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Diverse Roles for MADS Box Genes in Arabidopsis
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Members of the MADS box gene family play important roles in flower development from the early step of determining
the identity of floral meristems to specifying the identity of floral organ primordia later in flower development. We de-
scribe here the isolation and characterization of six additional members of this family, increasing the number of reported
Arabidopsis MADS box genes to 17. All 11 members reported prior to this study are expressed in flowers, and the majority
of them are floral specific. RNA expression analyses of the six genes reported here indicate that two genes, AGL11 and
AGL13 (AGL for AGAMOUS-like), are preferentially expressed in ovules, but each has a distinct expression pattern. AGL15
is preferentially expressed in embryos, with its onset at or before the octant stage early in embryo development. AGL12,
AGL14, and AGL17 are all preferentially expressed in root tissues and therefore represent the only characterized MADS
box genes expressed in roots. Phylogenetic analyses showed that the two genes expressed in ovules are closely related
to previously isolated MADS box genes, whereas the four genes showing nonfloral expression are more distantly related.
Data from this and previous studies indicate that in addition to their proven role in flower development, MADS box genes

are likely to play roles in many other aspects of plant development.

INTRODUCTION

In recent years, tremendous progress has been made in under-
standing the molecular factors involved in floral development.
The analysis of fioral mutants has successfully elucidated some
major regulatory interactions in Arabidopsis and Antirrhinum,
and thus these species have become model organisms for
the study of flower development (for review, see Coen and
Meyerowitz, 1991; Weigel and Meyerowitz, 1994).

The development of an Arabidopsis flower occurs in two ba-
sic steps. First, the inflorescence meristem produces floral
meristems from its flanks. These floral meristems continue to
be produced indefinitely in a spiral fashion. Second, each flo-
ral meristem develops into a single flower consisting of four
distinct organ types arranged in four concentric whorls. These
whorls contain four sepals, four petals, six stamens, and two
fused carpels. This development from early floral meristems
to the mature flower has been divided into distinct stages based
on morphology (Smyth et al., 1990). Mutations have been iden-
tified in two different classes of genes: the meristem identity
genes and the floral organ identity genes (reviewed by Coen
and Meyerowitz, 1991; Bowman et al., 1993). Several exam-
ples of each class of gene have been isolated and include the
meristem identity genes APETALA? (AP1), CAULIFLOWER
(CAL), and LEAFY (LFY) (Mandel et al., 1992; Weigel et al.,
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1992; Kempin et al., 1995) and the organ identity genes AGA-
MOUS (AG), APETALA2 (AP2), APETALA3 (AP3), and PISTIL-
LATA (P!) (Yanofsky et al., 1990; Jack et al., 1992; Goto and
Meyerowitz, 1993; Jofuku et al., 1994).

The gene products from the AP7, CAL, AG, AP3, and Pl genes
share a highly conserved region called the MADS domain. This
domain shows similarity with domains in known transcription
factors from humans (serum response factor [SRF]) and yeast
(MCM1; Norman et al., 1988; Passmore et al., 1988). In both
humans and yeast, several MADS box-containing genes have
been cloned (Dubois et al., 1987; Yu et al., 1992). However,
the size of this gene family in Arabidopsis appears to be much
larger and is thought to contain at least 20 members (Ma et
al., 1991). Eleven have been previously isolated, including
the five floral homeotic genes mentioned previously, and all
are expressed in flowers (Ma et al., 1991; Mandel et al., 1992;
Kempin et al., 1995). For the five floral homeotic genes that
have been isolated, the onset of expression correlates with
the proposed activity of their gene products, suggesting that
expression analyses of the other members of the family may
provide useful clues to their function.

The large proportion of MADS box genes that have floral
mutant phenotypes makes it likely that additional MADS box
genes may also be involved in flower development. We have
taken the approach of isolating additional MADS box genes
from Arabidopsis by homology. One advantage of this approach
is that it may identify important genes that would normally be
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missed in classical mutant screens, particularly in the case
of genes with redundant functions. For example, the closely
related AP7 and CAL genes have partially redundant functions
involved in meristem identity such that single gene mutations
in CAL are phenotypically wild type (Kempin et al., 1995).
In this study, we describe the isolation and initial character-
ization of six additional members of the Arabidopsis MADS
box gene family designated AGL77 to AGL15, and AGL17 (AGL
for AGAMOUS-iike), bringing the total to 17 reported genes.
These analyses revealed MADS box genes with specific non-
floral expression patterns. This indicates that members of this
gene family are not only involved in flower development but
may play wider roles in different aspects of plant development.

RESULTS

Isolation of Six New MADS Box Genes

The 56-amino acid domain encoded by the MADS box is highly
conserved among the different members of this gene family.
Within this highly conserved domain, there are regions that
are almost invariant between the different Arabidopsis MADS
domains. We used degenerate oligonucleotides encoding the
peptides MGRGKV/I and VLCDAEV to amplify intra-MADS box
sequences from Arabidopsis genomic DNA by using polymer-
ase chain reaction (PCR). After sequencing, we chose those
that showed significant differences from previously cloned
MADS boxes for further study. To obtain additional sequence
information and to confirm that these clones represented tran-
scribed genes rather than pseudogenes, we used reverse
transcription PCR to isolate a cDNA for each of these putative
genes. Using oligo(dT) and oligonucleotides based on the
unique genomic sequence found in the small PCR-generated
genomic clones, we ampilified partial cDNA clones from total
RNA from different tissues. Subsequently, these were used
to isolate additional cDNA clones spanning the entire coding
regions of AGL77, AGL12, and AGL13. These cDNA clones were
then used in sequence and expression analyses.

