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Trochodendron aralioides is the sole member of the family Trochodendraceae, which belongs to the basal
eudicots, has vesselless wood, and lacks a distinct perianth. Our observations confirmed that there are
numerous perianth-like structures and that the number of these structures differs between protandrous and
protogynous flowers and among the positions within an inflorescence. The epidermal cells on many floral parts
of T. aralioides are papillate or conical, similar to the ones of ordinary showy petals of other species. The data
in this article support the hypothesis that the perianth of Trochodendron has been secondarily lost and suggest
that some aspects of petal identity, e.g., papillate cells, have been retained that might be important for
pollinator attraction. We have identified 11 homologues of floral organ identity genes—two A-class, three B-
class, two C-class, and four E-class homologous genes—from T. aralioides. Phylogenetic analysis shows that all
of the genes arose before a major duplication of MADS-box genes at the base of the core eudicots. Expression
patterns for those floral organ identity gene homologues was determined by reverse transcriptase PCR, which
showed variations that do not conform well to the current floral ABCDE model. In addition, all paralogous

genes have distinct expression patterns, suggesting that they had undergone functional divergence.
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Introduction

Trochodendron aralioides Sieb. & Zucc. is a unique plant
with vesselless wood and without a distinguishable perianth
or showing only highly reduced tepal-like scales (Endress
1986). It is restricted to Taiwan, the Ryukyu Islands, Japan,
and South Korea, although the genus Trochodendron was
once widely distributed in the Northern Hemisphere during
the Miocene, according to the fossil records (Manchester
et al. 1991). Because of its “primitive” features, Trochoden-
dron has been suggested to be one of the earliest angiosperms
or close to the hamamelid dicots. However, recent systematic
studies have placed Trochodendron in a rather isolated posi-
tion in the lower eudicots close to Buxales, another taxon that
shows perianth reduction.

Molecular phylogenetic studies based on nuclear and or-
ganelle nucleotide sequences have revealed a well-supported
clade comprising two genera, Trochodendron and Tetracen-
tron, in the basal eudicots (APG 1998; APG II 2003; Hilu
et al. 2003; Qiu et al. 2005). However, the exact phyloge-
netic position of the Trochodendron/Tetracentron clade is dis-
putable. In most cases, this clade and the family Buxaceae
are sister groups or form a grade to the core eudicot clade, as
suggested by chloroplast 7bcL (Chase et al. 1993; Qiu et al.
1998), matK (Hilu et al. 2003) and combined mitochondrial/
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nuclear (Parkinson et al. 1999) and chloroplast/nuclear data
sets (Hoot et al. 1999; Savolainen et al. 2000; Soltis et al. 2000;
Kim et al. 2004a). Regardless, it is clear that Trochodendron
and Tetracentron are sister groups, and whether to place them
in the same or separate families is equivocal under APG II
(2003). These two genera share many similar characters, such
as their sessile connate carpels, horizontally extended and nec-
tariferous ovaries, floral organs with oil cells, vesselless wood,
follicles, and small seeds (Endress 1986).

Trochodendron is generally described as lacking a perianth.
The inflorescence of Trochodendron is a botryoid, i.e., a raceme
with a terminal flower, covered with numerous bracts when in
a bud (fig. 1). The terminal flower has many scalelike bracts
called metaxyphylls (Endress 1986). Each lateral flower in an
inflorescence is subtended by a bract (pherophyll) and has
two prophylls in the transversal position above the pedicel
(fig. 1B). The length of the prophylls is variable; prophylls
are much longer in lower lateral flowers and smaller in up-
per lateral flowers of an inflorescence. In specimens of Tro-
chodendron from Taiwan, each flower contains numerous
stamens in three to five superimposed series (whorled phyllo-
taxis), but it is interesting to note that the floral phyllotaxis
in Trochodendron is indeed diverse in having both spiral and
whorled flowers (Endress 1990). There are five to seven car-
pels, fewer in number than in other reports (Nast and Bailey
1945; Endress 1986), fused laterally to form a whorl (Li and
Chaw 1996). Endress (1986) found a few residual scales, clearly
visible under scanning electronic microscopy (SEM), located
between prophylls and stamens in young flowers of Trocho-
dendron; he suggested that those scales are residual perianth
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Fig. 1
bud (inset) and dissections showing a series of flower-subtending
pherophylls (PE). BR = bracts covering the inflorescence bud; LLF =
lower lateral flowers; TF = terminal flower; ULF = upper lateral
flowers. B, Two elongated prophylls (PR) found at the base of a lower
lateral flower from a protogynous plant. Two tepal-like scales are
marked (asterisks) between stamens and prophylls.

Morphology of Trochodendron flowers. A, Inflorescence

and called the scales “tepals” (visible in fig. 1B). These tepals
are not considered to be bracts because there is a developmen-
tal time lag between the two prophylls and they are different
from the scalelike bracts (metaxyphylls) of the terminal flower
(Endress 1986). However, morphologically it is usually diffi-
cult to discriminate a perianth from a series of bracts, such as
in Buxus of Buxaceae (von Balthazar and Endress 2002), and
so it remains ambiguous whether the scales are indeed residual
perianth or bractlike organs.

Flowers lacking a distinct perianth are known to have
evolved at least six times from ancestors with a perianth,

such as Chloranthaceae, Piperaceae, and Trochodendraceae
(Albert et al. 1998; Soltis et al. 2005; Endress 2006). Al-
though some of those taxa have residual perianth-like struc-
tures, sometimes it is difficult to identify whether they are
reduced perianths or bracts. The question of the origins of
the perianth in angiosperms is complex and has been subject
of several competing hypothesis (Albert et al. 1998). The
perianth may originate completely from bracts (bracteope-
tals), originate completely from stamens (andropetals), or have
mixed origins, i.e., sepals from bracts and petals from sta-
mens (Weberling 1989; Takhtajan 1991; Endress 1994). Within
the family Magnoliaceae, all transitional stages from undiffer-
entiated perianth to sepal/petal bipartite can be observed, indi-
cating a similar origin of petals and sepals in this group. In
comparison, the petals of Ranunculaceae are clearly staminodal
in origin (Takhtajan 1991; Bowman 1997). Both scenarios can
be readily explained by a “sliding-boundary” model that sug-
gests that the perianth partition can be regulated by the differ-
ent patterning of floral organ identity genes among whorls
(Bowman 1997; Albert et al. 1998; Baum 1998; Baum and
Whitlock 1999). However, the whorl numbers of the perianth
in the lower eudicots are highly variable, ranging from zero, as
in Buxaceae, and one, as in Papaveraceae, to many, as in
Berberidaceae; this condition is not so easily explained by the
sliding-boundary model. It is worth noting that Tetracentron,
the sister group of Trochodendron (Qiu et al. 1998; APG II
2003), does have a distinct perianth, which is thought to be se-
pals (Nast and Bailey 1945; Endress 1986). Nonetheless, the
absence of perianth in Trochodendron might be explained by a
lack of expression of proper petal-specifying genes in the region
corresponding to perianth formation.

