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ABSTRACT

The Suppressor-mutator (Spm) transposable element family of maize consists of the fully functional
standard Spm (Spm-s) and many mutant elements. Insertion of an Spm element in or near a gene can
markedly alter its expression, in some cases bringing the gene under the control of the mechanisms
that regulate expression of the element. To gain insight into such mechanisms, as well as to enlarge
our understanding of the Spm element’s genetic organization, we have analyzed derivatives of a
unique Spm insertion at the maize a locus in which the gene is co-expressed and co-regulated with the
element. We describe the genetic properties and the structure of the a locus and Spm element in 9
strains (collectively designated the a-m2 alleles) selected by McCLINTOCK from the original a-m2 allele
for heritable changes affecting either the Spm element or expression of the a gene. Most of the
mutations are intra-element deletions within the 8.3-kb Spm element; many alter both Spm function
and expression of the gene. Spm controls a gene expression in alleles with internally deleted,
transposition-defective Spm elements and element ends contain the target sequences that mediate
Spm’s ability to activate expression of the gene. We argue that the properties of the a-m2 alleles reflect
the operation of an element-encoded positive regulatory mechanism, as well as a negative regulatory
mechanism that affects expression of the element, but appears not to be mediated by an element-

encoded gene product.

RANSPOSABLE elements, retroviruses and ret-
rotransposon insertions often alter the way in
which expression of the target gene into which they
insert is regulated (FLAVELL et al. 1980; ERREDE et al.
1980; ROEDER and FINK 1983; VARMUS 1983; CaM-
PUZANO et al. 1986; ZACHAR et al. 1985). From molec-
ular analyses of several retrotransposon insertions in
Drosophila and yeast, it has become increasingly ap-
parent that the inserted elements impose their own
mechanism of transcription regulation, often effecting
changes in the target gene’s developmental pattern of
expression (ERREDE ¢t al. 1985; ROEDER, ROSE and
PEARLMAN 1985; ZACHAR ¢t al. 1985; CAMPUZANO et
al. 1986). Some of the earliest descriptions of trans-
posable element-mediated changes in gene expression
were those of MCCLINTOCK in maize. The best-studied
examples are provided by insertions of Suppressor-
mutator (Spm) elements (McCLINTOCK 1951, 1954,
1955, 1957-1959, 1961-1965, 1968, 1971). Mc-
CLINTOCK has described several Spm mutations that
bring the target gene under the negative control of
the element, as well as one that brings the gene under
its positive control.

The Spm family comprises a group of structurally
related elements, some of which can transpose auton-
omously and others of which are transposition defec-
tive (dSpm element), capable of transposing only in
the presence of a nondefective Spm element (Mc-
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CLINTOCK 1965b; FEDOROFF 1983). In the most com-
mon type of insertion allele for which the element is
named, a mutant gene with a dSpm insertion is ex-
pressed at a reduced level relative to the wild-type
allele of the gene, but only in the absence of a non-
defective Spm. When both mutant allele and Spm are
present in the same genome, expression of the mutant
gene is inhibited and the dSpm insertion is excised in
some cell lineages (McCLINTOCK 1954). Hence, the
Spm acts in trans both to prevent expression of the
mutant gene and to excise the insertion. We have
designated such alleles Spm-suppressible (Figure la).
Several have been analyzed at the molecular level,
revealing that they contain short, internally deleted
Spm elements, which mediate the Spm’s inhibitory
effect on gene expression (SCHIEFELBEIN et al. 1985;
SCHWARZ-SOMMER et al. 1985b; TACKE ¢t al. 1986).
McCLINTOCK isolated a very different type of Spm
insertion allele of the a locus' in anthocyanin biosyn-
thesis in which the gene was co-expressed and co-
regulated with the inserted element (McCLINTOCK
1951, 1961a, 1962-1965a, 1968). She reported that
reversible genetic changes that inactivated the ele-
ment concomitantly inactivated the gene (Mc-
CLINTOCK 1962). MCCLINTOCK (1962) selected a num-
ber of spontaneous derivatives of the original allele,

! We follow the revised genetic nomenclature recommendations in COE
and NEUFFER (1971); the a locus was previously designated the A1 locus.
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Ficure 1.—Effect of the Spm element on genes with dSpm insertion mutations. Two different types of interactions between the trans-
acting Spm element and a gene with a dSpm insertion mutation are illustrated. a, The response of an Spm-suppressible allele. In the absence
of an Spm element, the mutant gene ( filled box) is expressed at an intermediate level and the insertion is not excised. In the presence of an
Spm, the gene is not expressed, and the insertion is excised in some cell lineages to give revertant sectors. b, The response of an Spm-
dependent allele. The mutant gene is not expressed in the absence of an Spm and the insertion is stable. In the presence of an Spm, the mutant

gene is expressed and the insertion is excised to give revertant sectors.

designated the a-m2 allele, and found that some had
sustained a mutation that rendered the resident Spm
element transposition defective. Expression of the a
gene in such dSpm derivatives remained under the
control of the element. We have designated such
derivative alleles Spm-dependent because the gene is
expressed in the presence, but not in the absence of a
trans-acting nondefective Spm (Figure 1b).

McCLINTOCK isolated a number of derivatives of
the original a-m2 allele with heritable changes affect-
ing either the functions of the element, the a gene, or
both. Although the original allele has been lost, we
have extended the genetic analysis and undertaken
the structural study of the a locus in nine of the
derivatives, which we refer to collectively as the a-m2
alleles. Because the expression of the a gene is regu-
lated with and by the element, the analysis of the a-
m2 alleles promises to offer insight into the molecular
mechanisms that regulate expression of the element
itself.

Several elements belonging to the Spm element
family have recently been cloned and some sequenced
(SCHWARZ-SOMMER ¢t al. 1984; FEDOROFF ¢t al. 1984;
PEREIRA ¢t al. 1985; BANKS et al. 1985; SCHWARZ-
SOMMER et al. 1985b; GIERL et al. 1985; PEREIRA et
al. 1986; TACKE et al. 1986). Among these is the
Enhancer (En) element, first identified genetically by
RHOADES and DEMPSEY (1950) and later studied and
shown to be genetically equivalent to Spm by PETER-
SON (1953, 1960, 1961, 1965). The En element is 8.3
kb in length and encodes a major transcript whose

structure has been deduced from the sequence of a
c¢DNA clone (PEREIRA et al. 1986), but whose function
is not known.

The a-m2 alleles have the potential of extending
our understanding of Spm functions. They contain
related Spm elements, each with a different mutation
affecting the element. There are allelic differences
affecting 4 different properties of the Spm element.
These are (1) the ability of the resident Spm to trans-
activate transposition of dSpm elements located else-
where, (2) the ability of a dSpm to respond to a trans-
activating element, (3) the ability of the resident ele-
ment to affect expression of Spm-suppressible and Spm-
dependent alleles, and (4) the capacity of a resident
Spm element to mediate expression of the a locus.
Analysis of the a-m2 alleles was therefore undertaken
to define the element sequences that encode the Spm’s
trans-active functions, as well as those that mediate its
response to the trans-active functions. The results of
studies on the genetic properties, structure, expres-
sion and sequence of the a-m2 alleles are reported
here. A preliminary account of the present study has
been published (BANKS et al. 1985). The results of our
analyses have led us to formulate a model for the
regulation of the Spm element.

MATERIALS AND METHODS

Maize strains: Genetic stocks containing the a-m2 alleles,
as well as tester strains, were received from B, MCCLINTOCK.
The a-m2 alleles analyzed here are designated a-m2-7991A1,
a-m2-7995, a-m2-7977B, a-m2-8004, a-m2-8010A, a-m2-
8011, a-m2-8167B, a-m2-8417 and a-m2-8745. Each allele
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number corresponds to the number of the plant in Mc-
CLINTOCK’S cultures that gave rise to the allele. Commonly
used tester alleles were the a-m1-5719A1 allele, the wx-m8
allele of the wx locus, and a recessive a strain with an Spm-s
at the locus (McCLINTOCK 1951, 1954, 1961a, 1965b). The
a-m1-5719A1 allele shows a gene expression at a level inter-
mediate between the colorless null phenotype and the deeply
pigmented wild-type in the absence of an Spm element. The
no-Spm phenotype of the a-m1-5719A1 allele is referred to
as “pale” in the text. In the presence of an Spm element, the
allele has a colorless null phenotype with deeply pigmented
revertant sectors in the kernel aleurone layer (McCLINTOCK
1965b). This is referred to as “variegated” in the text. The
wx-m8 allele gives a null wx phenotype in the absence of an
Spm element (McCLINTOCK 1961a) and shows frequent so-
matic and germinal reversion to the wild-type Wx allele in
the presence of an Spm-s element. Other tester strains em-
ployed in the present study contained Spm-s and Spm-w
elements unlinked to the a locus and alleles of the 2 and
closely linked (0.1-0.2% recombination) shrunken-2 (sh2)
locus that gave stable null phenotypes in the present tests
(e.g., a sh2, with or without Spm-s or Spm-w unlinked).

Genetic tests: The a-m2 alleles were tested for the pres-
ence and type of insertion at the a locus, expression of the
gene in the presence and absence of Spm-w and Spm-s
elements elsewhere in the genome, as well as the ability of
the Spm elements of the a-m2 alleles to inhibit and activate
Spm-suppressible and Spm-dependent alleles, respectively, of
the a locus. Alleles which gave a gene expression were tested
for the presence of an Spm-s or Spm-w element at the locus
by co-segregation of the unstable allele with the closely
linked sA2 locus and their ability to trans-activate excision
of the dSpm element of the wx-m& allele. Alleles with a
colorless phenotype were also tested for their ability to
suppress expression of the Spm-suppressible a-mI1-5719A1
allele and to trans-activate expression of the a gene of an a-
m2 allele with a dSpm element. dSpm insertions were iden-
tified by their stability in the absence and their instability in
the presence of an Spm-s element located elsewhere in the
genome. Reciprocal crosses were done in all cases to assess
the response of each allele in one and two copies and to one
and two copies of an Spm element. Certain alleles with dSpm
insertions were also tested for their ability to suppress the
a-m1-5719A1 allele.

Stable revertants of the a-m2-7991A1 allele were selected
as a single palely or deeply pigmented kernels. Plants grown
from these kernels were tested for the presence of Spm at
the @ locus and the response of the allele to an Spm element
located elsewhere in the genome as described above.

Cloning of the a-m2 alleles: DNA was extracted from 4-
week-old plants as described by SHURE, WESSLER and FE-
DOROFF (1983), partially digested with Seu3a and fraction-
ated on a 5-20% potassium acetate gradient. Fragments in
the 15-20-kb range were recovered by ethanol precipitation
and cloned into the BamHI site of the EMBL4 phage (FRIs-
CHAUF et al. 1983) as previously described (SHURE, WESSLER
and FEDOROFF 1983). Alternatively, DNA was either par-
tially or completely digested with BemHI and ligated directly
to purified phage arms, followed by in vitre packaging in
extracts obtained from Amersham. The initial phage library
was screened with plasmid subclones of a 2.2-kb dSpm ele-
ment previously cloned from the wx-m8 allele (FEDOROFF et
al. 1984). Clones with homology to the dSpm element were
rescreened with a Pstl fragment of the a locus, kindly
supplied by Zs. SCHWARZ-SOMMER (O’REILLY et al. 1985).
A BamHI fragment containing the Spm insertion site of the
a-m2 alleles was cloned from a stable A revertant and used

as a source of further a locus subclones for subsequent
screening.

