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Abstract

The precise spatial control of the division plane is crucial for tissue and organ
patterning in plants, and the preprophase band (PPB) is a cytoskeletal structure that
regulates division plane orientation in somatic cells. The PPB is primarily composed of
bundled cortical microtubules (MTs) with actin and protein components and functions to
organize a cortex region that becomes the future division site. The PPB-dependent cue
is a positional landmark that guides centrifugal phragmoplast expansion during
cytokinesis.

Chapter 1 of this thesis offers a comprehensive literature review on the PPB,
delving into our current understanding of the molecular mechanisms controlling its
formation and function and tracing its evolutionary origins.

In Chapter 2, we identify and characterize the 1Q Domain (IQD) containing
proteins 6/7/8 as microtubule-binding proteins associated with PPB MTs. Triple mutant
plants of these /QD genes exhibit oblique cell division planes caused by disorganized
PPBs that led to the misspecification of the division plane. Our studies show that robust
and solid PPBs are crucial for precise division plane control and that /IQD6/7/8 are
necessary for properly organizing PPB MTs. Another discovery highlights the
cooperation between the MT-polymerase CLIP Associated Protein (CLASP) and
IQD6/7/8 in maintaining PPB MT organization and stability. Considering the conserved
IQ67 domain in 1QD proteins is known to bind calmodulin (CaM) in the presence of
calcium (Ca?*), it raises intriguing questions about the role of Ca?*/CaM in division plane

regulation.



Chapter 3 focuses on the regulation of PPB formation by cyclin and cyclin-
dependent kinase (CDK). We confirm that the cyclin A1;1 (CYCA1;1) and CDKA;1
localize at the PPB when expressed under native promoters, revealing an
interdependence between CDKA;1 and CYCA1;1 for their PPB localization. However,
the specific functions of CDKA;1 and CYCA1;1 at the PPB still need to be clarified. Our
findings introduce a connection between cell cycle regulators and the mitotic
cytoskeleton machinery potentially influencing PPB emergence or disassembly.

In summary, these studies contribute to our understanding of molecular modules
that control plant development by studying how plants control their division plane
placement. Such knowledge is crucial for understanding how plants build their tissues

and organs, which constitute the basis of human food systems.
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Abstract

This review explores the molecular intricacies of preprophase band (PPB)
formation, a critical process in determining the division plane during plant cell mitosis.
The TON1-TRM-PP2A (TTP) complex, including regulators like IQD6/7/8 and MAP65-4,
plays a central role in stabilizing PPB microtubule structures. The connection between
cell cycle regulators, specifically cyclin-dependent kinases, and PPB dynamics is
discussed. Key proteins, such as TAN and POK1/2, contribute to the cortical division
site (CDS) function after PPB disassembly. Evolutionary aspects highlight the unique
emergence of the PPB in land plants and its collaboration with the phragmoplast.
Understanding PPB regulation has implications for crop improvement, as precise
division plane placement influences plant tissue organization and morphology. This
review provides a concise overview of the molecular mechanisms governing PPB

formation and its significance in plant development and evolution.

Introduction

Specific cell division patterns and subsequent cell expansion form the complex
3D geometry of plants. Unlike non-plant eukaryotes, plant cells divide by depositing new
cell wall material between the two daughter cells instead of dividing their cytoplasm
through centripetal cleavage. Since plant cells are immobile, the division plane
influences tissue geometry, mechanics, and growth. Errors in cell plate placement have
developmental consequences; thus, plants must tightly control division plane placement

during morphogenesis.



Like all eukaryotic cells, plant cells rely on the cytoskeleton for cell division. This
process involves dramatic reorganization of the cytoskeleton (Figure 1.1), as shown by
the formation of dynamic microtubule (MT) structures like the spindle, which separates
the duplicated genetic material, and the phragmoplast, which completes cytokinesis. In
vegetative tissues, the division plane is determined earlier in prophase by the
preprophase band (PPB), a transient ring of bundled cortical MTs, actin, and
cytoskeleton-associated proteins that forms at the cortex of cells preparing to enter
mitosis. Since its discovery in 1966 (Pickett-Heaps & Northcote, 1966), the PPB has
been linked to the process of division plane establishment in dividing cells because it
precisely predicts the position of the future cell plate. Genetic and pharmacological
studies have shown that the division plane is compromised without a robust PPB
structure (Bouchez et al., 2014; Duroc et al., 2011; Mineyuki, Murata, et al., 1991).
Molecular studies have found that the PPB leaves behind a “memory” or spatial cue of
its position at the cortex- after its disappearance — the cortical division site (CDS)
(Smertenko et al., 2017). The CDS houses proteins that guide the centrifugally
expanding phragmoplast to meet this PPB-determined position in the parental cell wall.

Thus, the PPB is an essential component of cell division in plant vegetative tissues.

Formation of the PPB

When a vegetative plant cell enters the cell division cycle, the PPB replaces the
cortical MT (CMT) array. During interphase, the CMT array is composed of MTs evenly
organized transversely underneath the plasma membrane and guides the deposition of

cellulose microfibrils at the cell wall. Consequently, CMTs influence the rate and



direction of growth during plant cell expansion. In late G2 phase, after a cell enters the
mitotic division cycle, the CMT array gradually reorganizes into a wide bundled array at
a position equatorial to the nucleus and generally 90.° to the parental wall in the cell
division axis. By prophase, PPBs MTs are highly bundled. This process is presumably

driven by localized MT stabilization, de-novo polymerization, and MT depolymerization.
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Figure 1.1. — Organization of the cytoskeleton during the plant cell cycle
Diagrammatic representation of microtubule (MT) organization changes during the plant
cell cycle. The preprophase band (PPB) sets up the division plane as the cortical
division site (CDS in yellow) and records the position previously occupied by the PPB.

The first known MT regulators involved in PPB formation are upstream
regulators, which also affect CMT dynamics during interphase. These include protein
phosphatase type 2A (PP2A, TONNEAU2(TON2)/FASS), centrin-like proteins (TON1),
and MT-binding proteins like TON1 RECRUITING MOTIF proteins (TRMs), altogether
acting as the TON1-TRM-PP2A (TTP) complex. Plants mutant for key components of
the TTP complex are often dwarfed, misshaped, and display aberrant cell division and
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elongation patterns caused by impaired PPBs and CMTs (Azimzadeh et al., 2008;
Camilleri et al., 2002; Spinner et al., 2010, 2013; Traas et al., 1995). Enzymatic activity
of the TTP network at the cortex may be necessary to regulate CMT stabilization and
organization, including the PPB (Kirik et al., 2012; Spinner et al., 2013). Therefore, the
TTP complex serves as a master regulator for PPB formation.

Mutants that affect the PPB specifically but not CMTs are essential to further our
understanding of the molecular mechanisms that regulate PPB formation, such as the
trm6/7/8 triple mutant (Schaefer et al., 2017). TRM6/7/8s are functionally redundant MT-
associated proteins that decorate PPB MTs specifically, and in their absence, mutant
cells cannot make proper PPBs. Within the TTP complex, TRMs are thought to aid with
assembling the protein complex and targeting it to CMTs (Spinner et al., 2013). In root
tissues of plants mutant for TRM6/7/8, the division plane departs dramatically from WT
in cells with impaired PPBs. Therefore, correct division plane specification requires
proper PPBs. A different study found MT-binding IQ-Domain proteins IQD6/7/8, mitotic
isoforms of a plant-specific family of MT and Ca?*CaM binding proteins associated
exclusively with PPB MTs (Kumari et al., 2021). The proteins’ accumulation at the PPB
and impaired division plane specification in iqd6/7/8 mutant plants support the notion
that IQD6/7/8 function in PPB formation and division plane positioning. Based on this
evidence, while the TTP complex is necessary for controlling CMT dynamics to begin
PPB formation, TRM6/7/8, and IQD6/7/8 are needed to organize PPB MTs to allow
consolidation of the CDS precisely.

The functions of several other MT regulators are associated with PPB formation

and maintenance. Mutants of conserved MT regulators like MOR1 (MT Organization 1)



Arabidopsis homolog of Xenopus MT associated protein 215 kDa (XMAP215), a TOG
(Tumor Overexpressed Gene) domain-containing MT polymerase, CLASP (another
TOG domain MT polymerase), and FRA2 (Fragile fiber 2, the catalytic subunit of the MT
severing protein katanin) display defective PPBs. Temperature-sensitive mutant mor1
under restrictive temperature lacks PPBs or has very sparse or poorly developed ones
(Kawamura et al., 2006), clasp has widened PPBs of ununiform width and density
(Ambrose et al., 2007), and in fra2/lue1 PPBs were loosely organized or incomplete
(Panteris et al., 2011). In addition, the mutants show division plane defects. These
phenotypes point to the possible functions of MOR1, CLASP, and KATANIN1 in PPB
MT organization.

MT bundler of the evolutionarily conserved MAP65/Ase1/PRC1 family, MAP65-4,
is also highly enriched in the PPB and remains at the CDS. However, no apparent roles
in division orientation have been assigned, while it plays a semi-redundant role with
MAPG65-3 crosslinking anti-parallel MTs in the phragmoplast (Li et al., 2017). It is
plausible that MAP65-4 activity bridging neighboring MTs contributes to PPB stability.
An open question for future study is how all these molecular players work together to
modulate MT dynamics and input into the selection and definition of the division plane.

The emerging picture is that the PPB MT structure requires the concerted action
of MT binding proteins to provide stabilization and that narrowing down the PPB array is
crucial for precisely selecting the division plane. In addition to MT-associated players
such as 1QD6/7/8 and MAP65-4, actin is also involved in PPB MT consolidation. Actin
accumulates in early PPBs but is absent in late PPBs and the CDS (Liu & Palevitz,

1992). Electron tomography studies in onion epidermal cells revealed that short actin



microfilaments mediate initial PPB MT bundling (Takeuchi et al., 2016).
Pharmacological studies showed that actin depolymerization in prophase cells induces
PPB widening and division plane placement errors (Eleftheriou & Palevitz, 1992;
Mineyuki & Palevitz, 1990). MT-actin interactions at the PPB stage may be mediated by
actin motors, particularly of the Myosin XI family, for cells to specify the cell plate fusion
site (Huang et al., 2022).

PPB development is cell cycle-dependent and coincides spatiotemporally with
specific events such as pre-division nuclear migration. Further, the PPB disappears
coincidently with nuclear envelope breakdown and entry into prometaphase. Therefore,
communication between the cell cycle machinery and the cytoskeleton is critical for PPB
formation and function. Several critical cell cycle regulators associate with the PPB in
different plant species. Cyclin-dependent kinases (CDKs) were the first cell cycle core
proteins identified at the PPB. Since then, a specific CDK (CDKA;1) and cyclin
(CYCAT1;1) have been consistently detected at the PPB by immunolabeling (Colasanti et
al., 1993; Mineyuki, Yamashita, et al., 1991) and overexpression of fluorescently-tagged
proteins (Boruc et al., 2010). Other regulators, such as a CDK activator (CKS2) and an
inhibitor (ICK4), also accumulate at the PPB when overexpressed in tobacco BY2 cells
(Boruc et al., 2010). The accumulation of cell-cycle regulators at the PPB is intriguing
and suggests that these proteins act as potential regulators of PPB development. CDKs
require cyclin for their kinase activity and substrate recognition. The CDKA;1/CYCA1;1
complex may regulate the activity of MT-associated PPB determinants like the TTP
complex, TRM, 1QD, TON1, and MAP65-4 proteins through phosphorylation. These

proteins all have predicted CDK phosphorylation sites. In addition, CDKA;1 co-purifies



with TON1 (Van Leene et al., 2007). More clues come from studies in cultured BY-2
cells where PPBs do not disassemble (Katsuta & Shibaoka, 1992) or broaden and
loosen (Nogami & Mineyuki, 1999) with the application of kinase inhibitors. Conversely,
applying phosphatase inhibitors abolishes PPB formation (Hasezawa & Nagata, 1992).
Additionally, microinjection of an active CDK/Cyclin complex in Tradescantia stamen
hair cells induces rapid disassembly of the PPB (Hush et al., 1996). These observations
point to a role for CDK in PPB formation and disassembly. Further studies are needed
to delineate the precise functions of cell cycle regulators at the PPB and the mechanism
of action.

In addition to the CMT changes of the PPB, a set of MTs emerges from the
nuclear envelope in cells preparing to undergo mitosis forming the prophase spindle (or
prospindle). Ample evidence links the PPB to the definition of the prophase spindle
poles (Ambrose & Cyr, 2008; Chan et al., 2005), which mark the location of the mitotic
spindle poles after nuclear envelope breakdown (NEB). Indeed, mutants with abnormal
PPBs like trm6/7/8, ton1, and iqd6/7/8 have enriched perinuclear MTs that fail to
coalesce into two well-formed poles. Cells with defective PPBs can establish bipolar
mitotic spindles after NEB, but spindle orientation is more variable (Chan et al., 2005;
Schaefer et al., 2017). Therefore, the PPB likely facilitates the formation of a bipolar

prophase spindle, which aids in forming a robust mitotic spindle.

PPB-directed establishment of the division plane

The PPB defines the CDS after its disassembly by leaving a positional memory.

The first characterized CDS resident was the basic protein TANGLED, which



accumulates at the PPB and persists at the division site (Walker et al., 2007). The tan
mutation in maize causes abnormal cell divisions in the leaf epidermis (Smith et al.,
1996) that arise from incorrect phragmoplast guidance to the former PPB site (Cleary &
Smith, 1998). POK1 and POK2 are two kinesin-12 discovered as TAN interactors that
redundantly maintain the division site by guiding the rapidly expanding phragmoplast
(Muller et al., 2006), with POK2 playing a role in phragmoplast dynamics (Herrmann et
al., 2018). pok1pok2 mutant plants have stunted growth and aberrant cell division
orientations. Since they are both MT-associated factors, TAN1 and POKs may be
functionally interdependent for retaining CDS resident proteins at the division site (Lipka
et al., 2014; Mills et al., 2022). In addition to MT-associated factors like TAN and
POK1/2, Ran GTPase Activating Protein (RanGAP1), although a regulator of
nucleocytoplasmic transport, begins accumulating at the PPB stage and is also a
continuous marker of the CDS (Xu et al., 2008). Therefore, the PPB is necessary for the
assembly of CDS protein complexes. However, we still have much to learn about how

the expanding phragmoplast communicates with the CDS during cytokinesis.

The PPB in plant evolution

The cytokinesis mechanism has changed during the evolution of plants from
algae to flowering plants. Early diverging groups of green plants like Chlorophytes
divide by centripetal cleavage instead of forming the PPB or phragmoplast (Brown &
Lemmon, 1990). The phragmoplast is an evolutionary landmark that emerged before
the occurrence of the ZCC (Zygnematophyceae, Coloechaetophyceae, and

Charophyceae) grade of Streptophyte algae (Buschmann & Zachgo, 2016; Doty et al.,



2014; Schreiber et al., 2022) and may have permitted branching and three-dimensional
growth (Buschmann, 2020). The PPB is an autapomorphy (derived character specific to
a monophyly) of land plants. However, some ZCC Streptophyte algae species make
PPB-like structures (Domozych & Bagdan, 2022), so some primitive PPB forms may
have appeared in these algae. Further examination is needed to determine whether
these structures function as PPBs. Since the phragmoplast evolved first, it is interesting
how these early phragmoplasts orient without a PPB mechanism. Further comparative
studies could uncover how the phragmoplast-PPB cooperation emerged.

As the oldest land plants, bryophytes may provide some clues about the
evolutionary role of PPBs, given the diverse arrays different bryophyte species show
(Brown & Lemmon, 1990, 2011). Mosses, for instance, make PPBs in leafy
gametophores, which are three-dimensional structures, but not in filamentous
protonema, which are two-dimensional. On the other hand, liverwort PPBs collaborate
with centrosome-like structures called polar organizers, which are involved in division
plane alignment and PPB formation (Buschmann et al., 2016). Centrosomes are central
for spindle organization in most animal mitosis and are present in algae but not in most
cells of land plants. These observations suggest that the PPB evolved stepwise during
evolution and could have been an adaptation to sustain parenchymatous growth that
entails switching division planes during cell division.

