J Mol Evol (2001) 53:387-393
DOI: 10.1007/s002390010228 sournaLof MOLECULAR

EVOLUTION

© Springer-Verlag New York Inc. 2001

Evolution of MADS-Box Gene Induction by FLO/LFY Genes

Saiko Himi,* Ryosuke Sanc’® Tomoaki Nishiyama? Takako Tanahashi} Masahiro Kato,* Kunihiko Ueda,*
Mitsuyasu Hasebé>®

1 Department of Biology, Faculty of Science, Kanazawa University, Kanazawa 920-1192, Japan

2 National Institute for Basic Biology, 38 Nishigonaka, Myodaiji-cho, Okazaki 444-8585, Japan

3 Department of Biology, Faculty of Science, Chiba University, Chiba 263-0022, Japan

4 Department of Biological Sciences, Graduate School of Science, The University of Tokyo, Tokyo 113-0033, Japan
5 Department of Molecular Biomechanics, The Graduate University for Advanced Studies, Okazaki 444-8585, Japan
8 PRESTO, Japan Science and Technology Corporation

Received: 4 January 2001 / Accepted: 28 February 2001

Abstract. Some MADS-box genes function as floral genes byFLO/LFY is not established at the stage of
homeotic genes. Th&rabidopsis LFYgene is a positive ferns.

regulator of floral homeotic genes, and homologs of the

FLOILFY gene family in other angiosperms and gymno-Key words: Leafy — FLORICAULA — FLQFY —
sperms are likely to have a similar function. To investi- MADS-box — Pteridophyte — Fern — Floral homeotic
gate the origin of the floral homeotic gene regulatorydene — Reproductive organ — Flower

cascade involving thé-LO/LFY gene, FLO/LFY ho-

mologs were cloned from a leptosporangiate feZer@- _

topteris richardi, two eusporangiate fernéfgiopteris  Introduction

lygodiifolia and Botrychium multifidumvar. robustun), o ) i i
three fern allies Rsilotum nudum, Equisetum arvense, The diploid reprod'uctlve structure of flowering plants is
and Isoetes asiatice and a mossRhyscomitrella pa- the flower, which is composed of four whorls of'floral
teng. TheFLO/LFY gene phylogenetic tree indicates that ©'9anS: sepals, petals, stamens, and a gynoecium. The
both duplication and loss OFLO/LFY homologs oc- develop_ment of these floral organs is governed by floral
curred during the course of vascular plant evolution. Thd'0Meotic genes, most of which are members of the
expression patterns of th€eratopteris LFYgenes MADS-box gene family (reviewed in Wolpert et al.

(CrLFY1and?2) were assesse@rLFY1 expression was 1998). T.he floral hom_eotic_genes are specifically ex-
prominent in tissues including shoot tips and circinatepressed in the floral primordia where each floral homeo-

reproductive leaves, but very weak in other tissues exlic gene plays its own role. In angiosperms, the expres-

amined. Expression oErLFY2 was also prominent in sion of most floral homeotic genes in the floral primordia
tissues, including shoot tips and circinate reproductivdS nduced by theF'—OmCAQLNLEAFY (FLOILFY)

leaves. These patterns of expression are dissimilar to th"€ (Coen et al. 199_0’ Weigel 1992). The Interaction
of any CeratopterisMADS-box gene previously re- between floral homeotic genes and co-regulation of the

ported, suggesting that the induction of MADS-box FLO/LFY gene and some other genes rgsults in distinct
patterns of floral homeotic gene expression (Parcy et al.

1998; Busch et al. 1999). The MADS-box gene family is
composed of about 10 phylogenetically distinct groups,
Correspondence tdDr. Mitsuyasu Hasebeyresent addressNational and floral homeotic genes belong to several of these

Institute for Basic Biology, 38 Nishigonaka, Myodaiji-cho, Okazaki 9roups (Theissen et al. 2000). The expression patterns
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Table 1. List of taxa used in this study

Species Locality Gene name Accession no.
Leptosporangiate ferns
Ceratopteris richardiiBrongn. Strain Hnn* CrLFY1 AB049974
CrLFY2 AB049975
Eusporangiate ferns
Angiopteris lygodiifoliaRosenst. Cultivated** AILFY1 AB050090
AILFY2 AB050091
AILFY3 AB050092
Botrychium multifidum var. robustui@. Chr. Japan (Kanazawa) BalLFY1 AB050086
Fern allies
Psilotum nudunti. Cultivated*** PnLFY1 AB050085
Equisetum arvensk. Japan (Kanazawa) EalLFY1 AB050088
Isoetes asiaticgMakino) Makino Japan (Hokkaido) laLFY1 AB050087
Moss
Physcomitrella patensubsp.patensTan Cultivated**** PpLFY1 AB052251
PpLFY2 AB052252