Analysis of the a-m2 alleles in genomic DNA and cloned
fragments: Cloned DNA fragments were analyzed by re-
striction endonuclease digestion and blot hybridization
(SOUTHERN 1975; FEDOROFF, MAUVAIS and CHALEFF 1983).
Plasmid subclones of the a locus cloned from an A revertant
of the a-m2-7991A1 allele, the 2.2-kb dSpm element of the
wx-m8 allele, and plasmid subclones of internal EcoRI frag-
ments of the Spm-s element of the a-m2-799141 allele were
used to map the inserts in fragments cloned from other a-
m2 alleles. Restriction endonuclease data derived from
cloned fragments were compared with data obtained from
genomic DNA blots probed with a-locus fragments, since
the genomic redundancy of sequences homologous to the
Spm element precluded direct analysis of the element at the
a locus with Spm-derived probes. All data derived from
cloned fragments were in agreement with data derived from
analysis of the mutant @ locus in genomic DNA, indicating
the absence of cloning artifacts.

Transcript analysis: Poly(A)" RNA was prepared from
20-25 g of frozen plant tissue as described by FEDOROFF
(1985). The plants used were either homozygous for an
allele of the a locus having an Spm-s insertion or an Spm-w
insertion or were heterozygous for such an allele and either
the a-m1-5719A1 allele or a stable recessive allele. To com-
pare Spm mRNA levels, RNA was extracted from plant,
endosperm and cob tissue of plants homozygous for one of
4 different Spm-s and 4 different Spm-w alleles, including
the a-m2-7991A1, a-m2-8011, and a-m2-8745 alleles. RNAs
from 1-2 plants were analyzed for each allele. Ten micro-
grams of poly(A)* RNA was fractionated on a 1.0% form-
aldehyde agarose gel and transferred to Nytran membrane
filters (MANIATIS, FRITSCH and SAMBROOK 1982). Six inter-
nal fragments spanning most of the Spm-s element were
subcloned into the SP64 or SP65 plasmids (MELTON et al.
1984) to generate probes for detection of transcripts ho-
mologous to the Spm element. From the left end of the
element, the fragments were A, Sall to EcoRI; B, EcoRI to
EcoRIL; C, EcoRI to Pyull; D, Pvull to EcoRl; E, EcoRI to
Pstl; and F, Pstl to Hincll (0.1 kb from the element’s right
end). Plasmids having these fragments in both orientations
with respect to the promoter were used to probe RNA
filters. The SP6 transcripts were labeled as described by
GREEN, MANIATIS and MELTON (1983) using *?P-UTP. Hy-
bridization was carried out under conditions described by
ZINN, DIMAIO and MANIATIS (1983), except that the filters
were hybridized at 42°. To quantify the amount of tran-
script, either the band was cut out of the filter and counted
in a liquid scintillation counter or the autoradiogram was
scanned with a densitometer. For an internal standard,
filters were washed to remove the hybridized probe and
reprobed with labeled, cloned fragments of the maize shrun-
ken or alcohol dehydrogenase loci. The levels of these tran-
scripts were used to normalize the Spm transcript levels.

DNA sequencing: The Spm-s element cloned from the a-
m2-7991A1 allele was subcloned in pEMBL18 (+ and —) and
pEMBL19 vectors (DENTE, CESARENI and COSTESE 1983; S.
LazarowITz, unpublished data). Progressive deletions
were generated as described by YANISH-PERRON, VIEIRA
and MESSING (1985) on the left 1.1-kb and the 5-kb PsiI
fragments of Spm subcloned in pEMBLI19 for upper strand
sequencing, the 1.3-kb EcoRI fragment and 2.4-kb Pstl-
EcoRI fragments of Spm were subcloned in pEMBL18 and
the 3.0-kb EcoRV fragment was subcloned in pEMBL19 for
lower strand sequencing. Finally, several subclones were
constructed by shotgun cloning Sau3A digests of the 5-kb
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Pstl, the 2.1-kb Sell and the 3.0-kb EcoRV fragments of
Spm in the pEMBL vectors.

Subclones for sequencing the deletion breakpoints of the
Spm-w-8011 derivative were obtained by progressively de-
leting the 3.2-kb internal Pstl fragment of Spm subcloned in
pEMBLI19, as described above. Similarly, sequences sur-
rounding the deletion breakpoints of the dSpm-7995, dSpm-
7977B and dSpm-8004 elements were obtained by subclon-
ing, respectively, a 3.1-kb Aval fragment (dSpm-7995), a
2.9-kb Pstl fragment (dSpm-79778B) in pEMBLI19, and both
a 7.7-kb BamHI-Sall and a 2.5-kb EcoRI-EcoRV fragment
(dSpm-8004) in pEMBL18. Finally the sequences of the left
ends of the a-m2 derivatives, as well as the dSpm-8167B
element were obtained by subcloning the left 1.1-kb Sall
fragment, while the right border Spm sequences were ob-
tained from either the deletion breakpoint subcloning
(dSpm-7995 and dSpm-7977B), the subcloning of an Aval-
Psil fragment in pEMBL18 (Spm-w-8011) or the cloning of
an 0.9-kb Smal-EcoRV fragment in pEMBL18 (dSpm-8004
and dSpm-8167B).

Phage were prepared from exponentially growing cells as
described by DENTE, CESARENT and CORTESE (1983). Single-
stranded DNA was extracted and sequenced using the di-
deoxynucleotide chain termination procedure (SANGER,
NIcKLEN and COULSON 1977) as described in BiGGIN, GIB-
soN and HoONG (1983). Ambiguities were resolved using
either the MaxaMm and GILBERT (1980) procedure or the
method described by BENCINI, O’DONOVAN and WILD
(1984).

RESULTS

Genetic analysis of the Spm elements of the a-m2
alleles: The a-m2 alleles analyzed in the present study
are derivatives of the original a-m2 allele isolated by
McCLINTOCK in 1950 (B. MCCLINTOCK, personal com-
munication). The first a-m2 allele had a nondefective
Spm element inserted at the a locus (MCCLINTOCK
1962). Each derivative originated from a single kernel
with a phenotype that differed from that of the paren-
tal allele and is designated by the number of the plant
in MCCLINTOCK’S cultures from which it was derived.
The phenotypes of the a-m2 alleles are described in
Table I. Most of the alleles in the present group arose
directly from the original one, although two are sec-
ondary derivatives (Figure 2). McCLINTOCK identified
three general categories of Spm elements [reviewed in
FEDOROFF (1983)], all of which are represented among
the nine a-m2 alleles in the present group. These are
(1) the fully functional standard Spm (Spm-s) element;
(2) the weak Spm (Spm-w) element, so designated for
its propensity to transpose less frequently and later in
development than the standard element; and (3) the
transposition-defective Spm (dSpm) element, capable
of transposing only in the presence of a nondefective
element. Although some of the a-m2 alleles investi-
gated here had been studied extensively by Mc-
CLINTOCK (1963-1965, 1968) (a-m2-7995, a-m2-
7977B, a-m2-8004 and a-m2-8011), others had re-
ceived only preliminary analysis (a-m2-7991A1, a-m2-
80104, a-m2-8167B, a-m2-8417 and a-m2-8745). The
latter were first subjected to genetic tests to verify the

identity of the element at the locus. Since the tests are
not novel, they will be described only briefly, accom-
panied by examples of the kinds of results obtained
(McCriNTOCK 1954, 1955, 1961a, 1962, 1968).

To test whether the resident Spm element can trans-
activate transposition, plants having the genetic con-
stitution a-m2-Sh2/a sh2, wx or wx-m8 were inter-
crossed with tester plants homozygous for the Spm-
suppressible a-m1-5719A1 allele and the Spm-respon-
sive wx-m8 allele. The a-m1-5719A1 and wx-m8 alleles
contain dSpm insertions of 0.8 kb and 2.2 kb, respec-
tively, which can be trans-activated to excise by an
Spm element located elsewhere in the genome (Mc-
CLINTOCK 1951, 1961a; FEDOROFF et al. 1984;
SCHWARZ-SOMMER ¢t al. 1984, 1985b). Both alleles

are useful in distinguishing between an Spm-s and an

Spm-w element based on the frequency and develop-
mental timing of somatic excision events (Mc-
CLINTOCK 1957). In tests of pigmented a-m2 alleles,
the wx-m& allele was used to assess the ability of the
resident element to ¢rans-activate transposition; both
tester alleles were used for analysis of colorless a-m2
alleles. An example of the results obtained in such a
cross is given in Table 2 for the a-m2-8745 and a-m2-
81678 alleles with the a-m1-5719A1 tester allele. The
variegated kernels on the ears resulting from the first
cross reveal the presence of a functional Spm element
in the a-m2-8745 strain (Table 2A). The observation
that variegation is confined to the $h2 class of kernels
indicates close linkage of the Spm element to the sh2
and a loci, themselves closely linked (0.1-0.2 c¢M).
The absence of variegated kernels on the ears result-
ing from the second cross indicates that there is no
active Spm present (Table 2B). Tests of this type show
that the a-m2-7991A1, a-m2-8010A, a-m2-8011 and a-
m2-8745 alleles have a non-defective Spm element at
the a locus (Figure 2 and Table 1).

To determine whether an allele had a dSpm ele-
ment, plants carrying the allele were intercrossed with
plants containing an active Spm element and homo-
zygous for a stable recessive allele of the a locus. In
addition, plants with the allele and an Spm element
were backcrossed to plants homozygous for the a and
sh2 alleles (Table 3). Ears were scored for the appear-
ance of variegated kernels, indicating the presence of
an allele of the @ locus with an Spm-responsive dSpm
insertion. Such tests confirmed that there are dSpm
insertions at the a locus in the a-m2-79935, a-m2-7977B,
a-m2-8004, a-m2-81678B and a-m2-8417 alleles (Figure
2 and Table 1).

Molecular analysis of the a locus in the a-m2
alleles: The structure of the a locus was analyzed in
genomic DNA of plants homozygous for various a-m2
alleles using probes specific for the locus (see MATE-
RIALS AND METHODS). All but one of the alleles have a
single insertion in the a locus; one allele has two
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TABLE 1
Phenotypes of a-m2 alleles
Allele Phenotype
A. Alleles with Spm at a locus
1. Original a-m2 Pigmented background, many small and some large, pigmented sectors
2. a-m2-7991A1 Pigmented background, moderate number of small to large, deeply pigmented sectors
3. a-m2-8010A Colorless background, many small to large palely pigmented sectors
4. a-m2-8011 Pigmented background, few small deeply pigmented sectors
5. a-m2-8745 Colorless
B. Alleles with dSpm at a locus
—Spm +Spm
1. e-m2-7995 Colorless Pigmented background, fairly many small and some large, deeply pig-
mented sectors
2. a-m2-7977B Colorless Pigmented background, fairly many small and some large, deeply pig-
mented sectors
3. a-m2-8004 Colorless Palely pigmented background, few small, deeply pigmented sectors
4. a-m2-8167B Colorless Palely pigmented background, few small, deeply pigmented sectors
5. a-m2-8417 Colorless Colorless, many small, palely pigmented sectors
L ame !
i original !
——— ——
Spm-s
l
! I | I | I I I
A b
1 am2-7805 | | a-m2-7991A1 a-m2-7995 a-ma-79778 a-m2-8004 a-m2-8010A a-ma2-8011 a-m2-81678
b e e d
1
1— Spm-s dSpm dSpm dSpm Spm-s Spmw dsSpm
! {8.3 kb) (3.5 kb) (1.3kb) (1.1 kb) (8.3 kb) (6.6 kb) (8.3 kb)
| 1
a-m2-8417 a-m2-8745
dSpm Spm-w
(1.8 kb) (6.6 kb)

FIGURE 2.—Derivation of the a-m2 alleles. The alleles analyzed here are designated by numbers enclosed in boxes; those in the lineage,
but not analyzed are indicated by discontinuous boxes. The type and size of the Spm insertion is shown for each allele.

insertions (Figure 3). The insertion common to all of
the a-m2 alleles is missing from the two stable rever-
tant alleles that were analyzed, identifying it as the
Spm element. Within the resolution of genomic map-
ping, the Spm insertion site was found to be the same
in all of the alleles, an observation that is consistent
with their derivation from the original a-m2 allele by
mutations in or very near the element. The Spm
insertions differ in length from 1.1 to 8.3 kb. The
internal structure of several elements was further
investigated by genomic mapping, as well as restriction
endonuclease analysis and sequencing of DNA frag-
ments cloned from genomic DNA of plants carrying
the allele (see MATERIALS AND METHODS).

