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Summary

Summary

In Arabidopsis, the YDA pathway regulates stomata formation, inflorescence architecture
and zygote polarity. Although many upstream components of the YDA pathway during
stomata patterning have been revealed, upstream components of the embryonic YDA
pathway are still largely unknown. In addition, how the YDA signaling confers zygote
polarity is still elusive.

In the first project | was involved in, we found that BSK1/2 function upstream of the YDA
cascade in addition to SSP. The bsk1 bsk2 ssp triple mutant shows severe zygote polarity
defects, recapitulating the yda phenotype. It has been suggested that the intramolecular
interaction between the BSK kinase domain and TPR domain represses BSK activity. We
confirmed this repressive interaction within BSK1. Intriguingly, SSP lost this interaction,
which confers a constitutive activity. Further swapping experiments between BSK1 and
SSP indicate that the first and second TPR motifs of SSP are responsible for its
hyperactivity.

Since BSKs and MAPK signals function downstream of receptors, we then wondered
which receptor regulates the embryonic YDA pathway. | showed ER functions upstream
of YDA with a sporophytic maternal effect. The functional ER mRNAs/proteins in the
zygote are likely inherited pre-meiotically from the megaspore mother cell. The
sporophytic maternal effect was also observed for BSK1. Furthermore, | confirmed the
paternal regulator SSP can function in an ERf-independent manner. My results
demonstrate that independent parental signal inputs converge on YDA activation to
modulate zygote polarity, reminiscent of the parental conflict theory.

To detect whether other receptors can also activate YDA, we collaborated with Prof. Dr.
Michael Hothorn to design an approach for constitutive activation of SERK-dependent
LRR-RK pathways. We fused the BIR3 ectodomain with the kinase domain of several
LRR-RKs and confirmed their constitutive activity in the corresponding tissues. In
particular, when expressed in the epidermal meristemoid, oBIR3-IER blocked stomata
formation while oBIR3-IFLS2 had no apparent influence, suggesting the signal specificity
of BIR3 chimeras. Then | used this approach to screen the HAESA family receptors and

found that most receptors of this family can potentially activate YDA.



Summary

In yda-CA transgenic lines, long filamentous embryos are formed. However, what identity
these cells possess has not been studied. | designed a filamentous-embryo system to
study the suspensor-embryo transition. Twin embryos are frequently developed from the
early filamentous embryo. Then we proved that the early filamentous embryo has the
identity of early basal cells. In addition, the maximum auxin response is shifted from the
hypophysis to basal cells, which may directly contribute to the suspensor-embryo
transition.

We then investigate how the YDA signal confers zygote polarity. | showed that SSP is
polarly localized in the basal plasma membrane of the elongating zygote. Depolarized
localization of SSP leaded to a severe zygote polarity defect, indicating that its
asymmetric localization is potent for zygote polarity. As SSP interacts directly with YDA
and functions in an ERf-independent way, these results shed light on a polarized YDA
activity in the zygote.

These works collectively improved our understanding of the mechanism of zygote

polarization.
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Zusammenfassung

In der Blitenpflanze Arabidopsis thaliana werden viele Entwicklungsentscheidungen
durch einen MAP Kinase Signalweg kontrolliert, der die MAPKK Kinase YODA beinhaltet.
Unter Anderem werden Stomata-Bildung, die Architektur des Blutenstandes und die
Polaritat der Zygote reguliert. Wahrend im Kontext der Stomata-Entwicklung einige der
Komponenten der Signalkaskade oberhalb von YODA bekannt sind, gibt es im Kontext
der Embryogenese bisher kaum molekulare Daten Uber die Zusammensetzung dieses
Signalwegs. DarUber hinaus ist es momentan nicht klar, wie dieser Signalweg die
Polaritat der Zygote auf molekularer Ebene kontrolliert.

In einem ersten Projekt mit meiner Beteiligung konnten wir BSK1 und BSK2 als integrale
Bestandteile von YODA-abhéangigen Signalwegen identifizieren — membranstéandige
Mitglieder der Proteinfamilie der BRASSINOSTEROID SIGNALING KINASES. Im
Kontext der Embryogenese arbeiten BSK1 und BSK2 parallel zu BSK12 (SHORT
SUSPENSOR, SSP) bei der Polarisierung der Zygote. Es wurde beschrieben, dass BSK
Proteine durch eine Interaktion ihrer C-terminalen TPR Domane mit der zentralen Kinase-
Domane in ihrer Signalfunktion gehemmt und dadurch negativ reguliert werden. Das
BSK1 Paralog SSP scheint im Laufe der Evolution diese Protein-Interkation verloren zu
haben und weil3t daher die Eigenschaft auf, den YODA Signalweg konstitutiv zu
aktivieren. SSP wird ausschlief3lich in den Spermienzellen des Pollens exprimiert und tbt
daher einen paternalen Effekt auf die frihe Embryogenese aus. Funktionale Analysen
mit Proteinchimaren aus SSP und BSK1 konnten zeigen, dass die ersten beiden TPR
Einheiten fur die SSP-spezifische Funktion verantwortlich sind.

Da MAP Kinase Signalwege in der Regel durch membranstéandige Rezeptorkomplexe
aktiviert werden, suchten wir nach den Rezeptorkinase(n), die YODA im Embryo
aktivieren. Wir konnten dabei zeigen, dass die Rezeptorkinase ERECTA (ER) und in
deren Abwesenheit die paralogen ER-LIKE1 und ER-LIKE2 die Polarisierung der Zygote
kontrollieren. Die Funktion von ER ist dabei unter sporophytisch-maternaler Kontrolle.
Dies ist darauf zurtickzufiihren, dass ER pra-meiotisch von der Megasporen-Mutterzelle
vererbt wird. Weitere Komponenten des embryonalen YODA Signalwegs, darunter BSK1
und BSK2, werden in ihrer Funktion ebenfalls sporophytisch maternal kontrolliert. Dies
steht im Gegensatz zu SSP, das den embryonalen YODA Signalweg paternal kontrolliert.
Wir konnten zeigen, dass SSP dabei unabhangig von funktionalem ER funktioniert.
Zusammenfassend zeigen unsere Daten, dass unabhéangige Signalmolekiile beider
Eltern bei der Aktivierung von YODA zusammenkommen. Dieses Zusammenspiel von
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maternalen und paternalen Einfliissen auf die Embryonalentwicklung diskutieren wir im
Kontext der Parentalkonflikt-Theorie.

In einer Kollaboration mit dem Labor von Prof. Dr. Michael Hothorn untersuchten wir, ob
weitere Rezeptorkinasen YODA-abhangige Signalwege aktivieren kdnnen. Dazu
entwickelten wir eine Methode, konstitutiv-aktive Varianten der Rezeptorkinasen zu
erstellen. Dabei nutzten wir die Interaktion der extrazellularen Doméane von BIR3 mit
SERK Co-Rezeptoren in Abwesenheit von Liganden aus. Dabei zeigte sich, dass
Chimaren, die die extrazellulare Doméne von BIR3 und den intrazellularen Teil der zu
untersuchenden Rezeptorkinase tragen, nachgeschaltene Signalkaskaden in SERK-
abhéangigen Signalwegen mit unveranderter Spezifitat konstitutiv aktivieren.

Wir nutzten diesen Effekt, um Rezeptorkinasen der HAESA Familie zu untersuchen und
konnten dabei zeigen, dass die Mehrzahl dieser Rezeptorkinasen in der Lage ist, YODA
zu aktivieren.

Wenn YODA konstitutiv aktiviert wird, wir anstatt eines Embryos eine lange fadenférmige
Struktur gebildet. Welche Identitat die Zellen in diesem Gebilde annehmen, war bisher
unklar. Wir nutzten dieses System und aktivierten YODA voribergehend. Dabei
entwickeln sich aus der urspringlich fadenférmigen Struktur mehrere Embryonen, die
sich teilweise zu funktionalen Keimlingen in einem Samen entwickeln kdnnen. Analysen
mit Reportergenen legen nahe, dass die Zellen der fadenférmigen Struktur die gleiche
Identitat aufweisen wie die basale Tochterzelle der asymmetrischen Zygotenteilung. Da
nach wie vor unklar war, welche Rolle die Aktivierung von YODA in der Zygote bei der
Polarisierung dieser Zelle spielt, untersuchten wir verschiedene transgene Linien, die
YODA durch Eizell-spezifische Expression von SSP aktivieren. Dabei stellten wir fest,
dass bei mittlerer bis starker Expression von SSP, das SSP Protein sich weiterhin am
basalen Ende der Zygote befindet und zu einem Phanotyp fiihrt, der an konstitutiv-aktives
YODA erinnert. Bei sehr starker Expression von SSP jedoch befindet sich das SSP
Protein an der gesamten Zygoten Plasmamembran wieder. Diese nicht-polare
Lokalisierung des SSP Proteins fuhrt zu einem Phéanotyp, der an die loss-of-function yda
Mutante erinnert, obwohl bei starker Expression von SSP eine starke Aktivierung von
YODA zu erwarten ware. Diese Ergebnisse deuten darauf hin, dass die einseitige
Aktivierung von YODA bei der Polarisierung der Zygote wichtig ist.
Zusammengenommen haben uns die Ergebnisse dieser Projekte deutlichen Einblick in
den Mechanismus der Zygotenpolarisierung gegeben und unser Verstandnis der frihen
Musterbildung in der Pflanzenentwicklung erweitert.

10
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Introduction

1 Embryogenesis

1.1 Plant embryogenesis

Embryogenesis is the fundamental step to establish body structures in multicellular
organisms. Angiosperm embryogenesis initiates from a horizontal division of the zygote.
In many angiosperm species, the zygote divides asymmetrically to generate an apical-
basal axis . The apical and basal daughter cells then differentiate and form an embryo
containing an embryo proper and a suspensor. The suspensor is a plant-specific structure

to connect the embryo with the mother tissue (Figure 1A) 4. It is considered to

A Spathoglottis plicata ) Lathyrus
(large purple Cymbidium bicolor ~ Tropaeolum majus angustifolia
Zea mays orchid) (two-colored (gardern nasturtium) (legume family)
(maize) cymbidium) EFy
A, \3 Acacia retinodes
’ ’ .l‘ (swamp wattle)
\
) B
~, <1 !, i?
J € "ﬁ‘ =

Cicer arietinum

(chickpea) Lupinus luteus

(yellow lupin)

Cytisus R
laburnum

(golden chain)

Glycine max
(soybean)

Dicotyledons

Figure 1. Diversity of the suspensor in angiosperm species 2 31,

(A) The suspensor (yellow) and the embryo proper (green) of monocots and dicots (12, modified). (B) Origin
of embryonic structures Bl. (a) The first cell division generates an apical (green) and basal (blue) daughter
cells. (b) Descendants (light green) of the apical cell in Sagina procumbens contribute to the suspensor. (c)
Cells (light blue) derived from the basal cell incorporate into the embryo proper in Geum urbanum. (d) The
uppermost basal cell (light blue) contributes to the embryo proper in Brassicaceae. Brackets indicate the
embryo proper.

hold the embryo proper and promote its development through the delivery of nutrition and
phytohormones [?. In many species, the basal daughter cell does not solely contribute to
the suspensor: several of its descendant cells also contribute to the embryo proper
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(Figure 1B). In contrast, in some species several apical descendant cells can incorporate
with basal cells to form the suspensor. During seed maturation, most cells of the
suspensor is eventually degraded [? 4. Despite their conserved function and destiny,
suspensor structures are quite diverse among angiosperms (Figure 1A) 2. In many
species, because of irregular embryonic configuration, embryogenesis is hard to follow
and the boundary between the suspensor and the embryo proper is difficult to discern [*-
4. In comparison, Brassicaceae follows a stereotypical developmental process during
embryogenesis, providing a remarkable model to study the molecular regulations of plant

embryogenesis [,

Current Opinion in Plant Biology

Figure 2. Embryogenesis in Arabidopsis [l

(A) Development of the Arabidopsis embryo. After fertilization, the zygote elongates and then divides into
two daughter cells with different sizes. The apical daughter cell (green) then forms a spherical embryo
proper (the upper tier (light green) and lower tier (dark green)) which develops into the aboveground part
of a seedling. The basal daughter cell (blue) divides into the mostly extra-embryonic filamentous suspensor
(dark blue) except the uppermost cell that will contribute to the formation of the hypophysis (light blue).
Hypophysis eventually forms the underground root meristem. (B) The asymmetric zygote division. The egg
cell contains a large vacuole (white) at the basal pole and a small nucleus at the apex (dark blue). After
fertilization, cell polarity is temporarily lost in the very early zygote, reflected by the movement of the nucleus
from the top to the middle and the fragmentation of the large vacuole. During cell elongation, the zygote
repolarizes and divides asymmetrically. A large vacuole is reformed at the basal pole of the elongating
zygote.

1.2 Arabidopsis embryogenesis
Arabidopsis embryogenesis is well described compared with other Brassicaceae species

(Figure 2A) 3571, During Arabidopsis embryogenesis, the zygote first shrinks and then
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elongates approximately three times in a tip-grown manner. It then divides asymmetrically,
giving birth to a small apical cell and a large basal cell. The apical daughter cell undergoes
two longitudinal divisions followed by a transverse division, forming an 8-cell proembryo.
These cells then undergo an oblique division to generate a 16-cell dermatogen embryo,
of which the outer layer finally differentiates into the epidermis while the inner cells
develop into the endodermis, the shoot apical meristem (SAM), the hypocotyl and the
vasculature. In comparison to the diverse cell divisions and differentiations of the apical-
cell lineage, the basal daughter cell only divides horizontally to form the suspensor
containing ultimately a file of 6 to 8 cells. The uppermost suspensor cell will contribute to
the formation of hypophysis, the precursor of the root meristem. The other suspensor

cells will eventually undergo programed cell death (PCD).

1.3 Zygote polarization

In angiosperms, after fertilization the dicot zygote elongates whereas the monocot zygote
does not show apparent elongation. However, both monocot and dicot zygotes undergo
an asymmetric cell division (ACD) to generate two daughter cells with distinct destinies,
indicating that angiosperm zygotes are polarized 2 &, The mechanism of zygote polarity
establishment, however, is still elusive.

Some understanding of zygote polarization has been achieved in the model plant
Arabidopsis. The Arabidopsis egg cell harbors a large vacuole at the bottom and a small
nucleus at the apex (Figure 2B), and microtubules and actin filaments (F-actins) are
oriented mainly in the vertical direction [ 19, After fertilization, the zygote is temporarily
depolarized. The nucleus moves to the middle and the large vacuole is shattered into
evenly distributed small vacuoles. Microtubules and F-actins seem to be oriented
randomly at this stage [ 19, Zygote polarity is acquired during cell elongation. The zygote
nucleus moves to the apical region and a large vacuole is reformed at the basal pole
(Figure 2B). The microtubules and F-actins are rearranged. In the zygote apex,
microtubules form a transverse ring and F-actins form an apical cap Pl.

The influence of the cytoskeleton and the vacuole on zygote development was only
recently revealed. The microtubule polymerization inhibitor oryzalin can suppress zygote

elongation, whereas the actin polymerization inhibitor latrunculin B (LatB) has no obvious
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effect on zygote elongation. However, the polar migration of the zygote nucleus is
inhibited by LatB, resulting in a symmetric division of the zygote °l. These results indicate
that microtubules affect zygote elongation while F-actins affect zygote division. Moreover,
vacuole distribution also influences zygote polarity. Shoot Gravitropism 2 (SGR2) is a
phospholipase Al-like protein localized on the vacuolar membrane. In the sgr2-1 loss-of-
function mutant, polarized vacuole distribution in the elongating zygote is blocked. Large
vacuoles are localized both in the apical and basal parts of the zygote. While the zygote
seems to elongate normally, it divides more symmetrically. Furthermore, F-actin cables
are associated with tubular vacuoles in wild type but not in sgr2-1. LatB does not affect
vacuolar distribution in the sgr2-1 zygote, implying that F-actins regulate the zygote

polarity by modulating the polarized vacuolar distribution [0,

2 The YDA signaling pathway

2.1 The MAPK cascade

The Mitogen-activated protein kinase (MAPK) phosphorylation cascade is composed of
a MAPK kinase kinase (MKKK), a MAPK kinase (MKK) and a MAPK. In plants, the MAPK
cascades play versatile roles in plant growth, development, immune response and abiotic
resistance [1-14 Arabidopsis has 20 MAPKs, 10 MAPKKs and approximately 60
MAPKKKs 112151, The MKKK3/5-MKK4/5-MPK3/6 and MEKK1-MKK1/2-MPK4 cascades
positively and negatively regulate the flg22-induced immune response, respectively (1. 13.
141, Zygote polarity, inflorescence architecture and stomata pattering are controlled by the
YODA (YDA, MKKK4)-MKK4/5/-MPK3/6 cascade [ 1619 Moreover, MKK4/5 and
MPK3/6 modulate the floral abscission and the lateral root emergency with an unknown
MKKK in Arabidopsis 29 The MAPK cascades also play pivotal functions in other species
(14, 21-23] |n particular, a MAPK cascade is reported to regulate the expansion of

phragmoplast microtubules during cytokinesis in tobacco and Arabidopsis 22,

2.2 The YDA signaling pathway during stomata development

Stomata are microscopic structures in plant epidermis for gas exchange between plants
and the environment. They consist of a pair of guard cells that flank a central pore 24 251,
In many plant species, the stomata development initiates from an ACD of the meristemoid
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mother cell (MMC) 23], In Arabidopsis, the small daughter cell serves as a meristemoid
that can either develop into a guard mother cell (GMC) or undergo several rounds of

ACDs before entering differentiation (Figure 3A). The large daughter cell, named the
A

wild type yda-CA

Figure 3. Stomata development in Arabidopsis.

(A) Development of guard cells. The MMC divides asymmetrically to generate a small meristemoid
(magenta) and a SLGC (light blue). The meristemoid can either differentiate into two guard cells (yellow) or
undergo another ACD to generate a new meristemoid and another SLGC. The SLGC can either form a
pavement cell or divide asymmetrically to form another SLGC and a new meristemoid. (B) The epidermal
phenotypes of the yda-CA lines and the yda mutants.

stomata lineage ground cell (SLGC), will either differentiate into a pavement cell or divide
asymmetrically again to generate another meristemoid. In contrast, the stomatal lineage

is less flexible in grasses. Their MMC only experiences a single ACD to form a GMC and
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a large sister cell that becomes a pavement cell. The flanking neighboring cells at both
sides of the GMC, called the subsidiary mother cells (SMCs), undergo an ACD to yield
two subsidiary cells that facilitate the function of guard cells 251,

The distribution of stomata in leaf epidermis is always discrete. Stomata are usually
separated by pavement cells so that they are not adjacent to each other, according to the
so called the one-cell spacing rule (Figure 3) 26, The yda, mkp3+*- mpk6 loss-of-function
mutants and the mkk4/mkk5 amiRNA lines show clustered stomata while expressing a
constitutively active version of YDA (yda-CA) can severely block stomata formation
(Figure 3B). These results demonstrate that the YDA signaling inhibits stomata
generation in Arabidopsis 18 27, In addition, YDA also inhibits stomata formation in
Brachypodium, indicating conserved function of YDA in both monocots and dicots [?8],
Leucine-Rich Repeat Receptor Kinases (LRR-RKSs) / Leucine-Rich Repeat Receptor-like
Kinases (LRR-RLKs) contain an extracellular leucine-rich repeat domain, a
transmembrane part and an intracellular kinase domain. There are more than 200 LRR-
RKs or LRR-RLKs in Arabidopsis [?°. The ERECTA family (ERf) LRR-RKs is composed
of ERECTA (ER), ERECTA-like 1 (ERL1) and ERL2. This family plays versatile functions
during plant vegetative and reproductive development, including stomata patterning, leaf
initiation and development of the vasculature, SAM, reproductive organs and cotyledons
[30-37]  Similar to yda, the er erll erl2 mutant shows severe clustered stomata 2, Its
stomatal defect can be rescued by introducing yda-CA, indicating that ERf functions
upstream of YDA during stomata patterning (Figure 4) 31,

TOO MANY MOUTHS (TMM) is a receptor-like protein lacking the intracellular domain. It
interacts with ERf to create a binding pocket for perceiving Epidermal Pattern Factor 1/2
(EPF1/2) in leaf epidermis 13840, EPF-like 9 (EPFL9)/STOMAGEN negatively regulates
the ERf signal by competing with EPF1/2 for binding to ERf [32, Intriguingly, while the tmm
loss-of-function mutant has clustered stomata in leaf epidermis, no stomata is formed in
its stem epidermis [38 41 Recent protein structure evidence indicates that TMM
suppresses the binding of EPFL4/6 to ERf 49, EPFL4/6 are expressed in endodermal
cells. Itis proposed that once TMM is abolished, EPFL4/6 secreted from stem endodermis
activate ERf in stem epidermis to inhibit stomata formation [32 42, The activation of EPF

signals also requires the interaction between ERfand the Somatic Embryogenesis
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Receptor Kinases (SERKs) upon EPF binding. The ERf-SERK interaction will trans-
activate each other for signal transduction 3, SERKs also belong to LRR-RKSs. In addition
to serving as co-receptors for ERf, they are also co-receptors of many other LRR-RKs,
such as HAE/HSL2, HSL1, FLS2 and BRI1 [#4-47],

A EPF1/2 STOMAGEN B c
o QEPFL4/6 0°?
SERKs
Plasma 1 |1
Membrane
~~:::;:::\ BSK? l BSK1/3 l BSK? l SSP
? )
S o YDA )
MKK4/5) \ 1 MKK4/5) w
1 l- ! WRKY!
i HDG11/12
(_SCRM )SPCH ) - ?
Nucleus l \—) \)\ WOX8

Figure 4. The YDA pathway in Arabidopsis.

(A) During stomata patterning, the ERECTA family receptors ER/ERL1/ERLZ2 interact with TMM and SERKs
to perceive EPF1/2. STOMAGEN/EPFL9 competes with EFP1/2 for binding with ERf and inhibits the ERf
signaling. The YDA cascade regulates stomata patterning by phosphorylating and inhibiting the
transcription factors SPCH and SCRM. Moreover, the BR signaling pathway affects stomata pattern through
BIN2 phosphorylation and inhibition of YDA and SPCH. In addition, CLE9/10 bind with HSL1 and SERKs
to modulate stomata patterning, probably through activating the YDA cascade. (B) During inflorescence
development, ERECTA family receptors interact with SERKs upon binding of EPFL4/6, activating the YDA
cascade to control the SAM size. The downstream transcription factors are unknown. (C) SSP (BSK12)
functions upstream of the YDA cascade to regulate zygote polarity. MPK3/6 phosphorylates the
transcription factor WRKY2, which then activates the expression of WOX8. The transcription factors HDG
11/12 also promote WOX8 expression. The upstream receptor was unknown. Whether other BSKs also
function upstream of YDA was also unrevealed.

The BR-signaling kinases (BSKs) are membrane-anchored proteins functioning
downstream of LRR-RKs. According to their structure and kinase activity, BSKs are

considered pseudokinases 8. In Arabidopsis, this protein family contains 12 members:
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BSK1-BSK12. BSK1/3/5/6/7/8/11 can be phosphorylated by BRASSINOSTEROID
INSENSITIVE 1 (BRI1) in BR signaling % 50, BRI1 activates BSK1 by phosphorylating
its Ser-230 site 9. Additionally, FLAGELLIN-SENSITIVE 2 (FLS2) interacts with BSK1
to regulate the innate immune response P, It was unknown Whether BSKs function
downstream of ERf and other LRR-RKSs.

SPEECHLESS (SPCH), MUTE and FAMA are the basic helix-loop-helix (bHLH)
transcription factors that modulate three consecutive steps during stomata formation:
initiation, meristemoid differentiation and guard cell morphogenesis 2. SCREAM (SCRM)
and SCRM2 are paralogous proteins in the bHLH family. They directly interact with SPCH,
MUTE and FAMA, and specify their sequential actions 3. The activity of SPCH is
suppressed by MPK3/6 through direct phosphorylation [17]. Recent evidences indicate that
SCRM functions as a scaffold to recruit MPK3/6 to SPCH. MPKG6 directly binds to the
SCRM bipartite motif, phosphorylating SCRM and activating its degradation 4. In
addition, SPCH directly binds the promoter of EPF2 and TMM to activate their expression,
thereby forming a negative feedback loop to fine-tune the stomata patterning . The
functions of SPCH, MUTE and FAMA during stomata formation seem to be conserved in
tomato and grasses [2> 561, Moreover, the BR signaling pathway affects stomata pattern
through the phosphorylation and inhibition of YDA and SPCH by the Glycogen Synthase
Kinase 3 (GSK3) kinase BIN2 [57],

2.3 The YDA signaling pathway during inflorescence development

The YDA pathway also regulates inflorescence architecture in Arabidopsis (Figure 4).
Compact flowers are observed in yda, mkp3*- mpk6 and the mkk4/mkk5 amiRNA lines
while expressing yda-CA or constitutively active MKK4/MKKS5 increases the pedicel
length 118311 Suppressing the function of ERf and SERKSs also cause compact flowers 8%
43l In er erll erl2, the SAM size expands strikingly. ERFL1/2/4/6 expressed in the
boundary of the SAM are suggested to activate ERf in the SAM region 35 58, ERf also
regulates inflorescence architecture in tomato, suggesting that the function of ERf
receptors might be conserved 59, It is worth mentioning that expressing yda-CA only

weakly rescues the inflorescence architecture of er erll erl2 and partially rescues the
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pedicel length of the er single mutant, suggesting that other MKKKs might also function
downstream of ERf during inflorescence development [18 311,

The WUSCHEL-CLAVATA3 (WUS-CLV3) negative feedback loop is well known to
regulate SAM homeostasis. WUS is expressed in the organizing center. It activates CLV3
expression in the SAM which in turn suppresses WUS expression 9, In er erll erl2, the
expression domain of WUS and CLV3 is exaggerated 1. 61. 62 |nterestingly, while SAM
development and CLV3 expression are entirely blocked in the wus loss-of-function mutant,
CLV3 expression of the L1 layer and the SAM size are restored in the wus er erll erl2
mutant. This result suggests that the CLV3 expression of the L1 layer is regulated by ERf
in a WUS-independent way 2, How the YDA pathway regulates inflorescence
architecture and the SAM size is still ambiguous. As WUS and CLV3 expressions are
affected in er erll erl2, whether the YDA pathway directly regulates WUS and CLV3

expressions needs to be investigated.

2.4 The YDA signaling pathway during embryogenesis

The YDA cascade plays an indispensable role during embryogenesis in Arabidopsis
(Figure 4). The zygote loses polarity and divides symmetrically when the function of the
YDA-MKK4/5-MPK3/6 cascade is blocked. Then the basal daughter cell adopts an
embryo-like development, leading to an embryo without a suspensor 1% 27.63_|n contrast,
in yda-CA the first division becomes more asymmetric and a filamentous embryo without
an embryo proper is formed, resulting in embryonic lethality 3. Thus, the YDA cascade
promotes zygote polarity and suspensor differentiation while inhibiting proembryo identity.
YDA regulates embryogenesis with a zygotic effect (63, MKK4/5 and MPK3/6, however,
modulate this process with a combination of zygotic effect and maternal effect 1191,
SHORT SUSPENSOR (SSP) functions upstream of the YDA cascade to modulate
embryogenesis with a paternal effect 64 65, It is presumed that functional SSP transcripts
in the zygote are delivered from the sperm cell 4. The embryonic phenotype of the ssp
loss-of-function mutant is weaker than yda, suggesting there are other signal inputs for
YDA activation. SSP (BSK12) belongs to the BSK family. Whether other BSKs function
upstream of the embryonic YDA pathway was unreported. Embryo Surrounding Factor 1

(ESF1) is expressed in the endosperm and secreted to the embryo to affect suspensor
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development. This small protein is suggested to function upstream of SSP (661, The WRKY
transcription factors are a large family in plants that recognize the W box motif of DNA.
There are up to 100 WRKY proteins in Arabidopsis. The name WRKY is defined by the
conserved N-terminal WRKYGQK sequence within a conserved 60 amino acid region
called the WRKY domain 71, During embryogenesis, WRKY2 is expressed in the zygote,
the basal daughter cell and the suspensor (Figure 5). The wrky2 loss-of-function mutant
exhibits reduced zygote elongation and more symmetric zygote division, recapitulating
the yda phonotypes. WRKY2 can be phosphorylated by MPK3/6, which then enforces the
expression of the WUSCHEL-RELATED HOMEOBOX (WOX) transcription factor WOX8

(Figure 4) [68. 691,
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Figure 5. The apical-basal patterning and auxin response during early embryogenesis in Arabidopsis [79,
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(a) Expression patterns of WRKY2 and WOX genes. (b) Auxin signaling and hypophysis specification.

WOX8 has a similar expression pattern to WRKY2 during embryogenesis (Figure 5). It
regulates development of the whole embryo together with WOX9 "1, WOXJ9 initially has
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an overlapping expression pattern with WOX8. Then it is expressed in the lower tier of
the proembryo and the upper tier of the suspensor (Figure 5). Interestingly, while the
embryonic development is significantly deregulated in the wox8 wox9 mutant, the initial
zygote division seems unaffected. WOX2 is expressed in the zygote, the apical daughter
cell and the proembryo (Figure 5). Its expression is blocked in wox8 wox9. When WOX2
driven by the WOX9 promoter was introduced into wox8 wox9, a prominent zygote
polarity defect was observed while the apical cell fate was restored, suggesting a
coordination between WOX8/9 and WOX2 in controlling zygote polarity and cell fates [,
Despite the obvious phenotype, the zygote polarity defect of wrky2 is still weaker than
that of yda and mpk3 mpk6, suggesting the direct involvement of other transcription
factors downstream of the YDA cascade. In addition, WOX8 expression is regulated by
the HOMEODOMAIN GLABROUS (HDG) transcription factors HDG11/12 which show a
maternal effect on zygote polarization (Figure 4)°. Whether HDG11/12 function
downstream of MPK3/6, however, has not been deciphered by far. GROUNDED (GRD)
is a RWP-RK transcription factor broadly expressed during early embryogenesis.
Although Genetic evidence suggests that GRD functions downstream of YDA, GRD is not
a direct target of MPK3/6 2. How GRD affects zygote polarity and whether it regulates
the expression of WOX genes are remain ambiguous.

3 Auxin signal during early embryogenesis

Auxin signal plays a fundamental role in embryogenesis [/%, PIN-FORMED (PIN) proteins
are auxin efflux carriers anchored in the plasma membrane. After zygote division, PIN7
is localized in the basal-cell plasma membrane adjacent to the apical cell for auxin
transport (Figure 5). The apical cell shows an auxin response while the auxin response
is compromised in the basal cell [’3l. PIN1 is expressed in the proembryo and is
responsible for the auxin transport to the putative hypophysis. From the 16/32-cell stage
onward, PIN7 is reversely localized in suspensor cells, presumably mediating the auxin
transport to the suspensor. Strong auxin response then takes place in the hypophysis,
the precursor of root meristem. Later, it also occurs in cotyledon primordium tips and the

developing vasculature [70 73-75],
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The auxin response is mediated by Aux/IAAs and Auxin Response Factors (ARFS).
MONOPTEROS (MP)/ARF5 and its inhibitor BODENLOS (BDL)/IAA12 are expressed in
the apical cell lineage. When the apical auxin response is suppressed either by directly
stabilizing BDL to inhibit ARF activities or by knocking out PINs to retard auxin influx, the
apical daughter cell divides horizontally. Then an abnormal embryo proper is formed,
indicating importance of the auxin response in determining the apical cell identity and the
proembryo formation [3 74, Recent data suggest that auxin transported from surrounding
maternal tissue facilitates the auxin response in the apical cell 781, Auxin signal also
controls the ACD from the 8-cell embryo to the 16-cell embryo where the outer-layer
protoderm is generated. In addition, auxin signal is also essential for hypophysis initiation
and its ACD. The mp loss-of-function mutant and the stabilized bdl mutant fail to specify
the hypophysis [’ 771, probably because of reduced PIN1 expression in the proembryo
that impedes auxin transport to the hypophysis 78, According to 3D imaging, auxin affects
embryonic cell divisions and differentiations by overriding the “shortest wall” rule which is
usually complied in symmetric cell divisions [, Furthermore, embryo-like proliferations
are observed when the auxin response is suppressed in the suspensor, suggesting that
the auxin response inhibits embryonic transition of suspensor cells 8%,

In yda-CA, the apical daughter cell divides horizontally, reminiscent of the suppressed
auxin response 63 731, However, it is still elusive whether auxin signal modulates zygote

polarity and whether the embryonic auxin response is blocked in yda-CA.

4 Gene expression states during reproduction

In animals and plants, the egg cell is much larger than the sperm cell, thus providing more
proteins and RNAs for initiation of embryogenesis. Transcriptional activation of zygote
genome then conducts development. In animals, the maternal-to-zygotic transition (MZT)
undergoes two steps: (i) the elimination of maternal transcripts and (ii) the activation of
de novo zygotic transcription B, In flowering plants, conflicting descriptions about timing
of the MZT and degree of parental contribution to early embryogenesis have been
reported 18288 Recent evidences from manually isolated single cells illuminate that the

progressive MZT in flowering plants is similar to the animal MZT [89. 90,
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During the MZT and embryogenesis of flowering plants, many genes show parent-of-
origin expression (binary imprinting) (-9l Paternally expressed genes (PEGs) and
maternally expressed genes (MEGS) have been shown to play pivotal roles in nutrition
transfer, endosperm proliferation, embryogenesis and the control of seed size 2. For
instance, the PEGs BABY BOOM (BBM) control the initiation of embryogenesis in rice [,
the auxin biosynthesis enzymes YUCCA 10 (YUC10) and TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSIS 1 (TAAl) are paternally imprinted for
endosperm proliferation in Arabidopsis [®4. During Arabidopsis embryogenesis, parental
genomes contribute equally to the transcriptomes of both the apical-cell lineage and the
basal-cell lineage. Intriguingly, more PEGs and MEGs are detected in the suspensor than
in the embryo proper 193],

Genomic imprinting is conferred mainly by DNA methylation and histone methylation.
While some epigenetic regulators have been extensively studied such as the FIS-PRC2
complex, the DEMETER (DME) glycosylase and the DNA METHYLTRANSFERASE 1
(METL), it is still largely unknown how genomic imprinting is established in plants 2,
Notably, some imprinting regulators are themselves imprinted, such as MEDEA (MEA)
and FERTILISATION INDEPENDENT SEED 2 (FIS2) [°6-98] Besides binary imprinting,
abundant genes have differential expression levels of parental alleles, which is called

parental biased expression or differential imprinting.

5 Polarized protein localization during cell polarization

In many animal species, the sperm entry site can function as positional cue [99 100
Similarly, the sperm entry site in the brown alga Fucus can also function as positional cue
in the absence of other polarizing cues 194, In contrast to animals and algae, the egg cell
of flowering plants is embedded in ovule tissues, and their zygote polarity is always set
up along a putative apical-basal axis. The sperm entry side, therefore, seems not to affect
zygote polarity. Consistently, in vitro experiments with rice gametes argue against the
correlation between sperm entry side and zygote polarity (1021,

Although the YDA pathway has been described for more than 10 years, it remains unclear
how elongating zygote is polarized by this pathway. Similar to the Arabidopsis zygote,

some cell types adopt a tip-grown manner, such as the root hair and the germinated pollen
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[9. 101 Many cell types also divide asymmetrically to generate daughter cells with different
sizes, shapes or identities, such as the MMC mentioned above, the lateral root founder
cell, root meristem cells, the hypophysis, the procambium and the monocot SMC [193],
Collective evidence suggests that polarized protein localization contributes prominently
to cell polarity.

PAN1 is a LRR-RLK in maize lacking kinase activity. It is localized in the SMC at the
conjunction sites to the GMC. Loss of PAN1 causes formation of abnormal subsidiary
cells as a result of loss of SMC polarity 194, Polarized localization of PAN1 requires PAN2
which is also a LRR-RLK and has a similar localization to PAN1 %I, |n addition, the
polarized accumulation of PAN receptors is regulated by the SCAR/WAVE complex [196],
It is suggested that ligands secreted from the GMC may activate PAN receptors in the
SMC. GOLVEN 6 (GLV6) and GLV10 are CLAVATA3/Embryo Surrounding Region-
Related (CLE)-like peptides regulating lateral root initiation in Arabidopsis. After the first
ACD of lateral root founder cells, GLV6/10 peptides inhibit a second ACD of flanking cells
through RGF1 INSENSITIVE (RGI) receptors and MPK®6. In addition, the overexpression
of GLV6 results in a symmetric division of pericycle cells, suggesting that the GLV
gradient is important for the first ACD 1971, SOSEKI proteins are ancient polar proteins
across the plant kingdom, and their polar accumulation sheds light on global polarity cues
in Arabidopsis [108: 109],

Rho of Plants (ROP) are plant-specific small G proteins that switch between an inactive
GDP-binding version and an active GTP-binding version [110. 111 |n maize, ROP2/9 are
required for normal subsidiary cell formation. ROP2/9 show similar localization to PAN1
and their polarized accumulation necessitates PAN1 112, In Arabidopsis, ROPs show
polarized accumulation in the formation side of future root hairs, and in the tips of both
growing root hairs and elongating pollen tubes. They control cell elongation through
interacting with Receptor-like Protein Kinase 2 (RPK2) in pollen tubes or with FERONIA
(FER) in root hairs 119111 |n addition, ROP2 and ROP6 are polarly localized at pavement
cell plasma membrane to modulate pavement cell interdigitation M. During root
development, ROP3 regulates the polarized localization of PIN1 and PIN3 but not PIN2
(113] Furthermore, ROP3 also modulates zygote polarity and hypophysis development 1131,

Arabidopsis zygote also adopts a tip-grown manner, resembling the root hair and the
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pollen tube. Whether ROP3 is polarly localized in the tip of the elongating zygote has not
been unfolded yet. Since ROP3 affects PIN localization, it is tempting to investigate
whether the auxin response also affects zygote polarity.

