ABSTRACT
ISAKSSON, JONATAN DAN. D-type Cyclins, Epidermal Patterning and Their Roles in
Geminivirus And Cell Cycle Interface. (Under the direction of Dr. Jose Trinidad AscencioIbáñez).
Geminiviruses are small single stranded DNA viruses that use plant nuclei to replicate
their genome by hijacking the host replication machinery. Geminiviruses use a mix of
rolling-circle and recombinant-dependent replication and to achieve this, they must
extensively modulate their hosts gene expression. Furthermore, most plant cells that become
infected have exited the cell cycle and do not produce detectable levels of DNA replication
machinery, creating another barrier for infection. To overcome this, geminiviruses
manipulate proteins that are inactive or suppressing cell cycle activity to gain access to an
endocycle. The endocycle is an alternative cell cycle that is undergone when mitotic signals
in G2 are suppressed and the cell transitions back through S phase instead of dividing into
daughter cells. It is a common feature of most plants and is used for various purposes
involved in differentiation and development. Different Geminvirus species and genera gain
access to different pathways to do this due to divergenece in the features of their proteins. A
Begomovirus, the Cabbage Leaf Curl Virus (CaLCuV) causes severe symptoms in
Arbaidopsis thaliana ecotype Col-0 along with a large increase in ploidy by depleting the 4C
population of cells. Another geminivirus Beet Curly Top Virus (BCTV), a member of the
genera of Curtovirus causes less severe symptoms in Col-0 but induces endoreduplication
with a depletion of the 2C population instead of the 4C population to do so.
Plants that are deficient in or have members of the pathways that cause
endoreduplication overexpressed are therefore of great interest to better understand how
these viruses interact with the cell cycle. D-type cyclins are main integrators of

phytohormones and energy signals into the cell cycle and they are rate limiting for the G1/S
transition of the mitotic cell cycle. Under the overexpression of cyclin D3;1 (CYCD3OE),
leaf cells show hyperplasia and do not develop properly and CaLCuV is unable to infect
them. On the other hand a knockout mutant of all three family members of the D-type cyclins
(CYCD3KO) are readily infected by CaLCuV. BCTV on the other hand does infect the
CYCD3OE plants but only show attenuated symptoms in the CYCD3KO. To investigate the
pathways underlying these viruses different ability to infect these plants, label free liquid
chromatography-tandem mass spectrometry (LC/MS/MS) experiments where performed.
These experiments showed that genes involved in flowering are heavily regulated by the
CYCD3OE plants along with various other mitogenic signals. On the other hand, genes
involved with the suppression of the mitotic signaling pathway were greatly upregulated in
the CYCD3KO, indicating that D-type cyclin work by suppressing these proteins in response
to mitogenic signals to decrease the amount of CDK activity below the threshold for mitosis.
Furthermore, another set of six transgenic plants with proteins mutated or overexpressed that
are part of the epidermal patterning pathways where infected with Cabbage Leaf Curl Virus
and the ploidy of the plants were determined. These plants have either an increase or a
decrease in endoreduplication as compared to Col-0. We infected these plants with CaLCuV
and the ploidy and viral DNA load were determined. The plants showed different cell cycle
regulation patterns during CaLCuV infection and might have a role in enabling the virus to
gain access to host DNA replication machinery. The interactions that geminiviruses have
with the plant cells pathways are complex and by studying pathways that are directly related
to the level of endoreduplication in the plant we can better understand how these interactions
occur.
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CHAPTER 1 Introduction
Cell Cycle
Overview and Differences Between Plants, Mammals and Yeast
The cell cycle, essential for all life on earth, comes in many variations in organisms
of taxonomic divergence depending on the life cycle that they have adopted. Nonetheless,
some features remain conserved between all eukaryotic species. First, the cell cycle consists
of four main phases: Gap phase 1 (G1), Synthesis phase (S), Gap phase 2 (G2) and Mitotic
phase (M). G1 is the phase in which the cell begins to enlarge whilst proteins and other
cellular components that are necessary for the replication of DNA as well as other molecular
building blocks are synthesized. As the necessary cell division and replication components
are made they are assembled into pre-replication complexes (pre-RCs) at the G1/S boundary.
This is done in a highly-ordered fashion to allow for one efficient and precise replication of
the DNA completely when entered into S phase. The G1/S transition is dependent on passing
a G1 check point in which the cell must reach a certain size and mass, have enough nutrients
and non-damaged DNA. In S phase, the main objective is to replicate the entire genome of
the cell and the soon-to-be sister chromatids that are created are stuck together using proteins
that bind to a specific region of the chromosome called the centromere. G2 phase is used by
the cell to check the newly replicated DNA for damage or mutation which can be fixed prior
to the transition to M phase. Once DNA damage checkpoints have been cleared the DNA is
compacted, segregated and divided into distinct cells along with an equal division of plastids,
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mitochondria and proteins in four well-defined phases of mitosis (prophase, metaphase,
anaphase and telophase).
Similarly to the cell cycle, the general features of the mitotic phase are shared
between the animal and plant kingdoms. Nonetheless, a glaring difference between the two is
in the need for the formation of a cell plate in the plant cells to allow for proper separation of
the daughter cells as a cell wall is synthesized between them (Jürgens, 2005). This birdseye
view of the cell cycle represents the most basic progression (G1->S->G2->M) with the main
regulatory checkpoints, G1/S and G2/M, at which the cell cycle can arrest in case of a
lack/inhibition of signals to tell the cell that it is ready for the next phase.
Broadly, it is considered that this birdseye view is conserved in eukaryotes with
variations on the theme depending on the cell type, developmental stage and outside signals.
Indeed, it was confirmed that there is conservation of cell cycle proteins throughout
multicellular organisms via global analysis using Arabidopsis thaliana (Vandepoele et al.,
2002). Plants differ significantly from mammals in their ability to undergo differentiation
throughout their lifespan while mammals are limited to very specific cell types and early
embryogenesis. This can largely be attributed to their different lifestyles where plants live a
sessile life and require a high level of adaptability to a wide range of abiotic and biotic
stresses. Furthermore, the plant cell cycle undergoes frequent stages of endoreduplication, an
increase in the DNA content leading to a higher level of ploidy, as a part of normal
development of many of its organs. In contrast, animals have a relatively limited ability to
undergo endoreduplication in restricted cell types such as hepatocytes in mammals or
salivary glands in Drosophila (Fox and Duronio, 2013).
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Core Cell Cycle Regulators
Cyclin Dependent Kinases (CDKs) are at the center of control in the regulation of
progression through the cell cycle. Upon overexpression of CDKs they showed no
phenotypic effect indicating that its function is dependent on their post-translational
activation. As their name suggests, CDK activity is dependent on a group of proteins known
as Cyclins, named after their observed oscillating pattern and specific accumulation at
different phases throughout the cell cycle (Menges et al 2005). In addition to this, CDK
acitivity is controlled independently via phosphorylation of conserved threonine or tyrosine
residues by CDK Activating Kinases (CAKs) and the inhibitory WEE1 kinase (Berry and
Gould 1996, Takatsuka et al 2015). The formation of the complex of the CDK catalytic and
Cyclin regulatory subunits can be inhibited by a group of small proteins called CDK
inihibitors (CKI). In plants CKIs are made up of 2 distinct families of proteins that consist of
7 KIP-Related Proteins (KRPs) and 14 SMR-Related (SMR) (Van Leene et al 2010).
Historically, it was assumed that due to the conservancy of the main cell cycle
features there would be little variation in the proteins that regulate its progression. However,
due to the necessity of plants to be able to adapt to their environment, the number of cell
cycle regulators is much higher than in mammals and yeasts. For instance, the number of
core CDK/Cyclin proteins in A. thaliana extends to 5 CDKs and 31 cyclins in contrast to
only 4 CDKs and 9 Cyclins or 1 CDK and 9 Cyclins in Homo sapiens and Saccharomyces
cerevisae respectively. In total, plants contain around 12 CDKs out of which 5 (CDKA;1,
CDKB1;1, CDKB1;2, CDKB2;1 and CDKB2;2) have central roles as regulators of cell cycle
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(Van Leene et al 2010). The 31 cyclins can be divided into four groups (A, B, D, and H) that
serve different purposes throughout the cell cycle.
The first plant CDKs were discovered through complementation studies in mutant
yeast using an Alfalfa cDNA (Hirt et al 1991). This showed that indeed plants and yeast
share features of the cell cycle in that a single CDK can drive progression through both G1/S
and G2/M phase transitions. On the other hand, many features of the cell cycle have shown
more similarity between mammals and plants with some features that are unique and function
in plant specific processes (Vandepoele et al 2002). When the G1 cyclins (CYCD) where
first discovered in plants, scientist where surprised to find an LXCXE (X=any amino acid)
motif in the N-terminal end of these proteins. LXCXE is a pocket protein binding motif that
had originally been found in mammalian G1 cyclins which allows these proteins to bind to
Retinoblastoma (Rb) protein (Grafi et al 1996, Xie et al 1996, Dewitte and Murray 2003,
Menges et al 2005, Scofield et al 2014).
Rb was initially found to bind to the Adenovirus E2 promoter binding factor (E2F)
family of transcription factors of which there are 6 members in A. thaliana (E2Fa, E2Fb,
E2Fc, E2Fd/Del1, E2Fe/Del2 and E2Ff/Del3). These proteins dimerize with their partners
known as Dimerization proteins A and B (DPa, DPb) to form a functional complex. When
bound to Rb they are inhibited from performing their function. Binding of G1 cyclins such as
the D-type in complex with CDK to Rb allows for its phosphorylation and subsequent release
of E2F, functioning as a main driving force of cell cycle onset. Recent studies have found
that Rb performs many other functions outside their binding to E2F transcription factors. In
the plant cell Rb has been found to modulate the chromatin environment through chromatin
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assembly and histone modification factors to make it favorable towards either proliferation or
endoreduplication (Kuwabara and Gruissem 2014).
The Rb binding LXCXE motif can be found in important viral replication proteins of
various mammalian DNA viruses that rely on the host replisome to propagate such as
adenovirus, human papilloma virus and simian virus 40 (Giacinti and Giordano 2006).
Likewise, the plant DNA virus family Geminiviridae also have a replication protein that
contains the LXCXE motif (Hanley-Bowdoin et al 2013) implicating them in the use of the
Rb/E2F pathway to initiate progression into S phase where the DNA replication machinery is
made available. Interestingly, in mammalians, these virus infections often lead to cell
proliferation and development of cancer (human pappiloma virus causes cervical cancer). In
the geminivirus family however, the hijacking of the Rb/E2F pathway leads to different
effects depending on the genera or species of virus that infect the plant. For example, the
Begomovirus Cabbage Leaf Curl Virus initiates endoreduplication while the curtovirus Beet
Curly Top Virus induces hyperplasia in the presence of its C4 protein by activating the
degradation of CDK inhibitors (CKI) by inducing the expression of an E3 ubiquitin ligase
which targets the CKIs for degradation, thus promoting mitosis and infection (Lai et al 2009).