Recent progress on the floral developmental program comes
mostly from studies on two model systems, Arabidopsis
thaliana and Antirrbinum majus. Genetic studies of these
two systems have shown that floral organ identities are deter-
mined by a combination of five classes of genes (A, B, C, D,
and E) for an expanded ABCDE model (Coen and Meyerowitz
1991; Theissen and Saedler 2001). In this model, sepals, the
first whorl of a flower, are determined by the expression of
A- and E-class genes. Petals, the second whorl of a flower,
are determined by a combination of A-, B-, and E-class genes.
Stamens, the third whorl organs, are determined by a combi-
nation of B-, C-, and E-class genes, and the identity of carpels
is determined by C- and E-class genes (D-class genes are in-
volved in ovule development). In angiosperms, the A-class genes
are represented by homologues of the A. thaliana APETALA1
(AP1) and APETALA2 (AP2) genes, whereas the B-class genes
are represented by homologues of the A. thaliana APETALA3
(AP3) and PISTILLATA (PI) genes, and the C-class genes are
represented by homologues of the A. thaliana AGAMOUS
(AG) gene. All of the A-, B-, C-, and E-class genes are MADS-
box genes except for AP2, which belongs to a unique family
found only in plants. Studies of many other eudicots show a
very high degree of conservation among these genes, indicating
that the eudicots may all share a similar developmental pro-
gram, although gene function has been investigated in only a few
species (Bowman 1997; Kramer et al. 1998; Ma and dePam-
philis 2000; Ferrario et al. 2004). Among these genes, B-function
genes may have played a major role in morphological evolu-
tion of angiosperm perianth and stamens, because they are
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highly conserved and share similar expression patterns in
angiosperms (Bowman 1997; Albert et al. 1998; Baum 1998;
Kramer and Irish 2000).

Major duplications of floral homeotic MADS-box genes
have been identified and discussed for the A, B, C, and E sub-
families of MADS-box genes (Kramer et al. 1998, 2003,
2004; Irish 2003, 2006; Zahn et al. 2005b; Kramer and
Zimmer 2006). One major duplication event occurred before
the origin of the angiosperms and gave rise to two B lineages,
paleo-AP3 and PI (Kramer et al. 2003; Kim et al. 2004b); a
C/D lineage, basal AG-like and D (Kramer et al. 2004); and
two E lineages, AGL2/3/4-like and AGL9 (Zahn et al. 2005a),
or LOFSEP and SEP3 (Malcomber and Kellogg 2005). A sec-
ond major duplication occurred near the basal eudicots and
gave rise to the following lineages in core eudicots: euAP1 and
euFUL lineages of A-class genes (Litt and Irish 2003), euAP3
and TM6 lineages of B-class genes (Kramer et al. 1998; Kramer
and Irish 1999, 2000), euAG and PLE lineages of C-class
genes (Kramer et al. 2004), and AGL2/4 and AGL3 lineages
of E-class genes (Zahn et al. 2005a).

The phylogenetic position of Trochodendron is very close
to that of the second major duplication of these ABCE line-
ages. We have recently shown that an AP3 homologue from
Trochodendron (TroAP3, here renamed as TraAP3 for con-
sistency with other names) is indeed the sister to the euAP3
and TM6 clades; therefore, it is designated as the paleotype
of AP3 genes (Kramer et al. 2006). A detailed phylogenetic
analysis for other floral organ identity genes from Trocho-
dendron is thus critical for elucidating the gene evolution
near the major duplication event.

Trochodendron is a very interesting plant for examining
the mechanism of floral development because it has no dis-
tinct perianth. On the basis of previous phylogenetic analysis
and morphological studies (APG 1998; APG II 2003; Hilu
et al. 2003; Qiu et al. 2005), the absence of a distinct peri-
anth in Trochodendron appears to be the result of a second-
ary loss in evolution, rather than being a primitive condition.
In this study, we aim to examine the possible mechanism of
floral development in Trochodendron by studying the expres-
sion pattern of floral organ identity gene homologues. The
expression pattern of a LEAFY (Schultz and Haughn 1991)
homologue in T. aralioides, TraLFY, was carried out for com-
parison. We also provide additional detailed description on
the epidermal cells in different floral parts with SEM.

Material and Methods

Plant Material

Trochodendron aralioides material was collected from
ErhKeShan, ChiuFen ShuMeiPing, and YangMingShan, located
in northern Taiwan. Since protandrous and protogynous
flowers are found among individuals (Chaw 1992), both
types of flowers were collected. The floral buds and floral
parts were collected and immersed in liquid nitrogen or FAA
fixation buffer (63% ethanol, 5% acetic acid, and 2% forma-
lin) in the field. For identifying floral organ identity gene ho-
mologues, young flowers that were still in bud were used.
For reverse transcriptase (RT) PCR, floral organs were sepa-
rated by forceps into six categories—leaves, inflorescence and

floral bracts (pherophylls), pedicels, stamens, “carpels” (in-
cluding all floral parts above pedicels except the stamens or
distinguishable prophylls), and fruits—and were immersed
immediately in liquid nitrogen. Pedicels, stamens, and carpels
were collected from mature flowers, whereas the fruits were
greenish but had a narrow opening on the top. The presumed
scalelike perianth and most of the prophylls were inseparable
from the bottom of the flowers and were all included in the
“carpel” partition during sample preparation.

Gene Sequence Determination

Total RNA was extracted following the pine tree method
(Chang et al. 1993), with minor modifications. First-strand
c¢DNA was reverse transcribed using the SuperScript I RNase
H™ reverse transcriptase kit with manufacturer’s instructions
(Invitrogen, Carlsbad, CA) and used as a template for ampli-
fying the floral organ identity gene homologues. Degenerate
primers for initial amplification of different genes were based
on published studies of A/E-class (Litt and Irish 2003), B-class
(Stellari et al. 2004), and E-class genes (Kramer et al. 2004).
The PCR reagents were composed of 5 ul. 10x Advantage
2 PCR buffer, 1 uL 10-mM dNTP (2.5 mM each), 1 uL of
each specific primer (10 mM each), 2 uL template, and 0.5
uL Advantage 2 polymerase mix (Clontech, Palo Alto, CA)
and adjusted with water to a final volume of 50 uL. The
PCR was first heated at 95°C for 5 min; there followed 35
cycles of 95°C for 30 s, 50°C for 45 s, and 68°C for 1 min
and an extension step of 5 min at 68°C. Platinum Tag DNA
polymerase (Invitrogen) was used to amplify DNA frag-
ments; the PCR reagent mix contained 5 uL. 10x High Fidel-
ity PCR buffer, 1 uL 10-mM dNTP (2.5 mM each), 1 uL of
each specific primer (10 mM each), 2 puL 50-mM MgSO,,
1 pL template, and 0.2 uL Platinum Tag Polymerase High
Fidelity and was adjusted with water to a final volume of
50 pL. The PCR was heated at 94°C for 2 min; there fol-
lowed 35 cycles of 94°C for 30 s, 50°-55°C for 45 s, and
68°C for 1 min and an extension step of 5 min at 68°C. The
PCR products were purified with the QIAquick PCR purifica-
tion kit (QIAGEN, Hilden, Germany) and cloned into the
pGEM-T Easy Vector system (Promega, Madison, WI) using
Advantage 2 polymerase mix to amplify the PCR products.
However, when a polymerase with proofreading function,
such as Platinum Tag DNA Polymerase High Fidelity, was
used, VioTag DNA polymerase (Viogene, Taipei) was added be-
fore using these products in the ligation reaction. Ligation
products were transformed into Escherichia coli DHSa- or
ECOS-competent cells (Yeastern Biotech, Taipei) following
the manufacturer’s instructions.

