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Genetic studies in maize have identified several regulatory genes that control the tissue-specific synthesis of the 
purple anthocyanin pigments during development. Two such genes, R and 8, exhibit extensive allelic diversity with 
respect to the tissue specificity and developmental timing of anthocyanin synthesis. Previous genetic studies 
demonstrated that certain B alleles can substitute for R function, and in these cases only one functional allele at 
either locus is required for pigment synthesis in the aleurone. In addition, biochemical studies have shown that both 
genes act on the same biosynthetic pathway, suggesting that the genes are functionally duplicate. In this report we 
describe DNA hybridization experiments that demonstrate that the functionally duplicate nature of B and R is 
reflected in DNA sequence similarity between the two genes. We took advantage of this homology and used the R 
genomic sequences to clone B. Two different strategies were pursued and two genomic clones isolated, a 2.5- 
kilobase Bglll fragment linked to the b allele in W23 inbred stocks and a 1.0-kilobase Hindlll fragment linked to the 
B allele in CM37 stocks. Examination of several independent transposable element insertion mutations in B and 
revertant derivatives demonstrated that our clones recognize the functional B gene. Genomic clones representing 
the entire B-Peru allele were isolated, and a detailed restriction map was prepared. Using these clones we have 
identified a 2.2-kilobase mRNA in husks from plants containing either B-I or B-Peru alleles, but no B mRNA was 
detected in plants containing a b allele. The transcript is at least 100 times more abundant in strongly pigmented 
B-I husks than in weakly pigmented B-Peru husk tissue. Expression of functional 6 alleles in husk tissue correlates 
with the coordinate increase in mRNA levels of two structural genes of the pathway, A7 and 627, consistent with 
the postulated role of B as a regulatory gene. 

INTRODUCTION 

The synthesis of anthocyanin pigments in maize plant 
tissues or seeds requires the products of numerous genes, 
both structural and regulatory (Styles and Ceska, 1977; 
Coe, Hoisington, and Neuffer, 1988). Mutational analyses 
have identified numerous regulatory genes that influence 
the production of anthocyanin pigments. Severa1 are pleio- 
tropic, affecting seed development as well as pigment 
synthesis, but four loci, R, B, C7, and PI, are specific for 
anthocyanin synthesis. These four loci coordinately regu- 
late the activities of at least three of the structural genes 
in the pathway (Dooner, 1983; Cone, Burr, and Burr, 1986): 
C2, which encodes chalcone synthase (Wienand et al., 
1986); A 7 ,  which encodes dihydroquercetin reductase 
(Schwarz-Sommer et al., 1987); and Bz7,  which encodes 
UDPglucose: flavonoid 3-O-glucosyltransferase (UFGT) 
(Dooner and Nelson, 1977). 

The R locus (on chromosome 1 O) regulates the formation 
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and distribution of anthocyanin pigments in certain tissues 
of the plant and seed. The B locus (on chromosome 2) 
controls anthocyanin formation in plant tissues independ- 
ent of R, and a few B alleles also control anthocyanin 
formation in the seed (Styles, Ceska, and Seah, 1973). 
Experiments'have demonstrated that both genes act on 
the same biosynthetic pathway, in that a functional R or B 
allele is required for the induction of the structural enzyme 
encoded by the Bz7 gene (Dooner and Nelson, 1977, 
1979; Dooner, 1983; Gerats et al., 1984), and the same 
anthocyanins are produced (Styles et al., 1973). In the 
seed, a functional R or B allele is not sufficient for activation 
of the anthocyanin pathway; the product of the C7 gene 
is also necessary. In the absence of a functional C7 or R 
allele, no transcripts from Bz7, C2, or A7 are detected in 
kernels (Cone et al., 1986; Ludwig et al., 1989). C7 is not 
needed for anthocyanin synthesis in plant tissues. The 
regulatory gene, PI, influences plant color and was recently 
cloned using C1 genomic sequences as a hybridization 
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probe (K. Cone, personal communication), demonstrating 
that those genes share a high degree of sequence similarity 
and are homologous as proposed from genetic analyses 
(Coe, 1985). Although PI is not absolutely required for 
pigment expression in plant tissues, as pl plants still make 
pigment when a functional B or R allele is present, PI 
intensifies the amount of pigment produced and decreases 
the requirement for direct sunlight (Emerson, 1921; for 
review, see Briggs, 1966). 