The Spm-s alleles

The Spm-s element is an 8.3-kb insertion: Two of
the alleles in the present group contain elements that
show the genetic characteristics of Spm-s elements.
These are the a-m2-7991A1 and the a-m2-8010A al-

leles. Both have an 8.3-kb insertion at the a locus
(Figure 3). The Spm element of the a-m2-7991A1 allele
has been cloned, mapped and sequenced (Figure 4).
It strongly resembles the independently identified En
element shown by PETERSON (1965) to be functionally
interchangeable with the Spm element (PEREIRA ef al.
1986). The Spm element of the a-m2-7991A1 allele
differs from the En element by six single bases and is
shorter by 4 nucleotides (Table 4). Most of the differ-
ences reside outside of the sequence encoding the En
element’s major transcript, reproduced in Figure
4(PEREIRA ¢t al. 1986). Both elements contain two
large open reading frames (ORFs; Figure 4), the cor-
responding sequences of which are identical in the
two elements. There are three single base differences
in the protein coding region of the major element-
encoded transcript, but only one of the three alters
the encoded amino acid. Thus the 8.3-kb element of
the a-m2-7991A1 allele, and probably that of the less
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TABLE 2

Analysis of a-m2 alleles for the presence of Spm at the a locus

Kernel phenotypes

Colorless, Pale,
variegated nonvariegated
Cross a-m2 parent Tester parent Sh2 sh2 Sh2 sh2
Al 3 a-m2-8745 Sh2/a sh2 Q a-m1-5719A1 sh2 183 0 0 184
2 ? Same 4 Same 91 0 1 97
3 Q a-m2-8745 Sh2/a-m1-5719A1 sh2 4 Same 176 0 0 153
4 Q Same 3 Same 125 0 0 118
5 ? Same & Same 172 0 0 187
6 ¢ Same 8 Same 161 0 0 149
TOTAL: 908 0 1 888
B. 1 Q a-m2-8167B Sh2/a sh2 8 a-ml1-5719A1 sh2 0 0 201 180
2 2 Same 4 Same 0 0 201 211
3 ? Same 4 Same 0 0 164 158
4 ? Same 3 Same 0 0 165 75
5 4 Same Q Same 0 0 167 189
TOTAL: 0 0 898 913
TABLE 3
Analysis of a-m2-8167B allele
Kernel phenotypes
Pale, Colorless,
variegated . nonvariegated
- Excision
Cross a-m2 parent Tester parent sh2 Sh2 frequency sh2 Sh2
1 3 a-m2-8167B Sh2/a sh2, Spm present Q a sh2, no Spm 0 101 Moderate 193 87
2 ? Same 8 Same 0 77 Moderate 168 68
3 ? Same d Same 0 68 Moderate 154 70
4 Q a-m2-8167B Sh2/a sh2 & a Spm-s Sh2 0 96 Moderate 0 97
5 Q Same & a Spm-s Sh2 0 192 Moderate 0 215
6 4 Same Q Same 0 175 Moderate 0 160
7 & Same Q a Spm-w Sh2 0 121 Low 0 133

(a-m2-8745 allele)

well-studied a-m2-8010A allele, appear to correspond
to the standard, fully functional Spm element.

Genetic and phenotypic differences among Spm-s
alleles: Although the original a-m2 allele has been
lost, its phenotype resembled that of the a-m2-8011
(Spm-w) allele in the presence of an Spm-s (Figure 5a)
(B. MCCLINTOCK, personal communication). The ker-
nel aleurone layer is pigmented, indicating that the
gene is expressed in mutant tissue. The original a-m2
allele showed a high frequency of late somatic excision
events, evidenced by the dense pattern of small so-
matic sectors exhibiting the deeply pigmented A phe-
notype. The a-m2-7991A1 derivative differs from the
original a-m2 allele primarily by its lower frequency
of deeply pigmented somatic sectors (Figure 5b). The
a-m2-8010A allele differs from both by the absence of
background pigmentation (Figure 5c). It exhibits a
moderate somatic excision frequency and the rever-
tant sectors are less intensely pigmented than those of
the other two alleles.

Despite the phenotypic differences among the al-

leles, the resident Spm elements have the genetic prop-
erties of the standard Spm element and are capable of
excising premeiotically to give germinally stable alleles
lacking the Spm insertion. There are, however, differ-
ences in the types of stable alleles produced. The Spm
element is known to generate a 3-bp direct duplication
on insertion and to undergo excision by a mechanism
that often leaves small sequence alterations at the
former insertion site (SCHWARZ-SOMMER ¢t al. 1985a).
Among these are the original 3-bp duplication, with
or without a minor sequence change, and small dele-
tions. Consistent with such a mechanism, it is observed
that excision of the element from the Spm-s alleles
gives rise to stable alleles with different phenotypes,
ranging from null to fully pigmented. The two surviv-
ing Spm-s alleles differ from each other and from the
original a-m2 allele in the relative frequency of stable
derivatives with different phenotypes. McCLINTOCK
(1961a, 1968) reported that the original a-m2 allele
most commonly gave stable alleles with an irregularly
pigmented, “mottled” phenotype. Table 5 lists the
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FIGURE 3.—Insertions at the a locus of the a-m2 alleles. Restriction endonuclease cleavage site maps of the a locus were derived from
analysis of genomic DNA fragments cloned from the indicated a-m2 derivatives, except for the a-m2-8010A, a-m2-8417, and a-m2-8745
alleles, which were mapped only in genomic DNA. The a allele map is that derived from fragments cloned from 2 stable revertants (see
MATERIALS AND METHODS). All of the a-m2 derivatives contained insertions at the same site and the lengths of the insertions are indicated.
Restriction abbreviations: A = Aval; B = BamHI; H = HindIIl; R = EcoRI; S = Sall; T = Pstl; V = EcoRV. The vertical bars on successive
lines refer to the restriction sites on the top line, except for the single vertical bar on the insertion, which corresponds to its internal BamHI
site and is the only site whose location within the element is represented. A restriction map of the Spm element appears in Figure 4.

phenotypes of Sh2 kernels produced on backcrossed
plants of the genetic constitution a-m2-7991A1 Sh2/a
sh2 and a-m2-8010A Sh2/a sh2. Nonvariegated $h2
kernels are common in both alleles, but differ in
phenotype. The most frequent class is palely pig-
mented for the a-m2-7991A1 allele and unpigmented
for the a-m2-8010A allele. Plants were grown from
nonvariegated kernels and tested for the presence of
the element at the locus, as well as the capacity of the
locus to respond to an Spm element located elsewhere
in the genome. All of the tested plants were found to

have stable alleles of the a locus with no genetically
detectable Spm element (data not shown).

The observation that the different Spm-s alleles
produce stable derivatives of a given phenotype at
different frequencies suggests that they differ in the
sequence of the locus in the immediate vicinity of the
insertion site, rather than in the element. There is
evidence to support such an interpretation for the a-
m2-7991A1 allele. The ends of several of the cloned
elements have been sequenced, including those of the
dSpm-7995, dSpm-7977B, dSpm-8004, dSpm-8167B,
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The Spm element
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FIGURE 4.—A diagrammatic representation of the Spm sequence. The size, extent and orientations of ORFs 1 and 2 are represented by
open arrows over the diagram. The approximate extent of the Spm’s major 2.3-kb transcript is indicated below the diagram. Also represented
by the lines below the diagram are the regions of the element deleted in each of the mutant elements analyzed. The extended arrow over
the diagram represents the sequence of the mRNA of the closely related En element (PEREIRA et al. 1986), with horizontal portions of the
arrow corresponding to exons. Several restriction sites within the element are indicated by the letters designating the following enzymes: A

= Aval; B = BamHI; H = HindIIl; S = Sall; R = EcoRI; P = Pvull; T = Pstl; and V = EcoRV.

TABLE 4
Differences in nucleotide sequence between the En and Spm
elements
Nucleotide* Spm* En® Mutation*
65 G C P
960 G GGG D
1125 T A P
6139 C T P
6694 T TAT D
7633 G A P
7659 A C P
8270 G A P

* From PEREIRA et al. (1986) for the En sequence.

* Nucleotide sequence of the Spm element cloned from the a-m2-
7991A1 allele.

¢ P = point mutation; D = deletion in spm sequence (or insertion
in En sequence).

and the Spm-s-7991A1 elements. All but the Spm-s-
7991A1 element are flanked at each end by the trinu-
cleotide ATT, which represents the 3-bp duplication
generated upon insertion of the Spm element in the
original a-m2 allele. The a-m2-7991A1 allele has the
additional trinucleotide AAT inserted immediately
adjacent to the right end of the element. Since it is
outside of the element, all or part of the inserted
trinucleotide will remain upon excision of the ele-
ment, yielding a range of revertants with a slightly

FIGURE 5.—Phenotypes of the Spm-s alleles. a, a-m2-8011 allele
with an Spm-s (illustrates original a-m2 phenotype; see text for
explanation); b, a-m2-7991A1 allele; ¢, a-m2-8010A allele.

TABLE 5
Stable alleles produced by excision of Spm from a-m2 alleles

Percent Sh2 kernels with

each phenotype
Backcross Varie- Color-
a-m2 parent parent gated less Pale Mottled A
a-m2-7991A1 Sh2/a sh2 a sh2 88 2 9 0.5 <0.1
a-m2-8010A Sh2/a sh2 ash2 66 31 24 0 0.3

different sequence than expected for the other ele-
ments. This may account for the phenotypic differ-
ences observed among the stable revertant alleles (Ta-
ble 5). It should be noted that the high germinal
excision frequency of the Spm-s element of the a-m2-
7991A1 allele indicates that the trinucleotide se-
quences flanking the element need not be identical
for efficient excision. Although the a-m2-8010A ele-
ment has not been cloned and sequenced, it appears
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FIGURE 6.—Inactivation and reactivation of the Spm element.
Phenotypes of a-m2-7991A1-i kernels in which the Spm-s element is
a, active; b, inactive (colorless sector) and active (pigmented sector)
containing deeply pigmented spots) in different areas of the kernel;

and c, inactive.
‘0

a b

FIGURE 7.—Phenotypes of the Spm-w alleles. a, The a-m2-8011
allele and b, the a-m2-8745 allele.

to contain a standard Spm element and the genetic
change that distinguishes this allele phenotypically
may also lie outside of the element.

The a gene of the Spm-s alleles is co-expressed
with the Spm element: Spm elements are subject to
inactivation by a reversible mechanism (McCLINTOCK,
1957-1959, 1961b, 1965b, 1971). An inactive Spm
(Spm-i) differs from a dSpm element by its ability to
return spontaneously to a genetically active state.
McCLINTOCK (1962) reported that when the Spm-s
element of the original a-m2 allele became inactive,
the a gene was no longer expressed. We have isolated
an analogous derivative of the a-m2-7991A1 allele, in
which the Spm-s element has become inactive as
judged by its inability to excise itself and ¢rans-activate
excision of the dSpm insertion in the wx-m8& allele. The
Spm-i element of the inactive derivative (a-m2-
7991A1-i) undergoes spontaneous reactivation rela-
tively often and both early and late in plant develop-
ment. Figure 6 shows the phenotypes of kernels in
which the Spm is active (a), inactive (c), or has under-
gone reactivation during kernel development (b). The
pale background pigmentation characteristic of the
parentallele is evident only in kernels or kernel sectors
in which the element is active, as indicated by the
appearance of deeply pigmented somatic revertant
sectors. Hence the a gene is inactivated and reacti-
vated simultaneously with the element. Expression of
the gene is therefore influenced by the same negative
mechanism that affects the activity of the Spm element.

