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ROP GTPases are crucial regulators of pollen tube growth. The Rop GTPase family in maize consists

of nine known rop genes, ropl-rop9. A subset of these genes (rop2, rop8, and rop9) are expressed in

pollen. The rop2 and rop9 genes are a highly conserved duplicate gene pair of ancient origin. The

rop2/rop9 duplicate gene pair displays differential expression in mature and germinated pollen,

suggesting different roles for the genes in the process of male gametophyte development. To explore

ROP2 function in maize, five Mutator transposon insertions in the rop2 gene were isolated (rop2:.Mu

alleles). I showed that three of the rop2::Mu alleles displayed reduced transmission through the male

and were associated with reduced levels of ROP2-mRNA. Interestingly, the rop2.:Mu male-specific

transmission defect was apparent only when wild-type pollen was also present, an indication that the

mutation reduces the competitive ability of the rop2 gametophytes. Dual pollination and pollen

mixing experiments indicated that this competitive disadvantage is expressed by the majority of the

mutant gametophytes, and that expression of the phenotype is associated with a delay in the ability to

accomplish fertilization. Using the waxy phenotypic marker (linked to rop2 via a reciprocal

translocation) to distinguish between rop2: Mu and wild-type pollen derived from heterozygous plants,

I demonstrated that the delay is associated with a defect in early progamic development (i.e,

germination and early pollen tube growth). The defect was detectable in vivo as early as 15 minutes

after pollination. However, quantitative measurements provided no indication that the rop2 mutation

affects pollen tube growth in the style. Finally, investigations focusing on the final stages of pollen

function raise the possibility that a defect in the very last stages (i.e. either pollen tube guidance

through the micropyle to the egg sac, or fertilization of the egg sac) may also contribute to the rop2

mutant delay. This work provides direct in vivo evidence confirming a role for Rop in male

gametophyte development, and is the first study to demonstrate a role for Rop in the early stages of

post-pollination gametophytic function.
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The plant life cycle involves the alternation of a diploid sporophyte phase with a haploid gametophyte

phase. In angiosperms, as in most land plants, the sporophyte dominates the life cycle. Within the

sexual organs of the flower, male (pollen) and female (embryo sac) gametophytes are produced by the

processes of microgametogenesis and megagametogenesis, respectively. The megaspores form within

ovules in the ovary of the female reproductive part of the flower. The female gametophyte, the

embryo sac, develops in the ovule tissue. Formation of the male gametophyte, pollen, is often grouped

into two distinct developmental phases; microsporogenesis, which involves meiotic and one or two

mitotic divisions to produce the haploid pollen grain (reviewed in TWELL et al. 1998); and a post-

pollination (progamic) phase involving pollen germination and pollen tube growth within the female

reproductive tissues to the ovule, where sperm cells are released into the embryo sac for double

fertilization. The stages of pollen function involved in the progamic developmental stage for a model

monocot (Zea mays) and a model dicot (Arabidopsis thaliana) are pictured in Figure 1.1. The first

section of this introduction will focus on the progamic phase of male gametophyte development and

the role of Rop GTPases, a plant-specific family of signaling molecules, in this process. The second

section will discuss pollen competition during progamic development and its affects on pollen fitness

and plant evolution.

ROP GTPases and Pollen Function

The Rop GTPases, termed 'Rop' for Rho-related GTPase from plants, are a plant-specific member of

the Rho family of GTPases (LI etal. 1998; YANG 2002; ZHENG and YANG 2000b). The Rho family of

GTPases, including Cdc42 and Rae, have been implicated as key regulators of a wide variety of

cellular activities in fungi and mammals including cytoskeletal rearrangements, programmed cell

death, stress-induced signaling, and cell growth and differentiation (Lu and Settleman 1999; Hall and

Nobes, 2000; Settleman, 2001). As the only Rho GTPase found in plants, Rops have emerged as a key

signaling molecule in plants (reviewed in Gu et al. 2004; YANG2002). Rho GTPases, including the

Rops, have a highly conserved mode of action that, although simple in biochemical terms, can be

subject to complex regulatory input (reviewed in BURRIDGE and WENNERBERG 2004). Rop family

members share common structural features with other Rho GTPases, including four nucleotide binding

domains and an effector domain. Rops are proposed to function as molecular switches, cycling

between an inactive, GDP-bound form and an active, GTP-bound form (VALSTER etal. 2000; ZHENG

and YANG 2000a). Upon stimulation by an upstream signal, a guanine exchange factor, or GEF,

activates Rop from the GDP-bound form to the GTP-bound form, through a GDP/GTP exchange.

Only one putative candidate for a Rop GEF, the AtSPIKEJ gene has been identified in the Arabidopsis

genome (Qiu et al. 2002). The activated Rop-GTP is then thought to interact with one or more specific

effector proteins to elicit a cellular response (YANG 2002; ZHENG and YANG 2000a). A plant-specific

form or the GTPase-activating protein, or RopGAP, helps promote efficient inactivation of Rop by
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as downstream effectors, are analogous to the Rho GTPase regulatory modules documented in animal

and fungal cells, although some of the molecular details are unique in plants. For example, the best

characterized group of downstream effectors for Rops - known as the RICs - appears to be present

only in higher plants (reviewed in Gu et al. 2004; YANG 2002). RICs form a multigene family of Rop

interacting CRIB-containing proteins that preferentially associate with the GTP-bound (active) form of

Rop (Wu etal. 2001). Transient expression of GFP-tagged RICs in tobacco pollen has identified this

family of proteins as potential candidates for functionally distinct Rop GTPase targets (Wu et al.

2001). The diverse array of plant signaling pathways and functions thought to be modulated by Rop

GlPases is most likely due to their ability to interact with a wide array of regulator and effector

proteins.

All plants characterized to date contain multiple Rops (reviewed in YANG 2002). However, the precise

roles of a particular ROP in a specific developmental process and the extent of redundancy between

different Rops are not known. Arabidopsis thaliana has eleven Rops, of which six are expressed in

pollen. Two of the six pollen-expressed ROPs in A. thaliana, ROPI and ROP5, have been shown to

play a role in pollen tube growth in vitro (i.e., in culture media) (Gu etal. 2003; ZHENG and YANG

2000b). ROPI, ROP3 and ROP5 belong to same closely-related phylogenetic group, with ROP3 and

ROP5 being considered duplicate genes due to their high identity (98%) (VISION et al. 2000; ZHENG

and YANG 2000b). ROPJ is highly expressed in the mature A. thaliana pollen, whereas the transcripts

of ROP3 and ROP5 are much less abundant. The phylogenetic and expression data have led to the

suggestion that ROP3 and ROP5 may be functionally redundant to ROPI, with ROPI being the

primary ROP functioning in the A. thaliana pollen tube (Gu etal. 2003). Over-expression of both

pollen and non-pollen expressed ROPs as fusion proteins with GFP in tobacco tubes, however,

produces a range of defective pollen tube phenotypes, suggesting that ROPs may have distinct

biochemical activities (CHEUNG et al. 2003). The maize genome contains at least nine expressed rops,

three of which are highly expressed in pollen: rop2, rop9, and rop8; rop2 and rop9 are duplicate genes

that, along with rop4, are the most closely-related paralogs to ROPI in the maize genome

(CHRISTENSEN etal. 2003; Thesis Chapter 2). The rop2 gene has also been shown to have a role in

pollen function in vivo, as mutants in rop2 display a male-specific transmission defect. The defect,

however, is only apparent under competitive conditions, indicating a role for the maize ROP2 GTPase

in pollen competitive ability (ARTHUR etal. 2003).

Large multigene families and the potential for redundancy have made analyzing the functions of

individual Rop genes particularly challenging. Rop functional analyses performed thus far have

primarily used Rop over-expression and gain-of-function mutants, in both transiently- and stably-

transformed plants. Dominant negative (DN) and constitutively active (CA) Rop GTPases are created
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by replacing specific amino acid resides which lock the mutant Rop in either an inactive or active

forms, respectively. The DN forms are thought to act by irreversibly binding GEFs, titrating out these

upstream activators and thus indirectly inhibiting the action of endogenous Rops (YANG 2002). The

CA forms are thought to act by constitutively binding downstream effector molecules, thus activating

the pathways and functions induced by those effectors. However, no data have yet directly addressed

these possible modes of action for the Rop dominant mutants. The phenotypes conferred by over-

expression of these DN and CA mutants has led to hypotheses on the roles of Rops in several

developmental processes, including pollen tube growth and leaf cell morphogenesis (FOWLER and

QUATRANO 1997; Li etal. 1999; VALSTER etal. 2000; ZHENG and YANG 2000a; ZHENG and YANG

2000b). Although the results provide strong evidence to link Rop to these developmental pathways,

they should be interpreted with caution, however, as multiple Rop proteins may be affected by the

overexpression of a single CA or DN Rop mutant. Moreover, overexpression could have unexpected

effects, for example, by inhibiting multifunctional R0pGEFs that also activate Rop-independent

signaling pathways. Ideally, a functional analysis would target a single Rop, e.g. via gene knock-outs,

and evaluate the function of that specific Rop in vivo. However, likely due to functional redundancy in

the Rop multigene family, only two published studies have yet documented this approach (ARTHUR et

al. 2003; ZHENG etal. 2002).

Pollen germination and possible connection to Rop: At dehiscence, mature pollen is released from the

anthers, usually in a partially desiccated state. Pollen grains are hydrated in a regulated process in

which lipids and pollen coat proteins play an important role (LUSH etal. 1998; WOLTERS-ARTS 1998;

MAYFIELD AND Piuss 2000). Mature pollen grains are composed of three cells: one vegetation cell

and two sperm cells. Upon hydration, the pollen grain germinates and the vegetative cell extends a

tube that grows by tip growth (Figure 1.1; Stage I). As the tube grows, the vegetative nucleus and the

two sperm nuclei move into the tube. When the pollen tube reaches a critical length, the actively

growing part of the pollen tube, containing the cytoplasm, vegetative nucleus, sperm cells and tube tip

is separated from the proximal part of the tube by a callose plug, a process that is repeated as the tube

continues to grow (reviewed in LORD and RUSSELL 2002).

The process of pollen germination involves the establishment of polarity in the pollen grain and initial

generation of the polarized pollen tube. Rop GTPases, which promote growth of the polarized tube,

are also thought to be involved in the germination process (FU and YANG 2001; GU etal. 2003; ZHENG

and YANG 2000b). There are reports that over-expression of wild-type ROPJ in A. thaliana promotes

pollen germination in vitro, whereas expression of dominant negative ROPJ mutants inhibit pollen

germination; however published data are not yet available (FU and YANG 2001; Gu et al. 2003; ZHENG

and YANG 2000b). Recent evidence also implicates Rop in a receptor kinase signaling cascade
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involved in pollen germination. In tomato, two pollen-specific tomato receptor kinases, LePRK1 and

LePRK2, and a pollen-specific extracellular ligand, LAT52, form a complex in ungerminated, mature

pollen. The LePRK complex is disrupted, however, when pollen is germinated in vitro in the presence

of a stylar extract (WENGIER et al. 2003). Interestingly, a ROP (or Rops) has also shown to co-

sediment with the multi-protein complex when purified from mature pollen, suggesting a possible role

for ROP in this signaling cascade (WENGIER et al. 2003). Recently, yeast two hybrid screens of cDNA

libraries prepared from pollen and from stigma/style tissue have identified two additional extracellular

binding partners for the LePRK complex, LeSHY and LeSTIG respectively (GUYON et al. 2004; TANG

et al. 2004). The addition of LeSTIG 1, but not LeSHY, to pollen germination medium promotes

pollen tube growth in vitro (TANG et al. 2004). Pollen from transgenic plants expressing LeSHY,

however, exhibit reduced pollen germination in vitro. In vivo, the transgenic pollen tubes displayed

reduced pollen germination and arrested growth just before they reached the ovules (GuY0N et al.

2004). The multiple possible ligands thus far identified for these pollen receptor kinases raise the

possibility of the existence of different signaling partners, potentially changing during different stages

of pollen tube growth. The validity of this hypothesis, as well as any functional connection between

the LePRKs and ROP, has yet to be determined, though.

A Role for Rop in pollen tube growth and elongation: After germination the polarized pollen tube

penetrates the stigmatic tissue and elongates in the transmitting tract of the style (Figure 1.1; Stage II).

Pollen tube growth occurs by the process of localized polar growth, called tip growth. Tip growth

requires localized exocytosis in which Golgi vesicles are targeted to, and fuse with, specific sites on

the plasma membrane (FOWLER and QUATRANO 1997; YANG 1998). The Rop GTPases have been

shown to play a pivotal role in the establishment and regulation of the site on the plasma membrane at

which localized extension occurs, called the tip growth domain. A role for Rop in tip growth was first

indicated by a study in pea, which demonstrated the preferential localization of a pea Rop (Rop I Ps) to

the apical region of the plasma membrane of the pollen tube (LIN et al. 1996). The injection of anti-

Rop 1 Ps antibodies was shown to inhibit pollen tube elongation (LIN and YANG 1997). The expression

of dominant negative mutants of ROPI in A. thaliana, or the transient expression of AtRac2/ROP5

(K0sT et al. 1999b; Li etal. 1999) in tobacco, causes pollen tube growth inhibition in vitro. In

addition, over-expression of mutant constitutively-active forms of these ROPs lead to a ballooning

pollen tube phenotype, due to what is described as depolarized growth (Kosi et al. 1999b; LI et al,

1999). These studies indicate that ROP GTPases play a critical role in the regulation of pollen tube

growth in vitro. However, these studies do not help decipher the roles of particular Rops in pollen tube

growth, nor have they yet been extended to documenting the effects of altering ROP activity on in vivo

pollen tube growth.



Rops are likely key players in the signaling pathway involved in the control of tip growth. The

localization of Rop to the apical region of the pollen tube plasma membrane is critical for its function

in the establishment and maintenance of polarized growth. At the tip, activated Rops are thought to

regulate tip growth through the modulation of F-actin dynamics (Fu et al. 2001; KosT et al. 1 999b)

and by influencing the tip-focused calcium gradient (Li etal. 1999). A model has been proposed in

which there are both Rop-dependent positive- and negative-feedback loops. The positive feedback

loop, in which an activated Rop regulates its own localization at the tip, is supported by evidence of

polar localization of Rop to the plasma membrane (KosT et al. 1 999a; Li et al. 1999; Ln'J et al. 1996)

and the association of depolarized growth with Rop accumulation at the tip (KOST et al. 1 999a; LI et

al. 1999). In the negative feedback ioop, the localization of activated-Rop at the tip initiates the

formation of a tip-high calcium gradient (LI etal. 1999; L1N and YANG 1997) which would in turn

hyper-activate the RopGAPs, leading to Rop deactivation (ZHENG and YANG 2000a).

Possible role for Rop in the final stages ofpollen function: The pollen tube eventually reaches the

base of the transmitting tract and grows into the ovary (Fig 1; Stage III). For most species, pollen tube

entry into the micropyle, the opening of the embryo sac, requires a reorientation of growth direction. It

has been suggested that Rop is involved in the ensuing change of growth direction by helping to

reorient growth in the direction of such a signal (YANG 2002). One model predicts that directional

cues from the ovule and synergid, one of two cells flanking the egg cell in the embryo sac, may invoke

a reorientation of Rop localization and activation in response to this signal, thereby changing the

direction of pollen tube growth toward the micropyle (ZHENG and YANG 2000a). Whether or not Rop

is reoriented and how the signal is perceived and processed by the pollen tube to reorient Rop,

however, is not known.

Distinct signals are thought to guide pollen tube growth at different stages of pollen development.

Laser ablation studies in the easily-cultured Toreniafournieri model have demonstrated that the signal

that guides pollen tubes to the micropyle emanates from the embryo sac inside the ovule, specifically

from the synergid cell; however, the signal has not yet been identified (HIGASHIYAMA et al. 2001).

Several extracellular molecules have also been identified in other plants species that promote or guide

pollen tube growth: lipids (LUSH et al. 1998; WOLTERS-ARTS 1998); TTS, an arabinogalactan protein

in tobacco (CHEUNG etal. 1995; WU etal. 1995; Wu etal. 2000b); the small cysteine-rich adhesion

protein SCA and the small basic protein chemocyanin in lily (KIM etal. 2003; PARK etal. 2000);

LeSTIG in tomato (TANG et al. 2004); and, in A. thaliana, gamma-amino butyric acid (GABA)

(PALANIVELU et al. 2003). How these signals are perceived and acted upon by the growing pollen

tube, however, remains to be determined. An intriguing additional observation is that only T. fournieri

pollen tubes that have passed through a stigma and style are responsive to the synergid-originating



signal (HIGASHIYAMA etal. 1998). This result has led LoRD and RUSSELL (2002) to hypothesize the

existence of a hierarchy of control in the signaling pathways active in pollen tube development, and

emphasizes the need for in vivo studies to decipher the complexities of the signaling pathways.

The pollen tube grows through the micropyle and enters the female gametophyte by growing into one

of the synergid cells. The pollen tube ceases growth, ruptures and empties its contents into the

cytoplasm of the synergid (RUSSELL 1992) (Figure 1.1, Stage IV). Degeneration of the synergid

occurs either shortly before, or coincident with, pollen tube arrival, depending on the species, and little

is known about the mechanism that regulates synergid cell death. Synergid degeneration is

accompanied by cytoskeletal reorganizations, which may be involved in the transfer of the male

gametes from the pollen tube to the egg and central cell (FU et al. 2000; RUSSELL 1993). Observations

from the maize female gametophyte mutant, indeterminate gametophyte 1, noted that actin coronas

were only associated with fertilized embryo sacs and not the unfertilized mutant embryo sacs (HUANG

and SHERIDAN 1998). Moreover, in T. fournieri actin corona assembly appeared to take place after

pollen tube discharge, which raises the possibility that pollen tube actin is incorporated into the

structure (FU et al. 2000). Early fertilization has also been shown to be accompanied by changes in

Ca2 concentration (ANTOINE et al. 2000; DIGONNET et al. 1997). However, perhaps due to the relative

inaccessibility of the egg sac, no detailed models have been proposed to account for the signaling that

coordinates these events.

Mutant screens have identified two female gametophyte mutants in A. thaliana, GA ME TOPHYTIC

FACTOR2 (GFA2) and SIRENE (SRN), in which the synergids do not degenerate (CHRISTENSEN et al.

2002; ROTMAN et al. 2003). Gametophytes mutant for both GFA2 and SRN, however, are successful

in attracting pollen tubes to the ovule, indicating that synergid cell death is not a prerequisite for pollen

tube attraction. Pollen tubes have been detected in the micropyle of GFA2 mutants; however,

fertilization does not take place in these mutant embryo sacs (CHRISTENSEN et al. 2002). The GFA2

gene has been cloned and encodes a mitochondrial DNAJ chaperonin. How the GFA2 protein controls

cell death in the synergid, however, is still unknown. Conversely, a distinct pollen tube phenotype has

been associated with the A. thaliana SRN and FERONIA (FRI) mutants. In these mutants, pollen

tubes are attracted to and enter the mutant embryo sacs; instead of arresting growth and rupturing,

however, the pollen tubes continue to grow, resulting in a pollen tube "coil" inside the embryo sac

(HUCK et al. 2003; ROTMAN et al. 2003). In both SRN and FRN mutants, embryo sac development is

unaffected and synergid development and differentiation appear to be normal (HuCK et al. 2003;

ROTMAN et al. 2003). Thus the observed abnormal pollen tube behavior in the SRN and FRN mutant

embryo sacs suggests that the mutations, both female-specific, disrupt an important male-female

interaction that is required for pollen tube reception. Both SRN and FRN are unidentified molecularly.

The role of the male gametophyte in this process is completely unknown, as male gametophytic
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mutants with defects in the late stages of pollen development and fertilization have not yet been

isolated.

Pollen Competitive Ability and Evolution

Evolution occurs due to selection during both stages of the life cycle in higher plant populations, the

sporophyte and the gametophyte phase (HARDING 1975). In the gametophyte phase, selection is

expected to be greater in the male gametophyte than the female due to large population size and

competition between individuals. Pollen grains that have adaptive characteristics such as efficient

microspore development, good viability, efficient germination and high tube growth rate will compete

more successfully against other pollen grains and thus have a higher reproductive success (PFAHLER

1975). Selective pressures acting on the genotype of the pollen can influence the fitness of the

sporophyte, the extent of which is dependent on the overlap between male gametophytic and

sporophytic gene expression (MULCAHY 1979; SKOGSMYR and LANKINEN 2002). Thus, pollen

competitive ability and male gametophytic selection are thought to play an important role in the

evolution of higher plants (reviewed in BERNASCONI etal. 2004).

Pollen competition occurs when haploid pollen grains land on the stigma. Competition will occur

between pollen grains from different donor plants, as well as among pollen grains of a single donor.

As the pollen germinates and grows towards the ovule, the haploid genotypes of the pollen are

expressed. In a gametophytic self-incompatible pistil, the interaction of the haploid pollen with the

diploid pistil determines the success of the pollen (NASRALLAH 2002). Haploid gene expression

involves pollen-specific genes, as well as genes also expressed in the sporophyte. Therefore, genes

that are expressed in the sporophyte can be under selection in the male gametophyte. The extent of

gametophytic and sporophytic overlap is not certain but has been estimated to be between 61 %

(HONYS and TwELL 2003) and 90% (BECKER et al. 2003) based on microarray studies in A. thaliana.

The haploid condition is thought to allow for adaptation to occur more quickly as natural selective

forces purge recessive deleterious mutations from the gene pool and favor beneficial qualities. Pollen

competition further intensifies mutation purging, although to what extent is unclear (MULCAHY 1979).

Rapid evolution of reproductive traits could lead to reproductive isolation and possibly speciation.

Consistent with this idea are several recent studies focusing on the GRPs, a multigenic family of pollen

glycine-lich surface proteins, which are thought to mediate pollen recognition and hydration

(MAYFIELD et al. 2001; ZINKL etal. 1999). The GRP sequences display wide divergence across the

Brassicaceae. The rapid evolution of the GRPs, presumably due to repetitive sequence duplication,

deletion, and divergence, has prompted a model in which diversification of the pollen coat contributes

to speciation (FIEBIG et al. 2004; MAYFIELD et al. 2001). Alternatively, the evolution of duplicate

genes and gene families which display partial functional redundancy may be less extreme. How
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duplication and divergence of genes encoding a gametophytically-expressed signaling protein might

affect pollen competition, and thus evolution, is unknown.

It has even been suggested that nonrandom fertilization and pollen competition have made significant

contributions to the evolutionary rise of the angiosperms (BERNASCONI etal. 2004; MULCAHY 1979).

The unique opportunity for natural selection to act on the gametophytic phase of the life cycle

undoubtedly provides the angiosperms with a certain degree of adaptability. The extent to which

selective forces lead to responses in the sporophyte, however, is largely dependent on the overlap of

the sporophyte and gametophyte transcriptomes.

Central Hypothesis

The central hypothesis of this work is that Rop GTPases occupy key signaling positions in multiple

stages of male gametophyte development. Although evidence of a role for Rop signaling activity in

the male gametophyte has previously been established (YANG 2002), the majority of these studies were

performed in dicots and used overexpression of dominant negative Rop mutants, which could have

promiscuous inhibitory effects on more than one Rop. To investigate the functions of Rop in male

gametophyte development in vivo we have taken a reverse genetics approach. Our work is unique in

that it targets a single rop and is the first study to describe a function for a particular Rop in vivo.