* Scott and Hickok (1987); **The Botanic Gardens of Toyama; ***Botanical Gardens, Faculty of Science, University of Tokyo, ****Ashton and
Cove (1977)

homeotic genes are diverse (reviewed in Theissen et alindergoes a phase change to form reproductive leaves
2000). bearing spores. All fern MADS-box genes previously
MADS-box genes have been identified in some gym-studied are expressed in both reproductive and vegetative
nosperms, and some of these genes are orthologous to tbegans, and no MADS-box genes are specifically ex-
floral homeotic genes of angiosperms. This means thapressed in a reproductive organ as an floral homeotic
floral homeotic genes had already diverged in the comgene. We hypothesized that the specification of the ex-
mon ancestor of angiosperms and gymnosperms (repression of generally expressed MADS-box genes to re-
viewed in Hasebe 1999; Theissen et al. 2000). The exproductive organs was important for the evolution of the
pression patterns of several gymnosperm floral homeotidlower (Hasebe et al. 1998; Hasebe 1999; Hasebe and Ito
gene orthologs have been studied in conifers (Tandre €t999). Furthermore, since tHeLO/LFY gene induces
al. 1998; Rutledge et al. 1998; Mouradov et al. 1999;floral homeotic genes in seed plants, establishing the
Sundstio et al. 1999) andnetum(Winter et al. 1999; induction of MADS-box genes by BLO/LFY gene was
Shindo et al. 1999), and all orthologs are specificallylikely to be a key event in the evolution of floral homeo-
expressed in their respective reproductive organs, but ndic genes from generally expressed MADS-box genes.
in vegetative organs. This is similar to angiosperm floralThis hypothesis can be tested by analyzingRh®/LFY
homeotic genes, which are specifically expressed in regenes in non-seed plants, such as pteridophyte, including
productive organs. Gymnospert.O/LFY genes likely ferns and fern allies. In this study, we have clotf&dD/
induce these patterns of reproductive organ-specific extFY genes from three ferns, three fern allies, and a moss,
pression in a manner similar to that of the angiospermand inferred the phylogenetic relationships among all
FLO/LFY gene, which causes the floral organ-specificFLO/LFY genes. The patterns 6LO/LFY gene expres-
expression of the floral homeotic genes. This inference ision were assessed in the f&aratopteris richardii.The
based on the observations tlasitu expression patterns evolution of the induction of MADS-box genes by the
of NEEDLY (NLY), the coniferPinus radiata FLOLFY  FLO/LFY gene is discussed.
gene, are similar to those of the conifer floral homeotic
gene orthologs, and thAlLY can complemernitFY func-  Materials and Methods
tion in Arabidopsiswhen it is introduced in thérabi-
dopsis Ifymutant (Mouradov et al. 1998). Therefore, the Cloning of FLO/LFY Homologs. FL@LFY homologs were cloned
regulatory system of floral homeotic gene orthologs in-from the species listed in Table 1. Voucher specimens are deposited in
volving theFLO/LFY gene was already established in the the herbarium of Kanazawa University (KAN). All collected materials

t f . d were immediately frozen in liquid nitrogen for RNA extraction. Total
common ancestor of anglosperms and gymnosperms. RNA was extracted according to Shindo et al. (1999). The extracted

Three groups of several fern MADS-box genes haverna was further purified using ISOGEN LS (Nippon Gene, Tokyo,
been reported, although the phylogenetic relationship ofapan). Complementary DNA was synthesized from the total RNA
these groups to seed plant MADS-box genes have ndising Superscript Il reverse transcriptase and the adapter primer with
been established with statistical confidence”(itier et ~ POY-T sequences (SCUACUACUACUAAGGCCACGCGTCGAC-

. . TAGTACT,&3') supplied by Life Technologies (Rockville, MD). PCR
al. 1997; Hasebe_ et al. 1998)' Like seed plants, fem%/as performed using the cDNA as template, the adapter primer, and a
form several sterile vegetative leaves at the shoot mer| oL Fy-specific primer encoding the amino acids MRHYVHCYA.

ristem after embryogenesis. In time, the shoot meristenThe sequence of the degenerate primer i€AUCAUCAUCAUAT-
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GCGICAYTAYGTICAYTGTTAYGC-3', where nucleotides are rep- arvense,and Isoetes asiatic)a and a mossF{hyscomi-

resented by the one letter IUPAC code. U and | represent a deoxy uracig||g patenssubsp.pateny. Two FLO/LFY homologs
and a deoxy inosine, respectively. This primer is based on the primer . . .
DW1089 kindly provided by D. Weigel (Salk Institute, CA). The CAU were obtained fronCeratopterls,three from Angiop

and CUA stretches at the Bnd of each primer are designed for the teris, and two fromPhyscomitrellaA single FLO/LFY
CLONEAMP System (Life Technologies). Using this system, PCR homolog was isolated from each of the remaining species
products with the same primers at both ends are not cloned. The PCRor names of these homologs, see Table 1). These 11
procedures followed those of Hasebe et al. (1998). The PCR productg| o/LEY genes and 31 vascular plaBLO/LFY genes

were separated on 1% agarose gels. Approximately 0.5-1 kb fragment . . ~
were purified with a Gene Clean Il Kit (Bio 101, Vista, CA), and Sbtained from the DNA database were aligned. The pro

cloned into the pAMP1 plasmid (Life Technologies). The cloned PCR liN€-rich region and the acidic region observed in angio-
products were sequenced with an Auto Read Sequencing kit (AmerspermFLO/LFY genes (Coen et al. 1990) were not found
sham Pharmacia Biotech, Uppsala, Sweden) and ALF autosequenc@n fern and fern a||ie§|_0/|_FYgeneS, nor are they found

