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Abstract

Plant MADS box genes were first recognized as floral homeotic genes. The MADS box genes are
found in many flowering and a non-flowering seed plant and form a large gene family with several
subfamilies. Most of these genes are expressed at floral or in similar organs. Considering the exis-
tence of the MADS box metif in taxonomically distant organisms, plants, animals and fungi, and its
function as a transcriptional factor, it is possible that every plant lineage originally has this motif,
participating in functions other than that of the formation of floral organs. In this study, we show
the existence of MADS box genes (CerMADS) in a fern, Ceratopteris richardii. These genes retain
the MADS box, the L region and the K box conserved in the MADS genes from flowering and non-
flowering seed plants, They are expressed in sporophytes but not detected in gametophytes. Phylo-
genetic analyses indicated that these genes do not belong to any subfamilies found in seed plants ;
they form new subfamilies. The functions of CerMADS genes might be distinet from the known
functions in seed plants because of the structural differences between seed plants and ferns.

Key words: cDNA cloning, Ceratopteris richardii, evolution, gene phylogeny, MADS gene.

Morphological evolution is one of the interest-
ing subjects in the evolution of land plants. The
evolution of morphological characters has been
caused by changes of the regulational system.
Detailed investigation of the molecular mecha-
nisms are required for us to understand the
principle of evolution. MADS genes containing
the MADS box encede transcriptional regulators
and this gene family is present throughout yeast,
animals, and plants. MADS genes, isolated as
floral homeotic genes from Arabidopsis, AGA-
MOUS (Yanofsky et «l. 1990) , and Antirrhinum,
DEFICIENS (Sommer et . 1990) , were the first
homeotic selector genes in plants. All of previ-
ously reported MADS genes of plants have a
highly conserved MADS box, a K box down-

stream of the MADS box and an internal L re-
gion (Riechmann et al. 1996) between the two
boxes. The K box is predicted to form amphipa-
thic helices and may function as the protein
dimerization domain (Ma et al. 1991) . The L re-
gion consists of apploximately 30 amino acid
residues and is considered to determine the
DNA binding specificity (Reichmann et al. 1996).

Many MADS genes have recently been iso-
lated from various angiosperms including mono-
cotyledons (reviewed in TheiPen et al. 1996). It
has been shown that the MADS gene family is a
large group consisting of several subfamilies, in-
eluding fioral homeotic genes (Purugganan et al.
1995 ; Rounsley et af. 1995 ; Hasebe and Banks
1997). The subfamilies related to floral organ
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formation arose before the separation of dicots
and monocots (Hasebe and Banks 1997}, because
these subfamilies exist in the both taxoncmic
groups. Recently, MADS genes were also discov-
ered which might be functioning in non-floral or-
gans, e.g. root, considering from their expression
pattern (Rounsley et al. 1995),

Leptosporangiate ferns are a monophyletic
group and had diverged from seed plant lineage
before the ancestors of gymnosperms and angio-
sperms divided (Hasebe et al. 1993), Ferns do
not have floral organs. Most of ferns have dip-
loid sporophytes to wear sporangia in sori on the
abaxial surface or margin of the fronds. Sporan-
gia are regarded as being homologous to the
nucelli of seed plants. Since MADS genes are
present in yeast {Christ and Tye 1991) , humans
(Norman et ol. 1988 ; Yu ef al. 1992), gymno-
sperms and angiosperms {Purugganan et al.
1995 ; Tandre ef ol. 1995), it is expected that
MADS genes also exist in pteridophytes. If so, it
would be interesting to investigate MADS genes
in ferns.