Moreover, very few male gametophytic mutants with defects in the progamic phase have been isolated

and characterized. Therefore, the identification and characterization of the rop2::Mu mutants in this

study make a significant contribution to the understanding of male progamic function.
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CHAPTER TWO

Subfunctionalization as a possible mode for the
preservation of the maize rop2/rop9 duplicate gene pair
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T1E1Sil
Maize, an ancient allotetraploid, exhibits extensive remnants of sequence duplication, including

duplicate genes (GAUl 2001; GAuT etal. 2000). Several mechanisms have been proposed to account

for the preservation of duplicate genes in a genome, including neofunctionalization and

subfunctionalization (refs). The maize rop2/rop9 duplicate gene pair is of ancient origin and belongs to

the Rop GTPase family, of which there are nine rop genes in maize (ropl-rop9) (CHRISTENSEN et al.

2003). An alignment of rop2/rop9 orthologs across the monocot species maize, rice, barley, wheat,

noble cane and sorghum indicates remarkably high sequence conservation. We have mapped the rop2

and rop9 genes to maize chromosomes 4 and 5, respectively. The map positions of rop2 and rop9

strongly correlate with identified pollen QTLs associated with pollen competitive ability (SARI GORLA

et al. 1995; SARI GORLA et al. 1992). The duplicate genes share similar developmental expression

patterns and are expressed in vegetative tissues and mature pollen (CHRISTENSEN et al. 2003). We

examined rop2 and rop9 expression from a massively parallel signature sequencing database and

found 8 vegetative tissues with over 4-fold rop2/rop9 expression differences. In addition, a

quantitative expression analysis of mature and germinating pollen indicated differential rop2 and rop9

expression patterns, with a two-fold induction of rop9 in germinating pollen. Thus, the differential

expression patterns of the rop2/rop9 duplicate genes support a subfunctionalization model for the

retention of these duplicate genes in the maize genome.

INTRODUCTION

Gene duplication has long been thought to play an important role in evolution by providing new

material for selection to act upon (Ol-INo 1970). Most flowering plant genomes exhibit high levels of

gene redundancy, due to one or more cycles of genome doubling. Polyploidy yields duplicate genes

whose expression may either be retained or lost over time. Theorists predict one of three fates for

duplicate gene-pairs: nonfunctionalism, neofunctionalism, or subfunctionalism (FORCE et al. 1999;

LYNcH and FORCE 2000; OHNO 1970). Both nonfunctionalism and neofunctionalism fall under the

classical model for duplicate gene preservation (OHNO 1970). That is, through degenerative mutations,

one gene copy becomes nonfunctional, resulting in the formation of a pseudogene. Alternatively, and

only rarely, both gene copies are preserved due to a beneficial mutation of one gene copy such that it

produces a novel function, neofunctionalism (Ol-INO 1970). The subfunctionalism model assumes that

a gene has multiple functions, each under control by different DNA regulatory elements. Under this

assumption, distinct degenerative mutations occur in each copy of the gene, leading to a loss or

reduction of a different subfunction in each copy. Thereby, the original function of the ancestral gene

is partitioned across both copies and the duplicate genes are preserved (FORCE et al. 1999). The maize

genome exhibits extensive remnants of sequence duplication, including duplicate genes (GAul 2001;

GAUT et al. 2000). Estimates of the percent of duplicate gene retention in maize ranges from 70%
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(AHN AND TANKSLEY 1993) to 14% (FREELING 2001). Subfunctionalization is thought to be a highly

probable explanation for the preservation of a large number of duplicate genes in maize. Not only is

maize an ancient tetraploid, but it also has a large number of transposable elements that commonly

insert into the 5' and 3' regions of genes, possibly generating subfunctional alleles (WESSLER et al.

1995; WHITE etal. 1994).

The Rop GlPases, a plant specific family of the Rho GTPases, are a multigene family in maize with

important roles in plant development (reviewed in Gu et aL 2004; LI et al. 2001; YANG 2002). There

are currently nine known rop genes in maize (ropi through rop9), which can be divided into three

phylogenetically distinct subgroups of three genes each (CHRISTENSEN et al. 2003). The rop

expression profiles in the sporophyte indicate significant spatial and temporal overlap, suggesting

functional redundancy is likely among rops in the sporophyte, particularly among genes within a

phylogenetic subgroup. In the male gametophyte however, only a subset of rops (rop2, rop8 and rop9)

are highly expressed, thereby reducing the likelihood of redundancy in the male gametophyte

(CHRISTENSEN et al. 2003). The rop2 and rop9 genes are duplicate genes and share similar

developmental expression patterns, based on a genomic-scale analysis of gene expression patterns

(CHRISTENSEN et al. 2003). In addition, rop2 (previously referred to as racB in HASSANAIN et al.

(2000) and rop9 are both in phylogenetic Group 4, along with ROPI andROP5 from Arabidopsis

thaliana (CHRISTENSEN etal. 2003), which have been implicated in the regulation of pollen tube

growth (Fu and YANG 2001; KOST etal. 1999; LI etal. 1999).

This work describes the cloning and characterization of the two maize duplicate genes, rop2 and rop9.

Based on mapping data, the genes are likely to have originated in an ancient whole genome duplication

event (SwIGoNovA et al. 2004). Furthermore, their map locations coincide with QTLs identified for

influencing pollen competitive ability, raising the possibility that these genes contribute to those QTLs

(SARI GORLA et al. 1995; SARI GORLA etal. 1992). In addition, close inspection of the developmental

expression profiles of rop2 and rop9 indicate some distinct expression patterns for each. A

quantitative expression analysis of mature and germinating pollen also indicates differential expression

patterns. We argue that the data presented in this work support a hypothesis for a subfunctionalization

model for the preservation of this gene pair in the maize genome. We present the subfunctionalization

model as a hypothesis for future work, as more data become available concerning mechanisms of

regulation and function of the duplicate gene pair.

Cloning and Sequencing: The rop2 and rop9 sequences were amplified from genomic DNA by PCR

and cloned into the TA vector (Invitrogen, Inc.). Primers used in the amplification reactions (based on
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sequence from a rop2 cDNA clone), isolated clones, and the sequenced regions are indicated in

Appendix Table A2.2. Clones were sequenced using the universal primers, Ml7 and T7, (present in

the TA vector) or gene specific primers. Primer sequences for all cloning and mapping reactions are

listed in Appendix Table A2. 1. The GenBank accession numbers for the rop9 and rop2 genomic

sequence are AY163378 and AY163379, respectively.

To generate coding sequences for the likely monocot orthologs of rop2 and rop9, homologous ESTs

from a number of large-scale projects were identified in Genbank by BLAST, and retrieved for further

analysis. Contigs for each of four other monocot species (barley Hordeum vulgare, bread wheat

Triticum aestivum, sorghum Sorghum bicolor, and noble cane Saccharum officinarum) were then

assembled from these ESTs using the CAP3 assembly program (HUANG and MADAN 1999) available

on the Center for Gene Research bioinformatics website (bioinfo.cgrb.oregonstate.edu).

Mapping. Genomic DNA of the IBM mapping population was obtained from the Maize Mapping

Project, Missouri Maize Project (www.maizemap.org). Genotypes for mapping rop2 on the IBM

population were determined using a polymorphism between B73 and Mol 7 that was generated by

amplification of the 3' region of rop2 using the primer pair BF5 and BR2 (Appendix Table A2. 1), and

subsequent enzyme digestion of the PCR product with MspI (Promega). Thermocycling conditions

were as follows: 94°C. 3 mm (1 cycle); 94°C, 45 sec, 62°C, 2 mm, 72°C 1 mm 30 sec (35 cycles);

72°C 5 mm (1 cycle). The PCR products were digested with MspI at 37°C for 1 hour and the

digestion products were resolved on a 4% Metaphor agarose gel (Cambrex). Results for each line were

recorded according to Project instructions, and submitted to www.maizemap.org for mapping analysis.

Seed from the recombinant inbred T232/CM37 mapping population was obtained from Ben Burr

(Brookhaven National Laboratory) (BuRR et al. 1988). Genomic DNA was isolated from leaves using

the rapid prep method described in Arthur et al. (2003). Polymorphisms for mapping rop2 and rop9 in

this population were revealed by analysis of sequence from the parental inbreds done by Delphina

Homen. A rop2 PCR product generated by amplification of the 3' region of rop2 using the primer set

2F 16 and BR! 2 (Appendix Table A2. 1) produced a fragment length polymorphism between T232 and

CM37. Thermocycling conditions were as follows: 94°C. 3 mm (1 cycle); 94°C, 45 sec, 66°C, 1 mm,

72°C 1 mm 30 sec (35 cycles); 72°C 5 mm (1 cycle). The amplification products were resolved on a

4% GenePure agarose gel (ISC BioExpress, Inc.). A rop9 PCR product generated by amplification of

the 3' region of rop2 using the primer set 9F7 and 9R9 (Appendix Table A2. 1) produced a

recognizable polymorphism between T232 and CM37 when digested with TaqI (New England

Biolabs). Thermocycling conditions were as follows: 94°C. 3 mm (1 cycle); 94°C, 45 sec, 63°C, 1
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mm, 72°C 1 mm 30 sec (35 cycles); 72°C 5 mm (1 cycle). The PCR products were digested with Taqi

at 65°C for 1 hour and the digestion products were resolved on a 1.5% GenePure agarose gel (ISC

BioExpress, mc).

Genomic DNAs from the oat-maize addition lines (KYNAST et al. 2001) were obtained from Howard

Rines (U. Minnesota). Genomic DNA was analyzed by PCR using the rop2-specific primer pair BF4

and BR7 (Appendix Table A2.1). Thermocycling conditions were as follows: 94°C. 3 mm (1 cycle);

94°C, 45 sec, 60°C, 1 mm, 72°C 1 mm 30 sec (35 cycles); 72°C 5 mm (1 cycle).

Mapping relative to pollen QTLs. The T232/CM37 rop2 and rop9 mapping data were sent to the

Sari Gorla lab (University of Milan, Italy) to place rop2 and rop9 on their QTL maps for pollen

competitive ability (SARI GORLA et al. 1992), and pollen-style interactions (SARI GORLA et al. 1995).

Analysis of MPSS data: A previous study analyzed the expression profiles of all nine maize rop genes

across 57 RNA samples (CHRISTENSEN et al. 2003), using the massively parallel signature sequencing

method to quantitate the frequency of particular transcripts in a specific sample (BRENNER et al. 2000a;

BRENNER et al. 2000b). To compare the expression profiles of rop2 and rop9 in more detail, a fold

expression difference was determined by dividing the normalized rop2 and rop9 values. Only tissues

with at least one of the two genes having a normalized rop value greater than 0.3 were used in the

analysis.

Quantitative real-time RT-PCR: The transcript levels of ROP2 and ROP9 were measured in three

biological replicates. Approximately 0.5 ml of pollen from three W22 inbred plants was collected at

anthesis and divided roughly in half. One half of the pollen was germinated in IX PGM liquid media

(SCHREIBER and DRESSELHAUS 2003) for 30-45 minutes. The germinated pollen was collected by

centrifugation and the supematant removed. About 50 il of Trizol was added and the tissue was

homogenized using a plastic pestle directly in the microfuge tube. Following homogenization, the

procedure used to extract RNA was the same as that used for the mature pollen samples. The

germination frequency was at least 80% for each replicate. RNA extraction and complimentary DNA

synthesis from the germinated and ungerminated mature pollen samples was performed as described in

Arthur et al. (2003). Real time RT-PCR was performed on an ABI Prism 7000 sequence detection

system (Central Services Laboratory, Oregon State University) using INVITROGEN SYBR green

PCR master mix according to the manufacturer's instructions. Thermocycling conditions were as

follows: 95°, 10 mm (1 cycle); 95°, 15 sec; 60°, 30 sec; 72°, 30 sec (40 cycles). The dissociation

protocol was performed on every run to determine whether the reaction produced any non-specific
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products. Nonspecific amplification was not detected in any of the experiments. Primers for specific

amplification of each cDNA and analysis of the transcript levels were performed as described by

ARTHUR et al. (2003).

RESULTS

The rop2 and rop9 genes in maize are duplicate genes: The details concerning the cloning and

sequencing of rop2 and rop9 are summarized in the Appendix Table A2.2. Briefly, the transcribed

sequence of rop2 (originally called racB) was initially determined by Hassanain et al. (2000) based on

a cDNA clone, and sequencing of several rop2 Mutator transposon alleles generated genomic sequence

for the gene's first intron (ARTHUR et al. 2003). The remaining rop2 genomic sequence was cloned

and sequenced from genomic DNA of the maize inbred line B73, using PCR and gene specific primers.

An additional fragment, which turned out to be rop9, was also amplified in these experiments. For the

rop9 gene, three different genomic DNAs were subsequently used for sequencing. The high sequence

identity between the two genes prevented the design of primers specific for the 5' end of rop9; thus,

this region was cloned from a rop2:.Mu homozygous mutant line of a W22 inbred (E32- 11; rop2-

mI/rop2-mI; ARTHUR etal. 2003) to eliminate the possibility of isolating rop2. The remaining rop9

sequences were amplified and cloned from the maize inbred lines B73 and Mo 17.

The duplicate gene pair displays high genomic sequence conservation. The percent nucleotide

sequence identity between rop2 and rop9 exons ranges from 95-99%, and from 73-88% for introns

(Figure 2.1). The identity between the encoded proteins is nearly 100%, with only one difference

across the entire 197 amino acids (ARTHUR et al. 2003). The rop2/rop9 coding sequence is also

remarkably conserved among the monocot species of maize, rice, barley, wheat, noble cane and

sorghum (Figure 2.2). The similarity of rop2 and rop9 intron sequences, as well as their adjacent

positions within the Rop family phylogenetic tree (CHRISTENSEN etal. 2003), suggests that they are

likely to have been generated by a relatively recent duplication event. No similarity was observed

between available rop4 (the other most closely related maize rop) intron sequences and intron

sequences from rop2 or rop9 (not shown).

The subfunctionalization model predicts differential regulatory mechanisms for the different

subfunctions of a preserved duplicate gene pair. However, no obvious differences in DNA coding

sequence or sequence arrangements that would reflect a loss of conserved cis-regulatory elements in

one of the two genes were detected in our analysis. Previously, a large (3 50-400 bp) conserved

noncoding DNA sequence, or CNS, was identified in the 3 'UTR of rop2, rop9, and four orthologous

monocot genes (CHRISTENSEN etal. 2003). CNSs have been identified in numerous species and

although the function of CNSs is unknown, a significant portion of them are located in regulatory
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ATG
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Figure 2.1 Genomic structure of the rop2/rop9 gene pair. Exons are depicted

as boxes and introns as lines. The percent rop2/rop9 nucleotide identity of the

intron and exon sequences is indicated.
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Figure 2.2. Alignment of the coding sequences of Zmrop2/rop9 orthologs

demonstrates extremely high sequence conservation across monocot species.

Nucleotides that are identical in all seven species are highlighted in black; maize

Zm, rice Os, barley Hv, wheat Ta, noble cane So, and sorghum Sb).
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TGAGCGCGTCCAGGTTCATAAAGTGCGTCA
TGAGCGCGTCCAGGTTCATAAAGTGCGTCA
TGAGCGCGTCCAGGTTCATAAAGTGCGTCA
TGAGCGCGTCCAGGTTCATAAAGTGCGTCA
TGAGCGCGTCCAGGTTCATAAAGTGCGTCA

ACGGC GCCGTCGGCAAGAC
ACGGCGCCGTCGGCAAGAC
ACGGCGCCGTCGGCAAGAC
ACGGCGCCGTCGGCAAGAC
ACGGCGCCGTCGGCAAGAC
ACGGCGCCGTCGGCAAGAC
ACGGCGCCGTCGGCAAGAC

TGCATGCTCAT TCCT
TGCATGCTCAT TCCT
TGCATGCTCAT TCCT
TGCATGCTCAT TCCT
TGCATGCTCAT TCCT
TGCATGCTCAT TCCT
TGCATGCTCAT TCCT

CCTCCAACACCTTCCCCAC GA TAT
CCTCCAACACCTTCCCCAC GA TAT
CCTCCAACACCTTCCCCAC GA TAT
CCTCCAACACCTTCCCCAC GA TAT
CCTCCAACACCTTCCCCAC GA TAT
CCTCCAACACCTTCCCCAC GA TAT
CCTCCAACACCTTCCCCAC GA TAT

TTG CTTCAGTGC
TTG CTTCAGTGC
TTGA CTTCAGTGC
TTG ACTTCAGTGC
TTG ACTTCAGTGC
TTGA ACTTCAGTGC
TTGA AACTTCAGTGC

12 AC

I'A AC

'A AC

12 AT
A AT

12 AC

12 AT

GTGGTTGATG
GTGGTTGATG
GTGGTTGATG
GT GGT T GAT G

GTGGTTGATG
GTGGTTGATG
GTGGTTGATG

G



GTCAACCT GG
GTCAACCT GG
GTCAACCT GG
GTCAACCT GG
GTCAACCT GG
GTCAACCT GG
GTCAACCT GG

CT TGGGA CTGCAGGTCAMGA
CT TGGGA CTGCAGGTCAaGA
CTaTGGGA CTGCAGGTC GA
CTaTGGG CTGCAGGTC GA
CTaTGGGA CTGCAGGTC GA
ICT TGGGA CTGCAGGTCAAGA
CT TGGG CTGCAGGTCAAGA
M AVIIrATIIIIaA

II I

TACAACAGACTGAGACC a CTGAG TATCGTGGAGC
TACAACAGACTGAGACC CTGAG TATCGTGGAGC
TACAACAGACTGAGACC L CTGAG TATCGTGGAGC
TACAACAGACTGAGACC CTGAG TATCGTGGAGC
TACAACAGACTGAGACC CTGAG TATCGTGGAGC
TACAACAGACTGAGACC £ CTGAG TATCGTGGAGC
TACAACAGACTGAGACC £ CTGAG TATCGTGGAGC

a aa a a a a a a a

TGT TT CTTCTGGC TTCTCACT T G GC
TGT TT CTTCTGGC TTCTCLCT T AG A GC
TGT TT CTTCTGGC TTCTC CTA T AG A Gd
TGT TT CTTCTGGC TTCTC CT T G A GC
TGT TT CTTCTGGC TTCTC CT T G A GC
TGT TT CTTCTGGC TTCTCaCT T G GC
TGT TT CTTCTGGC TTCTCACT TA G A GC

GCTATGAGAATGTTTC AAGAAGTGGATACCTGAPCT
GCTATGAGAATGTTTC AAGAAGTGGATACCTGA a CT
GCTATGAGAATGTTTC A AAGAAGTGGATACCTGA CT
GCTATGAGAATGTTTC A AAGAAGTGGATACCTGA a CT
GCTATGAGAATGTTTC A AAGAAGTGGATACCTG CT
GCTATGAGAATGTTTC AAGAAGTGGATACCTGA a CT
GCTATGAGAATGTTTC AAGAAGTGGATACCTGACT



GCATTATGCACC GGTGTGCCAT T CT GT
GCATTATGCACC GGTGTGCCAATA T CT GT
GCATTATGCACC GGTGTGCC AT T CT GT
GCATTATGCACCAGGTGTGCC AT T CT GT
GCATTATGCACCAGGTGTGCC AT T CT GT
GCATTATGCACC GGTGTGCCA TA T CT GT
GCATTATGCACC GGTGTGCCA TA T CT GT

GCTTGATCT
GCTTGATCT
GCTTGATCT
GCTTGATCT
GOT TGATCT
GCTTGATCT
GOT TGAT CT

CGAGA
CGAGA
CGAGA
OGAGA
OGAGA
CGAGA
CGAGA

GACAA
GACA
GACA
GACAA
GACA
GACAA
GACAA.

CAGTT TTTGT
CAGTT TTTGT
CAGTT TTTGT
CAGTT TTTGT
CAGTT TTTGT
CAGTT TTTGT
CAGTT TTTGT

CATCCTGGTGCTGT CCTATCAC CTGCTCAGG
CATCCTGGTGCTGT CCTATCAC CTGCTCAGG
CATCCTGGTGCTGT CCTATCAC CTGCTCAGG
CATCCTGGTGCTGT CCTATCAC CTGCTCAGG
CATCCTGGTGCTGT CCTATCAC ACTGCTCAGG
OATCCTGGTGCTGT COTATCAC ACTGCTCAGG
CATCCTGGTGCTGT CCTATCAC ACTGCTCAGG

TAA AAAG
TAA AAAG
TAA AAAG
TAAAAAAG
TAAAAAAG
TAA AAAG
TAA AAAG

IAATAGGCGC CC TACTACAT
AATAGGCGC CC A TACTACAT
AATAGGCGC CC 'TAO TACAT
I AATAGGCGC'CC TACTACAT
I AATAGGCGC CC TAO TACAT
"AATAGGCGC A CC TACTACAT
&AATAGGCGOAC CATAC TACAT



* 480 500
ZmRop2
ZmRop9
OsRacB
HvRacB
TaContig9
SoContig6
SbContig2

GAaTGCAGCTC AAGACCCAACTAAA GT AAGGG GT

* 520 * 540
TGATGCGGCATAAAGGTGTC TGCCCCAAG...T
T TjGAT GCGGC2ATAAAGGTGTCTGCCC CAAG

. TT GATGCGGCA TAAAGGT GT'CT GCCFCCA AG
- . . TT GATGCGGCAATAAAGGT GTACT GCCACCA AG

. TT GATGCGGC ATAAAGGT GT CT GCCACC AG
TT GATGCGGC ATAAAGGT GT CT GCCACCAAAG

£ A ALA AL

27

507
507
507
507
507
507
507

.

.

GC AAGAAGAAGAAAAAGG GCA GGGGGGC TGCTCC
GC AAGAAGAAGAAAAAGG GC GGGGGGC TGCTCC

-- : GC GAAGAAGAAAAAGG GCA GGGGGGC TGCTCC
GC AGAAGAAGAAAAAGG GCA GGGGGGC TGCTCC

' GC AGAAGAAGAAAAAGG GC GGGGGGC TGCTCC :

. GC GAAGAAGAAAAAGG GCA GGGGGGC4TGCTCC

. GC GAAGAAGAAAAAGG GC GGGGGGC TGCTCC :

LA AL AL ALALA L.A

T TTGTGA
T TTGTGA

I T TTGTGA .4

. I T TTGTGA
' T TTGTGA .4

. . T TTGTGA .4

TTTGTGA .4

A A



sequence elements (LEVY et al. 2001). Using stringent criteria for defining CNSs (GuO AND MOOSE

2003), we failed to detect significant CNSs in areas other than the 3'UTR in rop2, rop9 and the

rop2/rop9 rice ortholog OsRacB (data not shown). These results do not exclude the possibility of a

CNS in the 5' sequence, however, as the promoter and putative upstream regulatory regions were not

included in this analysis due to incomplete sequence data.

The rop2 and rop9 genes map to maize chromosomes 4L and 5S respectively. The oat-maize addition

lines are a useful tool for mapping genes to a particular maize chromosome. The ten oat-maize

addition lines, corresponding to the 10 maize chromosomes (lines 1-10), were produced by crossing

maize and oat and selecting oat lines which retained a single maize chromosome (KYNAST et al. 2001).

