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The predicted products of floral homeotic genes, A GAMOUS {AG) from Arabidopsis thaliana and DEFICIENS 
A (DEF A) from Antirrhinum majns, have been shown previously to share strong sequence similarity with 
transcription factors from humans (SRF) and yeast (MCM1). The conserved sequence between these proteins is 
localized within a domain known to be necessary for the DNA binding and for the dimerization of SRF. We 
have isolated six new genes from A. thaliana, AGL1-AGL6, which also have this conserved sequence motif. 
On the basis of the sequence comparison between the AG and AGL genes, they can be assigned to two 
subfamilies of a large gene family. RNA dot blot analysis indicates that five of these genes {AGL1, AGL2, 

AGL4, AGLS, and AGL6) are preferentially expressed in flowers. In addition, in situ RNA hybridization 
experiments with AGL1 and AGL2 show that their mRNAs are detected in some floral organs but not in 
others. Our results suggest that these genes may act to control many steps of Arabidopsis floral 
morphogenesis. In contrast, the AGL3 gene is expressed in vegetative tissues as well as in flowers, suggesting 
that it functions in a broader range of tissues. We discuss possible roles of this gene family during the 
evolution of flowers. 
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Although flower development has been described in 
some detail, very little is known about the molecular 
machinery that controls cellular differentiation in devel- 
oping flowers. In recent years, the small mustard Arabi- 
dopsJs thaliana has been used increasingly for plant mo- 
lecular and genetic studies (Meyerowitz 1987, 1989), and 
a number of Arabidopsis floral homeotic mutants have 
been characterized (Koomneef 1987; Pruitt et al. 1987; 
Bowman et al. 1988, 1989; Haughn and Somerville 1988; 
Komaki et al. 1988; Kunst et al. 1989; Meyerowitz et al. 
1989}. Phenotypes of several homeotic mutants indicate 
that they alter floral organ identities {Komaki et al. 1988; 
Bowman et al. 1989; Kunst et al. 1989}. One of these 
homeotic genes is AGAMOUS {AG). Homozygous ag 
mutant  plants produce double flowers {Bowman et al. 
1989; Meyerowitz et al. 1989}. In the ag mutant  flower, 
while four sepals and four normal petals develop in the 
outer two whorls, as in the wild type, six additional pet- 
als occupy the wild-type positions of stamens. In addi- 
tion, a new flower appears in the position occupied in 
wild type by the ovary. The pattern of 4 sepals surround- 
ing 10 (4 + 6) petals repeats until the whole flower has 
- 7 0  organs {Bowman et al. 1989). The AG gene has been 
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cloned recently (Yanofsky et al. 1990), and DNA se- 
quence analysis indicates that it encodes a protein that 
shares striking similarity in its amino-terminal portion 
with the DNA-binding domains of transcription factors 
from humans (SRF; Norman et al. 1988} and yeast 
(MCM1; Passmore et al. 1988}, suggesting that the AG 
protein is a transcription factor. Another yeast regula- 
tory gene, ARG80 (Dubois et al. 1987}, also has the same 
type of sequence motif. 

Approximately a dozen genes have been defined genet- 
ically to be required for normal floral morphogenesis in 
Arabidopsis (Koomneef 1987). The complex process of 
flower development is likely to require many more reg- 
ulatory proteins to coordinate the formation of floral or- 
gans at the proper time and location. In Drosophila, 
many of the regulatory proteins that control early devel- 
opmental fate share a conserved domain for similar func- 
tions, e.g., DNA binding (Ingham 1988). By analogy, it is 
possible that the conserved putative DNA-binding do- 
main of AG is shared by other regulators of flower de- 
velopment. In fact, a recently cloned flower homeotic 
gene from Antirrhinum majus (snapdragon}, DEF A, also 
encodes a protein with the same type of DNA-binding 
domain {Sommer et al. 1990). This conserved motif has 
since been called the MADS box ( for MCM1, AG and 
ARG80, __DEF A, and SRF). Mutations in the DEF A gene 
cause phenotypes in snapdragon flowers that are very 
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different from those of ag mutants:  The petals are re- 
placed by sepals, and the stamens are replaced by carpel- 
like tissues, while the outer sepals and inner carpels are 
normal (Sommer et al. 1990). 

In an effort to gain further understanding of Arabidop- 

sis flower development, we set out to isolate genes that 
share sequence similarity with AG. Here we report the 
isolation and characterization of six genes that share 
substantial sequence similarity with AG and DEF A. 

They are designated AGL1-AGL6 for AG-like. We 
present the sequences of the AGL genes and their expres- 
sion patterns. The possible functions of this large family 
of regulatory genes in flower development, and its pos- 
sible role in the evolution of the flower, are discussed. 

R e s u l t s  

Isolation of AGL genomic and cDNA clones 

The region of amino acid sequence similarity between 
the AG protein (Yanofsky et al. 1990), the known tran- 
scription factors SRF (Norman et al. 1988) and MCM1 
(Passmore et al. 1988), and the yeast regulatory protein 
ARG80 (Dubois et al. 1987) is localized within a 56-res- 
idue domain (the MADS box) in the amino-terminal re- 
gion of these proteins. A highly conserved octapeptide, 
KKAYELSV, is found within the MADS box. A set of 
degenerate oligonucleotides was generated based on this 

octapeptide {see Materials and methods}. Low-stringency 
hybridization of an ArabJdopsis genomic D N A  blot wi th  
this set of oligonucleotides as probes revealed - 2 0  bands 
(data not shown). These oligonucleotides were then used 
to probe a cosmid library (Yanofsky et al. 19901 made 
from ArabidopMs nuclear DNA, and 46 clones were iso- 
lated. Southern blot analysis showed that  12 of the 
clones hybridized to an AG cDNA clone under moderate 
stringency (data not shown}. On the basis of patterns of 
restriction fragments and hybridization with  the AG 

cDNA, we concluded that these 12 clones most  likely 
represent four genes, named AGL1-AGL4. This was con- 
firmed later by D N A  sequencing (see below}. Represen- 
tative cosmids were chosen for further analysis. 