With a couple of exceptions, all somatic divisions in vascular plants use PPBs to
set up the division plane. Generally, the PPB occurs in somatic cells where nuclear
division (karyokinesis) precedes cytokinesis. In contrast, cell types such as endosperm

and gametophytes, where the nucleus may undergo divisions before cytokinesis, do not
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make PPBs but instead use an alternative method relying on a “radial MT system” to set
up the position of the new walls (Brown et al., 2018; Olsen, 2001; Otegui & Staehelin,
2000). Furthermore, suspension-cultured cells and those of callus also produce the

PPB, suggesting that PPB formation is autonomous to the isolated mitotic cells.

Conclusion and significance of dissertation research

The PPB is a cytoskeletal structure that directs division plane selection in
somatic divisions in land plants. PPB formation and division plane selection require the
activity of MTs, actin, cytoskeletal-associated proteins, and the cell cycle machinery
(Figure 1.2). We have learned much about the dynamics of PPB formation from the
detailed analysis of mutants and complementation lines. Building on decades of earlier
work on cytokinesis, advances in microscopy, and molecular biology techniques have
helped uncover the dynamics of relevant players in division plane placement. Mapping
more PPB- and division-plane proteins in mutants with impaired division-plane
placement may reveal how their functions act in concert to specify the PPB and CDS
location. There are also numerous reports of proteins at the PPB without known
function. With the advance of cell biology techniques in plants, we can alter their
localization or activity to elucidate their function.

The cytokinesis mechanism of plants has changed throughout their evolution.
The phragmoplast evolved first in Streptophyte algae, but the PPB appears
conspicuously only in land plants. The emergence of both structures had repercussions
on the cytokinetic mechanisms and evolutionary history of plants. However, the function

of PPB-like structures and division plane positioning in Streptophyte algae remains
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unclear. With the development of more tools for non-model systems, like the release of
more algae genomes and gene-editing technologies, we can learn more about these
structures and the ancestral functions of PPB proteins, as some of them are already
encoded in Streptophyte algae genomes. Evo-devo research concerning cell division
can provide insight into the body shape modifications accompanying the evolutionary
history of plants, including their terrestrialization.

Control of division plane placement is relevant for plants because their cells are
encased in a cellulosic matrix, making them immobile. When and where plant cells
divide impacts the overall organization of plant tissues and organs. Plants are our
primary food source; therefore, knowledge about the molecular control of cell division,

organ shape, and size can help develop new crop varieties with agronomically desired

traits (Lazzaro et al., 2018; Wu et al., 2018).

—> D
“|TTP complex
TTP complex TRM6/7/8
. 11QD6/7/8 MAP65-4

TANT1
RanGAP1

POK1/POK2
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MTs Cell cycle {|CYCA1;1/CDKA;1

F-actin { Myosin X

Figure 1.2. — Proteins involved in PPB development

Diagrammatic representation of the different stages of PPB development and the
proteins involved.

(A). TTP complex controls MT dynamics throughout interphase and prophase.
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(B). Early PPB is broad and specifically decorated by TRM6/7/8 and 1QD6/7/8.
Formation of PPB requires TTP complex as well as IQDs.

(C). Division plane selection requires the contributions of MT regulators—-MOR1,
CLASP, KATANIN, MAP65-4, cell cycle regulators—CYCA1;1/CDKA;1; F-actin and actin
motor Myosin XI.

(D). Proteins that set up the CDS or PPB memory assemble as a complex at the PPB
stage (yellow).
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Abstract

Cell division and differentiation give rise to the different tissues and organs that
make up the plant body. Since plant cells are immobile, they must control their division
plane precisely to regulate tissue shape and size. Division plane is determined early in
the cell division cycle by the preprophase band (PPB), a transient ring of highly bundled
cortical microtubules (MTs), actin flaments, and cytoskeleton-associated proteins that
assembles at the cortex of somatic plant cells preparing to enter mitosis. The PPB sets
up the division plane by leaving a molecular memory that directs phragmoplast and cell
plate expansion during cytokinesis. To elucidate cell-cycle mechanisms that control
PPB formation, we analyzed a triple mutant missing three mitotic isoforms of the 1Q67-
Domain family of proteins, namely iqd6/7/8. 1QD6/7/8 MT-binding proteins with high
homology that specifically localize to the PPB. Unlike wild-type (WT) plants, roots of the
iqd6/7/8 mutant plants frequently display oblique cell division planes instead of
transverse ones. Microscopic analysis revealed that PPB MT arrays in mutant cells
were often disorganized and uneven. Live-cell imaging demonstrated that defective
PPB arrays preceded phragmoplast misalignment, coincident with the uneven cortical
accumulation of PPB-associated proteins, including MAP65-4 and TAN1. This aberrant
pattern led to discontinuity in the cortical division site in iqd6/7/8 cells, suggesting that
the phragmoplast received only partial guidance during cytokinesis. Lastly, we uncover
the synergistic roles of IQD6/7/8 and CLASP in maintaining PPB robustness. Our
results indicate that IQD6/7/8 play a critical role in the PPB MT array's stabilization and

maturation. A robust and solid PPB array is essential to delimit the division plane
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around the cell's circumference, which is necessary for organizing divisions in 3D

space.

Introduction

Cell division is tightly controlled spatially and temporally for proper patterning of
multicellular organisms. In plants, spatial control of the division plane is of particular
significance since plant cells are encased in a carbohydrate-enriched cell wall that
provides structural support but constrains cellular movement and the cell division
mechanism. Plant cells use the phragmoplast, a cytoskeletal apparatus that builds a
new cell wall (the cell plate) de novo centrifugally to divide. In all somatic cells of land
plants, the location where the phragmoplast inserts the cell plate at the parental plasma
membrane (PM) is determined earlier in the division cycle by a cortical array of primarily
tightly bundled microtubules (MTs) named the pre-prophase band (PPB). The PPB
appears uniform and usually forms at the cell's equator surrounding the nucleus. The
PPB disassembles when the nuclear envelope breaks down. Remarkably, the site
previously occupied by PPB retains a molecular memory of its position throughout
mitosis and cytokinesis as the cortical division site (CDS) to orient the phragmoplast as
it builds the cell plate.

The PPB is primarily made up of MTs, with actin and other protein components.
MTs are evenly organized underneath the PM during most of the plant cell cycle,
forming the cortical MT (CMT) array. By the end of the G2 phase, MTs at the cortex
increasingly bundle until they form a discrete band. MT-binding proteins (MAPs) and

other regulatory proteins control MT dynamics and organization during this process. For
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instance, the TON1-TRM-PP2A (TTP) complex composed of TONNEAU1 (TON1),
TON1 RECRUITING MOTIF proteins (TRMs), and protein phosphatase type 2A (PP2A,
TONNEAU2 (TON2)/FASS) are necessary for forming the PPB (Azimzadeh et al., 2008;
Camilleri et al., 2002; Spinner et al., 2013; Traas et al., 1995). However, MT dynamics
during interphase are also affected in null mutant plants of TON7 and TONZ2 as they
lack typical transverse CMTs. PPB-specific mutants were unknown until the trm6/7/8
mutant was described, in which PPB formation was specifically compromised (Schaefer
et al., 2017). The absence of PPBs in these mutants led to abnormal division plane
positioning. Therefore, the enzymatic activity of the TTP complex at the cortex is
necessary to stabilize and organize CMTs (Kirik et al., 2012; Spinner et al., 2013).
More recently, IQ67 DOMAIN (IQD) 6/7/8 proteins were implicated in regulating
division plane specification (Kumari et al., 2021). However, it is still unclear how these
proteins affect PPB formation. The IQD family includes plant-specific proteins
characterized by having a conserved 67 amino acid domain (IQ67 domain) with three
copies of the 1Q motif, which can bind calmodulin (CaM) in the presence of calcium
(Ca*?) (Abel et al., 2005). The founding member of the IQD family, IQD1, has been
shown to bind CaM and CaM-like (CML) proteins in a calcium-dependent manner in
vitro (Burstenbinder et al., 2013; Levy et al., 2005). Additionally, many IQDs localize to
MTs and the PM when overexpressed in N. benthamiana (Burstenbinder et al., 2017).
IQDs may be integrators of Ca*?/CaM signaling and cytoskeletal reorganization at the
cortex that impact various processes of plant growth and development (Lazzaro et al.,

2018; Sugiyama et al., 2017) with potential involvement in division plane determination.
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To investigate the mechanism through which plant cells build PPBs, the proteins
involved, and the regulation of PPB MT dynamics, we characterized the A. thaliana
iqd6/7/8 mutant by analyzing its microtubule arrays throughout cell division. Specifically,
we analyzed the contributions of IQD6/7/8 in PPB organization and division plane
specification by immunostaining and time-lapse imaging. While the iqd6/7/8 mutations
did not abolish PPB formation, they compromised PPB integrity, leading to division
plane misspecification. We examined PPB- and CDS-localized proteins, namely
MAPG5-4 and TAN1, to determine how disorganized PPBs affect other proteins that
accumulate at the PPB and the establishment of the division plane. Lastly, our results
indicate synergistic functions of IQD6/7/8 and CLASP in making robust PPBs. This
study reveals mechanistic details about PPB formation and MT regulation and

enhances our understanding of plant division plane specification.

Results

IQD6/7/8 associate with PPB and play a role in division plane

orientation

To determine the function of the IQD6, IQD7, and 1QD8, we isolated A. thaliana
mutants carrying T-DNA insertions at the three corresponding loci to analyze cell
division phenotypes. Because the proteins are close phylogenetically, have similar
domain structures (SF2.1) and expression patterns, and their single mutants do not
have noticeable phenotypes, we generated the triple mutant iqd6/7/8 to overcome
redundancy. We first examined the orientation of cell divisions in wild-type Col-0 (WT)

and the iqd6 iqd7 iqd8 (iqd6/7/8) triple homozygous mutants by staining six days post-
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germination (dpg) roots with propidium iodide and imaging them under a confocal
microscope (Figure 2.1A). WT root cells divide in regular patterns with the plane of
division usually positioned at a region that minimizes the division interface area to yield
two daughter cells of equal size, generally perpendicular to the root’s growth axis
(Figure 2.1B; WT mean 3.704, SD=3.471, n=285 measurements from 8 plants). When
observed with the same methods, roots of iqd6/7/8 mutant exhibited a higher degree of
tilted walls (Figure 2.1B; iqd6/7/8 mean 5.927, SD=7.346, n=343 measurements from 7
plants; WT vs. iqd6/7/8 adjusted P value <0.0001), primarily affecting lateral root cap
and epidermal cell layers (Figure 2.1A, magenta arrows).

We generated complementation constructs containing ~1 kB upstream 5’
sequence and genomic regions for /IQD6, IQD7, and /IQD8 fused to a C-terminus GFP
introduced individually into the iqd6/7/8 mutant. IQD8, IQD6, and IQD7
complementation constructs were able to rescue the division plane defects of iqd6/7/8
as exemplified here with IQD8-GFP (Figure 2.1B; rescue mean 4.198, SD=3.043,
n=177 measurements from 5 plants; rescue vs iqd6/7/8 adjusted P value <0.001).
Extensive phenotypic analysis by a previous study (Kumari et al., 2021) showed that
IQD6 and IQD8 can complement the iqd6/7/8 oblique division plane phenotype and
|IQD7 alone to a lesser extent.

To determine the subcellular localization of IQD6, IQD7, and 1QD8, we analyzed
the complementation lines with immunostaining and live imaging (Figure 2.2, SF2.2,
and SF2.3). Immunostaining of cells derived from T2 plants showed that IQD8-GFP
associates with the PPB (n=50), phragmoplast midline, the CDS, and the cell plate

(n=28 phragmoplasts). We observed similar patterns with live-cell imaging (SF2.4).
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IQD6-GFP and IQD7-GFP were also observed at the PPB, phragmoplast midline, and
cell plate with immunostaining (SF2.2 and SF2.3). However, accumulation at the CDS
was inconsistent. We focused our protein manipulations on IQD8 since it showed a

higher expression level in the root than the other two paralogs.

Characterization of IQD8 domains

To parse out the contributions of the different domains of AtlQD8, we divided the
protein into an N-terminal domain (Met1-Ala88), a central IQ67 domain (Phe87-Ala153),
and a C-terminal domain (Gly247-Gly414). We generated constructs carrying the
individual N- and C-terminal domains of the IQD8 protein (referred to as IQD8N and
IQD8C, respectively) and having the IQ67 domain eliminated (referred to as IQD8AIQ)
(SF2.5). We inserted these truncated proteins individually into a plasmid with a C-
terminal GFP under the Cauliflower mosaic virus (CaMV) 35S promoter. We expressed
these constructs transiently in N. benthamiana epidermal cells induced into mitosis via
over-expression of the G1/S cyclin AtCYCAS3;1 (Xu et al., 2020) and imaged them under
a confocal microscope. We also transformed these constructs into A. thaliana and
analyzed T2 plants via immunofluorescent microscopy. A similar over-expression
construct for the full-length IQD8 was used as a control in this experiment.

Transient and stable over-expression of the full-length IQD8 led to its
accumulation at the PPB, mitotic spindle, and phragmoplast. With immunostaining in A.
thaliana (SF2.6), we observed IQD8-GFP at the PPB, prophase spindle (n=12 prophase
cells), and metaphase spindle (n=2) but less prominently at phragmoplast and absent

from the cell plate (n=6). When mitotic tobacco cells were examined by confocal

25



microscopy (SF2.7), IQD8-GFP was detected at the PPB (n=3), phragmoplast (n=3),
cell plate (n=3), and interphase CMTs (n=2). On the other hand, the truncated
IQD8AIQ-GFP did not localize at the PPB or CDS in both N. benthamiana and A.
thaliana (SF2.8). In A. thaliana, we could observe the truncated protein in the cytoplasm
during prophase and metaphase (n=13) and at the phragmoplast midline (n=7) during
cytokinesis (SF2.8A). In N. benthamiana (SF2.8B), IQD8AIQ-GFP associated with
interphase CMTs (n=15) and inconsistently with phragmoplast MTs (n=3) and the cell
plate (n=2). These findings suggest that IQD8’s association with the PPB requires an
intact 1Q domain.

Next, we analyzed the localization of IQD8 N- (IQD8N-GFP) and C-terminal
(IQD8C-GFP) domains. With confocal in N. benthamiana, we observed that IQD8N-
GFP associated with cortical regions of the cell during prophase (n=5), potentially with
the PM, and was then observed in the phragmoplast midline and cell plate later in
cytokinesis (n=5) (SF2.9A). With immunostaining against GFP of T2 A. thaliana lines,
we could detect only the phragmoplast midline and cell plate signals (n=4) (SF2.9B).
Lastly, we observed IQD8C-GFP along CMTs during interphase (n=6), suggesting that
the C-terminal fragment contained a microtubule-binding site (SF2.10). These findings
suggest IQD8 may be associated with the PM via the N-terminal and CMTs via the C-

terminal domain.

|QD6/7/8 are necessary for proper PPB morphology

The division plane defects of the iqd6/7/8 mutants prompted us to examine their

mitotic and cytokinetic cytoskeletal structures in detail. With anti-tubulin immunostaining
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of meristematic root cells of A. thaliana undergoing division, we found that PPBs in WT
were dense and even-width across the cellular perimeter. At a medial optical section (or
nuclear plane) of WT cells, the PPB appeared in two cortical patches of MTs, usually of
the same thickness, on either side of the nucleus (n=96; Figure 2.3A and D). As
prophase progressed, more MTs accumulated on the nuclear envelope to form the
prophase spindle around the nuclear envelope. The PPB is at its densest when the
prophase spindle is noticeable.

