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The recessive mutation intensifierl of maize apparently causes an overall increase in flavonoid production in the aleu- 
rone. The mechanism by which this is achieved is not understood. We have succeeded in cloning the intensifierl gene 
by transposon tagging with Suppressor-mutator and found, by sequence analyses, that it shares homology with known 
transcription factors in the anthocyanin pathway, in particular the rllbl multigene family in maize. Two cDNAs and a genomic 
clone were completely sequenced, and together they showed that the transcripts were misspliced. The frequency of 
missplicing was investigated by polymerase chain reaction analyses and sequencing of the individual introns. These 
studies indicate that very little functional transcript was made. Indeed, missplicing may be a mechanism for reducing 
the levels of a transcription factor that, when present, acts as a repressor of anthocyanin biosynthesis. 

INTRODUCTION 

In 1924, A.C. Fraser described a recessive mutation, intensifierl 
(inl), that enhanced kernel pigmentation. If all of the other dom- 
inant factors required for pigmentation were present, then the 
homozygous mutant kernels were black, as opposed to the 
deep purple of wild-type kernels. In the presence of the reces- 
sive factor pr7, homozygous in7 kernels were black rather than 
light red, as they were in ln7; pr7 kernels. 

The major pigments in wild-type maize kernels are pelar- 
gonidin 3-glucoside and cyanidin 3-glucoside. In different 
backgrounds, the ratio of cyanidin to pelargonidin varies from 
25 to 4 (Kirby and Styles, 1970; Chen, 1973; Larson et al., 1986). 
The effect of t hep r l  mutation isto block flavonoid hydroxyla- 
tion such that the ratio of cyanidin to pelargonidin is reversed 
to 0.1 (Kirby and Styles, 1970; Larson et al., 1986). Presum- 
ably, a gene product with a duplicate function is able to 
synthesize the small amount of cyanidin that is still found in 
mutant kernels. Similarly, the ratios of cyanidin to pelargonidin 
are 6.6 in Pr7 and 0.13 in pr7 kernels that are homozygous for 
the in7 mutation (Chen, 1973). Although the amounts of flavo- 
noids present in in7 endosperms were not reported, we 
presume that they were higher than in In7 endosperms. 

A recessive mutation of the gene encoding chalcone syn- 
thase, c2, normally blocks pigment synthesis entirely and leads 
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to colorless kernels. However, in the presence of homozygous 
inl, the kernels are pale colored. Segregation analysis demon- 
strated that this pigmentation was dependent on the presence 
of a functional allele at the white pollenl (whpl) locus (E.H. 
Coe, informal communication, 1982 Maize Genetics Cooper- 
ation Newsletter, Vol. 56, pp. 49 to 50). whp7 was subsequently 
shown to encode a duplicate chalcone synthase gene (Franken 
et al., 1991). 

The bronze7 (bz7) gene encodes uridinediphosphoglu- 
cose:flavonoid 3-0-g1ucosyltransferase (UFGT), which 
catalyzes one of the last steps in the anthocyanin biosynthetic 
pathway (Dooner and Nelson, 1977; Larson and Coe, 1977). 
The in7 mutation elevates the leve1 of UFGT twofold (Klein and 
Nelson, 1983). Therefore, the in7 mutation appears to control 
the overall levels of flavonoids rather than to suppress mutant 
phenotypes directly. One means of achieving this effect would 
be for the in7 gene to have a regulatory role. We hypothesize 
that functional alleles of in7 repress the synthesis of anthocya- 
nin precursors and that synthesis is derepressed in the 
presence of mutant in7 alleles. 

In this study, we describe the cloning of the in7 gene by trans- 
poson tagging and show that the gene has homology with a 
class of myc homologs that are involved in the regulation of 
anthocyanin biosynthesis. The inl gene has eight introns; three 
are seldom processed correctly. If functional alleles of the gene 
have a repressive effect as hypothesized, then high concen- 
trations of the gene product may be inhibitory to anthocyanin 
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biosynthesis. The production of few, correctly processed
mRNAs might be a mechanism ensuring that normal regula-
tion is not overcome.

RESULTS

Targeted Tagging of in1 and Cloning of in1-m14::Spm

Targeted mutagenesis using the transposon Spm (Suppressor-
mutator; also known as Enhancer) produced transpositions into
the in1 locus, using both linked and unlinked donors. We
expected the phenotype of a kernel with the desired mutation
to have a black aleurone with reddish pink sectors (In1-m[uta-
ble]: pr1 -»In1; pr1). An example is shown in Figure 1. Table
1 lists the mutants we obtained and the transposon donor
stocks that were used. Many of the in1-m alleles were obtained
by using opaque2 (o2)-m20::Spm as the linked transposon
donor. The o2 locus maps ~4 centimorgans (cM) distal to
in1 on the short arm of chromosome 7, and transpositions of
Spm, like Activator/Dissociation, are transposed frequently to
nearby locations (McClintock, 1962; Peterson, 1970). However,
we were also able to obtain mutations by using three unlinked
donors: Int; prl; d-m5::Spm and In1; pr1; shl bz1 wx1; Spm
and In1; pr1; Spm. Genetic crosses with appropriate tester
stocks showed that the transposons associated with the lo-
cus were either an autonomous Spm or a defective Spm
(dSpm). Although it may seem surprising that we obtained a
preponderance of dSpm insertions, we cannot rule out the
possibility that other dSpms were activated and transposed

Figure 1. Phenotype of in1-m14::Spm; pr1 Kernel.

in1-m14::Spm carries an autonomous Spm at the locus. The mutant
in1-m14::Spm aleurone sectors are black; Inl revertant sectors caused
by the excision of Spm from the locus are red. The transposon donor
used to obtain this mutation was o2-m20::Spm In1; pr1. o2-m20::Spm
maps 4 cM distal to in1 on the short arm of chromosome 7

into the target site. These could not be differentiated from
defective transpositions from o2-m20::Spm. Knowing the na-
ture of the element at the locus allowed us to use segregation
analysis to identify a unique 10.6-kb Sail genomic fragment
associated with in1-m14::Spm that hybridized with an Spm

Table 1. in1-m Alleles Obtained from Transposon Mutagenesis by Using Spm as the Transposon Donor3

Allele No.

im-ml
in1-m2
in1-m3
in1-m4
inl-m5
in1-m6
in1-m7
in1-m8
in1-m9
in1-mW
in1-m11
in1-m13
in1-m14

Female

W22 in1; pr1
W22 in1; pr1
W22 in1; pr1
W22 in1; prl
W22 in1; pr1
W22 inl; prl
W22 inl; pr1
W22 inl; prl
W22 inl; prl
o2-m20::Spm In1; prl
W22 ir>1; prl
W22 inl; prl
W22 inl; prl

Male

c1-m5::Spm; In1; prl
o2-m20::Spm In1; prl
o2-m20::Spm In1; prl
o2-m20::Spm Inl; prl
In1, pr1; shl bz1 wx1; Spm
o2-m20::Spm Inl; prl
im, prl; Spm
o2-m20::Spm Inl; prl
o2-m20::Spm Inl; prl
W22 In1; pr1
o2-m20::Spm In1; prl
o2-m20::Spm Inl; prl
o2-m20::Spm In1; pr1

Insertion"

Spm
dSpmc

dSpm
dSpm
dSpm
Spm
Spm
dSpm
dSpm
dSpm
dSpm
dSpm
Spm

a Both ct-m5::Spm and o2-m20::Spm carry an autonomous Spm at the locus. In the cases of in1-5 and inl-7, the donor was carrying an un-
mapped Spm. The total number of kernels screened was >7 x 105.
b The genetic characterization of the transposon at the locus was performed in crosses using the tester inl; prl; C1 sh1 bz1 wx1-m8::dSpm;
-Spm.

c In these particular dSpms at inl, the alleles are stable (nonmutable) in the absence of the autonomous element. Reintroduction of Spm by
crossing restores mutability.
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probe. A junction fragment flanking the Spm insertion proved 
to be a single-copy probe that allowed us to clone an ln7 
genomic allele and to map the gene. 