AGL1 and AGL2 genomic fragments were used to 
probe a hgtl0-based cDNA library constructed from Ar- 
abidopsis floral poly(A) + RNA {Yanofsky et al. 1990). 
D N A  sequence analysis (see below} revealed that among 
the cDNA clones isolated with an AGL1 probe {probe 1, 
Fig. 1B) there were not only clones for AGL1 but also for 
AGL2 and for one additional gene, designated AGL5 IFig. 
1A). Similarly, AGL2 and AGL4 cDNA clones (Fig. 1A} 
were isolated with an AGL2 probe {probe 2, Fig. 1B1. Be- 
cause these clones hybridize to the AG gene at moderate 
stringencies, we probed the cDNA library with an AG 

cDNA at a moderate stringency {see Materials and meth- 
ods}. Only moderate to weak positives were analyzed; a 
total of 27 AGL clones, including AGL3 and another 
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Figure 1. (A) Maps of AGL cDNAs. (AG and AGL1, 
AGL2, AGL4, and AGL6) Composite maps from two 
cloned fragments, the ends of which are marked by 
EcoRI sites {the cDNA and genomic sequences agree 
with each other; for clone numbers, see Materials 
and methods}. All clones have EcoRI sites {all are not 
shown} at both ends; only EcoRI, HindlII, and other 
sites used for demarcation purposes are shown. The 
symbols i m] and {O) indicate the positions of trans- 
lational initiation and termination codons, respec- 
tively. The A n s i g n s  represent poly(A) tails. The 
solid bars indicate the position of the MADS boxes, 
and the hatched bars indicate the position of the 
conserved K boxes. The region at the carboxyl ter- 
minus of AGL5, represented by the dashed line, is 
from genomic sequence. The asterisk (') in AGL3 
indicates the position of sequence AGGCTT, one 
base different from the HindIII site (AAGCTT] 
found at this position in the other cDNAs. Enzyme 
keys: (CI ScaI; (Hi HindlII; (N)NdeI; (P) HpaI; {R) 
EcoRI; (S) SspI; (X) XhoI. (BI AGL1, AGL2, AGL4, 
AGL5 gene structures (for clone numbers, see Ma- 
terials and methods). The boxes indicate exons [open 
boxes represent untranslated regions), and the lines 
between them represent introns. All of the introns 
have the canonical donor and acceptor sites, GT and 
AG, respectively. The boxes with dashed lines at the 
5'-most portion of AGL4 and AGL5 represent re- 
gions of uncertainty because of the lack of genomic 
information; the hatched box at the 3' region of 

AGL5 lacks cDNA confirmation. The bars above AGL1, AGL2, and AGL4 represent regions of the corresponding genes used as probes 
to isolate cDNA clones. The dashed lines indicate the introns that are lacking in some genes; the other introns between the solid lines 
connecting different genes have conserved positions. 
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gene, AGL6 {Fig. 1A), were isolated. AGL5 genomic 
eosmids {probed wi th  an AGL5 eDNA} and additional 
AGL2 and AGL4 eosmids {probed wi th  an AGL2 cDNA} 
were isolated from the cosmid library. The 3' portions of 
AGL1, AGL2, and AGL4 eDNAs were isolated subse- 
quently using gene-specific genomic fragments as 
probes. 

The AGL gene structures and nucleotide sequences 

We have determined the sequences of AGL cDNAs {Figs. 
2-4; AGL3 eDNA sequence is incomplete and not 
shown}, as well  as the entire genomie regions for AGL1 

and AGL2 and most of the AGL4 and AGL5 genes. On 
the basis of the comparison between eDNA and genomic 
sequences, we have deduced the complete exon-intron 
structures for AGL1 and AGL2 and nearly complete 
structures for AGL4 and AGL5 {Fig. 1B). The intron po- 
sitions are largely, though not entirely, conserved in all 
of the genes where the intron positions are known (Fig. 
1a). 

The AGL1, AGL4, and AGL6 cDNAs each contain a 
large open reading frame {ORF), as well as 5'- and 
3'-nontranslated regions and a poly(A) tail {Figs. 1A, 2-4). 
Although the eDNA clones for AGL2 and AGL5 do not 
include poly{A) tails (see Materials and methods), the 
entire protein-coding regions for these two genes have 
been identified (Figs. 1A, 2, and 3). The AGL5 eDNA 
clone does not contain the terminat ion codon for the 
longest ORF, but comparison of the genomic sequence 
matching the end of the AGL5 eDNA with the carboxy- 
terminal  sequences of AG and AGL1 suggests the prob- 
able carboxyl terminus of the AGL5 protein (Fig.2). The 
sequence of the amino-terminal  portion {including most 
of the MADS box) of the AGL3 protein (Fig. 5B) has been 
deduced from the cDNA sequence {data not shown). Ad- 
ditional AGL3 protein sequence (Fig. 5B) has been de- 
duced from genomic sequence (data not shown) using the 
canonical intron donor (GT) and acceptor (AG) sites. The 
proteins encoded by the AGL genes are small  {28.2-28.8 
kD calculated molecular mass} and slightly basic, simi- 

Figure 2. AGL1 and AGL5 eDNA and deduced protein se- 
quences. The complete coding region of AGL1 is shown, and 
only the nucleotides in AGL5 that are different from AGLI are 
shown below the AGLI sequence. The amino acid sequences 
are shown in boldface. The dashes in both nucleotide and amino 
acid sequences indicate gaps introduced to allow the best align- 
ment. Where AGL 1 and AGL5 amino acid residues are identical, 
they are shown once; where they are different, the AGL1 resi- 
dues are shown above the AGL5 residues. For AGL5, the DNA 
sequence starting at nucleotide 782 and the last 12 amino acids 
residues are from genomic sequences. The calculated molecular 
masses for AGL1 and AGL5 are 28,337 and 28,158 dahons, re- 
spectively. The potential phosphorylation sites [RXX(T/S)] and 
glycosylation sites [NX{T/S}] are underlined. The positions of 
introns shared by AGL1 and AGL5 are represented by the num- 
ber ( ) sign above the AGL1 nucleotide sequence; the one in- 
tron that is present only in AGL1 is indicated by the dollar ($) 
sign. The untranslated regions for AGL1 and AGL5 are shown 
separately, as indicated. 
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(1)CTCAAAACATGATAACTTGTTTCTTCCCCTCATAACGATTAAGA 797 

GAGAGACGAGAGAGTTCATTTTATATTTATAACGCGACTGTGTATTC 844 

ATAGTTTAGGTTCTAATAATGATAATAACAAAACTGTTGTTTCTTTGCTTCAn 

(5)TTCAGTCTAACATAAGCTTCTTTCCTCAGCCTGAGATCGATCTA 862 

TAGTGTCACCTAAATGCGGCCGCGTCCCTCAACATCTAGTCGCAAGC 909 

TGAGGGGAACCACTAGTGTCATACGAACCTCCAAGAGACGGTTACACAAA 
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(2) ••CTCA•ACATTTCTTATCTTTTG•TCTCAATAGATTC•ATTGATTCAAAACAAAATTTTCATTAAGATTTCACAACCTCCA•ACA 86 

