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The al locus of Zea mays has been cloned using transposable
elements as gene tags. The strategy was to make genomic
libraries from maize stocks with al mutations induced either
by En(Spm) or by Robertson’s Mutator-system. These libraries
were then screened with either Spm-I8 and Enl, for the En-
containing mutant, or with Mul for the Mu-induced muta-
tion. There are many En and Mul hybridizing sequences pre-
sent in the maize genome, however, by a process of
cross-screening of the positives from the two libraries and by
molecular analysis of the En-positive clones it was possible
to identify clones in both libraries carrying all or part of the
al gene.
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Introduction

The al locus of Zea mays has been extensively used in the study
of transposable elements (for recent reviews, see Nevers et al.,
1985; Fedoroff, 1983). Many different transposable element
systems have been studied at the al locus and in particular it
has been used to study genetically many features of the En(Spm)
system. The product of the al gene is involved in the anthocyanin
biosynthetic pathway (Kirby and Styles, 1970). Recessive muta-
tions lead to a colorless aleurone layer while the somatic instability
characteristic of transposable element-induced mutations is usually
expressed as colored sectors on a pale or colorless background.
Isolation of a molecular clone carrying the al gene would allow
molecular analysis of the transposable elements present at the
locus. However the product of the gene has not been identified
and therefore it is not possible to clone the locus using classical
recombinant DNA techniques. It was decided to utilise the
presence of transposable elements at a/ in the isolation of the
gene. Such an approach was first shown to be feasible in maize
when the Ac element was used to isolate the bz/ locus (Fedoroff
et al., 1984). This experiment exploited the fact that an internal
portion of the Ac element is present in low copy number in the
maize genome and thus could be used as a probe in the isolation
of the gene. This strategy could not be used to isolate the al
gene as the elements present at the locus, for which molecular
probes were available, are all present in many copies in the
genome. It was therefore decided to adopt the strategy of mak-
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ing genomic libraries from two lines of maize with different ele-
ment present at a/. It was postulated that having initially selected
clones using the transposable element probes it would be pos-
sible to cross-hybridize the clones from the two libraries with
the hope that any cross-hybridizing clone would be a candidate
for the al gene. Using this strategy we have isolated clones car-
rying all or part of the al gene.

Results
Isolation of Mul homologous clones from the al-Mum?2 stock

The two elements chosen for use as molecular probes were Mul
and Spm-18. The 1.4-kb Mul element is thought to be responsi-
ble for many of the mutations obtained in experiments with
Robertson’s Mutator line (Robertson, 1978; Bennetzen et al.,
1984; Freeling, 1984) and a number of stocks with mutations
at the a/ locus in the Mutator line were available. The Mutator-
induced unstable a/ mutant used in cloning in this work was
al-Mum?2.

DNA isolated from the homozygote al-Mum2 stock was
digested to completion with EcoRI and cloned into A\gtWES.\B.
Approximately 2 x 10° plaques were obtained and screened by
plaque hybridization with the Mul probe (see Materials and
methods). Approximately 150 positive clones were isolated. Fifty
of these positives were analyzed at the DNA level. By restric-
tion analysis and re-screening of all the recombinants at the phage
level with subclones of unique fragments of some of the isolated
clones the final number of possibly different Mul homologous
clones was 35. The enzymes Tagl and Miul both have sites within
the inverted repeats of Mul and yield fragments of 1026 bp and
958 bp, respectively (Bennetzen er al., 1984). Digestion of the
35 Mul homologous clones from al-Mum2 with Tagl and Miul
indicated that all contained the expected fragments and at this
level are identical to Mul.

Analysis of the Spm-18 homologous clones of the al-m(papu) stock

Spm-18 is the 2.2-kb receptor element of the En(Spm) system
isolated from the wx-m8 allele (Schwarz-Sommer et al., 1984).
Many stocks were available containing either the receptor com-
ponent (/) or the autonomous element (En) at the al gene. The
al-m(papu) allele (Peterson, 1970, 1981; Nowick and Peterson,
1980, 1981), which contains an autonomous En at the al locus,
was used in the cloning experiment using Spm-I8 as probe. It
was hoped that the En/ system would resemble the Ac/Ds system
in that receptor elements are most often deletion derivatives of
the autonomous element (Déring and Starlinger, 1984; Fedoroff
et al., 1983) and that therefore if the receptor element Spm-I8
was used as probe, clones carrying any homologous sequences,
including the autonomous En element, would be selected. The
process of screening the clones isolated in these experiments was
greatly simplified when the autonomous En element, designated
Enl, at the wx locus was isolated (Pereira e al., 1985). The
presence of internal restriction fragments in this element which
are not present in Spm-I8 allowed the further screening of the
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I'homologous clones for those having an internal structure similar
to Enl.