Restriction Fragment Length Polymorphism Mapping 
of an in l  Fragment 

By using the probe derived from in l -mM::Spm, we determined 
an allele distribution of a restriction fragment length polymor- 
phism in the recombinant inbred families COxTx and TxCM. 
A comparison of this allele distribution with the Brookhaven 
National Laboratory Recombinant lnbred Database of mapped 
markers showed that the probe maps to the position expected 
for in7 at 4 cM proximal to 02 on the short arm of chromosome 7. 

cDNA Cloning and Analysis 

Three positive clones for in7 were purified from the h cDNA 
library of W22 ln7, full-color endosperm. One had an insert 
of only 200 bp and was eliminated from further consideration. 
The lengths of the inserts in the other two clones were esti- 
mated at 2500 and 2300 bp. Clone pBF277, the larger of the 
two cDNA clones, was selected for sequencing. After com- 
pleting the sequencing and doing considerable rechecking, 
we were unable to derive an extended open reading frame 
(ORF) from this clone. The reason for this became apparent 
when pBF276, the shorter clone, was sequenced. By compar- 
ison, pBF277 was found to contain two additional inserted 
sequences and had deleted a portion of sequence present 
in pBF276. These alterations suggested that pBF277 was a 
partially spliced pre-mRNA transcript. However, it was not un- 
til the genomic sequence was completed and careful 
comparisons were made that the missplicing events in pBF277 
became apparent. 

pBF276, the cDNA clone believed to represent the correctly 
spliced transcript, is 2276 bp in length. The 5' end was later 
extended an additional34 bp by the rapid amplification of cDNA 
ends (RACE) procedure. Computer searches of nucleotide se- 
quence data bases, translated into all six reading frames, 
revealed high homology with the rVb7 multigene family in 
maize and delila from Antirrhinum. Figure 2 shows the amino 
acid sequence of IN1 compared with 6-PERU (Radicella et 
al., 1991), R-S (R-Self color; Perrot and Cone, 1989), LC (Leaf 
Color; Ludwig et al., 1989), SN (Scutellar Node; Consonni et 
al., 1992, 1993), and DEL1 (Antirrhinum Delila; Goodrich et 
al., 1992). Regions of homology occur at both the N and C 
termini, positions 1 to 220 and positions 468 to 647, respec- 
tively. A common preserved structural feature of all members 
of this family, including IN1, is the basic helix-loop-helix re- 
gion (HLH) in the C-terminal portion of the coding sequence. 
All of the plant MYC proteins shown here lack homology with 
other members of this family in the N-terminal half of the ba- 
sic region. The basic HLH region corresponds to the DNA 

binding protein dimerization domain of MYC oncoproteins. The 
major difference between IN1 and theother anthocyanin HLH 
proteins is a region located in the middle of IN1, between amino 
acids 220 and 467. Near the start of the RACE-extended cDNA 
there are two in-frame AUGs. The first is 42 bp from the start; 
the second, 90 bp from the start, is the more likely initiation 
codon, based on the extensive homology in this region with 
related sequences of the rVb7 family. In addition, the context 
of the second AUG codon, AGCCATGG, conforms more closely 
to the consensus eukaryotic start site, AlGXXATGG (Kozak, 
1987). This gives an ORF of 685 amino acids. 

Genomic Sequence, Introns, and Alternative 
Splice Sites 

The sequence of the genomic clone from the /nl-W22 allele 
is 8.3 kb. The genomic sequence extends 224 bp upstream 
of the 5' end of the cDNA sequence and 389 bp downstream 
of the 3'end. Comparison of the genomic sequence with the 
cDNA sequence of pBF276 shows that there are eight introns. 
Its splicing pattern is represented by the solid lines of the dia- 
gram shown in Figure 3. Also shown are the alternative splicing 
patterns (dashed lines) associated with the other cDNA clone, 
pBF277. lntron 2' contains an alternative 5' donor site within 
itself that results in a 115-nucleotide larger exon 2. lntron 5: 
on the other hand, can recognize an alternative 3' acceptor 
site within exon 6 that deletes the first 88 nucleotides in exon 
6. Finally, intron 7 is not spliced out in pBF277. Table 2 lists 
the lengths of each intron and their alternatives along with their 
5' and 3' splice junctions and the percentage of AU base 
composition. 

We wanted to determine how frequently these missplicing 
events occurred in the mRNA population and whether there 
were any other anomalous splicing events. cDNA was synthe- 
sized with reverse transcriptase primed with oligo(dT) and used 
as a polymerase chain reaction template with primers that 
flanked the introns (RT-PCR). Under the same amplification 
conditions, we obtained only full-length products equivalent 
to unspliced introns when the genomic clone hB137 was used 
as template for all seven primer pairs. The PCR products are 
displayed in Figure 4. All bands were cloned and sequenced 
to verify the identity of the products with expected sizes and 
to characterize the nove1 fragments. Table 3, which relates to 
Figure 4, gives the observed and expected lengths of the PCR 
products detected by electrophoresis and the estimated amount 
of product in each band. 

We found that the same missplicing events observed in the 
cDNA clone pBF277 were confirmed. In fact, the alternative 
splice sites for introns 2 and 5, as well as the unspliced intron 
7, seemed to be preferred to the correctly spliced introns. We 
also found that intron 1 was frequently unspliced. Only cor- 
rectly spliced intron products were detected for introns 3 and 
4 (amplified as a single unit), 6, and 8. Two unexpected bands 
of 96 and 108 bp also were observed for intron 2. When these 
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IN1 1 MAAG------------GRGEAAQKA---LQSVAQSTGWTYSLLWRLCPRQ--GAL~AEGYYNGAIRTR~T~TVRQPAGAU)AGDEETA 
ZMBPERU 1 ::LSASPAQEELLQPA::PLRK:-----. .AM:R:IN:S:A:F:SISST:RPRV:T:TD:F:::EVK:::ISHSVELTADQLLM------- 
ZMRS 1 ::VSASRVQQAEELL-Q:PAER:LMRSQ:AAA:R:IN:S:A:F:SISDT:-P:V:T:TD:F:::EVK:::ISNSVELTSDQLVM------- 
MZEREGG 1 : :LSASRVQ~EELL-Q:PAER:LMRSQ:AAA:R:IN:S:A:F:SISDT:-P:V:T:TD:F:: :EVK:: : ISNSVELTSDQL~-------  
ZMSN 1 ::LSASRVQ(;LAEELL-Q:PAER:~SQ:AAA:R:IN:S:A:F:SISDT:-P:V:T:TD:F:::EVK:::ISNSVELTSDQLVM------- 
AMADEL 1 : ~ T ~ I Q N Q K I V P E N L - - - - - ~ ~ ~ - - R K Q : A I A V R : I Q ~ S ~ A I F : S N S V A : - P : V : E : G D : F : : : D : K : : : : V Q S V E L ~ Q L G L - - - - - - -  