We used the 5’ RACE system kit (Invitrogen) to determine
the 5’ terminus for the obtained sequences of selected floral
homeotic gene homologues from 3’ RACE results described
above. Primers are listed in table 1. The QIAquick PCR kit
was used to purify the RT-PCR products with modifications:
the column was washed with PE buffer twice and the cDNA
was eluted with diethylpyrocarbonate (DEPC)-treated water.

Phylogenetic Analyses

The sequences of selected species were downloaded from
the National Center for Biotechnology Information GenBank
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Table 1
Primers Used in 5" RACE Screening and Gene-Specific Primers Used for Reverse Transcriptase PCR in This Study

Primer name Sequence (5’ to 3') Direction
TraFUL1-CF GGAGCAGCAAAACCAAGTTC Forward
TraFUL1-3UTR TTCAAACAGGCCACTTTTGG Reverse
TraFUL2-CF GGAGCAGGGAAACCAAGTTC Forward
TraFUL2-3UTR ACCAAAACTTGCTGACCAGA Reverse
TraFUL-KR TGAAGCTCGGAAATGGATTC Reverse (5" RACE)
TraAP3-KF1 ACTGAGACTTACAGGAAAAA Forward
TraAP3-3UTR GATACACAAACTTCTAGTAAT Reverse
TraPI1-KF1 AACGGCGTCACCAACATTCGTCAC Forward
TraPI1-3UTR AGGGGTTTAATACCACGAACA Reverse

TraPI2-F AGAGGAAGCCCTGGAAAATG Forward
TraPI2-3UTR CATGGTGATCCACAAGCATC Reverse
TraAP3-KR1 CTTTTTCCTGTAAGTCTCAGTCTG Reverse (5" RACE)
TraPI-CR1 GTCCCTCATTTTCGGAGCATACCC Reverse (5" RACE)
TraAG1-KF2 GGAACTCAGGARCCTGGAGAC Forward
TraAG2-KF AACGAGTTGYTGTTTGCCGA Forward
TraAG1-3UTR AGCGGAAACCTTTCGTCCTT Reverse
TraAG2-3UTR CTTCACCTCTGGCTCTCACC Reverse
TraMADS1-CF GAGTGTGAGCCCACGTTACA Forward
TraMADS1-3UTR AACGAACCCCATGTTCAAAT Reverse
TraMADS2-CF TGAGCCCACATTACAAATCG Forward
TraMADS2-3UTR GAACATCCTGTTTGAATGATCC Reverse
TraMADS3-CF GAACCAGAGGGATTCTTCCA Forward
TraMADS3-3UTR ACAGGTTGCATCACCAGATT Reverse
TraMADS4-CF ACAGCCAGCTCATCCACAG Forward
TraMADS4-3UTR GAGCACCATTCGCTTTAACC Reverse
TraSEP-KR GCATTTGTTCCBTTCTTTGAA Reverse (5" RACE)
TraLFY-F GAAACAGCGTCGAAAGAAGG Forward
TraLFY-R CAACGAGGGGTTTGTAGCAT Reverse
TraACTIN-F3 GCACCGCCTGAGAGAAAGTA Forward
TraACTIN-3UTR TAAAGAGGAACGGCGAAAGA Reverse

Note. The primers were named according to genes followed by their locations within the genes, e.g., C for C domain
and K for K domain. The reverse primers ending with “3UTR” were all located at the 3’ untranslated region (UTR), ex-

cept for TraLFY. RACE = rapid amplification of cDNA ends.

(appendix). The taxa were selected on the basis of represent-
ing angiosperm diversity at the order level. Only one taxon
was selected per order, and those with more complete se-
quences and/or with genomic/EST data were favored. All
homologues or paralogues from each selected taxon were in-
cluded in the analyses. Nucleotide sequences were used for sep-
arate phylogenetic analyses of each gene class. Alignments were
conducted using Clustal X 1.83 (Thompson et al. 1997) and
were modified in MacClade 4.06 (Maddison and Maddison
2000) according to amino acid alignment. Phylogenetic analyses
for each matrix were conducted with Bayesian inference (BI) us-
ing MRBAYES 3.0b4 (Huelsenbeck and Ronquist 2001). The
BI analyses were run with four chains of Markov chain Monte
Carlo simulation, sampling one tree per 500 generations for
1,500,000 generations, and the general time reversible nucleo-
tide substitution model with gamma distribution for rate cate-
gories was incorporated; this model was evaluated as optimal
by the Modeltest program (Posada and Buckley 2004). The first
1000 trees were discarded before the node probability was calcu-
lated. Neighbor-joining (NJ) and maximum-parsimony (MP)
methods were conducted with PAUP* 4.0b10 (Swofford
2002). For NJ analyses, the HKY85 nucleotide substitution
model was used, and support for the branches was assessed
using bootstrap analyses with 1000 replicates. For MP analy-

ses, heuristic searches were conducted with 500 random addi-
tion replicates and tree bisection-reconnection (TBR) branch
swapping with steepest-descent option in effect. Support for the
branches was assessed using bootstrap analyses with 1000
replicates, each with one random stepwise addition and TBR
branch swapping with steepest-descent option in effect.

RNA Expression

The concentration of extracted RNA was determined by
GeneQuant (Amersham Biosciences, Little Chalfont, UK).
RQ1 RNase-free DNase (Promega) was added to RNA to re-
move DNA contamination, and the concentration was ad-
justed to 100 ng/uL. The locus-specific forward primers in
the K or C domain and the specific reverse primers located in
3’ untranslated region (UTR; table 1) were used to amplify
c¢DNA from different tissues. These primers were designed
with the software Primer3 Input (http:/frodo.wi.mit.edu/
cgi-bin/primer3/primer3_www.cgi) and selected so that the
PCR products span intron(s) in genomic sequences according
to gene structure of Arabidopsis orthologues. The PCR prod-
ucts from mRNA and genomic DNA could therefore be
easily discriminated by their sizes, and putative genomic con-
tamination of RT-PCR could be identified. The PCR products
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made from genomic DNA template were sequenced to deter-
mine the position of intron(s) in selected genes. The Actin
gene of T. aralioides was identified and used as an internal
control for RT-PCR. New gene-specific primers were de-
signed (table 1) to clone TraLFY (LEAFY homologue of T.
aralioides) based on the published sequence (Frohlich and
Parker 2000). Each first-strand ¢cDNA sample was synthe-
sized from 2 ug of total RNA using the Superscript III RNase
H™ reverse transcriptase kit system described above. PCR re-
actions were carried out using 0.25 uL. Advantage 2 polymerase
mix, 1.25 uL 10x Advantage 2 PCR buffer, 0.25 uL. 10-mM
dNTP, 0.25 uL each of 10-mM specific forward and reverse
primers, and 0.5 uL of cDNA in 12 uL of final reaction vol-
ume. Reaction conditions were 50°-55°C for 30 min and
94°C for 2 min, followed by 30 or 35 cycles of 94°C for 15 s,
50°-55°C for 30 s, and 68°C for 1 min and a final extension
at 68°C for 3 min. All of the RT-PCRs were repeated at least
twice for 30-cycle reactions and at least four times for 35-cycle
reactions from independent RNA preparations.