In comparison, immunostaining of iqd6/7/8 mutant root cells revealed a variety of
PPB morphologies in the mutant (n=128). In about 23% of the cells analyzed in a medial
plane, PPB MT density was discernible on only one side of the cell, instead of forming
two MT patches at both sides of the nucleus like in WT (Figure 2.3A, B, E - light grey
box). About 32% of the cells observed had a more-or-less complete PPB, but the PPB
appeared disorganized and of uneven width (Figure 2.3E - dark grey box). 44% of the
PPBs were even and showed dense MT accumulation (Figure 2.3E - black box). Unlike
previous reports (Kumari et al., 2021), all mutant cells analyzed showed some MTs at
the PPB site, albeit disorganized or uneven (Figure 2.3F). To further our analysis and
ascertain the unevenness of PPBs in the iqd6/7/8 mutant, we measured the ratio of the
PPB widths at the two sides of the cell in iqd6/7/8 and WT. The smaller side was always
in the numerator to accurately reflect the comparisons. A decrease in mean ratio was
observed for iqd6/7/8 compared to WT (WT mean ratio=0.841, SD=0.135, n=117 cells;
iqd6/7/8 mean ratio=0.581, SD=0.288, n=108 cells; P<0.001; Figure 2.3C), suggesting

that IQD6/7/8 are crucial for making even PPBs across the perimeter of the cell.
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Defective PPBs lead to oblique division planes

To determine how division plane mistakes arose in the iqd6/7/8 mutant, we
imaged the MT reporter TUB6p:VisGreen-TUB6 in WT and the iqd6/7/8 mutant (Figure
2.4 and SF2.11). In WT, the PPB is evident from the accumulation of the VisGreen-
TUBG signal at the two edges of the dividing cell in an orientation perpendicular to the
growth axis of the root (green arrows in 4A, 0’; n=4). The PPB disappears with the
formation of the spindle, and the phragmoplast expands to reach the position previously
occupied by the PPB (54’). However, in the iqd6/7/8 mutant cells, the PPB appeared
uneven, with only one side showing some enrichment of MTs (green arrow in 4B, O;
n=18). The phragmoplast expanded directly towards the side that contained a PPB
mark (45’) but randomly towards the side with no previous PPB landmark. Superposing
the images corresponding to the PPB site (Figure 2.4C, green channel) with images at
the phragmoplast stage (Figure 2.4C, magenta and yellow channels) allows us to
compare the PPB position and the final orientation of the completed division,

highlighting the misoriented orientation in iqd6/7/8.

MAPG65-4 and TANGLED accumulate unevenly at the PPB in iqd6/7/8

To determine how iqd6/7/8 mutations affected the organization of other MAPs at
the PPB, we tested the activities of important proteins for cytokinesis like MT
ASSOCIATED PROTEIN 65-4 (MAP65-4) and TANGLED (TAN1). MAP65-4 belongs to
the conserved MAP65/Ase1/PRC1 family of proteins that contribute to cell cycle-
dependent MT bundling. AtMAP65-4 accumulates at the PPB and CDS, but specific

functions during cytokinesis are unknown (Li et al., 2017). TAN1 accumulates at the
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PPB and CDS, contributing to CDS maintenance after PPB disassembly and during
cytokinesis (Mills et al., 2022). When expressed under the control of their native
promoters in their respective mutants, MAP65-4-GFP and TAN1-GFP decorated PPB
MTs evenly (Figure 2.5A, E). In WT, most of the observed cells (97%) showed an even
accumulation of MAP65-4 at the two lateral faces of the cell in medial sections (total
n=59; SF2.12A), which colocalized with PPB MTs. All TAN1-GFP cells counted showed
an even accumulation of GFP at the cortex, matching the localization of PPB MTs
(n=30; SF2.12B). In addition to observing cells laterally, we could observe that the
MAPG5-4 and TAN1 signals decorated PPB MTs and formed complete rings at the cell
cortex when viewed from the top (n=8 for MAP65-4 and 6 for TAN1; Figure 2.5C and
2.5G).

In the iqd6/7/8 mutant, the MAP65-4-GFP signal at the PPB often appeared
incomplete and disorganized. While 57% of cells showed MAP65-4 in two even patches
resembling WT localization, 23% of cells counted showed signal on one face of the cell
only corresponding to one-sided PPBs, and 30% of cells had very wide MAP65-4
patches (total n=73; Figure 2.5B and SF2.12A). These differences were also noticeable
when the cell was observed in the top view (n=12; Figure 2.5D), highlighting the uneven
accumulation of MAP65-4-GFP across the cell's perimeter.

The TAN1 localization patterns at the PPB in the iqd6/7/8 mutant cells were
similar to MAP65-4’s, with 20% of cells showing TAN1-GFP on one side of the cell only,
30% with expanded patches of fluorescence, and 50% with even accumulation of
fluorescence on both sides of the cell (total n=62; Figure 2.5F and SF2.12B). From the

top view, in cells with incomplete PPBs, the TAN1-GFP ring also appeared incomplete
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(n=12; Figure 2.5H). Together, MAP65-4’s and TAN1’s uneven localization patterns at
the PPB site pointed to the critical role of IQD6/7/8 in setting up these factors by

organizing PPB MTs.

The defective distribution of CDS proteins is associated with

discontinuous cortical division sites in the iqd6/7/8 mutant

In WT, MAPG65-4 and TAN1 remained at the CDS after PPB disassembly and
when cells formed spindles and phragmoplasts (Figure 2.6A and 2.6B), with TAN1
playing a crucial role in CDS maintenance during cytokinesis. We focused on cells at
the spindle and phragmoplast stages when the CDS had been specified previously by
the PPB to explore how the lack of IQD6/7/8 affected CDS specification.

In WT, most cells (87%) show even MAP65-4 patches on both edges of the
cortex in medial sections (total n=52; Figure 2.6A; SF2.13A). In contrast, at the same
plane, only 13% of iqd6/7/8 cells expressing MAP65-4-GFP showed even signals on the
two sides of the cell (total n=60; SF2.13A). Most cells (56%) exhibited uneven
accumulation at only one side of the cell (Figure 2.6B). The signal patches were
expanded and uneven in 27% of cells, and no cortical signal was detected in 8% of cells
(SF2.13A). In WT, MAP65-4 also accumulated on phragmoplast MTs and became more
conspicuous in the phragmoplast midline (Figure 2.6A, arrowhead). This localization did
not change in iqd6/7/8 (Figure 2.6B and SF2.13A, arrowheads). From the top view,
MAPG65-4 accumulated in a distinct dot-like pattern around the entire cell's
circumference (n=8; Figure 2.6C); however, the signal was sporadic and incompletely

circumvented the cell perimeter in iqd6/7/8 (n=19; Figure 2.6D).
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From a lateral view of WT cells, we observed that during mitosis and cytokinesis,
TAN1 accumulated in clear foci at the cell cortex in a midplane position (n=40; Figure
2.6E). The top view showed that TAN1-GFP decorated the entire cell circumference in
WT (n=13; Figure 2.6G). In iqd6/7/8, however, about 20% of the observed mutant cells
showed TAN1-GFP at only one face of the cell (total n=82; Figure 2.6F), and 34%
showed expanded patches of TAN1-GFP at the CDS (SF2.13B). About 48% of cells
showed even patterns of TAN1 accumulation at the two sides of the CDS (SF2.13B).
From the top view, the TAN1 signal appeared as an incomplete ring around the cell’s
circumference (n=41; Figure 2.6H).

To discern how defects in PPB might have impaired the CDS pattern, we
performed time-lapse imaging to observe the dynamics of MAP65-4-GFP and TAN1-
GFP in WT and the iqd6/7/8 mutant live cells. In WT by confocal imaging, MAP65-4-
GFP was noticeable at the PPB (Figure 2.7A, yellow arrows in 0’, n=3) and the spindle
and phragmoplast midline (12’+). Its localization at the CDS was challenging to capture
consistently due to the sensitivity of the confocal microscope. However, in iqd6/7/8, the
MAPG5-4-GPF signal was observed in disorganized patterns around the cell during the
PPB stage (Figure 2.7B, yellow arrows in 0’, SF2.14, n=3), with the PPB signal
appearing one-sided and dim when compared to WT, and sometimes appearing
aggregated and disorganized. Consequently, the phragmoplast expands with a slant in
iqd6/7/8, unlike in WT, where it could begin at a slant but corrects to reach the location
marked by the PPB.

We observed TAN1-GFP under the same conditions under confocal microscopy.

At the PPB stage in WT, TAN1-GFP appeared as two foci at either side of the nucleus,
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which also showed prominent TAN-1-GFP signal (Figure 2.8A, magenta arrows 0’; n=3).
Although we lacked a MT-marker in these lines, it is evident that TAN-1 remained at the
CDS throughout mitosis and cytokinesis. TAN1 became visible again in the
nucleoplasm during cytokinesis as the two daughter cell nuclei reformed (42’). In the
iqd6/7/8 mutant, only one focus of TAN1 was observed on one side of the cell and
remained visible throughout the completion of mitosis and cytokinesis, while the side
unmarked during prophase did not recover TAN1-GFP signal at later stages (Figure
2.8B and SF2.15; n=5). The nuclear TAN-1 signal remained unchanged in the iqd6/7/8
mutant.

These results indicate that IQD6/7/8 are necessary for accurately depositing PPB
proteins that demarcate the CDS, such as MAP65-4 and TAN1. Time-lapse imaging
confirmed our immunostaining results that with the loss of proper PPB patterning and
CDS specification, signals that orient the phragmoplast during cytokinesis became

disorganized.

Simultaneous loss of CLASP and IQD6/7/8 leads to PPB absence

Elimination of IQD6/7/8 proteins was not sufficient to entirely prevent PPB
formation. Other cytoskeletal regulators might play synergistic roles in MT organization
for PPB formation. We turned to the CLASP (CLIP170-associated protein), a plus-end
tracking MT-polymerase protein with structural similarity with XMAP215/chTOG proteins
thought to promote MT stability at cell geometric edges (Ambrose et al., 2011). CLASP
associates with the PPB (Kirik et al., 2007) and was suggested to contribute to the

formation of robust PPB as its mutant showed widened PPBs (Ambrose et al., 2007).
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We generated clasp iqd6/7/8 quadruple mutants by a standard genetic cross
between the clasp and iqd6/7/8 A. thaliana mutants. While iqd6/7/8 mutant plants grow
similarly to the WT control grown under the same conditions, the clasp mutant appears
dwarfed. The clasp iqd6/7/8 quadruple mutant plants looked like the clasp mutant in
overall stature but not leaf morphology. Leaves in the quadruple clasp iqd6/7/8 mutant
appeared smoother and more elongated than the clasp mutant alone (Figure 2.9A and
2.9B).

We analyzed the division plane orientation in clasp iqd6/7/8 mutants and found a
higher degree of tilted walls than the individual iqd6/7/8 and clasp mutants compared to
the WT roots (Figure 2.9C and 2.9D; WT and iqd6/7/8 values are the same as Figure
2.1 B; clasp mean=4.281, n=201 measurements from 7 plants, SD= 3.460; clasp
iqd6/7/8 mean=7.819, n=279 measurements from 6 plants, SD=10.128). This
observation prompted us to analyze cytokinetic structures in detail in clasp iqd6/7/8
mutants. With immunostaining, we found that most cells of the clasp mutant possessed
even, two-sided PPBs (88%; total n=96, Figure 2.9E and 2.9F). However, in the clasp
iqd6/7/8 quadruple mutant, only 25% showed complete PPBs resembling those seen in
WT cells (compared to 44% in iqd6/7/8 alone; total n=128, Figure 2.9E and 2.9F). A
new, PPB-less class of cells was evident in this population, with 20% of cells counted
showing no PPB MTs. 54% of cells had abnormal PPBs, 16% had one-sided PPBs, and
38% had disorganized PPBs with uneven width. Cells that completely lacked PPBs also
showed hyperaccumulation of MTs at the nuclear envelope (Figure 2.9E), as observed

in previous PPB-less mutants (Schaefer et al., 2017). This data suggests that CLASP
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and 1QD6/7/8 play synergistic roles in PPB MT stability to form a stable and complete

PPB ring.

Discussion

This study investigated the PPB of MTs in A. thaliana by analyzing proteins
involved in its formation and the mechanism of division plane determination. Our results
showed that IQD6/7/8 are necessary to form robust PPBs that specify the division
plane. Defective PPBs formed in the iqd6/7/8 mutant failed to define a precise and
narrow CDS, which led to slanted divisions. IQD6/7/8-dependent organization of the
PPB MTs directs the accumulation patterns of PPB- and CDS-proteins, like MAP65-4
and TAN1. Therefore, the mis-patterning of PPBs resulted in altered localization of CDS
proteins. Lastly, our study reveals the synergistic contributions of plant-specific
IQD6/7/8 proteins and the evolutionarily conserved CLASP protein in PPB formation
and integrity.

While PPBs were not entirely absent in iqd6/7/8, these mutations compromised
PPB organization and stability. This observation leads to questions about how protein
networks at the PPB coordinate their functions to organize the PPB MT array.
Interestingly, we demonstrate that the PPB often was abolished entirely in clasp
iqd6/7/8 quadruple mutants. While previous studies suggested clasp mutants showed
PPBs of uneven thickness, we found that only a small fraction of cells in clasp showed
altered PPBs. Indeed, division plane patterns in clasp roots are similar to those in WT.

Since the iqd6/7/8 mutant PPBs are already weakened, removing CLASP enhanced the
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phenotype of defective or lacking PPBs. These results revealed an unexpected
cooperative function of IQD6/7/8 and CLASP in stabilizing PPB MTs.

Future experiments are needed to determine how the phragmoplast is oriented in
PPB-less cells of the clasp iqd6/7/8 quadruple mutant. Time-lapse imaging of mitotic
and cytokinetic cytoskeletal structures in the quadruple mutant and analysis of division
plane placement examining CDS protein localization could begin to answer this
question. It would also be interesting to explore the expression of CLASP in the iqd6/7/8
mutant to determine whether CLASP localization at the PPB depends on IQD6/7/8.
More experimentation is needed to ascertain whether these proteins interact physically.

IQD proteins are known to be associated with the PM through basic residues in
their N terminal domains (Sugiyama et al., 2017; Feng et al., 2022). A study found that
IQD13 stabilizes CMT patterns during xylem vessel development to restrict Rho
GTPase domains in secondary cell wall pit formation (Sugiyama et al., 2017). We
hypothesize that IQD6/7/8 may interact with the PM and PPB MTs to confine the PPB-
designated areas and CDS factors to determine the division plane. We have evidence
that the IQD8 N-terminal segment localized to the PM, phragmoplast midline, and cell
plate when overexpressed in N. benthamiana, while the C-terminal segment may
interact with MTs. Therefore, IQD6/7/8 may be acting by anchoring MTs to the PM and
directing PPB orientation.

What determines IQD6/7/8 localization? We demonstrated that removing the 1Q
domain from IQD8 eliminated its cell cycle-dependent PPB localization, suggesting
Ca?*/CaM binding possibly regulates IQD6/7/8 localization at the PPB for PPB MT

stability. A recent study showed that Ca?* spikes at the division site accompany
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cleavage furrow ingression and cell separation in the fission yeast
Schizosaccharomyces pombe (Poddar et al., 2021). While confidently detecting
changes of free Ca?* during plant cell division has remained a challenge with classical
Ca?* probes, this does not exclude the possibility that undetected local changes in Ca?*
concentration occur and may be significant for localization of IQD6/7/8 during PPB
formation and CDS establishment.

In conclusion, this study provides evidence for the cell cycle-dependent role of
IQD6/7/8 in organizing PPB MTs. More interestingly, these IQD proteins function
synergistically with the MT polymerase CLASP. CLASP is one of the key regulators of
MT dynamics, and its loss causes aberrant MT bundling and organization of both
interphase and mitotic arrays, e.g., PPBs with nonuniform width and MT density
(Ambrose et al., 2007; Kirik et al., 2007). In contrast, IQD6/7/8 associate specifically
with PPB MTs and the phragmoplast midzone, and the triple mutant shows PPBs with
sparse MTs (Kumari et al., 2021 and this study). So, the frequent disappearance of the
PPB array shown here indicated that multiple MT stabilizing factors contributed to PPB
MT organization in both cell cycle-dependent and independent manners that act on PPB
MTs specifically or on all dynamic MTs, respectively. The synergistic functions of
CLASP and 1QD proteins are important for division plane determination during cell
division simply because of their contributions to MT organization in A. thaliana. CLASP
exhibits an MT plus end-tracking activity, but IQD proteins localize along microtubules. It
would be interesting to analyze whether their localizations were reciprocally dependent
on each other and whether there is a direct interaction between IQD and CLASP in vivo.

