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ABSTRACT

The Arabidopsis solo dancers (sds) mutant is sterile and defective in pollen
production. Phenotypic characterization indicated that the SDS gene is required for
normal synapsis, bivalent formation, and recombination in meiosis. Sequence analysis
suggested that SDS encodes a putative cyclin. Considering that less information is known
about plant cyclins than animal cyclins, I and collaborators first performed BLAST
searches of available databases to obtain sequences of all cyclin genes in Arabidopis and
in other vascular plants. We then defined ten classes of plant cyclins based on
phylogenetic analyses. Expression analyses also showed that Arabidopsis cyclins exhibit
diverse expression patterns at the tissue level. The results suggest that plants possess a
larger and more complex family of cyclins than animals. To provide further evidence for
SDS as a cyclin gene and characterize different SDS protein domains, I generated six
different SDS truncations and studied them in the budding yeast. It was found that SDS
can rescue a yeast G1 cyclin deficient mutant and can interfere with the mitotic cell cycle
in wild type yeast. Comparative studies of the SDS truncations also suggested that a
portion of the N-terminal region upstream of the cyclin domain is required for SDS
function in the yeast system. Further study of the full-length SDS and an SDS truncation,
SDS201-578, in Arabidopsis showed that the SDS N-terminal region is required for the
full activity of SDS. The meiotic phenotypes in the partially rescued sds meiocytes by
SDS201-578 confirmed the requirement of SDS in synapsis. Sequence alignment of SDS
homologs showed that there are several highly conserved motifs in their N-terminal
regions, suggesting a possible involvement of these motifs in SDS function.
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CHAPTER 1

INTRODUCTION

1.1 Meiosis

Cell division is a basic characteristic of all living organisms. There are two types of
cell division: mitosis and meiosis. Meiosis occurs in the life cycle of all sexually
reproducing eukaryotes and is a unique and essential part of the life cycle. Meiotic cell
division reduces the number of chromosomes in reproductive cells to half, ensuring the
restoration of a normal diploid number of chromosomes after fertilization. Meiosis
consists of two linked divisions that occur after one round of DNA replication and are
logically named meiosis I and meiosis II. While the second division resembles mitosis
and segregates sister chromatids, the first division is unique involving the homolog
paring and recombination and the subsequent reductional segregation of homologs
instead of replicated sister chromatids.
Over the past 15 years, meiosis research has been dramatically accelerated,
especially in genetic and molecular studies of meiosis in budding yeast (Roeder, 1997;
Zickler and Kleckner, 1999), resulting in the isolation of a number of critical genes.
Parallel studies of meiosis in animal and plant model organisms have also contributed
significantly to the overall understanding of meiosis. Much of our understanding of
meiotic events has been obtained from cytological studies in plants and animals with
relatively large chromosomes, including lily, maize, and grasshopper (Hotta et al., 1995;
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Shaw and Moore, 1998). Among different organisms although there are some strikingly
different features of meiosis, there are also many conserved characteristics. Generally, all
meioses involve the following critical events: meiosis initiation, homologs condensation
and pairing, synapsis and synaptonemal complex (SC) formation, recombination,
chromosome cohesion and segregation, tetrad formation, which are followed by gamete
development, which is not part of meiosis (Schwarzacher, 2003).

1.1.1

Why Study Meiosis in Plants

Although meiosis is a highly conserved developmental process and substantial
information on plant meiosis can be obtained through the comparative analysis of other
organisms such as yeast and animals, recent data have shown that plant meiosis is
different in meiotic initiation and the nature of meiotic checkpoints (Bhatt et al., 2001). In
addition to the inherent interest to understand meiosis and its regulation in a plant system,
there are potential practical applications of the knowledge in terms of plant breeding.
Comparative studies of meioses in plants and other eukaryotes will also extend our
knowledge of the fundamentals of meiosis and help our understanding of certain aspects
of evolution.
The non-lethality of some mutations affecting gamete development makes plants a
better model system than animals for the functional studies of some meiotic genes. Some
defective genes are lethal in animals and cannot be maintained, while such defects can
often be maintained in plants. This is because most plants produce both male and female
gametes and usually the production of one type of gamete remains unaffected by the
mutation. For example, although it is known that the breast cancer susceptibility gene
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BRCA2 is required for normal mammal meiosis, especially in meiotic recombination, it is
difficult to study the gene in mammal because of embryonic lethality (Venkitaraman,
2002). It was recently reported that two BRCA2-like genes in Arabidopsis play key roles
in meiosis (Siaud et al., 2004). It is believed that research in Arabidopsis will provide
considerable insights into the function of the BRCA2 gene in mammals and the treatment
of cancer caused by BRCA2 loss (Gudmundsdottir and Ashworth, 2004). Another reason
that makes plants a better system to study some meiotic genes is that some plants have
asexual reproduction, ensuring the maintenance of some defective genes.

1.1.2

Arabidopsis: a Model Plant for the Study of Meiosis

In the plant kingdom, Arabidopsis has been a model system for studying gene
function, including, in recent years, the functions of meiotic genes (Jones et al., 2003).
The attractive features of this model plant for molecular and genetic studies include a
short generation time, small plant size, transformability, small genome, and complete
genomic sequence information (Arabidopsis Genome Initiative, 2000). Recently
improved cytogenetic and immunocytological methods have also raised more widespread
interest in exploiting Arabidopsis as a model species (Caryl et al., 2003). Also, the
availability of a large collection of genetic and molecular resources such as T-DNA and
transposon tagged lines makes Arabidopsis a very convenient and powerful model
system.
In terms of meiosis, the plant feature of Arabidopsis enables the non-seasonal
availability of meiotic cells for analysis. The abundance of male meiocytes in the anthers
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and their relatively long prophase have made detailed chromosomal behavior analysis
possible (Bhatt et al., 2001). In addition, Arabidopsis flower development has been
analyzed in detail and has been divided into 12 stages on the basis of the morphometric
traits of flowers buds and their component parts (Smyth et al., 1990). These defined
stages have been linked with morphometric data, developmental landmarks, and meiotic
stages to facilitate the rapid and efficient preparation of meiotic cells for study
(Armstrong et al., 2001; Armstrong SJ, 2001). Furthermore, cytological techniques such
as sectioning and chromosome spreading and 4’, 6’-diamidino-2-phenylindole (DAPI)
staining (Ross et al., 1997) provide detailed information on the structures of
developmental reproductive organs and chromosome behavior during meiosis. Molecular
cytogenetic techniques such as FISH (fluorescence in situ hybridization) and
immunocytology are also very helpful. The FISH technique enables the direct detection
of DNA sequences on chromosomal targets (Koornneef et al., 2003). FISH can also be
used to label chromosomal structures or sites to analyze the relationship between
chromosomal domains, homology, and chromosome pairing and synapsis (Armstrong
and Jones, 2003). Furthermore, the immunocytology method can be applied to determine
the precise temporal and spatial expression of meiotic genes. For example, with this
technique the location of Asy1 protein was studied (Armstrong et al., 2002). It was
shown that Asy1 location is limited to regions of chromatin that are closely associated
with the axial/lateral elements, and is not a component of these structures. These
observations indicated that Asy1 is required for SC morphogenesis. Finally, electron
microscopic techniques can greatly facilitate the analysis of ultrastructural aspects of
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chromosome synapsis and recombination and also the subcellular localization of meiotic
proteins (Albini, 1994; Armstrong et al., 2002).
Overall, the advances in molecular biology and genetics of Arabidopsis, the
cytological analysis and cytogenetic investigation, and immunocytological techniques
have made Arabidopsis a convenient and powerful model system for the study of meiosis
(Jones et al., 2003).

1.2

Arabidopsis Microsporogenesis and Pollen Development

In animals, primordial germ cell development occurs very early in the embryonic
development (Wylie, 1999), while in Arabidopsis, as in any other plant, reproductive
organs and meiocytes differentiate late in development. Arabidopsis male gametophytes,
the pollen grains, develop in anthers where cell division, differentiation, and degeneration
occur (Goldberg et al., 1993). In the developing anther a group of sub-epidermal cells
differentiate into archesporial cells, which give rise to primary sporogenous cells. The
sporogenous cells proliferate by asynchronous mitosis until the appropriate number of
meiocytes, or pollen mother cells (PMCs), is reached. Then in response to appropriate,
yet undefined, signals these meiocytes enter meiosis (Bhatt et al., 1999). In each anther
locule, PMCs enter and proceed through meiosis with a high degree of synchrony
(Armstrong and Jones, 2001). Meiosis in the PMC results in a tetrad of haploid
microspores, and then these cells undergo mitoses and develop further into pollen grains
(Scott et al., 2004). In Arabidopsis, the number of PMCs per anther is approximately
thirty. In the female reproductive tissue ovule, a single hypodermal cell differentiates into
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the archesporial cell near the tip of the ovule primordium (Yang and Sundaresan, 2000;
Yadegari and Drews, 2004). This archesporial cell then differentiates into the megaspore
mother cell (MMC) and undergoes meiosis to give rise to four haploid megaspores. The
three spores closest to the micropyle of the ovule undergo programmed cell death,
leaving the remaining one to divide mitotically and develop into the embryo sac, the
female gametophyte (Yadegari and Drews, 2004).

1.2.1

Arabidopsis Anther Development

As the male reproductive organ, the anther contains reproductive tissues that are
responsible for producing and releasing pollen. Anther development begins with the
appearance of the stamen primordia and ends with the release of pollen grains at
dehiscence. On the basis of the cellular and molecular events occurring in this process,
anther development can be divided into two phases (Koltunow et al., 1990; Goldberg et
al., 1993). During phase 1, the morphology of the anther is established, cells and tissues
differentiate, and the microspore mother cells undergo meiosis. At the end of phase 1, the
differentiated anther has highly specialized cells and tissues including both the
reproductive tissue (haploid microspores) and non-reproductive tissues (epidermis,
endothecium, tapetum, circular cell cluster, connective, stomium, and vascular bundle).
The respective functions of those tissues were reviewed by Goldberg et al. (1993).
During phase 2, the anther grows, pollen grain develops, and tissue degeneration and
dehiscence occur.
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By observing the transverse sections of developing anthers under a light microscope,
Sanders et al. (1999) divided Arabidopsis anther development into 14 stages, during
which stages 1-8 correspond to the anther development phase 1 and stages 9-14
correspond to phase 2. At stage 1, a round stamen primordium appears and has three
layers (L1, L2, and L3). At stage 2, archesporial cells are derived from the L2 layer and
the shape of the primordium becomes more oval. At stage 3, archesporial cells divide to
form the primary parietal and sporogenous layers, and the secondary parietal layers and
sporogenous cells form from further divisions. At stage 4, the two layers of the secondary
parietal cells continue to divide and differentiate to give rise to the tapetum cells,
endothecium, and middle layer. Up to now, these cell division events have caused the
formation of a mature anther characterized by a bilateral structure within the locule, wall,
connective, and vascular regions. During stages 5-7, PMCs undergo meiosis and tetrads
of haploid microspores are formed. In stage 5, all anther cell types are present and the
anther pattern is defined. The four cell layers surrounding the male meiocytes are the
epidermis, endothecium, middle layer, and tapetum from outside to inside. Then the
PMCs begin meiosis in stage 6 and complete meiosis in stage 7. During stage 8, the
callose wall surrounding tetrads degenerates and microspores are released from the
tetrads. Then, the microspores differentiate into pollen grains during stages 9-12. The
anther continues to grow and expand in stage 9 and tapetum degeneration begins in stage
10. In stage 11, the tapetum continues to degenerate and pollen mitotic divisions occur. In
stage 12, the anther already contains tricellular pollen grains. Dehiscence occurs in stage
13, the anther structure and cells shrink in stage 14, and the stamen falls off the plant at
stage 15.
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Although the anther developmental process at the cellular level is well established, it
is poorly understood at the molecular level (Goldberg et al., 1993; Beals and Goldberg,
1997; Sanders et al., 1999). For example, it is not known what genes are required for cell
and tissue differentiation after the stamen primordia initiation, what genes are responsible
for the dehiscence program, what mechanisms are involved in establishing cell- and
temporal-specific gene expression and how cell degeneration and dehiscence events are
coordinated with pollen grain differentiation.
There are two main ways to study anther development at the molecular level. One
utilizes cell ablation strategy (Goldberg et al., 1995) which selectively destroys a specific
cell type to identify the effect of the destruction on the differentiation of the contiguous
cells. This method provides important conceptual information about the processes that
control cell differentiation. For example, Beals and Goldberg (1997) used targeted cell
ablation to show that a functional stomium is critical for dehiscence. Alternatively, a
genetic approach can be applied to identify genes that are responsible for individual
events. For example, Yang et al. (1999) identified the SPOROCYTELESS (SPL) gene
which encodes a nuclear protein required for the initiation of sporogenesis. This analysis
also suggested that microsporocyte formation is tightly coupled with the development of
the tapetum and anther walls.

1.2.2

Arabidopsis Meiosis

Researchers have been trying to understand Arabidopsis meiosis through two
aspects. One is to build a descriptive framework of meiosis in Arabidopsis utilizing the
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cytological and cytogenetic techniques mentioned above. The other is to elucidate the
molecular processes underpinning meiosis, mainly by meiotic gene identification and
characterization.
The basic framework of Arabidopsis meiosis has been described clearly (Armstrong
and Jones, 2003; Jones et al., 2003). On the basis of chromosomal behavior, the meiotic
prophase I stage can be further divided into five substages: leptotene, zygotene,
pachytene, diplotene, and diakinesis. Following replication in interphase, the diffuse
chromosomes begin to condense in leptotene and can be seen as thin thread-like
structures under a light microscope. Homolog pairing initiates in leptotene and continues
in zygotene, which, by definition, is the stage of chromosome synapsis. In this stage, the
pairing of homologs can be first clearly observed. In the substage of pachytene, SCs form
and the fully synapsed homologs can be observed as thick thread-like structures.
Chromosomes are much shorter in this substage compared to earlier substages. Homologs
begin to desynapse partially in diplotene and SCs will disappear by the end of diplotene.
At diakinesis, the chromosomes have contracted greatly and are seen as highly condensed
bivalents linked by one to three chiasmata (Ross et al., 1996), the sites of physical crossover that occurs during prophase I. Prophase I occupies up to 90% of the entire meiotic
process. When meiosis precedes into metaphase I, the bivalents become attached to the
meiotic spindle and align at the cell equator with their centromeres directed to opposite
directions. At anaphase I homologs migrate to the opposite poles of the cell. This stage is
of short duration. During metaphase I and anaphase I the cytoplasmic organelles are
expelled from the spindle and form a distinct band between the daughter nuclei that
persists into the second division. At telophase I the two chromosome groups partially
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decondense before the second division. The chromosomes recondense at prophase II and
align at metaphase II. At anaphase II, the sister chromatids separate to produce four tetrad
nuclei. Finally at telophase II, four clusters of chromosomes are formed. After telophase
II, simultaneous cytokinesis occurs to produce four haploid microspores (Brown and
Lemmon, 2001). Normal male and female meioses have been described at the light
microscopy level by several laboratories, including our lab (Azumi et al., 2002;
Armstrong and Jones, 2003). As in other plants, there is a degree of asynchrony between
male and female meiosis in Arabidopsis. By the time male meiosis is complete, female
meiosis is still at prophase I (Armstrong and Jones, 2001).
Since meiosis is intended to produce haploid cells from diploid parental cells by
accurate homolog segregation at meiotic anaphase I, several events, including homolog
pairing, synapsis, and recombination, occur in meiotic prophase I stage to ensure the
proper segregation. In broad terms, homolog pairing is a transient interaction between
homologs that enables homolog search (Zickler and Kleckner, 1999), synapsis is the
zipping up of homologs by the SC proteins, and this process involves more extensive and
stable interactions between homologs (von Wettstein et al., 1984; Roeder, 1990), and
recombination is a process in which new combinations of genetic information are formed
by the physical cross-over of non-sister chromatids. Homologous recombination causes
the rearrangement of parental chromosomes resulting in genetic diversity (Roeder, 1997).
Chromosome pairing, synapsis, and recombination are interrelated and are essential for
meiotic function and progression (Zickler and Kleckner, 1999), and these events have
been extensively studied in various organisms. Pairing is a multi-step and usually multipath process (Zickler and Kleckner, 1999). In Arabidopsis telomere clustering during
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interphase is suggested to be important for pairing (Armstrong et al., 2001).
Recombination has been shown to be initiated by chromosomal double-strand breaks
(DSBs) produced by the Spo11 protein in many organisms, including Arabidopsis (Sun et
al., 1989; Cao et al., 1990; Keeney et al., 1997; Grelon et al., 2001). Two classes of
crossovers exist in various organisms (de los Santos et al., 2003; Higgins et al., 2004), but
the contributions of the two classes may vary in different organisms. Two recently
isolated Arabidopsis mutants, AtMSH4 and MER3, have provided evidence for the
existence of two crossover pathways in Arabidopsis (Higgins et al., 2004; Mercier et al.,
2005). An interesting gene in maize, PHS1, was cloned recently (Pawlowski et al., 2004).
In the phs1 mutant homologous chromosomes synapsis is replaced by synapsis between
non-homologous chromosomes. The PHS1 protein was suggested to act in a multistep
process to coordinate pairing, recombination, and synapsis.
Both forward and reverse genetic approaches have been successfully employed to
isolate and characterize meiotic genes from Arabidopsis. In the forward approach,
meiotic mutants are identified by screening populations that are mutagenized with ethyl
methanesulphonate (EMS), or have T-DNA or transposon insertions resulting in sterile or
partially sterile plants. After the confirmation of meiotic defects, the mutated gene is then
cloned and investigated for its function. A number of meiotic mutants have been isolated
and studied (Ross et al., 1997; Bhatt et al., 1999; Sanders et al., 1999; Mercier et al.,
2001). Alternatively, the reverse approach depends on searching for Arabidopsis
homologs of known meiotic genes from other organisms. After sequence database
searches, those homologous genes will be cloned and then the corresponding mutant
plants, mostly T-DNA and transposon tagged mutants, are identified from various
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resources or generated, if tagged mutants are not available, by antisense RNA or RNAi
for phenotypic analysis. The reverse genetic approach has been very successful in
identifying genes that encode proteins catalyzing various steps in homologous
recombination, which is a very conserved process (Jones et al., 2003).
The genes identified so far involved in different stages of meiosis have been
summarized in recent reviews (Bhatt et al., 2001; Caryl et al., 2003; Schwarzacher, 2003;
Wilson and Yang, 2004). These genes have been mainly grouped into genes that are
involved in chromosome cohesion, recombination and meiotic DNA repair, chromosome
synapsis or bivalent stability, chromosome segregation, and cell cycle regulation. The
related studies have greatly improved our understanding of Arabidopsis meiosis.
Studies of several important Arabidopsis meiotic mutants will be briefly
summarized here. Three mutant alleles of the SWI1/DYAD gene were isolated, and they
have interesting differential effects on male and female meioses (Motamayor JC, 2000;
Siddiqi et al., 2000; Mercier et al., 2001). It was proposed that the SWI1 protein is
required for cohesion, synapsis, and SC formation, but is not a structural component of
the SC. Another mutant syn1 (Bai et al., 1999) is also defective in chromosome cohesion
and has other meiotic phenotypes. For example, chromosome condensation is irregular,
extensive chromosome fragmentation occurs by anaphase I, and chromosome segregation
is defective. The SYN1 gene is homologous to members of the yeast RAD21/REC8
cohesin gene family involved in sister chromatid cohesion. In addition to the syn1
mutant, another asynaptic mutant, Atspo11 was identified in 2001 (Grelon et al., 2001).
Homologous chromosome synapsis does not occur in this mutant, so few bivalents are
formed during both male and female meiosis, leading to sterility. Asynaptic1 (asy1) is
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another asynaptic mutant with a phenotype of reduced male and female fertility, which is
caused by failure of synapsis between homologous chromosomes during prophase I (Ross
et al., 1997). Arabidopsis SKP1-like1 (ask1) (Yang et al., 1999) and Arabidopsis thaliana
kinesin1 (atk1) (Chen et al., 2002) are two chromosome segregation mutants. The ATK1
protein is a kinesin and regulates spindle morphology. One example of cell cycle
regulation mutants is ms5 (Chaudhury et al., 1994). In the mutant, the meiotic cells
undergo an additional meiotic division after two rounds of division. Also, in the tardy
asynchronous meiosis (tam) mutant, PMC meiosis becomes asynchronous within the
anther, and dyad meiotic products or pollen are usually produced (Magnard et al., 2001).
Subsequent study showed that the TAM gene encodes a A-type cyclin CYCA1;2. The
protein level was not detectable in meiosis II, yet cell cycle progression was delayed in
meiosis II in tam. That mode of action is unlike that of most cyclins in mitosis and
meiosis I, in which each nuclear division is coupled with a peak of expression of cyclins
(Wang et al., 2004).

1.2.3

Pollen Development

The Arabidopsis pollen grain is a three-celled organism derived by stereotypical cell
divisions. The ultrastructural analysis of microgametogenesis in Arabidopsis and some
other studies have identified the main features of pollen development (McCormick, 1993;
Owen and Makaroff, 1995). In developing anthers, PMCs undergo meiosis to form
tetrads of four haploid microspores that are separated by callose walls. When meiosis is
complete, the external and intersporal walls of the tetrads are degraded to release
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microspores, each of which develops into a pollen grain. Early microspores contain a
single central nucleus, and the nucleus moves to one side of the cell when the microspore
enlarges and becomes vacuolized. Subsequently, the microspore undergoes an
asymmetric division, pollen mitosis I, to produce a small generative cell and a larger
vegetative cell. The generative cell migrates away from the inner wall of the microspore
and becomes completely enclosed by the cytoplasm of the vegetative cell. The larger
vegetative cell does not divide again and will eventually form the pollen tube. The
generative cell undergoes pollen mitosis II to form two sperm cells. In Arabidopsis,
pollen mitosis II occurs before pollen maturation, while in some other plants such as
tomato the division occurs after pollen germination. After the mature pollen grain is
released and lands on a stigma, the two sperm cells are transported along the pollen tube
formed from the vegetative cell into the embryo sac. Finally double fertilization will
occur to form the embryo and endosperm.
In order to study the molecular and genetic pathways in pollen development, a
common and useful way is the isolation and study of mutants that disrupt this pathway. If
a gene is important for pollen development and is mutated, the mutant plant often
exhibits segregation distortion. This feature has been used in screens to identify male
gametophytic mutants (Feldmann et al., 1997; Bonhomme et al., 1998; Howden et al.,
1998; Grini et al., 1999; Oh et al., 2003). Another screen strategy is based on morphology
or staining characteristics of pollen from individual M1 or M2 plants (Chen and
McCormick, 1996; Johnson and McCormick, 2001; Lalanne and Twell, 2002). Screens
based on both strategies have yielded a number of pollen development mutants. For
example, the gemini pollen1 mutant was initially screened by the second strategy. In the
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mutant there were equal, unequal and partial divisions at pollen mitosis I, suggesting that
the normal nuclear migration was affected (Park et al., 1998). Also, in both equal and
unequal divisions a vegetative cell marker gene was activated in both daughter cells with
decondensed chromatin. The Gemini Pollen1 encodes a microtubule-associated protein.
Subsequent study on this mutant provided evidence that the mutant phenotype is caused
by a defect in the positioning of the cytokinetic phragmoplast at pollen mitosis I (Twell et
al., 2002).
In addition to mutant screens, the study of the functions of specific genes with
potential roles in pollen development is often studied to pinpoint some genes that are
really involved in this process (McCormick, 2004). Since expression patterns can provide
clues to gene function, microarray experiments are an efficient way to search for those
potential genes. Two groups have used this technique to study the gene expression
patterns in mature Arabidopsis pollen (Becker et al., 2003; Honys and Twell, 2003). As a
start, researchers can target potentially interesting genes from expression data analysis.
Then analysis of corresponding knock-out or knock-down mutants may reveal the
possible roles of some genes in pollen development. For example, the essential role of the
AtPTEN1 gene in pollen development was revealed by analysis of the phenotype of
AtPTEN1 RNAi plants. The expression by RNA interference caused pollen cell death
after mitosis (Gupta et al., 2002).
It is worth mentioning that some genes that cause defects in pollen development are
sporophytic (Ma, 2005). For example, the Arabidopsis mutant ms2 is male sterile and the
mutant produces pollen grains that have a very thin pollen wall with a reduced exine
layer (Aarts et al., 1997).
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1.3

Cyclin

Cyclins were first discovered as proteins with a cyclic pattern of accumulation and
destruction during cell division in marine sea urchin eggs. The two proteins described
were named cyclin A and B (Evans et al., 1983). Subsequent research has identified
multiple cyclins in various organisms from yeast to human. The first report of the cyclin
function is that cyclins can regulate the activity of cyclin dependent kinase (CDK) to
control mitosis onset (Meijer et al., 1989). CDKs are crucial regulators of the timing and
co-ordination of eukaryotic cell cycle events, and the functional definition of CDK is its
requirement of cyclin binding for activity.

1.3.1

The Cyclin/CDK Complex

In all eukaryotes, the cell cycle progression is mainly driven by the activity of CDKs
(Morgan, 1997). CDKs carry out their function through the well-controlled
phosphorylation of specific substrates on serine/threonine residues. Possible substrates
include transcriptional regulators, cytoskeleton, nuclear matrix, nuclear membrane
proteins as well as other cell cycle proteins (Joubes et al., 2000). The activity of CDKs,
the essential players in the cell cycle, is under tight and complex transcriptional,
translational, and proteolytic control (Joubes et al., 2000; Stals et al., 2000). Cyclin
binding imparts the basal activity to CDKs by causing dramatic structural changes, which
re-arrange the catalytic residues within the ATP binding site of CDKs (Jeffrey et al.,
1995; Arellano and Moreno, 1997; Fisher, 1997). The full activity of the complex also
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requires dephosphorylation of inhibitory phosphorylation sites on the conserved Thr and
Tyr residues and phosporylation of the conserved Thr residue within the activation region
(Jeffrey et al., 1995; Russo et al., 1996). When the Thr residue in the activation region is
unphosphorylated, the entry of the substrate in the catalytic cleft will be blocked
(Morgan and De Bondt, 1994). The modification of activity of cyclin/CDK complexes
includes proteolysis (King et al., 1996), CDK subunit (CKS) binding, which may regulate
cyclin degradation, offer additional modulation of substrate recognition or the extent of
phosphorylation (Harper, 2001; Swan et al., 2005), and the binding of CDK inhibitor
(CKI), a negative regulator (Cheng et al., 1999; Sherr and Roberts, 1999). CKIs can bind
with both cyclins and CDKs. Crystallographic and biochemical studies showed that CKI
binding weakens the cyclins’ affinity for the CDKs (Endicott et al., 1999; Jeffrey et al.,
2000). CKI may also help select the CDK target by binding specifically to the cyclin as a
first step in a sequential, folding-on-binding mechanism (Lacy et al., 2004; Lacy et al.,
2005).
Although initially the primary role of cyclins has been defined to the activation of
CDKs, later research has shown that cyclins also participate in substrate selection, CDK
stability regulation, subcellular localization regulation and some other processes
(Schulman et al., 1998; Miller and Cross, 2001; Criqui and Genschik, 2002). Both cyclin
and CDK contribute to substrate recognization. The binding region of a cyclin and a
docking region of a substrate can interact with each other. This way the cyclin increases
the local substrate concentration and behaves as a scaffold on which the CDK can select
specific regions for phosphorylation within the substrate (Schulman et al., 1998; Brown
et al., 1999; John et al., 2001).
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There are combinational interactions between cyclins and CDKs. One cyclin can
interact with one or more CDKs, and one CDK can bind with one or more cyclins. For
example, CDK1 in budding yeast can bind with as many as nine distinct cyclins.

