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Abstract

The cell cycle controls cell division and proliferation of all eukaryote cells and is
important to development of all multi-cellular organisms. The cell cycle of sexually reproducing
organisms is founded by the zygote and needs to be re-established in the founding generations of
new organism. Without control and synchronization of the cell-cycle, gametes cannot be assured
that the DNA complement of both gametes is activated and numerically correctly represented;
thus, neither double fertilization nor embryo formation would be possible. According to studies
in all eukaryotes, including yeast, animals and the model plant Arabidopsis, the cell cycle
consists of four different phases (M, G1, S and G2), each of which is tightly regulated at
checkpoints by the cooperation of several critical regulatory factors.

However, due to the difficulty in accessing to gametic and zygotic cells in flowering plants,
which are controlled in single cells deeply embedded in multiple tissues, little is known about
how molecular mechanisms underlying the initiation of plant embryogenesis may reflect or
contrast from such systems in other eukaryotes. Fortunately, Dr. Russell lab has developed an
approach of cell isolation that opened a pathway to examine the developmental status of rice
gametes and zygotes, which make it possible to manipulate cell cycle control factors involved
ultimately in the initiation of the seed formation.

In this project, we employed various approaches to identify the components involved in
rice zygotic cell cycle and characterize their functions and regulation. The methods and results
are reported in four chapters. The main points of each chapter will be stated as the following.

Firstly, we optimized the previous procedure to isolate more, pure and viable rice egg cells
and zygotes from different developmental stages, and also developed a new efficient approach,

Blender method, to purify rice sperm cells. Both isolated rice egg cells and sperm cells were
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identified with marker genes and used in the published study of siRNAs in rice gametes and
zygotes. Our practice shows that the isolated rice gametes and zygotes are featured with viability,
transparency, purity and intactness, and thus serve as an ideal system for research in cellular and
molecular biology and biochemistry.

Secondly, based on our study, we established a model of arrested core complex involved
in rice zygotic cell cycle control. It consists of four major regulatory components including
CDKB1, CYCD5, KRP5 and KRP4. CDKBL1 is the first major player in cell cycle progression;
KRP4 and KRP5 function as CDKBL inhibitors, as proved in the CDK activity analysis; more
importantly, KRP5 and KRP4 act in a coordinate, or heterodimer-like, manner, as indicated in
the results of Y2H, yeast growth in serial dilutions, BiFC and Kinase activity assay. Besides, this
coordinate inhibition might exist in the cell cycle control of other living organisms.

Thirdly, as a novel rice F-box protein, Fb3 is preferentially expressed in rice egg cells and
zygotes. It interacts with both KRP5 and KRP4 and mediates the degradation of these two KRP
inhibitors through 26S proteasome pathway. This is evidenced in the protein degradation assay
and supported by its reversal effect on KRP inhibition on the Kinase activity of CDKB. Our
results identify Fb3 as a regulator of the two KRP inhibitors of rice zygotic cell cycle.

In addition, our phenotypic observation, genetic analysis, seed setting test and
complementation trial in the rice mutant plants demonstrate that all KRP5, KR4 and Fb3 are rice
specific proteins involved in initiation of rice seed formation. We also found that these mutations
result in abnormal morphology in rice female germ units and compromised function in rice
sperm cells.

Since rice genetics is well documented as the second sequenced flowering plant and the

most abundant of human’s crops around the world, the knowledge from this effort may enrich
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our understanding of the molecular mechanism underlying cell cycle control in embryogenesis
initiation; in agriculture, it may facilitate crop breeding for better rice production to meet the

high food demand from increasing global population.

Key Words

Rice zygote, cell cycle control, core complex, KRP inhibitors, coordinate inhibition, F-box

protein, FBP mediated degradation, Blender method, microdissection
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Introduction

. Why rice was chosen as the material for this project

It is obvious that we are faced with unprecedented challenges in grain production due to the
increasing need for food. Based on statistical data of the United Nations, the world population
would be about 7 billion by 2011 and 8 billion by 2024. Meanwhile, arable land is decreasing

due to urbanization in developing countries, increasing the urgency for agriculture improvement.

Rice was domesticated 10,000 ~ 15, 000 years ago in China and is the most abundant human’s
crop. About 50% of the human population consumes rice every day. Moreover, rice is the model
monocot plant having the best documented record in agronomy and genetics during the past
decades and particularly its genomic sequence is available for molecular manipulation as well as
phylogenetic analysis. Therefore, rice is one of the best models in monocot plants for studying
the mechanisms underlying the seed formation to achieve higher grain yield for the increasing

global population.

1. Double fertilization is the key event for formation of grain seeds in flowering plants
(angiosperms)

Seeds of flowering plants vary in shape, size and color depending the type of plant, but in major

structure, consist of just embryo and endosperm. The embryo is a typically diploid structure

consisting of half sperm and half egg cell genetic that forms a precocious baby plant, the

endosperm is a triploid fusion product of the sperm and a maternal tissue of the central cell,

forming the bulk of food of the embryo during seed germination. Both parts are derived from a

unique process called double fertilization.



Double fertilization is a complicated process involved in multiple tissues and organs in flowering
plants. Male gametes begin to migrate when a pollen grain lands on the surface of the stigma of
the carpel, the female organ of a flower. After the pollen becomes sufficiently hydrated, the
pollen grain germinates into a pollen tube which elongates through the style to the embryo sac to
deliver two sperm cells (male gametes) within the ovary where the egg cell and central cell (two
female gametes) are located. As a result, one sperm cell adheres and fuses with the egg cell to
form a diploid zygote, and the other sperm cell combines with the larger central cell (containing

2 polar nuclei) to form a large triploid cell (Russell 1992, Dresselhaus 2016 and Sprunk 2020).
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Fig. 1 The early embryogenesis in rice from the double fertilization to the first zygotic division.
HAP: hour after pollination; G1, S and G2: the cell cycle phase for growth, DNA synthesis, and

growth and preparation for mitosis.

The zygote is the earliest developmental stage of embryo. After its first mitosis division, the
zygote is divided into two asymmetrical parts: a smaller apical cell on the top with rich

cytoplasmic content, and a larger basal cell on the bottom containing large vacuoles. Unlike dicot
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plants, the monocots, like rice, wheat and maize, divide their apical and basal cells in multiple
planes, thus develop into pro-embryo and ultimately the embryo. In parallel, maturation in the
central cell will initiate a triploid cell that will grow into the endosperm, a nutrient-rich tissue
that provides nutrition for the embryo to grow into a new plant (Kranz et al 1992, Khanday and

Sundaresan 2021). All the above pathways can be simply generalized as Figure 1.

I1l.  The relationship of cell cycle to double fertilization and seed formation

The double fertilization acts as the central stage for seed formation, however, both its prior event
(gametogenesis) and its post one (embryogenesis) are cell cycle related. Without the cell cycle,
however, neither sperm cells nor egg/central cells would be synchronically formed for the right

fertilization embryogenesis.

Numerous studies show that the cell cycle controls cell proliferation of all eukaryotic cells and
regulates development within the cells of all multi-cellular organisms. The cell cycle of sexually
reproduced organisms needs to be re-established in each generation in the new organism and is
founded by the zygote, establishing the cell cycle as a fundamental tissue of the plant body. The
cell cycle is tightly controlled to ensure it is properly regulated and synchronized via myriad
regulatory factors. In sexual reproduction of higher plants, for instance, without synchronization
of the cell-cycle, the DNA complement of both gametes cannot be assured to be activated and
numerically correctly represented; then neither double fertilization nor embryo-formation would

be possible, thus no seed production (Friedman, 1999 and Tian, et al., 2005).
IV.  Cell cycle and control elements

The cell cycle, also called “cell-division cycle”, is a series of coordinated events that result in

cell division of daughter cells. It consists of four different phases (G1, S, G2 and M), each of
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which is tightly controlled or regulated at several checkpoints with multiple coordinated players.

It is well known that the Gap 1 phase (G1) is for active cellular growth by making proteins and
organelles, the S phase (S) is for DNA synthesis, the Gap 2 phase (G2) is for more cellular
growth, and Mitosis phase (M) is for cell division with proper chromosome arrangement. As
indicated in Fig. 2 (blue arrows) there are two checkpoints which are crucial in decision if a cell

continues to divide or not. One is from G1 to S, the other is from G2 to M.

Each of these checkpoints is tightly regulated by several critical factors. If the cell cycle
machinery is not properly regulated at the checkpoints, cell proliferation will become
inappropriately controlled as happens in various cancers, which permit the existence of too many

cells. (Collins et al 1997, Foster 2008, Williams and Stoeber 2012, Otto and Sicinski 2017).
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Fig. 2 Models of cell cycle control and regulation. A. Core complex factors in the control of cell
cycle in Arabidopsis. CDK: Cyclin dependent kinase; ICKs: Inhibitors of CDK; CYC: Cyclin
(protein). B. Degradation of the inhibitory proteins (ICKs) by the F-box protein associated SCF
complex in yeast. SCF: Skpl-Cullinl-F-box; U: ubiquitin (8.5 kD). The blue arrowhead #1 and

#2 indicate the two checkpoints in cell cycle: #1 is for S phase entry; #2 for mitosis, cell dividing.



As shown in Figure 2A, the first two main players are Cyclins (CYC, tissue specific) and Cyclin-
Dependent Kinases (CDKs, for protein phosphorylation). Three scientists (Lee Hartwell, Paul
Nurse and Tim Hunt) won the 2001 Nobel Prize in Medicine for their contributions in
discovering CDKs and Cyclins in yeast. Once a specific CDK associated with Cyclin is
activated, the transcription factor named E2F will be released from its inhibitor (retinoblastoma

protein) to activate a group of genes required for DNA replication to enter the S phase from G1.

Both CDK and Cyclin conjugate with their third partner, Inhibitor of Cyclin Dependent Kinase
(ICK). ICK is called Sim related proteins (SMR, in Arabidopsis), or Kip Related Protein (KRP,
in all plants). It is 200~300 amino acid residue long, having 2 motifs at the C’ terminal for
interactions with CDK and Cyclin (Wang 1997, Stals and Inze 2001, De Veylder et al 2001,
Barroco et al 2006, Mizutani et al 2010, Yang et al 2011, Cheng et al 2013, Dante et al 2014,
Pedroza-Garcia, et al 2016 and Ramos Coelho et al 2017). Without removing the inhibition from
the inhibitors, CDKA can’t be activated for the S-phase entry (see the check point 1 in Fig. 1 A),
and CDKB, the marker for mitosis, won’t be activated either for cell dividing (see the check
point 2, Fig. 1 A). The same will take place for other CDKs to pass other check points of the cell
cycle. Therefore, another family of proteins encoded by F-box genes are crucial to the cell cycle

progression.

The F-box motif has ~ 50 amino acid residues and is usually located at the N’-terminal. Studies
in yeast and humans show that the F-box protein associates to form a protein complex, Skpl-
Cullin1-E-box (SCF), which binds the inhibitor ICK and marks it for ubiquitination (by adding a
small 8.5 KD ubiquitin protein) and is thus subsequently degraded via 26S proteasomes (see Fig.
2B) (Bai et al 1996, Schulman et al 2000, Kipreos and Pagano 2000, Ho et al 2006 and Marrocco

et al 2010). Studies in Arabidopsis also demonstrate that plant sperm cell formation is under the
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control of two cell cycle inhibitors, AtKRP6 and AtKRP5, which are degraded in the proteasome

pathway via a specific F-box protein (FBL17) associated SCF complex (Kim et al 2008).

V. Cell isolation as a technique allowing cell cycle to be examined in plant gametes and

zygotes

As aforementioned, the living plant gametes and zygotes are deeply embedded in multiple layers
of tissues, thus it is difficult to access these cells to observe their developmental status at the
molecular level. That is why little is known about the cell cycle in female gametogenesis and
embryogenesis in plants, particularly, the molecular control of the first cell division from the

diploid zygote into the small cytoplasm-rich apical cell and large vacuolated basal cell.

However, significant progress has been made since about 20 years ago. To our knowledge, the
first protocol for mass isolation of rice sperm cells was reported in 1999 (Gou et al 1999 and
Russell et al 2017). Sperm cells were released from collected fresh pollen and enriched in pure
cell collections using a discontinuous Percoll gradient centrifugation protocol. In the same year, a
simple mechanical method was developed to isolate rice egg cells and zygotes and the isolated
zygote were used for in vitro culture to generate fertile rice plants. (Zhang et al 1999 and Zhao et
al 2000). In addition, similar dissection but with more careful manual manipulation was applied
in isolating the larger central cells (Zhao et al 2000 and Uchiumi et al 2006). The isolated rice
egg cells and sperm cells were also used for in vitro fusion for artificial zygote (Khalequzzaman

and Hag 2005).

All these isolation procedures were also systematically optimized in Dr. Russell lab, which made

the rice gametes and zygotes relatively accessible for molecular profiling and manipulation



Russell et al 2011, Jones 2014 and Anderson et al 2013) and opened a window to examine the

developmental status of plant gametes and zygotes.

Isolated rice sperm cells and egg cells were used for RNA sequencing (RNAseq). It was found
that the transcriptomes of two opposite gametes are highly divergent and their distinctive

expression profiles are involved in chromatin conformation (Anderson et al, 2013).

Isolated zygotes were also used for RNAseq later. It showed that zygotic genome activation
(ZGA) takes place soon after fertilization with unequal parental contribution where most genes
are expressed primarily from the maternal genome and during ZGA a number of maternal genes

(2898) are downregulated indicating the removal of maternal transcript (Anderson et al 2017).

Most recently, the isolated rice gametes and zygotes were also used in the studies on small RNA
transcriptomes. It is observed that the distribution of 24 nt small interfering RNA (siRNA) loci is
reset in rice sperm cells and egg cells (Li et al 2020) and this pattern is returned to the canonical
one in the zygotes (Li et al 2021). These observations demonstrate that chromatin modifications
such as methylation and acetylation are likely taken placed in plant gametes and contributed to
the next generation via the zygotes; and it is important to study the epigenetic mechanisms
underlying the specific gene expression for zygotic development (Khanday and Sundaresan
2021).

VI.  Objectives and significance of this research project

Even though the recent progress was made from the isolated rice gametes and zygotes, little is
known about the cell cycle in gametogenesis and embryogenesis of crop plants, particularly, the
molecular control of the first cell division from the diploid zygote into the small cytoplasm-rich

apical cell and large vacuolated basal cell.



Based on the relevant studies in yeast, human and Arabidopsis, and the fact that there are more

cell cycle control factors in rice plants, we assume that more motor-like CYC-CDKSs, more

brake-like KRPs and other cell cycle regulators would be involved in the event of rice zygotic

division. Specifically, three questions as the following should be answered in this study:

1.

What are the major players for the cell cycle control in rice egg cells and zygotes, that is,
which CDK kinases, which cyclins and which KRPs will interact to form the core complex
for important cell cycle checkpoints such as the S-phase entry and mitosis? Does any rice
KRP protein work as the inhibitor of the kinase activity of CDKs and how does it perform

this function?

Is there any F-box protein associated complex responsible for degrading the inhibitory

KRPs?

How would these KRP and F-box proteins affect the phenotype, especially the seed

formation in the mutant plants?

Therefore, the major objectives and corresponding approaches employed in this project will

include:

1.

Optimize the previous methods and develop new procedures for isolation and culture of rice
leaf protoplast cells, rice sperm cells, rice egg cells and zygotes for cellular localization by

transient transfection with artificial constructs.

Collect and screen for the candidate factors of cell cycle core complexes, particularly for
those preferentially expressed in rice egg cells and zygotes, then detect interactions among
those components and identify the function of KRPs in inhibiting the kinase activity of CDKs
using Yeast Two Hybridization (Y2H) (Ferro and Trabalzini, 2013; Fields and Song, 1989),

Co-immunoprecipitation (Co-1P) (Liu et al 2017 and Louche et al 2017), measurement of
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phosphorylation level of relevant CDKs (Manning et al 2002, Grant 2009, Lewis 2013,
Atkins and Cross 2018) and Bimolecular Fluorescent Complementation (BiFC) (Kudla and
Bock, 2016; Horstman, 2014; Lee and Gelvin 2014, Morell et al, 2008; Walter et al., 2004).

3. Detect the interactions of KRPs and F-box proteins and analyze how the inhibitory function
of KRP proteins is regulated by the partner F-box protein. Then methods include measuring
the kinase activity and examining the protein degradation (Kim et al 2008, Chen et al 2012
and Teixeira et al 2013) as well as BIFC. The relevant assays will be conducted not only in
yeast system, rice leaf protoplasts (Bart et al 2006 and Xu et al 2012), and rice gametes and
zygotes (Li et al 2019) at different developmental stages.

4. Observe the phenotypical changes especially the seed-setting rate in rice mutant plants (An et
al 2003 and Jeong et al 2006), conduct cross pollination between two mutant lines for double
mutant and complementation and reciprocal pollination between the wildtype and its mutant
line, and test the complementation (Liu et al 1999 and Hudson et al 2016) in the mutant
plants transformed with fluorescent labelled KRP and F-box proteins expressed under the
native promoters.

Since the rice genetics is well documented as the second sequenced flowering plant and the most

abundant of human’s crops around the world, the knowledge from the above effort may enrich

our understanding of the molecular mechanism underlying cell cycle control in embryogenesis
initiation; in agriculture, it may facilitate crop breeding for better rice production to meet the

high food demand from increasing global population.
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Chapter 1. Isolation and Transfection of Rice Gametes and Zygotes

Abstract
Plant gametes and zygotes are founding cells for seed formation, but little is known about how
molecular mechanisms underlying the initiation of plant embryogenesis since these single cells
are deeply embedded in multiple tissues. During the past decade, Dr. Russell Lab had made rice
gametes and zygotes relatively accessible. Here we optimized the previous protocol to get more,
pure and living rice egg cells and zygotes from different developmental stages. We also
developed a new efficient approach, Blender method, to purify rice sperm cells. Both isolated
rice gametes were identified with specific marker genes and successfully used in the study of
SiRNAs of rice gametes. Our practice shows that isolated rice gametes and zygotes are featured
with purity, viability, transparency and intactness, thus can serve as an ideal system for research

in cellular and molecular biology and biochemistry.

Background

The plant sexual reproduction is one of fundamental issues for human. It includes the double
fertilization as the central stage in the life cycle of higher plants, referring one sperm cell to bind
and fuse with the egg cell then develop into the embryo and the other with the central cell into
the endosperm for the nutrition of the embryo. Both embryo and endosperm are the two major
components of seeds to feed human and animals. This unique process was firstly described in
1898 by Sergius Nawaschin and 1899 by Leon Guignard in Lilium martagon (Russell 1992 and
Hu 1998). Since then, intensive research has been devoted to the observation and
characterization of the diverse reproduction process and the method invention particularly in

electron microscopy to rich the knowledge of gametogenesis and embryogenesis in angiosperms.
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However, the molecular mechanisms underlying the double fertilization, the gamete formation
and zygote development are very limited until today due to inaccessibility to these cells deeply
embedded in multiple plant tissues as well the lower expression level of those major biochemical
components in the process for seed formation.

On the other hand, the significant progress has been made in the manual isolation of plant
gametes, mainly sperm cells and egg cells, in numerous studies during the past decades (Russell
et al 1990, Roeckel et al 1990, Theunis 1991, Zhang et al 2010 and Lin et al 2021). But only
some of these studies would be briefly reviewed in the following as the background for this PhD

program.

l. Isolation of non-rice plant gametes

1. Male gametes (sperm cells)

One of the earliest efforts in isolation of plant sperm cells can be tracked back to 1973 (Cass)
from barley, Hordeum vulgare. The spherical shape was observed after released from pollen
grain and used for observing the ultrastructure. However, the sperm cell isolation in mass has not
been achieved until 1986 from Plumbago zeylanica (Russell 1986). Since then, the sperm
isolation has been undertaken using at least 29 different plant species, including those with
economic importance such as maize (Zey mays), rice (Oryza sativa), wheat (Triticum aestivum),
rape (Brassica spp), spinach (Spinacia oleracea), lily (Lilium longiflorum) and leek (Allium
tuberosum Roxb)..

The procedure for isolation of plant sperm cells can be generalized into 4 major steps.

(1). Break pollen or pollen tubes by grinding or osmotic shocking

For tricellular pollen grain in which the generative cell has divided into 2 sperm cells, it can be

broken by grinding or osmotic shocking. The grinding method was used in the sperm cell
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isolation in lily, but the yield was lower (Tanaka 1988); the popular way is using the solution
with appropriately lower osmotic pressure to burst the pollen grain and keep the released sperm
cell intact and viable (Russell 1985, 1986, 1990, Zhang et al 1992, Xu and Tsao 1997a).

For the bicellular pollen grain (e.g. from tobacco), the sperm cells are formed in pollen tube.
Therefore, the pollen must be germinated and cultured in media, then the pollen tubes are treated
with the low osmotic solution to release the sperm cells (Xu et al 2002).

To facilitate bursting the pollen grain or pollen tube, the osmotic shock can be added with cell
wall digestion enzymes, a mixture of cellulase, pectinase and pectolyase (Zou et al 1990 and
Shivanna et al 1988).

(2). Separate sperm cells from broken pollen grains

A filter with a proper opening size (30~40 um), depending the size of pollen grain or pollen tube,

is used for this purpose (Zou et al 1988 and Hough et al 1986).

(3). Enrich sperm cells

The filtrate from the step (2) will be centrifuged on a density gradient solution of sucrose
(Russell 1986 and Cass and Fabi 1988) or percoll (a medium with low viscosity) (Dupius et all
1987, Nielsen and Olesen 1988). The sperm cells will be enriched on the special gradient
interface and collected for further purification by repeating the same step.

(4). Examine the yield and viability of isolated sperm cells in microscopy

The sperm cell yield can be calculated with the number of recovered cells divided by the total
cell number from the starting material. The rate was 20 ~ 30% from maize (Dupuis et al 1987
and Roeckel et al 1988), and up to 75% from Plumbargo zeylanica (Russell 1986). To test the
viability, the most popular way is staining the isolated cell with Fluorescein Diacetate (FDA), a

cell-permeant substrate for cellular esterase. The fluorescence observed under the microscope
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indicates the viability and membrane integrity of the stained sperm cells.

2. Female gametes (the egg and central cells)

Plant female gametes are located within the embryo, specifically, in a structure called embryo sac.
The isolation of viable embryo sacs was succeeded in in Nicotiana tabacum in 1970s (Solntseva
and Levkovskii 1978). During 1980s, the viable embryo sacs and egg cells were isolated in
China from several plant species including Antirrhinu majus (Zhou 1985, Zhou and Yang 1984,
Hu et al 1885, Hu 2002). Then, a large quantity of female gametes was isolated in Europe and
America (Mol 1986, Huang and Russell 1989, Huang et al 1990, Van and Kwee 1990, Wagner et
al 1988, Kranz et al 1991, Cao and Russell 1997). The number of plant species used for this
purpose are over 48, including 12 crop plants.

The major isolation technique was manual micro-dissection with or without the aid of cell wall
enzymatic digestion. The micro-dissection needs micro-knives, thin needles, micro-capillaries
and inverted microscope. Without enzymatic digestion in this method, it is easier to control the
quality and purity of isolated products, but the disadvantage is that it requires great skill and
patience. With aid of enzymatic digestion in a mixture of cellulase and pectinase to soften the
surrounding tissues, a large quantities of female gametes can be isolated, but the potential issue is
hard to avoid residual degrading on the viable cells (Hu et al 1985, Zhou and Yang 1985 , Russell
et al 1989 and Kranz 1991).

3. Application of isolated non-rice plant gametes in studies of current biology

There are at least three major application of the isolated plant gametes in biological studies.

(2) In vitro fertilization

Through intensive efforts, the isolated and viable gametes from many plant species become

accessible. However, it is questionable if these isolated gametes can function same as those in
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vivo in fertilization and embryogenesis. During the past decades maize has been used as one of
model systems (Dumas and Mogensen 1993) to address this issue. Based on the two studies of in
vitro fertilization, isolated maize sperm cell and egg cell work in fusion into a zygote, and the
zygote is successfully developed into an embryo (Kranz and Lort 1994 and Faure et al 1994).
This in vitro fertilization system can be very useful in future for testing the molecular function of
some specific gamete surface proteins, which may be involved in the mechanisms underlying the
double fertilization and embryogenesis.

(2) Cell surface recognition molecules

According to the observation of Dr. Russell (1985 and 1992), the preferential fertilization may
exist at least in some plant species like Plumbago and maize. In Plumbago, the cytoplasmic
organelles are unevenly distributed between two sperm cells. One sperm cell (Sua, not associated
with the vegetative nucleus) contains many more plastids but many fewer mitochondria than the
other (Svn). In 94% of examined cases, the Sua sperm cell fuses with the egg cell. This is very
interesting since it indicates the possible existence of specific gametic surface proteins as the
determinants for the recognition, adherence and fusion during the double fertilization. Therefore,
several studies were carried out to detect and identify the plasma membrane proteins from
isolated plant sperm cells.

First, six different fluorescein isocyanate (FITC) labeled lectins (ConA, RCA I, WGA, SBA,
PHA-L and UEA 1) were used to label the plasma membrane of isolated viable maize sperm cells.
It is found that the sperm cell surface is positively reacted with FITC-Con A, indicating that the
sperm cell has the surface glycoproteins containing mannosyl and glucosyl residues (Xu and
Tsao 1997b). Then the maize sperm cells were accumulatively isolated from totally up to two

kilograms of fresh pollen for purification of plasma membrane and the surface glycoproteins (Xu
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and Tsao 1997c). As a result, multiple glycol-polypetides with size form 68 kD to 32 kD were
purified and immunolocalized on the isolated maize sperm cells (Xu and Tsao 1997d).

By comparing the difference in surface proteins between leaf and sperm cells in lily using the
probe N-hydroxysuccinimido- (NHS) or sulfo-NHS-biotin, two sperm cell specific proteins, 63
and 67 kD, were identified (Blomstedt et al 1992). In addition, it is observed that two
monoclonal antibodies to arabinogalactan proteins, JIM8 and JIM13, bound to the sperm cells of
Brassica and Lilium, either in pollen tubes or isolated, suggesting that these sperm cells contain
arabinogalactan proteins (Southworth and Kwiatkowski, 1996).

All these sperm cell specific surface proteins or glycoproteins are likely playing a role in the
recognition, adhesion and fusion at the double fertilization. Although three sperm surface
proteins (DMP8/9, GEX2 and HAP2) and egg cell excretive protein EC1 are recently found
involved in the in vitro fertilization in Arabidopsis (Mori et al 2014, Dresselhaus et al 2016 and
Sprunck 2020), it is unknown if they are glycoproteins or not and if they are universal players in
the double fertilization of angiosperms including the crop plants like rice of our interest. It is
important to learn this information, since the sugar chains of the glycoproteins play the role in
the cell-to-cell recognition and fusion based on the relevant studies in animal and human (Xu and
Tsao 1997).

(3) Specifically expressed genes

One more fascinating issue is about the genes specifically expressed in plant gametes and
involved in the process of the unique fertilization and the zygotic development into two major
components of seed: embryo and endosperm. For this purpose, mMRNAs are extracted from the
isolated gametes and used to construct a cDNA library, which will be screened against various

vegetative tissues (stem, leaf, root, pollen, ovary, etc.). LGCL1 is one of examples, a specific cell
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gene identified from lily sperm cells. Its gene product is located at the sperm plasma membrane
(Xu et al 1999). Similarly, two sperm-cell specific transcripts, NtS1 and NtS2, were identified
from the initial screening of 396 clones from the tobacco sperm cell cDNA library (Xu et al
2002).

The above strategy is more suitable for analyzing the gene expression in cytologically dimorphic
sperm cells of Plumbago. As aforementioned about the preferential fertilization, in each mature
pollen, one smaller sperm cell, Sua, is rich in plastids and targets egg cell to form zygote and
develop into embryo, the other in larger size, Svn, contains more mitochondria and usually fuses
the central cell for forming endosperm. Therefore, two different cDNA libraries were constructed
from 12,000 Sua and 12,000 Svn separately, followed with microarray hybridization, sequence
analysis, gPCR and in situ hybridization. As a result, a number of genes were found differentially
expressed in the two dimorphic sperm cells: in Sua, the genes for transcription and translation are
up-regulated, whereas in Svn, those for hormone biosynthesis are increased. This unique
expression pattern may matter in the early development of embryo and endosperm (Gou et al

2009, and Russell et al 2010).