(Amersham Pharmacia Biotech), or an ABlismBig Dye Terminator gymnosperms (Mouradov et al. 1998; Frohlich and

Cycle Sequencing Ready Reaction kit (Perkin-Elmer Applied Biosys- . . . S
tems, Foster City, CA) and AB#rism 377 DNA sequencer (Perkin- Meyerowitz 1997; Frohlich and Parker 2000), indicating

Elmer Applied Biosystems). The' Segion of the amplified fragment ~ that they evolved in the angiosperm lineage.
was obtained using a' RACE system (Life Technologies), and se-
quenced. The sequences of gene-specific primers used it R&GE

are deposited in the DNA database with the corresponBIi@/LFY PhyIOgeny ofFLO/LFY Genes

homologs. To exclude PCR errors, at least two clones obtained fro ~ - _
independent PCR reactions were sequenced for each gene. When gllg_orty twoFLO/LFY homologs were allgned (EMBL ac

crepancies were found, the majority from at least three independentlyesswn number: d342823)’ and 240 amino acids sites
amplified PCR products was determined to be the correct sequence.were used for the phylogenetic analysis. Je EAFY1
andJaLEAFY 2have identical amino acid residues at all

: , 240 sites, they were treated as a single operational taxo-
dataset at NCBI using the programs BLAST X (version 2.0.10) . . . .
(Altschul et al. 1997). The amino acid sequences oFBO/LFY genes nomlc u_mt' Of the 240 sites, 120 were parsimony-
obtained from the DNA database and ELO/LFY homologs se- Informative. MP search found 6 MP trees of 815 steps. In
quenced in this study were aligned using CLUSTAL W version 1.8 the ML tree found by the local rearrangement search of
(Thompson et al. 1994). Two hundred and forty amino acid sites with-these MP trees, a monocot cladeifcusandOryzg and
out indels were used for the phylogenetic analysis. a Brassicaceae clade\r(abidopsis, Jonopsidiurrand

To search for the maximum likelihood (ML) tree, we used most r i formed ister ar data not shown). Thi
parsimonious (MP) trees as starting trees for local rearrangemen? ass Ca ormed a sister group ( ata not sho ) S

search (Adachi and Hasegawa 1996). The MP trees were heuristical{€SUlt is incongruent with the species phylogeny inferred
searched using the tree bisection and reconnection option of PAUP*4.0y previous studies (Mathews and Donoghue 1999;
bda (Swofford 1998). To obtain the ML tree, the MP trees were subjectSoltis et al. 1999; Qiu et al. 1999).

to a local rearrangement search to evaluate log likelihoods under the As the branch Iength of the monocot clade was much

JTT model using ProtML in the MOLPHY, version 2.3b3 package
(Adachi and Hasegawa 1996). Using the tentative ML tree, a furtherJonger than the lengths of other branches, we tested

exhaustive search under a constraint was performed to obtain the findVhether the evolutionary rate &fLO/LFY homolog in
ML tree. The local bootstrap probability of each branch was estimatedthe monocot lineage is accelerated using the relative rate
by the resampling-of-estimated-log-likelihood (RELL) method test (Sarich and Wilson 1973). We usdgimodLFYas a
(Kishino et al. 1990; Hasegawa and Kishino 1994). reference, since it locates at the base of angios|Féi@1
Northern HybridizationNorthern hybridization followed Shindo et LFY genes. The basal position bymphaeds concor-
al. (1999). Total RNA (20u.g) was electrophoresed on 1% agarose dant with the species phylogeny of angiosperms
denaturing gels, and transferred to a nylon membrane (Hybond N+(Mathews and Donoghue 1999; Soltis et al. 1999; Qiu et
Amersham Pharmacia Biotech) using 10 x SSC. As lmilFY genes 3| 1999). The differences in the distances between a
are more strongly expressed_ in the‘tlssue_s,_lncludmg shoot apices arl‘ﬁonocotFLO/LFY gene-theNymodLFYgene and any
circinate leaves, than other tissues in preliminary experiments, &f .
total RNA was loaded for these tissues. Hybridization and WashingOther dicotsFLO/LFY gene-theNymodLFYgene was
were performed at 65°C with a buffer (Church and Gilbert 1984). TheCalculated. The standard error was estimated by a boot-
CrLFY1- and 2-specific probes were 790 bfcd-Nhe and 870 bp  strap method; resampling amino acid sites based on
abeled wit 1] ACT (Amershar Pharmacia Biotech) using & Ran. Foc._ dorandom numbers generated by the minimal stan-
dom Primer DNA Labeling Kit, version 2.0 (TaKaRa, Kyoto,%apan). dard random numb.er generator (Park and Miller 1988),
and calculating a difference for each set. The calculated
differences were significantly positive (data not shown)
except for one setRFL (a rice FLO/LFY homolog)-
NymodLFYand PepspLFY-NymodLFYfor which the
difference was 0.057 £ 0.053, and 92.9% in 10,000 boot-
strap replicates were positive. These results indicate that
FLO/LFY homologs were cloned from a leptosporangiatethe evolutionary rates of monocd&. O/LFY homologs
fern (Ceratopteris richardij, two eusporangiate ferns are higher than those of other angiosperms.
(Angiopteris lygodiifolicandBotrychium multifidunvar. The rice FLO/LFY gene,RFL, is suggested to have
robustun), three fern allies®silotum nudum, Equisetum functions different from those of other angiospdrirO/