( 4 ) - -- GATTCA- CAAAAACTTTTC- TTCAGATT- CACAATCTCATCACAA 42 

( 2 ) - -CTTCC AAACACAATTAAAGAGAGGAAAAAGAATCAATAACCCTATAAATAAAAAATCAGACAAACAGA 154 

( 4 ) CCCTTCAAAAAGAGAAAAGATCTAAAGAATAAACAAGAGCCCTAATATCAAATCACAACCAAAAAAACCAAAGAAAG-CTAATTAA 127 

(2) AGTTTCCTCTTCTTCTTCCTTAAGCTAGTACCTTTTGTTCTTGAAA-TTAGGGTTAATTTCTTTTTTCCAAATACCATCAATTCT 238 

( 4 ) AGTTTTCTCTCTAGCTATTCCTCTT-- -CTTTTCTTGTTCTTGAAAACTAGGGTTTACTT- 184 

( 2 ) CCAGACCATAAAAACTCAAAAAGATCAGATCTTTCCTCTGAAAAAGAGATACCCAACTTA~]~TT~~~AT~TAG 321 

( 4 ) CACCAAAAGATAAGATCTTTCCCCA~AAAAAGCAATACCCAAG TCATO']['T~TQTOT~TCT~TAT~%TAG 253 

( 2 ) ATAAA-CATTACATACCCATATTTGTGTATAGACATAAAAAGTGGAAATTAAGGTAACAAAAAGAA 386 

( 4 ) ATAAAA•ATTA•ATA•CCTAATAAGGTTACA•AAATAGCTATAAAAGAGGGAAAATAAGATAGGGATTTTTTGGGGTGAGGAAAG 338 

ATGGGAAGAGGAAGAG TAGAG CTGAAGAGGATAGAGAACAAAATCAACAGACAAGTAACGTTTG CAAAG CG TAGGAACGGTTTGTTGAAG 476 

C G T A A T C A 428 
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( 2 ) AGATACAAGACTTGGATTTGTAGACATAAG TGGCTAATATAATG GTC CTGAG GATCTTC TAGACATTTGTATCTTTTG GGAATCCTT 1277 

GCTTATATTAAGAATTC 1294 

( 4 ) GTGATcTTAGATcTTATGcATATGAATAATAATGTTATTGcAcAAGACTTTTGcTTTTGTAGAcACAAGTGGcTATAGcTGTAATAG 1235 

cCTTcAAcATCTcTcTTcTGTTTCAGGATTTGTTTGTGccTATTGTAATTGCTTATATATGTATGGTTTGTATAATGTGTGAAATGT 1322 

$ $ 

TAACATCGACCATGTCTCATCTGGTGAn 

$ $ 

Figure 3. AGL2 and AGL4 cDNA and deduced protein sequences. The coding regions are shown in the same way as in Fig. 2, with 

AGL2 sequences above AGL4 sequences. The dashes in both nucleotide and amino acid sequences indicate gaps. The calculated 
molecular masses for AGL2 and AGL4 are 28,456 and 28,579 dahons, respectively. The 5'-untranslated regions are shown with AGL2 

above AGL4 sequences, as indicated with (21 and (4J. The two small ORFs are highlighted in boldface, and the flanking conserved 
sequences are underlined. The potential phosphorylation sites and glycosylation sites of the predicted proteins are underlined. Intron 
positions for both AGL2 and AGL4 are denoted with number (#1 signs. The 3'-untranslated region for the two cDNAs are shown 
separately. In the 3'-untranslated region of AGL4, the dollar {$) signs indicate the positions of four observed polyadenylation sites, and 
potential polyadenylation signals are underlined for both AGL2 and A GL4. 

lar to the AG protein (Yanofsky et al. 1990). Table 1 
shows the percentages of identical residues between AG 
and the AGL proteins in different regions. Like AG, the 
AGL proteins all have the MADS box, as discussed be- 
low. 

The regions in the AGL2 and AGL4 cDNAs 5' of the 
long ORFs each have a short ORF beginning with an 
ATG codon (Fig. 3}. These short ORFs differ by only one 
nucleotide and potentially encode the identical hep- 
tapeptide MFLCVCI. The sequences flanking these short 
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ATTTATCGTGTAC 13 