1.3.2

Cyclin Domains

All cyclins contain a conserved cyclin core domain (Nugent et al., 1991). For some
cyclins, the cyclin core itself is sufficient for binding and activating the CDK partner
(Lees and Harlow, 1993). The first fold in the core, approximately 100 amino acids,
contains the CDK-binding site and is organized in 5 alpha helices. This domain is the
defining feature of all cyclins and is called the cyclin box. A second repeat of this pentahelix domain exists in the cyclin core and its amino acids show minimal sequence
identity with the first (Noble et al., 1997). The conformation of the juxtaposition of these
two repeats has been shown to generate multiple recognition sites for molecular
interaction with other proteins, thus making cyclins suitable for responding to multiple
inputs (Chaubet-Gigot, 2000). Two other common motifs that cyclins may contain are
destruction box (D-box) and PEST region. A D-box is a nine-amino acid peptide motif
that can mediate cyclin ubiquitination and subsequent proteolysis (Glotzer et al., 1991).
PEST regions are rich in Pro (P), Glu (E), Ser (S), and Thr (T) residues, and are usually
markers for many unstable proteins (Rogers et al., 1986; Rechsteiner and Rogers, 1996).
The existence of the D-box and PEST region is essential for cyclin function that requires
the rapid degradation of cyclins to terminate CDK activity at certain time points during
cell cycle progression.
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1.3.3

Cyclin Degradation

Most cyclins are degraded promptly during the cell cycle by the ubiquitin/26S
proteasome pathway mediated by the D-box or PEST region(s) (Glotzer et al., 1991;
Genschik et al., 1998; Koepp et al., 1999; Yew, 2001; Vodermaier, 2004). Several cyclins
have also been reported to be degraded by the protease calpain or metalloprotease
(Santella et al., 1998; Fung et al., 2002; Wang et al., 2003). In the ubiquitin/26S
proteasome pathway, the target proteins are marked with the highly conserved
polypeptide ubiquitin as a tag for the subsequent degradation by the 26S proteasome. The
ubiquitination of proteins is a three-enzyme process. Firstly ubiquitin is activated by E1
enzyme and then transferred to E2 ubiquitin-conjugating enzyme. E3 ubiquitin ligase
facilitates the binding of ubiquitin to the target protein. Two main groups of E3 are the
anaphase-promoting complex (APC) and Skp1/cullin/F-box protein (SCF). Mitotic
cyclins degradation is mainly mediated by APC, which is mostly active in the M and G1
phases of the cell cycle. SCF complexes are more versatile and perform multiple
functions at different stages of the cell cycle (Peters, 1998; Vodermaier, 2004).

1.3.4

Cyclin Function

As the main activator of CDK activity, cyclin is under tight and complex control.
The temporal regulation of cyclin expression, spatial regulation of cyclin localization,
proteolysis, and the interactions between cyclin/CDK complexes and cellular proteins,
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including substrates, inhibitors, and regulators together regulate the oscillations of cyclin
activity, thus CDK activity. Thus it is ensured that CDKs are activated at the right time in
the cell cycle, targeted to the correct substrates, and localized to the correct subcelluar
regions. Each cell cycle phase and phase transition is driven by the functional expression
of specific cyclin/CDK complexes that phosphorylate and regulate downstream
substrates.
Most organisms have several different groups of cyclins, and each group usually has
specialized functions. In animal cells, A-type cyclins are synthesized at the onset of the S
phase, B-type cyclins are synthesized in the G2 phase and are implicated in mitotic entry
(Minshull et al., 1989), D-type cyclins are synthesized at the entry into the cell cycle and
play a role in cell cycle reentry in response to extracellular signals (Sherr, 1994), and Etype cyclins are synthesized at the G1/S transition and promote entry into S phase (Geng
et al., 2003).
There are two extreme viewpoints on the functional specialization of cyclins. One
point is that cyclins are simply the enzymatic activators of CDKs and are irrelevant to the
following downstream events. The other point is that cyclins can do more than CDK
activation. They can target the activated CDK to particular substrates or other regulators
such as CKI. Both viewpoints have been supported by experimental means (Oehlen and
Cross, 1994; Levine et al., 1996; Stern and Nurse, 1996; Levine et al., 1999). It is also
possible that intermediate scenarios exist (Miller and Cross, 2001) as some cell cycle
events may require specific cyclins for targeting while others may only need a given level
of activated CDK independent of the type of cyclin.
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Most organisms have multiple cyclin genes, and there are two explanations for this
phenomenon. One is that each cyclin is biochemically distinct with specific substrates.
The other is that all cyclins are the same fundamentally but differ in timing and location
during the cell cycle progression. There has been evidence supporting both explanations
(Winston, 2001; Murray, 2004; Sherr and Roberts, 2004; Inze, 2005). A specific example
is the budding yeast G1 cyclins. The three G1 cyclin genes CLN1, CLN2, and CLN3 are
highly redundant for the Start point in the cell cycle in the way that any single CLN gene
is sufficient to promote Start but the triple mutant is unviable (Richardson et al., 1989;
Cross, 1995). More detailed studies show that these three G1 cyclin genes differ
intrinsically in terms of in vivo substrate specificity and that distinct subcellular
localization patterns contribute partially to their functional specificity (Levine et al.,
1996; Miller and Cross, 2000).
Cyclin/CDK complexes are mainly involved in cell cycle regulation, and new data
indicated that cyclin/CDK complexes can participate in some other cellular processes
such as transcriptional regulation, cell differentiation, and general cell metabolism
(Andrews and Measday, 1998; Murray and Marks, 2001; Barroco et al., 2003; Murray,
2004).

1.3.5

Cyclin Classification and Nomenclature

Generally, cyclins can be grouped into mitotic cyclins (A- and B-type cyclin in
multicellular plants and animals and CLBs in budding yeast) and G1-specific cyclins (Eand D-type cyclin in mammals and CLNs in budding yeast). In addition, H-type cyclins
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regulate the activity of CDK activating kinases (CAKs), which are responsible for the
phosphoration of CDKs (Fesquet et al., 1993; Solomon et al., 1993; Fisher and Morgan,
1994; Makela et al., 1994; Taieb et al., 1997).
Since the first discovered pair of cyclins were named cyclin A and cyclin B (Evans
et al., 1983), the names of subsequent identified cyclins were given sequential letters.
Different classes of cyclins are further divided into different groups that are indicated by
Arabic numerals. A large number of cyclin genes have been cloned from various
organisms. On the basis of sequence similarity, expression pattern, and protein activity
during the cell cycle, cyclins have been grouped into several classes. In animals at least
13 classes (A to L and T) of cyclins have been described (Norbury and Nurse, 1992;
Nakamura et al., 1995; Pines, 1995; Wolgemuth et al., 2004). Several of these subclasses
have multiple members.

1.4

Plant Cyclins

Since the first discovery of plant cyclin genes in 1991 (Hata et al., 1991), more than
60 cyclin genes have been isolated from various plant species (Renaudin et al., 1996; Ito,
2000). The conservation of the basic tools of the cell cycle machinery among eukaryotes
has enabled the cloning of plant cyclins on the basis of sequence similarity using
techniques such as PCR, hybridization, and library screens. Some other cyclin genes have
been identified by genetic complementation of yeast cyclin-deficient mutant (Hata et al.,
1991; Hemerly et al., 1992; Hirt et al., 1992; Ferreira et al., 1994; Renaudin et al., 1994;
Dahl et al., 1995; Soni et al., 1995; Abrahams et al., 2001). With the increasing number
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of plant cyclins identified, it is necessary to establish a plant-wide nomenclature to make
plant-wide analyses of cyclins and comparison of plant cylins with animal ones possible.
In 1996, Renandin et al. (1996) proposed a rational new plant-wide naming system and
classified all plant cyclins into three types, A-, B- and D-type, based on sequence
organization and large-scale comparative analyses. Plant cyclins were named to indicate
homology to their closest animal class, although the naming does not mean that the plant
cyclins are necessarily true functional homologs of animal cyclins. Subsequent studies
have identified new classes of plant cyclins such as C-, H-, and L-type cyclins
(Yamaguchi et al., 2000; Barroco et al., 2003).

1.4.1

Specific Features of Plant Cyclins

Despite having homology with cyclins from other eukaryotes, plant cyclins also
show specific features. First, plants contain larger number of cyclin genes than previously
described in other organisms (Vandepoele et al., 2002). For example, plants have
multiple A-type cyclins while animals only have a single cyclin A (Sherr, 1996). Also,
individual plant species may have several distinct cyclins in a given group. For example,
tobacco has three distinct CycA3 members and Arabidopsis has three CycA2 members
(Renaudin et al., 1996). Secondly, heterogeneity is a common phenomenon within plant
cyclin groups (Chaubet-Gigot, 2000). Different members within the same group or even
subgroup may have different types of cell cycle regulation, tissue specificities at the
transcriptional level, transcriptional induction patterns in the cell cycle, and protein
subcellular localization (Ferreira et al., 1994; Chaubet-Gigot, 2000; Mews, 2000;
Planchais et al., 2004). Thirdly, some plant cyclins have different structural and
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functional elements or unique ones that have no animal counterparts (John et al., 2001).
For example, the typical signatures of animal A- and B- type cyclins are absent or present
in an altered form in plant A- and B- type cyclins. Plant B-type cyclin promoter regions
also contain a unique 9-bp mitosis-specific activator (MAS) motif that is sufficient to
confer M-phase expression (Ito et al., 1998). However, almost all identified plant A- and
B- type cyclins have conserved motifs. Finally, plant cyclins also seem to have mixed
properties and functions compared with related animal cyclins (John et al., 2001). For
example, the maize CYCB1;1 is shown to be located mainly in the nucleus and disperses
evenly at nuclear envelope breakdown, behaving like the animal cyclin A, while maize
CYCB1;2 traffics between the cytoplasm and nuclear at different stages of the cell cycle
(Mews et al., 1997; Mews, 2000).

1.4.2

Current Research in Plant Cyclins

Compared to the extensive studies of cell division mechanisms in yeast and animals
(Nigg, 1993; Chen et al., 2000; Fung et al., 2002; Sherr and Roberts, 2004), the
mechanisms underlying the plant cell cycle are just beginning to be understood (De
Veylder et al., 2003). Though a few models of plant cell cycle control have been
proposed on the basis of the available information, detailed knowledge of the links
between certain proteins and specific events and interactions between some proteins
during the cell cycle, including the interactions between cyclins and CDKs is still missing
(Mironov et al., 1999; Stals et al., 2000; De Veylder et al., 2003). Up to now there is no
report of a functional in planta cyclin/CDK complex, though some possible complexes
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have been illustrated by yeast two-hybrid assay, in vitro protein pull-down analysis, in
vitro kinase activity assay, co-localization studies, or a combination of multiple affinity
matrices and multiple chromatographic steps (Lui et al., 2000; Boniotti and Gutierrez,
2001; Boudolf et al., 2001; Healy et al., 2001; Joubes et al., 2001; Kono et al., 2003; Lee
et al., 2003). One factor that hinders the cyclin functional research in plants is the greatly
amplified cyclin gene family compared with animals and hence the redundancy between
closely related cyclin members (Potuschak and Doerner, 2001; Vandepoele et al., 2002).
A lot of cyclin research concerns sequence and motif analyses, cyclin expression
analysis at the transcriptional and translational levels, and subcellular localization
(Chaubet-Gigot, 2000; John et al., 2001; Menges et al., 2002). Specifically, the
approaches to study expression at the cell cycle level include analyses in sorted nuclei,
RNA in situ hybridization on cell-cycle arrested plant tissues, applying of cell cycle
inhibitors that block cells in certain phases, and use of synchronous cultures of plant cell
suspensions (Ito, 2000) .
In terms of cyclin function studies, although many plant cyclin genes have been
identified (Stals and Inze, 2001), only a little functional information for plant cyclins is
available (Criqui and Genschik, 2002). Those data are mostly obtained by ectopic
expression studies. For example, the ectopic expression of CycB1;1 in Arabidopsis can
increase root cell proliferation (Doerner et al., 1996). Ectopic expression of CycB1;2, but
not CycB1;1, in Arabidopsis trichomes reduced the number of endoreduplication rounds
and induced nuclear division and cytokinesis (Schnittger et al., 2002).
On the basis of previous research, the possible roles of some types of cyclins have
been assigned to different cell cycle stages. In broad terms, CycD is thought to function
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as an integrator to incorporate external signals such as light into the cell cycle and to
regulate the progression of cell cycles through the G1 phase and G1/S transition in
association with CDKA (Meijer and Murray, 2000; Riou-Khamlichi et al., 2000; Healy et
al., 2001; Rossi and Varotto, 2002). Progress through the S phase is probably controlled
by cyclin A (Roudier et al., 2000). Cyclin B may play a role in the G2/M transition and
intra-M phase control; probably in association with both CDKA and CDKB members
(Sun et al., 1999; Inze, 2005).

1.5

Arabidopsis Cyclin

Most of the cyclin research, including gene identification, sequence and
phylogenetic analyses, expression studies, and functional research, is focused on
Arabidopsis cyclins. Vandepoele et al. (2002) applied a high-quality, homology-based
annotation protocol to determine the core cell cycle genes in Arabidopsis, including
cyclins, CDKs, CAKs, CKIs and other CDK/cyclin interactors and regulatory proteins.
They made corrections of some existing annotation and defined some new genes.
Phylogenetic analysis was also performed for all cyclins. Briefly, they defined 3
subclasses of A-type cyclins with 10 members, 3 subclasses of B-type cyclins with 9
members, 7 subclasses of D-type cyclins with 10 members, and one H-type cyclin. An
Arabidopsis CycT was later identified by yeast two-hybrid screen with a CDKC as bait
(Barroco et al., 2003). However, expression analyses indicated that the function of this
cyclin/CDK complex is probably unrelated to cell division.
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The expression patterns of a number of plant cyclin genes have been reviewed by
Stals et al. (2000). In 2002, Menges et al. (2002) showed that the synchronous
Arabidopsis suspension culture is a good system to analyze cell-cycle gene activity.
Specifically, they investigated detailed expression patterns of three cyclin genes
including CYCB1;1, CYCD2;1, and CYCD3;1 at the cell cycle level.
A number of cyclin functional studies have also been reported. For example, RiouKhamlichi et al. (1999) showed that the constitutive expression of CYCD3 in transgenic
plants allowed induction and maintenance of cell division without exogenous cytokinin.
They suggested that cytokinin activates Arabidopsis cell division by inducing CYCD3 at
the G1/S transition phase. The ectopic expression of CYCD3;1 not only promoted S
phase entry, but also induced mitosis (Schnittger et al., 2002). In comparison, in animals
the S phase is promoted by D-type cyclins (Sherr, 1995). In another study, the
constitutive overexpression of CYCD3;1 retarded plant development, uncoupled the cell
cycle from growth in the shoot apex, and inhibited cell cycle exit and cell differentiation
in leaves. This suggests that CYCD3;1 has an essential role in the switch from cell
proliferation to the final stages of cell differentiation (Dewitte et al., 2003). Cho et al.
(2004) showed that CYCD1 and its inhibitor p22ack1 act antagonistically in plant growth
control and suggested that they are major limiting factors for cell division in the leaf
meristem.

1.6

Two Genes Required for Normal Arabidopsis Microsporogenesis

1.6.1 The sds Mutant
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The gene name SDS stands for SOLO DANCERS, which describes the meiotic
phenotype of this mutant (Azumi et al., 2002). The sds mutant was obtained several years
ago when Dr. Dehua Liu, a former post-doc in the Ma lab, screened for mutants with
reduced fertility among a large number of Arabidopsis insertion lines generated in this
lab. Although it appears normal in vegetative growth, the sds mutant produces flowers
bearing few or no pollen grains. Further analysis using chromosome spread and DAPI
staining revealed that sds is defective in the meiotic prophase I stage. At diakinesis
substage, chromosomes in sds form univalents instead of bivalents, suggesting that the
sds mutant is defective in homolog synapsis and bivalent formation. Further analysis
showed that meiotic recombination is also greatly reduced in the mutant.
After Dr. Yoshitaka Azumi cloned the SDS cDNA, sequence analysis suggested that
SDS encodes a putative cyclin. Furthermore, comparison of the similarity level of the
SDS protein sequence and several other known Arabidopsis cyclins suggested that SDS is
a new type of cyclin. RNA in situ hybridization experiments showed that SDS expression
is limited to meiotic cells. These results suggest that we have identified a novel putative
meiosis-specific cyclin, which is required for normal homolog synapsis, recombination,
and bivalent formation in Arabidopsis meiosis.

1.6.2 The ems1 Mutant

Arabidopsis anthers have several highly specialized reproductive and nonreproductive tissues, making it a good system for the study of cell differentiation and cell
signaling. To identify new genes involved in anther development regulation, Dr. Dazhong
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Zhao, a former post-doc in the Ma lab, screened a collection of Arabidopsis transposon
insertional lines for mutants defective in anther development. The excess
microsporocytes1 (ems1) mutant was then obtained and named according to its
phenotype. Detailed comparison of transverse sections of the anthers from ems1 mutants
and from wild type plants indicated that the mutant lacks tapetal cells and has excess
microsporocytes. Cell counts suggested that in ems1 plants the cells from the inner
secondary parietal cells differentiate into additional microsporocytes. The differentiation
defect causes the failure of cytokinesis in microsporocytes undergoing meiosis and
results in male sterility. RNA in situ hybridization experiments revealed that the EMS1
gene is expressed specifically in certain cell layers of the anther at specific anther
developmental stages, matching well with the gene function. Overall, it was demonstrated
that the EMS1 gene mediates signals that control the fates of anther reproductive cells and
their adjacent somatic cells.
The EMS1 gene has been cloned and sequence analysis showed that it encodes a
putative leucine-rich repeat receptor protein kinase (LRR-RPK) with three major
domains. LRR-RPK is the largest family of plant RPKs. Among the over 200 predicted
LRR-RPK members, only a few have known biological functions. For example, CLV1
controls cell division and differentiation in the shoot apical meristem (Clark et al., 1997).
Since the EMS1 gene is involved in a new signaling pathway to regulate cell fate in plant,
it is very interesting to identify its interactors.

1.7

Preview
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The Arabidopsis sds mutant is defective in both male and female meiosis, and the
mutant phenotypes were well defined at the light microscopic level. In addition, the sds
mutant vegetative and flower development is not affected. Therefore, this offers a great
opportunity to study cyclin function in the context of meiosis in plants. The SDS gene
encodes a putative cyclin by sequence analysis, yet no biochemical evidence has been
obtained. Further investigation is needed to better understand the SDS functional pathway
in Arabidopsis and the SDS protein itself. In this project, I have met several specific
goals.
First, considering the limited information on plant cyclins, to gain a better
understanding of them, including the SDS gene, and to obtain clues about their potential
functions, I collaborated with two other labmates to search exhaustively for cyclin genes
in Arabidopsis and other vascular plants (Chapter 2). Phylogenetic and expression
analyses were also performed. The results would help assess the position of plant cyclin
genes in terms of evolution and classification, serving as a guide for further functional
study of plant cyclins.
Secondly, in Chapter 3, I studied SDS in a yeast system to gain experimental
evidence for SDS as a cyclin gene and to study the SDS protein domains. Several SDS
cDNA truncations were generated for plasmid construction and yeast transformation. The
results from flow cytometry and complementation assay showed that SDS can interfere
with wild type yeast mitotic cell cycle and rescue a G1-cyclin deficient mutant. These
results strongly suggest that SDS is indeed a cyclin gene. The stability of SDS was also
investigated in the yeast system.
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Thirdly, in Chapter 4, I further characterized SDS function using SDS transgenic
plants. The better rescue capability of the full-length SDS than an SDS truncation
suggested that the SDS N-terminal region is required for SDS normal function. Sequence
alignment of SDS homologs indeed showed several conserved motifs in their N-terminal
regions, suggesting those motifs are required for SDS normal function. The meiotic
phenotypes of the partially rescued sds plants were also characterized.
In addition, I participated in studying another Arabidopsis mutant ems1 that
produces excess microsporocytes, lacks tapetal cells, and abnormally maintains middle
layer cells. The EMS1 gene is predicted to be an LRR-RPK. To determine whether EMS1
indeed has protein kinase activity, I expressed the predicted EMS1 kinase domain in a
yeast system and performed in vitro protein kinase assay (Chapter 5). The positive result
made it logical to do further research identifying the upstream and downstream
components to better understand this new signaling pathway.
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Cyclins are primary regulators of the activity of cyclin-dependent kinases, which are known to play critical roles in controlling
eukaryotic cell cycle progression. While there has been extensive research on cell cycle mechanisms and cyclin function in
animals and yeasts, only a small number of plant cyclins have been characterized functionally. In this paper, we describe an
exhaustive search for cyclin genes in the Arabidopsis genome and among available sequences from other vascular plants.
Based on phylogenetic analysis, we define 10 classes of plant cyclins, four of which are plant-specific, and a fifth is shared
between plants and protists but not animals. Microarray and reverse transcriptase-polymerase chain reaction analyses further
provide expression profiles of cyclin genes in different tissues of wild-type Arabidopsis plants. Comparative phylogenetic
studies of 174 plant cyclins were also performed. The phylogenetic results imply that the cyclin gene family in plants has
experienced more gene duplication events than in animals. Expression patterns and phylogenetic analyses of Arabidopsis
cyclin genes suggest potential gene redundancy among members belonging to the same group. We discuss possible divergence
and conservation of some plant cyclins. Our study provides an opportunity to rapidly assess the position of plant cyclin genes
in terms of evolution and classification, serving as a guide for further functional study of plant cyclins.

Progression of the eukarytotic cell cycle is primarily
controlled by a family of Ser/Thr protein kinases
known as cyclin-dependent kinases (CDKs). The catalytic activity of CDKs is dependent on cyclin binding
and activation, and can be further regulated by several
additional mechanisms. These include protein phosphorylation/dephosphorylation, direct binding of
CDK inhibitor protein (CKI) and CDK subunit (CKS),
proteolysis, and intracellular trafficking (Morgan, 1995;
Bourne et al., 1996; King et al., 1996; Nakayama, 1998;
Peters, 1998; Rossi and Varotto, 2002). The first cyclins
were identified in marine invertebrates as proteins with
an oscillating abundance during the cell cycle (Evans
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et al., 1983). Subsequent studies indicated that cyclins,
as essential regulators of CDKs, not only activate CDKs
by changing the conformation at their catalytic sites,
but also contribute to the selection of CDK substrates,
subcellular localization, and regulation of protein stability (Booher et al., 1989; Peeper et al., 1993; Mironov
et al., 1997; Potuschak and Doerner, 2001; Criqui and
Genschik, 2002).
The basic cell cycle machinery appears to be conserved in all eukaryotes (Nasmyth, 1996; Novak et al.,
1998). A variety of cyclins, CDKs, CKIs, and homologs
of the retinoblastoma protein and the E2F transcription
factors have been identified in both animals and plants
(Mironov et al., 1999). In multicellular organisms such
as animals and plants, development requires spatial
and temporal control of cell division, so the cell cycle
must be integrated into a complex system of histogenesis and organogenesis. In particular, the fact that plant
cells are not mobile means that local cell division is
critical for morphogenesis (Meijer and Murray, 2001).
In addition, plants have several characteristics that are
different from animals, including postembryonic organogenesis, indeterminate growth, sessile life style,
and dramatic alteration of growth and development in
response to environmental changes. Therefore, it is
reasonable to postulate that plant-specific regulatory
pathway(s) of cell division may exist. The current
knowledge of the molecular regulatory mechanisms

Plant Physiology, June 2004, Vol. 135, pp. 1084–1099, www.plantphysiol.org Ó 2004 American Society of Plant Biologists

Phylogeny and Expression of Plant Cyclins

of cell cycle progression is primarily based on results
from yeast and Drosophila genetics, as well as animal
biology and biochemistry (Okayama et al., 1996). Compared to the extensive studies of cell division mechanisms in yeast and animals (Nigg, 1993; Chen et al.,
2000; Fung et al., 2002), the mechanisms underlying the
plant cell cycle are just beginning to be understood (De
Veylder et al., 2003).
A large number of cyclin genes have been cloned
from various organisms. On the basis of sequence
similarity, expression pattern, and protein activity
during the cell cycle, cyclins have been grouped into
several classes. In animals, at least 13 classes (A to L
and T) of cyclins have been described (Nakamura et al.,
1995; Pines, 1995). Since the first discovery of plant
cyclin genes in 1991 (Hata et al., 1991), more than 60
cyclin genes have been isolated from various plant
species (Renaudin et al., 1996; Ito, 2000). According to
their sequence similarity to animal cyclins, these
cyclins have been classified as A-, B-, C-, D-, H-, and
L-type cyclins (Renaudin et al., 1996; Yamaguchi et al.,
2000; Barroco et al., 2003). Some cyclin genes, such as
SOLO DANCERS (SDS) from Arabidopsis, are distantly related to all other cyclins (Azumi et al., 2002),
suggesting that they may belong to distinct lineages.
However, detailed phylogenetic analysis and classification of plant cyclins are still lacking.
To provide clues to the relationship between the cell
cycle and the regulatory mechanism underlying plant
development, it is important to investigate the spatial
expression patterns of key cell cycle regulators, including cyclins. There have been some studies describing the expression of some Arabidopsis cyclin
genes during the cell cycle (Mironov et al., 1999;
Richard et al., 2001; Menges et al., 2002). The spatialtemporal expression patterns of a few Arabidopsis
cyclin genes have been analyzed, including the studies
of developmental expression pattern of CycA2;1 and
CycB1;1 (Ferreira et al., 1994; Colon-Carmona et al.,
1999; Burssens et al., 2000). However, no systematic
study of expression patterns of the majority of Arabidopsis cyclin genes has been reported.
The available information on animal and plant
cyclins raises several questions. Do plant genomes
encode the same classes of cyclins as in animals? How
are plant and animal cyclins related to each other? Do
the genes with similar sequences and close phylogenetic relationships also have similar expression
patterns? What fraction of cyclin genes might be
functionally redundant? Recently, whole genome sequences of Arabidopsis and rice have been published,
providing an excellent opportunity to study plant
cyclins extensively (Arabidopsis Genome Initiative,
2000; Goff et al., 2002; Yu et al., 2002). In this paper, we
describe an extensive search for Arabidopsis cyclins
and phylogenetic studies of these proteins. Furthermore, we report results from expression analyses of
these genes using both microarray and reverse transcription (RT)-PCR methods. We present phylogenetic
analyses of Arabidopsis cyclins and their putative
Plant Physiol. Vol. 135, 2004

ortholog(s) from other plants. Our results indicate that
flowering plants possess 10 classes of cyclins, including five classes that have not been found in animals. In
addition, some phylogenetically related genes in Arabidopsis exhibit very similar expression patterns,
suggesting potential functional redundancy among
them. Moreover, we discuss evolutionary implications
of our analyses.