Genetic and molecular studies have demonstrated that 
some R alleles are complex. In those alleles tissue-specific 
control is mediated through compound elements; in R-r 
one component specifies aleurone color and another com- 
ponent specifies color in anthers and several other plant 
tissues (Stadler and Nuffer, 1953; Dooner and Kermicle, 
1971). The two components required for expression in the 
plant (P) or seed (S) can be independently mutated and 
separated by recombination (Stadler and Nuffer, 1953). 
Recent molecular analysis of the compound R-r allele and 
mutant derivatives confirms that there are several cross- 
hybridizing restriction fragments containing regions re- 
quired for function in the various tissues (Dellaporta et al., 
1988). 

In some tissues certain B and R alleles act as duplicate 
genes; for example, B-Peru can substitute for R function 
in the seed, and only one functional allele at either locus is 
required for pigment synthesis (Styles et al., 1973). In 
other tissues only the B or R locus is active. Table 1 lists 
the phenotype of plants with different R and B allelic 
combinations. For instance, a subset of R alleles will cause 
pigmentation of the anthers, but no B alleles are known 
that function in this tissue (Styles et al., 1973; Coe, 1979). 
In addition to the tissue-specific regulation, certain B and 
R alleles appear to trigger anthocyanin biosynthesis at 
defined developmental times in several tissues (Styles et 
al., 1973). 

Given the duplicate function and proposed homology 
(Coe, 1985) of several R and B alleles, we hypothesized 
that the genes might have a high degree of DNA sequence 
similarity. Accordingly, R genomic sequences were used 
as a hybridization probe to identify restriction fragments 
linked to the B locus. These fragments were then cloned 
and used to characterize the structure and transcription of 

Severa1 B alleles. The role of B in the regulation of the 
expression of the structural genes, A 1 and 627, was also 
examined. 

R E SU LTS 

Cloning 6 Using R Genomic Sequences 

We reasoned that the functionally duplicate nature of 
certain B and R alleles may reflect DNA sequence similarity 
between the two genes that might be detectable using 
DN/ gel blot hybridization. To investigate this we have 
used cloned R sequences as hybridization probes to 
screen for restriction fragment length polymorphisms in 
DNA samples from various B alleles using a variety of 
hybridization conditions. Two different strategies were 
successful. 

First, a Hindlll digest of DNA samples prepared from 
recombinant inbred individuals (Burr et al., 1988) segre- 
gating for two different B alleles were examined on DNA 
gel blots hybridized with the pR-nj:l clone (Dellaporta et 
al., 1988). As shown in Figure l A ,  weakly hybridizing 
fragments of 1.3 kb and 1 .O kb segregate with the B alleles 
of T232 and CM37 plants, respectively, in recombinant 
inbreds. The R allele is constant and generates two 
strongly hybridizing fragments observed in all plants. Sec- 
ond, plants segregating the b and B-Peru alleles were 
examined using a subclone of the seed component (S) of 
R-r, which is functionally duplicate for 8-Peru function in 
the seed (Styles et al., 1973). An example of one DNA gel 
blot showing a Bglll restriction fragment polymorphism in 
plants containing these B alleles is shown in Figure 1B. 
The null R allele (r-g) is constant in all of the B stocks and 
generates a strongly hybridizing 4.0-kb Bglll fragment. The 
b stock contains a weakly hybridizing 2.5-kb Bglll fragment 
(lane a) that is not in the B-Peru stock (lane b). Instead, a 
large Bglll fragment of about 13 kb is observed in the 
B-Peru stock. This approximately 13-kb Bglll fragment is 
missing in a B-Peru mutant (b-Perum5; Walbot, Briggs, 
and Chandler, 1986; Chandler, Belcher, and Turks, 1988a) 
that contains a transposable element insertion in the 

Table 1. Anthocyanin Phenotype of Plants with Various R and B Allelic Combinations 
_ _ _ _ _  __ ~~ 

Alleles 

Tissues b r-g B-Peru r-g B-I r-g b R-r b R-nj 

Scutellum of embryo Colorless Purple Colorless Purple 
Aleurone Colorless Purple Colorless Purple Purple crown 
Seedling auricle Green Green Red Red Green 
Coleoptile Green Medium red Red Red Red 
Husks, culm, sheath, tassel branch Green Medium red Purple Green Green 
Anthers Green Green Green Purple 



fa B-Peru gene, and an approximately 18-kb Bglll restriction
a b e d 6 f 9 hi fragment is observed (lane c). (The b-Perum5 individual

shown in lane c is heterozygous for the b allele and
contains the 2.5-kb Bglll fragment.) This is the pattern that
would be expected if the fragments hybridizing to the R
probe were linked to the various B alleles.