GATACTTTATTCCTTTTATCTATTCTTGAAAAAAAGTTACCAATT 5 8 

CTTGAGAAGAAGAAGAAATCAGAATCAAGAGAAGGAGAGAGAAAG 103 

ATGGGAAGAGGGAGAGTGGAGATGAAGAGGATAGAGAACAAGATT 148 

M O R 0 R V g M K R I g N K I 1 5  

AATAGACAAGTGACCTTCTCAAAAAGAAGAAACGGTTTGCTGAAG 193 

N R O V T F g g R R N 0 L L K 3 0  

AAAGCTTATGAGCTTTCTGTTCTTTGCGATGCCGAAGTTGCTCTC 238 

K A • E L g V L C D A g W A L 4 5  

ATCATCTTCTCAAGCCGTGGCAAGCTCTACGAGTTTGGTAGTGTT 2 83 

I I F g g R O K L Y E F O g V 6 0  

GGAATTGAAAGCACAATCGAACGGTATAATCGTTGTTACAACTGC 3 28 
O I g g T I g R • N R C Y lg C 7 5  

TCTCTAAGCAATAATAAGCCTGAAGAGACTACACAGAGTTGGTGT 37 3 
L g N N K P K E T T O g W C 90 

CAGGAGGTGACAAAGCTTAAATCCAAATACGAATCTCTTGTTCGT 418 

Q g V T K L K g K Y E S L V R 105 

ACTAACAGGAATTTGCTTGGAGAAGATCTTGGAGAAATGGGTGTG 463 

T N R N L L G E D L G E M G V 120 

AAGGAACTGCAAGCGCTCGAGAGGCAGCTCGAAGCCGCTCTTACC 508 

K E L Q A L E R Q L E A A L T 135 

GCGACTCGACAG CGCAAGACACAAGTTATGATGGAAGAAATGGAA 553 

A T R Q R K T Q V M M E E M E 150 

GACCTTAGGAAAAAGGAGAGGCAACTAGGAGACATAAACAAACAA 598 

D L R K K E R 0 L G D I N K Q 165 

CTCAAGATTAAGTTTGAAACGGAAGGCCATGCTTTCAAAACCTTT 643 

L K I K F E T E G H A F K T F 180 

CAAGACTTATGGGCAAACTCGGCGGCATCGGTGGCCGGGGATCCA 688 

Q D L W A N g A A S V A 0 D P 195 

AACAATTCTGAATTTCCGG TAGAGCCTTCTCATCCTAATGTATTG 733 

N N 8 E F P V E P S H P N V L 210 

GATTGCAACACCGAACCCTTTTTACAAATAGGGTTTCAACAACAT 7 78 

D C N T E P F L Q I G F Q Q H 225 

TACTACGTGCAAGGTGAAGGG TCTTCGGTATCAAAGAGTAACGTG 823 

Y ¥ V Q O g O S S V g K g N V 240 

GCAGGTGAGACTAATTTCGTCCAAGGTTGGGTTCTTTGA 862 

A O g T N F V Q O W V L End 252 

CTCTCTGTTGATTAGCCCACGATGCCACGGTCAGGCCAATTTCAGC 908 

TCTCTACAGTTGTTCTTTTTTCAAATTAGATTTCTGGTTTTTTTTT 954 

TCCTATAAGAAAAACTTTTGCACTAGATGTTTGTCATTTAATTTCC I000 

AGCTCGTGTGAATCTATATTCGCATGTATGTGCTTTGAAGAATTTC 1046 

$ 

TCCTCTTACTCCTACTTGATCTAAAACATTATTTTTGTTTTGGGTTTAn 

$ 

Figure 4. AGL6 cDNA and deduced protein sequence. The cal- 
culated molecular mass for AGL6 is 28,744 dahons. The poten- 
tial phosphorylation sites and glycosylation sites are under- 
lined. The positions of two observed polyadenylation sites are 
denoted with a dollar ($) sign below the nucleotide. 

ORFs are also highly conserved between AGL2 and 

AGL4 (36/45 and 17/18 identity for 5' and 3', respec- 
tively). However, the nucleotides immediately adjacent 
to the ATGs of these small ORFs do not match the 
plant initiation consensus sequence: (A/T)(C/A)AAC- 
AATGGC (Lfitcke et al. 1987). The presence of short 
ORFs upstream of the protein-coding region has been 
observed previously for other genes in yeast (Hinnebusch 
1984; Wemer et al. 1985; Forsburg and Guarente 1989), 
in animals (Kozak 1987), and in plants (Ma et al. 1990; 
Schmidt et al. 1990). In yeast, it is known that the short 
ORFs in the GCN4 and CPA1 (Hinnebusch 1988)mRNA 
are required for proper translational regulation. 

Map positions of AGL1, AGL2, and AGL3 

As a step toward determining whether the AGLs corre- 
spond to any genes identified previously by genetic anal- 

ysis, we localized AGL1, AGL2, and AGL3 relative to 
other molecular markers using restriction fragrnent 
length polymorphisms (RFLPs; Chang et al. 1988). AGL1 

maps on chromosome 3 near the lower end, -0.6 cM 
from the marker 460 on the RFLP map constructed by 
Chang et al. (1988); AGL2 maps on chromosome 5 about 
0.6 cM centromere-proximal from the chalcone synthase 
gene; and AGL3 maps on chromosome 2 near the upper 
end, -2.6 cM from the marker 246. From these mapping 
results, AGL1-3 do not appear to coincide with any gene 
identified previously by mutations. The AGL4, AGLS, 

and AGL6 genes did not reveal any RFLPs between the 
ecotypes used in our crosses, and have not been mapped. 

AGL1, AGL2, AGL4, AGL5, and AGL6 are expressed 

preferen tially in flowers 

Because cDNA clones for all six AGL genes have been 
isolated from a cDNA library constructed from floral 
poly{A) + RNA, it follows that these genes are expressed 
in flowers. Their expression pattems were further char- 
acterized using RNA dot blot hybridizations. RNAs from 
immature seed pods, flowers, stems, and leaves were 
spotted onto nylon filters, and identical filters were 
probed with each of the labeled 3' portions of AGL1, 

AGL2, AGL4, AGL5, and AGL6 cDNAs {lacking the se- 
quences encoding the MADS box to minimize cross-hy- 
bridization) and the only available AGL3 cDNA (includ- 
ing the sequences encoding the MADS box). As a control, 
radiolabeled AG cDNA was also used to probe one of the 
RNA filters. The results (Fig. 6) agree with the previous 
finding (Yanofsky et al. 1990) that AG is expressed in 
flowers but not in leaves or stems. Five of the AGL genes 
(except AGL3) are expressed preferentially in flowers, 
and the expression continues, albeit diminished, in im- 
mature seed pods (Fig. 61. Faint signals were also detected 
with AGLI and AGL6 in stems, and with AGL2 in 

leaves. AGL3 is expressed in stems and leaves, as well as 
in flowers and seed pods (Fig. 61. As controls for cross- 
hybridization, in vitro transcripts of the sense orienta- 
tion from AGL1, AGL2, AGL4, AGL5, and AGL6 cDNA 
were synthesized and spotted on the same filter strips. 
No cross-hybridization between any of the AG and the 
AGL probes and in vitro transcripts was observed under 
the conditions used {Fig. 6). The approximate levels of 
AGL expression are slightly lower than that of AG, 

which was estimated to have an average abundance of 1 
in 104 poly(AI + RNA molecules in floral tissues (Yanof- 
sky et al. 19901. This result agrees with the observed 
frequency of AGL cDNA clones in the cDNA library. 

In situ RNA hybridizations with AGL1 and AGL2 

To determine whether these genes are expressed in an 
organ-specific manner, the expression patterns of AGLI 

and A GL2 were characterized in more detail by in situ 
hybridization. Wild-type A. thaliana (Landsberg erecta) 
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A 