The cDNA sequences that have been isolated for these six
genes show the profile of typical plant MADS box genes (Davies
and Schwarz-Sommer, 1994). Each cDNA has a single long
open reading frame encoding a deduced protein of between
211 and 268 amino acids, as shown in Figure 1. The similarity
with other MADS box genes is most striking in the MADS box
itself, and also within the K-box, a region that codes for a struc-
turally conserved domain thought to form a coiled-coil structure
such as that found in keratin (Ma et al., 1991), from which the
K-box derives its name. Figures 2A and 2B show the similarity
of the deduced amino acid sequences within these two do-
mains. The C-terminal end of the deduced proteins typically
shows much less similarity between members of this family,
and the same is true for the genes presented here.

Restriction Fragment Length Polymorphism Mapping
Analyses

The genetic map positions of AGL17, AGL12, AGL13, and AGL14
were determined by restriction fragment iength polymorphism
(RFLP) mapping using unique sequences from the 3’ end of
each cDNA as gene-specific probes. AGL77 mapped between

AGL11
MGRGKIEIKRIENSTNRQVTFCKRRNGLLKKAYELSVLCDA
EVALIVFSTRGRLYEYANNNIRSTIERYKKACSDSTNTSTV
QEINAAYYQQUESAKLRQQIQTIQNSNRNLMGDSLSSLSVKE
LKQVENRLEKAISRIRSKKHELLLVEIENAQKREIELDNEN
IYLRTKVAEVERYQQHHHOMVSGSEINATIEALASRNYFAHS
IMTAGSGSGNGGSYSDPDKKILHLGe

AGL12
MARGKIQLKRIENPVHRQVTFCKRRTGLLKKAKELSVLCDA
EIGVVIFSPQGKLFELATKGTMEGMIDKYMKCTGGGRGSSS
ATFTAQEQLQPPNLDPKDEINVLKQEIEMLOKGISYMFGGG
DGAMNLEELLLLEKHLEYWISQIRSAKMDVMLQEIQSLRNK
EGVLKNTNKYLLDKIEENNNSILDANFAVMETNYSYPLTMP
SEIFQFs

AGL13
MGRGKVEVKRIENKITRQVTFSKRKSGLLKKAYELSVLCDA
EVSLIIFSTGGKLYEFSNVGVGRTIERYYRCKDNLLDNDTL
EDTQGLRQEVTKLKCKYESLLRTHRNLVGEDLEGMSIKELQ
TLERQLEGALSATRKQKTQVMMEQMEELRRKERELGDINNK
LKLETEDHDFKGFQDLLLNPVLTAGCSTDFSLQSTHQNYIS
DCNLGYFYRLGFNNTMSKVKDLR »

AGL14
mgrgkiEMKRIENATSRQVTF SKRRNGLLKKAFELSVLCDAE
VALIIFSPRGKLYEFSSSSSIPKTVERYQKRIQDLGSNHKRN
DNSQQSKDETYGLARKIEDLEISTRKMMGEGLDASSIEELQQ
LENQLDRSLMKIRAKKYQLLREETEKLKEKERNL IAENKMLM
EKCEMQGRGIIGRISSSSTSSELDIDDNEMEVVTDLFIGPPE
TRHFKKFPPSN«

AGL15

mgrgki EIKRIENANSRQVTFSKRRSGLLKKARELSVLCDAE
VAVIVFSKSGKLFEYSSTGMKQTLSRYGNHQSSSASKAEEDC
AEVDILKDQLSKLQEKHLQLQGKGLNPLTFKELQSLEQQLYH
ALITVRERKERLLTNQLEESRLKEQRAELENETLRROVQELR
SFLPSFTHYVPSYIKCFAIDPKNALINHDSKCSLONTDSDTT
LQLGLPGEAHDRRTNEGERESPSSDSVTTNTSSETAERGDQS
SLANSPPEAKRQRFSV

AGL17
mgrgkiVIQKIDDSTSRQVTF SKRRKGLIKKAKELAILCDAE
VCLIIFSNTDKLYDFASSSVKSTIERFNTAKMEEQELMNPAS
EVKFWQREAETLRQELHSLQENYRQLTGVELNGLSVKELQNT
ESQLEMSLRGIRMKREQILTNEIKELTRKRNLVHHENLELSR
KVQRIHQENVELYKKAYGTSNTNGLGHHELVDQFMNPMHRLG
CSe

Figure 1. Amino Acid Sequences for Six Arabidopsis MADS Box
Genes.

