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ABSTRACT

Apomixis, asexual seed reproduction by avoidance of meiosis and fertilization of the egg
cell, holds great potential for agriculture as a means to fix hybrid vigor since offspring generated
through apomixis are genetic clones of the maternal plant. Apospory is a form of apomixis
where the embryo develops from an unreduced egg that is derived from the aposporous embryo
sac. In both Pennisetum squamulatum and Cenchrus ciliaris, apospory inherits as a dominant
trait under genetic control of a single locus and transmits with an apospory-specific genomic
region (ASGR). In order to understand the molecular mechanism regulating apospory, two
major studies have been conducted.

Aposporous initial specification is a critical event for the occurrence of apospory. To
elucidate the mechanism controlling this process, two transcriptomes, derived from ovules of an
apomictic donor parent and its apomictic backcross derivative at the stage of apospory initiation,
were sequenced using 454-FLX technology. Analysis of the two transcriptomes allowed
identification of the ASGR-carrier chromosome linked transcripts. Moreover, one of these alien
expressed genes was assigned to the ASGR by screening a limited number of apomictic and

sexual Fis. Identification of potential ASGR-linked candidate genes will provide significant



insight into the regulation of apospory initiation. The results suggest that the strategy of
comparative sequencing of donor parent and backcross transcriptomes is an efficient approach to
identify alien expressed genes in a recurrent parent background.

Previous functional analysis of BABY BOOM (BBM) genes from other species suggests
that BBM plays a role in embryo development. To investigate the function of BABY BOOM-like
genes identified from the ASGR compared with related genes not associated with the ASGR,
ASGR-BBM-like and non-ASGR-BBM-like (N-ASGR-BBM-like) genes isolated from Cenchrus
ciliaris were subjected to sequence analysis and expression characterization. Semi-quantitative
RT-PCR with aposporous ovaries from different stages indicated that ASGR-BBM-like genes
started transcription before pollination and the transcription was up-regulated upon pollination.
In contrast, there was no expression of N-ASGR-BBM-like genes until one day after pollination.
Moreover, the transcription level of N-ASGR-BBM-like was much lower than that of ASGR-
BBM-like at this time point. Temporal and quantitative differences in transcript level between

the two suggest that ASGR-BBM-like plays a role in parthenogenesis in buffelgrass.

INDEX WORDS: Pennisetum squamulatum, Cenchrus ciliaris, apospory initiation, 454
sequencing, parthenogenesis, semi-quantitative RT-PCR, BBM-like gene
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CHAPTER 1
INTRODUCTION

Apomixis is a term used for asexual reproductive processes which occur during seed
development (Nogler, 1984). Unlike zygotic embryogenesis, embryos derived through apomixis
form from unreduced somatic cells in the ovule via mitosis and without the fusion of a haploid
egg with a sperm cell. The apomixis pathway involves three key components (Grimanelli et al.,
2001; Koltunow and Grossniklaus, 2003; Ozias-Akins, 2006). The first is apomeiosis, in which
meiosis is avoided prior to embryo sac formation. The second is parthenogenesis, autonomous
development of the embryo independent of fertilization of the egg cell by the sperm. The third is
endosperm development, either requiring fertilization of the central cell or its autonomous
development. Avoidance of meiosis and fertilization of the egg cell in apomixis results in
progeny genetically identical to their mother plant. This feature has practical significance in
agricultural breeding since it can easily perpetuate hybrid vigor and maintain specific genotypes
through successive seed generations (Hanna and Bashaw, 1987; Hanna, 1995; Koltunow et al.,
1995; Savidan, 2000). However, apomixis is rarely found among major crops (Bicknell and
Koltunow, 2004). Moreover, apomictic species of significant relatedness to sexual crops to be
used for introgression of apomixis to its close sexual species is also limited, which complicates
conventional breeding of apomictic crops (Dujardin and Hanna, 1989). Therefore, the better
solution for introduction of apomixis into crops may be by genetic engineering of desired sexual
crops. Toward this goal, the genetic control of apomixis from naturally occurring apomictic

species needs to be determined.



We are studying a form of apomixis called apospory in Pennisetum squamulatum and
Cenchrus ciliaris. P. squamulatum is a wild relative of pearl millet and is cross-compatible with
pearl millet when used as a pollen donor in the interspecific cross (Dujardin and Hanna, 1989).
A restriction fragment length polymorphism (RFLP) study with an obligate apomictic backcross
line resulted in identification of two apomixis-linked molecular makers (Ozias-Akins et al.,
1993), while twelve sequence characterized amplified region (SCAR) markers strictly
cosegregated with apospory in an interspecific hybrid F; (P. glaucum x P. squamulatum)
population of 397 individuals that segregated for apomixis and sexuality and therefore defined a
contiguous apospory-specific genomic region (ASGR) in P. squamulatum (Ozias-Akins et al.,
1998). When tested for linkage to apospory in two small segregating populations of C. ciliaris,
most of the SCAR markers showed no recombination with the ASGR (Roche et al., 1999). In
order to characterize the ASGR, two bacterial artificial chromosome (BAC) libraries were
constructed with an apomictic polyhaploid derived from a cross between the obligate apomict, P.
squamulatum, and sexual pearl millet and apomictic C. ciliaris line, B-12-9 (Roche et al., 2002).
ASGR-linked BACs were identified by screening of the two BAC libraries with SCAR markers.
By using the ASGR-linked BACs as probes, fluorescence in situ hybridization (FISH) showed
that the ASGR was a physically large, heterochromatic, hemizygous, retrotransposon-rich region
in both P. squamulatum and C. ciliaris (Goel et al., 2003; Akiyama et al., 2004; Akiyama et al.,
2005). Genetic mapping of long terminal repeat (LTR)-based sequence specific amplified
polymorphism (SSAP) markers showed that most of the markers were highly clustered and
associated with apomixis (Huo et al., 2009), which was consistent with the observation of low
recombination in ASGR. Putative protein-coding genes unrelated to transposable elements from

ASGR were identified by partial sequencing of ASGR-linked BACs (Conner et al., 2008).



However, the characteristics of the ASGR impede high-resolution genetic mapping and map-
based cloning of apomixis genes.

To extend our attempts to understand the molecular mechanism regulating apospory, two
major studies focusing on isolation and characterization of apospory candidate genes were
conducted. The first study centered on expression profiling of ovule tissues at the stage of
aposporous initial specification by analyzing two 454-FLX technology generated transcriptomes,
one from an apomictic donor parent and the second from its apomictic backcross derivative.
Identical sequences between the two genotypes are likely to represent transcribed genes from the
ASGR since the ASGR-carrier chromosome is the only shared genetic component. The
objective of the second study was to characterize the expression pattern of BABYBOOM-like
(BBM-like) genes in C. ciliaris, one group specific to the ASGR and the second group not
present in the ASGR and either unlinked or linked in repulsion. BBM-like genes are known to be
involved in embryogenesis and the ASGR-BBM-like gene could play a role in parthenogenetic
development of the unreduced egg during apomictic reproduction.
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CHAPTER 2
LITERATURE REVIEW
Overview: Modes of Reproduction in Flowering Plants

Seed, the end product of reproduction in flowering plants and from which new plants
grow, can be reproduced by two pathways: sexual reproduction and apomixis. The sexual
pathway involves the union of male and female gametes, resulting in genetically varied
offspring. In contrast, apomictic offspring are genetic clones of the maternal plant, a significant
feature with great potential for plant breeding and agricultural production.
Sexual Reproduction

The life cycle of plants that reproduce sexually alternates between a diploid sporophytic
phase and a haploid gametophytic phase (Reiser and Fischer, 1993; Grossniklaus and Schneitz,
1998; Grimanelli et al., 2001; Crawford and Yanofsky, 2008). The major reproductive function
of the diploid sporophyte is to produce haploid spores through meiosis, the processes of which
are known as megasporogenesis (female) and microsporogenesis (male). Ovule is the site of
processes essential for plant reproduction, including formation of megagametophyte, fertilization
(except for the apomicts which avoid the fertilization during the reproduction), embryogenesis,
and the formation of the final product of reproduction, the seed. In Arabidopsis and many other
plants, ovules derive from specialized meristematic regions as a primordium within the carpels
referred to as the placentas (Schneitz, 1999). Therefore, the carpel must maintain existing or
produce new meristematic region, the placenta, to allow the generation of ovule primordium.

Outgrowth of the ovule primordium leads to the formation of the inner and outer integuments



from the surface of the ovule primordium. The two integuments grow to cover and enclose the
nucellus of the ovule and leaving a small opening, the micropyle, for fertilization. The nucellus
is usually several cells thick and provides the cellular initial for the differentiation of the
megaspore mother cell (Robinson-Beers et al., 1992; Skinner et al., 2004). Megasporogenesis
starts with the differentiation of the megaspore mother cell. A tetrad of megaspores results from
meiosis of the megaspore mother cell and usually only one of the megaspores survives and
becomes the functional megaspore while the other three degenerate. Microsporogenesis occurs
within the anthers from multiple sporogenous cells. Unlike the megaspores, all four microspores
resulting from meiosis of a microspore mother cell survive and are functional. Once the
functional spores differentiate, the gametophytic phase of the plant life cycle begins. The spores
undergo mitotic cell proliferation and differentiation to develop into gametophytes.
Angiosperms have both female and male gametophytes. The male gametophyte, also referred to
as the pollen grain or microgametophyte, develops within the anther and usually consists of two
sperm cells enclosed within a large vegetative cell. The female gametophyte, also referred to as
the embryo sac or megagametophyte, develops within the ovule. The Polygonum-type embryo
sac, the most common type of megagametophyte in flowering plants, comprises seven cells,
which are one egg cell, two synergid cells, one binucleate central cell and three antipodal cells
(Willemse, 1984). Pollination in flowering plants begins when pollen lands on a stigma. Then
the pollen tube grows through the stigma and style to deliver the sperm cells to the ovule. Pollen
tube growth is critical for directing the sperm cell precisely to the egg to achieve the ultimate
goal of fertilization (Sogo et al., 2004). Several independent studies have established that a high
apical concentration of Ca®" occurs in growing pollen tubes, and inhibition of the apical Ca**

gradients results in the reversible inhibition of pollen tube growth (Pierson et al., 1994; Malho



and Trewavas, 1996; Franklin-Tong, 1999). The egg cell fuses with one of the sperm cells to
produce the zygote which develops into the embryo and the other sperm cell fertilizes the central
cell in the embryo sac to form the endosperm. In plants reproduced sexually, the events of MMC
differentiation, megasporogenesis, megagametogenesis and double fertilization are in strictly
ordered and defined sequence to assure the production of a fertile seed.
Apomixis

One hypothesis about why sexual reproduction is so widespread is that sexual
reproduction can eliminate deleterious mutations and create variations for adaptation through
genetic recombination (Otto and Lenormand, 2002). However, some theoretical work has led to
the finding of the costs associated with sexual reproduction, such as time and energy
consumption and the risk of introducing negative genetic element from another individual (Otto
and Lenormand, 2002). Plants have evolved with considerable flexibility in the pathway of
reproduction. In some flowering plants, the paternal contribution is not necessary for the
generation of progeny because meiosis and fertilization of the egg by the male gamete can be
avoided during reproduction. The trait is called apomixis or asexual reproduction through seeds
(Nogler, 1984). The most important difference between apomixis and sexual reproduction is that
the apomictic embryo derives from unreduced diploid cells in the maternal ovule rather than
from a diploid zygote produced by fusion of haploid egg and sperm cells. During sexual
reproduction, the gametes have half the number of chromosomes of the sporophyte because of
meiosis; the diploid chromosome number in the embryo is restored by the fusion of egg and
sperm. Different from sexual reproduction, the absence of chromosome reduction and

restoration in apomixis results in progeny genetically identical to their mother plant.



Significance of Apomixis

The practical significance of apomixis is that it can easily perpetuate hybrid vigor and
maintain specific genotypes through successive seed generations in agricultural breeding (Hanna
and Bashaw, 1987; Hanna, 1995; Koltunow et al., 1995; Savidan, 2000). However, apomixis is
rarely found among major crops with the exception of subtropical fruit trees like mango, apple
and Citrus (Bicknell and Koltunow, 2004). The possible reason for its low representation among
crops is human selection of superior plants for cultivation (Bicknell and Koltunow, 2004).
Transfer of apomixis to its close sexual species by conventional breeding methods has been
unsuccessful except in pearl millet (Dujardin and Hanna, 1989). One difficulty contributing to
the unsuccessful introgression of apomixis is the limited number of apomictic species of
significant relatedness to sexual crops, which results in complex breeding strategies to
accommodate the cross-incompatibility during apomictic crop breeding (Dujardin, 1984;
Dujardin and Hanna, 1989). Therefore, the better solution for introduction of apomixis into
crops may be the genetic engineering of the crops of interest. To achieve the goal, it is useful to
obtain information about the genetic control of apomixis from naturally occurring apomictic
species.

Developmental Mechanisms and Genetic Control of Apomixis

Apomixis has been observed in more than 400 species across 40 families and is most
common in the Poaceae, Rosaceae, Rutaceae and Asteraceae (Hanna and Bashaw, 1987;
Koltunow, 1993; Carman, 1997; Bicknell and Koltunow, 2004; Ozias-Akins, 2006). Studies of
apomixis in different species have greatly expanded our knowledge of apomixis even though the

genetic mechanisms underlying apomixis are still undetermined.



Three Essential Components during Apomixis Development

The hypothesis that gametophytic apomixis is a deregulation of the sexual reproduction
process has been widely accepted since it was proposed in 1984 based on the study of apospory
in Ranunculus auricomus (Nogler, 1984). It has been supported by the findings that apomixis is
controlled by relative few loci and mutagenesis can induce components of apomixis in sexual
plants (Grimanelli et al., 2001; Grossniklaus et al., 2001; Ozias-Akins, 2006; Ozias-Akins and
van Dijk, 2007; Ravi et al., 2008). Based on this hypothesis, apomixis can be viewed as the
product of putative cell fate changes and omission of critical steps in the sexual process regulated
by the same signal pathways as sexual reproduction. By comparison with the essential steps of
sexual reproduction, the apomixis pathway involves three key components (Grimanelli et al.,
2001; Koltunow and Grossniklaus, 2003; Ozias-Akins, 2006). The first step is apomeiosis, in
which meiosis is avoided prior to embryo sac formation. The second step is parthenogenesis,
autonomous development of the embryo independent of fertilization of the egg cell by the sperm.
Third is endosperm development, either requiring the fertilization of the central cell or its
autonomous development. These three important events of apomixis occur by different
mechanisms in different types of apomicts.
Different Types of Apomixis

Based on the time at which apomixis initiates during ovule development relative to the
sexual pathway and the origin of the cell that initiates apomixis, apomixis is often classified into
three types, termed apospory, diplospory and adventitious embryony (Nogler, 1984; Koltunow,
1993; Savidan, 2000; Koltunow and Grossniklaus, 2003; Ozias-Akins and van Dijk, 2007).
Diplospory is initiated at the time of megaspore mother cell differentiation by altering cell fate of

the MMC. Apospory is initiated after differentiation of the MMC and aposporous initials
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differentiate from the nucellar cells surrounding the MMC. Both apospory and diplospory result
in formation of a megagametophyte in the ovule without meiosis and the embryo develops from
the unreduced egg cell inside the unreduced megagametophyte. Therefore, apospory and
diplospory are commonly referred to as gametophytic apomixis. In adventitious embryony,
embryos are initiated directly from somatic cells in ovular tissue with no intervening
gametophytic phase so it has been referred to as sporophytic apomixis. In sporophytic apomixis,
sexual reproduction occurs in parallel and may result in competition between reduced and
unreduced embryos.
Sporophytic apomixis

Sporophytic apomixis occurs late in ovule development. Cells from either the inner
integument or the nucellus initiate embryo development without forming an embryo sac structure
(Koltunow, 1993; Koltunow and Grossniklaus, 2003). This is the major difference between
sporophytic apomixis and gametophytic apomixis. Typically adventitious embryos form from
nucellar cells and integumentary originated embryos are much less common (Koltunow, 1993;
Ozias-Akins, 2006). Sporophytic apomixis and zygotic reproduction can coexist within the same
ovule. Endosperm resulting from fertilization of the central cell in the reduced zygotic embryo
sac can provide nutrients for either the survival of the sporophytic embryo or both unreduced and
reduced embryos (Ozias-Akins, 2006; de Meeus et al., 2007). In the event that fertilization of
the central cell is not successful, adventitious embryos can obtain nutrients for their development
from the degrading nucellar and integument cells (Koltunow, 1993).

Sporophytic apomixis has been reported previously to be inherited as a quantitative trait
in the mapping study of a cross of Citrus volkameriana x Poncirus trifoliata with identification

of six quantitative trait loci (Garcia et al., 1999). In a more recent study a possible adventitious
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embryony controlling mechanism was proposed in which two genes A1 and A2 controlled
sporophytic embryony in genus Citrus and Poncirus (Hong et al., 2001). Further studies in
species reproducing by sporophytic apomixis will be necessary to confirm the genetic control of
the trait.
Aposporous apomixis

Aposporous apomixis initiates from nucellar cells following megaspore mother cell
differentiation (Koltunow, 1993). These nucellar cells are referred to as aposporous initials and
usually possess large nuclei and dense cytoplasm. The aposporous initials develop into
unreduced aposporous embryo sacs by mitosis instead of meiosis. Meiosis of the megaspore
mother cell can either be completed resulting in functional chromosomally reduced megaspores
or be arrested during the process. In both cases the products of sexual reproduction usually
degenerate (Nogler, 1984). Different aposporous species or even genotypes within a species can
have different numbers of aposporous embryo sacs formed in an ovule (Nogler, 1984; Bashaw,
1990). Endosperm development usually requires pollination and fertilization of the central cell,
termed pseudogamy. The aposporous egg cell is rarely fertilized in most of the aposporous
species (Nogler, 1984). However, exceptions have been reported. In Hypericum perforatum,
fertilization of the unreduced egg cells occurred at high frequency in several accessions as
indicated by a high 6C embryo peak of flow cytometric analyses (Matzk et al., 2001). And the
fertilization of unreduced egg cells with unreduced pollen was observed at a low frequency in the
Greenland populations of Arabis holboellii (Naumova et al., 2004). The fertilization of
unreduced egg cell results in increased ploidy level of apomicts.

Apospory behaves as a dominant trait under genetic control of a single locus in

Pennisetum squamulatum, Cenchrus ciliaris and some other species studied (Ozias-Akins et al.,
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1998; Bicknell et al., 2000; Martinez et al., 2001; Jessup et al., 2002). In P. squamulatum and C.
ciliaris the locus transmitted with apospory is a heterochromatic, retrotransposon-rich region of
one chromosome arm, where the recombination is highly suppressed (Ozias-Akins et al., 1998;
Goel et al., 2003; Akiyama et al., 2004; Akiyama et al., 2005). However, in aposporous Poa
pratensis, genetic control of apomeiosis and parthenogenesis seemed to be separated and
controlled by different loci (Albertini et al., 2001). Supported by the observation of discrete
classes of expressivity that could best be explained by a five-gene complex genetic model, it was
postulated that in Poa pratensis, apospory initiation and parthenogenesis were unlinked and they
were controlled by single genes separately (Matzk et al., 2005).
Diplosporous apomixis

In diplospory, a megaspore mother cell differentiates from the nucellus and develops into
an unreduced female gametophyte by variable developmental processes prior to diplosporous
embryo sac initiation. Thus there are different types of diplospory (Koltunow, 1993; Crane,
2001). The most common type of diplospory is mitotic diplospory, also known as Antennaria
type, in which the megaspore mother cell is inhibited from starting meiosis and directly
undergoes mitosis to form an unreduced gametophyte. A second type is meiotic diplospory,
where meiosis of the megaspore mother cell is initiated but arrested at meiosis I and the
chromosome number in the cell is restored to the somatic cell chromosome number. Cell
proliferation via mitosis subsequently leads to embryo sac differentiation. As in mitotic
diplospory, the aberrant meiotic process occurring in megaspore mother cells in meiotic
diplospory results in chromosomally unreduced embryo sacs.

One cell in diplosporous embryo sac is specified to perform the function of an egg cell,

although it is chromosomally unreduced compared with meiotically derived egg cells.
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Parthenogenesis of the unreduced egg cell results in diplosporous embryo formation without
fertilization. Endosperm development is derived from unreduced polar nuclei either
autonomously or pseudogamously. However, the processes of embryo and endosperm
development seem to proceed in ordered sequence like in sexual reproduction except for the
omission or aberrant nature of meiosis and fertilization. Therefore, the plants must have
alternative signals or triggers for regulation of diplosporous embryo sac formation and embryo
and endosperm development (Koltunow, 1993; Koltunow and Grossniklaus, 2003).

It is still unclear when and how the megaspore mother cell is initiated for the diplospory
pathway. The mechanisms of inhibition of meiosis or arrest of meiosis are crucial for
understanding the initiation of diplospory. In crosses of sexual and apomictic Taraxacum, it was
reported that the genetic control of diplosporous embryo sac development and parthenogenesis
was independent (Tas and Van Dijk, 1999; Van Dijk et al., 1999; Noyes and Rieseberg, 2000).
Apomixis Candidate Genes Identified from Apomicts

Toward the final goal to induce apomixis in crops by genetic manipulation, efforts have
been made to identify genes that confer naturally evolved apomixis. Differential gene expression
analysis between closely related apomictic and sexual genotypes with application of differential
display technique is an efficient strategy for discovery of candidate apomixis genes. Apomixis-
and sex-specific transcripts have been detected from different species. In Brachiaria, two
apomixis-specific fragments were isolated from ovaries at anthesis (Leblanc et al., 1997). Ina
later study with Brachiaria that focused on earlier developmental stages, including sporogenesis
and gametogenesis stages, eleven differentially expressed fragments were identified (Rodrigues
et al., 2003). Three expressed sequence tags (ESTs) from Paspalum notatum, all highly similar

in sequence, showed differential expression in flowers between apomictic and sexual F;
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individuals after apospory initiation (Pessino et al., 2001). Comparative analysis of gene
expression patterns of three members of the FER TILIZATION-INDEPENDENT SEED (FIS)-
class genes MEDEA (MEA/FIS1), FIS2, and FERTILIZATION-INDEPENDENT ENDOSPERM
(FIE/FIS3) in Hieracium showed that the spatial and temporal expression patterns in apomictic
Hieracium were comparable to those observed in embryo sacs, embryos, and endosperm in
sexual Hieracium (Tucker et al., 2003). This finding indicates that sexual and apomictic
reproduction share molecular pathways. A similar strategy, cDNA-AFLP (amplified fragment
length polymorphism) has also been applied to isolate apomixis candidate genes. In Poa
pratensis, 179 transcript fragments from spikelets showed quantitatively different expression
between apomictic and sexual genotypes by cDNA-AFLP (Albertini et al., 2004). However,
after further analysis of two candidate genes, PPSERK and APOSTART, by reverse transcription
polymerase chain reaction (RT-PCR) and in situ hybridization, neither one was specifically
expressed in the apomictic genotype (Albertini et al., 2005). Screening of cDNA libraries is
another strategy used for identification of candidate apomixis genes. Putative egg-cell-specific
and parthenogenesis-related genes were isolated from two egg-cell-specific cDNA libraries
constructed with sexual and parthenogenetic egg cells dissected from the 'Salmon' system of
wheat lines (Kumlehn et al., 2001). Also one gene showing apomict specific expression was
identified from a Panicum maximum ovule cDNA library and shown to be expressed in both
aposporous initials and aposporous embryos at four days after anthesis (Chen et al., 1999; Chen
et al., 2005). By suppression subtractive hybridization, two transcripts expressed in embryo sacs
were isolated from Pennisetum ciliare ovary libraries showing either higher expression in an
apomictic than sexual genotype or specific expression in apomixis (Singh et al., 2007). In

addition, two principal loci that collectively control apomixis in Hieracium caespitosum have
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been identified by deletion mapping (Catanach et al., 2006). Loss of apomeiosis (LOA) locus
regulates events associated with apomeiosis and the other unlinked locus, loss of parthenogenesis
(LOP), controls events associated with the avoidance of fertilization (parthenogenesis).
Although differentially expressed transcripts have been identified from apomictic species,
none of these candidate genes has been shown to be linked with apomixis. Genetic control of
apomixis is still unclear given the differences in spatial and temporal expression patterns of
candidate genes; moreover, it may be even more complicated with the contribution of epigenetic
regulation (Lohe and Chaudhury, 2002; Koltunow and Grossniklaus, 2003). Therefore,
proteomic analysis may provide complementary insight into understanding apomixis
mechanisms. Recent proteomic analysis with apomictic sugar beet by matrix assisted laser
desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS) has led to
identification of twenty-four unique proteins, which included five protein spots present only in
sugar beet apomictic monosomic addition line M14 and two unique to sexual sugar beet
genotype B. vulgaris L.; the rest of the identified proteins were either up-regulated or down-
regulated in apomictic line M14 (Zhu et al., 2008). Most of these proteins were shown to be
involved in several important biological processes, such as cell division and energy metabolism.
In a more recent study on apomictic sugar beet, a comparative proteomic and transcriptomic
analysis of the sexual and apomictic flowers of sugar beet using high-resolution two-dimensional
gel electrophoresis (2-DE) and liquid chromatography-mass spectrometry analysis (LC-MS) was
completed (Li et al., 2009). A total of seventy-one differentially expressed protein spots, which
could be potential protein markers for apomictic development were identified, although the level

of proteomic data corresponding to transcriptomic data was low. These data provided new
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insights into proteins expressed during apomictic development and the value of proteomic
analysis to the study of apomixis.
Candidate Apomixis Gene Isolation Aided by Studies in Sexual Reproduction

Since apomixis is hypothesized to be due to deregulation of the sexual process, genes
involved in megasporogenesis, female gametophyte development, embryogenesis and endosperm
formation in sexual reproduction may also provide important insights into the process of
apomixis.

Studies of ovule developmental mutants have revealed some important genes from
sexually reproducing plants. The MADS box genes in plants have been shown to function in
meristem identity and play essential roles in cell fate control and cell differentiation during floral
organ development (Davies and Schwarz-Sommer, 1994; Theissen and Saedler, 1995). Other
genes that function in the regulation of reproductive organ identity have been identified. BELL
(BEL1), directs normal integument development, in part by suppressing AG expression in this
structure (Ray et al., 1994). AGAMOUS (AG) is required for development of the stamens and
carpels and inhibits function of APETALA2 (AP2). The loss of function mutant ag converts
stamens and carpels to petals and sepals, which is opposite to the mutant of AP2 (Mizukami and
Ma, 1992; Yu et al., 2004; Wang et al., 2008). AINTEGUMENTA (ANT) shares functions with
AP2 in initiating integument development and regulating megasporogenesis (Elliott et al., 1996;
Klucher et al., 1996; Morcillo et al., 2007); LEUNIG (LUG), encoding a glutamine-rich protein,
is a key regulator for floral organ identity and development by interacting with AG (Conner and
Liu, 2000). Genes required for female sporogenesis and gametogenesis during sexual

reproduction are those involved in megaspore mother cell differentiation and embryo sac

development. ABSENCE OF FIRST DIVISION (AFD) (Grossniklaus et al., 1998) and DYAD are
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required for progression through female meiosis; in the mutant dyad, the megaspore mother cell
enters but fails to complete meiosis, arresting at the end of meiosis I in the majority of ovules
(Siddiqi et al., 2000). AMEIOTIC1 (AM1) has been demonstrated to be required for all meiotic
processes (Golubovskaya et al., 1993; Golubovskaya et al., 1997; Pawlowski et al., 2009).
SPOROCYTELESS (SPL) regulates sporocyte development including microsporogenesis and
megasporogenesis (Yang et al., 1999). SWITCH1 (SWI1) is required for early meiotic events
that are at the crossroad of sister chromatid cohesion, recombination and axial element formation
(Mercier et al., 2003). OSD1 (omission of second division) was isolated from Arabidopsis and
shown to be directly involved in controlling entry into the second meiotic division (d'Erfurth et
al., 2009). BLH1 (BEL1-like homeodomain 1) regulates the cell-fate switch of synergid to egg
cell in Arabidopsis eostre mutant by misexpression (Pagnussat et al., 2007).
DIANA/AGAMOUS-LIKE61 (AGL61) is required to maintain normal central cell morphology
(Bemer et al., 2008).