Collectively, our data supports the model of PPB function, where this structure
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determines the localization of the division plane by assembling multiple protein players
at an appropriate CDS position that guides centrifugal expansion of the phragmoplast
during cytokinesis. Without the PPB due to the simultaneous loss of CLASP and
IQD6/7/8, plant cells lose control of division plane specification, which impacts overall

plant growth and development.

Materials and Methods

Plant Materials and Growth Conditions

The Arabidopsis thaliana plants used in this study include control WT (Col-0)
plants, iqd6/7/8, clasp, map65-4, and clasp iqd6/7/8. The homozygous iqd6, iqd7, and
iqd8 mutant plants were isolated from the seed stocks SALK 137365 (iqd6),
SALK 025224 (iqd7), and SALK_107689C (iqd8) from the Arabidopsis Biological
Research Center (ABRC) at Ohio State University in Columbus, Ohio, USA. Standard
genetic crosses were carried out to give rise to the homozygous iqd6/7/8 triple mutant.
The clasp mutant was isolated from the seed stock of CS1001270 (SK5266) at ABRC.
The clasp iqd6/7/8 quadruple mutant was created by crossing clasp and iqd6/7/8
mutant. The primers used for genotyping are listed in Table S2.1. The LP and RP
primer pairs were used for detecting the WT allele of the corresponding genes, while the
LBb1.3 and SKTAIL1 were used for detecting the insertional mutations of the SALK and
SK lines, respectively, when paired with the RP primers. WT Col-0 plants were used as

the negative control. The map65-4 mutant was previously described (Li et al., 2017).
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All plants were grown in growth chambers at 21°C with 16-h light and 8-h dark
cycles. When grown on plates, sterilized seeds were placed on solid media containing

1/2 Murashige & Skoog salt mixture.

Plasmid construction

The genomic fragments of AtIQD6 (AT2G26180.1), AtIQD7 (AT1G17480), and
AtIQD8 (AT1G72670), including ~1kb of 5’ non-coding regions, were amplified using
primer pairs of IQDx_FWD and IQDx_FWD (Table S2.1, x meaning 6, 7, or 8) with
Phusion DNA polymerase (Thermo Fisher). The PCR products were cloned into
pDONR207 by BP clonase reaction to give rise to the pENTR-IQDx plasmids. These
plasmids were used for recombination by LR reaction with the destination vector
pGWB4 to generate the binary vectors for expression in plants.

The pJL414_MAP65-GFP vector uses the reporter MAP65-4p:MAP65-4-GFP (Li
et al., 2017) and the MT marker TUB6p:mCherry-TUB6 (Liu et al., 2019) combined on
the same vector.

The TAN1 expression vector was made by first amplifying the genomic fragment
of AtTAN1 (AT3G05330) using vectors TAN1_FWD and TAN1_REYV for cloning into
pENTR/D-TOPO to make pENTR_TAN1. This plasmid was used for recombination by
LR reaction with the destination vector pPGWB650 to give rise to the expression vector.

All other plasmids containing IQD8 and modifications were prepared using IQD8
coding region sequences. The coding region of IQD8 was amplified from A. thaliana
cDNA using vectors IQD8 _CDS_FWD and IQD8_CDS_REYV for cloning into

pENTR/DTOPO. The resulting pENTR_IQD8_CDS plasmid was used for recombination
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by LR reaction with the pGWB605 vector as the destination to make
pGWB605_35S:1QD8-GFP. pGWB605_35S:1QD8AIQ-GFP vector was created by
amplifying the coding sequence of IQD8 without the IQ domain from the
PENTR_IQD8_CDS plasmid using primers IQD867D_FWD and 1QD867D_REV with
complementary sequences for Gibson reaction and the Phusion DNA polymerase. The
purified amplicon was re-circularized by the Gibson reaction. This resulting plasmid was
recombined with the destination vector pPGWBG605 by LR reaction to give rise to the final
expression vector.

pGWB605_35S:IQD8N-GFP and pGWB605_35S:IQD8N-GFP were prepared
similarly, first by amplification with primers IQD8N_FWD and IQD8N-REV and
IQD8C_FWD and D-prom-R1_REV, respectively, with the Phusion enzyme. Then, the

purified amplicons were re-circularized using Gibson reaction.

Plant transformation

Constructs for the expression of all fusion proteins were delivered into A. thaliana
with corresponding genotypes via Agrobacterium-mediated transformation using the
standard floral dipping method (Clough & Bent, 1998). Transgenic plants were selected
according to antibiotic markers carried by respective vectors. The legend of each figure
indicates what transformant generation was analyzed for each experiment. At least 2-3
different T2 lines were analyzed for each line.

Constructs for the transient expression of fusion proteins were delivered into WT
N. benthamiana via Agrobacterium-mediated transformation concomitant with the

overexpression of CYCD3;1 and a MT reporter (TUB6p:mCherry-TUBG6) to study their
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expression in mitotic cells like previously described (Xu et al., 2020). All counts
presented for N. benthamiana images correspond to cell counts from >2 infiltrated

plants.

Production of cells for immunostaining

To obtain and visualize meristematic root cells, ~10mg of A. thaliana seeds were
plated and grown for 5-6 days. Seedlings were fixed on-plate for 45 minutes (first 5
minutes in a vacuum) in freshly prepared 4% paraformaldehyde in PME buffer (0.05 M
PIPES buffer, pH 6.9, 1 mM MgSOs4, and 5 mM EGTA), rinsed several times in PME,
and partially digested for 25 min in 1% cellulase solution in the PME buffer. After rinsing
with PME several times, root tips were cut off individually to isolate meristematic cells
and placed on glass slides coated with 0.2% chromium potassium sulfate and gelatin.
Individual cells were released into solution by gently squashing the excised root tips
onto slides. After air-drying and rehydrating with PME, cells were treated with 0.5%
Triton X-100 in PME for 15-30min and washed. Cells were treated with methanol at -
20°C for 15-30min, then rehydrated in phosphate buffer saline (PBS).

Cells were stained first with the primary and second with the secondary antibody
combinations described in Table S2.2 diluted 100-fold in 1XPBS and 3% BSA. Cells
were mounted in SlowFade containing DAPI (4’6-diamidino-2-phenylindole) for
visualizing DNA.

All counts presented for immunostaining images correspond to cell counts

from >50 T2 plants.
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Immunostaining of WT Arabidopsis cells expressing 35S:GFP was used as

control for immunostaining all experiments (SF2.16).

Microscopy

An Axio Observer inverted microscope equipped with the LSM710 laser scanning
confocal module with standard settings for eGFP and mCherry (Carl Zeiss) and a 40x
C-Plan (water) objective were used for live-cell imaging. For division plane counting, the
roots of 5dpg (days post germination) seedlings were stained with propidium iodide (PI,
0.2 pg/mL stock) and mounted in water. For timelapses, plants were grown in Petri
dishes with coverslip bottoms and observed directly on the microscope. For N.
benthamiana observations, a leaf disc from the infiltrated leaf area was mounted in
water. Images were acquired using the ZEN software (Carl Zeiss) and processed in

ImageJ/Fiji (www.imagej.nih.gov/ij).

Fixed and stained root cells were observed by using an Eclipse 600
epifluorescence microscope with a Plan-Fluor 100x objective (Nikon). Images were
acquired with an OptiMOS sCMOS camera (Photometrics) controlled by uManager

software package (Edelstein et al., 2014).

Quantifications

Division plane quantification was performed in FIJI with images of Pl-stained
roots. Then, line ROIs were used to calculate the angle. The absolute values were
plotted.

Fluorescence intensity profiles of PPB MTs (Figure 2.1) were made by drawing a

3-pixel wide line in FIJI that traced the cell periphery (SF2.17). Immunofluorescence
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signal was normalized by measuring five separate regions at the cortex, using
cytoplasmic and regions without cells as the background. Mean intensity was measured
with FIJI and averaged to get a single value for background per cell. The fluorescence
signal at each position along the line scan was divided by the background value before
being plotted.

PPB phenotypes in WT, iqd6/7/8, and clasp iqd6/7/8 were determined from
immunofluorescence images from 5dpg plants. PPB presence/absence was scored

based on fluorescence accumulation at the cortex.

Statistics
All statistics were performed using GraphPad Prism version 10.0.0 for Mac

(GraphPad Software, Boston, Massachusetts USA, www.graphpad.com).
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Figure 2.1. — 1QD6/7/8 are required for division plane orientation

(A). Propidium iodide staining of wild type (WT) and iqd6/7/8 roots at 6dpg observed
under a confocal microscope. Magenta arrows mark oblique division planes.

Scale bars = 20pum.

(B). Quantification of division plane angles in WT (Col-0), iqd6/7/8, and rescue (iqd6/7/8
+ IQD8p:IQD8-GFP). The values for division angle indicate angles measured from a line
perpendicular to the root growth axis. WT (green) mean=3.704 and SD=3.471 (n=285
measurements from 8 plants). iqd6/7/8 (purple) mean=5.927 and SD=7.346 (n=343
measurements from 7 plants). Rescue (yellow) mean=4.198 and SD=3.043 (n=177
measurements from 5 plants). In the violin plot, the dashed line indicates the median;
dotted lines represent the upper and lower quartiles. n.s.=not significant; **=p<0.001;
***x=n<0.0001 (based on One-way ANOVA followed by Sidak's multiple comparisons
test).
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Figure 2.2. — IQD8’s localization during mitosis and cytokinesis
Immunolocalization of IQD8-GFP with MTs as reference during mitosis and cytokinesis
in T2 plants of iqd6/7/8 expressing IQD8p:IQD8-GFP. The merged images show 1QD8-
GFP in green, MTs in magenta, and DNA in blue.

(A). IQD8 labeled the PPB during late G2 and prophase (n=50).

(B). In metaphase, some signal was detected at the CDS (arrows). Accumulation with
DNA was inconsistent (n=13).

(C). During early cytokinesis. IQD8-GFP remained at the CDS (arrows) and was also
apparent at the phragmoplast midline (arrowhead).

(D). IQD8-GFP was observed in the cell plate in late cytokinesis (arrowheads; n=28 for
early and late phragmoplasts). Scale bars = 5um.
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Figure 2.3. — 1QD6/7/8 are needed to make complete and uniformly bundled PPBs
(A). Anti-tubulin immunostaining of WT and iqd6/7/8 root cells at the PPB stage.
Magenta arrows highlight PPBs.

(B). Line scan along the cell cortex of the dividing cells shown in (A) showing
fluorescence intensity of MTs. The black line corresponds to WT, and the magenta to
iqd6/7/8. The arrows indicate the position of the PPB.

(C). Quantification of PPB length ratio (ratio of the length of the short side of PPB to the
length of the longer side). WT mean=0.8412 and SD=0.135 (green; n=117 cells).
iqd6/7/8 mean=0.5809 and SD=0.288 (purple; n=108 cells). ****=p<0.0001 (based on
unpaired t-test).

(D-F) Quantification of PPB morphology in WT and iqd6/7/8 (F), with example cells per
category shown in panels (D-E). PPBs were classified based on the even accumulation
of MTs on either side of the cell using immunostained images of WT (n=96) and
iqd6/7/8 (n=128). Magenta arrows and lines highlight MTs). M = medial plane; A =
apical plane. Scale bars = 5um.
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phragmoplast orientation

Figure 2.4. — Incomplete PPBs lead to slanted phragmoplast expansion
Timelapse confocal imaging of symmetric cell division in T2 plants of the WT (A) and
iqd6/7/8 (B) roots expressing TUB6p:VisGreen-TUB6 to visualize MTs. Photographs
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were taken at 3-minute intervals, with the time (in minutes) noted in the top right of each
image. Green arrows mark the initial PPB position. The PPB marked two sides in WT
(n=4) and only one in iqd6/7/8 (n=18). The phragmoplast expanded to reach these sites.
(C). PPB and final phragmoplast orientation for respective genotypes. Overlap of
images corresponding to T=0’ (green), T=54" in magenta, and T=45" in yellow (for
iqd6/7/8 only) from time-lapses shown in (A) and (B). Scale bars = 5um.
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Figure 2.5. — Accumulation of PPB proteins is defective in iqd6/7/8

I. Immunolocalization of MAP65-4-GFP with MTs as reference at the PPB stage in T3
plants of WT (A) and iqd6/7/8 (B) expressing MAP65-4p:MAP65-4-GFP. The merged
image shows MTs in magenta, MAP65-4-GFP in green, and DNA in blue. iqd6/7/8
showed uneven signal accumulation that co-localized with PPB MTs. SF10A shows
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quantifications. Top views of WT (n=8) (C) and iqd6/7/8 (n=12) (D) highlight uneven
accumulation of MAP65-4 at the PPB.

Il. Immunolocalization of TAN1-GFP with MTs as reference at the PPB stage in T3 WT
(E, G) and iqd6/7/8 (F, H) plants expressing TAN1p:TAN1-GFP. The merged image
shows MTs in magenta, TAN1-GFP in green, and DNA in blue. Uneven accumulation of
TAN1-GFP was observed in the iqd6/7/8 mutant compared to WT control. SF10B shows
quantifications. Incomplete accumulation of TAN1-GFP on imperfect PPBs was evident

from top views in iqd6/7/8 cells (n=12) when compared to the WT cells (n=6) (G, H).
Scale bars = 5um.
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Figure 2.6. — The CDS is incomplete in iqd6/7/8

I. Immunolocalization of MAP65-4-GFP with MTs as reference during cytokinesis in T3
plants of WT (A) and iqd6/7/8 (B) expressing MAP65p:MAP65-4-GFP. The merged
image shows MTs in magenta, MAP65-4-GFP in green, and DNA in blue. Lateral views
of MAP65-4-GFP in WT and iqd6/7/8 (l) show uneven signal accumulation in iqd6/7/8.
SF11A shows quantifications. Top views of WT (n=8) (C) and iqd6/7/8 (n=19) (D)
showed complete and incomplete deposition of MAP65-4-GFP at the CDS in WT and
iqd6/7/8, respectively.

Il. Immunolocalization of TAN1-GFP with MTs as reference during cytokinesis in T3
plants of WT (A) and iqd6/7/8 (B) expressing TAN1p:TAN1-GFP. The merged image
shows MTs in magenta, TAN1-GFP in green, and DNA in blue. Unlike the even TAN-1
signal in WT (E), uneven accumulation of TAN1-GFP was observed in the iqd6/7/8 (F).
SF11B shows quantifications. (G) and (H) correspond to top views of WT (n=13) and
iqd6/7/8 (n=41), respectively. While the WT cell showed a regular appearance of TAN1-
GFP across the cell perimeter, the iqd6/7/8 cell displayed irregular accumulation of
TAN1-GFP at the CDS. Scale bars = 5um.
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Figure 2.7 — The CDS is incomplete in iqd6/7/8

Timelapse confocal imaging of MAP65-4p:MAP65-4-GFP (green signal) and
TUBG6p:mCherry-TUB6 (magenta signal) in WT (A) and iqd6/7/8 (B) T2 plants.
Photographs were taken at 3-minute intervals, with the time (in minutes) noted in the top
right of each image. Yellow arrows mark MAP65-4-GFP accumulation at the PPB (0’)
and CDS (6’). Cyan arrows mark the location at the parental cell wall reached by the
phragmoplast. While the MAP65-4-GFP signal at the CDS was not as evident as at the
PPB in this video, the WT phragmoplast reached the site marked by the PPB-localized
MAP65-4-GFP (n=3). In the iqd6/7/8 cells (n=3), only one side showed some MAP65-4-
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GFP accumulation (yellow arrowhead, 0’), which was evident until the end of cytokinesis
(blue arrowhead, 33’). The phragmoplast was slanted, leading to an oblique cell plate.
Scale bars = 5um.