AG 

AGLI  

AGL5 

AGL2 

AGL4 

AGL6 

AGL3 

95-100 65-95 62-92 

80-84 11-23 29-38 9-14 

89-98 17-94 51-97 19-70 

D o m a i n s  MADS I K C 

37-72 

"-1 

S 1 2 

AG 51 G14GKIEIKRIENTTNRQVTFCKRRNGLLKKAYELSVLCDAEVALIVFSS14GRLYEY 

AGLI 17 ******************************************************** 

AGL5 17 ******************************************************** 

AGL3 2 ******************************************************** 

AGL2 2 **'14.********I**********************************N******* 

AGI4 2 ******************************************************** 

AGL6 2 ******************************************************** 

DefA 2 ******************************************************** 

SRF 142 **V**KMEF*D*KL14*YT**S**KT*IM*******T*TGTQ*L*L*A*ET*HV*TF 

MCMI 17 ******************************************************** 

ARGS0 79 T*R*QP*14Y***K*14*H***S***H*IM*********TG*NIL*L[LANS*LV*TF 

C Q Q Q o o O o o o o o O O 

AG 141 QESAKLRQQI I S l QNSNRQLMGET IGSM.q PK EL14NLEG14LERSl TR I RSKKNEI,-- LFSEI DYMQKRE 

AGL] 106 **AS***R**14D******HIV**S***LNF***K*******KG*S*V*** ****--*VA**E****** 

AGL5 106 *********'14.********************************************--************ 

AGL2 94 R* Y L* * KGRYENL* RQQ* N* L* * DI,* PLNS* * * EQ**14Q* DG* LKQV* * I *TQY-- MLDQLSDL* NK* 

AGL4 94 14*YL* * KGRYENI,*RQQ* N'L* * DL* PI.NS** * EQ**RQ*DG*LKQV*C [ **QY--MLDQLSDL*GK * 

AGL6 92 **VT* * KSKYE* I,VR** * N* L** DI,* F.*(;V* * "QA* *RQ* *AAL*AT*QR*TQV-- MME*MEDL14" K* 

AGL3 9 4  * DYI,* * KSRVE I [,* H'Q* H* I,* * EIJSE* DVN* * EH **14QVDA*LRQ* * * 

DefA 93 EtII,K* * NEVNRN[,14RE [ * *R* * * SLNDLGYEQ I V* * I EDMDN*LKI,* * ER*YKV-- I SNQ* *TSK*KV 

Krt ]84 QQN KVI d]TKWTL I,QEQGTKTV14QNI,E PLF EQY ] NN LRRQ[~DS I VG F]RGR[,DSEI,14NMQDLVEDLK NK Y 

, I f  ~. # ** # # # +  * # # , , *  ,,+~.~. # ~-# + # #+~.~. ~, 

Figure 5. The comparison of deduced AG and AGL 
structures and alignment of conserved domains. The 
asterisks (*) represent identity to the first sequence 
of the same group; dashes indicate gaps introduced 
for alignment purposes. The alignment was done us- 
ing the FASTP program (Lipman and Pearson 1985). 
(A} The comparison of different regions of AG and 
the AGL protein. The four regions (MAIDS, I, K, and 
C; see Table 1 for more detailed data on percent 
identities) are represented by differently shaded 
boxes. The numbers at the top are percent identities 
between AG, AGL1 and AGL5 (subfamily I); the 
numbers at the bottom are those between AGL2, 
AGL4, AGL6, and AGL3 (subfamily II); and the 
numbers in the middle are those between any mem- 
ber of subfamily I and any of subfamily II. The AGL3 
information is partly derived from genomic se- 
quence based on similarity to other AGLs and ca- 
nonical intron donor and acceptor sites; the dashed- 
line boxes represent presumed unknown regions. 
The sequences in the MADS and K boxes are com- 
pared in B and C, respectively. (B) The alignment of 
the AG (Yanofsky et al. 1990) and AGL MADS boxes 
with those of DEF A (Sommer et al. 1990), SRF (Nor- 
man et al. 1988), MCM1 {Passmore et al. 1988) and 
ARG80 (Dubois et al. 1987) proteins. The conserved 
phosphorylation site (1) and the peptide (2) used to 
derive degenerate oligonucleotide sequences are in- 
dicate with lines above the AG sequence. (C) The 
alignment of the plant protein K boxes and region of 
the human type II keratin (Krt; see Tyner et al. 
1985). Two possible helices are indicated by lines 
above the regions, and the circles (O) above the AG 

sequence indicate residues at positions a and d in the coiled coil heptapeptide repeat structure (Steinert and Roop 1988). The plus (+) 
signs below the keratin sequence represent an identity of the keratin residue to the corresponding residue in at least three of the AG, 
AGL, and DEF A sequences; the number (#) signs represent similar residues between keratin and at least four of the AG and AGL 
sequences. 

inflorescence sections were hybridized with ass-labeled 

antisense RNA probes from AGL1 and AGL2 cDNAs. 
The 3' portions of the cDNAs lacking the putative DNA- 
binding domain were used to avoid cross-hybridization. 
As shown in Figure 7, AGL1 is expressed in carpels, par- 
ticularly in ovules but not in stamens, petals, or sepals. 
AGL2 is expressed mainly in carpels; in addition, the 
AGL2 probe also detects a weak signal in stamens.  
Within the stamens, the AGL2 signal is restricted to the 
anthers and is not observed in the filaments. Similar to 
AGL1, the AGL2 signal in carpels is concentrated in 
ovules. The expression of AGL1 and AGL2, as detected 
by in situ hybridization, begins in stage 10 flowers 
(Smyth et al. 1990) after all of the floral organs are rec- 
ognizable and the ovules are visible. This onset of AGL1 

and AGL2 expression is much later than that of AG, 

which is seen before the separation of petal and s tamen 
primordia from the central floral pr imordium (G. Drews, 
J. Bowman, and E.M. Meyerowitz, unpubl.), in stage 3 
flowers {Smyth et al. 1990). The expression of AG, 

AGL1, and AGL2 all extend into later stages of flower 

development, including immature  seed pods (Figs. 6 and 
7). For AGL1 and AGL2, the in situ signals are stronger 

in older organs (Fig. 7). 

D i s c u s s i o n  

AG and the AGLs constitute a gene family 

We have identified and characterized six genes from A. 
thaliana, designated AGL1-AGL6. The deduced AGL 
proteins all share striking sequence similari ty {Fig. 5) 
with each other and with the products of the floral ho- 
meotic genes AG and DEF A. Sequence analysis indi- 
cates that  AG and AGLs are members  of a diverse gene 
family. Table 1 shows the percentage of amino acid se- 
quence identi ty between these deduced proteins in four 
regions. The most  conserved region, the MADS box (M), 
is located either at or very near the amino terminus in 
the AGLs. The second conserved domain (the K box; see 
below), not found in SRF and MCM1, is near  the center 
of the proteins, - 3 5  residues from the MADS box. On 
the basis of sequence comparison, AG, AGL1, and AGL5 

can be assigned to one subfamily, and AGL2, AGL4, and 

AGL6 can be assigned to another  subfamily. It is worth  
noting that  the sequence similari ty shared between 
members  of the same subfamily is not restricted to the 
two conserved regions but extends throughout  the entire 
length of the proteins (Fig. 5; Table 1). The subfamily 
assignment  is also supported by the exon- in t ron  struc- 
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Table 1. Percentage of amino acid identity in different domains of AG, the AGLs, and DEF A proteins 

AG AGL1 AGL5 AGL2 AGL4 AGL3 AGL6 DEF A 

Genes  I C M K M K M K M K M K M K M K 

AG 95 68 95 62 82 32 84 30 80 37 84 38 71 24 
AGL1 71 39 100 92 82 33 80 33 82 29 82 33 68 20 
AGL5 65 37 95 72 82 36 80 35 82 33 82 33 68 23 
AGL2 14 14 11 11 11 10 98 97 95 59 95 53 62 29 
AGL4 17 14 14 10 14 9 94 70 93 57 93 55 62 29 
AGL3 14 - -  14 - -  14 - -  42 - -  39 - -  89 51 61 24 
AGL6 23 10 23 12 23 11 34 19 29 19 17 - -  57 23 