I N1 75 PRRSRQLKELYDSLAAGEAAYDGGGCVGGWQQQ~WPPPRRP~LAPU)LTET~FY~ASYCFPPAVGLff iEAFVRRAH~LCGA 

M R S  84 -Q::D::R:::EA:LS::GDRR-MPARPAG--------------.--S:S::::GD:::Y:WSMT:A:R:GQ::::RS:ASD N: 
MZEREGG 84 -Q: :D::R: ::EA:LS::GDRR-MPARPAG----------------S:S::::GD: ::Y:WSMT:A:R:GQ:: ::RS:ASD N: 
ZMSN 62 -Q::D::R:::EA:LS::GDRR-AAPARPAG----------------S:S::::GD:::Y:WSMT:A:R:GQ::::RS:ASD N: 
AMADEL 54 -Q: :D: :R: : :E : :SL: : - - -TNT~KRP-- - - - - - - - - - - - - - -T : : :S : : : : :DA: : :F :V :M:FI :NIGQ: : : :RTLA:N N: 

IN1 166 NKADSKVFSRAILARSAGIQTVACIP-VDDGVLEIGTTEKVEEDIFLIQHVRNIFVDBHGA-HIMPTTLSGYSTSTPT---TQLNHQPFQT 
ZMBPERU 151 HL:G::D:P::L::K::S:::IV:::-Lb% L:::D: :P::PD:VSRATVA:WEPQCPTYSKEPSSNPS--AYE:GEAAYI---WLE 
M R S  156 HL:G::A:P::L: :K: :S::SIL: : : - : f f i  L:::DT:P:APD:VSRATM:WEWCPTYSEEPSS:PSGRANE:GEAAADDGTFAFE 
MZEREGG 156 HL:G::A:P::L::K::S L:::DT:P:APD:VSRATAA:WEPQCPS-S-SPS----GRANE:GEAAADDGTFAFE 
ZMSN 156 HL:G: :A :P :  :L: :K: :S L: : :DT:P:APD:VSRATAA:WEWCPTYSEEPSS:PSGRANE:GwDGTFAFE 
AMADEL 145 HR::T:::::SL::K::S L:A::L:P::LN:: : : IKTS:L:SPATVPKI:NYV:NSI:NNNDLICEA:E:~IPE 

ZMBPERU 81 -Q::E::R:::EA:RS::CDRR:ARP::-------------------S:S::::GD:::Y:VI:MT:A:L:GQ::::RSSASNE:::::N: 

IN1 252 KT-GIS~LGDERNSEMU)DDDD--GRIDLENNTENDSTRRHLPaDASAGNELETLNAESSGPMLIANLTAOEYGQLHRFLSVLSSKYL 
ZMBPERU 236 OU)HN-~EMAAAGRHG--TGQELGEVESPS:-ASLE:ITKGIDENS:CEEMDVQPLEDAWIMDGSNF:VPSSALPVDGS-:APAD 
ZMRS 246 EU)H"GMDIE-PMTAAGGHGQEEEL:LREAEALSD:ASLE:ITKEIEEFYS:CDEMDL(;LAL:LP-LU)GWTCTVDASNFEVPC:SPQPAPPP 
MZEREGG 246 EU)HNN(IMDI:AMTAAGGHGQEEEL:LREAEALSD:ASLE:ITKEIEENS:CDEMDL~L:LP-LU)GWTVDASNFEVPC:SPQPAPPP 
ZMSN 246 EU)H"GMDDI:AMTMGGHGQEEEL:LREAEALSD:ASLE:ITKEIEENS:CDEMDL(;LAL:LP-LU)GWTVDASNFEVPC:SPQPAPPP 
AMADEL 236 NDU)QL::CP:TNICSPDNSL::FADNLLIDESNLAEGINGEV::TQ:WPFMDDAISNCLNSS:NSSDCIS:TH-EN:ES:APLSDGKGPP 

IN1 340 QSffi-Aa)LIAAVAENAHYIETVLRILRFNACRQTQ---MSSN--IAKTYL-ALSKNSPFSRWMJKRKGISS~IAEGTPQ~LKSVLLGA 
ZMBPERIJ 322 G:RATSFVVWT----------------_-RSSH------~~:GEAA----V~VIEEP(;IKLLKKALAGGGAWAN-------_----------- 
ZMRS 335 VDRAT:NVA:DASRAPV:GSRATSFWTRSS:QS---SC:DDMP:-WPAIEEPQRLLKKWAGGGAW--------------------- 
MZEREGG 330 VRAT:NVA:DASRAPV:GSRATS~WTRSS:QS---SC:DDAAP:AWPAIEEPQRLLKKWAGGGAW--------------------- 
ZMSN 336 VDRAT:NVA:DASRAPV:GSRATSFMAWTRSS:QS---SC:DDMP:AWPAIEEPQRLLKKWAGGGAW--------------------- 
AMADEL 325 ETNNCMHSTQKCNGIGIIENGVQGD~HY~VLSNL---LK::HGILVLGP:FRNGNRE:S:VS::-:DGSSGTHVPRS::S::F::K::FEV 

IN1 424 PSSSSHRSHRGEVQSSSPEPRGDD 
ZMBPERU 372 __-___-_____-_- -________ 
ZMRS 406 - - -__ - -___ -___-_________  
MZEREGG 402 . . . . . . . . . . . . . . . . . . . . . . . .  
m N  406 - _ - _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _  
M E L  412 ARMHENSRLDAGK: KGNSDCLAK- 
CONSENSUS 

IN1 516 RRIQELESRRRLVG-SNQK~~QQPPPPAASTEERGRRQTSGGY~~GTGSRAAEASGN-SNLGEEPPAAAASDTDTEVQVSIIGSDA 
::QGGS------------------GCVSKKVCVGSN-----------SKRK:PEFAGGAK:H:WVLPM:-GTSN:T:TVSDTN 

MRS 467 ::V:::::S:EPASRPSET::RLITR:SRGNNESV:KEVCAG-------------SKRK:PELGRDDV:R:PVLTM:AGSSM/TVTVSDKD 
MZEREGG 465 ::V:::::S:EPASRPSET::RLITR:SRGNNESV:KEVCAG-------------SKRK:PELG~DV:R:PVLTM:AG:SNVNTVSDKD 

S:EPASRPSET::RLITR:SRGNNESV:KEVCAG-------------SKRK:PELGRDDV:R:PVLTM:AG:SM/TVTVSDKD 
N~K:RGRES::KTKLHDAIERTSDNY:ATR::N---VKKPL:NK:K:SDTDK-IGAVNSRGRLKD:L::-NIT:N:MK:V 