Cell Cycle Entry
Tests with cdka and cdkb knockout mutants showed that CDKA;1 is required for S
phase entry and that CDKA;1 redundantly controls G2/M transition with B-type CDKs which
are not involved in G1/S phase. It was also found that RBR1, the plant homolog of pRB, is
the main target of CDKA1;1 and draining the presence of RBR1 in a cdka1;1 background
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rescues the phenotype implicating it as the main driving force of cell cycle onset (Nowack et
al., 2012). Initially D-type cyclins (CYCD) associate with CDKA;1 in G1 phase to control
cell cycle onset, and they have been shown to not associate with CDKBs at all (Van Leene et
al., 2010). This is a coordinated effort between developmental cues and environmental
factors as these D-type cyclins have been shown to be main integrators of phytohormone
signaling of auxin and cytokinin in plants as well as the plants ability to sense sugar levels
(Riou-Khamlichi et al., 1999; Del Pozo et al., 2004). Similarly in mammals D-type cyclins
convey mitogenic signals to the cell cycle to elicit a response. Utilizing synchronized cell
suspension cultures of A. thaliana Menges et al. (2005) were able to show that upon re-entry
into the cell cycle, cyclin D3;3 is the first to be expressed alongside cyclin D5;1. Later in G1,
cyclin D3;1, D4;1 and D4;2 levels rise to further supplement the early G1 cyclins. It was also
shown that the expression of cyclin D3;1 and D3;3 were many times higher than the other
cyclins, implicating them as main integrators of cell cycle onset. Remarkably, cyclin D3;1
over expression can induce formation of callus from leaf explants in a cytokinin-independent
manner (Riou-Khamlichi et al., 1999), implicating it as a main downstream regulator of
cytokinin signaling in the cell cycle. Cyclin D3;1 is a highly unstable protein which has been
shown to be down-regulated in a proteasome dependent matter in response to the depletion of
sugar levels in the cell (Planchais et al., 2004). Implicating it as an important role in
determining whether or not the cell possess enough energy to go through a round of cell
division. Auxin on the other hand has been shown to upregulate cell cycle entry proteins,
with cyclin D3;1, E2Fa and Histone 4 (H4) being the first ones induced (Himanen et al.,

6

2002). Furthermore, cyclin D3;1 has the peculiarity to peak in both the G1/S transition and
the G2/M (Menges et al., 2005), implicating it in control of both phases.

Cell Cycle Arrest Mechanisms
During the cell cycle, one of the most disadvantageous things that can happen to a
cell is the improper replication of its DNA into its daughter cells. This could be potentially
lethal by mutating a key nucleotide that can lead to miss-folded or partial proteins, deregulation of the epigenetic environment or other aberrant effects. As mentioned earlier,
plants share many independent features with both yeast and mammals that allow for their
dynamic control of growth during the cell cycle. A commonality between plants and
mammals for example, is the presence of the ATAXIA TELANGIECTASIA MUTATED
(ATM) and ATM AND RAD3-RELATED (ATR) proteins that are main integrators of
signals involved in the DNA damage response in a similar fashion in both (Garcia et al 2003,
Culligan et al 2004, 2006). ATM and ATR both sense DNA damage and induce a response in
the form of expression of DNA repair proteins, often leading to cell cycle arrest. ATM reacts
to double stranded breaks (DSBs) while ATR reacts mainly to single-stranded breaks and
stalling of the replication fork (Culligan et al., 2004).

Endoreduplication
A common adaption of the mitotic cell cycle is endoreduplication, also known as
endoreplication, endocycling or endopolyplodization. It occurs when the mitotic cycle is
perturbed so as to only proceed through S phase and a Gap phase without intervening
mitosis. Endoreduplication occurs extensively throughout the plant kingdom in various
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organs of different species such as the fruit of tomato, endosperm of cereals or the leaves in
plants such as Arabidopsis (Fox and Duronio., 2013). In leafs, cell proliferation shows a
gradual decrease and cessation from the tip to its base as cell differentiate in accordance with
the arrest front (Andriankaja et al., 2012). Accompanying this, differentiation of the cells
often involves a switch to endoreduplication to increase the DNA content of the cell, known
as ploidy. An increase in ploidy can be directly related to the cell size and plants depend on
this effect to develop organs that can produce enough energy to supply the plants growth
with metabolic products.
Interestingly, D-type cyclins are not expressed during endoreduplication (Scofield et
al., 2014), indicating that they are main decision makers in pushing the cells towards mitotic
cycle or endoreduplication in response to intracellular signals and environmental factors.
While working in yeast, Coudreuse and Nurse (2010) made the observation that cell cycle
control seems to be dependent on a gradient of CDK activity and a lower threshold of CDK
activity is required for G1/S transition than for G2/M. Based off of this, it has been suggested
that the switch between mitosis and endoreduplication in Arabidopsis thaliana is mainly
dependent on the ratio of CDKs in the cell and their activity (Van Leene et al., 2010; De
Veylder et al., 2011). CDKA;1 has been shown to be expressed at the same level throughout
the cell cycle while CDKBs have fluctuating levels that are only involved in G2 and M phase
with CDKB1s peaking in G2 and CDKB2s peaking in M phase (Menges et al., 2005). Two
cyclin-CDK complexes (cyclin D3;1/CDKA1;1 and cyclin A2;3/CDKB1;1) have been
implicated as important suppressors of endocycling in plant cells through various studies
(Dewitte et al 2007, Boudolf et al 2009, De Veylder et al 2011). This part of the cell cycle is
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unique to plants and is suggested to have evolved so that plants could better cope with
various stresses that their sessile lifestyle require of them (De Veylder et al 2011).
Evidence has been given towards the importance of CDKB1 in the switch from mitotic cycle
to endoreduplication: when present it drives the mitotic cycle, in its absence the endocycle
prevails (Boudolf et al., 2004 , 2009). This indicates that to achieve the endocycle, the level
of CDKs need to be downregulated so as not to drive the G2/M transition while being kept
high enough to exceed the DNA synthesis threshold. The CDK inhibitor SMR1/LOSS OF
GIANT CELLS FROM ORGANS (LGO), a SIM homolog in Arabidopsis has been found to
regulate endoreduplication in leafs and sepals (Roeder et al 2010). LGO has been found to be
strongly upregulated in developing leaves and interacts with CDKB1;1 while SIM interacts
with cyclin D3;1/CDKA1;1, cyclinD2;1/CDKA1;1 and cyclin B1;1/CDKB1;1 activity,
indicating that plants have various mechanisms by which to transition cells towards
endoreduplication (Churchman et al 2006, Peres et al 2007, Dewitte et al 2007, Van Leene et
al 2010, Kumar et al 2015).

Geminviruses
Introduction
Geminiviruses, named after their twin-icosahedral shaped capsid, are a family of
small single stranded DNA (ssDNA) viruses. Their genomes are either monopartite or
bipartite, showing a higher prevalence in the Old World and the New World, respectively.
An increasing number of these viruses are being found infecting more and more plant
species, and the family has grown from three to nine genera in the past years to include:
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Begomovirus, Mastrevirus, Curtovirus, Topocuvirus, Becurtovirus, Erogovirus,
Turncurtovirus, Grablovirus and Capulavirus (Varsani et al., 2017). The spread of these
viruses is multifaceted as they are transmitted by herbivorous insects that feed on the plant
sap of various food and fiber crops, ornamental plants and weeds. These insects include
whiteflies, leafhoppers and grasshoppers which are associated with different genera.
Similarly to other ssDNA viruses, the small genomes do not code for DNA synthesis
machinery. Instead, they encode approximately seven viral proteins that manipulate the hosts
cell cycle machinery among other factors to assure their replication. An extensive review of
the viral proteins was done by Fondong in 2013 including all the known genera. Here, some
of that information pertaining specifically to the genera of begomoviruses and curtoviruses
will be presented. The largest genera, Begomovirus (named after the type species Bean
Golden Mosaic Virus), is spread by whitefly and exist in both the New and Old World. They
have a monopartite or bipartite genome consisting of an A component with or without a
satellite or an A and B component respectively. In bipartite viruses the A component (DNAA) has very frequently six open reading frames (ORFs) in it with two in the virion-sense
(AV1 and AV2) and four in the complementary sense (AC1, AC2, AC3 and AC4). Important
to point out is that the AV2 ORF only exists in old-world bipartite begomoviruses not in
new-world ones. The B component (DNA-B) contains two ORFs, the virion-sense BV1 and
complementary sense BC1. The two DNA components have different DNA sequences except
for a 200-nucleotide sequence designated the Common Region (CR). CR contains an origin
of replication in a stem-loop structure with the invariant nonanucleotide sequence
TAATATTAC which is needed for cleavage and joining of viral DNA during replication
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(Laufs et al., 1995). The monopartite version of this genus of the virus contains six ORFs
including the virion-sense V1 and V2 genes and the complementary-sense C1, C2, C3 and
C4 genes.
Curtoviruses (named after the type species Beet Curly Top Virus) only have
monopartite genomes and are transmitted by beet leafhopper which infect dicotyledonous
plants. Their monopartite genomes contain seven ORFs, with three virion-sense (V1, V2 and
V3) genes and four complementary-sense (C1, C2, C3 and C4) genes. Furthermore, they
contain a single IR and has a 20-nucleotide polyadenylation site between the V1 and C3
ORFs (Hormuzdi and Bisaro, 1995). These viruses contain the same set of proteins but in the
many species that exist, the sequence has diverged extensively which underlie the differences
in host and vector preference as well as symptoms and pathways that are manipulated in
planta. A brief overview of the specific functions of these viral proteins follows below.
The main Replication-Associated protein (Rep), also known as AC1 or C1, is the
only protein required for viral replication. It is expressed under the control of a bi-directional
core promoter found in the IR and is essential for rolling circle amplification used for viral
replication (Saunders et al., 1991). Rep allows for virus specific recognition of its cognate
origin of replication using its three motifs to bind (motif I) and the phosphodiester backbone
is cleaved between the T and A in the invariant loop sequence, mediated by the metal binding
site of motif II (Arguello-Astorga et al., 2004; Laufs et al., 1995; Orozco and HanleyBowdoin, 1998). Lastly, motif III is involved in the catalytic site required for cleavage and
ligation of the DNA to provide a necessary 3’-OH site for priming of the host DNA
polymerase and other factors for nascent viral DNA synthesis (Orozco et al., 1997). As
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mentioned earlier, Rep also binds to the Retinoblastoma Related (RBR) proteins of plants to
inhibit its binding to the E2F transcription factor family and allow for cell cycle initiation.
Furthermore, Rep binds other proteins involved in the DNA synthesis machinery such as the
Replication Factor C (RFC), the Proliferation Cell Nuclear Antigen (PCNA) and Replication
Protein A (RPA). Rep also targets the sumoylation pathway by interacting with a Small
Ubiquitin-related Modifier (SUMO)-conjugatin enzyme (SCE1) to create a favorable
environment for it replication. It also binds a kinesin-like motor protein, presumably to
prevent movement of the cell cycle through M phase (Hanley-Bowdoin, 2013).
The second protein in the viral genome is AC2 or C2, a Transcriptional Activator
Protein (TrAP), and is a well characterized and multi-functional protein. It has a role in gene
activation, virus pathogenicity and suppression of gene silencing (Fondong, 2013). TrAP
induces the expression of transcripts of the genes coding for the coat protein and movement
protein and regulated the expression of the coat protein in a tissue specific manner by
superseding a host repressor in the phloem tissue of the plant (Hanley-Bowdoin et al., 1999;
Sunter and Bisaro, 1997). It is mainly thought that TrAP functions via interaction with
cellular protein and mediation of their functions as it does not specifically bind to dsDNA.
TrAP is a pathogenicity factor and may function by countering a hypersensitive response
(HR) in the plant which could otherwise lead to programmed cell death (PCD) mediated by
the COP9 signalosome, a complex that functions in the ubiquitin-proteasome pathway
(Lozano-Duran et al., 2011). Lastly, TrAP is involved in suppressing RNA silencing
mechanism of the plant most likely by interfering with the DNA methylation pathway
involved in the production of small interfering RNAs (siRNA) (Yang et al., 2013).
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AC3 or C3 is also known as the Replication Enhancing protein (REn) and is not
present in mastreviruses. REn is also not necessary for viral replication, but it enhances the
accumulation of viral DNA along with symptom developments in plants infected with
begomo or curtoviruses (Sunter et al., 1990). REn interacts with Rep and PCNA, RBR and
the transcription factor SINAC1 (Solanum lycopersicum NAC1) which could be involved in
viral replication (Selth et al., 2005). All of this together implicates REn in the facilitation of
an environment which is suitable for viral DNA replication and efficient virulence.
AC4/C4 is the least conserved out of all of the viral proteins and is absent in
mastreviruses. It has been implicated in symptom development, DNA replication, viral
movement and is the main cause of the phenotypical vein swelling observed in BCTV
infected plants. Furthermore, ectopic expression of BCTV C4 protein in transgenic
Arabidopsis thaliana causes an increase in cell division, implying that the observed vein
swelling is associated with abnormal cell division (Latham et al., 1997).
The Coat Protein (CP annotated as AV1 or V1) is a late expression gene as is typical
for structural proteins in viruses. It is the only structural protein of geminiviruses and
packages the viral genome (Stanley and Gay, 1987). In addition to its more classical role, the
coat protein has been implicated in many other functions such as insect transmission,
shuttling of viral DNA in and out of the nucleus and cell-to-cell spread of the virus (Boulton
et al., 1989, 1993; Liu et al., 1999). CP can bind both ss- and dsDNA and may function to
sequester ssDNA copies during rolling circle replication (RCR). Although not essential for
viral replication, viruses without CP have reduced levels of ssDNA and systemic spread of

