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1. Abstract

N B F 5
2 EE 4L (Mussaenda pubescens) 7 8 BB T F ROHEMZ — > FTURA
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B &R F o LRTHYFF R & R BT R EBEE A R & HMupDEF AMupGLOA R Z4FA >
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% K% R 89cDNA library » 3£ AE B K5 R F & 344 % B B2 A B MupDEF A MupTM6
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15T —MEBEEA R 6 7T 42 T 5 A B MPF2 4 £ £ 3 230 ¥ 69 F R B MupMPF2 - MPF2
FE B B (Physalis) THGE B AR KIE S H M o ROVRAIMupMPF24 £ ¥ £ 6 09 &-3F
REMERR SRBTIARNBRETEELIEAMWAILLERA  WRANZART

REB A RICZ AR - Ao A oG RE T EERELEPTH
HFEWBEHARGI K BREENAELT LA IELINERILLELRR > 1B
R

Bsg C 2HELK LB EARAILAR EEGE REZMFR » MPF2

2. English abstract

Mussaenda pubescens is a plant with enlarged and petaloid calyx, named calycophylls,
which are phenotypically similar to true petals in having bright color and papilliate epidermal
cells. We proposed the petaloid structure were formed by the ectopic expression of genes that

specifying petal organ identity, but our preliminary data suggested that there might be



unknown factors involved other than floral ABE genes. In our previous studies, the result
reveals the interactions between the two B-class proteins, MupGLO and MupDEF, and
MupTM6 did not interact with other B-class proteins, even though it is generally thought
TM6 and DEF homologues are redundant copies. In this year, we constructed a cDNA library
of flower buds and enlarged sepals, and screened with the MupDEF and MupTM6, two B-
class genes expressed in petaloid sepal. Unfortunately, no positive transformant was selected
in our screening. We also cloned a putative target of B-class genes, MPF2, which is
responsible for the enlarged calyx in Physalis, from M. pubescens. We named this gene
MupMPF?2. The expression pattern based on RT-PCR showed it is expressed in many tissues,
including the enlarged sepals. This suggests that it may play a role in the petaloid structure.
We also test the copy numbers of these five floral ABE genes with southern blot. The result
shows there may be two copies of MupGLO and MupDEF in the genome, and the functions

of the possible redundant copies remain obscured.

Keywords: Mussaenda pubescens, floral organ identity genes, protein-protein interactions,

MPF2

II. Introduction

In most flowering plants, petals are generally used as an attractant agent for luring
pollinators. However, there are many examples that use non-petal organs to mimic showy
petals, and thus called "petaloid structures". These petaloid structures are usually found in
sepals and bracts, from diverse taxa in angiosperms (Albert et al., 1998). For example, some
of the dogwoods (Cornus) have showy bracts that serve as attractants to pollinators just like
normal petals do. Similar situations also can be found in the calyx of some Hydrangea species
(Hydrangeaceae), whereas the calyx is expanded and become petal-like in the peripheral
flowers. In the flowers of Mussaenda species (Rubiaceae), there are one to several sepals in a
flower expands during maturation and the enlarged sepal(s) will turn white or red like a
showy petal. This special structure is called a calycophyll in Rubiaceae (Claben-Blockhoff,
1996). The calycophylls have vivid white or red color, loose mesophylls, and papilliate

epidermis, which are all typical features of a true petal. The formation of enlarged sepals is



not restricted to Mussaenda and has been named 'inflated-calyx syndrome (ICS)', which is
also found in Anisodus, Physalis, Withania of Solanaceae (He et al. 2004) and Hydrangea of
Hydrangeaceae.

