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ABSTRACT - MADS-box genes encode a family of tran-
scription  factors which control diverse developmental
processes in flowering plants ranging from root to flower
and fruit development. A large screening for MIKC-type
MADS-box gene ¢cDNAs in maize yielded sequences for 31
different genes, 29 of which are of the MIKC-type. 15 of
these MIKC-type genes were novel. Together with three
published genes for which a ¢DNA did not appear in our
screen 32 different MIKC-type genes have thus been iden-
tified in maize now. All of these genes are members of
subfamilies known from eudicots. However, it appears
that in many subfamilies there are more gene members in
maize than in eudicot model plants such as Arabidopsis.
Phylogeny reconstructions involving all published MADS-
box genes identified two major reasons for this. First, after
the establishment of the defined gene subfamilies in a
common ancestor of eudicots and monocots, a number of
gene duplications occurred in the lineage that led to ex-
tant monocots after the eudicots had branched off, but be-
fore the separation of the lincages that led to extant maize
and rice. Based on our gene collection we could estimate
that there must have been at least 20 different MIKC-type
genes in the most recent common ancestor of maize and
rice about 50-70 million years ago. In contrast, the same
data set supports only the presence of at least 11 different
genes in the last common ancestor of monocots and eudi-
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cots about 200 million years ago. Second, phylogenetic
trees in line with chromosomal mapping data revealed
that the event that gave rise to the ancient segmental al-
lotetraploidy of the maize genome established typically
two young paralogs for many orthologous rice MADS-box
genes. By chromosomal mapping also candidate genes for
some interesting maize developmental gene loci could be
identified. The genes reported here are a rich ressource
for further studies on the evolutionary dynamics of a com-
plex gene family, the developmental genetics of maize,
and a rational crop design employing developmental con-
trol genes as tools.

KEY WORDS: Flower development; Gene family; Evo-de-
vo; Crop design.

INTRODUCTION

MADS-box genes (SCHWARZ-SOMMER et al., 1990)
encode a family of transcription factors which play
crucial roles in developmental control and signal
transduction in higher eukaryotes, including plants
(for recent reviews, see Riechmann and MEYEROWITZ,
1997; THEIREN et al., 2000; NG and Yaxorsky, 2001,
THEIREN, 2001b). For example, loss-of-function of
some flowering plant MADS-box genes such as DEFI-
CIENS (DEF) from Antirrbinum majus (snapdragon)
and AGAMOUS (AG) from Arabidopsis thaliana
(thale cress) causes homeotic transformations of flo-
ral organs (SOMMER et al., 1990; YANOFSKY ef al., 1990).
DEF and AG thus work as organ identity (homeotic
selector) genes during flower development. Floral or-
gan identity genes can be subdivided into at least
five different classes, termed A-, B-, C-, D- and E-
function genes, which provide five different homeot-
ic functions, with A specifying sepals, A+B+E petals,
B+C+E stamens, C+E carpels, and D ovules (WEIGEL
and MevEROWITZ 1994; ANGENENT and COLOMBO, 1996,
THEIREN, 2001b; THEWEN and SAEDLER, 2001). Except
some  A-function genes (such as APETALA2 from
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Arabidopsis), all floral organ identity genes that could
be cloned so far belong to the family of MADS-box
genes (for reviews see THEIREN ef al., 1996, 2000;
RIECHMANN and MEYEROWITZ 1997; NG and YANOFSKY
2001; THEIREN, 2001b). The MADS-type floral homeot-
ic genes of Arabidopsis are APETALA1 (AP1; A-func-
tion), APETALA3 and PISTILLATA (AP3 and PI, B-
function), AG (C-function), and SEPALLATA1, SEPAL-
LATAZ2 and SEPALLATA3 (SEPI-3, formerly known as
AGL2, AGL4, and AGL9; E-function) (PELAZ et al.,
2000; HonMAa and Goto, 2001). D-function genes,
termed FBP7 and FBPI11, are known from Petunia
(ANGENENT and CoromBo, 1990), but an Arabidopsis
D-function gene has not been described so far.

Besides providing floral homeotic functions,
MADS-box genes have many other roles within the
gene networks that “control” reproductive develop-
ment in eudicotyledonous flowering plants such as
Arabidopsis (for recent reviews see RIECHMANN and
MEYEROWITZ, 1997; THEIREN and SAEDLER, 1999;
THEIREN et al., 2000; NG and YANOFsKY, 2001; THEIREN,
2001b). The MADS-box genes FLC and SVP, for ex-
ample, are ‘flowering time genes’ which repress the
floral transition until internal factors reflecting plant
age, or environmental factors such as cold (vernal-
ization) act to overcome this repression (MICHAELS
and AMASINO, 1999; HARTMANN et al., 2000; SHELDON
et al., 2000). SOC1 (also known as AGL20), another
MADS-box gene, is an important integrator of ver-
nalization and two other pathways controlling flow-
ering time in Arabidopsis (LEE et al., 2000).

Flowering time genes exert their function by in-
fluencing ‘meristem identity genes’, either directly
or indirectly. Meristem identity genes such as the
MADS-box genes AP1, FRUITFULL (FUL) and CAULI-
FLOWER (CAL) ‘control’ the transition from inflores-
cence to floral meristems. Within floral meristems,
‘cadastral genes’ are involved in establishing the
boundaries of floral organ identity gene functions,
thus defining the different floral whorls. Besides its
role as a floral organ identity gene, AG has also a
cadastral function, because it prevents the A-func-
tion from being expressed in the 3rd and 4th floral
whorls. The floral organ identity genes specify the
organ identity within each whorl of the flower by
activating ‘realizator genes’.

MADS-box genes are also involved in develop-
mental processes that follow fertilization of the
flower, i.e. seed and fruit development. For exam-
ple, SHATTERPROOF1 and 2 (SHPI and 2; formerly
known as AGLI and AGLS5, respectively) encode
functionally redundant proteins that are required for

the proper development of the fruit dehiscence
zone of Arabidopsis (LIJEGREN et al., 2000), and FUL
is required for the normal pattern of cell division,
expansion and differentiation during morphogenesis
of the silique (Gu et al., 1998).