The Spm-w alleles

The phenotypes of the Spm-w alleles: We have
analyzed two phenotypically different Spm-w alleles.
The a-m2-8011 allele was derived from the original a-
m2 allele and exhibits the intermediate background
pigmentation of the parent allele (Figure 7a). The
resident Spm element excises at a low frequency. The
a-m2-8745 allele is a derivative of the a-m2-8011 allele
and has a completely null phenotype (Figure 7b). Both
alleles trans-activate excision of the dSpm element of

the wx-m8 allele less frequently and later in kernel
development than is characteristic of the Spm-s ele-
ment.

Structure of the a locus and Spm elements in the
Spm-w alleles: Both the a-m2-8011 and the a-m2-8745
alleles contain 6.6-kb Spm insertions. The colorless a-
m2-8745 allele contains an additional insertion (or
duplication) at a distance of about 1.5 kb from the
Spm insertion site (Figure 3). The two alleles therefore
appear to have the same Spm-w element and the phe-
notypic difference between them is probably attrib-
utable to the second mutation in the a-m2-8745 allele.
The Spm element has been cloned from the a-m2-8011
allele and its structure is indicated in Figure 4. The
Spm-w element differs from the Spm-s element by a
1.7-kb deletion commencing 0.5 kb to the right of the
internal BamHI site and terminating approximately
0.1 kb to the right of the central EcoRV site. Sequence
analysis of the Spm-w-8011 element reveals that the
deletion eliminates parts of both ORF1 and ORF2
(Figure 4).

The structure of the deletion breakpoint in the Spm-
w element is complex. In addition to the extensive
deletion of internal element sequences, there is a short
insertion of sequences duplicated from nearby (Figure
8a). The first half of the insertion is identical to a
sequence that commences 36 nucleotides to the right
of the right breakpoint, while the second half is a copy
of a sequence located 56 nucleotides to the left of the
left breakpoint. In addition, there is a single base
change from an A residue in the Spm-s element to a
T residue 3 nucleotides to the right of the leftmost
sequence duplicated at the breakpoint.

Expression of the Spm-w element: To determine
whether the Spm-w phenotype is attributable to re-
duced expression of the Spm element, we analyzed
transcripts of the element in poly(A)* RNA prepared
from plants with Spm-s and Spm-w elements. Because
there are many copies of sequences homologous to
Spm in the genome (N. FEDOROFF, unpublished data),
we compared RNAs from plants grown from sibling
kernels from the same ears, having and lacking the
Spm element, to identify Spm-specific transcripts (data
not shown). The most abundant Spm-specific tran-
script is about 2.3 kb in length and has so far been
detected only with probes from the right half of the
element (see MATERIALS AND METHODS). Its position
and approximate extent are shown in Figure 4. The
same transcript is present in both Spm-s and Spm-w
strains, but is much less abundant in the latter (Figure
9). Similar results have been obtained with several
different Spm-s and Spm-w elements, with plant, en-
dosperm and cob tissue, and with tissue of different
ages (see MATERIALS AND METHODS). The only other
Spm-specific transcript that has been detected is a
minor 1.1-kb transcript homologous to the Sall-EcoRI
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FIGURE 8.—The nucleotide sequence at the rearrangement breakpoint in the Spm-w-8011 and dSpm-8004 elements. The part of the Spm-
w-8011 sequence represented in A extends from nucleotide 2925 to nucleotide 4775 of the corresponding Sgm element; the deletion
eliminates the 1.7-kb sequence extending from nucleotide 3002 to nucleotide 4715-18 of the Spm element. Between the deletion endpoints,
which are marked by diagonal arrows above the sequence, there is a 30-33 bp insertion (the 3-bp ambiguity in the lengths of the insertion
and deletion is due to the repetition of an ATG in the original and inserted sequences). The sequence inserted at the deletion breakpoint
consists of two shorter sequences that are identical to nearby sequences within the element. The left half of the insertion is identical to a
sequence commencing 36 nucleotides to the right of the right breakpoint (both enclosed in interrupted boxes). The right half of the insertion
is identical to a sequence that commences 56 nucleotides to the left of the left breakpoint (both enclosed in solid boxes). The Spm-w element
also differs from the Spm-s element by the indicated A — T base change. The rearrangement breakpoint of the dSpm-8004 element is shown
in B. The site of the element’s 7.2-kb deletion is indicated by an arrow and the several additional nucleotides that appear in the Spm-s
element, but not the dSpm-8004 element, or differ between the elements, are shown over the sequence.

fragment at the extreme left end of the element and
its abundance is the same in Spm-s and Spm-w strains
(data not shown). The minor transcripts evident in
Figure 9 are often detected in RNA from plants
lacking an active Spm element and have not yet been
further investigated. Thus the major effect of the
Spm-w mutation is a three- to ninefold reduction in
the abundance of the 2.3-kb Spm transcript.

The Spm-w element retains the ability to affect
expression of dSpm alleles: To determine whether
the internal deletion of the Spm-w element interferes
with the element’s ability to affect the expression of
Spm-suppressible and Spm-dependent alleles of the a
locus, plants carrying the colorless a-m2-8745 allele
were intercrossed with plants that were homozygous
for the Spm-suppressible a-m1-5719A1 allele, as well as
plants carrying one of several different Spm-dependent
a-m2 alleles. The results of such crosses (Tables 2 and
3) indicate that the Spm-w element of the a-m2-8745
allele can affect the expression of both types of alleles
and differs from the Spm-s element only in the fre-
quency with which it ¢rans-activates somatic excision,
as illustrated in Figure 10. Thus the Spm-w mutant
retains all of the element’s trans-active functions.

The dSpm alleles

Phenotypes of the dSpm alleles: The remaining 5
alleles in the present series, a-m2-7995, a-m2-7977B,
a-m2-8004, a-m2-8167B and a-m2-8417, contain dSpm
insertions at the e locus. All exhibit a stable null
phenotype in the absence of a nondefective Spm ele-
ment and a variegated phenotype in the presence of
either an Spm-s or an Spm-w (Figure 11). In all but the
colorless a-m2-8417 allele, the a gene is expressed in
the presence, but not the absence, of a non-defective
Spm element (Figure 11). Thus the dSpm insertions
mediate the Spm-dependent expression of the a gene.
The dSpm alleles differ both in the level of a gene
expression and in the somatic excision frequency. The
a-m2-7995 and a-m2-7977B alleles resemble each
other; they both show a rather high level of a gene
expression and a somewhat lower somatic excision
frequency than the original a-m2 allele. The a-m2-
8167B and a-m2-8004 alleles have low levels of a gene
expression, as well as low somatic excision frequencies.
Somatic excision is more frequent in the former allele
than in the latter, but often occurs extremely late in
development to give very small revertant sectors. The
a-m2-8417 allele has a colorless background and a
high frequency of pale somatic sectors, its phenotype



a-m2 Alleles of Maize 127

2.3 kb —»

FIGURE 9.—Poly(A)* RNA homologous to the Spm element in
endosperm tissue of plants homozygous for an Spm-s or an Spm-w
element. Ten micrograms of poly(A)* RNA from endosperm tissue
of plants that were homozygous for the Spm element was fraction-
ated in a 1.0% formaldehyde-agarose gel, transferred to a Nytran
membrane filter and hybridized with a labeled SP6 containing
fragment E of the Spm element (see MATERIALS AND METHODS).
Lane 1, Spm-s (a-m2-7991A1 allele); lane 2, another Spm-s allele;
lane 3, Spm-w (a-m2-8011 allele); lane 4, Spm-w (a-m2-8745 allele);

lane 5, no Spm element.

resembling that of the a-m2-8010A allele.

Structure of the dSpm elements: Analysis of the
dSpm insertions in genomic DNA shows that the dSpm
elements range in size from 1.1 to 8.3 kb. All of the
dSpm elements except the 8.3-kb dSpm-8167B element
were derived from the original Spm-s element by
internal deletions ranging in size from 1.4 kb to more
than 7 kb. The dSpm elements in alleles derived
directly from the original mutant have a single large
deletion (Figure 4), while the a-m2-8417 allele, which
was derived in two steps, has two large deletions (1.4
and 5.1 kb; data not shown). The ends and deletion
breakpoints of the cloned dSpm-7995, dSpm-7977B
and dSpm-8004 elements have been sequenced. The
dSpm-7995 and dSpm-7977B elements have simple

deletions whose approximate extent is shown in Fig-
ure 4. The dSpm-8004 element, which has also been
sequenced by SCHWARZ-SOMMER et al. (1987), has a
large deletion as well as a small deletion and a single
base change immediately adjacent to the right deletion
breakpoint (Figures 4 and 8b). The dSpm-8167B ele-
ment has been subjected to extensive restriction en-
donuclease analysis and its termini have been se-
quenced. The structure of the dSpm-8167B element
is the same as that of the Spm-s-7991A1 element,
although the extra trinucleotide at the Spm-s-7991A1
insertion site is not present at the dSpm-8167B inser-
tion site.

Genetic tests of the dSpm alleles: Although several
of the dSpm elements have sustained such large dele-
tions that they are unlikely to encode any trans-active
functions, the alleles with the two longest elements (a-
m2-7995 and a-m2-8167B) were tested for their ability
to affect expression of an Spm-suppressible allele. The
full-length a-m2-8167B allele was also tested for its
ability to complement the genetic defect in the Spm-w
element to give an Spm-s phenotype. Plants that were
heterozygous for one of the two alleles and a stable
recessive a allele, but had no active Spm element, were
intercrossed with plants homozygous for the Spm-
suppressible a-m1-5719A1 allele. The results are given
in Table 6. Neither allele is able to inhibit expression
of the Spm-suppressible allele. The results of comple-
mentation tests between the a-m2-8745 (Spm-w) allele
and a-m2-8167B alleles appear in Table 3, line 7, and
are illustrated by the kernel in Figure 10c. The var-
iegation pattern obtained is that expected for the Spm-
w element, hence the dSpm element cannot comple-
ment the Spm-w defect and is devoid of all known
trans-active functions of the element.

The dSpm-8167B element has so far proved struc-
turally indistinguishable from the Spm-s element of
the a-m2-7991A1 allele. There are two possible expla-
nations of its properties. It either has a lesion suffi-
ciently small to have escaped detection so far or it is
an inactive element. We have made an extensive
search for progeny of the a-m2-8167B allele that show
genetic reactivation and have found none (data not
shown). We have also observed that the inactive Spm-
s element of the a-m2-7991A1-i allele can be readily
reactivated by the introduction of an Spm-w element,
while the dSpm-8167B element cannot be (N. FEDO-
ROFF, unpublished data). Thus the dSpm-8167B ele-
ment is probably defective by virtue of a small, as yet
undetected genetic lesion, although the possibility that
it is cryptic element cannot be completely eliminated.

Deletion endpoints often occur in or adjacent to
sequences with homology to subterminal consensus
repeats: MCCLINTOCK (1955) reported that mutations
that affect the genetic properties of dSpm elements
occur in the presence, but not in the absence, of a
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FIGURE 10.—Phenotypes of Spm-dependent and Spm-suppressible alleles with Spm-w and Spm-s elements. a, The Spm-suppressible a-m1-
5719A1 allele with Spm-w (a-m2-8745 allele); b, a-m1-5719A1 allele with Spm-s; c, the Spm-dependent a-m2-8167B allele with Spm-w (a-m2-8745
allele); and d, a-m2-8167B with Spm-s. The a-m1-5719A1 allele gives a palely pigmented phenotype in the absence of Spm, while the a-m2-

8167B allele is colorless in its absence (see Figure 11a).

an . c

FIGURE 11.—Phenotypes of the dSpm alleles. a, Colorless phe-
notype observed with all dSpm alleles in the absence of an Spm
element; b, a-m2-7995, with Spm-s; c, a-m2-7977B, with Spm-s; d, a-
m2-8004, with Spm-s; e, a-m2-8167B, with Spm-s; f, a-m2-8417, with
Spm-s.