We attempted to use the oat-maize addition lines to determine on which maize chromosomes rop2 and

rop9 were located. We were only able to successfully produce gene-specific amplification, however,

for rop2. A PCR amplification of the different addition lines with rop2-specific primers produced a

single product of the expected size only in the chromosome 4 addition line (Figure 2.3). To confirm

the map location of rop2 on chromosome 4 and determine a more refined map position, we used the

intermated B73/Mo 17 (IBM) mapping population (LEE et al. 2002). A polymorphism in the 3' region

of rop2 between B73 and Mo 17 alleles was used to determine the genotypes for the 94 core individuals

of the IBM population (Figure 2.4). Analysis of these data placed rop2 on the IBM genetic map on the

long arm of chromosome 4, 1.8 cM proximal to umcIJO9 in bin 4.10 (SHAROPOVA etal. 2002) (Figure

2.5). Attempts at finding a rop9 polymorphism in IBM mapping population were unsuccessful.

800bp

SOObp

Figure 2.3. Mapping rop2 to maize chromosome 4 using oat-maize
addition lines.
A PCR amplification with rop2-specific primers on the ten oat-maize
addition lines (1-10), oat parental DNA (0), and wild-type maize
DNA (M) produce a product in the oat-maize chromosome 4 addition
line the same size as wild-type maize DNA.

Quantitative trait loci (QTLs) that influence pollen competitive ability have been identified in maize by

RFLP marker analysis using the recombinant inbred T232/CM37 (TxCM) mapping population (SARI

GORLA et al. 1995; SAIU GORLA et al. 1992). One of these pollen QTLs is located on the long arm of



29

B %MII Score \'k1 Score V.1 Score \1 Score

A2B dC MB G1A
B2 B Dl C F2 B Hi B
A3B 2B F2B
B3B D2B F2A H2A
A4B 3A E3B G3B
B4B D3B R3B H3A
A4A C4B E4B G4A
B4B D4A F4B H4A
A5A 5B FSB
B5A D5B F5A HSA
A6A FB G6B
B6A D6D F6B 1B
A7A C7A E7A G7D
B7A D7D F7A H7B
ASA 8B IB
lISA D8A FSC LA
A9A CA B
B9A D9A FA INA
AlO A CII) A MO A GlO B
B1OA D1OB F1OB H1OA
A11A C11A E11B G11A
B11A DuB F11B HuB
Al2 B C12 A E12 B G12 A
B12A D12A F12 B H12A

Figure 2.4. Mapping rop2 using the Intermated B73/Mol 7 (IBM)

mapping population.

A. A representative agarose gel showing the rop2 polymorphism
in the IBM mapping population; A = B73 allele, B = Mo17 allele
B. The final allele distributions for rop2 on the IBM population;
A = B73 allele, B = Mo17 allele, C = either B or heterozygote,
D= either A or heterozygote.
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Chromosome 4

agrr 115
bnlg 1434
rcal
unc 1228
bx4
phi295450
php20725a
bnlgll26
unc 1926
adh2
ignc2l76
xnc2039
rz900a (ahh)
I 1m4 15
JicpsbS2lb
bnlg49O
unc2061
uncl9l(gpcl)
unc 1303
mp125
unc42a
bnl 15. 45
mpl9O
bnlg 1755

1702
irnp 149
php20597a
ninp74
ninpl76
rz273a(ant)
izncl04a
izncl9
bnlS.24b
inc 1667
asg27a
goll
bn1g2244
bn1g2162
ufg23
ssul
Linc2187
unc 1132
unc2188
inc2139
isnc1999
rz599b
inc 1650
asg22
cdo534a(cts)
np1593a
php2O6OBa
inc 1109
asg4l
bip2
cnt3
I su6 la

Figure 2.5. IBM map location of rop2.
The rop2 gene is located on chromosome 4, 1.8 cM proximal to
umcllO9 (arrow) on the IBM genetic map. The IBM map was
generated using CMap at www.gramene.org.
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chromosome 4, the same region as rop2. This was intriguing, as Mutator transposon insertions lines in

rop2 displayed a male-specific transmission defect that also influenced pollen competitive ability

(ARTHUR etal. 2003). To determine if rop2 and its duplicate rop9 were tightly linked to any of the

identified pollen QTLs, we mapped both genes on the TxCM mapping population. Polymorphisms

between T232 and CM37 alleles were successfully identified for both rop2 and rop9 (Figure 2.6A) and

the genotypes for the 48 individuals of the TxCM mapping population were determined (Figure 2.6B).

The analysis placed rop2 near the tip of chromosome 4L, consistent with earlier mapping data, and

rop9 on chromosome 5 S, close to the centromere (Table 2.1). The Sari-Gorla group used the

genotyping data to map rop2 and rop9 with respect to the pollen QTLs they identified on the TxCM

map (SARI GORLA et al. 1995; SARI GORLA et al. 1992). Interestingly, both genes mapped close to

chromosome regions associated with significant pollen QTLs (Figure 2.7). The rop2 gene was

completely linked to the RFLP marker bn!15. 07 on chromosome 4, a region which was shown to be

significantly associated with pollen-style interactions thought to influence pollen grain germinability,

as well as pollen tube growth rate, and rop9 fell among a group of RFLP markers on chromosome 5

that were also significantly associated with the traits of pollen grain germinability and pollen tube

growth rate.

A 12

rop2
100 bp

12

rop9 450 bp

B
rop2= 112212212222221121222221221111212121222212111221

rop9 = 111111111111121112211111211111111122311221211222

Figure 2.6. Mapping rop2 and rop9 using the recombinant inbred mapping
population CM37/T232.
A. Representative agarose gels showing the rop2 and rop9 polymorphisms of
some members of the CM37/T232 RI family; 1= CM37 allele; 2= T232 allele
B. The final allele distributions for rop2 and rop9: 1= CM37 allele, 2 = T232
allele, and 3 = heterozygote.



Table 2.1. The CM37/T232 mat scores for roD2 and roD9

rop2 Locusa Mapb Mc Diff R unite lode

uwo3 4L 193.5 46 6.5 0.1413 0.0823 5.71

bnll5.07 4L 199 48 1 0.0208 0.0106 12.34

csh(cdc2A) 4L 200.5 48 1.5 0.0312 0.0161 11.55

ncr(cat3) 4L 203.2 48 5.5 0.1146 0.0647 7.03

ufg(ivr2A) 4L 212.1 43 9.5 0.2209 0.1418 3.08

rop9 Locusa Mapb Mc Difl' Re unite lodg

umc43 5S 85.3 48 9.5 0.1979 0.1234 4.08

npi256 5S 86.6 48 12 0.25 0.1667 2.73

umcl 5S 990.1 47 7.5 0.1596 0.0949 5.19

cic287 5S 92.6 45 5 0.1111 0.0625 6.73

ncr(catl) 5S 99.1 46 11.5 0.25 0.1667 2.61

uwo6 5S 109.9 48 8 0.1667 0.1 5.06

risi 5S 117.4 42 7.5 0.1786 0.1087 4.08

amp3 5L 126.2 48 11 0.2292 0.1486 3.23

bnl5.71 5L 141.9 48 13 0.2708 0.1857 2.27
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Table 2.1 continued. The CM37/T232 map scores for rop2 and rop9.
a. Framework marker
b. Map position
c. Number of non-zero comparisons
d. Total of absolute differences between allele distribution
e. Recombination fraction
f. Estimated distance in Morgans
g. LOD score for linkage
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Chromosome 4

bnitas I
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Chromosome 5

npi2S6

ir 4.7 cM
umcl
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2.2cM 15.8
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2.2 cM bnl6.22a 5.9 cM
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Figure 2.7. The rop2 and rop9 genes map to pollen QTLs.

The map locations of significant RFLP markers associated with pollen
competitive ability and rop2 and rop9 (boxed). The name of the marker and the
map distance (cM) between markers is indicated to the left and right of each
chromosome, respectively. RFLP markers associated specifically with pollen-
pistil interactions (*) (Sari-Gorla et al., 1995) and pollen tube growth rate (**)
are indicated (Sari-Gorla et al., 1992).
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These mapping results are consistent with the rop2: :Mu phenotype observed by ARTHUR et al. (2003)

and raise the possibility that rop2 and rop9 could be factors influencing the identified QTLs.

The rop2/rop9 duplicate pair arose from an ancient polyploidization event: To help determine

whether the rop2/rop9 gene pair originated from the complex tetraploidization event thought to have

occurred during evolution of the maize genome (between 4.8 and 11.9 million years ago GAuT and

DOEBLEY 1997; SwiGoNovA et al. 2004) or a more recent, small-scale duplication, the genomic

locations of rop2 and rop9 were compared to the genomic location of OsRacB, the rop2/rop9 ortholog

in rice. Studies comparing homology among maize chromosomes have revealed a number of duplicate

chromosomal regions in the maize genome, with each duplicate region syntenous with a region of the

rice genome (Al-IN and TANKSLEY 1993; GALE and DEvOS 1998; WILSON et al. 1999). These

duplicated regions reflect the ancient polyploidization event in maize (AHN and TANKSLEY 1993;

HELENTJARIS et al. 1988), and duplicated genes arising from the large-scale duplication event will

often map to the syntenic regions between maize and rice chromosomes. Using the comparative

mapping tool (Cmap) on the Gramene website (www.gramene.org), we created a chromosome

comparison of maize chromosomes 4 and 5 with the rice chromosome 2 (Figure 2.8). The syntenic

regions revealed by the comparative map of the rice chromosome 2 and maize chromosomes 4 and 5

(Figure 2.8) correspond to the mapped locations of OsRacB, rop2 and rop9 respectively. Therefore,

we conclude that the rop2/rop9 gene pair arose by a duplication event that involved a large

chromosome section, consistent with the hypothesis that they arose at the time of the ancient large-

scale maize genome tetraploidization.

The rop2/9 duplicate pair share similar yet distinct expression patterns: A recent analysis of rop

family gene expression in maize, using both RT-PCR and a high-throughput technique called

massively parallel signature sequencing (BRENNER et al. 2000a; BRENNER et al. 2000b), across 57

different RNA samples from different tissues and developmental stages indicated overlapping rop

expression patterns and high rop expression in tissues primarily undergoing active cell division and/or

expansion (CHRISTENSEN et al. 2003). Across these 57 samples, the rop2/rop9 duplicate gene pair

displayed a somewhat similar developmental expression profile based on a hierarchical clustering

method that, out of the entire family, grouped rop2, rop9, rop4 and rop5 together (CHRISTENSEN et al.

2003). A subfunctionalization model would predict differential expression patterns for rop2 and rop9.

To test this prediction, the MPSS data from the initial investigation was reexamined for notable

expression differences between the two genes (Table 2.2). Of the 43 RNA samples evaluated, 8 tissues

displayed over a 4-fold difference (Table 2.2), 18 tissues indicated a 2- or 3-fold difference (Appendix

Table A2.3), and 17 tissues displayed less than a 2-fold difference in the normalized rop2/rop9

expression values (Appendix Table A2.4). Although the significance of these results is difficult to
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Figure 2.8. Chromosome comparison of rice chromosome 2 with
maize chromosome 4 and 5 reveals regions of genomic colinearity.
The CMap Comparative Viewer from the Gramene database
(www.gramene.org) was used to generate a chromosome map
comparison of rice chromosome 2 with maize chromosomes 4 and
5. The rice putative ortholog of rop2, OsracB (AP005851) is
located on chromosome 2 (arrow). The duplicate marze genes,
rop2 and rop9, map to chromosome 4 and 5, respectively (black
boxes). Syntenous regions are denoted by gray lines between the
chromosomes.
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Table 2.2 Tissues with at least a 4-fold MPSS rop2 and rop9 expression difference

Fold higher rop2 expressiona Fold higher rop9 expressionb

Tissue 4+ fold Tissue 4+ fold

Immature Leaf 4x

Pulvinus 5x

Node, Elongation Zone 4x

Immature Ear 4x

Immature Ear (--8mm), Apex 5x

Embryo, 1 5DAP 5x

Endosperm, 8 DAP 6x

EmbryofEndosperm, 8DAP I 3x

a.b. Normalized rop expression values were divided to obtain a fold expression
difference. Only tissues with at least one of the two genes having a normalized rop
value greater than 0.3 were used in the analysis.

interpret without functional data (e.g., mutant phenotypes), these results do suggest that despite similar

developmental expression profiles, the levels of rop2 and rop9 expression can vary considerably at

particular stages of development. It is interesting to note that rop2 expression appears preferentially

expressed in certain adult vegetative structures undergoing cell division and expansion, whereas higher

rop9 expression is associated with embryonic structures.

If differential expression of the two genes is dependent on distinct developmental stages, and both

genes are highly expressed in the pollen, we suspected that a potential expression difference could be

detectable in mature and germinated pollen samples. Therefore, we measured the transcript levels of

rop2 and rop9 in mature and germinated pollen using quantitative real-time RT-PCR and profihini

(STAIGER etal. 1993) as an internal normalization control (Figure 2.9). Not surprisingly, both ROP2

and ROP9 transcripts were detected in mature and germinated pollen. The relative ROP2 transcript

levels in the mature and germinated pollen samples were not significantly different from one another.

In contrast, the relative ROP9 transcript levels in the germinated pollen samples were 2-fold higher

than the levels in the mature pollen samples, an indication of an upregulation of rop9 in response to

germination. These results suggest that rop9 could have a more important role in the male

gametophyte, relative to rop2, following germination, for example, during pollen tube growth in the

style.
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Figure 2.9. Quantitative real-time RT-PCR measures relative ROP9-mRNA and
ROP2-mRNA levels in mature and germinated pollen samples.
Expression levels of ROP2- and ROP9-mRNA relative to PROFIL1N 1 -mRNA
in both mature (solid bars) and germinated (open bars) pollen samples were
measured via quantitative real-time RT-PCR (see MATERIALS AND
METHODS). The expression values were normalized relative to ROP-
expression in mature pollen (i.e. mature pollen ROP-mRNA = 1) with bars
corresponding to standard error. The average transcript abundance was
calculated from triplicate real-time measurements of mature and germinated
pollen from three independent sets of RNA isolations.

DISCUSSION

This work describes the cloning, sequencing, mapping and expression analysis of the maize duplicate

genes rop2 and rop9. We demonstrate that the duplicate gene pair is of ancient origin. Despite the

ancient origin, however, both duplicate genes are expressed and highly conserved, at both the

nucleotide and amino acid levels. The developmental expression patterns in the vegetative tissues

show similar, yet unique expression patterns and the two genes display differential expression patterns

in germinating pollen. Although the regulatory mechanisms controlling differential expression of

these genes is unknown, we propose a subfunctionalization model for the preservation of the rop2/rop9

duplicate gene pair in the maize genome.

Mapping rop2 and rop9: The rop2 and rop9 genes map to maize chromosome arms 4L and 5S,

respectively. The mapping of rop9 was particularity challenging due to the high sequence

conservation of the rop2/rop9 duplicate gene pair, and the difficulty in finding polymorphisms in rop9,

despite sequencing several hundred bases of non-coding sequence from four different inbred lines

(data not shown). The mapping data for the TxCM mapping population, however, is somewhat

confusing because the rop9 alleles are not equally represented in the RI lines (35 rop9-CM37, 12 rop9-
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T232), an indication of possible problems with segregation distortion within the population. Problems

with segregation distortion for chromosome 5, or other genes near the region of chromosome 5 to

which rop9 was mapped, have not been reported (B. Burr, personal communication). We repeated the

genotyping PCR to verif' our rop9 mapping results, and thus we cannot explain these inconsistencies.

Additionally, we failed to detect rop9 on the oat-maize addition lines. These results may not be that

surprising however given a recent report describing difficulties in the construction of the oat-maize

chromosome 5 addition line (KYNAST et al. 2004). Interestingly, crosses with disomic maize

chromosome 5 addition lines, from two different oat backgrounds, displayed significantly reduced

transmission through the male (6.7-8%) (KYNAST er al. 2004). The failure to detect rop9 in the oat-

maize addition lines may be due either to the absence of chromosome 5, or a portion of chromosome 5,

from the oat-maize chromosome 5 addition line that we tested. Identification of a second

polymorphism (e.g., in the yet-to-be sequenced rop9 promoter region) will be needed to obtain higher

map resolution for rop9.

rop2 and rop9 map to the same regions as pollen QTL5. Quantitative trait loci (QTLs) for pollen

competitive ability and pollen-style interactions have been identified in maize by RFLP analysis of the

TxCM RI lines (SARI GORLA etal. 1995; SARi GORLA etal. 1992). In these studies, pollen

competitive ability was quantitatively measured using a pollen mixing technique, which assayed the

ability of each RI line to compete with a reference W22 inbred line. Pollen fitness is defined by two

components in the pollen QTL studies: pollen grain germinability (PGG) and pollen tube growth rate

(PTGR), inferred indirectly from the distribution of RI line progeny on the resulting ears. Most of the

QTLs identified related to either one trait or the other, suggesting that distinct sets of genes influence

these traits. The Sari-Gorla group used mapping data to place rop2 and rop9 on the RFLP map they

constructed in the pollen QTL study. The location of both rop2 and rop9 was closely linked with

QTLs associated with both PGG and PTGR traits on chromosomes 4 and 5, respectively. The QTLs

near rop2 and rop9 were also influenced by the genetic constitution of the female, suggesting that

these traits are influenced by pollen-pistil interactions (SARI GORLA et al. 1995). Given that ROP

GTPases have been linked to both pollen germination and pollen tube growth (reviewed in Gu et al.

2004; YANG 2002), it is possible the two maize genes influence the linked QTLs identified in these

studies. A sequence analysis of the rop2 and rop9 alleles from a CM37 and T232 background to

identify' potential polymorphisms with functional consequences could be used to investigate this

further.

Preservation of duplicate genes: We propose a subfunctionalization model for the mechanism of

preservation of the rop2/rop9 duplicate gene pair, in which rop2 and rop9 each adopt a specific subset

of the ancestral rop2/rop9 gene function. The subfunctionalization model assumes multiple
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subfunction. Over time, the different subfunctions within the duplicate genes are resolved randomly

(FORCE et al. 1999). The pair of duplicate genes examined in this work showed extremely high

sequence conservation at both the nucleotide and amino acid levels. Due to the extremely high amino

acid conservation it is unlikely that the protein functions encoded by this gene pair have diverged.

Moreover, the sequence similarity in the available 5' and 3' UTR sequences strongly suggest that the

two transcripts are not differentially translated or regulated differentially at a post-transcriptional level.

We also failed to detect any likely regulatory sequences (i.e., CNSs) in the introns of the two genes.

Therefore, we predict that any subfunctionalization of these genes should be almost exclusively due to

changes in upstream (or possibly downstream) regulatory elements that affect gene transcription.

Because full promoter and upstream sequences were not available at the time of analysis, we have not

been able to test this prediction. In the future, if the subfunctionalization model is correct, a sequence

analysis of the promoters of rop2 and rop9 in maize, and its close relatives sorghum and rice could

help identify conserved regulatory elements that may have become partitioned after gene duplication.

The best evidence for a subfunctionalization model is the quantitative differences in transcript levels

between the two genes detected in pollen and other tissues (Figure 2.9 Table 2.2). The MPSS

expression data indicates higher rop2 expression in immature tissues, and higher rop9 expression in

the embryo and endosperm (Table 2.2). Perhaps most interestingly, it appears that expression of rop9

is rapidly influenced by germination, whereas rop2 is not, implying that rop9 may have cis-acting

regulatory elements that allow it to respond to a "germination signal". An alternative to the

subfunctionalization model is a 'dosage' or 'quantitative' model. In this model, both genes are

preserved, not because their functions are distinct due to differential expression, but rather because a

shared function provided by the ROP2 and ROP9 proteins requires a certain level of protein for a

selective advantage. In this view, loss of one gene would reduce level of ROP2/ROP9 putting the

mutant gametophyte at a selective disadvantage; however Rop function is not eliminated completely

due to the activity of the duplicate gene. Full rop2/rop9 activity would therefore allow for more

efficient fertilization. An analysis of the rop2/rop9 regulatory mechanisms and a rop2/rop9 functional

analysis are needed to discriminate between these possibilities.
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ABSTRACT

Rop GTPases have been implicated in the regulation of plant signal transduction and cell

morphogenesis. To explore ROP2 function in maize, we isolated five Mutator transposon insertions

(rop2::Mu alleles). Transmission frequency through the male gametophyte, but not the female, was

lower than expected in three of the rop2::Mu alleles. These three alleles formed an allelic series based

on the relative transmission rate of each when crossed as trans-heterozygotes. A dramatic reduction in

the level of ROP2-mRNA in pollen was associated with the three alleles showing a transmission

defect, whereas a rop2::Mu allele with no defect had wild-type transcript levels, thus confirming that

mutation of rop2 causes the mutant phenotype. These data strongly support a role for rop2 in male

gametophyte function, perhaps surprisingly, given the expression in pollen of the nearly identical

duplicate gene rop9. However, the transmission defect was apparent only when a rop2: :Mu

heterozygote was used as the pollen donor, or when a mixture of wild-type and homozygous mutant

pollen was used. Thus, mutant pollen is at a competitive disadvantage compared to wild-type,

although mutant pollen grains lacked an obvious cellular defect. Our data demonstrate the importance

in vivo of a specific Rop, rop2, in the male gametophyte.

iNTRODUCTION

Selection can take place throughout both the sporophytic and gametophytic generations. However,

during the male gametophytic phase in particular, large haploid populations often compete to fertilize

the ovules, resulting in the potential for increased selective pressure on the male gametophyte as

compared to the sporophyte (MULCAHY and MULCAHY 1987). Genetic differences that affect pollen

development and fimction (e.g., germination ability or pollen tube growth rate) contribute to variability

in pollen fitness. These differences among individual gametophytes can lead to non-random

fertilization and thus affect the population genetic structure (MULCAHY etal. 1996; SKOGSMYR and

LANKINEN 2002). Furthermore, selection in the gametophytic generation can influence the sporophytic

generation (OTTAVIANO etal. 1988), a phenomenon thought to be due to the numerous genes that are

expressed in both generations (TWELL 1994; HONYS and TWELL 2003). Little is known about the

molecular genetic basis of male gametophytic development, particularly regarding those genes that act

in the later stages, and might encode molecules that influence pollen competitiveness (FRANKLIN-

TONG 2002; JoHNsoN and PREuss 2002; LoRD and RUSSELL 2002; SARI-G0RLA etal. 2002).

Pollen development and function are most likely controlled by a large number of genes. Although

mRNA populations in maize pollen are less complex than those in shoots, WILLING etal. (1988)

estimated that 20,000-24,000 different mRNA sequences are present in maize pollen. A recent

microarray analysis of the pollen transcriptome in Arabidopsis thaliana supports the idea of reduced

complexity compared to the sporophyte, but provides a lower estimate: at least 3500 genes are
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expressed in pollen, or approximately 12% of the genome (HONYS and TWELL 2003). Of these pollen-

transcribed genes, 39% are either pollen-specific or preferentially expressed in pollen, indicating a

significant difference between pollen and sporophytic transcriptomes. Nonetheless, this leaves over

61% of pollen genes expressed inboth generations. After accounting for mRNA expression levels, the

microarray analyses demonstrated that, compared to the sporophyte, pollen preferentially expresses

genes involved in cell wall metabolism, the cytoskeleton, and signaling, suggesting that these cellular

components are particularly crucial for pollen function (HONYS and TWELL 2003).