During stomata development, BASL is localized in the nucleus and on the edge distal to
the putative division plane in the MMC. BASL interacts with YDA and polarizes its
localization to the same edge. After the activation of the YDA cascade, MPK6
phosphorylates BASL, which is important for the polarized localization of BASL. Thus, a
positive feedback loop is formed to affect SPCH abundance in the two daughter cells of
the MMC, generating a SLGC and a meristemoid 53, Furthermore, BASL is required for
the polarized localization of POLAR in stomatal cell lineages which serves as a scaffold
for the polarization of BIN2 and ATSK12 [154 155],

6 The HAESA family receptors

Plant LRR-RKs are divided into 15 subfamilies based on the kinase domain phylogeny.
LRR-RK Xl subfamily contains 27 members, including the HAESA subgroup that consists
of 8 proteins: HAESA (HAE), HAESA-like 1 (HSL1), HSL2, HSL3, Receptor-like kinase 7
(RLK7), HAIKUZ2 (IKU2), C-TERMINALLY ENCODED PEPTIDE RECEPTOR 1 (CEPR1)
and CEPR2 (Figure 6) [2°: 114, According to the phylogeny of LRR-RK Xl in vascular plants
and bryophytes, HAE and IKU2 are likely novel genes resulted from gene duplication

events in the eudicot lineage 1151,

CEPR1
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Figure 6. The phylogeny of the HAESA subgroup of the LRR-RK XI subfamily in Arabidopsis.

Based on the protein sequence, the tree is constructed using the Neighboring Joining method with 1000
bootstrap replicates. The protein distance measure method is Jukes-Cantor. GASSHO1 (GSO1), another
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LRR-RK Xl receptor, is used as the outgroup. Bootstrap values are shown as percentage at branch points.
Scale bar represents 0.1 nucleotide substitutions per site.

HAE/HSL2 are expressed in the abscission zone and the lateral root. By perceiving IDA,
HAE/HSL2 function redundantly to regulate floral organ abscission and lateral root
emergence which also involve MKK4/5 and MPK3/6 145 116.1171 HS| 1 recognizes CLE9/10
to mediate stomata development [“6], HSL3 represses stomatal closure through mediating
the H20:2 level in guard cells [118, [KU2 is expressed in early endosperms and regulates
endosperm cellularization and seed size. Interestingly, iku2 loss-of-function mutants also
show slightly delayed embryogenesis 119, RLK7 is expressed in vegetative tissues, in the
micropylar region of the ovule, and in embryos from the globular stage onward. It
regulates seed germination speed and the tolerance to oxidative stress (29, |n addition,
it enhances immune response by perceiving PAMP-Induced Peptide 1 (PIP1) [120. 121],
Furthermore, a recent research indicates RLK7 binds PIP-Like 3 (PIPL3) to regulate the
spacing of lateral root funder cells by suppressing the new funder cell initiation near a
specified one 122, CEPR1/2 control lateral root development upon interacting with the C-

terminally encoded peptides (CEPs) 1123,
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Aim of the thesis

While the YDA signaling pathway in stomata patterning has been explicitly investigated,
the embryonic YDA signaling pathway is still poorly understood. Dissecting how the YDA
signaling pathway establishes zygote polarity is an interesting topic. Many important
components of this pathway are still missing and whether the YDA signaling itself is
polarized temporally or spatially in the zygote has not been reported. This thesis aims to
enhance our understanding on the embryonic YDA pathway by focusing on the following
aims:

1. Although the ssp loss-of-function mutant shows obvious defects in zygote polarity and
embryonic development, the embryo phenotype is not as severe as that of the yda loss-
of-function mutant, suggesting that other signal inputs may also stimulate the embryonic
YDA pathway. SSP belongs to the BSK family which consists of 12 members in
Arabidopsis. Thus, our first aim was to investigate whether other BSKs also modulate the
embryonic YDA pathway.

2. While EPF1/2 and ERf function upstream of YDA during stomata patterning, the
upstream receptor signal of the embryonic YDA pathway remains unrevealed. my aim
was to determine which receptors function upstream of YDA to regulate zygote polarity.
In addition, | aimed to identify LRR-RKs that may activate the YDA cascade in other
tissues.

3. In yda-CA transgenic lines, long filamentous embryos are formed, indicating that the
YDA pathway inhibits embryonic identity. However, what identity these cells possess in
these filaments has not been studied. The filamentous embryos are also observed when
auxin response is compromised, possibly linking the YDA signal with auxin response. My
third aim was to illuminate the altered cell identities upon YDA activation and the auxin
response state in these cells.

4. The YDA signal is polarized in the MMC. However, whether it is also polarized in the
zygote has not been unfolded. By checking the localization of key components in the
ovule, my fourth aim was to investigate whether some components of the embryonic YDA
pathway are polarly localized and to disentangle how their localization affects zygote
polarity.
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Chapter |
SSP is arobust signaling input of the embryonic YDA pathway

Results

1. BSK1/2 function upstream of the YDA cascade

BSK1 and BSK2 are close homologs of SSP (BSK12). Broadly expressed in plant tissues,
BSK1/2 have been uncovered to regulate both developmental and immune processes 4%
511, We found that BSK1 and BSK2 function redundantly to mediate stomata patterning,
inflorescence architecture and embryonic development (124, The phenotype of clustered
stomata in the bskl bsk2 loss-of-function mutant can be rescued by expressing yda-CA,
indicating that BSK1/2 function upstream of YDA. Notably, a significant zygote polarity
defect was observed in the bsk1 bsk2 ssp triple mutant, almost mimicking the yda defect.
These results reveal that BSK1/2 and SSP are pivotal regulators functioning upstream of
YDA [124],

2. SSP is a constitutively active version of BSK1

Although SSP and BSK1/2 are homologous genes, the ssp single mutant already exhibits
strong embryonic defects, implying that SSP and BSK1/2 may possess different protein
properties. When expressed by the sperm cell-specific MGH3 promoter, BSK1 did not
rescue the zygote polarity defect of bsk1 bsk2 ssp while SSP partially rescued the defect.
Thus, the difference between BSK1 and SSP cannot be simply explained by different
expression patterns. When expressed in protoplasts, SSP apparently affected the
expression of target genes and increased the phosphorylation of MPK3/6. Similar results
were observed for yda-CA but not for BSK1. These results suggest that SSP is a

constitutively active version of BSK1.

3. The TPR domain of SSP confers the hyperactivity

The intramolecular interaction between the kinase domain and the Tetratricopeptide
repeat (TPR) domain of OsBSK3 has been suggested to suppress OsBSK3 activity 125,
Different from BSK1, SSP has lost this interaction, making itself a constitutively active
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form of BSK1. By swapping domains between SSP and BSK1, we further found that the
TPR domain is responsible for the hyperactivity of SSP. SSP has four TPR motifs in its
TPR domain. A close inspection revealed that the first and the second TPR motifs are
necessary for SSP hyperactivity [124, SSP has been shown to directly interact with YDA
651 We further found that the TPR domains of SSP and BSK1 can bind with the kinase
domain of YDA in a yeast-two hybrid experiment. Thus, it seems plausible that the loss

of intramolecular binding in SSP facilitates the YDA activation.

Discussion

1. BSK1/2 and SSP have extremely different expression patterns

Although SSP is a constitutively active version of BSK1, their expression patterns are
extremely different. SSP transcripts are only detected in the sperm cell and the zygote 64
9] BSK1/2 are ubiquitously expressed during development. Notwithstanding, the BSK1/2
transcriptional level in the sperm cell is very low according to experimental and
transcriptomic data 64 126-128] \When SSP is expressed by the CaMV 35S promoter
(35Spr0:SSP), stomata development is entirely blocked, reminiscent of the yda-CA lines.
Those transgenic seedlings are dwarfed and show lethality 64, demonstrating that
increasing SSP dosage in other tissues is deleterious. In contrast, 35Sp:BSK1 only
rescues the bskl bsk2 stomata defect to the wild-type level 124, Thus, the specific
temporal and spatial expression of SSP seems both advantageous and inalterable for
Arabidopsis development. It would be intriguing to investigate the mechanism of the
specific expression pattern of SSP in comparison with BSK1/2.

The functional SSP transcripts in the zygote is suggested to be inherited from the sperm
cell 4. However, recent evidence challenges this presumption. In the sperm cell, the
repressive histone methylation marker H3K27me3 is generally erased. Instead, the
positive histone methylation marker H3K4me3 is enriched in PEGs but not in MEGs. The
transcriptionally primed state of the sperm chromatin probably accelerates the expression
of PEGs after fertilization (2%, As the histone methylation state of SSP is similar to that of
many PEGs, newly transcribed SSP mRNA from the paternal allele may also contribute
to zygote polarity after plasmogamy 291, If SSP is indeed a PEG, it is still extremely
different from other PEGs since SSP transcripts cannot be detected any more after zygote
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division %, A new question arises: how its transcription is shut down before the first

asymmetric division.

2. The TPR domains of SSP and BSK1 interact with YDA

Previously, the 3D structure of the Arabidopsis BSK8 catalytic domain (kinase domain)
was revealed. BSK8 harbors an unusual CFG motif within the ATP-binding region. It is
considered a pseudokinase because its catalytic domain is unable to bind ATP analogues
and shows no catalytic activity €. In rice, the interaction between the kinase domain and
the TPR domain of OsBSKa3 is able to suppress the binding of AtBSU1 to OsBSK3 kinase
domain in vitro. OsBRI1 can phosphorylate OsBSK3 kinase domain, which blocks the
intramolecular interaction of OsBSK3 [25, The current model is that BRI1 directly
phosphorylates BSK3 kinase domain, prohibiting the suppressive binding between BSK3
kinase domain and its TPR domain. Then the open conformation of BSK3 functions as a
scaffold to recruit BSU1 through BSK3 kinase domain to provoke the BR signaling.
Consistent with this model, we found that BSK1 activity is also suppressed by this
intramolecular interaction. In contrast, this interaction has been lost in SSP and its
hyperactivity necessitates its first two TPR motifs. However, rather than the kinase
domains of SSP and BSK1, their TPR domains interact with YDA in our yeast-two hybrid
experiment 124, TPR domains are considered to serve as platforms for protein-protein
interactions 39 |t is tempting to speculate that the kinase and TPR domains of BSKs
may be involved in recruitment of different substrates in different contexts such as
recruiting BSU1 and YDA. Intriguingly, BIN2, the substrate of BSU1, can directly
phosphorylate and inhibit YDA 57, How BSKs activate downstream targets might be more
elusive than our current understanding.

Since the swapping of kinase domains between SSP and BSK1 did not alter their activity
[124] it is pivotal to dissect the mechanism by which specific TPR motifs determine BSK
activity. The 3D structures of both the TPR domains and the full-length proteins of SSP
and BSK1 will enable a better understanding of the activity difference. Nevertheless, it
remains to be elucidated whether the suppression of the intramolecular interaction of BSK

is a prerequisite for binding and activation of substrates
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Chapter I

Independent parental contributions initiate zygote polarization in

Arabidopsis thaliana

Results

1. ERf regulates zygote polarity

As shown in Chapter I, BSK1/2 and SSP function upstream of the embryonic YDA
pathway 124, In other contexts, BSKs directly interact with LRR-RKs, such as FLS2 and
BRI1 [“°-51], However, the receptor of the embryonic YDA pathway was still unknown. The
YDA cascade functions downstream of ERf during stomata patterning, thus it is important
to dissect whether ERf also regulates zygote polarity. First, | found ERf modulates zygote
polarity and suspensor development with ER taking the main function 131, The er erll
and er erl2 phenotypes were weaker than yda. | was not able to directly check the
embryos of the er erll erl2 triple mutant because of its infertility 3% 3% 63l |n YDA/yda
heterozygous mutants, a quarter of zygotes are extremly short and symmetrically divide,
indicating that YDA regulates embryogenesis with a zygotic effect [63 131 Although the
genotype segregation ratio of the offspring in the ER/er erll erl2 plant followed the
Mendelian law, the distribution of offspring zygote length was similar to that of wild type,
suggesting a non-zygotic effect of ER on zygote polarity. By reciprocal crosses of er erll
or er erl2 with wild type, | observed a maternal effect of ERf on zygote polarity and

suspensor length.

2. ER and BSK1 show a sporophytic maternal effect on zygote polarization

Maternal effects can be divided into two cases: The phenotype of the zygote is determined
(i) by the genotype of the female gamete (so called gametophytic maternal effect) or (ii)
by the genotype of the female sporophyte (so called sporophytic maternal effect). In the
case of ER, as the offspring genotypes of ER/er erll erl2 follow the Mendelian law, the
genotype of 50% female gametes should be er erll erl2. However, the distribution of

zygote length did not show a 1:1 ratio in the ER/er erll erl2 plant, excluding the possibility
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of a gametophytic maternal effect for ER. Using similar experiments, | found that BSK1 is

also under a sporophytic maternal control.

3. ERf directly functions in the zygote

We then investigate how sporophytic tissue-derived ER regulates embryogenesis. Using
the ERpro:3xVenus-N7 promoter lines and ERpro:ER-YPet rescued lines, | observed strong
YFP signal in the integument. In contrast, | was not able to detect clear YFP signals in
the egg cell and early zygotes. A similar result was observed in the RNA in-situ
hybridization experiment. Nonetheless, according to published data, the ER mRNA is
detected in the egg cell and early zygotes, albeit at weak levels %, Because the YDA
signal does happen in the zygote and the er erl2 zygote defect was rescued by introducing
yda-CA, we believe that the ERf signal still directly functions in the zygote [131,
Considering that very low amounts of ER-YFP proteins were able to rescue the phenotype
of clustered stomata in er erll erl2, we believe the ER protein level in the zygote is just
too low to be detected with microscopy 31, To further determine this possibility, | took
advantage of the anti-GFP nanobody which has been used to specifically degrade
GFP/YFP-containing proteins in mammalian cells, Drosophila and Arabidopsis 1132134, |n
our case, the anti-GFP nanobody was introduced to an ERpro:ER-YPet er erll erl2
rescued line. When the ER promoter was used to drive NSIm-vhhGFP4, an extreme dwarf
phenotype was observed, indicating that the nanobody can be used to degrade ER-YPet.
Then | use the egg cell-specific EGG CELL 1 (EC1) promoter to strongly express this
nanobody in the egg cell. An obvious zygote polarity defect was observed, which indicates
that the ER undoubtedly functions in the zygote. Although YFP signal in the zygote was
not observed in ERpro:3xVenus-N7 and ERpro:ER-Ypet er erll erl2, distinguishable YFP
signal was detected in the megaspore mother cell and the megaspore of these lines. This
implies the functional ER mRNA or protein is inherited premeiotically from the megaspore
mother cell. This hypothesis explains why ER directly regulates zygote polarity but with a
sporophytic maternal effect.
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4. SSP activates YDA independently of ERf

It has been shown that some factors of the embryonic YDA pathway, such as MKK4/5,
MPK3/6 and HDG11/12, are partially or fully under the maternal control [*° ¢, Here we
show ERf and BSK1/2 are also under the maternal control 31, As these genes are
conserved in flowering plants, a conserved maternal pathway and a Brassicaceae-
specific paternal SSP input seems to function together to regulate early embryogenesis
in Arabidopsis. As SSP is a constitutively active version of BSK1 [*24, we wonder whether
SSP can activate YDA in an ERf-independent way. The er erll erl2 triple mutant is infertile,
so we cannot directly test this hypothesis in the zygote. Since the YDA pathway also
suppresses stomata formation, | checked whether ectopic expression of SSP could inhibit
stomata formation in the absence of ERf. When introduced into er erll erl2, 35Spr0:SSP
fully blocked stomata formation while 35Sp0:BSK1 did not rescue the phenotype of
clustered stomata at all. This result indicates that SSP can function in an ERf-independent
manner. ssp can further enhance the zygote polarity defect when crossed as pollen donor
with er erll, er erl2 and bskl bsk2, indicating that ssp is additive to these mutants.
Furthermore, adding a single copy of SSP is able to partially rescue the zygote defect of
er erl2. Taken together, these results suggest independent parental contributions

converge on the YDA activation to establish zygote polarity.

Discussion

1. The origin of functional zygotic ER

In this chapter, we demonstrate that ERf function upstream of YDA to modulate zygote
polarity and early embryogenesis. ER and BSK1 show a sporophytic maternal effect.
Sporophytic maternal effects on embryogenesis and endosperm development have been
reported for more than two decades 1351371, Recently, Robert et al. showed that auxin
synthesized in the micropolar region of the integument can be transported into the zygote
to affect early embryogenesis, indicating that the sporophytic maternal auxin supplement
is indispensable for normal embryogenesis [76, Given that the integument development
of er erl mutants is abnormal, the easiest explanation for the er erl maternal influence
might be that the defective integument of er erl indirectly affects zygote development. For

example, the delivery of maternal molecules from the integument might be retarded in er
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erl mutants. This correlation seems plausible as the ovule size and the zygote polarity in
ER/er erll erl2 plant are both normal. This correlation is further reinforced by a strong
ovule defect observed in bskl bsk2 (unpublished data, not shown) as BSK1 also shows
a sporophytic maternal effect. However, when ER-YPet is specifically expressed in the er
erll integument using the SEEDSTICK (STK) promoter 138 the integument defect was
rescued while the zygote polarity was not restored (Figure 6, additional experiment not
included in this publication), indicating that the zygote defect of er erll is not caused
indirectly by its ovule defect.

er erl1 STKpro:ER-YPet

o
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£

Zygote polarity
(Ratio: Apical/Basal cell length)
o
P
%

80 80 80 80
0'0 T T T T
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STKpro:ER-YPet STKpro:ER-YPet
ererlt ererll

Figure 6. Expressing ER-YPet with the STK promoter does not rescue the zygote defect of er erl1.

(A) The ovule shapes of er erl1 and er erll STKo:ER-YPet lines before and after fertilization. 1DAP: 1 day
after pollination. These images are merged images of the bright field image and the confocal image
detecting YFP signals. The scale bars represent 50 ym in all panels. (B-C) The zygote length (B) and the
ratio of apical/basal cell length (C) of Col-0, er erll, and er erll STKpo:ER-YPet lines. Letters above boxes
refer to individual groups in a one-way ANOVA with a post hoc Tukey test (p < 0.05).

Combining the yda-CA rescue experiment, the anti-GFP nanobody experiment, the ER

expression pattern and the available transcriptomic data together, we presume that the
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functional ER mRNA or protein in the zygote is inherited from the megaspore mother cell.
Although a zygotic effect is not observed for ER and BSK1, it does not mean that the
zygotic ER gene and BSK1 gene are not active during this stage. In fact, biallelic
transcripts of ER and BSK1 are detected in the zygotes of reciprocal crosses between
Col-0 and Ler 9, These paternal transcripts are unlikely inherited from the sperm cell
because both the transcriptional levels of ER and BSK1 are very low in the sperm cell
[127] ER and BSK1 need to be first delivered to plasma membrane for their function. As
zygote polarization happens in a short period of time, the newly translated ER and BSK1
proteins of the zygote genome might be too late to function in the zygote.

Through the reciprocal crosses between Col-0 and Ler, the recent research shows that
zygote length and suspensor length are determined by the maternal ecotype . The
authors presumed that these developments are mainly modulated by MEGs %, Since
Ler (Landsberg erecta) is an er mutant, their observation is in agreement with our results
that ER regulates these developments with a maternal effect 131, However, biallelic ER
transcripts are detected both in the zygote and the early suspensor, demonstrating that
ER is not a maternal imprinting gene [, Our results suggest that the functional ER
component in the zygote is probably inherited from the megaspore mother cell. In addition,
we show that ER affects suspensor development also with a sporophytic maternal effect.
Because the basal daughter cell generates the suspensor, the zygote polarity defect
should successively lead to the suspensor defect.

2.The possible ligand for the embryonic YDA pathway

During stomata patterning and SAM development, EPFs/EPFLs directly bind and regulate
the ERf activity [35 39.40. 1391 However, EPFs/EPFLs transcripts are barely detected in the
egg cell and early zygotes 99, It is tempting to check whether EPFs/EPFLs are expressed
in the endosperm or the surrounding mother tissue. It is worth mentioning that some
secreted small proteins and peptides have been shown to affect embryogenesis. CLES
regulates both embryo development and endosperm proliferation 249, |t was shown to be
expressed in the endosperm and early embryos using RNA in-situ hybridization and
promoter activity detection 4%, Contradictorily, CLE8 transcripts are not detected in the

egg cell, the zygote, the 1-cell embryo and the 32-cell embryo in more elaborate
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transcriptomic data [°°, This expression pattern implies CLE8 non-cell-autonomously
affects the whole embryogenesis, rather than just affect suspensor development as
suggested by Fiume et al. [14%, CLE8 might be secreted from the endosperm to influence
embryogenesis. In contrast, CLE9/10 transcripts are detected in the egg cell and early
zygotes [°0, CLE9/10 bind with HSL1 and SERKS to regulate stomata patterning, probably
functioning upstream of YDA €1, Thus, they might also regulate the YDA activity during
embryogenesis. CLE19 is expressed in both the embryo and the endosperm, and
regulates cotyledon development in a non-cell-autonomous manner 141, However, as the
size of IDA and CLE peptides for the HAESA family is much smaller than EPFs/EPFLs, it
seems unlikely that these small peptides serve as ligands for zygotic ERf proteins. Instead,
they may activate the HAESA family receptors during early embryogenesis with either
cell-autonomous or non-cell-autonomous manners. The endosperm ESF1 is shown to
affect suspensor development 8¢, It would be interesting to investigate whether it also
influences zygote polarity.

If the sporophytic maternal control of ER and BSK1 is conserved in the zygotes of
flowering plants, this manner may also apply to the ligand for ERf. The ligand, therefore,
is more likely to be secreted from sporophytic mother tissues than from the endosperm
or the zygote. It is intriguing to inspect whether EPFS/EPFLs are expressed in the

integument surrounding the zygote.

3. Whether SERKs and TMM are involved in early embryogenesis

During stomata patterning, SERKs and TMM are co-receptors of ERf [32 39 48] SERKSs
also serve as co-receptors of many other LRR-RKs 44471, Recently, SERKs are shown to
regulate the division pattern of embryonic vascular precursors 142, Resembling the
reported role of ERf [33], SERKSs also affect late embryogenesis 142, As the transcripts of
SERKs and TMM are detected in early zygotes [°9, it is extremely tempting to check their
roles in establishing zygote polarity. Because the serkl serk2 double mutant is male
sterile due to defects in tapetum specification 143, we are unable to directly check the
embryo of the serk1/2/3/4 quadruple mutant. Instead, we checked the suspensor length
of the F1 embryos generated from the crossing between serkl1/2/3/4 (female) and

serk1/2+-/3/4 (male). Using this crossing direction, we can also detect parental effects if
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existing. However, the suspensor development in these F1 embryos is normal (data not
shown). The easiest explanation is that SERKs are not involved in early embryogenesis.
Alternatively, SERK5 may still compensate the loss of other SERKs during early
embryogenesis although it is previously considered as a pseudo-receptor [44 47, 144],
Whether zygote polarity is retarded when TMM or all 5 SERKs are knocked out needs

further inspection.

4. SSP functions independently of ERf

We showed that SSP can in principle function independently of ERf. We are not able to
directly check this scenario in the zygote because the er erll erl2 plant produces no
ovules. Thus, we turn into the epidermal system. Similar to yda-CA, ectopically expressed
SSP influences stomata patterning in an ERf-independent manner. We propose in
Chapter | that SSP constitutively adopts an active conformation. These results together
suggest that SSP acts as an ERf-independent strong input for the YDA activation. In the
beginning, we wonder whether zygote polarization is fully blocked if all ERf proteins are
erased. As development of the ovule is entirely hindered in the er erll erl2 triple mutant
[30. 311 we are unable to directly address this question. We presume that zygote polarity
will not be entirely lost if all ERf proteins are removed because SSP functions
independently of ERT.

Does the ERf-independent manner indicate that the YDA activation can be receptor-
independent? As BSKs are considered as pseudokinase, it is unlikely that BSKs directly
phosphorylate YDA. It is also unknown how yda-CA becomes constitutively active.
Detecting the interaction among ERf, SSP/BSK1 and YDA/yda-CA will facilitate our
understanding on SSP hyperactivity and YDA activation.

5. The conflict of different parental interests

When we carefully look at the embryonic YDA pathway, many components show maternal
effect, containing ERf, BSK1/2, MKK4/5, MPK6 and HDG11/12 [1° 69 131 As these
elements are evolutionally conserved in flowering plants, there seems to be a conserved
pathway under the maternal control to regulate early embryogenesis. Despite the

probably conserved maternal control, SSP, a strong paternal input to the YDA activation,
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functions independently of the maternal ERf signal input [64 124131l This is reminiscent of
the “parental conflict model” proposed by Haig and Westoby to explain the evolution of
imprinting genes 1451, According to this model, parental imprinting genes are evolved
because of conflicting interests of parents: The interest of the mother is the equal growth
of all its progeny whereas the competing fathers want their own progeny to be
preferentially nourished at the expense of other progeny [°1. 1461 Recently, Picard er al.
showed that the imprinting of Arabidopsis PEGs is strongest in the chalazal endosperm
compared to other endosperm regions. The chalazal endosperm is the region for nutrition
uptake to the endosperm, supporting the parental conflict theory 1471,

This theory fits our results for three reasons: (i) the most obvious influence of the
independent parental inputs is on development of the suspensor which connects the
embryo with the mother tissue for nutrient delivery; (i) SSP functions in an ERf-
independent manner which overcomes the maternal control of YDA activation. However,
as MKK4/5 and MPK®6 are partially under the maternal control, SSP in fact cannot entirely
override the maternal influence, resembling the tug-of-war. Nonetheless, a strong
transient SSP boost just in the beginning may have been beneficial enough for these
progeny to defeat other progeny of the same mother; (iii) the function of ER and BSK1 in
early embryos is under a sporophytic maternal control. The effect of imprinting genes
belongs to the gametophytic control. However, from the maternal point of view, the
sporophytic control seems to make more sense because it also avoids the competition
between progeny even when the mother plant is heterogeneous for the controlling gene.
The “parental conflict” is used in outcrossing species where the sperm and the egg cell
are from different individuals. A pivotal issue we should not overlook is that Arabidopsis
thaliana is a self-crossing species. The evolution of the paternal SSP input in Arabidopsis
thaliana might be just a coincidence since having the SSP input is advantageous.
However, SSP is a Brassicaceae-specific gene 124, Many species in the family are
outcrossing species, including the close-relative species of Arabidopsis thaliana:
Arabidopsis lyrata and Arabidopsis halleri. Therefore, this parental SSP contribution of
Arabidopsis thaliana may have evolved in its ancestral species. Deciphering whether the
paternal effect of SSP is conserved in Brassicaceae or at least in Arabidopsis genus will

facilitate the understanding of SSP evolution.
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Chapter Il

Screening for receptors functioning upstream of the YDA cascade

Background

LRR-RKs function together with SERKs to activate BSKs and a downstream MAPK
signaling pathway in different contexts. Arabidopsis contains more than 200 LRR-RKs [?9],
In comparison, it has 5 SERKs 1148l 12 BSKs [24 20 MAPKs, 10 MAPKKs and
approximately 60 MAPKKKs [12. 15,29, 124,148,149 gome LRR-RKs have been revealed to
share SERK co-receptors and some downstream BSKs, MAPKKs and MAPKSs. Thus, the
specificity of LRR-RK signals largely depends on the receptors themselves.

The extracellular LRR domains of LRR-RKs are quite diverse, and they bind to specific
ligands or peptides. Recently, Hohmann et al showed that brassinolide (BL) could induce
the HAE signaling when the BRI1 LRR was fused with HAESA kinase domain, suggesting
that the kinase domain of LRR-RK determines the cytoplasmic signaling specificity (1501,
BAK1-INTERACTING RECEPTOR-LIKE KINASE 3 (BIR3) is a LRR-receptor
pseudokinase that can constitutively bind with both LRR-RKs and their SERK co-
receptors through its extracellular domain in a ligand-independent manner. The BIR3
binding is suppressive as it does not activate receptor signals and blocks the interaction
between LRR-RKs and SERKs. Once the corresponding ligands are present, LRR-RKs

and SERKs are released from BIR3 for interaction [150-155],

Results

1. The BIR3 chimera enables a constitutive activation of SERK-dependent LRR-RK
pathways

Combining (i) the constitutive binding between BIR3 and SERKS, and (ii) the cytoplasmic
signaling specificity conferred by LRR-RK kinase domain, we designed an approach to
constitutively activate SERK-dependent LRR-RK signals in collaboration with Prof. Dr.
Michael Hothorn at the University of Geneva (Figure 6) [156],

We demonstrated that when the ectodomain and transmembrane domain of BIR3 were
fused with the intercellular domain of BRI1, HAE, ER or SCHENGEN 3 (SGN3), related
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Figure 6. The mechanism of the constitutive activation of LRR-RK signals by the BIR3 chimera

(A) In wild type, BIR3 interacts constitutively with LRR-RKs or their SERK co-receptors through their
extracellular domains to inhibit the interaction between LRR-RKs and SERKs when ligands do not exist.
The intercellular domain of BIR3 does not have a kinase activity, thus it cannot activate receptors. When
ligands exist, LRR-RKs and SERKSs are released from BIR3 for binding with ligands. The interaction of their
extracellular domains brings their kinase domains together to activate downstream targets. (B) In the BIR3
chimera, the BIR3 intercellular domain is replaced by the kinase domain of a LRR-RK. The extracellular
interaction between the BIR3 chimera and SERKS brings the kinase domains together. Thus, the receptor
signal is activated independently of the ligand binding. When the corresponding ligand exists, LRR-RK and
SERKSs might be released from the BIR3 chimera to transduce the ligand signal. Therefore, the receptor
signaling will be always active with and without the ligand.

receptor signals were constitutively activated in a SERK-dependent manner 1381, Driven
by the MUTE promoter that is active in the epidermal meristemoid, the oBIR3-IER chimera
significantly inhibited stomata initiation. In contrast, when ERECTA kinase domain in this
chimera was replaced by FLS2 kinase domain, stomata formation was not influenced,

suggesting BIR3 chimeras exhibit signal specificity 1561,
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2. Chimeras of BIR3 and the HAESA family inhibited stomata formation when
expressed with the MUTE promoter

Both er erll erl2 and yda are extremely dwarfed with highly clustered stomata and
aberrant inflorescence architectures B4, However, vegetative defects of yda are still
generally stronger than that of er erl1 erl2, arguing that other receptors may also regulate
the YDA cascade. Recent research demonstrates that HSL1, another LRR-RK, functions
together with SERKs to modulate stomata patterning by perceiving CLE9/10 peptides. It
is speculated that the CLE9/10-HSL1 signaling and the EPF-ERf signaling converge on
the YDA cascade to fine tune stomata spacing [“6l. Given that some receptors in the
HAESA family are related to seed development or the MAPK signaling pathway, it is
possible that they are components in the YDA signaling pathway.

Since SERKs also serve as co-receptors of the HAESA family [46: 1561, we then applied this
“‘BIR3 chimera” strategy to the HAESA family receptors to investigate whether these
receptors are competent to activate YDA or not. Because MUTE:0BIR3-IER lines
showed the activation of the stomatal YDA pathway, we used the MUTE promoter to drive
our different chimeras and measured their stomatal phenotype to evaluate the ability to
activate YDA. Considering that the HAE;:0BIR3-IHAE construct rescued the floral
abscission defect of hae hsl2 561 we strongly believe that BIR chimeras of the HAESA
family should suppress stomata initiation if they can activate YDA.

As described in our approach, extracellular, transmembrane and cytoplasmic domains of
the HAESA family were predicted by Phobius (https://phobius.sbc.su.se/, Table 1) 1561,

Protein Signal peptide  Non cytoplasmic  Transmembrane Cytoplasmic
BIR3 1~24aa 25 ~218 aa 219 ~ 245 aa 246 ~ 601 aa
ER 1~24aa 25 ~580 aa 581 ~ 601 aa 602 ~ 976 aa
FLS2 1~23aa 25 ~ 806 aa 807 ~ 828 aa 602 ~ 1173 aa
HAE 1~22aa 23 ~ 622 aa 623 ~ 648 aa 649 ~ 999 aa
HSL1 1~15aa 16 ~ 618 aa 619 ~ 641 aa 642 ~ 996 aa
HSL2 1~28aa 29 ~ 631 aa 632 ~ 653 aa 654 ~ 993 aa
HSL3 1~22aa 23 ~ 627 aa 628 ~ 651 aa 652 ~ 1005 aa
RLK7 1~28aa 29 ~ 608 aa 609 ~ 631 aa 632 ~ 977 aa
IKU2 1~19aa 20 ~ 617 aa 618 ~ 635 aa 636 ~ 991 aa
CEPR1 1~24aa 25 ~593 aa 594 ~ 613 aa 614 ~ 966 aa
CEPR2 1~31aa 32 ~621 aa 622 ~ 641 aa 642 ~ 977 aa

Table 1. Domains of the HAESA family receptors predicted by Phobius.
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Then the CDS of BIR3 ectodomain and transmembrane domain was combined with the
CDS of the cytoplasmic region of the HAESA family together with a YPet YFP at the C
terminal (Figure 7). The MUTE promoter was used to drive these chimeras.
MUTEpr:0BIR3-IER and MUTEp0:0BIR3-iIFLS2 were used as a positive and negative
control, respectively 156,

Transmembrane
Extracellular \ Cytoplasmic
-

pMUTE BIR3 Candidate Ypet

Figure 7. The construct of BIR3 chimeras.

These constructs were transformed into Col-0. The epidermal cell layer of the cotyledon
abaxial side were imaged with propidium iodide (PI) staining in 5-day old T2 transgenic

seedlings. As described previously, stomata formation was prohibited in all 4 oBIR3-IER

lines while all 12 oBIR3-iFLS2 lines generated normal stomata patterning (Figure 8 and

.

Table 2).
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Figure 8. PI staining of the cotyledon epidermis of BIR3 chimera lines.

0BIR3-ilKU2
0BIR3-iRLK7

0BIR3-iICEPR1
0BIR3-iCEPR2
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The epidermal cell layer of the cotyledon abaxial side were imaged with Pl staining in 5-day old T2
transgenic seedlings. Three individual lines were shown for each construct. Scale bars represent 50 um in
all panels.

For the HAESA family, seven of the eight chimera constructs suppressed stomata
development to different extents (Figure 8 and Table 2). Interestingly, oBIR3-iICEPR1
appeared not to affect stomata patterning as only one transgenic line exhibits a weak
stomata defect. These result suggests that most of the HAESA family receptors can

potentially activate the YDA pathway.

Lines with reduced

Transgenic lines Total lines .
stomata density

MUTEr:0BIR3-iFLS2 12 0
MUTEp0:0BIR3-IER 4 4
MUTEg0:0BIR3-iIHAE 16 16
MUTEp0:0BIR3-iIHSL1 19 8
MUTEp:0BIR3-iIHSL2 16 10
MUTEp:0BIR3-iIHSL3 13 13
MUTEp:0BIR3-iIKU2 16 16
MUTEpr0:0BIR3-iIRLK7 19 10
MUTEp0:0BIR3-iCEPR1 15 1
MUTE:0BIR3-iCEPR2 13 6

Table 2. Number of transgenic lines of each BIR3 chimera.

3. The constitutive activity of oBIR3-iHSL1 is YDA-dependent

HSL1 has been speculated to function upstream of the stomatal YDA pathway “¢l. To
determine whether these BIR3 chimeras really repressed stomata initiation through YDA,
we crossed oBIR3-iER #1 and oBIR3-iHSL1 #15 with yda-11 which is a new loss-of-
function allele in Col-0 background 331, The constitutive activations of oBIR3-iER and
oBIR3-iHSL1 were blocked in yda-11, indicating that the function of these oBIR3 chimeras
is YDA-dependent (Figure 9).