Moreover, transcription of a number of MADS-
box genes outside flowers and fruits suggests that
members of this gene family play regulatory roles
also during vegetative development, such as em-
bryo, root, or leaf development (e.g. Ma et al., 1991;
HuanG et al., 1995; RounsLEY et al., 1995; for a re-
view, see THEIREN et al., 2000). Analysis of a mutant
generated by transgenic technology indicated that
one gene, ANRI, is a key component of the signal
transduction chain by which nitrate stimulates later-
al root proliferation (ZHANG and FoORrDE, 1998). The
existence of MADS-box genes in gymnosperms,
ferns and mosses, which do not form flowers or
fruits, further demonstrates that the role of these
genes in plants is not restricted to flower or fruit de-
velopment (TANDRE et al., 1995; MUNSTER et al., 1997;
WINTER ef al., 1999; KroGaN and AsHTON, 2000; HEN-
SCHEL ef al., 2002).

Changes in the number, expression and interac-
tion of developmental control genes have very like-
ly contributed to the evolution of plant form
(THEIREN et al., 2000). Since MADS-box genes play
important and diverse roles in the gene networks
that control plant development, understanding the
phylogeny of MADS-box genes may strongly im-
prove our understanding of plant evolution (THEIREN
and SAEDLER, 19935; THEIREN et al., 1996, 2000; Law-
TON-RAUH et al., 2000; Ma and bePampHILIS, 2000;
NixLas, 2000). It is of quite some interest, therefore,
to find out as to when during evolution the diversi-
ty of MADS-box genes present e.g. in Arabidopsis
has been generated. Did it appear during eudicot
evolution, or is it considerably older? Do changes in
the expression and function of these genes reflect
morphological innovations during angiosperm evo-
lution? To answer these questions, the phylogeny of
the MADS-box genes has to be reconstructed, and
superimposed on the phylogeny of land plant taxa.
As a prerequisite, the MADS-box gene family has to
be characterized in phylogenetically informative key
taxa, including the major groups of flowering plants
(angiosperms). Flowering plants comprise two large
clades (subclasses), the eudicots and monocots,
which are nested within the ancestral magnoliids
(basal angiosperms) (CRANE et al., 1995).

In Arabidopsis thaliana, we are already quite
close to a complete knowledge of all MADS-box
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genes: according to current estimates, there are
more than 80 different MADS-box gene members in
the Arabidopsis genome (RIECHMANN et al., 2000).
Annotation for all these genes is underway in sever-
al bioinformatics labs. For about half of these genes,
cDNAs have been isolated. For 15 genes (all men-
tioned above) the function has already been de-
fined by mutant phenotypes, and for many others
respective work is in progress.

In the other major groups of flowering plants
(monocotyledonous plants and basal angiosperms),
the characterization of MADS-box genes is lagging
behind, although publication of draft sequences of
the rice genome suggest that the situation may
change soon, at least for one monocot species
(GoOFF et al., 2002; YU er al., 2002). Studies on sever-
al monocot genes suggest that the floral homeotic B
and C functions are strongly conserved between
monocots and eudicots (MENA et al., 1996; KANG et
al., 1998, AMBROSE et al., 2000), but also novel gene
functions, e.g. concerning inflorescence develop-
ment, seem to have originated within monocots
(CACHARRON et al., 1999). However, a large scale
comparison between the MADS-box gene families
from monocots and eudicots has been lacking so far
due to our very incomplete knowledge about
MADS-box genes in monocots. Such a comparison,
however, could not only improve our understand-
ing of plant evolution, but may also be interesting
trom an agronomic point of view.

Most human food and many other useful prod-
ucts such as timber and lumber are derived from
seed plants. Understanding the genetic basis of seed
plant development may thus help us to transform
these plants according to our desires. The time to
flowering, and the number and structure of the in-
florescences and flowers, for example, are critical
parameters that strongly influence where a crop
plant can be grown and how many fruits or grains it
may produce. It might be possible to create crop
plants that flower earlier or later than wild-type by
changing the expression of floral meristem identity
genes. In addition, plants that produce more fruits
or grains might be established by changing the ex-
pression of floral organ identity genes or other de-
velopmental control genes that influence the archi-
tecture of flowers or inflorescences. With MADS-
box genes at hand it might thus be possible 1o ‘de-
sign’ crop plants to have novel agronomic features.
Since the most important crop plants are monocots
(Triticum aestivum, wheat; Oryza sativa, rice; Zea
mays ssp. mays, maize, or corn; Hordeum vulgare,

barley; Sorghum bicolor, sorghum), a better knowl-
edge about the MADS-box gene family in monocots
may provide the tools for a future design of cereal
crops by transgenic technology, or mutagenesis and
marker assisted breeding (MevErROWITZ, 1994,
THEIREN, 2000, 2001a, 2002).

Previous phylogeny reconstructions revealed
that the MADS-box gene family is composed of sev-
eral defined gene clades (DoviE, 1994; PURUGGANAN
et al., 1995; THEIREN et al. 1996, 2000). All the plant
MADS-box genes that have been functionally char-
acterized so far are members of a monophyletic su-
perclade of genes with a conserved structural orga-
nization, the so called MIKC-type domain structure,
including a MADS (M-), intervening (I-), keratin-like
(K-) and C-terminal (C-) domain (MA et al., 1991;
THEIREN et al., 1996; HaseBE and BANKS, 1997; MON-
STER et al., 1997). The highly conserved MADS-do-
main is the major determinant of DNA-binding, but
it also performs dimerization and accessory factor
binding functions (SHORE and SHARROCKS, 1995). The
relatively weakly conserved I-domain constitutes a
molecular determinant for the selective formation of
DNA-binding dimers (RiEcHMANN and MEYEROWITZ,
1997). The K-domain is defined by a conserved reg-
ular spacing of hydrophobic residues, which is pro-
posed to allow for the formation of an amphipathic
helix involved in protein dimerization (Ma et al.,
1991; SHORE and SHARROCKS, 1995). The most vari-
able region, both in sequence and length, is the C-
domain at the C-terminus of the MADS-domain pro-
teins, which is involved in transcriptional activation,
or the formation of multimeric transcription factor
complexes (CHO et al., 1999; EGEa-CORTINES ef al.,
1999).