TABLE 6

Tests of a-m2 dSpm alleles for suppression
of a-m1-5719A1 allele

Percent kernels of

each phenotype

Pale, Pale, Color-
a-m2 parent Backcross parent sh2  Sh2 less

a-m2-7995 Sh2/a sh2 a-m1-5719A1 sh2 49.4 50.6 0
a-m2-8167B Sh2/a sh2 a-m1-5719A1 sh2 49.6 50.4 0

trans-acting Spm element. It has been shown in several
studies, including the present one, that such mutations
are frequently the result of intra-element deletions
(SCHIEFELBEIN et al. 1985; SCHWARZ-SOMMER et al.
1985b; TACKE et al. 1986). The implication of these
observations is that an Spm-encoded protein is in-
volved in the production of intra-element deletions.
The results of our present analyses show that the
endpoints of intra-element deletions frequently coin-
cide with sequences within the element that are ho-
mologous to a short sequence present in several copies
near each end of the element. As first noted by
SCHWARZ-SOMMER et al. (1984), there is a repetitive
region commencing within 6 bp of the element’s 13-
bp terminal inverted repetition (CACTACAA-
GAAAA) at each element end. The repetitive se-
quences, which we refer to as the “subterminal repet-
itive regions,” extends to a distance of 180 bp from
the element’s left end and 299 bp from its right end.
The short repetitive elements that comprise the sub-
terminal repetitive regions are compiled in Table 7,
revealing that there is a 12-bp consensus repeat se-

TABLE 7
Subterminal repeats at Spm ends
First
nucleotide*
Left end:
1. AACTGACACTCCTT i® 19
2. CCCCGACACTCTTT i 37
3. GGCCGACACTCTTA d 51
4. AACCCACACTTTTA i 70
5. CACCGACACTCTTA d 92
6. CCCCGACACTCTTA i 107
7. AACCGACGCTTTTA d 132
8. AACCCACACTCTTA i 147
9. CACCGACACTCTTA d 169
Right end:
1. GGCCGACACTCTTA i 7985
2. CCCCCACACTCTTA d 7999
3. GGCCGTCACTCTTA i 8045
4. GGCCGACACTTTTA d 8069
5. AACCGACACTCTTA i 8084
6. AACCGACACTTTTAd 8108
7. GACCGACGCTCTTA i 8123
8. TCCCCACACTTCTA d 8137
9. AATGGACGCTCTTA i 8155
10. AGCCGTCACTCTAA i 8169
11. GACCGACACTCTTA i 8182
12. AACCGACACTCTTA d 8198
13. AGCCGACACTCTAA i 8213
14. ACCCCACACTCTTA i 8235
15. GGCCGACACTCCTT d 8254
Consensus:

All12 0 0 022 021 0 0 0 0 221
C 5 52322 5 024 024 019 3 0 O
G 7 7 0119 00 3 000O0O0O0O0
T 101102 00 024 52122 3

a aCCGACACTCTTA

* The number corresponds to the position of the first nucleotide
of the sequence homologous to the 12-bp consensus sequence.
Nucleotide 1 corresponds to the left end of the element, as depicted
in Figure 4.

* To facilitate comparison of sequences, all have been listed in
the same order with respect to homologous nucleotides; i indicates
inverted order and d indicates direct order (see above).

quence (CCGACACTCTTA), which tends to have
adjacent A residues at one end. There are 9 copies of
the 12-bp repeat at the element’s left end and 15
copies at its right end; they occur about equally fre-
quently in each orientation. The 12-bp repetitive mo-
tif is highly conserved. All 24 copies are at least 75%
homologous to the consensus repeat and 17 of the 24
copies (70%) are either identical to the consensus
sequence or differ by only 1 nucleotide. The remain-
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FIGURE 12.—The sequences surrounding the left and right deletion breakpoints of the dSpm-7995 and dSpm-7977B elements. The possible
deletion breakpoints are indicated by the diagonal arrows over each breakpoint. The 12-bp consensus repeat is reproduced under the
sequences that are immediately adjacent to the breakpoint and underlined by an arrow showing the orientation. The extent of homology

with the consensus sequence is indicated.

der of the element has no sequences identical to the
consensus repeat, but there are several internal se-
quences with substantial homology (>70%).

Of the 8 deletion breakpoints that we have se-
quenced, 6 occur within or at the end of a sequence
with homology to the 12-bp consensus repeat. The
most striking examples are provided by the dSpm-
7995 and dSpm-7977B elements. The sequences sur-
rounding the deletion breakpoints in these elements
are shown in Figure 12. The consensus 12-bp repeat
of the subterminal repetitive region has been repro-
duced under the sequence adjacent to each break-

point. Examination of the sequences reveals that there
is homology to the 12-bp repeat at all 4 breakpoints
and that each breakpoint coincides with one end of
the sequence homologous to the 12-bp repeat. Al-
though the Spm-w and dSpm-8004 elements have
somewhat more complicated rearrangements, includ-
ing insertions and additional deletions, at least one
breakpoint in each is located within a sequence that is
homologous to the consensus 12-bp repeat. The im-
plication is that the element-encoded protein involved
in deletion-formation recognizes and promotes the
occasional cleavage and religation of element se-
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quences resembling the subterminal 12-bp repeats,
both at element ends and elsewhere in the element’s
sequence.

Cis-acting determinants of Spm excision fre-
quency: Mutations that affect the ability of a dSpm
element to excise occur at a high frequency and sev-
eral elements with mutations of this type have been
subjected to molecular analysis (SCHIEFELBEIN et al.
1985; SCHWARZ-SOMMER et al. 1985b; TACKE et al.
1986). Mutant dSpm elements with a reduced fre-
quency of excision often have deletions extending into
the subterminal repetitive regions near element ends.
The results of the present study show that there is a
cis-determinant of transposition frequency at the ele-
ment’s left end, adjacent to, but not within the sub-
terminal repetitive region.

The somatic excision patterns of several a-m2 alleles
are shown in Figure 13. The Spm-w element of the a-
m2-8011 allele has a high somatic excision frequency
in the presence of an Spm-s, the dSpm-7995 and dSpm-
7977B elements show similar, intermediate frequen-
cies, while the dSpm-8004 allele shows a low frequency
of somatic excision. All of the elements have identical
terminal IR and insertion site sequences. The pheno-
typically similar dSpm-7977B and dSpm-7995 elements
contain 1.07 and 3.32 kb, respectively, of sequence
from the element’s left end and 203 bp and 178 bp,
respectively, of sequence from the right end. Both
deletions extend into the subterminal repetitive re-
gion at the right end, eliminating 4 and 5 copies of
the 12-bp repeats from the dSpm-7977B and dSpm-
7995 elements, respectively. Both elements excise at
a lower frequency in the presence of a trans-acting
Spm element than does the longer Spm-w-8011 ele-
ment (Figure 13). This observation is consistent with
the results of previous studies, which have been inter-
preted as suggesting the involvement of the element’s
subterminal repetitive regions in transposition (SCHIE-
FELBEIN et al. 1985; SCHWARZ-SOMMER et al. 1985b;
TACKE et al. 1986).

The dSpm-8004 element exhibits a very low excision
frequency in the presence of a trans-acting Spm-s, but
contains all of the element’s subterminal repetitive
regions. The dSpm-8004 element comprises 275 bp of
the element’s left end and 800 bp of the element’s
right end. As indicated above, the left deletion break-
points in the dSpm-7995 and dSpm-7977B alleles are
located 1.07 and 3.3 kb from the end of the element.
Since the two alleles containing these elements are
similar in phenotype, the sequence that distinguishes
them from the dSpm-8004 element is located between

FIGURE 13. Phenotypes of mutant a-
m2 alleles with different excision frequen-
cies in the presence of an Spm-s. a, a-m2-

< -
!“ ‘ 8011; b, a-m2-7995; ¢, a-m2-7977B; d, a-

d © m2-8004.

0.28 and 1.07 kb from the element’s left end. The
dSpm-8004 deletion eliminates a GC-rich sequence
that corresponds to the first exon, as well as part of
the first intron (PEREIRA et al. 1986). These observa-
tions identify a nonrepetitive cis-acting determinant
of transposition frequency within the element’s tran-
scription unit.

DISCUSSION

Effect of mutations on the Spm element’s trans-
active functions: There are two types of mutant Spm
elements in the present group of alleles: Spm-w and
dSpm elements. Spm-w elements comprise a common
class of mutations and the genetic behavior of the
Spm-w element we have analyzed is representative
(McCLINTOCK 1957, 1962). The Spm-w element trans-
activates transposition less frequently and later in de-
velopment than the Spm-s element, but retains the
element’s ability to affect expression of Spm-dependent
and Spm-suppressible alleles. The Spm-w element’s in-
ternal 1.7-kb deletion eliminates parts of both of the
element’s major ORFs, indicating that neither ORF
need be intact for expression of either of the element’s
known genetic functions. The Spm-w mutation is as-
sociated with a reduction in the amount of the ele-
ment’s major transcript. Moreover, the deletion in the
dSpm-7995 element, which lacks all of the Spm’s trans-
active functions, partially overlaps that in the Spm-w
element and eliminates sequences encoding most of
the transcript. These observations suggest that the
element’s major transcript encodes its transposition
function. The full-length dSpm-8167B element is also
defective for all of the element’s known genetic func-
tions and is unable to complement the defect in the
Spm-w element. Taken together, these results suggest
that the Spm element’s trans-active functions are not
encoded by separate, complementing genes.

Cis-determinants of excision frequency: Mutations
that reduce the ability of a dSpm element to excise in
response to a f(rans-acting Spm element were first
identified and studied by McCLINTOCK (1955), who
designated them “changes of state” of a mutant locus.
The results of molecular studies have revealed that
such mutations are commonly attributable to intra-
element deletions that extend into the element’s sub-
terminal repetitive regions (SCHIEFELBEIN et al. 1985;
SCHWARZ-SOMMER et al. 1985b; TACKE et al. 1986).
SCHWARZ-SOMMER et al. (1984) first drew attention to
the possibility that the subterminal repetitive se-
quences form an intra-molecular duplex and
SCHWARZ-SOMMER et al. (1985b) suggested that the
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stability of the proposed intra-element duplex was
important in determining excision frequency. This
proposal was based on the observation that a dSpm
element with a deletion extending into the subter-
minal repetitive region at the element’s left end ex-
hibits a markedly lower excision frequency than the
parent dSpm element containing 0.86 kb of sequence
from the element’s left end (SCHWARZ-SOMMER et al.
1985b). Our finding that the dSpm-8004 element re-
tains the complete subterminal repetitive regions from
both element ends, yet excises at a low frequency,
indicates that excision frequency is determined by a
sequence adjacent to, but not in, the subterminal
repetitive region and located between 0.28 and 1.07
kb from the element’s left end. The observation that
a 2.2-kb dSpm element containing 0.86 kb from the
element’s left end and 1.3 kb of its right end excises
at a high frequency from all three loci into which it is
known to have inserted (FEDOROFF et al. 1984;
SCHWARZ-SOMMER ¢t al. 1984, 1985b; SCHIEFELBEIN
et al. 1985) suggests that the cis-determinant of trans-
position frequency can be further localized between
0.27 and 0.86 kb from the element’s left end. The
implicated sequence comprises most of the element’s
first GC-rich exon and part of its first intron (PEREIRA
et al. 1986).

Although the deletions in the dSpm-7995 and dSpm-
7977B elements extend into the subterminal repetitive
region at the element’s right end and reduce the
element’s excision frequency, we cannot confidently
attribute the reduction to the loss of part of the
repetitive sequence, because there are no deletions
with an endpoint just outside of the right subterminal
repetitive region. Perhaps the strongest indication
that an element-encoded protein recognizes and in-
teracts with the subterminal repetitive regions is pro-
vided by the observation that element-promoted intra-
element deletions often occur in or immediately ad-
jacent to either one of the 12-bp repeats near an
element end or a homologous internal element se-
quence (Figure 12). But whether this is relevant to
transposition is unclear. It could, for example, be
incidental to a different function of the element’s
transposition protein, mediated by binding to the 12-
bp repeat.