. Isolation of rice gametes and zygotes and the application of isolated cells in epigenetic

studies

As one of staple crop plants, the rice has great potential in helping us meet the challenge of
increasing global population. Meanwhile, as the best model of monocot plants, rice has a
relatively smaller genome (~440 Mb) and excellently documented record in agronomy, genetics
and cell biology. Particularly, its genomic sequence is available for years to carry out molecular
manipulation and phylogenetic analysis. That is why the special procedures to isolate rice

gametes and zygotes were inevitably developed and optimized during the past decades to
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facilitate studying mechanisms underlying rice seed formation for better rice production.

To our knowledge, the first protocol for mass isolation of rice sperm cells is reported in 1999
(Gou et al 1999 and Russell et al 2017). Briefly, the sperm cells were released from manually
collected fresh pollen and enriched using discontinuous Percoll gradient centrifugation. In the
same year a simple mechanical method was developed to isolate rice egg cells and zygotes, and
the isolated zygote were used for in vitro culture to generate fertile rice plants. (Zhang et al 1999
and Zhao et al 2000). In addition, the similar dissection but with more careful manual
manipulation was applied in isolating the larger central cells (Zhao et al 2000 and Uchiumi et al
2006). The isolated rice egg cells and sperm cells were also used for in vitro fusion for artificial

zygote (Khalequzzaman and Haqg 2005).

Soon after, all procedures for the isolation of rice gametes and zygotes were systematically
optimized in Dr. Russel Lab and the isolated products have higher purity and sufficient quantity
for a number of relevant studies, including cis-regulatory elements and transcriptomes of rice
sperm cells and egg cells (Sharma et al 2011, Russell et al 2012 and Anderson et al 2013), large-
scale transcriptomic changes in rice zygotes (Anderson et al 2017) and the landscape of small

interference RNA (siRNA) in rice gametes and zygotes (Li et al 2020 and 2021).

It is found that the transcriptomes of two opposite gametes are highly divergent and their
distinctive expression profiles are involved in chromatin conformation (Anderson et al, 2013).
The RNAseq of isolated zygotes shows that the zygotic genome activation (ZGA) takes place
soon after fertilization with unequal parental contribution where most genes are expressed
primarily from the maternal genome and during ZGA a number of maternal genes (2898) are

downregulated indicating the removal of maternal transcript (Anderson et al 2017).
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Most recently, the isolated rice gametes and zygotes were also used in the studies on small RNA
transcriptomes. It is observed that the distribution of 24nt small interfering RNA (siRNA) loci is
reset in rice sperm cells and egg cells (Li et al 2020) and this pattern is returned to the canonical
one in the zygotes (Li et al 2021). These observations demonstrate that chromatin modifications
such as methylation and acetylation are likely taken placed in plant gametes and contributed to
the next generation via the zygotes; and it is important to study the epigenetic mechanisms
underlying the specific gene expression for zygotic development (Khanday and Sundaresan

2021).

In this chapter I will present our optimized protocols for isolation of rice gametes and zygotes,
the representative isolated rice cells and their transient transformation with artificial constructs.
At the end, some existing issues in the isolation procedure and potential applications of isolated

rice gametes and zygotes in the future will be discussed.

Material and Methods

Plant material

The seeds of rice (the variety Kitaake and IR50) are treated with 20% bleach for 10 min and
followed by 3 washes with autoclaved water, 10-15 minutes each, then germinated with sterile
water in petri dishes in dark at room temperature for 5 days. The seedlings are transplanted to
soil in pot (4-6 inch) and maintained in greenhouse until blooming for sample collection. The
temperature of greenhouse is kept around 27°C during daytime (12 hours) and 25°C for
nighttime (12 hours). The daytime light is controlled to the level of 500 pmol m™?s™ Rice plants
are irrigated with deionized water every day and fertilized twice each week by filling the

headspace in pots with 300-350 ppm Nitrogen (Jack’s 20-10-20).
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Procedures for isolation of rice gametes and zygotes and transient transformation for
cellular localization

The two major parts of rice floret are anther and ovary. The anther engulfs pollen grains each of
which contains 2 sperm cells; the ovary is where the egg cell or fertilized egg cell (zygote),
embedded (Fig. 1 upper panel). The procedures from the isolation to transient transformation

include multiple steps as shown in the flowchart (Fig. 1, lower panel).

stamen
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L style }‘ carpel
~

ovary

Incision line for egg cell/zygote

Polar nuclei of central cell
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Fig. 1 Scheme of rice floret structure (upper panel) and flowchart for isolation of rice gametes

Egg cell (EC)

Mature florets

and gametes (lower panel). The scheme (the upper left) is to show the anther filled with pollen

grains containing sperm cells and the incision line at the mid region of ovary for transversely
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cutting to release the egg cell or zygote from the lower part.

l. Isolation of sperm cells using Blender method
The sperm cell isolation is based on the previous protocol (Gou et al 1999 and Russell et al 2017),
but with optimization, particularly in the preparation for pollen grains, as stated as the following.

1. Select ~ 50 rice branches with mature florets around 10 am (for variety Kitaake) before
anthesis, cut stems at the lower part and place them into the bucket with ~ 200 ml water
to keep fresh.

2. Collect all mature florets into the blender (Hamilton Beach) containing ~ 150 ml of 45%
sucrose.

3. Blend tissues for 3 times to release pollen grains from anthers into the sucrose solution:
30 seconds each time with a pause of ~ 30 seconds.

4. Separate pollen containing solution into a flask from the blended mixture using 100 pm
nylon mesh on a funnel.

5. To get rid of chloroplasts and other impurities, pass the filtrate through 30 pum nylon
mesh to trap the pollen on the mesh.

6. Carefully transfer the mesh with pollen onto a beaker, rinse pollen in 45% sucrose from
the mesh into the container using a transfer pipet, then add ~ 50 ml more same solution
and swirl the beaker for ~ 1 minute.

7. Repeat Step 5 and 6 two more times until the filtered sucrose solution is clear to get intact
and pure pollen grains.

8. To burst pollen for sperm isolation, quickly rinse the pollen (1 ~2 ml) to a 50 ml tube in ~
20 ml 15% sucrose, seal the cap and rotate slowly at room temperature for ~ 25 min.

9. Filter the mixture through 30 pum mesh to separate sperm cells from sperm-depleted
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10.

11.

12.

13.

14.

15.

16.

17.

18.

pollen.

Layer each 9~10 ml filtrate slowly using the syringe with the tip-bent needle onto each
top of 15 % Percoll solution in two isolation tubes.

Centrifuge at 4°C, 4000 x g for 45 min with slower acceleration and deceleration
(Thermo Scientific Heraeus Multifuge X3R Centrifuge, with acceleration set at 8 and
deceleration at 9, to prevent the interface of Percoll gradient from being disturbed); the
sperm rich portion at the interface of 40/15% Percoll will be visible after centrifuging.
Pipet out the supernatant until 0.5~1 cm above the interface, and collect sperm rich layer
using the syringe with the tip-bent needle up to ~ 0.5 ml from each tube; dilute in 4
volumes of 15% sucrose in a new tube, and filter in 10 um mesh to prevent the potential
agglutination of sperm cells (aggregated sperms may form a new layer on the surface of
15% Percoll mixed with impurity, and thus reduce the yield of sperm cells).

Add the filtrate to the top of 15% Percoll in a new isolation tube, and centrifuge at 4°C,
3000 x g for 25 min.

For higher purity (but lower sperm cell yield), repeat Step 12 and 13 once more.

Collect 0.2~0.5 ml from the interface, add 3 ml of 15% sucrose, and centrifuge at 4°C,
1000 x g for 10 min.

Pipet out the most supernatant but leave the bottom 0.1~ 0.2 ml, add ~1 ml of 15%
sucrose, and centrifuge again (4°C, 1000 x g, 10 min).

Remove the supernatant with caution and leave the bottom 30~50 pl in the tube.

Use 1 pl for microscopy; save the rest in a new Eppendorf tube at -80°C; for RNA
isolation, use DEPC treated Eppendorf tube and freeze it in liquid Nitrogen, then store at

-80°C until use.
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Isolation and collection of rice egg cells and zygotes

The isolation and collection for rice egg cells and zygotes follows the previous description

(Anderson et al 2013 and 2017, and Li et al 2019) but with minor modifications.

1.

The mature and still closed florets (in which anther occupies most of the floret prior to
anthesis) for egg cell isolation or pollinated open florets for zygote isolation are collected
into 0.4 M mannitol in a 10 mL petri dish in the morning (8-10 am for variety IR-50; 9-11 am
for Kitaake under our growth conditions).

The 6-10 florets are gently carefully dissected on a microscope slide (treated with 70 Ethanol)
one by one, using one pair of fine tweezers in right hand and the fingernails of thumb and
index in left hand, to separate the intact carpel from other non-carpel structures including the
palea, lemma, stamen, lodicule and pedicel (Fig. 1).

Collect the ovaries with the needle (B-D Sub-Q, 26G 5/8, #305115) and rinse them twice on
the slide with the same sugar solution 0.4 M mannitol to clean pollen grains off.

Transversely cut the ovaries along the incision line (Fig. 1) under a dissecting
stereomicroscope using a thin and sharp razor blade (Merkur double edge razor blades),
remove the upper portion with style and stigma.

Quickly rinse the basal portion of ovaries twice on the slide with a drop of same sugar
solution to ensure no pollen grain to be associated and transfer them into a fresh mannitol
droplet (10-15ul) on the slide.

Mount the slide under an inverted phase contrast microscope (10x objective lens), use an
acupuncture needle or insect pin to press the basal gently to help release the egg cell from the
ovary.

Collect the cells using a special micropipette. The micropipette is made by pulling a
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microcapillary (World Precision Instruments, Inc., Sarasota, Florida USA TW120F-4) with
the instrument PUL-1 (WPI, Inc.)

8. The captured cells can be immediately used for fluorescent microscopy or transformation for
cellular localization; if for RNA extraction later, they will be frozen in liquid nitrogen then

stored at -80°C freezer.

. PCR for identification of isolated gametes

The procedure is as previously described (Li et al 2019). Briefly, total RNA is efficiently
extracted from isolated rice gametes (low input material) using the Ambion RNaqueous Micro
Total RNA Kkit, in which, the small RNAs (shorter than 200 nt) can be recovered and used for
miRNA and siRNA profiling.

For cDNA synthesis from the RNA with low concentration, NUGEN Ovation RNA-seq System
V2, or iSript Select cDNA Synthesis Kit (BIO-RAD 1708896), is adapted to produce ~1 pg
cDNA from RNA as low as 1 ng. Then we use Qiagen MinElute Reaction Cleanup Kit to purify
cDNA products and the Nanodrop spectrophotometer or Qubit fluorometric instrument (Thermo
Fisher Scientific) for quantification.

To identify the isolated rice cells, the specific gamete marker genes (MGH for sperm cell and
ECA-like 1 or 2) and other vegetative cell markers are used to design primers, as listed in

supplementary Table 1, for PCR.

IV.  PCR cloning for cellular localization in rice cells
The mRNA from young rice flowers (Kitaake) are purified using Oligotex mMRNA Mini Kit
(Qiagen 70022) and cDNAs are synthesized with RevertAid First Strand cDNA Synthesis Kit

(Thermo Scientific Inc, K1621).
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For the products of coding sequence (CDS) from the PCR reactions of rice KRP5
(LOC _0s03g04490.1), KRP4 (LOC 0s10933310.1) and the F-box gene, Fb3
(LOC_0s08g09750), we used 3 pairs of specific primers, HX65/66, HX63/64 and HX 59/60,
respectively (supplementary Table 1) with Q5 High Fidelity DNA Polymerase (NEB, M0491) or
Phusion High Fidelity DNA Polymerase (Thermo Scientific Inc F530S).

Then, Fb3 CDS product is ligated to the vector pE3150 (supplementary Fig.2) (Lee et al 2008,
Lee and Gelvin 2014) at Xhol and Hindlll to fuse with Enhanced Yellow Fluorescent Protein
(EYFP) at C’ terminus; the similar ligation for the product of KRP5 is at EcoRI and Sall, and
that of KRP4 at EcoRI and Sall.

In addition, mCherry with nuclear localization signal peptides in the vector pE3275 (generally
offered by Dr. Marc Libault) is used as the positive control for the nuclear localization

(Supplementary Fig. 3).

V. Isolation of rice leaf protoplasts

Since the isolation of rice gametes and zygotes demands greater effort and consume more time
than that for rice leaf protoplasts, the latter is prepared and transfected according to the procedure
described by Wang et al (2013). This pre-trial is to test if the construct of the rice gene fused with

EYFP work or not prior to the formal transfection of isolated rice gametes and zygotes.

VI. Transfection of isolated rice cells with EYFP fused rice KRP and F-box genes for cellular
localization

The specific protocol and recipe for transfection of isolated rice egg cell and zygotes are
developed and optimized according to the previous reports (Koiso et al 2017 and Toda et al

2019). The general procedure is summarized as the following, which requires both patience and
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caution.

1. lIsolate and store 3-6 cells in ~8 pul MMG (4 mM Mes-KOH, pH5.7, 15mM MgCI2 in 0.4M
mannitol) on a microslide within a moisture chamber.

2. Add 2 pl plasmid DNA: pE3275 and EYFP fused KRP or Fb3 construct.

3. Add 10 pl of 30% PEG with 100 mM CaCl2 in 0.4M mannitol.

4. Immediately and gently mix twice with a micro pipet.

5. Incubate at room temperature for ~10 min.

6. Carefully wash cells for 3 times by very slow capillary sucking ~ 10 pl of the droplet
solution, then add same volume fresh MMG solution back.

7. Carefully wash cells 3 times in fresh modified W5 solution (W5: 154 mM NaCl, 125 mM
CaClz, 5 mM KCI, 2 mM MES; plus 500 mM Glucose), as step 6.

8. Culture the cells with ~10 pl W5 solution plus Ampicillin (100ug/ml) at 25°C in dark for
overnight in the moisture chamber.

9. Surround the droplet on the slide with cream (Petrolatum, Fisher Scientific, P66-1) to make a

square chamber covered with a coverslip for fluorescent microscopy.

VI.  Fluorescent microscopy and image processing

Aniline blue fluorescence is used to monitor the pollen germination on stigma and growth along
the style. For this purpose, the stigma and style assocaitd with the upper portion of ovary are
stained in Aniline blue solution (0.005% in 0.15M K;HPO4 at pH8.2) for 10 min at room
temperature, then viewed under the fluorescent microscope Axiovert 10 (Zeiss).

To examine the viability and observe the nuclear, isolated gametes and zygotes or pollen grains
are stained with Fluorescine Diacetate (FDA, excited at 48-510 nm and emited at 535-585 nm)

and 4',6-Diamidino-2-phenylindole (DAPI, excited at 358 nm and emited at 461 nm),
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separately, as follows:

1. Make a square chamber on a clean slide with the Petrolatum cream and transfer isolated cells
in 5-10 pl 0.3 M mannitol into it.

2. Add the same volume of 2x FDA or DAPI staining solution which is diluted in 1:1000 from

the stock (1pg/pl) in 0.3M mannitol.

3. Keep the slide in a moist chamber (a petri-dish with a wet paper tower) in dark for 3-5 minutes

for FDA, or ~ 30 minutes for DAPI.

4. Put a coverslip over the cream chamber for microscopy (Axiovert 10).

To observe transfected rice cells, Nikon Eclipse Ni matched with the light source of X-Cite

120LED is used with appropriate filters for EYFP (excitation at 514 nm and emission at 527 nm)

and for mCherry (excitation at 587 nm, emission at 610 nm).

Results

l. Isolated rice sperm cells and identification with the marker gene

To isolate sperm cells from rice, the first step is pollen collection. As described previously (Gou

et al 1999 and Russell et al 2017), this is done from manually picked mature anthers. It has
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Fig. 2: Key steps for rice sperm cell isolation using blender method. A. rice florets collected into
the blender containing 45% sucrose solution; B. pollen containing solution in flask separated

from the blended mixture through 100 #n mesh; C. pass the filtrate of step B through 30 m

mesh; D. pollen with the mesh from step C transferred to a clean beaker for washing in 45%
sucrose; E. pollen washed twice; F. the pure pollen incubated with 15% sucrose to release
sperm cells; G sperm containing filtrate in 50 ml tube; H. sperm-cell enriched layer indicated by

arrow at the interface of 40/15% Percoll (Russell et al 2017 and Li et al 2019).
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Fig. 3 Collected rice pollen grains and isolated sperm cells. A. the pollen grains after rinsing
with 45% sucrose; B. the pollen grain stained with DAPI showing the two sperm nuclei; C.

sperm cells observed under microscope from different isolations.

worked well for small amount preparation and the isolation product was used for the studies

of cis-regulatory elements and transcriptomics of rice gametes (Sharma et al 2011, Russell et

al 2012 and Anderson et al 2013 and 2017). But this procedure demands more in both time and
labor. Therefore, we employed the blender method to replace it. In this part, the mature florets
were disrupted in minutes and pollen grains were collected and purified through repeated
fiteration in 1-2 hours (Fig. 2).

One of most concerned issues here is the potential contamination in pollen by the broken
sporophytic tissue debris, especially the chloroplasts. However, it is significantly reduced after
two to three times of filteration, as demonstrated in Fig. 2 E. Then, sperm cells are enriched by 2
or 3 times of discontinuous Percoll density gradient centrifuge. From the mature florets of 50
flowering panicles, about 1 ml of pure fresh pollen can be harvested, from which about 2000
sperm cells will be collected. As shown in Fig. 3 C, this isolation rate has an ideal repeatability;
the isolated rice sperm cells is 5 ~ 7 um in diameter; its nuclear is heterochrmatic surounded by a
small volume of cytoplasm.

More importantly, the sperm cells enriched from the new procedure also have much better purity.
This is confirmed by the semi-quantitative RT-PCR using specific primers for the marker genes
(Fig. 4 and supplementary Table 1). For addressing this issue, we used OsSMGH3 (Anderson et al
2013 and Okada et al 2005) as the sperm marker gene, OsLAT52 as the pollen vegetative cell
marker gene, OSMADS3, marker gene for stamen and bracts (lemma and palea); OSMADS?7 as

the marker gene for stamen, OsRBCS as the marker gene for chloroplasts in the green tissues
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Fig. 4 RT-PCR for sperm cell identification (Li et al 2019). M, DNA ladder; OV, ovary; PV,
pollen vegetative cells; BS, sperm cells collected by blender method; SP, sperm cells collected
using non-blend method (Russell et al. 2017); gDNA, Genomic DNA; OsMGH3, sperm cell
marker gene; OsLAT52, pollen vegetative cell marker gene; OsMADS3, marker gene for stamen
and bracts (lemma and palea); OsMADS7, marker gene for stamen and tapetum; OsRBCS,

marker gene for chloroplasts in green tissue (Rubisco small unit); OsActin, housekeeping gene in

(Rubisco small unit) and OsActin as the housekeeping gene in all type of cells (Li et al2019). As
demonstrated by the DNA gel image, all three samples of sperm cells isolated using the blender

method (BS) give the strong signal of sperm cell marker gene, OsSMGHS3, but very weak to the
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pollen vegetative cell marker gene, OsLAT52, and undetectable for other tissue marker genes,
suggesting that sperm samples collected by the new method is almost free of the contamination

from the floral organ and sporophytic tissue (Li et al 2019).

. Isolated rice egg cells and the identification with the marker gene

The procedure for isolating rice egg cells looks relatively simple (Anderson et al 2013 and 2017,
and Li et al 2019), yet to be productive, it requires highly motivated patience and skill.

The images of two representative isolated rice egg cells are shown as in Fig. 5 A. They appear
transparent with numerous inner vacuoles. This morphological feature is remarkably different
from that of their partner cells, synergids (supplementary Fig.1), which have slightly smaller size,
opaque appearance and occasional presence while the egg cells are collected, but it is easy to
distinguish it from the egg cells. In addition, in contrast to the tiny sperm cell, the egg cell has a
significantly larger size, around 50 um in diameter, comparable to its pollen grain; and also,
unlike the sperm cell, the egg cell nuclear is not condensed, as demonstrated in DAPI staining.
Besides, from FDA staining (in green under the fluorescent microscope), we learned that the

isolated egg cell keeps viable for hours after isolation, and this viability may last for overnight
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Fig. 5 Isolated rice egg cells and the identification. A. Isolated rice egg cells labelled with FDA
(green) and DAPI (bright blue). B. RT-PCR to identify isolated egg cells (Li et al 2019). M, DNA
ladder; OV, ovary; gDNA, genomic DNA; OsMADS16, ovary marker gene; OsSEC-likel/2,

marker gene for the rice egg cell; Actin, housekeeping gene in all type of cells.

(See the other part of this chapter, transient transfection of rice egg cells and zygotes).

To identify the isolated egg cells and particularly ensure they are not or less contaminated from
other vegetative tissues, we carried out the parallel RT-PCR using OsEC-likel and OsEC-like 2
as the marker genes (Ohnishi et al 2011) for the rice egg cell, OSMADS16 as the ovary marker
gene, and Actin as the housekeeping gene for all types of cells (Li et al 2019). As shown in the
DNA gel image (Fig. 4B), the egg cell (EC) sample gives very strong signal to the probes of EC
marker genes, OsEC-like 1 and 2, but very weak one for that of ovary marker gene, OsSMADS16,
demonstrating that contamination in the isolated egg cell sample from the sporophytic ovary is
minimum. This is also confirmed by the study of sSiRNA in rice gametes (Li et al 2020).
Regarding isolation rate for rice egg cells, it is influenced by multiple factors including seasonal

change, daily weather status and some unknown elements. Nevertheless, no single factor is
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dominant. It seems that the combination of those factors determines the physical status of rice
plants, particularly, the turgor pressure within the ovary. It is likely that this sort of internal force
helps the egg cell or zygote flow out from the lower portion of ovary, which may explain why
some egg cells or zygotes automatically present at the interface in a couple of minutes after
cutting along the incision line even without pressing the ovary using the fine needle.

The best season for the isolation is spring, and the better day seems one with higher humidity
(>50%) and something else. Under these conditions, for two skillful manipulators, the average
isolation rate can reach daily 10 cells. With the necessary funding, about 3000 of isolated cells
can be accumulated annually. Although still limited, it is promising to use this amount of
material for some preliminary but valuable data in studies of epigenetics and proteomics
including finding the double-fertilization-recognition related surface glycoproteins from crop

plants such as rice and maize.

. Isolated rice zygotes and identification

To isolate rice zygotes, we adopted the same protocol for isolating rice egg cells, but did
polination prior to the floret collection at the desired time for either self-polinated zygotes or the
cross hybrid ones.

For self polination, the selected mature florets are carefully slightly open with the aid of tweezers.
In a couple of minutes, we start timing and slightly flicking those open florets with finger to help
pollen grains fall onto the stigma. For cross pollination, we follow the procedure described by Dr.
Susan McCouch, Department of Plant Breeding and Genetics, of Cornell University
(http://ricelab.plbr.cornell.edu/cross_pollinating_rice), including anther removal from the
recipient florets (emasculation) and 3-5 times of quick addition of the pollen freshly collected

from the donor plants.
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(HAP) 3 6 9

BR

FDA

BR

DAPI

Fig. 6 Isolated rice zygotes stained with FDA and DAPI. HRP, hours after pollination showing
zygotes isolated at different developmental stages; BR, differential interference contrast images
of isolated zygotes; FDA, the fluorescent signal (green) indicating the viability of isolated
zygotes stained with FDA; DAPI, the fluorescent signal (bright blue) from nuclei of isolated

zygotes stained with DAPI.

The representative images of isolated rice zygotes from 3 different stages (3, 6 and 9 HAP) are
shown as in Fig. 6. They have the similar morphology to the isolated egg cells except slightly
smaller size. As demonstrated in FDA staining, they are viable for hours after isolation if
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cultured in the appropriate solution or culture medium. Like the isolated egg cell the isolated
zygote has a much larger nuclear with active euchromatin.

One of common concerns of the isolated zygotes is, if any, how many unfertilized egg cells could
be mixed with the fertilized zygotes in the isolation. Since the marker gene method does not help
address this issue, we adopted two other different measures. One is the microscopy with Aniline
Blue fluorescence to isolate the self zygotes at 2 HAP (Fig. 7). Once finding the pollen tube(s)
growing along the stigma which indicates the higher chance of fertilization, the corresponding
lower portion ovary will be taken for zygote isolation. The other is seed setting assay (Table 1).
Under the condition we set in greehouse for rice growth, the seed-set rate is ca. 97% for WT,
which told us that, if any, the rate of unfertilized egg cells is lower than 3% in our isolated zygote
sample; in contrast, the seed set rate is only 1% in the minus control of emasqulated florets
without pollination. In conclusion, the quality of our isolated self zygotes is reliable for further
studies like siRNA analysis, the transfection for cellular localization and Bimolecular

Fluorescent Complementation (BiFC).

50 um

1-2HAP 5-6 HAP
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Fig. 7 Rice pollen grain and pollen tube located on stigma and grown along the style. The upper
portion of carpel is stained with Aniline Blue and observed under fluorescent microscope. HAP:

hour after pollination

Table 1. Rice (Kitaake) Seed Setting Assay

Emasquiated without polination Self-Pollinated
Panicle # Emas. floret# Seed #  Seedset (W) Pol-floret# Seed #  Seedset (%)
1 11 1 g g
i 20 7 7
3 21 1 g g9
4 24 8 g
5 22 10 g
B 13 12 12
7 14 11 10
8 12 8 ]
9 9 g9
10 10 10
11 8 g
Sub fotal 137 2 7 101 98 a7

IV.  Transient transfection of rice leaf protoplasts with EYFP-fused three putative rice cell

cycle genes

According to the rice genomic database data, three rice genes, KRP5, KRP4 and Fb3 are putative
cell cycle genes. Therefore, we are interested in testing their subcellular localization in isolated
rice gametes and zygotes. To ensure that the fluorescent-molecule fused constructs and the
transfection procedure work prior to using the valuable isolated rice cells, we took rice leaf
protoplasts as the pretrial material since they are widely used before in analysis of protein-
protein interactions (PPI) and cellular localization (Wang et al 2013, Lv Q et al 2014 and Shi et
al 2019).

As shown in Fig. 8 A, B, the typical isolated rice leaf protoplast presents as transparent sphere in

size of 30 ~ 50 um. Due to the pressure of big central vacuoles, their nuclei are pushed to plasma
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membrane region (the edge of 2D image) and accurately localized by transfection with
mCherrynsc (red signal). In the minus control (Fig. 8 A, the top image #3 from left), EYFP is
expressed in both nuclear and protoplasm, but both EYFP-KRP5 and EYFP-KRP4 are only
expressed in nuclei (Fig. 8 A) and this rate is up to over 90% (Fig. 8 C), indicating KRP5 and
KRP4 are nuclear protein, which is consistent with their putative molecular function in cell cycle
control. We also observed that EYFP-Fb3 is expressed in either nuclei or cytoplasm with about
50% of chance for each (Fig. 8 B, C), and each truncated Fb3 fused with EYFP has higher
chance of expression in cytoplasm, indicating both F-box domain and LRR region contribute to
the determination of Fb3 localization in rice protoplasts.

In a word, the constructs of EYFP-KRP5, EYFP-KRP4 and EYFP-Fb3 as well as the procedure
for transient trasfection work well for the cellular localization in rice protoplasts, and hopefuuly

they will work too in isolated rice egg cells and and zygotes.

EYEP

EYFP-KRP5 Merged

mCherryn s

EYFP-KRP4
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Merged

Fbox ISR

F-LRR

KRP5

KRP4 | e eeen

B Nuc ™ Nuc+Cyto

Fig. 8 Transfection of rice leaf protoplasts with EYFP-fused 3 putative rice cell cycle genes for
cellular localization driven by cauliflower mosaic virus promoter (CaMV 35S). A. Transient
transfection of the protoplasts with KRP5 and KRP4 gene fused with EYFP at N-terminus

(EYFP-KRP5 and EYFP-KRP4); EYFP as control. The mCherrynis represents mCherry linked
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with Nuclear Localization Sequence (NLS, 12 amino acid residues) and is used as the nuclear

marker. BR represents the images of bright field. Merged refers the overlaid image from the
other three in each transfection. * indicates the central vacuole in in the protoplasts. B.
Transient transfection of the protoplasts with EYFP fused Fb3, F-box (300bp from 3’ terminus of’
Fb3 gene with the F-box domain) and F-LRR (1.4 kb of Fb3 from 5’ terminus with Leucine Rich
Region) at N-terminus. C. Localization frequency of EYFP fused rice genes (KRP5, KRP4 and
Fb3) and Fb3 fragments (F-box and F-LRR). Blue bars represent the percentage of protoplasts
with Nuclear (Nuc) localization. Red bars indicate the percentage of protoplasts with nucleus-

cytoplasm (Nuc+Cyto) localization.