The MIKC-type gene superclade can be further
subdivided into several well defined gene clades
whose members share similar expression patterns
and highly related functions. Most importantly, all
A-, B-, C-, D- and E-function genes known so far
fall into separate clades, namely SQUAMOSA- (A-
function), DEFICIENS- or GLOBOSA- (B-function),
AGAMOUS- (C- and D-function) and AGL2-like
genes (E-function) (Dovig, 1994; PURUGGANAN ef al.,
1995; THEIREN and SAEDLER, 1995; ANGENENT and
CoromBo, 1996; THEIREN et al., 1996, 2000; MUNSTER
et al., 1997). Therefore, the establishment of the
mentioned gene clades by gene duplication, diversi-
fication and fixation was probably an important step
towards the establishment of the floral homeotic
functions, and thus flowers (THEIREN ef al., 1996,
2000).
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Previous studies have led to the conclusion that
the last common ancestor of ferns and seed plants
(gymnosperms + angiosperms) about 400 million
years ago (MYA) had at least 2 different MIKC-type
genes, but no orthologs of any of the MADS-box
genes present in angiosperms (MUNSTER et al., 1997,
THEIREN et al., 2000). In the last common ancestor of
angiosperms and gymnosperms about 300 MYA,
however, there were very likely already at least 7
different MADS-box genes present, including or-
thologs of floral homeotic B- and C-function genes
(WINTER et al., 1999; BECKER et al., 2000; THEIREN et
al., 2000).

In eudicotyledonous angiosperms, 11 different
ancient paralogous MADS-box gene subfamilies
have been defined by phylogeny reconstructions so
far (THEEN et al., 2000). For some of these gene
groups members from monocots have not been re-
ported yet. In other cases, just one gene from mono-
cot species is known, where several clade members
are known from eudicots. Moreover, no MIKC-type
MADS-box gene from a monocot has been reported
yet which does not correspond to a well defined
subfamily known from dicots. This all may either re-
flect a lower complexity and diversity of the MADS-
box gene family in monocots, or it may simply be
due to the less intensive characterization of the
MADS-box gene family in this taxonomic group.

In order to better characterize the MADS-box
gene family in a monocotyledonous model system,
we did a large screen for MADS-box gene ¢cDNAs in
maize (Zea mays ssp. mays). Here we report the up
to now most comprehensive cloning of MADS-box
genes from a monocotyledonous plant. Our data
demonstrate that at least the ‘MIKC branch’ of the
MADS-box gene family of maize is of similar com-
plexity as the one of eudicots. Phylogeny recon-
structions were used to determine the minimal num-
ber and type of MADS-box genes that was already
present in the last common ancestor of monocots
and eudicots, and of maize and rice. The agronomic
perspectives of our findings are discussed.

MATERIALS AND METHODS

Plant material

Maize inbred lines C and T232 (Epwarps ef al., 1987), and re-
combinant inbred (RD lines TxCM and COxTx (Burr and BURR,
1991) were used throughout this work. Plants were grown in cli-
mate chambers under moderate long-day (14 hours light at 25°C,
10 hours darkness at 18°C) or under standard greenhouse condi-
tions.

Isolation of cDNAs by screening of a library

A maize ear cDNA library described previously (CACHARRON
et al., 1999) was screened several times by plaque hybridization
with radioactive probes derived from 14 different ¢cDNAs repre-
senting the maize genes ZMM?2, 7, 15, 16, 17, 18, 20, 21, 23, 24,
27, 31, ZmMADS2 and the lily gene LRGLOA. Hybridization was
performed under conditions of moderate stringency (58°C,
5xSSC) following standard procedures (SAMBROOK et al., 1989).
Plasmid clones obtained after in vivo excision contained ¢cDNAs
of diverse genes. For cach gene, representative ¢cDNAs were
completely sequenced on both strands by the MP1Z DNA core fa-
cility CADIS’) on PE Biosystems Abi Prism 377 and 3700 se-
quencers using BigDye-terminator chemistry. Oligonucleotides
used were purchased from MWG, Metabion or LifeTech.

Isolation of cDNAs by RACE

Partial ¢cDNAs were isolated by 3-RACE as generally de-
scribed (FROHMAN et al., 1988; THEIREN et al., 1995; MUNSTER ef dl.,
1997). As template for the synthesis of ¢cDNA pools poly A*-RNA
isolated from the following tissues or organs of Zea mays ssp.
mays lines C and 1232 was used: roots, juvenile and adult leaves,
coleoptiles, male and female inflorescences, developing kernels,
and pollen. In some cases, upstream sequences overlapping with
the 3-fragment were isolated by 5-RACE, employing a commer-
cially available kit (5/3’-RACE-Kit, Boc¢hringer Mannheim, Ger-
many). Sequences of primers used during the RACE procedures
are available upon request. For cach gene, at least three different
¢DNA sequences were independently cloned, and both strands
were sequenced on automatic sequencers by the Automatic DNA
Isolation and Sequencing team (ADIS) of our institute.

Mapping of genomic loci

Chromosomal map positions of MADS-box genes were deter-
mined by applying RFLP technology to maize recombinant in-
bred lines TxCM and COxTx (BURR ¢f al. 1988; BUrr and BURR,
1991) as generally described previously (Fiscirr et al., 1995).
Gene-specific hybridization probes were prepared employing the
different ¢DNAs as templates. Comparative maps for parts of
maize chromosomes were depicted by information available at
the  Recombinant  Inbred  Maize  Genome  Database
(http://burr.bio.bnl.gov/acemaz.htmb).