Despite the expression of numerous genes in pollen, relatively few mutants and variant alleles of

gametophytically-acting genes have been identified, and even fewer have been molecularly isolated

(FRANKLIN-TONG 2002; JOHNSON and PREuss 2002). In maize, QTLs for pollen competitive ability

have been mapped to specific chromosomal regions, including some thought to affect grain

germination and pollen tube growth rate (SARI-GoRIA et al. 1995). Moreover, at least eight different

loci, termed gametophytic factors (Ga), have been described in maize (NELSON 1994). The Ga alleles

confer a competitive advantage on male gametophytes that carry them, compared to gametophytes

carrying the corresponding ga alleles. Some Ga loci (e.g., Gal) require specific genotypes in the

female sporophyte to allow expression of this competitive difference. In A. thaliana, screens for

mutations that alter Mendelian segregation ratios, by eliminating or reducing transmission of a linked

marker through the pollen, have identified a number of gametophytically-important genes (e.g.,

LIMPET POLLEN - HOWDEN etal. 1998; the MAD genes - GRINI et al. 1999; and the lTD genes -

PROCISSI etal. 2001). Visual screens for morphological and cytological defects in pollen have also

been fruitful (e.g., SIDECAR POLLEN- CHEN and McCORMIcK 1996; GEMINI POLLEN- PARK et

al. 1998), as have reverse genetics approaches (e.g., LAT52 - MuSCHIETFI et al. 1994; AtPTENI -

GuPTA etal. 2002). However, the majority of these mutations affect early stages of pollen

development, resulting in aberrant pollen grains, and thus are less likely to be involved in the later

stages that have been linked to pollen competition in natural populations. A few of the A. thaliana

mutations (e.g., Ttd4l - PROCISSI et al. 2001) do not cause obvious defects in the pollen grain and are

transmitted through the male at low frequencies, identifring loci that appear to affect competitiveness

after pollen grain development.

One class of proteins with clear links to both signaling and the cytoskeleton at late stages of pollen

development is the Rop GTPase, a plant-specific subfamily of the Rho GTPases (ZHENG and YANG

2000; YANG 2002). Evidence from dicot species indicates that Rop GTPase activity is crucial for

pollen tube growth, as well as a number of other plant signaling pathways, in which these proteins

function as molecular switches. At least two A. tha!iana Rops (ROP1 and ROP5/At-RAC2) help

regulate polar growth of the dicot pollen tube (LIN and YANG 1997; KO5T etal. 1999; Li etal. 1999;
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Fu etal. 2001). Tube growth in vitro is arrested or slowed dramatically following inhibition of Rop

function by antibody microinjection or by transgenic overexpression of a dominant negative Rop

allele. Furthermore, a constitutively-active ROP 1 or ROP5/At-RAC2 induces depolarized expansion

of pollen tubes, along with defects in the organization of F-actin at the pollen tube tip (KOST etal.
2+1999; Li etal. 1999; Fu et al. 2001). Rop has also been lmked both to the Ca gradient ongmating at

the pollen tube tip (Li et al. 1999), and to tip-localized activity of phosphatidylinositol monophosphate

kinase (KosT et al. 1999), which in turn, may regulate the cytoskeleton or other cellular components

that effect polar growth. However, because no mutant alleles for these gametophytically-acting ROP

genes have been reported, the in vivo effects of altering specific Rop gene activity on pollen function

have not been characterized. In addition, although Rop has been linked to disease responses in rice

(KAWASAKJ etal. 1999; ON0 etal. 2001), information regarding Rop function in monocot

development is limited.

There are currently nine known maize rops (ropl-9), which can be divided into three phylogenetically-

distinct groups of three genes each (CHRISTENSEN etal., 2003). There is significant spatial and

temporal overlap of the nine rop transcripts, with high levels of all nine in sporophytic tissues

associated with active cell division and expansion, suggesting that there is likely to be functional

redundancy among rops in the sporophyte. However, only a subset of rops (rop2, rop8, and rop9) is

highly expressed in mature pollen (CHRISTENSEN et al., 2003). Thus, the likelihood of functional

redundancy in the male gametophyte is reduced. In addition, rop2 (previously referred to as racB -

HASSANAIN etal. 2000) and rop9 are in the same phylogenetic group as Arabidopsis ROPI and ROP5,

which have been implicated in the regulation of pollen tube growth (KOST etal. 1999; Li etal. 1999;

Fu etal. 2001). However, rop2 and rop9 are duplicate genes, showing 97% nucleotide and 99%

amino acid identity, and could be genetically redundant in the male gametophyte. In fact, the two

proteins differ by only a single conservative amino acid change that is unlikely to cause functional

differences between them (Figure 3.1). Furthermore, the UTRs of the two genes are also highly

conserved, showing 78% identity across 134 bp in the 5' UTRs, including 97% identity in the 39 bp

immediately upstream of the start codon, and 92% identity across the approximately 400 bp of the 3'

UTRs (data not shown).

To investigate the in vivo function of maize rops we adopted a genetic approach, isolating Mutator

transposon insertions in five maize rops, and testing these mutations for effects on sporophytic and

gametophytic development. We found that none of the sixteen isolated mutations (including five in

rop2) had obvious effects on the sporophyte; however, three mutant alleles of rop2 were transmitted at

reduced frequencies through the male gametophyte. Further work showed that the wild-type rop2

pollen had a competitive advantage over mutant pollen, indicating that the ROP2 protein has an
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Figure 3.1. Maize ROP2 and ROP9 are nearly identical. The amino
acid sequence for ROP2 is shown; identical amino acids in ROP9 are
dots. The single amino acid difference (valine vs. alanine) between
the two proteins (black box) is in the carboxy-terminal domain
involved in targeting small GTPases to the plasma membrane (YANG
2002). Mutational analysis of the related mammalian GTPase K-
ras4B in this region has shown that it can still be successfully
targeted to the plasma membrane despite major changes, provided
the changes avoid disrupting the region's polybasic character (ROY et
al. 2000).

important role in male gametophyte function, despite the expression of the ROP9-mRNA in this same

cell type. Thus, the hypothesized redundancy between the two nearly identical genes proved

unfounded, as rop2 provides an important selective advantage in maize, an outcrossing species in

which the male gametophyte would be exposed to competitive conditions in any open-pollinated

population.

MATERIALS AND METHODS

Plant material and genetic methods: The Trait Utility System for Corn (TUSC) methodology (BENSEN

et al. 1995; MENA etal. 1996) was used in collaboration with Pioneer Hi-Bred International, mc, to

obtain mutations in the rop2, rop3, rop4, rop6 and rop7 genes. Briefly, gene specific primers (GSPs -

Table 3.1) for each rop were used with a primer to the Muta for (Mu) transposon terminal inverted

repeat (TIR) to screen a large population of mutagenized individuals for Mu insertions in each rop

gene. Self-crossed F2 progeny from PCR-positive Fl parents were screened for the presence of a

segregating GSP-Mu PCR product to fmd heritable alleles; these alleles are referred to as rop::Mu

alleles. Amplified GSP-Mu fragments from heritable alleles were either directly sequenced or cloned

into pPCR-Script Amp SK (+) using the manufacturer's protocol (Stratagene) and then sequenced to

confirm insertion into the gene of interest, and to defme the insertion site.

We generated Mu-inactive families carrying the rop::Mu alleles in either a W22 or Al 88 inbred

background. The rop::Mu alleles were first crossed from their initial Mu-active background to a bzl
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shi stock, and then to a Mu-inactive bzl-mum9 line. Mu-inactive progeny were selected by choosing

bronze, unspotted kernels, and were testcrossed to bzl shi to confirm inactivity. The rop::Mu alleles

were then introgressed into the two inbred lines. This introgression protocol aimed to remove genetic

heterogeneity in the rop::Mu families, including any extraneous Mu insertions present in the original

TUSC lines.

The wxl-marked reciprocal translocation (Stock wxl3A, T4-9b; breakpoints 9L.29; 4L.90) was

obtained from the Maize Genetics Cooperation Stock Center in Urbana, IL. DNA derived from

the IBM mapping population (SHAROPOVA etal. 2002), provided by the Maize Mapping Project

(www.maizemap.org), was used to place rop2 on a chromosome arm by PCR genotyping.

PCR genosyping: To determine the genotype of plants harboring the rop::Mu alleles, leaf DNA was

extracted using either a rapid prep method (http://www.agron.missouri.eduJmnlJl7/57vejlupkova.html)

or a modified high-throughput method (PARIs and CARTER 2000) on a Matrix Mill (Harvester

Technology, mc) (http://www.agron.missouri.edu/mnl/77/58vejlupkova.html). DNA preps from

individual plants were subjected to PCR using a Mu TIR primer and rop GSPs. In most genotyping

reactions, three primers (e.g., a rop2-forward, a rop2-reverse, and a Mu-TIR primer) were used; this

multiplex reaction allowed discrimination among wild-type homozygotes, heterozygotes, and mutant

homozygotes. Different rop GSPs were used depending on which allele was being evaluated (rop2

primers are listed in Table 3.1). The accession number for the rop2 genomic sequence is Genbank

AY163379.

Analysis of gene expression by multiplex RT-PCR and Quantitative Real-Time RT-PCR: Pollen from at

least two plants of each analyzed genotype was collected for 1-3 hours at anthesis, and pollen of a

given genotype was pooled. Fresh pollen was ground into a paste using a mortar and pestle coated

with Trizol (Invitrogen Life Technologies, Inc.). As the pollen was ground, 200 pd aliquots of Trizol

were added up to a total of 2 mis (WEN and CHASE 1999). Total RNA was extracted from the

homogenate according to the manufacturer's instructions for RNA with high polysaccharide content.

The concentration of total RNA was determined spectrophotometrically, and the quality of RNA was

assessed by running 5 pig of total RNA on a formaldehyde gel. Samples of total RNA were treated

with DNaseI (RQ1, Promega, Madison, WI), and complementary DNA was synthesized with oligo

(dT) primers using the Super Script First-Strand Synthesis System (Invitrogen Life Technologies, Inc.)

according to the manufacturer's instructions.



TABLE 3.1
PCR trimer

Experiment Gene Primer Sequence 5' - 3'

TUSC Mu TIR AGA GAA GCC AAC GCC AWS GCC TCY AU TCG TC

rop2-F CCT ATC UC UC AGA CGA CCA GCA GGA

rop2-R CAG AGG CCG AGG TFG ACA GTA UA CCA

rop3-F AGC UC GCC GAT 1TF CAC CTA CTG UC

rop3-R AAC GCA AAA GAG CAC TCT ATC GGA AGG

rop4-F CGG TGG TCA ACT TGT GTC CTG AGG T

rop4-R CCC AAG UG ACA GTG CTC CCG TCA A

rop6-F AAG ACC TGC ATG CTC ATC TGC TAC ACC A

ropó-R TCA GCC CU GAA GAG CCT GAC GAA CT

rop7-F AGC AAC AAG UC CCC ACG GAT TAC ATC C

rop7-R UC ACC UC ACC TCC UC CAG ATC AGT GT
Genotyping rop2-F4 UC UC AGA CGA CCA GCA GGA GGT A

rop2-F7 UG CTC CGC TGG AGA GGT UC AU T

rop2-Fll CTC CCC TCC CCA CCA CCA CTA TC

rop2-R6 GCA ACA ATG AGG AGG AAG GAG CGT A

rop2-R8 GTA AU TCT ACA CGA GCG AGG CAA UC
RT-PCR Mu-end AGA GAA GCC AAC 0CC AWS GCC TCY AU TCG TC

El-Fl GGT ATG GU GU ACT 1TF GGG CCT ACT GGT

El-Rl CGA GGT AAC CAA CAA GCA AGC ACA GC

rop2-FlO GCT CCA TAC TAC ATC GAA TGC AGC TCG

rop2-F12 CCG TAG CGA GAG GGA GGG

rop2-R2 TCT 1TF GCT CAAACA CGG GAA ATA CCT TCT

rop2-R13 CGA AAC AU CTC ATA GCT GGC C

Real Time RT-PCR rop2-F13 GGC GCT CCA TAC TAC ATC GAA

rop2-R15 AAG CAA GAC GCG ACG ATG AT

rop9-F3 CAT ACT ACA TCG AGT GCA OCT CAA

rop9-RIO CGC CGC ATC GAA GAC AC

profihini-Fi CGC AU CCC CGA GU CAA

profihini-Ri CGA AAT CCT TCA TGA TGG CA

The ROP2-mRNA from wild-type (W22) and rop2::Mu plants was analyzed by RT-PCR using rop2

GSPs at both the 5' and 3' ends of the transcript. A primer pair to a widely-expressed Elongation

Factorl-a (EFI-a) gene (FERNANDES et al. 2002) (P1antGDB ZMtucO3-04-07.2 1400) was used as an

internal control (Table 3.1). RNA from the rop2-m3 allele was not analyzed because the maize line

that harbored this allele did not efficiently shed viable pollen.
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Real-time RT-PCR was performed on an ABI Prism 7700 sequence detection system (Central Services

Laboratory, Oregon State University) using the ABI SYBR Green PCR master mix kit (Applied

Biosystems, Foster City, CA) according to manufacturer's instructions. Primers for specific

amplification of each cDNA were designed using the Primer Express software (Applied Biosystems)

based on parameters suggested for use with the ABI Prism 7700, and corresponded to regions near the

3' end of each cDNA (Table 3.1). Transcript levels of ROP-mRNA in pollen RNA samples were

measured relative to transcript levels ofPROFILIN1-inRNA (Genbank X73279) (STAIGER etal. 1993)

using the standard curve method for the ROP2 transcript and the AACt method for ROP9 transcript

(User bulletin No. 2, ABI PRISM 7700 Sequence Detection System). Each sample was measured

three times, each time in triplicate, to obtain the relative transcript abundance. For comparison, the

ROP2- and ROP9-mRNA expression values were then normalized relative to the wild-type sample,

which was defmed as 1 (User bulletin No. 2, ABI PRISM 7700 sequence detection system). PCR

reactions were performed in triplicate in 25 .tl using 500 nm each of forward and reverse primers, 1X

SYBR Green master mix (Applied Biosystems), and 2 tl of template in MicroAmp 96-well plates

covered with optical caps (Applied Biosystems). Thermocycling conditions were as follows: 50°C, 2

minutes; 95°C, 10 minutes (1 cycle); 95°C, 15 seconds; 60°C, 1 minute (40 cycles); followed by an

additional cycle required for melt analysis of 95°C, 15 seconds; 60°C 95°C, 20 minute ramp; 95°C, 15

seconds (1 cycle). The melting curve was analyzed using the ABI PRISM Dissociation Analysis

software (Applied Biosystems) to confirm the presence of specific products and determine whether the

reaction produced any nonspecific products. Nonspecific amplification was not detected in any of the

experiments performed.

In vivo pollen competition: Pollen was collected at anthesis from bzl -marked homozygous rop2-mI

and rop2-mS plants, as well as bzl-marked homozygous wild-type (rop2+/rop2+) sibling plants, for

use as controls. Different lines of maize are known to produce pollen with differences in their

competitive abilities (OTFAVIANO et al. 1988, SARI-GORLA etal. 1995), and thus wild-type rop2+

pollen from sibling plants was a necessary control with which to compare each type of rop2::Mu

pollen. The bzl seed phenotype was conferred by the bzl-mum9 (Mu-inactive) and/or bzl-s/zI-x2

alleles segregating in these lines. To reduce potential differences due to genetic variation among

individual plants, pollen collected from at least three different plants of each of the four rop2

genotypes was pooled to produce each pollen source. Competitor pollen from six W22 inbred plants

(R1-scm2/R1-scm2; Cl/Cl; Bzl/Bzl) was also collected and pooled. 0.5 ml of W22 competitor pollen

was placed in a shoot bag with the same quantity of one of the bzl-marked rop2 pollen sources,

producing four mixture types: W22/rop2-ml, its comparator W22/rop2+, W22/rop2-m5, and its
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comparator W22/rop2+. Each mixture type was crossed to three different bzl-shl-x2/bzl-shl-x2

(bronze, shrunken) tester ears. Recessive ri and ci alleles (colorless aleurone) were segregating in

both the rop2:.Mu stocks and the bronze, shrunken tester stock; thus, seeds fertilized by a bzl-marked

pollen population could produce either bronze or colorless kernels, whereas seeds fertilized by W22

produced only purple (full color) kernels. The sum of bronze (bzl/bzl) and colorless (ri/ri or cl/cl)

kernels was compared to the number of purple (Bzl/bzl; Rl-scm2; Cl) kernels on each ear to

determine the competitive ability of each bzl-carrying pollen type relative to W22 (BzI) pollen.

Pollen morphology: Pollen from newly exerted anthers was placed on a microscope slide, and stained

with 0.25 j.tg/ml DAPI. Microscopy was performed on a Zeiss Axiovert microscope with differential

interference contrast optics and a UV filter set. Digital images were acquired using a SPOT CCD

camera and software (Diagnostic Instruments, Sterling Heights, MI, USA).

RESULTS

Mutator transposon insertions into rop2 are associated with a heritable, male-specWc transmission

defect: We took a genetic approach to investigate the role of rop2 in pollen function and development

in maize. A PCR-based screening technique (BENSEN et al. 1995; MENA et al. 1996) was used to

isolate five independent Mutator (Mu) insertions into the rop2 gene: rop2-ml, rop2-m2, rop2-m3,

rop2-m4 and rop2-m5. These alleles will be referred to collectively as rop2::Mu alleles. The rop2-ml

insertion was located in the 5' UTR, 26 base pairs (bp) upstream of the start codon (ATG), whereas the

other four Mu insertions, rop2-m2, rop2-m3, rop2-m4 and rop2-m5 were located in the first intron 343,

368, 389, and 591 bp, respectively, downstream of the start codon (Figure 3.2). Based on the sequence

in each allele of 39 bp of the Mu transposon tenninal inverted repeats, the rop2-m2 and rop2-m5 alleles

contained a MuDR element, rop2-ml and rop2-m3 contained a Mul element and rop2-m4 contained a

Mu8 element.

Initially, we noticed that self-pollination of rop2::Mu heterozygotes resulted in full ears, but for three

alleles (rop2-ml, -m2, and -m5), it produced fewer than expected mutant progeny, as determined by

PCR genotyping. For PCR genotyping, DNA samples were prepared from each progeny plant, and a

PCR reaction using two rop2 specific primers and a Mu primer allowed us to distinguish wild-type,

rop2::Mu heterozygous, and rop2::Mu homozygous plants (as in Figure 3.3A). The initial self-

pollinated families had lower than expected frequencies of both mutant heterozygotes and

homozygotes. However, plants homozygous for each of the five rop2::Mu alleles were recovered, and

none had any obvious defects, nor were they noticeably less vigorous than their wild-type and

heterozygous siblings (data not shown).



53

To determine whether the paucity of rop2::Mu genotypes was due to a defect either in gametophyte

function (reduced transmission) or in sporophyte viability (low penetrance homozygous lethality), we

checked transmission frequencies of the rop2::Mu alleles to the progeny in crosses using wild-type

tester plants and rop2::Mu heterozygotes as either male or female. Progeny from each cross were

genotyped by PCR, with the wild-type product as an internal control for the PCR reaction (Figure 3.3).

Transmission of rop2::Mu alleles through the female and male gametophyte was analyzed over four

generations (Tables 3.2 and 3.3). Each line in these tables represents genotyped progeny from an

independent cross; only data from families with at least 16 genotyped individuals are reported.

Three of the five independent rop2::Mu alleles (rop2-ml, -m2, and -m5) were associated with a

heritable male-specific transmission defect, appearing in the progeny in numbers significantly less than

the expected Mendelian ratio. No heritable defects in transmission through the female were associated

with any of the five mutations, and neither rop2-m3 nor -m4 were associated with a male transmission

defect. In the entire dataset, the percent transmission through the male for the defective alleles ranged

from 5-24% for rop2-mI, 5-53% for rop2-m2, and 6-33% for rop2-m5. Although rop2-m2 did not

show a transmission defect in the first generation and in one of the second generation crosses, it has

remained associated with a defect in all subsequent generations. The anomalous results in the initial

crosses could have been due either to genetic background effects, or to Mutator activity-related

phenotypic suppression (MARTIENSSEN etal. 1989). The data were collected from populations

produced by crossing in two distinct enviromnental conditions: field and greenhouse. Thus, the defect

appears relatively constant in different enviromnental settings.

The low frequency transmission of the rop2::Mu alleles through the male could have be due to

recombination of rop2::Mu away from a second, linked mutation that was the actual cause of the

transmission defect, or high frequency reversion to wild-type of such a second mutation. However, the

dataset included two crosses each for rop2-ml and rop2-m2, in which the mutant allele was transmitted

through the male, and in the subsequent generation, was still associated with a transmission defect.

These data argue that, at least for these two mutations, transmission of the rop2::Mu allele through the

male did not remove its association with the defect, and that neither the recombination nor the

reversion hypothesis was a likely explanation for the low frequency male transmission of rop2::Mu.

Rather, the rop2::Mu-associated defect appeared incompletely penetrant or incompletely expressed.

A linked marker was used to confirm that the reduced transmission phenotype was indeed associated

with the long arm of chromosome 4, where rop2 was located. We mapped the rop2 gene to 1.8 cM

proximal to umcl 109 (bin 4.10) on the IBM genetic map (SHAROPOVA et al. 2002) (data not shown).
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Figure 3.2. Isolation and identification of rop2::Mu alleles. (A) Genomic
map of rop2 with Mutator (Mu) transposon insertion sites. The 5' UTR is
shown as a thick black line, and the coding regions of the first two exons
are boxed. Classes of Mu transposons (not shown to scale) are identified by
their fill patterns; hatched represents MuDR ( 5 kb); black, Mu!; and
striped; Mu8 (both 1.4 kb) (LIscH 2002). (B) PCR reactions using a Mu
terminal inverted repeat primer and the gene-specific rop2 primer R8 (panel
A) confirms the Mu insertion sites. (C) Portions of genomic sequence for
wild-type rop2 (Genbank Acc. # AY163379), with the locations of the Mu
insertions for rop2-ml, rop2-m2, rop2-m3, rop2-m4, and rop2-m5. The Mu
insertion sites are numbered relative to the 5' end of the start codon (+ 1).
The nine nucleotides of the wild-type rop2 sequence that were duplicated
upon Mu insertion (boldface) are shown once; in the mutant alleles, the
duplicated sequences are adjacent to, and on both sides of, each Mu
insertion.
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Figure 3.3. PCR genotyping identifies wild-type and rop2::Mu
heterozygous plants. Heterozygous rop2-mI mutant plants were
used as either the female (A) or male (B) in reciprocal crosses with
a wild-type tester. Genotypes of the progeny (12 shown here) were
ascertained by PCR using a Mu terminal inverted repeat primer and
the rop2 R6 and F4 primers (Figure 3. 1A). PCR products from
plants heterozygous for the rop2-mI allele produce three bands,
two mutant (arrows) and one wild-type (*), whereas wild-type
plants produce only a single band (*). Mutant homozygotes
produce only the two mutant bands (data not shown). The faint
upper band at approximately 500 bp in rop2-ml heterozygotes is a
PCR artifact, as confirmed by sequencing.
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TABLE 3.2

Transmission of rop2::Mu alleles through the male gametophyte (wild-type x rop2::Mu/+

Allele Generation Progeny b p C

%rop2-ml/+ %WT(n)

rop2-ml 1 21(4) 79 (15) 6.37 <.05 *

2 ND ND ND ND

3 12 (5) 88 (37) 24.38 <.01 *

5 (1) 95 (19) 16.20 <.01 *

4 24 (21) 76 (67) 24.05 <.01 *

21(15) 79(55) 22.86 <.01 *

9 (4) 91(43) 32.36 <.01 *

7 (4) 93 (54) 43.10 <.01 *

%rop2-m2/+ %WT(n)

rop2-m2 1 53 (10) 47 (9) 0.05

2 43(15) 57(20) 0.71 -

23(11) 77(36) 13.30 <.01*

3 15 (3) 85 (17) 9.80 <.01 *

4 19 (4) 81(17) 8.05 <.01 *

5 (1) 95 (20) 17.19 <.01 *

% rop2-m3/+ %WT (n)

rop2-m3 1 ND ND ND -

2 33(6) 67(12) 2.00 -

67(16) 33(8) 2.67 -

3 71(15) 29(6) 3.86 <Ø5**

% rop2-m4/+ %WT (n)

rop2-m4 1 58(11) 42(8) 0.47 -

2 40(14) 60(21) 1.40 -

3 45(9) 55(11) 0.20 -

% rop2-m5/+ %WT (n)

rop2-m5 1 11(2) 89 (16) 10.89 <.01 *

2 33 (11) 67 (22) 3.67 <.05 *

29(6) 71(15) 3.86 <.01 *

3 6(1) 94 (15) 12.25 <.01 *

4 17 (4) 83 (19) 9.78 <.01 *
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TABLE 3.2, continued
Transmission of rop2::Mu alleles through the male gametophyte (wild-type x rop2::Mu/+

a rop2::Mu heterozygote was used as pollen donor.
b rop2::Mu/+ or % WI in progeny. Raw numbers are in parentheses.
p value based on x2 test. P values 2.05 (not significantly different from 1:1) are denoted

by ""* The population showed a significant difference from a 1:1 segregation ratio, with
a lower than expected ratio of rop2::Mu heterozygous progeny.
**populafions with a higher than expected ratio of rop2::Mu heterozygous progeny.