I N ~  605 LLELRCPHREGLLLRVMQALHQELRLEITSV(;LASSAGDVLLAKLRAKVK~HGRRSSITEVKRAIHLIVSSDWICEKNPCLA 
ZMBPERU 494 V:::VQ:RWEKL:MT::FD:IKS:H:DAL:::::APDGFMRL:IG:QFAGSGAWPGM--I~SLRKAIGK 
ZMRS 544 V:LEVQCRW:E::MTRVFDAIKS:H:DVL:::::APM;MGL:I::QFAGSGAWPWM--ISE:LRKAIGKR 
MZEREGG 542 V:LEV~RW:E::MTRVFDAIKS:H:DVL:::::APDGFMGL:I::QFAGSGAWPWM--ISE:LRKAIGKR 
ZMSN 548 V:LEVTXRW:E::MTRVFDAIKS:H:DVL:::::APDGMGL:I::QFAGSGAWPWM--ISE:LRKAIGKR 
M E L  578 :IVVT:SSK:FV::E::E:VRR-:S:DSET::S:NRDGMISITIK::C:GLKVASA:V--I :Q:LQK~KS 

Figure 2. A Comparison of the Amino Acid Sequence of IN1 and Related Anthocyanin Homologs and a Comparison with the MYC Consensus 
Basic and HLH Regions. 

IN1 shares homology in the first 220 amino acids at the N terminus, which includes a part of the region in B1 containing the transcriptional activa- 
tion domain (up to position 359 in B1-PERU). A unique region of IN1 is found between amino acids 220 and 467. A basic region and adjacent 
HLH region are found beginning at approximately position 460. The boxes indicate regions of high homology with the MYC consensus sequence 
from all organisms (Kim et al., 1995). The IN1 amino acid sequence was inferred from the lnl-WZ2 DNA sequence, which is available from GenBank 
as accession number U57899. Dashes indicate gaps in the sequences; colons signify identity. IN1, INTENSIFIER1; ZMBPERU, Zea mays B1- 
PERU; ZMRS, 2. mays R-SELF COLOR; MZEREGG, MAIZE REGULATORY PROTEIN (or LCl [RED LEAF COLOR]); ZMSN, 2. mays RED SCUTEL- 
LAR NODE; AMADEL, Antirrhinum majus DELILA. 
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1 2 3 4 5  6 7 8  

Figure 3. Diagram of the Known Transcribed Region of in7 Showing 
Splicing Events. 

The size of the transcribed region is 2723 bp. The open boxes repre- 
sent exons; the filled boxes represent misspliced intron sequences. 
The solid lines indicate the correct splicing events; the dashed lines 
indicate the missplicing events. At the 5’ end of intron 2, there is an 
alternative splice site 115 nucleotides within the intron (filled box). This 
misspliced intron is called intron 2’. In intron 5, an alternative 3 splice 
site 88 nucleotides within the following exon is frequently recognized 
(open boxed region that is part of the left end of exon 6). This mis- 
spliced intron is designated intron 5’. Finally, intron 7 is typically 
unspliced (filled box). Vertical arrows at the beginning and end of the 
transcript indicate the positions of the initiation and termination codons. 
The sizes of the individual exons (open boxes) are as follows: exon 
1, 196 bp; exon 2 (open box only), 336 bp; exon 3, 97 bp; exon 4, 15 
bp; exon 5, 57 bp; intron 6 (both open boxes together), 365 bp; exon 
6 (open box immediately after intron 6), 461 bp; exon 7 (open box im- 
mediately before intron 8), 462 bp; exon 8, 272 bp. 

were cloned and sequenced, the prominent 96-bp band was 
shown to contain part of the intron 2 sequence with three 
closely spaced deletions of 1069, 8, and 213 bp and an un- 
known 9-bp insertion. The band at 108 bp  was a mixture of 
an unidentified sequence and a sequence similar to the 96- 
bp band with a duplicated PCR primer sequence at one end. 
We believe that these two bands of 96 and 108 bp are proba- 
bly unusual artifacts of PCR amplification. The only other 
unaccountable product was a faint 184-bp band associated 
with intron 7. Severa1 attempts to clone this fragment were 
u nsuccessf u I. 

Exon-intron boundaries of Icl have been published (Ludwig 
et al., 1989) and permit comparison with the genomic organi- 
zation of inl. The two genes share homologous sites for six 
of their eight introns. Icl has an intron in the untranslated 5’ 
leader, which is absent in inl, and lacks an intron in the region 
containing the sixth intron of inl. Interestingly, this is the re- 
gion i n  which the inl ORF lacks homology with the rVb7 
multigene family. 

Site of Spm lnsertion and Excisions from inl-ml4::Spm 

The junctions of the Spm insertion in inl-ml4::Spm were am- 
plified by PCR and cloned. Sequencing showed that Spm had 
inserted in intron 2 at 109 bp from the 3‘ splice site (Figure 
5). Spm typically causes a 3-bp duplication of target sequence 
upon insertion (Schwarz-Sommer et al., 1985). In the case of 

inl-m74::Spm, there is a duplication of the bases ACA at the 
site of insertion. 

Rearrangements in the gene correlated with changes in 
phenotype provide proof that we did not clone an Spm inser- 
tion into a gene simply linked with inl. Excision of Spm may 
leave all, none, or some variant of the 3-bp duplicated sequence 
behind (Schwarz-Sommer et al., 1985). We selected a num- 
ber of independent possible revertants of inl-ml4::Spm and 
obtained sequences of 11 (Figure 5). Five of the revertants pro- 
duced clean excisions and six others left mutated sequences. 

Effect of the in l  Mutation on Transcription 

Poly(A)+ RNAs from normal and mutant endosperms were ex- 
amined by gel blot filter hybridization. As shown in Figure 6A, 
endosperms of Inl; prl 30 days after pollination show a light 
major band at ~ 2 . 5  kb and two other minor bands at 4 . 3  and 
5 kb. In the mutant ivl; prl endosperms, there is at least one 
extremely faint band at 1.3 kb. As a control, the filter was 
stripped of radioactivity and rehybridized with a probe for 
shrunkenl ( s h l ) .  This is shown in Figure 6B. The comparison 
indicates that there is very little Inl mRNA produced in con- 
trast to shl mRNA. 

Although no Inl transcripts could be demonstrated in inl 
poly(A)+ RNA by gel blot filter hybridization, we obtained spe- 
cific amplification of Inl sequences when mutant endosperm 
RNA was assayed by PCR amplification. In fact, the identical 
splicing patterns were observed for all eight introns for both 
Inl and inl endosperm mRNA, indicating that a low leve1 of 
transcription was occurring in the mutant. 