Phylogenetic Analysis. FLAOFY genes were sought in the nr

Results and Discussion

Isolation of FLO/LFY Genes from Ferns and
Fern Allies
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FLO Antirrhinum ]
NFL1 Nicotiana

NFL2 Nicotiana

ALF  Petunia

“4L FALSIFLORA Lycopersicon
ELF1  Eucalyptus
Populus

LFY Arabidopsis

BOFH Brassica
JaLEAFY1/2 Jonopsidium
CFL Cucumis

UNI  Pisum

TroLFY Trochodendron

PlaraLFY Platanus

PepspLFY Peperomia

66

78

wiadsoibuy

90

100

NymodLFY Nymphaea
79 PRFLL  Pinus ]
WmLFY Welwitschia
osf GnegnLFY  Gnetum Gymnosperm I
GpLFY Gnetum
GinLFY  Ginkgo
ZamfuLFY Zamia
NEEDLY Pinus
95 o5 GinNdly  Ginkgo Gymnosperm I
74 ZamfuNdly Zamia
WelNdly  Welwitschia _
100 AILFY2 Angiopteris
AILFY3 Angiopteris
laLFY Isoetes

81 CrLFY1 Ceratopteris
100 CrLFY2 Ceratopteris
76——| : Fern and
MatstFLO Matteuccia

—AILFY1  Angiopteris Fern allies Fig. 1. The maximum likelihood
PnLFY  Psilotum tree of theFLO/LFY genes. Local
BotdiFLO  Botrychium bootstrap probabilities are shown on

BaLFY1 Botrychium branches where available. The

EalLFY1 Equisetum horizontal branch length is

l

100 [ PPLFY1  Physcomitrella proportional to the estimated
{ . Moss \utionary di Th
PpLFY2 Physcomitrella | evolutionary distance. The genus
name is indicated after the name of
0.1 substitutions/site eachFLO/LFY homolog.

LFY genes (Kyozuka et al. 1998). Unlike other angio-clades recognized in the tentative ML tree (an angio-
spermFLO/LFY genesRFL expression is not detected in sperm clade, two gymnosperm clades, two fern clades,
floral primordia, and the ectopic expression RFL in and a moss clade) are fixed. In a local rearrangement
Arabidopsisdoes not enhance the transition of shoot me-search starting from the 105 trees, a tree with a better log
ristem into floral meristem, as th&rabidopsis LFYand  likelihood of —4783.19 + 276.46 was found (Fig. 1). We
other angiosperntLO/LFY genes do when ectopically tried to make some of other constraint trees, but no tree
expressed inArabidopsis (Weigel and Nilsson 1995). with a better log likelihood than the ML tree in Fig. 1
The acceleration of amino acid substitution and subsewas obtained. The topology of this tree is mostly similar
quent divergence of amino acid sequences betw&€i  to that of the ML tree, including monocdtLO/LFY
LFY genes in monocots and other dicBISO/LFY genes  genes.
may be related to their functional differences. In the ML tree (Fig. 1), angiospermLO/LFY genes
We preferred a phylogenetic analysis without mono-formed a clade, and the phylogenetic relationship is
cot FLO/LFY genes because of their unusual clusteringmostly concordant with the species tree (Mathews and
in the preliminary ML tree. In a heuristic search using Donoghue 1999, Soltis et al. 1999, Qiu et al. 1999).
tree bisection and reconnection 54 trees of 722 step&ymnospernFLO/LFY homologs are separated into two
were found. In a local rearrangement search starting fronclades (Gymnosperm | and Il clades in Fig. 1), which is
these trees, a tree with log likelihood of —4788.21 wasconsistent with previous studies (Frohlich and Meyero-
found. We prepared 105 constraint trees in which sixwitz 1997, Mouradov et al. 1998, Mellerowicz et al.
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1998, Frohlich and Parker 2000). The Gymnosperm | 123 4567 89 1011
clade forms a sister group with an angiospéth©/LFY 4 . 4 (20)
. ) . CrLFY1 -2,
gene clade. AngiosperLO/LFY genes clustering with . . g »
the Gymnosperm Il clade have not been found inygg rRNAm
searches of the DNA database, even in the eAtisbi-
dopsisgenome. In each gymnosperm cla@nkgoand £ e
Zamiaformed a sister group with relatively high boot- * Q - 3 i ! en
strap values, but their relationships to other gymnospern
groups were ambiguous. A close relationship betweel
Confers and _gnetales has been Inferre_d n Some mOIeCUIélrg. 2. RNA gel blot analyses usin@rLFYl and 2 gene-specific
analyses using combined data for mitochondria, chloropropes. Each of lanes 1-3 containeg.6 of total RNA, and each of
plast, and nuclear genes (Bowe et al. 2000, Chaw et abther lanes contained 30y of total RNA. The RNA was from repro-

