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Introduction and Scope of the thesis

Plant embryogenesis

Embryogenesis is the process among all land plants (the Embryophytes) in which
a single celled zygote develops into a multicellular individual. In early diverging land
plants, the end product of embryogenesis is the mature sporophyte that undergoes
meiosis to form haploid spores, and as such there is limited diversity in embryo cell
types'. In contrast, in vascular plants, which include the seed plants and flowering
plants, the embryo undergoes a distinct pattern formation process, where, from a sin-
gle cell, the precursors of the major tissues of the sporophyte are generated. In these
embryos, the different cell types, tissues, and organs are all specified as embryogen-
esis progresses, and are all arranged in a distinct pattern2.

Thus, embryogenesis in vascular plants is the window of plant life during which cell
type specification, cell communication and morphogenesis generate the formation of
new individuals in a limited time span. The ingredients of embryo morphogenesis in-
clude the establishment of different cell types with unique identities, reflected in gene
expression patterns, and resulting differences in cell growth, shape, division and dif-
ferentiation. Given that terminal differentiation does not occur during early flowering
plant embryogenesis, this window of development offers a very good opportunity to
dissect the control of cell type specification, growth and division.

The trajectory of embryogenesis, particularly the order of divisions and timing of
pattern formation, differs among different species. Some species have intrinsically
chaotic cell divisions®, others first generate many cells and later establish an organ pat-
tern*>. In contrast, embryogenesis in the dicotyledonous plant Arabidopsis thaliana is
extremely regular®. In this model species within the crucifer family, cell divisions hardly
differ between individuals, suggesting tight control of cell division rate and planes di-
rectly after fertilization. While this regularity in division is by no means common to land
plants, and may in fact be a consequence of the speed and limited number of cells used
during embryogenesis, the near-invariance offers tremendous potential for studying
the regulation of cell division pattern and orientation in a multicellular context.

Arabidopsis embryogenesis has been studied for several decades, and anatomic
and genetic studies have helped derive the key steps in early embryogenesis (Fig. 1).
Following zygote elongation, the cell divides asymmetrically. This asymmetric cell divi-
sion results in a smaller apical cell and a larger basal cell. The apical cell is the precur-
sor of all cells in the embryo proper, and it first undergoes three rounds of symmetric
divisions. The first two rounds are radial anticlinal, and are followed by a transverse
anticlinal cell division. This series of symmetric cell division gives rise to an isodiamet-
ric 8-celled embryo proper consisting of four cells in the upper tier and another four
in the lower tier. Since the cells in each tier express different genes’, this stage also
marks the establishment of an apical-basal axis in the embryo proper®. The upper tier
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Chapter 1

Figure 1. Cellular pattern of Arabidopsis early embryo.

Cellular profile and cell division pattern of Arabidopsis embryo from the formation of the apical
cell to the heart stage. Arrows indicate the new cell walls formed from the previous cell division
resulting to the corresponding developmental stages.

cells will later develop into the cotyledons and shoot apical meristem®. The lower tiers
cells generate the hypocotyl and the root®. At the 8-cell stage, cells in both tiers di-
vide asymmetric and periclinally to generate two cell layers. The inner layer represents
the vascular-ground-tissue precursor, while the outer layer forms the protoderm, the
precursor of the epidermis. This separation of inner and outer cell layers also visually
marks the establishment of the radial axis in the embryo proper®'°. The embryo proper
enters the early globular stage after the vascular-ground-tissue ancestor cells divide
periclinally. This periclinal cell division separates precursors of vascular and ground
tissue and completes the establishment of all three fundamental tissue layers of flow-
ering plants. This pattern of concentric tissue layers, laid down after only 6 rounds of
cell division in the embryo proper, is then maintained throughout plant developmentin
all post-embryonic organs®®'. Unlike the apical zygote daughter cell, the basal daugh-
ter cell and its descendants divide only transversely and develop into the suspensor.
The suspensor serves as the sole physical connection between the embryo and the
maternal tissue in the seed. Only the top-most suspensor cell, the hypophysis, is incor-
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Introduction and Scope of the thesis

porated into the embryo at early globular stage. At the end of the early globular stage,
the hypophysis cell undergoes an asymmetric cell division forming a small lens-shaped
cell and a larger lower cell that will develop into the quiescent center and the root cap
in the root, respectively® '°. This dynamic but strictly regulated series of cell division
makes embryogenesis an ideal model system to address the fundamental question in
developmental biology of how ordered cellular patterns are established from a single
cell. In particular, open questions are what cellular events are required to execute ori-
ented division, and what regulatory mechanisms control these events.

Regulation of embryo pattern formation

As described above, patterning of the Arabidopsis embryo in tissue layers and func-
tional units (root, shoot) occurs within a few rounds of cell division. These divisions
seem tightly controlled, which suggests robust regulatory mechanisms. Importantly,
because there is little variation among individuals, there is likely a genetic basis for the
regulation of pattern formation, and an important goal is to identify regulators and
understand the mechanisms through which these direct cell identity and division ori-
entation. Conceptually, identity and morphogenesis of individual cells could be cell-au-
tonomously defined (e.g. by distinct levels of regulatory factors), or may be instructed
non-cell-autonomously (e.g. by mobile signals) '2. From genetic analysis in Arabidopsis
early embryogenesis, two main pathways have emerged, and were linked to the es-
tablishment of the body axes. The first pathway defines the apical-basal axis from the
earliest stages onwards, and even appears to act in the zygote. This pathway involves a
subgroup of WUSCHEL-related homeobox transcription factors (WOXs), namely WOX2,
WOX8, and WOX?9, and the WRKY DNA-binding protein 2 (WRKY2)® 3. Mutations in any
of the components of this pathway, as well as the genetically interacting YODA/MAPK/
SSP pathway'#'¢, interfere with zygote elongation, suspensor development, and with
normal divisions in the embryo proper at pre-globular stages® '>'¢. While cellular tar-
gets are unknown, this signaling system appears to be critical for early apical-basal
axis formation, another pathway to establish body axes involves directional auxin
transport, and the subsequent transcriptional response to this hormone through the
nuclear auxin-signaling pathway?® 17 '8, Auxin is crucial for early embryogenesis as the
mutations with impairments in auxin transport or signaling result in altered cell divi-
sion orientation in the apical cell> 7%, failure in root establishment® 7182022 and coty-
ledon specification and development® 17182225,

Auxin in the form of indole-3-acetic acid (IAA) is only synthesized by specific cells,
and is unable to exit the cell via passive diffusion. Thus, to reach target cells, it requires
auxin efflux carriers to be exported from the cell for its local transport (reviewed by
). Directional transport of IAA has long been known to occur (reviewed by ), and in-
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Chapter 1

deed, the efflux facilitators of the PIN-FORMED (PIN) family are polar localized in plant
cells, allowing for polar auxin transport' 2¢3, In the mildly acidic apoplast environment,
only a minor portion of the auxin is protonated and can easily enter cells®**. Hence,
auxin influx carriers facilitate the major auxin influx into cells®%". In contrast to the PIN
proteins, the AUX1/LAX influx carriers are evenly distributed over the membrane, and
likely facilitate uniform influx of polar transported auxin. Given the prominent role of
biosynthesis, efflux and influx in auxin accumulation, the local auxin distribution and
auxin maxima can be deduced via the expression domain of auxin biosynthesis genes
and the polar localization of auxin efflux carriers and validated via auxin immunolocal-
ization' %3033 Based on these observations, it has been deduced that auxin is trans-
ported from the maternal tissue through the suspensor to embryo proper where no
auxin biosynthesis occurs until the globular stage™ 2% 33. The auxin maxima remain in
the embryo proper until early globular stage when the localization of auxin efflux car-
riers in the vasculature and ground tissue precursors shifts and reverses the direction
of auxin transport followed by changing the auxin maxima from the embryo proper
to the hypophysis cell’?. From the globular stage onward, auxin biosynthesis is initi-
ated at the upper epidermal cells, which will develop into the cotyledon primordia, and
transport auxin toward the hypophysis via the vascular cells' 2" 2225 These predicted
auxin accumulation sites match the developmental processes well that are disrupted
when auxin biosynthesis?'-2% 38 transport'®2%2%3° or response (see below) are impaired.

Transcriptional auxin signaling occurs in the nucleus and encompasses two steps
(Fig. 2). The first entails auxin perception via auxin-induced degradation of Aux/IAA pro-
teins, a family of transcriptional inhibitors*®42, The second step involves the modulation
of auxin-responsive genes by DNA-bound ARF transcription factors*. Auxin perception
is mediated by binding to a pocket in the auxin receptors: TIR1/AFB F-box proteins
that are part of SKP1-CUL1-F-BOX (SCF) ubiquitin ligase complexes* #. In turn, auxin
facilitates the binding between SCF (TIR1/AFBs) and their substrates, the Aux/IAA in-
hibitor proteins* 4. This leads to the ubiquitination and degradation of Aux/IAAs. Aux/
IAAs bind with and inhibit the DNA-bound ARFs*4>48 and Aux/IAA degradation relieves
the inhibition of these transcription factors. ARFs recognize auxin response elements
(AuxREs) in their target genes, and activate or suppress these target genes, thus leading
to auxin responses? 451,

Among the genes activated by the ARFs are those that are required for the local de-
velopmental outcome of auxin response. There are specific Aux/IAA and ARF proteins
that mediate the activity of auxin in regulating embryo development. Loss of function
mutations in the ARF5/MONOPTEROS (MP) gene, or mutations in I1AA12/BODENLOS
that prevent auxin-dependent degradation® both cause the lack of a root® ", a phe-
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notype shared with mutants in auxin biosynthesis?" 22 , transport'® 2° or perception?.
Targets of MP have been identified, and these include genes such as TMO5 and TMO7
that control aspects of embryonic root and tissue formation®3. Although the identifica-
tion of mechanisms for auxin synthesis, transport and response in the embryo, as well
as some of its transcriptional targets, has been very helpful, a key open question is how
auxin acts. How does accumulation qualitatively and quantitatively relate to response?
Is action always cell-autonomous? Visualization of the hormone and its response is
critical to address these questions.

While distribution of the small auxin molecule cannot (yet) directly be visualized,
auxin response maxima can be visualized via reporter genes. When driven by promot-
ers of endogenous auxin response genes, or by synthetic auxin response reporters
consisting tandem arranged AuxREs, reporter genes mark sites that are consistent with
prediction based on the expression domain of auxin biosynthesis genes and polar local-
ization of auxin efflux carriers®>+°, Such reporters have been very useful in determin-
ing where and when auxin accumulates, but it has so far been very difficult to visualize
auxin responses in the early embryo at high resolution, owing to the design of available
auxin response reporters. Therefore, re-design and optimization of these tools are likely
required to determine sites of embryonic auxin response, as an important step in un-
derstanding the mechanisms underlying auxin-dependent pattern formation.

Cellular basis of morphogenesis

Morphogenesis in plants - where cells are immobile - is based on controlled cell
expansion and oriented cell division, and embryogenesis is a good model system to
understand its regulation. Defects in auxin response lead to alterations in cell division
planes (Fig 3). Thus, auxin response is correlated with cell division planes, and it is possi-
ble that auxin controls division orientation. An important question therefore is whether
division plane orientation in the embryo involves anisotropic cell expansion or is de-
termined without cell growth. Detailed 3D analysis of embryo development, followed
by cell segmentation and quantitative analysis showed that the volume of the embryo
proper only increase slightly during the first rounds of division®'. As a consequence,
8-and 16-cell embryos are only two and four times the size of the apical cell®'. Besides
the minor increased embryo volume at the early developmental stages, the shape of the
embryo proper remains isodiametric from the apical cell until the late globular stage.
This suggests that the embryo proper undergoes only isotropic cell expansion, and thus
oriented cell division appears to be the sole input of morphogenesis at this stage.

Most analysis of cell division orientation control in plants has been done in the con-
text of symmetric divisions, and until recently, only in 2D. During symmetric cell divi-
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No Auxin Auxin
auxin perception response

Aux/IAA

Figure 2. Transcriptional auxin signaling pathway.

With no auxin (IAA), ARF activity is suppressed by AUX/IAA to regulate the auxin responsive genes
whose regulatory elements contain AuxRE. Auxin is perceived by SCF (TIR1/AFB) protein complex
through affiliating the binding between SCF (TIR1/AFB) protein complex and Aux/IAA followed by
the ubiquitination and degradation of Aux/IAA. With the degradation of Aux/IAA and the removal
of its inhibition, ARF then regulates the transcriptional activity of the auxin responsive genes
leading to auxin response.

sion, the determination of division plane orientation follows a rule based on the geo-
metric property of the mother cell. Within this geometry, several possible cell division
planes that represent global or local minimal cell wall area compete, each giving rise to
equal volumes of the daughter cells®2. The likely components used by the cell to per-
ceive its own geometric properties are the nucleus and the cytoplasmic microtubules
radiating form the surface of the nucleus to the plasma membrane® . Prior to mitosis,
the nucleus is positioned in the center of the cell and serves as the reference for the
cytoplasmic microtubules, whose tension upon the formation of the preprophase band
determines the position of the preprophase band®. The preprophase band will then be
positioned that it bisects the nucleus with the most stable cytoplasmic microtubule and
minimal surface area of the new cell wall®. Displacement of the nucleus away from the
geometric center of the cell, or alteration of microtubule stability that prohibit the for-
mation of the preprophase band, leads to altered division plane orientation®7°. Once
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A Wild type Wwild type

e

Figure 3. Altered cellular pattern in auxin response mutants.

(a) Altered cell division orientation in wild type (WT) and arf5/mp (mp) loss of function mutant
embryo with defect in hypophysis division (arrow) and cotyledon development (arrowhead). (b)
Cell division orientations in wild type embryo (WT) and embryo with induced auxin response
suppression via ectopically expressing auxin-insensitive iaa12/bd| driven by RPS5A promoter
(PRPS5A>> bdl).

the division plane is determined, the orientation and position of mitosis only follows
the preprophase band. Displacement of the spindle has no effect on the position of
the cortical division site and following formation of cell plates in the cytokinesis”'. Thus,
division orientation is determined pre-mitotically, and involves cell geometry, microtu-
bules, and nucleus position.

In asymmetric cell divisions, where the mother cell is not divided in two equal cells,
the position and orientation of the cell division plane is tightly controlled to deviate
from symmetric division’. An axis of polarity must be established within the mother
cell as the reference of the mitotic and cytokinetic machineries, guiding the division
plane’ 74, In developing stomata of Arabidopsis, receptor-like proteins for directing the
polarity and a plant specific protein, BASL, are key regulators for the asymmetric divi-
sion of the meristemoid mother cell and meristemoid’>. BASL is localized in the nucleus
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and the plasma membrane at the opposite side to where the asymmetric cell division
occurs in the meristemoid mother cell”. Unlike symmetric cell division, the position of
the cell division plane is neither determined by the position of the centrally localized
nucleus nor the geometric property of the cell’. Instead, actin controls the migration
of the nucleus to the future cell division plane and the subsequent positioning of the
preprophase band”’7°. Beyond this relatively well-established example in the stomatal
lineage, little is known about the regulators and triggers of polarity and oriented cell
division. Given that BASL is not expressed in the embryo”, a different mechanism must
account for the auxin-dependent control on division orientation in the embryo.

Oriented cell division during embryogenesis

Defects in cell division orientation and position during early embryogenesis, for
example, the anticlinal division of the apical cell, the periclinal division in vasculature
precursor cell and asymmetric hypophysis division, had been widely reported among
mutants with mutation in key regulatory components in auxin responses®'”. While
there was no context for understanding how and why these divisions were altered,
three-dimensional analysis of division planes has helped to develop a framework.
Computational analysis of 3D cell volumes revealed that the principles for geometric
determination of division plane could account for the divisions from 1-cell to 8-cell
stage®'. These divisions therefore do not seem to require regulation. In contrast, the
asymmetric divisions at the 8-cell stage, giving rise to outer and inner cell layers, are
far from consistent with a rule that dictates the minimal surface area going through
the cell center. Thus, these divisions appear to deviate from the default. Previously, it
had been found that ubiquitous expression of mutant bdl protein - globally inhibiting
ARF activity and auxin response - caused abnormal divisions at the 8-cell to 16-cell
transition®'. Analysis of cell divisions in 3D and computational analysis revealed that
in these embryos, all cells divided according to the default dictated by cell geometry.
Thus, auxin response allows cells to deviate from the default division plane given by
cell geometry®'. The same was found to be true for the auxin-dependent hypophysis
division, suggesting that this mode of action may represent a more general auxin
output in embryo cells. While this discovery pinpointed a role for auxin response
in controlling oriented cell division through inhibiting default division, the cellular
machinery and mechanism of auxin-response-dependent pattern formation remain
to be determined.

Scope of this thesis

Following from the finding that auxin controls embryo development and regulates
cell division orientation in the embryo, the research described in this thesis asks the
question where and how the hormone acts to bring about these responses.

18
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A major limitation in understanding auxin action at cellular level in the embryo
was the lack of appropriate tools to visualize hormone accumulation and response.
In Chapter 2, two novel fluorescent protein-based reporters for auxin perception and
responses were established. These offer superb sensitivity and responsiveness in vivo
with cellular resolution and help revealing maxima of auxin perception and response
that were previously undetectable. Not only do these tools help to detect sites of auxin
action in the embryo, the design also allows deployment in other stages of plant devel-
opment. Thus, | describe a generic set of tools for auxin biology. Following the devel-
opment of new tools for auxin perception or response, in Chapter 3, | describe and
characterize the first comprehensive auxin reporter that allows visualization of both
auxin perception and response simultaneously in the same cells. Using this powerful
tool, | demonstrate differential auxin signaling capacity in different cell types and devel-
opmental stages. In addition, | use a novel auxin response reporter to visualize auxin
output in mutant embryos with defected local auxin response.

The control of cell division orientation during embryo development must involve
reorganization of cytoskeleton, membranes or organelles. However, it was impossible
to visualize these structures in Arabidopsis embryos. In Chapter 4, a toolkit is devel-
oped and characterized that allows the specific visualization of a range of subcellular
structures using fluorescent markers. By optimizing markers and imaging approaches,
we achieved 3-dimentional imaging of cellular structures during early embryogenesis.
Using these tools, we mapped topologies of organelles and cytoskeleton, revealing
interesting structures and organization. Furthermore, using these tools, we reveal an
unexpectedly early establishment of inner/outer cell polarity in the early embryo. In
Chapter 5, we applied part of the toolkit developed in the previous chapter to embryos
with controlled inhibition of auxin responses to determine the effect of auxin response
on actin and microtubule cytoskeleton organization at early embryogenesis. We find
that there are distinct effects of auxin response on both cytoskeletons, thus paving the
way for future studies focused on the biochemical mechanisms of regulation.

Finally, in Chapter 6, | place the findings of this thesis in a broader context, discuss
the emerging insights and plot ways forward.
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Abstract

The visualization of hormonal signaling input and output is key to under-
standing how multicellular development is regulated. The plant signaling
molecule auxin triggers many growth and developmental responses, but cur-
rent tools lack sensitivity or precision to visualize these. We developed a set
of fluorescent reporters that allow sensitive and semi-quantitative readout of
auxin responses at cellular resolution in Arabidopsis. These generic tools are

suitable for any transformable plant species.
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The signaling molecule auxin plays a fundamental role in plant development. Gene
expression responses to auxin mediate most patterning processes’, but also underlie
differential growth in response to light or gravity® The ability to visualize sites of auxin
response in a dynamic and quantitative manner is therefore of great importance for
understanding mechanisms and dynamics of auxin-controlled plant development.

Auxin initiates signaling by binding to the nuclear auxin receptor TRANSPORT
INHIBITOR RESISTANT1/AUXIN F-BOX(TIR1/AFB) in SKP1-CULLIN1-F-BOX (SCF) ubiquitin
ligase complexes®“. This binding increases the affinity between SCF(TIR1/AFB) ubiquitin
ligase complexes and their substrates, AUXIN/INDOLE-3-ACETIC ACIDs (Aux/IAAs)>, which
act as inhibitors of AUXIN RESPONSE FACTORs (ARFs)e. ARFs are transcription factors that
recognize auxin response elements (AuxREs)” in promoter regions and regulate gene
expression®. Degradation of ubiquitin-modified Aux/IAA proteins releases ARFs from
inhibition, allowing activation or repression of auxin responding genes (reviewed in ref. 9).

A widespread reporter of auxin response, the synthetic DR5 promoter, consists
of 7-9 AuxRE repeats and marks sites of transcriptional auxin response by activating
reporter genes such as [B-glucuronidase’, fluorescent proteins', or luciferase’.
While DR5 marks many auxin-dependent processes'®, several other processes are not
accompanied by its activity'>'4. Notably, computational modeling of auxin accumulation
patterns based on the topology and dynamics of the auxin transport network predicted
auxin gradients in the root tip, but these cannot be directly visualized'. Sites of DR5
expression are thus often referred to as auxin “maxima”.

The AuxRE in the DR5 promoter was first identified through deletion analysis of a
single auxin-responsive promoter in soybean'™. We recently solved crystal structures of
two functionally divergent ARFs and systematically determined binding sites through
Protein Binding Microarrays’e. This analysis revealed that the AuxRE in DR5 is not a high-
affinity binding site and identified another site (TGTCGG) with higher affinity'®. It is thus
conceivable that the limited sensitivity of DR5 reporters is due to the use of a medium-
affinity ARF binding element.

To address the question of sensitivity, we replaced the 9 original AuxREs in the DR5-rev
promoter™ with this novel binding site and named the new reporter DR5v2. To directly
compare the reporters without the confounding effects of transgene integration site
and expression level, we fused each to a different nuclear localized fluorescent protein
and expressed both from a single transgene in Arabidopsis thaliana (Fig. 1a). DR5v2
lines exhibited broader expression compared to DR5. During embryogenesis, DR5v2
expression is comparable to DR5 until the early globular stage (Fig. 1b). From transition
stage onward, additional expression domains in DR5v2 appear and then become more
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distinct in the incipient cotyledon and vasculature (Fig. 1c) where auxin response is
required for normal development'”.

In the post-embryonic root, both reporters mark quiescent center, columella root
cap and protoxylem (Fig. 1d,e) but DR5v2 is also expressed in metaxylem, pericycle (Fig.
1e), lateral root cap (Fig. 1f) and epidermal cells (Fig. 1g). Strikingly, the epidermal cells
expressing DR5v2 were trichoblasts (Fig. 1g), which require auxin response for normal
root hair development. In the (first rosette) leaf primordia, both DR5v2 and DR5 report
auxin maxima in the most distal domain and incipient leaf vein; however, DR5v2 also
shows expression in surrounding cells and the L1 layer (Fig. 1h,i).

These additional DR5v2 expression domains match predicted auxin accumulation
sites based on polar auxin transporter localization'. Comparing separate DR5v2 and
DR5 reporter lines driving the same fluorescent protein confirmed that extended
expression of DR5v2 was not due to using different fluorophores (Supplementary Fig.
1). Importantly, DR5v2 reported low-level activity in most cells within dividing regions of
the embryo, leaf and shoot meristem, consistent with the known involvement of auxin
in cell division and elongation®. This suggests that the DR5v2 reporter is sufficiently
sensitive to detect these more generic auxin responses. Interestingly, while all sites
of DR5 activity are also marked by DR5v2, the relative intensity across cell types is not
identical. For example, in roots DR5 has the highest expression in the QC, while DR5v2
has increased response in subtending columella cells (Fig. 1d). This presumably reflects
a difference in binding affinity towards TGTCTC (DR5) and TGTCGG (DR5v2) by the ARFs
that are differentially expressed or active in each cell type.