V. Transient transfection of isolated rice egg cells and zygotes with EYFP-fused three

putative rice cell cycle genes (KRP5, KRP4 and Fb3)

Although the above constructs and procedure work well in transfecting rice protoplasts, it is

difficult to apply them to isolated rice egg cells and zygotes. They are not only limited in number,

A BR mCherryy s EYFP-KRP5 Merged
" st LS
G G
I8 271
. ¢ b ?)
e .
IR oF TR
HRP | 2h 1%{,;}5\'4 PR
RN " ki
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Fig. 9 Transfection of isolated rice egg cells and zygotes for cellular localization with EYFP-
fused 3 putative rice cell cycle genes. A. Transient transfection of rice egg cells and zygotes with
EYFP-KRP5. B. The transfection of rice egg cells and zygotes with EYFP-KRP4. C. The
transfection of rice egg cell and zygote with EYFP-Fb3. HRP, hour after pollination. BR, bright

field for the gray images. mCherrynis, mCherry linked with Nuclear Localization Sequence
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(NLS)), served as the nuclear marker.

and also very vulnerable to multiple transferring and washing during the process of transfection.
Therefore, the special caution was taken to carry out the procedure as stated in the part of
Methods.

As a result, the transfection worked through with isolated rice egg cells and zygotes. As shown in
Fig. 9 A and B, mCherrynis expressed in all nuclei (red signal) of the egg cells (0 HAP) and
zygotes at 2 HAP and 9 HAP; the co-transformed EYFP-KRP5 and EYFP-KRP4 also expressed
in the similar pattern (green signal). The merged images demonstrate the nuclear localization of
KRP5 and KRP4 in rice egg cells and zygotes, consistent with our observation in the transfected
rice protoplasts. However, as shown in Fig. 9 C, the expression patterns of mCherrynis (red
signal) and EYFP-Fb3 (green signal) in the transfected cells are not overlapped well, indicating
the localization of EYFP-Fb3 mainly in nuclei and partially in cytoplasm.

It is also interesting to compare the fluorescent intensity of the transfected cells at different
developmental stages. In Fig. 9 A and B, both EYFP-KRP5 and EYFP-KRP4 give stronger
signal in the egg cells and zygotes at 2 HAP (both in G1 phase of cell cycle) but weaker signal in
zygotes of 8 HAP (S-G2 phase of cell cycle). In contrast to Fig. 9 C, the expression level of
EYFP-Fb3 in the egg cell and zygote of 2 HAP (the G1 phase) is obviously lower than that of
zygote at 9 HAP (the G2 phase). This feature needs more observation to confirm. If the case is
true, it indicates the putative function of these proteins in cell cycle and demonstrates this
transient transfection system could be useful in testing the expression level of other specific
genes in plant gametes and zygotes.

The same procedure for cellular localization also has been applied in Bimolecular Fluorescent

Complementation (BiFC) in isolated rice egg cells and gametes at different developmental stages
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and it is successful (see Chapter 2 and 3). Put these two parts together, we totally used 546
isolated egg cells and zygotes, among which the first 128 was consumed in the pre-test and the
rest 418 for the formal transfection. From the latter, 148 transfected cells survived through the
overnight incubation for protein expression and 86 of these cells were observed with expected
fluorescent signal. Thus, the surviving rate after transfection is 35.4% and successful co-
transfection rate is 20.5%, an efficiency not lower than what we expected. To our knowledge,
this is the first trial using hundreds of isolated rice egg cells and zygotes for the purpose of

cellular localization as well as BiFC for protein to protein interaction (next 2 chapters).

Discussion

Based on the above results, we will briefly discuss four features of those isolated rice gametes
and zygotes and the prospects of their application in the study of plant molecular biology.

1. Stage-Specific

As we know, the sperm cell and the egg cell are specific cell types of different sex prepared for
fertilization, and the zygote is the immediate product of the fertilization. Both sperm and egg
cells are haploid (with 50% of genomic DNA content), but different in their chromosome status
and cytoplasm volume. The former has the condensed nuclei simply wrapped with much reduced

cytoplasm (3 ~ 7 um) and the latter’s nuclei is de-condensed and surrounded with a large amount
of cytoplasm (~ 50 um). Comparing the egg cell with the zygote, they share almost same size

and the loose chromatin status, but the former is haploid and the latter diploid (with 100% of
gDNA content). However, all these 3 types of cells are naked and transparent without plant
unique cell wall and green chloroplast, i.e. so-called protoplasts. To make the leaf protoplasts,
specific enzymes must be used to remove and cell wall; in contrast, the enzymes are unnecessary

for isolated rice gametes and zygotes. In vivo, they are naturally protoplasts; even after isolation
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or in the in vitro transfection, they are still semi-natural protoplasts.
Just due to this Stage-Specific feature, they are suitable for fluorescent microscopy to detect the
labeled gene expression within these cells without interfering of autofluorescence from cell wall
and chloroplasts. Based on this feature and our practice, the isolated rice egg cell and gamete can
be used in the routine lab work for cellular localization and BiFC to monitor individual gene
expressions and protein-protein interactions with development.

2. Pure
Our samples of isolated rice gametes and zygotes have higher purity. This is confirmed by using
the marker genes in RT-PCR (Fig. 3, Fig. 5 and Li et al 2019) and the study of siRNAs in rice
gametes and zygotes (Li et al 2020 and 2021).
Based on the study of siRNA in rice gametes and zygotes, it is important to study the epigenetic
modifications in rice gametes and zygotes, like the genomic wide removal of the Polycomb
complex-directed H3K27me3 repressive epigenetic mark in Arabidopsis sperm cells (Imtiyaz
and Sundaresan 2021), to reveal the mechanism underlying the zygotic development and cell
cycle in rice. Due to the purity in our isolation, if properly funded, we can isolate and collect
annually up to ~ 3000 even more rice egg cells and zygotes for studying the large-scale
chromatin modifications during rice zygotic development.

3. Viable
As shown in the cell images of FDA staining, almost all isolated egg cell and zygote are viable;
and according to the statistic of our transfected rice cells, after overnight incubation, the
surviving rate is still 35.4%.
Because of this viability, the isolated rice egg cells and zygotes have been used for PEG-Ca™

mediated transfection and tissue culture for permanently transformed rice plants, as reported by
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Koiso et al (2017) and Toda et al (2019). If this technique is routinized in more labs for rice
research, the present restriction or difficulty in obtaining the permanent rice transformants will
be much bettered; and hopefully we may get the embryo-sac specific cell marker lines
particularly for rice gametes and zygotes like those in Arabidopsis (Chamberlin and Lawi 2017),
which will greatly facilitate the studies of molecular mechanism underlying the initiation of rice
seed formation.

4. Intact
As describe in the part of Methods, the sperm cells are released from pollen grains by osmotic
shock before collection; the egg cells and zygotes automatically flow out from ovary to the
excision interface, which is likely driven by the internal turgor pressure within ovary or the slight
exterior force by the thin needle. Since no cell-wall digestion enzymes are used in the whole
microdissection, the isolated rice gametes and zygotes are intact without losing any elements
from the cell surface.
This advantage makes the isolated rice gametes, especially the egg cells, suitable for the study of
the surface glycoproteins which may be involved in the double-fertilization-recognition as well
as the zygotic development in crop plants.
Referencing to the relevant studies in animal and human, the sugar chains of the glycoproteins
play the role in the cell-to-cell recognition and fusion (Xu and Tsao 1997). Although as
aforementioned four gamete proteins are recently found involved in the in vitro fertilization in
Arabidopsis (Mori et al 2014, Dresselhaus et al 2016 and Sprunck 2020), it is unknown if they are
glycoproteins or not and if they are universal players in the double fertilization of angiosperms
like crop plants. Therefore, it is important to learn the information of glycoproteins using isolated

rice egg cells.
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For this purpose, ~ 3000 isolated egg cells may be required. If the necessary funding is available,

this goal is hopefully reachable.
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Supplementary Data

Supplementary Fig. 1 Comparison of egg and synergid morphology.

A: Left: egg cell, right synergid; B: An isolated synergid. Bar = 50 pm.

Primers

Supplementary Table 1-A Primers for PCR identification

Seguences &' - 3’

Product size (bp)

Actin F

GAAGGATATGCTCTCCCCCATG

Actin R

GGATCCTCCAATCCAGACACTG

524

lat52 F

CAAGGCCGTGTCTACTGTGA

lat52 R

GATGTCCTCCTCATGGCTGT

192

MADS3F1

GACACCTCCAACTCTGGC

MADS3RE1

GCTGCCCCCATCATGTTIC

341

MADS4F

GGAGGACGAGCACAAGATGT

MADS4R

CCTGTCGTCGTGGTGGTAG

103

MADSTF

CTGGAGGAAAGCAACCATGT

MADSTR

ATGGGGGCATGTAGGTGTT

220

MADSI16F

GAGATCAAGCGGATCGAGAA

MADS16R

CTGGTAGCGGTCAAAGATCC

198

MGH3F

ACGGAGCTGCTGATAAGGAA

MGH3E

CGTCTTTGGACATGATGGTG

197

cabF

GCAGCAGTAGCTGAGCTTGA

cabR.

GTGTCCCACCCGTAGTCG

RBCSF

GCAGCAGTAGCTGAGCTTGA

EBCSR

GTGTCCCACCCGTAGTCG

318

EC-likelF

AGCAGTGCTGGGAGGTTCT

EC-likelR

GCAGTAGCCCTTGAGCATGT

200

EC-likelE

CGCCGTCCTCCTACTACTTG

EC-like2R

CCGTTGACGAAGAAGAGCAC

209
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supplementary Table-1-B Primers-for vector construction-cellular-localization

Primerg-------------------------Spguencess’-3----------------------- Productsize{bp]
Fb3-EYFP-F-Xhol{H59) - - TGTCTCGAGCTATGCTCGGGAGGAACGCCAT
Fb3-EYFP-R-Hindlll-{H60) TGCAAGCTTCGGAACTCCATATCTGAATCCTC- - - - 1684+
KRPA-EYFP-F-EcoRI-(HE3) GTCGAATTCTATGGGCAAGTACATGCGCAA-
KEP4-EYFP-R-Sall-(HE4) - TGCGTCGACGTCTAGCTTGACCCATTCAAA- - - -~ 609
KRP5-EYFP-F-EcoRI-(HE5) GTCGAATTCTATGGGGAAGTACATGCGGAAGH
KEP5-EYFP-F-Sall{H66) - TGCGTCGACGCAGTCTAGCCTTGTCCATTC- - - -- 690 - --

Ndel (185)
Bgll (252)
Scal (4091) Pyul (280)
Poul (3981) / 1 o Pl (309
amp-R Agel (430)

Bgll (3731) 358 promoter
| & 35 promoter
: EcoRV (1089)

PSATG-EYPF-C1 5" UTR from tobacco etch virus
45975 Neol (1322)
StyI (1322)
Pstl (1532)
EYFP
/ T B BgllI (2050)
Puull (2542) , . Xhol (2054)
Notl (2331) ; Aval (2054)
Sacl (2061)
HindIII (2063)
EcoRI (2070)
MC$
PstI (2079)
Sall (2080)
Kpnl (2090)
Sacll (2093)
Xmal (2097)
Aval (2097)
Smal (2099)
BamHI (2101)
Xbal (2113)
CaMV 358 terminator
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Supplementary Fig. 2 pE3150 for cloning rice genes KRP4, KRP5 and Fb3
(Lee and Gelvin 2014)

Ndel (185)
Bgll (252)
Seal (4073) / Pyul (280)
Poul (3963) / / / PI-Pspl (416)
AMP (R) Agel (430)
Bgll (3713) BspEI (535)
- BspEI (862)
) 2X35S promoter + TL enhancer
pSAT6-mCherry-C1-B (pE3275) | EcoRV (1080)

79 \ Neol (1322)
Stul (1549)
mCherry
Pst1 (1679)
= Neol (1757)
” Stul (1771)
PI-Pspl (1838) | Bglll (2032)
NotI (2313) . Xhol (2036)
Sacl (2043)
HindIII (2045)
EcoRI (2052)
Pst1 (2061)

Sall (2062)

Misc Feature 2
Kpnl (2072)
Sacll (2075)

Xmal (2079)
Smal (2081)

BamHI (2083)
Xbal (2095)
368 terminator

Supplementary Fig.3 pE3275 with mCherry for nuclear localization

(from Dr Libault, Lee and Gelvin 2014)
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Chapter 2. The Coordinate Function of OsKRP5 and OsKRP4

in Rice Zygotic Cell Cycle Control

Abstract
Zygotic cell cycle control is fundamental in initiation of the seed formation. Due to the long-term
inaccessibility to gametes and zygotes in flowering plants, it is still an unexplored issue hitherto.
Based on our results from various assays, we established a model called arrested core complex
involved in rice zygotic cell control. It consists of four major regulatory components including
CDKB1, CYCD5, OsKRP5 and OsKRP4. In this model, CDKBL1 is the first major player in cell
cycle progression; KRP4 and KRP5 function as CDKBL1 inhibitors to arrest the zygotic cell cycle
from moving forward. More importantly, OsKRP5 and OsKRP4 act in a coordinate, or
heterodimer-like, manner, as indicated in the results of Y2H, yeast growth in serial dilutions,
BiFC and Kinase Activity Assay. This coordinate inhibition might exist in the cell cycle control

of other living organisms.

Introduction

As aforementioned, rice is one of staple food crops and excellent model monocotyledonous
plants. It is a wise choice to use rice to study the mechanisms underlying seed formation for
higher production. In flowering plants, the unique double fertilization is the central event for the
seed formation. In this event the separate fusions of two sperm cells with the egg cell and central
cell result in two inequivalent zygotes. One develops into the embryo of a new seed; the other
into nutritious endosperm in seed.

However, the both processions are initiated and carried out by cell cycle for cell proliferation,

differentiation and regulated development. That is why the cell cycle is one of fundamental
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issues in modern biology. It is due to this importance that the cell cycle is tightly regulated to
ensure it properly timed or synchronized with different factors. Without synchronization of the
cell-cycle in plant sexual reproduction, the DNA complement of both gametes cannot be assured
activated and numerically correctly represented. As a result, neither double fertilization nor
embryogenesis would be possible, thus no seed formation (Friedman WE 1999 and Hui Qiao
Tian et al 2005).

Cell cycle consists of four different phases (M, G1, S and G2), each of which is controlled at
several checkpoints by some core complexes consisting with multiple regulatory proteins.
Among the members of such core complex, the first group of major players are Cyclins (tissue
specific) and the second, Cyclin-Dependent Kinases (CDKs, for protein phosphorylation). Three
scientists (Lee Hartwell, Paul Nurse and Tim Hunt) won 2001 Nobel Prize in Medicine for their
contributions in discovering CDKs and Cyclins in yeast. Once a specific CDK associated with a
Cyclin is activated, the transcription factor E2F will be released from its inhibitor
(retinoblastoma protein) to activate a bunch of genes required for DNA replication, entering the
S phase from GL1.

Due to the requirement for their sessile lifestyle, plants developed a larger set of CDKs and
Cyclins for a potentially more combinations as core complexes of cell cycle (Wang et al 1997,
Stals and Inze 2001, De Veylder et al 2001 and 2007, Barroco et al 2006, Mizutani et al 2010,
Van Leene et al 2011, Yang et al 2011, Cheng et al 2013, Dante et al 2014, Pedroza-Garcia, et al
2016 and Ramos Coelho et al 2017). As listed in Table 1, compared to yeast and human,
flowering plants like rice and Arabidopsis have many more different types of CDK proteins
(Dudits et al 2007) and Cyclins (Wang et al 2004, La et al 2006, Hu et al 2010, Ma et al 2013,

Lin et al 2014 and Pettko - Szandtner et al 2015)
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Table 1 Core complex components of cell cycle in model organisms

Models CDKs Cyclins Inhibitors
Budding Yeast 1 9 3 (e.g., Sicl)
Human 4 9 7 (e.g.. plENKsA)
Chlamydomonas 3 3
Arabidopsis 5~11 31 7 (KRPs), 14 (SMRs)
Rice 9 27~48 6 (KRPs)

Nevertheless, both CDK and Cyclin are conjugated with the third partner, inhibitor of Cyclin
Dependent Kinase (ICKs) for inhibition of CDK activity. Otherwise, the cell cycle could be out
of control without the role of these ICKs (Verkest et al 2005, Pedroza-Garcia et al 2016). In plants,
the ICKs are called Kip Related Proteins (KRPs) (except Arabidopsis, whose inhibitors include
both KRP and SIAMESES, SIM). These KRPs is a family of nuclear proteins with length of 100
~ 300 amino acid residues. Different plant species have different number of KRPs. During the
past 2 decades, a number of KRP encoding genes have been identified and studied in various
plant species, such as Arabidopsis (Wang et al 1997, Liu et al 2000, De Veylder et al 2001, Zhou
et al 2002, Kim et al 2008, Cheng et al 2013, Jegu et al 2013 and Cheng et al 2015, Cao et al
2018), tobacco (Jasinski et al 2003), tomato (Bisbis et al 2006), orchid (Lin et al 2014), maize (
Coelho et al 2005 and Xiao et al 2017), rice (Barroco et al 2006, Guo et al 2007, Acosta et al
2011, Yang et al 2011, Pettko-Szandtner et al 2015 and Ajadi et al 2020) and Chlamydomonas
(Atkins KC and Cross FR 2018).

In rice, there are six different putative KRP proteins based on the genomic data base. As shown
in Fig. 1, five conserved motifs are identified in the six rice KRP proteins. The function of motif
# 3 ~ 5 is unknown, but the other two, #1 and 2 (in the red circle) at the C’ termini of each KRP

are known responsible for interactions with CDK and Cyclin. In addition, all these KRPs have
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putative nuclear localization signals (NLS) toward N’ termini, including both KRP5 and KRP4

(circled in green) which are of our interest in this chapter.

krP1 [ 4 5
KRP2 i B
krr3 @ =
KRP6 __-,_ 1
krP5 / j | 5
krP4 [ \T / 5
N

-25a — NLS
Fig .1 Schematic overview of six rice KRP proteins. Five motifs (box 1-5) identified by MEME.

The putative nuclear localization signal (NLS) is marked as dark grey bar (Yang et al 2011).

Regarding the function of plant KRP proteins, extensive studies have been performed with dicot
species, particularly Arabidopsis. Only a few will be numerated here. First, The KRP expression
is regulated by environmental factors. For example, AtKRP1 and alfalfa KRPMt are induced by
abscisic acid (ABA) and salt stress (Wang et al 1998, Pettko-Szandtner et al 2006 and Ruggiero
et al 2004), but AtKRP2 is suppressed by auxin (Himanen et al 2002 and Richard et al 2002)
Second, over-expression of KRP genes significantly changes plant growth and development with
reduced plant size, serrated leaf, reduced cell number but enlarged cell volume (Wang et al 1997,
De Veylder et al 2001, Barroco et al 2006, Yang et al 2011). Third, AtKRPs also play a role in
the embryo sac formation (Cao et al 2018). In most normal plants, only one embryo sac is
produced from the megaspore mother cell (MMC) via cell cycle; but in the septuple mutant (all 7
KRP genes inactivated), supernumerary MMCs and embryo sacs were formed; moreover, this

phenotype can be complemented by KRP4 and KRP7, indicating multiple KRPs function
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redundantly in restricting the production of extra MMCs and ensuring to develop one embryo sac
for one embryo per ovule.

Several studies have also performed on the function of rice KRPs. OsKRP1 is found playing an
important role in plant growth and seed formation (Barroco 2006). The rice plant with
overexpressed KRP1 reduced cell proliferation in leaf development; KRP1 overexpression also
drastically reduced seed filling by the drop in the endoreduplication of endosperm. It is also
reported that OsKRP1 and OsKRP2 were significantly induced in developing seeds by applied
plant hormone, abscisic acid (ABA) and Brassinosteriod (BR); the smaller seeds with reduced
grain weight were produced from the plants with overexpressed OsKRP1 and OsKRP2
suggesting that disturbing the normal state of OsKRP1 and OsKRP2 inhibit cell proliferation and
thus blocks the seed development (Ajadi et al 2020). In addition, Over-expression of OsKRP4
caused rice leaves rolled abnormally toward the abaxial side, pollen viability dropped, and seed
setting rate lowered (Yang et al 2011).

However, little is known about the components of core complexes of cell cycle control in the
development of rice gametes and zygote, particularly about inhibitory function of KRP proteins
in the zygotic cell cycle progression, the initiation for embryo formation. This is mainly because
the egg cells and zygotes are deeply embedded within multiple layers of plant tissues. Therefore,
it is unknown which KRPs play the inhibitory role in zygotic development and which CDKs and
cyclins interact with these KRPs to form the core complex to initiate the embryonic cell cycle.
Since the egg cell and zygote have become relatively accessible in Dr. Russell Lab, it is possible
for us as the first to carry out a study to address these very fundamental issues in the field of

plant reproduction.

Material and Methods
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Plant material

The growth of rice plants and the cell isolation for leaf protoplasts, egg cells and zygotes are
conducted as previously described in Chapter 1.

Methods

l. RNA isolation, RT-PCR and qRT-PCR

For RNA extraction, samples (~ 100 mg each) were collected from 8 weeks old wildtype
(Kitaake) plants. The leaf and stem were cut into ~ 0.5 cm? pieces and frozen immediately in
liquid nitrogen (LN). The root was frozen after a quick washing with distilled water. The
individual fresh florets were collected and frozen right way or immerged in 0.3 M mannitol for
dissecting anther, lemma/padea and pistil followed by freezing in LN. The total RNA was
extracted using Qiagen RNAeasy Plant Mini Kit (Cat# 74904) following the manufacturer’s
protocol. The reverse transcription was performed with the RevertAid First Strand cDNA
Synthesis Kit (Thermo Scientific, Cat# 1621) to synthesize the first-strand cDNA from DNasel-
treated RNA with an oligo (dT)18 primer as the Kit instruction.

RT-PCR was conducted on BioRad C1000 Touch Thermal Cycler system with Phusion High
Fidelity (Thermo Scientific, Cat#F530S) or Q5 High-Fidelity DNA Polymerase (NEB, Cat#
MO0491S) for DNA amplification. For gRT-PCR, PowerUp™SYBR™ Green Master Mix Kit
(Thermo Scientific Cat# A25741) Kit and BioRad CFX Connect™ Real-Time system were
employed and the rice 18S rRNA gene was used as the internal control.

The RT-PCR product was examined in 1% agarose gel containing SYBR safe DNA gel stain
(Invitrogen, P/N S33102). The relative transcript abundances from gRT-PCR were calculated
using the 2~ 24 method (Schmittgen and Livak 2008). The primers for RT-PCR and gRT-PCR

are listed in Supplementary Table 2.
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. Yeast two hybridization (Y2H)
The Y2H assays were conducted using Matchmaker Gold Yeast Two-Hybrid System (Clontech).
The full-length complementary DNAs (cDNAs) of rice OsKRP1, OsKRP4, OsKRP5 and 5’-315
bp of OsKRP4 (KRP4mut) and 5’- 530 bp of OsKRP5 (KRP5mut) were amplified in PCR and
then cloned into the vector pGBKT?7 at the specific restriction sites as the bait constructs for Y2H;
similarly, the cDNAs of 6 OsCDKs and 11 OsCyclins (supplementary Table 1) were PCR-cloned
into pPGADT?7 AD as the prey constructs for Y2H. The primers with the restriction sites are listed
in supplementary Table 2.
The component cells of yeast strain Y2H Gold were transformed with the bait constructs and
Y187 with the prey constructs as the manufacturer instructed. The transformed or hybrid cells
were cultured on the selective medium of Di-Drop-Out (DDO, SD/-Trp-Leu) or Quodra-Drop-
Out (QDO, SD/-Trp-Leu-His-Ade), both containing X-a-gal and Aureobasidin A (AbA) at 30°C
for ~ 3 days. The protein-protein interactions are indicted by the yeast spots in blue.
. Isolation of yeast nuclei (for Co-1P)
The isolation of yeast nuclei was based on previous descriptions (Dove et al 1998 and Reese et al
2008) and optimized according to the lab equipment available. Since it is a one-week long
procedure and important for the successful Co-IP assay of nuclear proteins, the main steps will
be described as the following.
1. Culture yeast cells containing c-Myc or HA tagged constructs (c-Myc-OsKRP5, cMyc-
OsKRP4, HA-OsCDKB1 and HA-OsCDKB?2), on -Leu-Trp agar medium at 30°C for 3 days.
2. Inoculate 3.5 ml -Leu-Trp liquid medium with the fresh yeast colonies (2 - 3 mm?) and
incubate at 30°C, 220 rpm, for 8-9 hours.

3. Transfer the above culture to 20-25 ml of -Leu-Trp medium and grow (30°C, 220 rpm) for
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10.

11.

12.

13.

14.

15.

16.

overnight (o/n).

Inoculate ~220 ml -Leu-Trp with the o/n culture, briefly vortex and grow for 6.5 hours (30°C,
220 rpm) until OD600 reach ~1 (~200 mg cells/100ml; longer growth may cause protease
activity increasing).

Centrifuge in 50 ml tubes (1000g, 5 min, 4°C), and finally pellet into one tube.

Resuspend cells in 50 ml dH20 and centrifuge (1000g, 5 min, 4 °C).

Resuspend each pellet with 3.5 ml Zymolyase Buffer (LM Sorbitol, 50mM Tris-Cl pH7.5,
10mM MgCl) and add 0.5 p1 R-me (final ~2mM).

Incubate cells at 30°C for 15 minutes with gentle shaking at 100 rpm.

Pellet cells at 45009 for 5 minutes.

Resuspend each pellet in 3 ml Zymolyase Buffer and add 2 ml -Leu-Trp/S (-Leu-Trp with
1M Sorbitol).

Add 2-3 mg Zymolyase 100T (USB, Cat# 21004, or Sigma L-4025-50KU: ~6 mg for 200ml
culture) and incubate at 30°C for 1.5 -2 hours with gentle shaking (to test spheroplasts at ~ 1
hour, mix 4 pl samples with 4 pl 1% SDS on a slide; the completion will reach > 80%).

Add 10 ml -Leu-Trp/S and pellet cells at 4500¢g for 5 minutes.

Resuspend pellet in 25 ml -Leu-Trp/S and pellet cells at 4500g at 4°C for 5 minutes.

Repeat Step 7 but in ice cold -Leu-Trp/S.

Resuspend pellet in 20 ml 1M Sorbitol (ice cold) and pellet cells at 4500g at 4°C for 5
minutes.

Core mix Buffer N (Nuclei buffer: 30 mM Hepes pH7.6, 0.05 mM CaCl2, 5 mM
MgS04.7H20, 1 mM EDTA, 10% Glycerol, 0.5% NP40, 7.2 mM Spermidine Hexahydrate)

with protease inhibitors (P1) and PMSF: to each 8 ml Buffer N, add 20 ul PI (Sigma, P8215),
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1.5 ul PMSF (500x, final 1 mM) and 1 pl B-me.

17. Resuspend each pellet in 6.5 ml the Buffer N into Teflon Dounce homogenizer (on ice) and
pass cells through at top speed for 10-12 strokes by an electric drill.

18. Decant the lysate to the same 50 ml tube, rinse the homogenizer once in 1.2 ml Buffer N, and
pellet cellular debris at 3000g at 4°C for 5 min.

19. Pipet each supernatant to 4 x 2 ml tubes (w/o pellet junk), to collect the Nuclei at 140009 at

4°C for 10 min, then discard the supernatant, and store pellets at -20°C for later use.

IV.  Co-immunoprecipitation (Co-IP) assay

Pierce™ Co-Immunoprecipitation Kit (Thermo Scientific™, Cat # 26149) was used and the
manufacturer’s protocol was followed. Briefly, the frozen nuclei was suspended in Lysis Buffer
containing 25 mM Tris (pH7.5), 150 mM NaCl, 1 mM EDTA, 1% NP40, 5% glycerol 10mM
NaF, 1 mM Na3VO04 and freshly added with protease inhibitor cocktail (Sigma, P8215) plus
PMSF (final 1 mM), and incubated on ice for 10-15 minutes with periodic flicking. The cell
debris was removed by centrifuge (13,5009, 4°C, 8 min), and the resulting supernatant was
transferred to a new tube on ice: 1 pl was used to determine protein concentration at A280 with
Geno 5 instrument and the rest lysate was precleared with 40 pl control agarose beads.