I C I C I C I C I C I C 

The percentages for the MADS box (M, shown in boldface, 56 residues) and the second conserved domain {K, 66 residues except for 
AGL3, of which only 49 residues are known) are shown above the diagonal (blank spacel; the percentages for the sequences between 
the two conserved domains (I, 34-36 residues) and the carboxy-terminal regions {C, 78-98 residuesl are shown below the diagonal. 
Because the AGL3 carboxy-terminal sequence is not known, the percentage of identity could not be calculated. See Fig. 5A for the 
domain organization of AG and the AGLs. The percentages of the two conserved domains (M and K) for Antirrhinum protein DEF A 
are also shown. 

tures. An analysis of third-base silent changes in the 
MADS box indicates that the two most  similar pairs 
(AGL1 and AGLS; AGL2 and AGL4) have much  smaller 
percentages of difference (<30%) than other pairs, sup- 
porting the subfamily structure. Although the incom- 

plete AGL3 sequence does not allow definitive assign- 
ment  of the AGL3 gene, the partial sequence data indi- 
cate it is more similar to the AGL2, AGL4, and AGL6 

subfamily than the AG, AGLI ,  and AGL5 subfamily. Fig- 
ure 8 illustrates the relationship between AGLs and AG 
based on the sequence information. Sequence compari- 
son of the DEFA gene to A G  and the AGL genes suggests 
that DEF A does not belong to either of the two subfam- 
ilies (Table 1; Fig. 8). Low-stringency hybridization of 
Arabidopsis genomic D N A  with degenerate oligonucle- 
otides revealed - 2 0  bands, more than accounted for by 
the seven genes that have been isolated; therefore, it is 
likely that  there are additional members  of this gene 
family in Arabidopsis. We propose that members  of this 
gene family are derived from a single ancestral gene and 
have arisen by gene duplication and subsequent se- 
quence divergence and intron loss (Fig. 8). 

AGLs l ikely  encode transcription factors 

The deduced AG and AGL amino acid sequences, as well 
as the product of the snapdragon floral homeotic gene 
DEF A {Sommer et al. 1990}, contain a sequence motif  of 
- 5 6  amino acids {the MADS box; see Fig. 5B) that is also 
found in the transcription factors SRF (Norman et al. 
1988} and MCM1 (Passmore et al. 1988}. A region of - 9 0  
residues containing the MADS box is known to be suf- 
ficient for D N A  binding and is involved in dimerization 

of SRF {Hayes et al. 1987; Norman  et al. 1988}. Recent 
evidence (Tan and Richmond 1990} suggests that the 
yeast MCM1 MADS box is also sufficient for specific 
D N A  binding. The h u m a n  SRF is involved in the regu- 

lation of the proto-oncogene c-los (Treisman 1986, 19871 
and a sarcomeric actin gene (Boxer et al. 1989). The yeast 
MCM1 gene product (GRM/PRTFI regulates mating 

type-specific gene expression (Herskowitz 1990}. The 
phenotypes of Arabidopsis ag mutan t s  (Bowman et al. 

19891 and Ant irrh inum defA mutan ts  (Sommer et al. 
1990) suggest that  these genes play regulatory roles in 
specifying the identity of floral organs. The fact that  the 
AGL proteins also contain the MADS box suggests that 
they are also transcription factors, possibly regulating 
floral morphogenesis. The AGL proteins may funct ion in 
different floral cells, controlling branches of the floral 
morphogenesis regulatory hierarchy. Alternatively, they 
may function at different times, directing different 
stages of flower development.  Although all of the AGL 
proteins are probably transcription factors, their expres- 
sion patterns (see belowl suggest they control different 
sets of genes. 

In addition to the MADS box, the AG and AGL pro- 
teins share a second domain, which has a low but signif- 
icant similari ty to a portion of kerat in sequences (the K 

R N A s  

P F S L 1 2 4 5 6 

AG t O i i 

1 e O 
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Figure 6. RNA dot blot autoradiogram. RNAs from immature 
seed pods (P), floral buds (F), stems (S), and leaves (L), as well as 
in vitro-synthesized RNAs from AGL1 (1 I, AGL2 (2), AGL4 (4), 
AGL5 {5), and AGL6 (6), were spotted onto eight nylon filter 
strips. Each strip was hybridized with one 32p-labeled cDNA: 
AG, AGL1 (I), AGL2 (2), AGL4 (4), AGL5 (5), AGL6 (6), AGL3 

(3), and GPA1. GPA1 is expressed in both floral and vegetative 
tissues (Ma et al. 19901. Similar amounts of radioactivity were 
used in all of the hybridizations. A single autoradiographic ex- 
posure was used. 
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F i g u r e  7. RNA in situ analysis with AGL1 (A-F) and AGL2 {G--L). A-C and C--1 were photographed in bright field, and the others in 
dark field. For each gene, at least three developmental stages (for a description of stages 1-12, see Smyth et al. 1990) are shown: (A and 
D) stages 5-8; (G and I) stage 9; (B and E) stage 12; (H and K) stage 10; (C, F, I, and L) after flower opens but just before pollination; 
stage 13. Floral organ designations: (S) sepal; (P} petal; (T) stamen; (A) anther; (F) filament; (C) carpel; (O) ovule. The grains seen on the 
surface of some sepals and around the pollen grains are also seen when the sense-strand probes were used and, therefore, probably 
represent nonspecific sticking of the probes. Prints of one enlargement were used for A-F, I, and L, and a different enlargement for G, 
H, ], and K. (A and G) Bars, 100 i~m. 

box; Fig. 5C). Keratins are major components of interme- 
diate filaments (Steinert and Roop 1988). It is known 
that the region of keratin with similarity to AG and AGL 
proteins is part of the coiled coil sequence that forms the 
central rod-shaped domain of keratin (Fig. 5C). The AGL 
sequences in this domain can potentially form two am- 
phipathic helices. 

Phosphorylation and glycosylation may  modulate the 

activity of AGLs 

SRF (Prywes et al. 1988; Ryan et al. 1989) is known to be 
phosphorylated. Furthermore, the phosphorylation of 
SRF has been shown to affect its activity (Prywes et al. 
1988). Other transcription factors have been suggested to 
be regulated by phosphorylation, such as the yeast heat 
shock factor (Sorger and Pelham 1988) and GAL4 protein 
(Mylin et al. 1989). The difference between the apparent 
size (Tan and Richmond 1990) and sequence-derived size 
(Passmore et al. 1988) of the MCM1 protein suggests that 

it is also post-translationally modified. There is a con- 
served potential site (RQVT; Fig. 5C) for calmodulin- 
dependent phosphorylation [RXX(S/T); see Cohen 1988] 
in all of the AGLs, and most have additional sites as well 
{Figs. 2-4}. Furthermore, it was reported that SRF is a 
glycoprotein (Schr6ter et al. 1990}. Several other eukary- 
otic transcription factors are also glycosylated {Jackson 
and Tjian 1988; Lichtsteiner and Schibler 1989}. The 
AGL proteins all have potential glycosylation sites (NXT 
or NXS; see Fishleigh et al. 1987; Figs. 2-4}. The pres- 
ence of these sites suggests that the activity of AGLs 
may be modulated by phosphorylation and/or glycosyla- 
tion, perhaps in response to environmental and develop- 
mental signals. 