Plant DNA isolated from a stock of maize homozygous for
the al-m(papu) allele was partially digested with Mbol, size frac-
tionated and fragments in the size range 14 —25 kb were cloned
into the BamHI site of the \EMBLA vector. Approximately
250 000 recombinant plaques were screened by plaque hybridiza-
tion with a 2.5-kb Sall fragment containing the Spm-I8 element.
From the al-m(papu) library, 50 recombinant clones were
isolated which hybridized to Spm-I8. At this time the clone of
the autonomous En element, Enl, became available. This
autonomous En element from the wx-844 allele is 8.4 kb in size
and contains two internal EcoRI fragments of 3.0 kb and 1.4 kb
in size which do not hybridize to Spm-I8 (Pereira et al., 1985).
It was thought likely that the autonomous En element at the al
locus in the al-m(papu) allele would have the same molecular
structure as Enl. Therefore the two internal EcoRI fragments
of Enl were used as probes to screen the 50 Spm-I8 positive
clones. Thirteen clones hybridized to a mixture of both fragments.
The hybridization was then repeated to these 13 clones using the
3.0-kb and 1.4-kb probes independently. Eight clones hybridiz-
ed to both fragments and six of these eight hybridized equally
strongly to both probes and these were chosen for further analysis.

DNA was isolated from each of these ‘En’-positive clones and
compared by EcoRI restriction pattern to the Enl-containing
phage clone wx-844-148. Only one of the six ‘En’ positives con-
tained both the 3.0-kb and 1.4-kb EcoRI fragments. This clone
has been called c110En. Of the other five ‘En’-positives, none
contained either the 3.0-kb or the 1.4-kb fragment intact.

Detailed restriction enzyme comparison of the En insert of
c110En with Enl has not been carried out, with the exception
of the initial analysis with EcoRI which identified c110En.
However heteroduplex analysis of total phage from wx-844-148
and c110En reveals a double-stranded region of 8.1 kb (Figure
1) which is in good agreement with the size of 8.4 kb determin-
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ed for Enl. This result, together with EcoRlI restriction data, in-
dicates that the En element in c110En is structurally identical
with the autonomous element Enl within the limits of discrimina-
tion of the heteroduplex analysis. This is a strong indication that
c110En represents the En element present at the al locus in the
al-m(papu) stock as there is only one active En element present
in this strain.

Cross-hybridization of the ‘En’ clones with Mu clones

The next step was to test whether sequences present on any of
the six En clones, which showed homology to the two internal
EcoRI fragments of Enl, were also represented in the 35
Mul-positive clones. It was predicted that the only clones which
would cross-hybridize between the two libraries would be those
carrying the elements at the a/ locus (or those carrying com-
mon repetitive DNA sequences). For this experiment phage DNA
from the 35 Mul-positive clones was digested with EcoRI and
hybridized with a mixture of nick-translated DNA from the En-
positive clones. c10Mu was the only clone which hybridized
strongly to the mixture of probes but six other clones showed
weak hybridization. These seven clones were then hybridized with
each of the En clones individually and c10Mu was the only clone
which hybridized, and it hybridized only with c110En (Figure
2). The fact that the only En positives which hybridized with
any of the Mu/ positives is the same clone which has an En struc-
ture identical to the autonomous element En/ is very strong sup-
port in favour of c110En and c10Mu being clones which together
contain all or part of the al gene. A summary of the pathway
by which the c100En and c10Mu clones were identified is given
in Figure 3.