To make antibody immobilized agarose beads, 25 ug of anti-HA (GenScript, Cat #A01244) or
anti-c-Myc mAb (GenScript, Cat #A00702) was used for coupling with 50 ul AminoLink

PlusCoupling Resin as the manufacturer’s instructions, and incubated with the above precleared
nuclear proteins at room temperature for 1.5 - 2 hours or at 4°C for overnight with gentle
automatic mixing.

The incubated beads were washed 4 times with Wash Buffer (25 mM Tris, pH 7.5, 150 mM NacCl,

1 mM EDTA, 1% NP40, plus 1 mM PMSF and protease inhibitor cocktail). Then the
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immunoprecipitated proteins were eluted with elution buffer (pH 2.8 containing primary amine,

the kit provided).

V. Western blot assay

For Western blotting, the eluted proteins (~10 pg) were separated in 12% SDS-PAGE gel and
transferred to PVDF membrane (Bio-Rad) using BioRad apparatus. The membrane was
incubated with Blocking Solution (20 mM Tris-Cl, pH7.5, 150 mM NacCl, and 0.1%Tween 20,
containing 3% BSA or 5% nonfat milk) at room temperature for 1 hour, then with primary
antibody (Anti-HA or anti-c-Myc, mouse mADb) in Blocking Buffer at 4°C for overnight.

The membrane was washed with TBST (20 mM Tris-Cl, pH7.5, 150 mM NaCl, and 0.1%Tween
20) for three times (5 min each) and incubated with the horseradish peroxidase (HRP) -
conjugated secondary antibodies (goat anti mouse, Invitrogen Cat# 31430, with dilution 1:2000)
in Blocking Solution at room temperature for 1 hour.

After washing (5 min x 3), the bound antibodies on the membrane were visualized with One Step
Ultra TMB-blotting Solution (Thermo Fisher Cat# 37574) or SuperSignal™ West Pico PLUS
Chemiluminescent Substrate (Thermo Scientific, ref 34577) using BioRad ChemDoc XRS

system.

VI.  CDK activity assay

To avoid using the traditional radioactive material to detect kinase activity, ADPsensor™
Universal Kinase Activity Assay Kit (BioVision, Cat # K212-100) was adopted. Briefly, the
purified proteins (HA-tagged OsCDKB1, OsCDKB2 and OsCYCD5 and c-Myc- tagged

OsKRP5 and OskKRP4) from Co-IP were used in setting kinase reactions; the reaction product,
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ADP, was converted to an intermediate by the ADP Sensor Mix (the kit provided) and then
generated a strong and stable fluorescence signal by reacting with a probe.
The fluorescence was scanned at EX/Em = 535/587 nm in the multiple plate reader (Dr. Bourne

Lab, OU) for 60 min (once every 5 min).

VII.  Bimolecular Fluorescent Complementation (BiFC)

For BiFC assay, the CDS of OsKRP5 or OsKRP4 were cloned into pE2913 (Supplemental Fig.
3A, Lee et al 2014) for the construct KRP5-nEYFP or KRP4-nEYFP, and the CDS of OsCDKB1
or OsKRP4 into pE2914 (Supplementary Fig. 3B, Lee et al 2014) for CDKB1-cEYFP or KRP4-
CEYFP; the native promoters of OSKRPS5promoter, maize Ubiquitin(Ubiq)promoter and
OsCDKB1promoter were added to 5° termini of the construct KRP5-nEYFP, KRP4-nEYFP (also
KRP4-cEYFP) and CDKB1-cEYFP, respectively.

To test the interaction of OSCDKB1 and OsKRP5 or OsKRP4, the construct CDKB 1promoter-
CDKB1-cEYFP was linked to KRP5promoter-KRP5-NEYFP and  Ubiqpromoter-KRP4-NEYFP,
separately, using Gibson Assembly kit (NEB, E5510S).

To test the interaction of OsKRP5 and OsKRP4, the construct KRP5promoter-KRP5-NEYFP was
linked to UbiQpromoter-KRP4-CEYFP by Gibson Assembly. The relevant primers are listed in
Supplementary Table 2.

The rice egg cells and zygotes were manually isolated, transfected with above constructs and
observed in epi-fluorescent microscopy as previously described (Chapter 1, Wang et al 2013,

Koiso et al 2017 and Toda et al 2019).

VIIl.  Multi-color BiFC (mcBiFC)
For mcBIFC assay, the CDS of OsKRP4 was cloned into pE3233 (Supplemental Fig. 4A, Lee et
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al 2014) for the construct KRP4-nVenus, the CDS of OsKRP5 into pE3247 (Supplementary Fig.
4B, Lee et al 2014) for KRP5-nCerulean, and the CDS of OsCDKBL1 into pE3449 (Supplemental
Fig. 4C, Lee et al 2014) for CDKB1-cCFP; then the native promoters of maize
Ubiquitin(Ubiq)promoter, OSKRP5promoter, and OSCDKB1promoter were added to 5° termini of the
construct KRP4-nVenus, KRP4-nCerulean and CDKB1-cCFP, respectively, as the three semi-
constructs (or cassettes).

To detect the interactions of OsCDKB1 to both OskKRP5 and OsKRP4 in transfected rice egg
cells or zygotes, the three cassettes were linked into one same plasmid by Gibson Assembly (see
the relevant primers listed in Supplementary Table 2).

The detected fluorescent signal of Venus (emitted at ~528 nm) from transfected cells indicates
the interaction of OsCDKB1 with OskKRP4 and the signal of Cerulean (at ~ 475 nm) suggests the
interaction of OsCDKB1 with OsKRP5.

The same procedure for cell transfection and microscopy in BiFC assay was followed for

mcBiFC.

IX.  Phylogenetic analysis

The coding sequences (CDS) of 6 rice KRP genes, KRP1 to KRP6, were used for the search in
Basic Local Alignment Search Tool (BLAST; NCBI). These sequences are downloaded from
rice genomic database (http://rice.plantbiology.msu.edu) using gene locus number (see
Supplemental table 1).

To select the homologous sequences to each of 6 KRP query sequences, the cutoff score of
identity is above 70% within over 60% of query-cover (except the 2 used as the outgroup), with
E value lower than 2e23. As a result, 20 members were selected, in which Arabidopsis and

Brassica were used as the out group.
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The 20 sequences are aligned with MEGA 6 (Tamura et al 2013) for the phylogenetic tree.

Results and Disscussion

l. The expression profile survey and RT-PCR screening for candidate components of cell
cycle core complexes in rice pistil

The core complexes of cell cycle control include three different types of components: CDKs,
Cyclins and ICKs/KRPs. As shown in the interactome study in Arabidopsis, the interactions
among those components are complicated (Leene et al 2011). But no similar information in rice,
particularly, in gametes and zygotes. To fill up this gap, we carefully investigeted the relevant
literature and genomic database and collected 39 candidates according to their expression profile
in rice flowers (Supplementary Table 1). Then these candidates were screened in RT-PCR. As a
result, 19 genes were cloned for further study in Y2H including 3 KRPs (KRP1, KRP4 and
KRP5), 6 CDKs (CDKAL;1, CDKA2;1, CDKB1;1, CDKB2;1, CDKC1;2 and CDKE1) and 10
Cyclins as listed in Table 1.

As shown in Fig. 1A, the transcription levels of KRP4 and KRP5 are much higher than other
KRPs in rice flowers; and gRT-PCR in different tissues (Fig. 1B and C) indicates that the
expressions of KRP4 and KRP5 are preferentil in rice pistil. Since the pistil consists of stigma,
style and ovary, and the ovary contains the egg cell and central cell (before the double
fertilization) or zygotes (after the fertilization), it is likely that both KRP5 and KRP4 are
preferentially expressed in rice egg cells and zygotes. This point is confirmed by RNAseq

conducted by the Russell Lab and the Sundar Lab (Supplementary Fig.1).

Table 1 Screened candidate genes (19/39) for cell cycle control proteins in rice zygotes
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Fig. 1 Expression profile of OskKRP genes in rice plant. A. RT-PCR from rice florets at 0 and 5
HAP (hours after pollination). M, DNA ladder; OsActin, housekeeping gene as the control for
equal loading. B and C, gRT-PCR for the transcription level of OsKRP5 (B) and OsKRP4 (C) in
different tissues. The transcription in leaf is used to calculate the fold change of transcription in

other tissues.

. Y2H assay-based interaction networks (interactome) of cell cycle core complex proteins
in rice egg cells and zygotes

Yeast 2 hybrid (Y2H) is an economic and practical in vivo assay for the detection of PPIs (Fields
and Song 1989, Leene et al 2011 and Ferro and Trabalzini 2013). It has been widely adopted for
a high-throughput screen.

To gain information for the interactome of cell cycle core complex proteins in rice egg cell and
zygote, we firstly used KRP1, KRP4 and KRP5 as the baits (recombined to the vector pGBKT7)
and other cell cycle components (CDKs and Cyclins) as preys (recombined to pGADT7) for Y2H
assay. Once the bait interacts with the prey, the downstream reporter genes (AUR1-C, ADE2,

HIS3, and MEL1) will be activated and detected as blue spots on the selective media (DDO,
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SD/-Leu/-Trp, or SD/-Ade/-His/-Leu/-Trp, supplemented with the substrate X-a-gal A and

antibiotic Aureobasidin A).

Interactions of QsKRPs with QsCDKs in Yeast

(Bait/Prey)  \ector 1. CDKA1L1

KRP1
KRP4 +
KRP5 ++
KRP4mur
KRPSmuT

3
KRP1
KRP4
Bait KRP5
KRP4mut
KRP5mut

2. COKAZ1 3. CDKB11 4 CDEBZ;1 5. CDECL1 6. COKEL

+
+ + ++
++ ++ ++ ++ +
Prey
N N N N v N
o f\, N~ r‘f N~ N
0{3_ Q{Y Q{g’ Q\& Q{S) Q{g/
O O O O O @)

© © 00 o @

Fig. 2 A. Y2H assay to detect the interactions of OsKRPs with different OsCDKs. “+” in the

table (upper panel) shows the intensity of blue signal detected in yeast spots (lower panel). The

blue spots on the selective medium (SD/-Leu/-Trp/-His/-Ade with X- ¢-gal and antibiotic

AureobasidinA, AbA) indicate the interactions of OskKRP with OsCDKs. The vector for prey

(pGADTY7), KRP4 mut (5°-315 bp) in pGBKT7 and KRP5 mut (5°-530 bp) in pGBKT7 are used

for the negative control. (n=3).
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As shown in Fig.2 A, KRP5 interreacted with all 6 CDKs (CDKAL;1, CDKAZ2;1, CDKB1;1,
CDKB2;1, CDKC1;1 and CDKEL). Beside the interreaction of KRP5 with CDKEL, the other 5
are stronger as scored in the upper panel. Similarly, KRP4 interreacted with all 5 CDKs except
CDKEL1, including the stronger interaction with CDKC1;1. In contrast, KRP1 interacted only
with CDKB1;1.

Since both KRP5 and KRP4 interacted with most selected CDKs (Fig. 2 A), does KRP5 reacts
with KRP4 or vice versa? Therefore, we used KRP5 and KRP4 as either baits or preys for the 2"
Y2H assay. As a result (Fig. 2 B), the two strongly interacted each other. To our knowledge, this

is the first interaction detected between the two putative inhibitory KRP proteins.

Interactions of OsKRP4 with OsKRP5 in Yeast

(Bait/Prey) KRP1 KRP4 KRPS
KRP1 MA
KRP4 NA A s
KRPS NA - A
(Bait/Prey) Interactions
KRP1/KRP4 »
(-ctrl)
KRP1/KRP5 »
(-ctrl) .
KRP4KRP5 @ ©® @ @ *
KRP5/KRP4 '

Fig. 2 B. Y2H assay to detect the interaction between OsKRP5 and OsKRP4. “+ " in the
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table (upper) shows the intensity of blue signal detected in yeast spots (lower panel); NA,
not applicable. The blue spots on the selective medium (SD/-Leu/-Trp/-His/-Ade with X-a
-gal and antibiotic AureobasidinA, AbA) indicate the interaction of OsSKRP5 with OsKRP4.
The interaction of OsKRP1 with OsKRP4 or OsKRP5 was used as the negative control.

(n>10)

Interactions of OsCDKs with OsCYCs in Yeast

(Bait/Prey) Vector 7.CYCAZ1 8. CYCA3;1l 9.CYCA3;2 10.CYCB1;1 11.CYCBZ1 12 CYCB2;2 13.CYCDZ1 14 CYCD31 15 CYCDeEl 16.CYCT1:4

1. CDKAL;1
2.CDKA2:1 ++ ++ + ++ ++
3. CDKB1;1 +4
4 CDKB2;1 ++ + + +4 + ++ +
5. CDKC1;1
6. CDKE1
Preys
o Ny N N v by N X >
- ~ ~ © -
$ F FFeF &S S8
g L v 0o 00 O o o L Q0
N O O O O 06 O O O @) @)
CDKA2;1 ® @ » ®
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Fig. 2 C. Y2H assay to detect the interactions of OsCDKs with different rice Cyclins, OsCYCs.
“+” in the table (upper panel) shows the intensity of blue signal detected in yeast spots (lower

panel). The blue spots on the selective medium (SD/-Leu/-Trp/-His/-Ade with X-a-gal and

antibiotic AureobasidinA, AbA) indicate the interactions of OsCDKA2;1, OsCDKB1;1 and
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OsCDKB2;1 with different OsCYCs. The vector for prey (pGADTY7) is used as the negative

control. OsCDKBL1 interacts with CYCD5 only. (n=3)

All 6 rice CDKSs were also used as baits to detect their interactions with 11 different rice Cyclins.
The results with positive PPIs are shown as Fig. 2 C. CDKA2;1 interacted with 5 CYCs
(CYCB2;2,CYCD2;1, CYCD5;1, CYCD6;1 and CYCT1;4), CDKB1;1 interacted only with 5
CYCD5;1; whereas CDKB2;1 reacted with 7 Cyclins (CYCA2;1, CYCA3;1, CYCB1;1,
CYCB2;2,CYCD2;1, CYCD5;1 and CYCDG6;1).

In addition, KRP1, KRP4 and KRP5 were used as baits for interactions with different Cyclins

(Fig. 2 D), Only KRP5 was found reacted with CYCD5;1 (stronger) and CYCT1;4 (weaker).

Interactions of QsKRPs with QsCYCs in Yeast

(Bait/Prey)  Vector 7. CYCAZ 10. CYCBL:1 12 CYCBE2:2 14, CYCDS:1 15 CYCDE:L 16, CYCTL4
KRP1
KRP4
KRPS +++ +
Prey

KRP1

Bait | KRP4

KRPS .

Fig. 2 D. Y2H assay to detect the interactions of OsKRPs with different rice Cyclins, OsCYCs.
“+” in the table (upper panel) shows the intensity of blue signal detected in yeast spots (lower
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panel). The blue spots on the selective medium (SD/-Leu/-Trp/-His/-Ade with X-a-gal and
antibiotic AureobasidinA, AbA) indicate the interactions of OsKRPs with OsCYCs. The vector for
prey (pGADTT7) is used as the negative control. The lower panel shows that OsKRP5 interacts

with CYCD5 and CYCT1:4. (n=3)

From the above Y2H assay, totally 26 positive interactions were detected. They are represented

in the scheme of Fig. 2 E. This small network is not so comprehensive to work as the interactome
of all rice cell cycles in different tissues, but it is a reliable and specific PPI network for rice
pistil, which will be useful in determining the core complex components of cell cycle control in

rice egg cells and zygotes.

CYCB2.2 CYCDz:1

CYCBI:1 Q Q CYCD5:1
CYCA3:1 O Q CYCDS:1
CYCA2:1 Q Q CYCT1:4

KRP1 KRP4 KRP5

Fig. 2 E. The scheme representing Y2H based interactome of cell cycle core complexes in rice

egg cells and zygotes.

I1l.  Verification of the protein interactions in co-immunoprecipitation (Co-1P)
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In the above PPI networks, there are four types of rice CDKs (A, B, C and E) interacting with
both KRP5 and KRP4. According to previous studies in plants, these CDKs play important roles
in plant cell cycle and plant development. CDKA is a key regulator at the checkpoints of G1-S
and G2-M, essential for the male gametogenesis (Nowack et al 2006, Dissmeyer et al 2007 and
Harashima et al 2007); CDKC works with CYCT for the elongation and splicing in transcription
(Kitsios et al 2008); CDKE functions in leaf cell expansion and floral cell-fate specification
(Wang and Chen 2004). However, only CDKB proteins are plant specific. There are two major
classes of CDKB (B1 and B2) expressed during S-G2 (B1) or G2-M (B2) and active at the G2-M
boundary. Therefore, CDKB proteins are essential for cell division (mitosis) which is required
for normal cell cycle progression in plants (Boudolf et al 2004, Andersen et al 2008, Leene et al
2011 and Atkins and Cross 2018). Considering our limited research resource, we focus on
analyzing the PPIs of the two putative rice CDKB (B1 and B2) with rice KRP5 and KRP4 in Co-
IP assay (Liu et al 2017 and Louche et al 2017) and the growth of yeast cells transformed with
OsCDKB and OsKRPs on selective media in serial dilutions.

In the Co-IP assay, the budding yeast cell (Saccharomyces cerevisiae) were co-transformed with
HA (9 amino-acid peptide of human influenza virus hemagglutinin) tagged CDKB1 (CDKB1-
HA) and c-Myc (10 aa peptide human c-Myc protein) tagged both KRP5 and KRP4 (KRP5-Myc
and KRP4-Myc). Due to the very low expression level of rice nuclear protein in yeast, it is
difficult to detect the Co-IP signal from Western blotting. Therefore, we developed a practical
procedure to isolate yeast nuclear protein and it is proved solving the problem for the Co-IP assay.
As shown in Fig. 3 A (the purple bands), both c-Myc tagged KRP5 and KRP4 and HA-tagged
CDKBL1 are pulled down by the added mouse Anti-Myc monoclonal antibody from the total

yeast nuclear proteins, demonstrating the interactions of both OsKRP5 with OsCDKB1 and
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OsKRP4 with OsCDKBL1 in yeast nuclei. Similarly, the blue signals detected in Fig. 3 B indicate

the interactions of both OsKRP5 with OsCDKB2 and OsKRP4 with OsCDKB2. Following the

same principle, the solid interaction between OsKRP5 and OsKRP4 is verified in Fig. 3 C.

A Input Output
(before IP) (IP with Anti-Myc)
CDKB1-HA - + + 4 - 4 + +
KRP5-Myc - - + ¢ - + +
KRP4-Myc - + - o = & » + (WB with)
CDKB1-HA 36kD — -_— — — Anti-HA
KRP5-Myc 27kD ——— i
KRP4-Mvc  24kD S Anti-Myc
B Input Output
 (before IP) (IP with Anti-Myc)

CDKB2-HA - + + - + +

KRP5-Myc - - + - - -

KRP4-Myc - + - -+ - (WB with)
CDKB2-HA 38kD _ —_ ——  Anti-HA
KRP5-MyC 27 kD :
KRP4-MyC UKD — Antl-Myc

S
¢ S Lo
RS ®) (IP with Anti-Myc)
27 kD — KRP5-HA
24 kD — s KRP4-Myc

Fig.3 Co-IP assay for interactions of OsKRP5/0OsKRP4 with CDKB1/CDKB2 and OsKRP5 with

OsKRP4 in yeast. A. Nuclear proteins extracted from yeast cells harboring CDKB1-HA with

KRP4-c-Myc or/and KRP5-cMyc; B. Nuclear proteins extracted from the cells harboring

CDKB2-HA with KRP4-c-Myc or KRP5-cMyc; C. Nuclear proteins extracted from the cells
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harboring both KRP5-HA and KRP4-c-Myc. Anti-HA and anti-c-Myc antibodies were to detect
proteins with corresponding tags. The blots of A and B were visualized using 3, 3', 5, 5'-
tetramethylbenzidin (TMB) as the substrate of horseradish peroxidase (HRP); the blot of C was

detected in chemiluminescent system.

IV.  The effect of rice cell cycle control proteins on yeast growth

The yeast growth assay (Fig. 4 A) shows us that the transformation with single rice cell cycle

A Serial Dilutions

1 10" 102 10° 10*
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pGBKT7

pGADT7

pGBKT7/pGADT7

pGBKT7/CDKB1
KRP4/pGADT7
KRPS5/pGADT7

KRP4/CDKB1

Reduced

KRP5/CDKB1 cell cycle

KRP4/KRPS5/CDKB1




B Serial Dilutions

1 10" 102 103 10*
il ® ® & =
pGBKT7/pGADT7 ® ©® & » .
pGBKT7/CDKB1 ® ® & &
PGBKT7/CYCD5 9 0 & &
CDKB1/CYCD5 ® ¥
KRP4/CDKB1/CYCD5 ¢ @&
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KRP5/CDKB1/CYCD5 ® @ ¥
®

KRP4/KRPS/CDKB1/CYCDS J \II No cell cycle

DDO-3d
Fig. 4 The growth in serial dilutions of yeast cells transformed with rice cell cycle encoding
genes indication the interaction of rice CDKB1 with KRP5 and KRP4. A. Yeast cells harboring
OsCDKB1 and OskKRP4 or/and OsKRP5 genes have reduced growth rate; B. Yeast cells
harboring OsCDKB1 and OsKRP4 or/and OsKRP5 plus CYCD5 genes have significantly

reduced growth rate. DDO-3d, growth on the selective medium SD/-Leu-Trp for 3 days.

control protein, either CDKB1 or KRP5 or KRP4, brought no obvious effect on yeast growth in
serial dilutions in the selective DDO medium in contrast to the wildtype and other controls (yeast
cells transformed with blank vectors).

But the co-transformation of OsCDKB1 with OsKRP5 or/and OsKRP4 significantly slower the
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growth rate on DDO, indicating not only the in vivo interaction of OsCDKB1 with OsKRP5
or/and OsKRP4, and also the interfering or disruptive effect of these protein-protein interactions
on the yeast growth.

From Fig. 4 B, co-transformation of OsKRP5 or OsKRP4 with both OsCDKB1 and OsCYCD5
did not result in significant change in yeast growth, however, the co-transformation of both
OsKRP5 and OsKRP4 together with OsSCDKB1 and OsCYCD5 obviously disrupted the normal
yeast cell cycle and thus reduced the yeast growth rate on DDO medium, suggesting the potential

cooperative relation between OsKRP5 and OsKRP4 in their molecular function to OsCDKBL.

V. Coordinated inhibitory effect of OsSKRP5 and OsKRP4 on OsCDKB1;1 kinase activity

Both OsKRP5 and OsKRP4 have been previously regarded as inhibitors of OsCDK based on
genomic database, but this is only putative without any biochemical evidence. In this study, we
are the first in verifying their inhibitory function by measuring their effect on the kinase activity
of OsCDKBL1. The kinase activity had been traditionally tested in radioactive method (Manning
et al 2002, Grant 2009 and Atkins and Cross 2018); due to unavailability of the required facility
and for the safety, we adopted nonradioactive approach (Lewis et al 2013) using ADPsensor™
Universal Kinase Activity Assay Kit (BioVision). In Fig. 5 A, the kinase activity of OsCDKBL is
about 52,000 in relative fluorescent unit (RFU) which is enhanced further to 62,000 RFU by
OsCYCD5 (CDKB1+CYCD5); whereas the activity of OsCDKB1 is reduced to about 40,000
RFU with OskKRP4 and below 40,000 RFU with OsKRP5, respectively. Moreover, the CDK
activity is dropped further to only 20,000 RFU when OsKRP4 is added with OsKRP5
(CDKB1+KRP4+KRP5). In contrast, this additive inhibition effect on CDKB1 activity is

reversed in the reaction of with one mutated OsKRP (CDKB1 +KRP5 + KRP4m or CDKB1
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+KRP4 + KRP5m). The similar inhibitory effect of OsKRP4 and OSKRP5 is observed on the
activity of OsCDKB2 as shown in Fig. 5 B. The difference is that the additive inhibition of

OsKRP4 + OsKRP5 to OsCDKB2 is not as significant as to OsCDKB1.

A CDKBI +KRP5 + KRP4m ¢ N

CDKB1 + KRP4 + KRP5m 7 "

CDKBI1+KRP4+KRP5 ¢ N
CDKBI1 + KRPS s I,
CDKBI + KRP4 .3
CDKBI1 + CYCD5 3 |
CDKBI + 1vector 2 .

- Control (2 vectors only)  [INEG_—_—

0 10000 20000 30000 40000 50000 60000 70000

CDKBI activity (RFU)

B CDKB2 +KRP4 + KRPS

[

4]

CDKB2 + KRP5

CDKB2 + KRP4
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CDKB2 +CYCDS = [ m———
CDKB2 + 1vector - | —-

- Control (2 vectors only)  [IEEG___
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CDKBI activity (RFU)
Fig. 5 Inhibitory Effect of OsKkRP5 and OsKRP4 on Kinase Activity of OsCDKB1 (A) and



OsCDKB2 (B). The Kinase activity is measured in relative fluorescent unit (RFU) at EX/Em of
535/587 nm. KRP4m, truncated protein encoded by 5’-315 bp of OsKRP4; KRP5m, truncated
protein encoded by 5’-530 of OsKRP5; CYCDS5, rice Cyclin D5;1. The activities of CDKB1 (A)
and CDKB2 (B) are raised by CYCD5 but inhibited by KRP5 and KRP4. The vector pGBKT7
and pGADT7 were used for the negative control. Error bar, Standard Deviation; n=3 (3

biological replicates).

VI.  BIFC assay for interactions of cell cycle control proteins in rice egg cells and zygotes

In Bimolecular Fluorescent Complementation (BiFC), the two split fluorescent molecules (N’-
and C’- fragments without fluorescence on their own) are fused with two candidate interaction
partners, separately. If the two protein interact each other, the two separate fluorescent fragments
will be re-associated as the complex emitting the fluorescence to be detected in microscopy.
Numerous studies have proved BiFC as an inexpensive but sensitive and in vivo assay for
detection of protein-protein interactions (PPIs), and thus have been widely used (Walter et al
2004, Morell et al 2008, Leene et al 2011, Wang et al 2013, Horstman 2014, Lee and Gelvin
2014, Kudla and Bock 2016, Koiso et al 2017 and Toda et al 2019). However, because of the
restriction in accessibility to the cells deeply embedded within plant ovary and the difficulty in
manipulating manually isolated and very vulnerable cells, no BiFC in plant egg cells or zygotes
has previously reported. In order to verify the above observed PPIs among components of rice
cell cycle complexes, we developed an efficient procedure for BiFC in rice egg cells and zygotes.
As shown in Fig. 6 A, the green fluorescent signals under the mark “BiFC” represent the positive
interactions between OsKRP4 and OsCDKB1 in rice egg cell (Oh) and zygotes (2h after
pollination), and these interactions take place in nuclei as indicated by their overlapping with the

red signal of mCherrynis (the positive control for nuclear localization). This is consistent with
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the known feature of OsKRP4 as the nuclear protein (Chapter 1). The PPIs of OsKRP5 with
OsCDKB1 were also observed in rice egg cell (Oh) and zygotes (2h and 8h after pollination) (Fig.

6 B); they are nuclear localized, too, consistent with the nuclear feature of OsKRP5 (Chapter 1).

Just as what is observed in the assays of Y2H, Co-IP, yeast growth and Kinase activity
measurement, is OsSCDKB1 bound by both OskKRP5 and OsKRP4 in rice egg cells and zygotes?
To address this issue, we performed multi-color BiFC (mcBiFC, Lee and Calvin 2008 and 2014).
The regular BIiFC tests the interaction between one bait protein and one prey preotein, but the
mcBIiFC detects PPIs of one bait protein with two prey proteins. In our mcBiFC, OsCDKB1-
Ccfp was used as the bait and OskKRP4-nVenus and OsKRP5-nCerulean used as the two preys.
As a result, both OsKRP5 and OsKRP4 positively react with OsCDKBL in rice egg cells (Oh)
transfected with the construct CDKBI1promoter-CDKB1-cCFP::Ubiquitinpromoter-KRP4-nVenus::

KRPSpromoter' KRPS'ncerUIGan (Flg?)
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Fig. 6 BiFC assay for interactions of core cell cycle proteins in rice egg cells and zygotes. A.