RESULTS
The Arabidopsis Genome Codes for at Least
50 Cyclin-Like Proteins

To identify cyclin genes in the Arabidopsis genome,
BLAST searches were performed against the Arabidopsis AGI protein database (see ‘‘Materials and
Methods’’). Since different types of cyclins have very
low levels of sequence similarity, we used representatives of all previously published cyclins from plants
and animals as query sequences, with a cutoff of the
E-value at 1e-005. Our BLAST searches identified several distinctive classes of cyclins in Arabidopsis. Members within the same class are usually very similar and
could be detected easily during the BLAST search,
while members of other classes were often not detected. For example, when we used any of the A- or
B-type cyclins as a query, we could not find cyclins
other than these two types. Conversely, when we
used a cyclin of another type as a query, such as SDS
or a D- or H-type cyclin, rarely could we find an A- or
B-type cyclin with an E-value lower than 1e-005. These
findings suggest that the Arabidopsis genome encodes
divergent types of cyclins. For this reason, we used all
detected Arabidopsis cyclins, as well as sequences that
had E-values greater than 1e-005, as queries for further
searches until we no longer recovered any new cyclinlike sequences. Sequences that lack a cyclin domain
according to Pfam domain analysis were eliminated
before further analysis.
After BLAST search and Pfam domain analysis,
a total of 50 putative cyclin proteins (referred to as
cyclins hereafter for convenience) were obtained from
the Arabidopsis protein database. Thirty-six of these
have been described previously (Renaudin et al., 1996;
Yamaguchi et al., 2000; Barroco et al., 2003) and 14 are
new (see Supplemental Table I). Previous studies indicated that cyclins contain a conserved 250-amino acid
region called cyclin core (Nugent et al., 1991), which has
two domains: cyclin_N and cyclin_C. The cyclin_N
domain is about 100-amino acid long and contains the
CDK-binding site; it is also called the cyclin box and is
found in all known cyclins. The cyclin_C domain is less
conserved. Some known cyclins, such as the human
cyclins G1 and G2, have the cyclin_N domain but not
the cyclin_C domain (Horne et al., 1996), suggesting
that the cyclin_C domain may not be critical for function. All 50 Arabidopsis cyclin proteins contain one or
both of the cyclin_N and cyclin_C domains. Forty-nine
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Table I. Microarray data for 43 Arabidopsis cyclin genes
Gene Name

Lf

Rt

St

At

If

S12

Sl

CYCA1;1
CYCA1;2
CYCA2;1
CYCA2;2
CYCA2;3
CYCA2;4
CYCA3;1
CYCA3;2
CYCA3;3
CYCA3;4
CYCB1;1
CYCB1;3
CYCB1;4
CYCB1;5
CYCB2;1
CYCB2;2
CYCB2;4
CYCB2;5
CYCB3;1
CYCC1;1
CYCC1;2
CYCD1;1
CYCD2;1
CYCD3;1
CYCD3;2
CYCD3;3
CYCD4;1
CYCD4;2
CYCD5;1
CYCD6;1
CYCH;1
CYCT1;3
CYCT1;4
CYCT1;5
CYCL1;1
CYCU1;1
CYCU2;1
CYCU2;2
CYCU3;1
CYCU4;1
CYCU4;2
CYCU4;3
SDS

61.16
93.26
A
50.40
84.78
80.67
70.51
173.21
A
85.40
A
79.61
63.66
A
A
A
A
A
87.06
116.20
277.69
A
244.04
80.84
430.59
157.38
A
A
130.33
A
60.01
223.51
133.58
201.61
323.24
1392.74
51.35
A
335.85
150.79
A
A
A

111.21
50.76
A
70.92
85.36
129.26
75.63
232.03
A
81.61
60.48
186.89
204.00
65.46
69.37
50.36
59.24
67.53
92.35
115.10
182.99
64.34
263.86
229.41
218.61
214.08
A
A
64.07
A
63.64
315.81
200.93
302.84
303.93
51.72
367.69
89.49
408.43
157.15
A
152.21
A

237.78
A
A
105.46
94.67
83.37
161.80
443.66
A
92.97
65.68
199.46
192.55
57.79
60.06
85.49
80.70
65.90
94.89
115.07
298.36
388.12
183.39
184.20
484.88
145.72
A
A
100.85
A
65.82
240.95
138.63
194.10
217.44
339.69
217.01
A
665.14
228.05
A
A
A

585.71
231.20
A
204.06
233.34
174.35
213.04
314.33
A
147.36
373.84
361.86
409.66
340.22
158.43
289.34
236.77
363.97
326.01
252.60
306.71
313.84
187.88
471.59
1207.75
644.98
94.74
A
97.49
A
100.10
329.95
236.31
403.17
487.00
201.77
A
A
187.32
76.17
A
A
101.60

1015.40
120.75
A
135.70
347.50
435.55
308.10
376.12
A
211.75
606.44
462.58
548.98
384.61
217.62
278.10
391.24
307.71
277.78
278.43
310.78
320.91
117.56
984.59
1904.40
1825.93
77.94
A
137.50
A
153.77
340.42
229.62
349.49
369.71
133.75
82.08
A
350.08
165.93
A
A
A

278.99
73.73
A
58.95
121.73
197.10
143.95
259.35
A
98.49
159.36
114.82
162.97
79.85
64.89
62.61
85.29
183.49
86.05
220.50
261.33
261.45
243.34
281.69
1066.72
760.65
61.53
A
82.77
A
74.52
367.21
190.28
260.29
282.94
162.92
93.27
A
275.63
292.97
A
A
A

132.36
64.73
A
77.46
141.53
151.59
109.20
238.54
A
89.51
75.95
171.46
159.09
50.15
60.94
A
56.92
80.86
86.81
194.30
220.91
308.58
166.11
223.30
731.27
426.65
A
A
74.31
A
73.47
234.20
144.74
213.83
235.32
263.68
111.55
A
447.49
377.70
A
A
A

The numbers present the average of two biological replicates. A, absence, as defined for expression below the value of 50; Lf, leaf; Rt, root; St,
stem; At, anther; If, inflorescence; S12, stage 12 flower; Sl, silique.

of the 50 proteins contain the cyclin_N domain; 31 of
these also have the cyclin_C domain, whereas the
remaining 18 have only the cyclin_N domain (Fig. 2).
The CycD5;1 protein sequence in The Arabidopsis
Information Resource database contains only the
cyclin_N domain. However, a careful inspection of its
coding sequence suggests that a frameshift mutation
may have occurred downstream of the cyclin_N domain, resulting in the loss of the cyclin_C domain due
to truncation (this was confirmed by PCR and sequencing; data not shown). One of the 50 proteins, encoded
by the At2g41830 locus, lacks the cyclin_N domain,
although a divergent cyclin_C domain (E-value 5
1086

0.00019) is present in this protein. Because the cyclin_N
domain is present in all animal cyclins and most
Arabidopsis ones and is more highly conserved than
the cyclin_C domain, we decided to use cyclin_N for
phylogenetic analysis. Therefore, At2g41830 was not
included in the dataset for phylogenetic analysis.

The Arabidopsis Cyclins Can Be Grouped into 10 Types

It is known that the human genome codes for at least
22 cyclins, which have been divided into 13 types
on the basis of function and sequence analysis
Plant Physiol. Vol. 135, 2004
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Table II. Primers for RT-PCRs
Gene Name

APT1a
CYCA1;1b
CYCA2;1
CYCA3;3b
CYCB1;2b
CYCB1;4
CYCB2;3b
CYCB2;5b
CYCD1;1b
CYCD3;1
CYCD4;2
CYCD6;1b
CYCD7;1
CYCT1;1
CYCT1;2
CYCL1;1
CYCU4;2b
SDSc
CYCJ18

Primer

Sequence

OMC571
OMC572
OMC1384
OMC1385
OMC1394
OMC1395
OMC1165
OMC1166
OMC1171
OMC1172
OMC1386
OMC1387
OMC1167
OMC1168
OMC1169
OMC1170-2
OMC1370
OMC1371
OMC1390
OMC1391
OMC1380
OMC1381
OMC1583
OMC1584
OMC1173
OMC1174
OMC1175
OMC1176
OMC1382
OMC1383
OMC1344
OMC1345
OMC1376
OMC1377
OMC1164
OMC700-2
OMC1378
OMC1379

F 5#-TCCCAGAATCGCTAAGATTGCC-3#
R 5#-CCTTTCCCTTAAGCTCTG-3#
F 5#-TCCTCACAAAGTTGCTTCTTCACC-3#
R 5#-TCAGGTCGCTTCTTAGCCTCAG-3#
F 5#-AAACGAAGCGTGTTGCTAGACCG-3#
R 5#-GCACTTGCACCATATAGCTAGTTGAAGG-3#
F 5#-GGCGGAAATTCGACATAAGCTAC-3#
R 5#-TGTGCAACCCTTATGAACCGTC-3#
F 5#-GCTCCTCTCGTTGATGGTTTGAAG-3#
R 5#-CACCGCAGCCAAATGGTTATC-3#
F 5#-TTGCGAAGAAGGCGAAACAAC-3#
R 5#-TCCCAACAGCTGAAGCTCTCTTC-3#
F 5#-AGGACCGACAAGAAGAGCACTAAG-3#
R 5#-AACCGCAGCCAAAGGATTATTC-3#
F 5#-ATGTCATTCCTTGCGGTTCATC-3#
R 5#-CATGCCAGTAGCTGTTCTTCGTTG-3#
F 5#-CGGGTACCTTTCTCGGGTTCTTTATC-3#
R 5#-AATGATGAGCTTCGTCTCTCCCAAC-3#
F 5#-TGGGACTTAAGAACAATGCTCACTGG-3#
R 5#-CTACGATTGCCCATGGCAGATG-3#
F 5#-TGACGCTCTATAATGGCTGAATTTATGG-3#
R 5#-CCAATGATAAACAAGCAACAGCCAAC-3#
F 5#-TACTTCCATAGCCTCAAGTCCTCTGC-3#
R 5#-CTCGAAAGAAGCAAAGAGAAGTGCC-3#
F 5#-ATCTACTCTGCGAAGAATCTTGGC-3#
R 5#-TATAACTCGTAACCGCGTTCACAC-3#
F 5#-GGTGACGTCGTCTTTGTCTCGTAC-3#
R 5#-AAGCCATGTCTCGGAACAACG-3#
F 5#-AGCTCTCTGTTTCTTCCCGTTTGG-3#
R 5#-CGATGAGCCTCCTTCAATATCAGAAC-3#
F 5#-GAAACCTACGGGCAGCAGCATACACTAC-3#
R 5#-GCAGGTTCTGTTTCAGCGATTCTATTGC-3#
F 5#-CGATCAAGAACCAATGGCTGAG-3#
R 5#-TGGAGAGTACATCGTCCTCATAACC-3#
F 5#-TCTAGTTTCAAGCTTTCGTACGGAG-3#
R 5#-TGGATCCCTTAGCACAGTCCCGCATATA-3#
F 5#-GCAGAACATTGGCTATTGCAACC-3#
R 5#-GGAATTCGTACTGCTGTTTAGGCAC-3#

Predicted Size
bp

479
354
447
543
501
467
430
450
694
516
385
528
543
449
694
449
517
1,144
442

a
b
PCR annealing temperature is 56°C for this gene.
PCR annealing temperature is 58°C for these genes, and it is 60°C for all the other
c
genes.
PCR extension time is 1 h 20 min for these genes, and it is 50 min for all the other genes.

(Nakamura et al., 1995; Pines, 1995; Fig. 1). To gain an
understanding of the evolutionary relationship between Arabidopsis cyclins and nonplant cyclins and to
identify a basis for classifying newly uncovered members, phylogenetic analysis was performed for cyclins
from the Arabidopsis and human genomes. Preliminary phylogenetic results (not shown) suggest that
Arabidopsis may have four types of cyclins that do not
have corresponding human cyclins. These putative
novel types were used as queries to search the National Center for Biotechnology Information nonredundant database and several protist cyclins were
recovered. Two representatives of the protist cyclins
were included in the final phylogenetic analysis to
provide additional nonplant comparisons for Arabidopsis cyclins. Our results confirm the previous
Plant Physiol. Vol. 135, 2004

designation of the A-, B-, C-, H-, and L-type cyclins
in Arabidopsis and support their orthologous
relationships with the respective human cyclins (Fig.
1). In addition, several newly identified genes are
well-supported members of these known types:
CycB1;5 (At1g34460), CycB2;5 (At1g20590), CycC1;1
(At5g48640), and CycC1;2 (At5g48630).
However, although the Arabidopsis D-type cyclins
probably form a single clade (see below for further
analysis of the D-type cyclins), an orthologous relationship between Arabidopsis and human D-type
cyclins is not supported by the phylogenetic analysis.
Therefore, we regard the plant D-type cyclins as plant
specific and designate them members of the D_plant
type. Three other Arabidopsis cyclin genes were previously designated as CycT or CycT-like because they
1087
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Figure 1. Unrooted NJ tree of the Arabidopsis and human cyclins, with bootstrap values higher than 50% shown for each clade.
Ten and 13 families of cyclins are recognizable in Arabidopsis and human, respectively, five of which (A, B, C, H, and L) are
shared by both species. The remaining five types of Arabidopsis cyclins are named as CycJ18-, D_plant-, T-, SDS-, and
L-type, respectively. Twenty-two proteins from human are highlighted by gray boxes. Three proteins from protists are in inverted
boxes: NP_703528, EAA22167, and AAG44389 from Plasmodium falciparum, P. yoelii yoelii, and Trypanosoma cruzi,
respectively. Eighteen newly named Arabidopsis cyclins are in open boxes.

were found to be similar in sequence and possibly in
function to animal T-type cyclins (Barroco et al., 2003).
However, our analysis indicates that they and two
newly identified genes form a separate clade related to
the human K/L/T-types, although not orthologous to
them. Nevertheless, because of the possible functional
similarity and to avoid nomenclature confusion, we
have kept the T-type designation. In addition, the
phylogenetic analysis also supports the designation
of another new type of Arabidopsis cyclins, called
U-type, which is related to cyclins from protists, but
lack close homologs in animals (Fig. 1 and data not
shown). Therefore, this may represent an ancient type
that has been lost in the animal lineage. Pfam analysis
indicated that cyclin_C domain is absent from all of
the T- and U-type cyclins.
1088

Phylogenetically, A- and B-type cyclins are more
closely related to each other than to other types. Also,
the human K/L/T- and Arabidopsis T-types of cyclins
are distantly related to the C- and H-type cyclins,
whereas the U-type cyclins might be even more
distantly related. In addition to these and the D-type
cyclins, there are two more cyclins, SDS and CycJ18
(Abrahams et al., 2001; Azumi et al., 2002), which are
quite isolated from others and thus need to be treated as
two separate classes. In this paper, we call them SDSand CycJ18-type cyclins, respectively (Fig. 1). Our
analysis also indicates that Arabidopsis lacks clear
orthologs of the human E-, F-, and G-type cyclins, and
the UNG2 (Uracil DNA Glycosylase 2) protein. Our
maximum parsimony (MP) trees based on the same
data set are not in conflict with the neighbor joining (NJ)
Plant Physiol. Vol. 135, 2004
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tree shown in Fig. 1, but have lower bootstrap values
for a number of nodes (data not shown).
In addition to the cyclin core, some cyclins also
contain a Destruction box (D-box), which is involved
in cyclin proteolysis by the ubiquitin-dependent
proteasome pathway (Glotzer et al., 1991; Renaudin
et al., 1996; Peters, 1998; Vandepoele et al., 2002). Some
cyclins may have another motif called PEST region,

which is rich in Pro (P), Glu (E), Ser (S), and Thr (T)
residues, and is a marker for unstable proteins (Rogers
et al., 1986; Rechsteiner and Rogers, 1996). The presence of these motifs is consistent with cyclin function,
which requires rapid degradation to terminate CDK
activity at a specific point during the cell cycle. In this
study, putative D-boxes were found in all A-type
cyclins except for CycA3;3 and all B-type cyclins

Figure 2. Phylogenetic relationships and domain structure of the 49 Arabidopsis cyclins. With 0.01 as the E-value cutoff, almost
all of the A-, B-, D-, and SDS-type of cyclins contain both cyclin_N and cyclin_C domains, whereas all other types of cyclins lack
cyclin_C domain. D-box was found in nine A- and nine B-cyclins.
Plant Physiol. Vol. 135, 2004
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except for CycB2;5 and CycB3;1 (Fig. 2). Putative PEST
regions were also found in 45 out of the 49 Arabidopsis
cyclins (Supplemental Table I).

Expression Profiles of Arabidopsis Cyclin Genes

Since gene expression patterns can provide important clues for gene function, we employed both
microarray and RT-PCR experiments to comprehensively characterize gene expression profiles of the
Arabidopsis cyclin genes. Out of the 49 Arabidopsis
cyclin genes, the probes of 43 are available in the
GeneChip Arabidopsis ATH1 Genome Array (Affymetrix, Santa Clara, CA). The average normalized signal
strengths of the genes are presented in Table I. As
described by X. Zhang et al. (unpublished data), if the
average of Log Data of duplicate ([Log2 X1 1 Log2X2]/
2) of a gene is smaller than Log2 50, the expression of

that gene is regarded as not reliably detected (designated as ‘‘A’’). Twenty-five of the 43 genes show
expression in all the tissues examined; 10 other genes
are expressed in several tissues, but are detected at very
low levels or not at all in others. Three genes have very
specific expression patterns, with CycU2;2 and CycU4;3
reliably detected only in roots, and SDS in anthers. The
expression of five remaining genes, namely CycA2;1,
CycA3;3, CycD4;2, CycD6;1, and CycU4;2, was not detected with confidence in any of the tissues examined.
RT-PCR experiments were performed to verify the
microarray data and to obtain the expression patterns
of several other cyclin genes, for which probes are
not available on the Affymetrix GeneChip. BLAST
searches were performed to verify the specificity of all
primer sequences (Table II), and the sizes of all RT-PCR
bands were as expected. As shown in Figure 3, the RTPCR results are in good agreement with the microarray data. It is worth noting that RT-PCR is very

Figure 3. Analysis of expression of some cyclin
genes using RT-PCR. The APT1 gene was used as
an internal control. Thirty-four cycles PCR reactions were performed for those genes with asterisks (*), while 29 cycles were done for all the
other genes. The microarray data, if available, are
listed below the corresponding RT-PCR bands to
show the general consistency of results from
these two methods and the high sensitivity of
RT-PCR. The abbreviation for the organs is the
same as in Table I.
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sensitive and able to detect gene expression even when
a gene cannot be reliably detected by the microarray
study. For example, an RNA in situ hybridization
experiment has shown that the SDS gene is expressed
in both male and female meiotic cells (Azumi et al.,
2002), and RT-PCR indicated expression in anthers,
young inflorescences, and stage-12 flowers. The young
inflorescence sample contained a small fraction of
stage-9 flowers, which have male meiotic cells, and
the very faint band in stage-12 flowers was possibly
caused by some contamination of stage-11 flowers,
which contains female meiotic cells, during RNA
sample preparation. RT-PCR was also performed for
another five genes, which had very low (‘‘A’’) expression values (less than 50) in all the tissues tested from
our microarray experiment. For CycA3;3 and CycU4;2
(At5g07450), 29 cycles of PCR yielded no band, but
more PCR cycles (34 cycles) detected specific expression of CycA3;3 in anthers and CycU4;2 in roots. For the
other three genes, CycD6;1 and CycD4;2 showed weak
ubiquitous expression, and CycA2;1 showed broad
expression except in leaf. Taken together, our results
and similar studies from members in our lab (X. Zhang
et al., unpublished data; W. Zhang et al., unpublished
data) illustrated that the microarray data are quite
reliable.
The microarray and RT-PCR results together present
global expression profiles of all the Arabidopsis cyclins in several major tissues. Sometimes, the RT-PCR
experiments detected low-level expression as faint
bands when the gene was regarded as not reliably
detected from the microarray analysis. In these cases,
we adopted RT-PCR results due to the high sensitivity
of RT-PCR. Arabidopsis cyclins can be classified into
four groups according to their expression profiles. The
largest group is composed of 31 genes that are expressed in all tissues examined; the second group
contains eight genes whose expression were detected
in the majority, but not all, of the tissues. The third
group includes seven genes with very specific expression: CycA3;3, CycD7;1, CycT1;1 (At1g35440), and
CycT1;2 (At4g19560) are exclusively expressed in
anthers; while CycU2;2 (At3g60550), CycU4;2, and
CycU4;3 (At5g61650) are exclusively expressed in
roots. The last group contains SDS, CycJ18, and
CycD4;1, the three genes that are expressed only in
reproductive organs, i.e. anthers, inflorescences, and
stage-12 flowers of this study.

Cyclins from Higher Plants

BLAST searches against the GenBank protein databases yielded more than 200 cyclin-like proteins from
various plant species. A more detailed analysis (see
‘‘Materials and Methods’’) revealed that approximately a quarter of them are duplicates, alleles, or
partial sequences of other proteins. Some others do not
contain a detectable cyclin_N domain and thus were
excluded from further analysis. Among the remaining
Plant Physiol. Vol. 135, 2004

127 proteins, the majority contains both cyclin_N and
cyclin_C domains and shares high similarity to one of
the A-, B-, or D-type cyclins in Arabidopsis. The rice
(Oryza sativa) genome codes for at least 44 cyclins,
most of which share significant similarity to at least
one Arabidopsis cyclin. Because the cyclin-like
proteins from other plants fall into one of the ten types
revealed in Arabidopsis, we believe that our classification of the Arabidopsis cyclins into 10 classes is also
valid for other plants. However, since the regions that
could be used for phylogenetic analysis are very short
if all members are considered, we analyzed phylogenetic relationships using sequences in five subsets,
each of which contains phylogenetically related cyclins. As many as possible reliable residues, most of
which are from the cyclin_N and cylin_C domains,
were included into the final estimations for each
subset.