The complete and partially deduced amino acid sequences for AGL77
10 AGL75 and AGL77 are shown. See Methods for GenBank accession
numbers of the cDNA sequences. Lowercase letters for the first six
amino acids of the AGL14, AGL15, and AGL17 sequences indicate the
translation of the degenerate oligonucleotide sequence used in the
initial isolation.
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AG GRGKIEIKRIENTTNRQVTFCKRRNGLLKKAYELSVLCDAEVALIVFSSRGRLYEY
AGLl ********************************************VI**T*******
AGLz ***RV*L*****KI******A************************I**N**K***F
AGL3 ****V*L*****KI******A********************I**LI**N**K***F
AGL4 ***RV*L*****KI******A*********************S*****N**K***F
AGLS ****t***************'k********‘***************VI**T*******
AGL6 ***RV*M**’r**KI******S************************I*****K***F
AGLB ***RVQL*****KI******S***S******H*I**************SK*K*F**
AGL9 ***RV*L*****KI******A*******‘k*‘k**************I**N**K***F
APl ***RVQL*****KI******S***A******H*I**********V***HK*K*F**
CAL ***RV*L*****KI******S***T******Q*I********S*****HK*K*F**
AP3 A****Q******Q******YS***‘k**F***H**T*****R*SI*M***SNK*H**
PI ************AN**V***S******v***K*IT*****K****I*A*N*KMID*
AGLll ************S***********************************T*******
AGLlZ A****QL*****PVH*********T******K*********IGWI**PQ*K*F*L
AGL13 ****V*V*****KIT*****S**KS**************‘k**S**I**TG*K***F
AGL14 grgki*M*****A*S*****S*k********F‘k************I**P**K***F
AGLlS grgki*******ANS*****S***S******R***********V****KS*K*F**
AGL‘l'] grgkiv*QK*DDS*S*****S***K**I***K**AI******C**I**NTDK**DF
Cons. grgkve-krIen--nRqVTfsKRrnGL1KKAyElsvLCDAevaliiFs-rgklyey
AG QQESAKLRQQIISIQNSNRQLMGETIGSMSPKELRNLEGRLERSITRIRSKKNELLFSEIDYMQKRE
AGLl ***As***R**RD******HIV**SL**LNF***K*******KG*S*V********VA**E******
AGL2 YR*YL**KGRYENL*RQQ*N*L* *DL*PLNS* * *EQ* *RQ*DG* LKQV* * I * TQYMLDQLSDL*NK *
AGL3 Y*DYL**KSRVEIL*H*Q*H*L**ELSE*DVN* *EH* *RQVDA*LRQ* * *T* ARSMLDQLSDLKTK *
AGL4 YR*YL* *KGRYENL*RQQ*N*L**DL*PLNS* * *EQ* *RQ*DG* LKQV*CI * TQYMLDQLSDL *GK*
AGLS ***AS***R**RD***L**HIL**SL**LNF***K***S***KG*S*V****H*M*VA**E******
AGL6 C**YT**KSKYE*LVRT**N*L**DL*E*GV***QA**RQ**AAL*AT*QR*TQVMME*MEDLR*K*
AGLS VL*H***KARVEVLEKNK*NF***DLDSL*L***QS* *HQ*DAA*KS* * *R* *QAM*ES*SAL* *KD
AGLY ***YL* *KERYDAL*RTQ*N*L* *DL*PL*T* * *ES* *RQ*DS*LKQ* *ALRTQFMLDQLNDL * SKL
AP1 SM*YNR*KAK*ELLERNQ*HYL* *DLQA* * * * ¥ Q¥ * *QQ* DTALKH* *TR* *Q*MYES *NEL* *K*
CAL SM*YSR*KAK*ELLERNQ*HYL* *ELEP* *L*D*Q** *QQ* *TALKH* * *R* *Q*MNESLNHL*RK*
AP3 *ETKR**LETNRNLRTQIK*RL**CLDELDIQ* * *R* *DEM*NTFKLV * ER*FKS *GNQ*ETTK *KN
PI SN*IDRIKKEND*L*LEL*H*K**D*Q*LNL*N*MAV*HAI *HGLDKV*DHQM*I*. ...ISKRRN*
AGLll ***********QT******N***DSLS*L*V***KQV*N***KA*S******H***LV**ENA****
AGL12 KD*INV*K*E*EML*KGISYMF*GGD*A*NLE* *LL* *KH* *YW* SQ* * *A*MDVMLQ* *QSLRNK *
AGL13 R**VT**KCKYE*LLRTH*N*V**DLEG* * [ * * *QT* *RQ* *GALSAT*KQ* TQVMMEQMEELRRK *
AGL14 KD*TYG*ARK*EDLEI *T*KM* **GLDAS*IE**QQ* *NQ*D**LMK* *A* *YQ* *RE*TEKLKEK*
AGL1S CA*VDI*KD*LSKL*EKHEL**Q*KGLNPLTF***QS* *QQ*YHALITV*ER*ER* *TNQLEESRLK *
AGL17 *R*AET***ELH*L*ENY***T*VELNGL*V***Q*I*SQ**M*LRG* *M*REQI *TN* *KELTRKR
Cons. --e--klk---e-1lg---r-1~Ge-1--1--kelL--1E-gqle--1--iR--k-gq-m~-----1g-ke

Figure 2. Comparison of MADS and K Domains of All Arabidopsis MADS Box Genes Reported to Date.