We next tested if the extended domain of DR5v2 expression correlates with
increased sensitivity to auxin. We treated DR5-n3EGFP/DR5v2-ntdTomato double
reporter seedlings with a range of exogenous auxin concentrations and monitored
gene activation using qRT-PCR (Fig. 1j,k; Supplementary Fig 2) and microscopy (Fig.
11; Supplementary Fig. 3). While both DR5 and DR5v2 responded to concentrations as
low as 3 nM (Supplementary Fig. 3), the amplitude of response was much higher for
DR5v2 at all concentrations tested. qRT-PCR of GFP and tdTomato transcripts excluded
any contribution of fluorescent protein folding and/or stability to differential signal
intensity (Fig. 1j). Likewise, the larger amplitude of DR5v2 response is distinctly visible
after prolonged treatment with the same auxin concentration (Fig. 1k,l). Thus, while
both reporters respond to the same range of auxin concentrations (Supplementary
Fig. 3), the increased amplitude of DR5v2 response allows in vivo detection of 10-fold
lower auxin concentrations (Fig. 11). It is important to note that neither reporter shows
a linear response to auxin concentrations (Fig. 1j) or treatment duration (Fig. 1k), and
hence cannot be used to infer actual auxin levels. However, the highly sensitive DR5v2
reporter does enable the visualization of previously unobserved weak auxin responses.
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Figure 1. DR5v2 sensitively reports auxin response

(a) Schematic of DR5v2-ntdTomato/DR5-n3GFP double reporter. Ten repeats of either TGTCTC
(DR5) or TGTCGG (DR5v2) are positioned in reverse orientation upstream of a minimal promoter
and either nuclear 3xeGFP (n3GFP) or nuclear tandem Tomato (ntdTomato). LB/RB, Left/Right
Border; DHFR, Methotrexate resistance gene. (b-j) DR5v2 (red) and DR5 (green) activity in early
globular (b) and heart stage (c) embryos, root tip (d, longitudinal section; e, transverse section
along plane at arrow in d; px, protoxylem; mx, metaxylem; peri, pericycle), lateral root cap (f),
root epidermis (g, shown as a projection in a DR5v2::n3eGFP root), SAM (h) and young leaf (i). (j,k)
Relative GFP and tdTomato transcript level in DR5v2-ntdTomato/DR5-n3GFP seedlings (j) after 12
h pre-treatment with 10 uM NPA followed by 2 h treatment with different auxin (IAA) concentra-
tions, or (k) for different times on 1 uM IAA without NPA pre-treatment. Expression in mock tre-
atments is set to 1. Bars indicate s.e.m. (n = 3). *, significant difference in expression compared
to untreated control, #, significant difference between DR5 and DR5v2 (Two-tailed t-test; p<0.05).
() Visualization of DR5v2-DR5 double reporter activity in root tips after 12-h co-treatment of 10
UM NPA with indicated IAA concentrations. All scale bars are 10 pm.
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Any novel auxin response site would benefit from confirmation by an independent
reporter. The recently developed DII-Venus reporter is a fusion of the auxin-dependent
degradation domain Il of an Aux/IAA protein to Venus fluorescent protein, such that
the absence of fluorescence marks auxin accumulation'. Comparison with control
lines that lack auxin-dependent degradation (mDII-Venus) allows for semi-quantitative
measurementof‘auxin input'—sites where auxin accumulation promotes degradation—
independent of downstream gene regulation. However, the 355 promoter used in DII-
Venus is not ideal for several developmental processes such as embryogenesis?.

We therefore generated lines that express DlI-Venus and mDIl-Venus from the
RPS5A promoter, which is active in most dividing cells?' and thus encompasses most
sites of auxin response in growth and development. These lines allow auxin activity
to be observed in embryos and meristems (Supplementary Fig. 4), but quantification
requires a comparison of signal in different lines, which is challenging and not ideal.
To overcome this, we designed a single reporter named R2D2 (ratiometric version of 2
DlIs) that combines RPS5A-driven DIl fused to n3xVenus and RPS5A-driven mDIl fused
to ntdTomato on a single transgene, and measures auxin accumulation as a reduction
of yellow relative to red signal (Fig. 2a). The utility of such a ratiometric approach has
recently been demonstrated? . Indeed, untreated root tips gave qualitatively similar
results to separate DIl and mDllI lines (Supplementary Fig. 4), but allowed a comparison
of signal at cellular resolution (Fig. 2b-k). We implemented a simple image analysis
algorithm (Online Methods) to infer relative auxin distribution. Following background
subtraction, the yellow/red ratio of each pixel was calculated and visualized in false-
color scale in real time. We plot the inverse of the ratio such that an increased signal
corresponds to higher auxin (Fig. 2f).

During early embryogenesis, auxin input detected by R2D2 is consistent with
auxin response detected by DR5 and DR5v2; both are high in the embryo proper until
globular stage (Fig. 2b), and then confined to incipient cotyledons, vasculature, and
hypophysis and its daughter cells in heart stage (Fig. 2c). From heart stage, however,
an additional domain of auxin input in the shoot apical meristem (SAM) is only
detected by R2D2 (Fig. 2¢; Supplementary Fig. 5). The finding that auxin is present
without eliciting a response in these cells is consistent with the fact that they express
several key auxin biosynthetic enzymes?* and was also predicted and demonstrated
for the post-embryonic shoot meristem?. In post-embryonic root (Fig. 2d-g), young
leaves and leaf primordia (Fig. 2h,i), and shoot apical meristem (Fig. 2i), in addition
to confirming auxin response shown by DR5v2 (Fig. 1), R2D2 revealed quantitative
properties of early auxin signaling.
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Figure 2. R2D2, a semi-quantitative and rapid auxin input reporter

(a) Schematic of R2D2. LB/RB, Left/Right Border; DHFR, Methothrexate resistance gene. (b-k)
ntdTomato (red) and n3xVenus (green) fluorescence signal overlays (b-e, h-j) and inverse n3x-
Venus/ntdTomato signal ratio (f,gk) in pre-globular (b) and heart stage (c) embryos, root tip
(longitudinal section in d,e; radial section in e,g; detail in j,k), young leaf (h) and SAM (i). Note the
descending gradient of auxin input in the root apical meristem in (j,k). (I) Successive images of
R2D2 root tips treated with T uM IAA for the indicated time. (m) Whole-frame quantification of
inverse n3xVenus/ ntdTomato signal ratio after treatment with 1 uM IAA and untreated mock
control. Bars indicate s.e.m. (n=3). Scale bar in panels (b-l) is 10 pm.
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We used R2D2 to address whether auxin gradients, as predicted by simulations
based on the transport network' and inferred from comparison of DIl-Venus and
mDII-Venus roots', could be visualized directly. We noticed that a steep gradient
could be observed in the cells closest to the quiescent center in the root tip. In all cell
files except epidermis and xylem cells, auxin input levels decreased from maximum to
background over a range of 6-7 nuclei (Fig. 2j,k; Supplementary Fig. 6). We interpret this
gradient as entirely consistent with computational predictions of auxin localization?.
Importantly, while average gradients could be inferred from comparison of DIl-Venus
and mbDII-Venus lines, their accurate quantitative analysis requires a dedicated
ratiometric tool such as R2D2.

In addition to being semi-quantitative, R2D2 also allows real-time observation of
rapid changes in auxin accumulation at cellular resolution, due to the lack of need
for transcription, translation and fluorophore maturation™. Indeed, treatment of R2D2
seedlings with exogenous auxin led to a rapid and uniform loss of yellow signal without
an appreciable effect on red signal (Fig. 2I,m; Supplementary Movies 1 and 2).

The ability to visualize small molecules at high resolution is critical to unraveling
their dynamic roles in regulating development. Here, we have developed a set of tools
that allow sensitive and semi-quantitative detection of auxin signaling and response
in plants. As the AuxRE is a generic ARF binding site'®, DR5v2 is likely to be functional
in any genetically transformable plant species, and dual-color imaging of high and
medium-affinity ARF binding sites simultaneously would allow an extended range of
auxin responses to be visualized at the same time as maxima. Likewise, R2D2 has
the potential for reporting in any transformable plant species, although the choice of
the promoter has to be adapted for specific tissues and cell types. Finally, combining
DR5v2 and R2D2 in a single-transgene, triple-color marker will enable auxin input and
output to be correlated at high resolution, to pinpoint sites where auxin accumulation
does not elicit a response. We expect that these tools will be crucial to defining and
quantifying responses to auxin.
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Accession codes

Plasmids and seeds described in this study have been deposited in Addgene (www.
addgene.org; Deposit 71550) and the Nottingham Arabidopsis Stock Center (www.
Arabidopsis.info), respectively.
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Materials and Methods

Plant material

DR5v2 was designed by replacing the 9 AuxRE's in DR5 (TGTCIC), with TGTCGG, and
synthesized to generate cloning vector pUC57/DR5v2 (GenScript). Double reporter
pGIIM/DR5v2::ntdTomato-DR5::n3eGFP was created in two steps. DR5 reporter cassette
from pGIIK/DR5::n3eGFP was first excised by BamHI and EcoRI digestion and cloned
into BamHI and EcoRI digested pGI/IM/LIC_Swal-ntdTomato- LIC_Hpal-n3EGFP (a kind
gift from Thomas Laux, Freiburg) to create pGIIM/LIC_Swal-ntdTomato- DR5::n3eGFP.
DR5v2 reporter cassette amplified from pUC57/DR5v2 using primer set “DR5v2" was
then cloned into Swal-digested pGIIM/LIC_Swal-ntdTomato- DR5::n3eGFP via Ligation
Independent Cloning?®.

pGIIM/LIC_Swal-ntdTomato- DR5v2::n3eGFP and pGIIM/LIC_Swal-ntdTomato-
DR5v2::n3VENUS were created by excising DR5v2 reporter cassette from pUC57/DR5v2 via
BamHI and EcoRI digestion followed by cloning into BamHI and EcoRI digested pGIIM/
LIC_Swal-ntdTomato- LIC_Hpal-n3eGFP or pGIIM/LIC_Swal-ntdTomato- LIC_Hpal-n3Venus.

The pRPS5A::DII-Venus and pRPS5A::mDil-Venus binary vectors were constructed using
the multisite Gateway technology (Invitrogen) and following the provider instructions.
To do so, the RPS5A promoter was cloned in pDONR P4-P1R using primers listed in
Supplementary Table 1. This vector was used together with the previously described
DII/mDII cloned in pDONR221 and Venus fused to the N7 nuclear localization signal
cloned in pDONR P2R-P3' for recombination in the binary gateway vector pH7m34GW
(http://gateway.psb.ugent.be/).

R2D2 in pGIIM/ RPS5A:: mDlII: ntdTomato- RPS5A:: Dll: n3Venus was created through
two subsequent Ligation Independent Cloning events. First, RPS5A:: DIl reporter cassette
amplified from genomic DNA of pRPS5a:: DIl: Venus using primer set “pRPS5a:: DII” was
cloned into Hpal digested pGIIM/LIC_Swal-ntdTomato- LIC_Hpal-n3Venus (a kind gift from
Thomas Laux, Freiburg) to create pGIIM/LIC_Swal-ntdTomato- RPS5A:: DIl:n3Venus. RPS5A::
mDIl control cassette amplified from genomic DNA of pRPS5a:: mDII: Venus control line
using primer set “pRPS5a:: mDII” was then cloned into Swal digested pGIIM/LIC_Swal-
ntdTomato- RPS5A:: DIl:n3Venus to create R2D2. Sequences of primers used for cloning
aforementioned constructs are listed in Supplementary Table 1. All transgenic lines
were first created in Arabidopsis Col-Utrecht ecotype.
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Plant Growth condition

Arabidopsis plants were grown at 22°C in 16 hours light/ 8 hours dark cycle for
every experiments. All seeds were surface sterilized, sown on half-strength Murashige
and Skoog medium with 0.8% Daichin agar (Duchefa) (1/2 MS plate) if not mentioned
otherwise, and vernalized at 4°C for 2 days. For microscopic analysis of root, seedlings
were grown vertically for five days after transfer to growth chamber, while this period
was decreased to three or four days for microscopic analysis in shoot.

Methotrexate (MTX) selection was conducted by growing sterilized seeds on 1/2 MS
plates containing 0.1 mg/L MTX (Sigma; A6770).

For DR5/DR5v2 auxin sensitivity analysis via qRT-PCR, surface sterilized seeds were
sown on sterilized nylon mesh placed on 1/2 MS plates after stratification and grown in
growth chamber for four days then transferred to 1/2 MS plates with 0.11% DMSO and
10 pM N-1-Naphthylphthalamidic acid (NPA; Chem Service) to inhibit auxin transport.
After incubation for 12 hours, seedlings were transferred to plates containing 0.11%
DMSO and 10 uM NPA with 0.01, 0.1, or 1.0 M Indole 3-Acetic Acid (IAA; Duchefa) for
treatments, 0.11% DMSO and 10 uM NPA for control for two hours before collection
for RNA isolation.

For DR5/DR5v2 auxin sensitivity analysis via confocal microscopy, surface sterilized
seeds were sown on sterilized nylon mesh placed on 1/2 MS plates after stratification
and grown in growth chamber for four days then transferred to 1/2 MS plates with
0.11% DMSO and 10 pM NPA with 0.0001, 0.000316, 0.001, 0.00316, 0.01, 0.0316, 0.1,
0.316, or 1.0 pM IAA for treatments, 0.11% DMSO and 10 uM NPA for control for 12
hours before collection for imaging.

For temporal DR5/DR5v2 auxin response analysis, surface sterilized seeds were
sown on sterilized nylon mesh placed on 1/2 MS plates after stratification and grown in
growth chamber for five days then transferred to 1/2 MS plates with 0.01% DMSO and
1.0 pM IAA as treatment or 1/2 MS plates with 0.01% DMSO as control for given time
before collection for RNA isolation.
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Microscopic analysis

Images were acquired as 8-bit format using a Leica TCS SP5Il confocal laser
scanning microscope with 20x NA=0.75 and 63x NA=1.20 water-immersion objective
and pinhole equivalent to 1.0x the Airy disk diameter. EGFP and VENUS were excited by
argon ion laser while tdTomato and propidium iodide were excited using diode laser,
and their emissions were detected sequentially with Leica HyD in standard mode to
prevent cross-talks between fluorophores. Excitation and detection of fluorophores
were configured as below, eGFP was excited at 488 nm and detected 498-530 nm;
Venus was excited at 514 nm and detected 524-540 nm; tdTomato was excited at 561
nm and detected 571-630 nm; propidium iodide was excited at excited at 561 nm and
detected 571-700 nm.

In comparisons of eGFP and tdTomato fluorescence in the same line, the highest
fluorescence signal in reference cells listed below in each channel was used to set the
upper limit of pixel intensity. Reference cells used to setup the upper limit of pixel
intensity are lens shape cell of early heart stage when imagining embryos, quiescent
center cells when imaging roots, and distal domain of leaf primordia when imaging
shoot meristem and leaf primordial.

In comparisons of VENUS and tdTomato fluorescence in R2D2 line, the highest
fluorescence signal in reference cells listed below in each channel was used to set the
upper limit of pixel intensity. Reference cells used to setup the upper limit of pixel
intensity are suspensor cells of early globular stage when imagining embryos, cortex
cells when imaging roots, and trichome cells when imaging shoot meristem and leaf
primordial.

Embryos were mounted in 1x phosphate solution saline (PBS) containing 4%
paraformaldehyde and 5% glycerol as described?’, and seedlings were mounted in
demineralized water unless mentioned otherwise with 10 pg/mL propidium iodide* for
roots and without propidium iodide for shoot meristem, leaf primordial, DR5v2 auxin
sensitivity analysis, and R2D2 auxin treatment live imaging.

Seedlings for live imaging were mounted in modified devices described®. The
original plastic mask was replaced by a 15.5 mm x 21.0 mmx 0.5 mm frame made of
Bioplastic with 10.0 mm x 15.0 mm opening in the center at where was covered with 0.4
pm PTFE mesh. Only one plastic frame was used, but agarose and culture medium were
also omitted. Five five-day-after-germination seedlings were placed in a two chamber
coverglass containing 100 pL demineralized water then covert by PTFE frame with 0.4
pm PTFE mesh facing to seedlings followed by adding 900uL of demineralized water to
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cover the roots. This device allows imaging multiple roots at identical condition at once
via confocal microscope. Time interval and coordinates of regions of interest were first
defined, and images referred as “0 sec” were taken before adding 111 pL of 0.1% DMSO
or 10 uM IAA in 0.1% DMSO.

Virtual ratio images of R2D2 were generated by “Calcium Imaging Calculator” built
in Leica LAS AF lite v2.6.3 or v 3.7.x (http://www.leica-microsystems.com/products/
microscope-software/life-sciences/las-af-advanced-fluorescence/) through calculating
ratios between signal intensities of each pixel from two channels after subtracting
noise, which was defined as the average signal intensity of six 2.5-3.5 pm? area in the
cytoplasm of six epidermal cells from a single image and used for the rest of images
taken with the same laser/detection configuration. (See Supplementary Note 1)

To monitor auxin gradient in the root apical meristem by R2D2, images from three
z-stacks with 2.0 pm interval were acquired. The maximum projection of three images
was examined to assure the section of region of interest contains only single cell layer.
Approximate 10 pm? area in nucleus of cell of interest was selected via the ROI tool,
and the ratio of red/yellow signal ratio was calculated by “Calcium Imaging Calculator”
builtin Leica LAS AF lite v2.6.3 or v 3.7.x after noise subtraction. Red/yellow ratio of the
first 7-10 continuous cells (depending on number of cells in each frame of images due
to the different cell size of each tissue) from the quiescent center was acquired form 32
roots of R2D2 line. Cells from both sides of roots were used if possible to generate 32
to 47 data sets of each tissue.

Quantitative RT-PCR Analysis

Over 100 roots from treatments were collected and RNA was extracted with Plant
RNeasy kit (QIAGEN). Poly(dT) cDNA was prepared from 600 ng total RNA with an iScript
cDNA Synthesis Kit (Biorad). Primer pairs were designed with Beacon Designer 8.0
(Premier Biosoft International). Although the fluorescent proteins are tandem repeats
(tandem dimer Tomato and 3xeGFP), we designed primers that generate a single
amplicon per transcript. Primers were tested in qRT-PCR using serial diluted pGIIM/
DR5v2::ntdTomato-DR5::n3eGFP plasmid as template to validate the correspondence
between amount of amplicons and actual templates (See Supplementary Fig.2). qRT-
PCR was conducted with iQ SYBR Green Supermix (BioRad) on CFX384 Real-Time PCR
detection system (BioRad) according to the manufacturer’s instructions. Efficiency of
primers for subjected cDNA, ntdTomato and n3eGFP, and concentrations of subjected
c¢DNA in all samples have been tested in advance to ensure expressions of n3eGFP
and ntdTomato are comparable. All individual reactions were done in triplicate with
two biological replicates. Data were analyzed with gBase®. Expression levels were
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normalized to those of EEFT1a4, GAPC, and /EF4A. Sequences of primers used for qRT-
PCR were listed in Supplementary Table 1.

To compare gRT-PCR results, normalized data sets acquired form gBase were
subjected to two-tailed Student's t-test with threshold (alpha level) of 0.05 to determine

if significance of the difference between each treatment.
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Supplementary information

10,000
1,000
g
2 100
o
[$)
o
o 10
2
]
[
&y
0.1
0.01
1 10 100 1,000 10,000
DR5-n3GFP DR5v2-n3GFP DR5-n3GFP/DR5v2-ntdTomato plasmid (fg)
Supplementary Figure 1 Overview Supplementary Figure 2 Performance
comparison of DR5 and DR5v2 activity of primers against tandem repeated
in root tip. reporter genes.
Maximal projection of propidium iodine gRT-PCR of serial diluted serial diluted
stained root of (a) DR5:: n3eGFP and (b) pGIIM/DR5v2::ntdTomato-DR5::n3eGFP
DR5v2:: n3eGFP reporter lines. Scale bars plasmid with primers used in this study. Bars
are 10 ym. indicate standard error from the mean (n=3).
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Supplementary Figure 3 Response of DR5 and DR5v2 to external auxin.

o

DR5v2-ntdTomato

1000 nM

Fluorescentsignalintensity of n3xGFP (top row)and ntdTomato (bottom row) in DR5v2::ntdTomato-
DR5::n3eGFP root tips following a 12-hour co-treatment of 10 pM NPA and the indicated
concentrations of IAA. Detector gain was saturated for each channel separately at the highest
signal intensity of the 1000 nM IAA treated root, and all other images were acquired using these
same settings. Signal intensity is displayed as a false color scale. Scale bars are 10 ypm.
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RPS5A - DII-Venus RPS5A-mDlIl-Venus DR5v2 -n3GFP R2D2

(RPS5A -mDlII-ntdTomato/
RPS5A -Dll-n3xVenus)
Supplementary Figure 4

pRPS5a::DIl:Venus and

pRPS5a::mDIl:Venus root tips. Supplementary Figure 5 DR5v2-n3GFP and R2D2
(a) pRPS5a:: DII: Venus and (b) heart-stage embryos.

pRPS5a:: mDIl: Venus. Scale bars Scale bars are 10 um

are 10 pm.
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Supplementary Figure 6 Quantification of R2D2 gradients.

Normalized ntdTomato/n3xVenus signal ratio in nuclei at increasing distance from the QC (see
dashed lines in image on the right). Cell 1 corresponds to the first daughter of the initial for each
cell file. Red/yellow ratio was set to “1”in cell 1 for each cell file. Bars indicate standard error from
the mean (n>30 cell files per tissue). Scale bars are 10 ym.
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Supplementary Table 1. Primers used in this study

Primer set
DR5v2
PRPS5A
pRPS5A:: DIl

(for R2D2)

pRPS5A::mDll
(for R2D2)

qPCR_EGFP
gPCR_tdTomato
qPCR_EEF1
qPCR_GAPC
gPCR_elF4a

Forward primer

TAGTTGGAATAGGATTTCGA

GGGGACAACTTTGTATAGAAAAGT
TGCTGGTACCGGGCCATAATCGTG

TAGTTGGAATAGGATTTCCC
GGGCCATAATCGTGAGTAGA

TAGTTGGAATAGGGTTCGG
GCCATAATCGTGAGTAGA

ACGTAAACGGCCACAAGTTC
ACCACCTGTTCCTGGGGCAT
CTGGAGGTTTTGAGGCTGGTAT
GAAGGGTGGTGCCAAGAAGGTT
CTCATCACCACTGACCTCTTAGC

Supplementary Note

Reverse primer
AGTATGGAGTTGGATTTCGG

GGGGACTGCTTTTTTGTACAAACT
TGCGGTACCCGCCTGTGGTGAG

AGTATGGAGTTGGATTTCCC
TCTCCGGGATGATCTCACCG

AGTATGGAGTTGGGTTCTC
TCCGGGATGATCTCACCG

AAGTCGTGCTGCTTCATGTG
GGCCATGTTGTTGTCCTCGG
CCAAGGGTGAAAGCAAGAAGA
AGGGGAGCAAGGCAGTTAGTGG
AACCTTCCACTTCTTCCGATACG

Open LAS AF lite and select specimen to be analyzed. In the following example figures,
Channel.001 represent the signal form 571-700 nm (mDIl-ntdTomato and propidium
iodide), and Channel.002 represent the signal form 524-540 nm (DII-n3VENUS).
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Reporters for sensitive and quantitative measurement of auxin response

2. In“Quantify” (1), select “Stack profile” (2) and set dimension to “Frame”(3)

o =) =) [ 1) A )| v

3. In“Select a calculator,”(1) select “Calcium imagining”(2)
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Define more than five Region of interest (RIOs) that will be use to determine background
signal in the cells. After selecting “Statistics” (1), the signal values can be found in the
rows of “Mean value” (2). The data can be retrieved in to an Excel file using “Export” (3)
to calculate the average “Background” in both channels. These values will be used as
“Background” that will be subtracted in all images taken in this particular experiment.

In “Analysis” (1), setup the formula as below and enter the “Background” from Step
4. Minus 2 to 5 in “Background” of Channel.002 (DII-n3VENUS), for example, enter 6
instead of 8, which is the “Background” calculated form Step 4, is suggested (2). This
prevents the complete subtraction of background signal in the auxin maxima, where all
DII-n3VENUS could be completely depleted, that will lead to “0” in the denominator of
the formula and subsequent “0” in the ratio. Minus more than 5 is not suggested since
this may lead to a significant underestimation of auxin input.
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6. Define the ratio parameter in “Definition of parameter” (1). The entered value only
affects the visual representation of the ratio image generated after selecting “Calculate”
(2) and “Ratio” (3). The ratio image can be exported by right-clicked the specimen (4)
and select “Export (image name)” and “Export view”, subsequently. Ratio images of
other specimens in the same experiment can now be generated by selecting specimen
of interested without reset the formula.