A-Type Cyclins

A total of 49 plant cyclins were included in our
CycA_plant data set, of which 41 are A-type, two are
B-type, two are SDS-type, and four are D-type cyclins.
Structurally, most of the A-type cyclins contain the
LVEVxEEY motif, a conserved region that has been
proposed as the signature of all A-type cyclins
(Renaudin et al., 1996; Chaubet-Gigot, 2000; Supplemental Table I). In some sequences, however, one or
several of these residues are replaced by amino acids
with very similar chemical properties. For example, the
Val (V) at the second position has been replaced by an
Ile (I) in Arath;CycA1;1, and the two Glus (EE) at
the sixth and seventh positions by Asps (DD) in
Arath;CycA2;2. Since these substitutions are not very
frequent, we still regard the LVEVxEEY motif as a
universal signature for A-type cyclins.
In the phylogenetic tree of the A-type cyclins, three
previously identified groups, i.e. CycA1, CycA2, and
CycA3, are recognizable, and the relationships between
these three groups are (CycA1,(CycA2, CycA3)) (Fig. 4).
Two rice cyclins, Orysa;CycA3;3 and Orysa;CycA3;4,
which contain MEELVYGF and MADVAYVF, respectively, instead of the conserved LVEVxEEY motif, were
not resolved as members of CycA1, CycA2, or CycA3
group; they formed a separate clade outside of the
A- and B-type cyclins, suggesting that they may not be
true A-type cyclins. Among the remaining 39 A-type
cyclins, 11 of the 13 CycA1 and 13 of the 16 CycA3 group
members possess an Ala (A) at the fifth position (the
‘‘x’’), while all of the 13 CycA2 group members have
a Ser (S) at this position (Supplemental Table I).
As shown in Figure 4, it is also obvious that each of
the CycA1, CycA2, and CycA3 groups is composed of
sequences from well-studied species such as eudicotyledenous Arabidopsis, Glycine max, Nicotiana tabacum,
Lycopersicon esculentum, and the monocotyledonous
rice. This result strongly supports the idea that the
common ancestor of each of these three groups
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Figure 4. NJ tree of 49 A-, two B-, two
SDS-, and four D-type cyclins from plants.
Forty-seven core members of A-type were
clustered into three groups, i.e. CycA1,
CycA2, and CycA3, while the remaining
two CycA-like proteins from rice, Orasa;
CycA3;3 and Orasa;CycA3;3, were resolved as sisters to all other A- and
B-type cyclins. Sequences from Arabidopsis are in open boxes, while those from
rice are in light shading. Cyclin nomenclature is according to Renaudin et al.
(1996). Adica, Adiantum capillus; Arath,
Arabidopsis; Brana, Brassica napus; Catro,
Catharantus roseus; Dauca, Daucus
carota; Glyma, Glycine max; Lyces, Lycopersicon esculentum; Medsa, Medicago
sativa; Nicta, Nicotiana tabacum; Orysa,
Oryza sativa; Picba, Picea abies; Pissa,
Pisum sativum; Silla, Silene latifolia;
Zeama, Zea mays. For more information,
such as synonym(s), accession number,
locus name, and signature motif, please
see the Supplemental Table I.

predates the separation of monocots and eudicots. In
addition, two cyclin-like proteins from the pteridophyte Adiantum capillus and the gymnospermous Picea
abies, Adica;CycA2;1 and Picab;CycA2;1, were resolved
as outgroups of all other angiosperm A2-type cyclins,
suggesting that the split of A-type cyclins into three
groups may have occurred even earlier, possibly before
the emergence of vascular plants.
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B-Type Cyclins

Our CycB-plant data set includes 45 B-type cyclins
and nine outgroups. Phylogenetic analysis indicated
that the plant B-type cyclins fall into three distinct
groups: CycB1, CycB2, and CycB3 (Fig. 5), although the
relationships among them are not well resolved. The
CycB1 group, which contains more than two-thirds
Plant Physiol. Vol. 135, 2004
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of the B-type cyclins, is by far the largest of the three.
The typical cyclin B signature, the (H/Q)x(K/R/Q)(F/
L) motif, is present in all B-type cyclins investigated.
However, to make the signature motif of B-type cyclins
comparable to that of A-type cyclins, we expanded the
four residues mentioned above to the same eight
positions found in the A-type cyclins. Interestingly,
we found that the majority of plant B-type cyclins
contains a L(I/V)(E/D)VHx(K/R)(F/L) motif, although significant variation does exist at some positions (Supplemental Table I). For CycB2 and CycB3

group members, the consensus sequence of this region
are LIEVHxK(F/L) and LIEVHFK(F/L), respectively,
while, for CycB1 group members, there are amino acid
substitution at all the eight positions.
Like the A-type cyclins, the CycB1 and CycB2
groups also contain representatives from both
monocotyledonous and eudicotyledonous species,
suggesting that these two lineages were present
before the split of monocots and eudicots. The placement of Picma;CycB1;1 at the base of all other B1-type
cyclins further suggests that the CycB1 and CycB2
Figure 5. NJ tree of 45 B-type cyclins from plants,
with two A-, two SDS-, and four D-type cyclins as
outgroups. Three major groups, CycB1, CycB2, and
CycB3, are recognizable, although the relationships among them are not resolved. Sequences
from Arabidopsis are in open boxes, while those
from rice in light shading. Cyclin nomenclature is
according to Renaudin et al. (1996). Antma,
Antirrhinum majus; Arath, Arabidopsis; Catro,
Catharantus roseus; Cheru, Chenopodium rubrum; Dauca, Daucus carota; Glyma, Glycine
max; Luplu, Lupinus luteus; Lyces, Lycopersicon
esculentum; Medsa, Medicago sativa; Nicta, Nicotiana tabacum; Orysa, Oryza sativa; Petcr,
Petroselinum crispum; Pethy, Petunia x hybrida;
Picma, Picea mariana; Pissa, Pisum sativum;
Sesro, Sesbania rostrata; Zeama, Zea mays. For
more information, such as synonym(s), accession
number, locus name, and signature motif, please
see the Supplemental Table I.
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lineages predate the origin of seed plants. However,
in our BLAST searches, we could not find a CycB3
group member from a monocotyledonous species,
thus the evolutionary history of this group remains
unclear.
D-Type Cyclins

As indicated in Figures 1 and 2, the monophyly of
the Arabidopsis D-type cyclins and the internal relationships within them were not well resolved. In
particular, the Arabidopsis CycD6;1 and CycD7;1
proteins seem to be quite divergent from all other
D-type cyclins. Investigation of the protein sequences
also failed to find a conserved motif corresponding to
the LVEVxEEY motif of A-type cyclins. Despite this,
the previously reported LxCx(D/E) motif at the N
terminus are present in almost all the D-type cyclins
(Supplemental Table I). In the phylogenetic tree of the
CycD_plant data set, six groups are recognizable,
although the detailed relationships among them are
obscure (Fig. 6). Within each of the CycD1, CycD3,
CycD5, CycD6, and CycD7 groups, members from
Arabidopsis are all clustered with their putative orthologs from other plants. Putative ortholog(s) were
found from both monocotyledonous and eudicotyledonous species, suggesting that the common ancestors of these groups predates the separation of
monocots and eudicots. However, distinctive orthologs could not be identified for the CycD2 and CycD4
subtypes, suggesting that the Arabidopsis CycD2 and
CycD4 genes may be the result of recent duplications
since the divergence of eudicots. Nevertheless, the
existence of a number of cyclins related to both CycD2
and CycD4 from other eudicots and monocots support
an origin of the combined CycD2/CycD4 group before
the split of monocots and eudicots.
H-, L-, T-, U-, and SDS-Type Cyclins

Except for C- and CycJ18-type, cyclins of all types
were also found in at least one more plant species
other than Arabidopsis. However, as shown in Figures
4, 5, 7, and 8, the plant H-, L-, T-, U-, and SDS-type
cyclins are detected only from Arabidopsis and rice,
the two model species whose whole genomes have
been sequenced. This suggests that cyclins of these
types are possibly expressed either at very low levels
or in specific organs, thereby reducing their chances of
being represented in expressed sequence tag collections of less-well-studied species. The Arabidopsis
SDS gene, for example, is specifically expressed in
meiotic cells and is critical for meiosis (Azumi et al.,
2002). Furthermore, since putative orthologous relationships could be detected within the SDS, CycH1,
CycL1, CycT1, CycU1, CycU2, CycU3, and CycU4
groups, it is possible that the ancestor of each group
predates the separation of monocots and eudicots.
Compared with the A-, B-, D-, and SDS-type, cyclins
of other types are generally short in length and do not
1094

contain an easily detectable cyclin_C domain. Despite
this, some of them possess conserved motifs that could
be regarded as a signature of each type of cyclins. Most
of the newly identified U-type cyclins, for example,
contain a conserved Y(L/A)(E/A)RI(F/A)(R/K)(Y/F)
motif at the positions of the A-type LVEVxEEY motif
(Supplemental Table I). Similarly, a relatively conserved motif, (L/I)(Q/R)D(L/V)G(M/I)RL, seems to
exist in most T-type cyclins.

DISCUSSION
Plants Possess a Large and Complex Family of Cyclins

In this study, we have identified and analyzed a large
number of cyclins from Arabidopsis, rice, and many
other species. Our results show that the cyclin family
in plants has a large number of members that can
be divided into 10 groups. Nieduszynski et al. (2002)
analyzed the genomic sequences of Caenorhabditis
elegans, Drosophila melanogaster, and human and found
one A-type cyclin in invertebrates and two in vertebrates. The number of B-type cyclins varies from two
in D. melanogaster to three in humans and four in C.
elegans. The total number of cyclins in the C. elegans
genome is 34 (Plowman et al., 1999), and the number in
human is at least 22. Plants can adopt dramatically
different alternative developmental pathways and
must integrate cell cycle progression, growth, and development in response to environmental cues (Boniotti
and Griffith, 2002), suggesting that they may have
acquired distinctive cyclin genes. The plant cell cycle
also has unique features compared to the animal cell
cycle, including the need to form unique cytoskeletal
structures called preprophase band and phragmoplast, the formation of diffuse mitotic spindles, and
distinctive cytokinesis (Cyr and Palevitz, 1995; Smith,
1999; Breyne et al., 2002). So, it is not surprising if plant
genomes code for more cyclins than animal genomes.
Reports of the persistence of some cyclins to late cell
division (Mews et al., 1997) and the existence of
a plant-unique CDK type, CDKB (Joubes et al., 2000),
already provide evidence for the existence of plantspecific cyclins. However, as suggested previously
(John et al., 2001), only after we collect all the information on cyclin function can we really understand
the full meaning of plant cyclin diversity.
As shown in Figure 1, there are 10 and 13 classes of
cyclins in Arabidopsis and human genomes, respectively. Five types (A-, B-, C-, H-, and L-types) are
shared by both species, with K- and T-types being
closely related to L-type. The human E-, F-, G-, I-, and
UNG2-type cyclins lack clear orthologs in Arabidopsis, whereas plants have the CycJ18-, T-, SDS-, and
U-type cyclins that are not found in human. Both
animals and plants have D-type cyclins, but the affinity
between them was not supported in our phylogenetic analysis (Fig. 1). In addition, the greater numbers
of A- and B-type cyclins than those in animals and the
Plant Physiol. Vol. 135, 2004
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Figure 6. Unrooted NJ tree of 51 D-type cyclins from
plants. Six groups of cyclins, CycD1-, CycD2-/
CycD4-, CycD3-, CycD5-, CycD6-, and CycD7-type
cyclins, are recognizable, although the relationships
among then are not resolved. Sequences from Arabidopsis are in open boxes, while those from rice are
in light shading. Cyclin nomenclature is according to
Renaudin et al. (1996). Antma, Antirrhinum majus;
Arath, Arabidopsis; Cheru, Chenopodium rubrum;
Dauca, Daucus carota; Hiltu, Helianthus tuberosus;
Lagsi, Lagenaria siceraria; Lyces, Lycopersicon esculentum; Medsa, Medicago sativa; Nicta, Nicotiana
tabacum; Orysa, Oryza sativa; Pissa, Pisum sativum;
Phypa, Physcomitrella patens; Popal, Populus alba;
Poptr, Populus tremula x Populus tremuloides; Triea,
Triticum aestivum; Zeama, Zea mays. For more
information, such as synonym(s), accession number,
locus name, and signature motif, please see the
Supplemental Table I.

lack of certain animal types suggest that some of the
A- and B-types may assume the functions that are
carried out by the animal-specific cyclins. For example,
though plants lack E-type cyclins which are involved
in G1/S checkpoint control in animals, it was reported
recently that Nicta;CycA3;2 can control cell division
and differentiation (Yu et al., 2003), functions that are
analogous to those of cyclin E in animals.
Plant Physiol. Vol. 135, 2004

Although only five types of cyclins are shared
between Arabidopsis and human, all 10 types identified in Arabidopsis were supported by the existence of
related cyclins in other plants. As indicated in BLAST
searches and phylogenetic analyses, members within
each class share significant similarity, while affinities
between members of different classes are usually
undetectable, except for that between A- and B-type
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Figure 7. Unrooted NJ tree of two C-, two H-, two L-, and 11 T-type
cyclins from plants, with four monophyletic groups formed for each
type. Sequences from Arabidopsis are in open boxes, while those from
rice are in light shading. For more information, such as synonym(s),
accession number, locus name, and signature motif, please see
Supplemental Table I.

cyclins and among K-, L-, and T-type cyclins. BLAST
searches seldom yielded members from other classes,
and the only region that was found in all cyclin
proteins and can be confidently aligned is the cyclin_N
domain. These results suggest that the collection of the
plant cyclin proteins can be regarded as a superfamily
that is comprised of several small families, such as
A/B-, C-, D-, H-, L-, T-, U-, SDS-, and CycJ18-type
cyclins, rather than a single huge protein family.

newly defined U-type cyclons exhibit broad expression patterns, they are likely to have generally functions in most or all tissues. Because most of the tissues
we analyzed contain multiple cell types, it is possible
that genes that appear to have similar expression
patterns from microarray and RT-PCR experiments
may have different patterns at the cellular level. In situ
hybridization and/or reporter gene studies will need
to be performed to obtain such detailed spatial expression patterns.
In several types with multiple members, some
members exhibit highly specific expression patterns.
Three genes, CycA3;3, CycT1;1, and CycT1;2, showed
anther-specific expression, suggesting a specific function in the anther. Similarly, the fact that three U-type
genes are specifically expressed in the root suggests
that they have a specific function in the root. In
addition, two very divergent genes, SDS and CYCJ18,
exhibited unique expression patterns, suggesting that
they also have specialized functions. The SDS gene has
a highly restricted expression only in meiotic cells
and has been shown to be required for chromosome
pairing and synapsis during meiotic prophase I but
not for mitotic growth. The expression pattern of
CYCJ18 resembles that of SDS, suggesting that it is
also involved in male reproduction, perhaps even
meiosis. Further experiments are required to test this
hypothesis.
In many cases, the most closely related cyclins also
exhibit very similar expression patterns, suggesting
possible functional redundancy between the highly
similar genes. These genes include CycA1;1 and

Diverse Expression Patterns of Arabidopsis Cyclins

Overall, the Arabidopsis cyclin family shows diverse expression patterns. A majority of the cyclins are
expressed in all tissues tested, with various expression
levels. Because cyclins are thought to regulate the cell
cycle, our results suggest that all of the tissues tested
have some actively dividing cells, although we cannot
rule out the possibility that some cyclins might be
expressed in nondividing cells and play different
roles, as suggested for some CDKs (Barroco et al.,
2003). In addition, for most of the identified types of
cyclins, there is no specific expression pattern associated with that type, suggesting that most types of
cyclins function in a variety of tissues. This notion is in
agreement with studies of some A-, B-, and D-type
cyclins, which are important for the mitotic cell cycle
and/or for mitotic growth (Chaubet-Gigot, 2000; Ito,
2000; Meijer and Murray, 2000; Meszaros et al., 2000).
Analogously, because several members of the T- and
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Figure 8. Unrooted NJ tree of 15 U-type cyclins from plants. Four
groups, CycU1-, CycU2-, CycU3-, and CycU4-type cyclins, were
formed. Sequences from Arabidopsis are in open boxes, while those
from rice are in light shading. For more information, such as synonym(s), accession number, locus name, and signature motif, please see
Supplemental Table I.
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CycA1;2; CycA2;3 and CycA2;4; CycB1;2 and CycB1;5;
CycB2;1 and CycB2;2; CycB2;3 and CycB2;5; CycC1;1
and CycC1;2; CycD3;3 and CycD3;2; CycT1;4
(At4g19600) and CycT1;5 (At5g45190); and CycU4;2
and CycU4;3. The pair CycU4;2 and CycU4;3 exhibit
specific expression in roots. In addition, microarray
results from another group (Birnbaum et al., 2003)
showed that these two genes also fall into a group of
genes that were differentially regulated across root
subzones, suggesting that they have specific roles in
root growth or function. For another pair, CycB1;2 and
CycB1;5, since CycB1;5 is the only member in B-type
cyclins which contains only cyclin_N domain, it is
possible that CycB1;5 is a pseudogene. Also, the
expression of CycB1;5 detected by the microarray
experiments could be for CycB1;2 due to cross-hybridization. Currently, the sds mutant is the only reported
single-gene mutant that exhibits phenotypic changes.
The scarcity of cyclin mutants supports the hypothesized functional redundancy between closely related
cyclins. Functional redundancy among cyclin genes
has been well characterized in the budding yeast,
which has six B-type cyclins that have overlapping
and specific functions (Miller and Cross, 2001). In
several previous functional studies of Arabidopsis
cyclins, transgenic plants with ectopic expression
and/or overexpression of a cyclin gene were usually
generated to study the in vivo function of those
cyclins. For example, CycD2;1 can increase root growth
rate when it is overexpressed in tobacco (Cockcroft
et al., 2000). Ectopic expression of CycD3;1 in Arabidopsis trichomes can induce both DNA replication
and cell division (Schnittger et al., 2002a). It is worth
noting that functions of some closely related members,
even those with similar expression pattern, may still
be different. For example, the ectopic expression of
CycB1;2, but not CycB1;1, in Arabidopsis trichomes
induced mitotic division (Schnittger et al., 2002b).
Furthermore, members of three pairs of closely related
genes, CycA2;1 and CycA2;2; CycD4;1 and CycD4;2;
and CycU2;1 (At2g45080) and CycU2;2, exhibit different expression patterns. It is possible that both functional redundancy and functional specificity exist
among plant cyclin groups.
Expression profiling within different tissues is only
the first step to understanding the function of cyclin
genes. Our results suggest that many, or even most,
cyclin genes in Arabidopsis have similar sequences
and expression patterns and may be functionally
redundant. Alternatively, some of these genes may
have different expression patterns within the tissues
that we analyzed, but such differences could not be
detected using microarray and RT-PCR experiments.
Further detailed studies of developmental expression,
cell-type expression, and cell cycle-phase specific
expression patterns will provide more clues for functional prediction of cyclin genes. Expression profiles of
all the Arabidopsis cyclin genes and the detailed
phylogenetic analysis of plant cyclins provide useful
information for future research. Those cyclins with
Plant Physiol. Vol. 135, 2004

specific expression patterns can be the focus of functional studies for their possible roles in specific tissues.
Also, closely related genes with similar expression
patterns can be tested for functional redundancy using
double/triple mutants. Moreover, detailed analysis of
newly identified plant-specific types of cyclins may
potentially uncover plant-specific functions of cyclins,
perhaps in the regulation of unique aspects of the
plant cell cycle. Finally, an orthologous relationship
between genes from Arabidopsis and other plants can
form a basis for functional comparison using multiple
approaches.
MATERIALS AND METHODS
Data Retrieval, Domain Identification, and
Phylogenetic Analysis
A search of the Arabidopsis cyclin proteins was performed by using the
BLASTP program against the AGI proteins database on The Arabidopsis Information Resource Web site (http://www.arabidopsis.org/Blast/), with various
published plant and animal cyclins as query sequences and with the E-value
cutoff set as 1e-005. Programs utilized on the Floral Genome Project Website (FGP-MINE; http://fgp.bio.psu.edu/cgi-bin/fgpmine/fgp_family_list.cgi;
Wall et al., unpublished data) were applied to obtain cyclin-like proteins
from rice and other plants. All the other plant cyclin-like proteins were
obtained from PsiBLAST searches at the National Center for Biotechnology
Information Web site (http://www.ncbi.nlm.nih.gov/BLAST/) against the
nonredundant database, with one to a few representatives from each of the
major classes as query sequences. Preliminary phylogenetic analysis was
conducted to choose closely related sequences from the same species, and
those sequences were further compared at both protein and DNA levels to
identify duplicates, alleles, and partial sequences. Sequences that share higher
than 95% identity at the DNA level were regarded as likely alleles (Zhang et al.,
2001), unless they were previously reported to be different genes. Duplicates,
alleles, and partial sequences were excluded from further analyses. Following
preliminary phylogenetic analysis with Arabidopsis and human cyclins,
members of novel Arabidopsis clades were used as queries to detect other
possible nonplant homologs, and three protist sequences were added to the
data set.
Protein sequences were analyzed in the Pfam HMM database to find
cyclin-specific domains (http://pfam.wustl.edu/hmmsearch.shtml), with
E-value 5 0.01 as the cutoff. Proteins containing detectable cyclin_N or
cyclin_C domains were regarded as cyclins; otherwise, they were excluded
from the data set. Since all but one plant sequence had the cyclin_N domain
while only approximate half of them contain the cyclin_C domain, we used
only the cyclin_N domain for the genome-wide analysis. For analysis of
individual families, however, longer regions that could be aligned with confidence were used. Sequence alignments were generated with CLUSTALX 1.81,
with BLOSUM 30 as the protein weight matrix (Henikoff and Henikoff,
1992). Several values for gap opening penalty and gap extension penalty were
tried to identify the commonly resolved domain. A combination of gap opening penalty 5 6.0 and gap extension penalty 5 0.1 was finally adopted that
enabled reasonable alignment among conserved domains with few gaps.
Phylogenetic analyses of cyclin proteins were carried out using the NJ, MP,
and maximum likelihood (ML) methods in MEGA 2.1 (Kumar et al., 2001),
PAUP* 4.10b (Swofford, 2001), and PHYLIP 3.6a3 (Felsenstein, 2002), respectively. NJ analyses were done with the pairwise deletion option selected
and with Poisson correction set for distance model. For parsimony analysis,
100 replicates of random stepwise addition with tree-bisection-reconnection
branch swamping were performed by using Heuristic Search. Support for
each node was tested with bootstrap analysis, 1,000 replicates for NJ and 100
for MP and ML, using random input order for each replicate. Since the MP and
ML trees do not disagree with the NJ trees in topology, we present only the NJ
trees in this paper.
Six data sets were generated to estimate the relationships of cyclin genes, i.e.
Cyc_N_all, CycA_plant, CycB_plant, CycD_plant, CycCHLT_plant, and
CycU_plant. Cyc_N_all contained the cyclin_N domains of all the cyclins
that we have identified and was used to estimate cyclin relationships at the
genomic level. Three sets of analyses were performed for this data set: (1)
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comparison of Arabidopsis and human cyclins (Fig. 1); (2) phylogeny of
Arabidopsis cyclins (Fig. 2); and (3) preliminary classification of plant cyclins
(data not shown). The other data sets contain the information of full-length
sequences and were used to determine phylogenetic relationships of plant A-/
SDS-, B-/SDS-, D-, C-/H-/L-/T-, and U-type cyclins, respectively (alignments
will be provided when requested). For each data set, only regions with reliable
homology were used in the final analysis.
In addition to the cyclin_N and cyclin_C domains, some cyclins also
contain a D-box region and one or several PEST motifs. To identify the D-box
in Arabidopsis cyclins, a program on the website (http://bioinfo.weizmann.
ac.il/danag/d-box/form.html) was used, and the output D-box information
was also further verified by doing alignment with the consensus of published
D-box sequence (Renaudin et al., 1996; Vandepoele et al., 2002). In addition,
PESTfind software (http://emb1.bcc.univie.ac.at/embnet/tools/bio/) was
used to detect the existence of PEST motifs for all the Arabidopsis cyclins.

Microarray Experiments
All seven tissues, including roots, stems, leaves, young inflorescences
(stage1-8), anthers (stage 4–6), stage-12 flowers, and siliques were prepared
from Arabidopsis Landsberg erecta. RNA was extracted using RNeasy Plant
Kit (Qiagen USA, Valencia, CA), and the subsequent cRNA preparation and
microarray hybridization were performed according to Affymetrix GeneChip
Expression Analysis Overview (Affymetrix). Hybridization was performed
twice using RNA samples that were extracted from two independently grown
populations (two biological replicates) for each of the seven tissues. After the
conversion of scan data to probewise expression levels, the data were further
normalized using quantile normalization (Bolstad et al., 2003) and then
converted to probeset expression levels using the R-Affy package in Bioconductor (version 1.3.25, Irizarry, Gautier, and Bolstad). Log250 was chosen
as the cutoff for reliable detection of gene expression. Genes not reliably
detected are designated by ‘‘A.’’ Pearson’s correlation coefficient for the two
replicates was 95.5% for anthers and ranged from 98.0% to 99.4% for the other
six tissues. Expression of cyclins was analyzed for various tissues. The final
signal intensity reflects the relative expression level of a gene.

RT-PCR
Plant materials of the same stages used for microarrays were harvested
and ground in liquid nitrogen, and total RNA was isolated according to
manufacturer’s protocol using RNeasy mini kit (Qiagen USA). The amount of
total RNA was determined by UV spectrophotometry. Total RNA (1 mg) was
treated with 1 unit of DNase I (Invitrogen, Carlsbad, CA) prior to RT-PCR to
remove residual DNA contamination. The first strand cDNA was synthesized
using SuperScriptII reverse transcriptase (Invitrogen) and about one tenth was
used as a template for RT-PCR. Thirty-four cycles of PCR amplification were
used for seven genes including SDS, CycJ18, CycA3;3, CycD7;1, CycT1;1,
CycT1;2, and CycU4;2. Twenty-nine cycles were done for all the other PCR
reactions. Control PCRs without reverse transcriptase did not produce any
PCR bands. ADENINE PHOSPHORIBOSYL TRANSFERASE 1 (APT1) (Moffatt
et al., 1994) gene was used as an internal control. The primers used for RT-PCR
are listed in Table I. PCR products were fractionated on 1% agarose gels
containing ethidium bromide and photographed under UV light.

Note Added in Proof
The U-type cyclins described here are the same as the P-type cyclins that
were reported in a recent paper describing the molecular and phylogenetic
analysis of a novel type of Arabidopsis cylcins (Torres Acosta J, de Almeida
Engler J, Raes J, Magyar Z, DeGroodt R, Inze D, De Veylder L [2004] Cell Mol
Life Sci 61: 1485–1497). For the Arabidopsis proteins the correspondence of
names is: CycU1;1=CycP2;1; CycU2;1=CycP3;1; CycU2;2=CycP3;2; CycU3;1=
CycP1;1; CycU4;1=CycP4;1; CycU4;2=CycP4;3; CycU4;3=CycP4;2. The designation of P-type cyclins is supported by molecular results and should be used
for future work. Additional sequences from plants and protists are also
included in the phylogenetic analysis reported by Torres Acosta et al. (2004).
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CHAPTER 3

STUDIES OF SDS IN YEAST SUPPORT THAT SDS IS A CYCLIN GENE

ABSTRACT
.