2000), but the inference was not strongly supported irfluctive shoot tips including shoot apices, adventitious roots, and young

the FLO/LFY tree. The sister relationship between leaf primordia less than 5 mm long (lane 1); circinate young reproduc-
’ tive leaves 0.5-2 cm long without petioles (lane 2); circinate young

GInkgO and cycads was also not suppor_ted in the threﬁ"eproductive leaves 2—-10 cm long without petioles (lane 3); expanded
genome analyses, and further study using more data igproductive leaves before spore maturation, without petioles (lane 4);

necessary to confirm the phylogenetic relationship ofexpanded vegetative leaves without petioles (lane 5); roots (lane 6);
gymnosperms. vegetative shoots with 2 mature vegetative leaves (lane 7); vegetative

. shoot tips with 4 mature vegetative leaves (lane 8); mixture of male and
The fern and fern alliessLO/LFY homOIOgS were hermaphrodite gametophyte tissue cultured 5 (lane 9), 11 (lane 10), or

unexpectedly separated into three lineages: the first cong (jane 11) days after inoculation. 26S rRNA was used as a loading
sisted of twoAngiopterisgenes AILFY2and3), the sec-  control.

ond contained onlylaLFY, and the third included all

other FLO/LFY homologs of ferns and fern allies. The

position of laLFY is ambiguous with a low bootstrap ¢qyrse of evolution (Hasebe and Ito 1999). It is specu-
value. TheAILFY2 and 3 clade is sister to seed plant |5ta4 that the increase in gene number is related to the
FLO/LFY genes with high local bootstrap values (95%). fynctional divergence of gene family, resulting in mor-
Other fernFLO/LFY genes formed a clade with thi&)-  ppological diversity (Hasebe and Ito 1999, Sakakibara et
uisetum EalLFY3ene andPsilotum PnLFYgene.Cera- 3. 2001). This is not the case fBL O/LFY genes, as the
tOpteriS CrLFY1land 2 are sister genes, indicating that number of genes in a genome decreased in angiosperms
these genes were duplicated af@eratopterisdiverged  compared with gymnosperms and ferns (Fig. 2). Further
from Matteuccia.Two leptosporangiate fern€ératop-  studies on the function dfLO/LFY genes in different
teris and Matteuccig and two eusporangiate fern&r-  clades of the gene tree in Fig. 1 will give insights into the
giopterisandBotrychium) formed a clade witPsilotum  evolution of FLO/LFY genes.

gene with 87% of local bootstrap value. The close rela-

tionship of Psilotumto ferns instead of fern allies is .

concordant with the previous phylogenetic inferences us_Expressmn OLrLFY1 and2 mRNA

ing chloroplast 16S rDNA (Manhart 19953{pB gene  some MADS-box genes involved in floral development
(Wolf 1997), a data set combinimgcL, atpB,18SDNA  are directly induced byFLO/LFY gene inArabidopsis
and morphological data (Wolf et al. 1998), and a data setParcy et al. 1998; Busch et al. 1999). To assess the
combiningrbcL, atpB, rps4and 18S rDNA (Pryer et al. origin and evolution of the MADS-box gene induction
2001). The latter two analyses also support a monophyby FLO/LFY gene, expression patterns BLO/LFY
letic relationship of ferns anBquisetumThe FLO/LFY genes and previously reported MADS-box genes ifMu
tree and these previous studies support the monophyly after et al. 1997; Hasebe et al. 1998) in the f€aratop-
leptosporangiate ferns, eusporangiate fefPsijotum, teris richardii were compared. Expression patterns of
and Equisetum. MADS-box genes have not been reported in other ferns
Assuming that thé&LO/LFY tree is reliably rooted by and fern allies. A study of this fern is important because
the two mossPhyscomitrellagenes and that oufLO/  of its tractable genetics, its relatively rapid life cycle, and
LFY tree well represents the whole diversityFfifO/LFY  the large body of information known about its develop-
genes, there should be at least tAldD/LFY genes inthe  ment (Banks 1999).
common ancestor of vascular plants. One was then du- Ceratopteris richardiigerminates from its spore 5
plicated in the common ancestor of seed plants and thdays after inoculation (dai), and develops into male and
other, corresponding to the Gymnosperm Il clade, wasiermaphroditic gametophytes. Male gametophytes are
lost in the angiosperm lineage. induced by the pheromone antheridiogen secreted by
Some gene families involved in plant development,hermaphroditic gametophytes (Banks 1999). Male game-
such as MADS-box genes and homeobox genes, intophytes have a spatula-like shape and form only an-
creased in number by gene duplications during theheridia around 11 dai. Hermaphroditic gametophytes are