*» The larger Bglll fragments observed in the B-Peru stock
4.3 ,. mm M MR Jft ttkifll tt| Oik^w anc' tne 'nsertion mutant were difficult to detect consist-
4 ~ ^C 5 iv̂ B^K^B^K^KJK entlv on DNA 9el blots' presumably due to the weak signal

^^^P ̂ ^ ̂ P^̂ ÎP^̂ ^P^p ancj pOor transfer of large fragments. We also frequently
observed additional restriction fragments hybridizing to the
R probe in this region of the gel, masking the fragments

( we were trying to follow. Therefore, we addressed whether
the 2.5-kb Bglll fragment segregated with the b allele. We
prepared DNA from plants with the genotype of b/b,

1-3*" b-Perum5/b, or b-Perum5/b-Perum5. The 10 individuals
1.0 »- that were b/b or b-Perum5/b all contained the 2.5-kb

Bglll fragment, and none of the 27 individuals homozy-
gous for b-Perum5 contained the 2.5-kb Bglll fragment,

B- . . . . demonstrating that the 2.5-kb Bglll fragment is linked
a D C O e f g h l j K to the b allele. Examples of several individuals are shown

18*- — * • «** in Figure 1B, lanes c to k.
13̂  «gk S *• £$ The 2-5"kb B9'" and the 1 •°"kb Hindl11 fragments were

cloned from plants containing the b and 6-CM37 alleles,
respectively, as described in Methods. To confirm that the

_^t desired fragments were cloned, the 2.5-kb Bglll "b" and
^^ 1.0-kb Hindlll "6-CM37" fragments were subcloned into

plasmid vectors and used as hybridization probes on DNA
gel blots. Both fragments contained some repeated se-

. _ fmjfmfffffffffffffffffffffffnmf^ quences, and further subcloning was required to obtain a

(A) Recombinant inbreds segregating 6 and b alleles. DNA sam-
ples (about 5 ng) were digested with Hindlll, electrophoresed on

2.5*- 4B A§ *"* °-8% agarose, transferred to Nytran (Schleicher & Schuell), and
hybridized with the 700-bp pR-nj:l insert (Dellaporta et al., 1988).
The recombinant inbred lines were chosen to be invariant for an
RFLP tightly linked to R, but alternating for the B allele of CM37

. . and the b allele of T232. The small arrows indicate the invariant
n I j K R fragments of the CM37 parent migrating at 4.8 kb and 4.0 kb.

•»M|4P •• m-m «*»' Tne Iar9e arrows indicate two fragments of 1.3 kb and 1.0 kb
* i • 14 • > • .• .*' tnat segregate with the b allele of T232 and the B allele of CM37,

^~ respectively. The 1.0-kb B fragment of CM37 was cloned as
described in the text and Methods Lanes a to i contain DNA
samples from different recombinant inbred maize lines containing
the 8 alleles indicated: a, 8; b, b; c, 8; d, b; e, 8; f, b; g, 8; h, b;
\,B.
(B) Segregation of b, B-Peru, and mutant B-Peru alleles. DNA

» • L; • samples (about 4 ^g) were digested with Bglll, electrophoresed
. ., ^^ ^^ ^^ ^^ ̂ ^ on 0.5% agarose, transferred to nylon membrane (MSI), and

** ** ** *"* *** *"* ** *^ hybridized with a 1.9-kb subclone of the (S) component of R-r
(Dellaporta et al., 1988). The small arrows indicate the invariant
4.0-kb r-g fragment, and the large arrows indicate the fragments
segregating with the various 8 alleles. The sizes are in kilobases.

2 e f^ —m* ^& Lanes a to k, DNA from maize plants containing the designated
^^ ^* ^^ 8 alleles (all stocks contain the r-g allele): a, b; b, B-Peru; c, b-

Perum5/b; d-j, b-Perum5 homozygotes; k, b-Perum5/b.
(C) Hybridization with putative b sequences. Blot shown in (B),
rehybridized with the 550-bp subclone of the 2.5-kb Bglll frag-

Figure 1. DNA Gel Blots of DNA from 8 and R Stocks Hybridized ment, cloned as described in the text and Methods (see map in
with the R Probe. Figure 3).
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relatively unique sequence (data not shown). An approxi-
mately 550-bp BamHI/Hindlll subclone of the b allele was
relatively unique, as it strongly recognized the 2.5-kb b,
the 13-kb B-Peru, and the approximately 18-kb b-Perum5
Bglll fragments, and weakly hybridized with the 4.0-kb
Bglll r-g fragment (Figure 1C). Under stringent wash con-
ditions the 1.0-kb Hindlll fragment of CM37 also hybridized
strongly to B fragments, but weakly to R fragments (data
not shown). These results demonstrated that the desired
fragments had been cloned.

