate transposable 
elements. Such a mechanism may exist in maize to target 
duplicated sequences for inactivation perhaps  through 
the use of  cryptic transposon sequences. Although not 
yet identified in plants, mechanisms in Ascobolus im- 
rnersus (GOYON and FAUGERON 1989; FAUGERON et al. 
1990) and Neurospora crassa (SELKER et al. 1987; SELKER 
and GARRETT 1988) exist that specifically target and in- 
activate duplicated sequences endogenous  to  the organ- 
ism. Such a mechanism in maize may also exist to regu- 
late the potentially detrimental process of transposition. 
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