(A) Alignment of deduced amino acid sequences for the MADS domain.
(B) Alignment of deduced amino acid sequences for the K domain.
Asterisks indicate identity with the deduced AG sequence. In the consensus (Cons.) sequence, uppercase letters represent residues present

in all listed sequences, and lowercase letters represent residues present in more than 50% of the listed sequences. Dashes indicate residues
that are more variable.

the morphological marker brevipedicellus (bp) and the RFLP box genes are not clustered but are scattered throughout the
marker 518 on chromosome 4 (Hauge et al., 1993). AGL12 Arabidopsis genome, although they most likely evolved from
mapped on chromosome 1 between the morphological marker a common ancestral gene.

apetalal (ap?) and the RFLP marker AAt237. AGL13 mapped
between the RFLP markers AAt424 and r807.2 on chromosome
3, and AGL74 mapped on chromosome 4 between the RFLP Phylogenetic Tree Analysis/Evolutionary

markers AAt456 and LAt326. We were unable to find polymor- Considerations

phisms for AGL15 and AGL17. These data, together with those

previously published (Ma et al., 1991; Heck et al., 1995; Savidge To predict the evolutionary history of these newly isolated genes
et al., 1995; M.A. Mandel and M.F. Yanofsky, manuscript in within the gene family, we produced a multiple alignment of

preparation), are presented in Figure 3 and show that MADS cDNA sequences of the Arabidopsis and Antirrhinum MADS
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Figure 3. Map Positions of Arabidopsis MADS Box Genes.

Approximate map positions of all reported Arabidopsis MADS box genes
on chromosomes 1 to 5 were determined by RFLP mapping. Relative
positions have not been determined for those genes that map immedi-
ately adjacent to one another. AGL75 was placed on this map using
data from Heck et al. (1995).

box genes. This alignment was used to reconstruct a
phylogenetic tree, shown in Figure 4. In a previous phylogenetic
study of MADS box genes from several different plant spe-
cies, we have shown that many of these genes fall into three
distinct monophyletic groups (Purugganan et al., 1995). These
have been referred to as the AG group, the AP7/AGL9 group,
and the AP3/PI group. AGL11 is clearly part of the AG group
of the tree, along with AGLT and AGL5. AGL13 is closely related
to AGL6 within the AP7/AGL9 group. The other four genes,
AGL12, AGL14, AGL15, and AGL17, are all distinct from the pre-
viously cloned plant MADS box genes. The phylogeny showed
that these four genes all diverged from an ancestral MADS
box gene very early, in contrast with the genes of the AG group
that most likely have diverged from one another relatively
recently.

Expression Analyses

We performed RNA gel blot analyses using total RNA isolated
from different Arabidopsis tissues for each of these genes. As
shown in Figure 5, AGL77 RNA was detected in inflorescence
and developing silique tissue, whereas AGL12, AGL74, and
AGL17 transcripts were only detected in root tissue. AGL13 tran-
scripts were detected in inflorescence and silique tissue, with
much lower levels being present in leaf and seedling tissue.
AGL15 followed a pattern similar to that of AGL13, although
higher levels were detected in seedlings.

To begin to determine the temporal and spatial patterns
of expression of some of these genes, we analyzed RNA ac-
cumulation in various tissues by in situ hybridization. Using

the data from the RNA biot analyses as a starting point, we
made sections from appropriate tissues of wild-type Arabidop-
sis (Landsberg erecta). We hybridized these sections with
35S-labeled antisense RNA probes transcribed from the 3’
portions of the corresponding cDNAs to avoid cross-hybridiza-
tion to the highly conserved MADS box.

AGL11

In situ hybridizations revealed that AGL77 RNA accumulates
only in developing ovules and associated placental tissues,
as shown in Figures 6A to 6H. The onset of AGL77 expression
occurs during stage 9, at which time ovule primordia begin
to arise from the placental tissue (Figures 6C and 6D). At this
stage, AGL77 RNA accumulates uniformly in the ovule primor-
dia and the placental tissue from which they arise. At later
stages of ovule development, this accumulation becomes largely
restricted to the chalazal end of the ovule, the funiculus, and
the outer integuments (Figures 6E and 6F). The expression
at the chalazal end of the ovule is maintained beyond fertiliza-
tion and into seed development (Figures 6G and 6H). No AGL77
RNA was detected in other floral organs during earlier or later
stages of flower development.
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Figure 4. Phylogenetic Tree for Arabidopsis and Antirrhinum MADS
Box Genes.

Shown is a neighbor-joining tree illustrating relationships between the
reported MADS box genes from Arabidopsis and Antirrhinum (PLENA,
SQUAMOSA [SQUA|, DEFICIENS [DEF], and GLOBOSA [GLQY]), using
the mammalian MADS box gene MEF2C as an outgroup. The num-
bers show bootstrap confidence levels for each node. Nodes with less
than 50% bootstrap confidence are collapsed.
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Figure 5. Expression Analyses Using RNA Gel Blot Hybridizations.

Total RNAs were used from roots of 2-week-old plate-grown plants and
from stems, rosette leaves, inflorescences (Inflo.), and siliques of soil-
grown plants as well as from plate-grown seedlings 3 and 8 days after
germination (dag). Identical RNA gel blots were prepared for hybrid-
ization by gene-specific probes for the genes shown at left.