@
i
v

™

7. Define ROIs to quantify auxin input. A z-stack of single cell layer is suggested to acquire
nuclei of all cell types of interest in one image.
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8. If two nuclei overlap, the data is not viable. Move between stacks to find possible
overlaps and confirmed by using “Maxima projection”(1).

o

RO

9. Select “Statistics”(1) and the reverse of DII/mDII can be found in “Ratio”(2). All data can
be retrieved using “Export”(3) to Excel for further analysis.
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Abstract

The phytohormone auxin has a great impact on wide spectrum of growth and
developmental processes. Its activity is mediated by a short nuclear signaling
pathway that involves targeted degradation of transcriptional inhibitors and
subsequent transcription regulation. A key challenge in understanding the
developmental roles of this hormone lies in the ability to directly visualize
its activity in situ. Several response reporters have been widely used. These
include therecently developed R2D2 degradation reporter and the DR5v2 gene
activation reporter. R2D2 and DR5v2 offer improved precision and sensitivity
compared to earlier reporters, but their design limits certain applications.
Here, we describe a set of improvements that allow more generic application
of these reporters. We first generated a ubiquitously expressed R2D2 and,
following its characterization, combined it with DR5v2 to generate the triple-
color C3PO reporter. We demonstrate their potential through revealing
hypothesized and new auxin maxima in various tissues and developmental
stages in Arabidopsis thaliana showing differential auxin signaling capacity
between cells. We also demonstrate the use of the DR5v2 reporter to reveal
patterns of auxin response during embryogenesis in the auxin response
mutant monopteros. This reveals globally altered auxin maxima. The enhanced
auxin reporters offer broad applications for comprehensive insight into the

role auxin signal in plant biology.
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Introduction

The phytohormone auxin plays a crucial role in regulating development
throughout the plant life cycle, controlling processes ranging from embryogenesis to
secondary growth (reviewed by ™). To understand the involvement of auxin in a given
developmental process, the first approach is tracking the presence and abundance
of auxin in location of interest. Radioactively labeled auxin, indole-3-acetic acid (IAA)®,
immunolocalization of auxin® and direct mass spectrometry-based detection of auxin
in protoplasts derived by fluorescence-activated cell sorting” have been used to directly
detect auxin. While these approaches each have the distinct advantage of detecting
the presence, and even absolute amount of auxin, these methods require the use of
chemically fixed samples and/or treatments with auxin transport inhibitors>’. These
properties limit the application of these methods. In addition, as these approaches
provide only a snapshot of auxin distribution, it is impossible to address dynamics of
auxin accumulation. Besides the direct detection of auxin presence, auxin distribution
have often been inferred from the polar localization of auxin efflux carriers (PINs)®
20 and influx carriers (AUXT/LAXs)'® 2125, Auxin efflux and influx carriers can be tagged
with fluorescent proteins and detected in vivo to allow long-term observation of
developmental processes'>'42".26:28 However, none of the aforementioned approaches
can inform about the fraction of auxin that effectively induces a cellular response.

Despite the range of developmental events controlled by auxin, the auxin-signaling
pathway, from perception to response, is short and simple. After auxin enters the
nucleus, it is perceived by SKP1-CULLIN1-F-BOX (SCF) ubiquitin ligase complexes
containing F-box auxin receptors TRANSPORT INHIBITOR RESISTANT1 (TIR1)? 30 or
AUXIN F-BOX 1 to 3 (AFB1-3)*'. Auxin facilitates binding between SCF(TIR1/AFB1-3) and
AUXIN/INDOLEACETIC ACID proteins (Aux/IAAs) that leads to Aux/IAAs ubiquitination
and their degradation®> . 29 Aux/IAAs are encoded in the Arabidopsis thaliana
genome?, and most Aux/IAAs consist of four domains: domain | recruits the Aux/
IAA CO-REPRESSOR TOPLESS (TPL)*> 3¢, domain Il interacts with SCF(TIR1/AFB1-3) in
the presence of auxin and is required for auxin-induced degradation of Aux/IAAs37=%;
domain Il and IV binds to Aux/IAA targets, AUXIN RESPONSE FACTORS (ARFs)*41. ARFs
are DNA-binding transcription factors that recognize specific sequences named Auxin
Response Elements (AuxREs) in their target genes and regulate, through activation or
repression, the expression of the target genes (reviewed by ref 42).

Based on the knowledge of the auxin response pathway, several signaling reporters
have been developed. A reporter to monitor auxin perception (here defined as the
process from auxin-triggered binding between Aux/IAAs and SCF(TIR1/AFB1-3) to
degradation of Aux/IAAs, exploits the auxin-dependent degradation of Aux/IAAs
through binding between their domain Il and SCF(TIR1/AFB1-3). Auxin perception
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reporters consist of a minimal “degron” of domain Il from an Aux/IAA protein (DIl),
fused to a fluorescent protein as “probe” driven by a constitutive promoter*>“4. In the
presence of auxin, the “probe” is degraded like endogenous Aux/IAAs are, and this
leads to a reduced fluorescence intensity. As a comparison for DIl degradation and an
indication of promoter activity in cells of interest, a point mutation is introduced into
DIl that prevents binding between mutated DIl (mDII) and SCF(TIR1/AFB1-3). mDII then
is fused with a fluorescent protein as “control” driven by same constitutive promoter
used for “probe.” The first such auxin perception reporter, DII-VENUS, has “probe” and
“control” separated in different individual plants** . While powerful, it is impossible
to achieve cellular-level quantification of auxin perception because to interpret the
DIl-Venus signal in a cell, one needs the mDII-Venus reference in the same cell. An
improved version, R2D2, has both “probe” and “control” fused with different fluorescent
proteins and expressed from the same transgene in a single transgenic plant. Through
computing the signal intensity ratio between “control” and “probe”, which is referred
as auxin input, a semi-quantitative readout of auxin perception level can be measured
in each individual cell*.

A conceptually different reporter to monitor auxin transcriptional response (here
defined as the ARF-dependent target gene regulation following Aux/IAA degradation),
exploits the direct activation of ARF target genes during auxin response. A response
reporter can be either the promoter of an auxin-activated gene, for example the
soybean GH3%*° or Arabidopsis IAA2'% 575 genes, or a synthetic promoter consisting of
AuxREs followed by a minimal Cauliflower mosaic virus 35S promoter, driving a reporter
gene. Examples of such synthetic promoters are DR5% and its high-affinity derivative
DR5v2%, and these have been used to drive expression of various reporter genes. In
the presence of auxin, ARFs are released from Aux/IAA inhibition to activate reporter
genes. Signal intensity from the reporter gene is thus a proxy for auxin output.

While R2D2- and DR5v2-based reporters have been very useful in visualizing auxin
perception and response®®®!, both have intrinsic caveats, partly due to their design. In
this work, we broaden the versatility of the original R2D2 reporter through replacing its
promoter with another ubiquitous promoter. In addition, we established the first auxin
reporter, C3PO, that can monitor both auxin input and output through combining R2D2
and DR5v2. Using the new R2D2 with ubiquitously expressed “probe” and “control”
and triple reporter C3PO-R revealed previously unreported auxin input maxima, and
also demonstrates differential auxin signaling capacity between cells. Furthermore,
we used DR5v2 to generate a high-resolution description of auxin response in the mp
mutant, defective for ARF5/MONOPTERQS (MP), a critical ARF for embryonic root and
vasculature tissue initiation®?. MP is one of the five Class A ARFs predicted to act as
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gene expression activator®, that recognizes the high affinity auxin response element
in DR5v2%. Mutants with loss of function mutations in mp fail at root initiation during
embryogenesis® 7. Strong mp mutants, such as mp#'# ¢, therefore, have no root
and can be easily distinguished from wild type embryos. Mutants with loss of function
mutations in mp, therefore, shall reveal altered auxin output during developmental
processes through auxin response reporter, DR5v2.

Collectively, these tools help visualize auxin input and response dynamics in both
wild type and mutant development.
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Results

A ubiquitously expressed R2D2 sensor generically reports auxin responses

Auxin response can be visualized through the degradation of Aux/IAA proteins, and
this principle has been exploited by the generation of the DII-Venus sensor®. Since
the levels of fluorescence by this negative auxin sensor cannot easily be interpreted
without knowing the expression levels in the absence of auxin, we previously generated
a ratiometric DII-VENUS version (R2D2), where DII-VENUS signals can be normalized to
the fluorescence of a stoichiometrically co-expressed mutant DIl (mDIl) version coupled
to a tdTomato fluorescent protein®. Here, auxin input levels are reflected by mDII/DIl
fluorescent ratios in nuclei. The original R2D2 version was expressed from the Arabidopsis
RPS5A promoter®, which is active in young, dividing cells. However, not only young cells
respond to auxin > 7075 and several developmental auxin responses could thus not
be visualized using R2D2. Therefore, we developed a new R2D2 version, this time driven
from the Arabidopsis UBIQUITIN10 (UBI10) promoter, which was shown to confer broad
expression in various organs’®””. The UBI/10-driven R2D2 construct (termed R2D2-U) was
transformed into Columbia-0 wild type background. While the original R2D2 (termed
R2D2-R) did not affect normal development (Fig. 1a, 1b), plants with strong expression
of the R2D2-U showed distinctive developmental abnormalities. R2D2-U heterozygotes
were identical to wild type at seedling stage (Fig. 1a), and only showed mild growth
retardation at rosette/flowering stages (Fig. 1b). R2D2-U homozygotes, however, showed
growth arrest at seedling stage (Fig. 1a), and growth retardation at both seedling and
rosette/flowering stages (Fig. 1b). It is likely that high expression of a domain Il from an
Aux/IAA protein will interfere with the degradation of endogenous Aux/IAA proteins, and
thus such developmental defects are not unexpected. Thus, we advise to cautiously use
R2D2-U, but only when kept in heterozygous state.

We next surveyed R2D2-U expression in various organs. As expected, expression was
broad in the root, with signals extending far into the elongation and differentiation zone
(Fig. 1c), as well as in the root cap (Fig. 1d), where RPS5A is not active. The mDII/DII ratio
in root tips also confirmed described’ or predicted' ' auxin accumulation peaks in the
quiescent center (QC) area, epidermis, and in the vascular tissue (Fig. 1d). In addition, a
differential auxin accumulation in more differentiated root parts could be detected with
increased levels in the vascular tissue (Fig. 1c). In sharp contrast to R2D2-R, R2D2-U could
be used to infer auxin response in the hypocotyl, with both components being expressed
across cell types (Fig. 1e). Finally, R2D2-U was also ubiquitously expressed in the shoot
apical meristem area (Fig. 1f) and in young leaves (Fig. 1g). In all these areas, ratio imaging
showed local differences in auxin response (Fig. 1a-g).

Thus, despite the caveat of phenotypic abnormalities associated with high-level

expression of R2D2 components, the new R2D2-U sensor allows to generically analyze
auxin input at cellular level.

54



Optimized auxin response reporters reveal differences in local signaling capacity

Col-0 R2D2-U** R2D2-U*" Col-Utrecht R2D2-R**

mDII/DIl

Figure 1. R2D2-U expresses ubiquitously but causes
dwarfism in homozygotes

(a, b) 6 day-post-germination seedling (a) and 35 day-post-ger-
mination mature plant (b) of R2D2-U homozygote (R2D2-U +/+)
showing dwarfism phenotype compared to R2D2-U heterozy-
gote (R2D2-U +/-), R2D2-R homozygote (R2D2-R +/+) and wild
type plants (Col-0 for R2D2-U and Col-Utrecht for R2D2-R) in cor-
responding developmental stage.

(c-g) R2D2-U activity and auxin input marked in root differentia-
tion zone(c), root apex (d), hypocotyl (e), leaf primordium (f), and
developing leaf (g). c to e are maximum projection of 3 optical
sections (2 pm interval) in the middle plane of corresponding tis-
sues; fand fare maximum projection of 15 optical sections (2 um
interval) from epidermis to the middle plane of corresponding
tissues. Scale bar=100.0 ym.
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Differential auxin signaling capacities in root developmental zones and cell
types

In the root apex, in addition to known auxin input maxima in vasculature and cells
surrounding and within QC where high auxin concentration is expected (Fig. 1d), we
identified two novel local auxin input maxima. Firstly, we found auxin input maxima
in trichoblasts (root hair forming cells) between the end of the lateral root cap and
the elongation zone. These auxin input maxima in trichoblasts persisted for 7 to 10
cells, and adjacent atrichoblasts (non-root hair forming cells) showed lower auxin
input (Fig. 2a). Although the role of auxin transport via atrichoblasts to support root
hair elongation has been described? 7%, auxin input in these cells was not previously
observed. Directly underneath the epidermal cells with increased auxin input located
upstream of the end of lateral cap, cortex, endodermis and pericycle cells showed
higher auxin input than their shootward and apical counterparts (Fig. 2b). This may be
the domain where shootward transported auxin from lateral root cap and epidermis
enter the vasculature predicted by the “auxin reverse fountain” model in the root
apex'2 1421,

Secondly, opposite to the new high auxin input domain, we found a lack of detectable
auxin input in root cap cells, despite auxin input maxima in in adjacent cells (Fig. 2c).
Interestingly, previous auxin response (DR5® and DR5v2%) and auxin concentration
measurements’ had shown that columella cells have high auxin levels and output.
Thus, it is possible that differences exist in each cell type's capacity to degrade DI,
irrespective of the level of auxin.

We next tested if there is differential auxin perception capacity between or within
tissues. To test this hypothesis, auxin input was measured in root cap, epidermal cells
in the meristem, elongation zone, and differentiation zone prior and after 30 minutes
of mock (0.01% DMSO), 10 or 100 nM IAA treatment. Epidermal cells in the meristem
showed the highest sensitivity toward auxin treatment by being able to perceive 10
nM of exogenous IAA. In contrast, epidermal cells in the elongation and differentiation
zone only showed a significant change of auxin perception at 100 nM IAA treatment
while root cap cells seemed insensitive to even 100 nM IAA treatment (Fig. 2d, Table. 1).
These results suggest that capacity of auxin perception could vary from developmental
stages of cells within same tissue and between tissues.
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Figure 2. R2D2-U reveals auxin input maxima and differential auxin input in roots.

(a, b) R2D2-U marks high auxin input in trichoblasts (a) and moderate auxin input in cortex and
endodermis (b) between meristem and elongation zone. Dash lines indicate the end of lateral
root cap. Maximum projection of 3 optical sections (2 um interval) in the surface (a) and middle
plane (b) of root apex. (¢, d) The absence of auxin input in root cap (c) and different auxin input
level between root apex and differentiation zone (DZ) after auxin treatments (d). Maximum pro-
jection of 3 and 5 optical sections (2 um interval) in middle plane in root tip (c) and epidermis (d),
respectively. (e-h) Auxin input in lateral root primordia and overlying tissues in Stage | (e), -l (f),
-l (g) and -IV (h). Arrows indicate auxin input in endodermal, cortex, or epidermal cells above
lateral root primordia. Maximum projection of 3 optical sections (2 ym interval) in the middle
plane of lateral root primordia. Scale bar= 100.0 pm.
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Table. 1 Auxin input of epidermal cells from different developmental stages after
auxin treatment

Average with standard divination (in parentheses) of signal ratio between mDII: ntdTomato and
DIl: n3Venus and from each developmental stage prior and after auxin treatments. * indicates
significant difference (p< 0.01) between prior and after each treatment.

Differentiation
zone
(n=30)

Root cap Meristem Elongation zone

(GERE)) (n=30) (n=30)

0 min 30 min 0 min 30 min 0 min 30 min 0 min 30 min
Mock 1.132 1.409 2.373 2.468 0.979 1.133 1.325 1.529
(0.329) (0.390) (0.411) (0.482) (0.329) (0.343) (0.955) (0.823)
10 nM IAA 2.338 2.388 2.878 3.737* 1.128 1.172 0.874 0.919
(0.202) (0.250) (0.598) (0.503) (0.277) (0.335) (0.272) (0.253)
100 nM IAA 1.236 1.362 2.681 4.105*  1.007 1.348* 1.158 1.493*
(0.587) (0.807) (0.678) (0.825) (0.229) (0.262) (0.520) (0.610)

R2D2-U’'s ubiquitous expression also provides a tool for revealing auxin input
in differentiated tissues and secondary growth. Lateral roots are generated from
pericycle cells in the differentiated part of roots (reviewed by #°), and visualization of
auxin response during initiation requires expression of the sensor prior to initiation.
Using R2D2-U, we showed that during lateral root development, at stage | (Fig. 2e),
auxin input maxima were restricted to four cells in the pericycle and vasculature,
while auxin input in surrounding tissues remained unaltered. At stage Il (Fig. 2f) and
[l (Fig. 2g), auxin input maxima in primordia remained high, with outer primordia cells
having higher auxin input level than inner ones. Auxin input levels in vasculature and
endodermal cells directly above primordia increased. From stage IV (Fig. 2h), auxin
input in primordia all increased to maximum level of our measurement scale, along
with increased auxin input level in directly overlying endodermal cells.

Thus, the ubiquitously expressed R2D2-U sensor allows broad visualization of auxin
maxima, and reveals intrinsic tissue differences in auxin perception.
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High-resolution auxin response dynamics visualized by a three-color input/
output reporter

The notion of the differential capacity of auxin perception within and between
tissues suggests that auxin perception may not be linearly translated into transcriptional
output. To determine correspondence between auxin input and output at cellular level,
we designed an integrated reporter that combines R2D2 and DR5v2 auxin reporters.
The reporter, termed C3PO, was generated by incorporating a DR5v2::n3mTurqoise2
(blue fluorescence) cassette into the vectors harboring an R2D2-R auxin perception
reporting cassette. C3PO-R was then introduced into Columbia-0 wild type background.
Unlike R2D2-U, C3PO-R homozygotes with high expression of the reporting cassette
showed no distinct phenotype at seedling and rosette/flowering stages (Fig. 3a, b).

In the C3PO-R root apex, the RPS5A promoter that drives the R2D2 auxin perception
reporting cassette was most active in the root apical meristem; its activity then declined
from the end of meristem towards the differentiation zone, where root hairs formed;
the expression was undetectable in further differentiated tissue, root cap (Fig. 3c).
In the meristem zone, both auxin input and output were lowest in the cortex while
high auxin input and output was found in the vasculature and in cells surrounding the
QC, along with high auxin output in root cap (Fig. 3c). When closely examining auxin
input and output in the stele however, we found distinct differences in auxin input and
output between cells. Xylem-pole pericycle cells adjacent to the QC had auxin input
comparable to their adjacent vascular cells while these xylem-pole pericycle cells had
lower auxin output than their adjacent vascular cells (Fig. 3d). Though auxin response
in xylem-pole pericycle cells in the late basal meristem plays crucial role in lateral root
priming8'-#4, auxin response in xylem-pole pericycle cells in early basal meristem was
not yet reported.

From the end of meristem to early elongation zone, a short auxin input maximum in
trichoblasts and lower auxin input underneath, as detected in C3PO-R, were consistent
with our observation in R2D2-U, with auxin output in trichoblast from the end of
meristem (Fig. 3e). The maxima of auxin input and output in epidermis, however, did
not completely overlap. Auxin output in trichoblasts reached its’ maximum at the end
of the auxin input maximum. The high auxin output persisted until the initiation of root
hairs, while auxin input started to decline in the elongation zone (Fig. 3e). The difference
between auxin input and output maxima could be due to differential capacity of auxin
signaling between cell types (ex. low auxin input in atrichoblast, cortex, endodermis
and pericycle upstream of lateral root cap coverage) and developmental stages (e.g..
trichoblast in meristem to differentiation zone).
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DR5v2+ + DIl

Figure 3. C3PO-R marks auxin input and output in the root apex

(a, b) 6 day-post-germination seedling (a) and 35 day-post-germination mature plant (b) of C3PO-R
homozygote (C3PO-R +/+) and Col-0 wild type in corresponding developmental stage.

(c-e) C3PO-R activity in root apex in middle plane (¢, d), epidermis and root cap (e). Note the posi-
tion of the beginning and peak of auxin input and output in epidermis (c and e). Lower panel ind
is marked region in upper panel in detail showing auxin input and output in xylem pole pericycle
(arrow). L, lateral root cap; EP, epidermis; C, cortex; EN, endodermis; P, pericycle; X, Xylem. Maxi-
mum projection of 3 optical sections (2 um interval) in the middle plane (c) and epidermis (e),
and 3 optical sections (1 um interval) in the middle plane of root apex (d). Scale bar=100.0 pm.

During lateral root development, the RPS5A promoter in the C3PO-R line was
active in lateral root primordia and surrounding cells from stage | to VIII (Fig. 4a-d).
Throughout lateral root development, auxin input as observed in the primordia was
consistent with our observation in R2D2-R. Auxin output, however, only overlaps with
input from stage | to Ill (Fig. 4a). From stage IV (Fig. 4b, e) to VI (Fig. 4c), the auxin output
maximum became restricted to the tip of the primordium, and in stage VIl and VIII (Fig.
4d), auxin output maximum remained in tip of primordia with lower response in newly
formed vasculature and epidermis.
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DR5v2+ + Dl

.~ 8 g

mDII/Dll

Figure 4. C3PO-R marks auxin input and output in lateral root primordia and in devel-
oping leaves

(a-e) Auxin input and output in lateral root primordial at stage I (a), -IV (b), -VI (c), VIl (d), and -IV
with primordium facing the viewer (e). Note that auxin input and output maxima do not com-
pletely overlap after stage IV. Arrows indicate auxin output in endodermal cells above lateral
root primordia. Maximum projection of 3 and 5 optical sections (2 um interval) in middle plane
(a-d) and cortex to pericycle (e), respectively.

(f, ) Auxin input and output in leaf primordia (f) and developing leaf (g). Note the low auxin input
in cells directly next to the leaf vein in g. Maximum projection of 10 optical sections (1 pm inter-
val) in middle plane. Scale bar=10.0 pm.
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In the shoot apical meristem of seedlings (Fig. 4f), auxin input and output overlapped
at prospective primordium initiation sites. In young developing leaves (Fig. 4g), auxin
input and output overlapped although auxin input maxima were in the leaf veins and
edge while auxin output maximum was in the leaf tip. Unlike auxin input maxima in
other organs where the further the cells away from the maxima, the lower auxin input
these cells have; cells directly adjacent to the auxin input maximum in the leaf veins
had the lowest auxin input in young leaves (Fig. 4g).

Thus, through simultaneously observing auxin input and output, results from C3PO-R
support our observation of differential capacity of auxin perception and response.

Auxin response patterns in the mp/arf5 mutant embryo

To test if the differential capacity of auxin response we observed was resulted
only from the differential auxin perception or a combination of differential auxin
perception and ARFs' expression pattern, we thus introduced the DR5v2::n3Venus
reporter into ARF5/MONOPTEROS (MP) loss of function strong mutant allele mp®%.
During early embryogenesis, MP is expressed in the inner cells and lower protoderm
of the proembryo along with another gene activating ARF, AFR6 8. By comparing auxin
output in the wild type and mp mutant embryo from the developmental stages after
the first expression of MP, the direct impact to auxin output from losing a single ARF
while the presence of other ARFs remained unaffected can be validated.

In addition to validating our hypothesis of differential capacity of auxin response,
we also asked how missing a single ARFwhose expression is limited to the subepidermal
and later vascular cells during embryogenesis, impacts auxin response in the whole
embryo®. Auxin outputs during embryogenesis, in wild type and various mutants
including mp, has been described through DR5 driving GFP® %8 or GUS®”%, These
descriptions, however, either lacks cellular resolution or focused on developmental
stages after globular stage due to difficulties with detecting DR5 in embryos.

In the wild type embryo at early globular stage before hypophysis division (Fig.
5a), auxin output was highest in the topmost suspensor cell (the hypophysis), and the
subtending suspensor cell, while it is lower in vascular and ground tissue cells. Auxin
output later increased in vascular cells (Fig. 5k) and upper protoderm (Fig. 5b), from
which future cotyledons developed. After hypophysis division (Fig. 5I), auxin maxima
remained in both daughter cells of the hypophysis, and high auxin output remained in
cotyledon initials while it decreased in vascular cells until the heart stage. At transition
and heart stage (Fig. 5¢) auxin maxima remained in the QC and columella cells with
lower auxin output in vascular cells. In the upper domain of the embryo, auxin output
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Figure 5. DR5v2 marks abnormal auxin output in mp mutant embryos

Auxin output in wild type (a-e, k, 1) and mp mutant (f-j) embryo. Early globular stage (a, f); late
early globular stage (k); mid globular stage (b, g); late globular stage (I); early heart stage (c, h); late
heart stage (d, i); torpedo stage (e, j). Note the reduced and lost auxin output in lower embryo
and unrestricted auxin output in upper embryo in mp mutant. Maximum projection of 3 optical
sections (1 pm interval) in middle plane. Scale bar=10.0 pm.

increased in the developing vasculature and cotyledons with auxin maxima in tips of
cotyledons. This auxin output pattern was then maintained through late torpedo stage
(Fig. 5c-e) at which vascular branching occurs. At late torpedo stage (Fig. 5e), though
auxin output pattern remained unchanged in lower domain of the embryo, auxin
output maxima in cotyledons became restricted to the far most vascular cells, a few cells
in epidermis and ground tissue connecting to vasculature, and new vasculature initials.