Genetic analysis of embryogenesis and somatic embryogenesis in Arabidopsis and other
plants have revealed several genes involved in regulation of embryogenesis in plants. The
SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK), isolated from carrot during
somatic embryogenesis, is only expressed in the zygotic embryo up to the early globular stage
but neither in unpollinated flowers nor in any other plant tissue (Schmidt et al., 1997).
Overexpression of Arabidopsis SERK 1 (AtSERK1) was sufficient to increase the embryogenic
potential of the cultured cells and its expression was detected in the nucellus during
megasporogenesis, in the functional megaspore and in the egg cell within the embryo sac (Hecht
et al., 2001). LEAFY COTYLEDON (LEC) / FUSCA (FUS) genes were found essential for in

vitro somatic embryogenesis induction with the studies of capacity for somatic embryogenesis in
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lecl, lec2 and fus3 mutants of Arabidopsis (Gaj et al., 2005). Embryogenic potential was totally
repressed in double (lecl lec2, lecl fus3, lec2 fus3) and triple (fus3 lecl lec2) mutants.
Furthermore, the ability to form somatic embryos in response to 2,4-dichlorophenoxyacetic acid
was greatly decreased in the mutants (Gaj et al., 2005). The BABY BOOM (BBM) gene, a
member of the AP2/ERF multigene family, was identified as a marker for embryo development
in Brassica napus microspore-derived embryo cultures (Boutilier et al., 2002). Ectopic
expression of BnBBM in Arabidopsis primarily induced spontaneous somatic embryo formation
from seedlings with a low frequency of spontaneous shoots and callus development (Boutilier et
al., 2002). It has been shown that BBM preferentially expressed in the basal region of the
Arabidopsis embryo (Casson et al., 2005). Furthermore, expression of BhnBBM was detected in
microspore-derived embryos of Brassica napus during the induction and development stages as
well as in developing zygotic seeds (Malik et al., 2007). A BBM-like gene, EQAP2-1, isolated
from oil palm, was also shown to be an important regulator in both zygotic and somatic embryo
development (Morcillo et al., 2007). However, ectopic expression of BBM in tobacco did not
induce spontaneous somatic embryogenesis, which was different from observations in
Arabidopsis and Brassica, although activated cell proliferation occurred (Srinivasan et al., 2007).
Identification of BBM target genes in Arabidopsis seedlings with the application of DNA
microarray analysis showed that these genes were predominantly associated with cell
proliferation and growth (Passarinho et al., 2008). All the functional analysis data suggests an
important role of BBM gene during embryo development in flowering plants. Another important
gene known to be involved in embryogenesis is WUSCHEL (WUS). In Arabidopsis shoot and
floral meristems, the WUS gene was required for stem cell identity and WUS expression was

sufficient to induce meristem cell identity (Laux et al., 1996; Mayer et al., 1998; Schoof et al.,
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2000). Overexpression of WUS/PGAG caused high-frequency somatic embryo formation in
Arabidopsis without any exogenous plant hormones (Zuo et al., 2002). The result suggested that
WUS/PGAG played a key role during embryogenesis, presumably by promoting the vegetative-
to-embryogenic transition and/or maintaining the identity of the embryonic stem cells (Zuo et al.,
2002). However, it is still unclear in which specific cell(s) these related genes are expressed
during zygotic embryogenesis in plants.

Another essential component of apomixis is endosperm formation, which is the
nutritional supply for a viable embryo and seed. Endosperm develops in response to fertilization
in sexually reproducing plants. In sporophytic apomicts, development of adventitious embryos
usually depends on the endosperm formed in the coexisting sexual embryo sac within the same
ovule (Koltunow and Grossniklaus, 2003). Thus, endosperm development in sporophytic
apomixis is regulated by the same signal pathway as in sexual reproduction. In pseudogamous
(fertilization-dependent) gametophytic apomicts, fertilization of the central cell is required for
apomictic endosperm development, similar to that in sexual plants. However, autonomous
endosperm development occurs in some gametophytic apomicts (Koltunow and Grossniklaus,
2003), which obviously requires a modified signal pathway compared to that in sexually
reproducing plants. Functional screenings for mutants that allow autonomous endosperm
development in Arabidopsis have led to isolation of genes that repress endosperm development
in the absence of fertilization in sexually reproducing plants, which might also control
autonomous endosperm development in apomicts (Chaudhury et al., 1997; Grossniklaus et al.,
2001). The fis mutants of Arabidopsis showed some degree of seed development without
pollination, which suggested that the products of the Fertilization-Independent Seed (FIS) genes

were likely to play repressive regulatory roles in the development of seed before pollination
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during normal sexual reproduction (Chaudhury et al., 1997). The maternal loss-of-function
mutant medea of Arabidopsis shows aberrant growth during embryogenesis and led to isolation
of the MEDEA (MEA) gene (Grossniklaus et al., 1998). MEA encodes a SET-domain containing
Polycomb group (PcG) protein, which is required for stable inheritance of expression patterns
through cell division and regulates cell proliferation in animals. Comparative expression
analysis of maternal and paternal MEA alleles showed that only the maternal MEA allele was
required for proper endosperm development and only the maternal MEA mRNA was detected in
the endosperm while both maternal and paternal MEA alleles were expressed in the embryo
(Kinoshita et al., 1999). Further functional analysis of FIS1, which was found to be identical to
MEA, and FIS2 genes suggested that altered regulation of these genes and their homologs might
play a role in apomictic seed development (Luo et al., 1999). Mutation of MEA led to embryo
arrest in 50% of seeds after fertilization, which suggested a key role of MEA in seed
development. F644, a gene also identified from an Arabidopsis mutant and found to be identical
to MEA, also allowed fertilization-independent endosperm development and therefore further
confirmed the function of MEA during endosperm development (Kiyosue et al., 1999).
Characterization of FERTILIZATION-INDEPENDENT ENDOSPERM (FIE), isolated from
Arabidopsis, revealed that FIE was a homolog of the WD motif-containing PcG proteins which
were isolated from animals (Ohad et al., 1999). Loss-of-function mutant fie was able to initiate
endosperm development without fertilization (Ohad et al., 1996) suggesting the function of FIE
Polycomb protein as a suppressor for endosperm development before fertilization in sexually
reproducing plants. Taken together, the results suggest that autonomous endosperm

development in apomicts may require inactivation or modified regulation of the PcG complexes.
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Dosage Effect and Endosperm in Apomicts

In terms of maternal and paternal contributions to the endosperm, endosperm in an
apomict is different from that in the sexually reproduced seed. In sexual plants, endosperm
develops from the fertilization of the reduced central cell, which contains two reduced nuclei, by
the reduced sperm. Therefore, the ratio of maternal and paternal genomic contribution is 2m:1p
in a diploid, which seems to be critical for viable seed development in many sexually
reproducing plants. However, in apomictic plants the relative genetic maternal and paternal
contributions to endosperm are variable because of the unreduced nature and variable number of
central cell nuclei in different apomictic species (Ozias-Akins, 2006). The dosage effect in the
endosperm is a possible barrier for introducing apomixis into sexual relatives because of the seed
abortion problem (Morgan et al., 1998). Since the apomicts still produce viable seeds, the
requirement of fixed maternal and paternal genomic ratios in the endosperm may be less
stringent in apomicts (Grimanelli, 1997) or the balance is restored by modifications such as DNA
methylation (Spielman et al., 2003). Genome-wide demethylation analysis of Arabidopsis
endosperm with application of the Illumina Genome Analyzer platform to quantify DNA
methylation showed that the entire endosperm genome is demethylated (Hsieh et al., 2009).
Expression of genes with reduced DNA methylation was compared between endosperm and
embryo to determine the effect of methylation changes in endosperm gene expression. Results
showed that genes exhibiting reduced methylation within 1 kb of the 5' upstream of transcription
were preferentially expressed in the endosperm whereas genes demethylated near the 3' end did
not show a significant change in expression. Thus it is suggested that endosperm demethylation

likely reinforces gene silencing in the embryo (Hsieh et al., 2009).
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Polyploidy and Apomixis

Genetic analysis of apomixis is further complicated by the polyploid nature of apomicts.
Gametophytic apomicts, including both aposporous and diplosporous apomicts, are almost
exclusively polyploids (Nogler, 1984). The theory that expression of apomixis may depend on
the polyploid genome has been proposed with the example from Paspalum (Quarin et al., 2001).
However, diploid gametophytic apomicts have been reported (Bicknell, 1997; Kojima, 1997,
Kantama et al., 2007), which suggests that polyploidy is not absolutely required for the
expression of apomixis. Nevertheless, the frequency of unreduced embryo sacs and seed
formation in these diploid plants was much lower compared to that in the polyploids, which
suggests that the higher ploidy level may enhance the expression of apomixis rather than ensure
its presence (Bicknell and Koltunow, 2004; Ozias-Akins, 2006). Another hypothesis combining
interspecific hybridization with polyploidy was postulated to play critical regulatory roles during
megasporogenesis, megagametogenesis and fertilization during the occurrence of apomixis
(Carman, 1997; Roche et al., 2001). The possible explanation for this mechanism is that
hybridization and increased ploidy level affect the status of DNA methylation and then cause
asynchronous expression of the reproductive regulatory genes. A more recent reproduction
mode study in Hypericum by flow cytometric seed screening (FCSS) and chromosome counts
showed that the relative DNA content of apomicts was significantly increased either by
polyploidization or by both polyploidization and increase DNA content per chromosome (Matzk,
2003). A possible reason for the higher genetic load on the chromosomes might be accumulation
of retroelements. It has been reported that simple chromosome doubling of sexual diploid
Paspalum produced apomictic autotetraploids (Quarin et al., 2001), which suggested the genome

duplication might involve in apomixis induction. Other studies in maize and Arabidopsis seem
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to support the model that polyploidy alters the expression pattern of reproductive regulatory
genes. Twenty out of 700 genes corresponding to sexual diploid Arabidopsis examined were
suppressed in the allotetraploids (Comai et al., 2000). Dosage regulation was examined in a
maize ploidy series and the expression data from 18 genes tested suggests that the absolute level
of gene expression increases as structural gene dosage increases (Guo et al., 1996; Edger and
Pires, 2009). However, it is clear that polyploidy alone is not sufficient for apomixis based on
the fact that there are more than half of the angiosperm species that are polyploids but most of
them reproduce sexually (Grimanelli et al., 2001). It has been argued that apomixis is
transmitted preferentially through diploid gametes rather than haploid gametes (Grimanelli et al.,
1998; Tas and Van Dijk, 1999). This would result in the establishment of polyploidy among
apomicts. Therefore, the increased genome size of apomicts might be the consequence of
apomixis rather than the cause for apomixis. It is still unclear about the role of polyploidy in the
apomixis pathway.
High-throughput Next-generation Sequencing Technologies

In the last three decades, the Sanger enzymatic dideoxynucleotide DNA sequencing
technique (Sanger et al., 1977) has been the dominant tool for deciphering complete genes and
later entire genomes. Despite the continuous improvements such as the application of capillary
electrophoresis systems and the decreasing costs, the Sanger sequencing protocol has been
shown to have limitations for routine large sequence output. These limitations include the need
for gels or polymers used to separate the fluorescently-labeled DNA fragments, the relatively
low number of samples which could be analyzed in parallel and the difficulty of total automation
of the sample preparation methods (Ansorge, 2009). Triggered by the human genome

sequencing project, demand for faster and more affordable sequencing technologies and many
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years of hard work of the scientists has led to the development of next-generation sequencing
technologies.

The principle of ‘sequencing-by-synthesis’ technique developed at the European
Molecular Biology Laboratory (EMBL), which allowed parallel sequencing by means of a
sensitive charge-coupled device (CCD) camera, was one of the original developments applied
extensively in today’s high-throughput DNA sequencers (Ansorge, 2009). Beginning in 2004,
the next-generation sequencers have become commercially available and their capability of
producing millions of DNA sequence reads in a single run is having a major impact on genome-
wide biological research.

The commercially available next-generation sequencers share some common features
(Mardis, 2008). One of the important features is the ability to process millions of sequence reads
at a time. Furthermore, the sequence reads are produced from fragment ‘libraries’ without the
conventional vector-based cloning and Escherichia coli-based amplification stages. This will
avoid, to a certain degree, the bias of representation in sequencing projects. Moreover, relatively
little amount of starting material is needed for sequencing. This feature makes transcriptome or
DNA content analysis of specific cell types much easier and more feasible. However, current
commercially available next-generation sequencers all produce shorter read lengths than the
conventional capillary sequencers, which may impact the assembly of the reads, especially for de
novo sequencing projects. Currently there are three major platforms for massively parallel DNA
sequencing in widespread use, which are the Roche/454 FLX Pyrosequencer, the

[llumina/Solexa Genome Analyzer and the Applied Biosystems SOLiD™.
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The Roche/454 FLX Pyrosequencer

The first revolution for DNA sequencing was the pyrosequencing technology developed
by 454 Life Sciences based on the principle of ‘sequencing-by-synthesis’. The key step for this
platform is that the pyrophosphate molecule released on incorporation of a nucleotide by DNA
polymerase triggers a series of downstream enzymatic reactions to ultimately produce light
(Margulies et al., 2005). The Roche/454 FLX Pyrosequencer avoids the labor intensive cloning
step of the Sanger sequencing by taking advantage of emulsion PCR. Instead of sequencing in
individual tubes or in microtiter plate wells, the DNA fragments for sequencing are amplified on
the surface of agarose beads. Individual DNA fragments for sequencing are ligated to adaptors,
whose sequences are complementary to the oligomers attached to the surface of the agarose
beads. Then each template-containing bead is subsequently transferred into a well containing the
PCR reactants and the DNA fragments are amplified. Imaging of the light flashes from
luciferase activity records the sequential flow of nucleotide added during the amplification of the
DNA template. The signals recorded during the run for each bead on the 454 picotiter plate are
translated into a sequence read. The raw reads are processed and then screened to remove poor-
quality sequences, mixed sequences (more than one initial DNA fragment per bead), and
sequences without the initiating adaptor sequence prior to the final sequencing readout. The
current 454 instrument, the GS-FLX Titanium, produces an average read length of 400bp per
bead, with a combined throughput of 400-600 Mb of sequence data in a 10-h run (Pettersson et
al., 2009).
The Hlumina/Solexa Genome Analyzer

Based on a same principle of ‘sequencing-by-synthesis’ as the Roche/454 FLX

Pyrosequencer, the Solexa sequencing platform utilizes fluorescently labeled nucleotides to
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detect incorporation of bases into DNA and is capable of producing sequence reads from tens of
millions of surface-amplified DNA fragments simultaneously (Bentley, 2006; Morozova and
Marra, 2008; Ansorge, 2009). The Illumina process starts from a mixture of single-stranded and
adaptor-ligated DNA fragments. One end of the DNA fragment is attached to the solid surface
of a glass flow cell and the other end subsequently bends over and hybridizes to a
complementary adaptor, thereby forming the bridge-template for synthesis of the complementary
strand. Bridge amplification of fragments happens by incubation with reactants on the surface.
A reaction mixture containing primers, four nucleotides each labeled with a different fluorescent
dye and polymerase are added simultaneously onto the surface of flow cell channels. Because
the 3'-OH group of all the four labeled nucleotides is chemically inactivated, only a single base is
incorporated per cycle. Each base incorporation cycle at each cluster is detected and identified
by the CCD camera via the fluorescent dye. After the image recording step, the fluorescent
group of the incorporated nucleotide is removed and the 3'-OH group is reactivated by a
chemical reaction followed by another synthesis cycle. The average sequence read length of the
current system, the Illumina Genome Analyzer IIx, offers a combination of 100 bp read length
and >300 Mb per flow cell in about ten days
(http://www.illumina.com/systems/genome_analyzer.ilmn).
The Applied Biosystems SOLID System

Similar to other next-generation sequencing platforms, the Sequencing by Oligo Ligation
and Detection (SOLiD) platform starts with an adaptor-ligated fragment library (Mardis, 2008;
Morozova and Marra, 2008; Ansorge, 2009). Each fragment binds to one magnetic bead coated
with complementary oligos to the adaptors and becomes amplified by emulsion PCR. The beads

with the amplification products are covalently attached onto a glass surface for sequencing.
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Different from other sequencing platforms, the SOLiD System uses DNA ligase and a unique
approach to sequence the amplified fragments. Ligase-mediated sequencing starts with the
annealing of a complementary sequencing primer to the adaptor. Then mixture of octamer
oligonucleotides, in which the fourth and fifth bases are fluorescently labeled, and ligation
mixture are added. When an octamer hybridizes to the DNA fragment sequence adjacent to the
sequencing primer 3’ end, DNA ligase seals the phosphate backbone followed by fluorescence
detection to determine bases 4 and 5 in the sequence. After the fluorescence detection, the
ligated octamers are cleaved off after the fifth base by a chemical cleavage step and the
fluorescent groups are removed. The hybridization and ligation process repeats to determine
bases 9 and 10 in the DNA fragment sequence, and so on. An entire run can produce 3-4 Gb of
DNA sequence data with an average read length of 25-35 bp in about 5 days.
Genetic Analysis Applications of Next-generation Sequencing

The next-generation sequencing technologies are capable of producing millions of DNA
sequence reads in a single run. The bacterial cloning step in traditional sequencing approaches is
avoided by sequencing the amplified single-strand fragment library. However, high-throughput
comes at the expense of read lengths, which provides potential problems for sequence assembly
particularly in areas rich in repeat sequences. Moreover, the huge amount of data generated by
the high-throughput sequencing run in the form of short reads is a considerable challenge for
processing and analysis of the data. Nevertheless, this technology has found broad sequence-
based applications, in which determining the sequence of the whole DNA molecule is not

essential.
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Genomic sequencing

The high-throughput, accuracy and lower cost offered by next-generation sequencing
approaches have tremendously facilitated genomic sequencing as originally expected.
Application of the new sequencing technologies in human genome sequencing is successful and
it makes personal genomics closer to reality (Wheeler et al., 2008). Except for the original
whole genome sequencing purpose, high-throughput sequencing has been shown to be highly
sensitive in detection of variations like single nucleotide polymorphisms (SNPs) in specific
genomic regions or genome-wide sequences (Thomas et al., 2006; Barbazuk et al., 2007;
Imelfort et al., 2009). Also, sequencing the bisulfite DNA by using next-generation technology
has great potential in the research of genomic DNA methylation profiling (Taylor et al., 2007).
Chromatin Immunoprecipitation (ChIP) sequencing

Chromatin immunoprecipitation (ChIP) has been a common approach for studying
regulatory DNA—protein binding interactions since its first introduction in 1988 (Solomon et al.,
1988). Basically, the DNA fragments binding to the precipitated proteins are released and
subsequently identified either by Southern blotting or by quantitative PCR (qPCR). For the
purpose of genome-wide analysis of DNA—protein binding sites, an advanced version of the
ChIP approach, ChIP-chip, was developed by combining ChIP with microarray analysis (Ren et
al., 2000; Horak and Snyder, 2002). The ChIP-chip approach is a useful tool for analyzing the
DNA associated with a protein of interest by comparison to a set of reference sequences on a
microarray. It greatly facilitates the investigation of gene regulatory networks by enabling large-
scale analysis of transcription factor binding sites. However, dependency of ChIP-chip on an
available set of reference sequences limits its applications in non-model organisms.

Development of next-generation sequencing technologies will address this limitation by

29



providing more available genomic reference sequences and more importantly, replacing the
microarray-based readout with direct DNA sequencing of the released fragments from ChIP
experiments, which is known as ChIP sequencing (ChIP-seq) approach (Impey et al., 2004;
Robertson et al., 2007). It is likely that ChIP-seq will significantly contribute to our
understanding of regulation of protein binding sites and improve the annotation of binding sites
in genome-wide fashion (Mardis, 2008; Morozova and Marra, 2008).

Gene expression analysis aided by next-generation sequencing

Serial analysis of gene expression (SAGE) is a powerful approach for genome-wide
analysis of gene expression and it has been applied in transcriptome analysis of different
organisms (Velculescu et al., 1995; Fregene et al., 2004). However, the application of SAGE is
limited by the cost of DNA sequencing, which is part of the SAGE protocol. High throughput,
high accuracy and lower cost features offered by next-generation sequencing instruments have
been shown to be the perfect combination with SAGE technique for gene expression studies
(Cheung et al., 2006; Weber et al., 2007; Sharbel et al., 2009).

In the last two decades, expressed sequence tags (ESTs) have offered opportunities for
gene discovery and examination of differences in gene expression across a variety of samples
such as tissue types and life-cycle stages in different organisms, including human (Adams et al.,
1991; Park et al., 1993; Umeda et al., 1994; Lim et al., 1996; Li et al., 2009). Large sets of
expressed sequence tags (ESTs) have been applied for microarray analyses to provide
information on the relative expression levels of large numbers of gene transcripts (Li et al.,
2009). However, microarray analysis has typically focused on the study of model organisms due
to the lack of sequence data for non-model organisms. With application of next-generation

sequencing technologies, the recent availability of large sets of ESTs offers the opportunity to
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consider designing and applying microarray technology to a larger and more diverse set of
species, and more and more ESTs will be available for genome-wide mRNA profiling studies.
The successful examples include Arabidopsis thaliana (Weber et al., 2007; Eveland et al., 2008),
Medicago truncatula (Cheung et al., 2006), Zea mays (Ohtsu et al., 2007), as well as Drosophila
melanogaster (Torres et al., 2008). Another application of next-generation sequencing in gene
expression analysis is in discovery of noncoding RNAs (ncRNAs). Research of ncRNAs
including microRNAs (miRNAs) has been reported to provide new insights into gene regulation
in both plant and animal (Andersen and Panning, 2003; Chen, 2005; Du and Zamore, 2005;
Pillai, 2005; Garzon et al., 2006; Winston, 2009; Zhang et al., 2009). Sequencing is the best way
for noncoding RNA discovery because of the evolutionary diversity of ncRNA sequences. The
high capacity and relatively low cost of next-generation sequencing technologies are promoting
the discovery of ncRNAs with a rapid pace (Ruby et al., 2006; Kasschau et al., 2007).
Moreover, the relatively quantitative readout from next-generation sequencers will provide
insights into ncRNA characterization and therefore facilitate the annotation of sequenced
genomes (Mardis, 2008).
Conclusions and Prospects

Today, the large number of short reads produced by next-generation sequencers is
offering great opportunities for genetic and biological research to individual laboratories in
addition to larger genome centers. They have shown great potential with broad applications in
genomic, proteomic and medical research. However, more studies are needed to improve the
robustness of the applications as well as lower the cost for many applications. Another aspect
that deserves more efforts for improvement is the read length, which is the major drawback that

limits their applications, especially in de novo sequencing. New technology with capability to
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provide both high-throughput and longer read length will largely expand the applications in
genomic and genetic research.
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CHAPTER 3
IDENTIFICATION OF ALIEN EXPRESSED GENES FROM APOSPOROUS OVULES
BY COMPARATIVE SEQUENCING OF DONOR PARENT AND BACKCROSS
TRANSCRIPTOMES
Abstract
Apomixis, asexual seed production in plants, holds great potential for agriculture as a

means to fix hybrid vigor. Apospory is a form of apomixis where the embryo develops from an
unreduced egg that is derived from a somatic nucellar cell, the aposporous initial, via mitosis.
Understanding the molecular mechanism regulating aposporous initial specification will be the
most critical step toward elucidation of apomixis. Toward this end, two transcriptomes, which
were derived from ovules of an apomictic donor parent and its apomictic backcross derivative at
the stage of apospory initiation, were sequenced using 454-FLX technology. Comparison of the
two transcriptome sequences identified up to 61 transcripts linked to the ASGR-carrier
chromosome. Only one of these alien expressed genes could be assigned to the ASGR by
screening a limited number of apomictic and sexual F;s. These identified candidate genes, if
mapped to the ASGR, could provide significant insight into the regulation of apospory initiation.
Our results suggested that the strategy of comparative sequencing of donor parent and backcross
transcriptomes was an efficient method to identify alien expressed genes in a recurrent parent

background.
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Introduction

Apomixis, asexual reproduction through seed, is widespread among flowering plant
families, but low in its frequency of occurrence (Nogler, 1984). Different from sexual
reproduction, apomictically derived embryos develop autonomously from unreduced ovular cells
instead of through fertilization of a reduced egg by a sperm. Therefore, the progeny of an
apomictic plant are genetically identical to the maternal plant (Koltunow, 1993; Grimanelli et al.,
2001). This trait can be used as an advanced breeding tool in agriculture since it can enable
fixation of hybrid vigor and seed propagation of desired genotypes (Hanna, 1995; Koltunow et
al., 1995; Savidan, 2000; van Dijk and van Damme, 2000). However, no major agriculturally
important crop possesses this trait (Carman, 1997; Bicknell and Koltunow, 2004; Ozias-Akins,
2006). Furthermore, introgression of apomixis into crops through crossing has been impeded by
certain factors such as polyploidy and incompatibility (Bicknell and Koltunow, 2004).
Therefore, discovery of genetic mechanisms underlying apomixis will be crucial for
manipulation of apomixis to allow its introduction into target crops.

Apomixis has been classified into two types and three developmental pathways:
gametophytic apomixis, including apospory and diplospory, and sporophytic apomixis, which is
also known as adventitious embryony (Koltunow, 1993). In sporophytic apomixis, an embryo
forms directly from an ovular cell and coexists with the zygotic embryo. For gametophytic
apomixis, the embryo develops from an unreduced egg in an embryo sac derived through mitosis
of either a somatic nucellar cell (apospory) or the megaspore mother cell (diplospory). In
apospory, meiosis either does not complete or its products degenerate while aposporous initials
(Als) develop from one or more somatic nucellar cells. Both genotypes chosen for the present

study are aposporous with the trait conferred by genetic elements from Pennisetum
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squamulatum. Aposporous P. squamulatum has four-nucleate embryo sacs that lack antipodals
(Ozias-Akins, 2006). Apospory in this species was reported to be inherited as a dominant
Mendelian trait (Ozias-Akins et al., 1998) associated with an approximately 50 Mb,
heterochromatic and hemizygous chromosomal region designated the aposporous specific
genomic region (ASGR), (Goel et al., 2003; Akiyama et al., 2004).

Differential gene expression analysis is one approach for discovery of regulatory
mechanisms and downstream effects associated with apomixis. Differential display is a method
that has been successfully applied to detect apomixis- or sex-specific transcripts by comparison
of gene expression between apomictic and sexual genotypes. In Brachiaria, ovaries at anthesis
yielded two apomixis-specific fragments (Leblanc et al., 1997). In a later study with Brachiaria
that focused on the earlier sporogenesis and gametogenesis stages, eleven differentially
expressed fragments were identified (Rodrigues et al., 2003). Three expressed sequence tags
(ESTs) from Paspalum notatum, all highly similar in sequence, showed differential expression in
flowers between apomictic and sexual F individuals after apospory initiation (Pessino et al.,
2001). A related method, cDNA-AFLP has also been applied to isolate apomixis candidate
genes in Poa pratensis where 179 transcript fragments from spikelets showed quantitatively
different expression between apomictic and sexual genotypes (Albertini et al., 2004). The full
length sequences of two genes of interest, PDSERK (SOMATIC EMBRYOGENESIS
RECEPTOR-LIKE KINASE) and APOSTART were obtained by RACE (rapid amplification of
cDNA ends) and their temporal and spatial expression patterns were assessed by reverse
transcription polymerase chain reaction (RT-PCR) and in situ hybridization, respectively
(Albertini et al., 2005). However, neither one of these two candidate genes showed apomictic-

or sexual-specific expression, only quantitative differences in expression between apomictic and
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sexual genotypes were observed (Albertini et al., 2005). ¢cDNA library screening is another
strategy used for identification of apomixis candidate genes. One apomict specific gene was
identified from a Panicum maximum ovule cDNA library and shown to be expressed in both
aposporous initials and embryos at four days after anthesis (Chen et al., 1999; Chen et al., 2005).
By suppression subtractive hybridization two transcripts expressed in embryo sacs were isolated
from Pennisetum ciliare ovary libraries showing either higher expression in an apomictic than
sexual genotype or specific expression in apomixis (Singh et al., 2007). Even though many
differentially expressed transcripts have been identified from apomictic species, none of the
candidate genes has been shown to be genetically linked to the trait of apomixis.

The initiation of sexual and apomictic pathways likely is activated by different signals
(Ozias-Akins and van Dijk, 2007). Formation of apospory initials is the first and most critical
event for occurrence of apospory. Therefore, understanding the molecular mechanism
underlying apospory initiation can provide insight into developmental regulation and
downstream signaling that results in apomixis. In order to discover candidates for regulating
aposporous initial specification in P. squamulatum, we compared two transcriptomes derived
from microdissected live ovules at the stage of Al formation between the apomictic donor parent,
P. squamulatum, and its apomictic derivative backcross 8 (BCsg) containing a single P.
squamulatum chromosome. BCg was generated during the process of introducing apomixis from
apomictic P. squamulatum into sexual tetraploid P. glaucum (pearl millet). Initially, a tetraploid
P. glaucum x P. squamulatum F; was crossed with a P. glaucum x P. purpureum F, and hybrid
apomictic individuals with good male fertility were selected (Dujardin, 1984). Subsequent
backcrosses with tetraploid P. glaucum (Dujardin and Hanna, 1989) yielded a BC; line that was

shown by FISH to contain only one chromosome from P. squamulatum. This single
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chromosome common to both apomictic BCs and P. squamulatum was the ASGR-carrier
chromosome based on the transmission of the trait of apomixis and linked molecular markers.
We hypothesize that candidate genes for regulating aposporous initial specification localize to
the ASGR, should function in both Ps26 and BCg at the same developmental stage, and would be
identical in sequence since they are related by descent.

Recently, the development and commercialization of new massively parallel sequencing
platforms have made transcriptome sequencing faster and more affordable. One platform,
developed by 454 Life Sciences Corporation, the 454 GS-FLX sequencer, is capable of
producing 100 Mb of sequence data with an average read length of 250 bp per bead in a 7-h run
(Droege and Hill, 2008). Successful applications of these high-throughput sequencing
technologies to transcriptome analysis have been reported (Emrich et al., 2007; Jones-Rhoades et
al., 2007; Weber et al., 2007; Vera et al., 2008; Meyer et al., 2009; Wang et al., 2009). Here we
present expressed sequence tags (ESTs) generated by Roche 454 high-throughput sequencing
technology from dissected ovule tissues staged for aposporous initial formation from two
apomictic lines chosen for their common features of apospory and single shared chromosome.
Alien chromosome (ASGR-carrier chromosome) expressed transcripts were identified and are
being tested as candidates for regulating apospory initial development.