13

the virus, presumably through interactions with the Movement Protein (MP) are reduced
drastically (Fondong, 2013).
AV2 or V2 is a protein of which the function is not clearly understood but emerging
information is elucidating its role in several different mechanisms, showing multifunctionality like many other viral proteins. Mutations in the AV2 or V2 gene leads to low
levels of viral DNA accumulating in infected plant tissue (Selth et al., 2004). Furthermore, it
has been shown to be involved in the process of suppressing RNA silencing, most likely by
binding to the Supressor of Gene Silencing3 (SGS3) protein (Glick et al., 2008).
Interestingly, many of these viral genomes that have had the AV2 or V2 protein mutated
have been shown to revert back to its wild-type function, further showing that it has an
important role in the viral life-cycle (Fondong et al., 2013).
The Nuclear Shuttle Protein (NSP) BV1 is mainly required for the trafficking of viral
ssDNA between the nucleus and the cytoplasm and binds to the DNA in a sequence nonspecific manner (Noueiry et al., 1994, Fondong, 2013). The viral Movement Protein (MP)
binds to the NSP-DNA complex in the cytoplasm to sequester it there before re-directing it
across the cell wall into adjacent cells. Once shuttled to new cells, NSP directs the viral
genome into the nucleus for further viral replication. NSP and CP have been suggested to
share evolutionary and functional redundancy, exhibited by the fact that NSP is not necessary
for viral infectivity in the presence of CP (Zhou et al., 2007).
The Movement Protein (MP) is encoded by the BC1 and V2 ORFs and is mainly
required for viral cell-to-cell and long distance movement through interactions with NSP, CP
and viral DNA depending on the species of geminivirus (Fondong, 2013). MP also interacts
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with host factors such as synaptotagmin (SYTA), a regulator of endocytosis via a calcium
sensing mechanism and a heat shock cognate 70 kDA protein (HSP70) to facilitate
movement between cells via cellular plastids and stromules (Lewis and lazarowitz, 2010;
Krenz et al., 2010, 2012). A combination of these data suggests that as opposed to many
other viruses, geminiviruses possess different mechanisms to move inside and between cells
that are both tubule and non-tubule guided.

Factors Contributing to Disease Spread
Non-viral factors contribute to the increase in severity and spread of these viruses
across the globe, and there has been a significant increase in the frequency and severity of
disease over the past 20 years. This causes massive losses in agricultural markets and
subsistence agriculture around the world. Many factors are important contributors including
an increase in monoculture practices, movement of infected plant material by humans across
the world, and climate change. In particular, an increase in the temperature of temperate
regions of the world will see the introduction of and an increase in severity of disease due to
changing insect vector populations.
Geminiviruses often form disease complexes in planta. These complexes consist of
mixtures of different Geminivirus species that can under these favorable circumstances
undergo re-assortment of viral vectors and satellites and recombination between different
species (Hanley-Bowdoin., 2013). Interestingly, the capsid is size constrained to only bear a
single copy of the viral genome. Therefore, the packaging of the bipartite genomes is into
two separate viral particles could increase the likelihood of them being mixed together with
other viral particles during spread. The viruses have also been shown to possess a high
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mutation rate that can rival that of RNA viruses which is not seen in some other mammalian
DNA viruses. Often times, this has a synergistic effect on the viruses ability to survive and
overcome strategies aimed at preventing disease occurrence and many methods used with
other pathogens remain less successful (Hanley-Bowdoin., 2013). One strategy that can be
applied towards fighting these viruses is to target features that remain conserved across
species and even genera. These features include structural characteristic of protein domains,
DNA or protein sequence as well as pathways in the plant that the virus interacts with. Being
able to more precisely target features that are not as dispensable to the virus’s life cycle has
potential to be more successful in developing long term solutions to geminivirus infection.

Cell Cycle Regulation by Geminiviruses
A global analysis of transcript expression levels via microarray analysis showed that
the Begomovirus known as Cabbage Leaf Curl Virus (CaLCuV) modulates plants to activate
specific genes involved in S and G2 phase of the cell cycle while inhibiting those involved in
M and G1 phase to facilitate a successful propagation in Arabidopsis thaliana. A striking
feature of the infection is an increase in the ploidy of the plant. Increases in ploidy can be
attributed towards the virus ability to drive the cell cycle towards constitutive endocycling.
Increases in ploidy in Cabbage Leaf Curl Virus (CaLCuV), a bipartite Begomovirus is
accompanied by a decrease in the 4C population but not the 2C population which indicates
that they specifically target the 4C cells for entry into endoreduplication during infection
(Ascencio-Ibanez et al., 2008).
In older plants the host replisome (cell cycle/DNA synthesis machinery) is restricted
to the meristematic tissue and endoreduplicating cells. However, geminiviruses are not found
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in the meristem and cannot gain access to the replisome machinery present there.
Geminiviruses can infect younger endoreduplicating tissue but can also be found in various
mature plant tissue at later stages of development. These tissue types do not normally contain
detectable levels of DNA replication machinery that the virus needs to be able to propagate
(Hanley-Bowdoin., 2013).
In Arabidopsis, during the G1/S transition, plant cells either commit towards an
endocycle or mitotic cycle depending on developmental and environmental cues. By doing
so, this allows for two 4C populations to be present in the plant. First, the one in which the
4C population cycles back to the G1 phase of the cell cycle to re-initiate S phase and increase
the ploidy of the plant to >8C, indicative of the endocycle. In the second one, the 4C
population continues through to the G2 phase and is committed towards the mitotic cycle
leading to a doubling in cell number and a decrease in ploidy back to 2C (Ascencio-Ibanez et
al., 2008; Åsberg et al., 2015). The way in which geminiviruses modulate their host cells to
allow for efficient viral infection is beginning to be elucidated through various studies of
functional genetics and molecular biology. However, because of the differences in pathways,
infection phenotype, mechanism of transmission and vector for different species and genera,
the true nature of these viruses has remained elusive. In these next chapters, several
experiments pertaining specifically to the virus’s ability to manipulate the cell cycle have
been performed. Furthermore, these experiments have also given insight into cell cycle
regulation during Arabidopsis endoreduplication.
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CHAPTER 2 Label Free Proteomic Expression Profiling of Dtype Cyclin Family Members in Arabidopsis thaliana transgenic
plants over-expressing CYCD3;1 and a triple knock out for
CYCD3;1, 2 and 3.
Introduction
It has been previously shown that the Cabbage Leaf Curl Virus (CaLCuV) infection
in plants overexpressing CYCD3;1 (CYCD3OE) is greatly reduced even though their leaves
exhibit a large proportion of cells in the G2 phase of the cell cycle (Ascencio-Ibáñez et al.,
2008, DeWitte et al., 2003). While an increase in the severity of infection can be seen in
plants that contain mutations in the CYCD3;1, CYCD3;2 and CYCD3;3 components
(CYCD3KO). This inability to infect CYCD3;1 overexpressing plants albeit their increased
level of 4C cells suggests that the virus is unable to target 4C cells that have been
preprogrammed to commit towards the mitotic cycle even though they preferentially target
cells with 4C populations within the host leaves to undergo endoreduplication (AscencioIbanez et al., 2008).
Interestingly, a Curtovirus, Beet Curly Top Virus (BCTV) also causes higher ploidy
but targets 2C instead of 4C cells unlike CaLCuV. BCTV readily infects the CYCD3OE
plants while showing only attenuated symptoms in CYCD3KO and does not repress CYCD3
expression, unlike CaLCuV. This suggests that geminiviruses can interface with the cell
cycle via different pathways to induce endocycling (Ascencio-Ibanez et al., unpublished
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data). As previously stated in Chapter 1, cyclin D3;1 has been implicated as a main integrator
of environmental and developmental cues in response to various phytohormones and sucrose.
Under normal conditions in endoreduplicating cells of Arabidopsis, the D-type cyclins are
absent (Scofield, 2014). This indicates that their presence can inhibit the cell’s ability to
transition towards an endocycle because they are being preprogrammed through G1/S signals
to go through mitotic cycle.
This preference for 4C cells indicates that the CaLCuV targets cell cycle during the
G1 not during the S phase to create an environment that is favorable for its replication. Since
most cells in the leaf of the plant have exited the cell cycle, the virus preferentially pushes for
their re-entry into the endocycle (G1-S phase cycle). In agreement with this, the virus targets
the Retinoblastoma (RBR)/E2F pathway. RBR is sequestered by the viral replication protein
(Rep) which contains the putative RBR motif LXCXE or a functional equivalent sequence
and allows for transcriptional activation by E2F of genes involved in DNA synthesis such as
the Proliferating Cell Nuclear Antigen (PCNA) and DNA polymerase, which helps facilitate
a successful infection (Ascencio-Ibanez et al, 2008).
The study of the cell cycle has greatly increased our understanding of how
Geminiviruses infect plant cell. Likewise, by studying Geminiviruses scientists have been
able to learn about how plants function (Hanley-Bowdoin et al., 1999). A coordinated effort
in understanding the normal control of cell cycle modulation in plants as well as how it is
manipulated under the control of Geminiviruses has the potential to increase our
understandings of the complex subtleties that determine different outcomes of the cell cycle
under various environmental conditions. To investigate the ways in which Geminiviruses
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manipulate their host to ensure a productive environment for their replication we are
pursuing several approaches including proteomic experiments of plants overexpressing
cyclin D3;1 and triple knockouts of cyclin D3;1,2,3 (Dewitte et al., 2003, 2007).
The tissue that was sampled in this proteomic experiment is equivalent to that of
tissue that has previously been shown to contain high titers of viral DNA (Ascencio-Ibanez et
al 2008). Initially we opted to test CYCD3OE, CYCD3KO and Col-0 plants without
infection. This will allow us to gain a snapshot into the different environments in the
transgenic plants versus the wildtype plants. Potentially, this snapshot will give us insight
into what proteins might be involved in initially allowing for successful infection by
CaLCuV in Col-0 and CYCD3KO but not in the CYCD3OE plants or the contrasting
outcome seen during BCTV infection. Furthermore, as previously mentioned, CYCD3KO
and CYCD3OE show drastically different phenotypes, with an increase in endoreduplication
and mitosis/proliferation, respectively, as compared to wild type Col-0 plants (Dewitte et al.,
2003, 2007). In this system, proteins that are differentially present in high abundance due to
de-regulation of cyclin D3 family proteins can give insight into important factors involved in
cell cycle transitions and the switch between endoreduplication and mitotic cycle.