Spm-dependent and Spm-suppressible alleles. An
Spm element can have markedly different effects on
genes with dSpm insertions, either activating or inhib-
iting their expression. Several suppressible alleles of
the bronze and a loci have been examined (NELSON
and KLEIN 1984; SCHIEFELBEIN et al. 1985; SCHWARZ-
SOMMER ¢t al. 1985b; TACKE et al. 1986). Whether an
allele is Spm-dependent or Spm-suppressible is not deter-
mined either by the particular target gene or by
internal element sequences. The same 2.2-kb element
has given suppressible alleles of two different genes

and derivatives with dSpm elements as short as 0.8 kb
retain Spm-suppressibility (SCHIEFELBEIN et al. 1985;
SCHWARZ-SOMMER ¢f al. 1985b; TACKE et al. 1986).
Similarly, Spm-dependent expression among the a-m2
alleles is observed with insertions ranging from a full-
length element to the 1.3-kb dSpm-7977B and 1.1-kb
dSpm-8004 elements. Thus element ends appear to
suffice to confer either Spm-suppressibility or Spm-
dependence. The explanation for the opposite effects
of Spm on gene expression in the two types of alleles
must therefore lie either in the orientation of the
dSpm insertion or in the position of the insertion site.
Since the orientation of the dSpm insertions in the
Spm-suppressible a-m1-5719A1 and the a-m2 alleles is
the same, the difference is most probably attributable
to the location of the insertion site in the locus
(SCHWARZ-SOMMER et al. 1985b; TACKE ¢t al. 1986).
The dSpm insertion site in the a-m1 alleles has been
identified at an exon/intron junction within the gene,
while the a-m2 insertion site is located upstream of
the gene’s proposed transcription start site (SCHWARZ-
SOMMER ¢t al. 1987).

Expression of the a gene of the a-m2 alleles: The
most striking property of the a-m2 alleles is that
expression of the gene is dependent on the Spm ele-
ment. When the resident element is an Spm-s, the gene
is continuously expressed at an intermediate level,
except in the intensely pigmented revertant somatic
sectors. If the Spm-s element becomes inactive, so does
the gene. If the element returns to an active state, the
gene is re-expressed. Intra-element deletions that in-
activate the element also inactivate the gene, yet leave
its expression under the control of the element, even
when most of the element is deleted. Implicit in the
physical separation of the activating Spm element from
the dSpm sequence at the locus is that expression of
the gene is mediated by an interaction between a
diffusible element-encoded gene product and the
dSpm sequence at the locus.

Element sequences that mediate expression of the
a gene: The a locus transcription unit has recently
been characterized, and the Spm insertion site in the
a-m2 alleles is 99 bp upstream of the putative 5’ end
of the gene (SCHWARZ-SOMMER ¢t al. 1987). The gene
and the Spm element of the a-m2 alleles are transcribed
divergently. Hence the Spm element’s transcription
start site, identified at nucleotide 209 by PEREIRA et
al. (1986), is located 0.3 kb from the a gene’s tran-
scription initiation site. Although nothing is known
about the sequences that regulate expression of the
gene, the Spm insertion site is probably within its
upstream control region. It appears likely that the
element sequences that mediate @ gene expression in
the a-m2 alleles are near the element’s left end. Nei-
ther internal sequences nor sequences at the right end
are likely to be important, since similar levels of a
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gene expression are associated with the a-m2-8011
allele, in which the element’s right end is at a distance
of more than 6 kb from the a gene, and with the a-
m2-7995 and a-m2-7977B alleles, whose dSpm ele-
ments are missing 60 and 85% of the internal se-
quence and all but 178 and 203 bp, respectively, of
the element’s right end. It appears more likely that
sequences near the element’s left end mediate Spm-
dependent expression of the a gene, since they are
present in immediate proximity to the gene in all of
the dSpm alleles examined. Because Spm-dependent a
gene expression is observed with the a-m2-8004 allele,
the minimal requisite sequence probably lies within
the 275 bp of the left end present in the dSpm-8004
element (Figures 4 and 8). This region of the element
comprises the leftmost 13-bp terminal IR, the 180-bp
left subterminal repetitive region, the transcription
start site and 66 bp of the element’s first exon (PER-
EIRA et al. 1986). However, the level of a gene expres-
sion exhibited by the a-m2-8004 allele is substantially
less than that exhibited by the a-m2-7977B allele (Fig-
ure 13), whose dSpm element contains an additional
0.8 kb of the Spm element’s left end, including the
GC-rich first exon and part of the first intron. Thus
sequences in the immediate vicinity of the element’s
own transcription start site and near the 5’ end of the
transcription unit may serve as promoter or enhancer
elements (or both) for expression of the adjacent a
gene in the presence of an element-encoded gene
product.

Control of gene expression by transposable ele-
ments and retroviruses: There are examples in other
organisms of transposable element and retroviral in-
sertions that substantially alter regulation of the target
gene. Insertion of a yeast Ty retrotransposon often
enhances expression of the gene and brings its expres-
sion under mating type control (ERREDE et al. 1980;
ROEDER and FINK 1983). The results of recent studies
suggest that the regulatory effects of the Ty insertions
are attributable to sequences within the element that
are homologous to regulatory sequences of genes
under mating type control (ROEDER, ROSE and PEARL-
MAN 1985; ERREDE ¢t al. 1985). Retroviral and retro-
transposon insertions that alter gene regulation have
also been studied in both mammals and Drosophila.
In some cases, a retroviral insertion inactivates a
nearby gene by a mechanism that involves DNA meth-
ylation and resembles the reversible inactivation of
the Spm element ( JAHNER and JAENISCH, 1984, 1985).
In other cases, genes come under the direct or indirect
influence of retroviral promoters, enhancer elements
and other developmental controls (FLAVELL et al.
1980; JAENISH et al. 1981; VARMUS 1983; ZACHAR et
al. 1985; CAMPUZANO et al. 1986). Whatever the
origin of the transposon’s regulatory system, the im-

mediate source of the mutant gene’s new pattern of
regulation is the insertion itself.

Control of gene expression by the Spm element:
The way in which Spm insertions influence gene
expression is unique. Retrotransposon insertions in
yeast and Drosophila can either enhance or inhibit
gene expression, and second site suppressors of the
insertion mutations have been identified (MODOLELL,
BENDER and MESELSON 1983; SIMCHEN ef al. 1984;
WINSTON ¢t al. 1984). However, the suppressors do
not map to sites of homologous transposable element
insertions, are recessive, and their ability to suppress
(reverse the mutant phenotype) appears to be attrib-
utable to reduced transcription of the transposon (Za-
CHAR et al. 1985; CAMPUZANO et al. 1986). In the case
of both Spm-suppressible and Spm-dependent alleles, the
source of the gene product that influences expression
of the mutant gene with a dSpm insertion is the Spm
element itself. An effect on gene expression resem-
bling that of Spm on an Spm-suppressible allele has
recently been identified in Drosophila and is believed
to result from the interaction of a P element-encoded
repressor with a defective P element at the sn locus
(H. ROBERTSON and W. ENGELS, personal communi-
cation). SCHWARZ-SOMMER et al. (1985b) have sug-
gested that the Spm’s inhibitory effect on Spm-suppres-
sible alleles results from the ability of the element’s
transposase to bind to the dSpm element ends and
block transcription from the gene’s promoter. We
believe it more likely to be attributable to an element-
encoded regulatory mechanism, as detailed below.

Spm has a positive autoregulatory mechanism:
Although it has been postulated that Spm encodes
both positive and negative regulators (NEVERS and
SAEDLER 1977), most of the existing evidence on the
interactions between Spm elements indicates that the
Spm-encoded regulatory mechanism is a positive one.
Unlike the Activator element of maize, which shows a
decrease in the frequency and a delay in the devel-
opmental timing of transposition with increasing ele-
ment copy number, the Spm element does not show a
dosage effect (McCLINTOCK 1948, 1955, 1957). Evi-
dence that there is an element-encoded positive reg-
ulatory gene product comes from MCCLINTOCK'S
(1957-1959, 1971) observation that an inactive ele-
ment can be transiently activated by the introduction
of an active one. This includes elements that have
undergone inactivation recently, as described for the
a-m2-7991A1-i element (Fig. 6) and for an element
McCrINTOCK (1957) designated Modifier. The Modi-
fier element belongs to the Spm family by the criterion
that Spm trans-activates its transposition, but its char-
acteristic ability to enhance excision frequency is de-
pendent on the simultaneous presence of either an
Spm-s or an Spm-w element. The ability of the Spm
element to activate expression of the a gene in the
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dSpm a-m2 alleles parallels the interactions between
elements, suggesting that the a gene is directly under
the control of the Spm element’s positive autoregula-
tory mechanism. It also suggests that the element’s
positive regulatory gene product normally interacts
with an element sequence or sequences to activate
expression of the element. We further suggest that
the same interactions that mediate ¢ gene activation
in Spm-dependent alleles underlie the Spm’s ability to
inhibit expression of Spm-suppressible alleles, the dif-
ference in the phenotype depending on both the effect
of the original insertion on gene expression and on
the insertion site within the gene.

Spm expression is also controlled by a negative
mechanism: There is genetic evidence that maize
transposable elements can be reversibly inactivated
(McCLiNTOCK 1957-1959, 1971; PETERSON 1966)
and growing molecular evidence that DNA modifica-
tion, most probably methylation, is the molecular
mechanism underlying the inactivation of elements
belonging to several different families (FEDOROFF,
WESSLER and SHURE 1983; DELLAPORTA and CHOMET
1985; BENNETZEN 1985; CHANDLER and WALBOT
1986; ScCHWARTZ and DENNIS 1986; CHOMET, WES-
SLER and DELLAPORTA 1987), including Spm (CONE,
BURR and BURR 1986). The mechanism that inacti-
vates the Spm element is probably not element-en-
coded since there is no evidence that it co-segregates
with the element, although the involvement of defec-
tive elements cannot be excluded. The observation
that the a gene and inserted Spm-s elements in a-m2
alleles undergo simultaneous inactivation suggests
that the locus has come under the control of the same
negative mechanism as the element (McCLINTOCK
1962).

The inactivity of the a gene in a-m2 derivatives with
either an inactive or an internally deleted dSpm can
be explained in either of two ways. First, the lack of a
gene expression may be due simply to the absence of
an Spm-encoded positive regulatory gene product that
promotes both Spm and a gene expression. In the a-
m2 alleles, the regulatory sequences that normally
control a gene expression are displaced 1-8 kb up-
stream by the inserted element. Transcription of the
a gene may therefore have become dependent on ¢is-
acting sequences in the element and trans-acting fac-
tors encoded by the Spm element. The a gene is
therefore not expressed in the absence of a functional
Spm element. The second and alternative explanation
for the lack of a gene expression is that the gene has
come directly under the control of the same negative
regulatory mechanism that inactivates the Spm ele-
ment. This possibility is suggested by the long-stand-
ing genetic observation that the a gene in several a-
m2 alleles can be expressed in the absence of an active
Spm element under certain circumstances.