ND = not done.



TABLE 3.3
Transmission of rop2::Mu alleles through the female gametophyte (rop2::Mu/+ x wild-type

Allele Generation Progeny b pc

%rop2-ml/+ %WT(n)

rop2-ml 1 37.5(6) 63(10) 1.00

2 59(13) 41(9) 0.73

3 43 (9) 57 (12) 0.43

4 38(11) 62(18) 1.69

%rop2-m2/+ %WT(n)

rop2-m2 1 ND ND ND ND

2 59(16) 41(11) 0.93 -

3 ND ND ND ND

4 77 (17) 23 (5) 6.55 <.01 **

%rop2-m3/+ %WT(n)

rop2-m3 1 65(13) 35(7) 1.80

2 43 (9) 57 (12) 0.43 -

3 56 (9) 44 (7) 0.25

% rop2-m4/+ %WT (n)

rop2-m4 I ND ND ND ND

2 48(10) 52(11) 0.05 -

3 48(10) 52(11) 0.05

%rop2-m5/+ %WT(n)

rop2-m5 1 63 (12) 37 (7) 1.32 -

2 60(18) 40(12) 1.20 -

3 40(8) 60(12) 0.80 -

69(22) 31(10) 4.50 <.05 **

4 44 (8) 56(10) 0.22 -

43(9) 57(12) 0.43 -

°Homozygous wild-type plants were used as the pollen donor.
b% rop2::Mu/+ or % WT in progeny. Raw numbers are in parentheses.
CP value based on test. P values ?.05 (not significantly different from 1:1) are denoted by "-".
** Populations with a higher than expected ratio of rop2::Mu heterozygous progeny.
ND = not done.
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A reciprocal translocation between chromosome 4 and chromosome 9 (RT 4-9b) marked with the waxy

endosperm (wx) seed phenotype was used to establish linkage of the wild-type Wx marker to the

rop2::Mu alleles. Plants in which Wx was linked to either rop2-mi or rop2-m5 displayed reduced

transmission of the Wx marker through the male gametophyte as compared to wild-type rop2 (Table

3.4). These results were consistent with the rop2::Mu transmission data (Table 3.2), supporting the

hypothesis that mutation of rop2 causes a male-specific transmission defect.

The rop2::Mu alleles can be placed in an allelic series: We used a pollen competition assay to

investigate the relative strengths of the rop2::Mu alleles. The mutant alleles were placed under

competition as trans-heterozygotes and used as pollen parents in outcrosses to wild-type testers (Table

3.5). The relative transmission frequency of each rop2::Mu allele was used to determine the severity

of the male-specific transmission defect. The results suggested that the rop2::Mu alleles represented

an allelic series, with a proposed order of severity, from strongest to weakest: -ml> -m2 > -m5 > -m4

(equivalent to wild-type). It appeared that the rop2-ml had the most adverse effect on rop2 activity,

perhaps because the transposon was inserted near the translation start site.

TABLE 3.4
Transmission of the chromosome 4-linked waxy endosperm (Wx) marker through the male

gametophyte

Male Parent a Progeny b ,2 p

Wx; rop2-mJIRT4-9b wx; rop2

Wx; rop2-m5IRT4-9b wx; ropt

Wx; ropt/RT4-9b wt; rop2+ (control)

% wx/wx (n) % Wx/wx (n)

80(121) 20(31) 53.29 <.01 *

68 (147) 32 (68) 29.03 <.01 *

73 (120) 27 (45) 34.09 <.01 *

88(126) 12(17) 83.08 <.01*

47(157) 53(174) 0.87
U wx/wx was used as female parent.
b wx/wx or % Wx/wx in progeny. Raw numbers are in parentheses. rop2::Mu alleles are linked to
Wx.

p value based on x2 test. P values ?.05 (not significantly different from 1:1) are denoted by "-".
* The population showed a significant difference from a 1:1 segregation ratio.



TABLE 3.5
Transmission of rop2::Mu alleles from trans-heterozygotes

(wild-Woe x trans-heterozygous rop2::Mu)

Parent° Progeny b p C Relative severity

% rop2-ml % rop2-m2

rop2-ml/rop2-m2 34 (13) 66 (27) 4.9 <.05 * -ml > -m2

% ron2-ml

rop2-ml/rop2-m4 17 (S)

% rop2-ml

rop2-ml/rop2-m5 33 (15)

% rop2-m4

83 (40) 21.33 <.05 * -ml > -m4

% rop2-m5

67 (31) 5.57 <.05 * -ml > -m5

% rop2-m2 % rop2-m5

roo2-m2/rov2-m5 26 (10) 74 (29) 9.00 <.05 * -m2> -m5
a trans-heterozygous rop2::Mu was used as pollen donor.
b rop2::Mu/+ in progeny. Raw numbers are in parentheses.
C value based on test.
* The population showed a significant difference from a 1:1 segregation ratio.

TABLE 3.6
Transmission of other maize rop::Mu alleles through the male gametophyte

(wild-type x rop::Mu/+)

Male Parenta Progeny b p C

% rop::Mu/+ % WT

rop3-ml/+ 55(18) 45(15) 0.27 -

rop4-ml/+ 62(29) 38(18) 2.57 -

rop4-m2/+ 49 (18) 51(19) 0.03 -

rop6-ml/+ 60(25) 40(17) 1.52 -

rop7-m2/+ 54 (26) 46 (22) 0.33

rop7-m3/+ 41(24) 59 (34) 1.72 -

a rop::Mu/+ was used as the pollen donor.
b% rop::Mu/+ or % WT in progeny. Raw numbers are in
parentheses.

C value based on x2 test. P values ?.05 (not significantly different
from 1:1) are denoted by "-".

Other maize rop::Mu mutants did not display a similar male-specific transmission defect. We isolated

mutants for several other members of the rop family: rop3, rop4, rop6, and rop7 (Figure 3.4). In

crosses using heterozygous rop::Mu plants as males to wild-type testers, transmission of all tested
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rop3::Mu, rop4::Mu, rop6::Mu, and rop7::Mu alleles was not significantly different from the

expected 1:1 frequencies (Table 3.6). The alleles selected for these tests were primarily exon

insertions (rop3, rop6 and rop7), and one of the rop4 alleles (rop4-ml) was an insertion in the 5' UTR.

Thus, the male-specific transmission defect observed with the rop2::Mu alleles appeared specific to

rop2. This correlated with the high level of ROP2-mRNA found in mature pollen, compared to the

low or undetectable mature pollen mRNA levels associated with the other four rops (CHRISTENSEN et

al., 2003). Mutant alleles for the other two rops expressed at high levels in mature pollen (rop8 and

rop9) were not available for analysis.

rop3

rop4

rop6

rop7

Figure 3.4. Mutator transposon insertions in other maize
rops do not affect transmission. Partial genomic maps of
other maize Tops, Mu insertion sites, and allele
designations. UTRs are thick black lines and exons are
boxed.

The male-specflc transmission defect correlates with reduced and aberrant ROP2 transcripts: Three

of the rop2::Mu alleles, rop2-mI, rop2-m2 and rop2-m5, displayed the transmission defect phenotype.

The rop2-ml allele contained a Mu element in the first exon, whereas the other two alleles, rop2-m2

and rop2-m5, contained a MuDR-related element in the first intron (Figure 3.5A). MuDR is the

autonomous element of the Mu transposon system, and is approximately 5 kb in length (LISCH 2002).

In contrast, the rop2-m3 and -m4 alleles, which were not associated with a transmission defect,

contained Mul-. and Mu8-related elements (approximately 1.4 kb in length) in the first intron. It

seemed likely that, if the intron insertions caused a reduction in rop2 function, they would be

associated with either aberrant or reduced transcript levels, perhaps due to splicing defects.
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Figure 3.5. RT-PCR demonstrates aberrant and reduced ROP2-niRNA in pollen from mutants with a transmission defect.
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Figure 3.5. Cont'd. RT-PCR demonstrates aberrant and reduced ROP2-
mRNA in pollen from mutants with a transmission defect.

(A) Genomic map of rop2 showing the Mutator (Mu) transposon insertion
sites and the primers (arrows) used for RT-PCR. UTRs are thick black lines
and exons are boxed. (B-D) All RT-PCR reactions included a rop2-specific
primer set (arrows); plasmids ("p1.") containing either a rop2 or rop9 cDNA
were used as control templates to demonstrate rop2 primer specificity and
expected product sizes. An EF-1a primer set (*) was included in each
reaction as an internal control; the rop2-m5 sample appears to have a
polymorphic EF-1 a allele, resulting in a consistently larger product. (B)
RT-PCR using aMu primer and the rop2 RI primer indicates that the
ROP2-ml-mRNA contains Mu sequences (arrow). (C, D) RT-PCR using
the rop2 Fl and Ri primer set (C) and the rop2 F2 and R2 primer set (D)
demonstrate that a product the same size as that from the wild-type ROP2
transcript is present in pollen from rop2-ml, -m2, -m4 and m5
homozygous mutants.
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RT-PCR was used to investigate the ROP2 transcript in pollen from wild-type and homozygous mutant

plants for four of the rop2::Mu alleles: rop2-ml , -m2, -m4 and -m5. The specificity provided by PCR

was necessary to assay expression from rop2 due to the presence in the maize genome of rop9, an

apparent duplicate of rop2 with high sequence identity at both the nucleotide and amino acid level with

rop2 (Figure 3.1). RT-PCR using rop2 primers to both the 5' and 3' end of the gene amplified wild-

type-sized bands in plants homozygous for all the rop2::Mu alleles, suggesting that correct splicing

can occur in transcripts derived from each allele. However the level of ROP2 transcript appeared to be

reduced in the rop2-mI, rop2-m2, and rop2-m5 pollen, as compared to wild-type (Figure 3.5C, 3.5D).

To detennine if Mu element sequences were present in mature ROP2 transcripts, RT-PCR was

performed on samples using a rop2 primer and a Mu inverted repeat primer (Figure 3.5B). In only one

rop2::Mu allele, rop2-ml, was a band amplified, indicating the presence of Mu in mature ROP2-ml-

mRNA. Sequencing of the amplified band confirmed that the Mu inverted repeat was present at the

site corresponding to the DNA insertion site.

ROP2 transcript levels revealed a strict correlation between the rop2::Mu alleles that displayed a

transmission defect and reduced production of ROP2-mRNA (Figure 3.6). Quantitative Real-Time

RT-PCR using profihini (STAIGER etal. 1993) as an internal control was used to accurately measure

transcript levels from both rop2 and the closely-related rop9. In pollen from the rop2-ml, rop2-m2

and rop2-m5 mutants, the results indicated a 20, 29, and 16-fold reduction in ROP2-mRNA levels,

respectively, as compared to the wild-type. Conversely, the ROP2-mRNA levels in pollen collected

from the rop2-m4 mutant, which was not associated with any transmission defect, did not show a

significant reduction as compared to wild-type. For all samples tested, changes in ROP9-mRNA levels

ranged from a 1.6 to a 3.5 fold increase as compared to the wild type. The increase in ROP9 transcript

levels, however, did not correlate with the observed transmission phenotype and may be due to

differences in genetic background among the samples tested. To confinn that the dramatic reduction in

ROP2-mRNA levels was not solely the result of genetic background differences among the analyzed

samples, quantitative measurements were performed on a population segregating for rop2-m5

homozygotes, heterozygotes and wild types. In these samples, a 6.3-fold reduction in ROP2-mRNA

transcript in rop2-m5 homozygotes was observed, compared to wild-type siblings (data not shown).

Moreover, rop2-m5 heterozygotes displayed a reduction in ROP2-mRNA to levels approximately

halfway in between the wild-type and homozygous mutant. These data strongly argue that the

transmission defect is due to mutation of the rop2 gene.
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Figure 3.6. Quantitative Real-Time RT-PCR indicates three
rop2::Mu mutations considerably reduce ROP2-mRNA levels.
Expression levels of ROP2- (solid black) and ROP9-mRNA (open)
relative to PROFILIN1 -mRNA in pollen were measured via
Quantitative Real-Time RT-PCR (see Materials and Methods).
The expression values were then normalized relative to the wild-
type level (i.e., wild-type=l), and displayed on a log-scale graph
with bars corresponding to standard error. Each Real-Time
measurement was repeated three times in triplicate to determine
transcript abundance. Similar results were obtained from a second
independent set of RNA isolations and measurements.

The rop2 mutation affects the competitive ability of the male gametophyte: Crosses in which

homozygous rop2::Mu plants were used as male parents produced full seed set and thus, in the

homozygous state, the mutations did not noticeably affect pollen function (Figure 3.7A). This result

suggested that the transmission defect was the result of a competitive disadvantage for rop2::Mu

pollen in the presence of wild-type pollen, i.e., when collected from a heterozygote. One possibility

was that rop2::Mu pollen expressed an early defect in pollen development such that mutant pollen was

less likely to be shed than wild-type pollen, and thus was already at a numerical disadvantage when

placed on ear silks for pollination. Alternatively, rop2.:Mu pollen could be at a disadvantage in the

late stages of gametophytic development, e.g., during pollen tube growth. To distinguish between

these possibilities, we used a pollen mixing experiment (OrrAviANo etal. 1988) to reconstitute a

competitive enviromnent for rop2..Mu pollen using known quantities of both mutant and wild-type

pollen.

For the mixing experiment, three different maize lines were used as pollen sources: a rop2-ml

segregating population and a rop2-m5 segregating population, both homozygous for the recessive

bronzel seed marker (either bzl-mum9 or bzl-shl-x2 - see Materials and Methods); and a W22 wild-

type inbred line homozygous for wild-type Bzl+, as well as all other alleles necessary for purple seed

color. Pollen was collected from two sets of sibling plants that were either homozygous rop2::Mu
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TABLE 3.7
Transmission of rop2 alleles in mixtures with W22 inbred competitor pollen

Allele Pollen mixture" Progenyb

% Bzl/bzl, % bzl/bzl,
full color (n) bronze or colorless (n)

rop2-ml W22 (Bzl/BzI) + rop2-ml/rop2-mI; bzl/bzl 92 (283) 8 (25)

92 (350) 8 (29)

88 (307) 12 (43)

W22 (Bzl/BzI) + rop2/rop2; bzl/bzl 24 (73) 76 (235)

24(54) 76 (170)

26(77) 74 (215)

rop2-m5 W22 (Bzl/BzI) + rop2-m5/rop2-m5; bzl/bzl 95 (174) 5 (10)

93 (265) 7 (20)

99 (238) 1(3)

W22 (Bzl/BzI) + ropt/rop2; bzl/bzl 79 (203) 21(54)

81(285) 19 (65)

88 (283) 12 (40)

aMixes were used to pollinate bzl-shl-x2/bzl-shl-x2 (bronze, shrunken) testers.b%1 color or % bronze or colorless in progeny. Raw nwnbers are in parentheses.

factors in the genetic background, the rop2-ml segregating line produced wild-type pollen that was a

better competitor than the W22 pollen (only 25% transmission of the W22 marker from a 1:1

mixture), whereas the rop2-m5 segregating line produced wild-type pollen that was a worse competitor

(-80% transmission of the W22 marker from a 1:1 mixture). However, in both cases, the presence of

either rop2::Mu allele significantly detracted from the ability of pollen to successfully fertilize an

ovule, as shown by the differences in transmission frequency between the rop2::Mu pollen and the

rop2+ control pollen, relative to W22 pollen. For both experiments, the ratios of rop2::Mu: W22

progeny were significantly different from the ratios of rop2+:W22 progeny (rop2-ml population, x2

841.65, P <0.001; rop2-m5 population, x2= 37.36, P <0.001). Thus, for both of the rop2::Mu alleles

that were tested, the rop2::Mu allele transmitted at a lower frequency than the rop2+ allele, consistent

with the phenotype found in mutant heterozygotes. These results confinned that the male transmission

defect occurred when rop2::Mu pollen was exposed to competition from wild-type pollen, and further

indicated that the defect that caused the competitive disadvantage manifested itself after pollen shed.





DISCUSSION

A role for rop2 in the male gametophyte: Our work provides the first functional evidence for a role for

rop in monocot development. We have shown that the observed male-specific transmission defect

phenotype is the direct result of mutation of rop2. The mutant phenotype was heritably associated

with three independent rop2::Mu alleles over four generations, and each of these three alleles is

associated with a dramatic reduction in ROP2-mRNA levels in the pollen. Moreover, the rop2-m4

allele, which was not associated with a transmission defect, also displayed no differences from wild-

type in either ROP2-mRNA level or transcript size, and thus served as a "negative control". In

addition, a genetic marker linked to rop2::Mu also displayed reduced transmission through the male,

and the Mu insertions in four other rop genes were not associated with a similar male-specific

transmission defect. Together, these results provide genetic confirmation for the role of rop2 in the

male gametophyte, thereby genetically defming for the first time the in vivo importance of a specific

rap in male gametophyte function.

The collection of rop2::Mu alleles described in this work represent an allelic series. The rop2-ml,

rop2-m2, and rop2-m5 alleles displayed a male-specific transmission defect, with rop2-mI having the

strongest phenotype. In contrast, the rop2-m3 and rop2-m4 alleles did not noticeably decrease

transmission through the male gametophyte. Because these alleles can be ordered, the biological

function affected by rop2 can presumably be altered in a quantitative or graded manner. However,

since the rop2::Mu alleles originated in distinct genetic backgrounds, we cannot discount the

possibility that the differences in relative transmissibility of the three defective rop2::Mu alleles are

due to effects from linked modifier loci, and not from rop2 itself.

Quantitative Real Time RT-PCR experiments, using rop2-specific primers to the 3' end of the gene,

detected ROP2 transcript in the pollen of all of the rop2::Mu homozygous mutants tested, indicating

that none of the mutations completely eliminate ROP2-mRNA, i.e., none are an RNA null (at least in

the male gametophyte). Moreover, RT-PCR experiments directed at both the 3' and the 5' ends of the

gene did not indicate any gross differences in ROP2-mRNA structure in the intron-insertion alleles

(rop2-m2, -m4 and -m5). One attractive hypothesis to explain the phenotypic differences between the

four alleles with insertions in the first intron is that a large MuDR-related element (rop2-m2, -m5)

exerts a much stronger deleterious effect on splicing than does a smaller element (e.g., Mu) and Mu8,

in rop2-m3 and -m4, respectively). Our RT-PCR analyses are consistent with this idea, and previous

work has shown that the shorter Mu elements can be spliced out of mature transcripts if inserted into

introns (LUEHRSEN and WALBOT 1990; Ownz and STROMMER 1990). This contrasts with the Mul

insertion in the rop2-mI allele, which is in the first exon, just upstream of the initiation codon, and is

not spliced out of mature ROP2-mRNA. Thus, the rop2-ml insertion causes both a reduction in
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transcript level and a structural change that could hinder translation. However, we cannot currently

determine whether the strong rop2-ml transmission defect results from an inability to produce ROP2

protein.

The competition component: The male-specific transmission defect described in this investigation was

only detected in crosses involving a rop2::Mu heterozygote, or mixtures of homozygous rop2::Mu and

wild-type pollen. When relieved of competition from wild-type pollen, homozygous rop2::Mu pollen

was competent to produce full seed set. Furthermore, there was no observable sporophytic phenotype

in homozygous rop2::Mu plants, although ROP2-mRNA is widely expressed in the sporophyte

(CHRISTENSEN et al., 2003). Thus, rop2::Mu pollen displays a dramatically reduced fitness in the male

gametophyte only when in a competitive environment, which could be due to defects in pollen

germination, pollen tube growth rate and/or direction, or fertilization. Thus, rop2 can be considered a

gametophyte factor (ga), a gainetophytically-expressed gene that affects pollen competitive ability

(NELSON 1994). However, in contrast to several other maize ga loci (e.g., gal), no effect of female

genotype on expression of the rop2::Mu phenotype has yet been detected (Arthur and Fowler,

unpublished observations).

The maize rop2::Mu alleles are particularly noteworthy because they exist in a species that is naturally

outcrossing, and would offer ample opportunity for competition during pollination in a field-grown

population. Thus, one would expect the three rop2::Mu alleles that cause a substantial transmission

defect to be rapidly eliminated from maize populations due to strong negative selection, despite the

absence of a discernible sporophytic phenotype. Intriguingly, a strong QTL for pollen competitive

ability has been mapped to the tip of chromosome 4 (SARI-GORLA etal. 1995), the same location as

rop2. Given that the rop2::Mu alleles form an allelic series and that reduction of ROP2-mRNA levels

can affect transmission efficiency, we speculate that variant alleles of rop2 may constitute at least part

of this QTL, thereby affecting pollen competition in cultivated populations of maize. We now have the

opportunity to investigate this possibility, as well as the interplay of molecular genotype, gametophytic

competitive fitness, and its effects on sporophytic populations.

The duplicate gene pair, rop2 and rop9: Maize, an ancient allotetraploid, exhibits extensive remnants

of sequence duplication, including duplicate genes (GAuT et al. 2000; GAu'r 2001). Duplicated genes

can retain their original function, acquire mutations that alter protein function or gene regulation, or be

lost due to mutation or epigenetic silencing (reviewed in WENDEL 2000). In maize, the rop2 and rop9

genes are duplicates, displaying 97% nucleotide and 99% amino acid identity. In addition, both genes

are highly expressed in mature pollen and share other similarities in their developmental expression

profiles (CHRISTENSEN et al., 2003). Hence, it seems likely that rop2 and rop9 share several functions
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in maize, and are, at least in part, functionally redundant. The observation that mutation of rop2

causes a measurable mutant phenotype is thus somewhat surprising, and raises some intriguing

questions as to the functions of rop2 and rop9 in the male gametophyte.