Materials and Methods
Plant Materials

Pennisetum squamulatum (Ps26; P1 319196, 2n=56) and line 58 of backcross 8 (BCys)
were used for ovule collection. Compared with the BC; line which was used in previous studies
(Goel et al., 2003), the BCs line contains only one alien chromosome from Ps26, the ASGR-

carrier chromosome (Singh et al. 2009). P. glaucum (IA4X), P. purpureum (N37) and a small
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segregating population of BCg (BCs is facultative thus it produces ~ 18% sexually derived
offspring; (Singh et al. 2009) were used for assigning the candidate transcript fragments to the
ASGR-carrier chromosome. A limited number of individuals from a segregating F; population
between P. squamulatum and P. glaucum were used for mapping the transcript fragments to the
ASGR.
RNA Isolation

Young florets were dissected from small inflorescence sections whose anthers were at
stages between premeiosis and prophase, as determined by acetocarmine staining of anther
squashes. One group of florets was stored in RNALater® solution (Ambion, Austin, TX, USA)
at 4°C while the other group was processed for ovary clearing by methyl salicylate (Young et al.,
1979) to screen for the ovary developmental stage. Ovules from thirty cleared florets were
examined for each group. If the cleared sample showed Als in less than 30% of the ovaries and
the remaining ovaries were at an earlier developmental stage, then florets stored in RNALater™
solution from the same section of inflorescence were used for ovule dissection. About 40 ovules
per sample were collected and total RNA was extracted from the ovules with RNAqueous®-
Micro Micro Scale RNA Isolation Kit (Ambion). RNA integrity and quantity were analyzed
with an Agilent 2100 Bioanalyser (Agilent, Santa Clara, CA, USA) at the Interdisciplinary
Center for Biotechnology Research (ICBR) of the University of Florida.
RNA Amplification and ds-cDNA Synthesis for Roche 454 Sequencing

With total RNA as starting material, mRNA was amplified by T7-based in vitro
transcription following the manual of TargetAmp'" 2-Round aRNA Amplification Kit 2.0
(Epicentre, Madison, WI, USA). Size range and quantity of the amplified mRNA were measured

by both gel electrophoresis and Agilent 2100 Bioanalyser analysis (Agilent). For each sample,
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an equal amount of amplified mRNA from the three biological replicates was pooled for ds-
cDNA synthesis following the protocol developed by the Schnabel lab (Nakazono et al., 2003).
Size range and quantity of ds-cDNA were also analyzed by both gel electrophoresis and using
the Agilent 2100 Bioanalyser (Agilent) before submitting the samples for sequencing.
454 Sequencing and Processing

About 6 pg of ds-cDNA from both Ps26 and BCg was submitted to the Genome
Sequencing Center at Washington University for 454-FLX sequencing. Samples of cDNA were
subjected to mechanical shearing (nebulization), size selected, and blunt-end fragments were
ligated to short adaptors, which provided primer target sites for both amplification and
sequencing. The Multifunctional Inertial Reference Assembly (MIRA) program (Chevreux et
al., 2004) was used to process and assemble the sequences from each library. Adaptor sequences
and low quality sequence reads were removed prior to assembly. The assembly was run as a de
novo, 454 EST project with accurate assembly and polyA/T clipping. Each library of contig
assemblies from Ps26 and BCg was converted to a database and analyzed with the BlastN
program provided by the RCC (Research Computing Center) at the University of Georgia
(http://rcc.uga.edu/index.html). With Ps26 library sequences as the query and BCg library as the
database, BlastN analysis was performed with an E-value cutoff of < 10e-100. The BlastN
output was then parsed using an internal script such that only contigs showing 100% identity
were selected for further analysis.
BLAST Analysis of the Selected Contigs

BlastX was used to analyze sequences that showed 100% identity over a region of at least
100 bp between Ps26 and BCg by searching against the NCBI (National Center for

Biotechnology Information, http://www.ncbi.nlm.nih.gov/) databases. When there were no

57



significant hits of the sequences by BlastX, BlastN was then conducted to search for similar
ESTs from other species, and then these ESTs were used as BlastX queries to search for putative
encoding proteins.
Mapping of Identical Contigs to the Alien Chromosome and/or ASGR

Using internal scripts, ACE and Fasta files containing the contig sequences of interest
from both Ps26 and BC; libraries were generated. The subsets of contig sequences were
assembled de novo with the ContigExpress program in Vector NTI.10 (Invitrogen, Carlsbad, CA,
USA). Reassembled contigs from this sequence subset were used as queries with BlastN against
the respective Ps26 and BCs MIRA-assembled databases at an E-value cutoff of 10e-25. The
BlastN results were parsed and used to help estimate the “‘uniqueness’ of the contig within the
transcriptome. Primers were designed based on the overlapping region of Ps26 and BCg contigs,
in some cases including further 3' sequences for primer design when the contigs were unique in
both databases. When there were multiple contigs from each database showing high similarity to
each other, primers were designed based on the region with the best polymorphisms to
distinguish one from another. Primers were first tested for amplification with Ps26, IA4X, N37
and a small segregating population of BCg progenies. Those primers which did not amplify with
[A4X and sexual BCg individuals were used for further screening with apomictic and sexual F;s
to test for linkage to the ASGR.
Expression Pattern Analysis of Transcripts Mapped to the Alien Chromosome

Total RNA was extracted from a panel of BCs tissues including vegetative (leaf, root),
and reproductive tissues at anthesis but before pollination (anther and ovary) with QITAGEN
DNeasy” Plant Mini kit (QIAGEN, Valencia, CA, USA) following the manufacturer’s protocol.

First-strand cDNA was synthesized following the manufacturer’s protocol of First-strand cDNA
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Synthesis kit (Invitrogen). RT-PCR reactions were performed with the primer pairs used in
genomic DNA screening in a total volume of 20 ul containing 1 pl of first-strand cDNA, 1 pM
of each primer, 1X PCR buffer, 1.5 mM MgCl,, 0.2 mM dNTPs, and 1 unit of JurnpStartTM Taq
DNA polymerase (Sigma, St. Louis, MO, USA). Amplification of contaminating genomic DNA
was tested by the inclusion of controls that omitted the reverse transcriptase enzyme from the
cDNA synthesis reaction, e.g. no RT controls. The PCR reaction was denatured at 94°C for 5
min followed by 35 cycles of 94°C denaturation for 30 seconds, annealing for 30 seconds at
respective temperatures, and 72°C extension for 1 min. RT-PCR products were separated on a
1.5% agarose gel and stained with ethidium bromide. Gel images were captured with the
Molecular Imager Gel Doc XR System (Bio-Rad Laboratories, CA).
cDNA Library Construction

Ovaries and anthers collected from apomictic BCg around anthesis but prior to
fertilization were frozen in liquid nitrogen. Total RNA was extracted with the RNeasy” Plant
Mini kit (QITAGEN) and then poly A"RNA was purified from total RNA with Oligotex” mRNA
Mini kit (QIAGEN) following the manufacturer’s protocols. Yield of mRNA was quantified
with a Nanodrop spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE, USA).
mRNA was used for double-stranded cDNA synthesis with ZAP-cDNA" Synthesis Kit following
the manufacturer’s protocol (Stratagene, La Jolla, CA, USA). Ligations, packaging, titering of
the packaging reactions, and plaque lifts were conducted following the manufacturer’s protocol
of ZAP-cDNA" Gigapack® III Gold Cloning Kit (Stratagene).
cDNA library Screening for Target Genes

The apomictic BCg ovary and anther-enriched cDNA library was screened with o->"P

labeled probes for the transcripts mapping to the ASGR-carrier chromosome. The PCR
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fragments amplified from apomictic BCg genomic DNA with the primers used for assigning a
fragment to the ASGR-carrier chromosome were diluted and labeled with a->*P by PCR in a total
volume of 20 pl. The labeling reaction contained ~0.1 ng primary PCR fragment, 1.25 unit
Jumpstart Taq DNA polymerase (Sigma), 0.25 uM of each primer, 0.5 mM dATP/dTTP/dGTP
mixture, 5 pl of o->?P-labeled dCTP (3000 Ci/mmol) and 1x PCR buffer (10 mM Tris-HCI, 50
mM KCl, 1.5 mM MgCl,). Probes were purified by passing through homemade Sephadex G-50
(Sigma) columns, which were assembled with Ultrafree®-MC Centrifugal Filter Units (Millipore,
Bedford, MA, USA). Pre-hybridization of the membranes in hybridization buffer (0.5 M sodium
phosphate, 7% SDS, 1 mM EDTA, pH 8.0) containing 0.1 mg ml™' salmon sperm DNA, which
was denatured in boiling water for 10 minutes and cooled on ice before adding to the
hybridization solution, was conducted at 65°C for 4 h before addition of the labeled, denatured
probe. Hybridization was conducted at 65°C overnight followed by three washes at the same
temperature for 30 min each with the following buffers: 1) 1x SSC, 0.1% SDS; 2) 0.5x SSC,
0.1% SDS; 3) 0.1x SSC, 0.1% SDS. After the final wash, membranes were wrapped with plastic
film and exposed to x-ray film overnight at -80°C prior to manually developing with Kodak®
GBX Developer and Fixer (Thermo Fisher Scientific Inc., Wilmington, DE, USA).
Autoradiographs were aligned with the respective plates to recover hybridizing plaques with
sterile glass pipettes. Recovered plaques were released in tubes containing 1.0 ml SM phage
buffer (according to the formula in the manual of ZAP-cDNA® Gigapack® IIT Gold Cloning Kit)
and 20 pl chloroform (Sigma). After overnight elution at 4°C, 1 ul SM buffer of each recovered
sample was used for PCR to verify positive signals. Since the primary screening was carried out

with a high density of plaque clones, the recovered positive plaques were purified after
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secondary and tertiary screens at much lower densities. Single plaques showing positive
hybridization signals were recovered in 500 ml SM buffer with 10 ul chloroform (Sigma) at 4°C.
Sequencing and Mapping of Candidate cDNA Clones to the ASGR

In vivo excision of single plaque clones was conducted using ExAssist® helper phage
with SOLR" strain following the protocol in the manual of ZAP-cDNA® Gigapack®™ III Gold
Cloning Kit (Stratagene). Single colonies containing the pBluescript double-stranded phagemid
with the cloned cDNA insert were isolated and cultured in liquid Luria-Bertani (LB) media
containing 100 pg mL™" ampicillin at 37°C overnight. An aliquot of each culture was further
grown in freeze broth containing 100 ug mL™" ampicillin at 37°C overnight and then stored at -
80°C before sending out for sequencing. Sequencing was conducted with M13 primers at the
Laboratory for Genomics and Bioinformatics (University of Georgia, Athens, GA). Vector and
bad quality sequences were trimmed from the original sequences with VectorNTI Advanced 8
(Invitrogen) and primers were designed with VectorNTI using the high quality cDNA sequences.
Primers were then tested with apomictic and sexual F;s for linkage to the ASGR as described
above.

Results

Aposporous Ovule-enriched cDNA Samples for Sequencing

Ovules from Ps26 and BCs at the stage of aposporous initial formation (Figure 3.1) were
manually dissected from pistils (Figure 3.2). The yield of total RNA from each collection of 40
ovules was approximately 20 ng; 15 ng were used for one-round of T7 RNA polymerase-based
RNA amplification. The average yield from one round of amplification was 90 pg. Three
biological replicates were collected and amplified for both Ps26 and BCs. Equal amounts of

amplified RNA from each replicate were combined and 15 pg amplified RNA was used for ds-
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cDNA synthesis for each sample. The majority of the ds-cDNA synthesized from amplified
RNA was distributed in a size range from 200 bp to 1000 bp (Figure 3.3).
Assembly of Sequences from Ps26 and BCg Aposporous Ovules

Two aposporous ovule transcriptomes, one from Ps26 and the other from BCg, were
sequenced using the high-throughput 454-FLX sequencer. The Ps26 transcriptome library
contained 332,567 reads with an average read length of 147 base pair (bp) and the BCg
transcriptome library contained 363,637 reads with an average read length of 142 bp. By the
Multifunctional Inertial Reference Assembly (MIRA) program, 33,977 contigs were assembled
from the Ps26 ovule transcriptome library and 26,576 contigs from the BCg ovule transcriptome
library. The number of reads per contig ranged from 1 to 759 in Ps26 assemblies and 1 to 1661
in BCg assemblies with the majority having less than 30 reads per assembly in both cases. The
numbers of singletons in Ps26 library and BCg are 176 and 78 respectively.
Identification of Alien Expressed Transcripts

When MIRA-assembled contigs from the two libraries were analyzed by BlastN with
Ps26 sequences as queries and BCg sequences as the database, a total of 118 contigs from each
library with 100% sequence identity in an overlapping region >100 bp between Ps26 and BCg
was obtained. We created a subset fasta file containing the 236 Ps26/BCs contigs (118 from
each library) for further overlap analysis. The 236 Ps26/BCs contigs were assembled using the
Contig Express program in Vector NTI suite 10. Sixty-one inter-genotype contigs with no
mismatches were assembled (Table 3.1). The average overlapping regions of the 61 inter-
genotype contigs was 241 bp with a range from 181 bp to 419 bp and the average number of
sequence reads in the assembled contigs was 13. The remaining contigs from the 236 Ps26/BCs

contigs, while initially identified by BlastX as having 100% identity over a region >100 bp, did
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not continue to share sequence similarity outside this region and therefore were not assembled
together by Contig Express. BlastX searches against NCBI databases were carried out for the 61
Ps26/BCy inter-genotype contigs generated by Contig Express and best protein hits for 26
contigs were summarized in Table 3.1. Because the sequences are 3’ biased, a BlastN analysis
against the expressed sequence tags (ESTs) database at NCBI with the remaining 34 Ps26/BC8
contigs was done to find potential orthologs from other species. At an E-value cutoff of e-40, 20
contigs had EST hits (Table 3.1). Two additional contigs had EST hits with a less stringent E-
value. A BlastX was performed using the other EST sequences to determine if tentative protein
functions could be obtained. The best hits of the BlastX were listed in table 3.1. The remaining
13 (21%) contigs did not have hits by either BlastX or BlastN; therefore, they were considered
orphan genes.

If needed, up to four primer pairs were used to test for linkage of the 61 contigs to the
ASGR-carrier chromosome, primer pairs were designed based on the 61 Ps26 contig sequences
(Table 3.2). After screening by PCR against Ps26, IA4X, N37 and a small number of progeny
from apomictic BCs segregating for mode of reproduction, 46 contigs showed specific
amplification from Ps26 and apomictic BCg but no amplification from IA4X or sexual BCs
individuals (Figure 3.4, Table 3.3). This amplification pattern establishes linkage of these 46
contigs to the ASGR-carrier chromosome. For the remaining 15 contigs which have not yet been
linked to the ASGR-carrier chromosome, other methods of mapping, such as single-strand
conformation polymorphism analysis (SSCP) or high resolution melting (HRM) will be applied.
The 46 ASGR-carrier chromosome-linked contigs were then screened with a limited number of
apomictic and sexual F;s for mapping to the ASGR. This resulted in one ASGR-linked contig,

Ps26 ¢9369, since the primers only amplified with apomictic F;s but not sexual F;s (Figure 3.5,

63



Table 3.3). Test for linkage of the remaining ASGR-carrier chromosome candidate genes to the
ASGR, will need to be done with application of other, more sensitive approaches of mapping.
Expression Profiles of Alien Expressed Transcripts by RT-PCR

To date, RT-PCR with RNA extracted from apomictic BCg leaf, root, anther and ovary
tissues has been completed for 36 candidate genes which were mapped to the ASGR-carrier
chromosome. Thirty-four were expressed in all four organ types examined (Figure 3.6a, Table
3.4). However, one putative MADS-domain containing transcription factor, corresponding to
contig Ps26_¢33813, showed reproductive tissue specific amplification (Figure 3.6b, Table 3.4)
and contig Ps26 _¢10535, a putative Lon protease, showed expression in all organs except anther
(Table 3.4).
Phage cDNA Library Construction and Screening

Since only one out of 46 ASGR-carrier chromosome linked expressed genes could be
localized to the ASGR, more complete gene sequence will be needed to increase the probability
of finding sequence differences among gene family members/homeologs/alleles. In order to
obtain longer sequences of the candidate genes to design primers for testing their linkage to the
ASGR, a cDNA library containing about 300,000 phage clones was constructed from apomictic
BCg mature ovary and anther RNA. This source of RNA was chosen because of the observed
gene expression patterns and because it would be very difficult to collect enough immature ovule
RNA for cDNA library construction due to small ovule size and tedious microdissection
techniques. Screening of the cDNA library with probes amplified from 27 contigs resulted in
detection of hybridization signals from 24 probes and recovery of primary plaques. PCR
screening with contig-specific primers identified phage clones containing 17 of the desired

transcript sequences (Figure 3.7, Table 3.5). Purified individual phage clones for each of the 17
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candidate genes were recovered upon secondary screening and confirmed by PCR with gene-
specific primers (Table 3.5).
Sequencing of the cDNA Clones
The insert sizes of cDNA clones were determined by PCR with M 13 primers and most
were larger than 1.0 kb (Figure 3.8). To date, good quality sequences have been obtained
corresponding to 14 clones whereas the remaining 3 clones returned with bad quality sequences.
After removal of vector, the sequences were assembled using ContigExpress in the VectorNTI
Advanced 8 package. Blast analysis of the assemblies showed that full length cDNA of two
genes showing high similarity to ubiquitin-conjugating enzyme E2 N (NP_001148361.1; GI:
226491078) and MADS-box transcription factor 8 (ACG32919.1; GI: 195622178) were
obtained. The blast hits were consistent with the blast results of the corresponding Ps26/BC8
inter-genotype contigs, Ps26 ¢2785/ BC8 ¢8847 and Ps26 ¢33813/ BC8 ¢2708. Primers will
be designed with the longer sequence information to test the linkage of the candidate genes to the
ASGR in segregating F;s.
Discussion

454 Transcriptome Sequencing for Identification of Alien Expressed Transcripts

Transcriptome profiling has been extensively used for gene discovery in plants because
the absence of introns greatly enhances the information content of the data set and eases data
interpretation (Busch and Lohmann, 2007; Malik et al., 2007; Spencer et al., 2007; Hoecker et
al., 2008). Combined with 454 high-throughput sequencing technology in transcriptome
sequencing, it has become a more promising approach to understand molecular events at the
gene expression level on a genome-wide scale. Compared to the standard dideoxy chain-

termination (Sanger et al.) sequencing method, 454-sequencing is faster, more cost-effective and
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most importantly, it is capable of providing hundreds of thousands of sequences with ultra-high
single-read accuracies of more than 99.5% (Droege and Hill, 2008). Successful applications of
454 sequencing technology in transcriptome sequencing and single nucleotide polymorphism
(SNP) discovery have been reported. A total of 184,599 unique sequences generated from a
normalized cDNA library of Medicago truncatula with a single 454 GS20 sequencing run had
hits to more genes than a comparable amount of sequence from the TIGR Medicago truncatula
Gene Index (MtGI). The data suggested the 454 DNA sequencing technology was effective in
revealing transcripts (Cheung et al., 2006). Complementary DNAs derived from laser capture
microdissection (LCM)-collected maize shoot apical meristems (SAM) were sequenced by 454
sequencing technology. Analysis of the LCM-SAM-454 sequences revealed that
retrotransposon-related sequences accounted for about 14% of the total ESTs, consistent with the
microarray results, which demonstrated the accuracy of 454 DNA sequencing technology (Ohtsu
et al., 2007). When the transcriptomes of SAMs isolated from two inbred lines of maize were
analyzed, more than 36,000 putative SNPs were detected and over 85% of a sample of the
putative SNPs were validated by Sanger sequencing (Barbazuk et al., 2007). Application of 454
sequencing technology for expression profiling in Drosophila melanogaster also indicated its
great potential in comparison of expression profiles across species (Torres et al., 2008) A study
of soybean cyst nematode biotypes by 454 sequencing also revealed that the quality of the
sequence data was sufficient for de novo SNP identification without a reference genome (Bekal
et al., 2008).

In contrast to other work aimed at identifying genes involved in apomictic reproduction
by searching for differences between apomictic and sexual genotypes, our study compared two

apomictic lines for identical transcripts. The characteristically high accuracy of sequences
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generated by 454 high-throughput technology allowed this goal to be accomplished.
Comparison of the two ovule transcriptomes from the apospory initiation stage resulted in
identification of 61 putative ASGR-carrier chromosome candidate expressed genes, of which 46
have been confirmed. Most of the 61 candidates contained less than 20 sequence reads in the
assemblies. Since the number of sequence reads in the candidates provides some insight into the
relative levels of transcription (Morozova and Marra, 2008), we conclude that most of the
candidates are low-abundance or rare transcripts, further supporting the use of 454-sequencing
technology for enhancing sequence depth. Combining the high accuracy and efficiency of
detecting low-abundance or rare transcripts, 454 sequencing was shown to be an effective
approach for identifying the identical transcripts between two transcriptomes.

However, the increase in throughput comes at the expense of read length. The current
454 GS FLX sequencer is capable of producing an average read length of 200-300 bases, which
is still much shorter than the read length of capillary sequencing (650-800 bp) (Droege and Hill,
2008). Thus, fragment assembly of genomes sequenced by 454 could be challenging with the
limitation of read-length although this concern is less for EST analysis since transcriptomes
contain much less repetitive sequence. However, improved technology known as ‘GS FLX

Titanium’ allows for reads longer than 400 bp is now available to researchers (www.454.com).

Also application of paired-end reads strategy in parallel sequencing was shown to be able to
identify and characterize tandem duplications, inverted duplications, as well as obtain high-
resolution copy-number information (Campbell et al., 2008). These developments are improving
the assembly of sequences containing repetitive elements. In the two ovule transcriptomes we
generated by 454 sequencing, the average read length was ~150 bp, which was shorter than

expected. Two potential reasons for shorter than expected reads are the use of RNA
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amplification during preparation of the samples and subsequent shearing of the cDNAs, a
standard part of the library preparation procedure. The T7-based RNA amplification yielded
relatively 3'-enriched transcriptome, which actually was an advantage for identification of unique
genes, but also resulted in shorter cDNA fragments compared to unamplified samples. Another
possible factor is the species itself. It has been shown that the average read length can vary
among different organisms due to differences in AT/GC content (Droege and Hill, 2008). Short
sequence length was indeed a disadvantage during the mapping of candidates since the potential
for designing gene- or allele- specific PCR primers was limited by the contig lengths. Mapping
of the remaining 15 candidates to the alien chromosome and testing of linkage for the desired
candidate genes to the ASGR would definitely require more sequence information.
Candidate Genes for Regulation of Apospory Initiation

We previously reported that the ASGR is sufficient to induce apomixis in sexual pearl
millet (Ozias-Akins et al. 1998; Goel et al. 2003); therefore, the trait of apomixis in BCg is
conferred by the ASGR-carrier chromosome from Ps26 (Singh et al. 2009). In the present study,
we have attempted to identify candidate genes regulating the first step of apomixis, aposporous
initial development, by transcriptome analysis of ovules from both Ps26 and BCs. The ovules
were collected at the stage of aposporous initial development, which ranged from no apparent
apospory initials (~70%) to distinct aposporous initials observed (~30%). By pooling ovules
over this range of development our objective was to minimize the chance of missing genes
involved in the pathway of apomixis initiation since we would predict transcription prior to, and
perhaps beyond, apospory initial formation. The 61 candidate genes identified from our study
included genes with putative functions, genes with unknown functions and orphan genes. Based

on the estimated size ratio of the ASGR to the whole chromosome (~25%) and the

68



heterochromatic character of the ASGR (Akiyama et al., 2004), it is unlikely that more than Y4 of
these candidate genes are within the ASGR. Presently, only one gene could be mapped to the
ASGR, and further mapping will require application of methods that enable polymorphism
detection among related sequences in polyploids and the presence of a single-dose (or at most
double-dose) allele on the ASGR-carrier chromosome. Near full-length cDNA sequences
isolated from the cDNA library will facilitate the discovery of polymorphisms. Since the ovule-
specific sequences at the stage of Al development may be absent from or under-represented in
the library derived from a mix of mature ovary and anther, given that no hybridization signals
were observed for three contigs during primary screening, we may not be able to isolate cDNA
clones for some candidates from the cDNA library. For these genes, other approaches such as
RACE (rapid amplification of cDNA ends) may be an alternative for deriving longer or full-
length cDNA sequences.

Based on the hypothesis that apomixis arose through de-regulation of the sexual
developmental pathway (Koltunow, 1993; Grimanelli et al., 2001), up- and down-regulated
genes, sexual- and apomictic-specific genes, or heterochronically expressed genes between
sexual and apomictic genotypes are all possible candidates for switching the mode of
reproduction. By means of SuperSAGE, over 4,000 differentially expressed mRNA tags
between sexual and apomictic ovules at the stage of apomeiosis were identified from Boechera
(Sharbel et al., 2009), of which 543 tags were heterochronically expressed, 39 tags were down-
regulated and 20 tags were up-regulated in apomictic ovules. In order to elucidate the function
of any of the candidates, gene-by-gene functional analysis will have to be conducted. It is
critical but also difficult to determine which genes are highest priorities for knock-out or knock-

down for functional analysis. In contrast to the large number of candidates resulting from the
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study of contrasting transcriptomes between apomictic and sexual genotypes, our strategy of

transcriptome comparison between two apomictic lines gave rise to a much smaller group of

candidates. The disadvantage of this strategy is that we may lose the down-regulated candidate

genes in apomictic ovules since we were unable to include the sexual genotype in this study.
Without functional analysis of candidate apomixis genes identified from ovule

transcriptomes, the genetic mechanism regulating apospory initiation remains unclear. However,

the ovule transcriptomes provide significant new data for studying early ovule development and

potential insight into reproductive pathways. Our data show that the combination of selecting

specific reproductive tissues and sequencing with 454 high-throughput sequencing technology is

a promising approach for identification of genes involved in different developmental events.