Table 2. Characteristics of i n l  lntrons 

lntron Length 
 NO.^ (bp) 5’ Splice Site 3’ Splice Site % AU 

1 112 
2 1332 
2‘ 1217 
3 851 
4 292 
5 200 
5’ 288 
6 2325 
7 113 
8 143 

Consensusb 

GGIGUACGC 
GGIGUAAAC 
AGIGUCUCC 
GGIGUACGC 
AGIGUAUUA 
AGIGUCAGU 
(Same) 
AGIGUAACA 
AGIGUGCGU 
AGIGUUAGC 

AGIGUAAGU 

CUC AUCAGICG 
CGU UUCAGIGU 
(Same) 
AAUAUC AGlAG 
UAAUGC AGlAC 
AGUUUCAGIGU 
CCUCUCAGIGG 
CCUUCCAGIGG 
CACCGCAGIAU 
UGCUGCAGIGU 

UUUUGCAGIGU 

44 
59 
60 
70 
69 
74 
69 
65 
50 
58 

a Unprimed intron numbers represent correctly spliced introns. lntron 
2 indicates the misspliced intron 2 that recognizes another 5’splice 
site; intron 5’ is the alternatively spliced intron 5 that uses another 
3’ splice site. lntron 7 is often unspliced. 
The consensus sequences for 5‘ and 3’ splice sites are shown. 
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6 7

222 bp —

179 —

128 —

75- -*
65 —

Figure 4. RT-PCR Products of im Introns Using Total Endosperm RNA.
The PCR products are as follows: lane 1, intron 1; lane 2, intron 2;
lane 3, the product spanning introns 3 and 4; lane 4, intron 5; lane
5, intron 6; lane 6, intron 7; lane 7, intron 8. The PCR products were
electrophoresed in a 3% MetaPhor gel and stained with ethidium bro-
mide following electrophoresis. Imaging was with a CCD camera, and
image reversal was performed electronically. Numbers at left indicate
molecular length markers in base pairs.

DISCUSSION

B1 achieved its effect through interaction with another DMA
binding protein, namely, C1, which is encoded by a myb
homolog.

The inhibitory effects of IN1 could be achieved through het-
erodimerization with other HLH transcription factors with
subsequent disruption of functional DNA binding and/or by
competition for binding of the activation domains of other tran-
scription factors. For example, Id, a transcription inhibitor from
mice, has an HLH region but lacks the basic motif and is able
to form heterodimers with at least three HLH transcriptional
regulators to inhibit binding to the muscle creatine kinase en-
hancer and thus inhibit transactivation (Benezra et al., 1990).
The HLH protein encoded by Drosophila extramacrochaetae
appears to exert its negative regulation of the achaete promoter
in a similar fashion (Martinez et al., 1993). The HLH protein
encoded by the enhancer of split, on the other hand, contains
an intact basic motif and exerts its negative action through het-
erodimers that bind to a new sequence within the promoter
of target genes (Oellers et al., 1994).

In maize, the r1/b1 family of genes encodes HLH proteins
involved in tissue-specific regulation of anthocyanin biosyn-
thesis (Chandler et al., 1989; Ludwig et al., 1989). Although
certain alleles of b1 can function in the seed, b1 is more typi-
cally expressed in vegetative parts of the plant. Its normal seed
counterpart is n. Given that there is a poorly organized oligo-

Homology with HLH Transcriptional Regulators

Phenotypically, the effect of the in1 mutation is the derepres-
sion of anthocyanin biosynthesis, which suggests that the
wild-type allele encodes a transcription factor that acts as a
represser. Therefore, it was not surprising to find that the se-
quence of in1 showed significant homology with a class of myc
homologs in maize and Antirrhinum that are involved in an-
thocyanin biosynthesis.

The proteins encoded by these genes share homology with
other myc homologs in having an abbreviated basic region and
a HLH segment (Kim et al., 1995). In c-MYC and related pro-
teins, the basic region has been shown to mediate DNA
binding, whereas the HLH region affects oligomerization (Dang,
1991). However, unlike c-MYC, the anthocyanin HLH family of
proteins lacks a leucine zipper domain on the C-terminal side
of the HLH domain. The leucine zipper domain is sufficient
for oligomerization in transcription factors related to the yeast
GCN4 protein and is important for heteroduplex formation in
the case of c-MYC (Dang, 1991).

IN1 also shares extensive homology with the other anthocya-
nin HLH proteins in the first 220 amino acids at the N terminus.
This is part of a region that has been shown to encompass
a transcriptional activation domain in the B1 protein (Goff et
al., 1992). Goff and colleagues showed that deletions from the
N terminus up to amino acid 359 are deleterious to transcrip-
tional activation by the B1 protein. Surprisingly, the same study
indicated that the basic and HLH domains of B1 were dis-
pensable for the activation of a reporter gene fused to an
anthocyanin structural gene promoter. They hypothesized that

Table 3. Analysis of PCR
Figure 4

Intron No.

1

2

3 and 4
5

6
7

8

Expected
Lengths3

(bp)

183(uns)d

74 (s)e

171 (20'

122(s)
172(s)
84 (509

99
21 8 (uns)

104(s)
113 (s)

Products of inf J Introns Shown in

Observed
Lengths"
(bp)

184 (uns)
74 (s)

171 (20
108 (artifact)
96 (artifact)
56 (s)

122 (s)
174(s)
84(50

100
220 (uns)
184 (unknown)
106 (s)
113(s)

Relative
Amounts0

(%)

23
77
98

2
100
48
52

100
75

25
100

a Expected lengths are the lengths of fragments expected from PCR
that represent the correctly processed intron plus the length of primers
and supplemental exon sequences.
b Observed lengths are estimated lengths of PCR products detect-
ed by electrophoresis in 3°/o MetaPhor.
c Relative amounts were determined (Sutherland et al., 1987) during
the exponential phase of PCR.
d uns, unspliced intron product.
e s, spliced intron product.
1 Misspliced intron 2.
9 Misspliced intron 5.
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In1 insertion site

in-m14::Spm insertion

... GTC AMGC ACAAAC ATTT...

.GTCAAAGCACA-/Spm; -ACAAACATTT.,

in-m14Revertants 2, 3, 7, 12, and 16

in-m14Revertant4

in-m14Revertant5

in-m14Revertant 6

in-m14Revertant8

in-m14Revertants 9 and 11

...GTCAAAGCACAAACATTT...

...GTCAAAGCACGAACATTT...

.. .GTCAMGCACTGAACATTT...

... GTCAMGCATAACATTT...

... GTCAMGCTAACATTT...

... GTCAAAGCACAACATTT...

Figure 5. Spm Insertion into in-m14 and Sequences of Revertants as Determined by Cloning of PCR Products
Insertion of Spm is in intron 2 at 109 bp from the 3' splice site. The 3 bp of target sequence that are duplicated upon Spm insertion are shown
in boldface. In the case of the revertants that were examined, in-m14Revertants 2, 3, 7, 12, and 76 show a clean excision of Spm, restoring the
original sequence. The other revertants show various permutations (in boldface) at the insertion site when Spm excises.

merization domain in the anthocyanin HLH homologs and thai
the entire region appears to be dispensable for the function
of the B1 protein, it seems likely that the IN1 products might
exert their effects through competition with the activation do-
main carried on the R1 protein rather than by interfering with
DMA binding. At the N terminus, the presumptive IN1 sequence
shares homology with B1 only for the first 220 amino acids.
Goff et al. (1992) have proposed that the R1/B1 proteins exert
their positive transcriptional effects through association with
the PL1 or C1 DNA binding proteins. It is possible that IN1 re-
tains enough similarity to R1 to bind to C1, but its dissimilar
amino acid sequence in a portion of the activation domain is
sufficient for it to be a competitive inhibitor of the R1 protein.