SOLO DANCERS (SDS) is a putative Arabidopsis cyclin gene that is required for

normal meiosis. Previous phylogenetic study suggested that SDS defines a novel type of
cyclin in plants. However, no functional evidence supporting SDS as a cyclin gene has
been obtained so far. To gain experimental evidence to validate this idea and to study the
action of the different SDS protein domains, several SDS cDNA truncations were
generated and the corresponding constructs were transformed into both wild type and
several yeast cyclin deficient strains. The results from complementation assay and flow
cytometry analysis showed that SDS can rescue a G1-cyclin deficient yeast mutant and
interfere with the wild type yeast mitotic cell cycle. The inability of some SDS
truncations to rescue and interfere suggested that both the cyclin core and a portion of the
N-terminal region are required for SDS function in yeast. It was also shown that the SDS
protein is unstable but the predicted D-box does not seem to be involved in regulating its
stability. Taken together, the results in this study demonstrated that SDS is an authentic
cyclin gene.
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INTRODUCTION

In eukaryotes the basic mechanism of cell cycle is remarkably conserved. The key
events in cell cycle are mainly regulated by the oscillating activity of cyclin-dependent
kinases (CDKs), and the primary level of CDK activity regulation is achieved by
association with activating subunits called cyclins (Murray, 2004). Cyclin/CDK
complexes are mainly involved in cell cycle regulation, and they have also been reported
to regulate transcription, differentiation, and some other processes (Murray and Marks,
2001; Murray, 2004).
Since the discovery of the first cyclins in marine invertebrates (Evans et al., 1983),
numerous cyclin genes have been identified in yeast, animals, and plants. Yeast and
animal cyclins have been divided into several different groups on the basis of sequence
similarity, expression pattern, and protein activity during the cell cycle (Pines, 1995).
Plant cyclins have been classified mainly on the basis of their sequence similarity to
animal cyclins (Renaudin et al., 1996; Vandepoele et al., 2002). A recent detailed
phylogenetic study has defined ten classes of cyclins in plants (Wang et al., 2004). The
Arabidopsis SOLO DANCERS (SDS) gene was identified as a putative meiosis-specific
cyclin gene that is essential for normal meiosis (Azumi et al., 2002). The sds mutant has
severe defects in homolog synapsis, recombination, and bivalent formation in meiotic
prophase I stage. Phylogenetic analysis suggested that SDS is a novel type of cyclin in
Arabidopsis and that the SDS-type cyclin is plant-specific. The only homolog of the SDS
gene obtained by searches of sequence databases so far is from rice (Wang et al., 2004).
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Although SDS has been suggested to be a novel cyclin, no functional evidence has been
obtained to support this idea.
As essential cell cycle regulators, cyclins are tightly regulated at the transcriptional
level and post-translational level. Structurally, all cyclins possess a conserved domain
called cyclin core (Nugent et al., 1991). Two other typical motifs that cyclins may
contain are destruction box (D-box) and PEST region. A D-box is a conserved nineamino acid peptide motif that mediates ubiquitin-mediated proteolysis (Glotzer et al.,
1991). PEST regions are motifs that are abundant in Pro (P), Glu (E), Ser (S), and Thr (T)
residues, and they are found in many proteins with short half-life (Rogers et al., 1986;
Rechsteiner and Rogers, 1996). Sequence analyses suggested that the SDS protein
contains a cyclin core and a D-box (Azumi et al., 2002), and 7 putative PEST regions can
be defined with a PEST-FIND program (Rechsteiner and Rogers, 1996). At the posttranslational regulation level, most cyclins are degraded promptly at certain time point
during the cell cycle through the ubiquitin/26S proteasome pathway mediated by the Dbox or PEST region(s) (Koepp et al., 1999; Yew, 2001; Vodermaier, 2004). Several
cyclins have also been reported to be degraded by protease calpain or metalloprotease
(Santella et al., 1998; Fung et al., 2002; Wang et al., 2003).
The budding yeast Saccharomyces cerevisiae has been used extensively to
analyze the functions of plant proteins (Shibagaki and Grossman, 2004; Southron et al.,
2004; Watanabe and Lam, 2005). In addition, a number of yeast cyclin deficient mutants
have been generated and characterized (Xiong et al., 1991; Fitch et al., 1992; Stuart and
Wittenberg, 1998). Therefore, we employed the yeast system to study the SDS protein. S.
cerevisiae has three functionally redundant G1 cyclins (CLN1-CLN3) (Richardson et al.,
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1989; Nasmyth, 1996), four partially redundant mitotic cyclins (CLB1-CLB4) (Fitch et
al., 1992; Grandin and Reed, 1993; Dahmann and Futcher, 1995). Two other B-type
cyclins, CLB5 and CLB6, are the primary activators of CDC28 in S phase. Although their
roles can be fulfilled by the other B-type cyclins in mitosis, CLB5 and CLB6 are required
for premeiotic DNA replication and activation of the meiotic S/M checkpoint (Stuart and
Wittenberg, 1998). To test whether SDS can fulfill the function of a yeast cyclin, the SDS
gene was transformed into three yeast cyclin deficient mutants. Furthermore, the effects
of several SDS truncations on wild type yeast cell cycle and their abilities in the rescue of
a yeast mutant were compared to characterize the SDS protein motifs.
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MATERIALS AND METHODS

Yeast Strains and Growth Media
The host strains of Saccharomyces cerevisiae used in this study were wild type yeast
strain Y57 (Skirpan et al., 2001) and conditional cyclin mutants 305-15d #21 (Gal1CLN3 HIS3::cln1 TRP1::cln2) (Xiong et al., 1991) and #245 (Gal10::CLB2 clb1::URA3
clb2::LEU2 clb3::TRP1 clb4::HIS3) (Fitch et al., 1992). Another host strain is a meiotic
mutant DSY 984 (MATa/α clb5::URA3/′′ clb6::TRP1/′′) that is defective in premeiotic
DNA replication (Stuart and Wittenberg, 1998). All strains, including transformants,
were grown and maintained on either the YEPD rich medium or synthetic complete (SC)
medium at 30°C (Burke et al., 2000). For experiments in which the GAL1 or GAL10
promoter induction was required, synthetic induction medium (1% galactose and 1%
raffinose in place of 2% glucose) was used.

Plasmid Constructs and Yeast Transformation
Several SDS cDNA fragments (Fig. 3.1) were amplified by PCR using the pAD-SDS
plasmid carrying the full-length SDS cDNA (Azumi et al., 2002) as the template.
Specifically, SDS was amplified with primers oMC676 (5′CATATGAAGGAGATCGCGATGAGGAATTC -3′) and oMC681-2 (5′TGGATCCCGGAGTATACTGTGTCCTGG -3′), SDS63-578 with primers oMC677 (5′CATATGCTA GCTGATGACAACGTTTCCTG -3′) and oMC681-2, SDS201-578 with
primers oMC678 (5′- CATATGTTCGGGAGCGTTACCGGAGG -3′) and oMC681-2,
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SDS317-578 with primers oMC679 (5′CATATGAAGGAACAGTTCTGTAGATCCACG -3′) and oMC681-2, SDS365-578 with
primers oMC680 (5′- CATATGTATATGCGGGACTGTGCTAAGGC -3′) and oMC6812, SDS1-365 with primers oMC676 and oMC700-2 (5′TGGATCCCTTAGCACAGTCCCGCATATA -3′), and SDS201-365 with oMC678 and
oMC700-2. The full-length SDS and the SDS truncations were then subcloned at the NdeI
and BamHI sites into a yeast expression vector pCALF (Kou et al., 2003), resulting
pCALF-SDS constructs series (PMC2655-2660 & 2744) in which SDS and SDS
truncations were fused in frame to a triple haemagglutinin (HA) tag at the N-termini.
Transcription of these HA-SDS sequences is controlled by the GAL10 promoter and is
induced by the presence of galactose, repressed by glucose, and unaffected by raffinose.
To generate pYEX∗-SDS series, the yeast expression vector pYEX4T-3 (Skirpan et
al., 2001) was firstly modified to pYEX∗ by replacing the PCUP and GST tag by the ADH
promoter and terminator. The PADH and TADH were cloned by PCR with primers
oMC1770 (5′- TCTAGATATCCTTTTGTTGTTTCCG -3′) and oMC1771-2 (5′CTCGAGGATCCGGTCGACGTGATGGTGATGGTGATGCATCTTTCAGGAGG 3′), oMC 1772 (5′- CTCGAGGCGAATTTCTTATGATTTATG -3′) and oMC1773 (5′GCGGCCGCTTGCATGCCGGTAGAG -3′), respectively, using pAS1-CYH2 (Fan et
al., 1997) as the template. The HA-SDS fusion fragments in pCALF-SDS constructs were
then introduced at SalI and BamHI restriction sites into the pYEX∗ vector, resulting
pYEX∗-SDS constructs series (PMC2920-2922). For pYEX∗-SDS and SDS1-365, the
intrinsic SalI site in SDS was abolished by molecular manipulation before the ligation
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with pYEX∗. For pYEX∗-CLN3 construct generation, the intronless CLN3 cDNA was
cloned by PCR using primers oMC2011 (5′- ATATGGCCATATTGAAGGATACC -3′)
and oMC2012 (5′- GGATCCTCAGCGAGTTTTCTTGAGG-3′), with Y57 genomic
DNA as the template. Y57 genomic DNA was extracted as described previously (Burke
et al., 2000).
After sequence confirmation, all the constructs described above were transformed
into yeast host strains by the lithium-acetate method (Burke et al., 2000). The pCALFSDS constructs were transformed into Y57 and transformants were selected on SC plates
lacking leucine. The pYEX∗-SDS series were transformed into the three mutant strains
described. Transformants in #21were selected on SC plates containing galactose and
lacking histidine, leucine, tryptophan, and uracil. Transformants in #245 were selected on
SC plates lacking histidine, leucine, tryptophan, and uracil. Transformants in DSY 984
were selected on SC plates lacking leucine, tryptophan, and uracil.

Yeast Growth Assay and Complementation Test
To determine the yeast growth rate, cells were grown to middle-log phase, as
monitored by OD600 measurements, in appropriate medium, and cells samples were
collected at one-hour intervals for a total of 5 hours. An XL Benchtop Cytometer
(Beckman Coulter) was used for cell counting. Relative cell numbers were calculated and
plotted.
For complementation tests of 305-15d #21, the cultures of different transformants
were grown to late-log phase in the synthetic induction medium, and cell suspensions
were serially diluted with sterile deionized water. Then 10 µl of each sample were spotted
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onto both conventional and induction synthetic selection plates. All plates were incubated
at 30°C for several days and the growth of cells were observed and photographed. Each
experiment was performed three times and representative results were shown.
Sporulation test was performed as described (Stuart and Wittenberg, 1998) for DSY 984
transformants. For strain #245, the growth of cells on SC plates lacking histidine, leucine,
tryptophan, and uracil after transformation was used as the criterion due to the limitation
of selection markers on the plasmid.

Western Blotting and SDS Degradation in Yeast Cells

Yeast protein extracts were prepared using glass beads as described (Burke et al.,
2000) and the protein amount was estimated with a Bio-Rad Protein Assay Kit as
specified by the manufacturer. The extraction buffer (25 mM Tris/HCl, pH7.5, 0.1 mM
EDTA, 10% Glycerol, 100 mM KCl) was supplemented with a protease inhibitor cocktail
(catalog No. 1836170; Roche, Mannheim, Germany). Proteins were separated on 8%
SDS-PAGE and transferred onto PVDF membranes (catalog No. RPN1416F;
Amersham). The membranes were blocked overnight at 4°C in TBST (TBS plus 0.05%
Tween20) containing 5% nonfat milk, and incubated in monoclonal anti-HA antibody
(clone 12CA5; Roche) at a final concentration of 0.1 µg/ml on a rocker for 1 hr at room
temperature. After thorough wash in TBST, the membranes were incubated with 1:5,000
dilution of peroxidase-conjugated goat anti-mouse immuglobulin antibody (catalog No.
03116930001; Roche) for 1 hr and then washed thoroughly. Immunoblotting bands were
detected using the ECL PlusTM Reagents (catalog No. RPN2132; Amersham) according
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to the manufacturer’s protocol. Quantification was performed by scanning the X-ray film
and measuring band intensities with ImageJ software.
To evaluate SDS stability in yeast, yeast cells containing pCALF-SDS constructs
series were grown in synthetic induction medium to mid-log phase, and then transferred
to the SC medium containing glucose. At the indicated time points crude proteins were
extracted and analyzed by Western Blotting. For each SDS protein, the log10 of the
percentage of intensities were plotted versus time, and the half-life (t1/2) was calculated
from the log10 of 50%.

Total RNA Extraction and Real-time RT-PCR

Total yeast RNA was isolated as described by Peterson et al. (1991). Briefly, 10 ml
of cells were harvested at OD600 of 0.6-0.8 and resuspended in 0.2 ml RNA extraction
buffer (0.5 M NaCl, 0.2 M Tris/HCl pH7.5, 0.01 M Na3EDTA, 1% SDS). Glass beads
(0.4 g) and 0.2 ml phenol:chloroform:isoamyl alcohol (25:24:1) were added and mixed.
Cells were broken by being vortexed for 5 times for 30 s, with chilling on ice for 30 s
between vortexes. An additional 0.3 ml RNA extraction buffer and 0.3 ml
phenol:chloroform:isoamyl alcohol were added and mixed. The aqueous phase was
separated by centrifugation and re-extracted with phenol:chloroform:isoamyl alcohol.
The RNA was precipitated with ethanol, dried, and resuspended in DEPC-treated water.
RNA concentration was measured in a spectrophotometer.
After RNA extraction, first strand cDNA was synthesized as described previously
(Wang et al., 2004). For the real-time RT-PCR, amplification was performed using
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Brilliant SYBR Green QPCR Master Mix (Stratagene, La Jolla, CA) and the ABI PRISM
7700 thermocycler (ABI, Foster City, CA). PCR reactions were performed using the
following parameters: 10 mins at 95°C,and 40 cycles of 30 s at 95°C, 1 min at 57.5°C,
and 1 min at 72°C. The data were analyzed with the ABI Sequence Detection Systems
(SDS) version 1.7 (ABI). The primers were designed with Primer Express version 1.0
(ABI) and sequences were listed in Table 3.1. PCR reactions were performed in triplicate
for each cDNA sample.

Fluorescence Activated Cell Sorter (FACS) Analysis of DNA Content

The DNA content of cells was examined by FACS analysis (Burke et al., 2000).
Briefly, approximately 1×107 yeast cells were collected and fixed in 70% ethanol,
pelleted, and resuspended in 50 mM Tris/HCl, pH7.5. The cell suspension was then
sonicated, pelleted, and resuspended in RNase A solution (1 mg/ml RNase A) for 2 hrs at
37°C followed by pepsin treatment for 1 hr at 37°C. The digested sample was stained
with 50 µg/ml propidium iodide at room temperature for 1 hr, and analyzed by FACS
with an XL Benchtop Cytometer (Beckman Coulter). DNA content histograms were
generated with WinMDI software.
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Table 3.1. Primers used in real-time RT-PCR
Gene name
SDS

Primer sequence
Product size
F oMC 2281 5’ - TCATCCCTCGTCTACGCTCC
181 bp
R oMC 2282 5’ - GTGGCCAGAGTAAGACTCGCA
F oMC 2358 5’ - TCCATCTTCTTCGACTCTGC*
201 bp
SDS
R oMC 2359 5’ - ATAGCTCTCTTCCACCTCCTCATC*
F oMC 2360 5’ - TCTTCCTTCCCCTTTCTACTCAAAC
201 bp
ACT1
R oMC 2361 5’ - GGCAAAACCGGCTTACACA
* This pair of primers is located at the N-terminal region of SDS and was used for
detecting SDS1-365 and SDS201-365 expression.
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RESULTS

Generation of a Set of SDS Truncations
The existence of two motifs, including a D-box and a cyclin core domain, has been
predicted previously (Azumi et al., 2002; Wang et al., 2004). Seven putative PEST
regions can also be detected by the PESTfind software (Rechsteiner and Rogers, 1996).
To characterize these motifs in the yeast system, a set of SDS truncations were generated
(Fig. 3.1). SDS63-578 does not contain the D-box. SDS201-578 and SDS317-578 have the
cyclin core and different portions of the PEST regions. SDS365-578 bears only the cyclin
core. SDS1-365 contains the D-box and part of the PEST regions but lacks the cyclin
core. SDS201-365 has only partial PEST regions. These truncations and the full-length
SDS were placed under the control of either the GAL10 or the ADH promoter in yeast
expression vectors for transformation. For biochemical analysis, all SDS truncations and
the full-length one were tagged with a triple HA epitope at their N-termini.

SDS Can Rescue the Mitotic Defect of a G1 Cyclin Deficient Mutant

To determine whether SDS can fulfill the function of a cyclin in the yeast system,
we cloned SDS, SDS201-578, and SDS1-365 into the pYEX* vector and started the
complementation assay with the strain #21 (Gal1-CLN3 HIS3::cln1 TRP1::cln2). In this
mutant, G1 cyclin genes CLN2 and CLN3 are inactive, and the third G1 cyclin gene
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Fig. 3.1. The predicted SDS protein motifs and the schematic diagram of SDS constructs
used in this study. The positions of the various structural elements are shown to scale.
Amino acid positions are indicated in subscript.
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CLN3 was modified for conditional expression. Therefore, the mutant can grow in
galactose medium but is arrested in G1 phase in glucose medium. pYEX*-CLN3
construct was also generated as a positive control. After yeast transformation, His+ Thr+
Ura+ Leu+ transformants were selected on SC induction plates and were then inoculated
in induction medium. The growth of 305-15d #21 carrying each construct on both
glucose plates and galactose plates was tested. As shown in Fig. 3.2A, functional
complementation was observed for transformants expressing SDS or SDS201-578, as well
as the positive control CLN3. In contrast, transformants carrying the empty vector or
SDS1-365 did not grow on glucose plate. Since the Western blotting result (Fig. 3.2B)
showed the expression of SDS, SDS201-578, and SDS1-365 at the protein level in yeast
cells, the rescue result thus showed that the full-length SDS and a functional SDS
fragment, SDS201-578, could fulfill the G1 cyclin function in yeast mitotic cell cycle.
Complementation assay were also performed for another two yeast mutants, one
conditional clb mutant, strain #245 (Gal10::CLB2 clb1::URA3 clb2::LEU2 clb3::TRP1
clb4::HIS3), and a meiotic mutant, strain DSY 984 (SK1 MATa/α clb5::URA3/′′
clb6::TRP1/′′), defective in premeiotic DNA replication, as described in Materials and
Methods. It turned out that SDS could not rescue either one (results not shown).

Expression and Stability of SDS in Wild Type Yeast Cells

Since SDS can rescue a yeast cyclin deficient mutant, it is possible that SDS may
affect the wild type yeast mitotic cell cycle. To investigate the possible effects, pCALFSDS plasmids encoding SDS and each SDS truncation tagged with a triple HA epitope
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Fig. 3.2. Rescue of strain 305-15d #21 by SDS and SDS201-578. The strain 305-15d #21
was transformed with pYEX*-SDS, SDS201-578, SDS1-365 , CLN3, and the empty
vector, respectively. (A) Different late-log phase cultures grown in SC galactose –His –
Trp –Ura –Leu were serially diluted and spotted on both SC galactose –His –Trp –Ura –
Leu and SC glucose –His –Trp –Ura –Leu plates. Lane1, 10µl of the undiluted cell
suspension; Lane 2, 10µl of 50-fold dilutions of the initial cell suspensions; Lane 3, 10µl
of 500-fold dilutions of the initial cell suspensions; Lane 4, 10µl of 1000-fold dilutions of
the initial cell suspensions; Lane 5, 10µl of 5000-fold dilutions of the initial cell
suspensions. The plates were incubated at 30°C for 5 days. (B) Expression of the SDS
proteins in 305-15d #21. Total protein extracts from 305-15d #21 transformants as
indicated were analyzed by immunoblotting with anti-HA antibody. Molecular weight
size markers were shown. The loaded crude protein extracts were approximately the same
amount as monitored by Bio-Rad Protein Assay.
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under the GAL10 promoter control were created. The inducible expression of SDS in wild
type yeast strain Y57 in the presence of galactose was tested by immunoblotting using
anti-HA antibody. As shown in Fig. 3.3A, for all transformants except for SDS1-365, a
specific band corresponding to the predicted molecular mass of each tagged SDS
truncation was detected. The relative SDS protein levels were evaluated by ImageJ
software and plotted in Fig. 3.3B. It is obvious that weak signals were detected for
SDS365-578 and SDS and the strongest signal was for SDS63-578. For all the others, the
amount of expressed SDS truncations was comparable. The different amount of SDS
proteins could be caused by the different transcriptional expression levels or different
protein stabilities. The SDS1-365 could not be detected, suggesting that either this
fragment is extremely unstable or the transcription is very inefficient. Real-time RT-PCR
was performed to determine the relative expressed transcript levels of the full-length and
truncated SDS. As shown in Fig. 3.3C, the expression at the transcriptional level was
different for these SDS truncations. The relative expression level of SDS1-365 is especially
low (0.00075). The molecular mechanism underlying the different transcription
efficiency for these SDS truncations is currently unknown. The pattern of relative levels
of mRNA is not similar to that of protein, suggesting that the protein stability of these
truncations might not be the same.
A more direct test of stability of proteins is to examine the half-life (t1/2). Logphase yeast cells were switched to glucose medium to turn off transcription from the
GAL10 promoter. Proteins were extracted at 0 hr, 1.5 hr, and 3 hr and were loaded for
immunoblotting (Fig. 3.4A). The yeast TATA box-binding protein (TBP) was included as
a control. The t1/2 values for those proteins were calculated and plotted in Fig. 3.4B. The
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Fig. 3.3. Comparison of protein and mRNA levels for different versions of SDS in yeast.
Wild type cells (Y57) were transformed with pCALF-SDS plasmids series. Cultures were
grown in synthetic induction medium lacking leucine to log phase. Crude proteins were
extracted and concentrations were determined by the Bradford Assay (Bio-Rad) to ensure
roughly equivalent amount for each sample was loaded. The tagged proteins were
analyzed by immunoblot assay, and ECL signals were quantified as described in
Materials and Methods. Total yeast RNA and real-time RT-PCR were also performed as
described in Materials and Methods. (A) Anti-HA immunoblot. (B) Bar graph showing
relative SDS protein levels, standardized to the highest expressed SDS63-578 level. (C)
Real-time RT-PCR analysis showing the relative transcript levels of different SDS
truncations, standardized to the full-length SDS. The relative value of SDS1-365 is too low
(0.00075) to be shown on graph.
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Fig. 3.4. Stability of the full-length SDS and SDS truncations in yeast. Yeast cells Y57
expressing different SDS plasmids and the TBP control as indicated were grown in
synthetic induction medium to log phase and then were shifted to glucose medium. Cell
samples were collected at the indicated times and extracts were prepared. Approximately
the same amount of crude proteins were loaded for immunoblot assay. (A) Anti-HA
immunoblot of different SDS proteins and TBP at different time points after the shift.
SDS365-578 film was overexposed to show the weak bands at 1.5 hr and 3 hr. (B) Bar
graph showing the relative stabilities of the SDS truncations compared to the full-length
protein.
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t1/2 for TBP is 13.5 hr and was not shown in the graph. Overall SDS is an unstable
protein and its half-life is comparable to that of some previous reported unstable proteins
(Rogers et al., 1986). Unexpectedly, the SDS201-365 is the most stable one and

the

cyclin core is unstable. The removal of the four putative PEST regions located at the Nterminal region did not stabilize the protein. The t1/2 value for SDS201-365 is more than 2
fold bigger than SDS365-578, suggesting that the 3 predicted PEST regions in the cyclin
core might play a role in the protein stability regulation. Although the removal of the Dbox slightly stabilized the protein, the difference is much smaller than the reported
differences caused by the removal of destabilizing elements in some other cyclins
(Salama et al., 1994; Yaglom et al., 1995; Fung et al., 2002). There is no big difference
between the stability of SDS and SDS365-578, suggesting that there is no reason to suspect
SDS1-365 is extremely unstable. It is possible that the very low transcription of SDS1-365
caused the low protein level, which could not be detected by Western blotting.