Taken together, according to the stomatal phenotype of these BIR3 chimera lines, we
deduce that the HAESA family receptors are potential upstream receptors of YDA. Similar
to ERf, HSL1 also functions upstream of YDA to regulate stomata formation. Further
research is required to investigate whether YDA really functions downstream of the other

HAESA family receptors.
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Col-0 MUTEpro:0BIR3-IER MUTEpro:0BIR3-HSL1
yda-11 yda-11 MUTEpro:0BIR3-IER  yda-11 MUTEpro:0BIR3-iHSL1

Figure 9. The constitutive activity of BIR3 chimeras is blocked in yda-11

MUTEp:0BIR3-IER and MUTE,:0BIR3-iHSL1 were crossed with yda-11 respectively. 10-day-old
cotyledon epidermis were stained with Pl and then imaged with confocal microscopy. Scare bars
represent 100 um in all panels.

Discussion

1. Whether yda-CA functions in a receptor-independent way

Based on the results from the specific expression of BIR3 chimeras in epidermal
meristemoid, we conclude that most receptors of the HAESA family can potentially
activate the YDA cascade. However, as these receptors are involved in different
processes in different tissues, whether YDA really functions downstream of these
receptors need explicit inspection. In principle, elaborate description of the phenotype of
yda mutants should have revealed whether YDA is indeed an indispensable regulator in
these tissues. However, the severe dwarfism and lethality features of yda impede further
study [16: 63 Another strategy to inspect the involvement of YDA is to introduce yda-CA in
receptor mutants 16 631 as exemplified by the rescue of defects of ERf loss-of-function
mutants during stomata development, inflorescence development and embryogenesis 8
8L 131 HSL1 regulates stomata patterning ¢!, and our results indicate that the oBIR3-
IHSL1 inhibition of stomata formation is YDA-dependent.

Although yda-CA can function in an ERf-independent way, its functionality might be still

receptor-dependent. If HSL1 is another signal input for YDA, there is one question that
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should be addressed immediately: whether HSL1 can activate yda-CA in the er erll erl2
background. This question is not trivial because if HSL1 also activates YDA independently,
the rescue of er erll erl2 stomata defect by yda-CA cannot be simply explained by YDA
functioning downstream of ER(. It is necessary to check whether yda-CA can still block
stomata formation in an er erll erl2 hsll quadruple mutant background. Furthermore,
expressing MUTEpr:0BIR3-iHSL1 in the er erll erl2 background may manifest whether
HSL1 functions in an ERf-independent way. It is possible that ERf forms complexes with
HSL1, considering that ERf can form homomers 431,

If yda-CA still functions in the receptor-dependent way, and if ERf are the only receptors
functioning upstream of YDA during inflorescence development, this might explain why
yda-CA cannot fully rescue the inflorescence architecture defect of er erll erl2. This
hypothesis is important because yda-CA may have been introduced in other receptor
mutants in unpublished trials. For example, HAESA/HSL2 have been shown to function
upstream of MKK4/5 and MPK3/5 while the corresponding MKKK is still unknown so far
(116, 117, 1571 "1f YDA is indeed involved but yda-CA functionality still relies on functional
HAE/HSL2, the rescue of hae hsl2 defect by yda-CA may never be achieved. In essence,
a basic question is how yda-CA becomes a dominant-active version of YDA. The protein-
protein interaction test among receptors, BSKs and YDA or yda-CA will strengthen our
understanding on the functional mechanism of YDA. Then another question arises:
whether SSP functions in a receptor-independent manner or just in the ERf-independent

manner.

2. Possible receptors for the embryonic YDA pathway

If HSL1 and ERf receptors converge on the YDA cascade to modulate stomata patterning,
whether the HAESA family receptors also regulate the zygotic YDA cascade needs to be
further addressed. In our BIR3 chimera constructs, only oBIR3-iCEPR1 lines showed
normal stomata formation, implying that CEPR1 may not activate the YDA. Intriguingly,
CEPRL1 is also the only HAESA family gene of which the transcripts is not detected at all
in the egg cell and the zygote. Similar to oBIR3-IER, all oBIR3-IHAE, oBIR3-iIHSL3 and
0BIR3-iIKU2 lines showed obvious stomata defects, implying that HAE, HSL3 and IKU2

kinase domains possess higher competence to stimulate YDA compared to other HAESA
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family receptors. Coincidentally, HAE, HSL3 and IKU2 also shows higher transcriptional
levels in early zygotes in comparison with other HAESA family genes (Table 3) [0,
Combining our BIR3 chimera results with the published transcriptomic data, we consider
HAESA, HSL3 and IKU2 potential upstream receptors of the zygotic YDA pathway. HAE

and IKU2 have been suggested to be novel genes in the eudicot lineage 1. Whether

HAESA, HSL3 and IKU2 regulate zygote polarity requires further inspection.

Gene Egg cell Zygote 14h Zygote 24 h 1-cell
ER 70.87 25.50 8.08 5.19
HAE 131 6.75 0.00 1.56
HSL1 0.00 1.33 1.71 1.02
HSL2 0.70 2.22 0.20 1.36
HSL3 0.00 3.88 1.59 0.00
IKU2 22.79 12.72 0.06 1.15
RLK7 0.00 0.56 0.01 1.45
CEPR1 0.00 0.00 0.00 0.00
CEPR2 1.35 0.64 2.79 0.00

Table 3. Transcription of the HAESA family genes in the egg cell, zygotes and the 1-cell embryo.

This table is generated from the published data [*l. Zygote 14h, zygote of 14h after pollination. Zygote 24h,
zygote of 24h after pollination. 1-cell, 1-cell embryo. Numbers indicate reads per million matched reads

(RPM). >3 RPMs are marked in red. The ER transcriptional level is also listed here.

Materials and Methods

The materials and methods are as described in Hohmann et al.[15€]

Primer sequence

Primer sequence Function
HAE-KD-IF-F1 TTCTGGTGGTTCTTCAAGTGTAGAAAACTCAGAGC Clone HAE
HAE-KD-IF-R1 TTTAGACACCATCCCAACGCTGTTCAAGTCTTCCGTG kinase domain
HSL1-KD-IF-F1 TTCTGGTGGTTCTTCAAGTACAGGACTTTCAAGAAAGC Clone HSL1
HSL1-KD-IF-R1 TTTAGACACCATCCCAGCTATACTTCCTTGGTCTGAG kinase domain
HSL2-KD-IF-F1 TTCTGGTGGTTCTTCAAAACCAAACCGTTATTCAAGAG Clone HSL2
HSL2-KD-IF-R1 TTTAGACACCATCCCCTCTAGTGATTTCTTCTCTTTAAGC | kinase domain
HSL3-KD-IF-F1 TTCTGGTGGTTCTTCAGGGACTACACAAGGAAACAAAG Clone HSL3
HSL3-KD-IF-R1 TTTAGACACCATCCCTACAAAACCTAAATCTTCATCTTC kinase domain
IKU2-KD-IF-F1 TTCTGGTGGTTCTTCAAGATAAGACGAGATAAGTTG Clone IKU2
IKU2-KD-IF-R1 TTTAGACACCATCCCTACAACTTTAGTAATCTCATC kinase domain
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RLK7-KD-IF-F1 TTCTGGTGGTTCTTCAAGAAAACAGAGAAGAAGGAG Clone RLK7

RLK7-KD-IF-R1 TTTAGACACCATCCCACTTATTTCTTTGACCTTGAC kinase domain
CEPR1-KD-IF-F1 | TTCTGGTGGTTCTTCAGACAACGGATGAGTAAAAACAG Clone CEPR1
CEPR1-KD-IF-R1 | TTTAGACACCATCCCGAGTCTTGTTTGCGTGAGATG kinase domain
CEPR2-KD-IF-F1 | TTCTGGTGGTTCTTCCGTTACAGAGTTGTGAAGATAC Clone CEPR2

CEPR2-KD-IF-R1

TTTAGACACCATCCCTACTGTAATCTTTCCAGTTGTG

kinase domain
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Results

By enhancing the YDA signal at early embryonic stages using S4po:SSP-YFP, we
designed a filamentous-embryo system to study the suspensor-embryo transition. The
filamentous embryos showed the identity of early basal cells, implying that they were in
an undifferentiated state. Secondary embryos were initiated from the basal cells, and
healthy twin embryos/seedlings were generated eventually. Auxin response was
suppressed primarily in the apical cell cluster and shifted to the basal cells. We also
observed the maximum auxin response in vertically divided basal cells. We presume that
the vertical division of the basal cells results from an increased auxin response, which

may directly contribute to the suspensor-embryo transition.

Discussion

In wild type, auxin transported through PIN proteins enables a strong auxin response in
the hypophysis 7. The strong auxin response in the basal cells of S4p0:SSP-YFP
probably reflects an altered auxin sink generated through auxin transport from
neighboring cells. Future study is required to check the auxin concentration in different

basal cells and whether the localization of PIN proteins has been changed. Controversial
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evidences are reported to explain the role of auxin in the suspensor-embryo transition 8%
158-161] \Whether an increased auxin response is responsible for the vertical division and
the embryonic transition of the basal cells remains to be addressed.

Which basal lineage ground cells will get a higher auxin response? Will that follow a
certain role regarding the distance between each cell? Or is the position of a high auxin
response a stochastic event? The S4,0:SSP-YFP transgene seems to set up a positive
feedback on its own expression, which makes the analysis complicated. Thus, activating
the YDA signaling by a strong egg cell-specific promoter, if also creating filamentous

embryos at the beginning, will make the analysis easier.
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Chapter V

Polarized SSP localization affects zygote polarity

Results

1. ER and BSK1 are not polarly localized in epidermal cells

As YDA is polarly localized in the epidermal MMC by BASL, | first checked whether BASL
is expressed in the zygote. According to recent transcriptomic data, BASL seems not to
be expressed in the zygote [°% 162 Then | investigate whether ER and BSK1, two
upstream components of the stomatal YDA pathway, have polarized accumulation on the
MMC plasma membrane or not. The ERpo:ER-YPet 13U and BSK1p0:BSK1-YPet
constructs rescued the developmental defects of er erll erl2 and bsk1 bsk2, respectively
(Figure 10). Thus, these lines were used to detect the localizations of ER and BSK1 in
the abaxial epidermal layer. The YFP signals were equally distributed in the putative
MMC/SLGC and the small meristemoid (Figure 10), suggesting that ER and BSK1 are

not polarly localized in these cells.

Col-0

ererlterl2
ERpro.‘ER- YFP

bsk1 bsk2
BSK1pro:BSK1-YFP

Figure 10. The localizations of ER and BSK1 in epidermal cells.

56



Chapter V: Polarized SSP localization affects zygote polarity

5-day-old cotyledons of ERp:ER-YPet and BSK1,0:BSK1-YFP rescued lines were stained with PIl. PI
staining (red) and YFP signals (green) were imaged on cotyledon epidermis. The arrow indicates one
putative MMC/SLGC and one meristemoid which are also enlarged in the yellow box. Scale bars represent

50 um in all panels. In the enlarged image of BSK1-YPet, the strength of PI signal is not equal because of
this staining is artificial. The PI staining strength is not corelated with the YFP signal strength, indicating
that the equal destribution of YFP signals is intrinsic.

2. SSP is polarly localized in elongating zygotes

Then | investigated whether ER, BSK1 and SSP are polarly localized in the zygote or not.
Unfortunately, the ER-YPet signal in the egg cell and the zygote of the er erll erl2
ERpro:ER-YPet rescue line is below the detection limit of our confocal microscopy 131,
Therefore, ER was excluded from further detection. The SSPy:SSP-YFP line that
rescued ssp-2 defects was used to visualize SSP localization 64, Consistent with previous
observation and transcriptomic data, SSP-YFP signal was not detected in the egg cell
and was only shortly detected after fertilization (Figure 11A-E). After zygote division, the
YFP signal was difficult to detect, indicating that SSP-YFP proteins were only generated
in the zygote [64 %01, Notably, SSP-YFP proteins were mainly localized on the basal plasma
membrane (BPM here afterwards) of the elongating zygotes (Figure 11D).

3. BSK1 is broadly expressed in the ovule

BSK1 is broadly expressed in plant tissues compared with SSP 24, In agreement with
this, we observed board expression of BSK1-YPet in the ovule (Figure 11L). Different
from SSP-YFP, BSK-YPet signals were equally distributed surrounding elongating
zygotes (Figure 111). Moreover, BSK1-YPet aggregates were frequently observed after
fertilization (Figure 11G-J). Before fertilization, strong YPet signal seemed to be localized
at the central cell while only very weak YPet signal was detected at the egg cell (Figure
11F). As the egg cell/zygote plasma membrane and the central cell/lendosperm plasma
membrane are closely located, it is in general hard to discriminate both membranes.
However, we did observe strong YPet signal on the endosperm plasma membrane after
fertilization (Figure 11H). Extremely weak YPet signal was observed on embryo plasma
membranes in the distal side to the endosperm. In contrast, the signal surrounding the
whole embryos was much brighter (Figure 11J-K). These observations suggest the BSK1-

YPet proteins surrounding the egg cell/zygote/embryo were mainly localized at the central
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cell/endosperm. To further determine the localization of BSK1-YPet, gentle vacuum was
performed on the fertilized ovule to separate the zygote and the endosperm, followed by
the Renaissance 2200 (RS2200) staining to visualize cell wall 163, Most membrane-
localized BSK1-YPet proteins were not localized at the zygote, indicating that these
BSK1-YPet proteins were mainly localized at the endosperm (Figure 11M-O). Thus, the
even distribution of BSK1-YPet surrounding the zygote does not reflect how BSK1-YPet
is localized on the zygote plasma membrane.

ssp-2 SSPpro:SSP-YFP

bsk1 bsk2 BSK1pro:BSK1-YPet

Figure 11. The localization of BSK1 and SSP in the egg cell, zygotes and embryos.
(A-E) SSP-YFP expression and localization in the egg cell (A), the shrunken zygote (B), the elongating
zygotes (C and D) and the 1-cell embryo (E) of the ssp-2 SSPp:SSP-YFP rescued line. (F-O) BSK1-YPet
expression and localization in the bsk1 bsk2 BSK1,:BSK1-Ypet rescued line. (F-K) BSK1-YPet expression
and localization around the female gametophyte (F), the shrunken zygote (G), the elongating zygotes (H
and I), the 1-cell embryo (J) and the 2-cell embryo (K). (L) BSK1-YPet expression pattern in the unfertilized
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ovule. (M-O) BSK1-YPet localization on the zygote plasma membrane and the endosperm plasma
membrane after RS2200 staining and gentle vacuum. (M) RS2200 staining of the zygote cell wall. (N)
BSK1-YPet signal. (O) the merged image of M and N. Yellow arrowheads indicate YFP signals on the
centrol cell plasma membrane (F) or the endosperm plasma membrane (H,N-O). White arrowheads in G-J
indicate the BSK1-YFP aggregrates. Magenta arrowheads indicate YFP signals on the egg cell membrane
(F) or the zygote plasma membrane (N-O) or the embryo plasma membrane (J-K). The scale bars represent
10 ym in all panels.

4. Polarized SSP localization is not promoter-dependent

Since SSP can function independently of ERf receptors and SSP directly interacts with
YDA [65 124, 131] ' the polarized localization of SSP-YFP suggests polarized YDA activity.
Considering that SSP is only shortly transcribed in the early zygote %, we wonder

whether the polarized SSP-YFP localization is just a result of the specific

S4pro:Myri_SSP-mRuby?2

S4pro:SSP-YFP

S4pro:BSK1-YPet

Figure 12. Localization of SSP-YFP and BSK1-YPet under the S4 promoter

(A-E) Localization of Myri_SSP-mRuby? in the egg cell (A), zygotes (B-D) and the 1-cell embryo (E) of the
S4pro:Myri_SSP-mRuby? line. (F-J) Localization of SSP-YFP in the egg cell (F), zygotes (G-1) and the 1-cell
embryo (J) of the S4,,,:SSP-YFP line. (K-M) Localization of BSK1-YPet in the unfertilized ovule (K) and the
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fertilized ovule (L) of the S4p0:BSK1-YPet line. (M) The enlarged image of L. The pink and the yellow
arrowleads in K indicate the YPet signal in the egg cell plasma membrane and the centrol cell plasma
membrane, respcetively. The scale bars represent 20 um in all panels.

temporal expression. The S4 promoter is specifically active during early embryonic phase
(1641 We then used the S4 promoter to prolong SSP-YFP expression in the zygote to check
whether the zygotic localization of SSP-YFP is altered or not. As control, the S4 promoter
was used to drive the expression of a membrane-localized mRuby2 RFP fluorescent
protein. The membrane-localized mRuby2 was made by fusing mRuby2 with SSP
myristoylation motif which is necessary for SSP membrane-localization 4. The
Myri_SSP-mRuby?2 proteins were equally localized on the membranes of the egg cell,
zygotes and 1-cell embryo (Figure 12A-E), indicating that the S4 promoter itself does not
generate any polarity cue. However, while SSP-YFP proteins were evenly distributed on
the egg cell membrane, they were still polarly localized on the BPM of elongating zygotes
and the 1-cell embryo (Figure 12F-J). Taken together, these results suggest that the SSP
polarized localization is determined by SSP cytoplasmic domain rather than its promoter
or membrane-localization motif.

Then we used the S4 promoter to check BSK1-YPet localization in the zygote.
Unfortunately, BSK1-YPet was strongly expressed on the membranes of the egg cell and
the central cell besides broad expression in the integument, making it again difficult to
dissect the zygote localization of BSK1 (Figure 12K-M).

5. Depolarized SSP localization suppresses zygote polarity

To check whether the polarized SSP localization is necessary for zygote polarity, we tried
to depolarize SSP localization. In maize, depolarizing ROP2 localization can be achieved
by overexpression 112, Hence, we over-expressed SSP-YFP in ssp-2 mutant with the
EC1 promoter. Three representative lines were chosen according to their expression
levels in the egg cell: moderate, strong and extremely strong. In the #1 line with moderate
expression, SSP-YFP proteins were still polarly localized on the BPM of the zygote, and
the zygote elongation and polarity defects were rescued (Figure 13A-C). In the #7 line
that showed strong SSP-YFP expression, although SSP-YFP proteins were still mainly
localized on the zygote BPM, obvious YFP signal was also observed on the apical plasma
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Figure 13. SSP-YFP localization and embryonic phenotypes of ssp-2 EC1,,:SSP-YFP lines.

(A) SSP-YFP expression levels and localizations, and zygotic phenotypes of ssp-2 EC1,0:SSP-YFP lines.
Left two columns: Egg cells, zygotes and 1-cell embryos of Col-0 and ssp-2 shown with DIC images and
dashed lines. Right three columns: The merged images of confocal and bright field images in three ssp-2
EC1p0:SSP-YFP lines showing different expression levels of SSP-YFP. The 1-cell embryo of the #1 line is
marked with dashed lines. (B-C) Zygote length (B) and apical/basal ratio (C) of Col-0, ssp-2 and ssp-2
EC1,0:SSP-YFP lines. Letters above boxes refer to individual groups in a one-way ANOVA with a post hoc
Tukey test (p < 0.05). (D) Phenotypes of ssp-2 EC1,0:SSP-YFP #7 and #8 lines at the 2-cell stage and at
4 days after pollination. DAP, days after pollination. The scale bars represent 20 um in all panels.
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membrane (APM here afterwards). In contrast to the #1 line, the zygote defect was not
rescued in #7. The #8 line showed extremely strong expression of SSP-YFP. In contrast
to #1 and #7, the localization of SSP-YFP proteins was not polarized in #8 zygotes.
Accordingly, the zygote defect was even stronger than that of ssp-2. Strong expression

may block SSP-YFP protein function, causing loss-of-function phenotypes. However,

frequent horizontal division of the apical daughter cell, and twin embryos were observed
in #7 and #8 lines (Figure 14 and Table 4).
Col-0 EC1pro:SSP-YFP

Bent-cotyledon stage Torpedo stage

Seedling

Figure 14. Late embryonic phenotypes and seedling phenotypes of the ssp-2 EC1,,:SSP-YFP line
(A-H) Embryonic phenotypes of Col-0 (A, E) and ssp-2 EC1,,:SSP-YFP (B-D, F-H) at the torpedo stage
(A-D) and the bent-cotyledon stage (E-H). Phenotypes of triple cotyledons (B, F), twin embryos (C, G) and
multiple embryos (D, H) are observed in ssp-2 EC10:SSP-YFP lines. (I-L) 5-day-old Col-0 seedlings (1)
and ssp-2 EC1,,:SSP-YFP lines (J-L) with triple cotyledons (J), twin seedlings (K) or triple seedlings (L).

In addition, triple-cotyledon seedlings, twin seedlings and even triple seedlings were
generated after germination. These seedlings phenotypes resemble the S4,1:SSP-YFP
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phenotypes (Chapter V), suggesting that SSP-YFP proteins are functional in #7 and #8
lines. Thus, zygote phenotypes of line #7 and #8 are likely caused by partial and full loss
of SSP polarity in line #7 and #8, respectively. These results suggest that the polarized
SSP localization is essential for zygote polarity. How SSP is polarized and whether YDA

localization or activation is also polarized are still to be elucidated.

Line Vertical Horizontal
Division of the Col-0 207/214 (96.73%) 71214 (3.27%)
apical daughter cell #7 7132 (21.86%) 25/32 (78.13%)
#8 52/197 (26.40%) 145/197 (73.60%)
Line One embryos Multiple embryos
#7 435/457 (95.19%) 22/257 (4.81%)
Embryos
#8 406/460 (88.26%) 54/460 (11.74%)
Line Normal seedlings Triple cotyledons Multiple seedlings
Col-0 264/264 (100%) 0/264 (0%) 0/264 (0%)
Seedlings #7 178/185 (96.22%) 0/185 (0%) 7/185(3.78%)
#8 141/171 (76.61%) 25/171 (14.62%) 15/171(8.77%)

Table 5. Ratio of abnormal embryos and seedlings in ssp-2 EC1,,:SSP-YFP #7 and #8 lines

Discussion

1. Whether ERf and BSK1/2 signals are polarized in epidermal cells

Although YDA is polarly localized in ACD precursor cells during stomata generation [162],
the localization of ER and BSK1 seems even in epidermal cells. During stomata
patterning, the function of BSK1 is ERf-dependent and ERf is activated upon binding of
EPFs [39 131 |t is suggested that EPFs are secreted from meristemoids to activate the
ERf signal in neighboring cells [165 1661 As a result, the ER and BSK1 activity might be
stimulated preferentially on the plasma membranes adjacent to meristermoids,
irrespective of their protein localization. Using the same transgenic lines, we could not
determine whether ER and BSK1 are polarly localized on the zygote plasma membrane
due to the invisible ER-YPet signal in the zygote and the strong endosperm expression
of BSK1-YPet. To overcome the drawback of using BSK1 native promoter, the S4

promoter was used to express BSK1 in the embryo. However, BSK1-YPet was expressed
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almost ubiquitously in the ovule, mimicking the BSK1p0:BSK1-YFP pattern. This result
implies existence of strong cis elements in BSK1 genomic sequence. Similarly, when
BSK1-YPet and ER-YPet were driven by the EC1 promoter, defects of vegetative
development were also partially rescued (data not shown), supporting our speculation
that cis elements promoting their broad expression exist in the genomic sequences of
BSK1 and ER. When ER CDS was driven by the EC1 promoter, expression was barely
observed in the egg cell (data not shown), consistent with a previous report that ER
introns are indispensable for its stable expression 1671, Thus, confocal microscopy can
only provide limited knowledge on BSK1 and ER localization. Interesting, extreme
supplement of ER, BSK1 and SSP does not cause any visible damage to the egg cell,
since fertilization undergoes normally (data not shown).

As discussed in Chapter I, related ligands may be secreted form surrounding mother
tissues, which might lead to a polarized ERf signal. Therefore, polarized localizations of
ER and BSK1 on the zygote plasma membrane seems unnecessary. As BSK1 is also
localized on the endosperm plasma membrane adjacent to the zygote, it may be involved
in a signal transduction from the zygote to the former.

2. SSP is polarly localized

Different from ER and BSK1, SSP is only expressed in early zygotes [64 90, In the ssp-2
SSPpro:SSP-YFP rescued line, SSP-YFP is polarly localized on the zygote BPM. As SSP
can function in an ERf-independent manner and directly interacts with YDA [65.124,131] ‘the
polarized SSP localization suggests a polarized YDA activity in the basal part of the
zygote. Strikingly, depolarized SSP localizations strongly affected zygote polarity,
suggesting that the polarized SSP/YDA activity is indispensable for zygote polarity.
Expressing YDA under an embryo-specific promoter, similar to the use of SPCHpro: YDA-
YFP and SPCHyo::DNyda-YFP in leaf epidermis 1162, may shed light on YDA polarity in
the zygote. In addition, we also tried to ectopically express SSP-YFP with the BSK1
promoter to check whether SSP-YFP localization were also polarized in epidermis.
However, YFP signal in epidermal cells of our transgenic lines was too weak to be
identified. As the BSK1 promoter is ubiquitously active during embryogenesis, we may

select against transgenic lines with strong SSP-YFP expression.
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SSP is a Brassicaceae-specific gene which evolved much later than ERf, BSK1/2 and
YDA. If the zygotic YDA signal is polarized, the ligand-ERf-BSK1/2 signal transduction
should also contribute to this polarity. As ERf and BSK1/2 are evolutionarily conserved in
flowering plants, we presume that the corresponding ligand may also show a sporophytic
maternal effect. The unknown ligand, therefore, is likely secreted from surrounding
mother tissues to trigger zygote polarization. Thus, it seems plausible that zygote
polarization is a further reflection of the highly polarized ovule in flowering plant. Hence,
it is necessary to identify where the ligand is secreted from.

3. The mechanism of SSP polarized localization

When plasma membrane-localized mRuby2 was expressed with the S4 promoter, the
proteins were distributed evenly on the zygote plasma membrane. In contrast, SSP-YFP
proteins expressed under the same promoter were still polarly localized on the BPM of
both the elongating zygote and the basal daughter cell, suggesting that SSP protein
localization is somehow regulated. Even when SSP-YFP was strongly expressed by the
EC1 promoter, polarized localization was still observed. It was only when SSP-YFP was
produced to an extreme level that the mechanism polarizing SSP-YFP seemed
nonfunctional. As the localization of BSK1 in the zygote could not be easily monitored in
our hands, whether the potential mechanism also applies to BSK1/2 is unknown. Although
SSP can function in an ERf-independent way, we are not sure whether ERf facilitates
SSP polarity in wild type. Checking SSP localization in the zygotes of er erl1, er erl2 or er
erl1/+ erl2 mutants might help to answer this question. When SSP was depolarized,
zygote polarity was strongly suppressed, suggesting that polarized YDA signal is
necessary for zygote polarity.

Notwithstanding, it is still possible that the zygote polarity defect is just a result of an
oversupply of nonfunctional SSP-YFP proteins that blocked normal molecular regulation,
although more functional SSP-YFP proteins were also produced simultaneously (For
example, because of its extreme expression, non-functional SSP-YFP proteins were
generated and gradually transited into functional SSP-YFP. The nonfunctional SSP-YFP
prevailed in the zygote and YDA is barely activated. In the apical daughter cell, the strong

expression of SSP-YFP is eliminated. The ratio of functional to nonfunctional SSP-YFP
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increased with the nonfunctional-to-function transition. The functional SSP-YFP prevailed
in the apical daughter cell. Thus, YDA is activated and the apical cell divided horizontally).
Therefore, using the EC1 promoter to express a nonfunctional SSP as control, such as
the G2A version 164, will be helpful to exclude this possibility.

ROPs are polarly localized on the tip plasma membranes of the tip-grown pollen tube and
root hair. Zygote elongation also adopts a tip-grown manner. As ROP3 regulates zygote
polarity (1131 it may be also polarly localized on the APM of the elongating zygote. As SSP
and ROP3 may be distributed in opposite sites, it seems unlikely that ROP3 directly
regulates SSP localization. However, it is still tempting to dissect whether ROP3 functions
in the YDA pathway and whether SSP localization is influenced in the rop3 loss-of-
function mutant. Since ROP3 affects the polar localization of PIN proteins in the root [113],
it may affect zygote polarity through auxin response. Whether auxin response regulates

zygote polarity and whether it intertwines with the YDA signal remain to be deciphered.

Materials and Methods

Main materials and methods are as described in the attached manuscript for Chapter IV.

Plasmid construction

The ERpo:ER-YPet 13U and S4,,:SSP-YFP are described in Chapter 1l and Chapter 1V,
respectively. To make BSK1,,0:BSK1-YPet lines, the ER promoter and ER genomic sequence in
ERpro:ER-YPet was replaced by a 2780 bp BSK1 promoter fused with the BSK1 genomic
sequence. The construct was transformed into the bsk1 bsk2 mutant 24, To make EC1p0:SSP-
YFP, the S4 promoter in S4,0:SSP-YFP was replaced by the 464 bp EC1 promoter. The construct
was transformed into the ssp-2 mutant. To construct S4po:Myri_ SSP-mRuby?2, the S4 promoter
was fused with the 60 bp SSP myristoylation motif and the mRuby2 RFP sequence in pBay-bar

vector [131],

Primer sequence

Primer seqguence Function
pBSK1-IF-F1 ATAAAATAATGTCGACTCGATTACTTTAGTAAATCC Clone BSK1
pBSK1-IF-R1 ATGGCGCGCCCTCGAGCAAACTCTTTTTCCTTAC promoter
BSK1-IF-F1 TTGCTCGAGGGCGCGCCATGGGTTGTTGTCAATCCTTG Clone BSK1
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BSK1-IF-R1 TTTAGACACCATCCCGGGAGATCCTCTGCCGCCTCG genomic sequence
pEC1-IF-F1 ATAAAATAATGTCGACCGCCTTATGATTTCTTCGG Clone EC1
pEC1-IF-R1 ACAGAGCCATGGATCCCCTTCTCAACAGATTGATAAGGT | promoter
Myri_SSP-IF-F1 | TAGTAAAAAAGGATCCATGGGTTGTTGTTACTC Clone SSP
Myri_SSP-IF-R1 | GCCCTTAGACACCATAGATCGCGTGTGGTC myristoylation motif
mRuby2-1F-F1 GACCACACGCGATCTATGGTGTCTAAGGGC Clone mRuby2
mRuby2-IF-R1 TGGTTACCTTTTTAGGGCCCCTACTTGTACAGCTCG sequence
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Prospect

Prospect

In this dissertation, we investigated several aspects of the embryonic YDA pathway in
Arabidopsis. The maternal ERf-BSK1/2 signal input and the paternal strong SSP signal
input converge on YDA activation to control zygote polarity. The independent parental
inputs reflect the hyperactivity of SSP and are reminiscent of the parental conflict theory.
In addition, the polarized localization of SSP in the zygote is essential for zygote polarity.
We further demonstrated that the HAESA family receptors can potentially activate the
YDA signaling pathway through the BIR3 chimera assay. In addition, we designed a
system to study the suspensor-embryo transition by using the hyperactivity of SSP.

In the future, identifying the interaction among YDA/yda-CA, BSK1/SSP or ERf/HSL1 will
shed light on the molecular mechanism of YDA activation. Furthermore, comparing the
structural difference between full-length BSK1 and SSP or between their TPR domains
will enable better comprehension of function manners of BSKs. Since SSP is just
Brassicaceae-specific, identifying the related ligand for ERf will further improve our
understanding of both the parental conflict model and ancient polarity cues of flowering
plants.

SSP can be used as a great tool to explore biological questions. As it is a constitutively
active version of BSK1, it may facilitate the revealing of how BSKs are activated and how
active BSKs recruit downstream substrates. BSK1/2 are broadly expressed in
Arabidopsis tissues, and their expressions and functions might be conserved in flowering
plants. BSKs seem to function redundantly and over-expression of BSK1 does not cause
obvious phenotypes, SSP therefore may be utilized to replace BSK1 for activating BSK1-
related pathways in Arabidopsis or in other flowering plants, enhancing our understanding
of other BSK1-related regulations. Multiple embryos and seedlings are generated when
SSP expression is prolonged in the embryo. This phenotype would be an appealing trait
for agriculture as more seedlings are produced without post-embryonic growth inhibition.
The multiple-seedling system should be improved, considering only approximately 10%
seeds produce multiple seedlings. This may be refined by using other promoters to
generate longer filamentous embryos in early stages. Prolonging SSP expression actually
delays embryogenesis in Arabidopsis, an implication that SSP dosage needs to be
precisely controlled. As an early SSP boost is beneficial, embryogenesis of non-
Brassicaceae species might be accelerated by transiently expressing SSP in the zygote,
thus producing larger embryos and seeds.
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SUMMARY

Embryogenesis of flowering plants is initiated by polarization of the zygote, a prerequisite for correct axis for-
mation in the embryo. The daughter cells of the asymmetric zygote division form the pro-embryo and the
mostly extra-embryonic suspensor.” The suspensor plays a pivotal role in nutrient and hormone transport
and rapid growth of the embryo.2® Zygote polarization is controlled by a MITOGEN-ACTIVATING PROTEIN
{MAP) kinase signaling pathway including the MAPKK kinase (MAP3K) YODA (YDA)* and the upstream mem-
brane-associated proteins BRASINOSTEROID SIGNALING KINASE 1 (BSK1) and BSK2.5:® Furthermore, sus-
pensor development is controlled by cysteine-rich peptides of the EMBRYO SURROUNDING FACTOR 1
{ESF1) family.7 While they act genetically upstream of YDA, the corresponding receptor to perceive these po-
tential ligands is unknown. In other developmental processes, such as stomata development, YDA activity is
controlled by receptor kinases of the ERECTA family (ERf).2~'2 While the receptor kinases upstream of BSK1/
2 in the embryo have so far not been identified,” YDA is in part activated by the sperm cell-derived BSK family
member SHORT SUSPENSOR (SSP) that represents a naturally occurring, constitutively active variant of
BSK1.%'? It has been speculated that SSP might be a paternal component of a parental tug-of-war controlling
resource allocation toward the embryo.2=13 Here, we show that in addition to SSP, the receptor kinase
ERECTA plays a crucial role in zygote polarization as a maternally contributed part of the embryonic YDA
pathway. We conclude that two independent parental contributions initiate zygote polarization and control

embryo development.

RESULTS AND DISCUSSION

Despite its central role in zygote polarization and controlling em-
bryonic versus non-embryonic development, it is still unclear if
the embryonic YDA pathway is activated in response to extra-
cellular signals. In many aspects of Arabidopsis development,
YDA activity is controlled by receptor kinases of the ERECTA fam-
iy, including ERECTA (ER), ER-LIKE 1 (ERL1), and ERL2.%1%"2 As
transcripts of ER can be detected inthe zygote (Table S‘I),14 a crit-
ical function of ER in controlling zygote polarity seems plausible.
Homozygous er eri! en2 triple mutants are sterile and produce
no embryos.!’ We therefore addressed a possible function of
ER in early embryogenesis by examining homozygous single,
double, and segregating triple mutants of ERf genes. As mutants
in Ler background used in previous studies contain a non-func-
tional ER gene, we performed all genetic experiments with alleles
in Col-0 background.*'*'® When comparing er mutants with wild
type, weak defects in zygote elongation, zygote polarization, and
suspensor length became apparent (Figure 1) as well as aberrant
division plane orientations in the suspensor (Figure S1). These de-
fects are hallmarks of reduced YDA activity’ and mimic the

phenotypes of ssp or bskl bsk2 double mutants.>'® Loss of
ERLT and ERL2 function only showed detectable defects in the
absence of functional ER by enhancing the er phenotype, indi-
cating that ERL1 and ERL2 play a minor role in early embryogen-
esis but can partially take over ER function in its absence (Figure 1),
as previously described for ERf function during stomata develop-
ment.'”"% "% To test if ER acts upstream of YDA in the context of
zygote polarization as it does in other developmental con-
texts, %% we performed genetic rescue experiments with a
constitutively active version of YDA (yda-CA;" Figure S1). Consti-
tutive YDA activity rescued the er erf2 double mutant phenotype
and caused increased zygote elongation, suggesting that YDA
acts downstream of ER in a common signaling cascade. As
yda-CA was hemizygous in the parental plant and therefore segre-
gated in the analyzed embryos, a quarter of the embryos did not
carry the yda-CA transgene, resulting in slightly lower median
values in the er erl2 background compared to wild-type back-
ground. These results suggest that the ER/YDA pathways
involved in embryogenesis and stomata development share a
common overall architecture.”” Triple ERf mutants with segre-
gating er (ER/er er!1 erl2), however, did not show defects in zygote

Current Biology 31, 1-7, November 8, 2021 © 2021 Elsevier Inc. 1
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Figure 1. Zygote polarity and suspensor development

(A) DIC images of cleared ovules showing representative one-cell embryos (apical cell false-colored in yellow, basal cell in blue). Genotypes are given below
images. Scale bar, 10 um.

(B and C) Boxplot diagram of zygote length (B) and zygote polarity (C).
{D) DIC images of transition stage embryos. Genotypes are given below images. Scale bar, 20 um.

(E) Boxplot diagram of suspensor length at transition stage.