AGL13

The accumulation of AGL73 RNA is restricted mainly to de-
veloping ovules, although lower levels of expression were also
observed in the filaments of anthers and in the style tissue
of the carpel but not in the stigmatic or transmitting tissue
(Figures 61 to 6P). The onset of AGL13 expression in ovules
occurs during approximately the middle to latter part of stage
12. At this time, the integuments develop and begin to envelop
the nucellus (Mansfield and Bowman, 1994). Analysis of serial
sections through many carpels showed that AGL73 appears
to be expressed transiently in a small group of cells within
ovules (Figures 6M to 6P). These cells appeared to stain slightly
darker, perhaps indicating a difference in metabolism from
other cells in the ovule. In sections through single carpels, we
observed that only a subset of the ovules showed expression
of AGL13 (Figures 6l and 6J). For instance, serial sections
through ovules 2 and 3 in Figures 6l and 6J show no accumu-
lation of AGL73 RNA, whereas ovule 1 does, suggesting that
AGL13 expression is sharply reduced at a specific stage of ovule
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development. After fertilization, little or no AGL73 RNA can
be detected.

AGL15

Although significant accumulation of AGL75 RNA was not de-
tected in flowers at any stage prior to fertilization, we observed
hybridization at high levels in cells of the developing embryo,
as shown in Figure 7. Early embryo tissue was present in the
inflorescence RNA used for the RNA blot analysis (Figure 5).
AGL15 RNA was detected as early as the octant stage in the
cells of the embryo proper but not in the suspensor cells
(Figures 7A and 7B). We do not have sufficient data to deter-
mine whether expression occurs prior to this stage. As
embryonic development continues, the accumulation of AGL75
RNA remains uniform throughout the embryo (Figures 7C to
7L). Significant RNA accumulation was detected in germinat-
ing seedlings, in agreement with the RNA blot data; the
seedlings showed significant expression of AGL15 8 days af-
ter germination (Figure 5). A lower level of RNA accumulation
was also seen in sections through rosette leaves (data not
shown).

DISCUSSION

We isolated six new MADS box genes from Arabidopsis, and
they are designated AGL77 to AGL75 and AGL17. Each gene
encodes a protein containing a MADS domain and a K-domain
and thus shares the same overall organization of the previ-
ously described plant MADS box genes. This increases the
number of reported Arabidopsis MADS box genes to 17. In ad-
dition to these characterized genes, our laboratory has
identified seven additional MADS box genes, bringing the to-
tal number contained within the genome to at least two dozen
(M.A. Mandel and M.F. Yanofsky, manuscript in preparation;
S.J. Liliegren and M.F. Yanofsky, unpublished data; S.E. Gold
and M.F. Yanofsky, unpublished data).

The data from RNA expression analyses for the six genes
illustrate a wide range of expression profiles. Three of the genes
are only expressed in root tissue, which is notable not only
because no other reported MADS box genes are expressed
in this tissue but also because no others are absent from flo-
ral tissues. Given the known regulatory roles of MADS box
genes in flower development, it seems likely that these genes
play similar roles in root development.

Transcripts of two of the genes reported here accumulate
to high levels in ovules but in very different patterns. AGL17 is
expressed from the earliest visible stage of ovule development
and is maintained after pollination through late seed develop-
ment. The highest levels of transcript are localized toward the
chalazal end of the ovule at these later stages, with lower lev-
els throughout the funiculus and the outer integuments. The
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Figure 6. AGL177 and AGL13 Expression in Wild-Type Tissues.

In (A) to (H), in situ hybridizations of wild-type plant tissues hybridized with the AGL77 antisense RNA probe are shown. In (I) to (P), the AGL13
antisense RNA probe was used. (A), (C), (E), (G), (), and (K) are bright-field views of longitudinal tissue sections. (B), (D), (F), (H), (J), and

(L) to (P) are bright/dark-field double exposures.

(A) to (H) AGL11 expression analysis. (A) and (B) show an inflorescence with flowers at several stages of development; (C) and (D) show a carpel
of a stage 10 flower; (E) and (F) show a carpel of a stage 13 flower; (G) and (H) show a developing seed in a silique.

() to (P) AGL13 expression analysis. (I) and (J) show a carpel of a stage 12 flower; (K) and (L) show a stigma and style of the same carpel;
(M) to (P) are high magnifications of serial sections through the boxed ovule labeled 1 shown in (I) and (J). (O) is the same section as shown
in (1) and (J). Serial sections through the ovules labeled 2 and 3 in (l) and (J) show no hybridization.

ca, carpel; cw, carpel wall; cz, chalazal region; f, funiculus; im, inflorescence meristem; ov, ovule; p, placental tissue; s, style; sg, stigmatic tissue;

sw, silique wall; tt, transmitting tissue.

other gene, AGL13, is expressed in a more restricted manner
both spatially and temporally. Its expression within the ovule
is restricted to a small group of cells during a short period of
time just prior to production of a visibly distinct endothelium
around the embryo sac. Recent studies have identified a num-
ber of genetic loci involved in ovule development (Modrusan
etal., 1994; Ray et al., 1994). Itis likely that AGL77 and AGL13
regulate ovule-specific gene expression, perhaps through an
interaction with one or more of these genes.

Although no significant accumulation of AGL15 RNA was
observed during any stage of flower development, high levels
were detected shortly after fertilization. Strong and uniform
AGL15 expression was evident as early as the eight-cell stage
of the embryo and remained uniform throughout development
of the embryo proper. No expression was seen in the suspen-
sor or in other maternal tissues, such as the surrounding seed
coat. These data suggest a possible role for AGL75 in regulat-
ing early events in embryogenesis. In situ data showed that
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Figure 7. AGL75 Expression in Developing Wild-Type Embryos.