It is unlikely that the protein functions encoded by this gene pair have diverged, given their nearly-

identical amino acid sequences (Figure 3.1). Furthermore, although there is a formal possibility that

ROP2-mRNA and ROP9-mRNA are differentially translated, any difference is unlikely to be

substantial, given the similarity in sequence between the two transcripts, including both the 5' and 3'

UTRs. We envision two more plausible, alternative hypotheses to explain the phenotype associated

with mutation of rop2. In the first, the activities of rop2 and rop9 are essentially equivalent, and the

male gametophyte is highly sensitive to levels of rop2/rop9 activity, i.e., there is a dosage effect. In

this scenario, rop9 and any remnants of rop2 activity in the mutant gametophyte provide a basal level

of Rop function that allows the male gametophyte to carry out all required steps in fertilization. Full

rop2 activity, however, allows a male gametophyte to fertilize an ovule much more efficiently and thus

to outcompete a rop2::Mu mutant. In the second, the two genes are under differential regulation

during male gametophyte development. In this scenario, efficient fertilization would require full rop2

activity, perhaps due to transcriptional down-regulation of rop9 at later stages of gametophyte

development (e.g., during pollen tube growth). This example highlights the possibility that the intense

selective pressures acting during male gametophyte development, particularly in outcrossing species

such as maize with heightened competition among gametophytes, could be an unappreciated

mechanism to preserve duplicate genes in plant genomes.

The developmental defect associated with rop2::Mu alleles: Previous studies defming a role for Rop

GTPases in the male gametophyte have primarily used overexpression of dominant negative ROP

isoforms (KosT et al. 1999; Li etal. 1999), which are likely to affect promiscuously the activities of

multiple ROPs (and possibly non-ROP pathways, as well). Our genetic characterization corroborates

these earlier studies, confirming the importance of Rop in the male gametophyte. However, our study

precisely targets a single gene by mutating it; thus, we circumvent concerns of promiscuity associated

with the dominant negative ROP mutants and show that a single Rop, ROP2, is required for efficient

pollen function in vivo. Our data also strengthen the inference (CHRISTENSEN etal., 2003) that maize

rop2 is a functional homolog of Arabidopsis thaliana ROPJ, ROP3, and ROP5, which are all

expressed in pollen (Li etal. 1998).

Overexpression of dominant negative AtROP5 (KOST etal. 1999) or dominant negative AtROPI (LI et

al. 1999) dramatically inhibits pollen tube growth rates in vitro, suggesting a possible mechanism to

reduce pollen competitive ability. Antisense AtROPJ pollen tubes also grow more slowly than wild-
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type pollen tubes in vitro, but only at low Ca2 concentrations; at high Ca2 concentrations, these pollen

tubes actually grow more rapidly than wild-type (LI et al. 1999). Thus it is unclear how reducing the

activity of this single ROP would affect pollen tubes in vivo, and the in vivo consequences of altering

Rop activity in any of these A. thaliana lines have not yet been shown. We have demonstrated that

rop2-ml homozygotes produce pollen grains with no obvious mutant phenotype, as compared to wild-

type sibling pollen grains. In particular, the early stages of male gametophytic development (e.g.,

mitotic division, fonnation of the sperm nuclei) appear to occur normally (Figure 3.8). Moreover, the

observation that the transmission defect is expressed after mixing rop2::Mu pollen with wild-type

pollen suggests that the defect is manifested after pollen is shed, e.g., during or after pollen tube

growth. Thus, rop2 appears to act at a later stage than most of the molecularly identified mutations

that affect the male gametophyte (e.g., GEMINIPOLLEN/MORJ - TWELL et al. 2002 and AtPTENJ -

GUPTA etal. 2002, which both produce aberrant pollen grains). The rop2::Mu phenotype may be

similar to that of the A. thaliana Ttd4l (T-DNA transmission defect) mutation, which is associated with

a partial male-specific transmission defect and has no apparent abnormalities in vitro (PROcISSI etal.

2001); however, the gene(s) responsible for this lesion have not yet been identified molecularly.

Although the dominant negative ROP studies suggest that a defect in pollen tube growth rate is one

possible cause of the rop2::Mu transmission defect, other possibilities, e.g., a defect in the mutant's

ability to locate the female gametophyte, or to deliver the sperm nuclei to the egg sac, have not been

ruled out. Our rop2::Mu allelic series should provide a spectrum of mutant phenotypes to help dissect

any role of rop2 at these later stages of male gametophyte function.
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CHAPTER 4

Quantitative analyses indicate an important role for the maize ROP2 GTPase in

pollen gennination in vivo
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ABSTRACT

ROP GTPases are crucial regulators of pollen tube growth. We have previously demonstrated that

mutation of the maize rop2 gene, encoding a ROP-GTPase, compromises the competitive ability of

pollen (ARTHUR etal. 2003). Dual pollination and pollen mixing experiments suggest that the rop2

mutant competitive disadvantage is expressed by the majority of the gametophytes and expression of

the mutant phenotype is associated with a delay relative to wild-type in the ability to accomplish

fertilization. Using plants heterozygous for a waxy-marked reciprocal translocation, we have

identified a quantitative germination defect in vitro for two of the rop2::Mu alleles (rop2-mI and rop2-

m5). Moreover, the rop2-ml mutation is associated with a distinct population of pollen tubes with

shorter tube lengths in vitro, suggesting that the mutation may also affect pollen tube growth rate. A

quantitative in vivo gennination defect, apparent as early as 15 minutes after pollination, was also

identified for the rop2-ml and rop2-m5 alleles. An increase in rop2 mutant pollen germination over

time suggested that the defect results in a delay during early progamic development. This early delay

was reflected in quantitative silk assays in which mutant pollen tube arrival at the silk base was

approximately 1-2 hours behind that of wild-type tubes, indicating maintenance of the delay through

the phase of growth in the silk. However, the time course of mutant pollen tube arrival at the silk base

was not exacerbated by longer silk lengths, an indication that tube growth through the silk is not

significantly slowed by the rop2-mI mutation. Investigations into the final stages of progamic

development indicated that mutant and wild-type pollen tubes arrive at the micropyle at similar times,

indicating similar tube growth rates and guidance near the ovule. In contrast, initial observations

suggest that mutation of rop2 also introduces a further delay at or near the embryo sac itself. Thus, the

rop2 mutant delay is the combined result of an early pollen defect and possibly, a very late defect (e.g.

in fertilization of the egg sac). This work is the first to demonstrate a role for a specific Rop in the

early stages of progamic development in vivo, and support the notion that Rop is required not just for

pollen tube growth but also for efficient initiation of growth.

INTRODUCTION

When pollen lands on the stigma it hydrates, germinates, and initiates the formation of a polarized

pollen tube. As the pollen tube grows, it penetrates the stigmatic tissues and elongates in the style until

it reaches the ovary, where it is guided to the embryo sac for fertilization (reviewed in LORD and

RUSSELL 2002; MCCoRMIcK 2004). These post-pollination phases of male gametophyte development

are referred to as the male progamic development phase. Male progamic development and function are

most likely controlled by a large number of genes. Microarray analyses report -12% (HONYS and

TWELL 2003) to -19 % (BECKER etal. 2003) of the A. thaliana genome are pollen-expressed genes.

The expression of pollen-specific genes is required for metabolism (STEINEBRUNNER etal. 2003),

vesicle trafficking (SANDERFOOT etal. 2001), potassium transport (MOULINE etal. 2002), cell wall
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biosynthesis (GOUBET etal. 2003) and the various signaling networks including calcium-mediated

signaling (reviewed in (HEPLER etal. 2001) which drive pollen germination and tube growth.

The Rop GTPases are a family of plant specific signaling molecules that facilitate the signaling

mechanisms regulating the pollen tube growth aspect of male proganuc function. A crucial role for

Rop GTPase activity in dicot pollen tube growth has been demonstrated in vitro (i.e., in pollen tube

growth media). In A. thaliana, ROPJ and ROP5 have been shown to regulate polar tube growth (Fu et

al. 2001; KosT etal. 1999; Li etal. 1999; L1N and SCHAGAT 1997). Antibody microinjection or

transgenic overexpression of a dominant negative Rop allele dramatically slows or arrests pollen tube

growth in vitro. Furthermore, a constitutively active ROPJ or ROP5 induces a "ballooning" pollen

tube phenotype in vitro, due to depolarized growth and defects in F-actin organization at the pollen

tube tip (Fu etal. 2001; Kosi et al. 1999; Li et al. 1999). The findings of these studies are strongly

supported by the results of our previous investigation in which a series of maize rop2 transposon

insertion mutants (rop2::Mu mutants) were shown to display a male-specific transmission defect,

thereby providing in vivo evidence for the role of a specific Rop in the male gametophyte (ARTHUR et

al. 2003).

Three of the nine known maize rops are expressed in pollen: rop2, rop8 and rop9. The rop2 and rop9

genes are duplicates, showing 97% nucleotide and 99% amino acid identity in their coding regions

(ARTHUR etal. 2003; CHRISTENSEN etal. 2003). The rop2::Mu mutants which displayed reduced

transmission through the male were also shown to be at a competitive disadvantage compared to wild-

type pollen (ARTHUR etal. 2003). However, the defect or defects that were the basis for the reduced

transmission were not identified in that initial study. Identifying these defects is important for defining

the roles of Rop in the male gametophyte. A simple extrapolation of the results from the dominant

negative A. tha!iana mutants would suggest that the rop2::Mu alleles reduce the pollen tube growth

rate. Other stages of progamic development (e.g., germination) could conceivably also be affected by

loss of Rop activity.

In this work we demonstrate that the rop2::Mu defect in vivo is expressed by the majority of the

gametophytes and that expression of the mutant phenotype causes a delay in fertilization. We provide

in vitro and in vivo evidence that the delay is, at least in part, the result of defect(s) in the early phases

of progamic development. Furthermore, we fmd no evidence to confirm a significant decrease in

rop2::Mu pollen tube growth rate in the silk (style). Finally, we provide observations suggesting that

rop2 also has a role in the very late stages of pollen function, possibly in pollen tube guidance through

the micropyle to the egg sac, or in fertilization of the egg sac.



MATERIALS AND METHODS

Maize Genetic Stocks: For certain experiments (the pollen mixing and dual pollination experiments),

bzl -marked homozygous mutant and wild-type siblings were selected using PCR-based genotyping

(Arthur et al., 2003) from Mu-inactive segregating rop2-ml families. Due to the difficulty in

identifying sufficient mutant homozygotes in segregating families (due to the male transmission

defect) for additional experiments, comparable homozgyous rop2-mi and rop2+ (control) lines were

generated by crossing bzl-mum9-marked siblings of the appropriate homozygous genotype from the

segregating families.

The wxl -marked reciprocal translocation (wxi RT) (stock wxl3A, T4-9b; breakpoints 9L.29; 4L.90)

was obtained from the Maize Genetics Cooperation Stock Center (Urbana, IL). Heterozygous

rop2::Mu/+; Wx/Wx plants were crossed to plants homozygous for the reciprocal translocation (wl

RT I wxl RT), and the resulting Fl progeny were genotyped by PCR to identify rop2 wild-type (Wx;

rop2+ / wxl RT) and heterozygous mutant (Wx; rop2::Mu / wxl RT ) plants. Because rop2 is located

on the tip of chromosome 4L, the 4-9b translocation effectively links the wxl locus tightly to the rop2

locus (ARTHUR etal. 2003).

Dual pollination experiments: Sequential pollinations were performed on tester lines homozygous for

an X-ray deletion removing the bronze and shrunken genes (bzl-shl-x2/bzl-shl-x2) partially

introgressed into a W22 inbred. The initial pollination was performed with pollen from bzl-marked

homozygous rop2-ml or wild-type (rop2+) sibling plants. A second pollination was performed at

specified times (30 minutes, 2-4 hours, one day or two days) following the initial pollination with

competitor pollen from W22 inbred plants (Rl-scm2/Rl-scm2; Cl/Cl; Bzl/Bzl). Pollen was collected

and pooled from at least 3 different plants from each of the genotypes to reduce potential differences

due to genetic variation among individual plants. One of the ears from the initial pollination was not

repollinated to serve as a control for the experiment. Recessive ri and ci alleles (colorless aleurone)

were segregating in both the rop2-ml stocks and the bronze, shrunken tester stock; thus, seeds

fertilized by a bzl -marked pollen population could produce either bronze or colorless kernels, whereas

seeds fertilized by W22 produced only full color kernels. The bzi seed phenotype was conferred by

the bzl-mum9 (Mu-inactive) and/or bzl-shl-x2 alleles segregating in these lines. One set of 'split'

dual pollination experiments was also carried out, in which silks from a single ear were divided

approximately in half using an index card and for the initial pollination, one side of the ear was

pollinated with rop2-mi pollen and the other side with rop2+ pollen. The second pollination was

performed as described above. Ears were divided into thirds and only the population from the middle

one-third of the ear, or from a defmed window from the middle one-third of one side of an ear for
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'split' experiments, was used for quantitation to reduce differences that might arise from new silk

growth after the initial pollination, poor seed set at the base of the ear and/or inexact 'split' boundaries.

Mix-Cut Assay: To analyze germination and other early events in vivo, competitor Bzl-marked pollen

from W22 inbred plants was mixed in a 1:1 ratio with bzl -marked pollen from either homozygous

rop2-ml plants, or their wild-type (rop2+/rop2+) siblings as described in Arthur etal. (2003). The

two pollen mixtures were used to pollinate three ears from tester lines homozygous for the bronze and

shrunken alleles (bzi-shl-x2/bzl-shl-x2) partially introgressed into a W22 inbred. One ear was left

undisturbed as a control, whereas the top --2 cm of pollinated silks on the experimental ears were cut

off at either 2 or 4 hours after pollination. The sum of bronze (bzl/bzl) or colorless (ri/ri or cl/cl)

kernels was compared to the number of full color (Bzl/bzi; Rl-scm2;Cl) kernels on each ear to

determine whether cutting the ear silks changed the proportion of progeny in each population.

Top/Bottom Assay: Kernel color markers were used to determine the proportion of rop2-mi/+ and +/+

progeny from the upper and lower one-third of ears generated in 1:1 mutant:W22 pollen mixing

experiments, from the experiments described in Arthur etal. (2003). PCR genotypmg was used to

determine the proportion of rop2-ml/+ and +1+ progeny from the upper and lower one-third of ears

generated in outcrosses using a rop2-ml/+ heterozygote as the pollen parent on an inbred female.

In vitro germination and growth: Maize tassels or tassel branches were collected from either the

greenhouse or the field, and pollen was collected at room temperature by gently tapping the tassels

over petri dishes containing germination media. Pollen germination media was prepared as described

by (SCHREIBER and DRESSELHAUS 2003), except Phytagar (GibcoBRL) was used in place of noble

agar. Digital images were acquired using a Coo1SNAP-Pro camera (Media Cybernetics, mc) using a

Leica MZFL1 11 stereomicroscope and analyzed using Image Pro Software (Media Cybernetics, Inc.).

Germinated pollen grains and pollen tube lengths were counted and measured respectively, using

Image Pro Software (Media Cybernetics, Inc.).

Segregating wild-type and waxy mutant pollen from heterozygous Wxi/wxl plants was germinated on

pollen germination media as described above. To facilitate the removal of fix and stain to these plates,

a small amount of the solid media was removed from one corner of the plate with a spatula before

pollen was added. Liquids were removed from the plate by holding it at an angle and using a pipette to

remove excess liquid from the media-free space. Germinating pollen was fixed at specified times by

addition of 1 ml of FAA fixative (50% ethanol, 10% formalin, 5% glacial acetic acid) to the plate for

30 seconds. To prevent the precipitation of iodine from the staining solution, excess fix was removed,

and plates were washed with 1 ml liquid pollen germination media (SCHREIBER and DRESSELHAUS
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2003) prior to addition of stain. In wxl pollen, amylopectin replaces amylose; iodine solution (0.1%

'2, 1% K1 Reagent) stains amylopectin brown, whereas amylose stains black. For staining, plates were

held at an angle and 1 ml of solution was allowed to slowly wash over the plate. Excess iodine

solution was removed and plates were stained for approximately 5-10 minutes, until the Wxl and wxi

phenotypes were apparent.

Silk Assays: A semi-in vivo assay (Appendix Figure A4. 1) was used to evaluate pollen tube growth in

silks of controlled lengths from dissected ears. Briefly, unpollinated ears (Al 88 inbred) were

harvested, husks were removed, ears cut in half, and each half placed on wet paper towels in a humid

chamber. Silks on the ears were cut to approximately 5 or 10 cm and placed on a dry paper towel.

Pollen was sprinkled over the tip of the silks, and pollinated ears were placed in a 30°C incubator. At

specified times, the silks were immersed in FAA fixative (50% ethanol, 10% formalin, 5% glacial

acetic acid) for 30 minutes, rinsed in 75% ethanol, and then left in 50% ethanol until stained. Sillcs

were brought down to water and cleared in 8M NaOH for 20 minutes. Cleared silks were rinsed 3X in

dH2O and then stained with a 0.1% aniline blue in 0.1 N K3PO4.

Double waxy/aniline blue staining experiments were set up and processed as described above with the

following exceptions: clearing time was 10 minutes and processed silks were stained with an aniline

blue/iodine solution (0.1% aniline blue in 0.1 N K3PO4, 0.1% 12, 1% 1(1 Reagent). Transmitted light

was used to determine if pollen grains were of the Wx or wx genotype, and then a UV-excitation filter

set and epifluorescence optics were used on the same field of view to score aniline blue staining of any

germinated pollen tubes. The results of 7 experiments using 3 individual control (wxl RT/ Wxl rop2+)

plants (n=> 250 germinated grains) and 8 experiments using 4 individual heterozygous mutant (wxl

RT/ WxI rop2+) plants (n> 279 germinated grains) were combined.

The in vivo germination experiment was set up as described above. At 15 minutes after pollination,

silks were washed 3X with 25-30 mls FAA fixative. The fix was collected after each wash and reused

for the next wash. Pollen was collected by gentle centrifugation. Pollen was brought down to water by

rinsing in an ethanol series (100%, 75%, 50%, 30%, 0%). Depending on the pollen density,

approximately 25-100 tl of fixed pollen was placed on a microscope slide, stained with iodine solution

and observed under transmitted light. The number of Wxl and wxl germinated pollen grains were

counted (n=>44/experiment).

Ovule processing: Plant material was grown in the field. Ear segments from the middle portion of the

inflorescence were fixed in FAA (50% ethanol, 10% formalin, 5% glacial acetic acid) under vacuum

infiltration for 15-30 minutes at room temperature and then stored at room temperature overnight.
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Tissue was rinsed in 75% ethanol and then stored in 75% ethanol at 4°C until use. Tissue was

longitudinally dissected with a razor blade and rehydrated through a series of decreasing ethanol

concentrations, allowing 15 minutes per step. Dissected, rehydrated tissue was cleared in 8 N NaOH

for 45-60 minutes, rinsed twice with dH2O (15 minutes each) and then left in dH2O for 1 hour. Cleared

tissue was stained with 0.1% aniline blue in 0.1 N K3PO4 for 30 minutes and then examined using a

fluorescent microscope.

Acriflavine orange (Sigma) was used to fluorescently label nuclei and cell walls for analysis of embryo

sacs. Tissues that were previously processed for the aniline stain were also stained with acriflavine,

following a dehydration and rehydration step using increasing and decreasing ethanol concentrations,

respectively, to remove the aniline stain. The tissue was then incubated in an aqueous solution

containing 0.5% periodic acid for 25 mm at room temperature and rinsed three times, 15 minutes each,

in d1120. Tissues were then stained for 20 minutes in a fresh solution of acriflavineS02 (0.1%

acriflavine, 0.83% potassium metabisulfite, and 0.17 M HCI in dH2O) and washed several times in

dH2O until no more color was extracted (generally overnight). Stained tissue was examined using

confocal microscopy.

Microscopy: A Zeiss-Axiovert microscope with differential interference contrast optics and a UV

filter set was used to examine processed silks and ovules. Processed silks were examined under a 4X

dry objective after they were placed on a slide, covered with a cover slip and gently tapped to flatten

the specimen. For analysis of processed ovules, specimens were placed cut side down onto a glass

bottom culture dish (MatTek, Inc.) and examined using a 20X dry objective. Digital images were

acquired using a SPOT CCD camera and software. Scorable ovules were ovules with intact embryo

sacs in which the antipodal cells could be cleared visualized. Acnflavine stained ovules were also

examined and scored on a Zeiss LSM5 10 META Confocal Microscope equipped with a Diode 405,

Argon, HeNe543 and HeNe633 laser using Zeiss LSM 510 Software for image acquisition and

processing. Acriflavine was excited with the Argon laser using the XXX line and images were

collected using a standard fluorescein isothiocyanate (FITC) and tetramethyl rhodamine isothiocyanate

(TRITC) filter set.

RESULTS

The rop2-mI competitive disadvantage is due to a delay in fertilization: Based on our previous work,

which characterized the rop2::Mu alleles as conferring a competitive disadvantage to the male

gametophyte (ARTHUR et al. 2003), we envisioned two probable hypotheses as to the nature of the

rop2::Mu disadvantage. In the first hypothesis, the rop2::Mu mutant shows variable penetrance. In

this scenario, the majority of the rop2::Mu pollen is non-functional (i.e., it would never accomplish
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fertilization, e.g., due to an inability to germinate). However, the remaining pollen is functional,

expressing a wild-type, or near wild-type phenotype, and accounts for the transmission of the mutant

allele from mixed pollen populations. Under non-competitive conditions (e.g., from a rop2::Mu

homozygote), there is a sufficient excess of functional pollen to provide for completely fertilized ears.

The second, alternative hypothesis is that all of the rop2::Mu pollen expresses a mutant phenotype, and

is thus quantitatively disadvantaged compared to wild-type. In this scenario, the transmission of

mutant alleles in a mixed population can be attributed to stochastic factors influencing the ability of the

mutant gametophytes successfully fertilize, for example, initial position on the silk or segregation of

genetic modifiers. To differentiate between these two hypotheses in vivo dual pollination experiments

were used. Silks were pollinated first with saturating amounts of bronzel (bzi)-marked rop2-mI

pollen or bzl -marked sibling wild-type rop2+ pollen. At specific time-points after the initial

pollination, the same silks were pollinated again ("chased") with full-color (Bzl) competitor pollen

(Figure 4.1). The dual pollination provides the first pollen genotype a non-competitive environment in

which to function before the competitor pollen is added. We predicted that given a non-competitive

environment, if the first hypothesis is correct, the mutant pollen would be equally competitive as its

wild-type counterpart; whereas if the second hypothesis is correct, the mutant pollen could still exhibit

a competitive disadvantage.

Two types of dual pollination experiments were performed. In the first, a 'split' ear experiment, the

silks of a single ear were divided roughly in half and the first pollination was made with rop2+ control

pollen on one side of the ear, and rop2-mI pollen on the other side. Competitor pollen was then

applied to the entire ear at a later specified time. Figure 4.2A-B shows the results of "split" ear

experiments in which competitor pollen was applied at 30 minutes, two hours or one day following the

initial pollination. In the second type of dual pollination experiment, individual ears were first

pollinated with either rop2+ or rop2-ml pollen before the competitor pollen was applied. To

determine the proportions of successful pollen of each genotype, seeds in the middle one-third of each

ear were scored (bronze or full color) (Figure 4.2 C-F). Results are shown in Figure 4.2. Both types

of experiments gave similar results, indicating that variation between individual ears did not

significantly affect the results.