’

W

iqd6/7/8

Figure 2.8. — The CDS is incomplete in iqd6/7/8

Timelapse confocal imaging of TAN1p:TAN1-GFP in WT (A) and iqd6/7/8 (B) T2 plants.
Photographs were taken at 3-minute intervals, with the time (in minutes) noted in the top
right of each image. Magenta arrows mark TAN1-GFP accumulation at the PPB (0’) and
CDS during cytokinesis (41’). WT cells showed TAN1-GFP at the two lateral faces of
the dividing cell and the nucleus right before nuclear envelope breakdown (n=3). In the
iqd6/7/8 cell, only one side showed some TAN1-GFP accumulation (0’-6’), and this
signal remains at the CDS (54’) on only one side of the cell (n=5). Scale bars =5 pym.
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Figure 2.9. — Simultaneous loss of CLASP and 1QD6/7/8 leads to absent PPBs

(A). Comparison of adult plants of WT, iqd6/7/8, clasp, and clasp iqd6/7/8 mutants.
Scale bars = 25mm.

(B). Closeup views of clasp and clasp iqd6/7/8. Scale bars = 25mm.

(C). PI staining of clasp, iqd6/7/8, and clasp iqd6/7/8 roots at 6dpg observed in a
confocal microscope. Magenta arrowheads mark oblique cell plates. Scale bars =
20um.

(D). Quantification of division plane angles in WT, iqd6/7/8, clasp, and clasp iqd6/7/8.
The values for division angle indicate angles measured from a line perpendicular to the
root growth axis. WT (green) mean=3.704 (n=285 measurements from 8 plants) and
iqd6/7/8 (purple) mean=5.927 (n=343 from 7 plants) data from Figure 2.1. clasp
(orange) mean=4.281 and SD= 3.460 (n=201 from 7 plants). clasp iqd6/7/8 (blue)
mean=7.819 and SD= 10.128 (n=279 from 6 plants). In the violin plot, the dashed line
indicates the median; dotted lines represent the upper and lower quartiles. *=p<0.01,
**=p<0.001; ****=p<0.0001 (based on One-way ANOVA followed by Tukey's multiple
comparisons test).

(E). PPB phenotyping. Magenta arrows and lines highlight MTs. The merged image
shows MTs in green and DNA in blue. A no-PPB category of cells was evident in the
clasp iqd6/7/8 quadruple mutant. Scale bars = 5um.

(F). Quantification of PPBs morphology in clasp iqd6/7/8. PPBs were classified based
on the even accumulation of MTs on either side of the cell using immunostained images
of claps (n=96) and clasp iqd6/7/8 (n=128). Example cells per category are shown in
panels in E.
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Supplemental figures

CLUSTAL O(1.2.4) multiple sequence alignment
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I0D6 —-——-=STVYSAA TVLRAPPKDFKAVREEWAAIRIQTAF 94
IQ0D7 ====DEAFTTA--===————————— MA-=——=— ALIRAPPRDFLMVKREWASTRIQAAF 104
I0D8 ====DEAFTTA-—=—=—————————- MA-————— ALIRAPPRDFLMVKREWASTRIQAAF 104
P . 33 H *, * .3 3 shkkghk¥
1Q67 domain
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H ee ceo¥® S o3 o t*z 3 3, sERXRKgg kK 333
IQD13 KNSPKSAQDI-====== RTSGF---PLWWNWVDROKNQNQPF---RLT-PTRPSLSPQPQ 340
I0D6 RSTTSSNLKTNSSISYLKSQEFDKNSWGWSWLERWMAARP--WETRLMDTVDTAATPPP- 271
10D7 TCPSPS======— GRAITHHGLRKSSPGWNWYDDVGTFSRKSSESSVL-======m==—- 254
I0D8 TCPSPS======= GRAITHHGLRKSSPGWNWYDDVGTFSRKSSESSVL-===—mmeee—= 254
* . k. .
I0D13 SSNONHFRLNNSFDTSTP--NSSKSTFVTPSRPIHTPOPYSSSVSRYSRGGGR----ATQ 394
I0D6 ~LPHKHLKSPETADVVQVRRNNV-TTRVSAKPPPHMLSS~-SP-GYEFNESSGSSSI-CTS 326
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IQD8 W SEYETVTVRKNNLSSTRVLARPPLLLPPV-SS-GMSYDSLHDETSTSSTS 302
HIN *, sk & * * . . o*,
IQD13 DSPFKD====— DDSLTSCPPFSAPSYMAPTVSAKAKLRANSNPKERMDRTPVSTNEKRRS 449
I0D6 TTPVSGKTGLVSDNSSSQAKKHKPSYMSLTESTKAKRRTNRGLROSMDEFQFMKNSG--- 383
I0D7 QSPVAFS----SSVLDGGGYYRKPSYMSLTQSTQAKQRQSG-LSCN======mm—————— 343
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Figure S2.1. — Multiple sequence alignment of IQD6/IQD7/IQD8 and 1QD13

Detailed protein alignment of IQD6/7/8 in A. thaliana, with IQD13 as comparison. The
IQ67 domain is shown in red. Alignments were done using Clustal Omega at EMBL-EBI
(Sievers et al., 2011).
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Figure S2.2. — Cell cycle-specific expression of IQD6

Immunolocalization of IQD6-GFP and MTs in T2 iqd6/7/8 plants expressing
1QD6p:IQD6-GFP. The merged image shows MTs in magenta, |IQD6-GFP in green, and
DNA in blue. IQD6-GFP accumulated at the PPB (A, n=8), the middle of the
phragmoplast (C), and the cell plate (D, n=7 for all cytokinesis). Scale bars = 5um.
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Figure S2.3. — Cell cycle-specific expression of IQD7

Immunolocalization of IQD7-GFP and MTs in T2 iqd6/7/8 plants expressing
1QD7p:IQD7-GFP. The merged image shows MTs in magenta, |IQD7-GFP in green, and
DNA in blue. IQD7 accumulated at the PPB (A, n=21), the middle of the phragmoplast
(C), and the cell plate (D, n=11). Scale bars = 5um.
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B iqd6/7/8 + IQD6p:IQD6-GFP

Figure S2.4. — IQD8-GFP and IQD6-GFP live imaging

Still image of roots of T2 A. thaliana iqd6/7/8 plants expressing IQD8p:IQD8-GFP (n=5
plants) (A) and IQD6p:IQD6-GFP (n=4 plants) (B). Close-up images show a cell at the
PPB stage (magenta outline) and the phragmoplast stage (green outline).

Scale bars = 25um in whole root, 5um in close up.

58



MGGSGNWIKSLITNKKNITDDQEKNIKKKWKLWRTSSEGLISSSKGFKSRGGSYGTPSLGSDPPSFSADD
1 10/ 20! : 30 : 40 50| ! 60! ! 70
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360/ 370/ : 380! ‘ 390 400 U 410/ l414

Figure S2.5. — AtlQD8 polypeptide sequence
N-terminal domain is highlighted in purple, the C-terminal domain is in blue, and the
IQ67 domain is in pink.
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Figure S2.6. — Overexpression of IQD8 in A. thaliana

Immunolocalization of IQD8-GFP and MTs in T2 plants expressing 35S:/IQD8-GFP. The
merged image shows MTs in magenta, IQD8-GFP in green, and DNA in blue. IQD8-
GFP was detected in all mitotic cytoskeletal structures when overexpressed: (A) PPB
and prophase spindle (n=12), (B) metaphase spindle (n=2), (C) phragmoplast (n=6).
Scale bars = 5um.
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Live-cell imaging of 35S:/QD8-GFP in N. benthamiana
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Figure S2.7. — Transient overexpression of 35S:/IQD8-GFP in N. benthamiana
Live-cell imaging of IQD8-GFP and MTs. The merged image shows MTs in magenta
and IQD8-GFP in green. Overexpressed, |IQD8-GFP associated with the PPB (A, n=3),
spindle (B, n=5), phragmoplast and phragmoplast midline (C, n=3), and cell plate (D,
n=3). During interphase, IQD8-GFP was observed along CMTs (E, n=2). Scale bars =
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Almmunostaining of 356S:IQD8AIQ-GFP in A.thaliana
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Figure S2.8. — Overexpression of IQD8AIQ in A. thaliana and N. benthamiana

(A). Immunolocalization of IQD8AIQ-GFP and MTs in T2 A. thaliana iqd6/7/8 plants
expressing 35S:/QD8AIQ-GFP. The merged image shows MTs in magenta, IQD8AIQ-
GFP in green, and DNA in blue. IQD8AIQ-GFP was not observed at the PPB (n=13) or
the CDS but was present at the phragmoplast midline and the cell plate (n=7).
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Scale bar = 5uym.

(B). Live-cell imaging of N. benthamiana expressing 35S:/QD8AIQ-GFP. IQD8AIQ-GFP
was detected at CMTs (n=15) and less consistently at phragmoplast MTs (n=3) and the
cell plate (n=2). Scale bar = 10um.

Live-cell imaging of 356S:IQD8N-GFP in N. benthamiana
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Figure S2.9. — Overexpression of IQD8N

Live-cell imaging of N. benthamiana dividing cells expressing 35S:/IQD8N-GFP showed
IQD8N-GFP (magenta arrowheads) at the cortex during prophase (A, n=5), the
phragmoplast midline (B), and cell plate during cytokinesis (C, n=>5 for all
phragmoplasts). Scale bars = 10um.
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(D). Immunolocalization of IQD8N-GFP and MTs in T2 A. thaliana iqd6/7/8 plants
expressing 35S:/QD8N-GFP. The merged image shows MTs in magenta, |IQD8-GFP in
green (magenta arrowheads), and DNA in blue. IQD8N-GFP was observed at the
phragmoplast midline and cell plate (n=4). Scale bars = 5um.
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Figure S2.10. — Overexpression of IQD8C

Live-cell imaging of N. benthamiana dividing cells expressing 35S:/IQD8C-GFP showed
IQD8C-GFP’s association with CMTs in an interphase leaf epidermal cell (n=6). Scale
bar = 10pum.
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Supplemental iqd6/7/8 time-lapses
Supplemental movie 2
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Figure S2.11. — Supplemental time-lapse images of iqd6/7/8 cells undergoing
mitotic divisions

Timelapse confocal imaging of symmetric cell division in roots of iqd6/7/8. MTs were
visualized with TUBG6p:VisGreen-TUB6. Photographs were taken at 3-minute intervals,
with the time (in minutes) noted in the top right of each image. Green arrowheads mark
the initial PPB position. The PPB was noticeable at only one side of the cell in both
supplemental movies of iqd6/7/8 mutant, although less noticeable in SM3. The
phragmoplast expanded to reach these sites. Scale bars = S5uym.
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Figure S2.12. - MAP65-4 and TAN1 PPB accumulation quantification

Quantification of MAP65-4 (A) and TAN1 (B) accumulation patterns at the PPB site in

WT and iqd6/7/8 plants separately expressing MAP65-4p:MAP65-4-GFP and
TAN1p:TAN1-GFP. Cells were classified using immunostained images based on the
uniform or nonuniform accumulation of GFP at the PPB on either side of the cell.
Example cells per category are shown in panels. For MAP65-4-GFP, n=59 (WT) and
n=73 (iqd6/7/8). For TAN-1-GFP, n=30 (WT) and n=62 iqd6/7/8. Scale bars = 5um.
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Figure S2.13. — MAP65-4 and TAN1 CDS accumulation quantification
Quantification of MAP65-4 (A) and TAN1 (B) accumulation patterns at the CDS in WT
and iqd6/7/8 plants separately expressing MAP65-4p:MAP65-4-GFP and TAN1p:TAN1-
GFP. Cells were classified based on the accumulation patterns of the GFP signal at the
CDS on either side of the cell. Example cells per category are shown in panels. For
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MAPG65-4-GFP, n=52 (WT) and n=60 (iqd6/7/8). For TAN-1-GFP, n=40 (WT) and n=82
iqd6/7/8. Scale bars = 5um.

Supplemental MAP65-4-GFP in iqd6/7/8 time-lapses
Supplemental Movie 2

Figure S2.14. — Supplemental snapshots of MAP65-4-GFP time-lapse videos
Timelapse confocal imaging of MAP65-4p:MAP65-4-GFP (green signal) and
TUB6p:mCherry-TUB6 (magenta signal) in iqd6/7/8 T2 plants. Photographs were taken
at 3-minute intervals, with the time (in minutes) noted in the top right of each image.
Yellow arrowheads mark MAP65-4 accumulation at the PPB (0’) and CDS (15’ in SM2
and 30’ in SM3). Cyan arrowheads mark the location at the parental cell wall reached by
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the phragmoplast. In SM2 during the PPB stage and CDS, MAP65-4 signal appeared
disorganized. In SM3, MAP65-4-GFP signal at the PPB was incomplete, with only one
side showing GFP accumulation (0’). This signal remained at the CDS (30’) during
cytokinesis. Despite the disorganization and spindle/phragmoplast rotation, the
phragmoplast expanded normally in SM2. In SM3, the phragmoplast appeared slightly
curved and elongated with some slant. Scale bars = 5pm.

Supplemental TAN1-GFP in iqd6/7/8 time-lapses
Supplemental Movie 2
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Figure S2.15. — Supplemental TAN1 videos

Timelapse confocal imaging of TAN1p:TAN1-GFP in iqd6/7/8 T2 plants. Photographs
were taken at 3-minute intervals, with the time (in minutes) noted in the top right of each
image. Magenta arrowheads mark TAN1 accumulation at the PPB (0’) and CDS during
cytokinesis (48’ in SM2 and 78’ in SM3). In SM2 during the PPB stage and CDS, TAN1-
GFP signal appeared on both sides of the cell but was of uneven width. In SM3, TAN1-
GFP signal at the PPB was incomplete, with only one side showing TAN1-GFP
accumulation (0’). This signal remained at the CDS (78’) during cytokinesis. Scale bars
= 5um.
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Figure S2.16. — Overexpression of GFP immunostaining control
Immunolocalization of GFP and MTs in A. thaliana WT plants expressing 36S:GFP. The
merged images show MTs in magenta, GFP in green, and DNA in blue. Since the PPB
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MTs and their associated proteins accumulate at the cortex, we focused on the signal at
cortical locations for the control. We found that the GFP signal was not emphasized at
the cortex in the control cells. n=18 for PPB, 3 for spindle, and 9 for phragmoplasts.

Scale bars = 5um.
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Figure S2.17. — Cell periphery trace is indicated for measuring the fluorescence
intensity profiles of PPBs in the WT and iqd6/7/8 cells.
Example screenshots show line traces used to generate fluorescence intensity profiles

of PPBs, as shown in Figure 2.3B.
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Supplemental tables

Table S2.1. Primers used in the construction of transgenes and the genotyping of

specific alleles.