References

Akiyama Y, Conner JA, Goel S, Morishige DT, Mullet JE, Hanna WW, Ozias-Akins P
(2004) High-resolution physical mapping in Pennisetum squamulatum reveals extensive
chromosomal heteromorphism of the genomic region associated with apomixis. Plant
Physiol 134: 1733-1741

Albertini E, Marconi G, Barcaccia G, Raggi L, Falcinelli M (2004) Isolation of candidate
genes for apomixis in Poa pratensis L. Plant Mol Biol 56: 8§79-894

Albertini E, Marconi G, Reale L, Barcaccia G, Porceddu A, Ferranti F, Falcinelli M (2005)
SERK and APOSTART. Candidate genes for apomixis in Poa pratensis. Plant Physiol
138: 2185-2199

Barbazuk WB, Emrich SJ, Chen HD, Li L, Schnable PS (2007) SNP discovery via 454

transcriptome sequencing. Plant J 51: 910-918

70



Bekal S, Craig JP, Hudson ME, Niblack TL, Domier LL, Lambert KN (2008) Genomic
DNA sequence comparison between two inbred soybean cyst nematode biotypes
facilitated by massively parallel 454 micro-bead sequencing. Mol Genet Genomics 279:
535-543

Bicknell RA, Koltunow AM (2004) Understanding apomixis: recent advances and remaining
conundrums. Plant Cell 16 Suppl: S228-245

Busch W, Lohmann JU (2007) Profiling a plant: expression analysis in Arabidopsis. Curr Opin
Plant Biol 10: 136-141

Campbell PJ, Stephens PJ, Pleasance ED, O'Meara S, Li H, Santarius T, Stebbings LA,
Leroy C, Edkins S, Hardy C, Teague JW, Menzies A, Goodhead I, Turner DJ, Clee
CM, Quail MA, Cox A, Brown C, Durbin R, Hurles ME, Edwards PA, Bignell GR,
Stratton MR, Futreal PA (2008) Identification of somatically acquired rearrangements
in cancer using genome-wide massively parallel paired-end sequencing. Nat Genet 40:
722-729

Carman JG (1997) Asynchronous expression of duplicate genes in angiosperms may cause
apomixis, bispory, tetraspory, and polyembryony. Biol J Linn Soc 61: 51-94

Chen L, Guan L, Seo M, Hoffmann F, Adachi T (2005) Developmental expression of ASG- 1
during gametogenesis in apomictic guinea grass (Panicum maximum). J Plant Physiol
162: 1141-1148

Chen L, Miyazaki C, Kojima A, Saito A, Adachi T (1999) Isolation and characterization of a
gene expressed during early embryo sac development in apomictic guinea grass

(Panicum maximum). J Plant Physiol 154: 55-62

71



Cheung F, Haas BJ, Goldberg SM, May GD, Xiao Y, Town CD (2006) Sequencing Medicago
truncatula expressed sequenced tags using 454 Life Sciences technology. BMC
Genomics 7: 272

Chevreux B, Pfisterer T, Drescher B, Driesel AJ, Muller WE, Wetter T, Suhai S (2004)
Using the miraEST assembler for reliable and automated mRNA transcript assembly and
SNP detection in sequenced ESTs. Genome Res 14: 1147-1159

Droege M, Hill B (2008) The Genome Sequencer FLX System-longer reads, more applications,
straight forward bioinformatics and more complete data sets. J Biotechnol 136: 3-10

Dujardin M, Hanna WW (1984) Cytogenetics of double cross hybrids between Pennisetum
americanum -P. purpureum amphiploids and P. americanum X Pennisetum squamulatum
interspecific hybrids. Theoretical and Applied Genetics 69: 97-100

Dujardin M, Hanna WW (1989) Developing apomictic pearl millet-characterization of a BCs
plant. J Genet Breed 43: 145-151

Emrich SJ, Barbazuk WB, Li L, Schnable PS (2007) Gene discovery and annotation using
LCM-454 transcriptome sequencing. Genome Res 17: 69-73

Goel S, Chen Z, Conner JA, Akiyama Y, Hanna WW, Ozias-Akins P (2003) Delineation by
fluorescence in situ hybridization of a single hemizygous chromosomal region associated
with aposporous embryo sac formation in Pennisetum squamulatum and Cenchrus
ciliaris. Genetics 163: 1069-1082

Grimanelli D, Leblanc O, Perotti E, Grossniklaus U (2001) Developmental genetics of
gametophytic apomixis. Trends Genet 17: 597-604

Hanna WW (1995) Use of apomixis in cultivar development. Adv Agron 54: 333-350

72



Hoecker N, Keller B, Muthreich N, Chollet D, Descombes P, Piepho HP, Hochholdinger F
(2008) Comparison of maize (Zea mays L.) F;-hybrid and parental inbred line primary
root transcriptomes suggests organ-specific patterns of nonadditive gene expression and
conserved expression trends. Genetics 179: 1275-1283

Jones-Rhoades MW, Borevitz JO, Preuss D (2007) Genome-wide expression profiling of the
Arabidopsis female gametophyte identifies families of small, secreted proteins. PLoS
Genet 3: 1848-1861

Koltunow AM (1993) Apomixis: Embryo sacs and embryos formed without meiosis or
fertilization in ovules. Plant Cell 5: 1425-1437

Koltunow AM, Bicknell RA, Chaudhury AM (1995) Apomixis: Molecular strategies for the
generation of genetically identical seeds without fertilization. Plant Physiol 108: 1345-
1352

Leblanc O, Armstead I, Pessino SC, Ortiz JP, Evans C, Valle CD, Hayward MD (1997)
Non-radioactive mRNA fingerprinting to visualise gene expression in mature ovaries of
Brachiaria hybrids derived from B. brizantha, an apomictic tropical forage. Plant Science
126: 49-58

Malik MR, Wang F, Dirpaul JM, Zhou N, Polowick PL, Ferrie AM, Krochko JE (2007)
Transcript profiling and identification of molecular markers for early microspore
embryogenesis in Brassica napus. Plant Physiol 144: 134-154

Meyer E, Aglyamova GV, Wang S, Buchanan-Carter J, Abrego D, Colbourne JK, Willis
BL, Matz MV (2009) Sequencing and de novo analysis of a coral larval transcriptome

using 454 GSFIx. BMC Genomics 10: 219

73



Morozova O, Marra MA (2008) Applications of next-generation sequencing technologies in
functional genomics. Genomics 92: 255-264

Nakazono M, Qiu F, Borsuk LA, Schnable PS (2003) Laser-capture microdissection, a tool for
the global analysis of gene expression in specific plant cell types: identification of genes
expressed differentially in epidermal cells or vascular tissues of maize. Plant Cell 15:
583-596

Nogler GA (1984) Gametophytic apomixis. In BM Johri, ed, Embryology of Angisoperms.
Springer-Verlag, Berlin, pp 475-518

Ohtsu K, Smith MB, Emrich SJ, Borsuk LA, Zhou R, Chen T, Zhang X, Timmermans MC,
Beck J, Buckner B, Janick-Buckner D, Nettleton D, Scanlon MJ, Schnable PS (2007)
Global gene expression analysis of the shoot apical meristem of maize (Zea mays L.).
Plant J 52: 391-404

Ozias-Akins P (2006) Apomixis: Developmental Characteristics and Genetics. Critical Reviews
in Plant Sciences 25: 199-214

Ozias-Akins P, Roche D, Hanna WW (1998) Tight clustering and hemizygosity of apomixis-
linked molecular markers in Pennisetum squamulatum implies genetic control of
apospory by a divergent locus that may have no allelic form in sexual genotypes. Proc
Natl Acad Sci U S A 95: 5127-5132

Ozias-Akins P, van Dijk PJ (2007) Mendelian genetics of apomixis in plants. Annu Rev Genet
41: 509-537

Pessino SC, Espinoza F, Martinez EJ, Ortiz JP, Valle EM, Quarin CL (2001) Isolation of
cDNA clones differentially expressed in flowers of apomictic and sexual Paspalum

notatum. Hereditas 134: 35-42

74



Rodrigues JC, Cabral GB, Dusi DM, de Mello LV, Rigden DJ, Carneiro VT (2003)
Identification of differentially expressed cDNA sequences in ovaries of sexual and
apomictic plants of Brachiaria brizantha. Plant Mol Biol 53: 745-757

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing with chain-terminating inhibitors.
Proc Natl Acad Sci U S A 74: 5463-5467

Savidan Y (2000) Apomixis: genetics and breeding. Plant Breed Rev 18: 13-85

Sharbel TF, Voigt ML, Corral JM, Thiel T, Varshney A, Kumlehn J, Vogel H, Rotter B
(2009) Molecular signatures of apomictic and sexual ovules in the Boechera holboellii
complex. Plant J 58: 870-882

Singh M, Burson BL, Finlayson SA (2007) Isolation of candidate genes for apomictic
development in buffelgrass (Pennisetum ciliare). Plant Mol Biol 64: 673-682

Singh M, Conner JA, Zeng Y, Hanna WW, Johnson VE, Ozias-Akins P Characterization of
apomictic BC7 and BC8 pearl millet: Meiotic chromosome behavior and construction of
an ASGR-carrier chromosome-specific library. Crop Science (in press)

Spencer MW, Casson SA, Lindsey K (2007) Transcriptional profiling of the Arabidopsis
embryo. Plant Physiol 143: 924-940

Torres TT, Metta M, Ottenwalder B, Schlotterer C (2008) Gene expression profiling by
massively parallel sequencing. Genome Res 18: 172-177

van Dijk P, van Damme J (2000) Apomixis technology and the paradox of sex. Trends Plant
Sci 5: 81-84

Vera JC, Wheat CW, Fescemyer HW, Frilander MJ, Crawford DL, Hanski I, Marden JH
(2008) Rapid transcriptome characterization for a nonmodel organism using 454

pyrosequencing. Mol Ecol 17: 1636-1647

75



Wang W, Wang Y, Zhang Q, Qi Y, Guo D (2009) Global characterization of Artemisia annua
glandular trichome transcriptome using 454 pyrosequencing. BMC Genomics 10: 465

Weber AP, Weber KL, Carr K, Wilkerson C, Ohlrogge JB (2007) Sampling the Arabidopsis
transcriptome with massively parallel pyrosequencing. Plant Physiol 144: 32-42

Young BA, Sherwood RT, Bashaw EC (1979) Cleared-pistil and thicksectioning techniques for

detecting aposporous apomixis in grasses. Can J Bot 57: 1668-1672

76



Table 3.1 Contigs sharing 100% identity between Ps26 and BCg ovule transcriptomes and the best hit of the assembled inter-genotype

contigs to protein (BlastX) or nucleotide (BlastN) sequences in NCBI databases.

Sequence Sequence # | Overlap
BLAST #in P_526 BLAST in B_Cg length BlastX BlastN (E Value) BlastX of EST hitin
query contigs hit contigs (bp) BlastN column
trafficking protein
particle complex
e 10 B 7 321 subunit 3
NP _001151598.1
GI1:226490977
RCRSTO 005870 Foxtail
e 6 B 8 241 no hit millet EC612643.1 no hit
GI:149362118 (3e-55)
Ps26 BCs . .
11544 4 10325 5 228 no hit no hit
Ps26 BCs . .
13157 4 5112 13 227 no hit no hit
. .. | putative 26S proteasome
Ps26 BCs_ . P PA}.)—Q6—E02 Apomictic non-ATPase regulatory
5 2 192 no hit pistil BM084376.1 .
c13655 c24571 GI:27532285 (8e-24) subunit 3 ACG34075.1
' < GI:195624490
CCGC4364.g1 CCGC NADH-ubiquinone
P26 BC Panicum virgatum early oxidoreductase 51 kDa
1372 28 ) 278§9 9 326 no hit floral buds + reproductive subunit
¢ ¢ tissue FL750787.1 NP_001148767.1
GI:198007657 (e-174) GI:226532265
Ps26 BCs . :
13922 5 12833 3 212 no hit no hit
Ps26 BC pPAP 10 F04 Apomictic | ankyrin protein kinase-
Py 22 5 5 225 no hit pistil FL813942.1 like NP_001152470.1
c2448 c12858

GI:198086024 (2e-57)

GI:226495939
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Ps26

BCs

30691 2 10204 5 206 no hit no hit
Ps26 BCs_ . .
3546 14 <8622 6 295 no hit no hit
hypothetical protein
Ps26 . BCs_ ; 21n OsJ 24918
¢5080 c12542 EEE67490.1
GI1:222637358
6X JF-rd_All pAPO SRC2 protein kinase C -
Ps26 BCs . Cenchrus ciliaris phospholipids
¢583 29 c6141 ? 223 no it EB652936.1 ACG40316.1
GI:164107582 (6e-127) GI:195641696]
847 JF GO3 pAPO TPA: AT-hook motif
Ps26 7 BCs 9 185 1o hit Cenchrus ciliaris nuclear localized protein
c8165 c5964 EB661430.1 2 FAA00302.1
GI:164123871 (7e-70) GI:119657406
hypothetical protein
Ps26 BCs_ OsJ 30933
c9369 7 c3452 14 190 EAZ15525.1
Gl:125574241
CCGG12847.g1 CCGG ESP4 (ENHANCED
P26 BC Panicum virgatum late SILENCING
2339 15 793—7 6 264 no hit flowering buds PHENOTYPE 4)
¢ ¢ FL812358.1 NP_195760.1
GI:198084376 (e-23) GI:15240970
ENT domain containing
Efg% 20 238(63;2 6 243 protein ACG36577.1
GI:195629872
ATPNGI (Arabidopsis
Thaliana PEPTIDE-N-
Ps26 BCs_
<7587 8 11918 3 202 GLYCANASE 1)

NP_199768.1
GI:15240508
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ubiquitin-conjugating

Ps26 BCs enzyme E2 N
c2785 12 c8847 6 273 NP 001148361.1
GI1:226491078
Ps26 BCs . .
194 44 2970 18 304 no hit no hit
Ps26 ) BCs_ 10 208 histone 4 BAG68513.1
c17388 c6454 GI1:195972757
26X _JE_CO1 pAPO putative condensing
Ps26_ 11 BCs_ 5 193 no hit Cenchrus ciliaris XP_002529162.1
c3455 c8607 EB655151.1 GL255576542
GI:164198597 (e-102) '
25X JF D10 pAPO protein phosphatase 2A
Ps26 BCs . Cenchrus ciliaris regulatory subunit A
c1312 26 ¢3757 15 313 no hit EB656417.1 AAMY4368.1
GI:164027660 (2e-47) GI1:22296816
universal stress protein
Ps26 BCs_ (USP) family protein
c338 46 c3527 17 419 NP _001159067.1
GI1:259490110
putative MADS-domain
Ps26 BCs_ transcription factor
c33813 2 c2708 20 229 CAA70485.1
GI:3851333
Ps26 BCs . :
1422 25 3852 14 245 no hit no hit
CCHY9952.g1 CCHY putative calcium-
Ps26 BCs . Panicum virgatum callus | dependent protein kinase
c6131 ? c8955 6 224 no hit FL987585.1 ACG46220.1
GI1:198319427 (e-49) GI:195653505
6WolIIl JF HO3 pAPO polygalacturonase
Ps26 BCs . Cenchrus ciliaris inhibitor 1 precursor
2388 19 ¢2949 19 201 no hit EB662068. 1 ACG36448.1

GI:164227478 (3e-48)

GI:195629614
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71Z_JF_B09 pAPO

putative microtubule-

Ps26 BCs . Cenchrus ciliaris associated protein
32589 > 3672 17 229 no hit EB654350.1 CAD23144.1
GI1:163993222 (5¢-93) GI:37776903
Ps26_ BCs_ . .
10535 6 22186 2 182 no hit no hit
5X _JF_A06 pAPO Phosphoglucomutase/ph
Ps26 BCs . Cenchrus ciliaris osphomannomutase C
2807 10 12602 > 241 no hit EB652848.1 terminal ABN08987.1
GI1:164180053 (6¢-116) GI:124361015
Esggg 14 g(;;% 15 183 no hit no hit
Ps26_ BCs_ . .
3609 10 10814 4 245 no hit no hit
hypothetical protein
Ps26_ BCs_ OsJ 25077
c5210 14 c5192 10 273 EEE67565.1
GI:222637433
ADP-ribosylation factor
1:;%21 6 135982— 93 257 BAB90396.1
GI:20161472
MK 7 78 Pennisetum hypothetical protein
Ps26 6 BCs 10 258 1o hit glaucum seedlings SORBIDRAFT 07g010
c9776 c4965 CD726437.1 440 XP_002444160.1
G1:32277284 (2e-46) GI:242078783
fg;gT 13 ch(égZ 9 192 no hit no hit
1475276 CERES-197 Zea |  yPOthetical protein
Ps26 BCs . LOC100276553
- 8 — 9 235 no hit mays FL451677.1
c6373 c6664 GI:211043870 (2¢-41) NP _001143786.1
: GI:226505008
putative splicing factor
02502964—2 3 ({35%3—1 6 209 Prp8 BAD67606.1

GI:55296044
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CCHZ29515.g1 CCHZ

putative GTP-binding

Ps26 BCs . Panicum virgatum .
¢24301 12 ¢1706 26 191 no it GD049680.1 pro® 5?4%3193%5 01
GI:198385177 (4e-92) '
ACT domain containing
Ps26 BCs protein
c25664 2 c10631 3 202 NP _001151043.1
GI1:226530840
centromere/microtubule
Ps26 BC, binding protein cbfs,
30198 2 9466 5 220 putative
¢ ¢ XP_002523427.1
GI1:255564866
fk506-binding protein,
Ps26 BCs putative
c3993 18 cl16185 3 246 XP 002534360.1
GI1:255587693
CCHZ9541.g1 CCHZ . N
. c helix-loop-helix-like
Ps26 BCs_ . Panicum virgatum .
c4364 13 c15332 2 181 no hit GD021384.1 prote A T
GI1:198352214 (5¢-31) )
83X JF_El1 pAPO hypothetical protein
Ps26 BCs . Cenchrus ciliaris SORBIDRAFT 04g004
c5781 12 c3084 15 214 no it EB658721.1 190 XP_002451580.1
GI1:164099005 (0) GI1:242060582
SS1 23 E11.b1 _AO012 | putative serine/threonine
Ps26 6 BCs ] 188 10 hit Salt-stressed seedlings protein phosphatase 2A
c6192 c6077 Sorghum CD231677.1 BAD67828.1
GI:30975142 (2¢-81) GI1:55296109
small zinc finger-like
P fﬁ% 16 133(:88?9_ 15 330 protein AAD40002.1
¢ ¢ GI:5107180
ethylene-responsive
Ps26 BCs o
2405 17 1276 3 208 small GTP-binding

protein AS88430.1
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GI:46326983

DNA cytosine
Ps26 3 BCs_ 7 297 methyltransferase
c15085 c7592 Zmet3 ACG47300.1
GI1:195655665
putative anther
ethylene-upregulated
Pfigg 24 IZ(S:;—I 9 221 protein ER1
¢ ¢ BAC79907.1
GI:33146619
putative vacuolar ATP
ff 226 24 CB6§;_5 8 216 synthase AAO65147.1
GI1:29164794
peroxisomal membrane
Ps26 3 BCs ] 290 carrier protein
cl8163 c6626 NP _001152063.1
GI1:226500946
CCGI4193.g1 CCGI hypothetical protein
Ps26 BCs . Panicum virgatum SORBIDRAFT 02g036
c1878 13 C7425 ? 242 no it FL856163.1 200 XP_002460850.1
GI1:198128193(3e-69) GI1:242045958
Ps26_ BCs_ . .
19109 3 <9186 4 205 no hit no hit
2X6II1 JF-rd A1l pAPO APx2 - Cytosolic
Ps26 BCs . Cenchrus ciliaris Ascorbate Peroxidase
c22381 2 c547 226 185 no it EB652659.1 ACG41151.1
GIL:164076750 (7e-58) GI1:195643366
Ps26_ BCs_ . .
28392 2 12100 4 230 no hit no hits
74X _JF_A05 pAPO
— = Zea CEFD homologl
1:35228 1 232(2:;—9 27 199 no hit Ceg}g%rsufgé'i”s NP _001151142.1
i GI1:226501670

G1:164132997 (2e-171)
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rRNA-processing

Ps26 14 BCs 11 276 protein EBP2, putative
c4150 c3261 XP_002526440.1
GI:255570978
268 protease regulatory
subunit,
P 40 RN 27 368 Putative
¢ ¢ XP_002526219.1
GI1:255570523
40S ribosomal protein
e 57 B 56 384 S6 ACG31980.1
GI1:195620300
triose
P<26 BC, phosphate/phosphate
14318 4 14583 4 366 translocator
ACG33816.1
GI:195623972
RNA polymerase 111
Ps26 BCs_ large subunit
c21597 2 c14882 2 226 AAS79689.1
GI1:45935335
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Table 3.2 Primers designed for mapping.

Oligo Name Primer # Sequence (5'-3") Tm (°C)
Ps26 c10331 F 1476 ACTAGGGGAAAGAAAGTCATCCTC 60
Ps26 c10331 R 1477 AAGCGTGTATCACTTCACGAAC

Ps26 cl11544 F 1478 TACTTTTGGTGTGGTTTCGACC 56
Ps26 c11544 R 1479 CATACATGGACTACTGATGGCT

Ps26 c13157 F 1480 GGCTAGAACCGTCGAGCAT 60
Ps26 c13157 R 1481 TTCAGAGAATTAGGCCGAGGAG

Ps26 c13655 F 1482 GCTGCTGCTTCCTAGTTTCATT 60
Ps26 c13655 R 1483 CTAATTTTCAGGGCCAGGACAG

Ps26 cl1372 F 1484 GCCATTGCGCTTCTGTAATAGT 60
Ps26 c1372 R 1485 AGCATACATGGTACATTGATCGAG

Ps26 c13922 F 1486 AGATCATTAGCCACTAGGATCGTC 60
Ps26 c13922 R 1487 AGAACAAGAACCTCCTGCTACAA

Ps26 c20942 F 1488 GAAGCATCTGTTCCGTTCACTC 60
Ps26 c20942 R 1489 TCCTGTGAATCAACAAGTTCAGC

Ps26 c24301 F 1490 CGTCCTGCTGCTCTTCTT 58
Ps26 c24301 R 1491 TGCTATTTCGGCAATTAACAGA

Ps26 c2448 F 1492 TATCGTGCCTGCTGGTGATAG 60
Ps26 c2448 R 1493 CTGTACTCCTTGATACGCAAGC

Ps26 c25664 F 1494 CAAAGTTGAGGACCCTGACAT 58
Ps26 c25664 R 1495 CATGCTTCGTTTTGGTCCATC

Ps26 c30198 F 1496 CATCACTACCCTCTTGATCTTTGC 60
Ps26 c30198 R 1497 AAGGACTCTGCTGTGAATGCTA

Ps26 c30691 F 1498 AAATGGACTTAGGCTTGCGTTG 60
Ps26 c30691 R 1499 ACAATACATCAATACCCAGTTGCC

Ps26 c3546 F 1500 CCGCGACAACATATCAACACAT 60
Ps26 c3546 R 1501 CGGATGAGAAAACAACAGCCAT

Ps26 ¢c3993 F 1502 CCGTGGAAAACTTACTGATGGG 60
Ps26 ¢c3993 R 1503 AGCAACAAGTTCCGTGTCAAAT

Ps26 c4364 F 1504 CAGATCACCCAGATCACCAC 60
Ps26 c4364 R 1505 AAGCTAAATCCTGGTGGAAAGA

Ps26 c5080 F 1506 TTAGGGACTGATGACACAAGGG 61
Ps26 ¢5080 R 1507 GGCATCAACCAGGACAATACTC

s26 _c5781 F 1508 TGTTGTAGTTCGGTTTCTGCTC 60
s26 c5781 R 1509 TCCCATTTCAACCTTTATGCCAG

Ps26 c583 F 1510 CTACGACGACGACTACTGATCC 62
Ps26 c583 R 1511 ATTTTGCAGTGCTCAACTCCTC

Ps26 c8165 F 1512 TTCTTCTTCTTCACCACCAAGG 60
Ps26 c8165 R 1513 GCTCTTGCTGTTAGGTGTTGTT

Ps26 c9369 F 1514 GGCATACCAGCAAACCAAGTTA 61
Ps26 c9369 R 1515 ATCATCACATGCTTCAAACAGC
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Ps26 c2339 F
Ps26 ¢2339 R
Ps26 c1279 F
Ps26 ¢1279 R
Ps26 c7587 F
Ps26 ¢7587 R
Ps26 c2785 F
Ps26 c2785 R
Ps26 c17388 F
Ps26 c¢17388 R
Ps26 c3455 F
Ps26 _c3455 R
Ps26 c1312 F1
Ps26 c1312 R1
Ps26 c6192 F
Ps26 ¢6192 R
Ps26 c338 Fl
Ps26 c338 RI1
Ps26 c33813 F
Ps26 c33813 R
Ps26 c1422 F
Ps26 c1422 R
Ps26 c6131 F2
Ps26 c6131 R2
Ps26 c1472 F
Ps26 c1472 R
Ps26 c2388 F
Ps26 ¢2388 R
Ps26 c2405 F
Ps26_c2405 R
Ps26 _c15085_F
Ps26 c15085 R
Ps26_c2009 F
Ps26 _c2009 R
Ps26 c1406 F
Ps26 c1406 R
Ps26 c194 F2
Ps26 c194 R2
Ps26 c1580 F
Ps26 c¢1580 R
Ps26 c10535 F
Ps26 ¢10535 R
Ps26 c18163 F

1528
1529
1530
1531
1532
1533
1534
1535
1538
1539
1540
1541
1542
1543
1546
1547
1548
1549
1565
1566
1567
1568
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1604
1605
1628
1629
1630
1631
1632

TAAAAAAGGGGAGGATGA
AGAAAAGCAGGATTTATAGTGT
TTTAAGTACCTTCTGTTTGGAG
TGGCTTTTACCTTGGTCT
TGATGAATTATTGGTGGTCA
GTTGTTTATTCATGTCCTTAATT
ATGAGATATATATGTAACC
GTAATAATCTTCGTGTTG
TCATCATCTTCGTCCTGG
AGAAGATCGACACACACAC
GGATGTGCTGTTGCCCTG
CAAGCAGCAGTTAACAGACTT
CTGTCGCTGTTCAACTAC
GAGCTAGACAACACATCA
GCGCCTTGTGCCAAAGTC
TTCTCACTCCCTCCAGCC
GCTTTGGCATTGTTTGTG
AGGTATTGCAATGCAAAGA
AATAAACTAGTACTGCAATCTGC
GTACGGTGTTCAAATAATGTG
GTTAGATTGCTGTTTTGATG
ATGAGCGCAATTTGAACA
CTCGGCAAAGCAACAAGCGG
CGTATTGGGAAACAACACGC
TCCATAAAACTAAAGGCTATGT
TTTGATGGATTACTATGTAAACC
TCGAGCTGTTAAAGGCGTGTCA
CCTTTGATAGTACATCAGGCCG
CATCTGTCGTCTCCGTGTC
CTCTTGCTGATGAGTATGGG
CATTATTTTAGAATTCTTGACTCC
CAAATATCATTCACAGTTCAACG
AACGCCAATTGATCACACGAGC
TCAGGCTGCAGCTGCTGATG
CCGATGGGGGTGATTTAATG
CGGTGACCATCTAGTAACAGGA
AAACATCATATAGATCCGG
ATTTTCCCTAATTCTCAGAG
TGGAGTCATTGTGGGCATCA
CATGGAGTCTCGGCAGTAGG
CACTTGTTGGTTCTTTCTGTTGG
TTAAGTGGTTCGTCGGCATA
ACAGAGGCAAGCTCCATAGC
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Ps26 c18163 R
Ps26 c1878 F
Ps26 c1878 R
Ps26 ¢19109 _F
Ps26 c19109 R
BC8 ¢547 F
BC8 ¢547 R
Ps26 c2807 F
Ps26 c2807 R
Ps26 c2838 F
Ps26 c2838 R
Ps26 ¢28392 F
Ps26 c28392 R
Ps26 c3609 F
Ps26 c3609 R
Ps26 _c3656 F
Ps26 c3656 R
Ps26 c4150 F
Ps26 c4150 R
Ps26 ¢5210 F
Ps26 _¢5210 R
Ps26 c5851 F
Ps26 c5851 R
Ps26 c6373 F
Ps26 c6373 R
Ps26 c6744 F
Ps26 c6744 R
Ps26 ¢704 F
Ps26 c704 R
Ps26 ¢8378 F
Ps26 c8378 R
Ps26 ¢9776 F
Ps26 c9776 R
Ps26 c14318 F
Ps26 c14318 R
Ps26 c21597 F
Ps26 c21597 R
Ps26 ¢2552 F
Ps26 _¢c2552 R
Ps26 c1406 fl1
Ps26 c1406 rl
Ps26 _c1472 fl
Ps26 c1472 rl

1633
1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
1649
1650
1651
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667
1668
1669
1670
1671
1680
1681
1682
1683

AGGGTGCTCGACTATTGGTT
ACCATTCCGTCATCTCTCGG
ATTATCGGCGTGTAAGGCCA
GGCTTCAGTTTAGCGTTTGCT
AAGAATCATGCCAACACGCC
CACAAAGCTAAGAAGCGGTGAA
CACAAGGCCCACCAATGTTTAT
ATTACCGGCGTGTCACTTATCT
CGCATGGAAGCAGAAGGTTTAT
TTACCGGACATTGTGAGGAACG
CCAGAGTATTTGGTTCCCATCT
CTGTAGTACGGCACGAGTGG
CAAGTTCTCCGACTGCTTGAAA
GCAGACAGTTGGATGACATTGG
ACTAAAGGAGAGGCGCTGTAAA
TCGGAAACCAGCAGTCAATCTA
CATGTGTTGTATTTGGCGTTCC
GAGTCAGTCAAGAAGTGGAGGA
TTTAGCCCTTTACGACCACCAT
GGGTTTCAGGTTTGATTTCGGT
GCAAGACCGTCATACTTCATTCC
CAGAACAGCCACTTTGCTCTAA
GCTCCATTGGGACATACACATC
CTGACACCATAAACAGCAACCC
CTTCTACAACGACAAGAACCCG
TGCAACCTGTTAGGTGTCTTCT
CCAGACGGTGTACTAATCACGA
CGTGATGACAAAGGACGAGTTC
GGACGCCTTCCTTCTTCTTGTA
ACAGCAAATGAGCATCCAAACA
TAGGCATTGGAGATGGTGTCAA
TGTGATATGTGTGCCTAGCTGT
AATACGGCAAATGATGCCAAGT
TTGGAGTGCAATGGCTTCAAAT
ACTGACTTTGACACCCTCTGTT
TTGTGCTCATACGTTGGTGACG
AACGGCAAGATTCAGAAACACC
GAAGAGGATTGCCAAGAAGCAG
TCGACTGATCCAACACAGAACA
TCAGTTAGGCAGTGACCTGT

TGAAAGTCGAACTATAGAAGTCCCA

AGTCGGACAGCTTCTTGGAA
ATTTCTCTCCCGAACACCCC
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Ps26 c150585_f1
Ps26 _c150585 rl
Ps26 _c1580 f1
Ps26 _c1580 rl
Ps26 c18163 f1
Ps26 c18163 rl
Ps26 c1878 fl1
Ps26 c1878 rl
Ps26 c19109 f1
Ps26 c19109 rl
Ps26 ¢20942 f1
Ps26 ¢c20942 rl
Ps26 ¢22381 fl1
Ps26 ¢22381 rl
Ps26 _c2405 fl
Ps26_c2405 rl
Ps26 ¢24301 f1
Ps26 ¢24301 rl
Ps26 c25664 f1
Ps26 _¢c25664 rl
Ps26 c28392 f1
Ps26 ¢28392 rl
Ps26 c30198 f1
Ps26 c30198 rl
Ps26 _c704 _f1
Ps26 c¢704 rl
Ps26 _c3656 fl1
Ps26_c3656 rl
Ps26 ¢3993 fl
Ps26 ¢3993 rl
Ps26 _c4150 f1
Ps26 c4150 rl
Ps26 _c4364 fl1
Ps26 c4364 rl
Ps26 c5781 fl1
Ps26 ¢5781 rl
Ps26 c6192 fl1
Ps26 ¢c6192 rl

1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701
1702
1703
1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714
1715
1716
1717
1718
1719
1720
1721

CAGTCCATGCAACAACCTGG
GCTGTCGGAGCAAACTCAAA
TTCCCCATTCATCTCGCTGT
AACCAGCACACATGGAGTCT
TGATCTAGGTCTTTGCAAGTATTAGT
CCTAACAGAGGCAAGCTCCA
TAGCCAGCAAAAGGTAATCTCC
TTAGCGAGATTATCGGCGTG
TGCTGCTTTTTGTCAGAGTTCG
GTGCTTTCACCATTATCGTCCA
GGCTCAGAAAAAGAAGCATCTG
CACGGGTTTCAAATTGAAATTG
GTGAGGCAGGCCATATTTTGT
AAATCTTCGTCGAGACGTCGA
AAGACCAGTGATTCCACCAA
CAGCAAGATTTGGTGTTACTGC

TCAGTTAATGTAAACTTTGTTGCACTG

TGAAAAATGCTATTTCGGCA
AGAGAGGATACGGCTAACCA
TCATCTTCAACAACCACATGA
TCGTCCTGCTCCTGCCTCAA
CGGATCTCATCATGCCCATA
ACCCTCTTGATCTTTGCAACAG
TGGTGCTAAGCTTATGATCCCT
TCCCCGATCAGGTAGCAAAC
GCCGCTCTTGTTTGTCAGG
CTGCCACTTTGATGTATTGACG
CAATAATGCCCTGGCATGTC
GCGTAAACCATTTACTCAGAGC
GATGAGTTTGCTCCAGGACG
TCAAGAACTTGTGCTCAGATCC
GCTTCTGGTAACAACACACCA
ACAACGGTGTCACCAGATCA
CTCAGTGCTGTCGGTGTAGT
AGGTCTTTGTCAGGTTTTAGATTGA
TGGCAGATCAGAATACCTCCC
TTTGTTGCCTTTGTAAGCGC
ACTCCCTCCAGCCAAGTAGAAC
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Table 3.3 Summary of mapping results. The one contig mapped to the ASGR is shown in bold.