(legend continued on next page)
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Figure 2. Parental effects in reciprocal crosses

Boxplot diagrams of zygote elongation (A) and suspensor length (B) in F1
embryos of reciprocal crosses. Genotypes are given as female x male. Box-
plot data presentation as described in Figure 1. Different letters above boxes
refer to individual groups in a one-way ANOVA with a post hoc Tukey test (p <
0.05). See also Figures S2 and S4 and Table 53,

elongation or suspensor formation despite normal transmission of
the er mutant allele (Figure 1; Table S2). The fact that phenotypic
defects in homozygous er embryos only became apparent if the
parental plants were homozygous for er, but not in homozygous
offspring of heterozygous ER/er parents, led us to test for possible
parent-of-origin effects. In reciprocal crosses of er erd double mu-
tants and wild type (Figures 2 and S2), we could only observe de-
fects in F1 embryos if maternal plants carried the er erf mutations,
but not if these allsles were transmitted by the pollen donors (Fig-
ures 2 and S2). Furthermore, zygote elongation defects could not
be observed if maternal plants were heterozygous for the er mu-
tation (Figure 1), although slightly altered zygote polarity can be
observed in segregating triple ER/er erl? er2 mutants (Figure 1).
The phenotype of the embryo therefore seems to be predomi-
nantly determined by the genotype of the maternal sporophyte
while loss of ER function in the haploid phase or the embryo in
segregating plants did not have a major effect on the embryonic
phenotype. This unusual parental effect may explain why a role
of ERECTA in zygote polarization has so far been overlooked.

& CelPress

Two possible scenarios could explain the sporophytic maternal
effect: zygote polarization could be affected by a non-cell-auton-
omous function of ER in sporophytic tissue. Such a scenario has,
for example, been described for early auxin signaling in the em-
bryo.”" Alternatively, ER could function in the zygote but rely on
ER transcripts and/or ER proteins inherited to the zygote via the
pre-meiotic megaspore mother cell (MMC).

A transcriptional (ER,:3xVerius-N7) and a functional transla-
tional fusion (ER,,.:ER-YPetf) reporter gene as well as RNAin situ
hybridization revealed ER expression in the sporophytic seed
coat as well as the female germline (Figure S3). As ER transcripts
can be detected at low level in isolated zygotes' (Table 1) but
are below detection limit in RNA in situ hybridization and very
weak ER-YPet expression was sufficient to rescue the mutant
phenotype in seedlings, we were not able to draw a definite
conclusion about the location of ER function based on the
observed expression pattern. However, yda has been reported
as a zygotic recessive mutant,”'® and we confirmed this for
the yda-77 allele (Figures 1 and S1). On the other hand, SSP
acts as sperm-derived activator.'” Both genes would therefore
argue for a function of the embryonic ERECTA/YDA pathway in
the zygote. This is further supported by the function of
WRKY2, a direct downstream target of MPK& phosphorylation.22
Consistently, loss-of-function wrky2 null mutations are zygotic
recessive without detectable parent-of-origin effects.® When
looking at mRNA stability, ER transcripts showed a moderate
half-life in seedlings at roughly the same level as typical house-
keeping genes, suchas ACTIN 2, for which rapid mRNA turnover
does not appear necessary (Table 83).23 ER transcripts can be
detected in the egg cell, but transcript levels decline after fertil-
ization, indicating that there is little or no de novo transcription
of ER inthe zygote (Table $1).™ In order to address the question
of where ER function is necessary for zygote polarization, we
specifically reduced ER protein function in the zygote using the
ERo:ER-YPet line in er er!? erl2 background. Genetically en-
coded anti-GFP nanobodies fused to ubiquitin ligases have
been used as an elegant tool to specifically target GFP/YFP-
tagged proteins for degradation.”*”® To test its functionality,
we expressed the NSImb-vhhGFP4 nancbody under the ER pro-
moter. The resulting seedlings mimicked the er eri? erl2 triple-
mutant phenotype,’’ albeit with a slightly weaker phenctype
(Figure 3), indicating that the nanobody is functional but does
not completely abolish ER-YPet activity. In the next step, we ex-
pressed the nanobody under the strong egg cell-specific EC7
promoter’ to specifically reduce ER-YPet levels in the egg
cell/zygote. This resulted in a significant reduction of zygote
length in the ERy:ER-YPet rescue line (Figure 3), indicating
that zygote polarization critically depends on functional ER pro-
teininthe zygote. Taken together, the available data suggest that
the sporophytic maternal control of ER function can be explained
by the inheritance of pre-meiotically produced ER transcripts/
proteins to the zygote and that very low amounts of ER are suf-
ficient to provide function in the zygote.

In (B}-(E), the sample size is given above the x axis. Center lines show the medians; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times the
interguartile range from the 25th and 75th percentiles; red crosses represent sample means; data points are plotted as gray dots. Letters above boxes refer to
individual groups in a ocne-way ANOVA with a post hoc Tukey test (p < 0.05). In embryos of heterczygous yda plants, two distinct populaticns of data points canbe
observed, with approximately a quarter showing streng zygote elongaticn (B) and polarity defects (C), and reduced suspensor length (E) possibly representing the
homozygous offspring. See also Figure S1 and Tables $1-83.
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Figure 3. Gell-autonomous function of ER protein in the zygote
(A-D) Vegetative growth phenctype of wild-type Col-0 (A), er erli erf2 triple
homozygous (B), genetically rescued plants (ER,,,-ER-YPet in er erl1 en2; C),
and genetically recued plants expressing anti-GFP nancbody (ER,,-NSimb-
vhhGFP4 in ERy:ER-YPet er erlt erl2; D). Scale bar, 1 cm. See also Figure 53,
(E) Egg cell-specific expression of the anti-GFP nancbody (EC7,,,-NSimb-
vhhGFP4) in the ERp,, ER-YPet er erf? er2 plant leads to reduced zygote
length. Boxplot diagram of zygote elongation. Boxplot data presentation as
described in Figure 1. Different letters above boxes refer to individual groupsin
a one-way ANOVA with a post hoc Tukey test (p < 0.05).

Different mechanisms that cause maternal effects on plant
embryogenesis including inheritance of cytoplasmic factors
have been proposed more than two decades ago.”” Further-
more, sporophytic maternal effects have previously been identi-
fied in the mutant sin7-2 allele of the SHORT INTEGUMENTS 1
(SIN1)/DICER-LIKE 1 (DCL1) gene.”**® A comprehensive survey
of essential genes in Arabidopsis showed that many mutations in
essential genes can be transmitted through the female germline
and only become deleterious in the early embryo.*® This sug-
gests that genetic compensation by premeiotic gene products
prevents lethality in the female gametophyte for many essential
genes and might therefore not be a rare event.”

BSK1 and BSK2 have been shown to act upstream of YDA, pre-
sumably linking ERECTA signaling with YDA activation.” Recip-
rocal crosses with bski bsk2 double mutants and wild type
showed similar sporophytic maternal effects as observed for er
(Figure 54). As maternal effects have been described for muta-
tions in genes acting downstream of YDA,*"** not just ER but
several components of this signaling pathway appear to be under
maternal sporophytic control. This is quite intriguing, as the non-
canonical BSK family member SSP activates YDA as paternal fac-
tor contributed by the sperm cell.”® SSP has been shown to
resemble a naturally occurring, constitutively active form of BSK
that directly interacts with YDA via its TPR motif.” This raises the
question of whether the two parental contributions to YDA activa-
tion can function independently. We tested this hypothesis in
seedlings, where ectopic expression of SSP leads to constitutive

4 Current Biology 37, 1-7, November 8, 2021
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activation of the YDA pathway®'? resulting in cotyledons lacking
mature stomata. This was also observed for 8§P expression in
eren? en2 triple-mutant background, indicating that SSP can acti-
vate YDA in the absence of a functional receptor complex (Fig-
ure 4A). Overexpression of BSK1 in bski bsk2 double-mutant
background rescued the bsk7 bsk2 phenotype, indicating that
the construct is functional. In contrast to SSP, however, it failed
to rescue the er erl? en2 triple-mutant phenotype, despite having
similar or higher transcript levels when compared to 385,,,:S8P
(Figures 4B and 4C).

If 88P serves as an independent signal for YDA activation in the
zygote, loss of 8SP should have an additive effect to loss of ER
function. The further loss of SSP in er er! and er er2 mutants
indeed led to further reduction in zygote length and an almost
complete loss of zygote polarity (Figures 2 and S2), indicating
that SSP provides additional YDA activation independently of
ER function. If the embryonic YDA pathway indeed relies on two
independent signaling inputs, additional SSP activity should
compensate for the loss of ER function. To test this, we introduced
an additional copy of SSP (SSP,.SSP-YFP) in the er erl2 double
mutant and found that additional SSP activity indeed partially
rescued the loss-of-function phenotype of er enl2 (Figure 4D).

Taken togsther, our data outline a signaling pathway (Figure 4E)
with a maternally controlled receptor complex and a paternally
provided activating protein that converge at the level of MAP3K
activation. SSP is a Brassicaceae-specific gene while ER, BSKT,
and BSK2 are evolutionarily conserved in flowering plantts.ss’34
SSP has been shown to be critical for correct suspensor develop-
ment,'® an organ that serves as a conduit for nutrients to the
embryo,” and for rapid development of the embryo.” Therefore,
suspensor development could be a possible target of a parental
conflict over nutrient allocation to the embryo.” It has recently
been observed that there are preferentially maternal expressed
genes inthe suspensor while there is mainly biparental expression
in descendants of the apical cell.* This maternal bias in the sus-
pensor could be interpreted in the context of the parental conflict
theory enforcing equal nutrient distribution to all embryos by the
maternal genome.*® In this context, it might be significant that
ER function is under sporophytic control as the sporophytic
maternal effect would ensure uniform suspensor development
of all embryos ivespective of segregating maternal alleles. In
this scenario, SSP could be seen as a Brassicaceae-specific
paternal contribution that circumvents the maternal control of sus-
pensor development, bypassing ERECTA signaling as a strong in-
dependent activator of the YDA pathway.

This raises the question if suspensor development in other
plant species is also under maternal control and whether the
two independent inputs for YDA activation indeed are part of a
parental tug-of-war over nutrient allocation to the embryo. Or
are Brassicaceae shifting from ligand-/receptor-based zygote
polarization to a sperm-based activation mechanism via SSP
to fine-tune the timing of YDA activation as SSP naturally links
fertilization with YDA activation?

The receptor kinase ER implies extra-cellular ligands in the
control of zygote polarization, and the known ESF1 peptides
are prime candidates. However, at present it is unclear if they
have a function in zygote polarization or influence suspensor
development after zygote polarization.” Future research will be
needed to address the question of where the ligand for the ER
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Figure 4. Independent parental contributions to YDA activation in the zygote

(A) Maximum projections of epidermal confocal images. Genotypes are given under each figure panel. Cell walls are stained with propidium iodide. Scale bar,
20 pm.

(B) Expression level of 356S,,,;SSP and 35S,,,,;BSK1 in er erl1 erl2 seedlings shown in (A) as determined by qRT-PCR. Bar graph shows mean values of three
technical replicates with standard error.

(legend continued on next page)
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receptor kinase is originating and how conserved this mode of
zygote polarization is in land plants.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

All Arabidopsis thaliana mutant and transgenic lines used in this study are in Col-0 background. Seeds were washed with 70%
(v/v) ethanol for 5 min, followed by washing with 100% ethanol for 1 min. Then seeds were dried under clean bench. Surface-
sterilized seeds were stratified at 4°C in dark for 2 days on half-strength Murashige and Skoog (2 MS) medium containing 1%
(w/v) sucrose and 1% (w/v) agar (pH = 5.7)"® then transferred to long-day conditions (16 h at 3000 photons per square meter per
second, 8 h at dark) at 23°C for 1-2 weeks in custom-built walk-in growth chambers (Induplan, 8118140). Afterward, seedlings
were transferred to soil and were grown under long-day conditions (16 h at 80 micromoles per square meter per second, 8 h at
dark) at 23°C and 65% relative humidity as described before.” Mature seeds were harvested in seed bags and stored at room
temperature.

METHOD DETAILS

Mutant lines

The ssp-2 (SALK_051462), bsk1-2 (SALK_122120), bsk2-2 (SALK_001600), er (SALK_066455), ed? (GK_109G04), enl2
(GK_486E03)>"? have been described previously. The yda-17 (SALKseq_078777) allele in Col-0 background carries a T-DNA inser-
tion in the second exon. As the truncated gene product lacks essential parts of the YDA coding region” and the mutant phenotype is
similar to ydalf‘f,4 the yda-77 presumably represents a null allele. Insertion lines were provided by the Nottingham Arabidopsis Stock
Center (NASC).?® bski bsk2 double mutant, er ERL1/erii erl2 and er erlt enl2 triple mutants have been described before.” All other
homozygous or heterozygous multiple mutant combinations were obtained by crossing. Crosses were performed by manual dissec-
tion of anthers before anthesis, followed by manual pollination approximately 24 h later.

Genotyping

For genotyping of mutant plants, PCR was performed with Dream Tagq Green PCR Master Mix (Thermo Scientific). Gene-specific
primers (LP and RP; Table S4) were used for the wild-type allele. Left border primers in combination with a gene-specific primer
(RP) were used to detect the insertion allele. Segregation analysis of ER/er er1 erl2, er ERL1/erl1 eri2 and BSK1/bsk1 bsk2 was based
on counting the number of strong dwarfed mutant seedlings (phenotype of the er eri? erl2 triple homozygous and bsk1 bsk2 double
mutant seedlings) in the offspring.

Plasmid construction

Q5 High-Fidelity DNA polymerase Kit (NEW ENGLAND BiolLabs) was used to clone DNA fragments from Arabidopsis Col-0.
Plasmid construction was performed by in-fusion cloning using In-Fusion HD Cloning Kit (TAKARA) and transformed into Stellar
competent cell TAKARA). Oligonuclectide sequences for molecular cloning are summarized in Table S4. For plant transformation,
transgenes were constructed in pCambia 3300°° as well as pBay-bar and pBay-hyg binary vectors.” pBay-bar and pBay-hyg are
modified versions of the pCambia binary vectors pCambia 3300 and pCambia 1300,%° respectively. pCambia 3300 and pCambia
1300 (https://cambia.org) were modified from pPZP vectors.”” In pBay-bar and pBay-hyg, the T-DNA has been replaced by a syn-
thetic DNA fragment harboring unique restriction enzyme sites as well as plant codon-optimized selectable marker genes (confer-
ring phosphinothricin and hygromycin resistance, respectively) under control of the Arabidopsis RPL10A promoter (—960 bp
to +287 bp of At1g14320 including the first intron).” To generate ERo:3xVenus-N7, a 1934 bp genomic region immediately up-
stream of the start codon of ER was transcriptionally fused with the coding region of 3 copies of Venus YFP with a C-terminal N7
nuclear localization sequence and UBQT0 terminator in pCambia 3300. ER,;ER-YPet contains a fragment of the ER locus
including a 1934 bp region upstream of the start codon and the genomic sequence. The ER genomic sequence was fused in-frame
at the 3 end with the sequence of YPet YFP and UBQ10 terminator. To generate ER,,:NSimb-vhhGFP4, the ER-YPet sequence in
ER,o:ER-YPet was replaced by the NSImb-vhhGFP4 coding sequence,”® and the whole cassette was introduced into pBay-hyg.
For EC1,0:NSImb-vhhGFP4, a 465 bp region of ECT.7 was fused with NSImb-vhhGFP4 in pBay-hyg. To generate 35S,,,/BSK7
and 355,,,-55P, BSK1 CDS and S8P CDS, respectively, were fused with 2x 358 promoter and 358 terminator in pBay-bar back-
bone. 88§Pu:SSP-YFP and YDAy, yda-CA have been described pre\.riously.“’13 In 88P,,:SSP-YFP, 6630 bp SSP 5" UTR, whole
SSP genomic sequence and 153 bp SSP 3’ UTR of SSF were cloned to pCambia 3300. Citrine YFP sequence was fused in be-
tween the kinase domain sequence and TPR domain sequence of SSP. In YDAy G:yda-CA, 3762 bp YDA 5 UTR and 1217 YDA &
UTR were fused with truncated YDA genomic sequence in pCambia 3300. The truncated YDA genomic sequence contains a
447 bp deletion (+650 bp to +1096 bp) in the second exon.

Transgenic plants

All initial transgenic plants were transformed by floral dip using Agrobacterium fumefaciens GV3101 7 ER,:3xVenus-N7 was trans-
formed into Col-0. ER,,:ER-YPet, 355,,,:BSK1 and 35S,,,/SSP were transformed into er er/1/ERLT erl2 plants. 355,,:BSK1 and
368,,,,:SSP were also transformed into BSK7/bsk1 bsk2 and Col-0, respectively. YDA, .vda-CA and SSP,,:SSP-YFP were trans-
formed into er erl2. T, transgenic seedlings of these constructs were screened on %, %, %, MS plates containing 1% (w/v) sucrose
and 50 mg/L phosphinothricin. ER,:N&Imb-vhhGFP4 and EC1,,,:NSImb-vhhGFP4 in pBay-hyg were transformed into ER,./ER-
YPet #4in erertl erl2, and T, seadlings were screaned on %, %, %, MS plates containing 1% (w/v) sucrose, 50 mg/L phosphinothricin
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and 20 mg/L hygromycin. Ts plants were used for phenotypic analyses, except for 358,,,:SSP, 355,,,:5SF er erfl erl2 and
365,:BSK1 ererit enl2, where T, seedlings were directly used because of sterility of the transgenic plants. Two independent trans-
genic lines of YDA,o:yda-CA in er erl2 (#16 and #19) were crossed with Col-0 and offspring homozygous for the £R ERL2 wild-type
alleles were selected in the F2 generation. Transgene expression was determined by RT-PCR using M13rev and transgene-specific
reverse primers (listed in Table S4).

DIC and Confocal microscopy

For differential interference contrast (DIC) imaging, ovules were dissected by hand and incubated overnight in Hoyers solution (7.5g
gum arabic, 5 mL glycerol, 100 g chloral hydrate and 30 mL water, diluted 2:1 with 10% (w/v) gum arabic solution). DIC images were
taken with a Zeiss Axio Imager. Z1 microscope equipped with AxioCam HRc camera and AxioVision 4 software as described before.”
Confocal microscopy was conducted with a Zeiss LSM 780 NLO microscope with ZEN 2.0 blue edition. SCRI Renaissance 2200
{SR2200) staining were performed according to published protocols’**S and confocal images were obtained with excitation at
405 nm and detection wavelength from 415 nm to 475 nm. For SR2200 staining of early ovules containing developing megaspore
mother cell, eary ovules were incubated in SR2200 solution (0.1% {v/v) SR2200, 1% (v/v) DMSO, 0.05% (w/v) Triton X-100, 5%
(w/v) glycerol, 4% (w/v) para-formaldehyde in PBS buffer, pH 8.0) for 5 min. Then ovules were washed with water once and incubated
in 5% (w/v) glycerol for imaging. For SR2200 staining of ovules containing megaspores or mature female gametes, both incubation
and washing steps were performed with gentle vacuum to have a better staining. For YFP imaging, a 514 nm laser wavelength was
used for excitation, a wavelength between 526 nmand 553 nm was recorded. For propidium iodide (PI) staining, cotyledons of seed-
lings (5 days after germination) were dissected and incubated in 10mg/L Pl solution in water for 30 min, followed by brief washing with
water. Afterward, cotyledons were transferred to microscopy slides and the abaxial side was imaged. Pl fluorescence was detected
from 571 nm to 656 nm with an excitation wavelength of 561 nm.

RNA in situ hybridization

RNA in sifu hybridization were conducted according to Mayer et al.”” with modifications (see below). The probes were amplified
directly from cDNA from Col-0 seedlings using the primers ER-insitu-s: GTAAAGATCTCGGTGTGG and T7+ER-insitu-as: TAATAC-
GACTCACTATAGGGCTGAAGACATATTCACA (T7 promoter sequence is the first 20bp) modified from Pillitteri et al.*” They were
transcribed and labeled with up to a 1:3 ratio of UTP: Digoxigenin-11-UTP (Roche) using the T7 Polymerase (Thermo Scientific).
High specific labeling was by dot blot analysis using DIG-labeled Control RNA (Roche) as reference. For the plant material, unfertil-
ized siliques were collected from Col-0, ER/er, and er plants. They were fixed and embedded as described previously,*® shortening
the ethanol series to 45 min and using 10 pm sections. Paraffin was removed by immersing twice in Histoclear (National Diagnostics)
for 10 min. The samples were first rehydrated by sthanol series, then digested with 0.125 mg/mL Pronase (Sigma) for 10 min, treated
shortly with Glycine 0.2% (w/v) in 1x PBS and 1x PBS before fixation in 4% (w/v) PFA for 10 min. Sections were dehydrated by sthanol
series and 200 ul hybridization solution was applied per slide. After incubation in a humid box at 50°C overnight, the samples were
shortly immersed in 2x SCC and washed thres times in 0.2x SCC for 50 min at 50°C. The slides were incubated in 0.5% (wA) blocking
reagent (Boehringer) in TBS for 45 min. The Anti-Digoxigenin-alkaline-phosphatase-coupled antibody (Roche) was diluted 1:1250 in
BXT (1% (w/v) BSA, 0.3% (w/v) Triton X-100 in TBS), 160 pl/slide applied and incubated for 1.5 h. Sections were washed 4 times in
BXT for 20 min and incubated for 5 min in detection buffer (100 mM Tris (pH 9.5), 50 mM MgCl;, 100 mM NaCl). Hundred twenty
microliters of staining solution (450 ug/mL NBT, 175 ug/mL BCIP, 2% (w/v) Polyvinyl alcohol in detection buffer) were applied per
slide and incubated overnight. They were immersed shortly in detection buffer, added 15% {(w/v) glycerol to each slide and applied
a coverslip for brightfield microscopy.

|46

Quantitative RT-PCR analysis

RNA was extracted with the RNeasy Plant Mini Kit (QIAGEN) and quantified with a Nanodrop spectrophotometer. Col-0, er enl7 erf2
and transgenic Ty seedlings were grown on 2 MS media containing sucrose and agar for 14 days under long-day conditions. After 4 h
in light, seedlings were collected and directly frozen in liquid nitrogen. 12 seedlings were collected for Col-0, er erl? erli2 and
368.,0:BSK1 bsk1 bsk2 each. Single T, seedlings were collected for 356S,,,:SSP, 3565,,,:SSP er er!1 erl2 and 355,,,;BSK1 er erll
erl2. cDNA was synthesized with RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific) from 1 ug total RNA of each sample,
and was diluted 2-fold before quantitative PCR (gPCR) reaction. The gPCR was performed in a CFX Connect (Bio-Rad) with Luna
Universal gPCR Master Mix (NEW ENGLAND Biolabs) in a total reaction volume of 20 uL (10 uL Luna Universal gPCR Master Mix,
0.5 uL 10 uM/L forward primers and reverse primers, 2 ul cDNA and 7 uL H20). The gPCR program was run as suggested by the
qPCR Master Mix supplier (95°C for 60 s, 40 cycles: 95°C for 15 s and 60°C for 30 s). Melting curves were generated by increasing
temperature from 65°C to 95°C with measurement every 0.5°C increment. Gene-specific primers were used for amplification
(Table S4). Actin2 (At3g18780) was used to normalize gene expression.’® Relative gene expression level was shown as 27440150
Three replicates per reaction were carried out. Biological replicates were not possible because T lines of 355,,,:85P, 358,,:S5P
ererll eri2 and 35S,,,:BSK1 er erl! enl2 were tiny and sterile.

Phenctypic analysis of rosette leaves
For Images of rosette leaves, three-week old plants were photographed with Canon EOS 10000 camera. To increase the visual
contrast, images of rosette leaves were separated from background soil using Adobe Photoshop.
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RNA stability
Arabidopsis RNA half-live (stability) was derived from published data by Szabo st al.™” using an exponential decay model. All data, a
detailed description of the analysis and a hands-on protocol have been previously published.”®

|.25

QUANTIFICATION AND STATISTICAL ANALYSIS

Measurement of zygote/suspensor length

After DIC imaging, size measurements were performed using measurement tools of ImageJ software (version 1.52p).** The length of
the fully elongated zygote was inferred from the sum of apical and basal daughter cell length of the 1-cellembryo. Zygote polarity was
determined as ratio of apical and basal cell length. Suspensor length during transition stage was measured from the micropylar end of
the basal suspensor cell to the center of uppermost suspensor cell. In crossing experiments, anthers were removed before anthesis,
followed by manual pollination approximately 24 h later. Ovules were collected 24-30 h after pollination to image the 1-cell embryos
and 4 days after pollination to image transition stage embryos.

Statistical analysis

Boxplot diagrams were made online with BoxPlotR." For statistical analysis of phenotypic data and expression data, the one-way
ANOVA analysis with post hoc Tukey test was performed in R (version 3.6.1) with multcompView package (https://cran.r-project.org/
web/packages/multcompView/index.html). The number of data points in each group was listed at the bottom of each diagram. The
segregation analysis was statistically analyzed with Chi-Square test.
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Zygotic Embryogenesis in Flowering Plants

Houming Ghen, Yingjing Miao, Kai Wang, and Martin Bayer

Abstract

In the context of plant regeneration, in vitro systems to produce embryos are frequentdy used. In many of
these protocols, nonzygotic embryos are initiated that will produce shoot-like structures but may lack a
primary root. By increasing the auxin-to-cytokinin ratio in the growth medium, roots are then regenerated
in a second step. Therefore, in vitro systems might not or only partially execute a similar developmental
program as employed during zygotic embryogenesis. There are, however, in vitro systems that can
remarkably mimic zygotic embryogenesis such as Brassica microspore-derived embryos. In this case, the
patterning process of these haploid embryos dosely follows zygotic embryogenesis and all fundamental
tissue types are generated in a rather similar manner. In this review, we discuss the most fundamental
molecular events during early zygotic embryogenesis and hope that this brief summary can serve as a
reference for studying and developing in vitro embryogenesis systems in the context of doubled haploid
production.

Key words Axis formation, Pattern formation, Radial patterning, Root formation, Shoot apical
meristem, Zygote polarization, Zygotic embryogenesis

1 Introduction

Land plants form most of their body shape postembryonically in
response to environmental cues [1, 2]. During embryogenesis,
therefore, only a simple yet stereotypic manifestation of a small
plant is set up. This seedling invariably consists of a few readily
recognizable structures along its apical-basal axis, namely, the
embryonic leave(s), the hypocotyl, and the embryonic root. Less
obviously, the stem cell niches (meristems) for postembryonic
development of the shoot and the root are also already established
at the opposite ends of the apical-basal axis. The plant embryo is
further partitioned along the radial axis into vasculature, ground
tissue, and epidermis.

These different tissue types are generated by consecutive steps
of patterning along the apical-basal as well as the radial axis
[3]. Many of the molecular players orchestrating this development

Jose M. Segui-Simarro (ed.), Doubled Hapioid Technology: Volure 2: Hot Topics, Apiaceae, Brassicaceae, Solanaceae,
Methods in Molecular Biology, vol. 2288, https:/dei.org/10.1007/978-1-0716-1335-1_4,
@ The Author(s), under exclusive license to Springer Science+Business Media, LLC, part of Springer Nature 2021
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have been identified in Arabidopsis thalinna, but other model
species such as maize and rice have also significantly contributed
to our understanding of embryonic patterning in plants. In this
review, we mainly focus on Brassicaceae embryogenesis as the ste-
reotypic patterning process in this plant family facilitates the identi-
fication of different cell types by position. The invariant patterning
also makes it possible to trace the origin of cells back to decisive cell
divisions without live imaging [4]. In order to keep this review
congise, we limit our overview to key factors that seem to have a
conserved function in flowering plants and will refer to more
comprehensive or specialized reviews where necessary.

2 Early Steps of Axis Formation

2.1 Zygole
Polarization

In Arabidopsis, the fertilized egg cell (zygote) seems to undergo a
brief phase in which cell polarity is lost, before it repolarizes,
elongates about threefold, and finally divides asymmetrically to
form an apical and a basal cell [5, 6] (Fig. 1).

The apical cell will invariably develop into the embryo. Des-
cendants of the basal cell will foremost contribute to an extracm-
bryonic support structure, called suspensor. In Brassicaceae, the
suspensor is a filamentous structure formed by a series of stereo-
typic horizontal divisions of the basal cell and its descendants. The
early embryo and suspensor are clonally derived from the apical and
basal cell, respectively. However, in other angiosperms, this bound-
ary is less clear and cells originating from the apical cell can also
contribute to the suspensor (i.e. in members of the Caryephylla-
ceae) or cells derived from the basal cell can form part of the
embryo, as in members of the Asteraceae family [7, 8].

In Arabidopsis, the elongation of the zygote is accomplished by
tip growth [9]. This rather specialized mechanism of cell elongation
can also be seen during pollen tube growth and root hair growth.
While zygote clongation is a commeon feature of many angiosperm
species [7], it does not seem to be a necessity for zygote polariza-
tion. In some members of the grasses, such as maize and rice, the
egg cell undergoes an asymmetric division right after fertilization
without any apparent cell elongation [10, 11].

The correct positioning of the zygote nucleus during this repo-
larization phase depends on actin filaments and vacuolar dynamics
[9, 12]. The intrinsic polarity of the zygote does not necessarily
result in size differences of the daughter cells and there are quite a
number of plant species in which the apical cell is equal in size or
larger than the basal cell [10, 13]. Independently of their size,
however, the apical cell pointing toward the central cell and the
chalaza will always form (at least part of) the embryo proper. The
basal cell that is positioned toward the micropyle and is in physical
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axis formation
zygote polarization
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Fig. 1 Apical-basal axis formation. (a) Overview of early embryo morphology in Arabidopsis. Developmental
stages are indicated below the graphic. £Cegg cell, £Z early zygote, L Zlate zygote. (b) Zygote polarization and
patterning along the apical-basal axis. A simplified model of the embryonic YDA pathway is shown on the left.
Differential expression of WOX gene family members along the apical-basal axis is depicted on the right

contact with sporophytic tissue of the seed coat will always contrib-
ute to the extraembryonic suspensor [14].

2.2 MAP Kinase Zygote elongation and zygote polarization are at least in part
Signaling regulated by a MITOGEN- ACTIVATED PROTEIN (MAD)
kinase-dependent pathway (Fig. 1). This MAP kinase cascade
includes the MAP2K kinase {(MAP3K) YODA (YDA) [15], the
MAPK kinases { MAP2K/MKK) MKK4 and MKK5, and the MAP
kinases (MAPK/MPK) MPK3 and MPK6 [16, 17]. Upstream of
YDA in this signaling cascade, two members of the BRASSINOS
TEROID SIGNALING KINASE (BSK) family—BSK1 and
BSK2—work in parallel [18]. These membrane-associated proteins
typically function as signaling relay in SOMATIC EMBRYOGENE
SIS RECEPTOR-LIKE KINASE (SERK)-dependent receptor
kinase pathways [19]. It is therefore a likely scenario that the
YDA-dependent MAT kinase cascade is controlled by an extracellu-
lar signal received by a SERK-dependent receptor complex
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[18]. Possible candidates for the extra-cellular signal include a
family of small proteins termed EMBRYO SURROUNDING
FACTOR [20] and the possible peptide ligand CLAVATA3 /ESR-
RELATED (CLE) 8 [21]. These extra-cellular molecules influence
suspensor formation, but their direct involvement in activating the
embryonic YDA pathway has not been shown and is therefore still
hypothetical.

In Brassicaceae, an additional mechanism of YDA activation
exists [22]. The atypical BSK family member SHORT SUSPENSOR

(S8P) evolved as sister gene of BSK7 [23]. In contrast to BSKI,
which functions in a phosphorylation-dependent manner [24], the
SSP protein seems to constitutively adopt an activated conforma-
tion [18]. SSP is tightly controlled at both transcriptional and
translational levels. S8P transcripts accumulate at high level exclu-
sively in sperm cells and seem to be paternally inherited to the
zygote where the SSP protein transiently accumulates [25]. Since
SSP directly interacts with YDA, the presence of SSP in the zygote
links YDA activation with the fertilization event [18].

The rather mild defects in zygote polarization and suspensor
development seen in sp mutants are accompanied by strikingly
slower embryo development possibly due to a malformed suspen-
sor [26]. Therefore, the Brassicacene-specific SSP protein might
provide an additional, beneficial boost of early YDA activity in
paralle] to a BSKI1 /BSK2-dependent YDA activation [18].

One of the targets of this pathway is the transcription factor
WRKY DNA-BINDING PROTEIN 2 (WRKY2) that is phos-
phorylated and activated by MPXé [6, 27].

WRKY2 together with HOMEODOMAIN GLABROUS
(HDG) HDGI11 and HDGI12 transcriptionally activates the home-
odomain transcription factor gene WUSCHEL RELATED
HOMEOBOX 8(WOXS8) in the basal cell [6, 27, 28]. This possibly
indicates that the embryonic YDA pathway is active at the basal pole
of the zygote and /or in the basal daughter cell. Loss of WOX8 and
its close homolog WOX9 leads to developmental defects in the
suspensor. However, expression of the WOX gene family member
WOX2 as well as other genes that are normally confined to the
apical daughter cell and its descendants is also lost in wox8 wox9
double mutants, indicating a possible non—cell autonomous
functicn [29].

Additional transcription factor complexes that include the
BRWP-RK domain-containing (RKD) protein GROUNDED
(GRD)/RKD4 may be further targets of the embryonic YDA
pathway as suggested by the genetic interaction of these mutants
and the strikingly similar loss-of-function phenotype [30]. How-
ever, as members of this family seem to play a role in egg-to-zygote
transition, a more general role in establishing a zygotic or embry-
onic transcriptional program and therefore setting the stage for
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a functional embryonic YDA pathway might also be possible
[30-32].

The two daughter cells shaped by the first zygotic cell division are
characterized by differential gene expression [33]. Among the
differentially expressed genes are members that control auxin trans-
poert and transcriptional auxin response [33, 34]. Consequently,
with the formation of the embryogenic apical cell, auxin becomes
one of the central players in the patterning process of the embryo.
According to current data, sporophyte-derived auxin is transported
by the auxin efflux facilitator PIN-FORMED 7 (PIN7) in the apical
membrane of the basal cell to the terminal apical cell [34, 35]. Rising
auxin levels in the apical cells lead to transcriptional auxin responses
as well as a deviation of the stereotypic horizontal cell divisions by a
90° turn of the division plane [36]. If auxin responses are blocked
in the early embryo, a stereotypic horizontal division plane follow-
ing simple geometric rules of a local minimum in division plane size
is formed [36, 37]. The initial apical transport of auxin and the
corresponding differential auxin responses in the apical cell there-
fore seem to initiate the three-dimensional growth of the embryo.

It has been shown that auxin synthesis is coupled to auxin
transport and response [38—40] and early in development of the
embryo, the suspensor is a preminent source of auxin [39]. With
rising auxin concentrations, the embryo proper itself will become
the dominant source of auxin around globular stage, initiating a
reversal of auxin transport in apical-basal direction [39, 41-43].

The differential auxin response in the apical cell vs. basal cell
and their descendants is accomplished by directional auxin flow
toward the apical cell and by different auxin response modules in
the embryo vs. suspensor [44]. At this early stage, suspensor cells
still possess embryogenic potential and cell proliferation seems to
be repressed by a suspensor-specific auxin response module
[44]. This is highlighted by laser ablation of the embryo or by
suspensor-specific expression of certain embryo-specific factors
initiating suspensor-derived secondary embryos [45, 46].

This raises the question how polar auxin transport and different
auxin response modules are set up early in embryogenesis. As many
factors in auxin synthesis, transport and response are expressed in
an auxin-dependent manner, this could be in principle a self-
organizing system [47]. However, since wox8 wox9 double mutants
show expanded auxin responses in the suspensor and lack the
expression of some components of the embryo-specific auxin
response module, a link between MAP kinase signaling in the
zygote and differential auxin responses in the zygotic daughter
cells seems to exist [6, 27, 29]. How direct this connection is,
however, needs to be determined.
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3 Patterning Along the Apical-Basal Axis

3.1 WOX Gene
Expression

3.2 Seiting
Boundaries

Three-dimensional growth of the embryo is initiated by two rounds
of vertical divisions in the apical lineage of Arabidopsis. These four
cells then divide each horizontally to form an upper and lower tier
in the eight-cell preglobular embryo. The order of these cell divi-
sions does not seem to be strictly necessary as other plant species
(i.e., in the Solanacene family) form a similar structure by an initial
horizontal division of the apical cell followed by two rounds of
vertical divisions in the upper and lower tier of the embryo,
respectively [7].

At the eight-cell stage, the embryo can be functionally divided
along its apical-basal axis. The four cells of the upper tier are the
precursors of the embryonic leaves and the shoot apical meristem
(SAM). Cells of the lower tier will form the hypocotyl, vasculature,
and parts of the root meristem. The uppermost suspensor cell or
hypophysis is the founder cell of the quiescent center (QQC) of the
root meristem as well as the columella. The rest of the suspensor
remains extraembryonic. This organizational segmentation along
the apical-basal axis is paralleled by overlapping expression domains
of three WOX family genes [28] (Fig. 1).