Scanning Electron Microscopy

Floral buds and mature flowers of T. aralioides were fixed
in FAA and then dehydrated in steps, in 70% EtOH for 10 min,
85% EtOH for 20 min, 95% EtOH for 20 min, and 100%
EtOH for 20 min twice. The dehydrated samples were stored
in 100% EtOH and were critical-point dried and mounted with
double-sided tape on aluminum stubs. The specimens were
coated with gold and viewed with an FEI Quanta 200 scan-
ning electron microscope at 10 kV.

Results

Screening and Phylogenetic Analyses of
Floral Homeotic Genes

In total, 11 floral organ identity gene homologues were ob-
tained from 286 cDNA clones screened from Trochodendron
flowers. Ninety-four of these clones were obtained by rapid
amplification of cDNA ends (RACE) using degenerated A/E-
class gene-specific primers. Forty-four of those clones had the
expected insert size and were sequenced, and 25 showed ho-
mology to floral A/E-class genes via GenBank blasting. Among
them, three of the clones were identical and close to FUL-like
genes and are therefore here named TraFULI. An additional
TraFUL2 sequence was obtained from two independent clones
when screening from 5 RACE products of TraFULI, and a
specific primer was designed to conduct 3" RACE of TraFUL2
in order to obtain its 3’ sequence. Four SEP homologues
were identified: TraMADS1, 2, 3, and 4. TraMADS1 was identi-
fied from nine clones, TraMADS2 was identified from 10 clones,
TraMADS3 was identified from a single clone, and TraMADS4
was identified from two independent clones. For C-class homo-
logues, a total of 78 clones were screened, and 46 clones with
expected insert size were sequenced. Among them, two AG ho-
mologues were identified: TraAG1 was identified from 15 clones
with identical sequences, and TraAG2 was identified from three
clones. Four B-class homologues were identified from 114
c¢DNA clones screened: TraPI1 was identified from 14 clones,
TraPI2 was identified from eight clones, TraPI3 was identified

from five clones, and TraAP3 was identified from 10 indepen-
dent clones. TraPI3 is identical to TraPI2 except that it is miss-
ing the putative exons 3 and 4 corresponding to the exon-intron
structure of Arabidopsis PI.

The sequences from the 11 identified floral organ identity
gene homologues from Trochodendron were aligned with the
respective ABCE genes, and phylogenetic analyses were per-
formed. TraFUL1 and TraFUL2 are sister groups and form a
clade with other FUL-like homologues of basal eudicots,
PatFL1/PatFL2 of Pachysandra terminalis (Buxaceae) and
AktFL1 of Akebia trifoliata (Lardizabalaceae) with moderate
bootstrap support under NJ (92%) and MP (68%) and a pos-
terior probability of 0.76 (fig. 2). This clade clearly branches
off before the separation of the two well-supported euFUL
and euAP1 lineages, and the clade consists of five FUL-like
genes from core eudicots (fig. 2).

The AP3 homologue of Trochodendron, TraAP3, is a sister
group of two sequences, PtAP3-1 and PtAP3-2 of Pachysan-
dra terminalis, on BI phylogeny (fig. 3) but not on NJ and
MP analyses, either unsolved or mixed with sequences from
basal eudicots (data not shown). TraPI1 and TraPI2 formed
a grade or were unresolved but close to the core eudicot
clade (fig. 3). The two Houttuynia (Saururaceae) Pls, HtcPI1
and HitcPI2, are unexpectedly grouped with TraPI1, receiv-
ing a BI posterior probability of 0.75; they are within the
eudicot clade with 0.99 BI posterior probability. This rela-
tionship was not found in either the NJ or the MP analyses,
in which H#cPI1 and HtcPI2 are both grouped with basal
angiosperms, though with low bootstrap support.

The two AG homologues from Trochodendron, TraAG1 and
TraAG2, are again near the base of the core eudicots (fig. 4) be-
fore the separation of the two major euAG clades, SHP/PLE
and AG/FAR. The two major euAG lineages are both mono-
phyletic, with posterior probabilities of 1.0. TraAG1 and
TraAG2 are either paraphyletic branches in BI and MP analy-
ses or form a sister group in NJ analysis (bootstrap 96% sup-
port; not shown in fig. 4).

The four SEP homologues from Trochodendron are sepa-
rated into two groups, TraMADS3 in the LOFSEP clade and
TraMADS1, TraMADS2, and TraMADS4 in the SEP3 clade
(fig. 5). TraMADS3 is close to PatSEP1 of Pachysandra ter-
minalis (Buxaceae) but received low support. TraMADS1, 2,
and 4 form a monophyletic group with low to moderate sup-
port (fig. 5). This clade is the sister group to GRCD1 of Ger-
bera hybrida (Asteraceae) in BI phylogeny but is not found in
NJ or MP analysis (data not shown).

Expression of ABCE and LEAFY Homologues
in Trochodendron

RT-PCR was used to examine the expression patterns of
floral identity gene homologues among different organs, and
the results using 30 and 35 cycles of PCR are shown in figure
6. Although signals in the 35-cycle reaction are likely satu-
rated, as in TraActin, we presented these results here in order
to magnify the potential RT-PCR products for the material.
The results of the 30-cycle RT-PCR were used to infer the ex-
pression patterns of the identified genes and are summarized
in table 2. There are a few inconsistencies in the results from
repeated RT-PCRs, which are mostly in reactions for bracts,
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Fig. 2 Phylogenetic tree of A-class genes based on Bayesian inference (BI) analysis. GGM1 and DAL are used as outgroups. Numbers on the
branches are posterior probabilities from BI, followed by bootstrap supports from neighbor-joining and maximum-parsimony analyses.
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Fig. 3 Phylogenetic tree of B-class genes based on Bayesian inference (BI) analysis. PPDGL and GGM2 are used as outgroups. Numbers on the
branches are posterior probabilities from BI, followed by bootstrap supports from neighbor-joining and maximum-parsimony analyses.
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Fig. 4 Phylogenetic tree of C- and D-class genes based on Bayesian inference (BI) analysis. DAL2 and GGM3 are used as outgroups. Numbers
on the branches are posterior probabilities from BI, followed by bootstrap supports from neighbor-joining and maximum-parsimony analyses.
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Fig. 5 Phylogenetic tree of SEP homologues based on Bayesian inference (BI) analysis. DALT and GGM11 are used as outgroups. Numbers on
the branches are posterior probabilities from BI, followed by bootstrap supports from neighbor-joining and maximum-parsimony analyses.
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Fig. 6 Reverse transcriptase PCR of floral organ identity gene homologues and LFY homologue, showing expression in different organs; both
30- and 35-cycle reactions are shown. The portion marked “Ca” (carpels) contains floral parts without stamens and pedicels; i.e., it contains the
scalelike structure, presumably as reduced perianth. The TraActin gene is used for internal control. Le = leaves; Br = bracts; Pe = pedicels;

St = stamens; Ca = “carpels”; Fr = fruits; hyphen = negative control.

i.e., in TraFUL2, TraPI12, TraAG1, and TraMADS4 (table 2).
We did not perform a third 30-cycle reaction because of the
limited plant material at hand. However, the four genes all
show moderate expression in 35-cycle RT-PCR, which was
repeated at least four times. Further confirmation is necessary
in the future.