Sequence Alignments and Construction of Phylogenetic Trees

Accession numbers of all sequences used are available at the
MADS homepage (http://www.mpiz-koeln.mpg.de/mads). Multi-
ple alignments of conceptual amino acid sequences were gener-
ated by using the PILEUP program of the GCG package (version
10.0) with a gap creation penalty of 8 and a gap extension
penalty of 2 (default parameters). Based on alignments of the
MADS-domain (60 amino acids) plus the 110 amino acids down-
stream of the MADS-domain (termed *MADS+110" or 170" do-
main sequence; refs. TrEgeN ef al., 1996, WINTER et al., 1999),
phylogenctic trees were constructed by the neighbor-joining (NJ)
method (Sarrou and Ne1, 1987), version 3.5, as implemented by
the PHYLIP program package (FELSENSTEIN, 1993). NJ was chosen
because it is known to be quite efficient in obtaining reliable
trees from large sets of data (Zuane and N, 1996). Distance ma-
trices were generated using the protein distance algorithm, ver-
sion 3.55¢, which is based on the PAM model of amino acid tran-
sition (DavHoFr, 1979). To assess support for the inferred rela-
tionships, 100 bootstrap samples were generated as described
(MUINSTER ef al., 1997).
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TABLE 1 - Cloned MIKC-type MADS-box genes from maize.
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Gene? Subfamily” Marker designation© Map positiond Accession No.¢  Referencel! Defining clonet
SILKY1 DEF n.p. 6L020 AF181479 AMBROSE ef al., 2000 /

ZAG1 AG ucsd78A 61080 L18924 SCHMIDT ¢t al., 1993 pSW203
ZAG?2 AG ucsds1A 3L084 L18925 Scnmior et al., 1993 pSW611
ZAG3 AGLO ucsd78C 41098 146397 MENA et al., 1995 /

ZAGS AGL6 ucsd72E S5L151 146398 MENA et al., 1995 /

ZAP1 SQUA ucsd100A 21200 146400 MENa et al., 1995 pSW83
ZMM1 AG mpik31 10L054 AJ430630 THESEN ef al., 1995 PWFE074
ZMM?2 AG mpik24 8LO56 AJ430031 THEIREN ef al., 1995 pSW123
ZMM3 AGL2 mpik25 95034 Y09301 FISCHER et al., 1995 pPWF4012
ZMM4 SQUA mpik22A 10224 AJ430041 Fisciikr et al., 1995 pSWO02
ZMM5 T™3 kws2 9L140 AJ430642 This work pPSW290
ZMM6 AGL2 mpik23A 11131 AJ430692 Fischier et al., 1995 pSWO6
ZMM7 AGL2 mpik27 7L095 Y09302 Fischer et al., 1995 pSW293
ZMM8 AGL2 mpik28 91115 Y09303 CACHARRON et al., 1999 pSW24
ZMM14 AGL2 mpik43 15055 AJ005338 CACHARRON et al., 1999 pWF1552
ZMM15 SQUA n.d. n.d. AJ4300632 This work pSW31
ZMM16 GLO mpik39 31110 AJ292959 MUNsTER et al., 2001 pPSW436
ZMM17 GGM13 mpik40 558107 AJ271208 BECKER et al., 2002 pSW450
ZMM18 GLO mpik41 8L079 AJ292960 MUNSTER et al., 2001 pSW559
ZMM19 STMADSI11 mpik42 41145 AJ430633 This work pWF4123
ZMM20 STMADS11 mpik44 15053 AJ430634 This work PWFE748
ZMM21 STMADSI11 mpik45 95023 AJ430035 This work pWF4105
ZMM23 AG kwsO 3L095 AJ430637 This work pSW128
ZMM24 AGL2 kws7 11.245 AJ430038 This work pWF1557
ZMM25 AG mpik47 3L109 AJ430639 This work pSW71
ZMM26 STMADS11 mpik48 51.215 AJ430093 This work p423sw
ZMM27 AGL2 n.d. n.d. AJ430694 This work pBRACES-20
ZMM28 SQUA n.d. n.d. AJ430695 This work pJC17
ZMM29 GLO mpik41 8L079 AJ292961 MUNSTER et al., 2001 pSW425
ZMM31 AGL2 n.d. n.d. AJ430640 This work pWFI243
ZmMADS2 AGL17 n.d. n.d. AF112149 HEUER et al., 2000 pPWFI096
ZmMADS3 SQUA n.p. 75000 AF112150 Heukr et al., 2001 pSW159

4 Gene names are given in alphabetical order. Only MIKC-type genes for which sequence information is available are listed here. The
non-MIKC-type transposon-like TMZ1 elements (Transposed MADS-box elements of Zea No. 1; also termed ZEM genes; ZAG4 is also a
representative of this class of scquence elements), described (FIscHER ef al. 1995; MENA et al. 1995; MONTAG ¢f al. 1995, 1996) and re-
viewed (Tuegen et al. 2000) previously, and also ZMM22 and WFE096, arc not considered here. ZmMADST (Heuer ef al., 2001) is not
listed here, since based on sequence comparisons it is obviously identical to ZMMS5 (partial secquence described already by Thrisex ef al.,
1996). ZMM30 is not listed here, because it is identical to ZmMADS2, and we adopt this name here for priority reasons.

b Nomenclature of subfamilics according to the rules outlined elsewhere (THEISEN ef al., 1996).

¢ The marker designations used during BNL mapping are given (n.p., not published; n.d.. non determined).

4 Approximate position on a recent edition of the Recombinant Inbred Maize Genome Database at BNL is given (http://burr.bio.bnl.gov/ace-
maz.html).

¢ Accession numbers for ¢cDNA sequences are given. Additional accession numbers for some protein or genomic DNA sequences are
available at the MADS homepage (http://www.mpiz-kocln.mpg.de/mads).

! References are given for the first publication of a given gene, ¢cDNA or protein sequence.

% Defining clone means the ¢cDNA clone in our lab which has been most extensively characterized and is used as a reference (%77, no
clone isolated in our lab).