In the split ear experiment, the proportion of successful fertilizations by control rop2+ pollen was

significantly increased, relative to the competitor, in the 2 hour chase vs. the 30 minute chase (x2

=15.9, p < .05). The proportions successful fertilization by the two pollen types from the later time

points (2 hours vs. 1 day) were not significantly different (2 =1.0, p> .05) (Figure 4.2 C-D).

However, the rop2-mI ears showed the converse results: the proportions of rop2-mI and competitor

seeds from the early chase time points (30 minutes vs. 2 hours) were not significantly different (x2
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=3.6, p> .05), with the rop2-ml competitive disadvantage clearly expressed in both experiments.

However, the competitor (full-color) success decreased significantly when used at 1 day, compared to

2 hours, after the initial pollination by the mutant (x2 =22.5, p < .05). Although the 30 minute chase

was not carried out with the individual ear experiment shown, the 2 hour and 1 day chase results were

similar to those seen in the 'split' ear experiment. That is, the competitor was clearly able to out-

compete rop2-ml pollen when placed on silks 2 hours after the initial pollination, but its success

decreased significantly when used at 1 day (x2 =134, p < .05). Again, the control rop2+ pollen

outperformed the competitor when given a two-hour head start, and the competitor was not a

significantly worse competitor at 1 day afterwards than at 2 hours afterwards (x2 =0.6, p > .05). Thus,

the rop2-ml mutation does not act as a wild-type in a non-competitive situation, suggesting that the

vast majority of the gametophytes express some quantitative phenotype apparently delaying

fertilization, which puts them at a competitive disadvantage.

A total of four dual pollination experiments were performed, and for all of the experiments that

analyzed progeny populations from early and late time points (1-2 hours vs. 1 day), the rop2-mI

competitive disadvantage was displayed at the early chase time point. Furthermore, significant

differences between the early and late chase time points in progeny populations were consistently

found for initial pollinations involving rop2-mI (n=4; x2> 22; p < .05) but not for initial pollinations

with the control rop2+ wild-type pollen (n=2; x2< 1; p >.05) (Appendix Table A4. 1). In addition, dual

pollination experiments in which the second pollination occurred at 1 day and 2 days after the initial

pollination, showed no significant differences between the progeny populations, 1 day vs. 2 day, for

initial pollinations with either the rop2-ml or the rop2+ pollen (Appendix Table A4. 1). Taken

together, the dual pollination experiments demonstrate that mutant pollen can successfully compete

against competitor pollen when given a head start of one day, but is at a disadvantage at times less than

or equal to 2 hours. These results suggest that the rop2-ml mutation does not create a high fraction of

non-functional pollen, but rather causes a defect that delays fertilization by most, if not all, the mutant

pollen.

Given previous results in A. thaliana indicating that inhibition of Rop activity reduces pollen tube

growth rates (reviewed in YANG 2002), slow growth of the pollen tube in the maize silk was our initial

hypothesis as to the nature of the rop2::Mu delay. The architecture of the maize ear provides a natural

means by which to evaluate pollen tube growth rate in vivo, because pollen tubes that fertilize ovules at

the top of the ear travel a shorter distance than those that fertilize the ovules at the bottom of the ear.

Thus, a slower growing pollen tube would be at a greater disadvantage in silks leading to lower ovules.

A top-bottom assay in which the frequency of rop2-ml fertilization in the progeny populations from

the upper and lower one-third of two types of ears was performed on ears from: 1) rop2-mI/+ pollen
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Figure 4.1. Dual pollination experiments investigate the competitive ability of
mutant pollen.
A single ear is pollinated twice with two different pollen sources in dual
pollination experiments. The pollinations are perfonned at a specified time
and each pollen source carries a characteristic kernel color marker so that the
paternity of the progeny can be easily identified. The rop2-m I segregating
family carries the recessive bronze kernel color marker, bz-I. Female ears
homozygous recessive for the bronze allele (bzl/bzl) are pollinated with the
bronze marked control rop2+, or the experimental rop2-mI pollen. At a later
time, the ear is pollinated a second time with competitor pollen, marked with a
dominant full color kernel marker, Bz-I. The number of bronze and full color
kernels on the resulting ear indicates the success of each pollen genotype.
Bronze color kernels are the progeny of either the rop2-ml or rop2+ pollen
whereas full-color kernels are the progeny of the competitor pollen. A
variation of this experiment is a split dual pollination. Rather than using two

individual ears, the initial pollinations of split experiments are performed on
two sides of a single ear in which the silks are divided roughly in half, or
"split". One half of the split silks is pollinated with the control pollen, rop2+
wild-type sibling pollen, and the other half with the experimental pollen, rop2-
ml homozygous pollen. The entire is ear is then repollinated with competitor
pollen.





Figure 4.2. Continued. Dual pollination experiments indicate that mutant
pollen is delayed in its ability to fertilize ovules.

A-D. Silks on ears homozygous for the bronze and shrunken alleles (bzl-

shl-x2/bzl-shl-x2) were 'split' and one-side of the ear was pollinated with
bz-l-marked rop2+ pollen (A,C) and the other side with bzl-marked rop2-
ml mutant pollen (B,D). A second pollination with competitor pollen, Bz-
1-marked W22 pollen, was performed at 30 minutes, two hours or one day
(1D) after the initial pollination. The images in A and B show opposite
sides of the same ear which was split. Two independent control ears
pollinated with the bronze-marked rop2+ or rop2-ml pollen did not receive
any competitor pollen and are denoted "-". The graphs in C and D reflect
the % full color (black bars) and bronze (white bars) color kemels on the
ears pictured in A and B, respectively.
E-F. The same experiment as described above was performed on
individual ears and chased at 2 hours and 1 day after the initial pollination.
The graphs reflect the % full color (black bars) and bronze (white bars)
color kernels on the ears with initial pollinations of either rop2+ (E) and
rop2-ml (F).





TABLE 4.1 Top/bottom analysis of ears from rop2-ml outcrosses

Populationa
Progeny

X2b%rop2-ml/+ (n) % WT (n)

Top 16 (8) 84 (42)

Bottom 34 (13) 66(25)
39*

Top 23 (7) 77 (24)

Bottom 21(8) 79(31)
0.04

Top 5(1) 95(21)
Bottom 12 (3) 88 (22)

0.08

Top 15 (4) 85 (23)
Bottom 0(0) 100 (31)

49*

1) Ears generated from outcrosses of a rop2-ml heterozygote with
an inbred tester female were analyzed by PCR genotyping.

a. The top and bottom populations reflect progeny collected from
the upper and lower 1/3 of the ear respectively.

*2 test of significance for two population proportions. 2 values
>=3.84 indicate significant difference between populations.

TABLE 4.2. Top/bottom analysis of ears using pollen mixtures

Populationa
Progeny

%rop2-mI/+ (n) % WT (n)

Top 8 (3) 92 (35)
Bottom 8 (3) 92 (36)

0 001

Top 57 (47) 43 (36)
Bottom 53(58) 47(51)

0 22

Top 81(59) 19(14)
Bottom 86(105) 14(17)

094

Top 95 (77) 5 (4)
Bottom 97 (113) 3 (3)

0 77

I) Ears generated by pollinating bzl-shl-x2/bzl-shl-x2 (bronze,
shrunken) testers with a 1:1 pollen mixture of rop2-ml homozygous
(bzl) and W22 (Bzl) tester pollen. The percent bronze (% rop2-
mI/+, bzl/bzl) and percent full color (% WT, BzI/bzl) kernels
were measured in each population.

a. The top and bottom populations reflect progeny collected from
the upper and lower 1/3 of the ear respectively.
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If the rop2 mutation does not affect pollen tube growth in the silk, then a defect must be present in the

very early (e.g., germination) and/or late stages (e.g., fertilization itself) of male progamic

development. To discriminate between the early and late stages of pollen function, a pollen mixture

technique, similar to that used in the initial characterization of the rop2::Mu alleles(ARTHUR et al.

2003), was modified to investigate early progamic development. A pollen mixture of bronze-marked

homozygous rop2-mI or wild-type sibling rop2+ pollen was mixed in a 1:1 ratio with full color W22

inbred tester pollen. The mixture was used to pollinate three ears of a bronze shrunken inbred tester

line (bzl-shl-x2Ibzl-shl-x2). The silks on one ear were left intact, and the top exposed silks

(approximately 2 cm) on the other two ears were cut off the ear at either 2 or 4 hours after pollination

to prevent fertilization by pollen that was delayed in reaching the ovule (Figure 4.4). If the rop2::Mu

defect occurred at a late stage of pollen function it was expected that transmission of the mutant allele

to the progeny in the cut and uncut ears would not be significantly affected. However, if the rop2::Mu

was delayed in any early event of progamic development, removal of the upper section of the silks

could preferentially affect the rop2::Mu gametophytes, relative to the competitor, and thus the

transmission of the mutant allele to the progeny would be significantly reduced. The progeny

populations, e.g. percentage bronze (rop2; bzl/bzl) and full color (W22; Bzi/bzl) kernels, on ears with

silks cut at 2 and 4 hours post-pollination were compared to the ear in which the silks were not

removed. Ears in which the silks were cut at 2 hours post-pollination did not set any seed. The

proportions of bronze and full-color progeny from ears that were cut at 4 hours post-pollination

differed significantly from the corresponding uncut ear population in mixtures containing either the

rop2-ml mutant or the rop2+ control. However, removal of the top portion of the silk had a larger

negative impact on the ability of mutant pollen to successfully fertilize the ovule (Table 4.3). Since the

early phases of pollen function occur in the top portion of the silk, these results support OR are

consistent with the hypothesis that the rop2-mI mutation causes a delay in the earliest stages of male

progamic development.

Mutant pollen has a germination defect in vitro: If the rop2 mutation causes a defect in early

progamic development, then rop2 mutants might display reduced or delayed pollen germination and/or

initially aberrant pollen tube growth. Expression of dominant negative mutant forms of the closely-

related rop2 paralogs from A. thaliana, ROPI or ROP5, in pollen tubes grown in vitro caused severely

reduced pollen tube elongation (KosT et al. 1999; Li et al. 1999). Qualitative comparison of pollen

tube morphology of in vitro germinated pollen from homozygous rop2-ml and sibling rop2+ plants,

however, failed to reveal a similar mutant phenotype (Figure 4.5). For quantitative measurement of

pollen tube growth rate, images of growing pollen tubes from two wild-type, two heterozygous, and

two homozygous individuals of a rop2-ml segregating population were captured every 30 minutes for





Experiment 1

TABLE 4.3
Investigation of the initial staaes of nollen tube growth of rov2-ml in vivo

Progeny
% bzl/bzl
bronze or %Bzl/bzl
colorless full color

Pollen Mixturea Treatmentb (n) (n)
*

W22 (Bzl/Bzl) + rop2+/rop2+, bzl/bzl Uncut 54(131) 46(110) 4.4
Cut Silks 45 (101) 55 (125)

W22 (Bzl/Bzl) + rop2-ml/rop2-ml; bzl/bzl Uncut 25 (50) 75 (151) 32.9
Cut Silks 4 (7) 96 (173)

Experiment 2 W22 (Bzl/Bzl) + rop2+/rop2+; bzl/bzl Uncut 55 (243) 45 (202) 23
CutSilks 33(54) 68(111)

W22 (Bzl/Bzl) + rop2-ml/rop2-ml, bzl/bzl Uncut 18(99) 82 (438) 40.3
Cut Silks 3 (7) 97(267)

aMixes were used to pollinate bzl-shl-x2/bzl-shl-x2 (bronze, shrunken) testers.
bExposed silks were either left intact or cut at 4 hours after pollination.
*2 test of significance for differences between two population proportions. x2 values >=3.84
indicate significant difference between populations.



94

2 hours. The same field of view was captured at each time point to facilitate the determination of

individual pollen tube growth rates, and to exclude possible effects of delayed gennination on pollen

tube length (Figure 4.6). The range of growth rates obtained in this experiment is displayed in Figure

4.7, and is representative of the results from additional in vitro experiments (data not shown). Highly

variable germination frequencies were found in these and other in vitro experiments, regardless of the

plant genotype (data not shown). Thus, we could not exclude the possibility that the differences in

growth and/or germination observed could be the result of environmental factors or genetic

background differences. Only populations of pollen from a heterozygous rop2::Mu plant, in which

half of the population is mutant and half wild-type, are such factors internally controlled. Indeed, the

growth rates from the two heterozygous populations (Figure 4.7 This FIG needs a unit

(microns/minute??) for the graph) suggested a possible bi-modal distribution, and prompted us to use a

genetic marker to differentiate between wild-type and rop2::Mu pollen derived from a heterozygous

plant.

To better investigate the effect of the rop2 mutation on pollen germination and tube growth in vitro, we

used a waxyl-marked reciprocal translocation (wxl RT) between chromosome 9 and the long arm of

chromosome 4. The waxy gene, WxI, is located near the centromere of chromosome 9, and rop2 is

located on the tip of the long arm of chromosome 4. By crossing a homozygous wxl RT stock with

heterozygous rop2::MuI+ plants, we generated segregating families of comparable mutant (Wxl;

rop2::Mu / wxl RT; rop2+) and sibling control (Wxl; rop2+ / wxl RT; rop2+) heterozygotes.

Because the waxy marker segregates in repulsion to the rop2::Mu allele, it can be used to identify the

genotype of individual pollen grains derived from these heterozygotes. In waxy mutants (wxl),

amylopectin replaces amylose in both the endosperm and pollen, and these phenotypes can be

differentiated using an iodine stain, with amylopectin staining brown and amylose staining black.

Thus, wild-type (wxl) grains stain brown and rop2::Mu (or control rop2+) grains stain black (Figure

4.8 A). We will refer to these plants as waxy rop2::Mu heterozygotes (HET), or as waxy rop2+ wild-

type (WT) heterozygotes (used as controls). Our initial in vitro germination experiments consistently

showed a higher germination frequency of Wxi pollen compared to wxl pollen, regardless

of the plant genotype (Figure 4.8 B-C). Normally only 50% of the pollen from a plant heterozygous

for a reciprocal translocation is viable, the other 50% will abort, due to chromosomal deficiencies.

However, when only a short tip of the chromosome segment is missing, as is the case for the reciprocal

translocation line used in our experiments, the chromosome deficient pollen does not completely abort.

In this situation 50% of the pollen is nonnal, 25% of the pollen aborts and 25% of the pollen exhibits a

"subnormal" phenotype (PATFERSON, 1978). Subnormal pollen grains can be identified by their

smaller size and reduced starch content. Hence, the higher Wxl germination in vitro is most likely due

to the presence of a subnormal pollen population.
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Figure 4.7. The distribution of in vitro pollen tube growth rates from 30 miii 1 hour for
six individuals of a segregating rop2-mI family.
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If the pollen tube growth rates from the unmarked mutant heterozygotes did indeed represent a bi-

modal distribution (Figure 4.7), a similar distribution should be present in the rop2-ml HET pollen.

with Wx and wx differentially associated with the two peaks. To test this prediction, we measured the

Wx and wx pollen tube lengths of the pollen populations from two rop2-mI HET and two WT

individuals germinated in vitro for 30 minutes and 1 hour (Figure 4.9). As predicted, the pollen tube

populations from both HET individuals display a bi-modal curve at 30 minutes germination, with the

Wx marker associated with the 'slower' peak. The rop2-mI marked pollen tubes (Wx) are significantly

shorter than the rop2+ marked pollen tubes (wx) (HET1 n=>25, p =0; HET2 n=>16, p = 0.001). In

contrast, Wx and pollen tube lengths from WT pollen are not significantly different, and display

normal population distributions (WT1 n=>36, p = .35; WT2 n=>3 1, p =.37). Similar results were

found at 1 hour germination in vitro (data not shown).

Mutantpollen tubes display a delay in earlyprogamic development in vivo: To determine whether the

identified in vitro defects were also expressed in vivo, wild-type silks were pollinated with pollen from

sibling waxy rop2::Mu HET or WT plants, and washed with fixative 15 minutes after pollination.

Pollen does not adhere to silks when washed with fixative at germination times less than 30 minutes,

presumably due to lack of silk penetration by the pollen tube. Pollen washed from pollinated silks was

stained with an iodine/aniline blue solution and the number of germinated Wx and w pollen grains

were counted, with the aniline blue staining the callose in germinated tubes (Figure 4.10 A). By

counting only germinated pollen, the expected ratio of Wx:wx is 1:1, if neither marker is linked to a

germination defect.. Therefore, the presence of a relative defect can be easily recognized by

determining whether the proportions of Wx and wr in the germinated pollen grams are significantly

different from a 1:1 ratio. As expected, in the control WT population, no significant difference was

detected, with 49% rop2+ Wx-marked and 51% rop2+ wx-marked genninated pollen (p=l, n

germinated grains = 53). However, in the HET populations, the germinated grains significantly

deviated from a 1:1 ratio, with the number of germinated rop2::Mu Wx-marked pollen significantly

less than that of the rop2+ wx-marked pollen (Figure 4.10 B). The rop2+ marked pollen was

approximately twice as prevalent in the germinated pollen than either the rop2-ml or rop2-m5-marked

pollen (33% Wx; rop2-ml, 67% wx; rop2+, p=.O3, n germinated grains = 48; 35% Wx; rop2-m5, 65%

w; rop2+, p=.O3, n germinated grains = 57). Additional experiments with other waxy rop2-mI and

rop2-m5 HET and WT individuals gave similar results, with all showing a significant decrease in

germination for rop2:Mu marked pollen (n >40 germinated pollen grains/experiment; n=4 rop2-mI

HETs and n=3 WT siblings; n=4 rop2-m5 HETs and 1WT sibling). These results are consistent the

observed in vitro germination defect and furthermore, demonstrate that the defect is expressed in vivo

at a very early stage, by 15 minutes after pollination.
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To determine how rop2::Mu pollen performed over time, silks were pollinated with either waxy rop2-

ml HET or sibling WT pollen and allowed to germinate and grow for 1 or 2 hours. At 1 and 2 hours

after pollination, silks were fixed, stained with an iodine/aniline blue solution, and the number of

germinated Wx and wr pollen on the silks were counted, just as in the previous experiment. However,

because the tissue processing removes pollen and pollen tubes that are not tightly associated with the

silk, these experiments only measures pollen grains with pollen tubes long enough to remain attached

to the silk. As expected, genninated rop2+ Wx-marked and rop2+ wx-marked pollen tubes were

represented approximately equally at both 1 and 2 hours after pollination for the WT (Figure 4.11 C),

indicating neither genotype has a significant advantage in the early phase of progamic development

(did you test these populations for significant differences from 1:1?). In addition, there was no

significant change in the proportion of Wx:wx over time (p=0.73). Conversely, for silks pollinated with

HET pollen, the proportion of genninated rop2-ml Wx-marked and rop2+ wx-marked pollen tubes at 1

and 2 hours was significantly different (1 hour X2=42, p =0 ; 2 hours x2 = 4.3 p =0.04), with the

rop2-ml Wx-marked pollen clearly at a disadvantage. Interestingly, though, the relative number of

germinated rop2-mI Wx-marked pollen tubes in the HET significantly increased from 1 hour to 2

hours after pollination (x2 =18 , p = 0 ) (Figure liD), approaching the expected ratio of 1:1. This

increase in the number of germinated and adhered Wx grains over time suggests that the defect

associated with rop2-ml pollen is expressed as a delay, rather than of an absolute defect in

germination. Such a delay may be a function of either a germination delay and/or a slower pollen tube

growth rate in the initial phase of growth, i.e., prior to silk penetration. These data again argue for an

important role for rop2 in the early stages of progamic development.

The rop2-ml mutation may play a role in the final stages ofprogamic development: The rop2-ml

mutation causes a delay during early progamic development; however, it remained unclear whether

this early defect was maintained throughout the later phases of development, and thus affect

fertilization. To address this, a semi-in vivo silk assay was used to determine the time at which mutant

and wild-type pollen tubes reach the silk base in both short and long silks. This assay also tests the

prediction that if the rop2 mutation causes some defect during pollen tube growth in the style, then

longer silk lengths will exacerbate any mutant delay. For the in vitro silk assay, silk lengths on

dissected wild-type ear segments were cut to approximately 5 cm or 10 cm (Appendix Figure A4. 1),

and the silk tips were then pollinated with either rop2-ml or wild-type rop2+ pollen from homozygous

plants. To observe the pollen tube growth within the silk, pollinated ear segments were fixed at one

hour intervals, cleared and stained with aniline blue, a fluorescent dye which binds the polysaccharide

callose in the pollen tube cell wall. Silks with pollen tubes identified at the silk tips were subsequently

evaluated for the presence or absence of pollen tubes at the silk base (n=20 silks with pollen tubes

present at the silk tip for each time point) (Figure 4.12). In ear segments with 5 cm silk lengths, wild-
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Pollen tubes grow through the transmitting tract of the style, generally in close association with the

vascular tissue, until they reach the base of the silk where they exit the transmitting tract and begin a

journey to the micropyle, the opening of the embryo sac (Figure 4. 14A). To examine the pollentube

growth patterns on and near the ovule, ears were pollinated with either homozygous rop2-mI or wild-

type rop2+ pollen and fixed at 16 and 24 HAP. Dissected ovules were cleared, stained with aniline

blue and microscopically evaluated for the presence or absence of pollen tubes at the micropylar

region. Ovule scoring used only samples in which the characteristic antipodal cells of the embryo sac

could be visualized, to ensure that the micropylar region was in the focal plane (Figure 4. 14B-C). The

results indicate that the percent of pollen tubes at the micropylar region at 16 and 24 HAP of ovules

dissected from ears pollinated with rop2-ml mutant pollen is not significantly different from those

pollinated with rop2+ pollen (16 HAP x 2=0.49, p =.48; 24 HAP x 21.4, p0.24) (Figure 4. 14D).

Moreover, qualitative observations of over 275 aniline blue-stained ovules pollinated with mutant and

wild-type pollen did not detect any abnormal pollen tube growth patterns on the ovary surface or near

the micropyle (Figure 4.15). Thus, these results suggest that the rop2-ml mutation does not drastically

influence the ability of pollen tubes to reach the micropylar region from the silk base.

Observations of the dissected ovules indicated that both mutant and wild-type pollen tubes were at the

micropyle region at 24 HAP, but it was unclear from these experiments if the pollen tubes had entered

the embryo sacs and if the process of fertilization had begun. We reasoned that if mutant and wild-

type tubes are both present at the micropyle at 24 HAP in similar frequencies, then the very late stages

of pollen function, i.e. pollen tube growth through the micropyle and fertilization, should be occurring

at a comparable time as well. In the embryo sac, two synergid cells flank the egg cell (Chapter 1;

Figure 1.1). One of the characteristic events that occurs during the early events of fertilization is the

degeneration of one of the synergid cells. Histologically, synergid degeneration can be visualized

using acriflavine orange, a Schiff's reagent used to fluorescently stain cell walls and nuclei. The

aniline-blue stained ovules from 24 HAP, previously sorted for the presence (+PTs) or absence (-PTs)

of pollen tubes at the micropyle, were re-stained with acriflavine and confocal microscopy was used to

evaluate the embryo sacs for the presence or absence of a degenerated synergid cell (Figure 4.1 6A-B).