The mp mutant is difficult to distinguish from the wild type until the hypophysis
divides. However, we did occasionally (10%; n=41 embryos) find loss of auxin output in
the hypophysis of embryos in progeny of mp hetetozygotes (Fig. 5f). After hypophysis
division (Fig. 5g), effects on auxin output caused by loss of MP became consistentamong
mutant embryos that are morphologically different from their wild type siblings with
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mis-orientated division plane. Auxin output in the mp embryo, though still highest in
daughter cells of hypophysis and high in inner cells, were strongly reduced compared
to wild type. Thus, DR5v2 reports the predicted reduction in auxin response in mp
mutant embryos, but also showed that there is residual response in mutant embryos.
In addition to reduced auxin output, ectopic low auxin output could be found in the
entire embryo while high auxin output is never established in the upper protoderm. At
early heart stage (Fig. 5h), restricted auxin output was completely lost, and only ectopic
weak auxin output remained in the embryo with mild auxin output in presumptive
cotyledon initials and vasculature. At late heart stage (Fig. 5i), auxin output in lower
embryo was completely lost and never recovered, while auxin maxima in cotyledon
tips and high auxin input in presumptive upper vascular cells were re-established,
though less restricted compared to wild type. In addition to unrestricted auxin output
throughout the upper embryo including the shoot apical meristem, an ectopic auxin
maximum is established in presumptive vascular cells underneath the shoot apical
meristem. At late torpedo stage (Fig. 5j), in contrast, auxin output remained absent
in lower embryo, and ectopic auxin output maximum remained in the center of the
embryo. In the cotyledons, instead of restricted high auxin output in vasculature and
epidermal and ground tissue cells connecting to vasculature in wild type, low auxin
output was unrestrained in cells surrounding supposed vasculature and epidermal and
ground tissue cells in mp mutant embryo.

Thus, DR5v2 expression analysis confirms a strong reduction in auxin transcriptional
output in the mp mutant, and in addition shows that MP is required for focusing auxin
response to a narrow domain in the embryo apex, including the vascular strands of
cotyledons.
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Discussion

The generically expressed R2D2-U allows monitoring auxin perception in most
tissues with comparable resolution, sensitivity, and responsiveness comparable to its
dividing-cell-specific predecessor, R2D2-R, and the triple cassette C3PO-R proved to be a
comprehensive tool to monitor both auxin perception and positive auxin transcriptional
response simultaneously. With these new tools, we did not only observed auxin input
and output maxima in the root apex that were only predicted through computational
simulation, but also provide experimental data that support our hypothesis of differential
auxin signaling capacity between different tissues and developmental stages. In addition,
the comparison of auxin response between wild type and mp mutant embryos through
their development, we provided an update for auxin response during embryogenesis
with more sensitive DR5v2 and demonstrated the impact of losing single locally expressed
auxin response factor to the global auxin response during embryogenesis.

A set of novel auxin response reporters

The broad expression of R2D2-U and ability of C3PO-R to simultaneously marking
auxin input and output offer generic analysis to further dissect finer auxin signaling in
vivo. Though most auxin input and output marked by R2D2-U and C3PO-R are consistent
with known auxin output pattern from DR5, some seemed controversial at first glance.

Firstly, R2D2-U and C3PO-R detected high auxin input and output in trichoblasts
while only low auxin input and no output were observed in atrichoblasts. This
observation seemed to suggested higher auxin concentration in trichoblasts than
atrichoblasts and contradicted to the assumption that atrichoblasts uptake more auxin
supported by atrichoblast-specific AUXT expression and higher DR5 activity observed
in atrichoblast after exogenous auxin (1-Naphthaleneacetic acid, NAA) treatment? 0.
However, the effect of auxin signaling on root hair growth occurs in trichoblasts®!°> and
the high expression of auxin transport and transport-regulating genes in trichoblasts®®
suggests sufficient auxin input in trichoblasts to trigger auxin signaling and transport.
Since atrichoblasts likely have more efficient auxin uptake than trichoblasts?"- 25, an
additional auxin transport mechanism in atrichoblasts cannot yet be excluded. In
addition, we cannot emphasize more that auxin input represented by R2D2 should not
be interpreted as cellular auxin concentration, but as an amplitude to auxin perceived
by cells to trigger downstream auxin response, and hence that auxin concentrations in
trichoblasts and atrichoblasts remain to be determined.

Secondly, we found non-overlapping auxininputand output maximain trichoblasts
and atrichoblasts. Given that DR5v2 is inactive in the absence of auxin, only gene
activation results from binding of positive regulating ARFs can be shown. Only five
(ARF5, -6, -7, -8, and -19) out of 23 ARFs in the Arabidopsis genome were predicted to
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be gene activators and this ability has been experimentally demonstrated mostly in
cell-based transient assays* 6% ¢ %4 Taken at face value, DR5-like reporters are thus
only able to report on a small subset of the ARFs. Of these five ARFs, MP and ARF6
are not expressed in the root epidermis and ARF8 is lowly expression in epidermis.
Only ARF7 and -19 are highly expressed in epidermis from late elongation zone with
three times higher expression in trichoblasts than in atrichoblasts®. Therefore, until
late elongation zone, due to the lack of predicted gene activating ARFs, DR5v2 cannot
be activated disregarding the auxin input and auxin response. The same principle
can also explain our observation that similar auxin input levels can be detected
in both protoxylem and procambium cells while only the former show high auxin
output; ARF5, -7, -19 are expressed in protoxylem while only ARF8 is expressed in
procambium?®.

Our results demonstrate the ability of R2D2-U and C3PO-R to reveal auxin input
and output not only known and hypothesized maxima, but also more subtle readouts.
In vivo, dynamic and simultaneous comparison between auxin input and output
within single cell or local cells eliminates any minor physiological variations between
individual cells or plants. These properties allow readout of auxin input and output
to support one another and offer a possibility to explore auxin signal dynamics with
unicellular resolution. However, they also reveal the complexity of auxin signaling
and the precautions required for data interpretation.

Limitations to using novel auxin reporters

To overcome the limitations of the local meristem-specific expression of the
RPS5A promoter, we generated a novel R2D2 using the UBI10 promoter. While this
reporter was useful in reporting novel auxin input sites, it also showed developmental
phenotypes. The dwarfism phenotype is only observed in R2D2-U homozygotes,
which means that heterozygous lines can be used, be it with caution. Similar dwarf
phenotypes are also observed in auxin perception mutants, such as overexpression of
wild type Aux/IAA%, degradation-resistant Aux/IAAs mutant®® %’,and auxin-conjugating
enzyme GH37%% This suggests that ubiquitous high expression of the DIl degron in
R2D2-U homozygotes may serve as a competitive inhibitor of SCFTIR1/AFB1-3), thus
interfering with normal auxin perception. This defect must be related to the site of
expression, because R2D2-R and C3PO-R homozygotes do not show this aberrant
phenotype despite levels of expression in meristem cells that are at least comparable
to that seen in R2D2-U lines. Since both R2D2-R* and R2D2-U can respond to lower
concentration of exogenous IAA treatment in root apical meristem than other
tested developmental stages, it seems unlikely that root meristem cells have Aux/
IAAs expression levels that are so high that they would outcompete the DIl degron.
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This suggests higher SCHTIR1/AFB1-3) degradation capacity in cell division foci than
in differentiated tissues. This assumption is consistent with the gradually reduced
expression of all TIRT/AFB F-box proteins from the meristem towards differentiated
cells***3 and is further supported by our observation that root cap show a lack of auxin
input, despite the constantly observed high auxin output 7> ', The only expressed
auxin perception F-box protein that shows detectable expression in root cap cells
is AFB2 4393 This would lead to low SCFKTIR1/AFB1-3) degradation capacity and auxin
perception capacity and likely attenuates the downstream auxin signaling.

Factors like the speed of auxin uptake, expression pattern of Aux/IAAs, and
SCH(TIR1/AFB1-3) ubiquitin ligase complex activity can all influence auxin perception
capacity of each individual cell. Our results from R2D2-U and C3PO-R provide sound
evidence supporting this hypothesis and suggest, at least in roots, differential auxin
perception capacity exist between tissues and cells within tissue but with different
developmental stages.

Auxin response in the embryo

While reduced auxin output in mp embryo mutant is expected due to losing a major
ARF, the observed impact on auxin output is greater than expected. In early globular
stage, though the reduced auxin output in lower-subepidermal cells can be explained
by the lost of MP , the ectopic auxin output in protoderm and upper tier cells could
be due to unspecific auxin distribution in the embryo by reduced expression of auxin
efflux carrier PINT and loss of auxin influx carrier AUXT and LAX2 in the inner lower cells
in mp embryo?* 6,

From early heart stage onward, the impact of mp mutant increases due to MP's
specific expression in vasculature, cells under shoot apical meristem, and epidermis®
%, However, while mp mutant embryos have only reduced and unrestricted auxin
output without maxima in early heart stage, auxin output in the upper half of the
embryo is restored with auxin maxima in cotyledon tips and vascular cells under
shoot apical meristem and supposed vasculature in mid heart stage. This suggests
that in addition to MP, there must be (an)other ARF(s) responsible for cotyledon
and vasculature development in mid heart stage. ARF7 is active in the cotyledon in
heart stage, and its function partially overlaps with MP in cotyledon development®.
However, the excessive auxin output maximum in vascular cells under the shoot
apical meristem cannot be explained only by the normal expression pattern of
ARF7. One possibility is the accumulation of auxin from shoot apical meristem and
cotyledon. Though the exact effect of ARF7 and other genes activated in heart stage in
mp mutant embryo on auxin distribution is unknown, it is likely that auxin distribution
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at the upper embryo and the cotyledons is recovered enough to re-establish auxin
output maxima in cotyledon tips and supposed vasculature. However, due to the
loss of auxin transporters PINT and LAX2 in the mp embryo, excessive auxin cannot
be transported to the lower embryo and is accumulated in these cells under shoot
apical meristem.

Our results have not only verified the capability of DR5v2 to monitor altered auxin
responses in auxin signaling mutant, but also proved the value of how visualization
of given biological process can significantly facilitate dissecting mechanism of such
process. With all advance on auxin signaling reporters, impact of auxin signaling on
plant development can now be easily visualized and evaluated. The mechanisms for
processes between auxin signaling and subcellular response during morphogenesis,
however, still remain elucidated due to limited toolset and experimental methods.
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Materials and Methods

Plant material and growth condition

All primers used in this study are listed in Table. 2. R2D2-U in pGIIM/
pUBQ10::mDll:ntdTomato-pUBQ10::Dll:n3Venus was generated via replacing pRPS5A in
R2D2-R, pGIIM/pRPS5A::mDIl:ntdTomato-pRPS5A::DIl:n3Venus, with pUBQ10. To engineer
PRPS5A::DII and pRRPS5A:mDIl reporter cassettes, pRPS5A:DII and pRRPS5A:mDIl
reporter cassettes were amplified from genomic DNA of pRPS5a:Dll:Venus and
pRPS5a::mDll:Venus reporter lines using primer set “pRPS5a:DIl/mDII” then cloned
into pPLVO8 via ligation-independent cloning as described* to generate two plasmids,
"pGlIK/pRPS50::DIl:sCFP" and “pGlIK/pPS5a::mDII:sCFP." pRPS5A in “pGlIK/pRPS5a::Dil:sCFP"
and “pGlIK/pPS5a::mDIl:sCFP" were removed via Acc65l digestion and replaced by
pUBQT10, which was amplified from WAVE002% using primer set “pUBQ10", followed
by Acc65/ digestion, via conventional cloning to generate two plasmids, “pGIIK/
pUBQ10:DIl:sCFP* and “pGIIK/pUBQ10::mDIl:sCFP." To generate R2D2-U, pUBQ10::DIl
and pUBQ10::mDIl reporter cassettes amplified from “pGIIK/pUBQ10::DIl:sCFP" and
“pGlIK/pUBQ10::mDIl:sCFP" using primer sets “pUBQ10::DII” and “pUBQ10::mDII" were
sequentially cloned into pGIIM/LIC_ Swal-ntdTomato- LIC_Hpal-n3Venus as described*.

Table. 2 Primers used in this study

PSirimer set Forward Reverse
RPS5a::DII/mDII TAGTTGGAATGGGTTCGG TTATGGAGTTGGGTTCCTC
P " GCCATAATCGTGAGTAGA TCCGGGATGATCTCACCG
UBQ10 TTTGGTACCAGTCTAGCT TTTGGTACCGGTATTGTT
P CAACAGAGCTTT TTATAGAAGAAG
UBQ10:DIl TAGTTGGAATAGGGTTCCC AGTATGGAGTTGGGTTCTC
P " AGTCTAGCTCAACAGAGC TCCGGGATGATCTCACCG
UBQ10:mDlI| TAGTTGGAATAGGATTTCC AGTATGGAGTTGGATTTCCC
P " CAGTCTAGCTCAACAGAGC TCTCCGGGATGATCTCACCG
mTuraoise2+ STOP TTTTGGATCCGGTGGTATG TTTTAGATCTTTACTTG
q GTGAGCAAGGGCGAGGA TACAGCTCGTCCATGC
mTurqoise2 TTTTGGATCCGGTGGTATG TTTTAGATCTCTTGTA
non-STOP GTGAGCAAGGGCGAGGA CAGCTCGTCCATGCC
TTTTGGATCCCATGGCTC
NLS-mTurgoise CAAAGAAGAAGAGAAAG TTTTAGATCTCTTGTA
non-STOP GTCATGGTGAGCAAGGG CAGCTCGTCCATGCC
CGAGGA
Additional Ascl CTAGATTAATTAAGACAC CTAGAGGCGCGCC
AGGCGCGCCT TGTGTCTTAATTAAT
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C3PO-R in pGIIM/DR5v2::n3mTurqoise2-pRPS5A::mDll:ntdTomato-pRPS5A::Dll:n3Venus
was generated via inserting DR5v2:n3mTurqoise2 into R2D2-R. To generate
n3mTurqoise2, a triple mTurqoise2 N-terminally fused with nucleus localization signal
(NLS), three components: an mTurgoise2 coding sequence (CDS) with a stop codon,
an mTurgiose2 CDS without stop codon, and an NLS: mTurqoise2 without stop
codon, was generated via PCR from plasmid template “pmTurqoise2-C1' using
primer sets, “mTurqoise2+ STOP“, “mTurqoise2 non-STOP“, and “NLS-mTurqoise
non-STOP” were sequentially cloned into pGIIK/LIC_Swal-LIC_Hpalv2-tNOS as described
for generating NLS:3xEGFP''. The n3mTurqoise2-tNOS cassette was then excised
via BamHI-Xbal double-digestion and inserted into pGIIK/DR5v2::ntdTomato-tNOS,
whose ntdTomato-tNOS cassette had been removed via BamHI-Xbal double-digestion
in advance, via conventional cloning to generate pGIIK/DR5v2::n3mTurqoise2-tNOS.
An Ascl restriction site from oligo dimer “Additional Ascl” was inserted into Xbal
digested pGIIK/DR5v2::n3mTurqoise2-tNOS via conventional cloning before ligating
DR5v2::n3mTurqoise2-tNOS excised by Bsp120/-Ascl double-digestion with Bsp120/-Ascl
double-digested pGIIM/pRPS5A::mDIl:ntdTomato-pRPS5A::Dll:n3Venus to generate pGIIM/
DR5v2::n3mTurqoise2-pRPS5A::mDil:ntdTomato-pRPS5A::DIl:n3Venus.

Alltransgeniclines were generated in wild type Arabidopsis thaliana Col-0 ecotype via
floral dip'® and selected using Methothrexate as described*. Arabidopsis plants were
grown at 22 °Cin 16 h/8 h light/dark cycles for every experiment. All seeds were surface
sterilized, sown on half-strength Murashige and Skoog medium with 0.8% Daichin agar
(Duchefa) (1/2 MS plate) and vernalized at 4 °C for 2 d. For microscopic analysis of root,
seedlings were grown vertically for 5 d after transfer to growth chamber; this period
was decreased to 3 or 4 d for microscopic analysis in shoot.
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Microscopic analysis

Images were acquired in 8-bit format using a Leica TCS SP5II confocal laser
scanning microscope with 20x numerical aperture (NA) = 0.75 and 63x NA = 1.20
water-immersion objective. mTurqoise2 and Venus were excited by Argon-ion laser,
tdTomato, propidium iodide, and Renaissance 2200 were excited using a diode laser,
and their emissions were detected sequentially with Leica HyD in photon counting
mode for quantification and comparison between channels. Excitation and detection
of fluorophores were configured as follows: mTurqoise2 was excited at 458 nm and
detected at 468-495 nm; Venus was excited at 514 nm and detected at 524-540 nm;
tdTomato was excited at 561 nm and detected at 571-630 nm; propidium iodide was
excited at 561 nm and detected at 571-700 nm; Renaissance 2200 was excited at 405
nm and detected at 430-470 nm. The pinhole was set to 2.0 Airy Unit, and the virtual
ratio images between channels were generated as described*.

For live imaging of roots treated by auxin, 20x objective were used along with 2
Airy Unit for pinhole size, and the slides were prepared as described*. Demineralized
water was used as mounting media, 0.01% dimethyl sulfoxide (DMSO) dissolved in
demineralized water and given concentrations of IAA (Duchefa) dissolved in 0.01%
DMSO was used as mock and treatment solutions, respectively.
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Abstract

Considerable progress had been made to understand the influence of phy-
sical and genetic factors on the patterns of cell division in various model
systems. However, how each of these factors direct changes in subcellular
structures has remained unclear. Generic machineries for the execution of
cell expansion and division have been characterized, but how these are in-
fluenced by genetic regulators and physical cell properties remains an open
question. To a large degree, the complexity of growing post-embryonic tis-
sues, and the lack of precise predictability have prevented the extraction
of rigid correlations between subcellular structures and future cell division
orientation. The Arabidopsis embryo offers an exquisitely predictable and
simple model for studying such correlations, but so far the tools and metho-
dology to study subcellular structures in the early embryo were lacking. Here,
we describe a set of markers to visualize a range of subcellular structures in
the early Arabidopsis embryo. We have designed a series of fluorescent cel-
lular reporters optimized for embryos, and demonstrate the effectiveness
of using these "ACE" reporters with simple 3D imaging procedures that pre-
serve delicate cellular structures. We describe ontogeny of subcellular struc-
tures in the early embryo, and found that central/peripheral cell polarity is
established much earlier than suspected. In addition, we show that the Actin
and microtubule cytoskeleton have distinct topologies in the embryo. These
tools and methods will allow detailed analysis of the cellular reorganization

events underlying morphogenesis in the Arabidopsis embryo.

78



A toolkit for studying cellular reorganization during early Arabidopsis thaliana embryogenesis

Introduction

Morphogenesis in multicellular organisms depends on individual cells’ decisions
on the direction in which growth or division occurs. Particularly in plants, where rigid
cell walls prevent cell migration, pre-mitotic control of cell division orientation is a
crucial contributor to organized three-dimensional development '. A key question
in plant developmental biology, therefore, is how the decision of individual cells on
the direction in which to divide is regulated. It has been established that three major
factors drive cell division orientation: Firstly, the initial geometry of a cell biases the
preferred orientation of cell division 2. Secondly, tissue-scale stresses influence cell
division orientation *# and thirdly, genetic factors can drive defined orientations of cells
divisions such that cell division orientation is an output of developmental regulations
>6, Whatever triggers the oriented cell division; the input signal must be translated to
cellular re-organization to facilitate re-orientation of division plane. A key challenge
therefore is to identify the cellular components that are being modulated by regulatory
input to effect cell division orientation.

From various different model systems, it is clear that there is a core cell division
machinery that executes pre-mitotic orientation cues 78 This core mechanism - the
mitotic and cytokinetic machinery - forms a spindle perpendicular to the pre-prophase
band to segregate chromosomes. Following chromosome segregation, the midline of
the spindle is targeted by Golgi-derived vesicles along microtubule and actin filaments,
thus forming a phragmoplast to build a cell plate between the newly divided nuclei °.

Thus, three key cytoskeletal indicators of oriented cell division are the pre-
prophase band whose position and orientation forecast the phragmoplast'''; cortical
actin and actin cables anchoring the spindles during mitosis and later daughter nuclei
during cytokinesis '>'3; and phragmoplast that determines the physical division plane
4, These cytoskeletal structures follow both microtubule and actin cytoskeleton that
are important for determining division plane '. Indeed there is ample evidence for
the involvement of these structures in different contexts 7. How the cytoskeleton is
manipulated to modify orientation of division, however, is not well understood.

Essentially all organelles and cellular structures are coordinately orchestrated to
allow cell division 6. Thus, each of these, especially the vacuole 7 and the nucleus &,
can either facilitate or constrain choices for cell division orientation. The roles these
structures play in oriented cell division have remained largely unexplored. In addition
to subcellular structures that mediate cell division execution, the perception of cellular
coordinates relative to the body/tissue axis could serve as a reference for protein polar
transport/localization and determination of cell division orientation. How polarity
information is established and integrated into the division plane is also far from clear.
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Analysis of contributions of any cellular structure to oriented cell division requires
that cellular morphology is relatively simple and/or predictable. Alternatively, structures
should be followed over time in order to draw correlations between changes in these
structures and future cell division orientation. Thus far, most analysis of oriented cell
division has been performed in meristematic tissues of generally complex topologies
with limited predictability '. Here we use the early Arabidopsis embryo as a model for
oriented cell division. During the first rounds of cell division, a highly regular pattern of
cells emerges, from which the precursors of all seedling tissues and organs are formed
9. From earlier 3D analysis, it has become clear that some cell divisions are symmetric,
following only the geometry of the cell, while others are highly asymmetric, following
tight genetic control to deviate from a default, symmetric division 2. In this system, cell
division orientation choice is influenced by the plant hormone auxin, whose activity
favors asymmetric division 2°. While an excellent model system for studying symmetric
and asymmetric division, as well as switches in cell division orientations, a key open
question is which cellular structures are subject to auxin-dependent regulation. Thus
far, it has however been impossible to address this question, as little if any tools were
available to visualize subcellular structures in early embryos.

Here, we have generated the tools required to answer this important question, and
to study cellular (re)organization in early Arabidopsis embryos.
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Results

A set of fluorescent cellular markers for embryogenesis

To develop a panel of markers for subcellular structures in the Arabidopsis embryo,
we first selected a set of established reporters (Supplementary Table 1) that includes:
(1) uniformly distributed plasma membrane proteins for highlighting cell contours 2"
22; (2) plasmodesmata-specific proteins for evaluating connectivity between cells 23; (3)
organelle-specific proteins labeling endosome, trans-Golgi network, or tonoplast 2'; (4)
nuclear pore markers 24 (5) cytoskeleton markers labeling either F-actin 226 or tubulin
2. In addition to the dynamics of cellular components, to evaluate the establishment
of polarity, which could provide spatial information to the cell, we also include (6) a
set of polar localized proteins labeling the apical %, basal ?°, central *° or peripheral 3
plasma membrane in post-embryonic tissues. To achieve embryo-specific expression
of reporters, each was expressed from the embryo-specific Arabidopsis WOX2 promoter
31, as well as from the meristematic Arabidopsis RPS5A promoter 2. These markers were
named ACE (Arabidopsis Cellular markers for Embryogenesis; Supplementary Table
1). Though ACE driven by pRPS5A (ACE-R) were uniformly expressed in the complete
embryo, pRPS5A’'s high activity in the endosperm and maternal tissues made imaging
difficult, as fluorescence intensity was very high in cells surrounding embryos in embryo
preparations (Fig. 1a). In contrast, pWOX2-driven ACE markers (ACE-W) were specifically
expressed in the pro-embryo, two uppermost suspensor cells, and the chalaza from
2-cell to early globular stage with higher expression level compared to ACE-R (Fig. 1b-
i). After early globular stage, activity of pWWOX2 started to decrease in the basal part of
the embryo and two topmost cells in the suspensor (Fig. 1h). These properties made
ACE-R more suitable for dissecting cell biology in suspensor, embryo proper after early
globular stage, and seed development while ACE-W were more suitable for dissecting
cell biology in early embryo proper and thus used here unless mentioned otherwise.