Materials and Methods
Plant Growth and Inoculation Conditions
Arabidopsis (A. thaliana) ecotype Columbia-0 (Col-0) as well as transgenic plants
containing an expression cassette for CYCD3;1 (CYCDOE) or mutations in CYCD3;1,
CYCD3;2 and CYCD3;3 (CYCDKO) were sown onto damp potting soil in a single pot for
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each type. These seeds were kindly shared with us from James Murray’s laboratory at the
University of Cambridge and published phenotypes can be found in two papers by Dewitte et
al., 2003 and 2007. The seeds were vernalized for 3 days at 4oC before being put onto racks
with plastic covers under long day (16/8-h light/dark cycles) to germinate. After the
appearance of the first set of true leaves the plants were transplanted into soil in individual
pots in 24 pot trays and put under short day (8/16-h light/dark cycles).
As described previously by Shen and Hanley-Bowdoin in 2006, plants were infected
in the apex by syringe inoculation with Agrobacterium tumefaciens carrying the vectors
pNSB1090 and pNSB1091, which contain partial tandem copies of CaLCuV A and B DNA,
respectively (Egelkrout et al., 2001). Alternatively, they were inoculated with A.
tumefaciens containing a plasmid (D.M. Bisaro, unpublished data) with a partial tandem copy
of the single-component BCTV Logan genome (Stenger et al., 1991). A. tumefaciens strains
carrying corresponding empty cloning vectors were used for the mock-inoculation controls.
Each set of plants that were inoculated were covered with plastic lids for 4 days to facilitate a
favorable environment for Agrobacterium infection.

Ploidy Determination Using Flow Cytometry
From rosette leaves of mock and infected plants that were described above, ~100mg
of plant tissue was collected from several plants and pooled in a petri dish and chopped
according to the method developed by Galbraith et al. (1983). A volume of 1.5ml of
Galbraith’s Buffer (GB) (45mM MgCl2*6H2O, 30mM Sodium Citrate, 20mM MOPS, 1%
Triton-100, 5mM b-ME, pH to 7) was added to each petri dish and 2.5 min of vigorous
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chopping was allowed for each before immediately filtering the chopped solution through a
50µm nylon filter followed by a 20µm nylon filter into a 15ml falcon tube on ice. Each
sample was then made up to 2ml using GB before adding 10µg/ml of RNase A and 50µg/ml
of propidium iodide (PI). The samples were allowed to incubate on ice for 30 minutes in the
dark before being applied to the flow cytometer.
A BD Accuri C6 flow cytometer was used to measure the PI fluorescence in the
nuclear extracts. Standard bead validation for the machine was performed using
commercially available 6-peak beads and 8-peak beads to ensure that the system was
measuring fluorescence within the margin of error. Three technical replicates of 40µl each
were collected for each sample and the fluidics were set to slow to allow for a small core
stream (<10µm) to better stabilize the stream of nuclei. In the first plot, the FL2-Area and
FL3-Area channels were used to gate for nuclei showing a high intensity fluorescence with
good correlation between the channels (R2>0.90). The data was further gated in a different
plot using the FL2-Heigth vs. FL2-Area to exclude doublets by disregarding events that had a
higher level of fluorescence in the area measurement over the height. Working under the
assumption that nuclei have a uniform shape (height and width are roughly the same) this is
indicative of two or more nuclei that have moved too closely together in the core stream,
triggering a single event and heightened intensity for the area (width*height) but not the
height. A third plot displaying histogram data for the FL2-Area from the gated nuclei was
used to measure the percentage of nuclei found in 2C, 4C, 8C, 16C, 32C and 64C ploidy out
of the total number of nuclei.
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Protein Digestion and Label Free Quantification Of Protein By
LC/MS/MS
Rosette leaves 5-10 from Col-0 and CYCD3KO plants as well as the whole set of
leaves from CYCDOE plants were harvested weighing 220mg for each tube. The leaves for
each sample was frozen in liquid nitrogen in 2ml round bottomed tissue collection tubes.
While still frozen in liquid nitrogen, two glass beads per tube were added and quickly
transferred to a BeadBug™ microtube homogenizer (Sigma) set to a speed of 300 and
homogenized for 30 seconds after which 220µl 2x Laemmli loading buffer was added to the
sample and briefly vortexed to mix before it was put on ice for 10min and then spun down
for 2min at top speed in a microcentrifuge. The supernatants were collected and the protein
concentration was quantified using a a Pierce BCA Protein Assay kit for which 5µl of
tm

sample was diluted into 75µl water and 5µl of that dilution was diluted into another 75µl of
water to get two unknown test samples which were measured against a standard BSA curve.
A total of 50µg of each protein sample was then loaded onto a 4-20% SDS-PAGE (Trisglycine) gel in triplicate and run until the loading dye reached the bottom of the gel and
visualized using the protein gel stain AquaStain (Bulldog Bio). The gel was sectioned into
five pieces (A-E) (Figure 2.1) and the protein for each gel slice was subjected to an in-gel
trypsin digestion based of a procedure by Wilm et al. 1996.
Briefly, each SDS-PAGE protein sample was subjected to two washes with a solution
of acetonitrile/100 mM ammonium bicarbonate pH 8.0 (1:1) for 30 minutes on a rotator at
room temperature and subsequently shrunk using a solution of neat acetonitrile. The proteins
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in the gel pieces were then reduced using 100µl of 10mM dithiothreitol in 100mM
ammonium bicarbonate pH 8.0 and incubated at 37oC for 30 minutes after which 100µl of
55mM iodoacetamide in 100mM ammonium bicarbonate pH 8.0 was added to alkylate the
proteins. Following this, the gel pieces were washed twice with 500µl of 50mM ammonium
bicarbonate before being shrunk with neat acetonitrile and allowed to swell in 50mM
ammonium bicarbonate for a total of two times and then shrunk again with neat acetonitrile.
To digest the proteins, the gel pieces were just covered with digestion solution (50mM
ammonium bicarbonate pH 8.0, 10ng/µl Trypsin (promega)) and digested for 16 hours at
37oC. The supernatant surrounding the gel pieces was then taken as it contains the digested
peptides.

Sample processing
15µl of each sample was filtered through an in-house made filter unit in which a
porex filter piece was cut out and placed in an Eppendorf gel loading pipette tip which was
used to filter the samples into a 96 well microplate and spiked with 3ul of 100fmol BSA
(Pierce, trypsin digested). 45 samples were injected sequentially from the microplate into a
PepMap C18 (100µm*2cm, 5µm particle) trapping column (Thermo Scientific) and
subsequently gradient eluted by separating on a Magic C18 (75µm*15cm, 3µm particle)
column (Micron Bioresources). A linear gradient from 2 to 40% of mobile phase B over 60
minutes at a flow rate of 300nl/min was used to separate the tryptic peptides in the samples.
The mobile phase A was 0.1% formic acid with 2% acetonitrile in water and mobile phase B
was 0.1% formic acid in acetonitrile. Top-5 data-dependent mode using higher-energy
collisional dissociation (HCD) was used for peptide fragmentation, with fragment ion mass
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analysis occurring in the Orbitrap analyzer. A resolution of 60,000 was set for the precursor
scans (m/z 400-2000) with a target fill value of 1x106 ions. The MS/MS scans were acquired
in the orbitrap with a target value of 5000 ions, with a maximum of 2 repeats for each
precursor and a dynamic exclusion time of 60 seconds. For internal mass calibration, the ion
of polycyclodimethylsiloxane (m/z 445.120025) was used as the lock mass (Olsen et al.,
2005). Monoisotopic precursor selection was enabled, and precursors with unknown charge
or a charge state of +1 were excluded.

Data Analysis
A label-free approach relying on extracted peptide intensities was used for protein
quantification. Thermo raw MS files were processed by Proteome Discover 1.4 (PD), which
consisted of a Mascot (Matrix Science) search of the TAIR10 database for peptide
matching/protein identification as well as precursor peak area determination for each
identified precursor by PD. The TAIR10 database included the sequence for the bovine
serum albumin (BSA) standard spiked into each sample. The following parameters were
selected to identify tryptic peptides for protein identification: 10 ppm precursor ion mass
tolerance; 0.01 Da product ion mass tolerance; a maximum of one missed cleavages;
carbamidomethylation of Cys was set as a fixed modification; oxidation of Met was set as a
variable modification.
All PD results files for all bands from all biological replicate samples were loaded
into Scaffold (Proteome Software) where they were organized according to replicate, and
protein abundances across all bands from each sample were combined into a composite
protein abundance within each replicate. Within Scaffold, protein abundances were
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normalized to correct for injection and replicate variations, and filters were set to only
display proteins that met the following criteria: Protein---; Peptide---; minimum number of
peptides, 2. Scaffold results were exported as a text delimited text file and imported into
Perseus software for statistical preprocessing and analysis. Further analysis was performed
essentially as shown by (http://lnbio.cnpem.br/wp-content/uploads/2012/11/TutorialPerseus_02062015_release_v1.pdf).
Briefly, due to an up to 10 fold variation of protein abundance values, data was
transformed to a log2 scale so as to get an approximately normal distribution. The data was
then filtered for missing values by only accepting a protein as present if it was identified in
all the replicates (3) of at least one group. Missing values can be present due to many reasons
including an abundance below the cut off value set on the MS instrument or a failure of the
peptide to properly ionize during Electro Spray Ionization (ESI). Subsequently a check of the
quality of the samples and correlation between replicates was performed by principal
component analysis which verified that the replicates from each sample grouped together
neatly. As a comparison between more than two groups is of interest (Col-0 vs CYCD3OE vs
CYCD3KO) a one-way ANOVA test was performed using a threshold value of p>0.05 and a
Benjamin-Hochberg FDR. A total of 105 proteins were found to be significantly regulated
under these conditions and further analysis was performed to search for biologically relevant
data.
A comparison of the expression of CYCD3OE/Col-0 and CYCD3KO/Col-0 to see
what proteins were significantly up or down regulated in the test samples (CYCD3OE and
CYCD3KO) compared to the control (Col-0) was performed. To do this, the log2 scale was
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transformed back into a linear scale and the Col-0 abundance intensity for a protein was
divided by either the abundance intensity for CYCD3OE or CYCD3KO for the entire set.
The list of differentially expressed genes for Col-0/CYCD3OE and Col-0/CYCD3KO were
then compared to each other. A flow chart of the sample processing and LC/MS/MS
procedure can be found in figure 2.2.