Cloned Sequences Recognize Functional B Gene

The approximately 550-bp BamHI/Hindlll subclone from b
was then used as a hybridization probe to test whether it
recognized the functional 6 gene. Several independent

a b c d e f

transposable element insertion mutations into the B-Peru
allele and revertant derivatives of each have been isolated
(Walbot et al., 1986; Chandler et al., 1988a; V. Chandler,
unpublished data). These independent insertion mutants
and revertant derivatives have been compared with the
progenitor B-Peru allele utilizing DNA gel blots hybridized
with the putative "b" sequences. An example of one DNA
gel blot on DNA from two mutant alleles and revertants of
each is shown in Figure 2. Each DNA sample was digested
with Bell, which produced a 4-kb fragment in both the b
and the progenitor B-Peru alleles. Each of the mutants
(b-Perum5 and b-Perum216) contained restriction frag-
ment differences relative to the wild-type B-Peru allele, sug-
gesting that each mutant contains an alteration within
this 4-kb fragment. The "new" restriction fragments are
indicated by arrows on the autoradiograph shown in
Figure 2, lanes c and e. Most important, in the revertants
(lanes d and f), the restriction fragments characteristic
of the insertion alleles are missing, and only the progen-
itor 4-kb fragment is observed. These results demon-
strate definitively that the sequences we have cloned
recognize the functional B-Peru gene.

Cloning, Restriction Mapping, and Transcript Analysis
of B-Peru

The b sequences were then used to clone the progenitor
B-Peru allele and the B-l genomic sequences. As our
insertion mutants were in B-Peru, we have initially focused
on this allele. The restriction map of B-Peru showing the

Figure 2. DNA Gel Blot of DNA from B-Peru and Mutant
Derivatives.

DNA samples (about 4 Mg) were digested with Bell, electropho-
resed in 0.5% agarose, transferred to nylon membrane (MSI),
and hybridized with the 550-bp b fragment. Lanes a to f, DNA
from maize plants containing r-g and the designated B alleles:
a, b; b, B-Peru; c, b-Perum5/b-Perum5; d, b/Perum5-revertant/
b; e, b-Perum216/b-Perum216; f, b-Perum216-revertant/b. The
b-Perum5 and b-Perum216 alleles are independent transpos-
able element insertions into the B-Peru gene (Walbot et al.,
1986; Chandler et al., 1988a). The arrows indicate the altered re-
striction fragments in the mutant plants.

Figure 3. Restriction Map of B-Peru Allele.
The restriction map was generated from a combination of genomic
DNA gel blots and digestions of cloned DNA sequences. Abbre-
viations: P, Pstl; G, Bglll; B, BamHI; H, Hindlll; Be, Bell; L, Sail;
S, Sacl. The original 2.5-kb Bglll (b, W23) and 1.0-kb Hindlll (B,
CM37) clones map to the B-Peru allele as shown. The fragment
indicated above the Bglll clone is the 550-bp Hindlll/BamHI sub-
clone used as a hybridization probe in Figure 1C and Figure 2.
The approximate location of the approximately 2.2-kb mRNA in
B-Peru and B-l containing stocks (experiments are described in
Methods) is also diagrammed. The dashed lines at both ends of
the transcript indicate that we have not determined the precise 5'
and 3' termini. The two mutant alleles (b-Perum5, b-Perum216)
contain insertions in the B-Peru gene as indicated on the map.
The insertion site in b-Perum216 is within the indicated Sacl
restriction fragment as determined by genomic restriction map-
ping. The insertion site in b-Perum5 is based on restriction digests
of cloned sequences and is more accurate (within about 50 bp).
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b BrP B-l b B-P B-l b B-P B I b B-P B-l

4.4.

2.4J 1

B ACTIN BZ1

Figure 4. RNA Gel Blot Analysis of mRNA from Plants Containing
B-l, B-Peru, and b Alleles.