In order to elucidate the possible genetic mechanism for the formation of petaloid
structures, we selected Mussaenda pubescens as our working system. M. pubescens has an
enlarged and petaloid calycophylls on the peripheral flowers of a inflorescence. Based on the
current floral genetic model, petals are determined by combination of three classes of genes,
A (e.g. API and AP2), B (e.g. PI and AP3), and E (SEPs). In Arabidopsis studies,
overexpression a combination of AP1, AP3, PI, and SEP showed an interesting phenotype
that converts all its leaves into petals (Honma and Goto, 2001). Theses results suggest that,
petaloid structures could be regulated by ectopic expression of petal identity genes, as
proposed by several authors (Bowman, 1997; Albert et al., 1998; Baum, 1998; Baum and
Whitlock, 1999). The project's rationale is to apply this model to the petaloidy regulation in
M. pubescens.

Floral development has been best studied in two model systems, Arabidopsis and
Antirrhinum. Genetic studies of these two systems have shown that flower organ identities
are determined by a combination of three classes of genes (A, B, and C), and has been
described as the "classic ABC model" (Coen and Meyerowitz, 1991). Recently, several other
genes are found to be involved in floral organ formation, and the model is further elaborated as
"ABCDE model" that incorporates SEEDSTICK (STK) and SEPALLATA (SEP) genes in the
case of Arabidopsis (Pelaz et al., 2000; Theiben, 2001). In these model, the organ identity of
first whorl is controlled by A class gene, the second whorl is controlled by A+B+E class
genes, the third whorl is controlled by B+C+E class genes, and the forth whorl is controlled
by C+E class genes. D class genes refer to genes responsible to ovule development. In
angiosperms, the A class genes are represented by homologues of the Arabidopsis thaliana
APETALAI (API) and APETALA2 (AP2) genes, whereas the B class genes are represented by
homologues of the 4. thaliana APETALA3 (AP3) and PISTILLATA (PI) genes; and the C class
genes are represented by homologues of the 4. thaliana AGAMOUS (AG). E class genes are
represented by homologues of the A. thaliana SEPALLATA genes. Based on current studies,

many other angiosperms may also share similar developmental program since these genes are



very conserved among flowering plants (Bowman, 1997; Kramer et al., 1998; Ma and
dePamphilis, 2000), although some exceptions can be found in basal angiosperm and lower
eudicots (Kramer and Irish, 1999, 2000). For example, the expression patterns of B class
genes are variable in time and regions in the Ranunculiales species (Kramer et al. 1998, 2003).

A “floral quartet” model has been proposed to explain the protein-protein interactions
in regards to floral organ development (Theissen and Saedler, 2001). The model states that
there are four components of protein complex involved in determining floral organ identity
based on known protein-protein interaction patterns (Theissen, 2001). Based on this model,
petal identity is determined by a tetramer protein complex consists of AP3, PI, AP1, and
SEP. It is therefore any mutations in these genes will cause abnormality in petals, and ectopic
expression will lead to formation of petaloid structures. Although the validity of this model is
still remain to be test, other studies on protein-protein interaction of floral identity genes
have suggested a complex pattern existed among seed plants. For example, in Arabidopsis and
Antirrhinum, heterodimerization of two B class genes is absolutely required for DNA binding
in vitro (Reichmann et al., 1996; Egea-Cortines et al., 1999). However, it is evident that B
class proteins form homodimers rather than heterodimers in gymnosperms like Gnetum, and
monocots such as Lilium and Oncidium (Winter et al., 2002; Hsu & Yang, 2002). We have
very limited information on the correlation of protein complex formation and the petal
identity in other flowering plants. Most of the data are scarce or with only in vitro assay, and
this field definitely needed to be explored.

In our previous studies, we have successfully identified A, B, and E class genes from
M. pubescens, namely MupSQUA (A class homologue); MupDEF, MupGLO, MupTM6 (all B
class homologues); and MuSEP (E class homologue). The expression patterns based on RT-
PCR results suggest that B and E class genes are expressed in the normal sepals as well as
calycophylls. The only exception is MupGLO, its transcript is not detected in calycophylls
and very weak in normal sepals.