BiFC shows the interaction of OsKRP4 with OsCDKBL1 in the egg cell (Oh) and zygote (2 HAP)
transfected with the construct Ubigpromoter-KRP4-nEYFP::CDKB1promoter-CDKB1- CEYFP; B.
BiFC shows the interaction of OsKRP5 with OsCDKBL1 in the egg cell (Oh) and zygotes (2 HAP
and 8 HAP) transfected with the construct KRP5promoter-KRP5 -NEYFP::CDKB1promoter-CDKB1-

CEYFP. The construct nEYFC with cEYFC is used as negative control; mCherry, . is used for

nuclear localization; BR is to show the cell images in gray under the bright field; Merged image
is derived from overlapping all other images to show that the different fluorescent signals are

detected from the same cell.



Cerulean Merged 1 Merged 2

(VenustCerulean)

Fig. 7. Multi-color BiFC (mcBiFC) assay for interactions of both OsKRP5 and OsKRP4 with
OsCDKBL in rice egg cells (Oh) transfected with the construct CDKB1-cCFP :: KRP4- n\Venus +
KRP5-nCerulean under native promoters. Venus indicates the interaction of OsKRP4 with
OsCDKB1 and Cerulean is for the interaction between OsKRP5 and OsCDKB1. The construct

nEYFC and cEYFC are used as negative control; mCherry, . is used for nuclear localization;

BR is to show the cell images in gray under the bright field; Merged image is derived from
overlapping other two images (as indicated for Merged 1) or all other images (Merge 2) to show

that the different fluorescent signals are detected from the same cell.

KRP proteins in rice zygotes and had at least three observations for each different developmental

stages (0 HAP, 2 HAP and 9 HAP). Fig. 8 A shows the representive BiFC images at the three



developmental stages each of which indicates the positive interaction; Fig. 8 B shows the mean
intensity of fluorescent signals (RFU) from the transfected cells at each stage. The signal
intensity is slightly increased in 2 HAP-zygotes compared to the egg cells (0h), but significantly

decreased in 8 HAP-zygotes. Considering that both OsKRP5 and OsKRP4 function as the

A BR mCherns
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Oh Zh 8h
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Fig. 8 BiFC assay for the interaction of OsKRP4 and OsKRP5 in rice egg cell and zygotes. A.
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BiFC shows the interaction of OsKRP4 with OsKRP5 in the egg cell (Oh) and zygotes (2 AHP
and 8 HAP) transfected with the construct UbiQpromoter-KRP4-NEYFP::KRP5promoter-KRP5-CEYFP.

The construct nEYFC with cEYFC is used as negative control; mCherry, . is used for nuclear

localization; BR is to show the cell images in gray under the bright field; Merged image is
derived from overlapping other two images to show that the different fluorescent signals are
detected from the same cell. B. The mean fluorescence intensity from the transfected cells at

different developmental stages. Error bar, standard deviation; n =3 ~ 6.

inhibitors of OsCDKB1 and OsCDKB2 (Fig.5), the lowered signal intensity at 9 HAP reflects
the reasonable regulation when cell cycle procession is approaching to the crucial developmental

stage: the first zygotic division (around 12 HAP).

To sum up, we established a model for one of core complexes in rice zygotic cell cycle (Fig. 9).
The model is simple but supported by the evidence from multiple assays including Y2H, Co-IP,
yeast growth, CDK activity change and BiFC in rice zygotes at different developmental stages. It
demonstrates three main points as the following.
1. Kinase activity of OSCDKBL1 is CYCD5 dependent but inhibited by OskKRP5 and OsKRP4.
2. OsKRP5 and OsKRP4 physically interact each other and functionally cooperate in inhibiting
CDKBL1. The two KRP proteins may simply work as a heterodimer. The advantages of such a
coordination for cell cycle control may include its stablilty and redundancy which is
important to keep the cell cycle progression (at least partially) in case one of the two is
disfunctioned.
The coordinate relation between OskKRP5 and OsKRP4 might be universal in the cell cycle

control in plants (even in animal and human?). For instance, both KRP6 and KRP7 present in
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the spermatogenesis in Arabidopsis, and both KRP1 and KRP2 are preferntically expressed
in rice sperm cells as indicated in supplemental Fig. 1. More examples need to be further
investigated.

3. This core complex is essential for the control at the checkpoint of zygotic mitosis, the first

step of embryo development for rice seed formation.

Fig. 9 The model of core complex for rice zygotic cell cycle control at the checkpoint G2-M. The
blue arrowheads indicate two important checkpoints in cell cycle control (#1 is for S-phase entry
and # 2 for mitosis). Both KRP5 and KRP4 coordinately inhibit CDKB1 activity against mitosis

for the first division of rice zygote.

® Other clues for supporting the model of core cell cycle complex in rice zygotes

In addition, we did the phylogenetic analysis of OsKRP5 and OsKRP4. As shown in Fig.10, all
four KRP5 members of cereal crop plant (in blue circle) and all four KRP4 members of cereal
crop plant (in green circle) are clustered, separately, but the two clusters are relatively closer,
showing their evolutionary relationship of the two KRP genes, as an indirect support for their
cooperation in molecular function. Regarding other KRPs, one KRP6, three KRP3, two KRP2

and four KRP1 species of plant are grouped relatively closer together than those of KRP4 and
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Fig. 10 Phylogenetic analysis of cereal crop plant KRPs. The coding sequences of 20 KRP genes

were aligned and the tree was produced

relationship of KRP5 and KRP4 encoding genes. The number to the scale indicates the

Oryza sativa KRPG

using MEGAG®, illustrating the closer phylogenetic

percentage of genetic variation (the total phylogenetic distance should <=1).

According the previous studies in rice (Juan Antonio Torres Acosta, et al 2011, Masanori

Mizutani 2010 and Ruifang Yang, et al 201

growth and development in plants; on the other hand, our study shows that KRP5 and KRP4 are
involved in the cell cycle control in rice egg cells and zygotes. Given this context, the clustering
patterns of KRP5 and KRP4 seems corresponding to their patterns of interaction or molecular

function. In addition, considering the coding sequence (CDS) is the original sequencing data,

1), KRP1~3 and KRP6 are involved in the vegetative
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instead of translated protein sequence or derived secondary structure, the evolutionary

relationship reflected in this tree makes a better sense.
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Supplementary Data

Supplementary Table 1 Expression profile survey of core cell-cycle genes (39) in rice flowers

Name LOC Os#/ Size T-PCR!

BENAseqg?

RNAseq® RT-PCR? Cloned

KFP1 02252480 /798 - 26~27 0-5 +H Y
KRP2 06g11050 /1233 na ~0 0-3

KRP3 11240030 /678 na 2~4 0-3

KRP4 10g33310 /7 585 + ~65 70~30 +++ Y
KRP5 03204490 / 666 + 15~31 200-70 +H++ Y
KEP6 01g37740 /615 na ~0 ~0

CDEA1:1 03202680 /999 ++ 35~45 ~40 + Y
CDEA2:1  02g03060 /1131 +HH 14 ~ 37 na + Y
CDKE1-1 01g67160.1/912 ++ 25~ 47 50~120 +++ Y
CDKE2-1  08g40170.1 /981 +HH 35 ~60 50-120 ++ Y
CDKCI1:1  05g32360/ 1560 + 17~18 na

CDKC1:2  01g72790/ 1542 +++ 38 ~58 na ++ Y
CDKC3:1  08g35220/975 ++ 6~12 na

CDED1 05g32600 /1275 + 13 ~17 na

CDKE1 10g42950 / 1428 ++ 15 ~35 na -+ Y
CYCAZ:1 1231810/ 1473 +++ 6~ 8 10~-55 +++ Y
CYCA3:1 03241100 /1122 + 5~13 2~10 + Y
CYCA3:2 1239210/ 1158 - ~8 2~25 + Y
CYCB1:1 01g59120/ 1350 +H 24~ 33 20~40 +H++ Y
CYCBI1:3 05241390/ 1350 na 1220 na

CYCB2:1 04247580/ 1263 +H 12~16 15~35 +H Y
CYCB2;2 06251110/ 1260 +++ 8§~ 16 5~30 +H+ Y
CYCD1:1 08232540 /1065 - 8~10 na

CYCD1:2 06g12980 /1092 na ~0 na

CYCD2:1 09221450 /690 +HH 6~15 0~2 + Y
CYCD3:1 0902360 / 1095 na 10 ~23 2-23 +

CYCD4:1 07242860 /1071 +H+ §~14 na

CYCD4:2 06211410/ 1029 + g~21 na

CYCD4:3 0837390 /1152 na g§~18 na

CYCD4:4 09229100 /1071 na 10 ~15 na

CYCD4:5 03g27420 /1218 na ~0 na

CYCD5:1 03210650 /1038 +HH 18 ~ 60 na +H+ Y
CYCD5:2 03g42070 /1104 - 5~8 na

CYCD5:3 1239830/ 1098 na 15 ~18 na

CYCDe:1 07g37010/ 963 ++++ 43 ~48 na + Y
CYCD7:1 11247950 /963 + ~0 na

CYCHI:1 0352750/ 993 + 6~7 na

CYCTI:1 02204010/ 1341 ++ 25 ~30 na

CYCT1:4 12230020 /1632 +H+ 22 ~34 na +H Y
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1. Guo et al 2007
2. RNAseq in FPKM, MSU (http://rice.plantbiology.msu.edu)
3. Jones D 2014; RNAseq in rice gametes and zygotes in TPM, UC-Davis

(http.//sundariab.ucdavis.edu/cgi-bin/rice zygote/DEgenescollate.alpha.pl)

4. Carried out by Hengping Xu, 2018

+, signal intensity of RT-PCR product in DNA gel; na, not applicable; Y, Yes.
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Supplementary Fig. 1 KRP1 and KRP2 are preferentially expressed in rice sperm cells but KRP4
and KRP5 are preferentially expressed in rice egg cells and zygotes based on RNAseq
(http://sundarlab.ucdavis.edu/cgi-bin/rice_zygote/DEgenescollate.alpha.pl). Sp, sperm cell;
EC, egg cell; Z2.5, zygote at 2.5 hours after pollination (HAP); Z5, zygote of 5 HAP; Z9,

zygote of 9 HAP; Sd, seedling.
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Supplementary Table 2 Primer sequences (chapter 2)

Primer names

Seguences 5’ -3°

ET-PCE

KRP1-RT-F (H342)
KRP1-RT-R (H343)

KRP2-RT-F (H347)
KRP2-RT-R (H348)

KRP3-RT-F (H345)
KRP3-RT-R (H330)

KRP4-RTF (H13)
KRP4-RT-R (H14)

KRP5-RT-F (H15)
KRP3-RT-R (HI16)

KRP6-RT-F (H51)
KRP6-RT-R (H52)

Qsdctin-RT-F (H139)
Qadchin-RT-R (H140)

gRI-PCR

KRP4-qRT-F (H168)
KRP4-qRT-R (H169)

KRP5-gqRT-F (H185)
KRPS-gRT-R (H186)

185- gRT-F (H17T)
185-gRT-F (H178)

Fector construciion
¥ 2H

KRP1-Y2Hbait-F-EcoRI (H342c)
KRP1-Y2Hbait-R-BamHI (H343c)

KRP4-F-EcoRI (H13)
KRP4-R-BamHI (H14)

KRP3-F-EcoRI (H13)
KRP5-R-BamHI (H16)

CDKAI;1-Y2Hprey-F-EcoRI (H31)
CDKAI;1-Y2Hprey-R-BamHI (H32)

ATGGGCAAGTACATGAGGAAG
TCAGCTTCGGCTGCTGAC C

GACTGAATTCATGGGGAAGAAGAAGAAGT
CTGAGGATCCTCAGTGAACGUGGAGGCG

GTCACATATGATGGGCAAGTACCTCAGGAG
CAGTCTCGAGTCACATGTCAGTGACATCCTT

GAGGCCGAATTCATGGGCAAGTACATGCGCAA
GTCGACGGATCCTCAGTCTAGCTTGACCCATTC

GAGGCCGAATTCATGGGGAAGTACATGCGGAAG
GTCGACGGATCCCTAGCAGTCTAGCCTTGTCCA

GTGCCCCGGEATGCTOGGGAGGAACGCCA
CGTGCCTCGAGCTCCTCCGGCGGLTCGLT

CTTTGCCTTGAGATGGACGC
TCACCAGGACACCACCAAAC

CCOGATACGATTAGCACCCCT
AGGGCAGTCATTCACAGGAT

ACCAACACCTCGATCAGTTCC
CTAGCAGTCTAGCCTTGTCC

TTAGGCCACGGAAGTTTGAG
GCATTCCTCGTTGAAGACCA

GACTGAATTCATGGGCAAGTACATGAGGAAG
CTGAGGATCCTCAGCTTCGGCTGCTGAC C

GAGGCCGAATTCATGGGCAAGTACATGCGCAA
GTCGACGGATCCTCAGTCTAGCTTGACCCATTC

GAGGCCGAATTCATGGGGAAGTACATGCGGAAG
GTCGACGGATCCCTAGCAGTCTAGCCTTGTCCA

CTGCGAATTCATGGAGCAGGTGAGCGCCT
GTCTGGATCCTCATTGTACCATCTCAAGGT
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CDEA2:1-Y¥2Hprey-F-EcoRI (H320c)
CDEA2:1-Y2IHprey-F-BamHI (H321:)

CDEEB1:1-Y2Hprey-F-Ndel (H274b1e)
CDEEI1;1-Y2Hprey-E-Zhel (H275b1c)

CDEBZ:1-Y2Hprey-F-EcoRI (H274b2c)
CDEEZ;1-Y 2Hprev-E-BamHI(H275h2c)

CDEC1:2-¥ 2Hprey-F-Ndel (H312c)
CDEC1:2-¥ 2Hprey-E-EcoRI (H323:)

CDKE1-Y2Hprey-F-Ndel (H326c)
CDKE1-Y2Hprey-R-EcoRI (H327c)

CYCA2:1-Y2Hprey-F-Ndel (H282)
CYCA2;1-Y2Hprey-R-Xhol (H283)

CYCA3:1-Y2Hprey-F-Ndel (H284)
CYCA3;1-Y2Hprey-R-Xhol (H285)

CYCA3:2-Y2Hprey-F-EcoRI (H286)
CYCA3:2-Y2Hprey-R-BamHI (H287)

CYCB1:1-Y2Hprey-F-EcoRI (H292)
CYCB1:1-Y2Hprey-R-BamHI (H203)

CYCB2:1-Y2Hprey-F-Ndel (H204)
CYCB2;1-Y2Hprey-R-Xhol (F293)

CYCB2:2-Y2Hprey-F-Ndel (H296)
CYCB2:2-Y2Hprey-R-Xhol (H297)

CYCD2;1-Y2Hprey-F-Ndel (H288)
CYCD2;1-Y2Hprey-R-Xhol (H289)

CYCD5;1-Y2Hprey-F-EcoRI (H332c)
CYCD3:1-Y2Hprey-R-BamHI (H333c)

CYCDS;1-Y2Hprey-F-EcoRI (H336c)
CYCD$:1-Y2Hprey-R-BamHI (H337c)

CYCT1:4-Y2Hprey-F-Ndel (H340c)
CYCT1:4-Y2Hprey-R-Xhol (H341c)

BiEC

KRP4-F- Kpal (H124)
KRP4-R-Smal (H125)

UBIQpsem-F-Azel (H118)
UBIQpsem-R-Hindll (H119)

CTGAGAATTCATGCCACAAGCCCAACCCA
GACTGGATCCCTACGCCACTTCCAGGTCC

GTCACATATGATGGAGAAGTACGAGAAGCTG
CAGTCTCGAGCTAGAACGTGGACTTGTCGA

CTGAGAATTCATGGCGGCGCTCCACCAC
GACTGGATCCTCAGTAGAGCTCCTTGTTCAC

GTCACATATGATGGCGGTGGOGGLGCC
CTGAGAATTCCTATTGCCAGTTTCCATACTG

GTCA CAT ATG ATG GGG GAC GGC CGC GT
CTGAGAATTC TCA GAA COCGCCTGITCTGTT

COGTGCCATATGATGGCTGGAAGGAAGGAAAAT
CGTGCCTCGAGTACGCTGAAGAGTGACTGCC

COTGCCATATGATGGOCGGCAAGGAGAACG
COTGCCTCGAGCTACTCGTTTAGGTCTTCGAA

CTGCGAATTCATGGCTGACAAGGAGAACTC
GTCTGGATCCCTACTCTGTTAAATCTIGGAGG

CTGCGAATTCATGGUGACACGCAGCCAG
GTCTGGATCCTTATTTGCAGAGTTCCACTGC

COTGCCATATGATGGATAGGGCGAGCGAGA
CETGCCTOGAGTCAACAAGGUTGCTICTGAAG

COTGCCATATGATGGAGAACATGAGATCTGAG
CGTGCCTCGAGTTACAGTGCCACGCTCTTGA

CGTGCCATATGATGCCGGCCGACGACGAC
CETGCCTCGAGTCACCCAGCAAAAACATCTGT

CTGAGAATTCATGGGGGACGCCTCGGC
GACTGGATCCCTACTGGCGCTGAGGCGA

CTGAGAATTCATGGACATGGCGACGGGE
GACTGGATCCTCACTCATCAGGGCCGCC

GTCACATATGATGGCTATGATGCCAAGTGAT
CAGTCTCGAGCTAACCTTCAGGCCGAGGC

TGTGGTACCATGGGCAAGTACATGCGCAA
TGTCCCGGGUCGTICTAGCTTGACCCATTCAAS

TGTACCGGTCTGCAGTGCAGCGTGACCC
TGCAAGCTTCTGCAGAAGTAACACCAAACAS
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KRP5-F- EcoRI (H63)
KRP5-R- Sall (H66)

ERP5prom-F-Agel (H205)
ERP3prom-R-Smal (H206)

CDKB1-F- Pstl (H442)
CDKB1-R- Kpnl (H443)

CDEB1-cEYFP-F(H403)

CDKB1-cEYFP-R(H406)

CDKB1prom - F (H401)

CDKB1prom — R (H402)

UBIQprom-KRP4-cEYFP-F (H410k)

UBIQprom-KRP4-cEYFP-R (H406)
{(Gibson Assembly for p212)

mcBiFC

CDKB1:1-F-Xhol (H444)
CDKB1:1-R-EcoRI (H445)

KRP4-F-EcoRI (H63)
KRP4-R-Sall (H64)

UBIQprom-ERP4-nVenus-F (H447)
UBIQprom-ERP4-nVenus-R (H448)
ERP5prom-F-Agel (H205)
ERPSprom-R-Xhol (H446)
ERP5prom-ERP5-nCerullean-F (H449)

ERP>prom-ERP5-nCerulean-R-Notl (H450)

GTCGAATTCTATGGGGAAGTACATGCGGAAG
TGCGTCGACGCAGTCTAGCCTTGTCCATTC

CGTGTACCGGTGGTGACACATCGGTGGAGC
CGTGTCCCGGGGGCCAAGGCGCGCGOGE

GTCACTGCAGATGGAGAAGTACGAGAAGCTG
CAGTGGTACCCTAGAACTGGGACTTGTCGA

CATCGGGGATTCGGGATCGATGGAGAAG
TACGAGAAGCTG

CTATTATGGGATTTATGGGTGCTGCGGCCG
CGTCACTGGA

CTAAAACCAAAATCCAGTGACGCGTGG
TTTTGTGAAACTACACTAC

CAGCTTCTCGTACTTCTCCATCGATCCCG
AATCCCCGATG

CATAATAGCTGTTTGCCAACTGCAGTGC
AGCGTGACC
CTATTATGGGATTTATGGGTGCTGCGGCC
GCGTCACTGGA

GTCACTCGAGATGGAGAAGTACGAGAAGCTG
CAGTGAATTCGAACTGGGACTTGTCGAGG

GTCGAATTCTATGGGCAAGTACATGCGCAA
TGCGTCGACGTCTAGCTTGACCCATTCAAA

TAAAACCAAAATCCAGTGACGCCTGCAGTGC
AGCGTGACC

GCTCCACCGATGTGTCACCGUGTCACTGG
ATTTTGGTTTTA

CGTGTACCGGTGGTGACACATCGGTGGAGC
CAGTCTCGAGGGCCAAGGCGCGCGCG

TAAAACCAAAATCCAGTGACGCGGTGACACA
TCGGTGGAGC

TACGGCGCGCCGCGGECCGUGTCACTGGATTTT
GGTTTTA
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Hindlll

Hindlll
(1608]

& c-Myc epitope tag

Matchmaker 5 DNA-BD Vector
1155  Insert Screening Amplimar .
Ll

GALZ DNA-Binding Domain

TCATCG GAA GAG AGT AGT AAC AAA GGT CAA AGA CAG TTG ACT GTA 'IE:‘: CCG GAA TIT

a.a.
147

1212 T7 Sequencing Primar
= T7 Promoter T c-Myc Epitopa Tag X
GTA ATA CGA CTC ACT ATA GGG CGA GCC GCC ATC ATG GAG GAG CAG AAG CTG ATC TCA GAG GAG GAC CTG
START
i vitrn

1281
E:F'.T ATG GCC ATG GAG GCC GAA TTC CCG GGG ATC CGT CGA CCT GCA GCG GCC GCA TAACTAGCATAACCCC

Ndel Ncol Sl EcoRl smgy BamHl Sall  Pstl sToP stop
142 Xmal
. T7 Terminator
TTGGGGCCTCTAAACGGGTCTIGAGGGGTTTTTTGCGCGCTTGCAGCCAAGCTAATTCCGGGCGAATTTCTTATGATTT
STOP
Tort 31

1430
:B.TGAI [TTTATTATTAAATAAGTTATAAAAAAAATAAGTGTATACAAATTTTAAAGTGACTCTTAGGTTTTAAAACGAAAA

+ 3 DNA-BD Sequancing Primer
Matchmaker 3" DNA-BD Vector
Insart Screening Amplimar

Supplementary Fig. 2 A Map and multiple cloning sites (MCS) of pGBKT7

for Y2H bait construct
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HindIII
(1479)

pGADT7 AD
7987 bp

Amp’

Matchmaker &' AD LD-Insert Screening Amplimer > Acmm(iﬂ-?]umm w[
1857 CTATTC GAT GAT GAA GAT ACC CCA CCA AAC CCA AAA AAA GAG ATC TTT AAT ACG ACT
87
S -4 HA Epitope Tag

-
-

1914 CAC TAT AGG GCG Eec GCC GCC ATG GAG TAC CCATAC GAC GTA CCA GAT TAC GCT

1968 CAT ATG GCC ATG GAG GCC AGT GAATTC CAC CCG GGT GGG CAT CGA TAC GGG ATC CAT
MNdel EcoRI Smal/ Clal BamHI
ShI Xmal

STOP

2025 CGA GCT CGA GCT GCA GATGAATCGTAGATACTGAAAAACCCCGCAAGTTCACTTC
Sacl +
Xhol

Matchmaker 3’ AD LD-Insert Scrogning Amplimer

2080 AACTGTGCATCGTGCACCATCT
N 3 AD Sequencing Primar

Supplementary Fig. 2 B. Map and multiple cloning sites (MCS) of pGADT7 AD

for Y2H prey constructs
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pSh'L‘E—nn:l—]l,EﬂgFmp—m
PLPspl (416)
..-"'l_d el (430)
 AecT (461)
AMP (R) R

~ BspEI(335)
 Acel (788)

._'__'_:l'--Bs_pEI (862)
pPSATE-n(1-174)EYFP-N1

"2X35S promoter + TL enhancer

Neol (1322)
1417 bp
BspEI(1328)
e o1 (1337)
\ Xhol (1341)
Sacl (1348)
|\ HindIII (1350)
EcoRI (1357)
| I'Il.'
B | )
'|| | || |:'.'\.
I| . | | Il'llllll-.SaH(IBEr?]
| | | | | III'I
|| | | I'I::'.H.IEAMI (1368)
I|| || | ||III|I||le?ﬂ (1377)
I || | I'| ,ISac]I (1380)
T I| | | |omal (1384)
| (. |
'|| || || |smat1386)
A I|I | | BamHI(138)
'|| '. |I | Psfl (1604)
| | n(1-1T4)EYFP
. || | Xbal(1933)
[ | 355 terminator
'I Nofl (2151)
PLPspl (2174)

Supplementary Fig. 3 A. Map and multiple cloning sites (MCS) of pE2913

with nEYFP for BiFC (Lee and Gelvin 2014)
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ALPHA

PL-Pspl (416)
AMP (R)

4 Agel (430)
s v  Accl (461)
" BspEI (535)
T Accl(788)

 BspEI (862
pSAT6-c(175-end)EYFP-N1 N 862

2X358 promoter + TL enhancer
Neol (1322)

" BspEI (1328)

ol (1337)

. I'.I':::;'.__IECDRI (1357)

I |'| - W eet (1368)

it | I'I:'t', IIKpnI(B??)
'. ||| III 'I,:I::lllb'acn(lssu)
]| facose
IR (el (1386)
. | BamHI (1388)
\ || c(75end)EYFP
1V xeaasos)

| 358 terminator

| Notl (1824)

PI-PspI (1847)
Supplementary Fig. 3 B. Map and multiple cloning sites (MCS) of pE2914

with cEYFP for BiFC (Lee and Gelvin 2014)
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PSAT1-cCFP-H (pE3449) Ndel (185)
Bgll (252)
Pyul (280)
Pyull (309)

/ /// Ascl (401)

Agel (408)

2X 358 promoter
EcoRV (1067)
§'UTR1

pSAT1-c C;I; I:]«I1J (pE3449) ¥ Neol (1300)
Styl (1300)
vy BglII (1315)
Xhol (1319)

Seal (3585)
Puul (3475)
amp-r

Bgll (3225)

-

Aval (1319)

\ , Sacl (1326)
| HindlIIl (1328)

EcoRI(1335)
Pst] (1344)
Sall (1345)
Kpnl (1355)
Sacll (1358)
Xmal (1362)
Aval (1362)
Smal (1364)
BamHI (1366)
cCFP
Xbal (1629)
358 Terminator
NotI (1847)
Sacll (1853)

Tuesday, June 03, 2008 01:55:20 PM Page 1

Asel (1855)
Prull (2036)

Supplementary Fig. 4 A. Map and multiple cloning sites (MCS) of pE3449

with cCFP for mcBiFC (Lee and Gelvin 2014)
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PSATG-nVenus-N (PE3Z33) 7 ¢ (185)

Bgll (252)
Puul (280)
Pyull (309)
Seal (3896) / // . PPspl 399)
Pyul (3786) Agel (430)
amp-r 2X 355 promoter
Bgll (3536)

EcoRV (108g)
5 UTR from tobacco etch virus

pSAT6-nVenus-N (pE3233

4402 bp

) ‘" Neol (1322)
! StyI (1322)
= Bglll (1337)
. XhoI (1341)
Aval (1341)
Sacl (1348)
HindIII (1350)

Prull (2347) EcoRI (1357)

Pstl (1366)
Sall (1367)
Kpnl (1377)
Sacll (1380)
Xmal (1384)
Aval (1384)
Smal (1386)
BamHI (1388)
Pstl (1604)
nVenus
Xbal (1918)
CaMV 355 terminator
Notl (2136)
PI-Pspl (2142)

Tuesday, June 03, 2008 04:44:57 PM Page 1

Supplementary Fig. 4 B. Map and multiple cloning sites (MCS) of pE3233

with nVenus for mcBiFC (Lee and Gelvin 2014)
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pSAT4A-nCerulean-N (pE3247)  NdeT (185:}

Bgll (252)
Puul (280)
Puull (309)
Agel (418)
BspEI (523)

2X 358 promoter

BspEI (850)
pSAT4A-nCerulean-N (pE3247) o 77

430 BglllI (1310)

Xhol (1314)

Aval (1314)

I 1\ Sacl (1321)

\\ ErindIII (1323)
EcoRI (1330)
MCS
Pst1(1339)
Sall (1340)
Kpnl (1350)
SaclIl (1353)
Xmal (1357)
Aval (1357)
Smal (1359)

BamHI (1361)
nCerulean
‘Wednesday, October 10, 2007 03:35:34 PM Page 1

Xbal (1801)
CaMV 358 terminator
Notl (2109)

Seal (3857) / ///
Poul (3747)
amp-r
Bgll (3497)

Poull (2308)

Supplementary Fig. 4 C. Map and multiple cloning sites (MCS) of Pe3247

With nCerulean for mcBiFC (Lee and Gelvin 2014)
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Chapter 3. The Regulation of Coordinate Cell-Cycle-Inhibitors

by Fb3 Mediated-Degradation in Rice Zygotes

Abstract
From to the previous research, we found that KRP5 and KRP4 coordinately inhibit CDKB1
which may make zygotic cell cycle arrested. According to the studies in yeast and Arabidopsis,
the KRP inhibitors are regulated via F-box protein mediated proteasome pathway. In this
chapter, we identified Fb3 as a novel rice F-box protein preferentially expressed in rice egg cells
and zygotes. It mediates the degradation of both KRP5 and KRP4 via 26S proteasome pathway.
This is evidenced in the protein degradation assay and supported by its reversal effect on KRP
inhibition to the Kinase activity of CDKB and its interaction with KRP5 and KRP4 as indicated
in Y2H, BiFC and cellular localization in rice zygotes at different stages. Our results identify

Fb3 as a regulator of the two KRP inhibitors of rice zygotic cell cycle.