Poly (A)+ RNA from husks containing the indicated B alleles was
analyzed by electrophoresis and blot hybridization as described
in Methods. The amount of RNA in each lane was about 5 ng
from plants containing the b or B-Peru alleles and about 0.5 ng
from plants containing the B-l allele. All three stocks contained
the null r-g allele. From left to right the blot shown is hybridized
with the indicated probe: B, the 550-bp Hindlll/BamHI fragment
of B-Peru (Figure 3); the maize actin clone (Meagher et al., 1983);
the 1.5-kb Aval fragment of A1 (Schwarz-Sommer et al., 1987);
and the 2.1-kb Pstl fragment of Bz1 (Furtek et al., 1988). The
same blot was used sequentially with all four probes. The order
of hybridization was carried out with the weakest signal first: B,
followed by/47, Bz1, and then actin.

approximate site of element insertion in the two B-Peru
mutant alleles is shown in Figure 3. The 2.5-kb b clone
and 1.0-kb Hindlll S-CM37 clone are shown on the map
relative to the B-Peru allele.

The transcribed region of B-Peru has been roughly po-
sitioned by hybridizing nonoverlapping genomic restriction
fragments of the B-Peru allele to mRNA prepared from
either husk or aleurone tissue from plants containing the
B-Peru r-g or B-l r-g alleles. The probes that detected a
2.2-kb mRNA in both stocks spanned approximately 3.5
kb of the genomic sequences (see Methods for details).
The direction of transcription was determined using ribo-
nucleotide probes as described in Methods. Our results
are summarized in Figure 3. We indicate the ends of the
transcribed region with dashed lines, as we have not yet
mapped the precise 5' and 3' termini. The size of the
transcription unit relative to the 2.2-kb mature mRNA
indicates there is one or more intron(s).

Levels of B, Bz1, and A1 mRNA in Plants Containing
Different B Alleles

RNA gel blot analysis of poly(A)+ RNA extracted from husk
tissue from plants containing b, B-l, or B-Peru alleles is
shown in Figure 4. The various tissues that are pigmented

in plants containing the B-l or B-Peru alleles, and the null
r-g allele, are described in Methods. For the purpose of
this experiment it is important to note that the husks of
B-l plants are intensely pigmented, whereas the husks of
B-Peru plants have an irregular distribution of pigment,
resulting in regions with no observable pigment. No pig-
ment is observed in b r-g plants. In this experiment, about
5 ^g of poly(A)+ RNA from b (b), about 5 fig of poly(A)+

RNA from B-Peru (B-P), and about 0.5 ng of poly(A)+ RNA
from B-l plants (B-l) were examined. The transcripts appear
qualitatively the same in both B-Peru and B-l, but are
quantitatively very different (Figure 4). The transcripts are
at least 100-fold more abundant in B-l husks. No transcript
is detectable in poly(A)+ RNA from b husks (Figure 4). All
three plants (b, B-Peru, and B-l) contain the same null
r-g allele, demonstrating that the 2.2-kb transcript ob-
served in B-Peru and B-l plants is from B not P. Moreover,
the R transcript is 2.5 kb (Ludwig et al., 1989), which
would have migrated above the 2.2-kb 6 transcript if
present and detectable with B probes. The differences
among these alleles in 6 transcript level roughly correlate
with differences in the level of anthocyanin pigment meas-
ured in husks (J.P. Radicella, unpublished data). The
B-Peru probe was removed from the filter, and the filter
was rehybridized with a maize actin clone (Meagher et al.,
1983) to control for poly(A)+ purification and loading differ-
ences among the three preparations (Figure 4). This con-
trol demonstrates that the amount of mRNA loaded in
the b lane is about 10-fold more and the amount in the
B-Peru lane is about 40-fold more, relative to the amount
in the B-l lane.

Previous work demonstrated that the expression of R
was required in the aleurone tissue for the accumulation
of transcripts of C2 and A1 (Ludwig et al., 1989), and the
expression of C1 was required for the accumulation of
transcripts of Bz1 and A1 (Cone et al., 1986), three genes
encoding anthocyanin biosynthetic enzymes. In addition,
the induction of Bz1 enzyme activity was shown to require
a functional B or R allele in leaf sheaths or aleurones,
respectively (Dooner and Nelson, 1979; Gerats et al.,
1984). To test whether 6 gene expression influenced the
transcription of Bz1 and A1 in the husk tissue, the blot
previously hybridized with B sequences (Figure 4) was
rehybridized with Bz1 and Al sequences. As shown in
Figure 4, the A1 transcript is detected in husks from B-l
and B-Peru plants, but not in b plants that fail to produce
detectable 6 mRNA or anthocyanin pigment. In this exper-
iment, we would have detected A1 mRNA in b plants if it
had accumulated to 10-fold to 20-fold below that in
B-Peru. Low levels of Bz1 mRNA are detected in both b
and B-Peru husks, whereas B-l husks have dramatically
increased levels of Bz1 mRNA. Except for the basal
levels of Bz1 transcript in b husks, the amounts of the
two structural mRNAs are approximately proportional to
the amount of B mRNA in the same tissue. (Compare lanes
B-P and B-l in Figure 4, probes B, A1, and Bz1.)
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DISCUSSION 