Restriction mapping and heteroduplex analysis of c10Mu and
cl10En

The c10Mu clone contains a 7.8-kb EcoRI insert in A gtWES.
This fragment has been subcloned in pUC9 and a restriction map
of the fragment has been constructed (Figure 4). The position of

Fig. 1. Electron microgaph and line drawing of the heteroduplex formed between two phage DNA from c100En and the Enl-containing clone wx-844-148.
The length of homology between the two clones is 8.16 kb based on the measurement of 12 molecules. This is in good agreement with the size of 8.4 kb
calculated for the Enl element (Pereira et al., 1985). The En inserts in the two clones are in opposite orientation relative to the phage arms and therefore

no hybridization between the phage DNA is seen in this molecule.
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Fig. 2. Hybridization of seven Mul homologous clones with c110En. Phage
DNA from the Mu clones was digested with EcoRI and hybridized with
total phage DNA from c110En. The only insert specific hybridization seen
is the the 7.8-kb insert of cl10Mu (lane 3).

+he Mul homologous region within this fragment was determin-
ed by hybridization with the Mul probe and by the position of
the Mlul restriction sites which are present in the inverted repeats
of Mul (Barker et al., 1984). The position of the element is in-
dicated in Figure 4 as a 1.4-kb insert in a 6.4-kb EcoRI fragment.

To determine which region of c110En hybridizes with c10Mu,
phage DNA of c100En was digested with EcoRI and hybridized
with the c10Mu 7.8-kb insert. The result of this hybridization
is shown in Figure 5a. Two fragments of c100En, the 4.6-kb
and the 1.7-kb fragments, hybridize with the c10Mu clone. These
are also the fragments which hybridize to Spm-I8 (Figure 5b)
and are therefore considered to be the junction fragments bet-
ween the En element of the al-m(papu) allele and the al gene.
In Figure 5c and d the hybridization of the internal 3.0-kb and
1.4-kb EcoRI fragments of Enl to the Enl-containing clone
wx-844-148 and to the c100En clone is shown which indicates
that c110En contains the same internal EcoRI fragments as
wx-844-148. Restriction mapping, hybridization studies and com-
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positive restriction
clones individually. analysis

c10Mu hybridises with cll0En Only cl10En contains both

fragments.

Fig. 3. This figure summarizes the pathway by which the a/-containing
clones c10Mu and c110En were identified.

parison with the Spm-I8 and Enl maps has allowed the align-
ment of the 4.6-kb and 1.7-kb fragments with the c10Mu map
which is shown in Figure 4. The 4.6-kb fragment of c100En is
an internal fragment which contains a 2.3-kb region of homology
to c10Mu as indicated in Figure 4. Analysis of the 1.7-kb EcoR1
fragment, in which one EcoRI site represents the junction with
the EMBLA4 vector, indicates that it contains a very short region
of homology, of ~ 150 bp, to c10Mu which is supported by the
fact that the hybridization of this fragment to c10Mu is weaker
than the hybridization with Spm-I8 (Figure 5a and b). The short
region of homology includes a Pst site (Figure 4) which is con-
sistent with the En element in c110En being inserted in the 0.6-kb
Pst1 fragment of wild-type and with the point of insertion being
very close to the PstI site at the right end of the 0.6-kb Pstl frag-
ment as shown in Figure 4.

Heteroduplex analysis confirms the data obtained by the restric-
tion analysis (Figure 6). A heteroduplex between total phage
DNA from c110En and the 7.8-kb insert of c10Mu shows a
double-stranded region of 2.4 kb which can be aligned relative
to the restriction map by its distance from the characteristic stem-
loop structure of Mu. The distance between the end of the double-
stranded region and the Mu stem-loop is estimated to be 400 bases
which is in good agreement with the distance as calculated from
the restriction maps. A large loop structure representing the En
insert of c110En was not observed since the length of homology
between c¢110En and c10Mu at the right side of the c100En clone
as depicted in Figure 4 is not long enough to generate a
heteroduplex.

Isolation of c10Mu homologous clones from al wild-type stocks

The representation of the c100En and c10Mu clones as shown
in Figure 4 has been confirmed by cloning the homologous
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Fig. 4. In the upper part the restriction map of the 7.8-kb EcoRlI insert of c10Mu is given and the Mu/ homologous region is indicated as a 1.4-kb insert in a
6.4-kb EcoRI fragment. This representation has been confirmed by analysis of the wild-type clone (see text). The lower part of the figure shows the alignment
of the c110En clone with the c10Mu map. Restriction sites shared are indicated by dashed vertical lines and the En insert is shown as an 8.4-kb insertion
close to the PsiI site at 2.4 kb on the c10Mu map. The EcoRI sites at the ends of the c110En map are the EcoRlI sites at the junction with the \EMBLA

vector.