In (A) to (N), in situ hybridizations of seeds in wild-type siliques hybridized with the antisense AGL15 RNA probe are shown. In (O) and (P), the
sense AGL15 RNA probe was used. (A), (C), (E), (G), (1), (K), (M), and (O) are bright-field views of longitudinal tissue sections. (B), (D), (F),

(H), (J), (L), (N), and (P) are bright/dark-field double exposures.
(A) and (B) An octant-stage embryo.

(C) and (D) An embryo at the dermatogen stage.

(E) and (F) A globular-stage embryo.

(G) and (H) A heart-stage embryo.

(1) and (J) An embryo at the torpedo stage.

(K) and (L) A mature embryo.

(M) and (N) A low-magnification view of a longitudinal section through adjacent siliques.

(0) and (P) A mature embryo.
The arrows indicate the position of the suspensor cells.

AGL15 was also expressed at a low level in rosette leaves but
that no significant expression was seen after bolting had oc-
curred (data not shown). AGL75 may therefore be important
for vegetative or nonreproductive phases of the plant life cy-
cle, although more detailed analyses of the late expression
of AGL15 are required to investigate this possibility.

The expression patterns of the genes reported here show
some correlation with the major clade groupings in the phylo-
genetic tree (Figure 4). The three major groups consisting of
closely related genes, and a collection of more divergent genes,
termed the “orphan” genes, have been identified in a more ex-
tensive survey of plant MADS box genes (Purugganan et al.,
1995). The orphan genes from Arabidopsis are AGL12, AGL14,
AGL15, and AGL17 and are the same four genes that are shown

here to have nonfloral expression patterns. These genes most
likely play roles elsewhere in plant development, and the phylo-
genetic data support the distinct evolutionary history of these
genes. In contrast, all members of the three major clades are
expressed in flowers. There is good correlation between their
specific floral expression patterns and the clade to which they
belong. The AGAMOUS clade contains AGL7, AGL5, and AGL11,
which are all expressed in tissues within the carpel (Ma et al.,
1991; Savidge et al., 1995), as well as AG, which is necessary
for carpel development (Bowman et al., 1989; Yanofsky et al.,
1990). In addition, many of the genes in the AP1/AGL9 group
are expressed very early in flower development. These include
the two meristem identity genes AP7 and CAL (Mandel et al.,
1992; Gustafson-Brown et al., 1994; Kempin et al., 1995) and
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Figure 8. Spatial and Temporal RNA Expression Patterns for Arabidop-
sis MADS Box Genes.

Gene names indicate expression of that gene in the tissue indicated.
At left, the plant’s life cycle is represented, beginning with seed devel-
opment at the bottom. The germinated seedling and the mature plant
are also shown. The line drawings in the middle represent particular
stages of flower development, corresponding to the stage number
shown inside the box to the right (Smyth et al., 1990; Mansfield and
Bowman, 1994). This box contains a schematic representation of MADS
box gene expression during flower development. For each gene, the
spatial pattern of the initial expression is shown by a horizontal bar
across the four columns representing the whoris of the flower. The
timing of the onset of this expression is indicated by the stage number
to the left. During stage 3, P/ is transiently expressed in the fourth
whorl (Goto and Meyerowitz, 1993).

AGL2, AGL4, and AGLY, which are all expressed in young flo-
ral primordia (Flanagan and Ma, 1994; Savidge et al., 1995;
M.A. Mandel and M.F. Yanofsky, manuscript in preparation).
In addition, two genes in this clade that are closely related
to one another, AGL13 and AGLS, are both expressed at high
levels in specific cell types within developing ovules (T. Araki
and M.F. Yanofsky, manuscript in preparation).

The results of this and previous studies illustrate that MADS
box genes play varied roles in flower development. In Arabidop-
sis, the analysis of floral mutant phenotypes demonstrates the
involvement of MADS box genes in specifying floral meristem
identity (AP7 and CAL) and in determining the identity of differ-
ent floral organ primordia formed by the floral meristem (AG,
AP3, PI, and APT7). Expression analyses of these and other
members of the family suggest that a cascade of MADS box
gene activity occurs as flower development progresses (Fig-
ure 8). APT and CAL are expressed as soon as floral meristems
are visible on the flanks of the inflorescence meristem (stage
1), and this expression is uniform over the flower primordium
(Gustafson-Brown et al., 1994; Kempin et al., 1995). Shortly
thereafter (stage 2), AGL2 and AGL4 expression commences
and is similarly uniform (Flanagan and Ma, 1994; Savidge et

al., 1995). At this time, AGL9 RNA also begins to accumulate
in the young floral primordia (M.A. Mandel and M.F. Yanofsky,
manuscript in preparation). The onset of AGL2, AGL4, and AGL9
expression suggests a possible role for these genes in medi-
ating between the meristem and organ identity genes. Previous
studies on the AGL9 orthologs from tomato and petunia, TM5
and fbp2, respectively, support this idea. When the expres-
sion of these genes is perturbed, the resulting plants have both
meristem and floral organ defects (Angenent et al., 1994; Pnueli
etal., 1994). In addition, cosuppression of fbop2 leads to inac-
tivation of the AG ortholog fbp6, suggesting that AGL9 may
be necessary for activation of AG.