In addition to the internal control (TraActin), TraFUL1 and
TraAG1 are the only genes expressed in all organs of flowers,
bracts, fruits, and leaves, whereas expression of the other
genes is mostly restricted to floral parts (table 2). TraFUL2
and TraPI2 have similar expression patterns, expressed in
bracts, pedicels, stamens, “carpels,” and, weakly, fruits but
absent from leaves. TraPI1 is expressed mostly in pedicels,
stamens, and “carpels” and is absent from other parts. In
comparison, TraAP3 expression is restricted to stamens but
occurs weakly in other floral parts in 35-cycle reactions.
TraAG1 is ubiquitously present, but the expression is stron-
ger in “carpels” and fruits. TraAG2 is expressed in pedi-
cels, stamens (low level), “carpels,” and fruits. TraMADSI1,
TraMADS2, and TraMADS4 all have patterns similar to
that of TraAG2, except that TraMADS2 and TraMADS4
have weaker expression in pedicels. TraMADS3 is weakly ex-

pressed in stamens and “carpels” and is barely detectable in
pedicels and fruits.

The results of RT-PCR show quite different patterns when
the reaction was prolonged to 35 cycles of PCR. Almost all
of the identified MADS-box genes showed strong signals in
floral parts, bracts, and fruits (fig. 6; also table 2). TraFULI1,
TraAG1, TraAG2, TraMADS1, and TraMADS2 all show ex-
pression in leaves for 35-cycle RT-PCR.

We also examined the expression of the LFY homologue in
Trochodendron, TralLFY, which is restricted to stamens (fig. 6)
and has signals in pedicels, “carpels,” and fruits under 35-cycle
reaction. No signal of TraLFY was detected in leaves or bracts.

Morphological Observations

The inflorescence of Trochodendron develops at the shoot
apex (fig. 1), and the flowering buds are very similar to the
vegetative buds in outer appearance. The inflorescence is em-
bedded in a series of bracts (fig. 1A). They are greenish when
young, turn yellowish to white when mature, and drop be-
fore the maturation of flowers. These bracts enclose a series
of thinner and slightly transparent bracts, which are the
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Table 2

Summary of Expression Patterns of A-, B-, C-, and E-Class Homologues Identified from
Trochodendron Based on 30-Cycle Reverse Transcriptase PCR

Leaves Bracts Pedicels Stamens Carpels Fruits

TraFULI1 + +* ++ ++ ++ ++
TraFUL2 - +/-* +++ + 4+ +++ +°
TraPI1 - = +H+++H+++ +4+ +H+ + +H+ + + P
TraPI2 - ++/-* ++ ++ ++ +
TraAP3 — -2 _b 4+ _a 42
TraAG1 + =1 ++ +° +++ +++
TraAG2 - -2 ++ 42 4t 4+
TraMADS1 +4/-? -2 ++ + 4+ + + 4+ 4+t
TraMADS2 = +° +° ++ 4= ++
TraMADS3 — —b +2 +2 42 4
TraMADS4 HA=° H4=" +1-"1-" +++ ++ A

Note. Expression levels are indicated as follows: minus sign = undetectable; plus sign = barely detectable; two plusses =

intermediate in terms of detection; three plusses = strongly expressed, similar to TraActin expression. Multiple symbols sepa-
rated by slashes indicate inconsistent results from repeated reactions.

2 Signals with intermediate strength in 35-cycle reactions.
b Signals weakly in 35-cycle reactions.

subtending bracts of the flowers, here named floral bracts or
pherophylls (PE in fig. 1).

The terminal flower has some large scalelike structures,
which are metaxyphylls (fig. 7A). A pair of prophylls can be
seen at the base of each flower (PR; fig. 1B; fig. 7B-7I). Some-
times they are elongated to up to twice of the length of a
flower (in protogynous flowers; fig. 7D), but usually they be-
come shorter toward the distal part of the inflorescence. The
prophylls are more distinct in the protogynous flowers than in
the protandrous flowers. There are a few scales near the bases
of stamens, but the number of scales varies between protan-
drous and protogynous flowers and among the flowers at dif-
ferent positions within the inflorescence. They are less distinct
in the protandrous flowers than in the protogynous flowers
(fig. 7F=7I vs. fig. 7B=7E). In the basalmost flowers of proto-
gynous individuals, there are eight or more scales (asterisks in
fig. 7E), whereas the scales are almost invisible in the upper
lateral flowers of protandrous individuals (asterisks in fig. 7I).

The epidermal cell morphology shows quite interesting
patterns (fig. 8). The adaxial epidermal cells on bracts and
flower pherophylls are flat at both young and mature stages,
and the cells are more regularly arranged compared to the
epidermal cells in leaves (fig. 8 A-8D). The abaxial epidermal
cells are papillate in bracts and flower pherophylls (insets in
fig. 8B-8D). The papillate morphology becomes more dis-
tinct when organs achieve maturity, sometimes showing stria-
tion or ridges on the surface of epidermal cells. There are no
stomata on either side of the pherophyll surface.

Different types of cuticle modification on epidermal cells
are seen among floral organs (fig. 8E-8L). The epidermal
cells of prophylls are conical when young (fig. 8E), and the
surface striations become more distinct toward maturity (fig.
8F). Such irregularly cuticular sculpturing can also be seen
all over the epidermal cells on the receptacle area and scales
(not shown). Stomata are commonly observed on prophylls
and receptacles (fig. 8E, 8F). In filaments and pedicels, the
cuticle is sculptured, with striation parallel to the axis of fila-
ments and pedicels (fig. 8G, 8L). The epidermal cells of an-

thers (fig. 8H) and gynoecium (fig. 8I-8K) are also conical
with cuticular sculpturing but are more irregular than those
of the receptacle.

Discussion

MADS-box Homologues

We obtained two A-class, three B-class, two C-class, and
four E-class homologues from Trochodendron aralioides, in-
cluding one published in a recent paper (Kramer et al. 2006).
The results of phylogenetic analyses show that these floral or-
gan identity genes group with the respective classes of the
MADS-box genes from other angiosperms. In addition, the
C-terminal region of each floral organ identity gene from T.
aralioides contains conserved signature motifs corresponding
to A-, B-, C-, and E-class genes (Vandenbussche et al. 2003),
suggesting that they might maintain similar functions as in
other plants.