+: positive amplification; -: no amplification; N/A: not assayed.

PCR PCR PCR PCR with PCR

Ps26_contig Primer Numbers cDNAsize  with with with BCs with F;

Ps26 1A4X N37 apo :sex apo : sex
Ps26 ¢10331 1476/1477 210 + - - +:- +:+
Ps26 c11544 1478/1479 165 + - + + - +:+
Ps26 c13157 1480/1481 161 + - + +: - +:+
Ps26 c13655 1482/1483 214 + - + +:- +:+
Ps26 c1372 1484/1485 215 + - + +:- +:+
Ps26 c13922 1486/1487 200 + - - +:- +:+
Ps26 ¢c2448 1492/1493 189 + - + +:- +:+
Ps26 ¢30691 1498/1499 206 + - + + - +:+
Ps26 ¢3546 1500/1501 245 + - + +:- +:+
Ps26 ¢5080 1506/1507 204 + - - +:- +:+
Ps26 c583 1510/1511 212 + - + +:- +:+
Ps26 c8165 1512/1513 150 + - + +:- +:+
Ps26_c9369 1514/1515 274 + - - +:- + -
Ps26 ¢2339 1528/1529 213 + - - +:- +:+
Ps26 ¢1279 1530/1531 228 + - + +:- +:+
Ps26 c7587 1532/1533 172 + - + +:- +:+
Ps26 c2785 1534/1535 226 + - - +:- +:+
Ps26 c194 1604/1605 283 + - - + - +:+
Ps26 c17388 1538/1539 163 + - + +:- +:+
Ps26 ¢3455 1540/1541 102 + - + +:- +:+
Ps26 c1312 1542/1543 143 + - + +:- +:+
Ps26 ¢338 1548/1549 120 + - + +:- +:+
Ps26 ¢33813 1565/1566 140 + - + + - +:+
Ps26 c1422 1567/1568 120 + - + + - +:+
Ps26 c6131 1571/1572 179 + - + +:- +:+
Ps26 ¢c2388 1575/1576 128 + - + + - +:+
Ps26 ¢32589 1581/1582 216 + - + +:- +:+
Ps26 ¢10535 1630/1631 148 + - N/A +:- +:+
Ps26 ¢c2807 1640/1641 164 + - N/A +:- +:+
Ps26 2838 1642/1643 103 + - N/A +:- +:+
Ps26 ¢3609 1646/1647 150 + - N/A +:- +:+
Ps26 ¢5210 1652/1653 157 + - N/A + - +:+
Ps26 c6744 1658/1659 202 + - N/A +:- +:+
Ps26 ¢9776 1664/1665 170 + - N/A +:- +:+
Ps26 ¢5851 1654/1655 179 + - N/A +:- +:+
Ps26 c6373 1656/1657 178 + - N/A +:- +:+
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Ps26 _¢20942
Ps26 ¢24301
Ps26_c25664
Ps26 ¢30198
Ps26 _¢3993
Ps26_c4364
Ps26 _c5781

Ps26 c6192
Ps26 c1472
Ps26_c2405
Ps26_c15085
Ps26 ¢1406
Ps26 _c1580
Ps26 c18163
Ps26 c1878
Ps26 ¢19109
Ps26 ¢22381
Ps26 ¢28392
Ps26 _c3656
Ps26 c4150
Ps26 c704

Ps26 c2552
Ps26 c14318
Ps26 _c21597
Ps26 ¢8378

1488/1489
1490/1491
1494/1495
1496/1497
1502/1713
1505/1716
1508/1509
1720/1721
1573/1574
1577/1578
1579/1580
1583/1681
1628/1629
1632/1633
1690/1691
1692/1693
1696/1697
1704/1705
1648/1649
1650/1715
1708/1709
1670/1671
1666/1667
1668/1669
1662/1663

125
120
193
210
800
150
156
140
185
180
120
250
237
169
157
163
246
181
152
450
155
243
175
150
199

e e e e a a S S S e S S S =

N/A

+ o+ + o+

N/A
N/A

N/A

+

N/A

N/A
N/A
N/A
N/A

N/A
N/A

+

N/A

+ o+ + o+

N/A
N/A

N/A

+

N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

+ 4+ + +

+ o+ o+

+ + + + + + + 4+ + + + + 4+ + + + 4+ + + + + + + +

z
>+ o+ o+

T e e i T i s T T s e o S S S S SR S S
T e e S S e i i s e e S S S S S S S
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Table 3.4 RT-PCR results for the 36 contigs mapped to the ASGR-carrier chromosome. Leaf, root, ovary and anther tissues were
collected from apomictic BCg plants. RT(+): RT with reverse transcriptase; RT(-): RT without reverse transcriptase as DNA
contamination control; +: positive amplification; -: no amplification. The contig showing amplification only in ovary and anther is

indicated in bold and the contig showing no expression in anther is indicated in italics.

Contig IDs

Leaf RT(+)

Root RT(+)

Root RT(-)

Ovary RT(+)

Anther RT(+)

Ps26 c10331
Ps26 c11544
Ps26 _c13157
Ps26 _c13655
Ps26 c1372
Ps26 ¢13922
Ps26 c2448
Ps26 ¢30691
Ps26 c3546
Ps26_¢5080
Ps26_c583
Ps26 _c8165
Ps26 ¢9369
Ps26 ¢2339
Ps26 ¢1279
Ps26 _c7587
Ps26 _c2785
Ps26 c194
Ps26 _c17388
Ps26_c3455
Ps26 cl1312
Ps26 ¢338
Ps26_c33813
Ps26 c1422
Ps26 c6131
Ps26_c2388
Ps26 _¢32589
Ps26_c10535
Ps26 _¢2807

+

e e e e i e S

+ o+ + o

Leaf RT(-)

J’_

e e i T i e e e S i

+ o+ + o+ o
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++++++++++ A+t

Ovary RT(-)

J’_

e T e el S s i s o S S S S S

Anther RT(-)



Ps26 ¢2838
Ps26_c3609
Ps26 ¢5210
Ps26 c6744
Ps26 _c9776
Ps26 ¢5851
Ps26 c6373

4+ +++++

4+ +++ o+

+ 4+ + + + +

+ 4+ +++ o+
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Table 3.5 cDNA library screening results. N/A: not available.

# of positive primary

Contig ID Primer # # of_prlmary signals after PCR # of single clones
signals sequenced
screen
Ps26 ¢c10331 1476/77 1 1 1
Ps26 cl11544 1478/79 0 N/A N/A
Ps26 c13157 1480/81 1 1 1
Ps26 c13655 1482/83 2 0 N/A
Ps26 c1372 1484/85 2 1 1
Ps26 13922 1486/87 2 0 N/A
Ps26 2448 1492/93 2 3 3
Ps26 ¢c30691 1498/99 2 2 2
Ps26 c3546 1500/01 1 0 N/A
Ps26 ¢5080 1506/07 2 2 2
Ps26 ¢583 1510/11 2 1 1
Ps26 c8165 1512/13 2 2 1
Ps26 ¢9369 1514/15 2 2 1
Ps26 ¢2339 1528/29 0 N/A N/A
Ps26 c1279 1530/31 1 0 N/A
Ps26 c7587 1532/33 3 0 N/A
Ps26 c2785 1534/35 4 1 1
Ps26 c17388 1538/39 1 1 1
Ps26 c3455 1540/41 0 N/A N/A
Ps26 c1312 1542/43 1 1 1
Ps26 ¢338 1548/49 1 1 1
Ps26 ¢33813 1565/66 4 4 2
Ps26 c1422 1567/68 1 0 N/A
Ps26 c6131 1571/72 1 1 1
Ps26 ¢c2388 1575/76 3 3 3
Ps26 ¢32589 1581/82 5 1 1
Ps26 c194 1604/05 1 0 N/A
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Figure 3.1 Ovary clearing results. a, cleared ovary showing no aposporous initials. b, cleared
ovary showing two aposporous initials, indicated by solid arrows.
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Figure 3.2 Microdissection of ovule. a, whole flower of Ps26 was dissected from the spikelet. b,
intact pistil was dissected from the flower. c, ovular tissue was dissected from the pistil to get rid
of most of the ovary wall.
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Figure 3.3 Agilent Bioanalyzer 2100 analysis result of the ds-cDNA samples.
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Figure 3.4 Examples for mapping of ovule-expressed transcripts to the ASGR-carrier
chromosome. a, amplification from Ps26, N37 and apomictic BCg but not from [A4X or sexual
BCs (P1510/1511). b, amplificationfrom Ps26 and apomictic BCg but not from IA4X, N37 or
sexual BCg (P1514/1515). c, amplification from Ps26, IA4X, N37 and both apomictic and
sexual BCg (P1504/1505).
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Figure 3.5 Examples for mapping of ovule-expressed transcripts to the ASGR. a, amplification
of apomictic F;s but not sexual F;s (P1514/1515). b, amplification of both apomictic F;s and

sexual Fis (P1506/1507).
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Figure 3.6 Examples of expression patterns for ASGR-carrier chromosome linked sequences. a,
34 out of 36 genes tested showed expression in all four organs tested. b, one gene

(Ps26 ¢33813) was expressed only in ovary and anther. RT(+): reverse transcription performed
with reverse transcriptase; RT(-):reverse transcription performed without reverse transcriptase;
Negative Control: PCR was performed but template was replaced with distilled water.
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Figure 3.7 Example of PCR screening of primary phage plaques. The probe was amplified with
primers P1492/P1493, primary phage mix A and B were the plaques recovered after primary
screening.
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Figure 3.8 A set of recovered single phage colonies containing the desired cDNA inserts were
amplified by PCR with M 13 primers to test the insert size of phage cDNA clones. 3 to 8 are
single phage clones corresponding to the same primary phage signal of contig Ps26 ¢2448. 9
and 10 are single phage clones corresponding to the same primary phage signal of contig
Ps26 1312. 1 and 2 are single phage clones recovered from two different primary phage signals
of contig Ps26 33813.
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CHAPTER 4
COMPARATIVE ANALYSIS OF SEQUENCES AND EXPRESSION OF BABY BOOM-
LIKE GENES IN BUFFELGRASS (CENCHRUS CILIARIS)
Abstract

Ectopic expression of the Brassica napus BABY BOOM has been reported to be sufficient
for induction of embryo development from differentiated somatic cells. To investigate the
function of BABY BOOM-like genes identified from an apospory-specific genomic region
(ASGR) in Cenchrus ciliaris, ASGR-BBM-like and non-ASGR-BBM-like (N-ASGR-BBM-like)
were subjected to sequence analysis and expression studies. Results demonstrated that both
ASGR-BBM-like and N-ASGR-BBM-like genes were predicted to contain two AP2 domains;
however, differences in the first AP2 domain and the area outside of the AP2 domains were
identified. Semi-quantitative RT-PCR conducted with aposporous ovaries from different stages
indicated that the transcription of ASGR-BBM-like genes was up-regulated upon pollination with
a significant increase one day after pollination (DAP). In contrast, there was no expression of N-
ASGR-BBM-like until one day after pollination. Moreover, the transcription level was much
lower than that of ASGR-BBM-like at this time point. Temporal and quantitative differences in
transcript level between the two suggest that ASGR-BBM-like may play a role in parthenogenesis
in buffelgrass.

Introduction
Apomixis is a term used for asexual reproductive processes which occur during seed

development (Nogler, 1984). The most important difference between apomixis and sexual
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reproduction is that the embryo in an apomict is derived solely from cells in the ovule without
involvement of meiosis and fertilization of the egg by a sperm (Koltunow, 1993; Grimanelli et
al., 2001). Therefore, the progeny of apomictic plants are exact genetic replicas of the mother
plant. Apomixis is widespread in angiosperms, having been observed in over 400 species
spanning ~40 different families (Carman, 1997). However, no major agriculturally important
crop has this trait. If apomixis can be introduced into crops, it could be an inexpensive way to
perpetuate desired genotypes, including those demonstrating hybrid vigor, and thus be used as an
advanced breeding tool in agricultural science (Hanna and Bashaw, 1987; Hanna, 1995;
Koltunow et al., 1995; Savidan, 2000; van Dijk and van Damme, 2000).

Cenchrus ciliaris (syn. Pennisetum ciliare), commonly known as buffelgrass, is a warm
season perennial forage grass predominantly reproducing by obligate aposporous apomixis.
Sexual genotypes have been discovered as well (Bashaw, 1962). The number of chromosomes
in different genotypes of buffelgrass can range from 32 to 54, while most genotypes are
tetraploid (2n = 4x = 36) (Visser et al., 2000). Cytological studies of apomixis in buffelgrass
have revealed that a highly hemizygous chromosome region, the ASGR (apospory-specific
genomic region), is associated with the trait of apomixis (Ozias-Akins et al., 1998; Goel et al.,
2003; Ozias-Akins et al., 2003; Akiyama et al., 2004; Akiyama et al., 2005). Characterization of
the ASGR in buffelgrass by partial sequencing of ASGR-linked BAC (bacterial artificial
chromosome) clones has led to the identification of genes with putative transcription factor or
signaling related functions (Conner et al., 2008). Among these genes, one named ASGR-BBM-
like, has high sequence similarity to the BABY BOOM (BBM) genes in Brassica and Arabidopsis,

members of the AP2 (APETALA2)/EREBP multigene family (Boutilier et al., 2002).
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The AP2/ERF multigene family is divided into two subfamilies: AP2 genes with two AP2
domains and ERF genes with a single AP2 domain (Kim et al., 2006). The AP2 domain is a
DNA-binding domain that consists of 60-70 conserved amino acid residues (Jofuku et al., 1994).
Most reported genes in the AP2 subfamily are involved in the regulation of organ development
in plants while the genes belong to the ERF subfamily usually function in signal transduction
pathways of biotic and abiotic stress responses (Riechmann and Meyerowitz, 1998). BBM was
one member of the AP2 subfamily identified from Brassica napus while investigating
differentially expressed genes during the switch from pollen- to microspore-derived early
embryo development (Boutilier et al., 2002). BBM encodes a transcription factor containing two
AP2 domains and is preferentially expressed in developing embryos and seeds. Overexpression
studies in Arabidopsis have shown that BBM activates signal transduction pathways leading to
the induction of embryo development from differentiated somatic cells (Boutilier et al., 2002).

Although the initiation of sexual and apomictic pathways likely is activated by different
signals, the two different developmental processes may converge during embryogenesis at an
early stage of the signaling pathway (Ozias-Akins and van Dijk, 2007). However, sexual and
apomictic pathways differ in their requirement for egg fertilization — in apomixis, the egg
develops via parthenogenesis. Based on the similarity of ASGR-BBM-like to embryogenesis
genes, we hypothesize that the apomict-specific ASGR-BBM-like gene may be involved in
parthenogenesis. In order to test whether the expression pattern of ASGR-BBM-like was
consistent with a putative function in parthenogenesis and different from related genes in the
buffelgrass genome, we compared expression patterns between ASGR-BBM-like and non-ASGR-
BBM-like (N-ASGR-BBM:-like) genes in apomictic and sexual genotypes of buffelgrass by semi-

quantitative RT-PCR. Expression of ASGR-BBM-like preceding N-ASGR-BBM-like in the
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apomict suggests that ASGR-BBM-like is likely to be a regulator of parthenogenesis in
buffelgrass.
Materials and Methods

Plant Materials

Two genotypes of buffelgrass (Cenchrus ciliaris or Pennisetum ciliare, 2n=4x=36) used
in this study were maintained by vegetative propagation (Roche et al. 1999). One is the obligate
aposporous B-12-9, and the other is the obligate sexual B-2s. Plants were grown in the
greenhouse with a continuous temperature ranging from 24°C to 30°C.
Nucleic Acid Extraction

Genomic DNA was extracted either following the protocol previously described (Ozias-
Akins et al., 1993) or with QITAGEN DNeasy® Plant Mini kit (QIAGEN, Valencia, CA, USA)
following the manufacturer’s protocol. DNA quantification was conducted with a
spectrophotometer and measured with the absorbance at 260/280. Total RNA was extracted with
QIAGEN RNeasy® Plant Mini kit and quantified with RiboGreen” RNA Quantitation Kit
(Molecular Probes, Eugene, OR, USA) following the manufacturers’ protocols. BAC DNA for
shotgun library construction was extracted with QTAGEN Large Construct Kit.
Southern Blot Analysis

Genomic DNA (~12 pg) was digested with 50 units of Hind III restriction enzyme (New
England Biolabs, Beverly, MA, USA) in a 40 pl reaction volume at 37°C overnight. Digested
DNA fragments were separated by electrophoresis in a 1% agarose gel with 1x TBE buffer. The
gel was blotted to Genescreen Plus nylon membrane (NEN Life Sciences, Boston, MA, USA)
and probed following standard protocols (Sambrook and Russell, 2001). The membrane was

pre-hybridized in 30 ml hybridization buffer (6x SSC, 1% SDS, 100 pg mI™ salmon sperm
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DNA) at 65°C overnight. Probes were labeled with a->"P following the instructions of Random
Prime Labeling kit (Invitrogen, Carlsbad, CA, USA) and cleaned with Sephadex® G-50 (Sigma,
St. Louis, MO, USA). Labeled probe was denatured at 95°C for 10 min and placed immediately
on ice before adding into the hybridization buffer. Hybridization was conducted at 65°C
overnight followed by four washes at the same temperature for 15 min each with the following
buffers: 1) 2x SSC, 0.1% SDS; 2) 1x SSC, 0.1% SDS; 3) 0.5x SSC, 0.1% SDS; and 4) 0.1x
SSC, 0.1% SDS. The membrane was exposed and the signal was detected with the Storm
phosphor imager system (Amersham Biosciences, Pittsburgh, PA, USA).
BAC Library Screening

BAC libraries from two apomictic genotypes, a polyhaploid from P. glaucum X P.
squamulatum and buffelgrass were constructed previously (Roche et al., 2002), and BAC clones
containing ASGR-linked markers have been isolated and characterized (Akiyama et al., 2004;
Goel et al., 2006; Conner et al., 2008). To identify BAC clones containing ASGR-BBM-like
homologous genes (e.g., N-ASGR-BBM-like), PCR primers based on the sequence information of
ASGR-BBM-like were designed to amplify the 566 bp 5’-end fragment (P1015/P1016, 5'-
GCGACAAGAGCCCACACCCT-3'/5'-GTCCGCTGCCCGAAAGTGTC-3"), the 462 bp AP2
domain-containing fragment (P1017/P1018, 5'-AGGCATAGATGGACAGGAAGG-3'/5'-
GTAGTAGTTGTGGTGCCCCG-3') and the 819 bp 3’-end fragment (P294/295, 5'-
GGCACTCCAAAGCGTCTCAAGGAA-3'/5'-CTCCCACTGGAGCTGATTAAGCAG-3") of
ASGR-BBM-like. PCR was carried out in a total volume of 20 ul containing ~20 ng BAC DNA
p208, which contains the genomic fragment of ASGR-BBM-like, 1 uM of each primer, 1X PCR
buffer, 1.5 mM MgCl,, 0.2 mM dNTPs, and 1 unit of Taq DNA polymerase (Sigma). The

reaction was denatured at 94°C for 5 min and then subjected to 35 cycles of 94°C denaturation
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for 30 seconds; annealing temperatures appropriate for each primer pair (61°C for P1015/P1016
and P294/P295, 58°C for P1017/P1018) for 30 seconds, and 72°C for 1 min. The final extension
was 7 min at 72°C. PCR products were separated by electrophoresis and purified with QIAquick®™
Gel Extraction Kit (QTAGEN). Each probe was labeled with a->*P by PCR labeling in a 20 pl
reaction, including 25 ng DNA fragment, 1.25 U of Jumpstart Taq polymerase (Sigma), 0.25 uM
of each primer, 0.5 mM dNTP mixture (excluding dCTP), 3 ul of a->*P-labeled dCTP (3000
Ci/mmol) and 1x PCR buffer (10 mM Tris-HCI, 50 mM KCl, 1.5 mM MgCl,). Hybridization
and identification of addresses for positive clones were performed as described at

www.genome.clemson.edu/groups/bac/protocols. Signals were detected with the Storm

phosphor imager.
Fingerprinting Analysis and Grouping of BAC Clones

BAC clones hybridized with any of the three probes of ASGR-BBM-like were picked and
cultured in 2 ml LB medium containing 25 pg ml™' chloramphenicol at 37°C overnight on a
rotary shaker. Plasmid isolation was carried out with standard alkaline lysis. For each BAC
clone, 7.5 ul DNA was used for a 20 pl Hind III restriction enzyme digestion reaction at 37 °C
overnight. The digested DNA fragments were then separated on a 1.2% agarose gel in 1X TAE
buffer and stained with SYBRGreen® dye (Molecular Probes, Eugene, OR, USA). Gels were
imaged with the Molecular Imager Gel Doc XR System (Bio-Rad Laboratories, Hercules, CA,
USA). Digestion patterns of BAC clones were compared and BAC clones were grouped based
on the similarity of digestion patterns. The gel was also blotted to Genescreen Plus nylon
membrane and hybridized with a-**P-labeled ASGR-BBM-like probes to confirm the contig result

by comparing the hybridization pattern to the digestion pattern.
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Shotgun Library Construction

One BAC clone from each of the two major groups was randomly selected for shotgun
library construction and named as C1400 and C1500. BAC clone culture and DNA extraction
was as described in Conner et al. (2008). BAC DNA (10 pg) was sheared by a GeneMachines
Hydroshear DNA shearing device (Genomic Instrumentation Services, Inc., San Carlos, CA,
USA) to produce fragments of 2.0-4.0 kb. DNA fragments were blunt-end repaired using a
combination of T4 DNA polymerase, Klenow DNA polymerase and T4 polynucleotide kinase
and purified using the Qiaquick PCR Purification Kit (QIAGEN). Vector pBluescript (SK-)
(Stratagene, La Jolla, CA, USA) was digested with ECORV and dephosphorylated before ligation
with the DNA fragments. Ligation products were transformed into DH10B competent cells
(Stratagene) and grown on solid LB medium with 100 pg ml™ ampicillin at 37 °C overnight.
Single clones from each library were picked and placed into two to three 384-well plates
containing freeze-broth and 100 pg ml™" ampicillin. The bacteria were cultured overnight at
37°C. Each 384-well plate was replicated onto a membrane which was put on top of solid LB
medium containing 100 pg ml™ ampicillin and cultured overnight at 37°C. On the second day,
the colony membranes were denatured and neutralized before baking at 80°C for 2 h. Baked
colony blots were hybridized to a->*P-labeled BBM-like probes as described in BAC library
screening. Positive subclones were sequenced using both the T7 and M13REV primers at the
University of Georgia Office of Research Services.
Sequencing Data Analysis

Sequences were analyzed using VectorNTI Advanced 8 (Invitrogen). Sequences were
trimmed of vector and assembled into contigs using ContigExpress in the VectorNTI package.

Contig sequences from C1400 and C1500 were aligned with DNA sequences of ASGR-BBM-like
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genes, EU559279 and EU559278, with AlignX in the VectorNTI package. The nucleotide
sequences of the two N-ASGR-BBM-like genes were analyzed with the rice gene prediction

program at RiceGAAS (http://ricegaas.dna.affrc.go.jp/ust/) for predicted transcripts and proteins.

The nucleotide sequences were used to perform phylogenetic analysis using the neighbor-joining
method and the Kimura 2-parameter model with 1,000 bootstrap replicates. The predicted
protein sequences were used to perform phylogenetic analysis using the neighbor-joining method
and the PAM matrix model with 1,000 bootstrap replicates.
Tissue Collection for RT-PCR
Root and leaf tissues

Seeds of B-12-9 and B-2s were germinated in Petri dishes with pre-wet filter paper in the
growth chamber at 28°C for one week. Germinated seeds were then planted individually in
small pots and allowed to grow for 6 weeks. Roots and leaves were collected in liquid nitrogen
for total RNA extraction.
Ovaries and anthers

Young inflorescences from vegetatively propagated B-12-9 and B-2s grown in the
greenhouse were covered with pollinating bags during the flowering season to prevent cross-
pollination. The bagged heads were checked every morning to select tissue for the collection
stages, which included one day before pollination (DBP), the day of pollination (DOP) and one
day after pollination (DAP). At DBP, where the stigmas were fully exserted and the anthers had
not yet exserted, about 50 spikelets from the middle half of the head were collected. Sixty
ovaries and thirty anthers were then dissected from the hermaphroditic florets and collected in
RLT buffer (RNAeasy Mini kit, QITAGEN). The remaining part of the head was checked the

following morning to confirm the DBP stage. At DOP, the anthers had begun to exsert but
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collection was prior to pollen shed. DAP was defined as one day after pollen shed. Each tissue
type was collected with independent triplicates.
Semi-quantitative RT-PCR

Total RNA samples were treated with deoxyribonuclease I (DNase I, Invitrogen) and
quantified with a Nanodrop spectrophotometer (Thermo Fisher Scientific Inc., Wilmington, DE,
USA) before first-strand cDNA synthesis following the manufacturer’s protocol of First-strand
cDNA Synthesis kit (Invitrogen). RT-PCR reactions were performed in a total volume of 20 pl
containing 2 pl of first-strand cDNA, 1 uM of each primer, 1X PCR buffer, 1.5 mM MgCl,, 0.2
mM dNTPs, and 1 unit of Taq DNA polymerase (Sigma). The reaction was denatured at 94°C
for 5 min and then subjected to different cycles of 94°C denaturation for 30 seconds, 53°C
(P779/P780: 5'-TATGTCACGACAAGAATATG-3"'/ 5'-TGTAACCATAACTCTCAGCT-3';
P1333/P1334: 5'- AAAGCAGCGGGTTTTCTC-3"'/5'- GATTCAGCACCGTAGCCA-3'") or
59°C (P1554/P1555: 5'- AGGGTGGTGCCAAGAAGGTTA-3"/5'-
GTAGCCCCACTCGTTGTCGTA-3") annealing for 30 seconds, and 72°C extension for 1 min.
To determine the cycle numbers of the linear range of the PCR for different primers, PCR
products were collected after 22, 25, 28, 31, 34, 37 and 40 cycles and separated on agarose gel.
Twenty-one cycles and 37 cycles were determined for the internal control glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and for both ASGR-BBM-like and N-ASGR-BBM-like genes.
Within each experiment and for each gene analyzed, the complete set of samples was processed
in parallel in single PCR using aliquots of the same master mix. RT-PCR experiments were
carried out on six types of tissue from the two genotypes of buffelgrass. Each set of RT-PCR
reactions was performed in triplicate and each time point/tissue was processed with biological

triplicates. RT-PCR products were separated on a 1.5% agarose gel and stained with ethidium
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bromide. Gel images were taken with the Molecular Imager Gel Doc XR System (Bio-Rad
Laboratories, CA) and the pixels of each band were quantified with ImageQuant software.
Cloning and Sequencing of RT-PCR Products

The RT-PCR products from B-12-9 DOP ovaries with ASGR-BBM-like and N-ASGR-
BBM-like specific primers were separated with 1.5% agarose gels (Invitrogen) and purified with
QIAquick PCR purification kit (QTAGEN). Purified fragments were ligated with the PCR4-
TOPO vector (Invitrogen) and transformed into One Shot TOP10 E. coli DH5a competent cells
via the heat-shock method following the manufacturer’s instructions (Invitrogen). Single
colonies were selected for sequencing. Sequencing was carried out with a CEQ 8000 Genetic
Analysis System.
Light Microscopy Observation of Cleared Pistils

Pistils at stages of DBP, DOP and DAP were fixed in FAA and cleared with methyl
salicylate according to Young’s protocol (Young et al., 1979). Whole cleared ovaries were
mounted in the same clearing media and observed with differential interference contrast (DIC)
optics of an Axioskop 2 plus microscope (Zeiss, Jena, Germany).
Statistical Analysis

Analysis of variances (ANOVA) was performed to determined differences in expression
levels at different stages. The significant level was set at @ = 0.05. All statistical analysis was
carried out with SAS 9.1 (SAS Institute Inc., Cary, NC, USA).