Optimizing preservation of delicate cellular structures

Upon examining the expression of ACE-W lines in the embryos with common
microscopy procedures 3*34, we found that particularly lines that mark delicate cellular
structures did not show expected patterns. Microtubule and actin architectures
were either fragmentary or completely depolymerized with reporter protein only in
the cytosol (Fig. 2a,b). Intact microtubule and actin architectures could be observed
in corresponding ACE-R root apical meristem (Supplementary Fig. 1) suggesting that
the markers’ capacities to label each component were not compromised. Given that a
structured cytoskeleton must exist in embryos, we conclude that a different procedure
is required to preserve such structures.
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ACE-W14

Fig. 1. Expression of ACE-R and ACE-W during embryogenesis

(a) Maximum intensity projection of actin filaments labeled by ACE-R14 (Lifeact: tdTomato) in 16-
cell embryo. (b-h) Maximum intensity projections of actin filaments labeled by ACE-W14 (Lifeact:
tdTomato) in 1-cell (b), 2-cell (c), 4-cell (d), 8-cell (e), 16-cell (f), early-globular (g), and late-globular
(h) embryos. (i) Overview of ACE-W14 (Lifeact: tdTomato) expression in the seed. Different acqui-
sition setting was used to accommodate high expression in chalaza. Inset: maximum intensity
projection of the 2-cell embryo in the main panel marked by dashed box with acquisition setting
used for embryos. Scale bar for (a-h): 5 pm.

To preserve microtubule architectures for qualitative and quantitative analysis,
we tested various mounting media (Supplementary Table 2) and various sample
preparation procedures. Intact microtubule architectures in live protoplasts and late
embryos had been achieved with 0.55 M mannitol 3 and 10% glucose *¢, respectively.
However, though embryos extracted with the established procedure 3334 with 5%
glycerol in 1xPBS solution replaced with either 0.55 M mannitol or 10% glucose
showed no sign of plasmolysis nor swelling and had preserved spindles and PPB,
intact cortical microtubule arrays were rarely found. In the rare cases that the cortical
microtubule arrays remained intact, the cortical microtubule array showed no clear
sign of deterioration after 60 minutes of exposure in 0.55 M mannitol and 10% glucose
(Fig. 2e). Therefore, since both 0.55 M mannitol and 10% glucose provided conditions
to preserve microtubule architectures in embryo for at least 60 minutes, microtubule
depolymerization must have occurred before the embryos’ exposure to the mounting
medium, likely due to the pressure applied during embryo extraction from seeds. To
stabilize microtubules, microtubule stabilizing buffer (MTSB) 37 and 10 uM microtubule
stabilizer paclitaxel (Taxol) 3 was included creating embryo microtubule mounting
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ACE-W15 ACE-W15 ACE-W15 ACE-W15

ACE-W14 ACE-W14 ACE-W14 ACE-W14

Fig. 2. Effects of mounting media on cytoskeleton integrity in embryos

(a,b) Maximum intensity projections of microtubule (a; ACE-W15; mGFP: AtTUA6) and actin (b;
ACE-W14; Lifeact: tdTomato) markers in 8-cell embryos in 5% glycerol and 4% paraformaldehyde
in 1x PBS solution. (c,d) Depth color coding key of all panels illustrated by rotating embryos in (a;
panel ¢) and (b; panel d) by 90 degrees. LUT shows color values corresponding to depth of image
in z-dimension. (e-l) Maximum projections of microtubule (e-h; ACE-W15; mGFP: AtTUA6) and
actin (i-; ACE-W14; Lifeact: tdTomato) markers in 8-cell embryos imaged in EGM solution (e,i),
EMTM solution (f,j), EMTC solution (g), EGC solution (k), or EMTM followed by adding EMTC (h,)).
All images from same markers were acquired with same acquisition settings. Scale bar: 5 pm.
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(EMTM) solution. While Taxol treatment could alter microtubule architecture and cause
cell swelling after prolonged (2-24 hours) treatment ¥4, no significant differences
in microtubule orientation and microtubule anisotropy were detected between root
epidermal cells incubated with or without Taxol, even after 90 minutes of treatments
(Supplementary Fig. 2; Supplementary Table 3). Seeds incubated in EMTM for 15
minutes before embryo extraction preserved microtubule architectures homogenously
labelled by TUA6-GFP in over 90% (n=74/81) of extracted embryo for at least 60
minutes after extraction (Fig. 2f). However, while this procedure allowed visualization
of microtubules, topology of the network relative to cell shape could not be inferred
without counterstaining plasma membrane or the cell wall. Thus, we included 0.1%
of the cell wall stain Renaissance SR2200 in EMTM (named embryo microtubule
counterstaining solution, EMTC). This led to depolymerization of cortical microtubules
(Fig. 2g) and suggests that Renaissance SR2200 may compromise Taxol-dependent
microtubule stabilization. To circumvent the negative effect of SR2200, seeds were
first incubated in EMTM for 15 min to stabilize microtubules, and an equal volume of
EMTC was then added immediately before embryo extraction. With this modification,
microtubule architectures were preserved (Fig. 2h).

Actin architectures, on the other hand, could be preserved in all tested mounting
media except 5% glycerol in 1xPBS solution with actin filaments and cables
homogenously labelled by Lifeact (Fig. 2i-k). Since Taxol targets specifically tubulin #,
we thus tested omitting MTSB and Taxol in EMTM and EMTC (named embryo general
mounting solution, EGM, and embryo general counterstaining, EGC, respectively) and
found no clear negative effect on the integrity of actin architectures (Fig. 2I).

Having established optimized imaging media and methods, we next imaged a panel
of ACE-W markers for subcellular structures (Supplementary Fig. 3). Reporters marking
plasma membrane domains, plasmodesmata, organelles, or nuclei were imaged
in EGC. Plasmamembrane-localized protein PIP2, NPSN12, BOR1, and NIP5;1 evenly
labelled their corresponding domains, although PIP2, NPSN12, and NIP5;1 were also
found intracellularly (Fig. 3a-c, Supplementary Fig. 3); markers derived from Rab protein
families labelled various stages of endosomes appeared as punctate, dot-like structures
in the cytoplasm (Fig. 3d) with minor fluorescence intensity variation between each
endosome labeled by RabF2b and RabC1 when compared to those labeled by VTI12
(Supplementary Fig. 3); Golgi bodies labelled by GOT1p and SYP32 also appeared as
punctate, dot-like structures in the cytoplasm but with uniform fluorescence intensity
among all labeled Golgi bodies (Fig. 3e, Supplementary Fig. 3); tonoplast specific
VAMP711 evenly labelled the tonoplast marking the contour of vacuoles (Fig. 3f,
Supplementary Fig. 3); NUP54 and NUP75, labelled the nuclear pore complexes as dots
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o
ACE-W13

Fig. 3. ACE-W markers label cellular compartments in embryos

Single optical sections of plasma membrane (a; ACE-WOT; AtPIP2A: GFP), inner membrane (b,
ACE-WO03; BOR1: mCitrine), outer membrane (c; ACE-WO04; mCherry: NIP5;1), trans-Golgi network
and early endosomes (d; ACE-WO7; eYFP: VTI12), Golgi complex (e; ACE-WQ9; eYFP: GOT1p), to-
noplast and vacuole (f; ACE-W10; eYFP: VAMP711), nuclear pore complex (g; ACE-W11; AtNUP54:
GFP) and plasmodesmata (h,i; ACE-W13; mCherry: AtPDCB1) markers. Note that all markers are
imaged in the center of one of the lower tier cells in an 8-cell embryo, except panel (i), which is
imaged at the upper cell surface. Scale bar for all panels: 5pm.

embedded in the nuclear envelope and in the cytoplasm (Fig. 3g, Supplementary Fig. 3);
and plasmodesmata callose binding PDCB1 labelled the plasmodesmata as dots on the
interfaces between cells (Fig. 3h,i, Supplementary Fig. 3). All markers labelled patterns
consistent with their designated cellular components, and in line with morphologies
described in other organs 2'-227.30,42-48

Thus, with this panel of markers, and an optimized imaging procedure, we can now
visualize both robust and fragile subcellular structures in the early Arabidopsis embryo.
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Early establishment of central/peripheral polarity

To answer the question of when polarity axes are established and implemented in
each cell during embryogenesis, we studied four polarly localized proteins, OPS 28, BASL
2%, BOR1 %, and NIP5;1 *° that labelled apical, basal, central, and central side of the cells
relative to the body axis, respectively. While ACE lines harboring BOR1 (ACE-W03) and
NIP5;1 (ACE-W04) were obtained and showed clear fluorescence signals (Fig. 4a-c, g-i),
no transgenic plants were obtained from reporters containing OPS nor BASL despite
multiple attempts.

We hypothesized that polarity was established at the latest before the 16-cell stage,
when protoderm is separated from inners cells in a genetically regulated asymmetric
cell division . It was likely that polarity perception would be involved in positioning the
cell division plane parallel to the embryo surface.

The BOR1T marker was found most abundantly on plasma membrane facing toward
the central axis and the suspensor with lower fluorescence intensity in the peripheral
plasma membrane at 4- and 8-cell stage (Fig. 4a, b). Fluorescence became exclusive
to the plasma membrane facing toward the central axis and the suspensor in 16-cell
embryos (Fig. 4c). However, the higher BOR1 levels were found in plasma membrane
facing toward the central axis and towards the suspensor could be due to the sum
of fluorescence intensity from two neighboring plasma membranes compared to the
single peripheral plasma membrane. To non-invasively verify the polar localization
of BOR1 in the early embryo, we compared the fluorescence intensity profiles with
that of the homogenous plasma membrane proteins, PIP2 22 (ACE-W01) and NPSN12 2!
(ACE-WO02). A5 pm wide cross section across the embryo was selected for fluorescence
intensity profiles, and the central/peripheral fluorescence intensity ratios were
calculated (Fig. 4j). If there were any preferential localization, the fluorescence intensity
profile of the given protein would be different from the fluorescence intensity profiles of
homogenous plasma membrane proteins. We first compared fluorescence profiles and
central/peripheral fluorescence intensity ratios between PIP2 and NPSN12 to validate
this approach. From 4- to 16-cell stage, fluorescence profiles of PIP2 and NPSN12 all
had peaks at position corresponding to the plasma membrane with comparable height
and sometimes even lower peak at the central plasma membrane (Fig. 4d-f). There
was no significant difference in their central/peripheral fluorescence intensity ratios
(Supplementary Table 4). When compared with the fluorescence intensity profiles
of PIP2, BOR1 had a distinct peak at the center and lower peaks at the flanks of the
fluorescence intensity profile in 4- and 8-cell embryos, while no peaks remain in the
flanks with distinct peak in the center and middle of the fluorescence intensity profile
at 16-cell embryo (Fig. 4a-f). The difference in the fluorescence intensity profiles were
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ACE-W03 ACE-W03

ACE-WO01 ACE-WO01

ACE-W04

Fig. 4. Early establishment of inner-outer cell polarity in embryos

Single optical sections through 2-cell (a,d,g), 8-cell (b,e,h) and 16-cell (¢,f,i) embryos expressing
inner membrane marker ACE-W03 (a-¢c; BOR1: mCitrine), general plasma membrane marker
ACE-WO1(d-f; AtPIP2A: GFP) or outer membrane marker ACE-WO04 (g-i; mCherry: NIP5;1). Images
are shown in an intensity color scale according to the LUT in the bottom left. In each panel, the
fluorescence intensity profile is shown in a graph on the right side. Positions of each region
for intensity profiles are indicated in panel (j) underneath each row of embryos. Fluorescence
intensity profiles of upper (magenta) and lower (blue) tier cells were generated through averag-
ing fluorescence intensity of each pixel with the same x coordinate in the regions of interest
(ROI) shown as dashed boxes. The fluorescence intensity ratios are ratios between IC and IP.
Images from the same markers were acquired with same acquisition setting and are in same
scale. Scale bar: 5 pm.

further supported by the significantly higher central/peripheral fluorescence intensity
ratios of BOR1 compared to those of PIP2 and NPSN12 from 4- to 16- cell embryo
(Supplementary Table 4). We thus concluded that BOR1 was polarly localized on the
central faces of plasma membranes from at least as early as the 4-cell embryo.
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We next analyzed NIP5;1 which had previously been shown to mark outer
membranes 3. Unlike the consistent polar plasma membrane-localized BOR1, NIP5;1
was not only found on the peripheral plasma membrane, but also accumulated in
intracellular compartments in 4- to 16-cell embryo (Fig. 4g-i). NIP5;1's fluorescence
intensity profiles in most 4- and 8-cell embryos had three peaks with comparable
height with additional peaks when the sampling area crossed the intracellular
compartment with accumulated NIP5;1. NIP5;1’s fluorescence intensity profiles in most
4- and 8-cell embryos were similar to those of PIP2 (Fig. 4g,h). In 16-cell embryos, the
peripheral localization of NIP5;1 became more consistent and distinct (Fig. 4i). NIP5;1's
fluorescence intensity profiles had a central peak lower than the flanking peaks (Fig.
4i). NIP5;1's central/peripheral fluorescence intensity ratios though had lower average,
were not significantly different from PIP2 and NPSN12 until 16-cell and 8-cell embryos,
respectively (Supplementary Table 4). These results suggested that while NIP5;1 could
be polarly localized to the peripheral plasmamembrane from 4-cell embryo, NIP5;1's
peripheral localization only became robust in the 16-cell embryo.

In conclusion, BOR1 was robustly centrally localized from 4-cell embryo onwards
while NIP5;1, though of which peripheral localization was observed from 4-cell embryos,
was only robustly peripherally localized in the upper tier of embryos from 16-cell
embryos. These results suggested that the ability to distinguish between central and
peripheral plasma membrane and to deploy specific proteins to their corresponding
locations is already established in 4-cell embryo.

Crowded embryo cells show no preferential organelle position

To determine if there was any preferential localization or morphological change of
the endomembrane system during early embryogenesis, we examined the distribution
and morphology of Golgi complex, various stages of endosomes, and vacuoles from
4-cell to 16-cell stage.

Endosomes marked by ACE-WO07 and Golgi complexes marked by ACE-W09 were
both loosely distributed close to the plasmamembrane in 4- and 8-cell embryos, and
their density in each cell seemed to increase in 16-cell embryos (Fig. 5a,b). This increased
density suggested an increased secretion and endocytosis activity to accommodate the
increase in embryo volume from 16-cell stage onward 2°. However, no distinguishable
local aggregation of Golgi complexes and endosomes were observed from 4- to 16-cell
embryos (Fig. 5a,b).

Vacuoles marked by tonoplast specific ACE-W10 on the other hand, showed
a wide range of morphologies and distributions during early embryogenesis.
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Three types of vacuole morphologies were found in 4- to 16-cell embryos. Type 1
represented large foil-like vacuoles with distinguishable transvacuolar strands, but
without distinct bulbs (Fig. 5¢, d). This type of vacuoles tightly enclosed a spherical
space in the cell, presumably the nucleus (Fig. 5d). Type 2 vacuoles were also large,
but with several distinguishable bulbs emanating from the spherical space, which the
vacuoles loosely enclosed (Fig. 5¢,f). Type 3, unlike the former two, was composed of
vacuoles with many small bulbs seemingly filling the cell (Fig. 5g,h). All types of vacuole
morphologies were observed from 4- to 16-cell stages and could vary between cells in
each embryo (Fig. 5¢,e,g). Though most embryos have all cells with the same vacuole
morphology, combinations of different vacuole morphologies could occasionally be
found (Fig. 5g). Similar changes of vacuole morphology were also observed in earlier
finding in shoot meristem cells 4 suggesting embryos might share vacuole dynamics
with meristematic cells.

Nuclear envelopes marked by ACE-W11 revealed that nuclear envelope morphology
also changed as cellular development progressed in 4- to 16-cell embryos. Two types
of nuclear envelope morphologies were found in both embryo proper and suspensor at
all stages examined. The first type had a smooth surface with NUP54 evenly distributed
and enclosing a spherical space (figure 5i), while the second type showed a wavy surface
(Fig. 5j). Both types could be found in the same embryo (Fig. 5k). To confirm the identity/
nature of the spherical space surrounded by the vacuole and determine if the nuclei
movement was involved in the asymmetric cell division between 8- and 16-embryos, we
measured the diameter of the nuclei in 8-cell embryos to determine if it was consistent
with the diameter of the spherical space encompassed by the vacuoles. The average
diameter of the nuclei in 8-cell embryo was 5.6+0.7pym (n=131 nuclei) at 8-cell stage.
Therefore, with the relative large nuclei in the embryo cells and the similarity in both
shape and positioning with the spherical space surrounded by the vacuole, it was likely
the spherical space encompassed by the vacuole could only be the nuclei but also
suggested very limited room for nuclei movement without deforming the nuclei.

In conclusion, each cell in 4- to 16-cell embryos was filled with non-polar localized
endosome and Golgi close to the plasma membrane, with vacuoles, either tightly or
loosely enclosing the nuclei, which showed no clear movement at the symmetric and
asymmetric division between 4- and 8-cell embryo and between 8- and 16-cell embryos,
respectively. The lack of polar aggregation of endosomes and Golgi complexes or
preferential positioning of vacuoles suggested that there might not be directional
cell growth or expansion at early embryogenesis. While the lack of nuclei movements
suggested that nuclear movement might not be required for the asymmetric cell
division between 8- and 16-cell embryos.
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ACE-W11
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Fig. 5. Endomembrane morphologies in early embryos

(a,b) Single optical sections (top rows) and depth-coded maximum intensity projections (bottom
rows) of endosomes and trans-Golgi network (a; ACE-W07; eYFP: VTI12) and Golgi complex (b;
ACE-WQ9; eYFP: GOT1p) in 4-cell (left row), 8-cell (middle row) and 16-cell (right row) embryos.
(c-h) Maximum intensity projections of depth coded stacks of vacuoles labeled by ACE-W10
(eYFP: VAMP711) in 4-cell (ce,g; left rows), 8-cell (ce,g; middle rows), and 16-cell (ceg; right
rows) embryos. (d,f,h) represent zoomed in of single cells representing corresponding vacuole
morphologies in (), (e) and (g), respectively, and are shown as single optical section (left row) or
depth-coded maximum intensity projection (right row). Distinct vacuole morphologies are Type
1 (c,d), Type 2 (e,f) and Type 3 (g,h).

(i-k) Maximum intensity projection of depth coded stacks of nuclear envelopes labeled by the
nuclear pore complex marker ACE-W11 (AINUP54: GFP) in 4-cell (left row in i,j), 8-cell (middle row
ini}), and 16-cell (right row in i,j) embryos. (i) represents embryos with smooth nuclear envelopes
and (j) shows embryos with wavy nuclear envelopes. (k) Maximum projection of depth coded
stack of an 8-cell embryo with both smooth (arrows) and wavy (thick arrow) nuclear envelopes,
and nuclear pore complexes accumulating in the spindle during mitosis (arrowhead). All images
of the same marker were acquired with identical acquisition setting. Scale bars: 5 pm.

Cytoskeleton organization during embryogenesis

To understand how the cytoskeleton is rearranged to accommodate the constant
change of division plane during early embryogenesis, we examined actin and
microtubule architecture labelled by Lifeact (ACE-W14) and TUA6 (ACE-W15) in 4-cell to
early globular embryos.

We found that actin architectures in early embryos were very different from earlier
studies in post-embryonic meristem and differentiated cells 2305, In mitotic cells in
the root apical meristem, actin is found mainly as a fine and dense meshwork without
F-actin bundles %54 In the embryo however, cells had thick F-actin bundles forming a
dense meshwork throughout the cytoplasm without prominent orientation (Fig. 6 a-e).
From early-globular embryos, the F-actin meshwork seemed more organised than in
younger embryos (Fig. 6e). Notable, F-actin bundles stretched around the nuclei at later
stages (Fig. 6¢). In addition, from 8-cell embryo onwards, a thick arch F-actin bundle
could be found in each embryo proper cell (Fig. 6c-e). These arch structures were
associated with the nuclei though not always at the nucleus equator, and orientations
were not correlated to the orientations of previous nor following cell division (Fig. 6¢c-
e). In suspensor cells, the noticeable difference is the absence of the peri-nuclear arch
and the cortical actin filaments when compared with in embryo proper cells (Fig. 6a-e).
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Fig. 6. Actin topology in early embryos

Maximum intensity projections of depth-coded stacks of actin labelling (ACE-W14; Lifeact: tdTo-
mato) in 2-cell (a), 4-cell (b), 8-cell (c), 16-cell (d) and early globular (e) embryos. The inset in panel
(c) shows a peri-nuclear actin arch.

Images were acquired with same acquisition setting and are in same scale. Scale bar: 5 ym.
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In addition, the F-actin bundle meshwork in the suspensor cells were looser than in
embryo proper cells and showed no prominent orientation (Fig. 6a-e).

Microtubules in early embryos were straight cables (Fig. 7a). Microtubule structures
including cortical microtubule array, cytoplasmic microtubule bundles, pre-prophase
bands, spindles, and phragmoplast were present with mitotic and cytokinesis related
structures with their orientations consistent with expected cell division orientation
(Fig. 7b). Only cortical microtubule array on the periclinal faces could be examined
due technical limitations (see Discussion), and pro-embryo cells and suspensor cells
showed obvious difference in their cortical microtubule arrangements. In pro-embryo
cells, the cortical microtubule arrays were dense and seemed to lack prominent
orientation during most of the interphase though occasionally, presumably at the early
G1 or/and late G2 phase, became more organised (Fig. 7c-f). In suspensor cells, cortical
microtubule arrays were less dense and seemed more organised with their orientation
being perpendicular to the embryo axis (Fig. 7c-e). With the uniform periclinal cortical
microtubule array and the single-cell-layer nature of suspensor cells, the periclinal
cortical microtubule array of suspensor cells could be readily analysed with FibrilTool
%7, and the results supported the dominant orientation (Fig. 7g-i).

In conclusion, all mitotic and cytokinetic cytoskeleton structures were found in early
embryos and their orientations followed the expected cell division orientations. This
suggests both F-actin meshwork and microtubules in embryo cells behave as described
in late and post-embryonic cells.
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Fig. 7. Microtubule topologies in early embryos

Labelling of Microtubules with the ACE-W15 (mGFP: AtTUA6) marker reveals filaments (a), as well
as cytoplasmic signals (thin arrows in left image of panel b), phragmoplast (arrowhead in left
image of panel b), preprophase band (thick arrows in both left and right images in panel b), and
spindles (triangles in right image in panel b) in early embryos. (c-i) Microtubules in 4-cell (c,g),
8-cell (d,h), and 16-cell (e,i) and early globular (f) embryos shown either as depth-coded stacks
(c-f) or maximum intensity projections (g-i). Orientation of cortical microtubules in the suspen-
sor is marked by red lines in (g-i). Images were acquired with same acquisition setting and are in
same scale, except (a) and (b). Scale bar: 5 pm.
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Discussion

In this study, we have generated a comprehensive set of cellular reporters driven
by RPS5A and WOX2 promoters that were specifically designed for imaging cellular
reorganization in early Arabidopsis embryos. With these cell type-specific promoters,
expression level of he reporter genes could be maximized while minimizing the
background signal from surrounding cells, and preventing morphological defects
commonly found when using constitutive and ubiquitous reporters > 8, This feature
allowed us to capture clear cellular structures to dissect the cellular organization and
regulation in embryos. The combination of embryo specific ACE's and our optimized
imaging procedure allowed preserving delicate cellular structures and detailed
documentation of their three-dimensional architectures and thus overcomes the
major obstructions for dissecting cellular reorganization in embryos.