The cascade of MADS box gene activity continues as the
organ identity genes are transcribed in whorls 2 and 3 (AP3
and Pl) and 3 and 4 (AG), respectively, during stage 3 (Yanofsky
et al., 1990; Jack et al., 1992; Goto and Meyerowitz, 1993).
By stage 6, the carpel-specific gene AGL5 begins to be ex-
pressed, and this expression requires the prior activity of AG
(Savidge et al., 1995). At progressively later stages of flower
development, AGL7, AGL77, and AGL13 RNAs begin to accumu-
late uniformly in developing ovules or in specific cell types
within these ovules (Ma et al., 1991). Thus, the resuits of this
and previous studies show that MADS box genes are expressed
throughout all stages of flower development and may be acti-
vated in a cascade-like manner.

The expression of MADS box genes is not, however, re-
stricted to flower development. For example, shortly after
poilination of the Arabidopsis flower, AGL75 RNA begins to ac-
cumulate in the developing embryo, and this expression is
maintained throughout embryo development and seedling
germination. Other MADS box genes are also expressed in
nonfloral tissue. AGL8 is expressed in stems and leaves as
well as in developing flowers (M.A. Mandel and M.F. Yanofsky,
manuscript in preparation), and three of the genes reported
here, AGL72, AGL14, and AGL17, are preferentially expressed
in root tissues.

In summary, these studies suggest that MADS box genes
play diverse roles in plant development in addition to their well-
documented roles in regulating early events in flower devel-
opment. Although ultimately it will prove necessary to identify
mutant alleles for each of these genes, the data presented here
form the basis for future efforts designed to determine the
myriad of functions carried out by members of the plant MADS
box gene family.

METHODS

Polymerase Chain Reaction Amplification

Genomic DNA from the Landsberg erecta ecotype of Arabidopsis
thaliana was used as the template for polymerase chain reaction (PCR)
amplification of MADS boxes using the degenerate oligonucleotides
MADS-1, 5-CGGAATTCATGGGN(AC)GNGGNAA(AG)AG)T-3, and
MADS-43, §-CGGGATCCIAC(TC)TCIGC(AG)TC(AG)CAIA(AG)IAC-3,



where N represents A, G, C, or T and | represents inosine. Using DNA
sequences from these PCR products, oligonucleotides were designed
to amplify cDNAs containing novel MADS box sequences by reverse
transcription PCR using oligo(dT) as the 3’ primer. Total RNAs from
various Landsberg erecta tissues were used as templates for reverse
transcription. We used inflorescence tissue as the RNA source to clone
AGLT1, AGL12, AGL13, and AGL14; leaf tissue for AGL15 (AGL for
AGAMOUS:-like); and root tissue for AGL17 Each cDNA was indepen-
dently amplified, cloned, and sequenced at least twice to control for
PCR-induced mutations. Conditions for the PCR amplification with the
degenerate oligonucleotides are as follows: initial denaturation at 94°C
for 5 min; five cycles of 94°C for 30 sec, 37°C for 2 min, and 72°C for
1 min with 1-min ramping time between each temperature; 35 cycles
of 94°C for 1 min, 55°C for 1 min, and 72°C for 90 sec. The final cycle
was followed by a final extension of 5 min at 72°C. Reverse transcrip-
tion PCR had the following cycles: initial denaturation for 5 min at 94°C,
followed by 35 cycles at 94°C for 1 min, 55°C for 1 min, and 72°C for
90 sec, with a final extension time of 5 min at 72°C.

Cloning and Sequencing

PCR products were cloned into the pCRII vector (Invitrogen, San Diego,
CA) and subcloned into the pGEM series of vectors (Promegal) for se-
quencing. Sequencing was performed using the Sequenase version
2.0 kit (U.S. Biochemical Corp.) according to the manufacturer's pro-
tocol. DNA and predicted protein sequences were analyzed using
the MacVector program (International Biotechnologies, Inc., New Ha-
ven, CT). For each of the six genes reported here, a cDNA sequence,
including sequence 5’ of the MADS box where available, has been
submitted to GenBank with the following accession numbers: AGL71,
U20182; AGL72, U20193; AGL13, U20183; AGL14, U20184; AGL15,
U20185; AGL17, U20186.

Library Screening

A probe for the partial AGL77 cDNA was used to screen 2 x 105
plaque-forming units of a AZAP!| (Stratagene) cDNA library made from
poly(A)* RNA from young flowers (Weigel et al., 1992). A cDNA clone
containing the entire MADS box and the likely translation start site
was isolated from this screen. Genomic clones containing the entire
MADS box region of AGL12 and AGL13 were isolated by screening 2 x
105 plaque-forming units of a genomic library made from DNA from
the Columbia ecotype of Arabidopsis in A\GEM-11 (Promega). This li-
brary was a kind gift from R. Davis (Stanford University, Palo Alto, CA).
Sequences from these genomic clones were used to enable amplifi-
cation of the entire coding region of AGL72 and AGL73 from RNA using
reverse transcription PCR.