A major duplication event for floral ABC-class genes at the
base of the core eudicot lineages has been suggested by recent
studies (Kramer et al. 1998, 2004; Litt and Irish 2003). Such
duplication has been shown to occur after the branching of
Trochodendron, based on AP3 gene phylogeny (Kramer et al.
2006). The duplication was immediately followed by a frame-
shift mutation that occurred in one of the copies that gave rise
to the euAP3 lineage (Kramer et al. 2006). This study demon-
strates that this scenario is also supported by A- and C-class
gene phylogenies, and all Trochodendron homologues show
preduplication forms of floral identity genes, i.e., typical paleo-
types of motifs of these gene products (semsu Irish 2003;
Vandenbussche et al. 2003) (fig. 9). In contrast, there are two
TraFUL and two TraAG homologues identified from T. arali-
oides, and they form sister groups in some of the respective
phylogenies. This could reflect an ancient duplication of a par-
tial or whole chromosome within the Trochodendron lineage.
Indeed, T. aralioides has been suggested as a tetraploid of n=19
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Fig. 7 Morphology of flowers, showing bracts and putative perianth of Trochodendron. A, Terminal flower viewed from below; numerous
bractlike metaxyphylls are seen. B-E, Protogynous flowers from an inflorescence bud. B, Abaxial view of a lateral flower from upper portion of
the inflorescence (bar = 500 um). C, Close-up of B, showing a large prophyll (PR) in the middle (bar = 100 wm). D, Abaxial view of a lateral
flower from basalmost part of the inflorescence, showing two large prophylls (PR) (bar = 1 mm). E, Enlargement of D, showing distinct scales
(asterisks) between stamens and prophylls (bar = 100 wm). F-I, Protandrous flowers from an inflorescence bud. F, Abaxial view of a lateral flower
from upper portion of the inflorescence, showing two prophylls at the base (bar = 500 wm). G, Enlargement of F, showing a large prophyll
(bar = 100 wm). H, Abaxial view of a lateral flower from lower part of the inflorescence (bar = 500 um). I, Enlargement of H, showing small
residues of scales (asterisks) between stamens and prophylls (PR) (bar = 100 um).

(Soltis and Soltis 2000), supporting this ancient polyploidization
scenario. However, it remains unclear whether the duplica-
tion was due to only one whole-genome duplication event or
to multiple gene duplication events (Irish 2006; Kramer and
Zimmer 2006). Moreover, the B-class gene phylogeny shows
alternative positions of the two identified TraPI copies, either
as sister groups or in different clades on the branch leading
to the core eudicots. One of the copies, TraPI1, even grouped
with Houttuynia cordata (Saururaceae) sequences (HtcPI1
and HtcPI2) with low posterior probability in BI phylogeny

(fig. 3). The latter case suggests an even earlier duplication in
basal angiosperms, well before the origin of Trochodendron.
The peculiar positions of HtcPI1 and HtcPI2 are further con-
firmed by additional sequences from Houttuynia cordata us-
ing HcPI1 (AB089155) and HcPI2 (AB089156), both by Ito
et al. (obtained directly from GenBank). Nevertheless, these
duplicated homologues may have evolved different functions,
because there are minor differences of RT-PCR expression
patterns between TraPI1 and TraPI2 (fig. 6). Southern blot
analysis probed by TraAP3 revealed that there might be more



Fig. 8 Epidermal cells of leaves and floral parts of Trochodendron. A, Abaxial side of a leaf (bar = 20 um). B, Adaxial (bar = 50 um) and
abaxial (inset; bar = 20 wm) epidermal cells of inflorescence bracts at young stage. C, Adaxial (bar = 20 wm) and abaxial (inset; bar = 10 um)
epidermal cells of inflorescence bracts at mature stage. D, Adaxial (bar = 20 um) and abaxial (inset; bar = 10 um) epidermal cells of flower-
subtending pherophylls at mature stage. E, Epidermal cells of a prophyll from a young protogynous flower (bar = 20 um). F, Epidermal cells of a
prophyll from a mature protogynous flower, showing irregular striation (bar =20 um). G, Portion of a filament, showing parallel striation
(bar =20 pum). H, Surface of an anther (bar =20 um). I, Cells of a stigma (bar =20 um). ], Surface of a style, showing irregular cuticular
sculpturing (bar = 20 um). K, Surface of an ovary, also showing irregular sculpturing (bar = 20 um). L, Surface of a pedicel, showing parallel
striation (bar = 20 um).
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TM6 (Petunia) YAFRLQTLH- - - -PNLQ- - - -NGGGEGSRDLRLA
euAP3 AP3 (Arabidopsis YALRFHQNHHHYYPNHGLHAPSA
DEF {Antirrhinum IALRLPTNHH- - - PTLH- - SGGGSDLTTFALLE
C-lineage
AG TraAG1 (Trochodendron FDSRNFLQVNLMEP-NHHYT- - -RQEQTALQLG]
TraAG2 (Trochodendron FDSRNFLQVNLMEP -NHHYS - - -RQEQTALQLG|
AG (Arabidopsis) FDSRNYFQVAALQPNNHHYSSAGRODQTALQLY
FBP6 (Petunia) YDARNFLPVNLLEP-NPHYS - - - RQDQTALQLV]
CsAG1 (Chloranthus) FDGRNFLPVNLLGS - NHHQFS - -HODQTALQLG

E-lineage
LOFSEP  TraMADS3 (Trochodendron) VGPDQITV- - ARPGONVNGF I PGWML
EP1 (Arabidopsis) VCSEQITATTQAQAQPGNGY I PGWML

VWMADS?2 (Vitis) NPAGSSQLSAPSNAQNVNGF I PGWML{

SEP3 TraMADS 1 gTrochodendrong -QPD------- APEPSVSNYMPGWLA

TraMADS?2 (Trochodendron) -QPDQIAV--MAPGPSVNNYMPGWLA|
TraMADS4 (Trochodendron) -QHDQTAG- -MAPGPSGNNYMAGWLA|
SEP3 (Arabidopsis) -QGQEO-DG- -MGAGPSVNNYMLGWLBYDTNS T
PhSEP3 (Petunia) -QNDPITV- - GGAGPSVNNYMAGWLE|

Fig. 9 Representative predicted amino acid sequences of ABCE
genes from Trochodendron and selected taxa. Only the C terminus is
shown. Conserved motifs are boxed, as defined by previous studies for
the FUL/SEP motif (Litt and Irish 2003), the PI and TMé6/paleo-AP3
motifs (Kramer et al. 1998), and the AG motif II (Kramer et al. 2004).

than five copies in the Trochodendron genome (J.-M. Hu, un-
published data), further complicating the situation.