Expression and functional implications of AGLs 

Five of the AGLs are expressed preferentially in flowers 
and young seed pods but not [or at low levels} in leaves or 
stems. At this level, they are similar to known floral 
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DEFA AG AGLI  AGL5 AGL2 AGL4 AGL6 AGL3 

(8) (S) (S) (S) (S) (?) (?) 

Ancestral Gone 

(9) 

Figure 8. A proposed relationship between AG, AGL genes, 
and DEF A. The number of introns is indicated in parenthesis 
below each gene where it is known. The dashed line leading to 
AGL3 represents the uncertainty of the position of AGL3 due to 
the incompleteness of its sequence information. The time at 
which introns were lost during the evolution of AGL2- 
AGLa, and AGL6 cannot be deduced because intron information 
is not available for AGL3 and AGL6. 

homeotic genes, AG from A. thaliana and DEF A from A. 
majus. The in situ hybridization results, on the other 
hand, indicate that the patterns of AGL1 and AGL2 ex- 
pression wi th in  the flower are slightly different from 
that of AG. The AG expression begins in morphologi- 
cally undifferentiated cells (G. Drews, J. Bowman, and 
E.M. Meyerowitz, unpubl.) in early developing flowers at 
stage 3 (Smyth et al. 1990). Later in development, AG is 
expressed in both carpels and stamens, including anthers 
and f i laments  (G. Drews, J. Bowman, and E.M. Meyerow- 
itz, unpubl.). The onset of AGL1 and AGL2 expression is 
at stage 10, much  later than that of AG. In addition, 
AGL1 is expressed preferentially in carpels, not in sta- 
mens, petals, or sepals. The AGL2 signal is found prima- 
rily in carpels and is lower in stamens. In carpels, the 
expression of both AGLI and AGL2 is concentrated in 
ovules. Although A GL2 and A G are both expressed in 
the stamens, AGL2 m R N A  is found only in the anthers, 
not in the fi laments.  These expression patterns suggest 
that AGL1 and AGL2 may regulate different genes from 
those that are controlled by AG. The fact that AGL1 and 
AGL2 share amino acid s imilar i ty  with transcription fac- 
tors, and that they are expressed in ovules suggest that 
they are both involved in regulating ovule development. 
The flower-specific expression of the AG, AGL, and DEF 

A genes suggests that the MAIDS box has been used re- 
peatedly for flower development. On the other hand, be- 
cause AGL3 RNA is expressed in vegetative tissues as 
well as floral tissues, it is l ikely that this class of tran- 
scription factors is not exclusive to flower development. 

Flowering plants appeared suddenly and very recently 
in evolution at - 1 4 0  mi l l ion  years ago (Lower Creta- 
ceous). Some have suggested that floral organs are mod- 
ified leaves, through a series of structural and functional 
changes during evolution (Stebbins 1976). In fact, the 
combinat ion of mutat ions  in three Arabidopsis ho- 
meotic genes, AG, APETALA2, and APETALA3, leads to 
"flowers" consisting of only leaf-like organs (J. Bowman, 

D.R. Smyth and E.M. Meyerowitz, in press). The pres- 
ence of MADS-box containing genes in yeast, plants, and 
humans  argues that this class of genes predates flowering 
plants. Therefore, it is l ikely that MADS-box regulatory 
gene or genes was present and funct ioning when  flowers 
arose. Furthermore, during the evolution of flower struc- 
tures, it is possible that  these genes were duplicated, and 
some members  diverged to take on new functions in flo- 
ral morphogenesis, either interacting wi th  different pro- 
teins, or binding to D N A  with  sl ightly different specific- 
ities. The family  of genes described here includes at least 
one member  (AGL3) that is expressed in both vegetative 
and floral tissues, presumably fulfi l l ing a more wide- 
spread function. Additional members  (AG, AGL1, AGL2, 

AGL4, AGLS, and AGL6 and possibly others) of this gene 
family, presumably arisen by gene duplications, and 
have evolved to be preferentially expressed in flowers. At 
least two members  of this gene family  (AG from Arat~- 

dopsis and DEF A from Antirrhmum) are known to con- 
trol flower development based on genetic analyses (Bow- 
man  et al. 1989; Sommer et al. 1990). Future analyses are 
required to test our hypotheses about the function of the 
other MADS box genes. 

Materials and methods 

Library screening, clones, and subclones 

A genomic  cosmid library (Yanofsky et al. 1990) made  from 
nuclear DNA of A. thaliana {Landsberg erecta) was screened 
with radiolabeled degenerate oligonucleotides according to pre- 
viously published procedures (Biirglin et al. 1989). The oligonu- 
cleotides 5'-ACNGANAGYTCUTANGCYTI'YTT-3'{N = A, 
G, C or T; U = A or G; Y = C or T) are based on the conserved 
heptapeptide KKAYELSV in the MAIDS box (Yanofsky et al. 
1990). More than 70 positives were detected among colonies of 
four genomes worth, and cosmid DNA of 46 of the positives 
were purified. Additional screening of the cosmid library with 
AGL2 and AGL5 cDNAs was done as described previously for 
hybridization of genomic DNA (Chang et al. 1988). Represen- 
tative cosmids were characterized further: AGLI, pCIT1202 
and pCIT1210; AGL2, pCIT1243; AGL3, pCIT1216; AGL4, 
pCIT1247 and pCIT4244; and AGLS, pCIT4243. AGL6 cosmids 
have not yet been isolated. Portions of the cosmids pCIT1202, 
1243, 4244, and 4243 are shown in Figure lB. 