Using this panel of markers, we addressed a number of questions. First, we found
that central-peripheral cellular polarity is established extremely early in the embryo.
This was evident from the polar localization of BOR1 and later NIP5;1 proteins. Both
are polarity probes that were mis-expressed in early embryo and still targeted to
expected inner or outer domain based on imaging in multi-layered post-embryonic
tissues . This suggests that a polar transport and/or sorting mechanism is already
established in early embryos, but also that the central-peripheral faces of early embryo
cells are molecularly distinguished as early as from the second, and perhaps even the
first, cell division. Importantly, establishment of central-peripheral polarity in each cell
does not depend on the presence of multiple cell layers. In addition, a large portion
of embryonic cells was occupied by the nucleus, vacuoles, and other organelles along
with the dense F-actin bundle meshwork. This suggests that cytoplasmic volume is very
limited, and therefore intracellular trafficking and active cytoplasmic streaming may be
relatively efficient in early embryo cells. These properties of early embryonic cells made
it unlikely that gradients of small molecule diffusible morphogens in each cell serve as
guide for polarity establishment. Therefore, the polarity establishment at early embryo
might be caused by other factors such as a combination of the molecular property of
cell walls and genetic regulation.

Besides limiting the small molecule gradients within the cells, the small sizes of
embryo proper cells with the relatively large nuclei also restrict nuclear movement. In
an 8-cell embryo, with a diameter of 5.6 pm, each nucleus could only move within a
sphere with a diameter 6.4 pm, or 0.4 um in each direction when the nucleus is in the
center of this sphere, without deforming the nucleus as we observed. This suggests
that nuclei movement might not occur nor be required for the asymmetric cell division
between 8- and 16-cell embryos to establish the central and peripheral cell layers for
proper pattern formation. Nucleus position has been shown to be correlated with
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division plane in asymmetric divisions *> % , where the division plane goes through
the center of the prior nucleus position. However, both symmetric and asymmetric
divisions in early embryo cells can be generated following this principle without moving
the nucleus.

Our finding that the mitotic and cytokinetic microtubule architectures aligned with
the expected division orientation in the early embryo, suggested that microtubule
dynamics may be similar to those in post-embryonic cells. Given that early embryo
cells can easily be segmented in 3D (Yoshida et al., 2014), and that cell division
patterns in Arabidopsis embryos are highly predictable, this now opens the possibility
to determine contributions of genetically regulated cytoskeletal remodeling to cell
division control. However, there are limitations to imaging microtubules in the embryo
that can not easily be overcome. Firstly, all outer membranes are curved, and thus
cytoskeleton topology can not easily be extracted. Secondly, high-resolution imaging
is limited to those membranes that lie in the x/y plane because resolution along
the z-axis is much lower using confocal microscopy, and embryos can not easily be
tilted during observation. Therefore, instead treating each cell as a plane and process
images through maximum projection, three-dimensional reconstruction and analysis
will be the next technical challenge for any quantitative analysis on the cytoskeleton
organization during embryogenesis.

Beyond these examples, we expect that many outstanding questions related to the
cell biology of tissue patterning can now be addressed using this set of marker lines.
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Materials and Methods

Plasmid construction and plant material

All constructs, reporter cassettes and their corresponding DNA templates as well
as all oligonucleotides used in this study are listed in Supplementary Table 2. pGIIB/
pWOX2::LIC:tNOS was generated through excising “pRPS5A” cassette in pPLV28 ' with
Acc65/digestion and ligated with Acc65/ digested “pWOX2” cassette. “pWOX2::LIC" cassette
in pGIIB/pWOX2::LIC:tNOS was then excised with ACC65/ and Not/ double digestion and
ligated with pGIIN (kind gift from T. Laux, University Freiburg, Germany) linearized with
same restriction digestion to generate pGIIN/pWOX2::LIC:tNOS. All reporting cassettes
except “Lifeact” were introduced into Hpal linearized pPLV28 and pGIIN/pWOX2::LIC:tNOS
through ligation independent cloning % to generate ACE reporter constructs with
corresponding promoter. pGlIB/pRPS5A::Lifeact:tdTomato:tNOS was generated through
introducing oligonucleotide dimer “Lifeact” into pGIIB/pRPS5A::LIC:tdTomato:tNOS
through ligation independent cloning. pGIIB/pRPS5A::LIC:tdTomato:tNOS  was
generated through ligating BamH| linearized pPLV28 with “tdTomato” excised from
pPLV23 €. pGIIN/pWOX2::Lifeact:tdTomato:tNOS was generated through introducing
“Lifeact:tdTomato" amplified from pGIIB/pRPS5A::LIC:tdTomato:tNOS into Hpal linearized
pGIIN/pWOX2::LIC:tNOS via ligation independent cloning.

All ACE reporting constructs were introduced into Arabidopsis thaliana ecotype Col-
Utrecht with the mpB4149 mutation % heterozygous in the background, through floral
dip %. T1 transgenic plants of ACE-R markers were selected with DL-Phosphinotricin
(SIGMA), and T1 transgenic plants of ACE-W markers were selected with Norflurazon
(Supelco) %°. T3 homozygotes without the mpB4149 allele were used in this study.

Seeds harboring p35S:: GFP: TUA6 were sterilized viaincubated in five times dilution of
household bleach containing approximate 5% sodium hypochlorite with demineralized
water for 10 minutes followed by 5 times washing with sterilized demineralized water.
The sterilized seeds were plated on 1/2MS0 medium plates containing 0.8% agar. After
stratification at 4°C for two days, the plates were transferred to phytochamber (22°C,
16 hours light and eight hours dark). After six days of growth in the phytochamber, the
seedlings used to test short-term effect of Taxol on microtubule organization.

Microscopy and image analysis

Embryo samples were prepared as described in Supplementary Fig. 4 with
mounting and counterstaining solutions listed in Supplementary Table 2. Fluorescence
intensity profiles used for verifying BOR1 and NIP5;1 polar localization were generated
through the “Analyze/plot profile” function in Fiji ®. A 5 pm wide band perpendicular
to the suspensor axis that crossed a region directly above or under the cell wall, which
separates the upper and lower tiers of embryo proper, was defined as the region of
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interest (ROI) for quantification. The ROIs and results were saved, and the fluorescence
intensity profiles were exported and plotted in MS Excel™. Plasma membrane signals
of each face in each fluorescence intensity profile were defined through examining the
corresponding confocal image and identifying the coordinate ranges of each face in
the ROI, the maximum intensity in each coordinate range was then extracted using MS
Excel™ to calculate the central-peripheral fluorescence intensity ratio.

Root treatments with paclitaxel (SIGMA) were conducted through live imaging and
the samples were prepared as described in Supplementary Fig. 5, and microtubule
orientation and anisotropy were analyzed as described™’.

Images were acquired in 8-bit format using a Leica TCS SP5II confocal laser
scanning microscope with 63x NA = 1.20 water-immersion objective with pinhole set
to 1.0 Airy Unit. mGFP and mCitrine were excited by Argon-ion laser, tdTomato, and
SCRI Renaissance Stain 2200 (SR2200) (Renaissance Chemical) were excited using a
diode laser, and their emissions were detected sequentially with Leica HyD in photon
counting mode. Excitation and detection of fluorophores were configured as follows:
mGFP was excited at 488 nm and detected at 498-528 nm; Venus was excited at 514
nm and detected at 524-554 nm; tdTomato was excited at 561 nm and detected at
571-630 nm; Renaissance 2200 was excited at 405 nm and detected at 430-470 nm.

Acknowledgements

We thank Thomas Laux (Universitat Freiburg) for pG/lI/N plasmid backbone, Niko
Geldner (University of Lausanne) for mCherry-NIP5;1 and BOR1-Cit reporting cassettes,
and Tijs Ketelaar (Wageningen University) for GFP-TUA6 reporting cassette and seeds of
p35S:: GFP: TUA6 reporter line. This research was supported by the European Research
Council (CELLPATTERN; Contract number 281573).

98



A toolkit for studying cellular reorganization during early Arabidopsis thaliana embryogenesis

References

w

© N o vk

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
21.
22.
23.

24,
25.
26.
27.
28.

29.
30.

31.

Sablowski, R. Curr. Opin. Plant Biol. 34, 54-60 (2016).

Besson, S. & Dumais, J. Proc Nat!/ Acad Sci U S A 108, 6294-6299 (2011).
Louveaux, M., Julien, J.D., Mirabet, V., Boudaoud, A. & Hamant, O. Proc Nat/
Acad Sci U S A 113, E4294-4303 (2016).

Landrein, B. et al. Elife 4, e07811 (2015).

De Rybel, B. et al. Dev. Cell 24, 426-437 (2013).

van Dop, M., Liao, C.Y. & Weijers, D. Curr. Opin. Plant Biol. 23, 25-30 (2015).
Buschmann, H. & Zachgo, S. Trends Plant Sci. 21, 872-883 (2016).

Rasmussen, C.G., Humphries, J.A. & Smith, L.G. in Annual Review of Plant
Biology, Vol. 62 387-409 (2011).

Smertenko, A. et al. Trends Cell Biol. 27, 885-894 (2017).

Pickett-Heaps, J.D. & Northcote, D.H. J. Cell Sci. 1, 121-128 (1966).
Pickett-Heaps, J.D. & Northcote, D.H. J. Cell Sci. 1, 109-120 (1966).

Traas, J.A. et al. J. Cell Biol. 105, 387-395 (1987).

Lloyd, C.W. & Traas, J.A. Development 102, 211-221 (1988).

Gunning, B.E. & Wick, S.M. Journal of cell science. Supplement 2, 157-179 (1985).
Rasmussen, C.G., Wright, AJ. & Muller, S. Plant J. 75, 258-269 (2013).

Borug, J. & Van Damme, D. Curr. Opin. Plant Biol. 28, 92-98 (2015).

Cutler, S.R. & Ehrhardt, D.W. Proc Natl Acad Sci U S A 99, 2812-2817 (2002).
Murata, T. & Wada, M. Planta 183, 391-398 (1991).

Palovaara, J., De Zeeuw, T. & Weijers, D. in Annual Review of Cell and
Developmental Biology, Vol. 32 47-75 (2016).

Yoshida, S. et al. Dev. Cell 29, 75-87 (2014).

Geldner, N. et al. Plant J. 59, 169-178 (2009).

Nelson, B.K., Cai, X. & Nebenflhr, A. Plant J. 51, 1126-1136 (2007).

Simpson, C., Thomas, C., Findlay, K., Bayer, E. & Maule, AJ. Plant Cell 21, 581-594
(2009).

Tamura, K., Fukao, Y., lIwamoto, M., Haraguchi, T. & Hara-Nishimura, I. Plant
Cell 22, 4084-4097 (2010).

Era, A. et al. Plant Cell Physiol. 50, 1041-1048 (2009).

Riedl, J. et al. Nat. Methods 5, 605-607 (2008).

Ueda, K., Matsuyama, T. & Hashimoto, T. Protoplasma 206, 201-206 (1998).
Truernit, E., Bauby, H., Belcram, K., Barthélémy, J. & Palauqui, J.C. Development
139, 1306-1315 (2012).

Dong, J., MacAlister, C.A. & Bergmann, D.C. Cell 137, 1320-1330 (2009).
Takano, J. et al. Proceedings of the National Academy of Sciences of the United
States of America 107, 5220-5225 (2010).

Breuninger, H., Rikirsch, E., Hermann, M., Ueda, M. & Laux, T. Dev. Cell 14, 867-876
(2008).

99



Chapter 4

32.
33.

34,

35.
36.
37.
38.

39.

40.
41.
42.

43.
44,

45,
46.

47.
48.
49,
50.

51.
52.
53.

54,
55.

56.
57.
58.
59.

100

Weijers, D. et al. Development 128, 4289-4299 (2001).

Llavata-Peris, C., Lokerse, A., Mdller, B., De Rybel, B. & Weijers, D. in Methods
in Molecular Biology, Vol. 959 137-148 (2013).

Musielak, T.J., Schenkel, L., Kolb, M., Henschen, A. & Bayer, M. Plant Reprod 28,
161-169 (2015).

Shi, L. et al. Biochem. Biophys. Res. Commun. 405, 632-637 (2011).

Wang, Q. & Huang, S. Mol Plant 7, 1397-1401 (2014).

Soltys, B.I. & Borisy, G.G. J. Cell Biol. 100, 1682-1689 (1985).

Baskin, T.I., Wilson, J.E., Cork, A. & Williamson, R.E. Plant Cell Physiol. 35, 935-942
(1994).

Bannigan, A., Wiedemeier, A.M., Williamson, R.E., Overall, R.L. & Baskin, T.I.
Plant Cell Physiol. 47, 949-958 (2006).

Mathur, J. & Chua, N.H. Plant Cell 12, 465-477 (2000).

Manfredi, J.J., Parness, J. & Horwitz, S.B. J. Cell Biol. 94, 688-696 (1982).
Hunter, P.R., Craddock, C.P., Di Benedetto, S., Roberts, L.M. & Frigerio, L. Plant
Physiol. 145, 1371-1382 (2007).

Ivanov, S. & Harrison, M.J. Plant J. 80, 1151-1163 (2014).

Takano, J., Miwa, K., Yuan, L., Von Wirén, N. & Fujiwara, T. Proceedings of the
National Academy of Sciences of the United States of America 102, 12276-12281
(2005).

Takano, J. et al. Plant Cell 18, 1498-1509 (2006).

van der Honing, H.S., van Bezouwen, L.S., Emons, AM.C. & Ketelaar, T.
Cytoskeleton 68, 578-587 (2011).

Wang, HJ. et al. Plant Physiol. 173, 566-581 (2017).

Benitez-Alfonso, Y. et al. Dev. Cell 26, 136-147 (2013).

Segui-Simarro, J.M. & Staehelin, L.A. Planta 223, 223-236 (2006).

Dyachok, J., Sparks, J.A., Liao, F., Wang, Y.S. & Blancaflor, E.B. Cytoskeleton
(Hoboken) 71, 311-327 (2014).

Ketelaar, T. et al. Curr. Biol. 14, 145-149 (2004).

Rahman, A. et al. Plant J. 50, 514-528 (2007).

Sheahan, M.B., Staiger, CJ., Rose, RJ. & McCurdy, D.W. Plant Physiol. 136, 3968-3978
(2004).

Voigt, B. et al. Eur. J. Cell Biol. 84, 595-608 (2005).

Wang, VY.S., Motes, C.M., Mohamalawari, D.R. & Blancaflor, E.B. Cell Motil.
Cytoskeleton 59, 79-93 (2004).

Wang, Y.S., Yoo, C.M. & Blancaflor, E.B. New Phytol. 177, 525-536 (2008).
Boudaoud, A. et al. Nat Protoc 9, 457-463 (2014).

Abe, T. & Hashimoto, T. Plant J. 43, 191-204 (2005).

Kimata, Y. et al. Proc Natl Acad Sci U S A 113, 14157-14162 (2016).



A toolkit for studying cellular reorganization during early Arabidopsis thaliana embryogenesis

60. Robinson, S. et al. Science 333, 1436-1440 (2011).

61. De Rybel, B. et al. Plant Physiol. 156, 1292-1299 (2011).

62. Aslanidis, C. & de Jong, P.J. Nucleic Acids Res. 18, 6069-6074 (1990).
63. Willemsen, V. et al. Plant Cell 15, 612-625 (2003).

64. Clough, SJ. & Bent, A.F. Plant J. 16, 735-743 (1998).

65. Misawa, N. et al. Plant J. 4, 833-840 (1993).

66. Schindelin, J. et al. Nat. Methods 9, 676-682 (2012).

67. Benitez-Alfonso, Y. et al. Dev. Cell 26, 136-147 (2013).

101



Chapter 4

Supplementary information

Supplementary Table 1. Catalog of ACE lines

Marked compartment
Plasma membrane
Plasma membrane
Central face

Peripheral face

Endosome, post-Golgi

Golgi Complex

Golgi complex
Tonoplast

Nuclear pore complex
Nuclear pore complex
Plasmodesmata

Actin filaments

Microtubules

Late endosome, pre-vacuolar compartment

Early endosome, trans-Golgi network

ACE-R/W ##
01
02
03
04
05
06
07
08
09
10
11
12
13
14
15

Marker

AtPIP2A: GFP??
eYFP: NPSN122
BOR1: mCitrine *
mCherry: NIP5;13°
eYFP: RabF2b?' 22
eYFP: RabC1?
eYFP: VTI12%

eYFP: SYP32%!
eYFP: GOT1p?
eYFP: VAMP7112
AtNUP54: GFP*
AtNUP75: GFP?*
mCherry: AtPDCB1%
Lifeact: tdTomato?
mGFP: AtTUAG?

Supplementary Table 2. Mounting solutions used in this study

Solution Purpose Composition
rEnrzltr)gabule Provide adequate osmotic pressure for embryo cells.  10% glucose

: Stabilize microtubule architecture before embryo 10 pM Taxol
mounting extraction 1x MTSB
(EMTM) ‘

0,
Embry° Provide adequate osmotic pressure for embryo cells. JRedelicess
microtubule e ) ) 10 pM Taxol
o Stabilize microtubule architecture.

counterstaining Provide counterstain for cellular contour abRezey
(EMTC) ’ 1x MTSB
Embryo general
mounting Provide adequate osmotic pressure for embryo cells.  10% glucose

(EGM)

Embryo general
counterstaining
(EGQ)

Remarks:

exposure was observed.

All solutions are dissolved in demineralized water.

20% glu=cose (sterilized), 10 mM Taxol in 100% DMSO, and 10x MTSB (sterilized) stock solutions can
be aliquoted and stored in dark at 4 or -20 °C.

All solution must be made fresh right before use and not freezable.
Reduced microtubule stabilizing ability of EMTM and EMTC after 4 hours room temperature

Provide adequate osmotic pressure for embryo cells.  10% glucose
Provide counterstain for cellular contour

0.1% SR2200
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Supplementary Table 3. Effects of 90 minutes 10 pM Taxol treatment on cortical

Mock
(n=31)
10 pM
Taxol
(n=44)

p-value*

microtubule dynamics in root epidermal cells

A Average microtubule

orientation ( °)

0-30 min  0-60 min
5.97% 8.39+
5.54* 9.56
7.74% 11.50%
10.24 13.02

3.38E-1 2.38E-1

* Two-tail student t-test

0-90 min

8.76%
13.01

14.02%
17.42

1.39E-1

Anisotropy
0 min 30 min
0.08+ 0.07+
0.03 0.03
0.08+ 0.08+
0.04 0.05
9.38E-1 3.98E-1

60 min

0.06+
0.03

0.07%
0.04

1.33E-1

90 min

0.06+
0.02

0.06%
0.03

4.90E-1

Supplementary Table 4. Central/peripheral fluorescence intensity ratio (I1/I°) of
ACE-WO01, ACE-W02, ACE-03, and ACE-W04 in early embryos.

4-cell

8-cell

16-cell

Upper
tier

Lower
tier

Upper
tier

Lower
tier

Log(I</17)

p-value*

p-value**
Log(I/IP)

p-value

p-value
Log(I</IP)

p-value

p-value
Log(I</IP)

p-value

p-value
Log(I/IP)

p-value

p-value

ACE-WO01

-0.03+ .19
(n=18)

1.07E-01

0.30+0.14
(n=18)

4.47E-01

0.27+£0.17
(n=18)

7.25E-01

0.26+0.16
(n=12)

9.84E-01

0.08+0.17
(n=12)

1.14E-01

* Two-tailed Student’s t-test compared with ACE-WO01
** Two-tailed Student’s t-test compared with ACE-W02

ACE-W02

0.112+ 0.206
(n=8)

1.07E-01

0.330+ 0.094
(n=12)

4.47E-01

0.285+ 0.069
(n=12)

7.25E-01

0.257+ 0.223
(n=8)

9.84E-01

0.236+ 0.217
(n=8)

1.14E-01

ACE-WO03

0.54+ 0.15
(n=12)

8.94E-10
8.39E-04

0.75+ 0.33
(n=30)

3.66E-08
1.75E-07

0.68+ 0.26
(n=30)

4.70E-08
2.89E-09

1.15+ 0.20
(n=24)

3.92E-16
4.02E-11

1.23+£0.36
(n=24)

1.09E-14
2.06E-10

ACE-W04

0.10+ 0.20
(n=16)

6.38E-02
8.70E-01

0.24+ 0.06
(n=24)

9.90E-02
5.07E-03

0.15+0.19
(n=24)

5.05E-02
5.78E-03

-0.01£0.17
(n=24)

4.93E-05
4.42E-03

-0.03+0.16
(n=24)

7.09E-02
3.73E-03
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A toolkit for studying cellular reorganization during early Arabidopsis thaliana embryogenesis

Supplementary Fig. 1. Microtubule and actin structures in root tip labeled by ACE-R15
and ACE-R14
Maximum projections. Scale bar: 5 ym

Supplementary Fig. 2. Effect of Taxol on microtubules in roots.

Effect of 90 minutes 10 uM Taxol treatment on cortical microtubule organization in root
epidermal cells of 6 day-post-germination p35S:: GFP: TUA6 seedlings. Mock treatment
represents solvent control in water. Maximum projections. Orientations and length of red
lines represent the average microtubule orientation and anisotropy, respectively.
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ACE-WO01 ACE-W02 ACE-W04 ACE-WO05

ACE-W06 ACE-W07 ACE-W08 ACE-W09 ACE-W10

ACE-W11 ACE-W12 ACE-W13 ACE-W14 ACE-W15

Supplementary Fig. 3. Overview of ACEs
Singe optical section showing cellular compartments labeled by corresponding markers in
16-cell embryos. Yellow: Fluorescent signal from the marker. Magenta: SR2200.
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A toolkit for studying cellular reorganization during early Arabidopsis thaliana embryogenesis

Step 1

Step 4

Y/ /4
\ 4

¥

Step 6

>8 mm
P

- 1>8 mm

Step 7

J=7/

/7 75x26 microscope slide

24 x 24 cover slip box

EGM (general purpose) or
EMTM (MT specific)
EGC (general purpose) or
EMTC (MT specific)

50 x 24 cover slip

200 pL pipette tip
Contact/pressure point
Do not press
Arabidopsis seed

Marked imaging area

JleeoN\| 0w

Stage clips

Supplementary Fig. 4. Sample preparation for
imaging cellular structures

Step 1. 10 pyL of EGM or EMTM solution is placed on
a microscope slide and approximately 50 seeds are
transferred from siliques to the mounting media.

Step 2. The droplet is covered with a cover slip box
and incubated at room temperature for 15 minutes to
stabilize microtubules and facilitate embryo extrusion.
Step 3. 5 L EGM or EMTM solution is added to the
droplet, and a drop of 15 pL EGC or EMTC is placed next
to the seed-containing drop.

Step 4. A large cover slip is placed over both drops,
starting at the seed-free drop.

Step 5. The cover slip is secured through holding it at
the position in the figure (left rim) to prevent cover slip
movement during embryo extraction. Each embryo is
extruded from its seed through pressing around each
seed with a 200 pL pipette tip under a stereo microscope
as shown in the right panel. Do not directly press seeds
to prevent seed and embryo damage.

Step 6. The imaging area is marked on the back-side
of the slide to prevent the objective moving over the
cover slip bringing water underneath the cover slip and
changing the osmotic pressure of the mounting solution.
Step 7. The cover slip is secured with clips on the stage.
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Step 1

10 mm
******** wnn
Step 2

Step 3
>5mm

Step 5

Step 6

|/ 75x26 microscope slide
/7 Single layer tissue
Mock solution
—— Arabidopsis seedling
Z—7 50x24cover slip
/ Stage clip
/ 200 pL pipette tip
Q Double layer tissue

Treatment solution

Supplementary Fig. 5. Seedling sample
preparation  for  short-term  chemical
treatment and live imaging

Step 1. A 10mm x 20 mm single layer piece of
paper tissue is placed on the microscope slide and
saturated with control solution

Step 2. A drop of 50 pL of Mock solution (0.1%
DMSO in demineralized water) is placed where the
root will be placed later.

Step 3. 3-5 seedlings are placed as indicated and
covered with a cover slip.

Step 4. The cover slip is secured with a stage clip.
The slide is saturated with control solution through
adding this solution drop-by-drop on the cotyledon-
side tissue and removing excess liquid using double
layer tissue gently contacting the root-side tissue.
This assures proper liquid flow and prevents sample
movement. Do not let solution overflow the slide.
Step 5. Imaging coordinates of all samples are set in
the microscope software, and T=0 data is acquired.