Restriction Fragment Length Polymorphism Mapping

Gene-specific probes were used to hybridize to parental mapping filters
to identify polymorphisms between various ecotypes. (Landsberg
erecta, Columbia, and Wassilewskija ecotypes were used.) Mapping
filters were prepared with the appropriate restriction enzyme and probed
with the gene-specific probe. A probe synthesized from an AGL77 cDNA
clone, pSR90, was used to score an EcoRl polymorphism between
Landsberg erecta and Columbia ecotypes on 79 individuals. A recom-
binant inbred mapping population from a cross between the Landsberg
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erecta and Wassilewskija ecotypes (Reiter et al., 1992) was used to
map AGL72, AGL13, and AGL14. A probe synthesized from an AGL12
cDNA clone, pSR102, was used to score for a polymorphism revealed
by a BamHI-Bglll double digest in 27 individuals. A probe synthesized
from a 567-bp EcoRI-Bgll! fragment of pSR109, representing the 3’ end
of the AGL13 cDNA clone, was used to score for a BamHI| polymor-
phismin 33 individuals. An AGL74 probe from a 388-bp Hindlll fragment
of pSR111, containing the 3’ end of the AGL74 cDNA, was used to score
for a BamHI-Hindlll polymorphism in 25 individuals. The mapping filters
were scored and the data analyzed with the Mapmaker Macintosh
version 2.0 software (E.l. duPont de Nemours, Wilmington, DE) as de-
scribed by Reiter et al. (1992).-

Phylogenetic Analysis

Nucleotide and predicted amino acid sequences were obtained for
published Antirrhinum majus and Arabidopsis MADS box genes, in
addition to those for AGL8 and AGL9 (M.A. Mandel and M.F. Yanofsky,
manuscript in preparation). These sequences were then used in con-
junction with the sequences for AGL77 to AGL15 and AGL17 to produce
both amino acid and nucleotide alignments with the PILEUP program
of the GCG package (Genstics Computer Group, Madison, WI). The
nucleotide alignment was visually refined using the amino acid align-
ment as a guide. Distance calculations were performed using the
Tajima-Nei algorithm of the Molecular Evolutionary Genetic Analyses
software package version 1.1 (Institute of Molecular Evolutionary
Genetics, Pennsylvania State University, University Park, PA). First and
second codon positions were used in the distance calculations, and
the tree was constructed from the results of 100 bootstrap replicates
using the neighbor-joining method with the mammalian MADS box
gene MEF2C, which was used as an outgroup.

RNA Isolation and Blot Analysis

Total RNAs from various Landsberg erecta plant tissues were isolated
using the method of Crawford et al. (1986) and size fractionated by
gei electrophoresis on formaldehyde agarose gels, transferred to
Hybond-N nylon membranes (Amershamy), and hybridized according
to standard procedures with 32P-radiolabeled probes. RNA samples
were quantified using spectrophotometric methods prior to electropho-
resis, and RNA gels were visualized by ethidium bromide staining prior
to blotting. Probes used were gene-specific and included regions of
the cDNA clones 3' of the MADS box and 5’ of the poly(A) tail. A probe
for the 3’ portion of AGL177 was synthesized from a 321-bp Hindlll frag-
ment of pSRI1, a clone consisting of the AGL77 cDNA as an 820-bp
EcoRlI fragment in the pCRIl vector. The 3’ probe for AGL12 was syn-
thesized from a 266-bp EcoRl-Xbal fragment of pSR102, a clone
consisting of the AGL72 cDNA as an 810-bp EcoRI fragment in the
pCRIi vector. The 3’ AGL13 probe was synthesized from a 567-bp EcoRI-
Bglil fragment of pSR109, a clone containing the AGL13 cDNA as an
850-bp EcoRI fragment in the pCRII vector. The 3’ AGL74 probe was
synthesized from a 388-bp Hindlli fragment of pSR111, which is the
AGL14 cDNA inserted as a 710-bp EcoRlI fragment into the pCRIi vec-
tor. The AGL15 probe was synthesized from a 651-bp Hindlll fragment
of pSR142, which is the AGL75 cDNA inserted into the pCRI vector
as an 890-bp EcoRl fragment. The AGL17 probe was synthesized from
the 452-bp EcoRl insert of SR192, which is a subclone of the 3’ por-
tion of the AGL77 cDNA.
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In Situ Hybridization

Fixation of tissue and hybridization conditions were the same as pre-
viously described (Drews et al., 1991), with minor modifications. The
AGL11 ¥8-labeled antisense mMRNA was synthesized with the SP6
RNA polymerase from an EcoRI-digested pSR101 template. The AGL13
3S-labeled antisense mRNA was synthesized with the T7 RNA poly-
merase from a Bglil-digested pSR176 template, and the AGL75
%8-labeled antisense mRNA was synthesized with the SP6 RNA poly-
merase from an EcoRlI-digested pSR150 template. Probes were used
at a final concentration of 25 x 107 cpm/mL.

Image Processing

Photographic slides were scanned and digitized using a Nikon Cool-
scan slide scanner (Nikon Inc., Melville, NY). Brightness, contrast, and
color balance were adjusted using Adobe Photoshop 3.0 (Adobe Sys-
tems Inc., Mountain View, CA). Composite figures were printed using
a Tektronix Phaser llsdx dye sublimation printer (Tektronix Inc, Wil-
sonville, OR).
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