About 1 x 106 plaques of a cDNA library constructed from 
floral bud poly(A) + RNA (Yanofsky et al. 1990) were screened at 
a moderate stringency (as described previously by Chang et al. 
1988, except that the hybridization and washes were done with 
5x SSPE at 52°C) with a 977-bp AG eDNA EcoRI fragment 
(pCITS65) as a probe. The eDNA library was also screened at 
high stringency (65°C hybridization and a final wash with 0.2 x 
SSPE) with several probes (Fig. 1BJ: probe 1, a 1.1-kb DraI AGL1 
genomic fragment {from pCIT1202); probe 2, a 0.36-kb BglII 
A GL2 genomic fragment (from pCIT 1243). During the construc- 
tion of the cDNA library, cDNAs with internal EcoRI site(s) 
were cleaved and then ligated into separate vector molecules. 
The AGL1, AGL2, AGL3, AGL4, and AGL5 cDNAs all contain 
at least one EcoRI site, therefore, each of the cDNA had to be 
isolated as two or more separate fragments. The 3' portions of 
AGL3 and AGL5 cDNAs have not yet been isolated. The por- 
tions encoding the amino terminus containing the conserved 
DNA-binding domain {Fig. 1A) were isolated first. The portions 
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of the cDNAs encoding the carboxy-terminal half for AGL1, 
AGL2, and AGL4 {Fig. 1A) were isolated subsequently using the 
respective gene-specific genomic probes {probes 3-5, Fig. 1BI: 
probe 3 (AGL1), a 0.41-kb EcoRI-BglII and 0.79-kb BglII frag- 
ments Ifrom pCIT1202b probe 4 IAGL2), a 2.0-kb HindIII frag- 
ment {from pCIT1243); and probe 5 (AGL4}, a 1.0-kb EcoRI- 
BgllI fragment jfrom pCIT4244). The AGL1, AGL2, and AGL4 
genomic sequences were determined, and each agrees with the 
corresponding cDNA sequences on both sides of the EcoRI sites. 
Furthermore, additional AGL6 cDNA clones were isolated us- 
ing the first cDNA clone (pCIT3209) as a probe. The following 
cDNAs are shown in Figure 1A: AGL1, pCIT2241(5') and 4219 
{3'); AGL2, pCIT3228 (5'} and 4221 {3'); AGL3, pCIT2280 (5'); 
AGL4, pCIT3227 (5') and 4233 (3'J; AGLS, pCIT2242 (5'); and 
AGL6, pCIT3209. In addition, pCIT3216 is identical to 
pCIT2242; pCIT2299 {lacking the MADS box) is a subclone of 
pCIT2242 containing a region 3' of the ScaI site {Fig. lAb 
pCIT4210 {lacking the MADS box) contains a portion of an 
AGL6 cDNA 3' of the XhoI site (Fig. 1A); and pCIT4214 is the 
same as pGIT4233 except at the 3' end where pCIT4214 lack 23 
nucleotides and the poly(A) tail. 

DNA sequencing and RFLP analysis 

Genomic and eDNA fragments were subcloned into 
pGEM3Zf( + ) and pGEM7Zf{ + ) vectors (Promega) for sequenc- 
ing. Sequencing was done using the Sequenase Kit (U.S. Bio- 
chemical} according to the provided protocol. Both strands were 
sequenced, unless otherwise noted. 

RFLP mapping was done as described by Chang et al. (1988). 
For AGLI, a 1.8-kb BgllI fragment from cosmid clone pCIT1210 
was found to reveal a BglII polymorphism between the Colum- 
bia and Niederzenz ecotypes of Arabiclopsis, and it was used to 
probe filters carrying DNAs from one of the crosses used to 
generate a RFLP map (Chang et al. 1988). Similarly, a -13-kb 
EcoRI fragment from AGL2 cosmid pCIT1243 revealed an 
EcoRI polymorphism between Columbia and Niederzenz 
ecotypes and was used to probe filters from the same cross. 
Additional hybridization of filters with DNAs from a cross be- 
tween Columbia and Niederzenz (XbaI polymorphism) and a 
cross between Landsberg and Niederzenz (BglII polymorphism; 
Chang et al. 1988) were performed using an AGL2 BglII-EcoRI 
fragment {subclone pCIT1273 from cosmid pCIT1243} as a 
probe. For AGL3, a subclone (pCIT1291)with a -7-kb BglII frag- 
ment from cosmid pCIT1216 uncovered an XbaI polymorphism 
between Columbia and Niederzenz ecotypes and a BglII poly- 
morphism between Landsberg and Niederzenz ecotypes and 
was used to probe appropriate filters. The data from DNA blot 
hybridization experiments were analyzed using the MAP- 
MAKER computer program {Lander et al. 1987) to obtain link- 
age information with respect to existing markers on the RFLP 
map (Chang et al. 1988). 

RNA analyses 

PolylAI + RNA was isolated from developing seed pods {3--5 days 
after pollination}, floral buds Istages 1-12, Smyth et al. 19901, 
floral stems, and leaves, according to procedures described pre- 
viously {Crawford et al. 19861. For RNA dot blot analysis, 15 ~g 
of total RNA from each of the four tissues was spotted onto a 
nylon filter (Hybond N, Amershaml, and hybridized with AG 
and AGL cDNAs labeled with a2p using random priming meth- 
ods. In addition, one filter was probed with labeled cDNA of the 
GPA1 gene, which is expressed in stems and leaves, as well as 
in flowers {Ma et al. 1990 I. The following plasmids {see Fig. 1A; 
unless otherwise noted, the entire insert was used} were used for 
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probe synthesis: pCIT565 {AG, with putative DNA binding do- 
main), pCIT4219 (AGLI), pCIT4221 (AGL2, 3' NdeI-EcoRI frag- 
mentl, pCIT4233 IAGL4, SspI-HpaI fragment), pCIT2299 
(A GL5), pCIT4210 {A GL6, 3' XhoI-EcoRI fragment}, pCIT2280 
{AGL3), and pCITSS7 {GBAI; see Ma et al. 1990). To avoid 
cross-hybridization, the probes for AGL1, AGL2, AGLa--AGL6 
correspond to carboxy-terminal portion of the proteins {less 
conserved) and 3' nontranslated regions. Hybridizations were 
done as before (Yanofsky et al. 1990}. 40 pg {about the amount of 
AG mRNA present in the total flower RNA) of in vitro synthe- 
sized RNA from AGL cDNAs {except AGL3J were also spotted 
on the same filters. The following cDNAs {see Fig. 1A} were 
used to synthesize RNA with the respective polymerase: 
pCIT4219 {AGL1, T7}, pCIT4221 (AGL2, SP61, pCIT4214 
(AGL4, T7), pCIT3216 {AGL5, SP6) and pCIT3209 {AGL6, T7). 
The plasmids were linearized so that only the inserts were used 
as templates for RNA synthesis. 

In situ analysis was performed according to a previously de- 
scribed procedure {Barker et al. 1988; G. Drews, J. Bowman, and 
E.M. Meyerowitz, unpubl.). Inflorescences with young buds 
{stages 1-12; Bowman et al. 1989; Smyth et al. 1990) and flowers 
before pollination were fixed, embedded, and sectioned. The 
sections were hybridized with asS-labeled RNA probes comple- 
mentary to AGL mRNAs. The plasmids pCIT4219 (SP6, XhoI) 
and pCIT4221 (T7, NdeI) (Fig. 1AJ were used for AGLI and 
AGL2 probes, respectively. 
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