The upper tier is characterized by WOX2 expression, while in
the lower tier, WOX2 expression overlaps with the expression
domain of WOX9. In the hypophysis, WOX?9 is coexpressed with
WOX8. In the suspensor, WOX8is the only member of these three
genes that is expressed [28] (Fig. 1). While the loss of WOX2 or
WOX8and WOX9lead to patterning defects in the embryo and the
suspensor, respectively [29], their exact role during early embryo-
genesis is not fully understood. In the seedling, WOX family mem-
bers control the proliferation of stem cells in various meristems
(reviewed in [48]), a similar role in cell cycle regulation during
early embryogenesis seems therefore possible [49].

As the expression patterns of WOX genes illustrate, there seem to
be clear boundaries between expression domains in the early Ara-
bidopsis embryo that often are confined to single cell files. How this
is achieved mechanistically is not clear. However, the GATA tran-
scription factor HANABA TARANU (HAN) secems to play a critical
role in setting up or maintaining the embryo—suspensor boundary
[50]. In han mutants, genes typically expressed in the suspensor
expand their expression domain to the lower tier. How HAN
restricts the expression of these genes to the suspensor, however,
and if/how this relates to the transcriptional network of WOX
transcription factor genes, still needs to be investigated [50].
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4 Radial Patterning

4.1 Protoderm
Formation

4.2 Patterning
in the Lower Tier

Radial patterning is initiated with tangential divisions that form the
16-cell or dermatogen stage embrye [51]. This step depends on
WOX gene function, as indicated by occasional anticlinal cell divi-
sions in the upper tier in wox2 mutants [29]. Similar incorrect
orientation of cell divisions at this stage can be achieved by expres-
sion of a nondegradable version of the transcriptional repressor
BODENLOS (BDL)/ INDOLE-3-ACETIC ACID INDUCIBLE
12 (IAA12) [36], a critical component of the transcriptional auxin
response module [37, 52]. This indirectly implies that asymmetric
divisions forming the protoderm layer involve transcriptional auxin
responses. Despite these early defects in division plane orientation,
these embryaos still form a functional epidermis [44], indicating that
protoderm formation might be a rather robust process. Only a few
molecular players involved in protoderm initiation are known
{reviewed in [53]). However, the involvement of receptor kinases
such as RECEPTOR-LIKE PROTEIN KINASEl (RPKI) and
RPK2 (TOADSTOOL2 (TOAD2) would suggest that protoderm
formation relies on signaling at the outer cell surface [54, 55].

A key player in protoderm formation is the homeodomain
leucine zipper class IV (HD-ZIP 1V) transcription factor
A. thaliana MERISTEM LAYERI (AtMLI) that is necessary and
sufficient for epidermal cell identity [56—60]. Double mutants of
ATMLI and its closest homolog PROTODERMAL FACTORZ2
{PDF2) show strong defects associated with misspecification of
the protoderm while overexpression of AzMLI can induce epider-
mal cell differentiation in nonepidermal cells [56, 58-60]. AtMIL1
is initially expressed in all cells of the embryo but then confined to
the outer cells (L1 layer) from the 16-cell stage onward [61].

How L1-specific expression of AzML I is controlled on a molec-
ular level is not clear. However, this seems to involve posttranscrip-
tional regulation [62, 63]. ArMLI and PDF2 activate the
epidermis-specific expression of target genes by binding to a
cis-regulatory element termed L1 box. As this element can be
found in the AzMLI and PDF2 promoter region and is necessary
for L1-specific expression of PDF2, a feedforward regulation seems
to play a central role in controlling AzMLI expression [56, 57, 61].

Radial patterning in the lower tier establishes the initials for the
vasculature, ground tissue and epidermis (Fig. 2; reviewed in [64]).
By periclinal division, the ground tissue initials will then form
endodermis and cortex. Many factors for differentiation and main-
tenance of different cell identities in the vasculature are known
(reviewed in detail in [10, 65]). However, the initial setup in the
embryo is less well understood. Radial patterning of the vasculature
critically depends on auxin responses mediated by the auxin
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a vasculature initiation

protoderm formation

EC EZ LZ 1-cell octant dermatogen

protoderm protoderm

ground tissue
vasculature initials

Fig. 2 Radial patterning in the Arabidopsis embryo. (a) Cverview of early embryo morphelogy in Arabidopsis.
Developmental stages are indicated below the graphic. EC egg cell, £Z early zygote, LZ late zygote. (b)
Patterning along the radial axis in the lower tier of the embryo. Cross sections are illustrated in red squares.
Yellow, protoderm; green, ground tissue, red, vasculature precursor cells

response factor (ARF) MONOTPTEROS (MT) [66, 67] {Fig. 3}.
MP transcriptionally activates the bHLH transcription factor gene
TARGET OF MONOPTEROS 5{ TMO5) in the vasculature initials.
TMOS forms heterodimers with the bHLH transcription factor
LONESOME HIGHWAY {LHW) and stimulates the expression
of the cytokinin synthesis genes LONELY GUY {LOG) 3and LOG
4. Together, this transcriptional complex controls periclinal divi-
sions and therefore the number of cell files in the vasculature
bundle (for comprehensive review, see ref. 68).

5 Establishing the Stem Cell Niches

5.1 Root Initiation The first step of root meristemn formation in Arabidopsis is the
specification of the hypophysis [69]. This uppermost suspensor
cell will form the QC that is responsible for stem cell maintenance
[70]. The QC is characterized by expression of WOX5 that main-
tains quiescence by controlling the cell cycle [28, 71, 72] {Fig. 3}.
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a shoot apical meristem development
root meristem formation

hypophysis specification

Fig. 3 Auxin signaling in vasculature formation and root meristem initiation. (a) Overview of early embryo
morphology in Arabidopsis. Developmental stages are indicated below the graphic. £C egg cell, EZ early
zygote, LZ late zygote. (b) A schematic overview of auxin responses leading to periclinal divisions in
prevasculature cells and hypophysis specification. Auxin respenses in the central cells of the lower tier and
in the future hypophysis reguire cell-type specific auxin response machineries. After the asymmetric division
of the hypophysis, expression of the WOX gene family member WOX5 marks the quiescent center
precursor cell

An intricate interaction of cells of the lower tier and the future
hypophysis precedes the asymmetric division of the hypophysis that
forms the (QC. Auxin responses in the central cells of the lower tier
lead to MP-dependent expression of TMO7[69]. This small bPHLH
transcription factor moves to the neighboring hypophysis where it
plays a critical role in initiating QC formation [69]. This process
also depends on the transciption factors NO TRANSMITTING
TRACT (NTT), WIP DOMAIN PROTEIN 2 (WIP2), WIP4 and
WIPS [73] that are expressed in the hypophysis, possibly in an
auxin-dependent manner {reviewed in [64]).

Basal transport of auxin via PIN1 in the neighboring proem-
bryo results in high auxin levels in the hypophysis as inferred from
strong activity of synthetic auxin response reporters [34, 44, 69,
74]. Accumulation of auxin triggers transcriptional auxin responses
mediated by a suspensor-specific auxin response machinery includ-
ing ARFO, ARF13 and TAA10 [44] (Fig. 3).
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5.2 The Shoot Apical
Meristem

Root initiation is also controlled by AP2 domain transcription
factors of the PLETHORA (PLT) family [75]. PLTT and PLTZ are
expressed in the lower tier from the 8-cell embryo on and in the
suspensor [50, 75]. PLT transcription factors can be considered to
be master regulators of root identity. Loss of the four PLT gene
family members PLTI, PLT2, PLT3, and PLT4/BABY BOOM
(BBM) leads to misspecification of the hypophysis and rootless
seedlings [76]. Ectopic expressicn of PLTI and PLT2 in the
shoot region or in the apical region of the embryo can induce
ectopic root formation [75-77]. Expression of PLTI and PLT2
depends on MP-dependent auxin signaling, emphasizing the
importance of auxin in root formation [78].

In tissue culture and in vitro plant regeneration, it has been known
for a long time that the auxin-to-cytekinin ratio is crucial for the
induction of shoots or roots, respectively. Under growth conditions
where cytokinin is dominating, shoots can be regenerated, indicat-
ing an important role of cytokinin in formation of the SAM [79].

In the Arabidopsis embryo, this stem cell niche is first recog-
nized at late heart stage as organized cell layers between the coty-
ledons [1, 80]. The organizing center of the SAM is characterized
by the expression of the WOX gene family member WUSCHEL
(WUS) [80, 81]. WUS moves to the neighboring stem cells
where it suppresses differentiation [80-82]. The expression domain
of WUS is negatively controlled by a receptor kinase pathway
including the receptor kinase CLV1 [83-85]. WUS activates the
expression of the corresponding peptide ligand CLV3 in the stem
cells [86] and promotes its own expression in the organizing center
by modulating c¢ytokinin signaling [87, 88]. These (positive and
negative) feedback loops restrict the size of the shoot meristem
(reviewed in detail in [89]).

The position of stem cells underneath the shoot apex is con-
trolled by L1-specific msR394 [90]. This microRNA moves to the
L2 and L3 layer and downregulates the expression of the F-box
gene LEAF CURLING RESPONSIVENESS (LCR). LCR inhibits
WUS activity. The miR394/LCR pathway therefore promotes
WUS activity in the subepidermal region and ensures the correct
position of the stem cell region in a growing shoot [90].

Although WUS expression starts at the 16-cell stage in the
inner cells of the upper tier, it is dispensable for SAM formation.
Instead, WOX2 (together with WOXI, WOX3, and WOX5) is a
key factor in meristem initiation [91]. In wexl/2/3/5 quadruple
mutant, a correct shoot meristem is not formed and the apical
region of the embryo is characterized by increased auxin signaling
[91]. Furthermore, the expression of the HD-ZIP III family mem-
bers PHABULOSA (PHB), PHAVOLUTA(PHV), and REVOLU-
TA (REV) [92, 93] is strongly reduced or absent in the shoot
meristem region of the embryo [91]. Therefore, WOX2 seems to
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promote HD-ZIP I1I expression in the shoot meristem initials. The
HD-ZIPIII genes PHB, PHV, and REV are key players in shoot
formation as ectopic accumulation in the basal part of the embryo
leads to transformation of the root pole into shoot structures
[77]. Since PHB and PHV control cytokinin production [94],
WOX2 regulates shoot meristem formation in part by promoting
cytokinin levels in the upper tier of the embryo [917.

6 Outlook

While many molecular players in tissue differentiation and mainte-
nance of cell types have emerged in recent years, our knowledge
about the very first steps of initiating different identities in the early
zygotic embryo is still fragmentary. What signals polarize the
zygote and set up different auxin transport and response machi-
neries in its daughter cells? How are different cell identities along
the radial axis initiated? And how is the origin of the stem cell
region for the shoot apical meristem controlled on a molecular
level? Many fundamental questions about the early steps of zygotic
embryogenesis are still waiting to be answered. Nevertheless, much
less information is available about how microspore-derived
embryos develop from dividing microspores, and about the genetic
basis of some of the anatomical and functional abnormalities found
in some cases. The knowledge summarized here may serve as a
reference to compare with for the genetic dissection of microspore
embryogenesis.
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Constitutive Activation of Leucine-Rich Repeat Receptor
Kinase Signaling Pathways by BAK1-INTERACTING
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Receptor kinases with extracellular leucine-rich repeat domains (LRR-RKs) form the largest group of membrane signaling
proteins in plants. LRR-RKs can sense small molecule, peptide, or protein ligands and may be activated by ligand-induced
interaction with a shape complementary SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE (SERK) coreceptor kinase.
We have previously shown that SERKs can also form constitutive, ligand-independent complexes with the LRR ectodomains
of BAK1-INTERACTING RECEPTOR-LIKE KINASE3 (BIR3) receptor pseudokinases, negative regulators of LRR-RK signaling.
Here, we report that receptor chimera in which the extracellular LRR domain of BIR3 is fused to the cytoplasmic kinase
domains of the SERK-dependent LRR-RKs BRASSINOSTEROID INSENSITIVE1, HAESA and ERECTA form tight complexes
with endogenous SERK coreceptors in the absence of ligand stimulus. Expression of these chimeras under the control of the
endogenous promoter of the respective LRR-RK leads to strong gain-of-function brassinosteroid, floral abscission, and
stomatal patterning phenotypes, respectively. Importantly, a BIR3-GASSHO1 (GSO1)/SCHENGEN3 (SGN3) chimera can
partially complement sgn3 Casparian strip formation phenotypes, suggesting that SERK proteins also mediate GSO1/SGN3
receptor activation. Collectively, our protein engineering approach may be used to elucidate the physiological functions of

orphan LRR-RKs and to identify their receptor activation mechanism in single transgenic lines.

INTRODUCTION

Plant-unique membrane receptor kinases characterized by an
extracellular domain, a single membrane-spanning helix, and
a cytoplasmic dual-specificity kinase domain control many as-
pects of plant growth and development. They form thefirst layer of
the plant immune system and mediate symbiotic interactions
{Hohmann et al.,2017). These leucine-rich repeat receptorkinases
{LRR-RKs) constitute the largest class of receptor kinases known
in plants (Shiu and Bleecker, 2001). Members of the family have
been shown to sense small molecule (Wang et al., 2001}, peptide
(Gémez-Gémez and Boller, 2000; Matsubayashi, 2014; Santiago
et al., 2016), and protein (Huang etal., 2016; Linet al., 2017; Zhang
et al., 2017) ligands.
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Brassinosteroids, whose biosynthesis involves the steroid ba
reductase DE-ETIOLATED?2 (DET2; Chory et al., 1991; Noguchi
et al., 1999), are a class of phytohormones that are sensed by the
ectodomain of the LRR-RK BRASSINOSTEROID INSENSITIVET
(BRI1) with nanomolar affinity (Wang et al., 2001; Hothorn et al.,
2011; Hohmann et al., 2018b). Brassinosteroid binding to the BRI1
ectodomain triggers BRI1 interaction with the LRR domain of
aSOMATIC EMBRYOGENESIS RECEPTOR LIKE KINASE (SERK)
coreceptor (Hothorn et al., 2011; She et al., 2011; Santiago et al.,
2013; Sun et al., 2013; Hohmann et al., 2018b). The formation of
this heterodimeric complex at the cell surface promotes in-
teraction and trans-phosphorylation of the receptor and cor-
eceptor kinase domains inside the cell (Wang et al., 2008; Bojar
et al., 2014; Hohmann et al., 2018b; Perraki et al., 2018). BRI1
receptor activation initiates a cytoplasmic signaling cascade,
which ultimately results inthe dephosphorylation and activation of
a family of basic helix-loop-helix transcription factors, including
the Arabidopsis (Arabidopsis thaliana) proteins BRASSINAZCLE-
RESISTANT1 (BZR1) and BRI1-EMS-SUPPRESSOR1 (BES1;
Wang et al., 2002; Yin et al., 2002; Vert and Chory, 2008; Nosaki
et al., 2018). In bes7-0 plants, BES1 Pro-233 is replaced by a Leu
residue, which leads to constitutive brassinosteroid signaling
responses by enhancing protein phosphatase 2A-mediated de-
phosphorylation (Yin et al., 2002; Tang et al., 2011).

The plant-unique mechanism of SERK coreceptor-dependent
activation is conserved among many LER-RKs (Hohmann et al.,
2017), for example, the LRR-RK HAESA (HAE), whose functions
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include the control of floral organ abscission in Arabidopsis by
interacting with the peptide hormone INFLORESCENCE DE-
FICIENT IN ABSCISSION (IDA; Jinn et al., 2000; Meng etal., 2016;
Santiago et al., 2016; Hohmann etal., 2018b). A SERK-dependent
mitogen-activated protein kinase (MAPK) signaling pathway
(Meng st al., 2015) involves the LRR-RK ERECTA (ER) and its
paralogues ERECTA-LIKE1 (ERL1) and ERL2 (Torii et al., 1996;
Shpak, 2013) and plays diverse roles in plant development.
ERECTA, ERL1, and ERL2 together control stomata development
and their correct spacing on the leaf surface (Shpak et al., 2005).
Cys-rich EPIDERMAL PATTERNING FACTOR (EPF) peptides
bindtothe ectodomains of ERECTA, ERL1, and ERL2, which form
constitutive complexes with the ectodomain of the receptor-like
protein (RLP) TOO MANY MOUTH (TMM; Yang and Sack, 1995;
Nadeau and Sack, 2002; Lee et al., 2012, 2015; Lin et al., 2017).
Binding of EPF peptides to these LRR-RK/LER-RLP complexes
triggers their interaction with SERK coreceptor kinases (Meng
et al., 2015; Lin et al,, 2017) that in turm leads to the initiation of
a MAPK signaling pathway that includes the MAPK kinase kinase
YODA (Bergmann et al., 2004). Stimulation of the ERECTA
pathway negatively regulates stomata formation (Lampard et al.,
2009).

The determination of complex structures and quantitative
biochemical comparisons of different ligand-activated LRR-RK-
SERK complexes have revealed a structurally and functionally
conserved activation mechanism, relying on the interaction of the
ligand-bound receptor LRR ectodomain with the shape-
complementary ectodomain of the SERK coreceptor (Santiago
etal., 2013, 2016; Wangetal., 2015; Hohmann et al., 2017, 2018b;
Linetal., 2017). The ligand binding specificity of plant LRR-RKs is
encoded in their LRR ectodomains (Hohmann etal., 2017; Okuda
et al., 2020). The kinase domain of the receptor, not of the SERK
coreceptor, confers cytoplasmic signaling specificity (Hohmann
etal.,, 2018b;Chenetal., 2019; Zhenget al., 2019). Recent genetic,
biochemical, and structural evidence suggests that not all plant
LRR-RKs rely on SERKs as essential coreceptor kinases (Zhang
et al., 2017; Anne et al., 2018; Cui et al., 2018; Hu et al., 2018;
Smakowska-Luzan et al., 2018).

Protein engineering approaches have previously been used to
dissect LRR-RK receptor activation in planta: a fusion protein
combining the extracellular and transmembrane domains of BRI
{outerBRI1 [oBRI1]) with the cytoplasmic kinase domain of therice
(Onyzasativa) immune receptor XA21 (innerXA21 [iXA21]) triggered
an immune response in rice cells upon stimulation with brassi-
nosteroids (Heetal., 2000). We now know that both BRI1 and XA21
rely on SERK coreceptor kinases for receptor activation (Li et al.,
2002; Nam and Li, 2002; Santiago et al., 2013; Chen et al., 2014;
Hohmannet al., 2018b). The heteromeric nature of LRR-RK-SERK
complexes has been validated in planta using similar protein
engineering approaches. Coexpression of a chimeric construct
between the immune receptor FLAGELLIN SENSING2 (FLS2) and
its coreceptor SERK3 (0FLS2-/SERK3) with an oSERK3-IFLS2
construct led to immune signaling after stimulation with the FLS2
ligand flg22 in a transient expression system (Albert et al., 2013).
Stable transgenic lines coexpressing oBRIT-ISERK3 and
0SERK3-IBRI1 constructs partially rescued the BRI1 weak loss-
of-function mutant brf7-307 (Hohmann et al., 2018b).

The signaling specificity of the cytoplasmic kinase domain of
LRR-RKs has been dissected using an oBRI-IHAESA chimera,
which rescued the floral abscission phenotypes when expressed
under the control of the HAESA promoter in the haesa haesa-like2
(hs!2) double mutant (Hohmann et al., 2018b). A similar approach
recently demonstrated that the LRR-RKs BRI1 and EXCESS
MICROSPORCCYTES1 (EMS1) share a common cytoplasmic
signaling cascade (Zheng et al, 2019). However, these ap-
proaches all rely on ligand stimulus.

Recently, two studies reported a constitutive, ligand-
independent interaction between the LRR ectodomains of
SERKs and of BAK1-INTERACTING RECEPTOR-LIKE KINASEs
(BIRs; Maet al., 2017; Hohmann et al., 2018a). While BIR1 appears
to have a catalytically active cytoplasmic kinase domain, BIR2 to
BIR4 are receptor pseudokinases (Gao et al., 2009; Wang et al.,
2011; Blaum et al., 2014). Different BIRs have been characterized
as negative regulators of plant immunity, floral abscission, and
brassinosteroid signaling (Gao et al., 2009; Leslie et al., 2010;
Halter et al., 2014; Imkampe et al., 2017). Structural and bio-
chemical analyses now implicate BIR proteins as general negative
regulators of SERK coreceptor-mediated LRR-RK signaling
pathways (Moussuand Santiago, 2019). The ectodomains of BIR1
to BIR4 kind to SERK ectodomains with dissociation constants in
the low micromolar range and target a surface area in SERKs
normally required for the interaction with ligand-bound LRR-RKs
(Ma et al., 2017; Hohmann et al., 2018a, 2018b). Thus, BIRs can
efficiently compete with LRR-RKs for SERK binding, negatively
regulating LRR-RK signaling pathways. In line with this obser-
vation, the elongated (elg) allele of SERK3, which weakens the
interaction with BIRs, but not with BRI, results in a brassinos-
teroid-specific gain-of-function signaling phenotype, as BRI1 can
more sfficiently compste with BIRs for coreceptor binding (Jaillais
etal., 2011;Hohmannet al., 2018a). Structure-guided mutations in
the BIR-SERK ectodomain complexinterface (BIR3 residues Phe-
146-Ala/Arg-170-Ala) efficiently disrupt BIR-SERK signaling
complexes invitro and in planta (Hohmann et al., 2018a). Here, we
present protein fusions of the BIR3 LRR ectodomain and trans-
membrane helix (0BIR3) with the cytoplasmic domains of different
SERK-dependent LRR-RKs (iBRI1, iHAESA, iER, and iFLS2).
Expressing these chimeric constructs under the control of en-
dogenous/context-specific promoters, we obtain strong gain-of-
function phenotypes for different developmental signaling path-
ways triggered by LRR-RKs. In addition, an oBIR3-iGSO1/SGN3
chimera supports a SERK-dependent activation mechanism for
the LRR-RK GASSHO1 (GSO1; also called SCHENGENS [SGN3))
in Casparian strip formation (Pfister et al.,, 2014, Okuda et al.,
2020). Our strategy allows for the identification of gain-of-function
phenotypes of orphan LRR-RKs whose ligands are unknown and
enables the elucidation of their receptor activation mechanism.

RESULTS

We compared the structure of a previously reported BRI1-bras-
sinolide-SERK1 complex (Protein Data Bank [PDB] ID: 4LSX;
http://rcsb.org) with the recently reported structure of a BIR3-
SERK1 complex (PDB-ID: 6FG8; Santiago et al., 2013; Hohmann
etal., 2018a). The BRI1 and BIR3 ectodomains bind SERK1 using
overlapping, but nonidentical, binding surfaces (Figure 1A). As in
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bragsinostercid-
signaling

Figure 1. Structural Qverview of the BRI1-SERK and BIR3-SERK Complexes.

{A) Surface view ofastructural superposition of the BRI1-SERK1 (ectodomains shown in gray and orange, respectively; PDB ID: 4LSX; http:/Avww resb.org/)
and SERK1-BIR3 (orange and blue; PDB ID: 6FG8) complexes. Thetwo structures are aligned on SERK1 (root mean square deviation ~O.3Acomparing 143

corresponding SERK1 G atoms).

{B) and {€) Ribbon diagrams ofthe BRI1-SERK (B) and BIR3-SERK1 {C) complexes, with SERK1 shown in the same orientation. The distances betweenthe
respective Gtermini areindicated (colors as in [A]). Inset: close-up view of the BIR3-SERK1 complexinterface, with the interface residues Phe-146 and Arg-
170 highlighted in bonds representation. Mutation of both residues to Ala disrupts the BIR3-SERK1 complex in vitro and in vivo (Hohmann et al., 2018a).
{D) Schematic overview of an entire BRI1-brassinolide-SERK signaling complex and the envisioned oBIR3-iBRI1-SERK interaction.

the BRI1-SERK1 complex, the C termini of BIR3 and SERK1 are in
close proximity in the complex structure (Figures 1B and 1C).
Based on their structural similarities, we generated an oBIR3-
iBRI1 chimera, in which the BIR3 ectodomain and trans-
membrane helix are connected to the cytoplasmic domain of
BRI1 {see Methods; Figure 1D).

Weintroduced the oBIR3-iBRI1 chimeric construct, driven by the
BRI promoter and with a C-terminal mCitrine fluorescent protein
tag, in a previously characterized b7 null mutant (Jaillais et al.,
2011). We used chimeric constructs encoding oBIR3FI46A/RI70A
-iBRI1 and oBIR3-iBRI1P1927N ag controls, as they block BIR-SERK
complex formation (Hohmann etal., 2018a)and BRI kinase activity
(Bojar et al., 2014; Hohmann et al., 2018b), respectively. In-
dependent oBIR3-iBRI1 transgenic lines, but none of the control
lines, displayed the wavy hypocotyl phenotype characteristic of
gain-of-function brassinosteroid mutants (Figure 2A). Importantly,
we also observed the wavy hypocotyl phenotype in oBIR3-iBRI1
lines in plants grown in the presence of the brassinosteroid bio-
synthesis inhibitor brassinazole (BRZ; Figure 2A; Asami etal., 2000).
This suggests that oBIR3-iBRI1-triggered brassinosteroid signal-
ing does not depend on endogencous brassinosteroids (Figure 2A).
To confirm this hypothesis, we introduced the oBIR3-iBRI1 chimera
into the def2-1 background (Chory et al., 1991), characterized by
reduced brassinosteroid levels (Fujioka et al., 1997): all oBIR3-BRI1
det2-1 lines, but none of the controls, exhibited a constitutively
active phenotype (Figure 2A). Quantification of three independent
oBIR3-iBRI1 T3 lines revealed strong gain-of-function phenotypes,
which were even more pronounced than the previously reported
phenotype of the constitutively active bes7-7D mutant (Figure 2A;
Supplemental Figure 1B to 10; Supplemental Data Set; Yin et al.,
2002). Introduction of oBIR3-IBRI1 into the bri null or det2-1
mutants complemented their dwarf phenotype and resulted in
extremely elongated petioles, another hallmark of enhanced
brassinosteroid signaling (Supplemental Figure 1A). Consistent

with a constitutive activation of brassinosteroid signaling, BES1
was dephosphorylated in 0BIR3-iBRI1 lines, but not in the control
lines (Figure 2B; Supplemental Figure 2). We also detected de-
phosphorylated BES1 in oBIR3-iBRI1 det2-7 lines (Figure 2C;
Supplemental Figure 2). We next performed coimmunoprecipitation
{co-IP) experiments in our stable lines and determined that oBIR3-
iBRI1 and oBIR3-BRI1P192N efficiently interacted with the en-
dogenous SERKS coreceptor in vivo, whereas the oBIR3F 146A/R170A
-iBRI1 control, which disrupts the interaction of the isolated BIR3
and SERK1/3 ectodomain invitro (Hohmann et al., 2018a), could no
longer bind SERK3 in planta (Figure 2D; Supplemental Figure 3).
Taken together, the BIR3 ectodomain can promote a brassinoste-
roid-independent interaction with SERK3, and possibly other
SERKSs in vivo, resulting in a constitutive activation of the brassi-
nosteroid signaling pathway. The control lines further suggest that
this signaling complex is formed and stabilized by the ectodomains
of BIR3 and SERK3 and requires the catalytic activity of the BRI
kinase domain for signaling (Figure 24).

We next tested whether BIR3-based protein chimeras would
also activate a functionally distinct LRR-RK signaling pathway.
The LRR-RKHAE shares the same overall structure and activation
mechanism as BRI1 (Santiago et al.,, 2013, 2016; Hohmann et al.,
2018b), but the two receptors control very different developmental
processes(Liand Chory, 1997; Jinnet al., 2000). We introduced an
oBIR3-iHAE fusion construct (Figure 3A) with a C-terminal mGCi-
trine tag driven by the HAE promoter into the hae hsl2 mutant,
which displays delayed floral organ abscission (Stenvik et al.,
2008). We observed that only expression of the oBIR3-iHAE
chimera, but not that of the control constructs bearing point
mutations in the BIR3 or HAE ectodomains, rescued the floral
abscission phenotype of the hae hsi2 mutant (Figures 3B and 3C).
In agreement with these results, oBIR3-iHAE and oBIR3-
iHAEP1027N jnteracted with SERK3 in co-IP assays, but not
OBIR3F146ARITOAHAF (Figure 3D).
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Figure 2. oBIR3-iBRI1 Chimeras Constitutively Activate Brassinosteroid Signaling.

{A) Hypocotyl growth assay of dark-grown seedlingsin the presence and absence of the BRbiosynthesisinhibitor BRZ. Representative seedlingsare shown
in the top panel, with the quantification of the data (relative inhibition of hypocotyl growth in the presence of BRZ plotted together with lower and upper
confidence intervals) below. For each sample n = 50 hypocotyls from five different half-strength MS plates were measured. The # numbers indicate
independent lines. Steady state proteinlevels were quantified by immunaoblot with an anti-GFP antibody (detecting themGitrine tag present in each chimera);
the Ponceau-stained membraneis shown as loading control. Homozygous brf-null plants could be obtained only upon expression of oBIR3-iBRI1, but not

of the control chimeras. Bar = 0.5 cm.

{B) and (C) Anti-BES1 immunaklot on oBIR3-iBRI chimeras in the briT-null {B) and det2 {C) backgrounds, with the comresponding Ponceau-stained

membranes.

{D) co-IF experiment of oBIR3-iBRI1 chimera and SERK3. Shown alongside are the inputimmunoblots and the Fonceau-stained membrane. WT, wild type.

SERK proteins were previously shown to allow for receptor
activation of the ERECTA family of receptor kinases during pro-
toderm formation and stomatal patterning (Meng et al., 2015).
ERECTA forms constitutive complexes with the LRR-RLP TMM to
sense EPF peptides in stomatal patterning (Yang and Sack, 1995;
Nadeau and Sack, 2002; Lee et al., 2012, 2015; Lin et al., 2017).
However, it is not understood at the mechanistic level how SERK

coreceptor kinases allow for receptor activation of this LRR-RK/
LRR-RLP signaling complex (Lin et al., 2017). To test for the
conservation ofthe receptor activation mechanism between BRI,
HAESA, and ERECTA, we expressed a chimeric oBIR3-iER
construct with a C-terminal yellow fluorescent protein for en-
ergy transfer (YPet) specifically inthe stomata lineage by using the
meristemoid-specific MUTE promoter (Figure 4A; Pillitteri et al.,
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Figure 3. 0BIR3-IHAE Chimeras Restore Floral Organ Shedding in hae hs/2 Mutant Plants.

{A) Cartoon representation of the oBIR3-IHAE chimera.

(B) Representative inflorescences of ~2-week-old Arabidopsis Col-0, hae hsf2, and 0BIR3-iHAE chimera, with one silique (indicated with a white star) shown

magnified below. The # numbers indicate independent lines. Bars = 2 cm.

{C) Steady state protein levels are visualized by immunoblot with an anti-GFP antibody (detecting the mGitrine tag present in each chimera). The Ponceau-

stained membrane is shown as loading control.

(D} co-IP experiment of oBIR3-iHAE chimera and SERK3. Shown alongside are the input immunoblots and the Ponceau-stained membrane from input

samples (left). WT, wild type.

2007). Previous experiments demonstrated that constitutive ac-
tivation of the ERECTA pathway in differentiating meristemoids
leads to developmental arrest of guard mother cells (GMCs;
Lampard et al., 2009). To validate the signaling specificity of our
oBIR3-iER chimera, we also expressed a chimeric fusion of the
innate immunity receptor FLS2 (Gomez-Gdmez and Boller, 2000)
driven by the MUTE promoter (0BIR3-iFLS2-YPet; Figure 4A;
Supplemental Data Set).

Because of the low abundance of our 0BIR3-ER and oBIR3-
IFLS2 chimeric fusions in meristemoids, we did not perform im-
muncblot analyses. We did however confirm that all chimeric
constructs were expressed and that the fusion proteins localized
to the plasma membrane in meristemoids (Supplemental Figure 4).
We selected three representative lines according to their YPet
fluorescence. The oBIR3-IER lines showed a drastic reduction in
mature stomata and an increase in meristemoid-like cells at the
leaf surface (Figures 4B and 4C). Consistent with these ob-
servations, the oBIR3-iER chimeras downregulated MUTE ex-
pression (Figure 4D). By contrast, none of the oBIR3-iFLS2 lines
displayed any significant deviation from the wild-type stomata
phenotype, even though the transgenes were expressed at
a similar or higher level than the BIR3-ER chimeric constructs
(Figure 4G).

To analyze the observed phenotype at a molecular level, we
determined the transcript levels of the GMC-specific transcrip-
tion factor FAMA (Ohashi-lto and Bergmann, 2006) and the
guard cell-specific Dof-type transcription factor STOMATAL

CARPENTERT (SCAPT; Negi et al., 2013). The three independent
BIR3-ER lines displayed a strong reduction in FAMA and SCAP?
expression (Figures 4E and 4F), suggesting that the abnormal
epidermal cells were arrested at the meristermoid stage and did not
express GMC-specific or guard cell-specific genes. None of the
0BIR3-iFLS2 lines showed a reduction in FAMA or SCAPT ex-
pression. While SCAP T transcript levels did not differ significantly
from the wild type, FAMA expression was significantly upregu-
lated in these lines relative to the wild type (Figures 4E and 4F).
Finally, we tested whether a fusion between the BIR3 ecto-
domain and the LRR-RK GSO1/SGN3 (Tsuwamoto et al., 2008;
Pfister et al., 2014) would restore the apoplastic barrier defects of
the sgn3-3 mutant (Pfister et al., 2014). GSO1/3GN3 directly
senses the peptide ligands CASPARIAN STRIP INTEGRITY
FACTOR1 (CIF1) and CIF2 to ensure proper formation of the
Casparian strip, an endodermal diffusion barrierenabling selective
nutrient uptake in the root (Pfister et al., 2014; Doblas et al., 2017;
Nakayama et al., 2017; Okuda et al., 2020). A biochemical in-
teraction screen recently identified SERK proteins as putative
coreceptor kinases for GS01/SGN3 (Ckuda et al., 2020), but it is
presently unclear whether SERKs mediate GSC1/SGN3 receptor
activation in vivo (Figure 5A). We introduced chimeric constructs,
driven by the SGN3 promoter and encoding the chimeric proteins
0BIR3-iSGN3, 0BIR3-iISGN3F146ARIT0A and oBIR3-iISGN3P1102N
into the sgn3-3 mutant background (Figure 5B). As previously
described, the sgn3-3 mutant has a nonfunctional apoplastic
barrier that can be visualized and gquantified by visualizing the
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Figure 4. BIR3 chimeras Reveal a Conserved Receptor Activation Mechanism in the LRR-RK ERECTA.

(A) Schematic overview of the ectopically expressed BIR chimera. The receptor kinase EREGCTA (ER) interacts with SERK-coreceptor kinases upon ligand
(EPF)binding and regulates stomata development (left). Expression of an oBIR3-iER chimerain the epidermis under the MUTE promoter (MUTEpro)leads to
pathway over-activation and the loss of stomata (middle), while the expression of an oBIR3-iIFLS2 chimera has no effect on stomata development.

(B) Confocal microscopy images of Pl-stained epidemis of theindicated genotype. Representative images of Gol-0(left), BIR3-ER-YPet (center), and BIR3-
FLS2-YPet (tight) are shown. Bar = 100 um.

(C) Abaxial stomata density of cotyledons (# numbers indicate independent lines). The average value of stomata density for three individual plants of each
transgeniclineis shown. Error bars depict sos. Individual data points are shown as dots. Significant differences to the wild type are indicated by an asterisk (t
test; P < 0.05).

(D) Expressionlevel ofthe respective transgenes detected by RT-qPCR of MUTE. Dataare shown as means + so(n = 3). Individual data points are shown as
dots. Expression in the wild type was arbitrarily set to 1. Significant differences to the wild-type levels are indicated by an asterisk (t test; P < 0.05).

(E) Relative normalized expression of FAMA. Normalized expression values of FAMA determined by RT-gPCR are shown as means + so(h = 3). Individual
data points are shown as dots. Expression in the wild type was arbitrarily setto 1. Significant differences to the wild-type levels are indicated by an asterisk (t
test; P < 0.05).
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uptake of the apoplastic tracer propidium iodide (Pl)along the root
and its access to the central vasculature (Figure 5C). We estab-
lished that the oBIR3-iSGN3 chimera, but none of the point
mutants, partially rescued the sgn3-3 apoplastic defects (Figures
5C and 50; Supplemental Data Set), indicating a SERK-mediated
G301/8GN3 receptor activation mechanism in Casparian strip
formation. Notably, BIR ectodomains specifically bind the ecto-
domains of SERKs (Ma et al., 2017; Hohmann et al., 2018a), while
not forming complexes with the LRR ectodomain of the sequence-
related NSP-INTERACTING KINASET (NIK1; Figure 6). This result
suggests that SERK coreceptor kinases may have redundant
functions in SGN3/GSO1 signaling inthe endodermis (Pfister et al.
, 2014; Okuda et al., 2020).

DISCUSSION

The identification of a constitutive, ligand-independent interaction
between the LRR ectodomains of two plant membrane signaling
proteins prompted us to investigate whether protein chimeras
between the BIR3 ectodomain and the cytoplasmic domain of
various receptor kinases might lead to constitutively active sig-
naling complexes. Despite the significant structural differences
between the LRR-RK-SERK and BIR-SERK complexes, our data
demonstrate that a wide range of oBIR3-ILRR-RK chimeras are
functional in planta.