CrLFY2 -2.2

26S rRNA
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heart-shaped and form both antheridia and archegonision patterns oFLO/LFY orthologs and floral homeotic
around 11 dai. An egg in an archegonium is fertilized bygene orthologs are similar (Mouradov et al. 1998). To-
one of the sperms released from the antheridia. In ougether, our results indicate that the direct induction of
culture conditions, the approximate ratio of males to her{floral homeotic gene homologs by tHe.O/LFY gene
maphrodites is 4 to 1. At 18 dai, some eggs are fertilizedwas established after the divergence of ferns from the
and sporophytes start to develop. Sporophytes form sewvseed plant lineage (ca. 400 million years ago: Stewart
eral vegetative leaves during early stages of developand Rothwell 1993), and before the divergence of gym-
ment, then switch to form reproductive leaves with spo-nosperms and angiosperms (ca. 300 million years ago:
rangia in which mitosis occurs to form spores. The Stewart and Rothwell 1993). According to theO/LFY
expression ofCrLFY1 and 2 mRNA was assessed by gene tree (Fig. 1), we have to be careful tBatFYland
northern hybridization using a specific probe for each2 are not orthologous to seed pldfitO/LFY genes, and
gene (Fig. 2)CrLFY1and2 transcripts were detected in We cannot rule out the possibility that pteridophlAeO/

both vegetative and reproductive shoot tips and circinaté-FY orthologs AILFY2, 3,and laLFY1) may regulate
reproductive leaves. Three times less RNA was loaded ifh€ir MADS-box genes. Since no MADS-box genes have
lane 1 and 2 than in lane 7 and 8, suggesting that signafé®€n analyzed in eithekngiopterisor Isoetes,further

in reproductive shoot tips (lane 1) are stronger than thos&uUdy of these species will be necessary to examine the
of vegetative shoot tips (lanes 7 and 8 in Fig. 2). A weakPrigin of the FLO/LFY gene—MADS-box genes cas-
signal was also detected in other tissues, including Veg(_:ade. More detailed analyses of the expression patterns

etative shoots, roots, and gametophytes. The signals of Cr!_FY genes wil a_lso give further insights into their
the circinate reproductive leaves were weaker than théunCtlon in Ceratopteris.

fertile shoot tips.CrLFY2 was more ubiquitously ex- _
ressed tharLEY1. but its expression in the shoot tins Acknowledgements. We are very grateful to Detlef Weigel for de-
p ’ p . P generate LFY primers, Tadashi Kajita, Kazunori Hirai, and to Botanical
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apex is weaker than in other tissu€dMADS4is strongly
expregseq in roots, and Weakly'expressec'i in other Sp%fdachi J, Hasegawa M (1996) MOLPHY version 2.3: programs for
rophytic tissuesCRM3CMADSG6is predominantly ex- molecular phylogenetics based on maximum likelihood. Comput
pressed in gametophytes, but expression is detectable in Sci Monogr 28:1-150
sporophytic tissue. These patterns of expression are difltschul SF, Madden TL, Schffer AA, Zhang J, Zhang Z, Miller W,
ferent from those o€rLFY1and2, which are predomi- Lipman DJ (1997) Gapped BLAST and PSI-BLAST: a new gen-
. . - . eration of protein database search programs. Nucl Acids Res 25:
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d th Wh ¢ ti t f Banks J (1999) Gametophyte development in ferns. Ann Rev Plant
uces these genes. en a gene targeting or a transtor- Phys Plant Mol Biol 50:163-186

mation technique that is feasible in the lower land plantgowe LM, Coat G, dePamphilis CW (2000) Phylogeny of seed plants
Physcomitrella patenéNishiyama et al. 2000) becomes  based on all three genomic compartments: extant gymnosperms are
available inCeratopterisa more detailed analysis of the monophyletic and gnetales’ closest relatives are conifers. Proc Natl
regulation ofCeratopterisMADS-box genes will be pos- . A¢ad Sci USA 97:4092-4097

X i i . Busch MA, Bomblies K, Weigel D (1999) Activation of a floral
sible. In Arabidopsis floral homeotic MADS-box genes homeotic gene imrabidopsis.Science 285:585-587
are directly induced by theFY gene (Parcy et al. 1998; Chaw S-M, Parkinson CL, Cheng Y, Vincent TM, Palmer JD (2000)
Busch et al. 1999). Other angiospet.O/LFY or- Seed plant phylogeny inferred from a_II _three plant genomes: mono-
thologs are likely to have similar functions based on phyly of extant gymnosperms and origin of gnetales from conifers.