Results

Identification of N-ASGR-BBM-like Genes in Buffelgrass

A BAC library of apomictic buffelgrass B-12-9 was screened with the probes containing

5’-end, AP2 domain and 3’-end sequences of previously identified ASGR-BBM-like to identify
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the other possible BBM-like genes existing in buffelgrass. Twenty-seven BAC clones in total
hybridized with individual probes while eighteen clones hybridized to all the three probes,
indicating that these BAC clones possibly contained the full sequences of BBM-like genes (Table
4.1). Six out of eighteen were the previously identified BAC clones containing the ASGR-BBM-
like genes; therefore, the remaining twelve BAC clones should contain genes similar to the
ASGR-BBM-like gene in sequence but located outside of the ASGR. These genes were named
non-ASGR-BBM-like (N-ASGR-BBM-like).

Southern blot analysis was conducted to confirm the existence of N-ASGR-BBM-like
genes and estimate their copy numbers in buffelgrass. The AP2 domain containing probe,
which also was used in BAC library screening, hybridized to two common fragments in sexual
B-2s and apomictic B-12-9 buffelgrass and to an additional unique fragment in B-12-9 (Fig. 4.1).
ASGR-BBM-like genes exist only in apomictic B-12-9 which is confirmed by PCR with ASGR-
BBM-like specific primers P779/P780; therefore, the unique fragment corresponded to ASGR-
BBM-like and the signals found in both genotypes were classified as N-ASGR-BBM-like signals.

The majority of 21 N-ASGR-BBM-like containing BAC clones were further subdivided
into two groups based on HindIII fingerprinting (Fig. 4.2a). The putative BAC contigs were
confirmed by the hybridization patterns of HindIII-digested BAC DNA to the mixture of the
three ASGR-BBM-like probes (Fig. 4.2b) and ECORV-digested BAC DNA to the AP2 domain
containing probe (Fig. 4.2¢). In order to obtain the sequences of the N-ASGR-BBM-like genes,
one BAC was picked from each of the two major groups for shotgun library construction and
named as C1400 (original BAC address: C091M03) and C1500 (original address: C164L.13),
respectively (shown in Fig. 4.2b with arrows). Shotgun library screening with the three ASGR-

BBM-like probes identified 20 positive subclones from C1400 and 23 positive subclones from
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C1500, respectively. Sequencing of the positive subclones yielded 55 and 49 high quality
sequences from C1400 and C1500, correspondingly. Two contigs were assembled from C1400
sequences with lengths of 3825 bp and 1396 bp while one contig with a length of 5777 bp was
assembled from C1500 subclone sequences. Based on the DNA sequence similarity with the
coding region of CCASGR-BBM-likel and CcCASGR-BBM-like2 sequences, two N-ASGR-BBM-
like genes were identified: the CCASGR-BBM-1ike1400 gene derived from BAC C1400 contains
3222 bp and the CcCASGR-BBM-like1500 gene derived from BAC C1500 contains 3355 bp.
Comparative Sequence Analysis between CCASGR-BBM-like and CcN-ASGR-BBM-like
Genes

Alignment of the four BBM-like genes from buffelgrass is shown in Figure 4.3 and the
similarity among these four genes is shown in Table 4.2. CcN-ASGR-BBM-like genes shared
70% (C1400) and 68-69% (C1500) nucleotide sequence identity with CCASGR-BBM-like while
there is 95% identity between the two CCN-ASGR-BBM-like genes. A phylogenetic tree of the
four C. ciliaris BBM-like genes was derived based on the nucleotide sequence similarity (Figure
4.4).

When analyzed with the rice gene prediction program at RiceGAAS

(http://ricegaas.dna.affrc.go.jp/ust/), both of the two N-ASGR-BBM-like genes were predicted to

contain seven exons (highlighted in red in Fig. 4.3) and two AP2 domains (highlighted with pink
rectangles in Fig. 4.5), similar to the two CCASGR-BBM-like genes (Fig. 4.3 and Fig. 4.5). The
two N-ASGR-BBM-like genes differ in both predicted coding and non-coding regions with the
majority of the difference found in the non-coding region and the seventh exon. One nucleotide
change in the seventh exon of CcCN-ASGR-BBM-like1400 caused a potential stop codon

(highlighted in pink rectangle in Fig. 4.3) resulting in a shorter protein. The predicted splicing
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pattern for each gene is shown in Figure 4.5. CcN-ASGR-BBM-like1400 and CcASGR-BBM-
like1500 encode 573 amino acid and 627 amino acid proteins, respectively, and they share 89%
identity. Alignment of the predicted amino acid sequences from all four C. ciliaris BBM-like
genes showed that the similarity between CCN-ASGR-BBM-like and CcCASGR-BBM-likel were
64% (C1500) and 60% (C1400) while they shared 56% (C1500) and 52% (C1400) identify with
CcASGR-BBM-like2 (Fig. 4.6 and Table 4.3). Predicted splice site changes in exons 2, 3, 4 and 5
caused the main difference between CcCN-ASGR-BBM-like and CCASGR-BBM-like predicted
proteins. The structure of the phylogenetic tree of the predicted amino acid sequences was
similar to that of the genomic sequences with the two ASGR-BBM-like genes classed in one
subgroup separate from the two N-ASGR-BBM-like genes (Fig. 4.7).

When the two AP2 domains were analyzed, we found that the second AP2 domain was
highly conserved among the four genes with only one amino acid change between CcN-ASGR-
BBM-like and CcCASGR-BBM-like (Fig. 4.6) and this domain is identical between the two CcN-
ASGR-BBM-like proteins as well as between Cc-ASGR-BBM-likel and CcCASGR-BBM-like2.
The case with the first AP2 domain is quite different. Predicted splicing site changes caused a
deletion of part of the first AP2 domain in CCASGR-BBM-like2 protein and an insertion in the
middle of the first AP2 domain in CcCN-ASGR-BBM-like proteins (Fig. 4.6).

Expression Patterns of CCASGR-BBM-like and CcN-ASGR-BBM-like Genes

Semi-quantitative RT-PCR with CCASGR-BBM-like/CcN-ASGR-BBM-like specific
primers showed that both CCASGR-BBM-like and CcN-ASGR-BBM-like genes were expressed in
roots and anthers with similar expression levels (Figure 4.8a and 4.8b). There was very low
expression of CcN-ASGR-BBM-like in leaves of B-2s while no expression of CCASGR-BBM-like

in leaf tissue of B-12-9 was detected (Figure 4.8a and 4.8b). In B-12-9 ovaries, expression of
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CcASGR-BBM-like was up-regulated upon pollination with more than 3-fold increase at DAP,
whereas there was no significant difference in expression between DBP and DOP (Table 4.4).
The expression of CCN-ASGR-BBM-like in B-12-9 ovaries at the three stages analyzed was quite
different in comparison to the expression of CCASGR-BBM-like (Figure 4.8c). There was no
detectable expression at DBP and DOP and even at DAP the transcript level was only about 7%
of CCASGR-BBM-like (Table 4.4). In B-2s ovaries, the expression of CCN-ASGR-BBM-like was
significantly up-regulated after pollination as well (Figure 4.8d); the expression at DAP was
about 3 times more than that at DBP or DOP with no significant difference between DBP and
DOP (Table 4.4). The average value of three biological replicates also showed that the
expression of CCASGR-BBM-like in B-12-9 ovaries was higher that that of CcCN-ASGR-BBM-like
in B-2s ovaries at each stage we analyzed (Table 4.4).

Small scale sequencing of RT-PCR products amplified from B-12-9 DAP ovary with
primers P779/P780 and P1333/P1334 returned with 16 and 13 good quality sequences amplified
from CcCASGR-BBM-like and CcN-ASGR-BBM-like specific primers, respectively. After
alignment with the predicted cDNA sequences, we found that 3 out of 16 CCASGR-BBM-like
sequences actually matched the predicted cDNA of CCASGR-BBM-like2 and the other 13
matched CCASGR-BBM-likel. In the group of CcN-ASGR-BBM-like sequences, 3 out of 13 had
a 100% match with CCNASGR-BBM-like1400 and the remaining 10 sequences were from CcN-
ASGR-BBM-like1500.

Embryo Sac Observation in Ovaries
Fifty whole-mounted cleared pistils of B-12-9 at stage DOP were observed for the

number of embryo sacs present in each ovule and the state of the egg cells. The number of
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embryo sacs in each ovule varied from one to four with an average of 1.9. Conspicuous egg cells
with vacuoles and a clear nucleus were observed in each of the ovules examined.
Discussion

Sequence Analysis of BBM-like Genes

Analyzed with the gene prediction program at RiceGAAS, the four BBM-like genes from
buffelgrass were all predicted to produce translatable transcripts with predicted proteins
containing two AP2 domains. Different splice site predictions caused differences in the first
AP2 domain among the four genes analyzed. The predicted first AP2 domain in Cc-ASGR-
BBM-likel had the highest similarity to the AP2 domain in BhnBBM1 and BnBBM2 genes and
contained most of the conserved amino acid residues. Thus the differences in splice sites could
either be real and biologically significant or prediction errors. Prediction artifact seems more
likely based on our unpublished data from the PSASGR-BBM-likel (EU559277) gene. The full-
length cDNA of PSASGR-BBM-likel gene obtained by rapid amplification of cDNA ends
(RACE) had an additional small exon of 9 bp (3 amino acids) compared to the predicted cDNA.
To confirm the authenticity of the predictions, the cDNA sequences covering the first AP2
domain will have to be obtained by RACE.
Gene Expression during Embryogenesis

In apomixis the unreduced embryo spontaneously develops from the unreduced egg cell
without the fertilization of the egg by a sperm, i.e., via parthenogenesis (Koltunow, 1993;
Koltunow and Grossniklaus, 2003; Ozias-Akins, 2006). With the increasing intensity of research
towards unveiling the genetic control of apomixis, a hypothesis has been brought to

developmental biologists that apomixis arises through deregulation of the sexual developmental
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pathway. Thus, the genes functioning in signaling pathways for zygotic embryogenesis may also
be relevant to parthenogenesis.

Attempts to identify genes controlling embryogenesis have led to the isolation of a
number of genes that play important roles in this developmental process, including LEAFY
COTYLEDON (LEC) (Meinke et al., 1994; Fambrini et al., 2006; Braybrook et al., 2008),
SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK1) (Hecht et al., 2001; Nolan et al.,
2009), WUSCHEL (WUS) (Zuo et al., 2002; Su et al., 2009) and BABY BOOM (BBM) (Boutilier
et al., 2002; Malik et al., 2007; Passarinho et al., 2008). Overexpression of BnBBM induced
somatic embryo formation on leaf tissues of Arabidopsis (Boutilier et al., 2002). BnBBM1 was
one of the embryo-expressed genes transcribed in microspore-derived embryos of Brassica
napus during the induction and development stages and also in developing zygotic seeds (Malik
et al., 2007). Ectopic BBM expression in tobacco also activated cell proliferation pathways
(Srinivasan et al., 2007). Characterization of one BBM-like gene EgAP2-1, isolated from oil
palm, suggested that it was an important regulator in both zygotic and somatic embryo
development (Morcillo et al., 2007). Identification of target genes directly activated by BBM in
Arabidopsis seedlings suggested that BBM played a role during cell proliferation and growth by
activating a complex network of developmental pathways (Passarinho et al., 2008). All these
functional analyses of BBM suggest that it plays a key role during embryo development in plants.
The apomixis linked candidate gene ASGR-BBM-like is an AP2 domain containing gene and its
nucleotide sequence and predicted protein sequence showed high similarity to BBM genes from
rice, Medicago, Brassica and Arabidopsis, which also contain two AP2 domains. Semi-
quantitative RT-PCR showed that CCASGR-BBM-like had continuous expression in aposporous

ovaries before and after pollination with a significant increase after pollination. The sequence
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similarity with conserved domains and the expression pattern of CCASGR-BBM-like indicate its
potential to function during parthenogenesis.
Differences in Transcription between ASGR-BBM-like and N-ASGR-BBM-like Genes

Allelic variation can cause dramatic phenotypic differences. One example is fw2.2, a
fruit weight key quantitative trait locus (QTL) for domestication of tomatoes, modulating the
tremendous fruit size change and shape variation between wild and domesticated tomato species
(Cong et al., 2002; Nesbitt and Tanksley, 2002; Tanksley, 2004). It has been indicated by
comparative sequence analysis that the fruit weight variation attributable to fw2.2 is likely
modulated through the transcriptional variation associated with the changes in gene regulation
rather than in the FW2.2 protein itself (Nesbitt and Tanksley, 2002). A pair of nearly isogenic
lines was subjected to detailed developmental analysis to investigate the consequences of
regulatory difference in fw2.2 alleles on fruit size change (Cong et al., 2002). The results
showed that alleles corresponding to large and small fruit differed in timing of peak expression
by about one week. Moreover, the total transcript level differed between the alleles as well.
Thus it was suggested that the heterochronic allelic variation, combined with quantitative
differences in total transcript levels, accounted for the major difference in tomato fruit weight
(Cong et al., 2002).

The expression of both CCASGR-BBM-like and CcN-ASGR-BBM-like in root and anther
was strong, similar to BnBBM1, which was also highly expressed in root tissue (Malik et al.,
2007). This suggests a potential role in stimulating cell proliferation for both ASGR-BBM-like
and N-ASGR-BBM-like, which was reported for the BBM genes in Arabidopsis and tobacco
(Boutilier et al., 2002; Srinivasan et al., 2007). However, expression in ovaries was quite

different between CCASGR-BBM-like and CcN-ASGR-BBM-like. In B-12-9, transcript levels of
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CcASGR-BBM-like were low at stages DBP and DOP, but the transcript level increased about
four-fold at DAP compared to the earlier stages. In contrast, there was no detectable
transcription of CcCN-ASGR-BBM-like at DBP and DOP until stage DAP, in which it started to
show a very low level of transcription. In aposporous ovaries transcription of CCASGR-BBM-
like and CcN-ASGR-BBM-like differs in both the timing and the amount, e.g. the difference was
both qualitative and quantitative. When the expression pattern of CCN-ASGR-BBM-like in the
three stages of B-2s (sexual) ovaries was analyzed, we found that it was somewhat similar to that
of CCASGR-BBM-like in B-12-9 (aposporous) ovaries. There was low expression at the first two
stages with an increase at stage DAP, although the increase was much slower for CcN-ASGR-
BBM-like in B-2s. Whether the transcription differences are caused by protein interactions or
heterochronic regulatory changes is still unknown. The sequence variation between CCASGR-
BBM-like and CcN-ASGR-BBM-like was sufficient to classify them into two different branches
of the phylogenetic tree and the predicted splicing changes also resulted in protein differences,
especially in the first AP2 domain region.
Correlations between Gene Expression and Parthenogenesis in Buffelgrass

Based on semi-quantitative RT-PCR data, expression of CCASGR-BBM-like in apomictic
ovaries was earlier and more abundant than that of CCN-ASGR-BBM-like. In order to check the
possible correlation between the CCASGR-BBM-like expression and precocious aposporous
embryo development, ovaries at DOP were cleared and observed under a microscope. Although
there were no well-formed proembryos observed in the ovules, varied numbers of conspicuous
egg cells (one to several) with clear nuclei were observed in each ovule examined.
Parthenogenetic development of the egg cell in unpollinated ovules of buffelgrass has been

reported while the variable frequencies of proembryos observed suggested that parthenogenesis
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could be initiated at different times (Vielle, et al., 1995). Since the frequency of precocious
embryo formation could vary from 7% to 27% between two different genotypes studied, our
observation could be result of different genotypes. The cytoplasmically rich egg cells had
cytological characteristics of activated egg cells and could have initiated parthenogenesis.

In aposporous buffelgrass ovaries, transcription of CCASGR-BBM-like was intiated before
pollination and up-regulated upon pollination with a significant increasement at one day after
pollination; however, the expression of CCN-ASGR-BBM-like was not detected before pollination
and the transcription level at one day after pollination was significantly lower than that of
CcASGR-BBM-like at the same stage. In contrast to that, the expression of CCN-ASGR-BBM-like
in sexual buffelgrass ovaries was detected before pollination and the expression pattern was
similar to that of CCASGR-BBM-like in aposporous ovaries with a lower transcription level at
each of the stage analyzed. With respect to the important role of BBM genes in induction of
embryonic cell development in sexually reproducing plants and the different expression patterns
of CCASGR-BBM-like and CcN-ASGR-BBM-like in aposporous ovules, it seemed that CCASGR-
BBM-like may affect the expression of CCN-ASGR-BBM-like in aposporous ovules and involve
in the initiation and/or maintenance of parthenogenesis of aposporous embryo. The expression
data of CcN-ASGR-BBM:-like in sexual buffelgrass, B-2s, indicated its potential function in
zygotic embryogenesis. Functional knock down experiments by RNA interference (RNA1) also
suggested that ASGR-BBM-like promoted aposporous embryo initiation and development in
Pennisetum squamulatum (unpublished data); however, additional functional analysis of both
CcASGR-BBM-like and CcN-ASGR-BBM-like in buffelgrass will be necessary to confirm this

hypothesis.
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Table 4.1 BAC library screening result.

Hybridization of buffelgrass BAC library with 3 different probes containing 5’-end, AP2 domain
and 3’-end sequences of ASGR-BBM-like identified 27 BAC clones, 6 of which were previously
identified and confirmed to contain ASGR-BBM-like. We assumed that 21 other BAC clones
potentially contained other BBM-like gene(s) located outside of ASGR, which were designated
as N-ASGR-BBM:-like. Note: 1 stands for positive and 0 stands for negative.

probes calling address BAC ID notes
5’-end AP2 3’-end
1 1 C026A16 C100 ASGR-BBM-like

C096L01 Cc1o1 ASGR-BBM-like
C096N18 C102 ASGR-BBM-like
C127L23 C103 ASGR-BBM-like
C148015 C104 ASGR-BBM-like
Cl1671L.21 C106 ASGR-BBM-like
C140D11

C104G20

C111M03

C123G07

C135116

C106KO01

C164L13 C1500

C167006

C004A05

C057D17
C091M03 C1400

C065L24

C070G19

C149G22

C020K 14

CO87F23

C114E08

CI127E07

C165H03

C067001

C099L17

bt ek ek ek ek ek ek ek pmd ek e ek bk ek ek ek ek ek ek ek e e ek ek ek ek

O O O OO OO OO = e et e e e e e e e e e e
O O O OO OO o e e e e e e e e e e e e e e e

126



Table 4.2 Similarity of genomic sequences (from predicted start codon to stop codon) among the
BBM-like genes.

CCcASGR-BBM-  CCASGR-BBM- _ CCN-ASGR-BBM- __ CcN-ASGR-
like2 likel like1400 BBM:-like1500
CcASGR-BBM- 100 08 70 68
like2
CcASGR-BBM- 100 70 69
likel
CcN-ASGR-BBM-
like1400 100 95
CcN-ASGR-BBM-
like1500 100
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Table 4.3 Similarity among the BBM-LIKE genes FGENESH predicted transcripts.

CCASGR-BBM- _ CCASGR-BBM- _ CcN-ASGR-BBM- _ CCN-ASGR-BBM-
like2 likel like1400 like1500
CcASGR-BBM- 100 89 52 56
like2
CcASGR-BBM- 100 60 64
likel
CcN-ASGR-BBM-
like1400 100 89
CcN-ASGR-BBM-
like1500 100
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Table 4.4 BBM-like genes expression level by the ratio to GAPDH.
and the standard errors are in parentheses.

Values denote means

DBP
DOP
DAP

B-12-9

CcASGR-BBM-like

0.11 (0.02)
0.10 (0.03)
0.43 (0.02)

CcN-ASGR-BBM-like

0.00 (0)
0.00 (0)
0.03 (0.01)

B-2s

CcN-ASGR-BBM-like

0.05 (0.01)
0.04 (0.01)
0.15 (0.02)
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Figure 4.1 Southern blot analysis. With ECORV digested genomic DNA and AP2 domain
containing probe, a Southern blot showed that there were two common bands between B-2s and
B-12-9 while there was one specific band only showing in B-12-9. Left lane is B-2s and right
lane is B-12-9.
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Figure 4.2 Fingerprinting analysis. 2a, HindIlI-digested BAC fingerprinting image; 2b, HindIII-
digested BAC fingerprinting gel hybridized to the mixture of the three probes; 2¢, ECORV-
digested BAC clones hybridized to the probe containing the AP2 domain. M: DNA ladders,
which is a mix of the Hi-Lo Marker, HindIII digested lambda DNA, and Sall and Stul digested
lambda DNA; 1-4: C065L24, C165H03, C004A05, C106KO01; 5-8: CO087F23, C091MO03,
CI127E07, CI135116; 9-12: C114E08, C140D11, C104G20, C164L13; 13-16: C167006,
C020K14, C067001, C123G07; 17-20: C111MO03, C057D17, C149G22, CO099L17; 21:
C070G19.
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CeN-ASGR-BEM-like1400
CeN-ASGR-BEM-like1500
CcASGR-BEM-like2
CrcASGR-BBM-liket

Section 1

(1) 1 10 20 30 40 50 50 70 gt
{1} ATGGGTTCCACCAACAACTGGCTGGGCTTCGCCTCGTTCTCCGGCGGCECCG———— —— ATGACGCCGCAATCCTIGCCCCCGCTIGE
{1} ATGGGTTCCACCAACAACTGGCTGEGCTTICGCCTCGTTCTCCEGGCAGCECCG-————— ATGACGCCGCAATCCTGCCCCCGECTIGE

(1) ATGGGTTICCACCARCAACTGGCIGCGCTTCGCCTICGTTICTCCGGCGECEECGGCGCCARGEATGCCGCGGCCCTGCTCCCECTGE
(1) ATGGGTTICCACCARCAACTGGCIGCGCTTCETICTICGTTICTCCGGCGECEECGGCECCARGEATGCCGCEGCCCTGCTCCCECTGE

Caonsensus 1) ATEGETTCCACCARCAACTGGCTSEGCTICECCTCETTCTCCEGCEECEGCEGCECCARTGATGCCGLGGTCCTECTCCCECTGE

Section 2

(86) 86 100 110 120 130 140 150 160 17C

CcN-ASGR-BBM-like1400 (80) CGICGTCGCCCCETIGECRARATGT—--——— GECCGGERAGCGGAGCCGAAGCTGGAGGACTTICTCGGCTITGCAGGAGCCGECTGCCGE
CcN-ASGR-BBM-like1500 (80) CGTCGETCGCCCCETGECGATGT—-———— GECCGGRAGCGGAGCCGAAGCTGGAGGACTTICTCGGCTITGCAGGAGCCGECTGCCGT

CcASGR-BBM-like2
CcASGR-BBM-liket

(8B) CGCCCTCGCCCCEIGGCGRATGTCGACGAGGCCGGCGCAGAGCCGARGCTCGAGGACTICCTCGECCTGCAGGAGCCGAGIGECCGE
(86) CGCCCTCGCCCCGTIGGLGATGTICGACGAGGCCGGCGCAGAGCCGRAAGCTCGAGGACTICCTCGGCCTGCAGGAGCCGRAGCGCCGE

Consensus  (86) CGTCGTCGCCCOGTIGGLGATGTCGACGAGGCOGGLGIGEAGCCGRAAGC TGGAGGACTTITCTCGGCITGCAGGAGCCGEETGCCGE

Section 3

(171) 171 A80 180 200 210 220 230 240 25F

CcN-ASGR-BBM-like1400 (1509) CG———————————— GCCGGCCGTITCGIGBETACCGGCGGCGCGAGCTCCATCGGTICTIGICCATGATAAAGRAACTGECTGCGCAGE
CcN-ASGR-BBM-like1500 (158) CG-——————-—————— GCCGGCCGTITCGEIGBETACCGGCGGCGCGAGCTCCATCGGTICTGICCATGATAAAGRAACTGECTGCGCAGE

CcASGR-BEM-like2
CrcASGR-BBM-liket

(171) CGCGGETEGEGEECTEGGCGGCCATTCGCGETEEGIGGLGETGCGAGCTCCATCGGGCTGTCCATGAT CALGAACTGGCTGCGCAGT
(171) CGCGGETGEEEEECTGEECGECCATTICGCGEIGEEIGECGETECEAGCTCCATCGGECTIGTICCATGATCAAGAACTGGCTGCECAGE

Consensus (171) CGCGETGEEEEECTIGEGCEECCGTTCGTGETI TG IGGC GG TGCEAGCTICCATCGGICTGTCCATGATCALGRAACTGECTECECRAGE
Section 4
(256G) 256 270 280 280 300 310 320 330 34C

CeN-ASGR-BBM-like1400
CeN-ASGR-BBM-like1500
CcASGR-BBM-like2
CcASGR-BBM-liket

(232) CAGCCGGECGCCGEIL---GOCTACTGCEGEEGETCGATICGATGECGCIGEIGELCGLGGCEECEGTGACGECTIGAGGALLGTGETR
(232) CAGCCGGCGCIGCRA-—-GCCTACTGCGEEEETCGATTCGATGGCGCIGEIGGCGGCGGCGECEGGTGACGCCTGAGGRARLGTERETA
(256) CAGCCEECECCEECCGEECCTGCTECEEEEETCGATTCGATEETGCTGECEGEGLEGECGEGCEECETCGACG———-GAGE—————————~
(256) CAGCCEGECECCEECCGEECCTGCTECGEEEETCGATTCGATEETGCTGGCGGCCGCGEGCGECETCGACG——-GAGG—————————

Consensus (256) CAGCCGGCGCCGECCGEGECTGCTGCGEGEETCGATTCGATGETECTGGTGECGGCGECEECETTGACG CTGAGGARAGTGGTA
Section 5
(341) 341 350 360 270 380 390 400 410 42t

CcN-ASGR-BEM-like1400
CcN-ASGR-BEM-like1500
CcASGR-BEM-like2
CcASGR-BEM-liket
Consensus

(314) AGCTAGCCGLCGECEGECGIGAAGLAGCEGCEECGCCETGETTGACGCEGCGCAGCAGAGLAAGECEGCCECGECGETEGACACETT
(314) AGCTAGCCGLACGECEGCGIGAAGLAGCGGCEECGCCETGETTGACGCEGCGCAGCAGAGRAAGGECEGCCECGECGETAGACACETT
(329) ---TGEECCEECGLTIGGCGCGGAGEGCEGCEECECCETGECTGACGCEGTIGCAGCAGAGEAAGECEGC---GECGETEGACACTTT
(329) - —-TGECCGECGATGGCGCGGAGGGCGECGECGCCGTGECTGACGCGGTGCAGCAGAGGARGEGCGGC— - - GGCGGTGGRACACTTT

(31) AGCIGECCEECEE TG LT EGAGGECEECEECECCETGETTGAC o GG TGCAGCAGAGEAAGECEGCCECEECGETEEACACTTT
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CcN-ASGR-BEM-like1400
CcN-ASGR-BEM-like1500
CcASGR-BEM-like2
CcASGR-BEM-liket
Consensus

Section &
(426) 426 440 450 A60 470 490 500 a51C
(399) CGEGECCAGCGERC AT CC AT CTACC GO GG CETCACAAAGTAGETTICTIGATITTI - - - - - —— - TTTGGARCARCACCTCTATATATCTT
(3989) CGGCCAGCGERACATCCATCTACCGCEECETCACAAAGTAGETTICTIGATITI - ——— - —— - TTTGGARCAARCARCCTCTL
(408) CGAGCAGCCEACCTCCATATACCGCEECETCACARAGTAGGTTICTTIGATT TTGETTTTIGGRARARRALTTCT-TCTTT

(408) CEGEGECAGCEEACCTCC AT AT ACCGCEECETCAC A A AGTAGGTTICTTIGATITIATITIGETTTIGGALRLALTTICT-TCTTIT
(426) CGGEGCAGCGERACCTCCATCTACCGCGECETCAC AR AGTAGSTTCTTGATTTTATITTIGETTTIGEACAACTTCTCTCTTTIGTTITT
Section 7

CcN-ASGR-BEM-like1400
CcN-ASGR-BEM-like1500
CcASGR-BEM-like2
CcASGR-BEM-like1
Consensus

(511) 511 540 260 280 59

CCTITITGTT
CITGZIGTITARR

- -

ITRGATGCATGI

(476) CTCGETTCT TARCCCTITITIGIIGGEIG TIG-TGCCTIGGEATGCCTIGATRACGGGITCAGTITATIT
(476) CTCETTCT GIIG-TGCCIG TRETTIT
T

492
492)
(511)

TITICIGTT

o

1 TIGCT
TTRGATGCATGT LT -G GCTTTITCTIGTIGCT
TGIGGTATCTCTITITIGTITIGGIGTIIGITITIGGTITIGATGCCTIGICTTCCTIGTIIGCTITITITCTITITIITITIIT
Section &