Expression of the oBIR3-iBRI1 chimera resulted in a strong,
constitutive activation of the brassinosteroid signaling pathway.
The gain-of-function effect was more pronounced than in the
previously described BRI15v97 and SERK3e/ongaied g|lgles (Jaillais
etal.,2011; Belkhadiretal.,2012; Hohmann et al., 2018a) and was
comparable to the constitutive activation of BES1 (Figure 24A; Yin
etal., 2002). The constitutive signaling activity of the oBIR3-iBRI1
chimera depends on (1) the ability of the BIR3 ectodomain to bind
SERK ectodomains and (2) the kinase activity of the BRI1 cytosolic
segment (Figure 2). These results reinforce the notion that for-
mation of the heterodimeric extracellular signaling complex drives
LRR-RK receptor activation and that signaling specificity is en-
coded in the kinase domain of the receptor, not the coreceptor
(Bojar et al., 2014; Hohmann etal., 2018b; Zheng et al., 2019). The
similar phenotypes seen in oBIR3-iBRI1 lines and bes7-7D plants
suggest that little signal amplification occurs throughout the
brassinosteroid signaling pathway (Figure 2).

Woe noted that different active signaling chimeras accumulated
to low protein levels, whereas their corresponding noninteracting
or kinase-dead controls accumulated to higher levels (Figures 2A,
3C, and 5B). We speculatethat expression, protein accumulation,
and/or protein stability of the constitutively active chimeras may
be negatively regulated to dampen their signaling capacity. Such

BIR3-LRR-RK Chimera 3317

regulation may be achieved in part by known processes regulating
LRR-RK internalization and degradation in plants (Russinova
et al., 2004; Robatzek et al., 2006; Geldneret al., 2007; Back et al.,
2012; Irani et al., 2012; Doblas et al., 2017; Zhou et al., 2018).

Analysis of the oBIR3-IHAE chimeric receptor revealed
a strongly conserved activation mechanism bstween different
SERK-dependent LRR-RK signaling pathways, as previously
suggested (Figure 3; Hohmann et al., 2018b). In addition, our
experiments imply that BIR ectodomains can interact with SERK
proteins in the abscission zone and thus that BIR proteins may act
as negative regulators of HAESA- and HSL2-mediated signaling
cascades in the wild-type plants (Figure 3). In this respect, it is
worth noting that the bir? suppressor SOB/RT/EVERSHED was
previously characterized as a genetic component of the floral
abscission signaling pathway (Leslie st al., 2010).

The ERECTA family of kinases require SERK coreceptor kinases
to control stomatal patterning and immune responses (Meng et al.,
2015; Jorda et al., 2016). Our functional oBIR3-iER chimera now
suggests that, despite the requirement for TMM, EPF-bound ER
signaling complexes are activated by SERK proteins in very similar
ways as those previously reported for other LRR-RKs (Figure 4;
Hohmann et al., 2017). Expression of the oBIR3-iER chimera in
meristemoid cells led to a similar phenotype as that described for
the expression of constitutively active versions of YODA, MAPPK
KINASE4 (MKK4), and MKKS5 (Lampard et al., 2009). This similarity
in phenotypes therefore indicates that the oBIR3-iER chimera
displays constitutive, ligand-independent signaling activity. The
specificity of signal transduction appears to belargely maintained,
as expression of oBIR3-FLS2 led to the wild-type-like stomatal
development. At the molecular level, we observed a significant
increase in FAMA expression for all tested oBIR3-iFLS2 lines and
a decrease in MUTE expression in oBIR3-iER lines. These results
are consistent with an antagonistic regulation of these two
pathways (Sunetal., 2018). The upregulation of FAMA expression,
however, did not significantly alter stomata density, likely because
the transcriptional activation of the 0BIR3-/FLS2 construct in this
experiment was restricted to meristemoid cells by the use of the
MUTE promoter and might be compensated by post-
transcriptional regulation.

Expression of an oBIR3-iSGN3 chimera partially rescued the
Casparian strip phenotype of sgn3-3 plants (Figure 5). BIR ec-
todomains specifically interacted with SERKSs, but not with related
LRR-RKs, invitro (Figure 6). This result suggests that SGN3/GS0O1
requires SERKs for receptor activation.

Taken together, our simple, Lego-style assembly of BIR3 chi-
meras (Figure 7) and the availability of suitable control lines now
allow for the genstic characterization of orphan LRR-BKs with
unknown/unclear loss-of-function phenotypes and the dissection

Figure 4. (continued).

{F) Relative normalized expression of SCAP1. Nomalized expression values determined by RT-qPCR are shown as means = so (0 = 3). Individual data
pointsare shown as dots. Expressionin the wild type was arbitrarily set to 1. Significant differences to the wild-typelevels are indicated by an asterisk (t test;

P < 0.05).

(@) Expression level of the respective transgenes detected by RT-gPCR of YPet. Dataare shown as means = so(n = 3). Individual data points are shown as
dots. Expression inthe oBIR3-iER-YPET line #1 was arbitrarily set to 1. Significant differences in transgene expression to line #1 isindicated by an asterisk (t

test; P < 0.09).
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Figure 5. oBIR3-iSGN3 Chimeras Suggest a Role for SERK Proteins in Gasparian Strip Formation.

{A) Schematic overview of a biochemically defined SGN3-CIF-SERK signaling complex. The oBIR3-iSGN3 chimera is shown alongside.
{B) Steady state protein levels are visualized by immunoblot with an anti-GFP antibody (detecting the mCitrine tag present in each chimera). The Ponceau-

stained membrane is shown as loading control.

{G) Complementation of the sgn3-3 endodermal barrier defect by the chimeric construct SGN3pro:0BIR3-ISGNS. Visualization of endodermal defects with

the apoplastictracer P|, which canreach the stele in barrier-defective plants but i

s blocked at the endodermis of plants with functional barriers. Pictures were

taken around the 50th endodermal cell from the onset of elongation. Bar = 20 um.

(D) Quantification of the Pl block, measured as the number of endodermal cells after the onset of elongation where the Pl block is observed. Data are
presented as box plots with dot plots overaid (» > 7). For multiple comparisons between genotypes, Kruskal-Wallis test was performed and nonparametric
Tukey's test was subsequently used as a multiple comparison procedure. Different letters indicate significant difference (P < 0.05).

of their potential activation mechanism. BIR3 protein chimeras
may also be of use for biochemical or genetic interaction screens
in which a constitutively active form of the receptor is desirable.

METHODS

Plant Materials, Growth Conditions, and Generation of
Transgenic Lines

To design chimeric receptor kinases, we predicted the transmembrane
helix of all LRR-RKs using TMHMM version 2.0 (https://service-
s.healthtech.dtu.dk/service.php? TMHMM-2.0; Krogh et al., 2001). We
fused the native signal peptide, extracellular domain, and the trans-
membrane helix from Arabidopsis BIR3 (residues 1 to 246) to the

juxtamembrane and kinase domains of the respective receptor (BRI
residues 815 to 1196, HAE residues 642 to 999, and SGN3 residues 889 to
1249). We added no additional linker sequences (Figure 7). We PCR
amplified all fragments from Arabidopsis (accession Columbia-0 [Col-0])
genomic or cDNA and cloned the resulting PGR products into pDONR221
(Thermo Fisher Scientific) using Gibson-cloning technology. We in-
troduced mutations through site-directed mutagenesis (Supplemental
Table 1). We assembled binary vectors via multi-site Gateway technology
into the binary vector pB7m34GW, conferring Basta resistance gene
(Thermo Fisher Scientific). We introduced all constructs into Agro-
bactefium (Agrobacterium tumefaciens) strain G58C1 harboring the
pGV2260 plasmid and transformed Arabidopsis (Arabidopsis thafiana)
plants using the floral dip method (Clough and Bent, 1998). For each
construct, we selected 12 primary transformants. We confirmed the
presence of a single insertion by segregation in T2 lines of which we
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Figure 6. LRR Ectodomains of BIRs and NIK1 Do Not Interact in Vitro.

Analytical size-exclusion chromatography binding experiments using the
NIK1, BIR2, and BIR3 ectodomains. BIR2 (gray absorption trace) and BIR3
(in dark blug) do not form a complex with NIK1, as their respective elution
volumes correspond to that of the isolated protein (BIR2 in magenta, BIR3
in black, NIK1 in light blue). By contrast, SERK3 and BIR2 form a complex
(green absorption trace), resulting in a peak elution volume distinet from
isolated SERK3 or BIR2 (SERK3 in medium blug). The NIK1 LRR domain
shares 49% protein sequence identity with the SERK1 ectodomain. The
total volume (1) is shown together with elution volumes for molecular mass
standards (Ov, ovalbumin, 44 kD; CA, carbonic anhydrase, 29 kD). au.,
arbitrary units.

selected three independent lines based on protein accumulation for
subsequent analysis. We analyzed all lines in the T3 generation. All
transgenic lines generated in the course of this study are listed in
Supplemental Table 2.

We used the brit null allele GABI_134E10 aillais et al., 2011), bes1-1D
(ABRC CS65988; Yin et al., 2002), and det2-7 (ABRC CS6159; Chory etal.,
1881). The mutants hae hsiZ and sgn3-3 were previously reported by
Stenvik et al. (2008) and Pfister et al. (2014). All plants were grown in soil
(Einheitserde Classic, ref. GL Ton Kokos mix containing white peat moss,
coco fiber, and clay with 30% [v/v] perlite added) under 50% humidity at
21°C and a 16-h-light/8-h dark cycle (photosynthetic active radiation was
~150 pmol m~2 577 originating from Sylvania-T8 luxline plus, half F58W/
T8/840 bulbs [4000 K/5200 lumen] and half F58W/T8/830 [3000 K/5200
lumen] light bulks).

To generate the chimeric MUTEpro:oBIR3-iFLS2-YPat and MUTE-
pro:oBIR3-IER-YPet constructs, we synthesized (Baseclear) a 1248-bp
DNA fragment encoding the N-terminal extracellular domain of BIR3
(residues 1 to 245), followed by a short multiple cloning site, the coding
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sequence of YPet, and a411-bpterminator sequence from the Arabidopsis
UBQ10 gene. We inserted the synthetic DNA fragment in the T-DNA of
a modified pCambia3300 binary vector. We PCR amplified a 2432-bp
promoter region from the Arabidopsis MUTE gene from Col-0 genomic
DNA and inserted the resulting PCR product directly upstream of the
synthetic B/R3 fusion construct by in-fusion cloning (Clontech). We PCR
amplified the coding regions for the intracellular domains of ER (residues
581 to 976) and FLS2 (residues 807 to 1173) from cDNAs derived from
Arabidopsis seedlings and inserted in frame between the coding region of
the BIR3 extracellular domain and the YPet coding region (Figure 7). All
constructs were confirmed by Sanger sequencing.

Hypocotyl Growth Assay

Seeds were surface sterilized, stratified at 4°C for 2 d, and plated on half-
strength Murashige and Skoog (MS) medium containing 0.8% (w/v) agar
and supplemented with 1 pM BRZ from a 10 mM stock solution in 100%
DMSO (Tokyo Chemical Industry} or, for the controls, with 0.1% (W)
DMSO. Following a 1-h light exposure to induce germination, we wrapped
the plates in aluminum foil and incubated them in the dark at 22°C for 5 d.
We then scanned the plates at 600 dots per inch resolution on a regular
flatbed scanner (CanoScan 2000F; Ganon), measured hypocotyl lengths
using Fiji(Schindelin etal.,2012), and analyzed the resultsin Rversion 3.6.1
(R Core Team, 2014) using the packages mratios (Kitsche and Hothorn,
2014)and multcomp (Hothorn et al., 2008). Rather than P-values, we report
unadjusted 95% confidence limits for fold-changes. We used a mixed-
effects model for the ratio of agiven line to the wild-type Col-0, allowing for
heterogeneous variances, to analyze log-transformed end point hypocotyl
lengths. To evaluate treatment-by-mutant interactions, we calculated the
85% two-sided confidence intervals for the relative inhibition (Col-0: un-
treated versus BRZ-treated hypocotyl length)/(any genotype: untreated
versus BRZ-treated hypocotyl length) for the log-transformed length.

Plant Protein Extraction and Immunoprecipitation

We sowed surface-sterilized seeds on half-strength MS medium with 0.8%
(wAv) agar and allowed seedlings to grow for ~14 d after release from
stratification. We harvested seedlings, padded them dry carefully on paper
towels, snap-froze them in liquid nitrogen, and ground them to a fine
powder using a pre-cooled mortar and pestle. We resuspended 1 g of
powder per samplein 3mL ofice-cold extraction buffer (50 mM Bis-Tris, pH
7.0, 150mM NaCl, 10% [v/v] glyceral, 1% [v/v] Triton X-100, 5mM DTT, and
protease inhibitor cocktail [P2529; Sigma-Aldrich]) and agitated gently at
4°Cfor 1 h. Subsequently, we centrifuged samples (30 min at 16,0005 and
4°C), transferred the supematant to a fresh tube, and estimated protein
concentration by Bradford assay against a BSA standard curve.

For each co-IP, we incubated 20 mg of total protein in a volume of 5mL
with 50 p.L of antiGFP superparamagnetic MicroBeads (Miltenyi Biotec) for
1 h at 4°C with gentle agitation. Using a magnetic rack and pMACS col-
umns (washed once with extraction buffer; Miltenyi Biotec), we collected
the beads and then washed them four times with 1 mL ofice-cold extraction
buffer. We then eluted bound proteins twice in 20 pL of extraction buffer
pre-heated to 95°C. We separated samples on 10% SDS-PAGE gels and
analyzed resolved proteins by standard immunoblot using the following
antibodies: anti-GFP antibody coupled to horseradish peroxidase (anti-
GFP-HRP, 130-091-833; Miltenyi Biotec) at 1:2000 dilution to detect
mCitrine; anti-SERK3 (Bojar et al., 2014) at 1:5000 dilution in conjunction
with a secondary anti-rabbit HRP antibody (1:10,000, no. 401353; Gal-
biochem) to detect SERKS.
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Figure 7. Design Principles of BIR Chimeras.
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Schematic overview of selected BIR3 chimeras used in this study. Chimeric constructs are expressed under the endogenous promoter of the respective
receptor gene. JMD, juxtamembrane domain; POI, protein of interest; TMH, transmembrane helix.

Immunoblot for BES1

For each sample, we harvested ~100 ng of 7-d-old seedlings grown on
half-strength MS medium with 0.8% (w/v) agar, froze the tissue in liquid
nitrogen, and ground it to a fine powder using a bead mill (MM400; Retsch).
We resuspended samples in ~200 p.L of ice-cold extraction buffer 25 mM
Tris-HCI, pH 7.5, 150 mM NaCl, 1% (w/v) SDS, 10 mM DTT, and protease
inhibitor cocktail [P259%; Sigma-Aldrich]), and incubated them with gentle
agitation for 1 h at 4°C before centrifugation for 30 min at 4°Cand 16,000g.
We transferred the supernatant to a fresh tube and assessed their protein
concentration by Bradford assay. We separated 80 pg of total protein on
a 12% SDS-PAGE gel and analyzed the resolved proteins by immunoblot
(primary antibody: anti-BES1, 1:2000[Yin etal., 2002]; secondary antibody:
anti-rabbit HRP [1:10,000, no. 40135; Calbiochem).

Stomata Density Measurements and Microscopy

We used 7-d-old T2 seedlings resistant to Basta to determine stomata
density. For confocal imaging, we incubated seedlings in a 10 mg/L Pl
solution for 30 min and then washed them with water. We imaged the
abaxial epidermal regions of cotyledons using a confocal LSM 780 non-
linear optical microscope (Zeiss) equipped with a Plan-Apochromat 25X/
0.8 Imm Corr differential interference contrast objective. We visualized Pl
staining with an excitation wavelength of 514 nm and recorded emission
between 566 nm and 643 nm. We counted mature stomata overa 0.5 mm
by 0.5 mm epidermal area for three seedlings per line. For analysis of
fluorescent protein accumulation, we stained 2-d-old seedlings with Pl
solution and imaged them by confocal microscopy as described above. In
addition, we recorded YPet fluorescence by excitation at 514 nm and
recorded emission between 517 nm and 544 nm.

Gene Expression Analysis

Weused 7-d-old T2 seedlings to analyze transcript levels for the transgene
and the endogenous genes. For each independent line, we extracted RNA
from 24 pooled T2 seedlings using the RNase Plant Mini Kit (Qiagen). We
synthesized first-strand cDNAs with the RevertAid First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific). We measured the relative abun-
dance of the endogenous FAMA and SCAPT transcripts as well as chimeric
YPeat-containing B/R3 transcripts by RT-qPCR; program: 1. 50°C for
10 min, 2. 85°C for 5 min, 3. 95°C for 10 s, 4. 60°C for 30 s, Plate Read;
repeat step 3-440times; 5. 95°Gfor 105, 6. ramp 65°Cto 95 and increase

0.5°Cevery 55, Plate Read). We used the expression levels of endogenous
ACTINZ for normalization.

Pl Permeability Assay and Confocal Microscopy of the Wild-Type
and Complemented sgn3-3 Plants

We performed Pl permeability assays on 5-d-old seedlings. Briefly, we
stained the seedlings in the dark for 10 min in 10 pg/mL PI, rinsed them
twice in water, and quantified the staining as previously described by
Naseer et al. (2012). We counted endodermal cells using an epifiuor-
escence microscope (Leica). We acquired representative confocal images
with an SP8 microscope (Leica), with excitation and detection windows set
as follows for Pl: excitation, 488 nm; emission, 500 to 550 nm. We pro-
cessed and analyzed confocal images using ImageJ (Schindelin et al.,
2012). We performed all statistical analyses in R (R Core Team, 2014). For
multiple comparisons between genotypes, we performed the Kruskal-
Wallis test and nonparametric Tukey's test as a multiple comparison
procedure. Different letters indicate significant differences (P < 0.05). Data
are presented as box plots overlaid with dot plots.

Protein Expression, Purification, and
8ize-Exclusion Chromatography

We PCR amplified the coding regions of Arabidopsis NIK132-248 gnd
SERK3'-220 from Arabidopsis Col-0 cDNAs, and PCR-amplified Arabi-
dopsis BIR2'222 and BIR3'213 from Arabidopsis Col-0 genomic DNA,
before cloning all PCR products into a modified pFastBac vector (Geneva
Biotech), providing a tobacco etch virus protease-cleavable G-terminal
Strepll-8xHis tag. We fused NIK1 to an N-terminal azurocidin secretion
peptide. We expressed proteins by infection of cabbage looper (Tricho-
piusia ni) cells (strain Tnao38; Hashimoto et al., 2010) with 15 mL of Au-
tographa cafifornica nucleopolyhedrovirus in 250 mL of cells at a density of
~2 X 10° cells mL~" {(multiplicity of infection was ~3), followed by in-
cubation for 26 h at 28°C and 110 rpm shaking and then for another 48 h at
22°C and 110 rpm. We purified the secreted proteins from the supernatant
by sequential Ni?* (His Trap excel; GE Healthcare; equilibrated in 25 mM KP,
pH 7.8, 500 mM NaCl) and Strepll (Strep-Tactin XT; IBA; equilibrated in
25 mM Tris-HCI, pH 8.0, 250 mM NaCl, and 1 mM EDTA) affinity chro-
matography followed by size-exclusion chromatography on a HiLoad 16/
600 Superdex 200-pg column (GE Healthcare), equilibrated in 20 mM
sodium citrate, pH 5.0, and 250 mM NaCl. The theoretical molecular weight
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of the purified ectodomains is 23.6 kD for NIK132-248 24 g kD for SERK32%
20 234 kD for BIR?-222 and 24.0 kD for BIR325-213,

For analytical size-exclusion chromatography expetiments, we pre-
equilibrated a Superdex 200 increase 10/300 GL column (GE Health-
care}in 20 mM sodium citrate, pH 5.0, and 250 mM NaCl. For each run, we
injected 40 p.g of the individual NIK1, SERK3, BIR2, or BIR3 ectodomainsin
avolume of 100 pL and monitored elution atarate of 0.75mLmin— by UV
light absorbance at 280 nm. To probe interactions between NIK1, SERKS,
BIR2, and BIR3, we mixed 40 p.g of the respective proteins in atotal volume
of 100 pL and incubated the mixture on ice for 30 min before analysis as
outlined above.

Accession Numbers

Sequence data from this article can be found in the National Center for
Biotechnology Information and The Arabidopsis Information Resource
databases under the following accession numbers: BRI (At4g39400);
BIR2 (At3g28450), BIR3 (At1g27190), SERK1T (At1g71830); SERK3
(At4g33430); BES T (At1g19350); HAE (At4g28490); HSL2 (At5g65710); ER
(At2g26330); FLSZ (Atbg46330); MUTE (At3g06120); UBQTO (At4g05320);
FAMA (At3g24140); SCAP (At5g65520); ACTINZ (At3g18780);, GSO1/
SGN3 (At4g20140).

Supplemental Data

Supplemental Figure 1. Rosette phenotypes of plants expressing
oBIR3-iBRI1 chimeras and raw data for the hypocotyl growth assays
(supports Figure 2A).

Supplemental Figure 2. Full immunoblot films and Ponceau-stained
membranes (supports Figures 2A to 2C).

Supplemental Figure 3. Full immunoblot films and Ponceau-stained
membranes (supports Figures 2D, 3C, and D3D).

Supplemental Figure 4. Accumulation and subcellular localization of
oBIR3-iER and oBIR3-iFLS2 chimeras (supports Figure 4).

Supplemental Table 1. Primers used in this study.
Supplemental Table 2. Transgenic lines created in this study.

Supplemental Data Set. Summary of statistical analyses in this study.
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In the last two decades, work on auxin signaling has helped to
understand many aspects of the fundamental process
underlying the specification of tissue types in the plant embryo.
However, the immediate steps after fertilization including the
polarization of the zygote and the initial body axis formation
remained poorly understood. Valuable insight into these
enigmatic processes has been gained by studying fertilization
in grasses. Recent technical advances in transcriptomics of
developing embryos with high spatial and temperal resclution
give an emerging picture of the rapid changes of the zygoetic
developmental program. Together with the use of live imaging
of novel fluorescent marker lines, these data are now the basis
of unraveling the very first steps of the embryonic patterning
process.
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Introduction

In embryogenesis, a single cell generally develops into a
miniature version of the adule organism. In plants, how-
ever, the final body architecture is determined post-
cmbryonically, likely as adaptien to their sessile life, Plant
cmbryos represent primitive versions of scedlings and
only a few basic cell types are established during embryo-
genests [1] (Figure 1).

IFertilization of the egg cell marks the beginning of a new
sporophytic generation, starting with cthe zygote. In many
angiosperm species, the zyvgote divides asvmmetrically,
often after an inidal phase of cell elongation [2]. The apical
daughter cell will always form at least part of the embryo.
"I'he basal daughter cell contains a large cencral vacuole and
its descendants will mainly contribute extra-cmbryonic

Gheskc for
updates

tissue |3]. In Brassicaceae, embryogenesis follows an
invariable series of cell divisions, in which the apical cell
forms a spherical procmbryo (IMigure 1a)."'he basal daughter
cell undergoes a series of transverse mitotic divisions to form
the filamentous suspensor, Except the uppermost cell, the
suspensor is extra-embryonic, connects the embryo with
maternal seed tissue, and does not contribute to the later
plant scedling. “Uherctore, in Brassicaceae, the first zygotic
division alrcady marks the boundary between embryonic
and extra-embryonic development [4]. Tn other flowering
plants, however, the patterning process can be less stereo-
typic and in some cases there is no clear boundary between
embrvonic and suspensor tissue (Figure 2). Cells derived
from the first apical cell can also differentiate into suspensor
cells, as scen in some members of the Garyoplyllaceae. In a
similar manner, descendants of the basal cell might also
contribute to large portions of the proembryo as in some
Asteracear family members [3]. Therefore, patterning seems
to be mainly influenced by position-dependent cues and the
conceptof cell lineages apparently does notapply in the early
plant cmbryo. Nonctheless, a universal feature of embryo-
genesis in sced plants is the polarity of the first zygotic
division with the apical daughter cell always contributing to
the embryo. This division seems to be an essential step in
axis formation of the angiosperm embryo and itis therefore a
tfundamental question how the zyvgote is polarized.

Early morphological changes

In flowering plants, already the egg cell is a polar structure
with the nucleus at the apex and a large central vacuole at
the basal pole [5] (Figure 1b). Microtubules are prefer-
entially oriented in a longitudinal direction [6°]. Directly
after fertilizacion, however, this polarity scems to be lost
as the large vacuole 1s broken up into smaller, evenly
distributed vacuoles and the nucleus moves to a central
position [5,7]. After this transient apolar phase, polarity 1s
reestablished and the zygote starts to elongate in a similar
fashion as tip-growing cells such as pollen tubes or root
hair cclls [6%,7]. In Arabidopsis, the zygote grows three-
fold in size whereas in many grasses there is barely any
noticeable growth at this stage [3]. The first hallmark of
polarity reestablishment happens at this stage as the
nucleus moves out of the center to an apical position,
tollowed by an asymmerric division. What kind of posi-
tonal information determines the direetion of cell elon-
gation and the position of the cell division planc?

In many animals, the sperm entry site can function as
positional cue |8,9]. In a similar fashion, the brown alga
Fueus relics on the position of sperm entry in the absence
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Figure 1

Gurrent Qpinion in Plant Biology

Embryogenesis in Arabidopsis.

(a) After the first zygotic division, the apical cell forms the spherical embryo {green) while the basal cell forms the mostly extra-embryonic
suspensor (blue). The final seedling is mainly formed by the upper tier (light green) and lower tier (dark green) of the embryo proper. Only the
upper-most suspensor cell (light blue} in direct contact with the embryo proper contributes to the embryonic root. The rest of the suspensor (dark
blue) remains extra-embryonic. (b} In accordance with morphological criteria, egg cell polarity is lost in the early zygote. The large central vacuole
(white} at the basal pole of the egg cell is partitioned into smaller evenly distributed vacuoles. During cell elongation, the zygote repolarized and
the nucleus moves to the apex before the first asymmetric division. During zygotic cell elongation, a large central vacuole is reformed at the basal

pole.

of other polarizing cues [10]. In flowering plants, however,
in vitro experiments with rice gametes would argue
against positional information provided by the sperm
entry site as there was no correlation between its position
and polarity of the zygote [11]. Fusion with the sperm, on
the other hand, seems to be a necessary trigger for egg
activation as it causes Calcium influx and initiates
karyogamy and the activation of a zygotic transcriptional
program [12] which cannot be achieved by artificial fusion
of two egg cells.

In rice, egg activation possibly involves the paternally
provided APZ2 transcription factor OsASGR-BBML1
[13%°]. Overexpression of BBML1 in the egg cell leads
to proliferation without fertilization. Dominant negative
versions of BBMLI1 lead to developmental arrest if
expressed in the zygorte. As ectopic overexpression of
BBM induces embryogenesis in somatic cells in Arabi-
dopsis [14], this family of transcription factors could be
part of a two-component system of maternal and paternal
factors that initiate a zygotic transcriptional program
similar to the BELL/KNOX transcriptional regulators
in the unicellular alga Chlamydomonas reinhardtii [15]

Zygotic gene expression

There have been conflicting reports about the timing of
the maternal-to-zygotic transition and the degree of
maternal and paternal contribution to early embryogene-
sis of flowering plants [16-21,22"]. Recent advances in
manual isolation of single cells made it possible to

generate transcriptional profiles of gametic cells and early
embryos with much higher temporal and spatial resolu-
tion and lower contamination by surrounding maternal
tissue [13°%,23°°,24%°]. With these latest transcriptomic
data from grasses and Arabidopsis, a clear picture is
emerging.

In animals, the maternal-to-zygotic transition follows
two phases. At the beginning, development is regulated
purely post-transcriptionally by maternal mRNAs and
proteins stored in the oocyte. Later, as the zvgotic
genome is activated, maternal RNAs are depleted and
zygotic mRNAs take over functionally [25]. In
flowering plants, there seems to be in principle a similar
progressive activation of zygotic bi-parental transcripts
[13%%,23°%,24"°]. However, this transition seems to happen
rapidly in the zygote. In Arabidopsis, sperm-specific
transcripts can be detected in zygotes at 14 hours after
pollination (hap) but are dramatically reduced or absent in
zygotes at 24 hap. At the same time, egg cell-specific
transcripts are rapidly eliminated and several thousand
genes are upregulated in the zvgote compared to the egg
cell [24%°]. In Arabidospsis, it has been shown that
already the first zygotic cell division relies on de nove
transcription [24°°]. The onset of zygotic transcription is
accompanied by rapid turn-over of gametic histones and
replacement by zygotic histones [26]. These new data
therefore further support the view that zygotic genome
acrivation happens very rapidly in flowering plants as
previously proposed by Nodine and Bartel [20]. However,
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Figure 2

(a) (d)

(b)
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Clonal origin of embryonic structures (after [3], modified).

(a} The first cell division gives rise to an apical (green) and basal (blue)
daughter cell. (b) Suspensor cells derived from the apical cell in
Sagina procumbens (Caryophyllaceae); shown in light green. (c} Cells
originating from the basal cell contribute substantially to the embryc
proper in Geum urbanum (Asteraceae); depicted in light blue. (d} In
Brassicaceae, only the upper-most descendent of the basal cell (light
blue) contributes to the embryo. Cells contributing to the later seedling
are marked by brackets.

these rapid transcriptome changes and the observed
intracellular reorganization of the zygote raise the ques-
tion if polarization of this cell relies on pre-existing
parental factors or if polarity establishment is an intrinsic
Zygotic process.

MAP kinase signaling

Polarity of the zygote and differentiation of the first
daughter cells seem to be at least in part controlled by
a MAP kinase-dependent signaling pathway. This path-
way includes the MAP kinases MPK3 and MPK®6, the
MAPK kinases MKK4 and MKKS5 as well as the MAPKK
kinase YODA (YDA) [27-29] (Figure 3). Loss of YDA
impairs zygote elongation and results in symmetric cell
division. Furthermore, both daughter cells adopt embryo-
like division patterns, resulting in embrvos lacking a
recognizable suspensor. Constitutive activation of the
YDA pathway leads to structures entirely consisting of
suspensor-like cells [27]. This pathway therefore seems to
promote zyvgote elongation and polarity and suppresses
embryonic development in the basal daughter cell [30].

One of the direct phosphorylation targets of this signaling
cascade is the transcription factor WRKYZ. Together with
the HOMEODOMAIN GLABROUS (HDG) transcrip-
tion factors HDG11/12, WRKY?2 activates expression of
WUSCHEL-RELATED HOMEOBOX 8§ (WOXS) [31,32].

WOXS and WOX9 are necessary for correct suspensor
development and expression of several developmentally
important genes in the embryo [33]. WOX genes generally
play important roles as transcriptional repressor in stem
cell niches. However, these members of the evolution-
arily more ancient WOX9 clade rather seem to act as
transcriptional activators [34].

As the wry2 mutant recapitulates certain aspects of the
yda phenotype but lacks others, there are likely additional
rargets of the YDA-dependent signaling cascade in the
zvgote. Potential targets could be transcription factor
complexes including the RWP-RK protein GRD/
RKD4, although GRD itself does not seem to be a direct
rarget [35,36]. Mutant gr embryos in principle resemble
yda embryos albeit the phenotype is less pronounced.
Some members of the RAD family play a pivortal role in
the egg-to-zygote transition [37,38]. It is therefore tempt-
ing to speculate that YDA might be involved in setting up
a zygotic genome program via GRD regulation. As the
overexpression of RKD4 can induce somatic embryogen-
esis [36], a role of RKD4 in activating a zygotic tran-
scriptome seems at least plausible.

YDA is activated in the zygote by the BRASSINOSTER-
OID SIGNALING KINASE family members BSK1 and
BSK2 [39°°]. These membrane-associated proteins
directly interact with the YDA kinase domain, possibly
in a phosphorylation-dependent manner. BSK family
proteins have been described as integral part of
SOMATIC EMBRYOGENESIS RECEPTOR KINASE
(SERK)-dependent receptor complexes in various signal-
ing pathways [40-42]. These leucine-rich repeat contain-
ing co-receptors are involved in YDA-dependent devel-
opmental processes [43]. However, the receptor teaming
up with the SERK co-receptors upstream of YDA in the
embryo as well as possible ligands are still unknown.

Possible candidates include peptides of the EMBRYO
SURROUNDING FACTOR (ESF) family. Downregu-
lation by RNA1 causes mild suspensor defects that can be
rescued by expression of a constitutively active variant of
YDA [44]. The spatial and temporal information provided
by these possible ligands is, however, presently unclear.

In Brassicaceae, an additional way of YDA activation exists
in the zygote. The unusual BSK family member SHORT
SUSPENSOR (SSP/BSK12) accumulates specifically in
the zygote, apparently translated from paternally inher-
ited transcripts [45]. The SSP protein lacks a regulatory
intra-molecular interaction typically seen in BSK proteins
[39°°]. Resembling a constitutively active version of
BSK1, SSP can activate YDA directly after fertilization
possibly without involving canonical receptor activation
(Figure 3). As ssp mutants show slower embryonic devel-
opment and a less defined boundary between embryo and
suspensor, much like many species outside the
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Figure 3
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Signaling events in the early embryo.

(a) Schematic depiction of the embryonic YDA signaling pathways.
The MAPKKK YDA can be activated by a possible receptor kinase
complex including the membrane-associated proteins BSK1/2. In
addition, paternally provided SSP directly activates YDA in
Brassicaceae. (b} Consecutive signaling events in the early embryo.
YDA activity contributes to zygote elongation, asymmetric cell division,
and differential WOX8 expression. A local, PIN7-mediated auxin
maximum in the apical daughter cell initiates 3-dimensional growth of
the embryo proper.

Brassicaceae family, this paternal input might provide a
beneficial boost of YDA activity contributing to the rapid
life cycle of Brassicaceae family members [45,46].

Auxin signaling

Many developmental processes in plants start with an
asymmetric division and almost universally seem to
involve the plant hormone auxin [47-49]. In the zyvgote,
however, direct evidence for a role of auxin in regulating
the first asymmetric division is lacking [30]. As the zygote
seems to elongate in a tip-growing manner similar to
pollen tubes or root hair cells, there is the possibility that
this division actually resembles a rather specialized case
independent of auxin signaling. The resulting daughter
cells, however, show differential expression of genes
involved in auxin response and transport. PIN7 in the
basal cell is thought to initiate basal-to-apical auxin

transport [50]. According to this model, three-dimensional
growth of the embryo is then initiated by an auxin response
maximum in the apical cell, re-orienting the cell division
plane [48]. Auxin responses in the apical cell, therefore,
scem to be an essential part of initiating embryonic devel-
opment. Since the differential auxin response in the two
zygotic daughter cells relies on already differentially
expressed genes of auxin transport and response [50,51],
this raises the question if auxin signaling in this context
mainly amplifies and firmly establishes already pre-exist-
ing, transient differences.

Auxin transport is intimately linked to auxin synthesis
and recent seemingly conflicting reports indicate possibly
several sources [52—54,55°]. Consistent with PIN7-medi-
ated transport from the basal cell, auxin might initially be
synthesized in maternal cells in the micropylar region that
are in direct contact with the basal daughter cell [55%°].
However, once suspensor differentiation is initiated in
the basal cell, the suspensor itself seems to become an
auxin source [54].

Conclusions

Recent advances in live imaging and novel fluorescent
markers [6%,7,56] as well as transcriptomic approaches
[13%%,23°%,24%°] have vielded new insights into the enig-
matic processes that lead to symmetry breaking in the
zygote. Polarity information seems to be ubiquitous in
plant cells and interpreted at least in part by the recently
discovered SOSEKI proteins [57°°]. Their role in zygote
polarization, however, has to be investigated in detail. It is
still an open question if cell polarity in the zygote is
inherited from the parental generation or established
de novo. Does this process rely on external cues or is it
directed by an intrinsic mechanism possibly including
mechanical forces? How does the MAP kinase-WRKY-
WOX pathway integrate with auxin signaling in establish-
ing different cell identities? Recently described MPK-
dependent phosphorylation of PIN proteins might sug-
gest that this interaction could be rather direct [58%,59].
With the recently developed and refined methods, future
research will help to answer these fundamental questions
at the very first step of plant development.
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In flowering plants, the asymmetrical division of the zygote is the
first hallmark of apical-basal polarity of the embryo and is
controlled by a MAP kinase pathway that includes the MAPKKK
YODA (YDA). In Arabidopsis, YDA is activated by the membrane-
assodated pseudokinase SHORT SUSPENSOR (55P) through an unusual
parent-of-origin effect 55P transcripts accumulate spedfically in sperm
cells but are translationally silent. Only after fertilization is SSP protein
transiently produced in the zygote, presumably from patemally
inherited transcripts. 55P is a recently diverged, Brassicaceae-specific
member of the BRASSINOSTEROID SIGNALING KINASE (85K} family.
BSK proteins typically play broadly overlapping roles as receptor-
assodated signaling partners in various receptor kinase pathways in-
volvedin growth and innate immunity. This raises two guestions: How
did & protein with generic function involved in signal relay acouire the
property of a signaldike patterning cue, and how is the early pattern-
ing process activated in plants outside the Brassicaceae family, where
55P orthologs are absent? Here, we show that Arabidopsis 85K T and
BSK2, two dose paralogs of S5P that are conserved in flowering
plants, are involved in several YDA-dependent signaling events, in-
duding embryogenesis. However, the contribution of 55P to YDA ac-
tivation in the early embryo does not overlap with the contributions of
BSK1 and BSK2. The loss of an intramoleaular regulatory interaction
enables 55P to constitutively activate the YDA signaling pathway, and
thus initiates apical-basal patteming as soon as 55P protein is trans-
lated after fertilization and without the necessity of invoking canonical
receptor activation.