The almost equal levels of B class gene expression in calycophylls and normal sepals
of M. pubescens suggest that there must be some other factors involved in the formation of

calycophylls. In order to identify additional factors involved in calycophyll formation, a



screen for proteins that interact with Mup DEF, MupTM6, and/or MupSEP was carried out.
This is based on the rationale that multimerization is likely present in floral identity gene
products (Theiben, 2001; Lohmann & Weigel, 2002). Yeast two-hybrid screening system was
employed using the previously identified ABE genes as baits, to screen the potential
counterparts from a constructed floral cDNA library, such system has successfully identified

putative interacting proteins in rice (Lim et al., 2000; Masiero et al., 2002).

I1I. Materials and methods
1. Sample collections and RNA isolation

Plant materials of Mussaenda pubescens have been collected from the populations at
Shu-Mei-Pin (Taipei Co.) and Kenting (Pingtung Co.). Total RNAs were isolated from
different organs of Mussaenda pubescens by Pine Tree method (Chang et al. 1993). mRNA
was isolated by PolyAtract mRNA isolation systems kit (Promega). cDNA were synthesis
from mRNA by HybriZAP"® -2.1 XR cDNA synthesis Kit (Stratagene).

2. Full-length open reading frame of cDNAs

Since previously identified ABE genes were obtained through 3' RACE (Rapid
Amplification of cDNA Ends, Invitrogen, Life technologies, Carlsbad, CA, USA), specific
primers were designed at K domain region of previously identified ABE genes for 5' RACE
(Rapid Amplification of cDNA Ends, Invitrogen, Life technologies, Carlsbad, CA, USA)
reaction in order to obtain 5' region of the genes. The 5' RACE products were then cloned
into pGEM®-T vector (Promega, Madison, WI, USA), and determined the sequences. New
specific primers at the 5' end of the genes were then designed to amplify full-length cDNAs
in conjugated with 3' specific primers for PCR. The products were then cloned again into

pGEM®-T vector (Promega, Madison, WI, USA), and determined the sequences.

3. Yeast two-hybrid screening
Construction and screening of cDNA library
The cDNAs were constructed into the lambda vector using the HybriZAP 2.1% two-

hybrid system, into pAD-GAL4 and pBD-GAL4 following the manufactory's suggestions



(Stratagene, La Jolla, CA, USA). New primers were designed to include a EcoRI or Sall
overhead at their 5' (Table 1) for amplifying open reading frame of cDNAs. The flower buds
and enlarged sepal cDNAs were constructed in the HybriZAP-2.1 vector with the GAL4
activation domain to generate the primary lambda phage library. After amplification, phage
library was converted to the phagemid (pAD-GAL4-2.1) library by mass excision. Phagemid
DNA were isolated by mini-prep plasmid DNA extraction kit (Viogene). The library DNA
or pAD-MupGLO as the positive control was co-transformed into yeast strain YRG2 with
pBD-MupDEF or pBD-MupTMB6 as the baits. Positive transformants were screened on
synthetic dropout (SD) plates under His", Leu” and Trp™ selective condition. Transformation
efficiency was evaluated with the growth of colonies on SD plates lacking Leu and Trp. Then

filter lift assay to detect 3-galactosidase activity was used to confirm the protein-protein

interactions.

Table 1. Primer design for yeast-2-hybrid constructs

Primer name Sequences (5 3')

MuAP1 Eco ggAATTCATggggAgAggAAAg
MuAP1 Sal ACgCgTCgACgggCTTTATCAggC
MuTM6 Eco ggAATTCATggeTCgTgggAAg
MuTM6_Sal ACgCgTCgACCATgCAATAggATg
MuGLO_Eco ggAATTCATggggAgAggTAAg
MuGLO_Sal ACgCgTCgACgTTCTTgggTAgAgC
MuDEF Eco ggAATTCATggCTCgTgggAAg
MuDEF_Sal ACgCgTCgACgTAAATAAATTTGCTAC
MuSEP Eco ggAATTCATgggAAgAgegTAgg
MuSEP_Sal ACgCgTCgACgTATCATggTAACC