Results
Col-0 and CYCD3KO plants that were infected with CaLCuV showed clear
symptoms at 14dpi while BCTV infected plants showed clear symptoms after 21dpi. In the
CYCD3OE plants, no clear symptoms could be seen for any of the viruses, but as has been
shown before, BCTV is still able to infect the plants. Representative pictures of the infections
can be seen in figure 2.3. In the proteomic data collected from the non-infected CYCDOE,
CYCD3KO and Col-0 plants, principal component analysis of the 3 groups of data showed
that replicates within groups clustered together and the two largest sources of variation are
CYCD3OE and CYCD3KO, respectively (figure 2.4). In this case, principal component 1
accounts for 51.2% of the variation in the data while principal component 2 accounts for
32.7% of the variation with CYCD3OE mainly explained by component 1 and CYCD3KO
mainly explained by component 2.
Furthermore, the differential regulation of the proteins as described above can be seen
in figure 2.5. It shows that there are proteins that are both up and down regulated in just
either CYCD3OE or CYCD3KO as compared to Col-0. These proteins are of great interest
due to their potential roles in cell cycle regulation pathways under the control of the D-type
cyclins in Arabidopsis. A full list of all the statistically significant proteins (n=105) can be
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seen in table 2.1 while the ones that are differentially regulated in CYCD3OE are in table 2.2
and differentially regulated proteins in the CYCD3KO set are in table 2.3.

Ploidy Levels Of CYCD3KO, CYCD3OE and Col-0
As mentioned earlier, the ploidy is tightly tied to the level of endoreduplication in a
plant with a higher level in plants that have undergone several rounds of DNA replication
without interceding mitosis. Geminiviruses have a large effect on the level of ploidy if the
infection is successful as they manipulate the cell cycle to gain access to the host DNA
replisome. PI intercalates into the DNA of the nuclei at a stoichiometric ratio of 3-4bp with
no base pair specificity. This makes it ideal for evaluating the ploidy level as the fluorescence
intensity will go up with the size of the genome and amount of chromosomes of the
organism. Using the argon laser equipped by the BD Accuri C6, which has an excitation
wavelength of 488nm, PI has an emission spectrum ranging from 550-725nm with an
emission maximum at around 620nm. Therefore, both the FL2 filter (575/50BP) and the FL3
filter (670LP) can be used to evaluate the ploidy of the samples.
Variation in the level of ploidy in plants can be seen in figure 2.6. The variation in
ploidy of CYCD3OE plants infected with CaLCuV, BCTV and BCTV/C4- was compared to
a mock infection in figure 2.6A. A slight increase in ≥16C can be seen for the CaLCuV but
with an increase in the 2C and decrease in 4C content. For BCTV, there are no discernible
difference in the ploidy as compared to the mock infection, however, the BCTV/C4- ploidy
shows a small decrease in the 2C population with an accompanying increase in the 4C. This
could be due to the fact that C4- is not there to drive cell division during the infection as it
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has been suggested to be implicated in increasing hyperplasia through an ubiquitin
degradation pathway (Lai et al., 2009).
In figure 2.6B the Col-0 and CYCD3KO infected plants, a bigger contrast between
the mock, CaLCuV and BCTV infected plants can be seen. In Col-0 the highest level of
ploidy in the leaf tissue appears to be 16C, while in CaLCuV and BCTV a ploidy of at least
32C is reached and a small fraction of cells are in 64C in both, albeit larger for CaLCuV.
When compared to the Col-0 plants, the CYCD3KO plant with a mock infection has a slight
increase in all the ploidy levels ≥4C but a decreased population of 2C. Although the change
is much smaller, a similar pattern can be observed for the CYCD3KO plants infected with
CaLCuV. BCTV shows a drastic increase in both its 2C and 4C populations and a decrease in
all ≥8C when compared to Col-0.

DNA damage repair and chromatin remodeling factors involved
in mitosis potentially regulated by D-type cyclin
DNA damage repair and chromatin remodeling have a fundamental relationship to the
cell cycle for various reasons. First, the cell cycle requires that licensing of replication origins
happen during G1 phase to prepare the cell for the copying of its genetic material which
requires dynamic re-arrangement of the chromatin. Another reason is that during the cell
cycle, regulation via cell growth and DNA damage checkpoints in G1/S and G2/M
respectively are highly important. H2AX and MSI4 showed upregulation in the CYCD3OE
plants (table 2.2) and they are targeted by the ATM/ATR pathway, which is involved in
DNA damage response. Phosphorylation of the H2AX histone variant (yH2AX) is one of the
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first events of an ATM dependent DNA damage response and has furthermore been
implicated in a DNA damage response independent regulation of mitosis. MSI4 has recently
been shown to be a target of ATM/ATR (Roitinger et al 2015) and is involved in flowering,
chromatin silencing and DNA damage responses (Campi et al 2012).
The p23 protein, which was also upregulated in the CYCD3OE set (table 2.2) has
been shown to be involved in chromatin remodeling in yeast (Echtenkamp et al 2016) but has
also been shown to have a role in development via modulation of auxin distribution in the
roots (D’Alessandro et al 2015). Furthermore, p23 has been shown to be a substrate of CK2
in vitro (Tosani et al 2011), which has important roles in G2/M transition. Interestingly, in S.
pombe p23 (Aka wos2) controls M/G1 transition and suppresses WEE1 to inhibit
phosphorylation of CDK1 (CDKA;1 in plants) which inhibits entry into mitosis (Munoz et al
1999). In plants, due to the lack of the phosphatase CDC25, WEE1 is believed to have a less
direct role in control of the cell cycle by having a more central purpose in DNA damage
response (Scofield et al 2014). As a co-chaperone, p23 binds to HSP90 to modulate a large
variety of effects throughout the cell cycle and other heat shock factors might have similar
involvement. Another protein that was upregulated in the CYCD3OE but not the CYCD3KO
set along with p23 is HSP70 Interacting Protein 1 (HIP1) (table 2.2). HIP1 interacts with
HSP90/HSP70 as a co-chaperone.

Delayed flowering phenotype in cyclin D3;1 overexpressor
The cyclin D3;1 over expressor plants show a delayed flowering phenotype (Dewitte
et al., 2003), in the CYCD3OE dataset (table 2.2), two proteins related to flowering time are
significantly upregulated as compared to Col-0. MSI1-4/FVE and JAL35. FVE as discussed
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previously, is part of a chromatin remodeling complex which represses the chromatin
structure at flowering locus C, a component of the autonomous flowering pathway which
suppresses flowering. JAL35 is a jacalin related lectin protein which binds to carbohydrates
and glycoproteins and has also been shown to have a role in the control of the flowering
autonomous pathway. JAL35 binds to and regulates the nucleocytoplasmic localization of
GRP7, an RNA binding protein which has been shown to regulate flowering time by binding
to the antisense transcript of FLC (Xiao et al 2015).
While FVE is a positive regulator of flowering time, JAL35 is a negative regulator of
it, and the up-regulation of both of these at the same time might seem odd. However, Ausin
et al (2004) performed overexpression studies of FVE and its effect on flowering phenotypes,
which showed that an accumulation of FVE transcripts did not significantly alter the
flowering phenotype from that of Col-0. This indicates that FVE accumulation does not
significantly alter flowering time which suggests that JAL35 might be playing a larger role in
regulating the delay in cyclin D3;1 overexpressing plants.

TSS and timing of the G2/M transition
TSS is a tetratricopeptide repeat protein that has been shown to have an important
role in delaying the transition of G2 to M in response to sugar sensing in the plant cell. It has
been shown that in the absence of sugar, TSS is up-regulated to repress the G2/M transition
by inhibiting Cyclin B1;1 and CDKB1;1 activation. Furthermore, TSS acts downstream of
STIMPY, a homeobox domain transcription factor also known as STIP/WOX9. STIMPY has
been shown to be positively regulated by cytokinin, acting downstream of type-B ARR
(Arabidopsis response regulators). Furthermore, STIMPY acts upstream of the sugar
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sensing/signaling in promoting meristem establishment (Skylar et al 2014). The implication
of homeobox genes in cell cycle regulation has been established and in our experiments the
absence of cyclin D3;1,2,3 lead to a dramatic increase in the level of TSS as compared to
Col-0 and the overexpresser of cyclin D3;1 which show no change (table 2.3). As mentioned
earlier, cytokinin and sugar signaling are conveyed to the cell cycle via the cyclin D3;1
function and auxin works in stabilizing cyclin D3;1 and CDKA;1. This further substantiates
that cyclin D3 plays a role in inhibiting signals that would lead to suppression of the G2/M
transition in addition to promoting the progression through G1/S phase in response to energy
levels and developmental signals in plants.