Expressed SDS Interferes with Normal Yeast Mitotic Cell Cycle

When Y57 cells harboring SDS and SDS truncations were cultured in conventional
SC -Leu medium, in which the presence of glucose repressed the GAL10 promoter, no
obvious growth difference was observed between those different strains and the vector
control (result not shown). However, when all the cells were shifted to induction medium,
the growth rates of SDS, SDS63-578, and SDS201-578 transformants were clearly reduced.
As shown in Fig. 3.5, the growth rates of log phase cells for all transformants fell into
two groups. SDS317-578, SDS365-578 , and SDS1-365 transformants exhibited
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Fig. 3.5. Log phase growth rates of yeast cells expressing the full-length SDS and
different SDS truncations. The cells, including the vector control, were grown in SD
galactose -Leu medium at 30°C to mid-log growth phase. Aliquots were collected for
cell number counting at 1 hr intervals, and relative cell numbers were calculated.
Experiments were repeated 3 times, and the average data were shown.
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growth rates very similar to the vector control with a doubling time of approximately 2
hours, while SDS, SDS63-578, and SDS201-578 transformants had lower growth rates with
a doubling time of approximately 3 hours. The OD600 measurements also indicated the
same growth rate patterns (result not shown). The growth rate of SDS201-365
transformant was not determined, and the OD600 measurements suggested that its growth
rate is similar to the vector control group. The incapability of SDS317-578 and SDS365-578
in cell growth interference suggested that the 164-residue segment N-terminal to the
cyclin core domain is essential for SDS function in yeast; for example, that segment
could constitute a protein localization signal. It was reported that a C-terminal short motif
in Xenopus cyclin B2 acts as cytoplasmic signal and is essential for normal bipolar
spindle formation in both mitotic and meiotic divisions (Yoshitome et al., 2003).
To further characterize the interfered mitotic cell cycle, fluorescence activated cell
sorter (FACS) analysis was performed to track the cell cycle profiles in the SDS, SDS201578, and SDS1-365 transformants after the shift from non-induction raffinose medium to

induction galactose medium. The DNA content of the cells containing the vector control
was also monitored in parallel. All strains grew normally in raffinose with very similar
cell cycle profiles at the starting point (0 hr) (Fig. 3.6). After a shift to medium containing
galactose, the strains harboring SDS or SDS201-578 exhibited significant accumulation of
cells with 2N DNA content in G2/M phase, while SDS1-365 transformant always showed
similar profiles to the vector control. This result is consistent with the growth rate
difference shown above. A dominant mutation in the CLN2 gene was reported to cause
similar accumulation of 2N cells (Hadwiger et al., 1989), and it was concluded that such
phenotype is due to the advance of the G1- to S- phase transition based on this and other
94

evidence. In our case, DAPI staining and microscopy observation showed that there was
no detectable difference between SDS and SDS201-578 transformants and the vector
control in terms of the cell size and nuclei (results not shown). Budding morphology
observation and cell counting also suggested that there were increased numbers of large
budded cells after the shift to glactose medium for both SDS and SDS201-578
transformants. In addition, in the Arabidopsis sds mutant, the meiotic S phase is normal
and defects occur in prophase I stage. Taken together, these results suggest that the
accumulation of cells with 2N DNA content is likely due to a delay in G2/M progression.
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Fig. 3.6. Fluorescence activated cell sorter (FACS) analysis of DNA content in various
strains after a shift from raffinose to galactose medium. The four yeast strains bearing
different constructs as indicated were firstly grown in SC –Leu + 1% raffinose medium to
mid-log phase and then were shifted (0 hr) to SC –Leu + 1% raffinose + 1% galactose for
the induction of SDS expression. Aliquots were harvested at 1 hr intervals and processed
for FACS analysis.
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DISCUSSION

SDS was identified as a putative cyclin gene with an essential role in meiosis in
Arabidopsis (Azumi et al., 2002). A previous extensive search for all cyclin-like genes in
Arabidopsis and other plants has only yielded one SDS homolog in rice, and SDS defined
a new type of cyclin in plants (Wang et al., 2004). However, the idea of SDS as a cyclin
gene has not been validated by experiments. In this study, we showed that SDS can
rescue a yeast G1-cyclin deficient mutant and can interfere with normal yeast mitotic
cycle, demonstrating functionally that SDS is a cyclin gene. Many classes of cyclin genes
besides G1 cyclin have been reported to rescue the CLN-deficient yeast mutant.
Examples include a budding yeast mitotic cyclin CLB5, a fission yeast mitotic cyclin
CDC13, a human B-type cyclin, Arabidopsis D-type cyclins, and an Arabidopsis cylin
J18 with unidentified function etc. (Booher and Beach, 1988; Epstein and Cross, 1992;
Soni et al., 1995; Abrahams et al., 2001). Xiong et al. (1991) have suggested that if an
exogenous cyclin gene propagates under the control of a strong yeast promoter and with
high copy number, the specificity of different classes of cyclins will be diminished.
Therefore, a cyclin gene that can rescue a CLN-deficient yeast mutant should not
necessarily be viewed as a G1 cyclin. So it is not surprising that SDS, a plant meiotic
cyclin acting in prophase I, can rescue a yeast G1 cyclin deficient mutant.
A D-box and seven putative PEST regions have been predicted in the SDS protein.
However, the protein stability experiment did not support the involvement of the D-box
and the four N-terminal PEST regions in the regulation of SDS stability. It is possible that
not all the predicted PEST regions exist. And indeed the software PESTfind
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(http://emb1.bcc.univie.ac.at/embnet/tools/bio/PESTfind/) produced rather low scores for
these regions. However, we cannot exclude the possibility that these PEST regions do
exist but not all of them are involved in protein stability regulation, at least in yeast
system. In fact, not all PEST regions are involved in protein stability regulation. For
example, both Arabidopsis CYCD2;1 and CYCD3;1 contain PEST motifs. CYCD3;1 has
been shown to be a very unstable protein with a half-life of approximately 7 minutes
while CYCD2;1 is very stable (Planchais et al., 2004). Deletion of the PEST regions of
the oncogene c-myb was also reported to have no effect on protein turnover (Bies et al.,
1999). It is also possible that these PEST regions need other non-PEST segments as the
signal to decrease protein stability as reported for the PEST region in yeast Cln2 gene
(Salama et al., 1994). Deletion of the non-PEST segments together with the PEST regions
would make it hard to evaluate the PEST region function. Compared with some other
cyclins with reported half-life values, SDS is a rather stable cyclin with the t1/2 of 0.74
hr. For example, the t1/2 for yeast cyclins CLN2 and CLN3 are 8 min and 3 min,
respectively (Salama et al., 1994; Yaglom et al., 1995).
Although there is a big difference for the SDS protein amount in SDS and SDS201578 transformants, no obvious difference was observed for either the mutant rescue

ability or the wild type cell cycle interference. The reason could be that the amount of
both proteins is above the physiological amount required for cyclin function since GAL10
is a strong promoter. It is also possible that yeast cells may employ some regulatory
pathways to compensate for the different cyclin abundances. Another possibility is that
the SDS and SDS201-578 protein amounts are comparable in the specific cell cycle phase
in which SDS plays its role. But we could not detect this because the proteins from
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asynchronous cultures were used for the Western blotting assay. The effects of different
SDS truncations on wild type yeast cell cycle also indicated that, besides the cyclin core,
the segment at its N-terminal edge is also essential for SDS function.
It is known that in each eukaryotic organism multiple cyclin genes exist, and there
are two ways to explain this phenomenon. One is that each cyclin is biochemically
distinct with specific substrates. The other is that all cyclins are the same fundamentally
but they differ in when and where to appear during cell cycle progression. There has been
evidence supporting both explanations (Winston, 2001; Murray, 2004; Sherr and Roberts,
2004; Inze, 2005). In this study, we showed that SDS, an Arabidopsis cyclin acting in
meiotic prophase I, can interfere with wild type yeast mitotic cycle, probably in G2/M
progression. Furthermore, SDS can functionally complement the yeast #21 strain that is
deficient in G1 cyclins, but not a clb mutant or a meiotic mutant that is defective in
premeiotic DNA replication. These results seem contradictory but actually consistent
with each other. There is only one CDK, CDC28, involved in cell cycle regulation in
budding yeast. The rescue of #21 by SDS indicated that SDS can bind CDC28 and can
fulfill the function of a G1 cyclin. The non-rescue of #245 suggested that SDS/CDC28
complex cannot function at G2/M phase. That is why in wild type cells SDS/CDC28
interferes with the normal CLB/CDC28 function. The rescue ability of SDS/CDC28 in
#21, but not in #245, could be due to the feature of SDS or that of the interacting proteins
or substrates in yeast. As many as 500 CDC28 substrates were suggested in budding
yeast (Ubersax et al., 2003). Maybe some events in G2/M phase require not only the
binding of a cyclin with CDC28, but also some specific features of that cyclin, to
properly activate the substrates.
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CHAPTER 4

THE SDS N-TERMINAL REGION IS
REQUIRED FOR ARABIDOPSIS NORMAL FERTILITY

ABSTRACT

SDS is required for Arabidopsis meiosis and the SDS protein has several predicted
motifs. It has been shown that both the full-length SDS and SDS201-578 can fulfill the
function of a cyclin in a yeast system. To further study SDS protein property and
understand SDS function in plants, I generated SDS transgenic plants expressing SDS or
SDS201-578 under the control of the native promoter in either wild type or sds
background. Phenotypic observation showed that both SDS and SDS201-578 could rescue
sds. However, the full-length one could rescue the mutant more efficiently than SDS201578, suggesting that the SDS N-terminal region is required for Arabidopsis normal

fertility. The meiotic phenotypes in partially rescued sds plants confirmed the
requirement of SDS in synapsis. Sequence alignment of several SDS homologs showed
that there are four conserved motifs in their N-terminal regions in addition to the highly
conserved cyclin cores, implying possible important roles of these motifs in SDS normal
function.
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INTRODUCTION

Since the isolation of first cyclins in marine invertebrates (Evans et al., 1983), a
large number of cyclins have been identified in various organisms. More than 60 plant
cyclin genes have been identified by 2000 (Renaudin et al., 1996; Ito, 2000). The
availability of the whole genome sequence of Arabidopsis and the features of Arabidopsis
as a model plant for genetic and molecular studies have made Arabidopsis a good model
for cyclin research, including cyclin gene identification and corresponding function
characterization. At least 50 cyclin and cyclin-like genes have been reported in
Arabidopsis (Vandepoele et al., 2002; Wang et al., 2004a). These cyclins were classified
into ten classes on the basis of phylogenetic analyses (Wang et al., 2004a). Various
studies have shown that plants possess a more complex family of cyclin than animals in
terms of the number of cyclin genes and cyclin sub-groups (Renaudin et al., 1996;
Nieduszynski et al., 2002; Vandepoele et al., 2002; Wang et al., 2004a).
Although many cyclin genes have been identified in Arabidopsis and there is a large
collection of T-DNA and transposon insertional lines, up to now only two cyclin genes
have been reported to cause abnormal phenotypes when knocked out. One gene is SDS,
and the mutant plant is defective in synapsis, bivalent formation, and recombination
(Azumi et al., 2002). The other gene is TARDY ASYNCHRONOUS MEIOSIS (TAM), also
known as CYCA1;2. The tam mutant is slowed in the progression of male meiosis,
resulting the formation of dyads and triads before tetrads formation (Magnard et al.,
2001; Wang et al., 2004b). The greatly amplified plant cyclin gene family and the
possible function redundancy between closely related cyclin members might be one of
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the reasons for the very few numbers of cyclin knock-out mutants with detectable
abnormal phenotypes (Potuschak and Doerner, 2001; Wang et al., 2004a).
Despite the scarcity of knock-out mutants exhibiting abnormal phenotypes, the
functions of some cyclin genes have been studied by means of generating transgenic
plants and analyzing gain-of-function phenotypes. For example, Yu et al. (2003)
proposed that tobacco CYCA3;2 is a functional analog of animal cyclin E and has
important functions in the control of plant cell division and differentiation. They
overexpressed Nicta;CYCA3;2 in Arabidopsis and observed reduced cell differentiation
and endoreplication and a dramatically modified morphology. In animals, cyclinE/CDK2
complex is involved in the mid G1/S transition, hence orientating cells to continue or stop
dividing (Sherr, 1994; Coverley et al., 2002). However, no homolog of cyclin E has been
identified so far in plant species. So, it is possible that some plant cyclins of other types
might fulfill functions analogous to those of cyclin E in animals. Another study showed
that ectopic expression of CYCD3;1 can not only promote S-phase entry but also induce
mitosis in Arabidopsis trichomes (Schnittger et al., 2002). The existing dogma of D-type
cyclin function is its role in promotion of S phase (Sherr, 1995). The research opens a
new view of the D-type cyclin function in plants. The cooperation between cyclin D and
CKI cooperate in controlling normal plant development has also been demonstrated in
several other transgenic plant studies (Jasinski et al., 2002; Zhou et al., 2003; Cho et al.,
2004).
In Chapter 3, it was shown that both SDS and SDS201-578 are functional in the yeast
system. They could rescue a yeast cyclin deficient mutant and interfere with wild type
yeast mitotic cell cycle. Although there was more protein accumulation of SDS201-578
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than SDS in yeast, no difference was observed concerning the abilities of rescue or
interference. It would be interesting to observe whether SDS and SDS201-578 act
differently in plants. It was reported that overexpression of a human cyclin B3 that has an
undefined role in female meiosis could block the mitotic cell cycle in late anaphase
(Nguyen et al., 2002). Constitutive overexpression of a nondegradable B1 cyclin in
tobacco retarded growth rate and caused abnormal plant developments (Weingartner et
al., 2004). Since SDS is a cyclin gene, its expression level during meiosis should be
tightly regulated both in duration and in abundance. Therefore, alteration of SDS
expression might cause meiotic defects. Any abnormal phenotype, if observed, would
help understand SDS function in Arabidopsis.
In this chapter, I generated SDS and SDS201-578 transgenic plants in both WT and
sds background. Phenotypes of these plants were analyzed and the deduced protein
sequences of several SDS homologs were also aligned to study the feature of their Nterminal regions.
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MATERIALS AND METHODS

Transgene Constructs and Arabidopsis Transformation

The SDS native promoter, a 2.3-kb fragment, was amplified by PCR using primer set
oMC1692 (5’– GGTACCAAGTATTCTAAGTTTATTTTGCC-3’) and oMC1693 (5’CCATGGATCCTGCAGTCTAGATTTTTCTCCGTACGAAAGC-3’
). PMC2338 was used as the template. The promoter sequence was excised with KpnI and
NcoI, and then inserted into the KpnI and NcoI sites of a plant expression vector
pCAMBIA1302 to replace its original constitutive 35S promoter, resulting
pCAMBIA1302S. To generate pCAMBIA1302S-SDS constructs series, SDS, SDS201578, and SDS1-365 cDNAs containing NcoI and XbaI sites were achieved by PCR using

primer pairs oMC1694 (5’-TCTAGAATGAAGGAGATCGCGATGAGG-3’) and
oMC1695 (5’-CCATGGCTGCTGCTGCTGCTGCTGCTGCCTGCCCAAGCAACCA3’), oMC1696 (5’-TCTAGAATGTTCGGGAGCGTTACCGGAGG-3’) and oMC1695,
and oMC1694 and oMC1697 (5’CATGGCTGCTGCTGCTGCTGCTGCTGCACAGTCCCGCATATA-3’), respectively.
The template used was the plasmid pAD-SDS (Azumi 2002). These cDNAs were cloned,
digested with NcoI and XbaI enzymes, and then linked transcriptionally behind the SDS
native promoter in pCAMBIA1302S, yielding PMC2882-2884. These plasmids and the
vector control pCAMBIA1302S were introduced into Agrobacterium tumefaciens strain
C3581 by electropration for plant transformation.
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Transformation of Arabidopsis Ler and sds/+ heterozygous plants was conducted as
described (Clough and Bent, 1998). Seeds from the Agrobacterium-treated plants were
selected on MS plants containing hygromycin (WT plants transformation) or containing
both hygromycin and kanamycin (sds/+ heterozygous plants transformation). After
germination, antibiotic-resistant seedlings were transferred to soil for growth and
phenotypic survey. The presence of the prospective transgene was further confirmed by
PCR using gene-specific primers (see below). Plants were grown at ~23º C with long day
cycles (16 hours light and 8 hours dark).

Genomic DNA Extraction for Genotyping

To extract genomic DNA, leaf fragments or inflorescences were ground in 200 µl
extraction buffer (200 mM Tris-HCl, pH7.5, 250 mM NaCl, 25 mM EDTA, 0.5% SDS),
and 200 µl of balanced phenol was added. The solution was votexed for 15 seconds and
spun at 14,000g for 10 minutes. The top aqueous layer (approximately 200 µl) was
transferred to another tube containing 200 µl isopropanol. The solution was mixed and
allowed to sit at room temperature for 5 minutes for genomic DNA precipitation and then
spun for 10 minutes at 14,000g. The pellet was collected, rinsed with 70% ethanol, dried
in a vacuum, and resuspended in 20 µl TE buffer. For plant genotyping, an SDS 5’-UTR
specific primer, oMC1164 (5’-TCTAGTTTCAAGCTTTCGTACGGAG-3’), and a
pCAMBIA1302S vector specific primer, oMC1888 (5’CTTGAAGAAGATGGTCCTCTCCTG-3’), were used in PCR to detect the presence of
the transgene. The endogenous SDS allele was confirmed by a PCR product using an SDS
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exon specific primer, oMC271 (5’-CGATGAGGAATTCAAAGCGC-3’), and an SDS
intron specific primer, oMC1880 (5’-CAGAATCAAACACAGAGCAGAAC-3’). The
sds mutant allele was verified by a PCR product using primer oMC271 and a Ds specific
primer Ds3-3.

RNA Isolation and Real-time RT-PCR Analysis

RNA was isolated from Arabidopsis inflorescences containing stage 12 buds and
younger buds. Total RNA was isolated using the RNeasy mini kit (Qiagen USA,
Valencia, CA) and treated with DNase I (Invitrogen, Carlsbad, CA). First-strand cDNA
synthesis and real-time RT-PCR were performed as described in Chapter 3. Primers for
SDS expression detection are oMC2281 and oMC2282 as listed in Chapter 3, and the
primers used to amplify the reference gene ACTIN are oMC1533 and oMC1534 (Ni et al.,
2004).

Plant Phenotypic Analyses

Flowers were examined under a Nikon dissecting microscope (Nikon Stereoscopic
Microscope, Model SMZ-U, Tokyo, Japan). Tetrads and microspores were observed
under a compound microscope (Nikon Eclipse E800, Tokyo, Japan). To distinguish
viable and dead pollen grains, Arabidopsis anthers prior to dehiscence were stained as
described previously (Alexander, 1969). Briefly, Arabidopsis inflorescences were fixed
in Ostergren and Heneen’s fixative (methanol, 60 ml; chloroform, 30 ml; distilled water,

114

20 ml; picric acid, 1 g; and HgCl2, 1 g.) for 24 hrs at room temperature. After fixation,
inflorescences were transferred through 70, 50 and 30% alcohol for hydration and rinsed
in H2O. Then, the materials were stained for ~40 hrs at 50ºC in acidified stain mixture
containing Malachite green, Acid fuchsin, and Orange G. Finally, anthers were dissected
out and observed under a compound microscope. Viable pollen grains would be stained
in red and dead ones in blue. Chromosome spread and DAPI staining were performed as
described previously (Ross et al., 1996)

Data Retrieval, Sequence Alignment, and Phylogenetic Analysis

The protein sequences of SDS, AtCycA1;1, and AtCycB1;1 were used as query
sequences to search for their closest homologs in the rice genome
(http://tigrblast.tigr.org/euk-blast/index.cgi?project=osa1), Populus genome
(http://genome.jgi-psf.org/cgi-bin/runAlignment?db=Poptr1&advanced=1), maize
genome (http://www.plantgdb.org/ZmGDB-cgi/blastGDB.pl), and all other available
plant genome sequences using both BLASTP and TBLASTN programs with a cutoff of
1E-20. The SDS homologs in maize and populus were predicted from genomic sequences
based on sequence similarity. The rice homolog was identified from the TIGR rice
genome annotation. The multiple sequence alignment of full-length proteins was
performed using ClustalX (Plate-Forme de Bio-Informatique, Illkirch Cedex, France)
with a combination of GOP = 6.0 and GEP = 0.1. The conserved regions including the
cyclin domain were used to perform neighbor joining (NJ) analysis with the “pairwise
deletion” option, “passion correction” model, and 1000 bootstrap replicates test using
MEGA version 3.0 (http://www.megasoftware.net/index.html).
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RESULTS

Generation of SDS Transgenic Lines

Since SDS and SDS201-578 were found to be able to rescue a yeast cyclin deficient
mutant and interfere with wild type yeast mitotic cell cycle (Chapter 3), to further
understand the function of SDS in plants and the SDS protein property I generated a
series of pCAMBIA1302S-SDS constructs for plant transformation. As shown in Figure
4.1, the full-length SDS cDNA sequence and two truncations SDS201-578 and SDS1-365,
were ligated behind the SDS native promoter in the plant expression vector
pCAMBIA1302S. After plant transformation (wild type and sds/+ heterozygous plants
background) and transformants selection, SDS, SDS201-578, and SDS1-365 transgenic
plants in wild type and sds background were grown in soil for phenotype observation.
Transgenic plants containing the empty vector were also raised as control. The genotypes
of the screened plants were further confirmed by genotyping as described in Materials
and Methods.

SDS Transgenic Plants in WT Background Have No Detectable Abnormal
Phenotypes

Since SDS is a cyclin gene and its expression is very specific as revealed by RNA in
situ experiments (Azumi et al., 2002), it is expected that alteration of the expression will
cause abnormal meiotic phenotypes. The pCAMBIA1302S-SDS constructs described
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Fig. 4.1. pCAMBIA1302S-SDS constructs. The SDS protein domains and
different portions used in constructs are illustrated schematically. Amino acids
positions are indicated in subscript.
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above were transformed into WT plants. A total of over 200 of SDS or SDS201-578
transgenic plants were obtained and grown for phenotype observation. Real-time RTPCR was performed to determine the expression levels of the SDS transgene. As shown
in Fig. 4.2, a reasonable amount of SDS transcripts was detected in five randomly
selected transgenic lines. Fertility was checked for all obtained transgenic plants and
pollen development was investigated for some selected lines. Unexpectedly, no abnormal
phenotypes were observed for these plants.

SDS Can Better Rescue sds than SDS201-578

In the yeast system, there is no obvious difference between SDS and SDS201-578 in
the capability of either the mutant rescue or wild type cell cycle interference, although
they differ in the protein accumulation (Chapter 3). It would be interesting to determine
whether SDS and SDS201-578 act similarly in plants. The pCAMBIA1302S-SDS
constructs were introduced into sds/+ plants. After seedling selection and genotype
confirmation, more than 50 of SDS or SDS201-578 transgenic plants in sds background
were obtained and grown for phenotype observation. These plants were examined for
fertility as an indication of functional rescue of the sds mutant. It was observed that both
SDS and SDS201-578, but not SDS1-365, transgenes can rescue sds mutant plants, either
completely or partially. For the rescued plants at different levels, the seed number in 10
randomly selected mature siliques per plant was counted for categorization. Overall, the
full-length SDS can rescue mutants much more efficiently than SDS201-578. Almost all
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Fig. 4.2. Real-time RT-PCR analysis showing the relative transcript levels of
SDS in five transgenic lines compared to wild type. RNA was extracted from
inflorescences containing stage 12 and younger buds. S: SDS; S201-578: SDS201578;
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except for very few SDS transgenic plants had restored fertility comparable to WT plants.
While SDS201-578 transgenic plants were rescued at different levels. The numbers of
differently rescued sds for a batch of plants were summarized in Table 4.1. It is obvious
that the fertility of SDS201-578 transgenic plants fell into three categories: well-,
moderately-, and poorly-rescued ones. Approximately half were moderately-rescued
plants, and the remaining had better or poorer fertility. While 22 out of 23 SDS transgenic
plants were well rescued. The representative siliques of differently rescued plants were
also shown in Figure 4.3. Real-time RT-PCR experiment was also performed to examine
the expression of SDS and SDS201-578 at the transcriptional level in several randomly
selected lines among different categories. As shown in Figure 4.4, the expression of the
transgene was detected for each line examined, and it seems that there is no correlation
between the rescue level and the transgene expression level.
To further characterize the function of the transgenes, pollen development was
analyzed in more detail in the selected transgenic lines. Tetrads and microspores were
dissected out from anther for examination, and a pollen staining technique (Alexander,
1969) was applied to discriminate viable and dead pollen grains. Compared to the wild
type flower (Fig. 4.5A), there was no pollen grain released in the sds flower (Fig. 4.5E).
Wild type microspores were uniform in size (Fig. 4.5C) and all pollen grains were stained
in red (Fig. 4.5D) and were viable. In contrast, most pollen grains in sds were dead, as
indicated by the blue color stained (Fig. 4.5H) (Azumi et al., 2002). In the well-rescued
SDS-2 (Fig. 4.5I-L) and SDS201-578-45 (Fig. 4.5Q-T) lines, the features of the flower,
tetrads, microspores, and pollen grains are very similar to wild type. In the moderately-
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Table 4.1. Different rescue abilities of the SDS and SDS201-578 transgenes
Transgenic
plants
SDS

Total
plants
23

Well-rescued
(40-60 seeds/silique)
22

Moderately-rescued
(15-40 seeds/silique)
1

Poorly-rescued
(4-10 seeds/silique)
0

SDS201-578

28

7

16

5

For each transgenic plant, the seed number of ten randomly selected mature siliques was
counted and averaged. Categorization was based on the averaged seed number.
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Fig. 4.3. Siliques from rescued sds plants at different levels by the SDS transgene.
Siliques from wild type plants and sds were also shown for comparison. (A) Siliques
of well- and moderately-rescued sds mutants by SDS. (B) Siliques of well-,
moderately-, and poorly-rescued sds mutants by SDS201-578. S: SDS; S201-578: SDS201578; W: well-rescued plant; M: moderately-rescued plant; P: poorly-rescued plant.
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Fig. 4.4. Real-time RT-PCR analysis showing the relative transcript levels of the
SDS transgene in ten lines (sds background) compared to the intrinsic expression
of SDS in wild type. S: SDS; S201-578: SDS201-578; W: well-rescued plant; M:
moderately-rescued plant; P: poorly-rescued plant.
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Fig. 4.5. Phenotypic analyses of the wild type, sds, and rescued sds by the SDS transgene.
(A) A wild type flower bearing lots of released pollen grains. (B) Wild type tetrads with
four equal-sized microspores. (C) Wild type microspores are uniform in size. (D) All
wild type pollen grains were stained in red, showing they were viable. (E) An sds mutant
flower lacking pollen grains. (F) One tetrad from sds with irregular number of
microspores (arrow). (G) Microspores from sds with variable sizes. (H) A majority of sds
pollen grains were stained in blue and were not viable. (I)-(L) Well-rescued SDS-2 line
showing the normal flower, tetrads, microspores, and pollen grains. (M)-(P) Moderatelyrescued SDS-12 line showing a flower with some pollen grains, abnormal tetrad (arrow),
variable-sized microspores, and an anther containing some viable pollen grains. (Q)-(T)
Well-rescued SDS201-578-45 line showing the normal flower, tetrads, microspores, and
pollen grains. (U)-(X) Moderately-rescued SDS201-578-46 line showing a flower with
some pollen grains, abnormal tetrad (arrow), variable-sized microspores, and an anther
containing some viable pollen grains. (Y)-(B’) Poorly-rescued SDS201-578-27 line
showing a flower with few pollen grains, abnormal tetrads (arrows), variable-sized
microspores, and an anther containing a few viable pollen grains. Magnification was the
same for the images of the same type. (A) Bar 500 µm; (B)-(D) Bar 10 µm.
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rescued SDS-12 line (Fig. 4.5M-P) and SDS201-578-46 line (Fig. 4.5U-X), fewer pollen
grains were released. Abnormal tetrads and microspores of variable sizes were also
observed. As shown in Fig. 4.5P and 4.5X, only a portion of the pollen grains in an anther
was viable. For the poorly-rescued SDS201-578-27 line, very few pollen grains (Fig. 4.5Y)
and lots of abnormal tetrads (Fig. 4.5Z) were observed, and much fewer pollen grains
were functional (Fig. 4.5B’) compared to the moderately-rescued lines. Overall, the
partially rescued sds plants had defects in pollen development, and the proportions of
viable pollen grains were in agreement with the plant fertility level.