One of the homosporous ferns, Ceratopieris
richardii Brongn. (Lloyd 1974}, is a tropical and
annual fern. In the sporophytes, the shape of the
fronds changes during successive development
from wvegetative to reproductive sporophytes.
Fertile fronds are rolled up to enclose seme rows
of sporangia on abaxial surface. The gameto-
phytes of Ceratopteris have two sexual types,
hermaphrodite and male (Hickok et al. 1987},
Ceratopteris richardii was proposed as a model
plant, because of its short sexual life cycle (spore

N L
_%%//////}//////////

M3+ M4~
«M5

A: M1 - Anchor — M2 - Anchor
B: M3 - Anchor — M2 - Anchor

+K1

to spore), namely less than 120 days under the
controlled condition (Hickok et al. 1987 ; Chasan
1992) .

In this study, we isolated the cDNA contain-
ing MADS box sequence originated from C. rich-
ardii and showed that several MADS genes are
present in C. richardii. All of them, named Cer-
MADS, have characteristics in their sequences
similar to MADS genes of the seed plants retain-
ing the K box and the L region, but these genes
may form new subfamilies.

Materials and Methods

Plant materials

Spores of C. richardii Hn strain were germi-
nated on rock wool containing 0.01% of Hyponex
5-10-5 (Murakami Bussan Co.). Two weeks cld
hermaphroditic gametophytes were transplanted
to fresh rock wool containing 0.1% of Hyponex
and were self-fertilized following an application
of water. The gametophytes used for RNA ex-
traction were a mixture of male and hermaphro-
dite individuals before fertilization. The sporo-
phytes were cultured under the same conditions
over six months.
¢DNA cloning and sequencing

Total RNA was extracted using ISOGEN (Nip-
pon Gene). The cDNA synthesis and a rapid am-
plification of eDNA ends (RACE) method was
performed according to the instructions of a &
Amplifinder RACE Kit (Clontech).

For the selection of the MADS hox containing
¢DINA, we designed two degenerate primers cov-
ering the conserved region in the MADS box in-

AAAA

« Anchor

Fig. 1 Schematic structure of the MADS gene and locations of degenerate primers used in the 3' RACE experi-
ments. In this schematic mRNA of the MADS box gene, the boxes indicate an open reading frame. The filled
boxes (MADS, L and K) indicate conserved motifs, and the open boxes (N and C) indicate variable regions.
The thin line is the untranslated region. Arrows indicate degenerate primers, “Anchor” means the anchor
primer of the 3' Amplifinder RACE kit. A and B show successful primer sets.
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Table 1. Degenerate primers used for 3 RACE

Name Sequence (5 to 37)

(G/CIAA/GYA/C)TNAA(A/GYC/A)GGAT(CIA)GAGAAC
AAA/G)AA(A/GYGCNTA(C/T)GA(G/A)CTNTCNGT

TCATANAG(C/T)TTNCCTCTTGGA

Ml
M2
M3 G(C/A)NACNAGCAG(A/G)CA(A/G)GTTACTTT
M4
M5

ACTTNA/GYTN(A/G)TNTT(T/CYTCTCCAAGAGG
K1 AANA(CTITTGN(A/GYG/T)CTTTCGTGT

cluding SRF and MCM 1. Four degenerate prim-
ers were also designed based on the MADS box
genes from conifer. The locations and sequences
of all degenerate primers are shown in Fig. 1
and Table 1, respectively. The polymerase chain
reactions (PCR) were carried out with 30 cycles
of 45 sec at 94°C, 45 sec at 55°C and 2 min. at
72°C. Degenerate primers for nested PCR have
an additive BamHI recognized sequence in 5
end. The anchor primer for NN--oligo (dT) CDS
attached to the 3° Amplifinder RACE Kit has an
EecoRI tecognized sequence at the 5 end. The
amplified fragments were purified by agarose gel
electrophoresis, digested with BamHI and EcoRI,
and ligated to pUC 19 digested with the same
enzymes.