RESULTS AND DISCUSSION MADS-box gene probes, and by RACE (Rapid Am-
plification of ¢cDNA Ends) on ¢DNA pools repre-
senting different maize tissues and organs (see Ma-
terials and Methods), more than 1400 cDNA clones
of MADS-box genes were isolated and partially se-
quenced. Sequence comparisons and Southern hy-

bridization studies suggested that these clones rep-

Isolation and structural evaluation of MADS-
box gene cDNA clones from maize

By screening a maize (Zea mays ssp. mays) line
T232 cDNA library made from immature ears
(CACHARRON et al., 1999) several times with different
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resent 31 different genes (data not shown). Concep-
tual translation of the ¢cDNAs yvielded proteins which
show the typical domain structures of MIKC-type
MADS-domain proteins, except for two genes,
ZMM22 and WEFEO096, which are not considered
here further (data not shown). Extensive data base
searches and sequence comparisons revealed that
of the remaining 29 putative genes, 14 had been
published before, while 15 were completely novel.
Of the novel genes, four have been presented re-
cently elsewhere (MUNSTER et al., 2001; BECKER ef al.,
2002), while the other 11 are reported here (Table
1. Together with the SIIKYI, ZAG3 and ZAGS
genes, for which a ¢cDNA was not picked up in our
screen, for 32 different MIKC-type MADS-box genes
from maize extensive sequence information is now
available (Table D).

Phylogeny reconstructions I:
the monocot - eudicot dichotomy

To clarify the evolutionary relationships between
the maize genes and all other MIKC-type MADS-box
genes known, phylogeny reconstructions were car-
ried out. This way, putative orthologs could be
identified at different taxonomic levels, thus allow-
ing minimal estimates for the number of MIKC-type
genes in the most recent common ancestors of
monocots and eudicots, and of rice and maize. Ini-
tially, the phylogeny reconstructions involved all
available MIKC-type MADS-box genes (data not
shown). For simplicity, smaller data sets were used
later, when the ommited sequences provided no
relevant information. A representative tree based on
conceptual protein sequences is shown in Fig. 1.

It appears that the MADS-box genes isolated
from maize are members of 10 different subfamilies
already known from eudicots. These subfamilies,
probably constituting monophyletic gene clades,
comprise the SQUA-, AGLG- and AGIL2-like genes,
together also constituting a clade (THEIREN ef al.,
1996; MUNSTER ef al., 1997), the TM3-, AG-, DEF-
and GLO-like genes (THEREN ef al, 1996), the
STMADS11-like genes (BEickEr et al., 2000), the By,
rer (By) genes (the putative sister genes of the DEF-
and GLO-like genes and their gymnosperm or-
thologs; BEcKER et al., 2002), and the AGLI 7like
genes (Fig. 1). For the Arabidopsis gene AGLI2 a
putative ortholog from rice (OSMADS26) has been
identified, suggesting that an ortholog from maize
may await isolation, or has been lost in the lineage
that led to maize, but after the split of the maize
and rice lineages. Taken together, 11 different

clades have been identified containing both mono-
cot and eudicot genes. We conclude that at least 11
different MIKC-type MADS-box genes were already
present in the last common ancestor of monocots
and eudicots, which, according to molecular esti-
mates (WOLFE et al., 1989; SAVARD et al., 1994), exist-
ed about 200 MYA. These ancestral genes were ear-
ly representatives of the 11 different ancient gene
clades mentioned above. As explained generally
elsewhere (BECKER e al., 2000) this is only a mini-
mal estimate, and the real number is possibly high-
er. For example, it could well be that some of the
subfamilies described here comprise two or more
ancient clades with each having both monocot and
eudicot representatives.

Phylogeny reconstructions II: the maize - rice split

Employing the gene tree shown in Fig. 1, mini-
mal clades containing genes from both maize and
rice could be identified. This reveals putative or-
thologs of MIKC-type genes in maize and rice, and
provides a minimal estimate for the number of
MIKC-type genes in the most recent common ances-
tor of rice and maize.

A number of gene subfamilies shared by eudi-
cots and monocots contains just one minimal clade
including both rice and maize MIKC-type genes. Al-
so putative orthologs from other monocots (mostly
cereals) can often be identified this way. These sub-
families comprise the DEF-like genes (1., with
SILKY1 from maize and its putative ortholog from
rice, OSMADS16; TAMADS51 and LRDEF are puta-
tive DEF orthologs from wheat and lily (Lilium
regale), respectively (Fig. 1); the 7M3-like genes
(2), with ZMM5 (ZmMADSI) from maize and
FDRMADSS from rice; the AGLG-like genes (3),
containing ZAG3 and ZAGS5 from maize, OSMADSG
from rice, TAMADS12 from wheat and ZRAGLG from
lily (Lilium regale). The fact that there is a second
rice gene, OSMADS17, sister to this clade suggests
that there may be more AGLI7-like genes in the
other monocot genomes as well.

The B, (4., AGL12- (5.) and AGLI/like genes
(6.) are special in that either only a rice (5.), or only
a maize gene (4., 6.) has been published for these
clades so far. However, since they comprise also eu-
dicot genes, ancient representatives were very likely
present in the most recent common ancestor of eu-
dicots and monocots, and hence also in that of all
monocots. Thus orthologs from the other cereal
species may be expected, although, in principle,
genes could also have been lost in the one or the
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other lineages during evolution. Indeed, employing
data provided by the rice genome projects (GOFF ¢t
al., 2002; Yu et al., 2002), putative orthologs of the
maize B, and AGLI7-like genes could recently be
identified from rice (A. BECkEr, personal communi-
cation; G.T., unpublished observations). In contrast,
whether there is an AGL12-like gene in maize still
remains to be seen.

The other gene subfamilics contain (sometimes
only potentially) more than one clade including
maize as well as rice genes. In case of the GLO-like
genes, there are two  clades, one comprising
OSMADS2 and ZMMi16 (7.), and the other one
OSMADS4, ZMM18 and ZMM29 (8.), indicating that
the most recent maize-rice ancestor contained al-
ready at least two GLO-like genes (Fig. 1; MUNSTER ef
al., 2001). In case of the STMADST1-like genes, we
have one clade (9.) comprising ZMM19 and ZMM26
from maize, and OSMADS22 from rice; and another
one (10 comprising ZMM20 from maize,
OSMADS47 from rice, and BM1 from barley (Fig. 1).
The maize gene ZMMZ21, being sister to the clade
containing ZMM19 (Fig. 1), may indicate that there
were even more than two STMADSTI-like genes in
the most recent common ancestor of maize and rice,

Within the subfamily of AG-like genes, we have
one clade (11.) containing ZAG2 and ZMM1 from
maize and OSMADST3 from rice. There is another
clade (120 containing ZMMZ2 and ZMM23 from
maize and OSMADS3 from rice. ZAGI from maize
(Schmidt ef al., 1993) is sister to this clade, and there
is yet another clade comprising ZMM25 from maize
and HOM1 and HAGT from Iyancintbus orientalis,
which is also a monocot, pointing to even more AG-
like genes in the most recent common ancestor of
maize and rice. All in all, there exist at least 6 differ-
ent AG-like genes in the maize genome.