In our introduction, we mention that the in1 mutation in-
creases overall the products of the later steps in anthocyanin
biosynthesis. The mode of action we envisage for in1 differs
from that of Franken et al. (1991), who proposed that the gene
acts at the level of translation. They suggested that the wild-
type gene product acts specifically with the whpl mRNA ei-
ther to inhibit its translation or to control the expression of a
factor that inhibits the translation of whpl mRNA. The homol-
ogy that IN1 shows with other MYC proteins is consistent with
the latter mechanism, but the effect would not be limited to
a specific interaction with whpl mRNA.

Regulational RNA Processing

We examined the In1 introns and adjacent sequences for fac-
tors that might explain the frequent missplicing and nonsplicing
that we detected. Although monocot introns frequently have
a higher GC content than dicot introns, the presence of AU-
rich stretches and, in particular, uridine-rich tracts just before

the 3' acceptor site characterize well-spliced introns (Goodall
and Filipowicz, 1989; Luehrsen and Walbot, 1994a, 1994b).
Similarly, adherence to the 5' and 3' consensus sequences
aids the splicing efficiency of GC-rich introns (Goodall and
Filipowicz, 1991). With the exception of intron 1 with 56% GC,
none of the in1 introns is GC rich. All of the introns have a

probe Sh1

genotype In in In in
A B

5kb —

2.5 —

1.3 — i II
— 2.7 kb

Figure 6. Autoradiography of RNA Gel Blot Hybridizations.

Fifteen micrograms of poly(A)+ RNA of W22 In1; pr1 and W22 in1; pr1
from endosperms was loaded in each lane.
(A) The filter was probed with an a-32P-labeled PCR product that
selectively amplified a fragment corresponding to the 250-amino acid
central region unique to IN1. Exposure was for 3 days at -80°C with
an intensifying screen.
(B) As a control, the filter was stripped of radioactivity and rehybrid-
ized with an a-32P-labeled probe for sh1. Exposure was for 6 hr at
room temperature.
Numbers at left and right indicate estimated lengths of bands (in kilo-
bases) based on internal standards.
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higher AU content than their surrounding exons. Concerning 
other compositional characteristics that might b a r  on missplic- 
ing, only intron 7appears to exhibit unusual features. In addition 
to having a somewhat lower AU content, intron 7 has no uri- 
dines in the 10 nucleotides preceding the 3’ intron boundary. 
Uridines are usually found in this region and appear to en- 
hance splicing efficiency (Hanley and Schuler, 1988; Lou et 
al., 1993). Unlike dicots, maize will splice introns that contain 
large stem and loop structures (Goodall and Filipowicz, 1991). 
Nevertheless, we performed a search for stem and loop struc- 
tures in the Inl sequence. In intron 7, we found only an 
eight-nucleotide stem with a 16-nucleotide loop starting 48 
nucleotides from the 5’splice site. For introns 2 and 5, no ob- 
vious structural or compositional reasons account for the 
missplicing events. In fact, in intron 5, the more frequently used 
alternative 3’ splice Site deviates more from the 3’ consensus 
splice site sequence than does the correct site. In addition, 
there are fewer uridines in the 15 nucleotides preceding the 
alternative 3’ splice site. 

All the missplicing events in inl lead to premature transla- 
tion termination. Misspliced intron 2‘ leads to immediate 
truncation of the polypeptide, whereas misspliced intron 5’ 
results in the addition of 25 new amino acids before prema- 
ture termination. Both of these events disrupt the homology 
shared with the other HLH proteins in the N-terminal region. 
Lack of splicing of intron 7 destroys the second helix of the 
HLH region and adds 51 new amino acids before termination. 
It is therefore unlikely that any of the alternatively spliced tran- 
scripts result in translation products with alternative functions. 
Missplicing, however, could play a regulatory role in modulat- 
ing the leve1 of functional IN1 protein. The Drosophila 
suppressor of white apricot locus autoregulates its own splic- 
ing (Chou et al., 1987). Afunctional mRNA is the predominant 
species only during the first few hours of larva1 development. 
Thereafter, transcripts with an unspliced intron 1 and/or intron 
2 predominate. Chou et al. (1987) have demonstrated that the 
gene is autoregulated by showing that incorrect splicing was 
dependent on a functional product of suppressor of white 
apricor. Developmental onloff regulation of gene action through 
alternative splicing appears to be a common theme in eukary- 
otes (Bingham et al., 1988). 

inl shares some properties with the aforementioned genes 
that exhibit regulated splicing. There is a degree of specificity 
in that four of the eight introns are always correctly spliced, 
whereas three are usually misspliced, despite having conven- 
tional donor and acceptor splice sites. Currently, we have no 
evidence that the IN1 protein autoregulates its transcription 
and/or splicing. From the results of the PCR amplifications 
presented in Table 3, we estimate that <0.20/0 of the Inl tran- 
scripts are correctly spliced. If the Inl gene product competes 
with other transcription factors for gene activation, it would have 
avery severe effect if all of the mRNAs were correctly spliced. 
Missplicing may provide an inherent mechanism for dealing 
with a potent competitor of activation of genes in the anthocya- 
nin biosynthetic pathway. 

METHODS 

Transposon Tagging 

Transposon mutagenesis was performed using the maize transpos- 
able element Suppressor-mutator(Spm). In the crosses, the genotype 
of the female parent was W22 in; prl and that of the male either 02- 
m2O::Spm Inl; prl or cl-m5::Spm; 02 Inl; prl or, in one experiment, 
02 Inl; prl; Spm (autonomous unmapped Spm). 

02m20::Spm seemed a likely, good donor because the opaque2 
(02) locus maps -4 centimorgans (cM) dista1 to intensifierl (inl) on 
the short arm of chromosome 7 and transpositions are usually to nearby 
locations (McClintock, 1962; Peterson, 1970). Two other donors were 
also used to a limited extent, because for reasons that are not clear, 
we have sometimes failed to get a desired insertion by using a linked 
transposon (F. Burr and B. Burr, unpublished data). In all, more than 
7 x 105 kernels were screened. We expected the in7-m::Spm kernel 
to have a phenotype of a black aleurone (inlm/inl; prl )  with reddish 
pink revertant sectors (inl-m revertanUin7;prl). We succeeded in isolat- 
ing 13 confirmed inl-mutable (inl-m) mutations. Subsequent genetic 
analyses have shown that the alleles were carrying either an autono- 
mous or a defective Spm (Spm or dSpm). 

Genomic Cloning of in7mlrl::Spm 

The mutant inl-ml4::Spm was selected for cloning because genetic 
analyses had shown that it contained an autonomous Spm. A back- 
cross population of inl-m74::Spm/inl x inl was classified by phenotype 
into inl-m74/inl and inl/inl (IA) kernels. These were planted, and DNAs 
were prepared from seedlings of 18 mutable and six stable kernels. 
Equal amounts of DNA from six plants of the same genotype were 
pooled, and each pool was digested with the methyl-sensitive enzymes 
Clal, EcoRII, Fspl, Mlul, Nael, Narl, Nrul, Pstl, Pvul, Pvull, Sacl, Sall, 
Smal, Snal, and Xhol (Bethesda Research Laboratories and New En- 
gland Biolabs, Beverly, MA). DNA gel blots were probed with an 
Spm-specific probe representing a 450-bp Banll-Xbal fragment from 
the dSpm at waxyl(wxl)-md (Cone et al., 1986). The films of the batch 
digests were examined for fragments cosegregating with the mutant 
phenotype that had sizes suitable for cloning in the A. vector. The putative 
results were subsequently confirmed by DNA gel blot analyses of the 
individual plants (Cone et al., 1986). In this way, we were able to iden- 
tify a 10.6-kb Sal1 fragment that was always present in the 
inl-ml4::Spmhnl plants but absent in the inlhnl individuals. 