Introduction

The Cyclin dependent kinases (CDKSs) are major controlling factors in regulating the cell cycle.
CDKs are regulated by both positive factors, such as cyclins, and negative ones, CDK inhibitors
(CK1), as analyzed in rice zygotes, including KRP5 and KRP4. To control the cell cycle process,
these inhibitors must be strictly regulated by the machinery of protein degradation (proteolysis).
Without removing these inhibitors from the cell cycle core complexes, CDKA can’t be activated
for entry into S-phase and CDKB, the controller of mitosis, cannot be activated either (see
Introduction Fig. 1). The same will happen for other CDKSs to pass other cell cycle checkpoints.
According to the studies of the past two decades, the canonical regulation of cell cycle

checkpoints is reached by the pathway of ubiquitin-mediated proteolysis (Pagano et al, 1995, Bai
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et al 1996, Kipreos and Pagano 2000, Ho et al 2006, Marrocco et al 2010 and Boycheva et al
2015).

The ubiquitin-proteasome pathway is a crucial post-translational mechanism for the well-
controlled balance between protein synthesis and degradation in eukaryotic cells. It is essential to
maintain and coordinate homeostasis and viability in living organisms. In this pathway, the
substrate protein to be targeted is covalently attached with a chain of ubiquitin, which is
sequentially catalyzed by three different enzymes: ubiquitin-activating enzyme (E1), ubiquitin-
conjugating enzyme (E2), and ubiquitin-ligase enzyme (E3). To activate ubiquitin, E1 consumes
ATP to form a thiol-ester-bond between ubiquitin and itself; then E2 receives the thiol-ester-
bonded ubiquitin from E1; and finally, E3 (through its component, F-box protein, FBP) binds the
specifically targeted protein to the activated ubiquitin-E2 complex and transfers the ubiquitin to
the target protein. Multiple rounds of this procedure will provide the poly-ubiquitinated substrate

for the degradation by 26S proteasome (Schulman et al 2000 and Cardozo and Pagano 2004).

26S proteasome E3 SCF ligase

(Zhang et al 2019)

Fig. 1 Diagram of the ubiquitin-proteasome pathway. The target protein is poly-conjugated
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with several mono-ubiquitin molecules transferred from E1 and E2 for degradation in 26S
proteasome. In the SCF complex, the F-box protein (FBP) provides specificity of the substrate
protein, Cull serves as a scaffold, Skpl works as the bridge of Cull to FBP and Rbx1 as an

adaptor protein to E2.

Based on the sequenced genomes in animal and plant, hundreds of ubiquitin-ligase enzymes (E3s)
have been predicted in different classes according to commonly shared sequence motifs, but the
most dominant and well characterized one is E3 Skp1-Cul-FBP (SCF) ligase. As shown in Fig. 1
(Zhang et al 2019), the SCF complex is composed of four different components: S-phase kinase-
associated protein 1 (Skpl, 163 amino acid residues), Cullinl (Cull, 776 amino acid residues),
RING-box protein (RBX1, 108 amino acid residues with core catalytic domain) and F-box
protein (FBP, 430-1000 amino acid residues). In the SCF complex, the Cull serves as an
organizing scaffold, Rbx1 acts as an adaptor protein to E2, Skpl works as the bridge of Cull to
FBP, and FBP functions as a specific recruiter of protein through 26S proteasome (Hershko and

Ciechanover 1998, Gagne et al 2002, Zheng et al 2002, Zhang et al 2019 and Malik et al 2020).

The first F-box protein was identified in 1995. The unique domain was named as F-box since it
is discovered at N-terminus of a human protein Cyclin F (Kumar and Paietta 1995, Bai et al 1996
and Kipreos and Pagano 2000). The F-box domain has ~ 50 amino acid residues usually located
at the N terminus (see the F-box in OsFb3 in Supplementary Fig.6). It binds to Skpl in SCF
complex and is usually located at the N’-terminus of FBP. In contrast, different FBPs contain
various protein-protein interaction domains at their C-termini, which determines the specificity
of substrate proteins in the ubiquitin-mediated proteolysis. In plants, some examples of such C-
terminal domains are leucine-rich repeats (LRRs, see LRR of OSFb3 in Supplementary Fig. 6),

WD-40, TUB, FBO, actin and DEAD-like helicase (Gagne et al 2002 and Xu et al 2009). In
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addition, post-translational modifications, such as protein phosphorylation and glycosylation,
also play a role in regulating the interaction of a substrate with F-box proteins (Cardozo and

Pagano 2004 and Teixeira et al 2013)

During the past over two decades, numerous F-box proteins have been identified. Surprisingly, the
number of F-box genes significantly varies with species (Kipreos and Pagano 2000, Xu et al 2009,
Cui et al 2015, Gupta et al 2015, Zhang S et al 2019, Zhang X et al 2019 and Malik et al 2020).
In budding yeast, fruit-fly, human and nematode, there are 14, 23, 38 and 326 F-box genes identified,
respectively, whereas in plants such as rice, maize, Arabidopsis, Medicago, cotton, apple, soybean
and chickpea, about 678, 359, 694, 972, 592, 517, 509 and 287 F-box genes have been predicted.
Because of the importance of protein ubiquitination and degradation, plant F-box proteins have been
reported involved in many different processes in plant growth and development including cell cycle
control, signal transduction, metabolic regulation, floral organogenesis and senescence. One of
striking examples is the study of Arabidopsis gametogenesis. It demonstrates that plant sperm cell
formation is under the control of two cell cycle inhibitors, AtKRP6 and AtKRP5, and these two

inhibitors are degraded by the specific FBP, FBL17, associated SCF complex (Kim et al 2008).

However, fewer studies have been conducted concerning FBP function in the cell cycle control
of plant embryogenesis. In this chapter, we present the evidence supporting the interaction of a
novel rice F-box protein, OsFb3, with the two-rice zygotic cell cycle inhibitors, OsKRP5 and
OsKRP4, and the regulation of the two inhibitors through their degradation mediated by OsFb3

protein.

Material and Methods

Plant material
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The growth of rice plants and the cell isolation for leaf protoplasts, egg cells and zygotes are

conducted as previously described in Chapter 1.

Methods

I.  RNAsolation and RT-PCR
The same procedures as Chapter 2 are followed for RNA isolation and RT-PCR. Specific primers
(Supplementary Table 2) were used in PCR for 7 F-box genes (Supplementary Table 1)

expressed in rice flowers.

Il.  Yeast two hybridization (Y2H)
For Y2H, the coding sequences (CDS) of rice KRP4 and KRP5 were amplified in PCR and then
cloned into the vector pGBKT?7 at the specific restriction sites, respectively, as baits for Y2H; the
PCR products of Fbl, Fb2, Fb3, Fb6 and CDKAL;1 were cloned into the vector pPGADT7 AD at
specific cutting sites, separately, as preys for Y2H. The primers with their respective restriction
sites are listed in supplementary Table 2. Y2H assays were conducted with Matchmaker Gold
Yeast Two-Hybrid System (Clontech) as described in Chapter 2. The protein-protein interactions

are indicted by the yeast spots in blue.

I1l.  Bimolecular Fluorescent Complementation (BiFC)
The procedure for BiFC is the same as Chapter 2. But for the pre-trial of BiFC in rice leaf
protoplasts, the CDS of OsKRP5 or OskKRP4 was introduced into pE2913 (Supplemental Fig. 3A,
Chapter 2) for the construct KRP5-nEYFP or KRP4-nEYFP, and the CDS of OsFb3, 5’-300 bp
of OsFb3 (Fb3ml) or 3’ 324 bp of OsFb3 (Fb3m2), into pE2914 (Supplementary Fig. 3B,
Chapter 2).

For the formal BIiFC in rice egg cells and zygotes, the CDS of OsKRP5 and OsKRP4 were
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cloned into pE2913 separately, then the constructs of OsKRP5-nEYFP and OsKRP4-nEYFP
were ligated to the native promoters, OsKRP5 promoter (2 kb) and maize ubiquitin promoter (2
kb), respectively; the CDS of OsFb3 was cloned into pE2914 for OsFb3-cEYFP, and OsFb3-
CEYFP was linked to OsFb3 promoter (1.3 kb).

The primers with specific restriction sites for OsFb3, OsFb3 mutants and the native promoters

are listed in supplementary Table 2.

IV. Constructs for chemical inducible Fb3 expression system
Two plasmids were made to transform rice plants for high expression of Fb3 driven by the
chemically inducible promoters. The construct of OsFb3-EYFP was introduced to the vector
pER8 (Supplementary Fig. 3; Xu et al 2009 and Chen et al 2017); and the CDS of OsFb3 was
linked to 3’ end of GFP coding sequence at Spel in pUH-GFP2 (Supplementary Fig.4; Sreekala
et al 2005 and Hirose et al 2012). The vector pER8 and pUH-GFP2 were provided from the
Professor Chua Nam Hai Lab, Rockefeller University). The primers are listed in Supplementary

Table 2.

V. Expression of OsFb3 protein in rice protoplasts with suspension culture

1. Expression of OsFb3 in rice protoplasts
Rice protoplasts were prepared as Chapter 1; HA tagged OsFb3 CDS was introduced into
pE3449 (Supplementary data) at Xhol and Hindlll. The rice protoplasts were transfected with the
HA-OsFb3 construct and incubated for 18 hours in dark at room temperature and used for
protein extraction and Western blot analysis as Chapter 2.

2. Suspension culture of rice protoplasts transfected with chemically inducible Fb3 expression

system
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Rice protoplasts were transfected with the construct of GFP-OsFb3 and cultured in darkness
(26°C with shaking at 80 rpm) in Chu’s medium (3.99¢/I, Caisson Cat#CHP03; Chu et al 1975)
with Hygromycin (35mg/I, for selection), Ampicillin (100 mg/l) and B-estradiol (inducer, 20 uM)
plus supplementals (Kumlehn et al 1998, Chen et al 2006, Kim TG et al 2008, Main et al 2014
and Chen et al 2017): 2,4-D (2 mg/l), Casamino acids (300 mg/l), L-glutamine (500~1000 mg/l),
L-proline (1000 mg/l), Pyridoxine (1.0 mg/l), Kinetin (0.2 mg/l), Biotin (0.01 mg/l) and Retinol
(0.01 mg/l) and Sucrose (30,000 mg/l.). The medium was freshly made and sterilized by filtering

(0.2 pm).

VI. Rice ovary collection and protein extraction (for the proteasome with SCF complexes)
1. Dissect ~200 rice ovaries from mature florets in 0.3 M mannitol.
2. Freeze in liquid nitrogen and homogenize with Teflon Dounce homogenizer on ice in 0.5
ml protein degradation buffer (25mM Tris pH7.4, 150mM NaCl, 1mM EDTA, 1% NP40
and 5% glycerol with freshly added plant protease inhibitor cocktail, Sigma P9599, and 1
mM PMSF).
3. Pellet cellular debris at 3000 x g, 4°C for 5 min

4. Aliquot the supernatant in 0.1 ml and store at -20°C for later use.

VIl. CDKB activity measurement
The yeast cells containing c-Myc or HA tagged constructs (c-Myc-OsKRP5, cMyc-OsKRP4,
HA-OsCDKB1, HA-OsCDKB2 and HA-OsFb3) were cultured in medium —Leu-Trp for nuclei
isolation as described in Chapter 2; the specific nuclear proteins and protein extract from
suspension cultured rice protoplasts containing OsFb3-GFP were purified using Pierce™ Co-
Immunoprecipitation Kit (Thermo Scientific™, Cat # 26149) according to manufacturer’s
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instructions (Chapter 2); then mixed with the crude rice ovary extract for measuring the kinase
activity with ADPsensor™ Universal Kinase Activity Assay Kit (BioVision, Cat # K212-100),

as stated in Chapter 2.

VIII. Protein degradation assay

The purified proteins of OsKRP5 and OsKRP4 (tagged with c-Myc) from yeast nuclei (as made
for CDK activity assay) and OsFb3 protein (tagged with HA from yeast or tagged with GFP from
transfected rice protoplasts after suspension culture for 6 ~ 9 days) were used to constitute a
degradation assay based on Kim et al (2008). Briefly, the above rice ovary extract (100 pl) was
pretreated with the proteasome inhibitor, MG132 (10 pM), to slow down OsKRP protein
degradation, then mixed with about 0.5 pg OsKRP5 or OsKRP4 and OsFb3 proteins; in parallel,
the same mixture was made with MG132 replaced by DMSO (1%) for normal protein
degradation. The two mixtures were incubated at 4°C and sampled (16 pl) every 30 minutes.

Each sample was combined with 4 pl of 5 x SDS-PAGE sample buffer and heated for 5 min at
95°C, electrophoretically separated in 12% SDS-PAGE, and subjected to Western blot (as in
Chapter 2), in which OsKRP5 and OsKRP4 were detected with anti-Myc monoclonal antibody

(GenScript Cat# 631206). In addition, actin was detected as the internal control for equal loading.

IX. Other methods for high yield of OsFb3 protein
1. Cell-Free System of E. coli
NEBExpress® Cell-free E. coli Protein Synthesis System (NEB, E5360s) was adopted for high
yield of OsFb3 protein. The CDS of OsFb3 were amplified and linked to the T7 RNA

Polymerase promoter using PCR specified primers according to the manufacturer’s suggestion;
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the T7 promoter-Fb3 was used as the template for translation in the cell free system; then the
reaction product was analyzed in SDS-PAGE gel.

2. K. lactis Protein Expression System

OsFb3 was introduced to pKLAC1-based expression vector, and the yeast cell (Kluyveromyces
lactis, NEB C1001) was transformed with the vector and cultured following manufacturer’s

instructions. The protein sample isolated from the yeast cells was analyzed in SDS-PAGE gel.

Results and Discussion

l. OsFb3 is a novel F-box gene and preferentially expressed in rice egg cells and zygotes
Although hundreds of F- box genes are predicted from different plant species based on the sequenced
genomes, none is found involved in cell cycle control of the early embryogenesis. One of main
reasons is the difficulty in accessing the plant gamete and zygote cells embedded in multiple tissues.
However, this barrier has been partially overcome by manual isolation of plant gametes and zygotes
(Chapter 1). According to the recent RNAseq data, seven F-box genes (named as Fbl ~ 7 in this
chapter) are expressed in rice sperm cells, egg cells and zygotes as well as other tissues. Their locus
numbers are listed in Supplementary Table 1 and their transcription profiles are presented in

Supplementary Fig. 1.

As shown in Supplementary Fig.1, in contrast to the other 6 F-box genes, Fb3 is most highly
preferentially expressed in rice egg cells and zygotes, although the expression level is not relatively
high to other F-box genes. This feature is confirmed by our RT-PCR result (Fig. 1). The transcription
level of Fb3 is much higher in the mature rice pistil where the egg cell or zygote located than in leaf,
stem, root, anther and lemma/palea.

In addition, the RNAseq data (Supplementary Fig.1) also reveals that the transcription levels of Fbl
to Fb3 increase and those of Fb4 to Fb7 decrease with zygotic development (from 2.5 hours to 9
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hours after pollination). This information helps us with RT-PCR cloning for the Y2H assay.

% N
Fb3 el

185 M A -

Fig.1 The DNA gel image of RT-PCR product showing the expression profile of Fb3 in six
different rice tissues collected from flowering rice plants. 18S rRNA gene was used as the

internal control for equal loading.

. Interactions of OsFb3 protein with the coordinate cell-cycle inhibitors

1. OsFb3 protein interacts with OsKRP5 and OsKRP4 in Y2H

From RT-PCR, we amplified CDSs of Fbl, Fb2, Fb3 and Fb6. It is difficult to obtain those of
Fb4, Fb5 and Fb7, partially due to the very high GC content in their CDSs or partially due to
their rare transcripts caused by the aforementioned rapid declination during the zygotic
development in rice flowers.

The four CDSs were cloned into yeast vector pPGADT?7 as preys for Y2H assay to test their
interactions with the two cell cycle inhibitor proteins, KRP5 and KRP4, respectively. From Fig. 2,
we found that KRP5 protein more or less positively interacts with all four F-box proteins,
particularly with Fb3, but KRP4 protein interacts with the Fb3 as well. In a word, Fb3 protein

interacts with both the KRP5 protein (stronger) and the KRP4 protein (weaker) in yeast.
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Fig.2 Interactions of four rice F-box proteins with rice CDK inhibitor KRP5 and KRP4 detected
in Y2H assy. The preys include CDKA (+control), four F-box proteins (Fbl, Fb2, Fb3 and Fb6)
and blank vector, pPGADT7 (-control); the baits are KRP4, KRP5 and blank vector, pGBKT7 (-
control). Yeast cells were grown on the medium of normal (right, YPDA: Yeast extract, Peptone,

Dextrose and Adenine hemi-sulfate) and selective (left: SD/-Leu/-Trp/-His/ -Ade with X-a-gal

and antibiotic Aureobasidin A, AbA). The blue spots on selective medium indicate the

interactions of F-box proteins with KRP5 and KRP4 proteins, respectively.

2. OsFb3 protein interacts with OsKRP5 and OsKRP4 proteins in rice protoplasts

To test if the interactions of OsFb3 with OsKRP5 and OsKRP4 take place in rice cells, we
conducted BiFC first in rice protoplasts as a pre-trial, and then in manually isolated rice egg cells
and zygotes. We detected clear signals of yellow fluorescent protein (YFP) and red fluorescent
protein (mCherry) from the protoplasts transfeted with Fb3-cYFP and KRP5-nYFP plus

mCherryncs driven by the ubiquitous promoter of Cauliflower mosaic virus (CaMV), P35S (Fig.
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3 A), indicating the positive interaction between Fb3 and KRP5 and its location in the nuclear.
The mutant Fb3, 3°-300 bp fragment containing the F-box domain or 5’-332 bp fragment
containing the leucine rich region domain (LRR), also interacts with KRP5 but relatively weak,
as shown in the signals observed from the protoplasts co-transfected with 3° F-box - cYFP plus

KRP5-nYFP, or 5’ LRR - cYFP plus KRP5-nYFP (Fig. 3 A, the cellular images and the relative

A nYFPN cYFPN
Fb3 (1.7kb)
KRP4 F-box
LRR
- CTRL

30 um

BIFC of KRPS with Fb3 and Fb3 s

100%
B0%
B0%
40%
20% i
0%
Fb3

F-box F-LRR (trl

Relative Fluorescence
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Fig.3 BiFC assay to detect interactions of OsFb3 with OsKRP5 (A) and OsKRP4 (B) in rice
protoplasts. The protoplasts were co-transfected with Fb3-cYFP (3’ F-box-cYFP or 5’ LRR-CYFP)
and KRP5-nYFP (A) or KRP4-nYFP (B) plus mCherryncs; The transfection with nYFP + cYFP
was used as the negative control. The mCherryns represents mCherry linked with Nuclear
Localization Sequence (NLS, 12 amino acid residues) and was used as the nuclear marker. BR
represents the images of bright field. The Merged refers the overlaid image from the other three

in each transfection. The upper panel of A or B shows the representative cellular images; the
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lower panel of A or B shows the relative fluorescence of different BiFC images measured in

ImageJ (n=3 biological replicates).

fluorescence). The features of interaction of KRP4 with Fb3 and its mutants are similar, as
shown in Fig. 3 B.

3. OsFb3 protein interacts with OsKRP5 and OsKRP4 in rice egg cells and zygotes

As shown in Fig. 4 A, the fluorescent signals under the mark BiFC represent the positive
interactions between OsFb3 and OsKRP5 in rice egg cell (0 h) and zygotes (2 hours and 9 hours
after pollination) transfected with the construct Fb3promoter - Fb3 - CEYFP::KRP5promoter - KRP5 -
nNEYFP, and these interactions take place in nuclei as indicated by their overlapping with the red
signals of mCherryncs. The similar signals are detected for the interaction of Fb3 with KRP4
from rice egg cells and zygotes transfected with Fb3promoter - Fb3 - CEYFP::Ubiqpromoter - KRP4 -

nEYFP (Fig. 4 B).

A

-Ctrl

Oh

2h

9h




-Ctrl

50 ym

Fig. 4 BiFC assay showing interaction of OsFb3 with OsKRP5 and OsKRP4 in rice egg cells (0
h) and zygotes (2 h and 9 h after pollination). The cells were transfected with the construct
Fb3promoter-Fb3-  CEYFP::KRP5promoter-KRPS ~ -nEYFP  (A)  and  Fb3promoter-Fb3-
CEYFP::Ubigpromoter-KRP4 -nEYFP (B), respectively. The construct nEYFC and cEYFC were

used as negative control, mCherry, . for nuclear localization and BR for cell images in gray

under the bright field; the Merged was from overlapping all other images to show that the

different fluorescent signals are detected from the same cell.

1. Expression of OsFb3 protein in rice protoplasts and suspension culture
For further examining the function of OsFb3 related to OSKRP5 and OsKRP4, we needed a
sufficient amount of these specific proteins expressed and partially purified. OsKRP5 and

OsKRP4 were expressed and purified from the nuclei of budding yeast as previously described
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(Chapter 2); but due to the lower expression level of OsFb3 or rapid degradation itsself (Kim et
al 2008), it is hard to obtain sufficient material from budding yeast following the same procedure.
Therefore, we tried other expression systems for better protein yield. Initially, we constructed
two promoter-inducible systems (Supplementary Fig. 3 and Supplementary Fig. 4) to get the Fb3
protein from permanantly transformed rice seedling (Kim et al 2008). However, due to the
unexpected difficulty in rice transformation and limited funds, this plan became impractical.
Therefore, we adopted a cell-free system of E.coli (NEB) and a different yeast system
(Kluyveromyces lactis, NEB), unfortunately, none of them worked for the purpose. That was why

we turned to the suspension culture of transfected rice protoplasts as Dr. Libault suggested.

A D B 0 3 6 9 D
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Fig. 5 Western blot assays of OsFb3 protein expressed in rice protoplasts without (A) and with (B)
the suspension culture. A. HA tagged OsFb3-cCFP (~ 75 kD, arrow pointed) was detected with
anti-HA mAb (Sino Biological, Cat# 100028-MM10) from the protein extract of rice protoplasts
transfected with Fb3-HA-cCFP (pOH47). B. GFP tagged OsFb3 (~ 89 kD, arrow point) was

detected with anti-GFP mAb (Sino Biological, Cat# 100028-MM10) from the protein extract of
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rice protoplasts transfected with GFP-Fb3 (pOH79) and cultured in suspension with Chu's
medium plus supplementals. 0, 3, 6 and 9: days after suspension culture. The inducer for

suspension culture is s-estrogen (20 M).

Prior to the formal trial with suspension culture of transfected rice protoplasts, we tested the
expression of HA-tagged OsFb3-cCFP in rice protoplasts. As shown in Fig. 6 A, the expected
band (~75 kD) was detected in the Western blot. To obtain sufficient suspension culture product,
we optimized an efficient medium recipe (see Methods V. 2) for the rice protoplasts tranfected
with the inducible promoter system containing GFP-Fb3 (Supplementary Fig. 3) and grew the

cells with the inducer 3-estrogen. As a result, GFP tagged OsFb3 was expressed as expected (Fig.

6 B), which was used for measuring the CDKB activity and the protein degradation assay.

IV.  OsFb3 protein reverses the inhibitory effect of OsKRP5 and OsKRP4 on the kinase

activity of OsCDKB

CDKB2 +KRP4+KRP5+FB3 ¢« .
CDKB2 + KRP4 + KRP5 g
CDKB2 + CYCD5 I
CDKB2 |
- Control s [
CDKB1+KRP4+KRP5+FB3 ¢ e —
CDKB1 + KRP4 + KRP5 ]
CDKBI + CYCDS 2 |
I

CDKB1 |
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Fig. 6 Rice Fb3 protein counteracts the inhibitory effect of OsKRP5 and OsKRP4 on the kinase
activities of OsCDKB1 and OsCDKB2. The activity was measured in relative fluorescent units
(RFU) at EX/Em of 535/587 nm. CYCD5, rice Cyclin D5;1. The vector pGBKT7 and pGADT7

were used as the negative control. Error bar, Standard Deviation; n=3 (3 biological replicates).

As described in chapter 2, we are the first in verifying the inhibitory effect of OsKRP5 and
OsKRP4 on the activity of OsCDKBL1. Interestingly, the coordinate inhibition to OsCDKB1 and
OsCDKB2 can be reversed by OsFb3 as demonstrated in Fig. 6. The average activity of
OsCDKB1 is ca. 52,000 (RFU); it is raised to ca. 62,000 by OsCYCD5 (CDKB1+CYCD5), but
reduced to about 20,000 by the interaction with both OsKRP4 and OsKRP5 (CDKB1+KRP4+

KRP5); however, the kinase activity is bounced back to nearly 60,000 by incubation with the
purified OsFb3 protein (CDKB1+KRP4+KRP5+Fb3). These activity changes are similar over
the inhibition of OsCDKB2 (Fig. 5). Both scenarios indicate to us that OsKRP5 and OsKRP4
indeed interact with OsFb3 and are likely further degraded via OsFb3 mediated proteasome

pathway.

V. Degradation of OskKRP5 and Os KRP4 through OsFb3 associated proteasome pathway

To verify that OsKRP5 and OsKRP4 are regulated by OsFb3 mediated proteolysis, we conducted
a protein degradation assay. After 30 to 60 min incubation with GFP-OsFb3 in crude rice ovary
extracts, the resulting protein samples were examined using Western blots with anti-Myc
monoclonal antibody. As presented in Fig. 7, the abundance of Myc-tagged OsKRP5 or similarly
tagged-OsKRP4 decreased faster in DMSO (the control) than in MG132 (the specific 26S
proteasome inhibitor), demonstrating that degradation of OsKRP5 and OsKRP4 is 26S

proteasome dependent (Kim et al 2008).
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Fig.7 The 26S proteasome-based degradation of KRP5 (A) and KRP4 (B). Purified proteins of
Fb3 and KRP5 or KRP4 were mixed with rice ovary extract containing the protease inhibitor

cocktail treated with the specific proteasome inhibitor (MG132) and DMSO (control) incubated

at 4°C for 0 to 1 hour, and detected with anti-c-Myc mAb.

VI.  The protein expression profile in transfected zygotes supports the regulation of OsKRP5
and OsKRP4 by OsFb3 mediated degradation
To reflect the protein expression profile of OsKRP5, OsKRP4 and OsFb3 with zygotic
development, we measured the fluorescence intensity of rice egg cells and zygotes transfected
with their respective EYFP fusion constructs driven by P35S (see the cellular images in chapter 1
for cellular localization). As indicated in Fig. 8, the expression level of OsKRP5, OsKRP4 and
OsFb3 are relatively lower in egg cells, then higher in zygotes 2 hours after pollination (HAP). In
contrast, levels of OsKRP4 and OsKRP5 declined to lower levels in the zygotes of 9 HAP,

whereas OsFb3 levels rise further. This protein expression profile is consistent with the
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transcription profile of OsKRP5, OskKRP4 and OsFb3 genes (Supplementary Fig. 5). In addition,
as we previously observed, OsKRPs and OsFb3 are functionally opposite: both OsKRP5 and
OsKRP4 coordinate inhibition of OsCDKB (the marker of mitosis for zygotic division), and
maintain the arrested cell cycle state, whereas when OsFb3 encounters inhibition (Fig. 6) via
mediated degradation (Fig. 7), the two inhibitors release the arrested cell cycle state. Since the
rice zygotes at 9 HAP are temporarily close to the stage G2/M, which is the crucial checkpoint of
the zygotic cell cycle, the above profile of the three proteins reflects the expected zygotic status

as the zygote approaches its first division.