The AGL2-like genes gave rise 1o quite a number
of clades comprising genes from both maize and rice
(Fig. 1). There is onc clade (13.) which is defined by
ZMM6 from maize and its putative rice ortholog,
OSMADS45 (also known as OSMADS7, Greco el al.,
1997; Kaxe and AX, 1997). Another clade (14.) com-
prises the maize genes ZMM7 and ZMMZ27, the rice
gene OSMADS24 (also known as OSMADSS; GRreco
et al., 1997, Kaxc and AN, 1997), and the sorghum
gene SBMADST. In other clades there are ZMMS and
ZMM14 from maize, OSMADS? from rice, and BM7
from barley (15); (16.) ZMM3 from maize and
OSMADSS from rice (16.); ZMM24 and ZMM31 from
maize and OSMADS34 from rice (17). These data
suggest that the subfamily of AGL2-like MADS-box

genes strongly diversified during monocot evolution.
While there is no hard evidence for more than one
AGL2-like gene in the most recent common ancestor
of monocots and eudicots, there are five different
clusters of putatively orthologous genes from maize
and rice (nos. 13.-17.), suggesting that the most re-
cent common ancestor of these two species con-
tained already at least five different AGL2-like genes.
These may have been generated, and maintained, af-
ter the monocot-cudicot split; but before the maize-
rice split. Mutant analysis has shown already that the
OSMADS1 (also known as LEAFY HULL STERILEI)
gene from rice functionally resembles to a certain
extent the SEPALLATA genes from Arabidopsis (JEON
el al., 2000). However, functional studics on more
monocot AGL2-like genes from different species are
required to determine the extent of conservation.
neofunctionalization and subfunctionalization which
has been involved in the evolution of the diversity of
AGL2-like genes in grasses.

Within the subfamily of SQUA-like genes, there
is one clade (18.) comprising ZMM28 from maize,
OSMADS18 from rice and BM3 from barley; another
clade (19.) contains the gene pair ZMM4 and
ZMM15 from maize, the rice gene OSMADS14, the
barley gene BMS5 and the wheat gene TAMADS!1: a
third clade (20.) of SQUA-like genes comprises
JAPI and ZMMADS3 from maize, OSMADSI5 from
rice and SBMADS?2 from sorghum (Fig. 1).

Those genes in these 20 different clades (accord-
ing to the numbering in this paragraph), which are
from different species, are excellent candidates for
being orthologs. (For pairs of closely related genes
from the same species, maize, see below). In total,
we can postulate that there were already at least 20
different MIKC-type genes present in the most re-
cent common ancestor of maize and rice about 50 —
70 MYA (GOFF et al., 2002), with some cvidence that
there were even more.

Phylogeny reconstructions III:
the ancient tetraploidy of the Zea genome

In quite a number of cases the closest known
relative of a MADS-box gene from maize is just an-
other gene from the same species (Fig. 1). These
voung paralogs were obviously generated some
time after the maize-rice split. A reasonable hypoth-
esis suggests that these pairs of closely related
maize genes were generated during the segmental
allotetraploid  event  that  produced the maize
genome (Gart and DoesLey, 1997). If so, the last
common ancestor of these genes existed probably
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either about 21 MYA (when the diploid species that
tater hybridized to a tetraploid maize progenitor
separated) or 11 MYA (when the tetraploid maize
precursor switched from tetrasomic to disomic in-
heritance) (Gaur and DOEBIEY, 1997),

In case of ZAG2 and ZMMI1 (THEEN ef al.,
1995), ZMMS and ZMM 14 (CACHARRON ef al., 1999)
and ZAG3 and ZAGS5 (MeNa et al., 1993), the seg-
mental allotetraploid hypothesis of gene pair origin
has already been corroborated by demonstrating
that the respective genes are located in duplicate re-
gions of the maize genome. ZMMI8 and ZMMZ29
(8.), however, arc not in duplicate regions of the
maize genome, and the respective loci originated
probably in a gene duplication more recent than
the tetraploidization event (MUNSTER ef al., 2001).

Since the chromosomal map locations on the
BNL  map  (http://burr.bio.bnl.gov/acemaz.html)
were determined for most of the genes reported
here (Table 1; Fig. 2), the segmental allotetraploid
origin hypothesis could be tested for additional
pairs of MIKC-type genes.

The STMADST1-like genes ZMMI19 and ZMM26
are in duplicate regions in the maize genome (Fig.
3). However, the molecular markers in the respec-
tive regions are not in perfect colinear arrangement,
suggesting that at least one inversion of a chromo-
somal segment has followed the allotetraploid event
(Fig. 3). Stronger support for the allotetraploid ori-
gin of ZMM19 and ZMMZ26 may be obtained by
chromosomal mapping at higher resolution.

More complex is the phylogenctic relationship in
the case of the maize AG-like genes ZAGI, ZMM?2
and ZMM23. Although ZAGT and ZMM2 (70% simi-
larity, 61.1% identity on amino acid level) are also
in duplicate regions of the maize genome (THEIREN
el al., 1995), these genes separated already roughly
about 60 MYA and are thus much more ancient than
the segmental allotetraploid event (Gauvr and Does-
LEY, 1997: THEIREN ef al., 2000). This view is strongly
supported by our phylogeny reconstructions (Fig. 1)
which show that ZAG7 is sister to a cluster of the
putatively orthologous genes OSMADS3 from rice
and the ZMM2/ZMM23 gene pair from maize
(89.6% similarity, 88.4% identity on amino acid lev-
eD), which could be identified in this analysis. Thus
the separation of the most recent common ancestor
of these genes from the ZAGI ancestor occurred
probably before the maize-rice split, which was
well  before  the  segmental  allotetraploid — event
which generated the maize genome.