TICIGTIT

TICIITTITT

CcN-ASGR-BEM-like1400
CcN-ASGR-BEM-like1500
CcASGR-BEM-like2
CcASGR-BEM-liket
Consensus

(596) 596 510 £30

G40

o
(4]
=]

670

GaC

(560) CTGEETCTTT-GECETTIN CATTTGGAC---CA CCCCTITC-GTGAGCAGTAGATT---TTITITTITCC
(860) CTEGEETCTTT-GECETTIG ATTTGGAC---CA CCCCTITC-GTGAGCAGTAGATT---TTITITTITCC
(575) TTGAACCTTTIGECETTIGE STTITGGATRATACA CCCCTITTAGTAACCAGTAGATTICTTTITITIITIC
(875) TTGRACCTTTIIGECGETITITIGCAGET STTTGGATRATACA CCCCTITTAGTAACCAGTAGATTICTTITITITITICT
(896) TTGGGETCTTTITGECGTITITGCAGCTTCETTITIGEATATACR CCCCTITITAGTGAGCAGTAGATTICTTITITITITITCC

Section 9

CcN-ASGR-BEM-like1400
CcN-ASGR-BEM-like1500
CcASGR-BEM-like2
CcASGR-BEM-like1
Consensus

(681) 681 G20 700 J10 120 T6E

CcN-ASGR-BEM-like1400
CcN-ASGR-BEM-like1500
CcASGR-BEM-like2
CcASGR-BEM-liket
Consensus

(636) TACTCTITTT----————-—---———~- GTCACTGTTCTTIGATTCAS SCCCTTAGGCGTITIATGG--GACATAATCTC
(636) TRCTCTITTIT-----————=————~ GTTACTGTTCATGATTCAS CCCTTAGGCGTITTITATGG--GRACATRRTCTC
(660) TTTTCTITTTITGCTITTCGATGTTGTTAGTETTCTITGCATCA CTCTGATAT-TTTRZATGGACGATATCATCTC
(660) TTTTTITITTITITIIGCITICGATGTITGTIAGTIGTTICTITGCATCA CCTCTGATAT-TITAATGGACGATATCATCTE
(681) TTTTCTITTTITIIGCTITITCGATGTTIGTIAGTIGTTICTITGC I TCAGGCATGTITITIGCTCTTATGIGTIITTATGGACGATATCATCTE

Section 10

(766) 766 /a0 490 200 210 820 B30 240

oo
LT
=

(705) --GTGER----TLTGCCCTAGTTCTTGCTCRA--——— TGCCAATATTITITIIG------ ARCCTTATGRAATAGTITICTIIGTGCCGTITIG
(705) --GTGER----TLTGCCCTAGTITCTTGCTGRA--——- TGCCAATATTITITIIG------ ARCCTTATGRAATAGTITICTIIGTGCCGTITIG
(744) TAGTTCRAGTITITIGCICTIGCTICTTGTITIGTAGTIGETGC TARGATTTTITIT-AARARR AGTITCTIGT! CITIG
(744) TAGTTCRAGTITTIIGCICTIGCTCTTGTITGTAGTIGETGC TARGATTITITITTARRRAR GCAGTITCTIGTIGCIGITIG
(766) TAGTTGRAGTITTIIGCICTIGTITICTTGTTGTAGTGGTGCTAATATTTTITIIT AAAAAACCTTATGAGTAGTITICTIGTGCTICGITIG
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Section 11

(851) 851 260 93E

CcN-ASGR-BEM-like1400 e R - R e e PR

CcN-ASGR-BEM-like1500 R e e e e R et et et
CcASGR-BEM-like2 2 ; \T2A

CcASGR-BEM-liket

Consensus

CeN-ASGR-BBM-ike1400 (792) —— - —TGT---—--———————————- AR AC—m—mmmmmmmmmmmmmmmmmmm oo TGCTC
CeN-ASGR-BBM-ike1500 2 GAA . TGCTC
CcASGR-BEM-like2 TGETRCTGRAR ACRCCGCARACGCTICRACACGCCCTIARRAT CCEGETECRE
CcASGR-BEM-liket (B888) CTCATGTITCATITIGIGGATGTACTGRAR ACRCCGCACGCTICACRACGCCCTAARTCCCCEETZCAR
Consensus (936) CTCATGTTGATTITIGTIGGATGTACTGRAR ACRCCGCACGCTICACRCGCCCTAAATCCCCEETECTIC

Section 13

{1021) 1021 1030 1040 10560 080 1070 1020 1080 110¢

CcN-ASGR-BBM-like1400 (816) CTCCA---TT----—-—------ TEATTT-—————————————————————— CTETCA-—--———————————— TATL-——--—- TT
CeN-ASGR-BEM-like1500 (828) CTCCA---TT----—-—-———~- TEATTT--————————————————————— CTIGTCA-——--——————————~— TATZ----——— TT
CcASGR-BEM-like2 (998) CACCAGEGTIGTCCCCGATGGTEAT CEAACCCTGGELGGGTEGCCTARCCACCGTCAGCTCCCACCACGGAGCTATCAGCTCETTT
CcASGR-BEM-ike! (973) CACCAGGETITETCCCOGATGEGEATCGAACCCTGECEGETEGCCTARCCACCETCAR CCLCCEAGCTATCAGCTCETITT
Consansus (1021) CTCCAGEETTGTICCCCEATGGTEATTTALCCCTGELGGGTEGCCTARCCACTETICAG CCLC GAGCTATCAGCTCGEITT

Section 14
(1106) 1106 120 1130 1140 1150 160 1170 1180 1148C

CcN-ASGR-BEM-like1400 (841) GCGRAT------- GTLATTT  ATATTTITATALG-CTGGATTGTITCCATCTATCAT C ———————————m—m—mm—mo— - —— c
CcN-ASGR-BBM-like1500 (853) GCGAAT------- GTIAATTC A ATATTTTTATAAG-CTGGATTGTTCCATCTATCATC————mmmmmmm e e c
CcASGR-BEM-like2 (1083) GCCCATATTTCATGTGETACC TCEATATTTITATAT TTCTAGATTGCTETATCTATCITCTAGACTTATATAAGTGTTGCGCCAC
CcASGR-BEM-likel (1058) GCCCATATTITCGTGTIGETACT ATATTTTIATATITCTAGATTGCTGTATCTATCTITCTAGACTTATATAAGIGTIGCGECCAC
Consensus (1106) GCGCATATITCGTIGIGGTTCCTGGATATTTITATATTTCIGGATTGTITGTATCTATCTTCTAGACTTATATAAGTGTITGCGCCAC

Section 15

{1181) 119 1200 1210 1220 1230 1240 1250 1260 127E

CcN-ASGR-BBM-like1400 (894) TC-TACGTTTTI I GCCACCTIGTAAT A A TCGAG T AGRAAC CACCTCTTCCTICT I TCATAGTATTGTATCAACTAAATCAT--TCETGAL
CcN-ASGR-BBM-like1500 (906) TC-TACGTTTTI I GCCACCTIGTAAT A A TCGAGTAGRAAC CACCTCTTCCTICTITCATAGTATTGTATCAATTAAATCAT--TCETGAL
CcASGR-BEBM-like2 (1168) TCATACTTTITIACCECCIGTAAT---CEAGTAGRAACTGCITCCTCT--TTITGATTATATTGTATCAGTTRAAATGATCTTICTTIGTIT
CcASGR-BEM-liket (1143) TCATACTTTITIACCCECCIGTAAT - - - CoACGTAGRAC T GCITCCTCT —-TITCGATTATAT TG TATCACTTRAATGATCTTICTTICETIT
Consensus (1191) TCATAGT T TTI T GCCGCC TG TAAT AR TCGAGTAGARCTGCTITCTTCTITCITIGAT IGTAT TG TATCAGT TARAATGATCTTIGTTIGTT
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Section 16

{1276) 1276 1200 1300 1310 1320 1330 1340 1350 138
CcN-ASGR-BBM-like1400 (976) AATGTETTTATCA———————— TCATCATTGCATGAAGT LA —mmmm e e e CTLACTGGCTARATTTACLAGTG
CcN-ASGR-BBM-like1500 (983) AATGTETTTATCA———————— TCATCATTGC AT GAAGT LA mmmm e e e e TTGACTGGCTARATTTACLRRAGTG

CrASGR-BBM-like2 {(1248) GRATGTGETTTACCAC T T TACCATCACCATTGC AT GAL AT CAC T T C ARG ACATGTAT TCATGATT TG CGCTGGCTARATTTECTRAGTG

CCASGR-BBM-liket {(1223) GATGTGETTTACCAC T T TACCATCACCATTGC AT GAL AT CAC T T C ARG ACATGTAT TCATGATT TG CGCTGGCTARATTTECTRETG

Consensus (1276) GATGTGTTTATCACT T TACCATCATCATTGCATGAAGTCACTTCARGACATGTATTCATGATTTGGCTGGCTARATTTGCTAGTG

Section 17

{1361) 1361 1370 1380 1390 400 1410 1420 1430 144£

CcN-ASGR-BBM-like1400(1031) CCTGAT---—-—- GETRLL----TCTTTIGTCATTIGTIGCTTCTTIGTITATTCTITTCCTATCTCACCCCTTIGGECCTTATTCCTTRLRT

CcN-ASGR-BBM-like1500 {1043) GCTGAT-----—- GETALL----TCTTTGTCATTTGTGCTTCTTGTTATTCTTTCCTATCTCACCCCTTTIGGCCTTATTCCTTART

CcASGR-BEMHike2 (1333) GCRACATACATGTGGTALLARRATATTTITTAGTTITIGTGCT---TGCTATTICTITIICGGTIC--ATCCCTTCGIGCTIGT----TTAT

CCASGR-BBM-like1 (1308) GCACATACATGTGGTALRRARATATTTITAGTIIGTIGCT---TGCTATTCTTITICGGTC--ATCCCTTCGTIGCTIGT----TTAT

Consensus (1361) GCTGATACATGTGGTARLAR R ATCTTTTICGTITIGTGCTITCTTIGTIATTCTTITCIGTCTCATCCCTTTIGIGCTIGTTCCTTIAT

Section 18

{1448) 1446 1460 1470 1480 1490 1500 1510 1520 153C

CcN-ASGR-BBM-like1400 (1106) CCAGAACACCCALTCTGCTTC GTTGETCETCATCTTTCATGT TG CAGATATTTGTACTARACTATTGETT

CcN-ASGR-BBM-like1500{1118) CCAGAACACCCALTCTGCTTC GTTETCE AGLTATTTGTACTARACTATTGGECT
CcASGR-BBM-like2 (1409) CCAGAACACCCRATCTGCTTC TTTTTGRLTGCTAT! GRTATTGTTACTAARL

CCASGR-BBM-liket {1384) CCAGRALCACCCRATCTGCTTC TGCTATCL SAGARTATTGTTACTAAALGTTITGEECT

Consensus (1446) CCAGALRCACCCLATCTGCTTC TETTGTCETCATCTTT GLTATTTTTACTRARACTTTITGEECT

Section 19

{1531) 1531 1540 1550 1560 1570 1580 1580 600 161E

CCN-ASGR-BBM-like1400 (1191) TTGT TCCCARTAGGCATCGATGGACAGGLAGATACGAAGCACATCTTITGGGACALRTAGCTGCAGARGEGAAGETCAGACTCGCLE
CcN-ASGR-BBM-like1500(1203) TTGTICTICARTAGGCATCGATGGACAGGAAGATGCGAAGCACATCTTIGGGACARATAGCTGCAGRRAGEGRAAGGTCAGACTCGCAR
CcASGR-BBM-like2 (1494) TTGTCCTCARTAGGC AT AGAT TGACAGGRAAGCETATGAAGCCCATCTI TGS GACAATAGCTEGCAGARAGAGRAAGGTCAGACTCGEAR
CcASGR-BBM-liket (1469) TTGT CCTCARTAGGC AT AGATGEACAGGRAAGCETATGAAGCCCATCTITGGGACAATAGCTGCAGARGAGRAAGGTCARACTCGEAR
Consensus (1531) TTGTTCTCARTAGGC AT CGAT GEACAGGRRGETAT GRAAGCCCATCTITIGGGACARTAGC TG CAGRRAGGGRAGGTCAGACTCGGERE

Section 20

(1616) 1616 1630 4640 1650 1660 1670 1680 1690 170C
CcN-ASGR-BBM-ike1400 (1276) AGGAAGACAAGCTARTCATTATAATACALATAT I TA-——-TGCATTITCTA-—-TGTAGCAT TTTATTATIGAATGEE--GGTITT
CcN-ASGR-BBM-ike1500 (1288) AGGARGACAAGGTARTCATTATARTAGALACATTTA-———-TGCATTTCTA-—-TGTAGCAT TTTATTATTGAATGEE--GGCTTT
CcASGR-BBM-like2 (1579) AGGTAGACANGCGTAATGATTATAATATAGATAT TTAAATTTETAATTATARGCTGCATCATATTATTATTITATTAGATCGECTTT
CcASGR-BBM-like1 (1554) BGGTAGACARGGTAATGATTATAATATAGATAT TTAAATTTGTAATTATARGCTGCATCATATTATTATTTATTAGATCGGCTTT
Consensus (1616) AGGTAGACAAGGTAATGATTATAATATAGATAT TTAAATTTETATTICTARGCTGTATCATTTTATTATITATTGEETCGECTTT
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Section 21
{(1701) 1701 A710 A720 A730 A750 ATED 1770 178¢
CcN-ASGR-BEBM-like1400 (1352) GCAATTTTCTIETIGCTAACCAAATGTTTTGITTICIGI--——-- GETACCTGCAATCCCTTGACTCCATTARATCAGTGTATCTTIGET
CcN-ASGR-BEM-like1500 (1364) CAATTTTC CCAARATGTTTITETITIT -——-GETACCTGCRALATCCCTT CCATTAATTCAGTGTATCTTGGET
CcASGR-BEM-like2 (1664) LALATTT AEGTGTTTITICTITT TACCTGCAATCGCTTCATTCCATTGATTICAGTGTATCTTIGET

(s

cC

HE

HE

CcASGR-BEM-liket (1639) LAXAATTTCE ¥ AEGTGTTTITICITT CE VTACCTGCAATCGCTTCATT ATTCGATTCAGTGTATCTIGGET
Consensus (1701) GCRATTTTCTTITGCTAATTTAGTGTTITITITITTIGTTCATCGETACCTGCAATCGCTTGATT ATTGATTCAGTGTATCTIGGT

Section 22

(1786) 1786 1800 1810 1820 1840 1850 1860 187C
CcN-ASGR-BBM-like1400 (1432) 2AGTACTRAATRAR - - -LACRAT----- ATTGGTIITRCAAT TACTATTARTTI TACATCTRAATTTATATGTAGC - -GITGTITATGCR
CcN-ASGR-BBM-like1500 (1444) A GTACTRLT --RCRAT----- ATTGGTTITRCRATTACTAT TTTTACATCTARTTTICATGTAGC--GITGTITATGCRE

CcASGR-BBM-like2 (1749) LAGTARTACTTIGTITACAATTGCARLLTGGTAT GTIGTITICICATGTCA
CCASGR-BBM-liket (1724) RAGTALTACTIGCTITRACARAT IGCRARALRTGGTAT - —-ATCICTIGTTICTITICTICATIGTIC

L TRTATTRRRTATGIGGETTIGATGCR
CTRTATTARRTATGIGGTIGATGCR

Consensus (1786) AAGTACTACTIGT I TACEAT T GCARATTGET T TACAATTTCTTTITIGITTITTICATGTCATTTATATTTAGTATGTITGTTITATGCR
Section 23
{1871) 1871 1880 880 1900 A810 1520 1830 840 1958

CcN-ASGR-BBM-like1400 (1507) TTGAAGETGGATATGAT A AAGALGACGA R L GCEGCCAGAGCTTATGATCTIGC TGCTCTCALGTACTGGGECGCTACALCLAACTAC
CcM-ASGR-BBM-like1500 (1519) TTGRAAGGTGGAT A TGA T A A AGARGAGA R A GCEGCCAGAGCTTATGATCTIGC TGCTCTCARGTACTGGEGCGCTACARCAACTAC
CcASGR-BBM-like2 (1831) TTGRAAGETGELTATGAT AR AGAAGA L L A A GCAGC TAGAGCTTAGGAT T TAGC TGO TCTCALGTACCGEGGCACCACRRCTACTALC
CcASGR-BEM-liket (1806) TTGAAGGETGEAT AT GAT AR AGARGA L A A A GC AGCTAGAGCTTATGAT I TAGCTGCTCTICALGTACCGGEGCACCACAACTACTAC
Consensus (1871) TTGAAGET GG AT AT GAT A A A GAL G A G A A LG EGCTAGAGCTTATGATITIGCIGCTCTCARGTACTGEGGCGCTACALCTACTAC

Section 24
(1956) 1955 1570 1830 18490 2000 2010 2020 2030 204C
CcN-ASGR-BBM-like1400 (1592) AR ATTTICCGETACTARETATTTITTTCTI TG TA--TTCTACA-ATCTGTITTIATTTAT --ARTTT-TCACTCCATATCATGIAT

CcN-ASGR-BBM-like1500 (1604) ARATTTTCCEETRCTAL

--BRTTIT

CRCTCCATATCATGIAT

CCASGR-BBM-like2 (1916) RARTTTTCCGETATTAC ATGTTGGTTCTCCAGE TACTTCTAATATATAACTGCGTAT-ATGRAT
CCASGR-BBM-like1 (1891) BAATTTTCCGETATTAC \TATGTTGGTTCTCCAGAATTAATATTTTACTTCTAATATATAACTGCGTAT-ATGRAT
Consensus (1956) AARTTTTCCGGTATTACTTATTITITCTITGTTGGTTCTCCAGATTIGTTTTTT TATTTCTARTTTATCACTGCGTATCATGTAT

Section 25

(2041) 2041 2050 2060 2070 2080 2090 2100 2110 2128
CcN-ASGR-BBMHike1400 (1671) GAGTITTATARGATTITTTACATCAATGTICAGATGEGCAACTATCAAAALGAGT TGGARGACATGARGCATATGTCCCEACAGGA

CcN-ASGR-BBM-like1500 (1683) GAGT ITT AT ARGAT T T I T AR AT CA A TG T TCAGAT GGG CAACT AC G AR A A A GAGT I GGARGAGATGAAGCATATGTICCCGACLEGR
CcASGR-BEM-ike2 (2000) GAATGT T GTARGATTTIGCAT I T T AT G T T CAGAT GAGCAACT AT GA L A A GEAGTTAGARGAGATGAAGCATATGICACGACALGE
CcASGR-BEM-liket (1975) GRATGT T GTARGAT I TIGCAT T T TAT G TICAGAT GAGCARCTAT AL R A GGAGTTAGARGAGATCARGCATATGICACGACRARGE

Consensus (2041) GAGT T TTIGTARGAT T T TICAT ITTAT T I CAGAT GGG CAACTAT GRAR A RGEAGT IGGALGAGATGAAGCATATGTCCCCACAGEA
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Section 26

(2126) 2126 2140 2150 2160 2170 2180 2190 2200 221C
CcN-ASGR-BBM-like1400 (1756) ATATGTTGCATCCCITAGAAGG- - CATGGGTGTTCARAATTTIGTAGCTITATGGAGGTTGARATGAGACATTIATITCARATGGE
CcN-ASGR-BBM-like1500 (1768) ATATGTTGCATCCCTITAGAAGG--CATGGGTGTTCARAATTTIGTAGCTTTATGGAGGTTGARATGAGACATTATTTCARACGGA

CcASGR-BBMlike2 (2085) ATATET TECATCACTTAGAAGGTACATGTGTTETCARAACTTIGTACCTTCATGGARATTGARCTTATATATT-T \LATGGL

CcASGR-BEM-liket (2060) ATATGT I GCATCCCITAGRAAGGTACATGTGT TG T CAAAACTTTGTACCTTICATGGARLACTGARCTTATATATT-T MAARTGCEGR
Consensus (2126) ATATGTTGCATCCCTTAGAAGGTACATG TG T T T TCARAATTTTGTAGC TTTATGGAGGTTGARCTTATATATTATTTCARATCGA
Section 27

(2211) 2211 2220 2230 2240 2250 2260 2270 2280 229

CcN-ASGR-BBM-like1400(1839) TTGACAT AR R R TATATGITGITG-TACAGGRA R AGCAGCGEGTTITICTICGTIGGTGCATCTATATACCGAGGGGTTACRALAGETRACE
CcN-ASGR-BBM-like1500 {1851) TTGACAT AR R R TATATGITGITG-TACAGGRARAGCAGCGEGTTITICTICGTIGGTGCATCTATATACCGAGGGGTTACRALAGETACE

CcASGR-BEMHike2 (2169) TTGACATAGARCATATATI IGTIGATACAGEARAAGCAGTIGGITTITCTCGIGGTGCATCAATTTACCGAGGGGTTACCAGETACE
CcASGR-BEM-like1 (2144) TTGACATAGARCATATATI TGTGATACAGEARAAGCAGTIGGITTIITCTCGIGGTGCATCAATTITACCGAGGGGTTACCAGETACE
Consensus (2211) TTGACATAGRATATATGITI T TGATACAGGAAAAGCAGTIGGTTITICICGTIGGTIGCATCTATITACCGAGGGGTTACCAGETACE
Section 28
(2296) 2208 2310 2320 2330 2340 2350 2360 2370 2380
CcN-ASGR-BBM-like1400 (1923) A ATATTATTITITICTI T IGTCA-TCTAGTTT-AGTTAGC TAGTGTETIGTAGTITCTATCTATATTGGAGT TTATGTGACATTGE
CcN-ASGR-BEBM-like1500 (1935) AAATATTATTITITICTI T IGT CA-TCTAGTTT-AGTTAGC TAGTGTETTIGTAGTITCTATCTATATGGGAGTTTATGTGACATTIGE
CcASGR-BBMHike2 (2254) 22 TATTCCTTITTICCTTATTATCTCTEGTITTIAGT TAGCAAGTGCATTG-———TTTCTAT - - ———— GGGAARTTTGIGT-———- TGC
CcASGR-BEM-like1 (2220) ARATATTCCTTITTICCTTATTATCTCTGGTITTAGT TAGCAAGTGCATTG--—TTTCTAT - - —-——— GGGARTTTGIGT-—--—-- TGC
Consensus (2296) AAATATTCTTITITICT I I TICTCTCTGGTTTITAGT TAGC TAGTGTETIGTAGTTTCTATCTATATGGGAGT TTGTGTGACATTIGE
Section 29
(2381) 2381 2390 2400 2410 2420 2430 2440 2450 248¢
CcN-ASGR-BBM-like1400 (2006) AT TAATGTCATCGEAAT TTCTCAARTGRARCCT OG- ToRTACAT A ————mmmmm e e e
CcN-ASGR-BEM-like1500 (2018) AT TAATGTCATCGGRAATIGC TCARATGARCCTCG-TCATACATACAATTGCTGC T ICTTCTTATATGACATGGCAGTACTCCTGE
CcASGR-BEMHike2 (2325) ATGTAG---ATCEGAATTTGTG--TTGCATCTAGATCATAAATAG -~~~ ——————mmmmmmmmm e m—m e T--
CcASGR-BEM-like1 (2300) ATGTAG---ATGEGAATTITGIG--TTGCATCTAGATCAT AR ATAG -~~~ ————m—mmmmmmmmmmmmm
Consensus (2381) ATTTATGTCATGEGRATITGTGAATTGCATGTCGATCATACATAG T
Section 30
{2456) 2468 2430 2490 2500 2510 2520 2530 2540 255(
CcN-ASGR-BBM-like1400 (2049) — - - - === ——— o e TCTATTCATCCATAGTTGTGCTATTCCTITTITAC-——————————————
CcN-ASGR-BEM-like1500 (2102) CCTTATTTTC AR AL A A A A A A A A ACCTCGTCATACATATCTATTCATCCATAGTTGTGCTATTCCTTTITACCARAR A
CcASGR-BBM-like2 (2366) - --TGC----- ] --TATTAARTCTCATCGT--—-- TCTATTGCTGAATAGTTGTGGTACTCCTTT-AC-————-
CcASGR-BBM-liket (2340) --TTGC----ZAC--—-TATTAATCTCATCGT-———- TCTATTGCTGAATAGTTGTGGTACTCCTITT-AC-——————————————
Consensus (2466) TTGC AAD TATTALTCTCATCGET TCTATTGCTGCATAGTTGTGGTATTCCTTTITAC
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Section 31

{2551) 2551 2560 2570 2580 25580 2600 2610 2620
CcN-ASGR-BBM-like1400 (2082) - - - === === -——-—-—— CAGAGTTG---———-—-——————— ACT "I‘ar_I'_.—'IC.'A_-‘_L.A .H—_.E-LI TTT= 'II.aLAAH ”‘._-.7'
CcN-ASGR-BEBM-like1500 (2187) RCATATCTATTICATCCATAGTTGETGCTATT! A I

CcASGR-BEM-like2 (2419) - - - - - - == ——————- CACAGTTG---———-—-——————— ;-L:’:AI‘._'I:-_ _._'IC.'A'I'IA”ATTAI TTTC 'II LAAHG::SE-
CcASGR-BEM-liket (2394) - - - - - - - - --————- CACAGTTG---———-—-——————— ACTATGATATTCTAT TATATTATTITTTICTTIGCAARAGTTGATR
Consensus (2551) CRCRGTTG ACTCTGATTTICTATTATATTATTTTTIGTIGCAARGTTGATGTTTATTT
Section 32

(2636) 2636 2650 2660 2670 2680 25680 2700 2710 2720
CcN-ASGR-BBM-like1400 (2137) - - - === - - - CTREC T T TI-—--GC AT R AT TR R L T AGGCACCATCAGCATGGARGG TG CARGCARGARTAGGRALGRAGTTIGCAG
CcN-ASGR-BBM-like1500 (2271) - - - === - - - CTREC T T TI---GC AT ARCAT TR R R T AGGCACCATCAGCATGGARGG TG CARGCARGARTAGGALGAGTTIECAG

CcASGR-BBM-like2 (2476) GCTTGTCTLGCTA] AAGCAATCATGT AL R CAGECACCATCAGC AT GEARGGIGGC ARG AAGEATAGGARAGTGTGECAG
CcASGR-BEM-like! (2451) 5C BAG CATGTRZARRCAGGCACCATCAGCATGGAAGGTGGCAAGCARGAATAGGAAGTGIGGCAG
Consensus (2636) GCTTIGTCTAGCTAACTITCAAGCATACATGTARRATAGGCACCATCAGCATGGAAGGTGGCARGCARAGARATAGGALAGTGTIGCAG

Section 33
(2721) 271 2730 2740 2780 2760 2770 2780 2780 2808
CchN-ASGR-BBM-like1400 (2209) cARACEAGGATCTETATTTGEGCACATTCAGTARGT AGCCARATATTITT-ATTG---CACCGCCTTITTATIT-TCRAAGGEA

-ATTG---CACCGC

AATGAAGCACTGE

CcN-ASGR-BBM-like1500 (2343) GAARCARGEATCTIGTATITGGGCACATTCACGTARGT

A

A -TTIT- I':E.“-i—ﬁ-f-‘.
CcASGR-BBM-like2 (25661) GARRACAAGGATCTITATTITGGGCACATTCAGTAAGTCA

CAC

A

ITITGTCARGCAL

CcASGR-BBM-liket (2536) GAAACAAGGATCTITATITGGGCACATTCAGTARGT C AATGARGCACTG TTITGTCLAGCLAL
Consensus (2721) GARACAAGGE A TCT I TAT I T GGG CAC AT TCAGT ARG T CACATTTTALTATT T TIAT IGARGCACTGCTTITITTTITIITGTCALGGEGR

Section 34

(2806) 2808 2850 2860 2870 2880 2a8aC
CcN-ASGR-BEM-like1400 (2289) AATGGLAGCALGE GRLC CTTITITATT----TCCCTCTITGRATATAATATCATGTGGCT
CcN-ASGR-BBM-like1500 (2422) RATGGALAGCLALG GRLCARCTITITIR - CTCTITGRATATAATATCATGTGGCT
CcASGR-BEM-like? (2646) LATGGARAGCLRLG ; GAGCACCTTTITT! A'I'I TITT CTCTTGRATATAATAGTATGTGGCT
CcASGR-BBM-likel (2621) AATGGRAAGCLLGE CTGCTGEAGCR T :I‘C'I'ICAA"A"AA"AC TATGTGGECT
Consensus (2306) AATGGALGCARAGETTIGALR LCTICTGGRGCAS ALTATTATGTGGCT

Section 35

{2891) 287 2900 2910 2920 2930 2940 2950 2960 297F
CcN-ASGR-BEBM-like1400 (2370) GACTT------ CTCETAGETACTCAGGAGGRAAGC TGCEGAGGCTTATGACATTGCCGCARTCARARTTTCGAGGCCTTARATGCCGETC
CcN-ASGR-BBM-like1500 (2503) GACTT------ CTCETAGETAC T CAGGAGGRAAGC TGCEGAGGCTTATGACATTGCCGCARTCARATTTCGAGGCCTTARATGCCGETC