— KRPS KRP4 Fb3
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Fig. 8 Protein expression profiles of KRP5, KRP4 and Fb3 in rice egg cells (Oh) and zygotic
development (at 2 h and 9 h after pollination). Fluorescent intensity was approximated using
the ImageJ program with images of rice cells tansfected with KRP5-EYFP, KRP4-EYFP and

Fb3-EYFP (driven by P35, as in Chapter 1), respectively; n = 3 (biological replicates).
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Supplementary Data

Supplementary Table 1 Locus number of F-box genes expressed in rice zygotes

Name Locus number! CDS5 length (bp)  RNAseq (TPM)? RT-PCR? Cloned

Fbl LOC_0s03g43990.1 1875 186 ~ 302 _ (+)P (V)
Fb2 LOC_Os12g40860.1 1722 93 ~ 340 ()P (V)
Fb3 LOC_0s08g09750.1 1656 45 ~ 300 + Y
Fb4 LOC_Os06g40360.1 1995 529 ~ 65

Fb5 LOC_0s05g37690.1 1794 818 ~ 339

Fb6 LOC_0s05g35110.1 1131 650 ~ 129 ++ Y
Fb7 LOC_Os04g32460.1 1728 1501 ~ 488

1. Rice genomic database, MSU: http://rice.plantbiology.msu.edu
2. RNAseq in rice zygotes (0 ~ 9 HAP) in TPM (transcripts per million) (HRP, hours after
pollination): http://sundarlab.ucdavis.edu/cgi-bin/rice_zygote/DEgenescollate.alpha.pl

3. RT-PCR by Hengping Xu, 2016
4. Partially amplified and cloned without 3’ fragment due to the high GC content

+, signal intensity of RT-PCR product in DNA gel; Y, Yes.

BSp WEC WZ25 W75 W79 msd

2000

1500

1000 ‘
50 ‘ ‘ ‘ '
| | | |
[T |
) | |
. II L[ T . I " allill .
Fb1 Fb2 Fb3 Fba4 Fbs Fb6 b7

Supplementary Fig.1 RNAseq of 7 F-box genes (see Supplementary Tablel) showing the

Transcripts Per Million (tpm)

=

preferencial expression of OsFb3 (and OsFb2) in rice egg cells and zygotes. The transcript
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data is based on http://sundarlab.ucdavis.edu/cgi-bin/rice_zygote/DEgenescollate.alpha.pl. Sp,

sperm cell; EC, egg cell; Z2.5, zygote at 2.5 hours after pollination (HAP); Z5, zygote of 5

HAP; Z9, zygote of 9 HAP; Sd, seedling.

Supplementary Table 2 Primer sequences (chapter 3)

Primer names

Seguences &' -3’

RT-PCR

Fb1-RT-F (H17)
Fb1-RT-R (H18)

Fb2-RT-F (H19)
Fb2-RT-R (H20)

Fb3-RT-F (H21)
Fb3-RT-R (H22)

Fb4-RT-F (H23)
Fb4-RT-R (H24)

Fb5-RT-F (H25)
Fb5-RT-R (H26)

Fb6-RT-F- (H27)
Fb6-RT-R- (H28)

Fb7-RT-F (H29)
Fb7-RT-R (H30)

185- RT-F (H177)
185-RT-R (H178)

Fector constriction

Y2H

Fb1-F- Ndel (H17)
Fb1-R- Xhol (H18)

Fb2-F- Ndel (H19)
Fb2-R- Xhol (H20)

Fb3-F- Ndel (H21)
Fb3-R- Xhol (H22)

CGTGCATGGCGTCGCTGCCCAAGC
CGTGCTCAATCAAGATGAACGGTGC

CGTGCATGGCCTCCTCCTOCGACG
CGTGCTTAGCTCAGGTGAACGGTGC

CGTGCCATGCTCGGGAGGAACGCCA
CGTGCTCAGAACTCCATATCTGAATC

CTGCATGCCTCCGTTCCACGATT
GICTCTAAGCAAGGATGTCGCA

CTGCATGGGAGGGGAGGCACCG
GTCTTCACGCAGGATACAAAGGA|

CTGCATGGTTAGTGGGAGGTC
GTCTTCAGTATGCGTGGCTAGG

CTGCATGACGTACTTCCCGGAG
GTCTCTATAGGATTTTAACAAAATTT

TTAGGCCACGGAAGTTTGAG
GCATTCCTCGTTGAAGACCA

CGTGCCATATGATGGCGTCGCTGUCCCAAGC
CGTGCCTCGAGTCAATCAAGATGAACGETGC

CGTGCCATATGATGGCCTCCTCCTCCGACG
CGTGCCTCGAGTTAGCTCAGGTGAACGGTGC

CGTGCCATATGATGCTCGGGAGGAACGCCA
CGTGCCTCGAGTCAGAACTCCATATCTGAATC
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Fb6-F-EcoRI (H2T)
Fb6-R-BamHI (H28)

KRP4-F-EcoRI (H13)
KRP4-R-BamHI (H14)

KRP5-F-EcoRI (H15)
KRP5-R-BamHI (H16)

CDEAL1-Y2Hprev-F-EcoRI (H31)
CDEKA1;1-Y2Hprey-R-BamHI (H32)

BiEG

Fb3-F- Xhol (H59)
Fb3-R- HigdIII (H60)

Fb3 (5°-300bp)-F- Xhel (H39)
Fb3-(5°-300bp)-R- HindlII (61)

Fb3-(3*-324bp)-F- Xhol (H39)
Fb3-(3°-324bp)-R-HindIII (H60)

KRP4-F- Kpnl (H124)
KRP4-R-Smal (H125)

KRP5-F- EcoRI (H65)
KRP5-R- Sall (H202)

Fbiprom-F-Agel-Notl (H199)
Fb3prom-R-EcoRV (H200)

UBIQprom-F-Aggl (H118)
VUBIQprom-R-Hindlll (H119)

KRP5prom-F-Agel (H205)
KRP5prom-R-Smal (H206)

Expression of b3 in rice protoplasts

Fb3-HA-F-Xhol (H59)
Fb3-HA-R-HindIII (H86)

CTGCGAATTCATGGTTAGTGGGAGGTC
GTCTGGATCCTCAGTATGCGTGGCTAGG

GAGGCCGAATTCATGGGCAAGTACATGCGCAA
GTCGACGGATCCTCAGTCTAGCTTGACCCATTC

GAGGCCGAATTCATGGGGAAGTACATGCGGAAG
GTCGACGGATCCCTAGCAGTCTAGCCTTGTCCA

CTGCGAATTCATGGAGCAGGTGAGCGCCT
GTCTGGATCCTCATTGTACCATCTCAAGGT

TGTCTCGAGCTATGCTCGGGAGGAACGCCAT
TGCAAGCTTCGGAACTCCATATCTGAATCCTC

TGTCTCGAGCTATGCTCGGGAGGAACGCCAT
TGCAAGCTTCGCTCCTCCGGCGGCTCGCT

TGTCTCGAGCTCTGCGCGATTTCGTGAACC
TGCAAGCTTCGGAACTCCATATCTGAATCCTC

TGTGGTACCATGGGCAAGTACATGCGCAA
TGTCCCGGGCCGTCTAGCTTGACCCATTCAAA

GTCGAATTCTATGGGGAAGTACATGCGGAAG
TGCGTCGACCTAGCAGTCTAGCCTTGTCCA

CGTGTACCGGTGCGGCCGCAGCTCCGATTCATCTA
TAGTC
CGTGTGATATCTCCGCCGAACAGGCTGCG

TGTACCGGTCTGCAGTGCAGCGTGACCC
TGCAAGCTTCTGCAGAAGTAACACCAAACAA

CGTGTACCGGTGGTGACACATCGGTGGAGC
CGTGTCCCGGGGGECCAAGGCGCGCGCGE

TGTCTCGAGCTATGCTCGGGAGGAACGCCAT
TGAAGCTTCGAGCGTAATCTGGTACGTCGTAT
GGGTACTCCATGAACTCCATATCTGAATCCTC
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Fb3-F-Spel (H189)

CGTGCACTAGTATGCTCGGGAGGAACGCC
Fb3-R-Spel (H190)

CGTGCACTAGTTCAGAACTCCATATCTGAATC

Fb3-EYFP-F-Apal (H195)

CGTGTGGGCCCCTATGGTGAGCAAGGGCGAG
Fb3-EYFP-R-Spel (H190)

CGTGCACTAGTTCAGAACTCCAT TCTGATC

PSAT1-cCFP-N (pE3443) Ndel (185)
Bgll (252)
Poul (280)
Pyull (309)
j / )‘? Asel (401)
Agel (408)
2X 355 promoter
EcoRV (1067)
SUTR 1
" Neol (1300)
e Syl (1300)
BglIl (1315)
Xhol (1319)
Aval (1319)

Seal (3585)
Puul (3475)
amp-r
Bgll (3225)

pSAT1-cCFP-N (pE3449)
4og1bp

| Sacl (1326)
| \ HindIII (1328)
EcoPI(1335)
Pstl (1344)
Sall (1345)
Kpnl (1355)
Sacll (1358)
Xmal (1362)
Aval (1362)
Smal (1364)
BamHI (1366)
cCFP
Xbal (1629)
35§ Terminator
Tuesday, June 03, 2008 01:55:20 PM Page 1 NotI (1847)
Sacll (1853)
Ascl (1855)
Pyull (2036)
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Supplementary Fig. 2 pE3449 for the expression of HA-tagged OsFb3 protein

in rice protoplasts (Lee and Gelvin 2014)

RB  loxP loxP LB
Pubi (P XVE |Tnos H Pnos| hpt | TnosH OlexA-46 | Cre | Tnos B crp | Tobes K
Kpnl  Spel
> « > -
P1 P2 P3 P4’

DNA
recombination

| Pubi | P | Tvbes |
> 4
P1 P4

(Hirose et al 2012)
Supplementary Fig. 3 Schematic diagram showingthe structure of the T-DNA region of the
promoter inducible vector, pUH-GFP2 (provided by Professor Chua Nam Hai Lab, the
Rockefeller University) for the promoter inducible system. Before induction, a constitutive
ubiquitin promoter Pubi drives the expression of the chimeric transcriptional activator XVE.
When XVE is activated by the estrogen inducer, it stimulates the target promoter Olex-46 to
express the Cre DNA recombinase. Cre recombinase excises the region between the two loxP
sites, and as a result, Pubi becomes juxtaposed to GFP to drive its constitutive expression. This
DNA recombination can be monitored by genomic PCR using the primers PI, P2, P3 and P4’
Kpnl and Spel are restriction sites for replacement of GFP; OsFb3 was introduced at Spel and
its orientation was identified by PCR. hpt, the gene for hygromycin phosphotransferase; Tnos,

NOS terminator; TrbcS, Arabidopsis rbcS terminator.
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Supplementary Fig.4 Map of pOH82 showing EYFP-Fb3 introduced into the vector, pER8

(provided by Professor Chua Nam Hai Lab, the Rockefeller University), for the promoter

inducible system
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Supplementary Fig. 5 Transcription profile of KRP5, KRP4 and Fb3 in rice egg cells and

zygotes with development (0 ~ 14 hours after pollination). The transcript data is based on

http://sundarlab.ucdavis.edu/cgi-bin/rice_zygote/DEgenescollate.alpha.pl.

MLGRNAMLGPPRRGEGETSRRGEGSEGDGNGEGDAVDRLSALSDGV
LHHIMSFLKAWEVVRTCVLSRRWRHTWASAPCIDLRVRYNDVDSEPPE
ELRDFVNRLFRRREASAPVDTLRLQSSDPDELFDNDDANAWIRTAINRN
ARFIHLTGHRTEIGVLKHRALVSTHLKILKLSYVLIDDKILKQLSSGCKSLE
ELDLKDCAMTGHEISSASLKILKMDKCKINVDLSITAPNLVLLNLITPYIQVP
SFKNLESLVSCSVILDDFFLGDAYEHSSDEDDIDETTDEDDIDDQKKTYK
TGYGFGFPQKGYGLAGNKDDYGYGSDIESDDNTYEYSEIAKEYGDQQY
AQNSSTIVQGVGTSQQTKTISGGHNFLHGLSNARSLELLAGAGEVVLSR
ELKSCPIFSNLKTLSLGEWCMAAEFDTLIFLLQRSPNLQRLFLKLKLNFNT
RKPLESGAKPMGRSFTCKDLQMVKIRCSKDDVRVHTLACLFRANGIPIE
KIYVRRTGSSYLRGEKFMRDLGKHELEFWGSDSEFCGPNSEFCGSDSE
FEDSDMEF

Supplementary Fig. 6 Predicted amino acid sequence of rice Fb3 protein (551 amino acid

residues, 61.9 kD) encoded by LOC_0s08g09750 (1656 bp CDS used as Prey 3 in Y2H);

(N’) F-box (42~81) and (C’) LRR are underlined (based on the rice genome sequences from

http://rice.plantbiology.msu.edu)
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Chapter 4 Effects of the Three Mutant Cell-Cycle-Genes on Rice Seed Formation

Abstract
In the above two chapters, KRP 5 and KRP4 are identified as the coordinate inhibitors of CDKB
and Fb3 as their regulator through proteolysis pathway for rice zygotic cell cycle. We assume
that all these three proteins play an essential role in initiation of rice seed formation. Therefore,
we conducted the phenotypic observation and genetic analysis in rice mutants. As a result, all
five mutant lines show significantly reduced seed setting rate. The mutation (gene knockout or
activation) also result in morphologically abnormal female germ units and functionally
compromised sperm cells. For the future study, it is interesting to check if the rice sperm cell
contributed KRP5 and KRP4 bearing epigenetic codes which might be different from those in

rice egg cells.

Introduction

As one of staple cereal crops, rice provides the principal food for nearly 50% of population in the
world. Moreover, rice has the smallest genome size (400 Mb) and richer genetic information
(such as molecular markers and physical maps) compared to other major cereal crops (Gale and
Devos 1998). Therefore, it was the first monocot crop plant chosen for sequencing its whole
genome (Feng et al 2002, Goff et al 2002, Sasaki et al 2002 and Yu et al 2002).

However, the most challenging issue in the post-genome era is how to reveal the functions of so
many assumed rice genes. One of popular strategies is using insertional mutagenesis in which a
gene is tagged with the inserted element and its normal function is interrupted or altered, i.e. so-
called knockout or loss-of-function. For this purpose, the transfer DNA (T-DNA) and the
transposable element have been used as the mutagenesis (Zupan and Zambryski 1995, Krysan et
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al 1999 and Ramachandran and Sundaresan 2001).

T-DNA is a part of tumor - inducing (Ti) plasmid found from the soil bacterium Agrobacterium
tumefaciens. The Ti plasmid contains the virulence (vir) genes which encode proteins for
transporting the T-DNA into the host cell nucleus and integrating it into the plant genome by
recombination. The host includes not only plant species and yeast (Saccharomyces cerevisiae and
Kluyveromyces lactis) (Hiei et al 1997 and Bundock 1999). Since the T-DNA insertion takes
place randomly in plant genome and transfer to next generations stably, it has been widely
adopted as the gene tags to obtain loss-of-function mutants in many plant species, particularly in
the model plant Arabidopsis (Azpiroz-Leehan and Feldmann 1997; Krysan et al 1999) and rice
(Jeong et al 2002, 2006 and Lo et al 2016).

The transposons refer to mobile DNA elements. They are able to change their positions
(transposition) in the host genome by the transposon-encoded transposase enzyme. Since this
transposition essentially serves as a random mutagenesis agent, it likely changes the expression
of a gene depending on its special distance to the coding region. If the insertion takes place
within the coding sequence, it may result in the loss - of - function mutant. One striking example
is what Barbara McClintock discovered (Mc 1950) unstable pigmentation in maize, the
transposition caused mutagenesis. Due to the advantages of transposon-based mutagenesis for
easy mutant identification and high throughput assays, transposons have been developed into a
powerful tool for functional genomics in various model species (Ramachandran and Sundaresan
2001, Greco et al 2008 and Kawakami et al 2017). In rice, a large number of mutants have been
tagged with transposon elements including two maize transposon elements, Activator (Ac)/
Dissociation (Ds) and Spm/dSpm (Greco et al 2008, Ram et al 2019) and the rice retrotransposon,

Tos17 (Jun et al 2019).
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On the other hand, there are some limitation in the above strategy of gene knockout tagging. For
instance, it is difficult to uncover functions of genes when they are redundant or essential for
early embryonic development. Moreover, most loss-of-function mutants produce no useful
phenotypes for plant breeding thus not valuable in crop improvement. Therefore, the activation
tagging is adopted as the alternative strategy. In gene activation tagging, T-DNA or a
transposable element still serves as the insertion vector but contains multiple tandemly arranged
copies of cauliflower mosaic virus (CaMV) 35S RNA enhancers (Odell et al 1985). When these
enhancers are randomly inserted with the T-DNA or transposon into the genome of host cells, the
genes proximal to the insertion site will be activated at a distance of several kilo-base pairs away
in either upstream or downstream orientation. Any phenotype produced by the activated gene
will not interfere with its redundant members in the same family. Thus the activation tagging
system has been extensively used for gain-of-function mutants in different plant species
including Arabidopsis (Weigel et al 2000) and rice (Jeong et al 2002, 2006 and Hsing et al 2007).
In addition, there are other methods designed for gain-of-function research (Zhu and Qian 2020)
such as CRISPR/Cas9, the full-length cDNA overexpression (FOX) gene hunting system
(Ichikawa et al 2006 and Liu et al 2013) and beneficial allele genotype mining (Zhang H et al
2018 and Zhang R et al 2019). Since the FOX and genotype mining are beyond the range of this
chapter, only CRISPR/Cas9 will be briefly described due to its potential application to our
project in the near future.

CRISPR/Cas9 is abbreviated from Clustered regularly interspaced short palindromic repeat
(CRISPR) - associated protein 9 (Cas9). It is an adaptive phage immunity system in archaea and
bacteria (Zhu et al 2020). It cuts DNA at a sequence-specific site based on DNA-RNA

recognition by base paring. Therefore, it has been quickly programmed into a genome
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engineering tool for any desired target site at economical cost. Since its first application in plants
in 2013 (Li et al 2013, Nekrasov et al 2013 and Shan et al 2013), this system has been applied

foe genome editing in various crop plant species.

To investigate further biological functions of OsKRP5, OsKRP4 and OsFb3 genes, we collected
and studied multiple rice mutants and examined their seed-setting related phenotypic changes. As
shown in the results, the disruption of these three genes by either knockout or activation
significantly lowered the rice seed-set rate, which is likely resulted from the abnormal gametes

and retarded zygotic development.

Material and Methods

Plant material

Rice plant growth in green house is same as the previous description in chapter 3.

Rice mutant lines were searched from RiceGE: Rice Functional Genomic Express Database
(http://signal.salk.edu/cgi-bin/RiceGE) by input of the chromosome number and location and
purchased (with the USDA permit) from South Korea (Crop Biotech Institute, Kyung Hee

University), Taiwan (Department of Intellectual Property and Technology Transfer, Academia

Sinica) and UC-Davis (Department of Plant Biology).

Methods

I. Genomic DNA isolation and genotyping
For isolation of genomic DNA, each ~ 200 mg (~ 1 cm long) rice leaf was collected from young
plants (2 — 4 weeks after planting in pots) into a 2 ml plastic tube containing 3 small metal beads

(two in 2 mm and one in 4 mm in diameter) and frozen in liquid nitrogen followed by grinding in
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Geno Grinder (SPEX SamplePrep 2010) at 1450 rpm for 60 seconds. The sample was added on

ice with 200 pl of Extraction Buffer (100 mM Tris-Cl, pH 8.0, 1 M KCI and 10 mM EDTA),
vortexed briefly and incubated at 60°C for 30 minutes; then added with 600 ul of dH2O, mixed

by inverting several times and centrifuged at the maximum speed and room temperature for 10

minutes in the bench centrifuge. One pl of the supernatant was used for PCR and the rest was

saved at -20°C.
The genotyping was carried out by routing PCR but with 3 specific primers (Supplementary

Table 2).

Il. RT-PCR and qRT-PCR
RNA was isolated from freshly dissected rice ovaries for RT-PCR and gRT-PCR with specific
primers (Supplementary Table 2) following the same procedure as previously described in other

chapters.

I11. Seed-setting assay

Rice seeds were harvested from three or more plants of each wild type or mutant line. The seed
setting rate is calculated using the formula: number of filled seeds / number of (filled seeds +
half-filled + not filled seeds). Every seed setting assay has three or more biological replicates.

IV. Pollen staining with DAPI and FDA

To stain with DAPI, the rice pollen from 3-5 opening florets was incubated in an Eppendorf tube
in dark for 10-30 minutes with 20 pl DAPI solution (0.4 pg DAPI in 1 ml of 0.1 M sodium
phosphate pH7.0, 1 mM EDTA and 0.1% Triton X-100), then viewed under the fluorescent
microscope (ZEISS, Germany).

For staining with FDA, the rice pollen was treated in dark for 5-10 minutes with FDA solution,
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0.2 pl FDA stock (1 mg/ml acetone at 4°C in dark) to 1 ml of 0.6 Mannitol followed by the

fluorescent microscopy.

V. Light microscopy of rice ovary

The procedure was modified from the previous description (Newman GR et al, 1982, Skepper
and Powell 2008).

For fixation, 3-5 rice ovaries were dissected from mature florets at 0 HAP and fixed immediately
with the fixative: 2% paraformaldehyde (PFA) and 2% glutaraldehyde (GA) in 50 mM PIPES
(pH 6.8), with 1 mM MgSO4, 5 mM EGTA (fixative: tissue in volume, 20:1). To reduce the
inhibition of the resin polymerization by air, the sample was fixed under vacuum for 1 hour at
room temperature and overnight with rotation at 4°C.

Then, the sample was washed three times in PBS buffer (10 min each) for dehydration and
embedded with the following four steps:

1. Dehydrate by incubation with rotation at 4 °C in an ascending ethanol series: 10, 20, 30, 50,
70, 90 % (v/v), two times 100 %, and each for 30 min.

2. Infiltrate samples with resin by incubation in an ascending resin series of 30, 50, and 90 %
(v/v) resin in ethanol with 1 h incubation at 4 °C for each solution. Finally transfer samples to
100 % (v/v) resin and incubate for overnight, 8 h, and then overnight.

3. Transfer samples to gelatin capsules (with lid) containing fresh resin and ensure appropriate
orientation of plant material; fill to the top with resin and seal rapidly to exclude air.

4. Allow polymerization of resin either at 60 °C for 24-48 h using heat block in hood.

To Section with Ultramicrotome and stain with Toluidine Blue O, four steps were conducted:

1. Cut the resin block with a new razor blade to make the sample visible at the cut face; then

trim the block to a trapezium with the sample in the middle and the widest edge at the bottom.
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The upper and lower edges of the block should be parallel with the knife edge.

2. Prepare a glass knife and make 2 um sections onto water. A ribbon with good quality should
have a glassy surface (to view egg/zygote cells, cut from style side to the bottom).

3. Transfer a section to a drop of water on Gelatin coated slides and dry it on a hot plate.

4. Stain sections with Toluidine Blue O (0.5% in 2% Sodium Borate for 3 min, wash slowly in

dH.0, air dry, mount it with non-aqueous media (100% glycerol) and observe in bright field.

V1. Cross pollination

Cross hybridization of the rice in greenhouse was conducted in the procedure modified from
what Dr. Susan McCouch described (Department of Plant Breeding and Genetics, Cornell
University, https://ricelab.plbr.cornell.edu/panicle_rice_mite_manual). Briefly, the top half of
each mature floret (spikelet) in a panicle was cut off at a slight angle using small scissors and
each anther was gently removed (emasculation) by grabbing and pulling away the filament with
thin forceps; then the panicle with emasculated florets was placed to the proximity of the panicle
of pollen parent plant in which anthers are beginning to be extruded for pollen to be shed; finally,
the two panicles were tied together and covered with a glassine bag. To ensure the pollination,
the bags were tapped every half hour from ~ 11 am to 2 pm for 2-3 days. The seeds can be

counted in 1 or 2 weeks and harvested in about 4 weeks after the pollination.

VII. Vector construction for stable transformation of rice mutants to express KRP5 and Fb3
driven by native promoters

The specific primers (Supplementary Table 2, Chapter 3) were used for making Promoterkres-
mCherry-KRP5 and Promoterry3-EYFP-Fb3. These two constructs were cloned into the binary

vector pE3055 (Lee and Gelvin 2014) as the plasmid pl19cds and pll8cds separately
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(Supplementary Fig. 2 and 3). The 2 final plasmids were used for the stable transformation of
rice KRP5KO mutant line (#05609) and Fb3KO mutant line (#2792), respectively, to entirely or
partially restore the reduced seed-setting rate (Complementation) in the Plant Transformation

Facility, Cornell University.

Results and Disscussion

l. Collection of rice mutant lines and observation of the seed-setting related traits
To further investigate the functions of OsKRP5, OsKRP4 and Fb3 genes in rice embryogenesis

and rice seed formation, we did the search in Rice Functional Genomic Express Database and

Table 1 Observation of seed-setting related traits in ten rice mutant lines

“Line#  Mutation Height (em) Til#/Pl Gr#/Pan Seed setting (%) 1000 Gr Wt (g)
5609 KRP5KO-1 75~90 ~5 57 33.] % 214
WT (DJ) 80~90 ~6 54 89 24
18132 KRPSKO-2 80~100 ~9 81 28%+ 19.2
WT (HY) 80~90 ~6 60 91.7 24.56
43987 KRPSAC-1  50~60 2~3 54 G2A4%+ 222
WT (Tn) 65~85 3~6 112 96.4 22.5
40246 KRP5AC-2  50~60 ~6 54 34.3% 18.1
WT (HY) 80~90 ~6 60 91.7 24.56
6157 KRP4AC = 70~90 ~10 60 34 20.6
T (DJ) 80~90 ~6 60 89 24
6385A KRP4KO-1 50~60 7~8 54 56.1% 22
WT (Nip) 60~80 3~6 70 86.6 22
36527 KRP4KO-2  50~60 1~2 112 87.2%+ 215
WT (Tn) 65~85 3~6 134 96.4 22.8
2792 Fb3KO-1  60~70 3~6 65  46.1 ** 22.1
WT (Nip) 60~80 3~6 70 86.6 22
40994 Fb3KO-2  60~80 ~3 76 877 22.9
WT (Tn) 65~85 3~6 70 96.4 25.7
9125 Fb3 KO 65~85 ~3 83 68.4%* 19.3

WT (Tn) 65~85 3~6 70 96.4 22
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The data is based on the analysis of 3 - 6 plants in each mutant line; Til, tiller; PI, plant; Gr,
grain; Pan, panicle; Wt, weight; DJ, Dongjin; HY, Huayoung; Tn, Tainung 67; Nip, Nipponbare;
Gr#, including grains filled, half-filled and filled; KO, Knockout; AC, Activation; Seed setting =
# of filled / # of (filled + half-filled + unfilled) x 100 %; *, the difference to WT could be
significant at the 0.05 level in t-test; **, the difference to WT could be significant at 0.01 level in

t-test.

collected 10 rice mutant lines from South Korea, Taiwan and UC-Davis (Supplementary Table 1),
including two KRP5 knockout (KO) lines and two KRP5 activation (AC) lines; one KRP4 AC
line and two KRP4 KO lines; and 3 Fb3 KO lines. Then, we had a preliminary observation of
seed-setting related traits in 3 - 6 individual plants from each line. As listed in Table 1, all of the
ten mutant lines shows significantly reduced seed-setting rate, particularlly in KRP5 KO mutants
(#05606 and #18132), KRP5 AC mutant (#40246), KRP4 KO mutant (#06157) and Fb3 KO
mutant (#2792). In addition, most mutants produced lower-weight seed grains (in 1000 Grain

Weight, gram) than their WT parents except KRP4 KO line (#6385A) and Fb3 KO line (#2792).

. Identification and selection of the rice mutant lines
We identified all the above mutant lines based on the analysis of genotyping, DNA sequencing,

RT-PCR or qRT-PCR, and seed-setting rate. Five lines are selected for the further study.

1. KRP5 KO-1 mutant (line# 05609)

A RB B B 02609 WT (Nip) M (kb)
&2

& (exon “i‘

- lé} she 5.