Taking together, chromosomal mapping sup-

ports meanwhile a segmental allotetraploid origin
for four pairs of MIKC-type MADS-box genes, but
not for all maize genes which cluster together with-
in phylogenctic trees.

Increase in the number of MIKC genes
during evolution

By phylogeny reconstructions and analysis of ex-
on-intron structures, MIKC-type genes can be subdi-
vided into MIKC¢-type and MIKC -type genes (HEN-
SCHEL et al., 2002). While MIKCC-type genes are
probably present in all green plants, MIKC-type
genes have been found so far only in a moss
(Physcomitrella) and a lycophyte (Lycopoditim)
species, suggesting that these genes existed already
in the most recent common ancestor of mosses and
vascular plants (including lycophytes) about 450
MYA, but may have been lost during the evolution
of higher vascular plants (trachcophytes except ly-
cophytes) (HENsCHEL ef af., 2002).

The minimal estimate of 20 different MIKCC-type
MADS-box genes postualted for the most recent
common ancestor of maize and rice (50-70 MYA)
contrasts with the minimal estimate (11 different
MIKC¢-type genes) for the most recent common an-
cestor of monocots and eudicots (about 200 MYA)
and with at least 7 different MIKCC-type genes re-
constructed for the most recent common ancestor of
extant gymnosperms and angiosperms about 300
MYA (Brckrr ef af., 2000). There is an even stronger
apparent contrast to the at least 2 different MIKC¢-
type genes postulated for the most recent common
ancestor of extant ferns and seed plants about 400
MYA (MONsTER ef al,, 1997) and to the at least one
MIKC ype gene (and one MIKC -type gene) in the
last common ancestor of vascular plants (lycophytes
+ ferns and their allies + seed plants) and mosses
about 450 MYA (HENSCHEL et al., 2002). This appar-
ent increase in gene number may have several rea-
sons, ranging from artefacts such as sampling bias
for some lineages (e.g., limited sampling in non-
flowering plants) to differential gene loss in some
lincages, our inability to properly identify very an-
cient gene relationships; and a true increase in gene
number by gene duplication, sequence divergence
and fixation. A true increase in gene number is a
quite likely scenario at least within some gene sub-
families, such as the AGL2- and SQUA-like genes of
monocots compared to eudicots (Fig. 1), since most
of the possibilities for errors mentioned above can
almost be excluded here.

The obscrvation that some MADS-box gene sub-
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FIGURE 2 - Distribution of MADS-box genes in the maize genome. Numbers above vertical lines denote chromosome numbers. Arrow heads
and names on the right of each chromosome indicate the map positions of MADS-box genes. On the left of cach chromosome, the approxi-
mate map positions of some mutant candidate loci are indicated. Boxed mutants have been shown to correspond to the co-localized MADS-
box genes (# SiT: AMBROSE ef al., 2000; *Tul: T.M., LW., W.F, W.D., HS. and G.T.,, unpublished data). The MADS-box genes have been
mapped using the Brookhaven National Laboratory ressources (hitp://burr.bio.bnl.gov/acemaz.html), and for ZmMADS3 by Hever ef al.
(2001). Map positions of candidate mutants have been obtained from Neverer ef al. (1997), except for ifal, which was mapped by LauvpeENCGIA-
CrnGeuanco and HAKE (2002), and for rgo i, which is shown here according to the BIN map at MaizeDB (http://www.ugronJnissoilri.cdu),
Abbreviations: bal= barren stalkl, bafl= barren stalk fastigiatel, bif1= barren inflorescencel, Cltl1= Clumped tassell, cM= centimorgan,
egl= expanded glumesi, Hsf1= Hairy sheath frayvedl, ifal= indeterminate floral apexi, igl= indeterminate gametopbytel, rgol= reverse
germ orientationl, Rld1= Rolled leafl, sil= silkyl, tdi= thick tassel dwarfl. tsd= tasselseed4. Ts6= Tusselseed6, Tul= Tunicatel, ZAG= Zea
mays AGAMOUS, ZAP= Zea mays APETALA, ZmMADS= Zea mays MADS. ZMM= Zea mays MADS.
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FIGURE 3 - Map locations of ZMM19 and ZMM26 on the long
arms of maize chromosomes 4 and 3. The figure is based on the
BNLOG map  (http://www.agron.missouri.edu:80/cgi-bin/sybgw_
mdb/mdb3/ Map/128615 and 128610, respectively). Only frag-
ments of the chromosomes are shown. Numbers at some loci de-
note map units in centimorgans. Thin connecting lines denote
paraogous (duplicate) molecular marker loci.

families, and possibly also the MADS-box gene fami-
ly as a whole, probably significantly increased dur-
ing plant evolution is in sharp contrast to observa-
tions made on many ‘housekeeping genes’, such as
ADH (encoding alcohol dehydrogenase) or rbeS (en-
coding the small subunit of ribulose-1,5-bisphos-
phate carboxylase), although these genes are also
nuclear encoded (CLEGG et al., 1997). Since duplicate
genes that do not confer an adaptive advantage are
expected to rapidly erode into pseudogenes owing
to the accumulation of mutations, gene duplicates
which are retained over longer periods of evolution-
ary time must be positively selected based on some
adaptive advantage conferred on the plant species
(OBERHOLZER ef al., 2000). It is intruiguing to specu-
late, thercfore, that a higher number of certain
MADS-domain transcription factors was of selective
advantage during the evolutionary process that ulti-
mately led to extant flowering plants such as maize.
The same may be true for some other genes encod-
ing transcription factors, such as the Myb genes
(OBERHOLZER ef al., 2000), but not for housckeeping
genes providing basic enzymatic functions. Indeed,
if there is more than one copy of e.g. rbcS in the
genome of a plant, these are usually young rather
than ancient paralogs without individually corre-

sponding orthologs in more distantly related species,
and there is no evidence for functional diversifica-
tion of the different copies (CLrGG et al., 1997).