4. Identification of MPF homologues in M. pubescens
(1) RNA isolation and amplification of MPF homolog

Total RN A was extracted by using the Pine tree method (Chang et al., 1993) with some
modifications. For first-strand cDNA synthesis, nearly 1 ng RNA was mixed with reverse
transcriptase (Invirtogen, Life Technologiesm Carsbadm CA, USA) in 20 pl reaction volume

with primer PolyT-R1 (5’-CCGGATCTCTAGACGGCCGCTTT- TTTTTTTTTTTTTT-3"),

followed by polymerase chain reaction (PCR) amplification with degenerate primer- DSVP



(5’-ATGGCRAGRSARAARATTCAGATMAAG- AA-3’) (modified from primer DSVP.1
in Hecht et al., 2005). PCR reactions were performed with T-Gradient thermocycler
(Biometra, Gottingen, UK) using the following program: 95°C for 15min; 95°C for 45 sec,
60°C for 45 sec, 68°C for 45 sec (35 cycles); 68°C for 7 min and stopped at 4°C. The 1000-bp
PCR product obtained was cloned into the pPGEM-T easy vector (Promega, Madison, WI,
USA).

Alignment of the MPF2 amino acid sequences was conducted using the program
ClustalX 1.83 (Thompson, 1997), and then visualized for minor corrections in MacClade
4.08 (Maddison and Maddison, 2000). Neighbor-joining trees were generated by PAUP*
4.0b10 (Swofford, 2002) and SQUA from Antirrhinum majus was used as the outgroup.

(2) Expression of MuMPF?2

In order to examine the expression pattern of MPF2 homologues in M. pubescens,
total RNAs were extracted from leaves, enlarged sepals, small sepals, petals plus stamens,
carpels, and fruits respectively, by the methods described above. The specific primers used to
amplify MPF2 homologues of M. pubescens were MuMPF2-F (5°-
CAGGTGACTTTCTCCAAGAGGAGACG) and MuMPF2-R (5°-
ATTGAAGCAGAGCTGGCTGCAACC). The PCR reaction was 95°C for 15min; 95°C for
45 sec, 65°C for 45 sec, 68°C for 45 sec (35 cycles); 68°C for 7 min and then stopped at 4°C.
In addition, we also amplify the UBQ gene of M. pubescens to serve as a positive control
(Primers: MuUBQ10F-5’GGAGGT GGAGAGTTCGGATA3’ and MuUBQ10R-
5’"CGACAAATAAACACCACCACC3).

5. Southern hybridization

Plant materials of M. pubescens have been collected from the populations at Shu-Mei-
Pin (Taipei Co.) and Kenting (Pingtung Co.). Total DNA was isolated by 2X CTAB method
(Doyle & Doyle, 1987), and digested with BamHI, HindIII and EcoRI. After electrophoresed
on 0.9% agarose gels, DNA was transferred to nylon membranes using the alkaline transfer
method (Sambrook et al, 1989). C-terminal fragments of all five floral ABE genes about
0.4kb were labeled with dig-dUTP by PCR. Hybridization with high stringency wash and

signal detection were followed the protocols suggested by Dig application manual (Roche).



I'V. Results and Discussion
1. Full length ¢cDNA construction

We have obtained full-length cDNA sequences of all five genes (1 A, 3 B, and 1 C
class genes), and have them cloned into pPGEM-T vectors. No new homologues were found
during 5' RACE or full-length cDNA PCR amplification after examining the sequence

alignments.

2. Yeast-2-hybrid for previously identified MADS-box genes

We have obtained full-length cDNA clones of all five genes in either pAD-GAL4 or
pBD-GAL4 vectors and confirmed the sequences were not modified during our preparation
by re-sequencing. All plasmids were transformed separately into yeasts and examined by
filter lift assay. There is no []-galactosidase activities detected in these transformants (data
not shown), which indicates no auto-activation in all of our constructs. Different pairs of
plasmids were then co-transformed into yeasts and grown on selection media using HIS3 as
reporter genes to investigate the interactions. A typical result of yeast-2-hybrid is shown in
Fig. 1. The result of the yeast-two-hybrid experiment is summarized in Table 2.