Primer Name

Sequence (5’ - 3’)

Purpose

SALK_107689_LP

CATATGGAAGGTTAAACAAACAAGG

Genotyping of iqd8 FWD

SALK_107689_RP

TGAGCTAAAAGATCCTGTTAAGCAG

Genotyping of iqd8 REV

SALK_137365_LP

AACAGGCGTAGTTGAAGTACAAATC

Genotyping of iqd6 FWD

SALK_137365_RP

CATTATCGGTCTCAAGAAGCTAGAG

Genotyping of igd6 REV

SALK_ 25334 LP

CATATGGAAGGTTAAACAAACAAGG

Genotyping of iqd7 FWD

SALK_25334 RP

TGAGCTAAAAGATCCTGTTAAGCAG

Genotyping of iqd7 REV

C

CLASP_FWD GTAAGCAACCTGTTAGAGATGCTG  |Genotyping of clasp FWD
CLASP_REV TGTTTAGGCTTCAATCATTGAGAG Genotyping of clasp REV
CGCGACAAGTTTGTAC GCA Amplification of AtIQD6
IQD6_FWD GGCTCTTACCGCCATG‘CUEUfufufu!\GTTG promoter and open reading
frame FWD
GGGGACCACTTTGTACAAGAAAGCT |Amplification of IQD6
IQD6_REV GGGTTACCTCTCGGCTTCTCGAATCG|promoter and open reading
AG frame REV
GGGGACAAGTTTGTACAAAAAAGCA |Amplification of AtIQDS
IQD8 FWD GGCTAGTCCTGCCAATCTCAATCTTG |promoter and open reading
GT frame FWD
GGGGACCACTTTGTACAAGAAAGCT |Amplification of AlQD8
|IQD8_REV GGGTTGCCTCTCTGGCTCTTTGCCCA|promoter and open reading

frame FWD

IQD8_CDS_FWD

CACCATGGGTGGCTCTGGAAATTG

Amplification of AtIQD8
coding region FWD

Amplification of AtlIQD8

AAG AAATCT TTC GGC GGA G

IQD8_CDS_REV  |GCCTCTCTGGCTCTTTGCCCAC ) )
coding region REV
CTT TCT TGT TAA ACC TTC AGA TGG|Gibson primers to delete
QD8 67D _FWD
QD8_67D_ ACA GGA GTT GG IQ67 domain in IQD8 FWD
IQD8_67D_REV CCA TCT GAA GGT TTA ACA AGA Gibson primers to delete

IQ67 domain in IQD8 REV
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CAT TAG AGC TGC CGA CCC AGC Gibson primers to amplify

IQD8N_FWD TTT CTT GTA IQD8 N-domain EWD
GGT CGG CAG CTC TAATGA CAG  |Gibson primers to amplify

IQD8N_FWD CAG CAA CAG IQD8 N-domain REV
IQD8C FWD AAA AGC AGG CTC CGC AAT GGG  |Gibson primers to amplify

— TTG GAA TTG GCT TGA CCG QD8 C-domain FWD

D-prom-R1_REV AAG

CATTGCGGAGCCTGCTTTTTTGTACA |Gibson primers to amplify

IQD8 C-domain REV

CACC AGATGC TCC AGAATT TCT

Amplification of AtTAN1

TAN1_FWD GGT AG promoter and open reading

frame FWD
GCCTGCGCCTGE Amplification of AtTAN1

TAN1_REV CACTTTCCTGCTCTTCATTGGAG promoter and open reading
frame FWD

LBb1.3 ATTTTGCCGATTTCGGAAC T-DNA primer for
genotyping of SALK lines

SKTAIL-L1 TTCTCATCTAAGCCCCCATTTGG || DA primer for

genotyping of clasp

Table S2.2. Combinations of primary and secondary antibody used in this study

Figure Primary antibody Secondary antibody
Figure 2.3 and Figure 2.9 Monoclonal mouse Fluorescein isothiocyanate
DM1A anti-a-tubulin (FITC)—conjugated donkey
antibody (Sigma) anti-mouse 1gG (Rockland
Antibodies & Assays)
Figures 2.2, 2.5, 2.6 and Monoclonal mouse Texas Red—conjugated
SF2.2,2.3,2.6,2.8, 2.9, DM1A anti-a-tubulin anti-mouse 1gG (Rockland
212,213, 2.16 antibody (Sigma) Antibodies & Assays)
Monoclonal rabbit anti- FITC—conjugated donkey
GFP (Thermo Fisher anti-rabbit IgG (Rockland
Scientific) Antibodies & Assays)

Table S2.3. Key resources table

Resource

Source

A. thaliana iqd6/7/8

This paper
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A. thaliana iqd6/7/8 + pGWB4_IQD6p:IQD6- | This paper
GFP

A. thaliana iqd6/7/8 + pGWB4 _IQD7p:IQD7- | This paper
GFP

A. thaliana iqd6/7/8 + pGWB4_IQD8p:IQD8- | This paper
GFP

A. thaliana iqd6/7/8 + This paper
pGWB10 _TUBG6p:VisGreen-TUB6

A. thaliana map65-4 Lietal. 2017
A. thaliana map65-4 + pGWB4_MAP65- Lietal. 2017

4p:MAP65-4-GFP

A. thaliana map65-4 + pJL414_MAPG65-
4p:MAP65-4-GFP

This paper and (Liu et al., 2019)

A. thaliana iqd6/7/8 + pJL414_MAP65- This paper
4p:MAP65-4-GFP

A. thaliana Col-0 + pGWB4_TAN1p:TAN1- This paper
GFP

A. thaliana iqd6/7/8 + This paper
pGWB650 _TAN1p:TAN1-GFP

A. thaliana iqd6/7/8 + pGWB605 _35S:IQD8- | This paper
GFP

A. thaliana iqd6/7/8 + This paper
pGWB605_35S:1QD8AIQ-GFP

A. thaliana clasp This paper
A. thaliana clasp iqd6/7/8 This paper
pGWB4_IQD6p:IQD6-GFP This paper
pGWB4_IQD7p:IQD7-GFP This paper
pGWB4_I1QD8p:IQD8-GFP This paper

pGWB10 _TUBG6p:VisGreen-TUB6

(Liu et al., 2019)

pGWB4_MAP65-4p:MAP65-4-GFP

Li et al. 2017
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pJL414_MAP65-4p:MAP65-4-GFP

(Liu et al., 2019)

pGWB4_TAN1p:TAN1-GFP This paper
pGWB650_TAN1p:TAN1-GFP This paper
pGWB605 35S:1QD8 This paper
pGWB605 35S:1QD8AIQ This paper

Phusion DNA polymerase

Thermo Fisher

Cellulase

Yakult

Paraformaldehyde

Electron Microscopy Sciences
Cat. 15710

SlowFade + DAPI (4’6-diamidino-2-
phenylindole)

Thermo Fisher
Cat. S36920
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Abstract

The cytoskeleton undergoes reorganization to accomplish even partition of the
genetic material (mitosis) and the cytoplasm into two daughter cells (cytokinesis).
Through enzymatic complexes of Cyclin-Dependent Kinases (CDKs) and Cyclins, the
cell cycle machinery controls phase progression through the division cycle and
associated cytoskeletal changes. Here, we investigated the roles of CYCA1;1 and
CDKA;1 in preprophase band (PPB) formation and function. The PPB is a structure of
bundled microtubules (MTs), actin filaments, and their associated proteins that sets up
the division plane during cell division in somatic cells of land plants. First, we generated
transgenic lines expressing GFP fusion proteins of CYCA1;1 and CDKA;1 in their
respective T-DNA insertional mutant backgrounds. With immunostaining and live-cell
imaging, we demonstrate that CYCA1;1 and CDKA;1 accumulate in the prophase
nucleus and decorate the PPB and spindle. We show that the interaction between
CDKA;1 and CYCAA1;1 is necessary for their PPB localization. Loss-of-function cyca1;1
mutants were isolated but showed no division plane or PPB phenotypes. Lastly, we
analyzed whether MAP65-4 could be a potential target of this regulatory module but
found no difference in its expression in cyca1;1 mutant. Our results add essential details
to our understanding of the activity of two important cell cycle regulators, candidate

regulators of cell cycle-dependent PPB MT organization.
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Introduction

The dynamic cytoskeleton carries out mitosis and cytokinesis. It reorganizes from
stage to stage according to the timing set by the cell cycle to execute stage-dependent
tasks required for cell division (Motta & Schnittger, 2021). In eukaryotes, the cell cycle
uses a conserved mechanism involving the serine/threonine cyclin-dependent kinases
(CDKs) coupled with cyclins to control cytoskeletal reorganization associated with
mitotic phase transitions (Sablowski & Gutierrez, 2021). Cyclins are crucial regulators of
CDKs as their interaction activates CDK'’s catalytic activity and specifies its substrates.
Plants share the basic functional characteristics of cell cycle control with other
eukaryotic organisms, with CDKA as the main CDK controlling the entry into S- and M-
phase like Cdc2 in fission yeast, and plant-specific CDKBs working in G2/M-phase
(Nowack et al., 2012). Plants possess a high diversity of cyclins than other organisms,
with over 50 cyclin homologs of 10 different types (Jia et al., 2014; Wang et al., 2004).
The emergence of these highly diversified cyclins may be related to the formation of
plant-specific, cell cycle-dependent cytoskeletal cytokinetic arrays, such as the
preprophase band (PPB), which determines the division plane, and the phragmoplast,
which builds the new cell wall to accomplish cytokinesis. Therefore, exploring how the
cell cycle controls the plant division cycle may reveal new functions and modes of
regulation of this conserved cellular machinery.

In this study, we aimed to understand how the cell cycle machinery regulates
PPB formation. The PPB is a transient cytoskeletal structure primarily composed of
microtubules (MTs) that emerges during late G2, persists through prophase, and

disassembles during nuclear envelope breakdown in mitotic somatic cells of land plants
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(Rasmussen & Bellinger, 2018). It is a structure crucial for the spatial regulation of cell
division because it determines where the phragmoplast will build the new cell wall
during cytokinesis. Several critical cell cycle regulators have been detected at the PPB
in many plant species. CDKs were the first cell cycle core proteins identified at the PPB
using antibodies against a conserved epitope of Cdc2 homologs in maize (Colasanti et
al., 1993). Another study surveyed the localization of cell cycle regulators during mitosis
and cytokinesis in A. thaliana and found that a specific CDK (CDKA;1), a G2 cyclin
(CYCAA1;1), and other regulators accumulated at the PPB under the control of
constitutively active promoters (Boruc et al., 2010). Their localization upon
overexpression suggests potential roles for CDKA;1 and CYCA1;1 in PPB development.

A plausible hypothesis is that the CDKA;1-CYCA1;1 complex may regulate PPB
MT stability/instability by phosphorylating MT-associated proteins necessary for PPB
formation (Vavrdova et al., 2019), such as the TON-TRM-PP2A complex (TTP
complex), TON1 RECRUITING MOTIF (TRM) proteins, IQ DOMAIN (IQD) proteins, and
MICROTUBULE ASSOCIATED PROTEIN 65-4 (MAP65-4). These proteins are all
detected at the PPB in A. thaliana and have canonical CDK phosphorylation sites in
their polypeptide sequences. In addition, CDKA;1 co-purifies with TON1 protein, a
regulator of PP2A activity (Van Leene et al., 2007). This evidence points to a potential
function of CDK/cyclin in regulating PPB MT formation, dynamics, or disassembly.

We took the first steps in exploring the functions of CYCA1;1 and CDKA;1 during
PPB formation in sporophytic mitosis of A. thaliana. We generated transgenic lines
expressing GFP fusions of CYCA1;1 and CDKA;1 under their native promoters in their

respective mutants and investigated their dynamics during mitosis. CYCA1;1- and
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CDKA;1-GFP fusions consistently localized to the prophase nucleus, PPB, and the
mitotic spindle. We isolated a cyca1;7 mutant and analyzed division plane orientation
and cytokinetic structures but found no difference from WT. We analyzed variants of
CYCA1;1 that had different domains truncated and found that interaction with CDK was
indispensable for its association with MTs, particularly the PPB. CDKA;1 required
CYCAT1;1 for its association with the PPB, indicating their interdependence for this
location. While further studies are undoubtedly needed to determine the precise function
of CDKA;1/CYCA1;1 in PPB formation, our results add to our understanding of the

functional diversification of cell cycle regulators in plants.

Results

Isolation of homozygous cyca1;7 mutant

To study the function of CYCA1;1 in cell division, we first identified a T-DNA
insertional mutation in the CYCA1;17 locus in mutant pools of A. thaliana generated by

the community (GK-378D05) (accessible at http://signal.salk.edu/cqgi-bin/tdnaexpress)

(Alonso et al., 2003) and isolated homozygous mutants carrying this insertion. Because

the insertion is in the first exon, this is predicted to be a loss-of-function mutation.

CYCA1;1 localizes to the PPB, prophase spindle, and metaphase
spindle during mitosis

To determine the localization of CYCA1;1 during mitosis when expressed under

its native promoter, we generated complementation lines by introducing into the cyca1;1

83



mutant a construct containing 1.58 kB upstream 5’ sequence and 2.15 kB genomic
coding sequence for CYCA1;1 fused to a C-terminus GFP. We analyzed dividing root
cells of T2 individuals of the resulting complementation lines with immunostaining and
live-cell imaging (Figure 3.1). When driven with its native promoter and analyzed by
immunostaining of dividing cells, the CYCA1;1-GFP fusion protein localized to the
prophase nucleus, mature PPB during prophase (Figure 3.1A, n=49), and to the mitotic
spindle during metaphase (Figure 3.1B, n=8). We observed the tissue-wide expression
patterns of CYCA1;1-GFP with live cell imaging, and the protein accumulated in a cell
cycle-dependent manner and highlighted the prophase nucleus, PPB, and prophase
and metaphase spindles, recapitulating what was detected by immunolocalization

(Figure 3.1C, n=13).

cycai;1 mutant does not have division plane defects

We examined the orientation of cell divisions in wild-type Col-0 (WT) and cyca1;1
mutant by staining six days post-germination (dpg) roots with propidium iodide and
imaging them under a confocal microscope (Figure 3.2A, n=3 for WT and 6 for cyca1;17).
Division orientation in the cyca1;1 mutant appeared indistinguishable from that in WT,
with new cell divisions positioned at around 90° of the parental cell wall.

We turned to anti-tubulin immunostaining of meristematic root cells of A. thaliana
undergoing division to visualize cytokinetic structures of the mutant in detail but found
no significant difference from WT. Like WT, PPBs in cyca1;1 appeared complete and
evenly bundled (Figure 3.2B, n=44 for WT and 51 for cyca1;1). With live-cell imaging,

we could see that complete PPBs formed on time. The phragmoplast expanded to meet
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the position previously occupied by the PPB, just like in WT (Figure 3.2C, n=3).

CDKA;1 localizes to the PPB and prophase nucleus during mitosis

It was previously reported that loss-of-function mutations in CDKA;1 result in
male gametophyte lethality in A. thaliana (Iwakawa et al., 2006). Another study
recovered cdka; 1 mutant plant, which were reported to be able to complete
embryogenesis but failed to produce roots or develop sustained shoots (Nowack et al.,
2012). We obtained a heterozygous cdka; 1 line of A. thaliana, but could not recover
cdka; 1/- plants in its progeny. The heterozygous cdka;1/+ mutant plants were used in
the experiments.

To learn more about the native localization of CDKA;1 during mitosis, we
generated complementation lines by introducing into cdka; 1/+ plants a construct
containing 2.25 kB upstream 5’ sequence and 2.06 kB genomic coding sequence of
CDKA; 1 fused to a C-terminus GFP. We analyzed dividing root cells of T2 individuals
with immunostaining and live-cell imaging. CDKA;1-GFP accumulated in interphase and
prophase nuclei, the PPB (Figure 3.3A, n=28), and the mitotic spindle (Figure 3.3B,
n=6).

We used time-lapse imaging to analyze CDKA;1-GFP dynamics. As with the
immunostaining, we found CDKA;1-GFP in interphase and prophase nuclei and at the
PPB early in division. During metaphase, CDKA;1-GFP localized around the spindle

and in the reforming daughter nuclei during telophase (Figure 3.3C and SF3.1, n=4).

85



CYCA1;1 location at the PPB depends on interaction with CDKA;1

We then asked how the different domains of the CYCA1;1 polypeptide
contributed to its subcellular localization, e.g., at the PPB. Cyclins contain two main
conserved domains: a “destruction box” (Dbox) near the N terminus for ubiquitin-
mediated proteolysis and a “cyclin box” (Cbox) near the C terminus for binding to CDK
(SF3.2) (Wang et al., 2004). Cyclins have phase-dependent accumulation patterns
throughout the cell cycle, and their protein levels are precisely controlled by degradation
via ubiquitin-dependent proteolysis (Genschik et al., 1998). Destruction of cyclins
inactivates CDK activity, allowing cells to progress into the next cell cycle stage. To test
the contribution of the Dbox and Cbox in CYCA1;1, we made three versions of
CYCA1;1 with the Dbox and Cbox deleted (ADbox and ACbox, respectively) and
another with both boxes deleted (ADboxCbox). These CYCA1;1 truncations were
expressed under the CYCA1,;1 native promoter when being transformed into the
cyca1;1 mutant. We also transformed a CYCA1;1 overexpression construct into the
cycai;1 mutant.