300bp —
SUTR (87 bp) 3'UTR. (408 bp)
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Fig. 1 Effects of KRP5 gene Knockout-1 (KO-1) in heterozygous mutant line 05609 on KRP5
transcription level and seed setting rate. A. The diagram showing the gene structure of KRP5
(http://rice.plantbiology.msu.edu/ analyses_search.shtml) and T-DNA insertion site exactly
determined by DNA sequencing (Supplementary Fig. 1); the red arrows show the location of
primer pair for RT-PCR (C) and gRT-PCR (D). B. The gel image of genotyping with specific

primers (Supplementary Table 2) in multiplex PCR: the 1 kb band shows the PCR product from
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genomic DNA, and the 0.5 kb band shows the chimeric product from the T-DNA insertion region;
the heterozygous individual plants are identified by the presence of both products. C. The gel
image of RT-PCR showing reduced KRP5 transcription level in the ovaries of mutant line at
different developmental stages (HAP, hours after pollination). D. The result of gqPCR showing
reduced KRP5 transcription level in the ovaries of mutant line at different developmental stages.
18S rRNA gene was used as the internal control for equal loading in both C and D. E.
Representative plants of WT, Dongjin (the bigger plant in the left photo) and the mutant (the
smaller one in the left photo and the close-up of mutant panicles in the right). F. The reduced

seed-setting rate in the mutant (3 biological replicates; each has about 1000 seeds counted). **,

the significant difference to WT is at the level of p<0.01.

As shown in Fig. 1 B, KRP5 KO mutant (#05609) is identified as heterozygous because of the
presence of both 1 kb PCR product amplified from the genomic DNA and the 0.5 kb chimeric
product from the T-DNA insertion region (using the gene specific forward primer and T-DNA
border reverse primer). The exact insertion site of T-DNA was determined by DNA sequencing
(Supplementary Fig. 1): it is between the nucleotide #530 (G) and #531 (T) in the codon AGT
encoding amino acid #175, S (Serine). Both RT-PCR and gRT-PCR (Fig. 1 C and D)
consistently indicate the reduced transcription level of KRP5 in this line at different ovary
developmental stages. Obviously, the lower expression is caused by the knockout of KRP5 gene
with the T-DNA insertion within the coding reagion. More importantly, this KO mutant results in

much lower seed-setting rate (Fig.1 E and F).

2. KRP5 KO-2 mutant (line# 18132)
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The second KRP5 KO line (# 18132) has the insertion at the 3’ terminus of KRP5 coding

sequence, and it is identified as heterozygous in the same way for KRP5 KO-1 line (Fig. 2 A and

A RB *LB
2 | en -
& <~ € S =
v (exon) ; IS Py 5
[lIIIII (intron) III é;r \é}
b 300bp P 7 e
5'UTR (87bp) UTR (408 bp) < ¥
HAP 0 24 0 24 (kb)

—

,--—= 1.0

S . .. - 05

-

m

18132

Fig. 2 Effects of KRP5 gene Knockout-2 (KO-2) in heterozygous mutant line 18132 on KRP5
transcription level and seed setting rate. A. The diagram showing the gene structure of KRP5
(http://rice.plantbiology.msu.edu/ analyses_search.shtml) and T-DNA insertion site confirmed by
DNA sequencing; the red arrows show the location of primer pair for RT-PCR (C). B. The gel

image of genotyping with specific primers (Supplementary Table 2) in multiplex PCR: the 1 kb
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band shows the PCR product from genomic DNA, and the 0.5 kb band shows the chimeric
product from the T-DNA insertion region; the heterozygous individual plants are identified by the
presence of both products. C. The gel image of RT-PCR showing reduced KRP5 transcription
level in the ovaries of mutant line at 0 and 24 HAP; Actin gene was used as the internal control.
D. Representative panicle of WT, Huayoung (the left) and the mutant (the right). E. The reduced

seed-setting rate in the mutant (3 biological replicates; each has about 1000 seeds counted). **,

the significant difference to WT is at the level of p<0.01.

B). RT-PCR also shows the reduced KRP5 transcription in ovaries of this mutant at 0 and 24
HAP (Fig. 2 C). Moreover, the mutant has very lower seed-setting rate (Fig. 2 D and E).

Since the T-DNA insertion sites of the two KRP5 KO mutant lines are very close (Fig. 1 A and
Fig. 2 A), it is reasonable for the both to have the similar reduced KRP5 expression and lower

seed-setting rate, demonstrating the role of KRP5 gene in rice seed formation.

3. KRP4 AC mutant (line# 06157)

The KRP4 mutant line (# 06157) is identified as heterozygous by genotying (Fig. 3. B) but it is
an Activation line due to the insertion of four copies of cauliflower mosaic virus (CaMV) 35S
RNA enhancers carried by T-DNA (Fig. 3 A). By DNA sequencing of the chimeric PCR product,
the exact insertion site was determined at the nucleotide #540 downstream the KRP4 STOP
codon. As expected, the transcription of KRP4 is increased in the mutant ovaries at 0 and 24
HAP compared to the WT as indicated by RT-PCR (Fig. 3 C). However, increased KRP4
expression level did not result in any better seed-setting rate (Fig. 3 D and E); in contrast, the rate

is around 34%, only about one third of WT (~ 89%).
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Fig. 3 Effects of KRP4 gene Activation (AC-1) in heterozygous mutant line 06157 on KRP4
transcription level and seed setting rate. A. The diagram showing the gene structure of KRP4

(http://rice.plantbiology.msu.edu/ analyses_search.shtml), T-DNA insertion site, exactly
determined by DNA sequencing and primer location (red arrows) for RT-PCR (C). B. The gel

image of genotyping with specific primers (Supplementary Table 2) in multiplex PCR: the 1 kb
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band shows the PCR product from genomic DNA, and the 0.5 kb band shows the chimeric
product from the T-DNA insertion region; the heterozygous individual plants are identified by the
presence of both products. C. The gel image of RT-PCR showing enhanced expression of KRP4
gene in the ovaries of mutant line at 0 and 24 HAP; Actin gene was used as the internal control.
D. Representative plants of WT, Dongjin (the bigger plant in the left photo) and the mutant (the
smaller one in the left photo and the close-up of mutant panicles in the right). E. The reduced

seed-setting rate in the mutant (3 biological replicates; each has about 1000 seeds counted). **,

the significant difference to WT is at the level of p<0.01.

4. KRP4 KO mutant (line# 6385A)

The KRP4 KO mutant line (# 6385A) has the transposon, dSpm, inserted within the intron (Fig.
4 A) at the nucleotide #1895 as verified by DNA sequencing. It is identified as homozygous by
genotying (Fig. 4 B) due to the absence of 1.1 kb PCR product amplified from genomic DNA (of

WT, Nipponbare) with the gene specific primers. As expected, the transposon insertion
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Fig. 4 Effects of KRP4 gene Knockout (KO-1) in homozygous mutant line 6385A on KRP4
transcription level and seed setting rate. A. The diagram showing the gene structure of KRP4
(http://rice.plantbiology.msu.edu/ analyses_search.shtml) with primer location (red arrows) for
gRT-PCR (C) and the insertion site of transposon dSpm within intron upstream of the STOP,
confirmed by DNA sequencing. B. The gel image of genotyping with specific primers
(Supplementary Table 2) in multiplex PCR: the 1.1 kb band shows the PCR product from
genomic DNA of WT, and the 0.7 kb band shows the chimeric product from the T-DNA insertion
region; the homozygous individuals are identified by the absence of 1.1 kb product. C. The gel
image of gRT-PCR showing reduced expression of KRP4 gene in the ovaries of mutant line at 0,
5 and 24 HAP; 18S rRNA gene was used as the internal control. D. Representative panicle of WT,
Nipponbare (left) and the mutant (right). E. The reduced seed-setting rate in the mutant (three

biological replicates; each has ~ 1000 seeds counted). **, the significant difference to WT is at

the level of p<0.01.
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results in the disruption of KRP4 transcription in the mutant ovaries at 0, 5 and 24 HAP as
reflected in qRT-PCR (Fig. 4 C) and also significant lower seed setting rate (Fig.4 D and E).

The two KRP4 mutant lines, AC and KO, present different changes in KRP4 transcription (Fig. 3
C and Fig. 4 C), one increased against the other decresed, but both give reduced seed setting rate,

indicating the importance of stable KRP4 transcription to rice embryogenesis and grain yield.

5. Fb3 KO mutant (line# 2792)
The Fb3 KO mutant line (# 2792) also has the insertion of transposon dSpm within the Exon 1
(Fig. 5 A). As determined by DNA sequencing, it takes place between nucleotide #561 and 562,
i.e. between the codon CTT and TCT encoding amino acid Leucine and Serine, repsectively. The
mutant plants in analysis were identified as heterozygous in genotyping (Fig. 5 B).
As expected, the transcription of Fb3 is reduced at 0, 24 and 144 HAP, but unexpectedly raised at
2.5, 5 and 9 HAP (Fig. 5 C), indicating the mechanism of compensation for Fb3 expression

exists in this mutant line. Meanwhile, the same qRT-PCR shows us the greatest differnce of Fb3
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Fig. 5 Effects of Fb3 gene Knockout (KO) in heterozygous mutant line 2792 on Fb3 transcription

level and seed setting rate. A. The diagram showing the gene structure of Fb3 (http://rice.
plantbiology.msu.edu/ analyses_search.shtml) with primer location (red arrows) for qRT-PCR
(C-E) and the insertion site of transposon dSpm within the Exon 1, exactly determined by DNA
sequencing. B. The gel image of genotyping with specific primers (Supplementary Table 2) in

multiplex PCR: the 1.0 kb band shows the PCR product from genomic DNA of WT, and the 0.5 kb
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band shows the chimeric product from the T-DNA insertion region; the heterozygous individuals
are identified by the presence of both products. C. The gel image of qRT-PCR showing reduced
expression of Fb3 gene in the ovaries of mutant line at 0, 5 and 144 HAP with 3 biological
replicates and 18S rRNA gene was used as the internal control. D. gRT-PCR showing Fb3
expression in different Fb3 mutant lines at 144 HAP. E. RT-PCR to show Fb3 expression in
different Fb3 mutant lines at 144 HAP, consistent with the result of gRT-PCR. 18S rRNA gene
was used as the internal control in C-E. F. Representative panicle of WT, Nipponbare (left) and
the mutant (right). G. The reduced seed-setting rate in the mutant (3 biological replicates; each

has ~ 1000 seeds counted). **, the significant difference to WT is at the level of p<0.01.

expression between the mutant (#2792) and WT at 144 HAP. To confirm it, we repeated it in the
different gRT-PCR and RT-PCR together with other two Fb3 mutant lines (TW40994 and TW
9125). The results (Fig. 5 D and E) are consistent with the previous at 144 HAP (Fig. 5 C),
suggesting that the mutant ovaries have reduced Fb3 expression at HAP of 0, 24 and the later

stage, but compensated during 2-9 HAP.

Similar to other mutant lines, the line 2792 presents significantly lower seed setting rate (Fig. 5

F and G), indicating the function of Fb3 in rice seed formation.

In addition, from the ovaries of this Fb3 mutant line, we detected the higher transcription levels
of KRP4 at 0, 5 and 24 HAP and KRP5 at 0 and 5 HAP (Fig. 6); but the expression of KRP5 at
24 HAP is rather lowor, which is likely related to the aforementioned stage specific Fb3

compensation mechnism in the heterozygous mutant plants.
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Fig. 6 The gRT-PCR showing enhanced expression level of KRP5 gene at 0 and 5 HAP (A) and
KRP4 gene at 0, 5 and 24 HAP (B) in the ovaries of rice Fb3 KO mutant (2792). The relative

expression is normalized with WT at 0 HAP.

I"i. Examination of cellular structure in pollen grains and ovaries of the rice mutants

In the regular plant reproduction, the seed formation is initiated from zygotes, the fertilized egg
cell and central cell. Therefore, the reduced seed - setting rate in the above rice mutants are
possibley resulted from the mutation caused abnormal male gametes, female gamets and/or
zygotes. To address this issue, we examined the rice mutants in pollen grains and ovaries,
separately. We stained the pollent using fluorescein diacetate (FDA), the substrate of intracellular
esterase, as a viability probe, and 4', 6-diamidino-2-phenylindole (DAPI), a fluorescent molecule

strongly binding to A-T rich regions in DNA, as the nuclear probe of rice sperm cells.
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Fig. 7 Rice pollen grains stained with FDA and DAPI. KRP4KO mutant, line# 6385A; KRP4AC
mutant, line# 06157; KRP5KO mutant, line# 05609; Fb3KO mutant, line# 2792. FDA staining is
to show the normal pollen viability in different mutant lines; staining with DAPI indicates the

normal morphology of sperm cells within pollen grains.

As shown Fig. 7, FDA stained pollen grains from the four mutant lines have the same viability as
the WT; and each DAPI stained pollen grain from the mutants contains two sperm cells (the two
bright spots), same as the WT. According to Kim et al (2008), only single germ cell nucleus

presented in the fbl17 mutant pollen, indicating the disrupted sperm cell formation by the F-box
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gene knockout in Arabidopsis. However, it is not the case in our mutant lines of either Fb3 or

KRP5 and KRP4.

On the other hand, we did the ovary microscopy of three mutant lines and WT with the staining
of Toluidine Blue O. Compared to the WT (green arrows in Fig. 8), the cellular structure within
the mutant ovaries is obviously abnormal. Unlike in WT, the egg cells and two synergid cells

look collapsed, completely undistinguishable in mutant ovaries (red arrows in Fig. 8).

Fig. 8 Cellular structure within ovaries of rice mutants and WT at 0 HAP stained with Toluidine
Blue O. A and B, WT and Fb3 KO mutant (# 2792); C and D, WT and KRP4 AC mutant (#
06157); E and F, WT and KRP5 KO mutant (# 05609). The green arrows indicate the egg cell
and synergids in WT ovaries and red arrows point to the abnormal cellular structure in mutant

ovaries. The dark purple spots represent cellular nuclei.

IV.  Cross pollination for the double mutants and complementation

We conducted the cross pollination between two rice mutant lines for two purposes. One is to get
the double mutants in KRP5 and KRP4 using two different KRP mutants in KO or AC to further
explore the functions of the two rice zygotic inhibitors of cell cycle; the other is for

complementing the knockout KRP mutant with the activated KRP mutant, considering that the
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successful gene identification usually requires complementation of the mutant phenotype by
transformation with a wild-type allele.

The results are summerized as Table 2. Although a few seeds obtained (mostly half filled), no
new plant was survived, further demonstrating the crucial role of coordinate KRP5 and KRP4
(Chapeter 2) in rice zygote development and seed grain formation.

Regarding the cross pollination for complementation, it is successful between KRP4 KO mutant
(line 6385A) and KRP4 AC mutant (line 06157). Only 3 fully filled seeds harvested, but in the
new plants, the seed-setting rate was restored to 74.3% (Table 2), which is higher than that of
their parents: 34% of KRP4 AC mutant (line 06157) and 56.1% of KRP4 KO mutant (line 6385A)
(Table 1). Unfortunately, it was unsuccessful in other two pairs of cross pollination using KRP5
mutants (Table 2). That is why we turned to stable rice transformation for the complementation

of KRP5 mutant using mCherry labeled KRP5 CDS driven by its native promoter (see the next

part, V).
Table 2 Cross pollination between two rice mutant lines

Cross pollination #of pollination  #of seeds harvested Seedset of new plant
For double mutant line
KRP4-KO(6385A) x KRP5-KO(5609) 200 1filled +5 falf filled Mo survival
KRP4-AC(6157) x KRP5-AC(40246) 200 4 half filled Mo survival
For Complementation
KRP4-KO(6385A) x KRP4-AC(6157) 100 3filled +5 falf filled 74.30%
KRP5-AC(40246) x KRP5-KO(5609) 85 3filled + 11 falf filled Mo survival
KRP5-AC(43987) x KRP5-KO(5609) 34 &filled +4 falf filled 23.40%

Cross pollination didn 't work for the double mutants.

Complementation works in cross pollination for the 2 KRP4 mutants but not for KRP5 mutants.

V. Reciprocal pollination of the mutant and WT
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The reciprocal pollination of mutant and WT was conducted not only for the
complementation and also for checking further which parent is responsible for the reduced
seed-setting rate in the mutants. Because of normal viability and morphology of the pollen
and its contained two sperm cells in the examined mutants (Fig. 7), we didn’t expect the
male side would be involved in any change of seed-setting rate from the reciprocal
hybridization. As summerized in Fig. 9, it is true for Fb3 KO mutant vs its WT (Nipponbare
X #2792 and #2792 x Nipponbare). But surprisingly, other cross pollinations show that WT
pollen always significantly improve the seed-setting rate for mutants of KRP5 and KRP4,
suggesting that disturbed expression of KRP5 and/or KRP4 results in more damage to the
function of rice sperm cells in fertilization or their contribution to zygote, and particullarly
indicating the possibility that KRP5 and KRP4 carried by oppsite gametes may bear
different epigenetic codes. Therefore, it is interesting and important to investigate the

epigentic modifications of KRP5 and KRP4 in rice gametes and zygotes.
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Fig. 9 Seed setting rate from reciprocal pollination of rice mutant lines and WT. Each cross
pollination is expressed in the way that parent 1 is female (f) and parent 2 is male (m) as
following: KRP5-KO vs WT: DJ x 05609, 05609 x DJ; KRP4-KO vs WT: Nip x 6385A; 6385A x
Nip; KRP4-AC vs WT: DJ x 06157, 06157 x DJ; Fb3-KO vs WT: Nip x 2792, 2792 x Nip; DJ
and Nip are WT (Dongjin and Nipponbare). Mutant line 05609, 06157 and 2792 are
heterozygous; Mutant 6385A is homozygous. * The significant difference in t-test is at the level

of P < 0.05.

VI. Stable transformation of rice mutants to express KRP5 and Fb3 driven by native promoters
To make the complementation in rice KRP5 KO mutant as well as Fb3 KO mutants, we
constructed the cassette of red fluorescent (mCherry) labeled KRP5 under its native promoter
and that of EYFP marked Fb3 with the native promoter, and then cloned them into the binary
vector pE3055 (Lee and Gelvin 2014) for stable transformation of the corresponding mutants.
The transformation have been initiated in the Plant Transformation Facility, Cornell University
since January 2018. Due to well-known difficulty in transforming rice plant, especially its mutant,
we hadn’t got any transformed products until the mid of March, 2021.

The growing plantlets will be identified in PCR with specific primers, then observed for
complementation in seed-setting rate assay and detected for gene expression in egg cells and

zygotes with development under epi-fluorescent microscope.
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Supplementary Data

Supplementary Table 1 Basic information of ten mutant lines of Oryza sativa

Line # Full name Mutation Locus # Wildtype  Provider Reference
5609 PFG 3A-05609R KRPSKO LOC 0s03g04490.1 Dongiin Korea  Jeong et al 2006, Jeon et al 2000
18132 PFG_1A-18132L KRPSKOQO LOC 0s03g04490.1 Huayoung  Korea  Jeong et al 2006, Jeon et al 2000
43987  MO043987 KRPSAC LOC 0s03g044901  Tamungt7 Taiwan  Hsing ef ol 2007, Ho et al 2000
40246 PEG 2A-40246 1 KEP3AC LOC Os03g04490.1 Huayoung  Korea  Jeong et al 2006, Jeon et al 2000
6157 PFG 3A-06157L KERP4AC LOC Osi033310.1 Dongiin Korea  Jeong et al 2006, Jeon et al 2000
6383A RdSpm6383A 3.1 KRP4KO LOC Osi0g33310.] Nipponbare UC-Davis Sundaresan V2005 {unpublished)
36527  MO0036527 KRP4KOQ LOC 0s10g33310.]  Taimmngbt?7 Taiwan  Hsing et al 2007, Ho et al 2000
2792 BdSpm2792 3.1 Fb3KO  LOC Os08g09750  Nipponbare UC-Davis Sundaresan V2005 {unpublished)
40994 MO0040994 Fb3 KO  LOC Os08g09750  Taimungh7 Taiwan  Hsing ef al 2007, Ho ef al 2000
0125 MO0009125 Fb3KO  LOC 0Os08gD9750  Taimng67  Taiwan  Hsing et al 2007, Ho et al 2000

*The mutants were searched from RiceGE: Rice Functional Genomic Express Database at
http://signal.salk.edu/cgi-bin/RiceGE

CDS of KRPS gene (LOC_0s03g04490.1, 666 bp)
ATGGGGAAGTACATGCGGAAGGGGAAGGTGTCGGGGGAGGTGGCGGTGATGGAGGTGGGT (60)
GGGGCGCTGCTCGGCGTCCGCACCCGCTCCCGCACGCTCGCGCTGCAGCGGACGACCTCG
TCGCAGAAGCCGCCGGAGAAGGGGGAGGGGGACCCCGGTGCGGGCGCGGGCGCGGGGGLEG (180)
GAGTACCTCGAGCTCAGGAGCCGGAGGCTCGAGAAGCCGCCTCCGCACACGLCCGCCGGLCC
AAGGAGAAGGAGACCGCCAGGAGGGCTTCCGCCGCCGCCGCCGCCGCCGTGAGGATGCCG (300)
GCGGCGCCGCAAGCGGCCGAGGAGTTCGAGGCGGAGGTCGAGGTGTCCTTCGGCGACAAC
GTTCTTGACCTCGACGGCGACGCCATGGAGAGGAGTACCAGGGAGACAACGCCTTGCAGT (420)
TTAATTAGGAGCTCAGAAATGATAAGCACCCCTGGCTCCACAACTAAAACCAACACCTCG
ATCAGTTCCCGGCGCAGAATGGAGACCTCTGTTTGTCGTTACGTTCCGAGTTCTCTTGAG (540)
ATGGAAGAGTTCTTTGCAGCTGCTGAACAACAGCAACATCAGGCTTTCAGAGAGAGGTAT
AACTTCTGTCCTGTGAACGACTGCCCACTTCCTGGACGGTACGAATGGACARAGGCTAGAC (660)
TGCTAG

Encoding KRPS5 protein (221 aa)
MGKYMRKGKVSGEVAVMEVGGALLGVRTRSRTLALQRTTSSQKPPEKGEGDPGAGAGAGA  (60)
EYLELRSRRLEEPPPHTPPAKEKETARRASAAAAAAVRMPAAPQAAEEFEAEVEVSFGDN
VLDLDGDAMERSTRETTPCSLIRSSEMISTPGSTTKTNTSISSRRRMETSVCRYVPSSLE (180)
MEEFFAAAEQQQHQAFRERYNFCPVNDCPLPGRYEWTRLDC *

The code AGT for aa #175, S (Serine), is interrupted at G/T

Supplementary Fig. 1 T-DNA Insertion Site at KRP5 Gene of the Line 05609
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Supplementary Table 2 Primer sequences (chapter 4)

Primer names

Sequences 5° -3°

Genotyping

KRPSmut05609-F (H77)
KRP5mut05609-R1 (H78)
KRP5Smut05609-R2 (H76)

KRP5mut18132-F (H80)
KRP5mutl18132-R1 (H81)
KRP5mutl18132-R2 (H163)

KRPAmut06157-F1 (H82)
KRPAmut06157-F2 (H160)
KRP4mut06157-R (HE3)

KRPAmut6385A-F (H72)
KRP4mut6385A-R1 (H73)
KRP4mut6385A-R2 (H71)

Fb3mut2792A-F (H69)
Fb3mut2792A-R1 (H70)
Fb3mut2792A-R2 (H71)

RT-PCR

AGATGCAACCTCGTGAAAGG
AGCAGGTTTATGTGGCCAAG
AGTTTTCGCGATCCAGACTG

TCGTCCAAAGCTGAATGTTG
GGTAAACAGAAGGCAGCTGC
ACCTCCGGAATCACTGCAA

TTCTTGCAGGAATACCAGGG
CCTGTGCCATTATTGCTACC
CCCACTAAGCCTGAGCAGAG

AAACAAGAAAAATGCACCGG
ATCTCACCACCCACCTCAAG
GAGCGTCCATTTTAGAGTGAC

AATGAGGCCTCGTTTGAATG
GCGCAGTCCTTAAGATCCAG
GAGCGTCCATTTTAGAGTGAC

GAGGCCGAATTCATGGGCAAGTACATGCGCAA
GTCGACGGATCCTCAGTCTAGCTTGACCCATTC

KRP4-RT-F (H13)
KRP4-RT-R (H14)

KRP5-RT-F (H15)
KRP5-RT-R (H16)

GAGGCCGAATTCATGGGGAAGTACATGCGGAAG
GTCGACGGATCCCTAGCAGTCTAGCCTTGTCCA

qRT-PCR

KRP5-gqRT-F (H185)
KRP5-qRT-R (H186)

ACCAACACCTCGATCAGTTCC
CTAGCAGTCTAGCCTTGTCC

TGGAGATCAGCAGTATGCCC
GCAGCTTTTCAACTCCCTAGAA

Fb3-qRT-F (H181)
Fb3-qRT-R (H182)

188-qRT-F (H177)
18S-qRT-R (H178)

TTAGGCCACGGAAGTTTGAG
GCATTCCTCGTTGAAGACCA
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Supplementary Fig 2. Map of p119cds showing the construct Promoterkrps-mCherry-KRP5
cloned into the binary vector pE3055 (Lee and Gelvin 2014) for the stable transformation

of rice KRP5KO mutant line (#05609)
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Supplementary Fig 3. The map of p118cds showing the construct Promotergps-EYFP-Fb3

cloned into the binary vector pE3055 (Lee and Gelvin 2014) for the stable transformation

of rice Fb3KO mutant line (#2792)
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Conclusions

Based our study, we can make four conclusions as the following.

1. The isolated rice gametes and zygotes provide us a unique system for research in cellular and
molecular biology and biochemistry due to their purity, viability, transparency and intactness.
On the other hand, they are very vulnerable, therefore, the manipulation demands patience
and caution.

2. We established a specific model (Fig. 1) called arrested core complex for rice zygotic cell
cycle control, in which KRP5 and KRP4 coordinately inhibit kinase activity of the basic core
complex, CDKB1-CYCDS5 to arrest the zygotic cell cycle at the checkpoint 2 (G2-M). This
model is supported by the results from Y2H, yeast growth in serial dilutions, Kinase activity
assay of CDKB and BiFC in living rice egg cells and zygotes.

3. Fb3 is identified as a regulator of the two KRP inhibitors of rice zygotic cell cycle through
proteasome pathway (Fig.1). This is evidenced by the protein degradation assay and
supported by the interactions of Fb3 with KRP5 and KRP4 detected in Y2H, cellular
localization and BiFC, and the reversal effect of Fb3 on KRP inhibition to the kinase activity
of CDKB.

4. Five rice lines with mutation in KRP5, KRP4 andFb3 show significantly reduced seed setting
rate, demonstrating the essential roles of the three proteins in initiation of rice seed formation.
We also found that these mutations result in abnormal morphology in rice female germ units
and compromised function in rice sperm cells.

The above finding helps better understand the cell cycle control in the early embryogenesis and

provides a reference for genetic engineering to get higher rice grain yield.
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KRP degraded

Fig.1 The arrested core complex model for rice zygotic cell cycle control at Checkpoint 2 (G2-M)

and the regulation of KRP inhibitors via Fb3 mediated proteasome pathway

However, this is just the beginning for the study of plant zygotic cell cycle control. More issues
remain to be solved or verified. For example, the CDKA based core complex may be involved in
the S phase entry yet its components need to be verified by Co-IP; besides Fb3, we need to
clarify if there is any other F-box proteins which may also participate in the regulation of KRP
inhibitors via the proteolysis pathway.

Moreover, our finding and practice may have other potential applications for the future research.
Here are some of examples.

1. Our efficient and skillful manipulation in isolation of rice gametes make it possible to collect

enough isolated cells for purification and characterization of gamete plasma membrane
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glycoproteins to identify the surface determinants in the cell-cell recognition required for
plant double fertilization.

It is well known that it is difficult to get the stably transformed rice plants from the callus in
the traditional way; but our technique and experience in transfecting rice egg cells and
zygotes with plasmid DNA, as for we did for the cellular localization and BiFC, can be
promisingly applied for an relatively easier way to generate stably transformed rice plantlets.

. According to the RNAseq of rice gametes and zygote (Supplementary Fig.1, Chapter 2),
KRP1 and KRP3 are preferentially expressed in rice sperm cells. It is interesting to
investigate if they are involved in the cell cycle control of rice spermatogenesis.

From the reciprocal pollination between the mutant line and WT, we found that the wild type
father (pollen) always significantly rescue more mutation damage (reduced seed setting rate)
than the wild type mother (Fig. 9, Chapter 4). One of possibilities is that the rice sperm cell
contributed KRP5 and KRP4 bear some more important epigenetic codes which are different

from those in rice egg cells. It is interesting to check further on this issue.
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