The result reveals interactions between the two B-class proteins, MupGLO and
MupDEF, and between the A- and E-class proteins, MupAP1 and MupSEP based on the
confirmation of domains (AD vs. BD) swapping. For pairwise comparison, no homodimer
was detected in our studies except for MupSEP. In addition, our data show all proteins
including LaminC, a human protein for negative control, could interact with MupSEP while
it fused to the GAL4 DNA binding domain. This suggests the MupSEP might interact
directly with GAL4 activation domain, therefore, the positive result for the BD-MupSEP
constructs might be an artifact. More detailed experiment is needed for solving this problem.
Another interesting result is that we did not find the interaction between MupTM6 and other
B-class proteins, although TM6 homologue is generally thought to be a partial redundant
copy of DEF homologue. A TM6 homolog, PHTM6, from Petunia hybrida, is shown to
involve in stamen, but not petal formation since it can only complement the phdef mutation in
stamen development but not in petal development (Vandenbussche et al. 2004). This
indicates MupTM6 might be involved in a new function distinct from the ordinary B function.

PHTMG6 has been shown to interact with PHGLO2, but only weakly interact with another



GLO homolog, PHGLOI1 (Vandenbussche et al. 2004). It is possible that MupTM6 needs
additional factors to stabilize its dimerization, a yeast-three-hybridization may help to

elucidate this possibility.

Fig. 1. A representation of the yeast-2-hybrid result, showing the positive interaction of AP1
(fused to BD) and SEP (fused to AD).

Table 2. Protein-protein interactions between ABE genes by Y2H.

) Prey
Bait MupAP1 MupDEF MupGLO  MupTM6 MupSEP  LaminC
MupAP1 x x x x O --
MupDEF x x O x x -
MupGLO x O x x x --
MupTM6 x x x x x -
MupSEP O O O O O O

3. cDNA library construction and screening

To identify the unknown factors that are responsible for the petaloid structure, we



choose two kinds of plant tissues, flower buds and mature enlarged calyx, to construct the
cDNA library, because the floral organ identity genes has known not only expressed at early
stage but continually expressed to maintain the organ identity. The entire open-reading frame
of two B-class genes was cloned into the yeast vector pBD-GAL4 to produce a protein fusion
with the GAL4 DNA-binding domain as the baits for yeast two-hybrid screening. In last year
projects, we have demonstrated this fusion was workable and didn’t affect the interaction
between MupDEF and MupGLO. Based on our previous data, the pairs, MupDEF and
MupGLO, could be a good positive control to confirm the process of the library screening.

A lambda phage library of flower buds and enlarge calyx cDNA was constructed in
the HybriZAP GAL4-activation-domain vector, and subsequently converted to a phagemid
library in the yeast vector pAD-GALA4. For the library screening, the bait, pPBD-MupDEF or
pBD-MupTM6, and the phagemid library fusion plasmids were co-transformed into the yeast
strain YRG2 containing two reporter genes, H1S3 and /acZ. To estimate how many
transformants were screened, part or transformants were plated on SD plate without Trp and
Leu (Fig. 3A). About 1,000 clones have grown on SD plates without His, Trp, and Leu from
~ 40,000 transformants (Fig. 3B). To distinguish between HIS3 leaky expression and
specifically interactions, the expression of the second reporter gene (lacZ) was detected by
the filter lift assay. Unfortunately, no positive transformant was detected after the double

confirming (Fig. 3C) and positive control shown in Fig. 3D.

4. Characterization of MPF homolog
(1) Cloning and identification of MPF homologues in M. pubescens

We successfully cloned MPF2 homologues in M. pubescens (MuMPF2); besides, we
also isolated homologues from the other two subclades of STMADS11 gene family,
STMADS11 and SVP; here we named them MuMPF1 and MuSVP, respectively. Forty clones
were screened for STMADS11-like genes in M. pubescens and seventeen of those clones had
correct insert size and were sequenced. Based on the BLAST analysis, 15 clones are the
members of STMADSI1 superclade. Among them, three copies out of seven clones are
MupMPF?2, seven copies from seven clones are MuSVP and only one clone is MupMPF 1.
The phylogenetic analysis further demonstrates that MupMPF2, MupMPF I and MuSVP fall
into their corresponding subclades within the STMADS 11 superclade (Figure 4).