Step 6. Set interval of time laps. Add >500 pL (or >10x the volume used in Step 2) treatment
solution (Mock solution for negative controls or 10 uM Taxol solution from diluting 10 mM Taxol
in 100% DMSO with demineralized water as Treatment solution for treatments) as described in
Step 4. Replace double layer tissue frequently to assure proper liquid flow and replace all control
solution with treatment solution within a minute. Mark the time as starting of T=1. Quickly go
through all imaging coordinates and update the imaging coordinates if the sample is moved.
When reaching T=1, start imaging. Keep the slide saturated through adding water drop-by drop
on the single layer tissue if imaged over 30 minutes.
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Abstract

Pattern formation during early Arabidopsis embryogenesis is under tight
control, ensuring invariant patterns of cell division in this species. Among
the regulatory mechanisms, auxin response is prominent, controlling both
division orientation and cell identity. At the 8-16 cell transition, auxin response
triggers deviation in cell division orientation from a default that follows the
shortest wall, thus defining an asymmetric division. A central question in
plant biology is how genetic regulation instructs division orientation. Both
microtubule (MT) and actin cytoskeleton are critical for plant cell division, but
it is unclear if and how auxin response controls division orientation through
these subcellular structures. Here we took the advantage of embryo-specific
fluorescent markers for MT and actin cytoskeleton, as well as a conditional
auxin response mutant with a consistently abnormal division pattern at the
8-cell stage. We find that impaired auxin response in the embryo affects
both the MT and actin cytoskeleton at interphase. In contrast, mitotic and
cytokinetic cytoskeletal structures are not regulated by auxin response.
While mechanisms of cytoskeleton regulation are elusive, in part due to
the difficulty in quantifying abnormalities in cytoskeletal structures in fixed
embryos, this work defines a role for auxin in cytoskeleton control in the
embryo, which should lead to the identification of molecular components in

the future.
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Auxin control of cytoskeleton organization in early Arabidopsis embryogenesis

Introduction

During embryogenesis, the body plan of the seedling is first laid down, followed
by further development. In the crucifer species Arabidopsis thaliana, the process of
body pattern formation is accompanied by highly regular cell divisions that change
little among individuals. Thus, control of cell division plane is likely an important aspect
of development, and conversely, the Arabidopsis embryo is a good model to study the
regulation of oriented cell division. Asymmetric cell division of the zygote results in the
apical cell, which will then develop into the embryo proper, and the basal cell, which will
then develop into the suspensor. Next, the apical cell conducts two sequential radial
anticlinal cell divisions resulting in four equal embryo proper cells. In the following
division of the 4-cell embryo, however, the division plane turns 90 degrees resulting
in four upper and four lower tier embryo proper cells. The upper tier cells are the
precursor of hypocotyl, cotyledons, and shoot apical meristem, while the lower tier
cells will develop into the root. The division planes next turn 90 degrees again, and the
resulting periclinal divisions in the upper and lower tier cells of the 8-cell embryo set
apart the protoderm on the outside, and vascular/ground tissue precursor cells at the
center of the newly formed 16-cell embryo .

The cell divisions from 4- to 16-cell embryos and onward are nearly synchronized
in each embryo 2, and the orientation and position of each division plane is tightly
controlled via various genetic pathways 3. One of these regulatory mechanisms involves
auxin response. This response centers on transcription factors - AUXIN RESPONSE
FACTORS (ARFs)* - and the degradation of ARF inhibitors, INDOLE-3-ACETIC ACID, Aux/
IAA proteins®. In the presence of the phytohormone auxin, Indole-3-Acetic Acid, Aux/IAA
proteins are degraded®’, thus releasing ARF's from inhibition >. A prime example of the
antagonism of ARF and Aux/IAA proteins can be found in the loss of function mutation
of ARF5, monopteros (mp)® and gain of function of Aux/IAA12, bodenlos (bdl)°, which is not
degraded with the presence of auxin '°. Mutated embryos show an abnormal cellular
pattern in 16-cell embryos and daughter cells of the lower tier cells and uppermost
suspensor cell, the hypophysis, resulting in rootless embryos and seedlings &°. While
the phenotype in 8-cell embryos were not with full penetrance in both mutants, similar
phenotype could be achieved all embryos through the mis-expression of bd/ driven
by Ribosomal Protein S5A promoter (pRPS5A) through a conditional two-component
gene expression system ''. Instead of undergoing the periclinal division found in the
wild type that requires the longest path for the division plane, the embryo proper
cells in pRPS5A>> bdl 8-cell embryos divide radial anticlinally following a shortest-wall
principle'. Auxin responses, therefore, allow to deviate cell division from the physics-
driven shortest-wall principle to an exact orientation and position for proper pattern
formation during early embryogenesis '2. The machinery regulated by auxin responses
to position the division plane in its designated orientation, however, remains unclear.
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Theimportantroles played by cortical microtubule (MT)arraysand actinarchitectures
in cell shape and cell division have been well documented '*'5, and the underlying
mechanisms of how these cytoskeletal organizations influence morphogenesis in
epidermal tissues of various organs of Arabidopsis have begun to be revealed through
quantitative analyses and computational simulation '¢2°. The organizations of MT array
and actin network and the effect of auxin response on these cytoskeletal structures
during embryogenesis however, have not yet been charted.

Here we applied embryo-specific MT and actin fluorescence markers 2" and utilized
the pRPS5A>>bdl two-component system as a model for investigating the role of
cytoskeletal organizations on pattern formation during early embryogenesis regulated
by auxin responses. We found that while suppressed auxin responses had no effect on
the establishment and orientation of preprophase bands and spindle, and the dynamic
orientation of the MT array during interphase; the uniformity of MT orientation,
stability of MT, and the formation of peri-nuclear actin arches were severely affected in
PRPS5A>> bdl embryos during early embryogenesis. Our observations suggested that
auxin responses influence the MT and actin cytoskeleton organization although the
degree of such influence and the exact mechanism remain to be determined.
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Auxin control of cytoskeleton organization in early Arabidopsis embryogenesis

Results

Auxin response controls the interphase MT array

The crucial role of auxin in pattern formation during embryogenesis has been
demonstrated through numerous mutants with defective auxin biosynthesis, transport,
perception, and response 22, However, the cell biology linking auxin responses to the
precise position and orientation of cell division plane has remained unaddressed. To
dissect the cellular machinery of auxin response-dependent pattern formation during
embryogenesis, we combined a system in which consistently abnormal cell division
can be induced by conditional suppression of auxin response, along with markers
highlighting cellular structures?'. We thus exploited the GAL4/UAS two-component
gene expression system?, in which abnormal but consistent changes in the cell division
orientation of every cell in the embryo proper in every 8-cell embryos is induced by bd/
expression through crossing pRPS5A::GAL4:VP16 driver line with UAS::bdl operator line
. To highlight the MT, we introduced an established mGFP:AtTUAG reporter, driven by
the embryo-specific pWOX2 promoter?' into the pRPS5A::GAL4:VP16 driver line.

Due to the requirement of crossing the pRPS5A::GAL4:VP16 line with the UAS:bdl
operator line, only one copy of the pWOX2::mGFP:AtTUA6 transgene will be expressed
in the F1 embryo. We first tested if marker heterozygosity impedes MT imaging.
Indeed, we previously detected lower fluorescence intensity in a population of
heterozygous mGFP:AtTUA6 embryos, compared to embryos from a homozygous line
(unpublished). We next compared the mGFP:AtTUA6 fluorescence intensity and MT
array between embryos derived from self-fertilized pWOX2::mGFP:AtTUA6 homozygotes
and F1 embryos derived from a cross with non-transgenic Col-0 wild type. While the
fluorescence intensities in homozygous embryos seemed higher than heterozygous F1
embryos, no visible difference in MT organization were observed (Fig. 1a). The reduced
mGFP:AtTUA6 expression in heterozygous embryos, therefore, was still sufficient to
label the overall MT arrays using our previously established imaging protocol 2'.

If auxin response controls the MT cytoskeleton, this could be manifested at various
levels in bdl-expressing embryos: One mode could be that the interphase MT network
is correctly patterned and leads to the correct pre-prophase band (PPB), but the mitotic
spindle does not follow the PPB position. Another mode could be that defects occur earlier
- in interphase - and the mitotic and cytokinetic machineries follow an incorrectly places
PPB. Thirdly, it could be that all MT structures are deregulated, and finally, it is also possible
that bd/ expression alters cell division plane without affecting the MT cytoskeleton.

To distinguish between these modes, we first examined whether spindle and

preprophase band (PPB) were present and if their orientations were consistent with the
wild type division orientation, or with the expected division orientation in pRPS5A>>bd|
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wild type

+/- PRPS5A>> bdl wild type PRPS5AS> bdl

Fig. 1. pWOX2::TUA6:mGFP expression and mitotic microtubule structures in early
embryos from wild type and pRPS5A>>bdl background.

(a)Maximum intensity projection of microtubule array in 16-cellembryos from pWOX2:: TUA6:mGFP
expression homozygote (+/+), heterozygote resulted from crossing with wild type (+/-) and het-
erozygote resulted from crossing with UAS:: bd/ (+/-, pRPS5A>>bdl). LUT shows color values corre-
sponding to fluorescence signal intensity in the maximum intensity projections. (b, ¢) Maximum
intensity projection of 4-cell (b) and 8-cell (c) embryos with preprophase bands and spindles in
wild type and pRPS5A>>bdl background. Insets show the cellular contours of corresponding
embryos. All images were acquired with same acquisition settings. Scale bar: 5 pm.
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Auxin control of cytoskeleton organization in early Arabidopsis embryogenesis

embryos at 4- and 8-cell stage. Both spindle and PPB of MT aligned perfectly with the
mutant cell division plane, and thus clearly deviated from the wild type orientation in
8-cell pRPS5A>>bdl embryos (Fig. 1b,c). This indicates that suppressed auxin response
had no effect on the machinery executing mitosis and cytokinesis. Thus, either the
effect of auxin response inhibition is independent of MT's, or else its effect must be
prior to PPB formation, in interphase.

Since the PPB is derived from condensed cortical MT's during interphase, we next
asked if MT organization during interphase was affected in bdl-expressing embryos. When
observing MT patterns in interphase cells in 4-cell and 8-cell bdl-expressing embryos, no
striking differences in the MT patterns were found between wild type and bdl-expressing
embryos (Fig. 2a-c). However, the MT mesh is a complex network defined by the
number, length and orientation of its constituent filaments, as well as by their dynamic
properties. No dynamics can be studied in embryos cells with Taxol-stabilized MT array,
but we analyzed topological properties using an unbiased approach. MT orientation and
anisotropy were determined in each cell through analyzing maximum projections of
embryos with their radial anticlinal cell walls perpendicular to the focal plane using the
Fibriltool software 2. In 4-cell embryos, where only transverse anticlinal division were
expected in both wild type and pRPS5A>>bd| background '2, no significant difference in
MT orientations or anisotropy were found between wild type and pRPS5A>>bdl embryos
(Table 1). However, two categories of MT orientations were found in both wild type and
pRPS5A>>bd/ 4-cell embryos with the majority of MT orientations running parallel to
the radial anticlinal cell wall, and in rare cases the MT orientation ran parallel to the
transverse anticlinal wall (Fig. 2a,b). The cells whose MT orientation aligned with the
transverse anticlinal wall were coupled to sister cells with a visible PPB or spindles (Fig.
2b). In 8-cell embryos where all embryo cells divide periclinally in wild type, but radial
anticlinally in pRPS5A>>bdl background 2, similar MT orientations were found (Fig. 2c).
MT orientation ran parallel to the transverse anticlinal cell wall during interphase, while
MT orientation ran parallel to the radial anticlinal cell wall prior to the formation of a PPB,
without significant differences in MT orientations between the two genetic backgrounds
(Fig. 2d, e, Table 1). The MT anisotropy in pRPS5A>>bd| 8-cell embryos, however, was
significantly lower than in wild type embryos (Table 1). In addition to the reduced
uniformity of microtubule in pRPS5A>>bd/ 8-cell embryo, a significantly higher frequency
of microtubule depolymerization (Table 2) and higher level of background fluorescence
signal in the cytosol (Table 3) was found. This suggests either reduced polymerization or
increased depolymerization and reduced MT stability in bdl-expressing embryos.

We thus conclude that instead of regulating the mitotic and cytokinetic MT structures,
auxin responses control interphase MT dynamics through yet unknown mechanisms.
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wild type PRPS5A>> bdl )

wild type PRPS5A>> bdl

wild type pRPS5A>> bdl

wild type pPRPS5A>> bdl wild type pRPS5A>> bdl

Fig. 2. Microtubule orientation and anisotropy in 4- and 8-cell embryos from wild type
and pRPS5A>>hdl background.

(a, b) Maximum intensity projection of microtubule arrays with microtubule orientations and an-
isotropy in 4-cell embryos at interphase (a) and with at least one preprophase band (b). (c)Maxi-
mum intensity projection of microtubule arrays with microtubule orientations and anisotropy in
8-cell embryos at interphase. (d, e) Projection of all quantified microtubule orientation and an-
isotropy in 4- (d) and 8-cell (e) embryos. Microtubule orientation and anisotropy of preprophase
band were excluded. Insets show the cellular contours of corresponding embryos, and direction
and length of the red/green lines indicated microtubule orientation and anisotropy, respectively.
All images were acquired with same acquisition settings. Scale bar: 5 pm.
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Table 1. Microtubule orientation and anisotropy in each cell in 4- and 8-cell embryos

Relative microtubule Anisotro
orientation ( °) o

8-cell, 8-cell, 8-cell, 8-cell,
4-cell upper lower 4-cell upper lower
tier tier tier tier
11143+  86.57+ 101.84+  0.05+ 0.05+ 0.07+
Wild type 46.66 48.90 22.39 0.04 0.03 0.04
(n=18) (n=20) (n=20) (n=18) (n=20) (n=20)
101.28+ 108.09+ 115.41+ 0.06+ 0.03+ 0.03x
PRPS5A>> bl 64.71 53.44 43.93 0.03 0.02 0.02

(n=12) (n=18) (n=18) (n=12) (n=18) (n=18)
p-value® 6.43E-01 2.05E-01 2.46E-01 6.50E-01 3.88E-02 3.58E-04

* Two-tail student t-test

Table 2. Frequencies of microtubule array depolymerization observed in 8-cell
embryos

18 59

Wild type 41

PRPS5A>>bd| 32 58 90
Total 73 76 149
p-value* 5.06E-05

* Pearson'’s chi-squared test

Table 3. Cytosolic mGFP: TUAG signal in each cell of 8-cell embryos

wild type 10.82+ 4.42 (n= 148)
PRPS5A>>hd/ 17.08+ 6.70 (n=132)
p-value* 1.57E-17

* Two-tail student t-test
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Auxin response contributes to peri-nuclear Actin localization

Cell division site selection involves interplay between the MT and actin cytoskeleton
28 After establishing that auxin response inhibition has subtle but measurable
effects on the interphase MT network, we asked if the actin cytoskeleton is subject to
regulation by auxin response. We thus introduced the embryo-specific Actin reporter
pWOX2::Lifeact:tdTomato 2' into the pRPS5A:VP16:GAL4 driver line. Despite weaker
fluorescence intensity in F1 embryos obtained after crossing the pRPS5A::GAL4:VP16
pWOX2::Lifeact:tdTomato line to wild type compared to homozygous controls, no
distinguishable difference in the labelled actin network were identified (Fig. 3). The
peri-nuclear arches, however, were absent in one third of the embryos from the driver
line despite their higher fluorescence intensity and thicker appearance (Fig. 3, Table 4).

0l-0, pRPS5A>> bdl|

Col-Utrecht, +/+ Col-0, +/+ Col-0, +/- 0l-0, pPRPS5A>> bd|

Fig. 3. Actin architectures in 4- and 8-cell embryos from embryos from wild type and
pRPS5A>>bdI background

(a, b) Maximum intensity projection of actin meshwork and peri-nuclear arches in 4- (a) and
8-cell (b) embryos. Insets show the fluorescence intensity from the raw image of corresponding
embryos. LUT in the insets and main panels show color values corresponding to depth of image
in z-dimension and fluorescence signal intensity in the maximum intensity projections, respec-
tively. All images were acquired with same acquisition settings. Scale bar: 5 pm.
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Upon comparing the Actin architecture in wild type and pRPS5A>>bdl embryos,
our first discovery was the lower overall fluorescence intensity of the actin meshwork
and higher cytosolic signal in pRPS5A>>bdl embryos (Fig. 3). This suggests, like in the
case of the MT cytoskeleton described above, a reduced stability of actin polymers or
decreased polymerization. The other visible effect of suppressed auxin response was
the complete loss of the peri-nuclear actin arches in pRPS5A>>bd/ embryos (Fig. 3, Table
4). While the role of these structures remains unknown, their absence in embryos with
suppressed auxin responses demonstrates an alteration in actin organization.

Table 4. Frequencies of peri-nucleus actin arches observed in 8-cell embryos

L feresen  famsent JTow
4 13

Wild type 9

PRPS5A>>bd/ 0 13 13
Total 9 17 26
p-value* 2.07E-04

* Pearson’s chi-squared test

121



Chapter 5

Discussion

In this chapter, we examined cytoskeletal structures in early embryos with and
without abnormal cell patterning resulted from suppressed auxin responses. Our
observations revealed that suppressed auxin responses had no effect on the formation
of PPBorspindles, northeir orientationsrelativetothe expected cell division orientation.
However, auxin response inhibition did result in reduced interphase MT uniformity,
increased MT depolymerization rate upon embryo extraction, and loss of peri-nuclear
actin arches. The less organized and easily depolymerized MT arrays in embryos with
suppressed auxin responses suggested impaired microtubule stability. Indeed, similar
effects on MT had been reported in mutants hypersensitive to the tubulin-specific
MT depolymerization drug Oryzalin, in various mutants in MT-associated proteins:
some of these are directly involved in the establishment and position of cytokinetic
machineries, like PPB and phragmoplast #33. In others, there is only a moderate
cell shape change in non-dividing cells 3440, Thus, decreased MT stability can affect
both cell shape and cytokinesis. However, unlike loss of function mutants of MT-
associated proteins that are usually coupled with failure in the establishment of PPB
and spindles, or random cell division patterns, not only no abnormal cell shape and
impaired nor mis-oriented mitotic and cytokinetic structures were found in embryos
with suppressed auxin responses, but the alternative cell division pattern in 8-cell
embryos with suppressed auxin responses was as consistent as the wild type cell
division pattern. This suggested that if auxin responses regulate cell division pattern
during early embryogenesis though regulating microtubule organization, it is likely
through actively fine-tuning the MT or/and actin organization in interphase, via the
expression levels of MT-associated proteins for example, to deploy markers defining
the position of PPB and cortical division zone, or to moderate overall cytoskeleton
organization and cell shape or dimension.

While our quantifications of MT orientation relative to the radial anticlinal wall
during interphase showed no significant difference between embryos with and without
suppressed auxin responses, three factors could lead to false negative results. Firstly,
the various MT array orientations we observed were pooled for our analysis. If 8-cell
embryo cells follow the 90 degrees shift of the MT array before the establishment of
the PPB as observed in 4-cell embryos, cells will need to be categorized according to
their developmental stages. The developmental stage can be identified via including
cell cycle markers or live imaging. Secondly, our quantitative analyses of MT arrays
were conducted through maximum projections of image stacks, which contain both
radial and transverse faces of the embryo close to the right angle to the focal plane.
This approach did not only limit the amount of viable image stacks for quantification
analysis, but also made it impossible to separate the MT array on the peripheral cell
face from that on the radial anticlinal cell face, and in addition the spatial information
from the z-axis was lost. While the spatial information from the third dimension might
be insignificant or even trivial in cell with flat or tubular shape, spatial information from
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all three dimensions would be equally important in cells with polygonal shape in the
early embryo. This issue can be circumvented via acquiring image stack of given sample
from different angles to achieve isometric resolution in all three axes computationally
adapt software to incorporate and analyze the information from the third axis. Thirdly,
the lack of information from transverse anticlinal cell face. While it is plausible that the
cortical MT arrays on both radial anticlinal cell faces are similar, the cortical MT array
on the transverse anticlinal cell face may be different. In addition, with the MT array
on peripheral and radial anticlinal cell faces in the longitudinal orientation before the
formation of PPB of MT, whether the orientation of the cortical microtubule array on
the transverse anticlinal cell face is parallel or vertical to the radius on the same cell
face may reveal the difference in MT organization between embryos with or without
suppressed auxin responses. To reliably acquire the organization of cortical MT array
on the transverse anticlinal cell face, acquiring image stack of given sample from
different angles to achieve isometric resolution in all three axes computationally will
be necessary due to the low possibility of embryo in the favorable orientation with the
transverse anticlinal cell face parallel to the focal plane.

Unlike the seemly minor effect of suppressed auxin responses on MT arrays,
complete loss of the peri-nuclear actin arches was observed in embryos with
suppressed auxin responses suggesting a link between auxin response and actin
architectures during embryogenesis. With the unknown function of the peri-nuclear
actin arches and their relation to cell division, however, whether and how auxin
responses directly regulated pattern formation via affecting actin architectures
remain to be determined. Nonetheless, the finding that a major actin structure is
altered or missing in bdl-expressing embryos suggests that auxin response controls
the expression of proteins that modulate actin polymerization or stability. There is a
precedent for auxin to control the actin cytoskeleton through ROP/RIC signaling #'.
However, in this case the auxin is proposed to be perceived extracellularly through
a different response system “2. It will be interesting to see if and how such auxin-
dependent Actin control mechanisms intersect.

So far, various approaches, from genetics, transcriptomics, cell geometry to the
recently developed computational simulation have been implemented to dissect the
underlying mechanism regulating pattern formation during early embryogenesis and
have expanded our knowledge on this topic in various ways. On the other hand, the
advance in cell biology through the advance of microscopy and computational analyses
has provided profound foundation to understand and predict the dynamics of cellular
structures and their effects on cell morphology and division. The effects on cytoskeletal
organizations in genetically regulated cell division and our application of computational
analysis on the MT arrays offered a starting point to integrate multidisciplinary to
further understand how the upstream regulatory mechanisms influence downstream
cellular structures implementing the signals to precise patterning.
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Materials and Methods

Plant and embryo material

PGIIN/pWOX2::mGFP:TUA6:INOS and pGIIN/pWOX2::Lifeact:tdTomato:tNOS ' were
introduced into homozygous pRPS5A::GAL4:VP16 driver line establish in Arabidopsis
thaliana ecotype Col-0 ' through floral dip “. T1 transgenic plants were selected with
Norflurazon (Supelco)*, and T3 homozygotes transgenic plants with representative
expression level that uniformly labeling their corresponding cellular structures were
selected for crossing in this study.

Evaluations of embryo development after pollinated by Col-0 wild type plant
or homozygous UAS:bd! operator line established in Col-0 " were conducted as
described #. 8-cell embryos were most predominant in 74 hours post-pollination in
(PRPS5A::GAL4:VP16/ pWOX2::mGFP:TUA6:tNOS) x (Col-0), 80 hours post-pollination in
(PRPS5A::GAL4:VP16/ pWOX2:mGFP:TUA6) x (UAS::bdl), 72 hours post-pollination in
(PRPS5A::GAL4:VP16/ pWOX2::Lifeact:tdTomato) x (Col-0), and 80 hours post-pollination
in (PRPS5A::GAL4:VP16/ pWOX2:Lifeact:tdTomato) x (UAS:bdl) and were used for
imaging and analysis.

In each cross, 4 individuals from the driver/marker line were first crossed with Col-
0. After data were collected from the consequential wild type embryos, the same 4
individuals were crossed with UAS::bdl operator line to generate pRPS5A>>bdl embryos
for data collection. All data used in this study were collected from 3 batches of
independent crosses.