CcASGR-BBM-ike2 (2731) GACCTCTICCCIGTIGTAGGTACCCAGEAGEAAGCTIGCAGAGECTTACGACATIGCIGCCATCARATTCCGAGGCCICARTGCTIGTC
CcASGR-BBM-liket (2706) GACCTCTICCCIGTIGTAGGTACCCAGGAGGARGCTGCAGAGGCTTACGACATTGCIGCCATCARATTCCGAGGCCIC AATGCTGTC
Consensus (2891) GACTTCTICCC TG T GTAGGTAC T CAGGEAGE ARG C I GCGGAGECTTATGACAT IGCIGCCAT CARATTTCGAGGCCTITALATGCTGET
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Section 36
(2976) 2976 2590 2000 2010 3020 2030 3040 3050 306C
CcN-ASGR-BBM-like1400 (2449) ACAAACT T TGRACATGACCCGGTATGAT G T C A AGAGC AT CAT CGAGAGC AGCTCCCTGCCAGTTIGEIGGCACCATGARGCGTCTCR
CcN-ASGR-BBM-like1500 (2582) ACAAACT T TGRAC A TGAGCCGGTATGAT G T C A AGAGC AT CAT CGAGAGCAGC TCCCTGCCAGTTIGEIGGCACCACGARGCGTCTCR
CcASGR-BBM-like2 (2816) ACGAACT T TGACATGAGCCGETATGACGT CRAGAGC AT CAT TGAGAGCAGCTCCCTIGCCTIGTIGGCGGCACTCCARAGCGTCTCR
CcASGR-BEM-liket (2791) ACGAACT T TGACATGAGCCGETATGACGT CRAGAGC AT CAT TGAGAGCAGCTCCCTIGCCTIGTIGGCGGCGCTCCARAGCGTCTCR
Consensus (2976) ACGAACTTTGACATGAGCCGGTATGATGTCARGAGCATCATTGAGRAGCAGC TCCCTGCCTETTICETGGCACTCCGAAGCETCTCA

Section 37

{3061) 3061 3070 3080 3080 3100 2110 3120 130 34E
CcN-ASGR-BBM-like1400 (2534) AGGATGTIGCCTIGATCAATCCGACTIGGGC AT GAR T GGCTACGGTGCIGAATCTIGCTGGTCATAAGGCTGCTACRARRACCTTCTTAC
CcN-ASGR-BBM-like1500 (2667) AGGATGTGCCTGAT CA A CCTGACTTGGGC AT GAR T GG TACGETGCTGAATCTGCTGGTCATRARAGSCTGCTACRRACCTTCTTAC

CcASGR-BBM-ike2 (2901) AGGARGTGCCTGATCARTCAGATATGGGCATCARCATARACGETG-—-ACTCTGCTGGTICATATGACTGCTATCAACCTTICTTAC
CcASGR-BBM-like1 (2876) AGGARAGTGCCTIGATCAATCAGATATGGGCAT CARCATARACGGETG-—-ACTCTGCTGGTCATATGACTGCTATCARACCTTICTTIAC
Consensus (30581) AGGATGTGCCTIGAT CALTCAGATTTGEGCAT GALTGTCTACGETGCIGACTCIGCIGGTCATATGECTGCTATCAACCTTICTTIARS

Section 38

{3146) 3148 160 70 2180 2190 2200 2210 3220 323C
CcN-ASGR-BBM-like1400 (2619) TGACGGCATTGECAGC TATGECCCTGAGAGTARATATGETTATAGTGGCTGGTCTCCCECTGCTATGACATCAATCCCCTTGCCR
CcM-ASGR-BBM-like1500 (2752) TGATGECATTGGCAGC TATGGCCCTGAGAGT AR ATATGETTATAGTGGCIGGTCICCCECTGCTATGACATCAATCCCCTTGCAL

CcASGR-BBM-like2 (2983) TGATGGCALTGACAGC TATGGACGCTGAGAGT - — - TATGGTTACAGTGGITGGTGICCCACAGCCATGACGCCAATCCCCTTICRR
CcASGR-BEM-like1 (2958) TGATGGCALTGACAGCTATGGACCTGAGAGT-—-TATGGTTACAGTGGTITGGTGTICCCACAGCCATGACGCCAATCCCCTTTCRAR

Consensus (3146) TGATGGCAT I GG CAGC T AT GG CEC T GAGAGT A AR T AT GG T TATAGTIGETIGGIGICCCECTGCTATGACGT CAATCCCCTTTICLR
Section 39
(3231) 32 3240 3250 3260 3270 3280 3280 2300 3INE

CCN-ASGR-BBM-like1400 (2704) TTCAGCRATGGCCATGAACAGTCCAGGCTGTGGTIGCALAGC CAGAGCAGGRACAATGCGGCTGTIGCGGCAGCATACARCCTGCRACC
CcN-ASGR-BBM-like1500 (2837) TTCAGCRATGGCCATGARCAGTCCAGGCTIGTIGGTGCAAGCCAGAGCAGGACAATGCGECTGTIGCGGCAGCATACARCCTGCRCC
CcASGR-BBM-like2 (3065) TTCAGCARTGGC CATGACCATTCCAGGCIGTIGE I GCARAGCCAGAGCAGGACARATGCGGTTETIGCAGCACTGCATARCCTGCRTC
CcASGR-BBM-ike1 (3040) TTCAGCATIGGCCATGACCATTCCAGGCIGIGG I GCAAGCCAGAGCAGGACAATGCGGTITGTIGCAGCACTGCATRARACCTGCATC

Consensus (3231) TTCAGCARTGECC AT GACCAT ICCAGECIGIGE I G CAAGCCAGAGCAGGRACALATGCGETITGTTIGCGECAGTGTATARCCTGCATC
Section 40
{3316) 3316 S330 2340 2350 2360 2370 2380 2390 340C

CcM-ASGR-BBM-like1400 (2789) ACCTCCRAGCACTTCCCGGCCCCAGETEGCACCCACAACTTTITICGAGCCATCCCITGITCAGGACATGACAGGTGTTGCTGATGE
CcM-ASGR-BBM-like1500 (2922) ACCTCCRAGCACTTCCCGGCCCCAGETGGCACCCACAACTTTITTICGAGCCATCCCCTGITCAGGACATGACAGGTGTTGCTGATGE
CcASGR-BEM-like2 (3150) ACCTCCAGCACT T GCCAGCCCCAGT T GG CAC CCATAATTITTITTCTAGCCATCGCC TG T TCAGGACATGACAGETGTITECCGATGE
CcASGR-BEM-ikel (3125) ACCTCCAGCACTTGCCAGCCCCAGTTGGCACCCATAATTTTITICCAGCCATCGCCTGTITICAGGACATGACAGGTGITGCCGATGE
Consensus (3316) ACCTCCAGCACT I GCCGGCCCCAGT T e G o ACCCAT AATITTTTCGAGC CATCGCC TG TTCAGEACATGACAGGTGTTGCTGATGC
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Section 41
{3401) 3401 3410 3420 3430 3440 2450 3480 23470 348F
CcN-ASGR-BBM-like1400 (2874) TTCATCTICCGRCAGTGGACTCTA AT TCATTCT TG TAT AATGGGEECCTIGE T TACCATGGTGCTATTIGETGGTGGCTACTACACS
CcN-ASGR-BBM-like1500 (2007) TTCATCTICCGRACAGTGGACTCTA AT TCATTCT TG TAT AATGGGEECCTIGET TACAATGETGCTATTIGETIGGTGGCTACTACACE
CcASGR-BBM-like2 (3235) TTCATCGCCACCAGTAGAATCTAATTCATTCCTGTACAATGEGGACGTIGG T TACCATGGTGCCATGGGIGGCAGCTATGCCA- -
CcASGR-BEM-liket (3210) TTCATCGCCACCAGTAGAATCTAATTCAT TCC TG TACAATGEGGACGTIGG T TACCATGGTGCCATGGGIGGCAGCTATGCCA- -

Consensus (3401) TTCATCTCCGCCAGTGGACTCTAATTCATICTTGTATAATGGEGECET TGS TTACCATSGTGCTATTGGTGGTGECTATTCCRLS
Section 42
(3486) 3486 2500 3510 3520 3530 3540 3550 3560 357C

CcN-ASGR-BBM-like1400 (2959) TTGCCEGT TGCCACRACTAGT GGRCGGCARCCCTCCAGGCAGTGECTATGGALRTTGAGGRAGGCTCAGCTITICTIGATTITCTIATGETIG
CcN-ASGR-BBM-like1500 (2092) TTGCCGEGTTGCCACACTAGT GGRACGGCARCCCTCCAGGCAGTGECTATGGALATTGAGGRAGGCTCAGCTITICTGACTTCTATGETG
CcASGR-BBM-like2 (3318) - TGCCGETTGCCACARCTAGT IGAGGGCARCTICTIGCGEGCAGTGECTATGGAGTIGAGGRALAGGCACAGEGTCTGARLTCTITIGETR
CcASGR-BBM-iket (3293) -TGCCGGETIGCCACARCTAGT IGAGGECAACTCTGCGGGCAGTGGCTATGGAGTTGAGGRAGGCACAGGSGICTGARATCTIITGETIG

Consensus (3486) TTGCCGET TG CCACACTAGT I GAGGEGCALCTC TG GEGECAGTEECT AT GGAGTIGAGGAAGECTCAGGTTICTGRATTCTITEETS

Section 43

{3571) 3671 A580 2520 2600 2610 2620 2630 2640 36EE
CchN-ASGR-BEBM-like1400 (3044) GZ‘CGGAAI‘GTGTAI@T ST A ARG G TC G CAGG TACC AR TA L TC A AR A TC T GGATGCTAATGATCAGCAAGGTGCCEEGETT

CcN-ASGR-BBM-like1500 (3177) GTCGGAATGTGTATTGCCTGTCCCAAGGCTCECCAGGTACCARTALTCGARAATCTIGGATGCTTATGATCAGCAAGGTGCCGEETT
CcASGR-BBM-like2 (3402) GRACGGAACTTGTATTCTCTCTCCCARGGTTCCTCAGGCGCCARATACTGGARAGGCAGATGCTTATGA-—————————————————
CcASGR-BBM-liket (3377) GACGGAACTTETATTCTCTCTCCCARGGTTCCTCAGGCGCCARTACTGGAAAGGCAGATGCTTATGA - ————————— - ————

Consensus (3571) GTCGGRAATTTGTATIGTCTIGTCCCARGGTTCETCAGSTGCCAATACTEGARATGTGGATGCTTATGATCAGCAAGGTGCCGEETT

Section 44

(3656) 3656 A670 3680 2690 A700 A710 720 3730 374C
CeN-ASGR-BBM-like1400 {3129) TGRARAGCTGGTIGCCOACTGTIGCCGGCARTACCACAGRAAGETTGCCARATGTGACTGICTGCCACGGCGCGCCTGTATTRAACEETS
CoN-ASGR-BBM-like1500 (3262) TGRRAGCTGGTIIGCCCACTGIGCCGGCARTACCACAGAAGGCTGCCAATGTGACTGICTGCCACGGCACGCCTGIATTATCGGTR

1

CcASGR-BBM-ike2 (3469) - —--AAGCTGGGATCCAT CTATGCIGETGATATCACAGRAGTCTIGCCAATGTGACTGTCTIGCCATGGCGCACCTGTIATTTITICAGTT
CcASGR-BBM-ike! (3444) - - -AAGCTGGEGATCCAT CTATGCIGE T GATATCACAGRAGTCTIGCCARATGTGACTIGTICIGCCATGGCGCACCTGIATTTITICAGTT
Consensus (3656) TGRAAGCTGGETITICCCTICTIGIGCTIGETIGRAT AT CACAGAAGTCTGCCRARTGTIGACTIGICTIGCCATGEGCGCGCCTIGTATTITICGETT

Section 45

(a741) 2741 3749

CcN-ASGR-BEM-like1400 (3214) TGGRALTGR
CcN-ASGR-BEM-like1500 (3347) TGGRLATGL
CCcASGR-BEM-like2 (3551) TGGRLATGL
CcASGR-BEM-like1 (3526) TGGRALATGR
Consensus (3741) TGGAALTGL

Figure 4.3 CcASGR-BBM-like and CcN-ASGR-BBM-like genomic sequence alignment. Red shading highlights the rice gene
prediction program predicted exons. Pink rectangles highlight the stop codons of each gene.
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Figure 4.4 Phylogenetic tree was constructed with CcBBM-like genomic sequences by using the
neighbor-joining method and the Kimura 2-parameter model with 1,000 bootstrap replicates.
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Figure 4.5 Predicted splice sites of four BBM-like genes. MIrC_C represents the C-terminus
(approximately 200 residues) of the product of a bacterial gene cluster that is involved in the
degradation of the cyanobacterial toxin microcystin LR.
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Section 1
,4[} ,5{1 50 ] 84
SAARAVGAGREPFAVGGGASSIGLEMIENWLE
SAARAVGLAGEPFLAVGE

(131 10 3{1
CcASGR-BEMJike! (1) MGSTNNWLREYV ¥:
Cc-ASGR-BBMJike2 (1) MGSTNNWLRFA

L B RN ru

CcN-ASGR-BBM-like1400 (1) MGSTHNWLGFASFSG--GLDDALTILPPLPSSPRG--NWLGAEPKLEDFLGLQERP———— AAAGRPFWGILIGGASST
CcN-ASGR-BBM-like1500 (1) MGSTHHNWLGFAZFSG--SADDALILPPLPSSPRG--DVLAGLEPELEDFLGLOQERF———- EARGRPFNGTIGGRSST
Consensus (1) MGSTHNNWLRFA KDH::PPLPSSPRS: Dmcr—, P{LEDFLJLQE_S‘%%A“AA.:RPF VTGGASSIGLSMI E{Iill.-i'LR
Section 2
(85) 85 Ao 100 120 130 168
CcASGR-BEM-likel (85) SOPAPAGPALGVDSMVLAL ENLAGDGAEGGGAVLDANOOR-KELLRV QF YTEGVI——————————————
Cc-ASGR-BBM-like2 (85) SOPAPAGPRALAGVIDIMVL T———-- EVAGDGAEGGGAVADANICOR-KE BGVI——————————————
CcN-ASGR-BBM-like1400 (77) SC-PLPQFTLAGVIDSMALW W TAEESGELADGGVESGGAVNDARDOORER VSTESFEVEMCLSS
CcN-ASGR-BBM-ike1500 (77) SO-PLRLOQPTAGVDSMALY TPEESGELADGGVESGCLAVNDALOCRERL VSIESFEVEMCLSS
Consensus (85) SOPPPLAOPTAGVDSMVLVALLAVT EESGELAGGGVESGGAVVIDAVICREELZLR JDIFGH SIYRGVINIVS ESFVEMCLSS
Section 3
(169) 169 1380 180 200 210 220 230 240 252
CcASGR-BBM-like! (148) - - - - - - - - e FHRWICRYELHLWONS CRREGQIREGRQGEG-———————— YTOEEEEAARLAYDLAALEYRGT

Cc-ASGR-BBM-like2 (148) - - - - - —— - — oo KHRLTGCRYEAHLWDNS CRRE GO TRRBRQ - - - —————— - — ——————— = ——————————

CcN-ASGR-BBM-like1400 (160) SLEEVINWLNLQVPODDICTELLVLFEIGIDGOED HIFCTIAAEGEVELAEEDERCLCIEGGYDEEEELRRL YE'AALE{VI-F"'
CcN-ASGR-BBM-like1500 (160) SLEEVIDW LN L VADDICTELLALFSIGIDGOEDAKHIFGTIAAEGEVELAEEDERCLCIEGGY DEEEERLRAYDLALLEYWHG
Consensus (169) SLHEV WLHLQV DDICTELL LEFEIRITGREYDAELWENSIRREGQVELAEQDERCLCIEGGYDEEEERLRLYDL AALEHL-J.;#_
Section 4
{253) 253 260 270

CcASGR-BEBM-ike1 (199)|TTTTNFPMSHYE
Cc-ASGR-BBMHike2 (178) IDELEYVOMSH
CcN-ASGR-BBM-like1400 (244) TTTTHFPHMGHNYEEELEEMEH J‘:R’"T
CcN-ASGR-BBM-like1500 (244) FELEEMEHMSRO i
Consensus (253) 'II'I'I‘IFPM:J‘I“EKELEEFKHF‘:RG_‘_’ -.?ASLRRHS:EKFL‘:FM:'.’EI-IR "f F IDIEYMLLYRESSG

FELEEMEHMSRQE
FELEEMEHMSRQE

Section 5
(337) 337 3850 360 a70 280 390 400 410 420
CcASGR-BBMike1 (253)[RWOLARIGSVAGNEDLY LGIFSIQEEAAEAYDIAAIKFRGLNAVINEFDMBRYDVESI IESSSLPVGGAPERLEEVEDQSIMGIN -
Cc-ASGR-BBMJike2? (230)|EHO2RTGSVAGNENTLYLGTFSTORRAREAYNTAATEFRGILNAVTHNFOMERY DVES I IESSSLEVGEGTPERLEEVPDQSDMGIN -
CcN-ASGR-BBM-like1400 (328) [FRQLEIGEVAGNEDLY LGIFSIQEELAEATDILLIEFRGLNAV INE DML RY DVES I IESSSLEVGETMERLEDVEDQSDLGMNEG
CcN-ASGR-BBM-like1500 (328) |RWQARIGRVAGNEDLY LGTFSTOEEAAEAYDIAAIKFRGLNAVTNFDMERY DVES I IESSSLEVGGTTERLEDVEDQPDLGMNEG
Consensus (337) RRQLARIGSVAGNEDLYLGIFSTQEEAAEAYDIALIKFRGLNAVINFDMSRYDVESIIESSSLEVGETPFERLEDVEDQSDLGING
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Section &

{421) 421 430 440 450 480 470 4380 490 04

CcASGR-BBMHlike1 (336) INGDSAGHMTIAINLLTDGN DS Y GAES-YGY SGWCPTAMTI FIPFQF S IGHDHSELWCEPEQDHNAVVAALHNLHALQHLPAPVGTH

Cc-ASGR-BBMHike2 (313) INGDSAGEMTAINLLTDGHDSYGAES-YGY CPTAMTPIPFQFENGHDHERLWCEPEQDN--———-——-—————— - ——— —— ———
CcN-ASGR-BEM-like1400 (412) ¥CRESLG LATHNLILTDGIGSYGZPESEYGY WSPLLMTISIPLPFENGHEQSRELWCKEPEQDHAAVARAYNLHHLOHFPAPGGT
CecN-ASGR-BEM-like1500 (412) ¥CRESLG LATHLLTDGIGSYGPESEYGY WSPLLMTSIPLOFENGHEQERLWCEPEQDHNAAVARAYNLHHLOHFPAPGGT

Consensus (421) YNADSAGHMTATNLLTDGHGSYGPESEYGYSGWSPTAMTSIPLOFSNGHDQSRLWCEPEQDNAAVALAYNLHHLOQHFPAPGGTH

Section 7
(505) 505 A10 530 540 falsln] 570 hE8

CCASGR-BEM-likel {(419) NEFQPSPVQIDMT SSPEVESHNSFLYNGDWGYHGRAMGS "SvEEEIGﬂEIF“-"‘*IL"SLS:GE
Cc-ASGR-BBM-like2 (374) GVADASSEEVESHNSFLYNGDNGYHGLM( GRHNLYSLSQGS
CcN-ASGR-BEM-like1400 (498) NFFERPSLVQDMT 5T SSPIVDSHNSFLYNG GIE GRAOVY —————-
CcN-ASGR-BBM-like1500 (496) NFFERSPVODMTGVADASSFIVDSNSFLYNGELGYHGRAIGGGY YTLEVATLY DT}T P:—:: :—:SIE"SAQD“Y?T-R‘W_,Lsass
Consensus (505) NFFEPSPVODMTGVADLASSETVDSHNSFLYNGGLEYHGAIGGGY Y TLEVATLVDGNSPGSGYGIEEGSASDIFGERNLYSLSOGS
Section 8
(539) 589 B00 A1 620 G636
CcASGR-BBM-like1 (502) SGANTGEADAY - -—————- ESWDPSMLVISQESANVIVCHGAEVEFSVWE
Cc-ASGR-BBM-like2 (449) SGANTGEADAY - —————-— ESWDPSMLVISQESANVIVCHGAPVFSVHE

CoN-ASGR-BBM-like1400(574) - - - - - - - - - - -

CcN-ASGR-BBM-ike1500 (580) PGTHNRNLDAY DQQGAGFESWLETIVPRIPQEARNVIVCHGTEVLSVHE
Consensus (589) SCANTGEADARY ESWDPSMLVISQESARVIVCHGAPVESVWE

Figure 4.6 Alignment of predicted proteins of the four CcBBM-like genes. Pink rectangles highlight the two AP2 domains of each
gene.
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Figure 4.7 Phylogenetic tree was constructed with predicted amino acid sequences of CcCBBM-
like genes by using the neighbor-joining method and the PAM matrix model with 1,000

bootstrap replicates.
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Figure 4.8 Expression patterns of BBM-like genes. Twenty-one cycle of RT-PCR for the internal
control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and 37 cycles of RT-PCR for
BBM-like genes were performed. Each set of RT-PCR reactions was performed in triplicate and
each time point/tissue was processed with biological triplicates. Figures show the results of one
of the biological triplicates since quantitative differences between biological triplicates were not
statistically different. DBP-one day before pollination, DOP-the day of pollination, DAP-one
day after pollination.
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Figure 4.9 Semi-quantitative RT-PCR analysis of expression of BBM-like genes in ovaries
relative to the expression of GAPDH gene. RT-PCR products were separated on agarose gels
and the pixels of each band were quantified with ImageQuant software. To evaluate the changes
in relative levels of mRNAs, the pixel counts for the target genes were divided against those of
the housekeeping GAPDH mRNA. Values were expressed in ratio between the target gene and
GAPDH. The data shown here was an average of the biological triplicates, with which each set
of RT-PCR reaction was performed in triplicate.
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CHAPTER 5
CONCLUSIONS

Apospory is a form of apomixis where the embryo develops from an unreduced egg in an
embryo sac derived through mitosis of a somatic nucellar cell. It has been reported that apospory
was inherited as a dominant Mendelian trait and this trait was associated with an approximately
50 Mb, heterochromatic and hemizygous aposporous specific genomic region (ASGR) in
Pennisetum squamulatum and Cenchrus ciliaris. To elucidate the genetic control regulating
apospory, two studies conducted were focus on identification and characterization of apospory
candidate genes in P. squamulatum and C. ciliaris.

In the first study, we compared two transcriptomes generated by Roche 454 high-
throughput sequencing technology from dissected ovule tissues staged for (aposporous initial) Al
formation from two apomictic lines, P. squamulatum (Ps26) and its apomictic derivative
backcross 8 (BCs). These two lines were chosen for their common features of apospory and a
single shared chromosome, the ASGR-carrier chromosome. Our hypothesis was that candidate
genes for regulating Al specification should localize to the ASGR, function in both Ps26 and
BC; at the same developmental stage, and be identical in sequence. Analysis of the two
aposporous ovule transcriptomes resulted in identification of 61 putative ASGR-carrier
chromosome candidate expressed genes, of which 46 have been confirmed after screening by
PCR with Ps26, [A4X (sexual), N37 (sexual) and a small number of progeny from apomictic
BC;s segregating for mode of reproduction. The 46 confirmed ASGR-carrier chromosome-linked

contigs were further screened by PCR with a limited number of apomictic and sexual F;s for
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mapping to the ASGR. To date, only one ASGR-linked contig, Ps26 c9369, was assigned to the
ASGR. Mapping of the remaining 15 contigs to the ASGR-carrier chromosome and testing for
linkage of the ASGR-carrier chromosome linked candidate genes to the ASGR will require
application of other methods of mapping. P. squamulatum is an octoploid plant; therefore,
mapping can only be effective when single-dose alleles are identified. In contrast to the large
number of candidates resulting from other studies comparing transcriptomes between apomictic
and sexual genotypes, our strategy of transcriptome comparison between two apomictic lines
gave rise to a much smaller group of candidates because we were able to separate ASGR-carrier
chromosome linked candidates from unlinked candidates whose expression may change in
response to ASGR-carrier chromosome controlled upstream events. This is a great advantage for
functional analysis of candidate genes although we may lose the down-regulated candidate genes
in apomictic ovules since we were unable to include the sexual genotype in this study.

To obtain longer sequences of the candidate genes to design primers for testing their
linkage to the ASGR, a cDNA library containing about 300,000 phage clones was constructed
from apomictic BCg mature ovary and anther RNA. This source of RNA was chosen because of
the observed gene expression patterns of a set of the candidate genes. RT-PCR with RNA
extracted from apomictic BCs leaf, root, and anther and ovary tissues was conducted for a set of
36 ASGR-carrier chromosome linked genes to analyze their expression patterns. Except one
putative MADS-domain containing transcription factor, which showed reproductive tissue
specific amplification, and a putative Lon protease, which showed expression in all organs
except anther, the remaining 34 were expressed in all four organ types examined. Screening of
the cDNA library with probes amplified from 27 contigs resulted in recovery of primary plaques

for 24 probes. PCR screening with contig-specific primers followed by secondary screening
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identified individual phage clones containing 17 of the desired transcript sequences. Sequencing
of the 17 clones returned with good quality sequences for 14 of the candidate genes. The other 3
clones returned with bad quality sequences therefore more sequencing will be required to
determine their sequences. Primers will be designed based on the more complete gene sequences
obtained from the cDNA clones to test the linkage of the ASGR-carrier chromosome linked
expressed genes to the ASGR. Without functional analysis of candidate apospory initiation
regulating genes identified from ovule transcriptomes the genetic mechanism regulating
apospory initiation remains unclear. However, the ovule transcriptomes provide significant new
data for studying early ovule development and potential insight into reproductive pathways.

Two ASGR-BABY BOOM:-like (ASGR-BBM-like) genes have been isolated from ASGR-
linked bacterial artificial chromosome clones (BACs) of apomictic buffelgrass B-12-9, whose
nucleotide sequences and predicted protein sequences shared high similarity with BBM genes
from rice, Medicago, Brassica and Arabidopsis. Functional analyses of BBM in other species
suggest its important role during zygotic embryogenesis. The present study was to investigate
the function of ASGR-BBM-like genes during parthenogenesis. First we identified the N-ASGR-
BBM-like genes, which exist in buffelgrass but are not associated with the ASGR, by screening
the BAC library of apomictic buffelgrass with the probes containing 5’-end, AP2 domain and 3°-
end sequences of previously identified ASGR-BBM-like. Southern blot analysis was conducted
to confirm their existence and estimate their copy numbers. To obtain the N-ASGR-BBM-like
sequences, two identified BACs containing two potential N-ASGR-BBM-like genes were selected
for shotgun library construction and named as C1400 (original BAC address: C091M03) and
C1500 (original address: C164L13), respectively. Sequencing of the positive subclones from

C1400 and C1500 followed by DNA sequence analysis identified two N-ASGR-BBM-like genes:
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the CCASGR-BBM-1ike1400 gene derived from BAC C1400 and the CCASGR-BBM-like1500
gene derived from BAC C1500. Similar to the two ASGR-BBM-like genes, the two N-ASGR-
BBM-like genes shared high similarity in nucleotide sequences. Analyzed with the gene
prediction program at RiceGAAS, the four BBM-like genes from buffelgrass were all predicted
to produce translatable transcripts with predicted proteins containing two AP2 domains. When
the predicted amino acid sequences of N-ASGR-BBM-like genes were compared to ASGR-BABY
BOOM:-like genes, their similarity was decreased compared to that of nucleotide sequences.
Predicted splice site changes caused the main differences including the differences in the first
AP2 domain. However, the second AP2 domain was highly conserved among the four genes.
With only one amino acid change between N-ASGR-BBM-like and ASGR-BBM-like, the second
AP2 domain was identical between the two N-ASGR-BBM-like proteins as well as between
ASGR-BBM-likel and ASGR-BBM-like2. Prediction artifact seems likely based on our
unpublished data from the PSASGR-BBM-likel (EU559277) gene. To confirm the authenticity
of the predictions, the cDNA sequences covering the first AP2 domain will have to be obtained.
Semi-quantitative RT-PCR with CCASGR-BBM-like/CcN-ASGR-BBM-like specific
primers showed that ASGR-BBM-like had continuous expression in aposporous ovaries before
and after pollination with a significant increase after pollination in B-12-9 while there was no
detectable transcription of N-ASGR-BBM-like until one day after pollination. However, the
expression pattern of N-ASGR-BBM-like in the three stages (one day before pollination, day of
pollination and one day after pollination) of B-2s (sexual) ovaries was somewhat similar to that
of ASGR-BBM-like in B-12-9 (aposporous) ovaries. Whether the transcription differences were
caused by protein interactions or heterochronic regulatory changes remains unknown. With

respect to the important role of BBM genes in induction of embryonic cell development in
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sexually reproducing plants, different expression patterns of ASGR-BBM-like and N-ASGR-BBM-
like in aposporous ovules supported our hypothesis that ASGR-BBM-like functioned in the
initiation and/or maintenance of parthenogenesis.

Apospory initial specification and parthenogenesis are two critical events for occurrence
of apospory. By isolation of ASGR-carrier chromosome linked expressed sequence tags (ESTs)
from dissected ovule tissues staged for aposporous initial formation, we provide potential
significant insight into the regulation of apospory initiation. And the expression study of the
candidate gene suggests that genes regulating sexual embryogenesis may also involve in

parthenogenesis with modified expression patterns.
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