Fig. 3. A typical results of the yeast-2-hybrid library screening, showing the transformants
grown on the SD plate without Trp and Leu (A), or without Trp, Leu, and His (B). The
selective clones were subsequently detected the activity of B-galactosidase by filter list assay

(C), and transformants of pAD-MupGLO/ pBD-MupDEF were positive control (D).
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Fig. 4. Result of phylogenetic analysis of MPF homologues using NJ criteria, including three
found in this study (marked as red). Numbers above the branches are bootstrap values from

1000 replicates.

(2) Expression pattern of MupMPF2 in M. pubescens

The expression pattern of MuMPF2 was examined by RT-PCR on leaves and
different parts of the flowers. The result showed that MuMPF?2 is expressed in all tissues
except for the fruits (Fig. 5). It has highest expression level in the leaves, mediate for the
sepals, and lowest in the carpel and fruits. This pattern is similar the expression pattern of
MPF?2 in Physalis, which is predominately expressed in leaves. Although MuMPF?2 is also
expressed in the enlarged sepals, whether or not it contributes to the inflated calyx is to be

examined.
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Fig. 5. Expression pattern of MuMPF2 by RT-PCR. L: Leaves; ES: Enlarged sepal; SS:

Small sepal; PS: Petal and stamen; C: Carpel; F: Fruit

5. Southern hybridization analysis for floral ABE genes

In the flowering plants, there are several duplication events of floral organ identity
genes to recruit new developmental plan (Irish, 2003). In M. pubescens the numbers of these
genes should be confirmed, only the single copy of cDNA was found in our previous studies
though. To distinguish these genes in the same MADS-box family, the divergent C-terminal
fragments of these genes were used to be the probe in southern analysis (Fig. 6). The blots
shows only one major band that been found among different restriction enzyme digestion for
MupAPI1, MupDEF, and MupSEP. However, the multiple bands for MupGLO and MupTM6
means there might be more copies in M. pubescens genomes. The roles of these possible
redundant genes should be clarified in future studies.

In our lab previous survey, some populations of M. pubescens in north Taiwan
flowers without the enlarged petaloid calyx. Although the cDNA sequences of these five
petal organ identity genes are completely identical between north and south population, the
patterns of southern blot shows the divergence between the two populations (Fig. 6). The
mechanism of the loss of the petaloid structure in north population is still unknown. More
detail comparisons might help us to understand the formation of the petaloid structure in

Mussaenda species.



AP1 DEF GLO TM6 SEP
N s N s N s N s N s
BEHBEH BEHBEH BEHBEH BEHBEH BEHBEH

Fig. 6. Southern blot analysis for floral A (4P1, referring to MupAPI), B (DEF, GLO, TM6,
referring to MupDEF, MupGLO, MupTM®6), and E (SEP, referring to MupSEP) genes.
Marker sizes are marked at the right of the gel. (N: north population, S: south population, B:
BamHI, E: EcoRl1, and H: HindlIII)
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VI. Self-evaluation

The interactions between the proteins on previously identified floral homeotic genes were
evaluated. We also constructed these genes for the yeast 2 hybrid screening. However, the
screening process has had a lot of troubles. The major problem is mostly from the plausibility
of constructing an authentic cDNA library and many unexpected obstacles during cloning
process. Although we have tried very hard to make the floral cDNA library from fresh
materials, the results still indicate the quality of cDNA might not be as good as expected.

We also encountered problems in seed germination and seedling transplantation. The
quality of seeds we harvested is not consistent. This might be due to environmental factors
possessed to the fruits. This is the main challenge on conducting experiments for wild plants
in the field. It is not like to controlled lab environment, so that the experiment may have

unexpected troubles.