Genetic studies of the genes required for anthocyanin 
biosynthesis in maize have demonstrated that several 
alleles of two regulatory genes, R and B, are functionally 
duplicate (Styles et al., 1973). We have demonstrated that 
this duplicate function is reflected in DNA sequence simi- 
larity, and have used R genomic clones to isolate B gen- 
omic sequences. Although DNA sequencing of the B alleles 
has not yet been completed, the hybridization conditions 
used suggest the extent of sequence identity between B 
and R is about 85% to 90%. The sequence similarity 
appears to extend throughout the transcribed region, as 
all the B-Peru probes hybridize with R (V.L. Chandler, J.P. 
Radicella, and D. Turks, unpublished data). Restriction 
mapping and partia1 DNA sequence analysis demonstrate 
that different 6 alleles appear to share greater sequence 
similarity with each other than with R (V.L. Chandler, J.P. 
Radicella, and D. Turks, unpublished data). 

The genetic data, combined with the sequence similarity, 
demonstrate that the R and B genes are homologous. This 
raises several evolutionary questions, such as what is the 
ancestral B or R allele, and which was the original gene. B 
may have arisen from R or vice versa via any one of several 
means. Two simple models are considered. First, there 
could have been a duplication and translocation event 
followed by subsequent divergence of the genes. Alterna- 
tively, the chromosomes on which B and R reside might 
be homologous chromosomes that came together in the 
formation of an allotetraploid ancestral maize. Restriction 
fragment length polymorphism (RFLP) analysis of the 
maize genome identified three clones that map to chro- 
mosome 2s (where B resides) that are also located on 
chromosome 1 OL (where R resides) (Helentjaris, Weber, 
and Wright, 1988), demonstrating that the two chromo- 
somes contain a duplicated region larger than the B and R 
genes. However, this finding does not distinguish between 
the two models stated above (see Helentjaris et al., 1988, 
for discussion). 

More than 100 different R alleles and 30 different B 
alleles have been described that vary with respect to the 
timing and tissue distribution of anthocyanin biosynthesis 
(for review, see Coe et al., 1988). The tissue specificity 
observed with the different alleles of R and B may be 
caused by differential expression of those alleles in various 
tissues, different activities of the proteins, ora combination 
of both. Defining the DNA sequences required for the 
expression of the various alleles and comparing the amino 
acid sequences of the proteins encoded by the different 
alleles in combination with mutational analysis and func- 
tional assays should distinguish among these various 
models. 

R and B are two of several regulatory genes necessary 
for the accumulation of anthocyanin pigments. R and C7 
are required for the accumulation of transcripts from sev- 

era1 structural genes in the aleurone tissue of the seed 
(Cone et al., 1986; Ludwig et al., 1989), B is required for 
the presence of Bz7 enzyme activity in leaf sheaths (Gerats 
et al., 1984), and R is required in aleurones (Dooner and 
Nelson, 1979). We have extended these studies by dem-~ 
onstrating the requirement of a functional B allele for the 
induction of A7 and Bz7 transcripts in the husk tissue of 
the mature plant. The amount of A7 transcript is greatly 
increased in the presence of a functional B allele, but, as 
no A 7 mRNA was detected in the absence of a functional 
B allele, it was impossible to estimate the level of induction. 
Enzymatic activity measurements (Dooner and Nelson, 
1979) reveal that, in plants with nonfunctional C7 or R 
alleles, low levels of UFGT activity (the Bz7 gene product) 
are detected throughout development, and only mutation 
of Bz7 results in complete elimination of the enzyme 
activity. These results are in agreement with our detection 
of low levels of Bz7 mRNA in husks from b plants (Figure 
4). We offer two hypotheses to explain the fact that the 
amount of the Bzl  transcript present in B-Peru husks is 
not significantly different from the amount present in b 
husks. First, in B-Peru husks, pigment is not uniformly 
distributed and, thus, B-Peru mRNA may not be expressed 
in all the epidermal cells of the husk. We have used whole 
husks for our assays, and the residual level of Bz7 mRNA 
in many of the cells may be masking the induction of Bz7 
mRNA in the few cells that are pigmented. In situ hybridi- 
zation experiments should establish whether the level of 
B and Bz7 mRNA is uniform or variable throughout the 
husk epidermal layer. Another possibility is that UFGT, 
which catalyzes one of the last steps in anthocyanin syn- 
thesis, is not limiting for anthocyanin synthesis in the 
weakly pigmented B-Peru plants and the amount of Bz7 
mRNA observed is sufficient for the low level of pigment 
that accumulates. With this hypothesis we propose that, 
in plants containing the b allele, which produce approxi- 
mately the same amount of Bz7 mRNA as in B-Peru plants, 
the failure to induce another structural gene (e.g., A 7 )  
accounts for the lack of pigment accumulation. 