4.6 4.6

3.0~ =i

Fig. 5. Hybridization of phage DNA from c110En (lane 1) and wx-844-148
(lane 2) with c10Mu (A), Spm-I8 (B, 3.0-kb Enl EcoRI fragment (C) and
1.4-kb Enl EcoRI fragment (D).

fragments from two stocks of maize with a wild-type al
phenotype. The two stocks used were Line C and Robertson’s
Mutator line, which is the progenitor of al-Mum?2 allele. The
probe used in cloning was the 0.6-kb EcoRI fragment of c10Mu,
which appears to be unique in the maize genome. From both
lines the clones isolated contained a 6.4-kb EcoRI fragment whose
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restriction maps were identical with that of c10Mu except for
the absence of the Mul insert.

Discussion

The al locus of Z. mays has been molecularly cloned using the
transposable elements Mul and En as gene tags and the elements
Mul, Spm-I8 and Enl as molecular probes. The evidence that
the molecular clones isolated from these experiments do indeed
carry al gene sequences is as follows.

(i) In the library from the al-m(papu) allele, which has been
shown genetically to carry an autonomous En element at the al
locus (Peterson, 1970, 1981; Nowick and Peterson, 1980, 1981),
only one clone, c110En, was isolated which had an internal
molecular structure indistinguishable from that of the autonomous
En element Enl (Pereira et al., 1985). This in itself is a strong
indication that this clone represents the autonomous En element
present at the al locus in the al-m(papu) allele.

(ii) A library was also constructed from a maize stock with
a mutation at the al locus induced in Robertson’s Mutator line
(Robertson, 1978). Many if not all mutations in Robertson’s
Mutator line are due to the insertion of the 1.4-kb Mul element
(Bennetzen et al., 1984; Freeling, 1984). Of 35 different
Mul-positive clones only one, c10Mu, contained sequences which
hybridized to any of the clones selected in the al-m(papu) library
and this clone hybridized only with c110En, the clone contain-
ing the Enl-like element.

(iii) The region homologous to the c10Mu clone has been clon-
ed from the Mu progenitor line and also from the inbred Line
C, both of which are wild-type with reference to the al locus.
Clones isolated from both lines contain 6.4-kb EcoRI fragments,
which is the predicted size at least in the Mu progenitor line for
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Fig. 6. The electron micrograph and line drawing of the hetroduplex formed between the 7.8-kb insert of clOMu and total phage DNA from c110En. A
double-stranded region of 2.3 kb is seen. The stem-loop structure of the Mul homologous element is also observed.

the wild-type allele. The restriction map of this 6.4-kb fragment
is consistent with this sequence representing the wild type allele.

Further evidence that the clones represent a/ gene sequences
comes from recent work in which the 0.6-kb PstI fragment of
c10Mu was used to probe genomic libraries from two maize
strains containing different states of the a/-m/ allele (Schwarz-
Sommer et al., unpublished). The mutation in this allele is due
to the presence of an Spm receptor element at the al locus and
is of interest due to the many phenotypic variants (termed ‘states
of the element’ by McClintock) which have been isolated from
the original al-ml allele (McClintock, 1955, 1957, 1958; Red-
dy and Peterson, 1984). From the genomic libraries probed in-
itially with the 0.6-kb PstI fragment of the c10Mu clone, clones
were identified which contained sequences homologous to the
Spm-18 element. These clones, which are considered to be clones
of the al-ml alleles, are at present being analyzed.

The al-m(papu) allele containing the autonomous En element
at the al locus was isolated as a phenotype variant of the a-
m(dense) allele, which also contained an autonomous En at al
(Peterson, 1961, 1970, 1981; Nowick and Peterson, 1980). Other
variants of the original a-m(dense) allele are available and it will
be of interest to study the molecular basis of this variation. It
will also be interesting to study the a/-m2 allele which contains
an autonomous Spm element whose phenotype is very different
from the other En(Spm)-induced mutations at the al locus
(McClintock, 1951, 1961, 1962).

The fact that the a/-Mum? allele contains a Mul-like element
at the al locus lends further support to the theory that Mul is
the causative agent of most mutations in Robertson’s Mutator
line. Analysis of two other unstable a/ mutations induced in the
Mu line is at present being carried out, as is the analysis of three
stable a/ mutations induced in the same line.