For ovules previously scored as positive for the presence of the pollen tube at the micropyle (+PTs), a

degenerating synergid was observed in 25% (6 out of 24) of embryo sacs in samples from ears

pollinated with rop2-ml homozygous mutant pollen and in 60% (6 out of 10) of embryo sacs in

samples pollinated with rop2+ wild-type sibling pollen (Figure 4. 16C). Only one of the ovules scored

as "without pollen tubes" (n = 64) had a degenerating synergid, indicating that the staining and scoring

method is valid. The association of the absence of a degenerating synergid with rop2-ml pollination
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DISCUSSION

A role for rop2 in early progamic development: We have shown that the competitive disadvantage of

the rop2::Mu mutants is associated with a delay in fertilization and that the majority of the

gametophytes express the mutant phenotype. The delay in fertilization is further shown to be caused

by a defect early in progamic development, as demonstrated both in vitro and in vivo using the waxy

marker linked to rop2.:Mu. In vivo, a pollen germination defect was detected at 15 minutes after

pollination (Figure 4.10). Fixation of pollinated silks at longer times after pollination, over the time

from 1 to 2 hours after pollination, resulted in a relative increase in the number of germinated mutant

pollen grains, an indication that the defect causes a delay of early pollen function (Figure 4.11). The

increase of mutant pollen germination to nearly equal numbers to the wild-type in the 1:1 segregating

population strongly argues against an absolute germination defect in vivo. These data conflict with the

in vitro germination results, which show no increase in germination rate for rop2::Mu pollen from 30

minutes to 1 hour after plating. The duration of the in vitro analyses, which indicated an absolute

germination defect, may not be long enough to reveal the delay, or the in vitro conditions may

artificially exacerbate the mutant phenotype.

The work presented in this chapter describes for the first time a distinct role for an individual ROP

GTPase in the male gametophyte in vivo. Previous evidence of a role for Rop in pollen tube growth

includes Rop functional analyses in vitro using primarily over-expression of dominant negative or

constitutively active mutant forms of ROP isoforms. Expression of a dominant negative mutant

AtROP 1 or AtROP5 inhibits pollen tube elongation in vitro, whereas expression of a constitutively

active mutant of AtROP 1 or AtROP5 causes a "ballooning" pollen tube phenotype, presumably due to

depolarized growth (KosT et al. 1999; Li et al. 1999). These studies indicate that ROP GTPases play a

critical role in the regulation of pollen tube growth in vitro, but do not decipher the roles of particular

Rops in pollen tube growth, nor have they yet been extended to testing effects on in vivo pollen tube

growth. The present study defmes the developmental defect associated with the mutation of a single

gene, thereby defining precisely that a single Rop, ROP2, is required for efficient early pollen function

in vivo. Additionally, recent work in tomato has shown that a complex of two pollen-specific, receptor

like kinases (LePRK1ILePRK2) and an extracellular protein from pollen, LAT52, form a complex

before, but not after pollen germination, suggesting a possible signaling role for this complex in pollen

germination (WENGIER et al. 2003). Interestingly, a ROP (or ROPs) has also been shown to co-

sediment with the multi-protein complex when purified from mature pollen, suggesting a possible role

for ROP in this signaling cascade (WENGIER etal. 2003).
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Mutants that affect the early stages of male progamic function and reduce pollen competitive ability

are rare. Several genes that act during the early stages of male progamic development have been

isolated in A. thaliana. These genes include those that affect pollen hydration, GRPI 7 (MAYFIELD

and PREuss 2000); pollen germination, SYP2J and SYP42 (SANDERFOOT etal. 2001), NPGJ

(G0L0vK1N and REDDY 2003), APYRASE (STEINEBRUNNER et al. 2003), SE THJ , SETH3, SETH4,

SETH5 (LALANNE et al. 2004); and pollen tube growth, SPIK (MOULINE et al. 2002), AtCSLA 7

(GOUBET etal. 2003). Only mutants of SETH, SPIK, AtCSLA 7 and the GRPI 7 are viable and

influence pollen competitive ability. The majority of the isolated mutants that affect pollen

competitive ability, including mutants in SETH, SPIK, and AtCSLA 7, do so through a reduction in

pollen tube growth rate. In this work we have demonstrated that the competitive disadvantage of the

rop2 mutant is due to, at least in part, a defect in early progamic development. Moreover, our results

indicate that at least some aspect of the defect is expressed very early at germination, detectable as

soon as 15 minutes after pollination. Our rop2 mutants, in addition to the GRPJ 7 mutant that displays

a delayed hydration phenotype, are in a rare collection of mutants that affect the early phases of pollen

competitive ability.

Mutants may be de!ayed in the very !ate stages ofpo!len function: The delay associated with the defect

in early pollen function is approximately 1 to 2 hours, estimated from the results of the silk assay time

course (Figure 4.13). A 1 to 2 hour delay is also consistent with the time needed for mutant pollen silk

penetration rates to approach wild-type levels, based on iodine/aniline blue staining of waxy HET

pollen (Figure 4.11). Dual pollination experiments, however, indicate significant delays in fertilization

associated with the rop2::Mu pollen, of at least 2 hours (Figures 4.2). These results raise the

possibility that loss of rop2 function may cause delays in late, as well as early, stages of progamic

development.

Contrary to what we initially expected based on results from the in vitro ROP dominant negative

experiments in A. thaliana and N tabacum (KosT et al. 1999; Li etal. 1999), mutation of rop2 does

not appear to significantly affect pollen tube growth in the style. No significant decrease in rop2-ml

transmission at the bottom of the ear, indicative of slow pollen tube growth, was detected in 7 of the 8

ears tested in the top/bottom assay (Tables 4.1, 4.2). Moreover, the difference in the thne of arrival of

mutant pollen tubes to the silk base as compared to wild-type pollen tubes was equivalent in both short

and long silks, providing an additional indication that pollen tube growth in the silk is not significantly

slowed by the rop2 mutation (Figure 4.13). These results suggest that if rop2::Mu causes a defect in

addition to early pollen function, the defect is most likely present in the final stages of pollen function.
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The fmal stages of male gametophyte development, pollen tube guidance and growth through the

micropyle, and fertilization, are particularity challenging to investigate, mainly due to technical

difficulties and the inaccessibility of the embryo sac. Pollen tube guidance to the ovule did not appear

to be affected in rop2 mutants, as we did not detect abnormal pollen tube behavior on or near the ovule

(Figure 4.15). Moreover, both mutant and wild-type pollen tubes were present at the micropylar region

at 24 HAP (Figure 4.14).

The early events of fertilization in the embryo sacs were investigated using synergid degeneration as a

marker. Previous studies in maize have suggested that the synergid degenerates upon pollen tube

arrival and before fertilization (VAN LAMMEREN 1986). Therefore, we associated synergid

degeneration with pollen tube arrival in the embryo sac and the initiation of the early events of

fertilization. To be confident that we were evaluating embryo sacs in which pollen tubes were present,

we used the dissected ovules from the previous experiment, which were sorted for the presence or

absence of a pollen tube at the micropyle. Surprisingly, fewer embryo sacs pollinated by rop2-mI

pollen were found to have a degenerating synergid (Figure 4.16) raising the possibility that the

rop2::Mu pollen tubes are defective very late in male gametophyte development, near the embryo sac.

Additional experimentation is necessary, however, as the results reflect a small number of samples and

are not statistically significant. The semi-in vivo pollination system optimized in this work, and the

established time course of mutant pollen tube arrival at the silk base, will allow for a more precise

examination of the events at the very late stages of pollen function in the future. A role for Rop at the

very late stages of male gametophyte development would be a novel and exciting discovery. Note that

in the numerous qualitative observations of dissected ovules and embryo sacs, a pollen tube phenotype

similar to that of A.thaliana SIRENE orFERONIA mutants "coiling" tubes in the embryo sac was not

detected (HUCK etal. 2003; ROTMMJ etal. 2003). If ROP2 plays a role in the very late stages of

pollen function, we speculate that ROP2 could participate in signaling near the embryo sac to either

help the pollen tube through the micropyle, or to promote events at fertilization.
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The central hypothesis of this work is that Rop GTPases occupy key signaling positions in male

gametophyte development. Using reverse genetics, we successfully isolated and characterized a series

of rop2 mutants in maize which display reduced pollen competitive ability. The reduction in pollen

competitive ability was shown to be due to a high penetrance, low expressivity phenotype in which

mutant pollen is delayed in its ability to fertilize the ovules. The delay in fertilization is due, at least in

part, to a defect in early pollen function. A defect at the final stages of pollen function may also be a

contributing factor. This work is significant in that it identifies the in vivo function of a specific Rop,

the ROP2 GTPase, in the maize male gametophyte. Furthermore, this work provides the first

conclusive evidence for a Rop role in germination. This work corroborates earlier studies of Rop

function in vitro and confirms a role for Rops in male gametophyte development.

Pollen competitive ability is a trait that significantly contributes to fitness of the male gametophyte.

Male gametophytic selection can influence both the fitness of the gametophyte and sporophyte. The

evolutionary significance of pollen competition is not clear, however it is thought to play a unique role

in the evolution of higher plants and the rise of the angiospenns (BERNASCONI et al. 2004; MULCAHY

1979). In this work we demonstrate that the rop2::Mu competitive disadvantage is due, at least in part,

to a defect in early pollen function. Pollen competitive ability is generally associated with the trait of

pollen tube growth rate. The rop2 mutants described in this work, in addition to the GRPJ 7mutant in

A. thaliana which displays delayed pollen hydration (MAYFIELD and PREuSS 2000), are, to our

knowledge, the only viable mutants which affect the early phases of pollen competitive ability.

Functional analysis of gene function is often difficult due to the large number of duplicate genes in

plant genomes and the potential for redundant gene function. Despite the apparent expression of the

duplicate rop9 in pollen, mutation of rop2 caused a measurable mutant phenotype. This result clearly

demonstrates that rop2 and rop9 do not share completely redundant functions. Mutation of rop2

significantly reduces the competitive ability of the pollen but does not completely disrupt pollen

function as homozygous rop2 mutants are completely functional in a noncompetitive situation

(Chapter 3). In fact, although the mutant defect appears very subtle, in nature it would clearly be

strongly selected against, especially in maize, a naturally out-crossing species. The evidence presented

in Chapter 2 indicates that rop2 and rop9 display differential expression patterns in the pollen and are

associated with pollen QTLs which affect pollen competitive ability (SARI G0RLA et al. 1995; SARI

GORLA etal. 1992). Additionally, we show in Chapter 4 that mutation of rop2 causes an early pollen

defect, and possibly a very late defect as well, but does not appear to measurably affect pollen tube

growth within the style. Based on these results, our current hypothesis is that rop2 and rop9 make

differential contributions at different developmental stages of the male gametophyte, with rop2 playing
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an important role in germination and other early progamic functions, and rop9 playing a more

important role in pollen tube growth within the style.

The idea of different signaling cascades at different pollen developmental stages has also been

described in tomato for the pollen receptor kinase signaling cascade involved in pollen germination

and tube growth (TANG etal. 2004). Three pollen-specific receptor kinases LePRK1, LePRK2, and

LePRK3 have been identified in tomato and are implicated in pollination (KIM et al. 2002;

MuscHwrrI etal. 1998). In addition, three LePRK ligands have been identified, two pollen specific,

LAT52 and LeSHY, and one stigma-specific, LeSTIG (GuY0N etal. 2004; TANG et al. 2004; TWELL

etal. 1989). The LePRK signaling model suggests that the LePRK ligands interact with the LePRK

complex at different developmental stages thereby playing distinct roles in pollen germination and tube

growth (TANG et al. 2004). The SHY protein appears to localize to the cell wall, which is the correct

location for it to be an extracellular ligand for a pollen receptor. Furthermore, transgenic pollen from

plants expressing an antisense LeSHY display a pollen phenotype reminiscent of the rop2 mutants, that

is, delayed pollen germination and then growth arrest at the ovary wall (GuY0N et al. 2004). Perhaps

most interesting, a Rop (or Rops) has been shown to co-sediment with the LePRK complex from

mature pollen, strongly suggesting a role for Rops in the LePRK signaling cascade (WENGIER etal.

2003). Hence, it would not be far fetched to propose a role for ROP2 and ROP9 in a LePRK

homologous signaling cascade, potentially with ROP2 making a significant contribution at the early

(and possibly late) stages of pollen development, and ROP9 involved primarily in the stylar growth

phase. Alternatively, Rop may not be involved in signal transduction during pollen germination, but

instead, due to its relationship with actin (Fu etal. 2001; KosT et al. 1999), it may regulate the

gennination mechanism through its interaction with the actin cytoskeleton.

The role for Rop in the very late stages of pollen function would be a novel and exciting discovery.

The evidence presented in Chapter 4 suggests that Rop may play a role in the pollen tube growth

through the micropyle, or in interactions between the male and female gametophytic cells in the

embryo sac. Thus far, the only gametophytic mutants which display a pollen tube phenotype

associated with events in the embryo sac are the SIRENE and FERONIA mutants of A. thaliana, and

both of these mutants are female gametophytic mutants (HUCK etal. 2003; RomiAN etal. 2003). No

other male gametophytic mutants with late defects in development have been isolated or described.

Since very little is known about the molecular events at fertilization, it is only possible to speculate on

the possible roles of Rop at this late stage of development. Related to its role in tip growth, Rop may

be required for pollen tube discharge once inside the embryo sac; or Rop may be involved somehow in

a male-female interaction to trigger certain cellular events in the embryo sac, perhaps within the

degenerating synergid; or possibly, through its interaction with the actin cytoskeleton, Rop may
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regulate the mechanism by which the non-motile sperm cells reach their target cells. As we learn more

about the role of Rop in male gametophyte development, we can hopefully discriminate among these

possibilities.

REFERENCES

BERNASCONI, G., T. L. ASHMAN, T. R. BIRKHEAD, J. D. BISHOP, U. GROSSNIKLAUS etal., 2004

Evolutionary ecology of the prezygotic stage. Science 303: 971-975.

Fu, Y., G. Wu and Z. YANG, 2001 Rop GTPase-dependent dynamics of tip-localized F-actin controls

tip growth in pollen tubes. J Cell Biol 152: 1019-1032.

GuYON, V., W. H. TANG, M. M. MONTI, A. RAIOLA, G. D. LORENZO et al., 2004 Antisense phenotypes

reveal a role for SHY, a pollen-specific leucine-rich repeat protein, in pollen tube growth.

Plant J 39: 643-654.

HucK, N., J. M. MOORE, M. FEDERER and U. GROSSNIKLAUS, 2003 The Arabidopsis mutant feronia

disrupts the female gametophytic control of pollen tube reception. Development 130: 2 149-

2159.

KIM, H. U., R. COTTER, S. JOHNSON, M. SENDA, P. DODDS etal., 2002 New pollen-specific receptor

kinases identified in tomato, maize and Arabidopsis: the tomato kinases show overlapping but

distinct localization patterns on pollen tubes. Plant Mol Biol 50: 1-16.

KOST, B., J. MATHUR and N. H. CHUA, 1999 Cytoskeleton in plant development. Cun Opin Plant Biol

2: 462-470.

MAYFIELD, J. A., and D. PREUSS, 2000 Rapid initiation of Arabidopsis pollination requires the oleosin-

domain protein GRP17. Nat Cell Biol 2: 128-130.

MULCAHY, D. L., 1979 The rise of the Angiosperms: a genecological factor. Science 206: 20-23.

MUSCHIETFI, J., Y. EYAL and S. MCCORMICK, 1998 Pollen tube localization implies a role in pollen-

pistil interactions for the tomato receptor-like protein kinases LePRK1 and LePRK2. Plant

Cell 10: 3 19-330.

ROTMAN, N., F. ROZIER, L. BOAVIDA, C. DUMAS, F. BERGER etal., 2003 Female control of male

gamete delivery during fertilization in Arabidopsis thaliana. Curr Biol 13: 432-436.

SARI GORLA, M., G. BINELLI, M. E. PE and M. VILLA, 1995 Detection of genetic factors controlling

pollen-style interaction in maize. Heredity 74: 62-69.

SAM GORLA, M., M. E. PE, D. L. MULCAHY and E. OTfAVIANO, 1992 Genetic dissection of pollen

competitive ability in maize. Heredity 69: 423-430.

TANG, W., D. KELLEY, I. EZCURRA, R. COTTER and S. MCCORMICK, 2004 LeSTIG1, an extracellular

binding partner for the pollen receptor kinases LePRK1 and LePRK2, promotes pollen tube

growth in vitro. Plant J 39: 343-353.



119

TWELL, D., R. WING, J. YAMAGUCHI and S. MCCORMICK, 1989 Isolation and expression of an anther-

specific gene from tomato. Mol Gen Genet 217: 240-245.

WENGIER, D., I. VALSECCHI, M. L. CABANAS, W. H. TANG, S. MCCORMICK etal., 2003 The receptor

kinases LePRK1 and LePRK2 associate in pollen and when expressed in yeast, but dissociate

in the presence of style extract. Proc Natl Acad Sci U S A 100: 6860-6865.



120

APPENDICES



121

Table A2. 1

Experiment Gene Primer Sequence 5' - 3'
Cloning rop2-F6 CCT TCT TCC TCC CTC AAA CCA GAC G

rop2-F1O GCT CCA TAC TAC ATC GAA TGC AGC TCG

rop2-FI I CTC CCC TCC CCA CCA CCA CTA IC
rop2-R2 TCT 1TF GCT CAAACA CGG GAA ATA CCT TCT

rop2-R6 GCA ACA ATG AGG AGG AAG GAG CGT A

rop2-D3 GTA GSA GAT GAG CAT RCA KGT CTF
rop9-R1 1TF GAG CTG CAC TCG ATG TAG TAT GGC
rop9-R2 GAC CTA TFA CAG TFG CAA AGA TGG AAG C
rop9-R7 GCG AAT CGA OGA CGT AGG
rop2/4-5'-F CiT GAA 1TC ATG AGC GCG TCY MG

M13-F GTA AAA CGA CGG CCA GT

M13-R GAA ACA GCT ATG ACC ATG

T7 GTA ATA CGA CTC ACT ATA GGG
Mapping rop2-F4 1TC 1TC AGA CGA CCA GCA GGA GGT A

rop2-F5 GGT AAT ACT GTC AAC CTC GGC CTC TG

rop2-R2 GCA ACA ATG AGG AGG AAG GAG CGT A

rop2-R7 CCT GGT GCA ACA ACC AGT GTG GAA
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Table A2.2 Cloning ron2 and rov9

Gene Region Clone Name Primers DNA Used

5' region

rop9-5.3 BF6/9R7 E32-1 1

rop9-2 / rop9-3 5'DegIB2R2 B73

rop9 3' region

rop9-15 /rop9-16 BF5/B2R1 B73

rop9-end B2F1fB2R5 Mo17

rop2 3' region

ropB-3. 7 BF5/BR2 B73

ropB-3. 5 / ropB/D3 BF 1O/BR2 B73
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Table A2.3. Tissues with MPSS rop2 and rop9 expression differences

Fold higher rop2 expressiona Fold higher rop9 expressionb

Tissue
2-3
fold Tissue

2-3
fold

Immature Leaf, Division Zone 2x
Immature Leaf, Maturation
Zone 2x
Immature Leaf, Transition
Zone 3x

Immature Tassel 3x

Tassel, Meiosis Stage 2x

Mature Pollen 2x

EmbryolEndosperm, ODAP 3x Embryo, 30 DAP 2x
Embryo, 35 DAP 2x Embryo, 40 DAP 3x

Embryo, 24 DAP 2x Soft Endosperm 2x

Endosperm, 21 DAP 2x

Pericarp, 5 DAP 2x Pericarp, 15 DAP 2x

Seedling Primary Root 2x
Pith-i 2x

Stalk 2x

a.b. Normalized rop expression values were divided to obtain a fold expression
difference. Only tissues with at least one of the two genes having a nonnalized rop
value greater than 0.3 were used in the analysis.
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Table A2.4. Tissues with less than a 2 fold MPSS rop2/rop9 expression
difference

Embryo, 45 DAP

Endosperm, 6 DAP

Endosperm, 12 DAP

Endosperm, 30 DAP

Endosperm, 40 DAP

Seedling Root

Root

Lateral Root Meristem

Rind-I

Node, Transition Zone

Shoot Apical Meristem

Immature Leaf, Expansion Zone

Ear Shoot

Immature Ear (-8mm), Base

Immature Ear (-18mm), Base

Immature Ear (-48mm), Apex

Rind-2

Normalized rop expression values were divided to obtain a fold expression
difference. Only tissues with at least one of the two genes having a
normalized rop value greater than 0.3 were used in the analysis.
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Table A4.1
Dual Pollination Experiments; Chi-square two population proportion analysis

Initial Pollination = rop2+ wild-type

x2 value___________

3Ominto2 lDayto2
Experiment hour Hours to 1 Day Day
8/9/03 G105 x G3

8/13/03 G105 x G4
- 0.935

8/14/03 G105 x G4 SPLIT 15.9 * 0.96(2 hr) -

8/28/03 G105 x G4B

9/4/03 G146 x G7B
- 0.6 (2 hr) -

Initial Pollination = rop2-ml

x2 value

3Ominto2
hour Hours to 1 Day

1 Dayto2
Day

- 148.6 (1 hr) * 0.63

- - 0.191

3.6 22.5(2hr)* -

- 120.4(2hr)* -

- 134.3(2hr)* -

x2 analysis of populations from the middle 1/3 of ear between two time points in an experiment; 30 mm vs. 2 hour; hour(s) vs. 1 day, and 1 day
vs. 2 day.

* denotes 2 values which are statistically significant, p < .05
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Table A4.2

Chi-square two population proportion analysis of waxy pollen after 1 hour in vitro germination.

Pollen Genotypea Wx Germinated Wx 2 valuec wx Germinated wx 2 valuec

rop2+WT 811 231 82* 489 236
0.05

rop2-mI HET 1109 103 665 312

rop2+ WT 420 89 16* 242 87
0.37

rop2-m5HET 893 101 556 221

a. rop2+ WT = Wx; rop2+/RT4-9b Wx: rop2+, and rop2::Mu HET = Wx; rop2::Mu/RT4-9b Wx: rop2+.

b. Values represent combined data from several experiments: rop2+ WT (n=5), rop2-ml HET (n=8);
rop2+WT (n=3), rop2-m5 (n=6).

c. 2 analysis of the proportion of total Wx:germinated Wx pollen, or wx: germinated wx pollen between
WT and HET plant genotypes.

* denotes x2 values which are statistically significant, p <.05.
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Table A4.3

Germination frequencies of waxy pollen after 30 minutes and 1 hour in vitro germination

Pollen Total Wx Germinated Wx Total wx Germinated wx
genotype a grains (n)" grains (ii) % germination 2 value' grains (n) b grains (n) % germination valuec

WI 562 175 31 58* 461 226 49
1.5

HET 554 48 9 335 139 41

WT 535 163 30 20* 435 211 49 39
HET 525 45 9 351 130 37

a. WT = Wx; rop2+/RT4-9b Wx: rop2+, and HET = Wx; rop2-ml/RT4-9b Wx: rop2+.

b. Values represent combined data from several experiments: WI (n=8); HET (n=6)

c. 2 analysis of the proportion of total Wx grains:germinated Wx, or total wx grains: germinated wx between WT and HET plant genotypes.
* denotes x2 values which are statistically significant, p <.05.