Presetting and the mechanism of Spm regulation:
McCLINTOCK (1963-1965a) reported that the a-m2-
7995 and a-m2-7977B alleles can be preset by an Spm
element for subsequent expression in the absence of
the element. If either allele is present in a plant with
an Spm and the element subsequently segregates away
from the allele at meiosis, many of the kernels receiv-
ing the allele exhibit an unexpected and distinctive
pigmentation pattern (Figure 14). Such kernels are
not colorless throughout, as anticipated from the phe-
notype of the allele when propagated in the absence
of Spm (Figure 14d), nor are they palely pigmented
with deeply pigmented sectors resulting from somatic
excision of the element, as observed in the presence
of an Spm element (Figure 14a). Instead, they show
areas of irregular pigmentation, as if the gene had
commenced development able to be expressed and
had undergone inactivation in some cell lineages dur-
ing kernel development (Figure 14, b and c). Preset
patterns are generally not heritable (McCLINTOCK
1965a). Continued expression of the a gene is also
observed with several g¢-m2 alleles when the Spm ele-
ment present in the plant undergoes somatic inacti-
vation (MCCLINTOCK 1968). Somatic sectors within
which the element has become inactive can be identi-
fied in a-m2-7995 and a-m2-7977B kernels as areas of
the aleurone exhibiting a different pigmentation in-
tensity than the surrounding tissue and devoid of
deeply pigmented somatic revertant sectors (not
shown). Although the a-m2-8004 allele does not ex-
hibit presetting, it responds to inactivation of the Spm
element in the same way as the a-m2-7995 and a-m2-
79778 alleles, except that kernel sectors with an Spm-
i exhibit deeply pigmented rims (McCLINTOCK 1965b,
1968). Hence expression of the a gene of the a-m2
alleles can persist after the removal or inactivation of
the trans-acting Spm element.

Continued expression of the a gene in the absence
of the Spm is not likely to be explained by the persist-
ence and gradual dilution of an Spm-encoded gene
product, since most dSpm alleles respond immediately
to the loss or inactivation of the trans-acting Spm by
exhibiting the phenotype characteristic of the allele in
the absence of the element (McCLINTOCK 1957-1958,
1965b). Instead, the ability of Spm to preset the a gene
suggests that an Spm gene product effects a semistable
change in the ability of the gene to be expressed. The
preset gene is not permanently activated by the pres-
ence of the Spm element, yet its capacity for Spm-
independent expression is propagated through a num-
ber of cell divisions after removal or inactivation of
the element. Thus, preset expression reveals that the
a gene with a dSpm insertion is not inherently incapa-
ble of being expressed in the absence of the Spm
regulatory gene product. It further suggests that an
Spm-encoded gene product can heritably affect the
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FIGURE 14.—Presetting of the a locus of the a-m2-7995 allele by Spm. a, The phenotype of the a-m2-7995 allele in the presence of an
Spm-s; b and c, preset patterns of a gene expression observed after meiotic segregation of the a-m2-7995 allele away from the Spm element;

d, the a-m2-7995 allele without an Spm element.
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control of a gene expression. Because a gene expres-
sion in the a-m2 alleles is mediated by the Spm inser-
tion, the inactivity of the a gene, both in dSpm alleles
as well as in alleles with an inactive Spm-s element,
may be a direct consequence of the mechanism that
inactivates the element. We suggest, therefore, that
the significance of presetting is that it reveals a second
function of the Spm’s positive regulatory mechanism,
which is to maintain the element in a genetically active
state by preventing or interfering with its inactivation.

A simple diagrammatic representation of our cur-
rent concept of Spm regulation appears in Figure 15.
We postulate that the Spm element encodes both a
protein that participates in transposition and a positive
regulatory protein. Although the results of our studies
on mutant Spm elements suggest that the element’s
transposition and regulatory functions are not en-
coded by separate, complementing genes, they do not
offer definitive proof that the functions reside in a
single protein. However, the observations that intra-
element deletions are element-promoted and tend to
terminate in sequences homologous to the subter-
minal 12-nucleotide repeats implies that an element-
encoded protein that can promote DNA cleavage and
rejoining recognizes and binds to internal element

sequences. The further observation that 9 copies of
the 12-nucleotide subterminal repeat occupy more
than half of the element sequence upstream of the
transcription initiation site at nucleotide 209 (PEREIRA
et al. 1986) raises the possibility that the same protein
or protein complex is involved in the regulation of
element transcription and the site-specific DNA cleav-
age and religation reactions involved in excision and
transposition. We have inferred from the properties
of the a-m2 alleles that the Spm’s regulatory protein
can not only trans-activate expression of an inactive
element, but can also interfere heritably with the
inactivating mechanism. The first inference is consist-
ent both with MCCLINTOCKs (1957-1959, 1971) early
genetic observations that an active Spm element can
transiently activate an inactive one and our recent
observation that the inactive Spm-s element of the a-
m2-7991A1-i (Figure 6) allele is fully active in the
presence of an Spm-w element (N. FEDOROFF, unpub-
lished data). The further inference drawn from the
presetting phenomenon that an Spm gene product can
interfere heritably with maintenance of the inactive
state is consistent with the recent finding that an Spm-
w element promotes the genetic activation of cryptic
Spm and Modifier elements (FEDOROFF 1986).
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Evolutionary implications: The existence of a
mechanism that stably inactivates the Spm element
may be critical for its long term survival. There is
ample evidence that stresses that induce chromosome
breakage result in the activation of transposable ele-
ments (McCLINTOCK 1945-1947, 1950; NEUFFER
1966; DoErRscHUG 1968, 1973; BIANCHI, SALAMINI
and RESTAINO 1969). Active elements are unstable by
virtue of their tendency to sustain self-inflicted in-
tra-element deletions (SCHIEFELBEIN et al. 1985;
SCHWARZ-SOMMER ¢t al. 1985b; TACKE et al. 1986).
Our model of Spm regulation implies that once an
element is activated, it maintains itself in an active
state until it either undergoes an inactivation event or
sustains an internal deletion. The implication is that
an Spm element may have a higher probability of
surviving genetically intact as an inactive, than as an
active element. Intra-element deletions leave behind
stable insertions with termini that provide target se-
quences for subsequent genetic rearrangements. In-
tra- and interchromosomal rearrangements involving
transposable elements have been especially well-
documented in Drosophila, yeast and maize (Mc-
CLINTOCK 1978; ROEDER and FINK 1980; BERG, EN-
GELS and KREBER 1980). Plant transposable elements
excise by a slightly imprecise mechanism, leaving small
sequence changes at the former insertion site (SACHS
et al. 1983; FEDOROFF, WESSLER and SHURE 1983;
SCHWARZ-SOMMER et al. 1985a). A newly activated
element can, therefore, not only cause mutations by
and consequent on insertion, but can promote chro-
mosomal rearrangements between defective elements
at different chromosomal sites. Thus from an evolu-
tionary standpoint, the element constitutes a herita-
ble, stress-inducible, self-limiting genetic mechanism
for the production of mutations and chromosomal
rearrangements at high frequency.

We are grateful to BARBARA McCLINTOCK for providing maize
strains and information. We thank DoN Duvick and ToMm ISHLER
of Pioneer Hi-Bred International for field space and assistance, and
S. SCHWARZ-SOMMER for providing an a-locus probe. We are grate-
ful to S. LazarRowITZ for providing the pEMBL vectors and for
assistance with' computer analysis of sequences. We thank D.
BROWN, J. BANKS, O. NELSON and K. VRANA for critical comments
on the manuscript, and J. BANKs and R. Losa for discussions. The
work was supported by National Institutes of Health grant 5-RO1-
GM34296-02 and fellowships from the National Science Founda-
tion (R.S., DCB-8508833) and F.N.R.S. of Belgium, NATO and
Pioneer Hi-Bred International (P.M.).

LITERATURE CITED

BANKS, ., J. KINGSBURY, V. RABOY, |. W. SCHIEFELBEIN, O. NELSON
and N. FEDOROFF, 1985 The Ac and Spm controlling element
families in maize. Cold Spring Harbor Symp. Quant. Biol. 50:
307-311.

BeENcINI, D. A., G. A. O’'DoNovaN and J. R. WiLp, 1984 Rapid
chemical degradation sequencing. Biotechniques 2: 4-5.

BENNETZEN, J. L., 1985 The regulation of Mutator function and
Mul transposition. UCLA Symp. Mol. Cell. Biol. 35: 343-354.

BERG, R., W. R. ENGELS and R. A. KREBER, 1980 Site-specific X-
chromosome rearrangements from hybrid dysgenesis in Dro-
sophila melanogaster. Science 210: 427-429.

BiancHI, A., F. SaLAMINI and F. REsTaINO, 1969 Concomitant
occurrence of different controlling elements. Maize Genet.
Coop. Newslett. 43: 91.

BiGGIN, M. D., T. J. GiesoN and G. F. Hong, 1983 Buffer
gradient gel and **S label as an aid to rapid DNA sequence
determination. Proc. Natl. Acad. Sci. USA 80: 3963-3965.

CaMPUZANO, S., L. BALCELLS, R. VILLARES, L. CARRAMOLINO, L.
GRACIA-ALONSO and J. MoODOLELL, 1986 Excess function
hairy-wing mutations caused by gypsy and copia insertions within
structural genes of the achaete-scute locus of Drosophila. Cell
44: 303-312.

CHANDLER, V. L. and V. WALBOT, 1986 DNA modification of a
maize transposable element correlates with loss of activity.
Proc. Natl. Acad. Sci. USA 83: 1767-1771.

CHoMET, P. 8., §. WEsSSLER and S. L. DELLAPORTA, 1987
Inactivation of the maize transposable element Activator (Ac) is
associated with DNA modification. EMBO ]J. 6: 295-302.

Cong, K. C,, F. A. Burr and B. BURR, 1986 Molecular analysis
of the maize anthocyanin regulatory locus C1. Proc. Natl. Acad.
Sci. USA 83: 9631-9635.

Cok, E. H. and M. G. NEUFFER, 1977 The genetics of corn. In:
Corn and Corn Improvement. pp. 111-223, Edited by G. F.
SPRAGUE. American Society of Agronomy, Madison, Wisc.

DELLAPORTA, S. L. and P. S. CHOMET, 1985 The activation of
maize controlling elements. pp. 169-216. In: Genetic Flux in
Plants, Edited by B. HOHN and E. S. DENNIS. Springer-Verlag,
New York.

DENTE, L., G. CESARENI and R. CORTESE, 1983 pEMBL: a new
family of single-stranded plasmids. Nucleic Acids Res. 11:
1645-1655.

DOERsSCHUG, E., 1968 Activation cycles of D¢, ™. Maize Genet.
Coop. Newslet. 42: 26-28.

DoERsCHUG, E. B., 1973  Studies of Dotted, a regulatory element
in maize. Theor. Appl. Genet. 43: 182-189.

ERREDE, B., T. S. CARDILLO, F. SHERMAN, E. DuBOISs, |. DESCHAMPS
and J.-M. WiaME, 1980 Mating signals control expression of
mutations resulting from insertion of a transposable repetitive
element adjacent to diverse yeast genes. Cell 25: 427-436.

ERREDE, B., M. CoMPANY, J. D. FERCHAK, C. A. HUTCHISON and
W.S. YARNELL, 1985  Activation regions ina yeast transposon
have homology to mating type control sequences and to mam-
malian enhancers. Proc. Natl. Acad. Sci. USA 82: 5423-5427.

FEDOROFF, N., 1983 Controlling elements in maize. In: Mobile
Genetic Elements. pp. 1-63, Edited by J. SHAPIRO. Academic
Press, New York.

FEDOROFF, N., 1985 Biochemical and molecular techniques in
maize research. pp. 115-134. In: Genetic Engineering: Principles
and Methods, Vol. 7. Edited by J. K. SETLOW and A. HOLLAEN-
DER, Plenum, New York.

FEDOROFF, N. V., 1986 Activation of §pm and modifier elements.
Maize Gen. Coop. Newslet. 60: 18-20.

FEDOROFF, N., J. MAuvais and D. CHALEFF, 1983 Molecular
studies on mutations at the Shrunken locus in maize caused by
the controlling element Ds. J. Mol. Appl. Genet. 2: 11-29.

FEDOROFF, N., S. WESSLER and M. SHURE, 1983 Isolation of the
transposable maize controlling elements Ac and Ds. Cell 35:
235-242.

FEDOROFF, N., M. SHURE, 8. KELLY, M. Jouns, D. FURTEK, ].
ScHIEFELBEIN and O. NELSON, 1984 Isolation of Spm con-
trolling elements from maize. Cold Spring Harbor Symp.
Quant. Biol. 49: 339-345.