Taken together, the results suggest that the regulatory 
genes B and R function by activating the transcription of 
the genes encoding the biosynthetic enzymes. Now that 
several of the regulatory genes and biosynthetic genes are 
cloned, the tools are in hand to investigate whether the 
activation is a direct or indirect interaction of the B and R 
proteins with the structural genes. Recently, the sequence 
of a cDNA from an R allele has been obtained (Ludwig et 
al., 1989). The amino acid sequence deduced from the 
cDNA revealed both a sequence similar to the myc ho- 
mology region found in several DNA binding proteins in 
mammals and Drosophila and a highly negatively charged 
region characteristic of known transcriptional activators. 
Similarly, the sequence analysis of C7 revealed homology 
to the myb proto-oncogene proteins and a structural sim- 
ilarity to transcriptional activators (Paz-Ares et al., 1987). 
Although the functional significance of these regions of R 
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and C7 has not yet been defined, it is tempting to speculate 
that the R and €4 proteins, together with C7 or PI, are 
mediating their effects by directly regulating the transcrip- 
tion of the structural genes. 

METHODS 

Plant Stocks 

The recombinant inbred lines were obtained from B. Burr, Brook- 
haven National Laboratory (Burr et al., 1988). The recombinant 
inbreds were produced by inbreeding the progeny of an F, popu- 
lation derived from two highly diverged inbred lines, T232 and 
CM37. T232 contained a b allele and CM37 a E allele. The 
recombinant inbred lines were chosen to be invariant for an RFLP 
tightly linked to R (17.07; 8. Burr, personal communication), but 
carrying either the 8 allele of CM37 (9, 15, 18, 21, 36) or the b 
allele of T232 (12, 16, 19, 20). The stocks containing the b, 8- 
Peru, and 8-/ alleles were obtained from E.H. Coe, Jr. and M.G. 
Neuffer, University of Missouri. The E-Peru allele was in the W22 
background and the b and E-/ alleles were in the W23 or K55 
backgrounds. All three stocks had the null r-g:Stad/er allele of R 
and carried the dominant alleles for the other genes required for 
anthocyanin biosynthesis (A7,  A2, C7, C2, Pf, P/, Bz7, and 822). 

DNA Samples 

Maize DNA was isolated from young leaves or immature ears 
(Dellaporta, Wood, and Hicks, 1983; Dellaporta et al., 1988). A 
5.0-kb clone of the seed component of R-cstandard (pS) and the 
overlapping 700-bp pR-nj:l clone were obtained from S. Della- 
porta (Dellaporta et al., 1988). The 5.0-kb Hindlll fragment in pS 
contained repeated DNA sequences, requiring the subcloning of 
a 1.9-kb Hincll/Hindlll fragment that was relatively unique (pS- 
1.9). The maize actin clone (pMAC1) was obtained from R. 
Meagher (Meagher et al., 1983), Bz7 (pMBzP17) from D. Furtek 
and O. Nelson (Furtek et al., 1988), and A7 (pALC2) from 2. 
Schwarz-Sommer (Schwarz-Sommer et al., 1987). 