. . . Proc Natl Acad Sci USA 97:4086-4091
expression patterns which are similar to they gene Church GM, Gilbert W (1984) Genomic sequencing. Proc Natl Acad
(Coen et al. 1990; Kelly et al. 1995; Hofer et al. 1997;  sci USA 81:1991-1995
Southerton et al. 1998; Souer et al. 1998; Shu 1999¢Coen ES, Romero JM, Doyle S, Elliott R, Murphy G, Carpeter R
Rottmann et al. 2000). GymnospefhO/LFY orthologs (1990) floricaula: a homeotic gene required for flower develop-
are also likely to induce the gymnosperm orthologs of _Ment inAntirrhinum majus Cell 63:1311-1322 .
. . : _Frohlich MW, Meyerowitz EM (1997) The search for flower homeotic

floral homeotic genes in conifers (Tandre et al 1998; gene homologs in basal angiosperms and gnetales: a potential new
Rutledge et al. 1998; Mouradov et al. 1999; Sundstet source of data on the evolutionary origin of flowers. Int J Plant Sci

al. 1999) andsnetum(Winter et al. 1999), as the expres-  158:5131-S142



393

Frohlich MW, Parker DS (2000) The mostly male theory of flower ization of anAGAMOUShomologue from the conifer black spruce
evolutionary origins: from genes to fossils. Syst Bot 25:155-170 (Picea mariana that produces floral homeotic conversions when
Hasebe M (1999) Evolution of reproductive organs in land plants. J  expressed irArabidopsis.Plant J 15:625-634

Plant Res 112:463-474 Sakakibara K, Nishiyama T, Kato M, Hasebe M (2001) Isolation of
Hasebe M, Ito M (1999) Evolution of reproductive organs in vascular ~ Homeodomain-Leucine Zipper Genes from the M&3s/scomi-
plants. In: Kato M (ed) The biology of biodiversity. Springer- trella patensand the evolution of Homeodomain-Leucine Zipper
Verlag, Tokyo, pp 243-255 Genes in land plants. Mol Biol Evol 18:491-502
Hasebe M, Wen C-K, Kato M, Banks JA (1998) Characterization of Sarich VM, Wilson AC (1973) Generation time and genomic evolution
MADS homeotic genes in the fe@eratopteris richardii.Proc Natl in primates. Science 179:1144-1147
Acad Sci USA 95:6222-6227 Scott R, Hickok L (1987) Genetic analysis of antheridiogen sensitivity

Hasegawa M, Kishino H (1994) Accuracies of the simple methods for  in Ceratopteris richardii.Amer J Bot 74:1872-1877
estimating the bootstrap probability of a maximum-likelihood tree. Shindo S, Ito M, Ueda K, Kato M, Hasebe M (1999) Characterization

Mol Biol Evol 11:142-145 of MADS genes in the gymnosper@netum parvifoliumand its
Hofer J, Turner L, Hellens R, Ambrose M, Matthews P, Michael A, implication on the evolution of reproductive organs in seed plants.

Ellis N (1997)UNIFOLIATAregulates leaf and flower morphogen- Evol Dev 1:180-190

esis in pea. Curr Biol 7:581-587 Shu G, Amaral W, Hileman LC, Baum DA (1999) LEAFY and the
Kelly AJ, Bonnlander MB, Meeks-Wagner DR (199BIFL, the to- evolution of rosette flowering in violet cresdgnopsidium acaule,

bacco homologue oFLORICAULAand LEAFY,is transcription- Brassicaceae). Am J Bot 87:634-641

ally expressed in both vegetative and floral meristems. Plant CellSoltis P, Soltis D, Chase MW (1999) Angiosperm phylogeny inferred

7:225-234 from multiple genes as a tool for comparative biology. Nature

Kishino H, Miyata T, Hasegawa M (1990) Maximum likelihood infer- 402:402-404
ence of protein phylogeny and the origin of chloroplasts. J Mol Souer E, van der Krol A, Kloos D, Spelt C, Bliek M, Mol J, Koes R
Evol 30:151-160 (1998) Genetic control of branching and floral identity durihe-
Kyozuka J, Konishi S, Nemoto K, Izawa T, Shimamoto K (1998) tunia inflorescence development. Development 125:733-742
Down-regulation oRFL, the FLO/LFY homologue of rice, accom-  Southerton SG, Strauss SH, Olive MR, Harcourt RL, Decroocq V, Zhu
panied with panicle branch initiation. Proc Natl Acad Sci USA X, Llewellyn DJ, Peacock WJ, Dennis ES (1998)calyptushas a
95:1979-1982 functional equivlent of theArabidopsisfloral meristem identity
Manhart JR (1995) Chloroplast 16S rDNA sequences adn phylogenetic geneLEAFY.Plant Mol Biol 37:897-910
relationships of fern allies and ferns. Am Fern J 85:182-192 Stewart WN, Rothwell GW (1993) Paleobotany and the evolution of
Mathews S, Donoghue MJ (1999) The root of angiosperm phylogeny plants. Cambridge University Press, Cambridge
inferred from duplicate phytochrome genes. Science 286:947-95@undstion J, Carlsbecker A, Svensson ME, Svenson M, Johanson U,
Mellerowicz EJ, Horgan K, Walden A, Coker A, Walter C (1998) Theissen G, Engstmo P (1999) MADS-Box genes active in devel-