Arabidopsis thafliana | evolution | MAP kinase signaling | embryogenesis |
ERASSINGSTERCID SIGHALING KIMASE

he organization of complex multicellular bodies is driven by
the sequential creation of cells with distinct properties. In
higher plants, this process generally starts soon after fertilization,
as the division of the zygote is typically asymmetrical, giving rise
to danghter cells with different developmental fates (1). Early
development of the flowering plant Arabidopsis thaliana and
other members of the Brassicaceae family proceeds in a strictly
stereotypic pattern, making it easy to follow the fate of individual
cells (1). The smaller apical daughter of the Arabidopsis zygote
always forms the embryo proper, while the larger basal cell de-
velops into a fillamentous support structure, called the suspensor,
that connects the developing embryo with maternal seed tissne
and serves as a conduit for nutrients and hormones (2). Gnly the
uppermost cell of the suspensor contributes to the embryo,
forming part of the embryonic root pole, while all other sus-
pensar cells remain extraembryonic (3). Thus, the zygotic di-
vision already marks embryonic vs, extraembryonic cell fate.
In other plant species, however, plant embryos often do not
show a well-defined boundary between embryonic and extra-
embryonic cell identity based on morphological criteria. In some

AW phas.orgiegifdeif10.1073/pnas. 1815866116

cases of grasses, the patterning process even seems to take place
at later developmental stages involving a larger mumber of cells
{4). The stereotypic, early patterning of Brassicaceae embryos
creates zll essential cell types by a minimum of cell divisions, and
might therefore be an adaption to the rapid life cycle typically
seen in many species of this family.

Genetic evidence has established that apical-basal patterning
in Arabidopsts is controlled by MAP kinase signaling. The
MAPKK kinase YODA (YDA) acts in the zygote to promote
elongation and embryonic polarity (5). Loss of YDA activity
leads to more equal zygote divisions, and derivatives of the basal
danghter cell subsequently typically adopt an embryonic division
pattern that can result in embryos without a recognizable sus-
pensor (68). Similar effects are observed with loss of the MAPK
kinases MKK4 and MKKS or the MAP kinases MPK3 and
MPKS6 (7, 8). Engineered constitutive activity of YDA leads to
supernumerary suspensor cells and, in many cases, produces
filamentons structures without a recognizable embryo (6). It has
been concuded that signaling through the YDA MAP kinase
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cascade is setting up apical-basal polarity in the early embryo and
promotes extraembryonic differentiation.

Postembryonically, mutant vde seedlings are dwarfed and
display various morphological alterations in comparison to wild
type, reflecting the involvement of the MAP kinase cascade in a
mimber of other signaling events (9, 10). n epidermal patterning,
for example, YDA acts as part of a canonical signaling pathway
downstreamn of a receptor complex that includes receptor kinases of
the ERECTA family (ERf) and the SOMATIC EMBRYOGEN-
ESIS RECEPTOR KINASE (SERK) family to regulate spacing of
stomata in the epidermis of leaves (11). However, the available
evidence suggests that YDA activation in the zygote may involve
different mechanismms.

[ the context of the embryo, YDA i, at least in part, activated
by the action of a membrane-associated pseundokinase called
SHORT SUSPENSOR (SSP) (12). SSP transcripts accummulate
specifically in the two sperm cells in the pollen, and S5P protein has
only been detected transiently after fertilization in the zygote, pre-
sumably translated from inherited, previously translationally silent
paternal transcripts (12). Overexpression of SSP can activate the
YDA MAP kinase cascade in other tissues; by analogy, it has been
proposed that SSP protein acts n a signal-like mamner to trigger
YDA activation in the zvgote (12).

SSP is a member of the multigene family of BRASSINOSTE-
ROID SIGNALING KINASE (BSK) genes. BSKs function as
cytoplasmic signaling partners in varions SERK-dependent re-
ceptor kinase pathways involved in plant growth, innate immu-
nity, and ablotic stress response (13-15). BSK proteins are
thought 1o be phosphorylated upon receptor activation and have
been proposed to recrnit downstream signaling components in a
phosphorylation-dependent manner (16, 17). Most of the BSK
genes seem to have overlapping functions, as obvions phenotypic
alterations have only been described for higher order mutants
(18). Interestingly, SSP is of very recent evolutionary origin,
splitting from its sister gene BSKJ abount 23 million years ago in
the last whole-genome duplication within the Brassicaceae (19).
While BSKT evolved under purifying selection, S5P has diverged
considerably from the common ancestor; in addition, BSK7 re-
maing ubiguitously expressed throughout plant development,
like most BSK genes, whereas SSP expression has became tightly
restricted to the male germ line (12, 19). How can the evolution
of §8P from an ancestral role similar to other BSK genes (gen-
eral, fimctionally redundant signaling components in receptor
kinase pathways) to a factor providing patterning cues in early
embryonic development be rationalized?

Here, we show that BSK7, the sister gene of S5P, together with
BSK2, a second close parzlog within the same family, act in
parallel to S§P upstream of Y14 in the zygote and early embryo,
and might therefore constitute retmnants of an older prototype of
the embryonic YDA pathway. Furthermore, we demanstrate that
BSK! and BSK2 also take part in YDA-dependent signaling
events outside the embryo, determining plant growth, inflores-
cence architecture, and stomatal patterning. A detafled com-
parison between the biochemical properties and structure of
BSKI vs. SSP reveals that S5P likely neofunctionalized through
loss of negative regulation. By acquiring properties that enzble
constitutive activation of the YDA pathway, SSP can now di-
rectly link the onset of zygotic transcription after the fertilization
event to the onset of apical-basal pattering.

Results

BSK1 and BSK2 Contribute to Embryonic Patterning, Independent of
55p. Embryos mutant for ssp display a significantly less severe
phenotype than yda mutant embryos (12) (Fig. 1), implying that
other factors contributing to activation of the YDA MAP kinase
cascade in the zygote should exist. BSK! may be such a factor
since it shares a recent evolutionary origin with SSP (19) (8
Appendix, Fig. 81). However, bsici single mutants did not show

26f10 | www.pnasorgigiidoin0.1073/pnas. 1815866116

any obvious differences from wild-type embryos (Fig. 14).
Transcriptome datasets of early embryos revealed high expres-
sion levels of BSK2, a close homolog of BSKY (20, 21) (S Ap-
pendix, Fig. 524). These findings could be confirmed by reporter
gene analysis (8F Appendix, Fig. 82 B-F), and we therefore in-
cluded hsk2 mutants in our studies. While bhsk2 embryos were
indistinguishzable from wild type, the phenotype of bskl hsk2
double mutants was strikingly reminiscent of ssp (12) (Fig. L)

The first observable effect cansed by mutations in YDA sig-
naling is drastically reduced elongation of the zygote (6). The
bskl bsk2 double mutants similarly exhibit reduced zygotic cell
growth, which results in a smaller basal cell in comparison to wild
type after the first zygotic division (Fig. 1C). Again, similar to
other mutations in the pathway, the basal cell of helkc? bsk2 em-
bryos produces a suspensor of reduced length (Fig. 1.4 and B),
frequently showing aberrant divisions in a vertical plane (8
Appendix, Fig. 83). The phenotype of ssp bskd bsk2 triple-rmmtant
embryos is stronger than the phenotype of either ssp single or
beicd bskZ double mutants (Fig. 1), suggesting an additive effect,
and only slightly weaker than the phenotype of yda mutants (Fig.
1 4 and B).

BSK1 and BSK2 Act in Postembryonic Signaling Events. Since BSK/
and BSKZ are ubignitonsly expressed throughout plant development
[determined by AtGenFxpress (22)], we next investigated whether
they act in YDA-dependent signaling events outside of the emberyo.
YDA signaling is, among other developmental decisions, necessary
for rosette growth and inflorescence architecture, as well as epi-
dermal patterning. In all three instances, Y134 acts downstream of
receptor kinases of the BERfL Mutations in BRI/YIXA pathway
components result in severely dwarfed plants with smaller rosette
leaves and more compressed inflorescences, as well as massive
stomata clustering (23-25). Single mutants of bskd or hsk2 display
no obwions alterations in these traits (Fig. 2 and S7.dppendix, Fig. $4
A-C). In contrast, the hsk! hsk2 double mutants recapifilate the
phenotype of yde or erf mutants, displaying strikingly smaller ro-
settes (Fig. 2B and 8 Appendix, Fig. $4B), more compact inflo-
rescences (Fig. 24 and SF Appendrr, Fig. S14), and clustered
stomata (Fig. 2C and 87 Appendix, Fig. 54C). These observations
indicate that BSK1 and BSK2 might be general signaling compo-
nents i YDA-dependent pathways. The additional loss of SSP in
the hski bek2 ssp triple mmtant does not result n any further en-
hancement of postembryonic defects (Fig. 2 and SY Appendix, Fig.
54 A-C), confirming that SSF function is confined to the embryo.

BSK1 and BSK2 Act Genetically Upstream of YDA. BSK farnily kinases
are membrane-associated proteins, and genetic and biochemical
evidence showed that SSP acts upstream of ¥4 in a linear
pathway (12, 26). To test the idea that BSKT and BSK2 similatly
act upstream of the YDA MAP kinase cascade, we created
bekcl bsk2 ssp triple mutants that additionally carry a constitu-
tively active version of Y04 (YDA-CA). The Y14-CA transgene
regcnes the yde loss-of-function mutant and creates a strong gain-
of-function effect, resulting in a leaf epidermis devoid of stomata
and consisting almost entively of pavement cells (9) (Fig. 2C).
The ¥4-C4 variant was not only able to rescue the genetic
defects in stomatal patterning of bskl bsk2 ssp triple mutants but
displayed an epidermal phenotype highly similar to YDA-CA
seedlings (Fig. 2C and ST Appendix, Fig. S4C). This epistatic
behavior of ¥DA4-CA strongly argues for a function of B5K7 and
BSK2 in the BRE/YDA pathway and Indicates that BSKY and
BSK2 act genetically upstream of YDA.

We could furthermore observe a similar epistatic behavior of
¥DA-CA in bski bsk2 ssp triple-mutant embrvos that were ge-
netically rescued by a Y14-C4 transgene (S7 . Appendix, Fig. 55).
This further supports the notion that BSK? and BSK2 act up-
stream of Y4 and might be rather ubiquitous constituents of
YD A-dependent signaling pathways.

Neu et al.
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Functional importance of BSK family kinases in early embryogenesis. (4) Homarsky images of transition stage embryos in whole-mount deared seeds

of wild-type Col-0, yda, bskT-2, bsk2-2, and ssp-2 single mutants, as well as bsk? bsk2 doulle mutants (b7 52} and bsk? bsk2 ssp triple mutants (b7 52 ssp).
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distance. Outliers are represented by dots. Statistically significant differences from wild type were determined by the Mann-Whitney U test (%P < 0.001; *F <
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BSK?T Cannot Compensate for the Loss of 5P in the Zygote and Early
Embryo. Our genetic analysis revealed that S8P and BSK?/BSK2
contribute additively to zygote elongation and suspensor devel-
opment. S§P mRNA is supplied paternally by the pollen (12},
suggesting the possibility that SSP may mediate early activation
of the YDA pathway, before BSKI/BSK2 proteins may be able
to accumulate. To test the hypothesis that the specific contri-
bution of S§F o early development results from pollen-specific
expression, we expressed SSP and BSKY genomic coding regions
under control of the male germ line-specific MGH3 promoter
and the §§P promoter, and tested the ability of these constructs
to complement the ssp mutant phenotype (Figs. 3 and 4). Surpris-
ingly, none of the pMGH3::BSKT or p§SP:BSK1 lines showed genetic
rescue of the ssp loss-of-fomction phenotype, while all pAMGHS:S5P
or pSSP-SSP transgenic lines used for the analysis rescued the ssp
embryonic phenotype. This clearly indicates that SSP and BSK1
proteins differ in their potential to activate the embryonic YDA
pathway and implies that neofunctionalization of S8F did not
merely involve a simple change In expression pattern but also
changes to the protein properties.

55P Expression Constitutively Activates Downstream Target Genes,
Ectopic overexpression of S5F in seedlings evokes a strong gain-
of-function effect similar to constitutively active versions of YDA
(12). Most strikingly, this phenotype manifests itself in an almost

Neu et al.

complete lack of stomata on the leaf siwface (9, 12). [n contrast,
similar experiments with BSKY were previously reported to have
little or no effect on plant architecture (27). To corroborate and
refine these findings, we examined the effect of overexpressing
BSK1 from the strong, ubiquitously active CaMV' 358 promoter
on stomata density in detail and found no obvious changes com-
pared with wild type (S¥ Appendix, Fig. 56). The growth defects and
the clustered stomata phenotype of the heicd beh2 ssp twiple mutant
were rescued to various degrees by the p355:BSKT tramsgene in all
transgenic lines tested, indicating that the transgene is functional.
Furthermore, these plants displayed a wild-type growth phenotype,
and no obvious gamn-of-finction effects were recognizable. This
suggests that, in contrast to SSP, the presence of the BSK1 protein
alone is not sufficient to hyperactivate the YDA pathway, despite
being an integral part of this pathway. To directly test the hypothesis
that S§P, but not BSKJ, overexpression leads to strong activation of
YDA target genes, we monitored the transcription of EFF2 in
suspension culture-derived protoplasts (Fig. 54). The EPF2 gene is
a target of the BRI/YDA pathway, it encodes one of the ligands of
ERf receptors (28), and its expression is negatively regulated by the
YDA MAP kinase cascade (29). As predicted from previous re-
ports, the expression of ¥24-C4 led to downregulation of EPF2
expression in comparison to samples n which an active, kinase-
dead (KID) version of Y04 (YDA-KD) was expressed (Fig. 54).
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Fig. 2. Phenotypic analysis of YDA-dependent plant development. {4} In-
florescence development of wild-type Col-0 in comparison to single-, double-,
and triple-mutant combinations of ERf kinases and ESK family kinases. The
bsk1 bsk2 double mutant (b7 b2y and bsk? bsk2 ssp triple mutant (67 62 ssp}
show more compact inflorescences very similar to erecta {er) single mutants
and erecta erecta-like? erecta-fike2 (er erft erld) triple mutants. {Scale bar:
% mwm.) {8} Rosette leaves at the time of bolting. No olwious difference in
rosette diameter can be seen in bsk1-2, H5k2-2, or ssp single mutants in com-
parison to wild type. The bskT bsk2 double mutant, however, shows a reduced
rosette size similar to plants with reduced ERf receptor signaling (S Appendix,
Fig. 54). {Scale bar: 2 am.) {C) Epidermal phenotype of 10 d-old seedlings of
wild-type ColD, bski, bsk2, ssp, bsk? bsk2 double mutants (67 b2), and
bsicl bsk2 ssp triple mutants (b7 b2 ssp), aswell as bsk7 bsk? ssp tripfe mutarts
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Expression of BSKY had no detectable effect on EPF2 expression,
supporting the notion that the signaling activity of BSKI is
predominantly regnlated by receptor-mediated phosphoryla-
tion (27) rather than protein abundance. In stark contrast,
S5F expression leads to strong down-regulation of £FF2 in a
similar way as In samples expressing Y0A4-CA (Fig. 54).

In this overexpression experiment, S§P appeared to activate
the YDA MAP kinase cascade in a manner that did not involve
the canonical ligands of the pathway. To test this idea, we
transiently expressed BSKY and SSP in Awbidopsis protoplasts
and monitored the activation of MPK3 and MPK6 using a
phosphorylation-specific antibody against the activation loop
(Fig. 5B). As a positive control, we expressed Y5.4-C4 and ob-
served a strong increase In signal intensity compared with cells
expressing the nonfunctional YDA-KD. The expression of BSKI
did not noticeably influence the amount of phosphorylated
MPK3 or MPKG6, while the expression of §5F led to a strong
increase in activated MPK3 and MPKe (Fig. 58). The overall
MFPK6 abundance, as measurable with antibody binding in-
dependent of phosphorylation status, did not change in any of
these experiments.

Taken together, our data strongly suggest that the SSP protein is
capable of triggering YDA-dependent signaling. In this scenario,
SSP would be able to initiate downstream YDA-dependent sig-
naling without canonical receptor activation.

Constitutive Signaling Activity Due to Loss of Intramolecular Interaction.
SSP has been described as a quite tnusnal BSK family member with
a conspicuously shorter activation loop In comparison 0 other BSK
farnily proteins (19). SSP has been regardled as a psendokinase (12);
however, kinase activity assays have not been performed. To test if
the differences between SSP and BSKI can be attributed to in-
creased kinase activity of SSP, we purified YDA, SSP kinase, and
BSKI kinase after heterologous expression in Escherichia coli and
performed kinase activity assays (SI Appendix, Fig. §7). We used
full-length YDA as a positive control, which showed readily de-
tectable ATP turnover. In contrast to YDA, however, we could not
detect kinase activity for SSP or BSKL. While the ATP turnover for
SSP did not differ at all from the negative control, there was a very
weak but statistically not significant increase in ATP turnover for
BSKI (not visible in 8F Appendix, Fig. §7). These results are in
agreement with previous reparts indicating that kinase activity is not
necessary for SSP finction znd suggest that BSK family proteins
might fimetion primarily by recroiting downstream signaling com-
ponents (12, 16, 19). As we cannot detect any kinase activity for
SSP, the constitutive activation of downstream signaling compo-
nents has to be explained by a different mechzmism.

BSK proteins are generally regulated by phosphorylation (27);
in the case of rice OSBSK3, it has been shown that phosphory-
lation breaks a direct and negative anto-regulatory interaction
between the C-terminal tetratricopeptide repeat (TPR) motif and
the central kinase domain (30), liberating the protein fo recruit
downstream signaling partmers. Given the cose structural sirilarity
of BSK proteins, this mode of regulation may well be conserved
within the farnily, and we thus wanted to determine whether similar
intrarnolecnlar interactions could be detected with Adrabidopsts
BSKI and SSP, respectively. In a yeast two-hybrid interaction assay,
the isolated TPR domain of BSKI indeed showed clear interaction
with its kinase domain. Strikingly, this nteraction could not be
observed for the closely related SSP TPR domain when tested with
the SSP kinase domain (Fig. 64), despite expression of the SSP
TPR domain (8F Appendix, Fig. 58). We independently confirmed
these resnlts in plant cells by transiently expressing the TPR and

carrying a constitutively active variant of yda (b7 62 ssp yda-CA). Loss-of-
function yda mutants and a constitutively active variant of Y04 (yda-CA) are
shown as controls. {Scale bar: 50 pm.}

Neu et al.
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Fig. 3. Geretic rescue of ssp mutants by sperm-specific 85K gene expres-
sion. A box plot diagram of suspensor size measurements 7% h after polli-
nation is shown. Homozygous transgenic lines carrying pld!GH3.55F or
PMGH3BSKT in a bskl bsk2 ssp triple-mutant background were wsed as
pollen donors to pollinate wild-type Col-0 plants. Control Col-0 and
bskt bsk2 ssp triple mutants were wsed as pollen donors in parallel experi-
ments. Without genetic rescue, the paternal effect of the mutant ssp allele
causes reduced suspensor size in heterozygous embryos. The box plot dia-
grarm shows the median as center lines, and the 25th and 75th percentiles
are indicated hy box limits. Whiskers show 1.5 interquartile distance.
Outliers are represented by dots. The total number of embryos for each
genotype is given above the x adis. Statistically significant differences from
the control crosses with homozygous bsk? bsk2 ssp triple mutants as pollen
donors are indicated by asterisks (Mann-Whitney U test *f < 0.01).

kinase domains of BSK1 and SSP, respectively, as fusion proteins
for ratiometric bimolecular fluorescence complemmentation assays
(rBiFCs) (31) in tobacco leaves (Fig. 65). For the most part, the
1BIFC assay corroborated owr observations in the yeast two-hybrid
assay. With the rBIFC assay, we could not detect any interaction of
the S8P TPR domain with its kinase domain, while the corre-
sponding TPR domain of BSKT interacts with the BSKI kinase
domain. In contrast to the yeast experiment, we could also detect an
interaction of the BSK1 TPR domain with the SSP kinase domain,
possibly indicating that changes within the SSP TPR domain are
responsible for neofunctionalization.

The lack of intramolecular, regulatory interaction in SSP
might be a simple explanation for its property to evoke a con-
stitutive signaling response. SSP has been described to directly
bind the downstreamn MAPKKK YDA (20), while a direct in-
teraction has been reported for BSKI with the MAPKKK
MKEKKS (32). To rule out the possibility that SSP differs from
BSKT in its abiity to directly interact with YDA, we tested the
interaction of §8P and BSKI with different parts of the YDA
protein (57 Appendix, Fig. 89). [n a yeast two-hybrid assay, the
TPR motifs of S§P and BSKI showed binding to the YDA kinase
domain, while no interaction with the N-terminal region of YDA
could be detected.

These results further support ow genetic data and ndicate
that BSKI and 88P zre both mtegral parts of YD'A-dependent
signaling pathways and can both divectly interact with YDA
According to the model of regulation by negative intramolecular
interaction, the lack of affinity between the SSP TPR and kinase
domaing may provide a mechanistic bagis for the constitutive
activation of the YDA pathway evoked by the SSP protein. To
explore this possibility and to map SSP-specific protein proper-
ties, we expressed chimeric versions of the SSFP gene, where
various parts of the coding regions had been replaced by their
BSKI counterparts under the control of the S5F promoter in the
ssp mutant background, and monitored the genetic rescue of
mutant phenotypes (Fig. 4 4 and B). BSKI hasbeen shown to
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be phosphorylated within the activation loop, and this site of
phosphorylation is absent in S5P (19). It would therefore be
conceivable that negatively charged amino acids in the short SSP
activation loop mimic constitutive phosphorylation. However, a
chimeric BSKT1 variant that carries the SSP activation loop did
not adopt S5P-like properties, whereas SSP variants with 2
BSKI activation loop behaved like the native SSP protein in the
genetic rescue experiment, suggesting that the activation loop
does not determine the specific property of the SSP protein. An
SSP kinase domain paired with a BSK1 TPR motif was also not
funetional in rescuing the embryonic ssp phenotype, whereas a
BSKI kinase domain fused to an SSP TPR motif retained the
ability to rescue ssp-2 mutants. These results demonstrate that,
indeed, the structural determinants underlying the different ac-
tivities of S5P and BSK1 proteins can be largely mapped to the
TPR motif. By embedding mdividual repeat units of BSKI into
an SSP background, we could further show that the third and
fourth repeat units of the TRP motif are mnterchangeable,
whereas the presence of the first, cryptic repeat unit or the
second repeat unit of BSKI abolished the function of the
chimera. The results clearly demonstrate that the specific signaling
property of SSP relies strongly on the SSP TPR motif, which
cannot be functionally replaced by the BSKI TPR domain. Fur-
thermore, neither the activation loop nor the entire SSP kinase
domain was sufficient to rescue the ssp defects when positioned in
the context of the BSKI protein.

According to our model, the loss of intramolecular interaction
would be responsible for the SSP-specific protein properties. The
genetic resene experiments now indicate that this feature can be
largely mapped to the TPR domain. One would therefore as-
sume that the ability to evoke a constitutive signaling response in
YDA-dependent signaling pathways can also be mapped to the
S5P TPR motif. To test this hypothesis, we used chimeric ver-
sions of BSKI and SSP in a protoplast transient expression sys-
tem and monitored their effect on YD A-dependent target gene
expression (Fig. 4C). CYPS2C is transcriptionally up-regulated in
protoplasts in response to ¥YDA-CA expression. Bxpression of
full-length S8P similatly led to a strong increase of CYPS2C
transcripts, as observed with constitutively active ¥D.4-C4 (Fig.
4C). As seen for EPF2 expression, full-length BSKY expression,
on the other hand, has no detectable effect on C¥YPS2C tram-
script levels. When testing chimeric constrocts, BSKI protein
that carries the SSP TPR motif causes the same up-regulation of
target gene expression as full-length SSP and constitutively active
YDA-CA The chimeric SSP protein that harbors a BSKI-
derived TPR motif, on the other hand, did not cause activa-
tion of CYPE2C expression. [n agreement with our model, only
protein variants that canse a constitutive signaling response
were also able to rescue the genetic defects of ssp mutants
{(Fig. 4).

Taken together, our data strongly suggest that the SSP protein
causes a nonregulated, constitutive activation of YDA-dependent
signaling pathways that s most likely the consequence of loss of
inhibitory, intramolecnlar mteraction previously demonstrated for
BSK family proteins. This lack of regulation, however, can pre-
sumably be folerated by the plant becanse of the tightly controlled
expression pattern of SSP that confines the SSP protein to the early
embryo (57 Appendix, Fig. S2C). According to this model, we would
predict that prolonged expression of SSP in the early embryo should
evoke gain-of-fimction phenotypes. To test this hypothesis, we
expressed a functional SSP-YFP fusion in the early embryo using a
GAF4-UAS transactivation system under the control of the ubig-
uitondy active RPSSa promoter. Only in FL embryos that carried
the RPS5a driver as well as the plAS:8SP-YFP effector constructs
could we observe embryos with supermumerary suspensor cells and
structures entirely lacking a recognizable proembryo, reminiscent of
embryos that carry a constitutively active varfant of Y04 (8Y Ap-
pendix, Fig. §10). BEmbryos that carried only the driver line or the
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Fig. 4. SSP-spedfic properties can be mapped to the C-terminal TPR motif.
{4} To map the structural features underlying the functional difference be-
tween the SSP and ESK1 protein, chimeric constructs {described in Materials
and Methods) wer e tested for their ahility to genetically rescue the ssp mutant
phenotype. For each construct, 12 independent transgenic lines were anakzed
for genetic rescue of the ermbryonic ssp phenotype {100 embryos each line} in
comparison to a full-length S5P resaue construct as a positive control and a
nonfunctional SSP construct [SSP G2 = 4 (12)] as a negative control. Functional
protein domainsimotifs are depicted as larger rectangular boxes. &, kinase
activation loop; K, kinase domain; M, myristoylation motif; T, TPR domain.
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effector line did not show any obwions differences from wild-type
embryos. Furthermore, transactivation of BSK7 in the early embryo
under control of the same expression system did not lead to any
obvious morphological changes in comparison to control plants.
Prolonged expression of SSP in the embryo therefore evokes a
similar gain-of-function phenotype as observed when ectopi-
cally expressed in the leaf epidermis, strongly arguing in favor
of S5P evoking a constitutive signaling response of YDA-dependent
signaling pathways.

Taken together, we could show that SSP exhibits a non-
regulated, constitutive signaling activity that is most likely the
consequence of loss of inhibitory, inframolecnlar interaction pre-
vioudly demonstrated for BSK family proteins, Tightly controlled
expression of 5P, on the other hand, might make posttranslational
regulation UNnecessary.

Discussien

BSK family proteins have been described to fulfill a role as
receptor-associated cytoplasmic kinases in a similar manner as, for
example, the interlenkin-1 receptor-associated kinases (33). Due
to neighboring kinases in the respective receptor complex, these
kinases often do not need kinase activity for their fonction (34,
35). Based on the protein structure of the Armbidopsis BSKS ki-
nase domain, it was proposed that, in general, BSK family kinases
are pseudokinases (17). Our kinase assays with BSK1 and SSP
kinase domains support this notion. The regulated function of
BSK proteins might therefore manifest itself in the passing of
signal information by phospharylation-dependent recrnitment
of downstream signaling components that, in turn, can be phos-
phorylated by nearby kinases (16, 30). For BSKI, however, kinase
activity in the context of MKKKS phosphorylation has recently
been reported nsing an antibody against phosphate moieties (32).
[n zgreement with the published data for BSKS (17) and SSP (12},
bt i contrast to the previous report regarding BSKT (32), we
could not detect kinase activity for isolated kinase domains of
BSKI and SSP. As we could observe a low but statistically not
significant tornover of ATP in the sample containing BSKI, very
low kinase activity at our detection limit cannot be ruled out
Furthermore, as our experiments were performed with isolated
kinase domaing, we carmot exclude the possibility that BSK family
proteins possess kinase activity in their native form. [n the context
of SSP-dependent YDA activation, however, any potential dif-
ferences in kinase activity between SSP and BSKI cannot explain
the different behavior of these proteins, as swapping kinase do-
mains or the activation loop between SSP and BSKT in chimeric
constructs did not have any effect, while the S8P-specific activa-
tion of YDA-dependent target genes depended on the SSP C-
terminal TPR motif,

Each predicted TPR repeat is shown as an individual rectangular box, and the
first cryptic repeat is indicated by a dashed line. SSF sequernces are depicted
in gray, and BSK1 sequences are depicted in white. {8) Genetic rescue of ssp
mutartts based on morphological criteria by expression of chimeric S5f and
BSKT variants shown in A under control of the SSF regulatory sequences. The
bar graph shows the number of wild-type embryos as an average percent
value with the SD for 12 independent transgenic lines for each construct.
Statistically significant differences from the negative control (ssp) are in-
dicated {determined by 7(2 test: #F « D.0D0T) {details of the analysis and
statistical test are provided in Dataset $1, and the heritability of these traits
is shown in Dataset 52). {C} Transcript levels of CYPS2C in Arabidopsis pro-
toplasts in response to the expression of S5F and B5KT and chimericversions
determined by gRT-PCR. As controls, a constitutively active variant (YDA4-CA)
and a nonfunctional version of Y04 {YDA-KD) were used. Transcript levels
were normalized to EF2 expression as a reference. Expression levels are given
as relative values, with the negative control {YDLA-KD) arbitrarily set to 1.
Significant differences from the negative control {¥DA-KD) are indicated
{Student's t test: *P < 0.09).
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Fig. 5. Activation of the ERf/'YDA pathway by ectopic S5F expression. (4}
Transcript levels of EFF2 in Arabidopsis protoplasts in response to expression
of $5¢ and 85K determined by gRT-PCR. As controls, a constitutively active
variant {Y4-C4) and a nonfunctional version of Y4 {Y0A-KI) were used.
Transcript levels were normalized to £F2 expression as a reference. Expres-
sion levels are given as relative values with the negative control {(YLRA-KE1
arbitrarily set to 1. Significant differences from the negative control {¥f4-
K} are indicated by asterisks {Student’s t test: ## < 0.05). (8} Phosphoryla-
tion of MPK3 and MPKE in response to YDA activation detected by Western
blotting with a phosghorylation-sensitive antibody against the activation
loop of both kinases. As loading controls, phosphorylation-independent
antibodies against MPKG and tubulin were used. Mote that the polydonal
antibody against MPKE also detects MPK3 (black arrowhead). The MPK3 and
WPKE proteins have expected sizes of 42.7 kDa (black arrowhead) and
45.1 kDa {white arrowhead), respectively. The bar graph gives the relative
armount of phosphorylated MPKS in relation to total MPKG as inferred by the
signal intensity of the corresponding Western blots. Average values and SDs
of three Western blots are shown. Significant differences from the negative
control {YDA-KD) are indicated (Student's t test: *P =< 0.05).

BSK family proteins have been functionally described in the
context of brassimosteroid signaling in combination with the re-
ceptor kinases BRIT and BAKI/SERKS3 regulating plant growth
(16, 27). In this context, several BSKs act in a genetically re-
dundant manner, while BSK3 seems to be more prominently
involved (18). BSKI also interacts with the receptor kinases

Neu et al.

FILS2 and BAKI/SERKS in the context of innate immunity re-
sponses (14, 36). For BSKS, a role in response to abiotic stress
has been postulated (15). Our data now introdnce BSKT and
BSK2 as signaling partners of the ERf/YDA signaling pathway, a
pathway in which coreceptors of the SERK family also partici-
pate (11). Therefore, BSK family kinases could well be rather
general downstream signaling partners of SERK-dependent re-
ceptor complexes in varions (MAP kinase) signaling pathways,
Several other receptor pathways with related leucinerich re-
ceptor kinases, such as HAFR, HSL2, PXY, and EMSI, have been
described as SERK-dependent, and some of themn rely on a MAP
kinase cascade, nchuding MPK6 (37-39). It will be interesting to
see If BSK family kinases also play a role in these pathways.

In the context of brassinosteroid signaling, BSK genes sup-
posedly act in a genetically redundant manner (18). [t is there-
fore quite surprising, and in contrast to previous reports, that
bskl and bsk2 double mutants show strong growth defects. This is
probably due to the allele choice in previous studies, as the bski-
3 (SAIL _140_C04) allele is not a mull allele (SF Appendix, Fig.
S11), while our work was carried out with the bskI-2 allele,
which does not produce functional BSK1 protein (13} (SF Ap-
pendix, Fig. S11). Interestingly, the bski-2 bsk2-2 double mm-
tant shows an epidermal phenotype with clusters of stomata
almost as dramatic as yde loss-of-function mutants (Fig. 2 and
ST Appendix, Fig. 84). Therefore, the other 10 BSK genes might
play only a minor role in the context of ERI/YDA signaling and
might be more prominently involved in other SERK-dependent
signaling pathseays. [n a similar manner, the bskd bek2 ssp triple
mutant shows aberrant suspensor development very similar to
vda loss-of-function mutants. Again, this would argue in favor
of functional specificity of different BSK genes.

BSKI and BSK2 seem to be evolutionarily conserved as they
can be foumd in basal angiosperms such as Amborelfa richopoda
(8 Appendix, Fig. 81). S§P orthologs, however, only exist in
members of the Brassicaceae family and evolved during the last
whole-genome duplication of the core Brassicaceae as a dupli-
cate of BSKI (19). The involvernent of BSKI and BSK2 in the
embryonic YDA pathway, as well as the BRI/YDA pathway,
therefore most likely reflects an ancestral state, with SSP being
an embryo-specific innovation of the Brassicaceae. The loss-of-
function phenotype of the bskd bskZ dounble mutant, on the other
hand, demonstrates that BSKI and BSK2 still contribute to
YDA activation in the early embryo. This suggests that a more
ancient prototype of YDA activation, possibly viz a receptor
complex, might still be functional during embryogenesis in Ara-
bidopsis. This would also imply that in non-Brassicaceae plants,
apical-basal polarity of the zygote could solely rely on BSKLS
BSKZ-dependent activation of YDA, As many of these plants
have embryos with a poorly defined embryo-suspensor boundary
quite similar to sip mutant embryos in Arehidopss, it would be
fascinating to see what consequences introducing a functional
SSF gene would have on the early embryonic patterning of these
plant species.

S3F contributes to YDA activation in the early drabidopsis
embryo in such a way that it cammot be replaced by BSKI. It has
been shown that BSK1 is phosphorylated by BRIL at the acti-
vation loop at serine 231, a residue that is comserved among
Arabidopsis BSK proteins, and also in CDGL, a further cyto-
plasmic kinase targeted by BRIL (40). In SSP, however, this
serine residue is missmg and might indicate that SSP relies on a
different mode of regulation than the other BSK proteins. Our
data suggest that SSP acts like a deregnlated, constitutively active
variant of BSK1 since the presence of the protein is sufficient to
activate the MPK6-dependent MAP kinase cascade and has the
same impact on target genes as constitutively active YDA,

Kinases are usually highly regnlated proteins and are only
activated during signaling events. Constitutively active variants
occur only rarely and are often associated with diseases [e.g.,
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Fig. 6. SSP haslost the competence for intram olecular interaction. {4} Yeast
two-hybrid assay to test for interaction ketween the TPR and kinase domains
of SSF and BSK1. Serial dilutions of yeast cells containing the GALA-DNA
hinding domain {ED) fused to the TPR domain of SSP or BSK1 plus the
GALY activation domain {AD) fused to the kinase domains of SSP or BSKT,
respectively, were dropped on vectorselective [complete supplement me-
dium without leucine and tryptophan (CSM L- WW-)] and interaction-selective
medium {€5M L- YW- H- Ade-). Growth was monitored after 3 d at 30 °C.
pGADT7 empty vector was used as a negative control {*vector”). {8} In-
teraction tests using rBiFC. {Top) Confocal images of transiently trans-
formed M. benthamiana leaT epidermal cells representing the median
value of RFP and YFP fluorescence for each experiment are shown. {8ot-
tom) Box plot diagram depicts the ratio of the mean fluorescence of YFP
against RFP from 25 different, randomly chosen leaf sections. Center lines
of boxes represent the median, with outer limits at the 25th and 75th
percantiles. Notches indicate 95% confidence intervals. Tukey whiskers
extend to 1.5x the interquartile ratio.

human epidermal growth factor receptor mutants are associated
with cancer (41)]. In extremely rare cases, acquired constitutive
activity might be beneficial and functionally important, as is the
case for protein kinase CK2 (42). One possible evolutionary
scenario for 8P would be that an initial event confined S5P
expression to sperm cells, rendering the duplicated gene func-
tionally irrelevant. n the absence of purifying selection, SSP was
then free to accumulate mutations that destroyed regnlatory
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regions of the protein, turning it constitatively active. It was
speculated that an in-frame deletion in the activation loop of
S8P, which occurred early after the whole-genome duplication
and encompasses the BRIl-dependent phospharylation site of
BSKI, might be associated with neofunctipnalization (19). Cur
data, however, demonstrate that the specific properties of SSP
reside within the C-terminal TPR domain. Rice OsBSK3 has
recently been shown to be negatively regulated through an
intramolecular interaction of the kinase domain and the TPR
motif. Phosphorylation of the kinase domain activation loop
interferes with this nteraction and allows the protein to interact
with downstream signaling partners (30). Intriguingly, the SSP
TPR domain has lost its ability to interact with the kinase do-
main, providing a possible mechanistic basis for the constitutively
active properties of S8P. On the other hand, SSP is capable of
direct interaction with YA, as recently reported (26), and we
could show that this is a conserved feature of SSP and BSKI. As
described for the interaction of BSKI and MKKKS (32), SSP
and BSKI seem to interact with the kinase domain of YDA,
Perhaps this simple combination, loss of affinity for the intra-
molecular Interaction with retained affinity for the downstream
MAPKK kinase partner, is sufficient for S8P to mediate con-
stitutive activation of the pathway. In this scenario, the phos-
phorylation sites in the activation loop of the kinase domain
would be obsolete and a loss of these sites could well be an
evolutionary consequence.