The ABCDE model was derived from studies in two model
systems, Arabidopsis and Antirrhinum (Coen and Meyerowitz
1991; Theissen and Saedler 2001). If the ABCDE model were
to apply to Trochodendron, the lack of a perianth in Trocho-
dendron might be due to the null function of A-class homo-
logues. Unfortunately, evidence of true A-class function has
never been demonstrated except in Arabidopsis (AP1 and
AP2) and Antirrhinum (LIP1 and LIP2) (Keck et al. 2003;
Ferrario et al. 2004). In other model plants, such as rice and
Petunia, A function was not found for AP1/FUL homologues
(Ferrario et al. 2004), thus limiting inference of A function in
homologues from nonmodel organisms like Trochodendron.
For this reason, even though we have successfully obtained
the AP1 homologues TraFUL1 and TraFUL2 from Trochoden-
dron, we do not infer A function for them. Another A-function
candidate, AP2, was not included in this study but could be
crucial in the future research. In contrast, B and C functions are
more conserved among B- and C-class gene homologues in
angiosperms (Kramer and Irish 2000; Ferrario et al. 2004), so
we expect at least some copies of TraPI, TraAP3, and TraAG
to carry out B and C functions, respectively. The RT-PCR re-
sults show that TraAP3 followed expected expression patterns,
whereas TraAG1 and TraAG2 have extended expression from
expected regions (stamens and carpels). Nonetheless, since ge-
netic experiments are very difficult to conduct in woody peren-
nials, evidence for functions of the identified ABCE genes in
Trochodendron will rely indirectly on complementation or over-

expression experiments in an Arabidopsis mutant background
in the future.

Similar to the B-class gene evolution (Kramer et al. 2006),
it has been proposed that a major duplication event occurred
near the base of the core eudicots for the API lineage and
gave rise to the euAP1 and euFUL lineages in the core eudi-
cots (Litt and Irish 2003). Although ex#AP1 is consistently ex-
pressed in sepals and petals (Irish 2003), expression of euFUL
homologues is usually restricted to carpels and bracts (Mandel
and Yanofsky 1995; Gu et al. 1998; Miiller et al. 2001).
TraFULT1 is expressed in all floral organs as well as in leaves,
similar to the patterns of the FUL-like homologues from the
basal angiosperms Eupomatia and Magnolia (Kim et al.
2005a, 2005b). TraFUL?2 is expressed in bracts, pedicels, sta-
mens, and carpels. This indicates that restricting expression
of AP1/FUL homologues to the outer two whorls of floral or-
gans occurs only in the core eudicot lineage (Kim et al.
20050b).

TraAP3 is the only gene that has restricted expression in sta-
mens, mostly consistent with the prediction from the ABCDE
model. In contrast, TraPI1 and TraPI2 have expression ex-
tended to pedicels and carpels or bracts (TraPI2). All three
genes show expression in 35-cycle RT-PCR among floral parts,
suggesting that they might play a common role in these organs.
According to previous studies, B-class genes of core eudicots
are stably expressed in petals and stamens, but the B-class
genes of basal eudicots and basal angiosperms sometimes do
not follow this rule (Zahn et al. 20055). For instance, AP3 and
PI homologues from Ranunculaceae are expressed throughout
the petaloid perianth and the stamens, but some homologues
are also expressed in carpels (Kramer et al. 2003). In Eupoma-
tia, a member of the Eupomatiaceae (Magnoliales), the AP3
homologues are also weakly expressed in the calyptras and
leaves, while in Magnolia, the AP3 homologue is expressed in
spathaceous bracts (Kim et al. 200556). The actual role of B-class
homologues expressed outside of petals and stamens requires
further study. In addition, it would be best to examine the
protein expression patterns, because it is known that RNA
expression patterns do not always correlate with protein ex-
pressions (e.g., Tzeng and Yang 2001). On the other hand,
the role of B-class genes in upregulating genes for specifying
conical and/or papillate cell formation might be the reason
B-class homologues are expressed throughout all floral organs
and bracts in Trochodendron. This is discussed in “Perianth
in Trochodendron.”

The AG-like homologues are usually expressed exclusively in
stamens and carpels and play a specific role for C function (De
Bodt et al. 2003; Irish 2003). However, the RT-PCR results
showed that TraAG1 and TraAG2 from Trochodendron were
also expressed in pedicels and that TraAG1 is expressed in
bracts and leaves. Based on the results, TraAG1 and TraAG2
may have redundant functions, but the purpose for the pres-
ence of TraAG1 transcripts in leaves and bracts is unknown.

Based on the reconstructed phylogeny of E-class genes in
this study, TraMADS1, 2, and 4 belong to the SEP3 clade
(Malcomber and Kellogg 2005) or the AGL9 clade (Zahn
et al. 20054a). All three copies have similar expression pat-
terns, which differ minorly in leaves, bracts, and pedicels.
TraMADS3 belongs to the LOFSEP clade (Malcomber and
Kellogg 2005) (or the AGL2/3/4 clade; Zahn et al. 20054)
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and is expressed mostly in stamens and carpels, which is con-
sistent with homologues in other species. We found products
of two different sizes on some RT-PCRs for TraMADS4.
Both products were sequenced, but the coding sequences of
the two products are identical; they differ only in the 3’
UTR. Our results are consistent with the general finding of
E-class homologues that are usually present in multiple cop-
ies in flowering plants and may have redundant or very di-
verse functions, as described in recent reviews (Malcomber
and Kellogg 2005; Zahn et al. 2005a).

We detected many gene expressed in the “carpel” and fruit
portions of the RNA preps. The “carpel” portion, indeed,
not only contains carpels but also includes prophylls and the
scalelike structure, the putative reduced perianth. Therefore,
the expression of B-class genes (TraPI1 and TraPI2) in the
“carpel” is not unexpected. Since those parts are not separa-
ble for RT-PCR, the exact expression pattern will require fur-
ther work of in situ hybridization.

The expression of TraLFY is present only in stamens and is
weak in carpels, which is reasonable because LFY has been
shown to be the upstream gene of B- and C-class genes in
Arabidopsis (Busch et al. 1999; Lamb et al. 2002). RT-PCR
showed that TraLFY might be weakly expressed in pedicels
but that the peculiar expression pattern is not uncommon.
Expression patterns of LFY homologues are quite diverse in
flowering plants. The expression of the LFY orthologues
FLO of Antirrhinum majus and HbLFY of the rubber tree
(Hevea brasiliensis) are confined to floral primordia and are
usually not present in vegetative tissues (Coen et al. 1990;
Dornelas and Rodriguez 2005). In comparison, the ortholo-
gous gene NFL of Nicotiana is expressed constitutively in
both leaf and floral primordia (Kelly et al. 1995), whereas
EcFLO of the California poppy (Eschscholzia californica) is
expressed exclusively in the shoot apical meristem (Busch
and Gleissberg 2003).

Taken together, our findings demonstrate that the genes
corresponding to the floral organ identity genes are retained
in Trochodendron despite its reduced floral morphology. The
expression patterns of the identified genes are limited com-
parable to the model organisms. The duplicated paralogous

Normal TraAP3

exon 6

genes in T. aralioides are likely functionally divergent be-
cause they all have different expression patterns. Further
functional studies would help to elucidate the roles they play
in Trochodendron.