Other Differentially Regulated Proteins of Interest
Many other proteins of interest were found to be regulated in this experiment and
some of them have been shown to have interesting or potential regulatory roles in the cell
cycle, and some that might not be implicated in the cell cycle might still play a large role in
the virus’s ability to cause an infection. Here, a small group of proteins that are differentially
regulated and have proven roles in the cell cycle are reviewed briefly. Methylene
Tetrahydrofolate Reductase1 (MTHFR1) is highly up-regulated in the CYCD3KO set while
showing no change in the CYCD3OE set (table 2.3) and is involved in the folate-mediated
one-carbon metabolism. Through the synthesis of 5-methyltetrahydrofolate from 5,10methylenetetrahydrofolate it facilitates the production of methionine from homocysteine. In
contrast to its mammalian homolog, the plant MTHFR1 is not inhibited by S-Adenosyl
Methionine (SAM), which is synthesized from methionine by SAM synthase (Roje et al.,
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1999). MTHFR1 was previously shown to be S-phase regulated and is suggested to be
involved in production of methyl donor for lignin biosynthesis (Menges et al., 2002).
Interesting proteins that are differentially up-regulated in the CYCD3OE set (table
2.2) are Patellin-4 (PATL4), Ran Binding Protein1a (RanBP1a) and Rpn2/Psmd1. PATL4 is
a carrier protein that may be involved in membrane-trafficking events associated with cell
plate formation during cytokinesis (due to its similarity to PATL1) (Peterman et al., 2004),
while RanBP1a has previously been shown to be involved in the G1/S transition of the
mitotic cycle. Rpn2 is the largest subunit of the19S lid of the 26S proteasome that is noncatalytic and has a regulatory activity. The proteasome plays an important role in the
degradation of cell cycle components and this might have a role in that as other parts of the
26S proteasome has been shown to be directly involved in its regulation (Smalle et al., 2002).
PME3 is the first enzyme that acts on pectin as it is inserted into the cell wall and leads to its
de-esterification. It has been suggested that PME3 plays a role in the inhibition of cytokinesis
in the cell, potentially leading to an arrest around the G2/M transition stage (Wilderfurth,
2017). PME3 is highly up-regulated in the CYCD3OE set (table 2.2) while there is no
observed change in the CYC3KO (table 2.3) indicating that this might be part of the
mechanism leading to cell cycle arrest or slowdown in G2. Furthermore, it was recently
shown that the Transcription Activator Protein (TrAP), also known as AC2 in CaLCuV,
alters genes involved in cell wall biogenesis/modification. Interestingly, pectin
methylesterase inhibitor protein was upregulated during the expression of TrAP (Liu et al.,
2014).
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Discussion
CaLCuV and BCTV both increase the level of endopolyploidy in Arabidopsis but it
has been suggested that they do so through the manipulation of different pathways
(Ascencio-Ibanez et al., unpublished data). From the ploidy data in (figure 2.6) it is clear that
they induce different patterns of ploidy in similar plants which is suggestive of a drive
towards the mitotic cycle for BCTV as a general increase in the 2C population as compared
to CaLCuV can be seen. This is in large part due to the C4 protein which when absent allows
the BCTV infection to increase the 4C population even more in the CYCD3OE than
CaLCuV is able to, although the population in the higher ploidy of ≥8C is decreased in
comparison. Taken together with the fact that D-type cyclins are implicated in driving the
G1/S transition that sets a cell up for mitosis and inhibits endoreduplication, it will be
interesting to see what the infected plants protein profiles will look like as compared to the
baseline phenotype for CYCD3OE and CYCD3KO for both CaLCuV and BCTV and what
pathways they manipulate when compared to each other. The role of the interesting nodes
found in the proteomic profiling of CYCD3OE and CYCD3KO need to be further
functionally validated and RNAi against them are being pursued (appendix A) and it will be
very interesting to see what effect the silencing of any of these differentially expressed
proteins (such as TSS) will have on the ability of CaLCuV and BCTV to infect the plants and
manipulate their cell cycle.
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*

Figure 2.1 Sectioning of SDS-PAGE with triplicates of each sample before in gel digestion protocol. Main Rubisco section
can be found right above 52kDa at the asterisk.
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Workflow For Label Free LC/MS/MS
experiment
Leaf Tissue Protein
Extract
Separation on 4-20%
SDS-PAGE (Tris-glycine)
Fractionation of gel
lanes into 5 sections
Reduction/Alkylation/D
igestion (Trypsin)
peptide separation
using nano-UHPLC
Precursor ion peak
picking
Fragmentation of
precursor ions (HCD)
Amino acid sequence
from peptide fragment
ion spectrum through
MS/MS
Database
search/protein
identification
Downstream data
analysis
Figure 2.2 Flow chart of general LC/MS/MS workflow
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Figure 2.3 Representative samples of Arabidopsis thaliana infected with Cabbage Leaf Curl Virus (CaLCuV), Beet Curly
Top Virus (BCTV) or Beet Curly Top Virus with a mutation in the C4 protein (BCTV/C4-). Three types of A. thaliana were
infected: Ecotype Columbia-0 (Col-0), transgenic Col-0 with Cyclin D3;1 overexpressed under a 35S Cauliflower Mosaic
Virus promoter (CYCD3OE) and transgenic Col-0 triple knockout mutant cyclin D3;1,2,3 (CYCD3KO). A.thaliana plants
were inoculated with A. tumefaciens strains containing the above mentioned vectors at the 16-18 leaf stage. Pictures were
taken 15 days post inoculation (dpi) for CaLCuV and Mock and 23 dpi for the BCTV and BCTV/C4- to allow for adequate
symptoms to develop. The Mock infections in Col-0 and CYCD3KO plants showed initial yellowing of the outer periphery of
the leafs, indicative of a successful A. tumefaciens infection which has almost completely disappeared by the time of harvest
of CaLCuV and Mock tissue and completely by the time of harvest of BCTV and BCTV/C4-. CYCD3OE shows no signs of
infection and only light symptoms of inoculation.
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Figure 2.4 Principal Component Analysis of LC/MS/MS pooled data sets of all 3 replicates of Col-0, CYCD3OE and
CYCDKO showing good grouping of replicates and large separation between biological samples.

46

Figure 2.5 Differential expression of proteins from plants overexpressing cyclin D3;1 plants and triple knockout cyclin
D3;1,2,3 Arabidopsis plants as compared to the ecotype Columbia-0. No change was considered when the ratio of
expression (Col-0/tests) was between 0.8 and 2.0, upregulated (up) when >2.0 and downregulated (down) when <0.80.
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A

B

Figure 2.6 Ploidy measured by flow cytometry comparing (A) the overexpresser of cyclin D3;1 and (B) the triple mutant
cyclin D3;1,2 and 3 to Col-0
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Table 2.1 All significantly regulated proteins between the datasets from the overexpressing cyclin D3;1 plants and triple
knockout cyclin D3;1,2,3 Arabidopsis plants as compared to the ecotype Columbia-0. No change was considered when the
ratio of expression (Col-0/tests) was between 0.8 and 2.0, upregulated (up) when >2.0 and downregulated (down) when
<0.80. Arabidopsis gene and protein accession number is given for each and a symbol if the protein has been named. If no
name has been given to the protein, the gene name cell has been left empty.
KO

OE

Symbol

Gene Accession Number

Protein Accesion Number

ESP

AT1G54040

AT1G54040.2

up

up

CPN60B2

AT3G13470

AT3G13470.1

up

nc

TUA4

AT1G04820

AT1G04820.1

up

up

PSRP2

AT3G52150

AT3G52150.1

up

up

RPL23AA

AT2G39460

AT2G39460.1

up

up

TSS

AT4G28080

AT4G28080

up

nc

HTB4

AT5G59910

AT5G59910.1

up

up

HOL1

AT2G43910

AT2G43910.1

up

up

AT2G43030

AT2G43030.1

up

nc

GME

AT5G28840

AT5G28840.1

up

up

APX1

AT1G07890

AT1G07890.3

up

up

MTHFR1

AT3G59970

AT3G59970.3

up

nc

CSP41A

AT3G63140

AT3G63140.1

up

up

MGP1

AT2G21870

AT2G21870.1

up

up

RPS5B

AT2G37270

AT2G37270.1

up

up

HCF136

AT5G23120

AT5G23120.1

up

down

RBB1

AT5G40450

AT5G40450.1

up

up

AT3G63490

AT3G63490.1

up

up

FER1

AT5G01600

AT5G01600.1

up

up

GRF1

AT4G09000

AT4G09000.1

up

up

AT5G44020

AT5G44020.1

up

nc

RPL12-A

AT3G27830

AT3G27830.1

up

up

HEMB1

AT1G69740

AT1G69740.1

up

nc

AT1G74470

AT1G74470.1

up

nc

AT5G15450

AT5G15450.1

up

up

AT1G12250

AT1G12250.1

up

up

AT4G10480

AT4G10480.1

up

up

CLPB3

Fold Change
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emb1138

AT5G26742

AT5G26742.2

up

nc

ADK1

AT5G63400

AT5G63400.1

up

up

AT5G57655

AT5G57655.2

up

up

THI1

AT5G54770

AT5G54770.1

up

down

CHLI1

AT4G18480

AT4G18480.1

up

nc

SC3

AT1G61250

AT1G61250.1

nc

up

HSP60

AT3G23990

AT3G23990.1

nc

nc

EF1B

AT1G57720

AT1G57720.1

nc

up

SHM4

AT4G13930

AT4G13930.1

nc

nc

CPN60B

AT1G55490

AT1G55490.1

nc

nc

AT5G55220

AT5G55220.1

nc

down

CAC2

AT5G35360

AT5G35360.1

nc

nc

ROC3

AT2G16600

AT2G16600.1

nc

up

H4

AT1G07660

AT1G07660.1

nc

up

E1

AT1G59900

AT1G59900.1

nc

up

TUA3

AT5G19770

AT5G19770.1

nc

up

HIP1

AT4G22670

AT4G22670.1

nc

up

SHMT1

AT4G37930

AT4G37930.1

nc

nc

CAT2

AT4G35090

AT4G35090.1

nc

up

BGLU18

AT1G52400

AT1G52400.1

nc

up

LTA2

AT3G25860

AT3G25860.1

nc

nc

HON5

AT1G48620

AT1G48620.1

nc

up

Rpn2

AT2G32730

AT2G32730.1

nc

up

AT1G07920

AT1G07920.1

nc

nc

SIRANBP

AT1G07140

AT1G07140.1

nc

up

MD10

AT1G15340

AT1G15340.1

nc

up

ALDH11A

AT2G24270

AT2G24270.2

nc

nc

p23-1

AT4G02450

AT4G02450.1

nc

up

ALPHA
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RCA

AT2G39730

AT2G39730.1

nc

nc

MSI4

AT2G19520

AT2G19520.1

nc

up

PSBO1

AT5G66570

AT5G66570.1

nc

nc

FBA2

AT4G38970

AT4G38970.1

nc

down

CCT8

AT3G03960

AT3G03960.1

nc

up

VDAC3

AT5G15090

AT5G15090.1

nc

up

AT4G16155

AT4G16155.1

nc

nc

RD2

AT2G21620

AT2G21620.1

nc

up

CAT3

AT1G20620

AT1G20620.1

nc

up

PME3

AT3G14310

AT3G14310.1

nc

up

NACA2

AT3G49470

AT3G49470.1

nc

up

CA1

AT3G01500

AT3G01500.1

nc

down

PMEAMT

AT1G48600

AT1G48600.1

nc

down

RP40

AT1G72370

AT1G72370.1

nc

down

GAPC1

AT3G04120

AT3G04120.1

nc

nc

DRM2

AT2G33830

AT2G33830.1

nc

up

TUB2

AT5G62690

AT5G62690.1

nc

up

ACT7

AT5G09810

AT5G09810.1

nc

nc

CA2

AT5G14740

AT5G14740.2

nc

down

CRT1a

AT1G56340

AT1G56340.1

nc

nc

HON4

AT3G18035

AT3G18035.1

nc

up

AT1G30690

AT1G30690.1

nc

up

AT1G23740

AT1G23740.1

nc

down

H2AXa

AT1G08880

AT1G08880.1

nc

up

CYP18-3

AT4G38740

AT4G38740.1

nc

up

PTAC16

AT3G46780

AT3G46780.1

nc

nc

ESM1

AT3G14210

AT3G14210.1

nc

down

UGP1

AT3G03250

AT3G03250.1

down

down

LHCB4.1

AT5G01530

AT5G01530.1

down

nc
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CaS

AT5G23060

AT5G23060.1

down

down

AT1G21440

AT1G21440.1

down

nc

PDIL1-1

AT1G21750

AT1G21750.1

down

nc

LHCB4.2

AT3G08940

AT3G08940.2

down

down

TGG2

AT5G25980

AT5G25980.2

down

down

POP2

AT3G22200

AT3G22200.1

down

down

AT2G25970

AT2G25970.1

down

up

AT3G01480

AT3G01480.1

down

down

AT1G13930

AT1G13930.1

down

nc

AT2G47470

AT2G47470.1

down

up

AT1G64190

AT1G64190.1

down

nc

JR1

AT3G16470

AT3G16470.1

down

up

STR9

AT2G42220

AT2G42220.1

down

down

PCAP1

AT4G20260

AT4G20260.1

down

down

AT5G10860

AT5G10860.1

down

down

AT5G24490

AT5G24490.1

down

nc

AT1G52000

AT1G52000.1

down

nc

AT2G20230

AT2G20230.1

down

nc

TIL

AT5G58070

AT5G58070.1

down

nc

FIB

AT4G04020

AT4G04020.1

down

down

TUB9

AT4G20890

AT4G20890.1

down

nc

CYP38

PDI21

JAL5
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Table 2.2 Proteins that are only differentially regulated in the CYCD3OE and show no change or opposite regulation in the
CYCD3KO set as compared to Col-0. Arabidopsis gene and protein accession number is given for each and a symbol if the
protein has been named. If no name has been given to the protein, the gene name cell has been left empty.
KO
Gene Name