Microscopy and image analysis

Embryos were mounted and imaged as described 2'. Images were acquired in
8-bit format using a Leica TCS SP5II confocal laser scanning microscope with 63x NA
= 1.20 water-immersion objective with pinhole set to 1.0 Airy Unit. mGFP by Argon-
ion laser, tdTomato, and SCRI Renaissance Stain 2200 (SR2200) (Renaissance Chemical)
were excited using a diode laser, and their emissions were detected sequentially with
Leica HyD in photon counting mode. Excitation and detection of fluorophores were
configured as follows: mMGFP was excited at 488 nm and detected at 498-528 nm;
tdTomato was excited at 561 nm and detected at 571-630 nm; Renaissance 2200 was
excited at 405 nm and detected at 430-470 nm. 0.25 pm interval between each optical
section were used in image stacks. To prevent photo bleaching, 488 and 561 lasers
were set to minimal that fluorescence intensities in PPB, spindle, and peri-nuclear
actin arches were lower than 200, and 405 laser was set to 1%. To accelerate image
acquisition, scan frequency was set to 700 Hz, only line accumulation was applied and
was set to 4, 4, and 2 for mGFP, tdTomato, and SR2200, respectively. Neither frame
accumulation nor average were applied.
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For qualitative descriptions of microtubule and actin architectures, maximum
projection of given image stack was generated to determine the average background
fluorescence signal intensity outside of the embryo for subtraction from the image
stacks. After the removal of background fluorescence from the image stack, the
fluorescence signals of the whole image stack were globally multiplied by 2 or 4 times,
depended onthe presence of PPB, spindle, or peri-nuclear actin arches, for visualization.

For quantitative analysis of microtubule orientation and anisotropy, raw image
stacks containing embryo with radial and transvers anticlinal cell faces close to vertical
to the focal plane were used and analyzed via Fibriltool with default setting ?*. The
relative microtubule orientations were defined as the angle between radial anticlinal
cell face and the microtubule orientation determined by Fibriltool. The differences in
average relative microtubule orientations and anisotropy were tested via two-tailed
student t-test with MS Excel™.

For comparison of the frequencies of microtubule depolymerization and loss of
perinuclear actin arches, the frequencies of given observation were determined by the
number of given observation divided by the number of overall extracted embryos which
showed no morphological disturbance from the extraction process. The differences in
frequencies were tested via Pearson’s chi-square test with MS Excel™.

For measurement of cytosolic mGFP: TUA6 signal in individual cells, the optical
section containing the great circle of the nucleus was visually defined, a maximum
projection containing 5 optical sections, 2 above, 2 beneath the optical section with
the great circle, and the optical section containing the great circle, was then generated
from the raw image stack. A 0.2 to 0.4 pm? region of interest (ROI) in the cell of interest
was given at where no distinguishable microtubule structure was found. The average
mGFP fluorescence signal intensity in this ROl was documented and defined as the
cytosolic mGFP: TUAG6 signal of the cell of interest. The difference in average cytosolic
mGFP: TUAG signals were tested via two-tailed student t-test with MS Excel™.

All image processes and measurements were conducted via Fiji*.
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General Discussion

A unique feature of pattern formation in plant development is the lack of cell
mobility due to encapsulation in the cell wall. Thus, the pre-mitotic orientation and
position of the cell division plane directly determine cell pattern and 3-dimensional
organ and tissue morphology. Hence, precise control over the exact orientation and
placement of cell division is crucial for plant development to achieve morphologies
required for proper tissue function. The cellular patterns observed in plant tissues
have long captivated scientists, and have been the inspiration for developing theories
and models for the underlying physical/biochemical basis of cell division orientation.
Various works since the 19" century have explored the underlying principles to explain
how cell division plane orientation and position are determined, and have invoked
cell geometry, wall surface area, angles relative to pre-existing walls, among other
parameters'™. Through elaborating Errera’s analogy between plant cell division and
soap bubbles, Besson and Dumais formulated that the determination of cell division
plane is a stochastic process with competing alternative cell division planes - each
with local minimal surface area. It was shown that this principle can be applied to a
wide range of plant systems®. This universal rule for division plane determination,
however, appears to be violated at early embryogenesis in Arabidopsis thaliana. The
first three symmetric cell divisions in the embryo proper follow Besson-Dumais’ rule of
division plane determination. This results in an isodiametric embryo proper consisting
of eight cells. However, the following cell division orientation consistently deviated
from Besson-Dumais’ rule®, generated an asymmetric division and established inner
and outer cell layers. This deviation from Besson-Dumais’ rule requires intact auxin
response, as embryos with suppressed auxin responses revert back to the symmetric
cell division following Besson-Dumais' rule®. However, the mechanism underlying this
auxin-regulated oriented cell division remained elusive. This question was the starting
point for the work described in this thesis. The work focused on the challenges and
hurdles that precluded understanding the auxin-dependent control of cell division
orientation in the embryo. Firstly, tools to visualize auxin activity in the embryo were
lacking and secondly, no tools were available to visualize cellular structures and
organelles in the embryo.

New tools for visualizing auxin action

To understand the regulation of cellular processes, such as cell division orientation,
by the phytohormone auxin, it is critical to observe where and when the hormone
accumulates and triggers gene expression responses. Reporters had previously been
developed for both these purposes, but each suffered from shortcomings. For auxin-
dependent gene expression, the most common reporter was DR5, based on a repeat
of the TGTCTC ARF binding site’. In structural biochemical analysis of ARF-DNA binding,
our team discovered that the TGTCTC element is in fact not a high-affinity binding site,
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and the preferred site is TGTCGG instead®. It was thus likely that DR5 reporters were
only revealing the sites with auxin maxima.

For inferring auxin accumulation, the standard reporter was DlI-Venus, a fragment
of an Aux/IAA protein that is degraded in the presence of auxin®. While very useful, it
is very difficult to use this reporter for comparisons between cells or individuals, as
there is no control for the fluorescence intensity in the absence of auxin-dependent
degradation. In addition, the available DII-Venus lines® used the 35S promoter, which is
not active in the early Arabidopsis embryo.

Given these limitations in visualizing auxin activity in the Arabidopsis embryo, in
Chapter 2, | describe the development and evaluation of two prototypes of novel auxin
reporters. The DR5v2 reporter is a redesign of the DR5 promoter, using the high-affinity
ARF binding site TGTCGG. This indeed offered higher sensitivity and responsiveness for
gene activating auxin response.

The R2D2 reporter was an upgrade of the DII-VENUS system' in which the DIl
probe and the auxin-insensitive mDIl control were combined in the same locus to
enable ratiometric, semi-quantitative measurement of auxin perception. In addition,
both were expressed from the embryo-active RPS5A promoter™. DR5v2 showed higher
sensitivity that were able to response to lower auxin concentration with additional
higher responsiveness that gives higher transcriptional output at the same auxin
concentration compared to DR5. These advantages led to DR5v2's ability to visualize
auxin output maxima that were thus far only predicted via computational simulations
based on auxin transport patterns. While reporter like DR5 and DR5v2 rely on the
activation of the reporter genes such as fluorescent protein, they can only report
the transcriptional activation resulting from auxin signaling. R2D2 circumvented this
disadvantage as it reflects auxin perception based on protein degradation independent
of transcriptional regulation. Thus, R2D2 revealed auxin perception maxima in tissues
with suppressed auxin responses but with high auxin input. Such cases had been
predicted through computational simulations based on auxin transport and our
observations supported the existence of an auxin gradient in the root apical meristem.
Recently, these prototypes were applied in various studies and revealed differential
amplitudes in auxin signaling in tissues within the early embryo'?, roles of auxin
production of endosperm in seed development' 4, developmental boundary defined
by auxin minimum in root apical meristem', and auxin distribution on cell polarity in
shoot apical meristem’®. These applications did not only demonstrate the capability of
these new auxin reporters, but also broaden the spectrum of question in auxin biology
that can be enquired in vivo.
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While the DR5v2 and R2D2 prototypes described in Chapter 2 were strong
improvements relative to existing tools, and enabled new questions to be addressed,
we noted their limitations and aimed to resolve in further developments described in
Chapter 3.

In the original R2D2 version (Chapter 2), the two DIl reporters were expressed from
the RPS5A promoter, active in the early embryo and dividing cells, but not in more
mature and differentiated tissues'®. Therefore, R2D2 components were expressed from
the ubiquitous UBI10 promoter to extend its application from dividing cells to almost all
tissues and differential state of cells. In addition, we combined R2D2 with DR5v2 driving a
third fluorescent protein, thus leading to the first comprehensive auxin reporter, C3PO,
which allows simultaneous observation of both auxin perception and response in the
same cells. Unfortunately, strong expression of the UB/10-driven R2D2 (R2D2-U) caused
dwarfism - likely due to saturating the auxin perception machinery. However, despite
this limitation, the C3PO reporter allowed to make the surprising discovery that there
is profoundly different capacity of auxin signaling among tissues and differentiation
states. While some cells show high levels of auxin input, they hardly activate DR5v2,
other cells show the opposite: high DR5v2 activity despite little detectable auxin input.
Likely, such differences are caused by differential expression of the core auxin signaling
components (TIR1/AFBs; Aux/IAAs; ARFs). Indeed, members of the ARF family are strongly
differentially expressed' '8, and the same is likely true for the Aux/IAA and perhaps the
TIR1/AFB family. While this finding reveals interesting discrepancies, it also highlights a
potential issue with the use of biosensors that utilize the internal cellular machinery. If
sensors are to be used to define differences in hormone levels or response, such would
always depend on the biological context of each cell, and the difference in response
capacity between cells will need to be considered when interpreting the readout of the
biosensors. Therefore, the next steps in the advancement of auxin reporters will be to
develop auxin reporters that could also highlight negative (repressive) auxin responses,
but also explore the possibility of auxin reporters that could directly reveal auxin
molecules without relying on endogenous cellular machinery.

Auxin response in the arf5/mp mutant

A motivation for developing improved tools for auxin response visualization was
to define the spatial-temporal changes in auxin response in mutants in the auxin
pathway that affect cell division. In Chapter 3, we used the improved DR5v2 reporter
to map auxin response output in the arf5/mp mutant embryos. The ARF5/MP protein
is critical for embryonic root formation' 2%, but the pattern of auxin response in the
mutant embryos had not yet been reported in high resolution, due to the limitations
of the previously existing DR5 reporter. The inability to form an embryonic root in the
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mp mutant is correlated with altered division orientation in the hypophysis. It was
previously showed that hypophysis division requires subsequent auxin responses in
the proembryo cells adjacent to the hypophysis and in the presumptive hypophysis?'.
Because MP promotes expression of the auxin transport protein PIN1, as well as the
mobile TMO?7 transcription factor?, both proembryo and hypophysis auxin responses
are expected to be reduced in the mp mutant, but this had not yet been shown.

Using the increased sensitivity of DR5v2, we could now demonstrate that auxin
response output was indeed clearly reduced in proembryo cells as well as the
presumptive hypophysis prior to changes in cell division. MP is one of the five Class-A
ARFs in Arabidopsis, that are thought to activate target genes?* and plays a crucial
role in root establishment in early embryogenesis®. Interestingly, while the mp allele
used here is believed to be a null, some DR5v2 activity remained in the mp mutant,
which reveals contributions of other ARFs to auxin response at early embryo stages. In
addition, DR5v2 activity was strongly increased in the abnormal heart stage mp mutant
embryos, possibly reflecting the inability to activate PIN transporters and to drain auxin
from sites of production. Nonetheless, also this shows that other gene-activating ARFs
must act in the embryo. Hence, the initial use of the novel DR5v2 reporter unequivocally
demonstrated reduced auxin response output in both proembryo and hypophysis cells
in the mp mutant. Interestingly, both proembryo and hypophysis cells in the mp mutant
also show alterations in cell division orientation, and thus this analysis fortifies the link
between auxin response and cell division orientation.

New tools for observing cellular reorganization in the early embryo

With the evidence that auxin response is causally linked to cell division orientation,
a key question is what cellular mechanisms underlie such control. This question was
however difficult to address because virtually no tools were available to visualize the
subcellular structuresthat contribute to division orientation during earlyembryogenesis.
Therefore, in Chapter 4, we describe the development of a comprehensive set of
fluorescent probes, expressed from the embryo-specific WOX2 promoter. These ACE
lines are perfectly suited to mark a range of structures in the early Arabidopsis embryo
at high spatial resolution.

One of the most surprising discoveries made using these ACE tools was the
early establishment of cell polarity. Albeit not endogenously expressed during early
embryogenesis, within the first or second division of the apical cell, the central-plasma
membrane-localized BOR1 and the peripheral plasma membrane-localized NIP5;1
proteins were localized in their corresponding face of the cell as observed in root
endodermis, where BOR1 and NIP5:1 are endogenously expressed?* 2. This finding
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suggested that the central/peripheral cell polarity, at least the machinery used by
BOR1 and NIP5;1, is established as early as after the apical cell divides and physically
separates outer from inner membranes. This raises a question about how such polarity
is established with so little geometric information. The apical cell is nearly isodiametric
and lacks physical contact with their surrounding except for the suspensor cell and
the embryo surrounding region (ESA) of the endosperm. The only cell autonomous
reference that could be uses as reference to distinguish center and periphery would
be the original plasmamembrane derived from the apical cell. It is possible that this
membrane is decorated by certain protein or lipid whose expression is restricted to
the egg cell, zygote, or apical cell. Conversely, it could be that only the “new” plasma
membrane is decorated by a factor expressed in the apical cell or its daughters. A
scenario involving membrane “age” would suffice to distinguish inner from outer
membrane in the 2-cell embryo, but would fail at later stages of embryogenesis when
not all cell divisions are parallel to the outside-inside axis. Thus, additional mechanisms
are likely necessary to specify or propagate polarity information. Strikingly, in addition
to the observed early establishment of inside-outside cell polarity in the embryo, it was
previously discovered that the first division of the apical cell is preferentially oriented
relative to the seed axis®. The preferential division orientation of the apical cell indicates
that the embryo can perceive its spatial information relative to the seed, suggesting
communication between the embryo and the rest of the seed, likely the ESA. Therefore,
another possible mechanism for central/peripheral polarity establishment in the early
embryo could involve interactions between the endosperm and the embryo, with a
signal from the endosperm serving as spatial reference for the embryo. This could
instruct both embryo-seed relative position and center-periphery identification. In
addition, the external signal can be blocked from the embryo proper as the embryo
proper becomes symplastically and apoplastically isolated from the rest of seeds
following the buildup of cuticle in the epidermal cells at early globular stage® . At
this developmental stage, at least epidermis and vascular/ground precursor cells are
already established and communication between such cells can serve as reference for
pattern and polarity in the embryo proper. Such interactions, for example involving
movement of the SHR and TMO7 protein and the miR166 RNA have been reported®
.29 and a mutation that blocks plasmodesmatal transport induces defects in tissue
patterning at the globular stage®. This scenario would ensure that the embryo proper
reaches sufficient complexity to sustain its own spatial reference for cell polarity
before shutting off external regulation. Communication between endosperm and
embryo proper cells has been shown to play a crucial role in epidermis formation and
regulates the expression of epidermis-specific genes in early embryos3" 32, In addition,
while cell proliferation of the embryo is not affected by toxin-mediated ablation of the
endosperm, abnormal cell division patterns in the embryo were reported®. It will be
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interesting to further investigate the actual mechanism of polarity establishment and
interpretation in embryos and its role in pattern formation during early embryogenesis,
and the ACE tools developed here now enable such questions to be addressed.

Besides the early establishment of polarity, we also observed peculiarities of nuclear
and vacuolar morphology in early embryos. These observations led to our assumption
that the nuclei remain stationary during the cell cycle and the asymmetric cell divisions
are achieved through precisely positioning the cell division plane independently
of nuclear position. In several cell types, asymmetric cell divisions are preceded by
nuclear migration towards the future cell division plane3*%*. In other cases, mitosis
and cytokinesis are restricted to an area followed by the asymmetric movement of
the phragmoplast to achieve volume subdivision and orientation of cell division. In
these cases, positioning of nuclei is more likely the result of prior cell division plane
determination®. We found that in early embryos, where division orientation is actively
controlled by an auxin-dependent mechanism¢, nuclei are themselves large, filling up
most of the cell volume. In addition, potential nuclear movement is further restricted
by their surrounding vacuoles. It is therefore unclear if and how the position of the
nucleus may help select a variant orientation following Besson-Dumais’ rule. These
are proposed to rely on tense cytoplasmic strands radiated from the nuclei to the
cell surface. However, when it comes to cytoskeleton organizations in early embryo,
both microtubule and actin in embryo proper cells seemed unorganized compared to
dividing cellsin other tissues and even in protoplast and developed embryos®*3&4° In the
8-cell stage, the isodiametric embryo makes each embryonic cell almost isometric in all
three axes making it impossible to conduct quantitative analysis of network topology.
This demonstrates the dire need for advanced microscopies, for example, lattice light-
sheet microscopy®, with isometric resolution in all axes and multiple angles for image
acquisition to allow precise 3D reconstruction. The precise spatial information for
microtubule and actin cytoskeletons is not only necessary to digitally segment cells
and separate cortical microtubule array from microtubules and actin in cytoplasmic
strands, but also necessary for quantitative analysis of the length, orientation, and
anisotropy or each cytoskeletal structures in the future with new software.

Despise the lack of means for quantitative analysis of cytoskeletal organization in
early embryos, in Chapter 5, we tested the contribution of cytoskeleton organization
to auxin-controlled division orientation. We found that the structure of mitotic and
cytokinetic microtubule assemblies seemed unaffected in embryos with suppressed
auxin responses. However, significant differences were found in the anisotropy of
global microtubule architecture, in the frequency of microtubule depolymerization
upon embryo extraction, and in the presence of peri-nuclear actin arches. Rather than
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using the mp mutant as a system for suppressed auxin response, a two-component
system was used to suppress auxin responses in embryos through misexpressing
auxin-insensitive Aux/IAA12, BODENLOS, driven by the RPS5A promoter>'. The first
fully penetrant morphological phenotype in mp mutant embryos is the altered cell
division in hypophysis at early globular stage. Here, two types of division orientation
can occur: radial and transverse anticlinal. In contrast, in pRPS5A>>bdl embryos, the
first clear morphological phenotype is the cell division between 8- and 16-cell stage
that is consistently shifted from the asymmetric periclinal division found in wild type
embryos to symmetric radial anticlinal division®. Interestingly, the “abnormal” cell
division pattern found in pRPS5A>>bdl embryos aligned precisely with the cell division
pattern of isodiametric cell clusters follow solely Besson-Dumais’ rule, and thus auxin
responses would be the only necessary input in the early embryos to defy Besson-
Dumais’ rule®. Given the intact mitotic and cytokinetic microtubule machinery in the
PRPS5A>>bd| embryos and combined with the stationary nuclei and how nuclei and
vacuoles are tightly restrained in the embryo cells, auxin responses are likely regulating
the oriented cell division via pre-mitotically determining the position of the cell
division plane rather than acting on specific component of the mitotic and cytokinetic
machineries. The altered microtubule and actin architectures found in pRPS5A>>bdl
embryos then suggest that auxin responses might regulate the cell division orientation
through altering the cytoskeleton. This could be affected by regulating stability, by
connecting cytoskeleton elements to specific faces of the embryo cell, by favoring
the number of cytoplasmic microtubules in the cytoplasmic strands connecting the
nuclei to particular cell faces, or by controlling the density of cortical microtubules on
particular faces. Interestingly, a recent study that compared transcriptomes of embryos
at globular stage between wild type and bd/ misexpression in lower vascular and
ground tissue cells' %2 showed significant down-regulation of microtubule associated
protein, IQDs*, and a regulator of actin dynamic regulator, ROP-GEF>* . This suggests
a plausible regulatory mechanism of cytoskeletal dynamics by auxin responses. In
addition, preliminary work based on the same transcriptome study had identified
several polar localized proteins in the embryo suggesting auxin responses may also be
involved in polarity establishment or its connection to the cytoskeleton (Yoshida et al.,
submitted). Through deploying other embryo specific markers of cellular components
of interest - for example polar localized proteins - described in Chapter 4, into the
PRPS5A>>bd| background, one should be able to address remaining questions about
the machineries and cellular processes regulated by auxin responses to determine cell
division pattern.
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Outlook

In this thesis, we described novel fluorescent protein-based reporters for auxin
signaling and cellular structures, along with the demonstration of the potential of
these toolkits to dissect developmental processes through the scope of cell biology.
However, the exact mechanism of auxin responses underlying regulated oriented cell
division remains elusive. With the toolkits and observation described in this thesis,
a comprehensive survey of cellular organizations from apical cell to early globular
embryo with various genetic background is now feasible and would provide a solid
foundation to specify the specific machinery regulated by auxin responses at given
developmental stages. In addition, another related and crucial question would be the
mechanism of how auxin responses position the division plane to determine the volume
ratio between the two daughter cells. Answering these two fundamental questions will
further broaden our understanding about how the body is set and executed during
embryogenesis.
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English Summary

summary

A fundamental question in developmental biology is how the complex cellular pat-
tern in multicellular organisms arises from a single cell. In land plants, the biosynthesis,
transport, and signaling of phytohormone auxin is essential for pattern formation in
embryogenesis. In Chapter 1, a brief introduction on plant embryogenesis, the roles
of auxin signaling in pattern formation in early embryo, cellular basis on oriented cell
division, and auxin-regulated oriented cell division during early embryogenesis are
described as the foundation of this thesis aimed to answer the domain and cellular
structures regulated by auxin that lead precise pattern formation during early embryo
development of Arabidopsis thaliana.

In Chapter 2, two novel fluorescent protein-based reporters for auxin perception
and response, respectively, were developed to overcome technical bottlenecks for dis-
secting auxin signaling in embryos. The novel reporters offer higher sensitivity and
responsiveness compared to existing tools. Our reporters revealed the gradients and
maxima of auxin perception and response that had been hypothesized, but not yet
detected. In addition, these new tools now offer a wider scope of application beyond
the embryo and are generic tools for the auxin biology research community.

In Chapter 3, the auxin reporters described in the previous chapter were improved
to overcome their limitations, and the first comprehensive auxin reporter that was able
to simultaneously visualize both auxin perception and response was characterized.
With this new auxin reporter, the differential auxin signaling capacity between differ-
ent cell types and differentiation states was demonstrated. In addition, the reporter for
auxin response described in the previous chapter was applied in mutant embryos with
a local auxin response defect, revealing its broad impact on auxin output.

In Chapter 4, a toolkit of fluorescent protein-based markers labeling specific cellular
structures was established. The structures included the plasma membrane, cytoskel-
etons, organelles, and the nucleus, structures excepted to participate in the oriented
cell divisions that shape the early embryo. Expression of the protein markers was opti-
mized for early Arabidopsis embryos, and topologies of subcellular structures were
mapped during cellular reorganization in early embryogenesis. In addition, a special-
ized imaging technique was developed to allow high-resolution 3-dimensional imaging
within the special embryo geometry. Combining the embryo-specific cellular structure
marker set and the optimized imaging approach, 3-dimentional imaging of cellular
structures in early embryos was achieved, and the dynamic organizations of organelles
and cytoskeletons along with the unexpected discovery of early establishment of cen-
tral/peripheral polarity in early embryos are described in this chapter.
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English Summary

In Chapter 5, part of the toolkit established in the previous chapter was applied to
embryos with inducible suppression on auxin response. Previously, it was shown that
suppression of auxin response leads to divisions that follow only the cellular geom-
etry, while auxin response allows cells to divide asymmetrically by deviating from this
mode. It was unclear if and how the cytoskeleton mediates this auxin output, which
was tested by visualizing the effect of auxin response on cytoskeleton organization.
Distinct effects on both actin and microtubule properties were identified, and this
provides an indication for further investigation into the biochemical and biomechani-
cal mechanisms of pattern formation.

In Chapter 6, the discoveries described in this thesis are placed in a broader con-
text and discussed along with the latest technological and scientific advances related
to the topic to offer future perspective in understanding the mechanisms underlying
pattern formation.
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PROPOSITIONS

1. Discrepancies in auxin perception and response patterns, as
revealed by combinatorial imaging tools, highlight intrinsic
differences in response capacity between cells, which need
to be considered when visualizing auxin activity.

(this thesis)

2. Radial organismal polarity is established at the earliest pos-
sible moment during Arabidopsis thaliana embryogenesis.

(this thesis)

3. With rapid advances in microscopy, computer vision
becomes the next limiting step in cellular life sciences.

4. Considering the complexity of living organisms, biologists
need to be a polymath rather than a specialist.

5. In scientific research, communication skills are more
important than laboratory techniques.

6. Inspiration, creativity and challenge are key drivers of
advances in human civilization and require more emphasis
in teaching and training curricula.

Propositions belonging to the thesis, entitled
“Cellular reorganization in auxin-dependent pattern formation
during early embryogenesis in Arabidopsis thaliana”

Che-Yang Liao
Wageningen, 17 December 2018