Male Meiosis in Transgenic Lines

To further examine the effect of the transgenes on meiosis, I performed chromosome
spread and DAPI staining to observe the chromosomes in male meiotic cells (Ross et al.,
1996). The well-rescued SDS-2 line exhibited normal male meiosis similar to the wild
type. In this line, chromosomes were observed as very thin thread-like structures in
leptotene (Fig. 4.6A), then homologs started to pair in zygotene (Fig. 4.6B) and
completed synapsis in pachytene (Fig. 4.6C). At diplotene homologs became partially
desynapsed (Fig. 4.6D). At diakinesis, five condensed bivalents were formed (Fig. 4.6E).
These bivalents aligned at the equator at metaphase I (Fig. 4.6K). The homologs
separated and moved toward the two poles at anaphase I (Fig. 4.6L). At metaphase II, ten
condensed chromosomes were distributed equally at the two sides of the organelle band
(Fig. 4.6M). Then sister chromotids separated at anaphase II (Fig. 4.6N) and 4 clusters of
chromosomes were formed at telophase II (Fig. 4.6O).
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Fig. 4.6. Comparison of male meiosis among differently rescued sds mutant plants by the
SDS transgene. Meiosis (A)-(E) and (K)-(O) in the well-rescued line SDS-2 is similar to
the wild type. Meiosis (F)-(J) and (P)-(T) in the moderately-rescued line SDS201-578-46 is
between wild type and sds. (A) and (F) Leptotene. (B) and (G) Zygotene. Note the
partially synapsed chromosomes in (G). (C) and (H) Pachytene. Note the partially
synapsed chromosomes in (H). (D) and (I) Diplotene. (E) and (J) Diakinesis. Note the 3
bigger bivalents and 4 smaller univalents in (J). (K) and (P) Metaphase I. Note the 4
univalents at the equator and the 2 already migrated chromosomes in (P). (L) and (Q)
Anaphase I. Note the 3 chromosomes staying at the equator in (Q). (M) and (R)
Metaphase II. Note the unbalanced numbers of chromosomes in (R). (N) and (S)
Anaphase II. (O) and (T) Telophase II. Note the 5 clusters of chromosomes in (T). (U)(Y) Meiosis in the well-rescued line SDS201-578-45 is very similar to wild type. (U)
Pachytene. (V) Diakinesis. (W) Telophase I. (X) Metaphase II. (Y) Anaphase II. (Z)-(D’)
Abnormal meiosis in the poorly-rescued line SDS201-578-27. (Z) Pachytene with partially
synapsed chromosome. (A’) Diakinesis with both univalents and bivalents. (B’)
Telophase I. Note a small cluster of chromosomes staying at the organelle band. (C’)
Metaphase II. Note the unbalanced numbers of chromosomes. (D’) Telophase II. Note the
6 clusters of chromosomes.
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The examination of the male meiotic cells in the moderately-rescued SDS201-578-46
line showed some defects. Although leptotene seemed normal (Fig. 4.6F), partially
synapsed homologs were observed in some zygotene (Fig. 4.6G) and pachytene (Fig.
4.6H) cells. The proportion of normal zygotene and pachytene cells are ~60% and ~50%,
respectively. The partial synapsis was also reflected in diakinesis (Fig. 4.6J), at which
stage both univalents and bivalents could exist. Accordingly, some minor defects
occurred in meiosis II. The early separation of homologs at metaphase I (Fig. 4.6P), the
persistence of 3 chromosomes at the equator at anaphase I (Fig. 4.6Q), the unequally
distributed chromosomes at metaphase II (Fig. 4.6R), and the formation of 5 clusters of
chromosomes at telophase II (Fig. 4.6T) were shown. Despite these defects, sister
chromatids separation seemed normal in meiosis II. These phenotypes were also reported
for sds meiotic cells previously (Azumi et al., 2002). The different aspect here is that both
normal and abnormal meiotic cells, including zygotene and pachytene cells were
observed. Overall, examination of male meiosis in this moderately-rescued line showed
that normal male meiosis (not shown) occurred at some frequency and that the
phenotypes of abnormal ones are similar to sds, but are less severe.
A well-rescued line SDS201-578-45 was also investigated for male meiosis.
Phenotypes very similar to wild type were observed, as indicated by meiotic cells in
pachytene (Fig. 4.6U), diakinesis (Fig. 4.6V), telophase I (Fig. 4.6W), metaphase II (Fig.
4.6X), and anaphase II (Fig. 4.6Y). Examination of one poorly-rescued line SDS201-57827 showed that the abnormal phenotypes are very similar to those in SDS201-578-46, as
shown in Fig. 4.6Z-D’, and that a much lower proportion of normal meiotic cells were
observed.
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In summary, the major defect in the moderately- and poorly-rescued transgenic lines
is the partial synapsis in some zygotene and pachytene cells. This result is consistent with
our previous findings that SDS is required for synapsis and bivalent formation (Azumi et
al., 2002).

Phylogenetic Analysis for SDS Group Genes

Since the SDS gene has an extra long N-terminal region and the different actions of
SDS and SDS201-578 in Arabidopsis suggested that the region is important for the full
biological activity of SDS, we searched for SDS homologs in other plant species to
characterize their N-terminal regions. As described in Materials and Methods, two more
SDS homologs were predicted from maize and populus as single copy genes in addition
to the rice homolog described previously (Wang et al., 2004a). Since that partial rice
homolog sequence was updated to full sequence in TIGR annotation, we used the
deduced protein sequences of these four genes for alignment. It is clear that they are not
only well conserved in their cyclin domains but also have conserved motifs all along their
N-terminal regions. These conserved motifs were not identified in several A- and B- type
Arabidopsis cyclins with long N-terminal regions. As shown in Fig. 4.7, there are four
well-conserved motifs in their N-terminal regions, suggesting that these motifs may play
important roles for the normal function of these genes. It is possible that the conserved
residues 125-134 are responsible for the different rescue abilities of SDS and SDS201-578.
To further confirm whether the three SDS homologs are real ones, we generated a
neighbor-joining tree (Fig. 4.8) composed of 16 cyclins genes from 4 plant species.
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Fig. 4.7. Sequence alignment of the deduced protein sequences of SDS homologs. Four
conserved N-terminal motifs were underlined, and the positions of these residues are
125-134, 246-251, 307-320, and 343-361 for the SDS protein.
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Fig. 4.8. A neighbor-joining tree showing the SDS group with four members. The
four genes were from four plant species as indicated. The CycA1;1, CycB1;1, and
CycD3;1 groups were used as outer group.
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CycA1;1, CycB1;1, and CycD3;1 groups were used as outer group. It is clear that the
grouping of SDS homologs was well supported.
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DISCUSSION

It has been shown that both SDS and SDS201-578 could fulfill the function of a
cyclin in yeast (Chapter 3). The rescue of sds mutant plants by both SDS and SDS201-578
indicated that SDS201-578 is also functional in planta. SDS is a cyclin gene and it has
been expected that introducing an extra copy of SDS cDNA into WT plants would cause
abnormal meiotic phenotypes. However, these transgenic plants showed normal fertility.
It is possible that the expression of SDS is regulated at translational or post-translational
level in planta to achieve normal amount of SDS protein. Transgenic alfalfa plants
expressing Medsa;CYCA2;2 under the control of the constitutive 35S promoter had high
transcript levels but normal protein levels and exhibited no phenotypes (Roudier et al.,
2003). Or there might be some compensatory pathways to regulate the activity of the
CDK partner of SDS for the normal action. Cyclin degradation is not the only way to
trigger CDK inactivation for the progression of cell cycle (Zachariae and Nasmyth,
1999). It was shown that overexpression of a non-degradable version of the tobacco
cyclin B1 in tobacco BY2 cells did not disturb the cell cycle progression (Criqui et al.,
2000).
No abnormal phenotype in SDS transgenic plants (WT background) suggested that
the meiotic phenotypes in moderately- or poorly-rescued lines (sds background) were not
caused by SDS overexpression. The real-time RT-PCR result suggested that in SDS201578 transgenic lines there is no correlation between the RNA expression level and the

rescue level. It is possible that the different location of transgene integration may cause
different spatial expression or translational regulation, resulting in different rescue levels.
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Western blotting has been tried to detect SDS using proteins extracted from young
inflorescences and anti-GFP antibody, but no SDS band was detected in ten lines tested.
Probably the SDS expression is too low for the resolution of Western blot assay. The
better rescue capability of the full-length SDS than SDS201-578 suggested that the Nterminal segment (1-200) is required for the full biological activity of SDS. There may be
some structural elements that are required for normal SDS function. Indeed, the Pfam
software identified a potential match of a segment (44-67) to a seven bladed beta
propeller (SBBP) structure. SBBP has been proposed to act as regulatory motif through
for example protein-protein interaction for many proteins. Sequence alignment of SDS
homologs also showed several well-conserved motifs in their N-terminal regions. Maybe
these motifs act to regulate SDS subcellular localization or mediate protein-protein
interaction, contributing to SDS normal function.
The effect of ectopic expression of SDS was also investigated. I generated transgenic
plants expressing SDS driven by the constitutive 35S promoter or the ASK1 promoter that
drives ubiquitous expression and high expression in meiotic cells (Zhao et al., 2003). No
abnormal phenotypes, including vegetative defects, were observed for these transgenic
plants. Previous reported phenotypes caused by overexpression or ectopic expression of
cyclins were mostly from studies on CYCD (Riou-Khamlichi et al., 1999; Cockcroft et
al., 2000; Jasinski et al., 2002; Schnittger et al., 2002; Zhou et al., 2003; Cho et al., 2004)
with a few exceptions of A- and B-type cyclins (Doerner et al., 1996; Lee et al., 2003; Yu
et al., 2003). Recent global analysis of the core cell cycle regulators of Arabidopsis
showed that SDS was one of the very few genes that were not expressed at detectable
level in the Arabidopsis cell suspension culture (Menges et al., 2005). It is likely that the
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SDS gene has nothing to do with mitosis, even when the protein is available for the cell
cycle machinery in mitosis. This would be consistent with the previous report that SDS is
not required for normal vegetative development (Azumi et al., 2002). Furthermore, the
transgene SDS driven by these two promoters could not rescue sds mutant plants, even
partially. The reason could be that these promoters cannot accurately drive a cyclin gene
as the SDS promoter to express with precise patterns during cell cycle. There may be
some motifs in the SDS promoter that are essential for SDS function. In fact, specific
motifs have been identified in the promoters of various cyclin genes. The expression of
mouse cyclin A1 gene, Ccna1, is highly restricted in late pachytene-diplotene
spermatocytes. Transgenic mouse studies showed that the promoter region within 1.3 kb
upstream of the transcription start can direct expression spatially and the sequences
between 1.3 kb and 4.8 kb may enhance the expression level (Lele and Wolgemuth,
2004). Li et al. (2005) also identified both qualitative and quantitative cis-elements in the
Arabidopsis CYCB1;1 promoter by generating 5’ promoter deletions and performing
expression profile analysis in transformed Arabidopsis and tobacco BY-2 cells. They
found that the GCCCR motif is necessary and sufficient for high-level cyclin CYCB1;1
expression at G2/M phase. The SDS promoter contains one copy of this motif. In
addition, it also contains two MSA elements found in plant B-type cyclin genes that
activates M phase-specific transcription (Ito et al., 1998). However, those two motifs in
the SDS promoter are not necessary involved in the regulation of SDS expression.
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The EXCESS MICROSPOROCYTES1
gene encodes a putative leucine-rich
repeat receptor protein kinase
that controls somatic and reproductive
cell fates in the Arabidopsis anther
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Cell differentiation is essential for the development of multicellular organisms. In flowering plants, the
haploid male gametophytes (pollen grains) are generated in the anther from reproductive cells called
microsporocytes. Several types of somatic cells ensure successful pollen development, and thus reproduction.
However, it is not clear what genes regulate the differentiation of these diverse, highly specialized cells in the
anther. We report here the isolation and characterization of a novel Arabidopsis thaliana male sterile mutant,
excess microsporocytes1 (ems1), that produces excess microsporocytes, lacks tapetal cells, and abnormally
maintains middle layer cells. Although the meiotic nuclear division in the ems1 mutant is normal, the
microsporocytes do not undergo cytokinesis, resulting in failed microsporogenesis and male sterility. The
EMS1 gene encodes a putative leucine-rich repeat receptor protein kinase (LRR-RPK), and its expression is
associated with the differentiation of the microsporocytes and tapetal cells, suggesting that EMS1 mediates
signals that control the fate of reproductive cells and their contiguous somatic cells.
[Key Words: anther; Arabidopsis; cell fate; leucine-rich repeat receptor protein kinase; male sterility;
reproductive and somatic cells]
Received April 10, 2002; revised version accepted May 31, 2002.

The life cycle of flowering plants alternates between the
diploid sporophyte and haploid gametophyte generations. Male gametophytes develop in anthers where cell
division, differentiation, and subsequent degeneration
are essential for successful reproduction (Scott et al.
1991; Goldberg et al. 1993; McCormick 1993). The anther usually has a four-lobed structure consisting of
highly specialized reproductive and nonreproductive tissues (Goldberg et al. 1993). The reproductive tissue contains microsporocytes that undergo meiosis and produce
microspores that in turn develop into pollen grains. The
nonreproductive tissues or somatic cell layers, including
the epidermis, endothecium, middle layer, and tapetum,
are required for normal pollen development and the release of pollen grains. In particular, the importance of
tapetum for pollen development has been demonstrated
by the observation that selective destruction of the tapetum in tobacco and oilseed rape results in the failure of
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pollen formation (Mariani et al. 1990, 1992; Denis et al.
1993). Therefore, the anther offers an excellent system to
study cell type differentiation and cell signaling in the
plant.
The ontogeny of the anther is divided into two phases
(Goldberg et al. 1993). During the first phase, anther
morphology is established and the differentiation of multiple and highly specialized types of cells is completed.
In particular, archesporial cells give rise to the microsporocytes, tapetum, middle layer, and endothecium. In addition, microsporocytes undergo meiosis toward the end
of this phase. In the second phase, the anther enlarges in
size and microspores develop into pollen grains. Subsequently, specific anther tissues degenerate and the anther dehisces to release the pollen grains. Genetic and
molecular studies have revealed that the identity of stamen primordium is controlled by the combination of
class B and C genes in Arabidopsis, snapdragon, and a
number of other plants (Coen and Meyerowitz 1991;
Meyerowitz et al. 1991; Ma 1994; Weigel 1995; Ma and
dePamphilis 2000). In Arabidopsis, the B genes
APETALA3 and PISTILLATA (Bowman et al. 1989;
Jack et al. 1992; Goto and Meyerowitz 1994), the C
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gene AGAMOUS (Yanofsky et al. 1990), and the
SEPALLATA1/2/3 genes (Pelaz et al. 2000) are required
for normal anther initiation. However, it is unknown
how these genes control cell fate determination in the
stamen.
The Arabidopsis mutant sporocyteless (spl) (Yang et
al. 1999), which is allelic with nozzle (nzz) mutants
(Schiefthaler et al. 1999; Balasubramanian and Schneitz
2000), fails to form both male and female sporocytes. SPL
(NZZ) encodes a novel nuclear protein and is expressed
before the initial archesporial periclinal cell divisions in
the anther, suggesting that SPL (NZZ) plays an early role
in the anther development. During later stages of anther
development, several Arabidopsis mutants have been
found to exhibit defects in tapetum development. For
example, in the ms9 and ms15 mutants, the tapetum
degenerates prematurely (Taylor et al. 1998). In addition,
the ms1 mutation causes tapetal cells to become abnormally vacuolated after the microspores are released from
the tetrads; the MS1 gene encodes a putative transcriptional regulator with a PHD-finger motif (Dawson et al.
1993; Wilson et al. 2001). Also, the tapetum and middle
layer in the fat tapetum mutant enlarge beyond their
normal sizes with concurrent breakage and degeneration
of microspores (Sanders et al. 1999). However, very little
is known about the molecular mechanisms controlling
cell fate determination, cell patterning and cell signaling
in the anther. Specifically, genes controlling the tapetal
cell identity have not yet been described.
Here we describe the isolation and analysis of a novel
Arabidopsis male sterile mutant, excess microsporocytes1 (ems1). In addition to producing excess microsporocytes, the ems1 mutant lacks tapetal cells, and maintains the middle layer for a period of time longer than
wild-type plants. The male meiotic nuclear division
seems normal in the ems1 mutant, but the male meiotic
cytokinesis does not occur, resulting in the failure of
microsporogenesis and male sterility. The EMS1 gene
was isolated by transposon tagging, and it encodes a putative leucine-rich repeat receptor protein kinase (LRRRPK). Furthermore, EMS1 expression is associated with
the differentiation of the microsporocytes and tapetal
cells, thereby suggesting that EMS1 controls the fate of
reproductive cells and their adjacent somatic cells.
Results
Isolation of the excess microsporocytes1 mutant
To identify genes that are important for the regulation of
anther development, we generated Arabidopsis insertion
lines using a transposon derived from the maize Ds element (Sundaresan et al. 1995). After screening 359 Ds
insertion lines, we found one line that segregated for
male sterile plants. The F1 plants from a cross between
the sterile mutant and the wild type had normal fertility,
and the F2 plants segregated for both normal fertility (98
plants) and sterility (31 plants), indicating that the defect
was likely caused by a recessive mutation in a single
gene. The Ds element carries the KanR marker, allowing
the presence of the Ds element to be determined using a
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plate assay. Approximately three-quarters (128) of the F3
seedlings from Ds/− F2 plants were kanamycin-resistant,
and one-quarter (44) were kanamycin-sensitive. In addition, when the kanamycin-resistant seedlings were
grown to maturity, one-third (41) displayed the sterility
phenotype. These results suggest that the male sterile
mutation may be linked to the Ds insertion.
Phenotypic analysis of the excess
microsporocytes1 mutant
Although the newly isolated mutant was completely
male sterile, it exhibited normal vegetative and floral
development (Fig. 1A,B,D,E). To analyze the developmental defects that caused male sterility in the mutant,
we compared anther and pollen development in wildtype and mutant plants. The wild-type mature and immature anthers contained pollen grains and microspores,
respectively (Fig. 1G,I), but the mutant anthers lacked
pollen grains and microspores (Fig. 1H,J).
We then prepared transverse sections of anthers to further examine defects in the mutant. Anther development in Arabidopsis has been divided into 14 stages
based on morphological landmarks of cellular events visible under the light microscope (Sanders et al. 1999).
From stage 1 to 4, a four-lobed structure is generated. A
stage-1 anther has L1, L2, and L3 layers. The L1 layer
provides cells for the epidermis, and the L2 layer is
largely responsible for generating cells for other somatic
layers and the sporogenous tissue in each lobe. The L3
layer forms the vascular and other tissues at the center of
the anther. Archesporial cells are derived from the L2
layer at stage 2, and then divide to form primary sporogenous cells and primary parietal cells at stage 3. The
primary sporogenous cells will divide and develop into
microsporocytes, whereas the primary parietal cells further divide into two sets of secondary parietal cells. At
stage 4, the inner set of secondary parietal cells adjacent
to the sporogenous cells divide and differentiate into tapetal cells, and the secondary parietal cells in the outer
set divide again to form endothecium and the middle
layer. At this time, the cells of endothecium, middle
layer, and precursors of the tapetal cells are not yet organized into layers, because they are not formed synchronously (Fig. 2A). There was no detectable difference
between a wild-type and mutant anther from stage 1 to 3
(data not shown). At stage 4, the structure of the mutant
anther resembled that of the wild-type anther; however,
it is not known whether all of the cells are identical
between the wild-type and the mutant (Fig. 2A,B).
During stage 5 in a wild-type anther, microsporocytes
are formed at the center of each lobe (Fig. 2C,E). At this
point, five cell layers can be recognized; they are, from
outside to inside, the epidermis, endothecium, middle
layer, tapetum, and microsporocytes. The microsporocytes are typically larger than the tapetal cells, which are
close to rectangular in shape and have formed a clearly
recognizable layer interior to the thin middle layer (Fig.
2E). In contrast, the mutant anthers at early stage 5 had
no tapetal layer (Fig. 2D) and at late stage 5 they had
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Figure 1. Comparison of the wild-type,
ems1 mutant, and revertant plants and
flowers. (A) A wild-type plant showing normal seedpods. (B) A mutant plant with
small seedpods with no developing seeds.
(C) A mutant plant with revertant sectors
showing large seedpods (arrow). (D) A wildtype flower showing pollen grains. (E) A
mutant flower lacking pollen grains. (F) A
close-up view of a revertant flower showing
pollen grains. (G) A portion of wild-type anther with functional pollen grains stained
in red. (H) A portion of ems1 mutant anther
without pollen grains. (I) Microspores from
wild-type anther regular in size. (J) Debris
from ems1 mutant anther at stage similar
to that shown in I. In A, bar, 5 mm. In D, F,
bar, 500 µm. In G,I, bar, 10 µm. A–C; D and
E; G and H; I and J have same magnification.

excess microsporocytes (Fig. 2F). Therefore, we named
the mutant excess microsporocytes1 (ems1). At stage 6,
the microsporocytes in the wild-type anther are detached
from the tapetum and each other (Fig. 2G). The tapetal
layer is very distinctive, with vacuolated and intensely
stained cells (Fig. 2G). In addition, the middle layer degenerates and collapses to a thin line (Fig. 2G). However,
in stage-6 ems1 anthers, the microsporocytes still adhered to each other and were abnormally enlarged (Fig.
2H). Furthermore, the middle layer was still visible in
the mutant anther (Fig. 2H).
In stage-7 wild-type anthers, meiotic cytokinesis has
completed, resulting in the formation of tetrads in the
anther locule (Fig. 2I). In contrast, the ems1 anthers
lacked tetrads (Fig. 2J); instead the microsporocytes had
degenerated, suggesting that microsporogenesis was arrested prior to meiotic cytokinesis. Moreover, the mutant middle layer continued to persist (Fig. 2J). In the
wild type, at stage 8, the callose wall of tetrads degenerates and individual microspores are released (data not
shown). At stage 9, the microspores become vacuolated
and the exine wall is formed (Fig. 2K). During stages 7 to
9, the tapetal layer still exists in the wild type (Fig. 2I,K).
However, in the mutant, the undivided microsporocytes
in the locule disintegrated into cell fragments or debris
and the middle layer was still present (Fig. 2J,L; data not
shown). In the wild type, tapetum degeneration initiates
at stage 10 and is completed at stage 12 (data not shown).

From stage 12 to 15, dehiscence occurs and pollen grains
are released. In the mutant, locules eventually became
empty (data not shown). During dehiscence, the anther
wall broke open, although no pollen grains were there to
be released.
We observed that in the ems1 mutant, the formation
of archesporial cells, primary sporogenous cells, primary
parietal cells, and secondary parietal cells was normal,
indicating that cell division in the first anther phase was
not affected. However, excess microsporocytes were
formed. The tapetal cells were absent, and the middle
layer persisted beyond the normal stage of its presence.
These results indicate that the EMS1 gene is required for
normal cell differentiation in anther development.
The excess microsporocytes1 mutant is defective
in controlling cell fate in anther development
The phenotypic analysis described above suggests that in
the ems1 mutant, cells from the inner secondary parietal
cells developed into excess microsporocytes. If this is
true, the number of microsporocytes in the ems1 mutant
anther should be close to the sums of the numbers of
normal microsporocytes and tapetal cells. We examined
160 locules of wild-type and ems1 anthers (see Materials
and Methods), and found that the number (with standard
deviation) of microsporocytes in sections of a mutant
locule near the middle of the anther (16.0 ± 0.4) was

GENES & DEVELOPMENT

2023

Zhao et al.

Figure 2. Comparison of the wild-type and ems1 mutant anther development. The panels show the upper right lobe of the anther. (A)
Wild-type anther at stage 4 with the epidermis, endothecium, middle layer, and precursors of tapetal cells; cells of a particular layer
are not formed simultaneously. (B) Stage-4 mutant anther with a structure similar to the wild-type in A. (C) Wild-type anther at early
stage 5 showing the epidermis, endothecium, middle layer, tapetal layer, and microsporocytes. (D) Mutant anther at early stage 5
lacking the tapetal layer. (E) Wild-type anther at late stage 5 with structure similar to that in C. (F) Mutant anther at late stage 5 with
excess microsporocytes and a more obvious absence of the tapetal layer. (G) Stage-6 wild-type anther with epidermis, endothecium,
degenerated middle layer, vacuolated tapetal cells, and isolated microsporocytes. (H) Mutant anther at stage 6 containing enlarged and
undetached microsporocytes. The middle layer had not degenerated. (I) Stage-7 wild-type anther showing tapetal layer and tetrads. (J)
Stage-7 mutant anther with degenerating microsporocytes and lacking tapetal layer. The middle layer was still present. (K) Wild-type
anther at stage 9 with tapetal layer and microspores. (L) Stage-9 mutant anther showing degenerated microsporocytes and persistent
middle layer. E, epidermis; En, endothecium; ML, middle layer; Ms, microsporocytes; MSp, microspores; PT, precursors of tapetal cells;
PPT, putative precursors of tapetal cells; T, tapetal layer; Tds, tetrads. Bar, 10 µm. A and B, C and D, E and F, G and H, I and J, K and
L have same magnification.

much greater than that of the wild-type (5.3 ± 0.2), but
close to the sum of microsporocytes and tapetal cells in
the wild type (18.5 ± 0.4). This is consistent with the
idea that, in the ems1 mutant, the cells that normally
develop into tapetal cells had differentiated into microsporocytes, apparently without alteration in cell division.
Although the microsporocytes appeared normal initially, they become abnormal subsequently and eventually degenerated. Since it was not clear whether meiotic
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nuclear division occurred in these microsporocytes, we
examined meiosis in the mutant and compared that with
the wild type. Wild-type microsporocytes undergo meiosis at stage-6 anther (Fig. 3A,C,E). In ems1 microsporocytes, meiotic nuclear division seemed to occur normally (Fig. 3B). We examined 1258 microsporocytes from
the ems1 mutant, and found various stages of meiotic
nuclear division, from prophase I to telophase II (e.g., Fig.
3D,F), suggesting that the meiotic nuclear division was
normal in the ems1 mutant.

An LRR receptor kinase controls anther cell fate

crosporocytes that occupied normal positions and in the
surrounding excess microsporocytes, supporting the idea
that these cells were indeed microsporocytes (Fig. 3H).
Furthermore, to verify the lack of tapetum in the ems1
mutant, we examined the expression of the ATA7 gene,
the earliest available tapetum-specific molecular marker
(Rubinelli et al. 1998). Whereas ATA7 is clearly expressed in the wild-type anther (Fig. 3I), its expression
could not be detected in an ems1 anther, providing molecular evidence for the absence of tapetal cells (Fig. 3J).
Therefore, analyses using cytological and molecular
markers all indicate that excess microsporocytes were
formed in the ems1 mutant at the expense of tapetal
cells. Cell numbers in mutant and wild-type anthers support the idea that the ems1 mutation causes the differentiation of cells derived from the inner secondary parietal cells into excess microsporocytes.

Isolation of the EMS1 gene

Figure 3. The ems1 mutant produces excess microsporocytes
but has no tapetal cells. (A) DAPI staining of the wild-type section indicating that microsporocytes are undergoing meiosis
(e.g., arrows). (B) DAPI staining of the mutant section showing
that all microsporocytes (e.g., arrows) were undergoing meiosis.
(C–F) DAPI-stained spread chromosomes. (C) Wild-type prophase I at zygotene. (D) Mutant prophase I at zygotene. (E) Wildtype telophase II. (F) Mutant telophase II. (G) The meiosis-specific gene SDS was expressed in wild-type microsporocytes. (H)
SDS was expressed in all microsporocytes in the mutant. (I) A
stage-8 wild-type anther exhibiting tapetum-specific expression
of the ATA7 gene. (J) A stage-8 mutant anther without ATA7
expression. Bar, 10 µm. A and B, C–F, G and H, I and J have same
magnification.