DNA Gel Blot Analysis 

The DNA gel blot in Figure 1A was performed as described in 
Dellaporta et al. (1988) except that Nytran (Schleicher & Schuell) 
was used. The hybridization conditions were: 6 x SSC (1 x SSC 
= 0.15 M sodium chloride, 0.015 M sodium citrate, pH 7.0), 10% 
dextran sulfate, 0.5% SDS, 0.5 mg/mL heparin at 65°C. After 
hybridization with the pR-nj:l probe, the blot was washed in 1 x 
SSC, 0.5% SDS at 65°C. DNA gel blots in Figures 18 and 1C 
and Figure 2 were performed as described in Chandler, Talbert, 
and Raymond (1988b) except that MSI nylon (Fisher) was used. 
All hybridizations were carried out as described (Chandler et al., 
1988b) in 50% formamide at 42°C. The wash conditions varied, 
depending on the probe used: blots hybridized with the seed 
component of R were washed at 58°C in 0.2 x SSC and 0.1% 
SDS; blots hybridized with the approximately 550-bp b fragment 
were washed at 58OC in 0.1 x SSC and 0.1% SDS. The probes 

were labeled using random hexamer priming (Feinberg and Vo- 
gelstein, 1983). 

lsolation of 6 Genomic Sequences 

Two different restriction fragments representing part of two E 
alleles were cloned initially. The 2.5-kb Bglll fragment from the 
W23 b stock was purified by size-fractionating the DNA in low- 
melting-point agarose gels. The size fractionation resulted in 
approximately 200-fold purification of the fragment (there is very 
little maize DNA in this region of the gel) and the clean separation 
of the putative “b” sequences from the R gene and other cross- 
hybridizing fragments. The fractionated DNA was ligated to a h 
vector that will carry O-kb to 12-kb Bglll fragments (Bv2, obtained 
from Noreen Murray, University of Edinburgh), and the resulting 
phage were screened with the 1.9-kb subclone of the S compo- 
nent of R-r (pS-1.9) using the conditions established with the DNA 
gel blots (Figure 1 B). Two hybridizing plaques were obtained in 
the approximately 17,000 screened. Both contained a 2.5-kb Bglll 
fragment that hybridized with pS-1.9. A 550-bp BamHI/Hindlll 
restriction fragment that did not contain repetitive sequences was 
subcloned into pUCl9 (Yanisch-Perron, Vieira, and Messing, 
1985). 

The 1 .O-kb Hindlll fragment from the CM37 stock was cloned 
in a similar manner from size-fractionated DNA using a h insertion 
vector that will accept O-kb to 11-kb Hindlll fragments (NM1149, 
obtained from Noreen Murray). Three hybridizing plaques were 
obtained from the approximately 1 O6 phage screened. All three 
contained the 1 .O-kb Hindlll fragment (detected with the pR-nj:l 
probe), which was subcloned into pBS (Stratagene). 

Transcript Analyses 

Total RNA was prepared from husks (harvested from flowering 
plants) by the guanidinium thiocyanate method (Chirgwin et al., 
1979) after grinding the tissue in liquid nitrogen. Poly(A)+ RNA 
was selected by batch absorption on oligo(dT)-cellulose (Maniatis, 
Fritsch, and Sambrook, 1982). Aleurone poly(A)’ RNA was pre- 
pared as described in Cone et al. (1986). Electrophoresis of 
poly(A)’ FINA on formaldehyde gels and transfer to nitrocellulose 
were according to Ausubel et al. (1 987). Molecular weight markers 
were from Bethesda Research Laboratories. Hybridizations were 
performed as described in Chandler et al. (1 988b) in 50% form- 
amide including 5% (w/v) dextran sulfate at 42°C. 

The 8-Peru probes used for mapping the transcription unit were 
subcloned into pTZ18 or pTZ19 vectors (United States Biochem- 
ical), and purified restriction fragments were labeled using random 
hexamer primers (Feinberg and Vogelstein, 1983). Five nonover- 
lapping probes were used (restriction sites reading left to right in 
Figure 3): Pstl (P) to Hindlll (H), Hindlll (H) to BamHl (B), BamHl 
(B) to Hindlll (H), Hindlll (H) to Sal1 (L), and Sal1 (L) to Hindlll (H). 
RNA gel blot analyses of RNA from E-Peru and 84 husks identified 
a 2.2-kb mRNA that hybridized with the three central fragments 
extending from the first Hindlll site through to the Sal1 site (Figure 
3). No hybridization was detected with mRNA from E-Peru or E-/ 
husks with either of the other two probes. For the determination 
of the direction of transcription, sense and antisense RNA probes 
were used. An approximately 300-bp Pstl/Hindlll genomic frag- 
ment was purified and cloned into the pTZ19 and pTZ18 vectors. 



11 82 The Plant Cell 

The plasmids were linearized and transcribed in vitro with T7 
polymerase according to Melton et al. (1984). The labeled RNAs 
(6 X 1 O6 cpm) were used as probes on RNA gel blots. 
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