To amplify the 5’ end of MADS ¢DNA of C.
richardii, poly (A)* RNA was directly isolated
from fresh leaves using the Dynabeads mRNA
DIRECT kit (Dynal) according to the manufac-
turer's instructions. Reverse transcription {RT)
of poly (A}* RNA followed by PCR (RT-PCR) was
performed using the Marathon ¢DNA amplifica-
tion kit according to the manufacturer’s instruc-
tions (Clontech). A double stranded adapter se-
quence was ligated to the 5 end of the ¢cDNA
generated. Nested PCR was subsequently used
to amplify specific fragments from the cDNA us-
ing two sense adapter primers and two an-
tisense primers specific for each MADS ¢DNA
sequence of C. richerdii. Specific primers were
designed to have at least 46% GC, based on
MADS c¢DNA sequences of C. richardii with
relatively diverse sequences obtained by the ¥
RACE methed.

Sequencing analysis was performed with ALF
DNA Sequencer (Pharmacia) using Sequencing

PRO (Toyobo) and FITC-labeled primers. Nueleo-
tide sequence analyses were done using
DNASIS-Mac (Hitachi Software Engineering).
Phylogenetic analyses

One hundred and seventeen deduced amino
acid sequences were used for phylogenetic analy-
ses. Five sequences were determined in this
study and others were obtained from GENBANK
and EMBL, These sequences were aligned using
Higging’s multiple alignment program (Higgins
et al. 1991) of CLUSTAL W (Thompsen et al.
1994) by the default setting. The phylogenetic
tree was constructed from the results of 100
bootstrap replicates using the neighbor-joining
method (Saitou and Nei 1987) of CLUSTAL W.

Results

Using total RNA from sporophytes as the tem-
plate in the 3’ RACE experiments, PCR products
were detected only with the use of two combina-
tions A and B (Fig. 1) of degenerate primers. No
products were obtained in any combination of
primers with the use of RNA from gametophytes.
Sequencing analyses showed that most cDNA
clone obtained in this study had the MADS hox.
We named the MADS genes from C. richardii
CerMADS (Ceratopteris richardii MADS), and
numbered them 1 to 6. Since CerMADS 6 was
obtained only its MADS box region without the
L region and the K bex from 3 RACE, no fur-
ther description of this gene is shown in this
study.

Fig. 2 shows the amino acid alignment includ-
ing CerMADS genes determined in this study.
The MADS box and the K box were specified
from amino acid sequence similarity. All Cer-
MADS genes have the MADS box, the K box and
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Fig, 3 Phylogenetic tree constructed by 117 MADS genes from plants. The numbers show bootstrap confidential
level per 100 times for each node and numbers lower than 10 were omitted. Large letters mean MADS genes
isolated from fern. The thick vertical bars indicate recognized subfamilies. The number on a scale bar means
percentage divergence per 100 amino acid substitutions.
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the internal L region, as do the other plant
MADS genes. The amino acid sequence of Cer-
MADS 1 was identical to that of CRM 4 (Min-
ster et al. 1997}, however, the latter sequence
was incomplete in the N terminal portion of the
MADS box. Similar case was seen between Cer-
MADS 2 and CRM 6 (Miinster et al. 1997). In
case of CerMADS 4, it was identieal to CRM 1,
but its N terminal portion of the MADS box was
incomplete. The coding sequence of CerMADS 1
presumably starts from the MADS box without
any additive N terminal amino acids. Several
splicing variations were seen in CerMADS 1 (Ko-
fuji and Yamaguchi, unpublished data). One of
them was in the 5 untranslated region like
MEF 2 (Yu et al. 1992) . Similar variations were
also observed in other CerMADS genes. In the
case of CerMADS 2, two ATG codons are recog-
nized at 225bp and 231 bp upstream from the
MADS box. Such additional N terminal residues
are also seen in AGAMOUS and its closely re-
jated genes (Bradley ef al. 1993 ; Kempin et al.
1993 : Robert et al. 1993 ; Pnueli ef al. 1994)
but a close sequence similarity between Cer-
MADS 2 and AGAMOUS can not be seen. Con-
cerning CerMADS 3, an ATG codon in frame did
not yet appear upstream of the deduced MADS
box, This is also similar to AGAMOUS (Yanofsky
et al. 1990).