On the other hand, especially developmental
control genes with complex spatio-temporal expres-
sion patterns confered by a number of different cis-
regulatory elements may be more often subject to
subfunctionalization (with an partitioning of the an-
cestral function) rather than neofunctionalization
(where at least one of the duplicates adopts a novel
function) (Force et al, 1999). So to what extent
were only ancestral functions partitioned to several
genes, and to what extent were genuinely novel
functions established during grass and maize evolu-
tion? Detailed studies on the expression and func-
tion of the genes reported here will be required to
answer these questions, and thus to assess the im-
portance of the likely expansion of the MADS-box
gene family during monocot evolution.

Identification of candidate genes

Determination of the map positions of the ma-
jority of the maize MIKC-type genes has also been
used to find out whether they coincide with known
mutant loci (Fig. 2). Up to now, only one MADS-
box gene, SILKY1 (a DEF-like gene with a class B
floral homeotic function) has been published to be
located at a classical maize mutant locus (AMBROSE
et al., 2000). Ironically, SILKY1 was initially identi-
fied as a MADS-box gene by classical transposon
tagging, not by a chromosomal mapping of a ¢cDNA.

Quite a number of interesting mutant candidates
for MADS-box genes have been discussed before
(VrIT et al., 1993), but none of them has been cor-
roborated so far. This contrasts to species like Ara-
bidopsis, Antirrbinum and even tomato, where sev-
eral classical morphogenetic mutants have been
shown to be affected in MADS-box genes (SommeRr et
al., 1990; YANOFSKY et al., 1990, Huiser et al., 1992;
Jack et al., 1992; MANDEL ef al., 1992; TROBNER et al.,
1992; BrapLEY ¢t al., 1993; Goto and MEYEROWITZ,
1994; Mao et al., 2000; VREBALOV ¢t al., 2002).

However, the considerable number of genes re-
ported here (Table 1; Fig. 1) provides new chances
for the molecular cloning of interesting mutant loci
of maize. Some interesting candidates are depicted
in Fig. 2. For example, the mapping data suggest
that the STMADSI1-like gene ZMM19 is located
close to the Tunicatel (1ul) locus. Meanwhile, sev-
eral independent lines of evidence strongly support
the view that ZMM19 indeed represents the TU7
gene (T'.M., LW., W.F, W.D., HS. and G.T., unpub-
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lished data). It will be interesting to see whether
there are more classical genes represented by our
collection of MADS-box gene ¢DNAs.

Maize MADS-box gene diversity beyond MIKC

This study focuses on the isolation and initial
characterization of MIKC-type MADS-box genes from
maize. However, there are certainly also other class-
es of MADS-box genes present in the maize genome,
adding further to the complexity and diversity of the
MADS-box gene family in maize. For example, there
are transposon-like elements in the maize genome
containing AG-like MADS-boxes that have not been
found so far in any other plant species except maize
relatives (FiscHER ef al. 1995; MoNtaG et al., 1995,
1996). In contrast, ZMM22 is a non-MIKC-type
MADS-box gene which appeared in our screen for
which a putative ortholog in rice could be identified
(T.M. and W.E, unpublished data). This gene type
thus exists at least since the maize — rice split about
50-70 MYA. Onc may also cxpect to find Type 1
(SRI-like) (AWVAREZ-BUYLIA ef al., 2000) MADS-box
genes in the maize genome. However, the analysis
of such ‘exotic™ MADS-box genes was beyond the
scope of the endeavour outlined here.

Perspectives

The MIKC-type MADS-box genes reported here
represent a cornucopia for further studies. For most
genes, initial studies on the expression patterns
have been carried out already by Northern or in
sitit hybridizations (L.W., J.C., H.S. and G.T., unpub-
lished data). These revealed a diversity of patterns
that has largely been conserved since the time
when the eudicot and monocot lincages separated.
However, some more recent changes in expression
patterns (and thus very likely also function) became
obvious. The respective genes may be interesting
study objects to better understand the differential
evolution of developmental genes after gene dupli-
cations, and the sub- and neofunctionalization of
such genes (Forer ef al., 1999). Some MADS-hox
genes have very defined expression patterns in
space and time, e.g. in reproductive organs such as
carpels and stamens, often with subtle differences
for closely related genes. Such genes are ideal can-
didates for promoter studies aiming at figuring out
the evolution of cis-regulatory elements responsible
for tissuc-specific expression patterns.

Further information about the functions of the
genes reported here will be obtained by the analy-
sis of classical mutants such as Tu 7, transgenic stud-

ies and reverse genctics. For ZMMG6 and ZMMS, for
example, changes in gene expression in transgenic
maize plants resulted in specific morphological phe-
notypes within tasscel and ears that were predicted
from gene expression patterns (W.D., H.S. and G.T.,
unpublished data).

Finally, the genes reported here may have a con-
siderable agronomic potential, as is becoming more
and more obvious for the MADS-box gene family
from other crop species as well (MEVEROWITZ, 1994;
THEREN, 2000, 2001a, 2002). Changes in maize
MADS-box gene functions, brought about e.g. by
transgenic technology, or mutagenesis and marker
assisted breeding, may be employed to optimize re-
productive or vegetative traits of maize. Many maize
MADS-box genes have very defined and diverse ex-
pression patterns, ¢.g. in the different plant organs.
The promoters of these genes may be used to drive
the expression of arbitrary genes of interest in al-
most any specific maize organ, including only
carpels (e.g., ZAG2, ZMM1; Scimior et al., 1993,
THEISEN et al., 1995); or in all reproductive organs.
i.e. carpels and stamens (ZAG1, ZMM2, ScuMipt et
al., 1993; CACHARRON ef al., 1999); or only in the
nonreproductive organs of each spikelet, i.c. glumes,
palea, lemma and lodicules (ZMM15; CACHARRON,
1998); or only in the upper, but not the lower floret
of each spikelet (CACHARRON ¢f al.. 1999). Note that
within a spikelet, the expression patterns of ZWM2
and ZMM15 are perfectly complementary.

Hence we expect that the genes listed in Table 1
will keep a number of maize students in several
labs busy for some time to come.
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