We obtained T2 individuals for ACbox and ADboxCbox lines and analyzed their
roots under a confocal microscope (Figure 3.4). After attempting the transformation
three times, we could not recover transformants for the ADbox construct.
Overexpression of CYCA1;1-GFP also yielded no specific expression (Figure 3.4A.,
n=15). Interestingly, CYCA1;1ACbox-GFP lost MT localization and was not visible at the
PPB or spindle while detected in nuclei (Fig 3.4B, D; n=5). CYCA1;1ADboxCbox-GFP

was also absent from MT structures but was observed later to accumulate in the nuclei
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of daughter cells during telophase (Fig 3.4C, E; n=9). These results suggest that the D-
box is required for its MT association while regulating CYCA1;1’s protein level during
mitosis. Additionally, CYCA1;1 association with CDKA;1 is necessary for localization to

MTs.

CDKA:;1 requires CYCA1;1 for PPB localization

The results prompted us to analyze CDKA;1’s localization patterns in the
absence of CYCAT1;1. Therefore, we transformed the CDKA;1-GFP construct described
above into the cyca;1 mutant and analyzed its subcellular localization via
immunostaining and live-cell imaging. CDKA;1-GFP lost its association with the PPB in
cycat;1 while retaining its nuclear (Figure 3.5A, n=35) and spindle localization (Figure
3.5B, n=7), indicating that CDKA;1 and CYCA1;1 are interdependent for their PPB
localization. We used time-lapse imaging to analyze CDKA;1-GFP dynamics during
mitosis and cytokinesis in the cyca;71 background and detected CDKA;1-GFP in

interphase and prophase nuclei but not at the PPB (Figure 3.5C and SF3.3, n=3).

MAPG5-4 has normal localization in cyca1;1

To explore possible substrates of CDKA;1/CYCA1;1, we analyzed the activities
of MAP65-4 in the cyca1;1 mutant. MAP65-4 belongs to the evolutionarily conserved
MAPG65/Ase1/PRC1 family of proteins of MT bundlers. It accumulates at the PPB and
the cortical division site and functions redundantly with another MAP65 paralog, but its
role in spatial regulation of cytokinesis is yet to be explored (Li et al., 2017). MAP65-4

has a predicted CDK phosphorylation site [S/T]PX[K/R] (SF3.4), so we hypothesized
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CDKA;1/CYCA1;1 may regulate its cell cycle-dependent activities. However, we
analyzed T2 plants carrying a MAP65-4-GFP reporter in cyca1;1 with immunostaining
and live imaging but found no change in its distribution compared to WT (Figure 3.6).
Our results indicate that MAP65-4 localization at the PPB does not depend on

CYCA1;1.

Discussion

The cell cycle machinery orchestrates the temporal dynamic reorganization of
cytoskeletal networks during mitosis and cytokinesis. Plants have specialized
cytokinetic cytoskeletal structures, such as the PPB and the phragmoplast, and highly
diversified cell cycle regulators. This study attempted to answer how CYCA1;1 and
CDKA;1 may regulate PPB formation to specify the division plane during somatic mitotic
division of A. thaliana. We isolated and analyzed a cyca1,1 T-DNA mutant; however, we
did not detect noticeable phenotypes in PPB formation or division plane orientation in
the mutant compared to the WT control. However, our localization experiments showed
that CYCA1;1 and CDKA;1 consistently associate with the PPB and that their interaction
is necessary for their PPB localization, suggesting that they likely have substrates
associated with this cytokinetic microtubule array. We also analyzed MAP65-4
expression in cyca1;1 as a potential target of regulation of the CDKA;1/CYCA1;1
complex but found no difference in its localization compared to WT. Site-directed
mutagenesis may be informative for us to learn whether the putative phosphorylation

event is necessary for the localization or activity of MAP65-4.
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The lack of phenotype observed in cyca;71 prompts us to think that
CDKA;1/CYCA1;1 mislocalization in the mutant might not be sufficient for eliminating
the necessary CDK function that might be required for PPB formation. A. thaliana
contains ten genes encoding A-type cyclins and various types of CDKs, so it is possible
that other cyclins and CDKs also functionally associated with the PPB or could take
over CDKA;1/CYCA1;1 function in the absence of CYCA1;1. For example, CYCB1;2 in
maize (John et al., 2001), CDKB2;1 in rice (Lee et al., 2003), and a Cdc2MsF of alfalfa
(Mészaros et al., 2000) have been reported to localize although less prominently at the
PPB. A more recent study found that cycb1;1 cycb1;2 and cycb1;2 cycb1;3 double
mutants have some abnormalities in their mitotic MT arrays, including a minimal
increase in the incidence of double and misplaced PPBs (Romeiro Motta et al., 2022).
Although it was surprising that B-type cyclins were connected to PPB MT organization
since they appear after A-type cyclins and are known to control M-phase specific events
(Hunt et al., 1992), the plant cyclin A proteins may have some noncanonical functions
when compared to their animal and fungal counterparts.

Further experiments are needed to provide more clues about the cell cycle-
dependent regulation of early MT-related events in the mitosis of plants. If the null
cdka; 1 mutant is lethal, potential future experiments could be to generate cdka; 1 partial
loss-of-function mutants (Yang et al., 2020). A biochemistry approach could be taken to
ascertain whether CYCA1;1 and CDKA;1 interact and can form an active complex in
vitro. Finally, functional analysis of other cyclins and the generation of higher-order
mutants could help clarify the hypothesized functional redundancy. Our study tackles a

long-standing question in plant cell division that deserves further exploration.
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Materials and Methods

Plant Materials and Growth Conditions

The Arabidopsis thaliana plants used in this study include control WT (Col-0)
plants, cyca1;1 and cdka;1/+. cyca1;1 was isolated from seed stock GK-
378D05(CS2006119), obtained from the Arabidopsis Biological Research Center
(ABRC) at Ohio State University in Columbus, Ohio, USA. cdka; 1/+ lines
(SALK_106809) were obtained from Dr. Hong Wang at the University of Saskatchewan.
The primers used for genotyping are listed in Table S3.1. The LP and RP primer pairs
were used for detecting the WT allele of the corresponding genes, while the LBb1.3 or
02588 and RP primer pairs were used for detecting the T-DNA insertional mutations of
the SALK or GABI lines. WT Col-0 plants were used as the positive control for the WT
allele and negative control for the T-DNA mutant allele. All other plant materials are
described in Table S3.3.

All plants were grown in growth chambers at 21 °C with cycles of 16-h light and
8-h dark. When grown on plates, sterilized seeds were placed on solid media supplied

with 1/2 Murashige & Skoog salt mixture.

Plasmid construction

The genomic fragment of AICYCA1;1 (AT1G44110) containing 2.15 kB of coding
sequence without a stop codon and 1.58 kb of 5’ non-coding region was amplified using
primers CYCA1;1_FWD and CYCA1;1_REV (Table S3.1). The resulting product was

then combined using Gibson reaction with pCH1 (containing a C-terminus EGFP tag)
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linearized by digestion with Kpnl and Xhol. This plasmid was recombined using LR with
pGWB1 to make CYCA1,;1p:CYCA1;1-GFP. The primers CYCA1;1_ATG_FWD and
CYCA1;1_REV were used to amplify the CYCA1;1 coding sequence without a stop
codon. The product was combined using Gibson with pCH1 opened with Kpnl and Xhol,
then with pGWBG605 through LR to give rise to a 356S:CYCA1;71-GFP expression
construct.

Primers CYCA1;1dbox_FWD and CYCA1;1dbox_REV with complementary
sequences for Gibson reaction (Table S3.1) were used to amplify CYCA1;1ADbox from
the pCH1_CYCA1;1p:CYCA1,;1-GFP plasmid. The purified amplicon was re-circularized
with Gibson reaction. This vector was used for recombination by LR reaction with the
pGWB1 vector as the destination vector to make pGWB1_CYCA17;1p:CYCA1;1ADbox-
GFP. Similarly, CYCA1;1cbox_FWD and CYCA1;1cbox_REV were used to amplify
CYCA1;1ACbox from pCH1_CYCA1;1p:.CYCA1;1-GFP. Then Gibson assembly and LR
reaction were carried out to make pGWB1_CYCA1;1p:CYCA1;1ACbox-GFP. The Cbox
primers were used to amplify CYCA1;1ADboxCbox from
pCH1_CYCA1;1p:CYCA1,;1ADbox-GFP. Then, the
GWB1_CYCA1;1p:CYCA1;1AdboxCbox-GFP plasmid was produced by Gibson
assembly followed by LR reaction.

2.06 kB of the genomic coding sequence of AtCDKA;1 (AT3G48750.1) without
the stop codon and 2.25 kb of 5’ non-coding regions were amplified using primers
CDKA;1_FWD and CDKA;1_REV (Table S3.1). The purified amplicon was combined
using Gibson reaction with pENTRA4, previously linearized with Ncol and Xhol. The

resulting plasmid was recombined with the vector pJL414 by LR reaction, which

91



contains a C-term GFP tag and the MT marker TUB6p:mCherry-TUB6 (Liu et al., 2019)
combined on the same vector.

All amplifications were done with Phusion DNA polymerase. Plasmids were
verified by using restriction enzyme digest. ADbox and ACbox constructs were
sequenced using primers CYCA1;1_dbox_seq and CYCA1;1_cbox_seq, respectively,

with vector-specific primers.

Plant transformation

Constructs for the expression of all fusion proteins were delivered into adult A.
thaliana plants with corresponding genotypes via Agrobacterium-mediated
transformation by standard floral dipping method (Clough & Bent, 1998). Transgenic
plants were selected on antibiotic media according to antibiotic markers carried by
respective vectors. Specific transformant generations were indicated in the figure
legend of all confocal and immunostaining data. At least 2-3 different T2 plants were

analyzed for each line.

Production of cells for immunostaining

To obtain and visualize meristematic root cells, ~10mg of A. thaliana seeds were
plated and grown for 5-6 dpg. Seedlings were fixed on-plate for 45 minutes (first 5
minutes in a vacuum) in freshly prepared 4% paraformaldehyde in PME buffer (0.05 M
PIPES buffer, pH 6.9, 1 mM MgSOs4, and 5 mM EGTA), rinsed several times in PME,
and partially digested for 25 min in 1% cellulase solution in PME buffer. After rinsing

with PME several times, root tips were cut off individually and placed on glass slides

92



coated with 0.2% chromium potassium sulfate and gelatin. Individual cells were
released into solution by gently squashing the root tips between the coverslip and slide.
After drying and rehydrating with PME, cells were treated with 0.5% Triton X-100 in
PME for 15-30min and washed. Cells were treated with methanol at -20°C for 15-30min,
then washed with phosphate buffer saline (PBS). Cells were stained with the primary
antibodies followed by the secondary antibodies in combinations described in Table
S3.2. Antibodies were diluted 100-fold in 1XPBS and 3% BSA. Cells were mounted in
SlowFade + DAPI (4’6-diamidino-2-phenylindole).

All counts presented for immunostaining images correspond to cell counts

from >50 T2 plants.

Microscopy

An Axio Observer inverted microscope equipped with the LSM710 laser scanning
confocal module with standard eGFP and mCherry (Carl Zeiss) settings and a 40x C-
Plan (water) objective were used for live-cell imaging. For division plane counting, the
roots of 5dpg (days post germination) seedlings were stained with propidium iodide (PI,
0.2 pg/mL stock) and mounted in water. For time-lapses, plants were grown in Petri
dishes with coverslip bottoms and observed directly on the microscope. Images were
acquired using the ZEN software (Carl Zeiss) and processed in ImageJ/Fiji

(www.imagej.nih.gov/ij).

Fixed and stained root cells were observed by using an Eclipse 600

epifluorescence microscope with a Plan-Fluor 100x objective (Nikon). Images were
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acquired with an OptiMOS sCMOS camera (Photometrics) controlled by uManager

software package (Edelstein et al., 2014).
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Figure 3.1. — CYCA1;1 localizes to the PPB, prophase spindle, and metaphase
spindle during mitosis.

Immunolocalization of CYCA1;1-GFP with MTs as reference during mitosis and
cytokinesis in T2 plants of cyca;1 expressing CYCA1;1p:CYCA1;1-GFP. The merged
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images show CYCA1;1-GFP in green, MTs in magenta, and DNA (4’6-diamidino-2-
phenylindole, DAPI) in blue.

(A). During prophase, CYCA1;1-GFP labeled the nucleus and the PPB (n=49).

(B). In metaphase, CYCA1;1-GFP associated with the mitotic spindle (n=8). Scale bars
= Sum.

(C). Live-cell imaging of the same line (n=13 plants). Close-up images show a cell at the
PPB stage (blue outline), prophase spindle stage (magenta outline), and metaphase
spindle stage (green outline). Scale bars = 20 ym in C and 5 pm in D.

A
VisGreen-TUBS6 in cyca1;1
s

WT

cycat;1

Figure 3.2. — cyca1;1 mutant does not have division plane or PPB defects

(A). Propidium iodide staining of wild type (WT, n=3) and cyca1;1 (n=6) roots at 6dpg
observed in a confocal microscope. Scale bars = 20um.

(B). Anti-tubulin immunostaining of WT (n=44) and cyca1;1 (n=51) root cells at the PPB
stage. Magenta arrows highlight PPBs. Scale bars = S5um.

(C). Timelapse confocal imaging of symmetric cell division in T2 cyca1;1 roots
expressing TUB6p:VisGreen-TUB6 marking MTs (n=3). Photographs were taken at 3-
minute intervals, with the time (in minutes) noted in the top right of each image.
Magenta arrows mark the initial PPB position. Scale bar = 5pym.
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(@)

CDKA;1-GFP, mCherry-TUBG in cdka; 1/+

Figure 3.3. — CDKA;1 localizes to the PPB and prophase nucleus during mitosis
Immunolocalization of CDKA;1-GFP with MTs as reference during mitosis and
cytokinesis in T2 plants of cdka/+ expressing CDKA; 1p:CDKA;1-GFP. The merged
images show CDKA;1-GFP in green, MTs in magenta, and DNA (DAPI) in blue.

(A). During prophase, CDKA;1-GFP labeled the nucleus and the PPB (n=28).

(B). In metaphase, CDKA;1-GFP associated with the mitotic spindle (n=6).
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(C). Timelapse confocal imaging of the same line (n=4) showing CDKA;1-GFP
expression at the PPB and nucleus (yellow arrows at t=0’), spindle (see SF3.1 for single
channels), and telophase nuclei (yellow arrows at 42’). Photographs were taken at 3-
minute intervals, with the time (in minutes) noted in the top right of each image.

Scale bars =5 ym.
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Figure 3.4. — PPB location of CYCA1;1 depends on its interaction with CDKA;1
Live-cell imaging of roots of T2 A. thaliana cyca1;1 mutant plants expressing:
(A). 35Sp:CYCA1;1-GFP (n=15)
(B). CYCA1;1p:CYCA1,;1Cbox-GFP (n= 5)
(C). CYCA1;1p:CYCA1;1DboxCbox-GFP (n=9)
Close-up images show a cell at the PPB stage (blue outline), spindle stage (green
outline), and the phragmoplast stage (orange outline). Refer to Figure 3.1C for WT

localization.
Scale bars = 20pum in whole root images and 5um in close-ups.
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Figure 3.5. —- CDKA;1 requires CYCA1;1 for PPB localization

Immunolocalization of CDKA;1-GFP with MTs as reference during mitosis and
cytokinesis in T2 plants of cyca;1 expressing CDKA; 1p:CDKA;1-GFP. The merged
images show CDKA;1-GFP in green, MTs in magenta, and DNA in blue.

(A). During prophase, CDKA;1-GFP labeled the nucleus but not the PPB (n=35).

(B). In metaphase, CDKA;1-GFP associated with the mitotic spindle (n=7).