Twenty micrograms of inl-ml4::Spm DNA was digested with Sal1 and 
electrophoresed on a 0.6% low melting point agarose (Bethesda Re- 
search Laboratories) gel. A small part of the gel that bracketed the 
10.6-kb region containing the desired fragment was excised, and the 
DNA was purified using QIAEX resin (Qiagen Inc., Chatsworth, CA). 
The DNA fragments were ligated to Xbal- and Xhol-digested hGEM- 
12 DNA (Promega). Transformants were plated on 22.5 cmz NUNC 
plates, and phage plaques were transferred to nitrocellulose (Schleicher 
& Schuell). Filters were hybridized using the 450-bp Spm probe men- 
tioned above. In this way, severa1 plaques were identified that 
subsequently were plaque purified. The h clones were sequenced using 
a 3’ Spm primer, 5‘-CAGTAAGAmGTGGGGTTTTGGCC-3: which 
provided sequence extending from the 3’end of the element into the 
adjacent genomic region. 

The position of the Spm insertion in inl-ml4::Spm was determined 
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by cloning and sequencing polymerase chain reaction (PCR) prod- 
ucts. For the 5‘ junction, we used the Inl-W22 primer, 
5’-CCGGCTCTATGCTGTTCTGTATTT-3‘(24mer), and the 5’Spm primer, 
5‘-TGACACTCCTTTGACGTTTTCTTGT-3’ (25mer). For the 3‘junction, 
the 3’Spm primer, 5’-CAGTAAGAGTGTGGGGTTTTGGCC-3 (24mer). 
and the /n7-W22 primer, 5’-ATTGCTCTTGAGAACACCTTGCTG-3‘ 
(24mer), were used. Eleven revertants were sequenced from clones 
of PCR products by using the primers 5’-CCGGCTCTATGCTGTTCT- 
GTATTT-3’ (24mer) and 5‘-GCTCTCCTTACAAACGCCTC-3‘ (20mer), 
which flank the site of insertion. All of the PCR products were isolated 
from 1% low melting point agarose with GeneClean (Bio 101, Vista, 
CA) and cloned into pCR I1 (TAcloning kit, version 6; lnvitrogen Corp., 
San Diego, CA). 

Restriction Fragment Length Polymorphism Mapping in 
Recombinant lnbreds 

A 169 bp-fragment spanning the 3‘Junction region of the Spm inser- 
tion was obtained by PCR with the primers 5’-ATTGCTCTTGAGAAC- 
ACCTTGCTG-3 (24mer) and 5’-CAGTAAGAGTCXGGGGTTTTGGCC-3 
(24mer). This was used as a hybridization probe to map the putative 
inl gene fragment in the COxTx and the TxCM recombinant inbred 
populations (Burr and Burr, 1991; Burr et al., 1988). The probe identi- 
fied an EcoRl polymorphism in both families. The allele distribution 
was compared with the allele distribution of previously mapped alleles 
in the maize data base maintained at Brookhaven National Labora- 
tory (E.C. Matz, F.A. Burr, and B. Burr, informal communication, 1995 
Maize Genetics Cooperation Newsletter, Vol. 69, pp. 257 to 267). Our 
current data base contains 1876 linked markers. 

cDNA and Genomic Cloning of In l  

Unfortunately, the 169-bp junction fragment described in the restric- 
tion fragment length polymorphism mapping did not prove to be a good 
hybridization probe for screening plaques. Therefore, we used the 169- 
bp probe to construct a partia1 restriction map of the hB101 clone from 
inl-ml4::Spm. From this map, we identified a 1.15-kb Xbal fragment 
that was used successfully to probe a cDNA library constructed from 
W22 Inl; Cl; Rl mRNA by K. Cone (University of Missouri, Columbia; 
Schmidt et al., 1990). Three cDNA clones, hB139,hB140, and hB141, 
were obtained. These were subcloned into pBluescript II KS+ 
(Stratagene, La Jolla, CA) as pBF276, pBF277, and pBF278. 

Because the cDNA library used was constructed from W22 full-color 
endosperms, the same inbred was used to clone an 18-kb BamHl 
genomic fragment from size-selected DNA in hGEM-12 digested with 
BamHl and Xhol. The genomic h clone, hB137, was subcloned as ei- 
ther EcoRl fragments of 2.4 and 5.8 kb or Sal1 fragments of 2.3 and 
3.6 kb into pBluescript II KS+. 

RNA Analysis 

Total RNA was prepared from W22 Inl; prl and W22 inl; prl endosperms 
that had been isolated at 30 days after pollination, frozen in liquid NP, 
and stored at -8OOC. Poly(A)+ RNA was purified from the total RNA 
by oligo(dT) cellulose chromatography. Fifteen micrograms of poly(A)+ 
RNA from each genotype was used for the RNA gel blot hybridiza- 
tions. The initial experiments used the entire insert of the cDNA clone 

pBF276. However, because of what we later learned about the homol- 
ogies of inl to r7 and bl,  we repeated the RNA gel blot hybridizations, 
using a 300-bp region from the central unique region of inl. The probe 
was generated by PCR, using the Inl-W22 primer pair Y-AGC- 
ACCGAGCAGGACG-3’ (16mer) and 5‘4GCAGGATGAATATGGTCA-3’ 
(19mer). The PCR product was labeled with a-3zP-dATP by random 
priming. Filters were exposed to Kodak XAR-5 film with Lightning-Plus 
intensifying screens (Du Pont) at -8OOC for 3 to 6 days. Filters were 
subsequently stripped of radioactivity and reprobed with a labeled frag- 
ment of the shrunkenl (shl) gene (Burr and Burr, 1981). The signal 
corresponding to sh7 was found to be so intense that even when ex- 
posure was reduced to only 6 hr at rmm temperature, the autoradiogram 
appeared overexposed. 

Sequencing 

Plasmid subclones of the cDNAs were sequenced by the dideoxy- 
nucleotide chain termination method by using Sequenase DNA 
polymerase (United States Biochemical). Genomic subclones and PCR 
clones were sequenced manually by the dideoxy method with Se- 
quenase, by cycle sequencing with dye terminators or labeled primers 
on an automated DNA sequencer (model373A; Applied Biosystems, 
Inc., Foster City, CA), or, in one instance, by cycle sequencing using 
dye-labeled primers on an automated DNA sequencer (LI-COR, Inc., 
Lincoln, NE). In all cases, both strands were sequenced for confirma- 
tion. Oligonucleotide primers were selected by using OLIGO, version 
5.0 (National Biosciences, Inc., Plymouth, MN) and synthesized by the 
Genome Facility at Brookhaven National Laboratory. Sequence align- 
ments and editing were done with the Sequencher 2.1 program (Gene 
Codes Corp., Ann Arbor, MI). Sequence homology searches were con- 
ducted with BLAST (Altschul et al., 1990), and sequence alignments 
were performed with FASTA (Pearson and Lipman, 1988). 