To confirm the identity of the excess microsporocytes
in the ems1 mutant, we tested the expression of the SDS
gene, which is specifically expressed in the microsporocyte (Azumi et al. 2002). As shown in Figure 3G, SDS is
expressed only in the microsporocytes of a wild-type anther. In the ems1 mutant, SDS was expressed in the mi-

The ems1 mutant carried a single Ds insertion, as supported by cosegregation of the Ds with the mutant phenotype and by the recovery of several large fertile revertant sectors from mutant plants carrying an Ac element
(e.g., Fig. 1C,F). Thermal asymmetric interlaced-PCR
(TAIL-PCR; Liu et al. 1995) was used to obtain the plant
sequences adjacent to both ends of the Ds element (data
not shown). The sequences of these TAIL-PCR products
revealed that the Ds element was inserted four codons
downstream of the ATG codon of a predicted open reading frame (ORF; Protein ID CAB87284) with a typical
8-bp duplication (Fig. 4A). Analysis of the insertion site
of two revertant plants identified 6-bp and 9-bp insertions, respectively, which did not disrupt the ORF,
clearly demonstrating that the Ds insertion was responsible for the male sterility phenotype (Fig. 4A). The predicted EMS1 gene (At5g07280) in the Arabidopsis genomic sequence lacks any intron, and there was no EST for
this gene. To verify the exon-intron structure, we amplified an EMS1 cDNA containing the entire protein coding
region; its sequence confirmed the predicted intronless
gene structure and has been submitted to GenBank (accession no. AJ488154).

The EMS1 gene encodes a putative LRR-RPK
The EMS1 gene encodes a putative LRR-RPK of 1192
amino acids with three major domains: an N-terminal
extracellular receptor-like domain with 30 LRRs, a predicted transmembrane domain, and a cytoplasmic protein kinase domain (Fig. 4B,C). A BLASTP search was
performed using the entire amino acid sequence of the
predicted EMS1 protein and indicated that there are several proteins in Arabidopsis with ∼30% amino acid sequence identity to EMS1. Specifically, EMS1 has 33%
(317/960) identity and 48% (468/960) similarity to
ERECTA (U47029), and 32% (316/970) identity and 47%
(470/970) similarity to CLV1 (U96879). In addition, a predicted Arabidopsis LRR-RPK (NP-193747.1) has the
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Figure 5. Kinase activity analysis of the EMS1 protein and subcellular localization of an EMS1-GFP fusion protein. (A) Autophosphorylation activity of the EMS1 kinase domain. (Lane 1) A
fusion protein between the EMS1 kinase domain and GST.
(Lane 2) GST protein. (Lane 3) The fusion protein between the
EMS1 kinase domain and GST showing kinase activity of autophosphorylation. (Lane 4) GST alone having no activity of
autophosphorylation. (B) A cell that expressed free GFP showing
fluorescence in nucleus (N), cytoplasm (arrowhead), and plasma
membrane (arrow). (C) A cell that expressed EMS1-GFP showing fluorescence in the plasma membrane (arrow). Bar, 25 µm.

Figure 4. Molecular characterization of the EMS1 gene. (A)
The mutant sequence has an 8-bp duplication and the revertants
(rev.) show 6- and 9-bp insertions, respectively (in boldface). (B)
The EMS1 protein sequence. (C) A diagram of EMS1 protein
shows LRRs, transmembrane domain, and kinase domain.

highest similarity to EMS1 with 33% identity over most
of the sequence (49% similarity). In all of these cases, the
similarity between kinase domains is higher than that
between LRR domains (data not shown).
To determine whether EMS1 possesses a protein kinase activity, we produced a fusion protein between glutathione S-transferase (GST) and the EMS1 kinase domain using heterologous expression in Saccharomyces
cerevisae (Skirpan et al. 2001). We found that the purified recombinant protein exhibited an autophosphorylation activity when incubated with [␥-32P] ATP (Fig. 5A),
suggesting that EMS1 is indeed a protein kinase. If EMS1
is also a receptor, it should localize to the plasma membrane. To test the localization of EMS1, we constructed
a translation fusion between a new synthetic green fluorescent protein (sGFP; Chiu et al. 1996) and the EMS1
fragment with the predicted transmembrane domain region and a portion of the kinase domain. The EMS1-GFP
fusion and GFP alone, both driven by the 35S promoter,
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were introduced into onion epidermal cells by particle
bombardment. As expected, the free GFP was expressed
strongly in the nucleoplasm, as well as in the cytoplasm
and the plasma membrane (Fig. 5B). In contrast, the
EMS1-GFP fusion protein was observed at the cell periphery as a thin line (Fig. 5C), suggesting that EMS1GFP localized to the plasma membrane.

Expression of the EMS1 gene
To gain further insight into the action of the EMS1 gene,
we analyzed its expression pattern using in situ RNA
hybridization experiments. The EMS1 gene was only expressed in the anthers of young floral buds (data not
shown). The expression of the EMS1 gene was first detected in archesporial cells in stage-2 anthers (Fig. 6A),
and then in both sporogenous and parietal cells at stage
3 (Fig. 6B). The EMS1 mRNA was predominately detected in sporogenous and parietal cells at stage 4 (Fig.
6C). At stage 5, the EMS1 gene was expressed more
strongly in the tapetum than in the microsporocytes (Fig.
6D). The EMS1 transcript level was reduced greatly in
both tapetum and microsporocytes at stage 6 (Fig. 6E).
The EMS1 gene expression was reduced gradually from
stage 6 and was not detectable at about stage 9 (data not
shown). As a control, only background levels of signal
were detected when a sense probe was used for hybridization (Fig. 6F). Therefore, our results strongly indicated

An LRR receptor kinase controls anther cell fate

Figure 6. The EMS1 gene expression pattern. (A) A wild-type
anther at stage 2 showing that the EMS1 gene was expressed in
archesporial cells. (B) A stage-3 wild-type anther indicating that
EMS1 was expressed in the four corners of anther with sporogenous and parietal cells. (C) A stage-4 wild-type anther showing
that EMS1 was predominately expressed in both sporogenous
and parietal cells. (D) A wild-type anther at stage 5 showing that
EMS1 was strongly expressed in the tapetal layer but less in
microsporocytes. (E) A stage-6 wild-type anther showing that
EMS1 expression was greatly reduced. (F) A wild-type anther at
early stage 5 with sense probe lacking a specific signal. Ar, archesporial cells; Ms, microsporocytes; P, parietal cells, Sp, sporogenous cells; T, tapetal layer. Bar, 10 µm.

that the EMS1 expression is associated with the differentiation of microsporocytes and tapetal cells.
Discussion
The EMS1 gene regulates anther cell development
in Arabidopsis
We report here the characterization of the EMS1 gene in
Arabidopsis. Based on morphological studies, cell division during early anther development is normal in the
ems1 mutant. On the other hand, the ems1 mutant had
excess microsporocytes but no tapetal layer, suggesting
that the cells derived from the inner secondary parietal
cells differentiated into additional microsporocytes. The
statistical results indicated that the number of microsporocytes formed in the mutant is close to the sum of the
number of microsporocytes and tapetal cells in the wild
type. Furthermore, the meiotic nuclear division in the
ems1 mutant is normal, but the microsporocyte cytokinesis is arrested, resulting in the failure of microsporogenesis and male sterility. In addition, the structure of
the middle layer cell abnormally persists. Taken together, these findings indicate that the EMS1 gene regulates anther cell development, particularly the cell differentiation. Our observation that EMS1 is expressed in
microsporocytes and other cells before and during tapetum differentiation strongly suggests that EMS1 is not
sufficient for specifying the tapetal cell fate.
Somatic cells are very important for male reproduction; their functions include providing substances for
pollen development and releasing matured pollen grains.
The tapetum is thought to nourish the developing pollen
(Pacini et al. 1984; Scott et al. 1991; Goldberg et al. 1993).
On the basis of cytological and histochemical studies,

several functions of the tapetum in supporting pollen
development have been proposed. First, the tapetum produces and releases callase and some other proteins and
enzymes, which are important for the release of microspores from the tetrad (Mepham 1970; Izhar and Frankel
1971; Stieglitz 1977). In addition, tapetum cells secrete
starch-containing substances into the locule (Gori 1982;
Pacini and Juniper 1983). The tapetum also provides
molecules for the formation of the pollen outer wall
called exine and tryphine, a proteinaceous coating of pollen. The importance of the tapetum is supported by the
observation that selectively destroying the tapetum
causes the failure of pollen formation in tobacco and
oilseed rape (Mariani et al. 1990, 1992; Denis et al. 1993).
This idea is further supported by the finding that mutants that are defective in tapetum development also
produce abnormal microsporocytes or pollen grains. For
example, in the ms3 mutant, tapetal cells and middle
layers become vacuolated and markedly enlarged, and
microsporocytes are irregularly shaped (Chaudhury et al.
1994). It is known that microspores are capable of continued development in vitro, suggesting that postmeiotic
tapetum might function mainly in provision of substances (Takegami et al. 1981).
Although tapetal cells support pollen development, it
is not known whether the tapetum affects male meiosis.
Among previously described Arabidopsis mutants with
tapetum defects, the spl (nzz) mutant lacks both the tapetum and microsporocytes (Schiefthaler et al. 1999;
Yang et al. 1999; Balasubramanian and Schneitz 2000),
and other mutations cause the abnormal tapetum development but not the lack of the tapetum (Dawson et al.
1993; Chaudhury et al. 1994; Taylor et al. 1998; Sanders
et al. 1999). In the ems1 mutant, the tapetum is completely absent, but meiotic nuclear division still occurs,
suggesting that tapetal cells are not critical for meiotic
nuclear division. On the other hand, the ems1 microsporocytes failed to undergo cytokinesis, indicating that
EMS1 is required for normal meiotic cytokinesis. One
possibility is that tapetal cells are required for meiotic
cytokinesis and spore formation. Alternatively, the
EMS1 gene may act in microsporocytes to promote meiotic cytokinesis. In either case, the observation that
EMS1 expression was detected in both the sporogenous
cells and parietal cells suggests that the formation of the
microsporocyte layer and that of the somatic cell layer
are coupled.
The spl (nzz) mutant phenotype and the SPL (NZZ)
expression pattern suggest that SPL (NZZ) regulates the
formation of anther primordium very early in anther development (Schiefthaler et al. 1999; Yang et al. 1999;
Balasubramanian and Schneitz 2000). The ems1 mutant
can normally produce precursors of different types of
cells, indicating that the EMS1 gene is not required for
those early events. The failure of the ems1 mutant to
form the tapetum and the presence of excess microsporocytes indicate that the EMS1 gene controls cell fates
subsequent to the time of SPL (NZZ) function. Furthermore, the fact that microsporocytes are formed instead
of tapetal cells in the ems1 mutant indicates that the fate
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of microsporocytes is controlled by a default pathway
and that tapetal cell fate requires an additional pathway
that is dependent on the EMS1 gene.

The EMS1 gene is involved in a new signal pathway
to regulate the cell fate in plant
Receptor protein kinases (RPKs) are a diverse group of
proteins that are key components of signal transduction
pathways in both animals and plants (Becraft 1998;
Schenk and Snaar-Jagalska 1999). RPKs usually consist
of three domains: a large extracellular domain, a single
transmembrane domain, and a cytoplasmic domain of
protein kinase (Walker 1994; Stone and Walker 1995). At
least 610 Arabidopsis genes have been found to encode
RPKs; they represent nearly 2.5% of total protein coding
genes in the Arabidopsis genome (Shiu and Bleecker
2001). Five major RPK families are recognized in plants
according to the structures of their putative ligand-binding domains (McCarty and Chory 2000): LRR-RPK family, S-domain RPK family, CR4-like RPKs, lectin-type
RPK family, and wall-associated kinases (WAKs).
Leucine-rich repeat receptor protein kinases (LRRRPKs) make up the largest family of plant RPKs, with
over 200 predicted members in Arabidopsis, of which
only a few have known biological functions (McCarty
and Chory 2000; http://www.wisc.edu/prkr/). Both
CLV1 and ERECTA are important for normal Arabidopsis development: CLV1 controlling cell division and cell
differentiation in the shoot apical meristem (Clark et al.
1996, 1997) and ERECTA regulating stem and fruit elongation and other processes (Torii et al. 1996). The
HAESA gene regulates the differentiation of the abscission zone of floral organs (Jinn et al. 2000). Also, the
petunia PRK1 protein is important for pollen development (Mu et al. 1994). Other genes encoding LRR-RPKs
with known functions include the Arabidopsis BRI1
gene that functions in brassinosteroid signaling (Li and
Chory 1997; Friedrichsen et al. 2000; He et al. 2000;
Wang et al. 2001) and the rice Xa21 gene, which confers
resistance to Xanthomonas oryzae pv. oryzae race 6
(Song et al. 1995).
EMS1 is required for specifying tapetal cell fate, and is
needed for normal cytokinesis of microsporocytes. It is
also involved in regulating the degeneration of the
middle layer. Therefore, EMS1 has a function distinct
from previously described LRR-RPKs. Our results
support the idea that the EMS1 is a protein kinase that
is localized to the cell membrane, further suggesting
that EMS1 defines a new signaling pathway that controls the cell fate and patterning in anther development.
Because the ems1 mutant phenotype suggests that the
microsporocyte might be a default cell identity, it is
possible that a signal from the microsporocytes is received by the EMS1 receptor, which then triggers the
differentiation of tapetal cells. It will be very interesting
to identify potential signals and substrates for the
EMS1 protein to uncover components of this signaling
pathway.
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Materials and methods
Plant materials and mutant isolation
All Arabidopsis thaliana plants in this study are of the Landsberg erecta background. Plants were grown on soil with 16 h
light/8 h dark at 22°C.
The generation of Ds insertional lines and screening of plants
carrying Ds insertions were carried out as described (Sundaresan
et al. 1995). Homozygous Ds plants were crossed with homozygous Ac plants (carrying an active transposase). The Ds/−Ac/−
double hemizygous F1 plants were grown to allow Ds transposition. F2 seedlings were then screened for plants carrying Ds
insertions that segregated away from both the original Ds donor
site and the Ac element. The mutants were screened from the
F3 generation because most of them are hemizygous for the new
Ds insertion at the F2 generation. To screen for revertant sectors, we crossed the ems1 mutant with an Ac-carrying plant.
The F2 plants with a Ds excision could produce a revertant
sector. We found that 11 of the F2 plants that exhibited mutant
phenotypes produced large fertile revertant sectors. The putative revertant sectors were further confirmed by genetic and
sequence analyses.
Characterization of mutant phenotype
Plants or flowers were photographed with a digital camera and
a dissecting microscope. To observe live pollen grains, anthers
prior to dehiscence were stained and photographed under a compound microscope (Alexander 1969). Fresh anthers were dissected and microspores were stained using Toluidine Blue O
(0.05%). Anther sections were stained by DAPI (4,6-diamino-2phenylindole dihydrochloride; Vector Laboratories). Examination of chromosomes in meiotic cells was performed as described (Ross et al. 1996).
For the anther structure study (Owen and Makaroff 1995),
dissected floral buds and inflorescences were fixed in 2.8% (vol/
vol) glutaraldehyde in 0.1 M HEPES (N-2-Hydroxyethyl piperazine-N⬘-2-ethanesulfonic acid) buffer (pH 7.2) and 0.02% Triton
X-100 overnight at 4°C. Samples were washed twice for 15 min
each in 0.1 M HEPES buffer (pH 7.2) and then fixed in 1% OsO4
overnight. They were then dehydrated in a graded acetone series
(10% increments) and embedded in Spurr’s resin. Semi-thin (0.5
µm) sections were made using an Ultracut E ultramicrotome
(Reichert-Jung) and were stained with 0.25% of Toluidine Blue
O. The images were photographed using an Optronics digital
camera. Tapetal cells and microsporocytes were counted under
the microscope from the central sections of the anther. Sections
from ten individual buds were examined. In each bud, cell numbers were determined from four anthers, sixteen locules.
Molecular analyses and in situ hybridizations
Thermal asymmetric interlaced (TAIL)-PCR was performed
with ems1 mutant genomic DNA and Ds3/AD2 or Ds5/AD4
primers (Liu et al. 1995; Grossniklaus et al. 1998). A portion of
the EMS1 cDNA was amplified from a floral cDNA library
(Dixit and Cyr 2002) with gene-specific primers oMC511: 5⬘TCGTCTCTTTTAAATCTCCGAGT-3⬘ (beginning 48 nt upstream of the predicted ATG codon) and oMC512: 5⬘-AACATT
TAAGGTTATATGGCTCAT-3⬘ (the complement of the sequence including the stop codon and 20 nt downstream). The
PCR product was cloned into the pGEM®-T vector (Promega) to
yield the plasmid pMC2433.
RNA in situ hybridizations were performed on the wild-type
and mutant floral sections essentially as described (Drews et al.
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1991; Flanagan and Ma 1994; Long and Barton 1998). Either
radioactive probe or digoxigenin-labeled probe was used. For the
EMS1 gene, a 1.2-kb cDNA fragment was amplified using primers oMC511 and oMC505, 5⬘-GGAATCGAACCACTTAAC
AAG-3⬘ and cloned into pGEM®-T vector, resulting in
pMC2435. The ATA7 and SDS antisense and sense probes were
synthesized using the pMC1577 (Rubinelli et al. 1998) and
pMC2317 (Azumi et al. 2002) plasmids as templates, respectively.
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Kinase activity analysis
A 0.95-kb cDNA fragment encoding the kinase domain was
PCR-amplified using primers oMC509: 5⬘-GTGATCCGATCA
GAACCTGTATTTCTT-3⬘ and oMC510: 5⬘-CGCTCGAGT
TTAAGGTTATATGGCTCAT-3⬘. The PCR product was
cloned into the pGEM®-T vector. The fragment was released by
NotI and BamHI digestion and subcloned into the pYEX-4T-3
yeast expression vector (Skirpan et al. 2001) to produce
pMC2438. After its sequence was confirmed, the pMC2438 construct was transformed into the S. cerevisae strain Y59 with
selection for growth without uracil. Yeast cells were grown and
the fusion protein was purified as described (Skirpan et al. 2001).
Three micrograms of the fusion protein was incubated with 10
µCi of [␥-32P] ATP (105 cpm/pmol ATP) in kinase buffer (50 mM
HEPES at pH7.4, 10 mM MgCl2, 10 mM MnCl2, 1 mM DTT) for
1 h at room temperature. The reaction was terminated by adding 1/2 volume of SDS-PAGE sample buffer, incubated for 3 min
at 95°C, and the phosphorylated proteins were separated by
12% SDS-PAGE.
EMS1 localization analysis
To reduce the chance of PCR-induced mutations and for the
ease of cloning, a portion of EMS1 cDNAs was amplified rather
than the entire coding region. A 0.65-kb cDNA encoding transmembrane domain and partial kinase domain was PCR-amplified by using primers oMC637: 5⬘-ACCCATGGGTGTTTG
TCAGGATCC-3⬘ and oMC638: 5⬘-ACCCATGGTCCCAGT
TTGGTTCCT-3⬘. The PCR product was cloned into the
pGEM®-T vector and was released by NcoI digestion. This fragment was subcloned into the sGFP vector containing the 35S
promoter and a synthetic GFP sequence (Chiu et al. 1996) to
produce pMC2573. Then, 2.5 µg of the pMC2573 plasmid and
sGFP vectors were used to coat gold particles and divided into
three aliquots. The onion epidermis was peeled and bombarded
by using a gene gun (Model PDS-100/He Biolistik® Particle Delivery System, Bio-Rad). The bombarded samples were incubated at 22°C for 24 h on an MS plate with 3% agar. Cells with
GFP fluorescence were observed using an Olympus FV300 laser
scanning confocal microscope (Olympus America). The GFP
was excited using a 488-nm argon laser with emitting light filtered though 510 nm IFLP and 530 IFSP filters.
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CHAPTER 6

CONCLUSIONS AND PERSPECTIVE

Although it has been widely accepted that cyclins and CDKs are crucial for cell
cycle progression, recent work in mouse model has questioned that there is a CDK
strictly essential for cell cycle progression (Sherr and Roberts, 2004; Malumbres, 2005).
Functional redundancy among cyclins and CDKs and compensatory roles by non-CDK
activities and CDK-independent functions of cyclins have made the cell division model
more complex. Researchers have identified non-cyclin proteins that can bind and activate
CDK and are required for cell division in various mammals. This group of proteins were
named Speedy/Ringo proteins (Lenormand et al., 1999; Porter et al., 2002; Cheng et al.,
2005). Non-CDK kinase has also been reported to control landmark events in yeast
meiosis (Benjamin et al., 2003). Due to the complex cell cycle regulation network and
functional redundancy between some factors critical for cell cycle progression, not many
cyclin knockout mutants with abnormal phenotypes have been reported. In Arabidopsis,
sds and tam are the only reported cyclin knockout mutants with abnormal phenotypes. In
tam, functional pollen grains can still be produced instead of the delayed and
asynchronous meiotic cell division; however, in sds, both male and female fertility is
greatly reduced. Animal meiosis-specific cyclins have also been reported. For example,
mouse cyclin A1 is required for the passage of spermatocytes into meiosis I (Wolgemuth
et al., 2004). But no other cyclin genes, except for SDS, have been reported to be required
for synapsis, bivalent formation, and recombination. Those three events are coordinated
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ones occurring in meiotic prophase I stage and are the focus of meiotic investigation. It
has been suggested that the timing of and relationship between those events are not the
same for all organisms, and less information is known for plant meiosis. Therefore, the
sds mutant provides a good opportunity to study a cyclin functional pathway in the
context of meiosis.
Since SDS was predicted to be a cyclin gene by sequence analysis, we tried to put it
in the context of all other plant cyclins for better understanding of this gene. The
phylogenetic analyses for a large number of plant cyclin genes and expression data for
Arabidopsis cyclins together presented a rather complete scenario for plant cyclins. These
results also indicated that SDS defines a new type of cyclin in plants. Study of SDS in
yeast provided experimental evidence that SDS is a cyclin gene. It was also demonstrated
that a segment upstream of the cyclin core is required for SDS to perform the function of
a cyclin in yeast. Further study of SDS in Arabidopsis suggested that the N-terminal
region of SDS is required for its full biological activity. Sequence alignment of SDS
homlogs showed that there are several conserved motifs in their N-terminal regions,
suggesting that they may be essential for the normal function of this group of cyclin
genes.
Since SDS is a cyclin, it is certain that there is a CDK that is activated by SDS and
that SDS/CDK complex act together with some other regulators to control the activity of
a substrate or several substrates that is/are essential for Arabidopsis meiosis. The
identification of the targeted CDK and substrate(s) will be a breakthrough for the SDS
functional pathway characterization. One other Arabidopsis mutant spo11-1 has been
reported to have very similar phenotypes as sds (Couteau et al., 1999; Grelon et al.,
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2001). However, genetic studies carried out in our lab suggested that SPO11-1 regulates
events upstream of SDS, excluding the possibility that it could be a substrate of
SDS/CDK complex. Some previous reports stated that some components, including
CDKs, in cyclin/CDK complexes were identified using the yeast two-hybrid system (De
Veylder et al., 1997; Lui et al., 2000; Boudolf et al., 2001; Healy et al., 2001). Several
rounds of yeast two-hybrid screens with the full-length SDS as bait have been performed
in our lab, but there seemed no potential candidates after the sequencing of all the
positive clones obtained. The negative result here is not surprising since SDS can interact
with the budding yeast CDK, CDC28, and that interaction may block or compete for the
interaction of SDS with its partner(s). Since it was shown that SDS1-365, SDS317-578, and
SDS365-578 could not interfere with WT yeast mitotic cell cycle, it can be assumed that
these SDS truncations does not bind CDC28. Therefore, it is possible to use these
truncations as bait to obtain SDS interactors. Specifically, SDS317-578 and SDS365-578 are
suitable for the screen for the CDK partner, and SDS1-365 is for regulatory factor(s)
screen.
Another way to search for the CDK partner is to test the interaction of SDS317-578 or
SDS365-578 with known Arabidopsis CDKs in a two-hybrid assay or in vitro pull-down
analysis. Previous studies suggested that at least 30 CDKs exist in Arabidopsis
(Vandepoele et al., 2002; Menges et al., 2005). Microarray data yielded from our lab
showed that only 5 of them did not have detectable expression in anther, suggesting that
the remaining 25 are possible candidates. I have tried four CDKs: CDC2a, CDC2b
(Hirayama et al., 1991), CDKB21 (Boudolf et al., 2001), and CDC2c (Lessard et al.,
1999) in two-hybrid assay using both the full-length SDS and SDS365-578 as bait. No
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interaction was observed for any of them. Maybe it is worth trying the remaining 21
candidates. Or we can order all available T-DNA lines for these CDK genes. It is possible
that the CDK knock-out plant has similar meiotic phenotypes as sds. In addition, we can
try immunoprecipitation (IP) approach. Since the expression level of the intrinsic SDS is
too low, even for Western blotting, it is not practical to do IP in wild type plants.
Although SDS expression is limited in meiotic cells, it is possible that its CDK partner is
expressed more broadly. We can try immuno-purification of SDS using the leaf or
inflorescence protein extracted from the 35S SDS transgenic plants as the material,
followed by mass spectroscopic identification of the associated proteins.
Phenotypic analysis of sds has indicated that SDS is required for synapsis and
recombination, but it is unknown whether these two events are controlled by SDS in one
pathway or regulated independently. The partially rescued sds plants I generated provide
an opportunity to explore the relationship of synapsis and recombination in SDS
functional pathway. Recombination can be checked for the differently rescued lines, and
we will know whether there is correlation between the defect extent of synapsis and
recombination. The results will contribute to the knowledge of relationships between
synapsis and recombination in plants. It would also be interesting to generate SDS63-578
transgenic plants in sds and WT background for phenotypic observation. The results will
present more information for the function of the N-terminal region. For example, whether
the predicted D-box is essential for SDS normal function.
Another piece of information that would help understand SDS function is the
subcellular localization. I have examined the transgenic plants expressing SDS-GFP
fusion protein (Chapter 4) for the presence of GFP signal, but no signal could be
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detected. Maybe the SDS expression level is too low. Immunolocalization is another
approach that can be tried. The finding of subcellular localization of SDS would help
predict how SDS regulates the specific meiotic events such as recombination.
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