(C). Timelapse confocal imaging of the same line (n=3) showing CDKA;1-GFP was not
associated with the PPB but was present in the nucleus (yellow arrows at t=0’), spindle
(yellow arrows at t=18’), and telophase nuclei (yellow arrows at t=39’) in cyca1;1.
Photographs were taken at 3-minute intervals, with the time (in minutes) noted in the top
right of each image. Single channels are shown in SF3.3. Scale bars = S5um.
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C , mCherry-TUB6 in cyca;7 mutant

Figure 3.6. —- MAP65-4 has normal localization in cyca1;1

Immunolocalization of MAP65-4-GFP with MTs as reference during mitosis and
cytokinesis in T2 plants of WT (A, n=59 PPBs, 15 spindles, and 31 phragmoplasts) and
cycal;1 (B, n=10 PPBs, 2 spindles, and 7 phragmoplasts) expressing MAP65-
4p:MAP65-4-GFP, TUB6p:mCherry-TUB6. The merged images show MAP65-4-GFP in
green, MTs in magenta, and DNA in blue.

(C). Timelapse confocal imaging of the same line (n=2). No difference in MAP65-4-GFP
expression was observed in cyca1;1 mutant, compared to the WT control. Photographs
were taken at 3-minute intervals, with the time (in minutes) noted in the top right of each
image. Scale bars = 5uym.
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Supplemental figures
A , mCherry-TUB6 in cdka; 1/+ from Figure 3

olofofcd 4
: ’ : ’ 17! 15’
24’ 27’
36’ 39’

B , mCherry-TUBG6 in cdka, 1/+ supplemental video
T ’ :— 3 31 '»- 6;

Figure S3.1. — CDKA;1-GFP live-cell imaging

(A). Single channel of timelapse in Figure 3.3B.

(B). Supplemental movie of CDKA;1-GFP in cdka;1/+. CDKA;1-GFP accumulated at the
PPB and nucleus (yellow arrows at t=0’), spindle (yellow arrows at t=9’), and telophase
nuclei (yellow arrows at t=30’). Scale bars = 5 pym.
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MSNILQNRRSSFSSSTKSSLAKRQAPSSSENSVKLMPAMTKKRAPLSNITNQKIASRLQNSDSVHCSNKSAKLKIAPSVCVNASFSSNLQQSIVPHKVAS
1l ! 10l 20/ ! 30 ! 40 ! 50/ ! 60l ! 70! ! 80! ! 90! ! 100

SPSKSDDGSVSMDETRSSSDSYKSPQVEYIENDDVSAVVSIERKALSNLFITPNSETIDNYCSRDVLSDMKKMDKNQIVNIDSNNGDPQLCATFACDIYK
! 110 120/ ! 130/ ! 140( ! 150/ ! 160/ ! 170 ! 180/ ! 190/ ! 200

HLRASEAKKRPDVDYMERVQKDVNSSMRGILVDWLIEVSEEYRLVPETLYLTVNYIDRYLSGNVISRQKLQLLGVACMMIAAKYEEICAPQVEEFCYITD
! 210/ 220/ ! 230/ ! 240/ ! 250/ ! 260! ! 270/ ! 280/ ! 290/ ! 300/

NTYLKDEVLDMESDVLNYLKFEMTAPTTKCFLRRFVRAAHGVHEAPLMQLECMANYIAELSLLEYTMLSHSPSLVAASAIFLAKYILDPTRRPWNSTLQH
310/ 320! ! 330/ 340( ! 350/ 360/ 370! 380] ! 390/ 400

YTQYKAMELRGCVKDLQRLCSTAHGSTLPAVREKYSQHKYKFVAKKFCPSVIPQEFFNNS
! 410/ 420] ! 430/ ! 440] ! 450] ! 460!

Figure S3.2. — AtCYCA1;1 polypeptide sequence
The position of the Destruction box is marked with a pink box and of the Cyclin box with
a turquoise box.
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A , mCherry-TUB6 in cyca1;1 from Figure 5

B , mCherry-TUBS6 in cyca1;1 supplemental video

Figure S3.3. — CDKA;1-GFP in cyca1;1 live-cell imaging
(A). Single channel of timelapse in Figure 3.5B.
(B). Supplemental movie of CDKA;1-GFP in cyca1;1. No noticeable signal was detected

at the PPB. CDKA;1-GFP was visible in the nucleus (yellow arrows at t=0’), spindle
(yellow arrows at t=21’), and telophase nuclei (yellow arrows at t=38’). Scale bars =
Sum.
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MIRNSTEQFSRIETTCGLLLRQLQEIWNEMGETEDEKDASLADIEKECLSVYKRKVEEASRGKANLLKEIAVGRAEIAAIGSSMGGQEIHSNSRL
1 @ 10/ ! 20 ! 30 ! 40 ! 50! ! 60/ ! 70 ! 80/ ! 90

GENLKEELENVNVQLDGLRKRKAERMIRFNEVIDQLLKLSLQLGNPTDYLKKFAAEETDLSLQRLEELRSQLGELQNEKSKRLEEVECLLKTLNS
100/ ! 110! ! 120] ! 130/ 140( ! 150/ ! 160] ! 170] ! 180] ! 190

LCSVLGEDFKGMIRGIHSSLVDSNTRDVSRSTLDKLDMMIVNLREAKLQRMQKVQDLAVSLLELWNLLDTPAEEQKIFHNVTCSIALTESEITEA
! 200/ ! 210/ ! 220/ ! 230 ! 240/ ! 250/ ! 260/ ! 270/ ! 280

NILSVASIKRVEDEVIRLSKIKITKIKEVILRKRLELEEISRKMHMATEVLKSENFSVEAIESGVKDPEQLLEQIDSEIAKVKEEASSRKEILEK
290/ ! 300/ ! 310/ ! 320/ 330] ! 340/ ! 350/ ! 360/ ! 370/ ! 380

VEKWMSACEEESWLEEYNRDDNRYNAGRGAHLTLKRAEKARLLVNKLPGMVEALTAKVTAWENERGNEFLYDGVRVLSMLGQYKTVWEEKEHEKQ
! 390/ ! 400/ ! 410/ ! 420 L 430/ U 440] L 450/ g 460! [ 470

RQRDMKKLHGQLITEQEALYGSKPSPNKﬁGKKPLRTPVNAAMNRKLSLGGAMLHQSLKHEKATLNSKRTKYYDQNATSRRDSALPTLSGRRNSEL
480/ ! 490/ ! 500! ! 510/ 520] ! 530] ! 540] ! 550! ! 560] ! 570

PGRIRSKNVPVAGKAARSPMLRKPLSPVTSNILNSPEDHHKDAYTTKERILTPKTNEEKKRAVPTTPAASVAMTEATTPFTPAVEKRMDEEDVIV
! 580/ ! 590/ ! 600/ ! 610 ! 620/ ! 630/ ! 640/ ! 650/ ! 660

EYSFEEVRAGFC
670 677

Figure S3.4. - AtMAP65-4 peptide sequence and potential CDK phosphorylation
site (green)
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Supplemental tables

Table S3.1. Primers used in the construction of transgenes and the genotyping of

specific alleles.

Primer Name

Sequence (5’ - 3’)

Purpose

ACT TAG CCA CGA CTAGTA

Genotyping of cyca1;1

CCATTGTACATCTTAAG

CYCATI_LP TCG GTG FWD
GCT GAC TTG TTT GAA CAA .
CYCA1;1_RP TGT ACC Genotyping of cyca1;71 REV
TAC GAG AAA GTT GAG AAG
CDKA;1_RP ATT Genotyping of cdka; 1 FWD
T-DNA primer for
02588 ngCAGGGTTTTCCCAGTCACG genotyping of GABI-Kat
lines
LBb1.3 ATTTTGCCGATTTCGGAAC T-DNAprimer for
genotyping of SALK lines
Gibson primers to amplify
CYCA1;1_FWD caaticagtegactggatceggtacGCCGTT CYCAA1;1 from promoter

FWD

CYCA1;1_ATG_FWD

caattcagtcgactggatccggtacATGTCG
AACATTCTTCAGAATCGG

Gibson primers to amplify
CYCA1;1 from cDNA

agaggatccagatgaaccagaagaaccGC

Gibson primers to amplify

TCC AAGATCC

CYCATA_REV TGTTGTTGAAGAACTCTTGTGG |CYCA1;1 no stop
Gibson primers to amplify
GTA CAA AAA AGC AGG CTC ]
CDKA1_FWD CAC CAA GAC ACC AAG CGC A (;VI?/P[()AA from promoter
GTA CAA GAA AGC TGG GTC Gibson primers to amplify
CDKA1_REV TAG ATA TCC AGG CAT GCC CDKA;1 from promoter

FWD

CYCA1;1dbox_FWD

CAA AAA ATC GCT AGC CGA TTA
CAA AAT TCT GAT TCG GTG
AGG

Gibson primers to amplify
CYCA1;1 without Dbox from
pENTR FWD

CYCA1;1dbox_REV

GTAATC GGC TAGCGATTTTTT
GTT TCT TCG TCATCG CCG
GCATAAG

Gibson primers to amplify
CYCA1;1 without Dbox from
pENTR REV

CYCA1;1cbox_FWD

GTG AAT TCG AGT ATG TTATCT
GGG AAT GTG ATT AGT AGA

Gibson primers to amplify
CYCA1;1 without Cbox from

CAG
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pENTR FWD

CYCA1;1cbox_REV

Gibson primers to amplify

CCC AGA TAA CAT ACT CGA ATTIoycA1:1 without Cbox from

CAC ATCTTT CTG AAC

pENTR FWD

CYCA1;1 dbox seq

IATG TCG AAC ATT CTT CAG AAT [Primer to sequence Dbox

CGG

constructs

CYCA1;1 cbox seq

GTA ATC TGT TCA TAA CGC CGA|Primer to sequence Cbox

ATT C

constructs

Table S3.2. Combinations of primary and secondary antibody used in this study

Figure

Primary antibody

Secondary antibody

Figure 3.2

Monoclonal mouse DM1A
anti-a-tubulin antibody
(Sigma)

Fluorescein isothiocyanate
(FITC)—conjugated donkey
anti-mouse 1gG (Rockland
Antibodies & Assays)

Figures 3.1, 3.3, 3.5
and 3.6

Monoclonal mouse DM1A
anti-a-tubulin antibody
(Sigma)

Monoclonal rabbit anti-
GFP (Thermo Fisher
Scientific)

Texas Red—conjugated
anti-mouse 1gG (Rockland
Antibodies & Assays)
FITC—conjugated donkey
anti-rabbit IgG (Rockland
Antibodies & Assays)

Table S3.3. Key resources table

Resource

Source

A. thaliana cyca1;1

This chapter

A. thaliana cdka; 1

Dr. Hong Wang, University of
Saskatchewan

A. thaliana cyca1;1 +
pGWB1 _CYCA1;1p:CYCA1;1-GFP

This chapter

A. thaliana cdka;1 +

pJL414_CDKA;1p:CDKA;1-GFP

This chapter

A. thaliana cyca1;1 +
pGWB10 _TUBG6p:VisGreen-TUB6

This chapter

A. thaliana cyca1;1 +
pGWB6050 35Sp:CYCA1,;1-GFP

This chapter

106




A. thaliana cyca1;1 +
pGWB1 _CYCA1;1p:CYCA1;1ADbox-GFP

This chapter

A. thaliana cyca1;1 +
pGWB1 _CYCA1;1p:CYCA1;1ADboxACbox-
GFP

This chapter

A. thaliana map65-4 + pJL414_MAPG65-
4p:MAP65-4-GFP

Chapter 2 of this thesis and (Liu et
al., 2019)

A. thaliana cyca1;1 + pJL414 MAP65-
4p:MAP65-4-GFP

This chapter

A. thaliana cyca1;1 +
pJL414 CDKA;1p.CDKA;1-GFP

This chapter

pGWB1_CYCA1;1p:CYCA1;1-GFP

This chapter

pJL414_CDKA;1p:CDKA;1-GFP

This chapter

pGWB10 _TUBG6p:VisGreen-TUB6

(Liu et al., 2019)

pGWB6050 35Sp:CYCAT;1-GFP

This chapter

pGWB1_CYCA1;1p:CYCA1;1ADbox-GFP

This chapter

pGWB1_CYCA1;1p:CYCA1;1ADboxACbox-
GFP

This chapter

pJL414_MAP65-4p:MAP65-4-GFP

Chapter 2 of this thesis and (Liu et
al., 2019)

pJL414_CDKA;1p:CDKA;1-GFP

This chapter

Phusion DNA polymerase

Thermo Fisher

Cellulase

Yakult

Antibodies (see Table S3.2)

Paraformaldehyde

Electron Microscopy Sciences
Cat. 15710

SlowFade + DAPI (4’6-diamidino-2-
phenylindole)

Thermo Fisher
Cat. S36920
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Chapter 4
Conclusions

The research findings presented in this thesis shed light on the molecular
processes that regulate plant cell division, focusing on the formation and organization of
the preprophase band (PPB). Precise spatial control of the division plane is essential for
shaping tissues and organs, and the PPB is an evolutionary landmark that coordinates
this control. The PPB is a transient structure consisting of bundled cortical microtubules
(MTs), actin filaments, and associated proteins that establishes the division plane early
in the mitotic cells in somatic tissues by leaving a molecular memory of its location that
guides subsequent insertion of the cell plate during cytokinesis.

Identifying IQD6/7/8 as microtubule-binding proteins exclusively associated with
PPB MTs offers insights into the PPB formation and maintenance process. IQD6/7/8
are mitotic members of the IQ67 DOMAIN (IQD) family of plant-specific
calcium/calmodulin-binding proteins. We show they are crucial for establishing a solid
PPB MT array that specifies the cell division plane. The iqd6/7/8 triple mutants exhibit
frequent defects of oblique cell division planes, indicating the significance of a robust
and uniform PPB for organizing divisions in three-dimensional space. IQD proteins are
characterized by a conserved IQ67 domain that binds calmodulin (CaM) in the presence
of calcium (Ca?*). We found that the IQ domain of IQD8 was necessary for the protein’s
PPB localization, but the significance of Ca?*/CaM in division plane regulation remains
to be explored. We also established that CLASP cooperates with IQD6/7/8 in
maintaining PPB MT organization and stability. Future biochemical, genetic, and cell

biology experiments may help determine whether these proteins interact directly.
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Analyzing CLASP localization in the iqd6/7/8 mutant and vice versa could answer if
these proteins depend on each other for association with the PPB.

The presence of CYCA1;1 and CDKA;1 at the PPB introduces a connection
between cell cycle regulators and the generation of spatial cues by the PPB. While we
reveal an interesting interdependence between CDKA;1 and CYCA1;1 for their
localization at the PPB, their function at this cytoskeletal structure remains unclear.
Since the cyclin subfamilies have significantly expanded in plants, analyzing other cyclin
proteins and their corresponding mutants can help answer whether other cyclins play
redundant roles at the PPB. Additionally, given the potential lethality of the cdka; 1
mutation, we could use sensitized CDKA;1 variant rescue lines (Su et al., 2017) to
inactivate the kinase by using ATP-competitive molecules and study the consequences
of this inactivation in PPB formation and division plane establishment without having to
generate null mutants.

It remains unclear when the PPB arose during the evolution of plants. Tracing the
emergence of PPB-like structures in the Streptophyte algae and their collaboration with
the phragmoplast would add a unique dimension to our understanding of plant
cytokinesis. Unraveling the ancestral functions of homologs of PPB-localized proteins in
the Streptophyte algae would be an interesting avenue for further exploration in the
evolution of plant cell division.

Many questions remain in our understanding of the spatial regulation of cell
division in plants. To further elucidate the underlying mechanism, the roles of PPB-
associated proteins with unknown functions, the complexities of communication

between the expanding phragmoplast and the cortical division site (CDS), and the
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functions of cell cycle regulators at the PPB need further investigation. Advanced cell
biology techniques, developing tools for non-model systems, and comparative mutant

analysis could help provide deeper insights into the molecular mechanisms directing

plant cell division.
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