Phylogenetic analyses were done using 117
plant MADS gene sequences, including Cer-
MADS genes determined in this study. Nine of
them were from the fern, seven were from the
gymnosperm and others from the angiosperm.
Multiple alignment of deduced amino acid se-
quences was done using CLUSTAL W by the de-
fault option. After that, several parts of align-
ment (Fig. 2), regions from the MADS box to the
K box except both N terminal and C terminal
domains (Fig. 1}, were used to construct phylo-
genetic trees. Because variable regions could not
align precisely over all genes. A phylogenetic
tree was constructed using the neighbor-joining
(NJ) method by CLUSTAL W. Bootstrap analy-
sis was done 100 times to examine the consis-
tency of each node. The NJ tree and bootstrap
probabilities are shown in Fig. 3. The branch
lengths reflect the genetic distance. Fourteen
consistent groups were recognized, though any

relationships between each group were not clear.

Discussion

The cloning of the CerMADS genes found in
thig study showed that MADS genes are present
in fern in spite of its distant phylogenetic posi-
tion from seed plants, These genes also retain
the K box and the L region in addition to the
MADS box, like those of seed plants. Recently,
Miinster ef af. (1997) also reported MADS genes
(CRM 1 to 7) from Ceratopteris and a MADS
gene (OPM 1) from Ophioglossum in which these
regions were conserved. This evidence suggests
that seed plant-type MADS genes existed in a
common ancestor of ferns and seed plants.

Floral MADS genes of seed plants are clearly
classified into three groups by their functions
deduced from genetic analyses, class A
APETALA 1 (Mandel et al. 1992) and
SQUAMOSA (Klein et al. 1996}, class B; PIS-
TILLATA (CGote and Meyerowitz 1994),
APETALA 3 (Jack ef al. 1992) and DEFICIENS
and class C; AGAMOUS and PLENA (Bradley
et al. 1993). Phylogenetic analyses also show
that these are divided to different subgroups. In
this study, all MADS genes from fern were con-
stituted other subfamilies rather than any sub-
families of seed plant genes(Fig. 3). Presumable
ancestor of these floral homeotic MADS genes
could not be determined in genes from fern. For
making clear the phylogenetic relationship of
each subfamily, more primitive plant, e.g. bryo-
phyte, should be investigated.

Nine MADS genes from fern were divided into
six subfamilies, The CerMADS 1 subfamily con-
tains a lot of genes and seems to be stepwise
separated into some genes. CerMADS 2 and Cer-
MADS 3 have additional coding regions up-
stream of the MADS box, and they were located
in sister groups, although with low consistency.
CRM 3 expressed in both sporophytes and game-
tophytes (Miinster et al. 1997) was positioned ad-
jacent to the AP 3 group in a phylogenetic tree
constructed by Miinster ef al, (1997) but, in this
study, they were detached. CRM 7, CRM 6 (=
CerMADS 2) and OPM 1 was in a sister group in
Miinster et al. (1997} with high consistency (92
%). In this study, CRM 7 was, however, posi-
tioned adjacent to the AG (AGAMOUS) group
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and OPM 1 belonged to other group.

All CerMADS we isolated were obtained from
sporophytes. No RT-PCR products were detected
from gametophytes, although equal amounts of
RNA were used as the template. This was also
the case when specific, not degenerated, primers
for CerMADS genes were used {unpublished ob-
servation}. This conflict might be caused by dif-
ference of the growth phase {11 days and 14

days or more) under different cultural conditions.

In this study, the relationship of MADS genes
from ferns to those from seed plants, and floral
homeotic genes to other subfamilies are still un-
clear. It is necessary to investigate MADS genes
from more distant plants. To explicate the func-
tions of CerMADS genes, further examinations,
such as in situ hybridization, remain to be done.
This study is the first step toward understand-
ing the roles of MADS genes in land plants
which have not yet acquired flowers.
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