Frameshift Mutation of TraAP3

During the screening of TraAP3, a shortened transcript
was found that showed a premature stop codon on exon 7 in
five of the 15 clones screened. After careful examination of
the clones from genomic sequences, it was found that the
two transcripts are formed by a slippage splicing at the exon
6 and 7 junction (fig. 10). There are two AG dinucleotide se-
quences at the end of the intron 6 and the beginning of exon
7 that might have caused the confusion in RNA splicing. In a
normal transcription, the first AG is recognized, but alterna-
tively, the second AG is recognized and causes the transcript
to be four nucleotides short at the junction, consequently
resulting in a premature stop codon in the downstream se-
quence. The misspliced product was found in five indepen-
dent clones and lacks the majority of the C terminus in the
deduced amino acid sequences, but the significance of this
product is unknown.

Perianth in Trochodendron

The residual scales found at the base of the stamens are dis-
tinct from the two prophylls in terms of shape and location,
especially in the protogynous Trochodendron flowers. This is
congruent with the previous observation that there is a lag in
the development (plastochron) between the formation of the
two prophylls and of the residual phyllotaxis (Endress 1986).
The number of scales are higher on the lower lateral flowers
than on the upper lateral flowers, similar to the observation by
Endress (1986). In addition, we found more scales between
prophylls and stamens in protogynous flowers (more than five)
than in protandrous flowers (usually zero to two). The size
and shape of the scales can be variable, from as large as the
smaller prophylls to as small as a small, bumplike scale. The
morphology of the residual scales on the receptacles of pro-
togynous flowers is quite stable among individual flowers,

CTCCTAAATGAATTTGAAGCGAGAGATG
L L N E

T~

F E A R D

exon 7

Genomic DNA CTCCTAAATGAATTTGTAAGCATG. ... ... ATTAAGGAAGCGAGAGATG

Alternative spliced
TraAP3

CTCCTAAATGAATTTCGAGAGATG
L L N E

F R E M

Fig. 10 Alternative splicing in TraAP3 transcripts found in the cDNA screening. Partial genomic sequences of exons 6 and 7 and the intron
between them are shown in the middle. The normal TraAP3 transcript (top) is spliced using the first underlined AG. The alternative TraAP3
transcript (bottom) is spliced using the second underlined AG, which causes a premature stop codon in the downstream sequence.
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although the number of scales is usually variable. In contrast,
the scales are usually fewer than five in protandrous flowers.
Therefore, there might be a correlation between the presence
of residual scales and the protogynous flower type.

In general, the conical or papillate epidermal cells are often
restricted to petals and stigma in flowering plants, and their
function is likely to trap incident light and scatter emergent
light, consequently making petals brighter or darker (Kay
et al. 1981), or to affect the microenvironment by enhancing
scent or intrafloral temperature (Glover and Martin 2002). A
special cuticular accumulation on the conical cell surface is
commonly present in plants, and it has been suggested that
this striation structure can also enhance light reflection (Kay
et al. 1981). It has been demonstrated in Antirrhinum that
the MIXTA protein, which belongs to the MYB transcription
family, directly controls the formation of the conical epider-
mal cells on the inner surface of the petal (Glover and Martin
1998; Martin et al. 2002). AmMYBMLI1 (Antirrbinum majus
MYB MIXTA LIKE1), another MYB transcription family
gene, has been shown to be involved in conical cell formation
in the hinge region (Perez-Rodriguez et al. 2005). Further-
more, MIXTA and AmMYBML1 promoters have been sug-
gested as being under the direct control of B-class genes
(Perez-Rodriguez et al. 2005). We found the conical and/or
papillate cell type to be present in all floral organs as well as
in bracts of Trochodendron; this might explain why B-class
homologues of Trochodendron (TraPI1 and TraPI2) have ex-
tended expression in carpels and bracts/pherophylls.

This hypothesis is questionable because TraAP3 expression
is absent from organs outside stamens. B-class gene products
usually form heterodimers for proper function in eudicots
(Winter et al. 2002; Kaufmann et al. 2005). The absence of
TraAP3 from other floral organs will limit this inference, un-
less TraPIs can form homodimers for proper function. How-
ever, this is not impossible, because homodimerization of PI
homologues have been demonstrated in lily and Gnetum (Win-
ter et al. 2002). The exact time for the occurrence of obligate
heterodimerization of B-class proteins in angiosperms is still un-
clear, but it has been demonstrated that in basal eudicot Akebia
trifoliata, AP3 and PI homologues do not form homodimers
(Shan et al. 2006). Another possibility is that there is an un-
characterized AP3 homologue in Trochodendron that contrib-
utes to specifying other parts of floral organs. This is plausible
since there appeared to be more copies in the genome based on
Southern blot data (J.-M. Hu, unpublished data). It would be
helpful to determine the protein-protein interaction profiles in
Trochodendron, as well as in other basal eudicots.

In addition, the papillate cell type on bracts is distinct
from that on the floral organs. The papillate cells on the
bracts form at an early stage, without cuticular accumula-
tion. In contrast, the conical cells of other floral organs form
only at a mature stage, with varying degrees of cuticular de-

position. One explanation is that the genetic control of the
papillate cells of bracts is different from that of the conical
epidermal cells of floral organs.

The absence of a distinct perianth in Trochodendron asso-
ciated with abundant pollens in sedimentary fossils has led to
interpretations that the plant is wind pollinated. However, it
has been reported that several kinds of insects are attracted
to the flowers and serve as pollinators (Endress 1986; Chaw
1992). Furthermore, the nectary on the abaxial side of the
gynoecium is thought to attract pollinators (Endress 1986),
and it is clearly the reward for some flower visitors of T. arali-
oides, such as Ctenacroscelis sp. (J.-M. Hu, personal obser-
vation). It is possible that Trochodendron uses the whole
flower and inflorescence as an attracting agent by distributing
conical and papillate cells on all floral organ surfaces instead
of using a distinct perianth. Such a strategy might be a com-
pensation for lacking showy petals. The approach of using a
whole inflorescence as an attracting unit can be found in
many other plants, such as Medinilla (Melastomataceae) and
Chione (Rubiaceae) (Taylor 2002), that show colorful sepals
and pedicels. However, this cannot explain the function of
papillate cells on the bracts of Trochodendron. The papillate
cells appear in all bracts, but the inflorescence bracts usually
drop before anthesis and thus cannot serve as attractants for
pollinators. Papillate epidermis without clear function is also
found in several species, e.g., on the adaxial side of a mature
leaf and anther surface of Pentadiplandra braszeana (Pentadi-
plandraceae) (Ronse de Craene 2002) and the anther filament
of Trichocline (Asteraceae). In contrast, papillate cells can be
secretory, as demonstrated in Acoraceae (Buzgo and Endress
2000) and Cyrilla racemiflora (Cyrillaceae) (Dute et al. 2004).
Further examinations are required into the significance of the
papillate epidermis in Trochodendron.

In conclusion, the floral homeotic gene phylogenies all
showed that Trochodendron is very close to the base of core
eudicots and that the sequences are paleotypes from before the
major duplications of ABC-class genes. The results thus sup-
port the interpretation that the perianth of Trochodendron was
secondarily lost rather than primitive. The data also suggest
that some aspects of petal identity, e.g., papillate cells, have
been retained and might be important for pollinator attraction.
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