PRFLL-a Pinus radiatahomologue ofFLORICAULAandLEAFY oping pollen cones of Norway sprudei¢ea abieyare homologous
is expressed in buds containing vegetative shoot and undifferenti- to the B-Class floral homeotic genes in angiosperms. Dev Genet
ated male cone primordia. Planta 206:619-629 25:253-266
Mouradov A, Glassick T, Hamdorf B, Murphy L, Fowler B, Marla S, Swofford DL (1998) PAUP*. Phylogenetic analysis using parsimony
Teasdale RD (1998)NEEDLY,a Pinus radiataortholog of FLO- (*and other methods), version 4. Sinauer Associates, Sunderland,
RICAULAILEAFY genes, expressed in both reproductive and veg-  Massachusetts
etative meristems. Proc Natl Acad Sci USA 95:6537-6542 Tandre T, Svenson M, Svensson ME, Engsti® (1998) Conservation
Mouradov A, Hamdorf B, Teasdale RD, Kim JT, Winter K-U, Theissen of gene structure and activity in the regulation of reproductive
G (1999) ADEF/GLO-like MADS-Box gene from a gymnosperm: organ development of conifers and angiosperms. Plant J 15:615—
Pinus radiatacontains an ortholog of angiosperm B class floral 623
homeotic genes. Dev Genet 25:245-252 Theissen G, Becker A, Rosa AD, Kannno A, Kim JT, Munster T,

Munster T, Pahnke J, Rosa AD, Kim JT, Martin W, Saedler H, The-  Winter K-U, Saedler H (2000) A short history of MADS-box genes
issen G (1997) Floral homeotic genes were recruited from homolo- in plants. Plant Mol Biol 42:115-149
gous MADS-box genes preexisting in the common ancestor of fernsThompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improv-

and seed plants. Proc Natl Acad Sci USA 94:2415-2420 ing the sensitivity of progressive multiple sequence alignment
Nishiyama T, Hiwatashi Y, Sakakibara K, Kato M, Hasebe M (2000) through sequence weighting, positions-specific gap penalties and
Tagged mutagenesis and gene-trap in the mB&yscomitrella weight matrix choice. Nucl Acid Res 22:4673-4680
patensby shuttle mutagenesis. DNA Res 7:1-9 Weigel D, Alvarez J, Smyth DR, Yanofsky MF, Meyerowitz EM
Parcy F, Nilsson O, Busch MA, Lee I, Weigel D (1998) A genetic (1992) LEAFY controls floral meristem identity irArabidopsis.
framework for floral patterning. Nature 395:561-566 Cell 69:843-859
Park SK, Miller KW (1988) Random number generators: good ones aréNeigel D, Nilsson O (1995) A developmental switch sufficient for
hard to find. Communications ACM 31:1192-1201 flower initiation in diverse plants. Nature 377:495-500

Pryer KM, Schneider H, Smith AR, Cranfill R, Wolf PG, Hunt JS, Winter K-U, Becker A, Munster T, Kim JT, Saedler H, Theissen G
Sipes SD (2001) Horsetails and ferns are a monophyletic group and (1999) MADS-box genes reveal that gnetophytes are more closely
the closest living relatives to seed plants. Nature 409:618—-622 related to conifers than to flowering plants. Proc Natl Acad Sci

Qiu Y-L, Lee J, Bernasconi-Quadroni F, Soltis DE, Soltis PS, Zanis M, USA 96:7342-7347
Zimmer EA, Chen Z, Savolainen V, Chase MW (1999) The earliestWolf PG (1997) Evaluation o&tpB nucleotide sequences for phylo-
angiosperms: evidence from mitochondorial, plastid and nuclear genetic studies of ferns and other pteridophytes. Am J Bot 84:1429—
genomes. Nature 402:404-407 1440

Rottmann WH, Meilan R, Sheppard LA, Brunner AM, Skinner JS, Ma Wolf PG, Pryer KM, Smith AR, Hasebe M (1998) Phylogenetic studies
C, Cheng S, Jouanin L, Pilate G, Strauss SH (2000) Diverse effects of extant Pteridophytes. In: Soltis P, Soltis D, Doyle J (eds) Mo-

of overexpression oEEAFY and PTLF, a popular Populug ho- lecular systematics of plants. Chapman and Hall, New York, pp

molog of LEAFYFLORICAULA,in transgenic poplar andrabi- 541-556

dopsis.Plant J 22:235-245 Wolpert L, Beddington R, Brockes J, Jessell T, Lawrence P, Meyero-
Rutledge R, Regan S, Nicolas O, Fobert PteC€, Bosnich W, witz E (1998) Principles of development. Oxford Univ Press, Ox-

Kauffeldt C, Sunohara G, 8ein A, Stewart D (1998) Character- ford