The availability of the molecular clone carrying the al gene
will allow all these events to be studied at the molecular level
and will also allow the study of other elements at the locus. Of
these the receptor component, ruq, of the Ug/rug system is of
particular interest (Friedemann and Peterson, 1982).

Finally the cloning of the al locus using transposable elements
as gene tags demonstrates the power of this technique in the isola-
tion of genes for which the gene products have not been iden-
tified. It is foreseeable that such techniques can be used to isolate
any gene where an unstable phenotype can be easily identified.
By genetic means it should be possible to isolate transposable
element induced mutations at such loci and then clone the mu-

tant alleles using the transposable element probes. The ease of
identification of the desired clone is somewhat dependent on the
copy number of the probe within the genome. The Ac element,
for example, has an internal region which is present in low copy
number in the maize genome and this segment was used as a
probe to isolate the bzl locus (Fedoroff et al., 1984). The Mul
and En elements used in this study both are present in many copies
(30—50) in the genome. However it was possible by the con-
secutive use of different parts of the En element as probe, to iden-
tify a clone carrying the complete element and there was only
one such clone in the library. This type of analysis was not possi-
ble for the Mul clones. However, the availability of the Mul
library greatly simplified the identification of the a/-containing
clone. Such cross-screening of libraries is useful when the only
mutants available at the desired locus are due to elements with
a high copy number, resulting in a large number of clones to
be analyzed.

Materials and methods

Plant strains

The al-Mum?2 strain containing the Mu (Robertson, 1978) induced mutation at
the al locus was isolated from a cross in which the Pl aleurone Mu stock was
used as male parent and the homozygous recessive al sh2 was used as female.
The al-m(papu) containing an autonomous En element at the a/ locus was
first described by Peterson (1970) as a phenotypic variant of the a-m(dense) allele
(Peterson, 1961).
Line C used as a source of the wild-type a! allele is a color converted W22
maize line developed by Dr. R.A.Brink, University of Wisconsin.
Isolation of plant, bacteriophage and plasmid DNA
Plant DNA was isolated from leaf material as described by Gupta ez al. (1983)
or Schwarz-Sommer et al. (1984). Isolation of plasmid DNA was by the alkali
lysis method as described by Birnboim and Doly (1979) and Maniatis et al. (1982).
Isolation of phage DNA was as described by Maniatis et al. (1982).

Construction of genomic libraries

EcoRI-digested DNA from the a/-Mum2 strain was cloned in the AgtWES.\B
vector (Leder et al., 1977) as described by Wienand et al. (1981). For cloning
of the Mbol partial digest of the a/-m(papu) DNA the \EMBLA vector (Frischauf
et al., 1983) was used as described by Schwarz-Sommer et al. (1984). The clon-
ing of the wild-type al allele from Line C and the Mu progenitor line was in
the ANM1149 vector (Murray, 1983). The selection of recombinant clones by
plague hybridization was by the method of Benton and Davis (1977). All subcloning
of fragments from the recombinant clones was in the pUC9 plasmid (Vieira and
Messing, 1982).

Recombinant plasmids

The recombinant plasmid pMJ9, used as source of the Mul probe, was a gift
from Michael Freeling and William C.Taylor, University of California, Berkeley,
CA, and Jeffrey L.Bennetzen, International Plant Research Institute, San Carlos,
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CA. The internal Tagl fragment of Mul (Freeling, 1984) was subcloned from
this plasmid into pUC9 and this fragment was used as probe in the cloning ex-
periments. The plasmid pWx24 was the source of the Spm-I8 probe (Schwarz-
Sommer et al., 1984). This plasmid contains a 2.5-kb Sa/l fragment which con-
tains most of the Spm-I8 element. The plasmids p148-8 and p148-11, containing
the Enl 3.0-kb and 1.4-kb EcoRI fragments, respectively, from the autonomous
Enl element, were used as sources of the En/ specific probes (Pereira et al., 1985).

Southern hybridizations

Southern hybridizations (Southern, 1975; Wahl er al., 1979) were carried out
basically as described by Schwarz-Sommer ez al. (1984) except that hybridiza-
tions were carried out at 68°C and filters were washed several times in 0.2 x
SSPE, 0.1% SDS at 70°C.

Heteroduplex analysis

The procedure described by Davis et al. (1971) and Davis and Hyman (1971)
was followed for heteroduplex analysis.
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