Gene Accession Number

Protein Accession

OE
Fold Change

Number
JAL35

AT3G16470

AT3G16470.1

down

up

PDI21

AT2G47470

AT2G47470.1

down

up

AT2G25970

AT2G25970.1

down

up

CYP18-3

AT4G38740

AT4G38740.1

nc

up

H2AXa

AT1G08880

AT1G08880.1

nc

up

PATL4

AT1G30690

AT1G30690.1

nc

up

HON4

AT3G18035

AT3G18035.1

nc

up

TUB2

AT5G62690

AT5G62690.1

nc

up

DRMH1

AT2G33830

AT2G33830.1

nc

up

NACA2

AT3G49470

AT3G49470.1

nc

up

PME3

AT3G14310

AT3G14310.1

nc

up

CAT3

AT1G20620

AT1G20620.1

nc

up

RD2

AT2G21620

AT2G21620.1

nc

up

VDAC3

AT5G15090

AT5G15090.1

nc

up

CCT8

AT3G03960

AT3G03960.1

nc

up

MSI4

AT2G19520

AT2G19520.1

nc

up

p23-1

AT4G02450

AT4G02450.1

nc

up

MD10

AT1G15340

AT1G15340.1

nc

up

SIRANBP

AT1G07140

AT1G07140.1

nc

up

Rpn2

AT2G32730

AT2G32730.1

nc

up

HON5

AT1G48620

AT1G48620.1

nc

up

BGLU18

AT1G52400

AT1G52400.1

nc

up

CAT2

AT4G35090

AT4G35090.1

nc

up

HIP1

AT4G22670

AT4G22670.1

nc

up

AT5G19770

AT5G19770.1

nc

up

E1 ALPHA

AT1G59900

AT1G59900.1

nc

up

H4

AT1G07660

AT1G07660.1

nc

up
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ROC3

AT2G16600

AT2G16600.1

nc

up

EF1B

AT1G57720

AT1G57720.1

nc

up

SC3

AT1G61250

AT1G61250.1

nc

up

HCF136

AT5G23120

AT5G23120.1

up

down

THI1

AT5G54770

AT5G54770.1

up

down

TIG

AT5G55220

AT5G55220.1

nc

down

FBA2

AT4G38970

AT4G38970.1

nc

down

CA1

AT3G01500

AT3G01500.1

nc

down

NMT2

AT1G48600

AT1G48600.1

nc

down

RP40

AT1G72370

AT1G72370.1

nc

down

CA2

AT5G14740

AT5G14740.2

nc

down

AT1G23740

AT1G23740.1

nc

Down
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Table 2.3 Proteins that are only differentially regulated in the CYCD3KO and show no change or opposite regulation in the
CYCD3OE set as compared to Col-0. Arabidopsis gene and protein accession number is given for each and a symbol if the
protein has been named. If no name has been given to the protein, the gene name cell has been left empty.
KO
Gene Name

Gene Accession Number

Protein Accession

OE

Fold Change

Number
THI1

AT5G54770

AT5G54770.1

up

down

HCF136

AT5G23120

AT5G23120.1

up

down

emb1138

AT5G26742

AT5G26742.2

up

nc

TSS

AT4G28080

AT4G28080.1

up

nc

CHLI1

AT4G18480

AT4G18480.1

up

nc

AT5G44020

AT5G44020.1

up

nc

AT1G69740

AT1G69740.1

up

nc

AT1G74470

AT1G74470.1

up

nc

MTHFR1

AT3G59970

AT3G59970.3

up

nc

RPL3A

AT2G43030

AT2G43030.1

up

nc

AT3G13470

AT3G13470.1

up

nc

HTA5

AT1G08880

AT1G08880.1

nc

up

TUA3

AT2G25970

AT2G25970.1

down

up

ROC1

AT4G38740

AT4G38740.1

nc

up

JR1

AT3G16470

AT3G16470.1

down

up

PDI21

AT2G47470

AT2G47470.1

down

up

JAL5

AT1G52000

AT1G52000.1

down

nc

AT5G24490

AT5G24490.1

down

nc

AT1G21440

AT1G21440.1

down

nc

PDIL1-1

AT1G21750

AT1G21750.1

down

nc

TUB9

AT4G20890

AT4G20890.1

down

nc

AT1G64190

AT1G64190.1

down

nc

LHCB4.1

AT5G01530

AT5G01530.1

down

nc

TIL

AT5G58070

AT5G58070.1

down

nc

PTAC16

AT3G46780

AT3G46780.1

nc

nc

AT2G20230

AT2G20230.1

down

nc

AT1G13930

AT1G13930.1

down

nc

HEMB1
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CHAPTER 3 Effect of Cabbage Leaf Curl Virus Infection on
Arabidopsis thaliana Endoreduplication Mutants Affecting
Epidermis of Sepal and Leaf
Introduction
As discussed in previous chapters, geminiviruses interface with the cell cycle to drive
differentiated cells back towards a state in which they will undergo DNA replication. This
allows the virus access to the host DNA replication machinery which is critical to their
ability to replicate (Hanley-Bowdoin., 2013). To better understand their ability to do this,
transgenic Arabidopsis thaliana plants that have different endoreduplication patterns than
wildtype A. thaliana are infected with the Cabbage Leaf Curl Virus (CaLCuV). Proteins that
are involved in developmental patterning interact with the cell cycle to determine the level of
ploidy in various cell types dependent on time and positioning (Roeder et al 2010). Several
proteins have been found to be involved in this, especially in establishing the morphology of
giant cells in the sepal. A few of the cells present in the sepal undergo endoreduplication to
develop into these giant cell phenotypes and the proteins that are involved in determining this
have been investigated (Roeder et al 2010, 2012, Meyer et al 2017).
These proteins are of interest for us because not only are they involved in
transitioning the cell cycle towards endoreduoplication, but they have also been shown to
inhibit infection of powdery mildew (Roeder, unpublished results). Much like Geminiviruses,
these pathogens rely on inducing endoreduplication to establish a successful infection.
However, they most likely do so to gain access to the higher metabolic rates present in
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endoreduplicating cells and do not require the host replication machinery directly (Chandran
et al 2009). By testing the infectivity of geminiviruses in these plants a better understanding
of the specific pathways manipulated by these viruses can be gained. In total, six Arabidopsis
thaliana transgenic lines plants with altered endoreduplication patterns were grown and
infected. This includes Loss of Giant Organs (LGO) with a mutant named lgo-2 and an
overexpressor named pML1::LGO, Arabidopsis thaliana Meristem Layer1 (ATML1) with a
mutant named atml1-3 and an overexpressor named pPDF1::FLAG-ATML1, a mutant of
Defective Kernel1 (DEK1) named dek1-4 and lastly a mutant of Arabidopsis Crinkly4
(ACR4) named acr4-2. The full set of transgenic plants were kindly donated to our lab by Dr.
Adrienne Roeder from Cornell University.
LGO is also known as SMR1 and belongs to a group of CDK inhibitor proteins in the
SIM/SMR family. As previously stated, it interacts with CDKB1;1 and overexpression of it
leads to an increase in endoreduplication while a loss of it leads to a loss of giant cells in
sepal epidermis, important for developmental patterning of the flower structure (Roeder et al
2010). ATML1, DEK1 and ACR4 are all members of the epidermal specification pathway
and have been shown to be involved in further developmental patterning after initial
development of the epidermis (Roeder et al 2012).
DEK1 is a transmembrane protein with an intracellular calpain protease C-terminal
domain, indicating that it could be involved in receiving external signals and transmitting
them to the cell by cleaving intracellular targets (Lid et al., 2002; Wang et al., 2003; Javelle
et al., 2011). ATML1 encodes a class IV homeodomain leucine zipper (HD-ZIP)
transcription factor (Abe et al., 2003; Nakamura et al., 2006). ACR4 encodes a
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transmembrane receptor kinase that is expressed in the epidermis and promotes its identity
(Gifford et al., 2003; Watanabe et al., 2004). Mutations in ATML1, DEK1 or ACR4 leads to
a loss of giant cells in the sepal epidermis indicating that endoreduplication is downregulated
(Roeder et al 2012).

Materials and Methods
Plant Growth and Inoculation Conditions
Arabdopsis (A. thaliana) ecotype Columbia-0 (Col-0) as well as the transgenic plants (lgo-2,
pML1::LGO, atml1-3, pPDF1::FLAG-ATML1, dek1-4, acr4-2) were sown onto damp
potting soil in a single pot for each type. The seeds were kindly donated by Dr. Adrienne
Roeder at Cornell. The seeds were then vernalized for 3 days at 4oC before being put onto
racks under long day (16/8-h light/dark cycles) to germinate. After the appearance of the first
set of true leaves the plants were transplanted into soil in individual pots in 24 pot trays and
put under short day (8/16-h light/dark cycles).
As described previously by Shen and Hanley-Bowdoin in 2006, plants were infected
in the apex by syringe inoculation with Agrobacterium tumefaciens carrying the vectors
pNSB1090 and pNSB1091, which contain partial tandem copies of CaLCuV A and B DNA,
respectively (Egelkrout et al., 2001). A. tumefaciens strains carrying corresponding empty
cloning vectors were used for the mock-inoculation controls. These plants were then allowed
to reach 14 days post inoculation (dpi) prior to sampling.
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Genomic and Viral DNA extraction
Rosette leaves 5-10 from Col-0 and the six transgenic plants discussed above were
collected 14 dpi and each set was pooled from several plants for a total of ~100mg of plant
tissue and snap frozen in liquid nitrogen. while still frozen in liquid nitrogen, two glass beads
per tube were added and quickly transferred to a BeadBug™ microtube homogenizer (Sigma)
set to a speed of 300 and homogenized for 30 seconds before total genomic and viral DNA
was extracted using a Plant/Fungi Genomic DNA Isolation Kit (Norgen).