Rapid Amplification of cDNA Ends for 5 Extensions of 
In l  mRNA 

The rapid amplification of cDNA ends (RACE) procedure (Frohman, 
1990) was used to extend the 5’end of the mRNA. cDNA was synthe- 
sized in 25 pL with 1 pg of endosperm RNA at 30 days after pollination, 
2.5 pmol of a primer near the 5’ end of the mRNA, 5‘-TGCCGCCTT- 
GTTGAATC-3 (17mer), 1 x first strand buffer (Bethesda Research 
Laboratories), 0.4 mM deoxynucleotide triphosphates, 10 mM DTT, and 
100 units of modified Moloney murine leukemia virus reverse transcrip- 
tase SuperScript II (Bethesda Research Laboratories) for 30 min at 
42OC. The reverse transcriptase products were purified on GlassMax 
columns (Bethesda Research Laboratories) and tailed with poly(dA). 
The tailing reaction mixture contained 1 x terminal deoxynucleotide 
transferase buffer (Bethesda Research Laboratories), 1 mM MgC12, 
0.2 mM deoxyadenosine triphosphate, and six units of terminal deoxy- 
nucleotidyl transferase in a total volume of 20 pL and was incubated 
for 15 min at 37OC. One microliter of the poly(A)-tailed cDNA products 
was amplified by PCR in a final volume of 50 pL containing l x  PCR 
buffer (Promega), 2 mM MgCI2, 0.2 mM deoxynucleotide 
triphosphates, 2.5 units of Taq DNA polymerase (Promega), 7% DMSO, 
2 pmol of 5‘-GGCCACGCGTCGACTAGTACTTTTTTTTTTTTTTTTT- 
3‘(37mer) primer, and 25 pmol each of 5’-TAGTAGCCCTCCGCCCAGA-3’ 
primer (19mer; nested primer 40 bp upstream from reverse transcrip- 
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18mer primer) 5’-GGCCACGCGTCGACTAGTA-3’ primer Table 4. Oligonucleotide primer pairs Used for Amplification of 
lnl-W22 lntrons 

(19mer; subset primer of 37mer poly[dT] primer). The amplification con- 
ditions were as follows: step 1, 94OC for 4 min; step 2, six cycles at 
9l0C for 15 sec, 48OC for 2 min, and 72OC for 4 min (Taq DNA polymer- lntron No. Forward (5‘+39 Reverse (5’+39 
ase was added when the temperature reached 48OC in the first cycle); 
step 3, 30 cycles at 95OC for 15 sec, 6OoC for 30 sec, and 72OC for 
2 min; and step 4,72OC for 6 min. The PCR reaction was diluted 1:20 
with 10 mM Tris-HCI, 1 mM EDTA, pH 8.0. A second PCR reaction of 
25-pL final volume contained l x  PCR buffer, 2 mM MgClp, 0.2 mM 
dinucleotide triphosphates, 1.25 units Taq DNA polymerase, 7% DMSO, 
and 5 pmol each of Y-GGCCACGTCGACTAGTA-3’(19mer) and 5‘-TGG- 
CTGGGATGGCTACCTG-3’ (19mer; located 173 bp upstream of the 
previous nested primer). Amplification conditions were as follows: 
step 1, 94OC for 4 min; step 2, 40 cycles at 95OC for 15 sec, 6OoC for 
30 sec, and 72OC for 2 min; and step 3,72OC for 6 min. The products 
were separated on a 1% low melting agarose gel, and an ~250-bp 
band was excised, purified with GeneClean, and cloned into pCR li. 

The clones were characterized by PCR analyses, using the appro- 
priate lnl-W22 and T7 primers. More than 100 clones carrying 

1 GTGGACGTACAGCC- 
CCTC (19mer) 

CCT (18mer) 

GAGAGC (20mer) 

GGAACT (2lmer) 

GGT (17mer) 

CAAG (18mer) 

TTGC (18mer) 

2 TCCTACTGCTTCCCT- 

3 and 4a GAGGCGTTTGTAAG- 

5 GGTGTCCTGGAAATT- 

6 CGCAGGATGAATAT- 

7 GCCAGCCATGTCCT- 

8 TGGCGACGTGCTAC- 

TAGTAGCCCTCCGC- 
CCAGA (19mer) 

GCCTC (20mer) 

GCTACT (20mer) 

GATGAT (2lmer) 

TGATC (19mer) 

CCAT (18mer) 

CGATGA (20mer) 

GCTCTCCTTACAAAC- 

CGACTGGAATGCAT- 

TTGTCTGGAATGGCT- 

CCGCTACTGCTGCT- 

GATCGACGCCCTGT- 

CCAGTCTGATGAAA- 

amplifiable inserts were obtained, and the 10 longest were sequenced. 
However, the longest insert added only 34 bp to the 5‘end of the cDNA. 

a lntrons 3 and 4 had to be amplified together because the interven- 
ing exon is only 15 bp and could not provide a suitable primer se- 
quence. 

PCR Analysis and Cloning of Nove1 Ir11 Splice Junctions 

Five micrograms of total RNA from W22 lnl; prl dissected endosperms 
30 days after pollination were converted to cDNA with SuperScript 
reverse transcriptase (Bethesda Research Laboratories) and subse- 
quently treated with ribonuclease H (Bethesda Research Laboratories). 
For each intron listed in Table 3, approximately one-seventieth of the 
reaction was amplified with Taq DNA polymerase (Promega) in the 
presence of l x  PCR buffer, 2 mM MgCI,, 0.2 mM dinucleotide 
triphosphates, 1.0 pM primers, and 5% DMSO. The primer pairs used 
for each intron are given in Table 4. Amplification conditions were as 
follows: step 1, 94OC for 4 min; step 2, 40 cycles at 95OC for 15 sec, 
57OC for 30 sec (introns 1 and 7) or 55OC for 30 sec (introns 2, 3 and 
4, 5, 6, and 8), and 72OC for 2 min; and step 3, 72OC for 6 min. For 
quantitative PCR, aliquots were withdrawn after the extension step 
in step 2 (72OC for 2 min) at 24,26,28,30,32, and 34 cycles. The prod- 
ucts were separated on a 3% MetaPhor gel (FMC Bioproducts, 
Rockland, ME) at 6 V/cm, stained with ethidium bromide, and visual- 
ized bysurface UV illumination. The gel was imaged with aCCD camera 
(Sutherland et al., 1987), and image reversal was performed electron- 
ically. The sizes of bands were estimated, and the amounts of each 
product were quantified (Sutherland et ai., 1987). Relative amounts 
were estimated during exponential synthesis by measuring the peak 
sizes and dividing by the molecular length. In the instances where 
unexpected products were observed, PCR synthesis was .repeated, 
and the products were separated on a 1% low melting temperature 
agarose gel, purified with QIAEX resin, and cloned into pCR I I .  
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NOTE ADDED IN PROOF 

Regretfully, we overlooked the following paper: Reddy, AR., and 
Peterson, P.A. (1978). The action of the intensifier (IN) gene in flavo- 
noid production in aleurone tissue of maize. Can. J. Genet. Cytol. 20, 
337-347. This paper shows that inl greatly increases the quantity of 
anthocyanins, 3-deoxy anthocyanins, and leucoanthocyanidins. 