FLAVELL, A. J., S. W. RUBY, J. ]J. ToOLE, B. E. ROBERTs and G. M.
RuUBIN, 1980 Translation and developmental regulation of
RNA encoded by the eukaryotic transposable element copia.
Proc. Natl. Acad. Sci. USA 77: 7107-7111.



136 P. Masson ¢t al.

FRISCHAUF, A.-M., H. LEHRACH, A. POUSTKA, and N. MURRAY,
1983 Lambda replacement vectors carrying polylinker se-
quences. J. Mol. Biol. 170: 827-842,

GIERL, A., Z. S. ScHWARZ-SOMMER and H. SAEDLER, 1985
Molecular interactions between the components of the En-I
transposable element system of Zea mays. EMBO ]J. 4: 579~
583.

GREEN, M. R., T. MANIATIS and D. A. MELTON, 1983 Human g-
globin pre-mRNA synthesized in vitro is accurately spliced in
Xenopus oocyte nuclei. Cell 32: 681-694.

JAHNER, D. and R. JAENISCH, 1984 DNA methylation in mam-
malian development. pp. 189-219. In: DNA Methylation, Edited
by A. RaziN, H. CEDAR and A. RIGGS. Springer-Verlag, New
York.

JaHNER, D. and R. JAENISCH, 1985 Retrovirus-induced de nove
methylation of flanking host sequences correlates with gene
inactivity. Nature 315: 594-597.

JAENISCH, R., D. JAHNER, P. Nosis, I. SIMON, |. LOHLER, K. HAR-
BERS and D. GroTkopp, 1981 Chromosomal position and
activation of retroviral genomes inserted into the germ line of
mice. Cell 24: 519-529.

ManiaTis, T., E. F. FRITSCH and J. SAMBROOK, 1982  Molecular
Cloning: A Laboratory Manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

MaxaMm, A. M. and W. GILBERT, 1980 Sequencing end-labelled
DNA with base specific chemical cleavages. Methods Enzymol.
65: 499-580.

MCcCLINTOCK, B., 1945 Cytogenetic studies of maize and Neuro-
spora. Carnegie Inst. Wash. Year Book 44: 108-112.

McCLINTOCK, B., 1946 Maize genetics. Carnegie Inst. Wash. Year
Book 45: 176-186.

McCLINTOCK, B., 1947 Cytogenetic studies of maize and Neuro-
spora. Carnegie Inst. Wash. Year Book 46: 146-152.

McCLINTOCK, B., 1948 Mutable loci in maize. Carnegie Inst.
Wash. Year Book 47: 155-169.

McCLINTOCK, B., 1950 Mutable loci in maize. Carnegie Inst.
Wash. Year Book 49: 157-167.

McCLiNTOCK, B., 1951 Mutable loci in maize. Carnegie Inst.
Wash. Year Book 50: 174-181.

MCcCLINTOCK, B., 1954 Mutations in maize and chromosomal
aberrations in Neurospora. Carnegie Inst. Wash. Year Book
53: 254-260.

McCLINTOCK, B., 1955 Controlled mutation in maize. Carnegie
Inst. Wash. Year Book 54: 245-255.

McCLINTOCK, B., 1957 Genetic and cytological studies of maize.
Carnegie Inst. Wash. Year Book 56: 393-401.

McCLINTOCK, B., 1958 The Suppressor-mutator system of control
of gene action in maize. Carnegie Inst. Wash. Year Book 57:
415-429.

McCLINTOCK, B., 1959 Genetic and cytological studies of maize.
Carnegie Inst. Wash. Year Book 58: 452-456.

McCLINTOCK, B., 1961a Further studies of the Suppressor-muta-
tor system of control of gene action in maize. Carnegie Inst.
Wash. Year Book 60: 469-476.

McCLINTOCK, B., 1961b Some parallels between gene control
systems in maize and bacteria. Am. Nat. 95: 265-277.

McCLiNTOCK, B., 1962 Topographical relations between ele-
ments of control systems in maize. Carnegie Inst. Wash. Year
Book 61: 448-461.

McCLINTOCK, B., 1963  Further studies of gene-control systems in
maize. Carnegie Inst. Wash. Year Book 62: 486-493.

McCLINTOCK, B., 1964  Aspects of gene regulation in maize. Car-
negie Inst. Wash. Year Book 63: 592-602.

McCLINTOCK, B., 1965a Components of action of the regulators
Spm and Ac. Carnegie Inst. Wash. Year Book 64: 527-536.

McCLINTOCK, B., 1965b The control of gene action in maize.
Brookhaven Symp. Biol. 18: 162-184.

McCLINTOCK, B., 1968 The states of a gene locus in maize.
Carnegie Inst. Wash. Year Book 66: 20-28.

McCLINTOCK, B., 1971 The contribution of one component of a
control system to versatility of gene expression. Carnegie Inst.
Wash. Year Book 70: 5-17.

McCLINTOCK, B., 1978 Mechanisms that rapidly reorganize the
genome. Stadler Symp. 10: 25-47.

MEeLTON, D. A, P. A. KRIEG, M. R. REBAGLIATI, T. MANIATIS, K.
ZINN and M. R. GREEN, 1984 Efficient in vitro synthesis of
biologically active RNA and RNA hybridization probes from
plasmids containing a bacteriophage SP6 promoter. Nucleic
Acids Res. 12: 7035-7056.

MoDOLLEL, J., W. BENDER and M. MESELSON, 1983 Drosophila
melanogaster mutations suppressible by the suppressor of Hairy-
wing are insertions of a 7.3-kilobase mobile element. Proc.
Natl. Acad. Sci. USA 80: 1678-1682.

NELsON, O. E,, Jr. and A. S. KLEIN, 1984 The characterization
of an Spm-controlled bdronze-mutable allele in maize. Genetics
106: 769-779.

NEUFFER, M. G., 1966 Stability of the suppressor element in two
mutator systems at the Al locus in maize. Genetics 52: 521-
528,

NEVERS, P. and H. SAEDLER, 1977 Transposable genetic elements
as agents of gene instability and chromosomal rearrangements.
Nature 268: 109-115.

O’'REILLY, C., N. S. SHEPHERD, A. PEREIRA, ZS. SCHWARZ-SOMMER,
1. BERTRAM, D. S. ROBERTSON, P. A. PETERSON and H. SAE-
DLER, 1985 Molecular cloning of the al locus of Zea mays
using the transposable elements En and Mul. EMBO J. 4: 877-
882.

PEREIRA, A., ZS. SCHWARZ-SOMMER, A. GIERL, . BERTRAM, P. A.
PETERSON and H. SAEDLER, 1985 Genetic and molecular
analysis of the Enhancer (En) transposable element system of
Zea mays. EMBO J. 4: 17-23.

PEREIRA, A, H. CUYPERS, A. GIERL, ZS. SCHWARZ-SOMMER and H.
SAEDLER, 1986 Molecular analysis of the En/Spm transposa-
ble element system of Zea mays. EMBO J. 5: 835-841.

PETERSON, P. A., 1953 A mutable pale green locus in maize.
Genetics 38: 682.

PETERSON, P. A,, 1960 The pale green mutable systera in maize.
Genetics 45: 115-133.

PETERSON, P. A., 1961 Mutable al of the En system in maize.
Genetics 46: 759-771.

PETERSON, P. A., 1965 A relationship between the Spm and En
control systems in maize. Am. Nat. 99: 391-398.

PETERSON, P. A_, 1966 Phase variation of regulatory elements in
maize. Genetics 54: 249-266.

RHOADES, M. M. and E. DEMPSEY, 1950 New mutable loci. Maize
Gen. Coop. Newslet. 24: 50.

ROEDER, G. S. and G. R. FINK, 1980 DNA rearrangements asso-
ciated with a transposable element in yeast. Cell 21: 239-249.

ROEDER, G. S. and G. R. FINk, 1983 Transposable elements in
yeast. pp. 299-328. In: Mobile Genetic Elements, Edited by J.
SHAPIRO. Academic Press, New York.

RoepEr, G. S., A. B. Rose and R. E. PEARLMAN, 1985
Transposable element sequences involved in the enhancement
of yeast gene expression. Proc. Natl. Acad. Sci. USA 82: 5428
5432.

Sacus, M. M., W. J. PEACOCK, E. S. DENNIS and W. L. GERLACH,
1983 Maize Ac/Ds controlling elements. A molecular view-
point. Maydica 28: 289-302.

SANGER, F., S. NICKLEN and A. R. COULSON, 1977 DNA sequenc-
ing with chain terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74: 5463-5467.

SCHIEFELBEIN, J. W., V. RaBoy, N. V. FEDOROFF and O. E. NELSON,
Jr., 1985 Deletions within a defective suppressor-mutator
element in maize affect the frequency and developmental tim-



a-m2 Alleles of Maize 137

ing of its excision from the bronze locus. Proc. Natl. Acad. Sci.
USA 82: 4783-4787.

ScHwARrTZ, D. and E. DENNIS, 1986 Transposase activity of the
Ac controlling element in maize is regulated by its degree of
methylation. Mol. Gen. Genet. 205: 476-482.

SCHWARZ-SOMMER, Zs., A. GIERL, R. B. KLOSGEN, U. WIENAND, P.
A. PETERSON and H. SAEDLER, 1984 The Spm (En) transpos-
able element controls the excision of a 2-kb DNA insert at the
wxm8 allele of Zea mays. EMBO J. 3: 1021-1028.

SCHWARZ-SOMMER, Zs., A. GIERL, H. CUYPERS, P. A. PETERSON
and H. SAEDLER, 1985a Plant transposable elements generate
the DNA sequence diversity needed in evolution. EMBO J. 4:
591-597.

SCHWARZ-SOMMER, Zs., A. GIERL, R. BERNDTGEN and H. SAEDLER,
1985b Sequence comparison of ‘states’ of al-m! suggests a
model of Spm (En) action. EMBO J. 4: 2439-2443.

SCHWARZ-SOMMER, Zs., N. SHEPHERD, E. TACKE, A. GIERL, W.
RoHDE, L. LECLERCQ, M. MATTES, R. BERNDTGEN, P. A. PE-
TERSON and H. SAEDLER, 1987 Influence of transposable
elements on the structure and function of the A gene of Zea
mays. EMBO J. 6: 287-294,

SHURE, M., S. WESSLER and N. FEDOROFF, 1983 Molecular iden-
tification and isolation of the waxy locus in maize. Cell 35: 225-
233.

SIMCHEN, G., F. WinsToN, C. A. StyLEs and G. R. FINK, 1984

Ty-mediated gene expression of the LYS2 and HIS4 genes of
Saccharomyces cerevisiae. Genetics 107: 179-197,

SOUTHERN, E. M., 1975 Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98: 503-517.

TACKE, E., ZS. SCHWARZ-SOMMER, P. A. PETERSON and H. SAEDLER,
1986 Molecular analysis of states of the A locus of Zea mays.
Maydica 31: 83-91.

Varmus, H. E., 1983 Retroviruses. pp. 411-503. In: Mobile Ge-
netic Elements, Edited by J. SHAPIRO. Academic Press, New
York.

WinsTON, F., D. T. CHALEFF, B. VALENT and G. R. FINkK, 1984
Mutations affecting Ty-mediated expression of the HIS4 gene
of Saccharomyces cerevisiae. Genetics 107: 179-197.

YANISCH-PERRON, C., J. VIEIRA and J. MESSING, 1985 Improved
M13 phage cloning vectors and host strains: nucleotide se-
quences of the M13 mp18 and pUC19. Gene 33: 103-119,

ZACHAR, Z., D. Davipson, D. GaRza and P. M. BINGHAM, 1985
A detailed developmental and structural study of the transcrip-
tional effects of insertion of the copia transposon into the white
locus of Drosophila melanogaster. Genetics 111: 495-515.

ZINN, K., D. DiMA10O and T. MaNiaTis, 1983 Identification of
two distinct regulatory regions adjacent to the human 8 inter-
feron gene. Cell 34: 865-879.

Communicating editor: W. F. SHERIDAN