Ploidy Determination Using Flow Cytometry
The experiments were performed as described under section Materials and Methods, Ploidy
Determination Using Flow Cytometry of Chapter 2.

Results
As can be seen in figure 3.1, variability in the severity of infection by Cabbage Leaf
Curl Virus in the transgenic lines versus the mock infection is quite broad. As mentioned
earlier, the ploidy is tightly tied to the level of endoreduplication in a plant with a higher
level in plants that have undergone several rounds of DNA replication without interceding
mitosis. Geminiviruses have a large effect on the level of ploidy in plants if the infection is
successful as they manipulate the cell cycle to gain access to the host replisome. PI
intercalates into the DNA of the nuclei at a stoichiometric ratio of 3-4bp with no base pair
specificity. This makes it ideal for evaluating the ploidy level as the fluorescence intensity
will go up with the size of the genome and amount of chromosomes of the organism. Using
the argon laser equipped by the BD Accuri C6, which has an excitation wavelength of
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488nm, PI has an emission spectrum ranging from 550-725nm with an emission maximum at
around 620nm. Therefore, both the FL2 filter (575/50BP) and the FL3 filter (670LP) can be
used to evaluate the ploidy of the samples.
In figure 3.2, the ploidy levels of Col-0 plants and the transgenic plants mentioned
earlier (lgo-2, pML1::LGO, atml1-3, pPDF1::FLAG-ATML1, dek1-4, acr4-2) were tested. A
mock and an infected plant was used from each type and the ploidy of transgenic plants that
showed an up-regulation in endoreduplication were compared to Col-0 in figure 3.2A while
the plants that showed a down-regulation in endoreduplication were compared to Col-0 in
figure 3.2B. In the lines with endoreduplication up-regulated, the pML1::LGO and
pPDF1::FLAG-ATML1 show very similar ploidy for the mock infected plants. However,
once infected the ploidy distribution changes drastically between the two with
pPDF1::FLAG-ATML1 having a much bigger increase in the 4C and higher ploidy while
pML1::LGO shows only a slight increase in the 8C population at the expense of the 2C,
indicating that it is more resistant to changes in cell cycle regulation than the pPDF1::FLAGATML1 plants. In the lines with endoreduplication down-regulated, the mock samples all
look similar to each other with a large proportion of the cells in a 4C population. Once
infected, these lines with down-regulated endoreduplication show only a slight increase in
their levels of ploidy, with a similar effect across each group, indicating that they do not
affect the viruses ability to infect them very much. The small increase in ploidy that can be
seen in these plants as compared to the mock could be due to systemic effects in which
endoreduplication might be slightly harder to initiate than in wild-type lines.
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Summary
The ploidy of transgenic lines that differentially express proteins involved in the epidermal
specification pathway have either increased or decreased ploidy levels as compared to Col-0.
Furthermore, the level of ploidy is affected differently in the lines during CaLCuV infection
indicating that the viruses ability to manipulate the cell cycle in these plants might vary.
Further studies in assessing the viral load of each sample through qPCR will give more
insight into the level of infectivity. It will also be interesting to use immunohistochemistry to
target the Rep protein of the virus to see where the viral replication localizes within the leaf.
A test with both a viral protein such as Rep and a host replication protein such as PCNA
should give further insight into what cells in the host leaf are truly having their expression
levels changed in comparison to the control.
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Figure 3.1 Representative samples of Arabidopsis thaliana plants infected with empty vector (Mock), Cabbage Leaf Curl
Virus (CaLCuV). Seven types of A. thaliana plants were infected: Ecotype Columbia-0 (Col-0), transgenic plants with Loss
of Giant Organs (LGO) mutant named lgo-2 and an overexpressor named pML1::LGO, Arabidopsis thaliana Meristem
Layer1 (ATML1) mutant named atml1-3 and an overexpressor named pPDF1::FLAG-ATML1, a mutant of Defective
Kernel1 (DEK1) named dek1-4 and lastly a mutant of Arabidopsis Crinkly4 (ACR4) named acr4-2. A.thaliana plants were
inoculated with A. tumefaciens strains containing above mentioned vectors at the 14-16 leaf stage. Pictures were taken 14
days post inoculation (dpi) for CaLCuV and Mock. The mock and CaLCuV infected plants showed initial yellowing of the
outer periphery of the leafs, indicative of a successful A. tumefaciens infection which has completely disappeared by the time
of harvest of CaLCuV and Mock tissue.

64

A

B

Figure 3.2 Ploidy measured by flow cytometry comparing transgenic plants to Col-0. Plants are split up into groups of
transgenic that have an increase in endoreduplication (A) and a decrease in endoreduplication (B).
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Appendix A
VIGS of important node from CYCD3OE, CYCD3KO and Col-0 protein expression data
VIGS is a convenient and efficient method of gene silencing in which RNA is
introduced into the host cell through the transcriptional expression of a geminivirus vector.
Several viral vectors have been engineered to be replicable in E. coli with all but one viral
protein intact. In the Cabbage Leaf Curl Virus (CaLCuV) version of this type of vector
construct the AR1 protein coding sequence is removed and replaced by a poly-linker region
while leaving its promoter region intact. Primers were designed for a double insert of an
inverted repeat using an In-Fusion Cloning (Takara) kit. This will allow for the production of
a hairpin loop structure which will give rise to an RNA form which can be processed by the
RNA silencing machinery of the plant cell. In this way, an endogenous gene of interest can
be silenced and the effect of this silencing can be monitored (Turnage et al., 2002).
mRNA was collected from cyclin D3;1 overexpressing plants as well as the knockout
line for cyclin D3;1,2 and 3 and Col-0 using a Qiagen RNA isolation kit after which 5ug of
RNA was converted into cDNA using a reverse transcriptase. The cDNA that was isolated
was then subjected to PCR using the primers designed for the In-Fusion cloning kit and
samples that had DNA fragments amplified as checked via agarose gel electrophoresis were
subjected to the cloning using the In-Fusion HD cloning kit (Takara). Future work will
include testing these silencing inserts in Col-0 plants to see what affect they will have on the
phenotype and also during infection to see what affect they have on the Cabbage Leaf Curl
Virus’s ability to infect.
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Cloning and Expression the Replication Enhancing Protein (AC3) From The Cabbage Leaf
Curl Virus (CaLCuV)
Hijacking the host’s replication cycle to replicate, Begomovirus produces seven
proteins of which two are viral replication proteins known as the Replication Initiation
Protein (Rep) and the Replication Enhancing Protein (REn). Very little is known about REn
(Castillo et al., 2003). It has been shown that REn enhances the replication of the virus by a
minimum of 50 fold, indicating that it is necessary for significant DNA accumulation (Sunter
et al., 1990). Furthermore, no sequence homology with any known protein motifs has so far
been observed for REn (Settlage et al., 2005) indicating that it might contain novel protein
motifs that have yet to be discovered and characterized.
The entire REn sequence was cloned from the Cabbage Leaf Curl Virus vector using
the primers:
Forward: 5’GTCCGAGGATCCATGGATTCACGCACCGGGGA3’
Reverse: 5’CTAGTCGCGGCCGCTTAATAAATTTTGAAATTTA3’
Sticky ends generated by BamHI and NotI and cloned into the multiple cloning site of
the pGEX-4T2 vector and subsequently renamed pWOF6 which gives a GST-REn fusion
protein. The sequence cloned into pGEX4T2 was:
5’ATGTCCCCTATACTAGGTTATTGGAAAATTAAGGGCCTTGTGCAACCCACTCGA
CTTCTTTTGGAATATCTTGAAGAAAAATATGAAGAGCATTTGTATGAGCGCGATG
AAGGTGATAAATGGCGAAACAAAAAGTTTGAATTGGGTTTGGAGTTTCCCAATC
TTCCTTATTATATTGATGGTGATGTTAAATTAACACAGTCTATGGCCATCATACGT
TATATAGCTGACAAGCACAACATGTTGGGTGGTTGTCCAAAAGAGCGTGCAGAG
ATTTCAATGCTTGAAGGAGCGGTTTTGGATATTAGATACGGTGTTTCGAGAATTG
CATATAGTAAAGACTTTGAAACTCTCAAAGTTGATTTTCTTAGCAAGCTACCTGA
AATGCTGAAAATGTTCGAAGATCGTTTATGTCATAAAACATATTTAAATGGTGAT
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CATGTAACCCATCCTGACTTCATGTTGTATGACGCTCTTGATGTTGTTTTATACAT
GGACCCAATGTGCCTGGATGCGTTCCCAAAATTAGTTTGTTTTAAAAAACGTATT
GAAGCTATCCCACAAATTGATAAGTACTTGAAATCCAGCAAGTATATAGCATGG
CCTTTGCAGGGCTGGCAAGCCACGTTTGGTGGTGGCGACCATCCTCCAAAATCG
GATCTGGTTCCGCGTGGATCCATGGATTCACGCACCGGGGAGAGCATCACTGTA
GCTCAGGCAGAGAATTCCGTTTTTATCTGGGAGGTTCCAAATCCCCTATATTTCA
GGATACAACGCGTAGAGGACCCGTTGTACACCAGAACCAGGATCTACCACATCC
AAGTCCGGTTCAACCACAACCTACGGAAAGCATTGGATCTCCGCAAAGCCTACT
TCAACTTCCAAGTCTGGACGACTTCGATGAGAGCTTCTGGGCCGACATATTTAAG
TAGATTCAAATGCCTTGTAATGTCTCATTTAGATAACCTAGGTGTTATTGGTATTA
ATCATGTAATTAGAGCTGTTCGTTTCGCAACGGACAGATCCTATGTAACTCATGT
TCACGAGAATCATGTAATAAATTTCAAAATTTATTAA3’
Note: The pWOF6 construct contains a silent T to C mutation in position 1026 of the coding
sequence, marked in red above.
The vector was then transformed into BL21 cells using electroporation and various
conditions were tested leading to the conclusion that formation of inclusion bodies was only
avoidable if the culture was grown at 16oC after induction with a low amount of IPTG
(0.05mM). Once expression of the protein is achieved cells were lysed using a sonicator and
lysis buffer (PBS; 135 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4·7H2O, 1.4 mM KH2PO4,
pH = 7.2). GST-REn was then purified from the protein lysate using a glutathione resin and
gravity chromatography to give the protein in the elution in figure A.1.
This work was done in collaboration with Allen Hsu, all of the cloning, verification
and initial condition optimization were done by me and Allen assisted in scaling up the
culture and purifying the protein using the glutathione resin. Cabbage Leaf Curl Virus REn
protein is an interesting protein to study and with this protocol we are now able to purify the
protein to near homogeneity which will allow for further downstream application of it.
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Figure A.1 Samples run on a 12% Tris-Glycine gel. Seeblue Plus2 (Invitrogen) standards were run as the ladder. Courtesy
of Allen Hsu.
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