The acquired gain-of-function in the SSP protein facilitates YDA
activation as soon as the sperm cell fuses with the egg and SSP
protein accurnulates in the zygote. We have previously shown that
the early YDA activation by SSP is correlated with faster devel-
opment of the embryo and a more precisely defined embryo-
suspensor boundary, both of which are characteristic featnres of
the Brassicaceae (12, 43). Evolution of SSP might therefore be a key
innovation that contributes to the reproductive biology of this suc-
cessful plant family.

Materials and Methods

Plant Material and Growth Conditions. All 4. thafiana plants used in this study
were grown under long-day conditions as described previously (43). The fol-
lowing mutant alleles have been described previously: bski-7 (R443 = G, bski-2
(SALK_122120), bsk7-3 (SAIL_140_C04), ssp-2 (SALK_051462), yofa-7 (G443 >
STCF), and Y0A-CA& (6, 12, 14, 18, 44). The bsk2-2 (SALK_OD1600), er
{SALK_DB6455), erft (GK_109G0R4), and eri2 (GK_486E03) alleles were geno-
typed using the following gene-spedfic primers: bsk1-2 LP: ATGAGGTTGCGAG-
TAGGAT, hsk1-2 RP: CAAAAGCATGACCAATGAGAAG, hsk2-2-F: 5-
GGAAGCGACTGGTGTTGGGAAG-T, hsk2-2-R: 5 -TGGTCGATCCTTTGCCTCTG AT,
er-F: - TTCGAAATCGAAAACGGTATG-T, er-R: 5-TGTGTGTGAGAAATGGCTCTG-
3, erll-F: 5-TTTCCAATCATGATGTTGCAG-3, erli-R: 5-CAAACAATIGCTC-
CAGCTTTC-3, erl2-F: 5-TATCTCCATGGCAACAAGCTC-37, erl2-R: 5 -AATGA-
CACATCGCTGAGAAGG-3, and transfer DMA {T-DMA) primers LBk13: 5-
ATTTTGCCGATTTCGGAACT and GKALE: 5 -ATATTGACCATCATACTCATIGE-
3, respectively. Multiple mutant combinations were obtained by crossing and
PCR-based genotyping of offspring plants.

Plasmid Construction. For the construction of binary vectors pGreen nos:bar
{GIG) pMGH3.255P and Gifb pMGH32BSK 1, the genomic region covering
the entire coding region was synthesized, avoiding commonhy used re-
striction sites in the coding region. In addition, the intron 3 {55F) and in-
tron 6 {BSK7) were deleted to allow for PCR-based genotyping of ssp and
bsk mutant alleles in the presence of the transgene. The synthesized
fragments were cloned into binary vectors containing the MGHS expres-
sion cassette by ligation-based molecular doning. Expression of the
transgene was confirmed for all lines used in the analysis by RT-PCR on
cDMA from mature pollen using primers SSP-qF2/SSP-qR2 and BSK1-qF2/
BSK1-gR2, respectively {S/ Appendix, Table 51}). For the p355.YDA-CA,
pISSIYA-DN, p3SSIBSKT, and p35SuSSP expression vectors, coding re-
gions, including restriction sites, were amplified by PCR and transferred
into pJIT6E0 {45) by restriction digest ligation-based cloning. Similarly, for
p355-based expression vectors containing chimeric versions of S5P and
BSK1, the chimeric coding region was PCR-amplified and doned into
piTED. For pARFI3==MLS-tdtomato and pBSK2=>MLS-tdtomato, the
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corresponding promoter fragments {1.97 ki for 4RFI13 and 2.83 kb for B5K2)
were PCR-amplified and replaced the NTA promoter in pANTA>>MLS-
totomato (46).

For chimeric SSABSKT T-DMA constructs, chimeras were based on two
pCambia T-DNAs containing an ~11-kb fragment spanning the entire S5¢
lotus, with a YFP moiety added in-frame into low-complexity regions of the
SSP protein behind the myristoylation motif {after Gly22) or behind the ki-
nase domain {after Ser314) (12). Restriction sites introduced with the YFP
moiety were used to excharnge segments of the BSKT genomic sequence
encoding for the kinase domain (Gly43-Pro354; “B1KD*) or the TPR domain
(after Pro-357, “SKD") with the corresponding segments of S57 the YFP
moiety was deleted in the process to minimize the number of structural
changes. Synthetic fragments (purchased from Integrated DNA Technolo-
gies) were used for generating T-DNAs harboring an SSF activation loop
embedded in a BSK1 kinase domain (“E154L"; S5P Glu126-5er206 inserted
hetween ESK1 Lys221 and Val246), a ESK' activation loop emizedded in an
SSF kinase domain (“SE1AL" BSK1 Asn222-Arg245 inserted bebtween SSP
Lys195 and Val207), and each of the four units of the ESK1 TPR domain
embedded in an SSP TPR domain {“B1TD": linker region and first cryptic
repeat, BSK1 Pro35%7-Metd00 inserted betwween 55P Ser3ld and Lys316;
“B1T1*: first repeat, BSK' Lys401-Prod17 substituting for SSP Lys316-Pro398;
“B1T2*: second repeat, BSKT Pro417-Pro452 substituting for SSP Pro3os-
Prod12; and “B1T3": BSK1 Pro452-end substituting for SSP Pro412-end}.

A normal form of S5P {“SSP") and an inactive form, in which the
Gly2 position carrying the myristoylate modification changed to Ala
{"G2A"), served as controls. The “BSK1* T-BMNA was created by inserting the
ESK coding sequence derived from a cDM.A clone between the SSP start and
stop codons of the normal form of SSP T-DNA.

Transient Expression in Protoplasts. Dark-grown suspension cell cultures derived
from A thafiana Col-0 were grown and transfected as descrined previously (47).
For gRT-FCR analysis, total RNA was extracted as described below.

RT-PCR and gRT-PCR Analysis. For expression analysis in plants as well as
protoplasts, total RNA was extracted by using the RNeasy Plant Mini Kit
{Giagen). RNA samples were treated with DMasel {Fermentas) to remove
any residual genomic DMA. RMA was reverse-transcribed to cDMA with
the Revertaid First Strand cDMNA Synthesis Kit (Fermentas) using oligo{dT)
primers.

To detect transcripts and transcript fragments in insertion lines, gene-
specific primer pairs upstream, downstrear, and flanking the insertion
site were used {5 Appendix, Table 51). For measurements of transcript levels,
gRT-FCR was carried out on a CFX Connect Thermocyder (Bio-Rad) with
SsoAdvanced Universal SYER Green Supermix (Bio-Rad). The PCR was per-
formed with gene-specific primer pairs (5f Appendix, Table §1).

Western Blot. For Western blot analysis, protoplasts were pelleted in 240 mi
Call,-H,O for 2 min at 3,700 x g. After addition of kysis buffer [25 mM Tris
phosphate {pH 7.8), 2 mi DTT, 2 mM EDTA, 10% glycerol, 1% Triton X-100],
total protein was extracted by repeated manual grinding of frozen samples
using liquid nitrogen, and standard Laemmli buffer was added to a final 1x
concentration followed by heating at 25 °C for 3 min.

Proteins were separated by size by SDS/PAGE and detected by Western
blotting as described previously (48). Phosphorylated MPKE protein was
detected with a Phospho-pd4/i42 MAPK {Eric1/2) (Thr202/Tyr204) (D13.14.4E)
XP monoclonal antibody {1:2,000 dilution, no. 4370; Cell Signaling Tech-
nology). Overall amount of MFKE was detected with a polyclonal anti-
AtMPKS antibody (1:2,000 dilution, no. A7104; Sigma-Aldrich). Tubulin
abundance was used as a loading control and was detected with a mono-
clonal antitubulin antibody (1:2,000 dilution; Sigma-Aldrich).

Yeast Two-Hybrid Assay. Constructs used for the yeast two-hybrid analysis
were cloned into the high-copy wectors pGADT/-Dest and pGBKT/-Dest,
respectively {Clontech Matchmaker). Both vectors were previously modi-
fied to allow for Gateway cloning. For Gateway cloning, coding regions of
genes of interests were PCR-amplified with primers containing attB sites (5f
Appendix, Table $1). Plasmids were cotransformed into the two-hybrid strain
FJB9-44 via lithium acetate transformation {49). Diploid yeasts were drop-
ped in 10-fold serial dilutions on vectorselective [complete supplement
medium {CSM) L- W-] and interaction-selective {CSM L- VW- H- Ade-} media
and grown at 30 °C for 3 d.

rBIFC. Constructs were cloned into the binary 2in1 vector pBiFCt-2in1-NM {50}

and transformed in Agrobacterium strain G¥3107. Fluorescence intensities
for YFP and RFP were measured from WNicotiana benthantiana leaves 2 d
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after infiltration using a Leica SP8 confocal laser scanning microscope at514-
nm and 561-nm exctation wavelengths, respectively. YFPRFP ratios were
calculated from 25 different leaf regions and plotted using EoxPlotR (51).

Protein Expression and Purification. Codon-optimized coding sequences of
ESK1, 55F; and YDA kinases encompassing residues 1-292, 1-331, and 1-883,
respectively, were doned into a modified pET vector containing an N-
terminal His&-SUMO solubility tag that is removakle by tobacco etch virus
(TEV} protease-mediated cleavage. OverExpress €41 cells {Lucigen) were
transformed with the respective plasmids and grown in LB medium in the
presence of kanamycin. Cells were grown at 37 °C to optical densities {OD g}
of 0.6, induced with 0.2 M isopropyl §-o-1-thiogalactopyranoside, and in-
cubated overnight at a temperature of 22 °C. Twelve hours after induction,
cells were harvested and stored at —20 °C. Subsequently, pellets were lysed
by sonication in lysis buffer supplemented with 0.1% Triton X-100 and 100
pg/mL lysozyrme. Buffer conditions were 50 mM Tris {pH 8.0), 150 mM MNaCl,
1 mi DTT, and 10 mM imidazole for BESK1 kinase; 50 mM Tris {pH 8.0),
500 miA MaCl, and 10 ml imidazole for SSF kinase; and 50 mikv Hepes (pH
7.5}, 250 mM Nadl, 1 mMW DTT, 10 mh imidazole, and 20% {wtiol) glycerol
for ¥YDA. Cell lysates were then centrifuged at 50,000 = g for 30 min to
remove insoluble cell debris. The supernatart, supplemented with 2 mi
IMgCl, was applied to nickel-nitrilotriacetic acid {Mi-NTA) resin, and the
column was washed using 10 column volurmes of the respective lysis buffers.
The protein was eluted from the resin using lysis buffers supplemented with
200 mk! imidazole. YDA protein was left uncleaved, whereas the SUMO tag
was removed from BSK1 and S5F kinase constructs by TEV cleavage during
dialysis into 25 mM Tris {pH 8.0), 500 mi Nal, and 1 mM DTT for 55F kinase
and into 25 mM Tris (pH 8.0), 150 mM MaCl, and 1 mM DTT for BSK1 kinase.
The cleaved tag was remowved from the target protein using a second Mi-NTA
step in dialysis buffer. Finally, a size exdusion chromatography purification
step in kinase buffer [30 mi Tris {pH 8.0}, 200 mM MacCl, 1 mi DTT, and
5 mik MgCl,] using a Superdex 200 column yielded pure protein.

Kinase Activity Assay. Kinase activity was determined using the ADP-Glo Assay
(Promega). The experiment was carried out according to the manufacturer’s
recommendations. In brief, kinase reactions were carried out at 22 °C in
kinase buffer [50 mM Tris (pH 8.0), 200 mil MacCl, 1 mM DTT, and 5 miv
IAgCly] in the presence of 100 ph ATP and 1 pM lysozyme as substrates. The
kinase concentrations used in this assay were 10 ph for BSK1 and 55P kinase
domains and 1 pM for YDA, The reactions were terminated by flash -freezing
aliquots in liquid nitrogen at 0, 30, and 80 min. Subsegquently, ADP gener-
ation in the samples was determined according to ADP-Glo instructions us-
ing a Tecan Infinite F200 plate reader.

Microscopic Analysis of Embryos, Measurements, and Reporter Gene Analysis.
Immature seeds were dissected and cleared in Hoyer's solution as described
previously {12). Images were taken with a Zeiss Axio Imager.Z1 microscope
equipped with an AxioCam HRc camera. Size measurements were performed
using measurement tools of Image) (NIH) software {52). Box plot analysis
was performed with BoxPlotR (51).

Higher order mutants that are homozygous for bsk T and bsk2 (bsk1 bsk2;
bskt bsk2 ssp; and bski bsk2 ssp yda-CA) show reduced fertility due to early
defects in embryo sac developrment. In these cases, only fertilized seeds were
taken into account for measurements.

Confocal scanning microscopy was performed with Zeiss LS 780MLG and
Leica SP8 confocal microscopes as described previously {53). For staining of
cell outlines, SCRI Renaissance blue SR2200 was used according to published
protocols {54, 55).

Phenotypic Analysis of Seedlings and Plants. Images of inflorescences and
rosette leaves were taken with a Pentax K-30 digital camera equipped with a
50-rmm SMC-M macro lens mounted on a tripod. The area covered by the
rosette leaves was determined in images by marking the perimeter of the
plant and calculating the selected area using Imagel software.

For inflorescence images, black neoprene was used as kackground. Pedicel
length of fully open flowwers was determined for five independent plantsand
two flowers each using a caliper.

Epidermal peels {56} were imaged with a Leica SP8 confocal microscope
after staining with SR2200 as described previously (54} For propidium iodide
{F1} staining, whole cotyledons were submerged in 10 pg/mL Pl solution
{Sigma-Aldrich) for 15 min. The samples were rinsed twice with water be-
fore mounting in water for confocal microscopy. Confocal images of epi-
dermal surfaces were taken with a Leica TCS SP8 confocal microscope
equipped with an HC PL APG 20x/0.75 Imm CORR €52 objective using a
552-nm diode laser line for excitation. Images were acguired as z-stacks and
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displayed as maxXimum projections using Imagel {52). Stomata index was cal-
aulated as the number of stomata per unit area divided by the total number of
epidermis cell per unit area multiplied by 100 as desoibed previously {57).

Statistical Analysis of Quantitative Data. The Student’s t test and Mann-
Vhitney U test were used for statistical analysis if the data showed a normal
distribution or deviated from a normal distribution, respectively.

Bhylogenetic Analysis. The evolutionary history was inferred by using the
maximum likelihood method based on the Jones, Taylor, Thornton {JTT}
matrix-based model {58). Initial treeis) for the heuristic search were obtained
by applying the neighbor-joining method to a matrix of pairwise distances
estimated using a JTT model. A discrete gamma distribution was wsed
to model evolutionary rate differences among sites [five categories (+G,
parameter = 1.6251)]. The tree was drawn to scale, with branch lengths
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measured in the number of substitutions per site. All positions with less than
a5% site coverage were eliminated; that is, fewer than 5% alignment gaps,
missing data, and ambiguous bases were allowed at any position. There
were 293 positions in total in the final dataset. Evolutionary analyses
were conducted in MEGAS {59).
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Abstract

During embryogenesis of flowering plants, the embryo proper is connected with the mother tissue
through the suspensor. Although the suspensor is eventually degraded during seed maturation, it is
indispensable for delivery of nutrition and phytohormones during early embryogenesis. The
differentiation to produce the two functionally different structures takes place very early. The suspensor
contains most of the cells derived from the basal daughter cell after an asymmetric zygote division, while
descendants of the apical daughter cell mainly contribute to the embryo proper. However, what
mechanism regulates the distinct differentiations and whether the differentiation directions are alterable
are largely unknown. The Brassicaceae embryogenesis follows a very stereotypical development process.
A filamentous suspensor is generated by horizontal divisions of the basal daughter cell, and a clear
boundary between the suspensor and the embryo proper is formed, thus providing an advantageous
model to study the mechanism of cell differentiations. Several researches have indicated that the
suspensor has a potential to transit into an embryo in Arabidopsis and Brassica napus. The function of
Auxin is emphasized in regulating the suspensor-to-embryo (suspensor-embryo) transition. Here, through
activating YDA pathway in early embryogenesis, we generated filament-like embryos in Arabidopsis to
study the suspensor-embryo transition. The development of twin proembryos derived from these
filaments was easy to follow, and twin healthy seedlings were finally generated. Through using transgenic
fluorescent marker lines, we indicated that the filamentous embryo was in an undifferentiated status.
Strong auxin response was not observed in early filamentous embryos. Later, we observed the maximum
auxin response in the suspensor cells. Taken together, we developed an elegant system that can be used
to study the mechanism of embryonic transition. Our preliminary results implies that it is important to
have an early inhibition of auxin response in the whole embryo and a late activation of auxin response in
the suspensor for the suspensor-embryo transition.

Keywords

YDA signaling, SSP, MPK®6, cell lineage, filament-like embryo, twin embryos, embryonic transition, cell
identity, auxin response
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Introduction

Embryogenesis is the initiating step of the development of multicellular organisms. Different from animal
embryogenesis, embryos of flowering plants have a file of cells connected with the mother tissue, called
suspensor, most part of which is degraded during embryo maturation (Maheshwari, 1950). Considered to
hold and provide nutrition and phytohormone for the embryo proper above, suspensor structures are
quite diverse among the plant kingdom (Kawashima and Goldberg, 2010). As both the suspensor and the
embryo proper are formed from the zygote, an important issue is to dissect how the differentiation
directions are determined. In many plant species, the embryogenesis is flexible and the boundary
between embryonic and suspensor tissue is difficult to distinguish (Wang et al., 2020). By contrast,
Brassicaceae embryogenesis follows a very stereotypical development process. After an asymmetric
division of the zygote, cell fates of two daughter cells are determined. The small apical cell develops into
a spherical embryo proper while the large basal cell divides horizontally to form a filament-like suspensor.
Except the uppermost suspensor cell that contributes to the hypophysis, the suspensor is degraded in the
end (Wang et al., 2020). Thus, Brassicaceae provide a practical tool to study the mechanism of cell
differentiations during embryogenesis.

In Arabidopsis, zygotic polarity is regulated by a Mitogen-activated protein kinase (MAPK) cascade:
YODA(YDA, MKKK4)-MKK4/5-MPK3/6 (Bayer et al., 2017). The yda, mkk4 mkk5 and mpk3 mpk6 mutants
show symmetric zygote divisions, and their basal daughter cells adopt embryo-like development, leading
to embryos without suspensor (Lukowitz et al., 2004; Wang et al., 2007; Zhang et al., 2017). In transgenic
lines expressing a constitutively active version of YDA (yda-CA), the first zygote division becomes more
asymmetric and filament-like embryos without embryo proper are formed, which results in embryonic
lethality (Lukowitz et al., 2004). Thus, the YDA cascade promotes suspensor differentiation and inhibits
proembryo differentiation. The BR-signaling kinase 1 (BSK1), BSK2 and SHORT SUSPENSOR (SSP/BSK12)
function upstream of the YDA cascade. Different from BSK1/2, SSP is a constitutive input for YDA signaling
with an unusual paternal-of-origin effect (Bayer et al., 2009; Neu et al., 2019). The YDA cascade regulates
zygote polarity by phosphorylating the transcription factor WRKY2, which in turn activates WOX8
expression. During embryogenesis, WOX8 is expressed from the zygote stage onward and marks
suspensor identity (Breuninger et al., 2008; Ueda et al., 2011).

Recent transcriptome data of developing zygotes and isolated cell lineages of 1-cell embryos and 32-cell
embryos showed that the basal cell and early suspensor cells have quite close transcriptional states in
Arabidopsis. However, their transcriptional states are much different from that of the zygote, suggesting
that the basal cell lineage has differentiated from the zygote (Zhou et al., 2020). However, suspensor cells
are still capable of becoming embryos. Liu et al. showed that when a young proembryo was removed by
laser ablation, a new embryo proper was developed from the remnant top suspensor cell. This potential
was possessed only by early basal cell lineage as suspensor cells no longer own the ability after the
globular stage (Liu et al., 2015). Thus, the embryonic potential of the early basal cell lineage might be
suppressed by the normal embryo proper (Marsden and Meinke, 1985). Consistent with this theory,
secondary embryos were formed from suspensor cells when the original embryo proper was abnormal in
sus mutants (Schwartz et al., 1994). However, secondary embryos are still developed from suspensor cells
in some mutants like twn1 and twn2 although their embryo propers appear normal (Vernon and Meinke,
1994; Zhang and Somerville, 1997).
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Development of the apical daughter cell is regulated by auxin which is initially transported from the basal
cell by PIN7 (Friml et al., 2003). Compared to the basal cell, the apical cell shows stronger DR5 response
(Friml et al., 2003). When the apical auxin response was suppressed by direct inhibition or decreased auxin
influx, the apical cell divided horizontally and gave rise to an abnormal embryo proper (Hamann et al.,
1999; Friml et al., 2003). Recent data suggests that auxin transported from surrounding maternal tissue is
responsible for auxin response in the apical cell (Robert et al., 2018). Later on, strong auxin response is
mainly taking place in the hypophysis, which is vital for the root initiation (Hamann et al., 1999; Friml et
al., 2003; Lau et al., 2012). Collective observations imply that local auxin response may be also involved in
the suspensor-embryo transition. In the laser ablation system, strong DR5:GFP signal was observed in the
remnant top suspensor cell after removal of the early embryo proper (Liu et al., 2015). Similarly, in some
knock-out lines where embryo-like proliferation in the suspensor was observed, maximum DR5:GFP
response was found in suspensor cells before the initiation of secondary embryos (Xiang et al., 2011;
Zhang et al., 2020). Thus, it is tempting to presume that increased auxin response in suspensor cells
promotes the transition. However, other studies showed that inhibiting auxin response in suspensor cells
promotes this transition. BODENLOS/INDOLE-3-ACETIC ACID INDUCIBLE 12 (BDL, IAA12) is an AUX/IAA
protein that inhibits auxin response. When the stabilized bd/, a dominant-active version of BDL (Hamann
et al., 1999; Dharmasiri et al., 2005), was trans-activated in the whole embryo (RPS5A>>bdl) or only in the
early suspensor (M0171>>bdl), embryo-like proliferations were observed in the suspensor, suggesting
that the suspensor-embryo transition is inhibited by local auxin response (Rademacher et al., 2012;
Radoeva et al.,, 2019). However, compared to MO0171>>bdl, twin seedlings were more frequently
generated in RPS5A>>bdl (Rademacher et al., 2012; Radoeva et al., 2019). As formation of the embryo
proper on top was also abnormal in RPS5A>>bdl (Rademacher et al., 2012; Yoshida et al., 2014), the
suspensor-embryo transition might be further facilitated by the abnormal embryo proper in this system.

Removing the embryo proper through the laser ablation system is an elegant tool to study the transition
of suspensor cells without above embryo proper. However, the thick covering ovule tissue reduced
precision during ablation (Liu et al., 2015). The microspore-derived embryo in Brassica napus provides
another strategy to address the transition. When cultured with a special media, the microspore of Brassica
napus can divide horizontally into a suspensor-like filament and then generates proembryos on top, in the
middle or at several positions of the long filament (Supena et al., 2008). This suspensor-like filament
system will provide tempting information regarding the suspensor-embryo transition. In Arabidopsis
filament-like embryo can also be induced by activating the YDA pathway (Lukowitz et al., 2004).

To check what mechanism triggers/inhibits the embryonic transition of the early basal cell lineage, we
generated filament-like embryos in Arabidopsis through activating the embryonic YDA pathway in
different degrees. By following the embryonic development of these transgenic lines, we detected their
ability to produce multiple embryos and multiple seedlings, and chose pS4:SSP-YFP lines for further
analysis. By using different fluorescent marker lines, we found that early filamentous embryos resemble
the basal cell lineage. Auxin response was not observed in filament-like embryos. Then obvious auxin
response was observed in putative hypophysis and tips of cotyledon primordia, suggesting the normal
embryonic development of apical embryos. In contrast, the maximum auxin response was detected in
suspensors cells. The maximum auxin response in the vertically divided suspensor cell implied initiation
of the suspensor-embryo transition. Taken together, we developed an easy method to study the
suspensor-embryo transition. Our results suggest that an early inhibition of auxin response in the whole
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embryo and a late activation of auxin response in the basal cells are both important for the suspensor-
embryo transition.

Results
Continuously activating the embryonic YDA signaling leads to filament-like embryos

First, we checked embryogenesis of yda-CA transgenic lines. Although long filament-like embryos were
formed (Lukowitz et al., 2004), the yda-CA lines showed severe stomata defects, arrested inflorescence
development, abnormal silique shapes and reduced ovule formation (not shown), consistent with
previous observations (Bergmann et al., 2004; Meng et al., 2012). These defects together contribute to a
severe loss of fertility. To avoid the fertility defect, we tried to activate the YDA pathway specifically in the
embryo sack. Replacing Tyr 144 by Cys in MPK6 (MPK6-CA) caused a strong activation of MPK6 which
functions downstream of YDA (Wang et al., 2007; Berriri et al., 2012; Zhang et al., 2017). Therefore, we
tried to trans-activate MPK6-CA by the RPS5A promoter (RPS5Ap0>>MPK6-CA) in the embryo using the
GAL4-UAS two-component expression system (Haseloff, 1999; Weijers et al., 2006).

Col-0 RPS5Apro>>MPK6-CA

AN U AN

S4pro:SSP-YFP
= 2 7 g > R s . 3

yda
S4pro:SSP-YFP

Figure 1. Embryonic development of Col-0, RPS5A,,0>>MPK6-CA and $4,,,,:SSP-YFP in early embryonic stages.
a-g, The embryonic development of Col-0 in 1 DAP at the 1-cell stage (a) or the 2-cell stage (b), 2 DAP at the 8-cell stage (c), 2.5
DAP at the 32-cell stage (d) or the early globular stage (e), 3 DAP at the later globular stage (f), and 4 DAP at the heart stage (g).
h-m, The embryonic development of RPS5A,/,>>MPK6-CA in 1 DAP (h), 2 DAP (i), 2.5 DAP (j), 3 DAP (k and I) and 4 DAP (m). k and
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I, Filament-like embryos with the first vertical division either in the uppermost apical cell (k, arrowhead) or in middle cells (I,
arrowhead). n-w, The embryonic development of $4,,,:SSP-YFP in 1 DAP (n and o), 1.5 DAP (p), 2 DAP (q and r), 3 DAP (s and t)
and 4 DAP (u-w). r, the 2-DAP embryo with an additional vertical division within basal cells (arrowhead and the enlarged image
with dished lines). s, the 3-DAP embryo containing an embryo-like cell cluster on top and a very long basal part. t, the 3-DAP
embryo containing twin embryo-like cell clusters . u-w, 4-DAP embryos containing triple cotyledon primordia (u) or twin embryo-
like cell clusters (v and w). x, the yda early embryo. y, the yda 54,,,:SSP-YFP early embryo. DAP: day after pollination. Scale bar
represents 20 um in all panels.

After hand pollination, long filament-like embryos were formed in RPS5a>>MPK6-CA at early stages,
indicating strong activation of the YDA pathway (Figure 1a-1). During the growth of filaments, the first
vertical division is mainly observed on the top (Figure 1k). However, the embryo-like development was
also sometime observed in the middle of filaments (Figure 11). This observation resembles the microspore
system that the embryonic fate is not always first delivered to the apical (Supena et al., 2008). These long
filaments first developed into thick sticks (Figure 1m). Then, several embryo-like structures were
generated (Figure 2b and 2h), implying that the MPK6 inhibition of embryonic differentiation was partly
overcome in the end. However, these structures cannot develop into intact seedlings after germination
(Figure 2n), indicating that normal embryogenesis was severely retarded by continuous activation of the
YDA pathway.

Vertical division twin twin multiple Single seedling

Lines and crosses of basal cells embryos embryos embryos with >2 cotyledons sr::(;tllizlz
at 2 DAP at 3DAP at 4ADAP at 5 DAP primordia &
0% 14% 21.01% 27.97% 19.18% 9.59%
S4proiSSP-YFP #3 (0/82) (14/100) (25/119) (40/143) (14/73) (7/73)
0% 6.54% 7.89% 23.96% 10.64% 8.51%
S4pro:SSP-YFP #10 (0/56) (7/107) (6/76) (46/192) (20/188) (16/188)
1.47% 5.08% 5.02% 19.67% 25.74% 7.35%
S4pro:SSP-YFP #14 (3/204) (6/118) (11/219) (71/361) (35/136) (10/136)
S4,10:SSP-YFP #14 i i i 22.60% i i
x Col-0 (33/146)
Col-0 x i i i 3.16% i i
S4,10:S5P-YFP #14 (3/95)

Table 1. The ratio of multiple embryos and seedlings in different lines and crosses
The numbers are listed below the ratio. The crosses are given as female x male. DAP: day after pollination. “>2” means more
than two. “-”indicates the ratio was not calculated.

Specifically enhancing YDA signaling at early stages promotes twin embryos formation

Since continuous activation of the embryonic YDA pathway caused a strong embryonic defect, enhancing
the YDA signaling only at early stages might be a better approach to facilitate embryonic transition from
filament-like embryos. SSP is a strong input to the embryonic YDA pathway (Bayer et al., 2009; Neu et al.,
2019). The At3g10100 promoter is mainly active during early embryogenesis (Slane et al., 2014). Thus we
use this promoter (here after called the S4 promoter) to express SSP fused with a YFP ($4,r,:SSP-YFP) in
the ssp-2 mutant background. In this way, we expected to stimulate YDA signal at early stages and shut it
down at late stages. Three lines with strong phenotypes were chosen for analysis. 2 days after pollination
(DAP), S4,0:SSP-YFP embryos developed into filaments (Figure 1n-r). Occasionally, a vertical division was
observed in basal cells of line #14 (Figure 1r and Table 1). 3 DAP, a long filamentous basal part with a
proembryo-like cluster was generated (Figure 1s). In addition, twin embryo-like clusters were occasionally
observed in ovules (Figure 1t and Table 1). 4 DAP, twin clusters were constantly expanding (Figure 1v,w)
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and embryos containing three cotyledon primordia were observed (Figure 1u). Twin/triple embryos were
more frequently observed at 5 DAP, indicating that filament-derived secondary embryos were generated
continuously (Table 1). These tri-cotyledon embryos and multiple embryos underwent normal
embryogenesis although their developments were strongly delayed compared to wild type (Figure 2).
Interestingly, twin embryos can also develop in opposite orientations (Figure 2e, k). After seed
germination, we often observed tri-cotyledon seedlings, twin-root seedlings and twin/triple seedlings
(Figure 2 and Table 1).

Col-0 RPS5Apro>>MPK6-CA S4pro:SSP-YFP

Torpedo

Walking stick

Seedling

Figure 2. Late embryonic phenotypes and seedling phenotypes of Col-0, RPS5A,.0c>>MPK6-CA and 54,,,,:SSP-YFP.

a-1, ovules of late embryonic stages in Col-0, RPS5A,/0>>MPK6-CA and S4,,,:SSP-YFP stained with Hoyer’s solution. a and g, Col-0
embryos at the torpedo stage (a) and the walking-stick stage (g). b and h, RPS5A,,,>>MPK6-CA embryos at the torpedo stage (b)
and the walking-stick stage (h). c-f and i-l, S4pro:SSP-YFP embryos of the torpedo (c-f) stage and walking-stick stage (i-l) with triple
cotyledons (c and i), twin embryos growing in either the normal orientation (d and j) or reverse orientations (e and k), and triple
embryos (fand I). m-r, 5 DAP seedlings of Col-0 (m), RPS5A,r.>>MPK6-CA (n), and S4,.,:SSP-YFP (o-r) containing tri-cotyledons (o),
twin seedlings (p), twin roots (q) or triple seedlings (r). DAP: days after germination. The scale bars represent 100 um in a-land 1
mm in m-r.

Endogenous SSP is only shortly active in the zygote (Bayer et al., 2009). We then wonder whether the
filament-like embryos were indeed caused by activation of the YDA pathway. In yda/+ mutants, a quarter
embryos show severe development defects (Lukowitz et al., 2004). In S4,.,:SSP-YFP yda-11/+ , 26.73%
(54/202) embryos showed severe elongation defects, indicating that the embryonic phenotypes of
S54,r0:SSP-YFP were primarily induced by activating the YDA pathway. In contrast to pRPS5A,r.>>MPK6-CA
seedlings, S4,r,:SSP-YFP seedlings grew and flowered normally in soil (not shown). Thus, the influence of
S4,r0:SSP-YFP transgene was only restricted to the embryo. These transgenic lines provide good models to
study the suspensor-embryonic transition.

SSP-YFP transgene changed activity of the S4 promoter
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As the S4 promoter is mainly active in early embryos and SSP-YFP inhibition of embryonic differentiation
was removed during cell proliferation, we wonder how long and where SSP-YFP was expressed. In
S4,r0:nGFP, nuclear-localized GFP was observed in the zygote and early embryos. The signal became
weaker from the globular stage onward and disappeared after the heart stage (Figure 3a-e). Similar to
S45r0:nGFP, membrane-localized YFP signal was also detected in the whole $4,,,:SSP-YFP embryo during
early stages (Figure 3f-i). However, the signal was still obvious in the center of expanding cell clusters
while it was attenuated in other cells (Figure 3j-k). YFP signal was barely detected in heart embryos and
torpedo embryos (Figure 3i-m). As the S4 promoter is more active in early embryos, these cells with higher
SSP-YFP signal (Figure 3j-k) may be still in the early stage while surrounding cells had differentiated further.
Taken together, the activity of S4 promoter is also influenced by the expression of SSP-YFP, implying that
cell identities might have been altered in these embryo-like clusters.

C

S4pro:nls-GFP

S4pro:SSP-YFP

Figure 3. Expression of SSP-YFP in S4,,,:SSP-YFP embryos.
a-e, GFP signals in 54,,0:nls-GFP 1-cell embryo (a), 2-cell embryo (b), 8-cell embryo (c), globular embryo (d) and heart embryo
(e). f-m, membrane-localized YFP signals in S4,.,:SSP-YFP 1-cell embryo (f), early embryo showing first vertical division (g),
filament-like embryo (h), apical cells of an early embryo (i), embryos containing twin proembryo-like early clusters (j) or further-
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proliferated clusters (k), twin embryos at the heart stage (l), and the torpedo embryo containing three cotyledon primordia (m).
The very apical cells of the embryo in h were lost during sampling. Large vacuoles were observed in apical cells (i). Dashed lines
in g indicate cell walls. Scale bar represents 20 um in all panels.

The filamentous embryo has the identity of early basal cells

To check cells identities of $4,,,:SSP-YFP early embryos, different promoter marker lines were crossed with
S54,r0:SSP-YFP. From the reciprocal crosses experiment between $4,,,:SSP-YFP and Col-0, we found that
higher frequency of twin embryos were observed when using 5$4,.,:SSP-YFP as mother, which was
equivalent to self-crossed S4,,,:SSP-YFP (Table 1), suggesting a strong maternal contribution to YDA
activation in our transgenic system. Therefore, S4,,.:SSP-YFP was always used in the maternal side to cross
with fluorescent markers lines. F1 embryos were checked directly from crosses.

Col-0 S4pro:SSP-YFP

gWOX8A-nls-3xVenus

ARF13pro:nls-tom

Figure 4. The expression patterns of fluorescent markers in Col-0 and $4,,,:SSP-YFP lines.
a-f, the gWOX8A-nls-3xVenus signal in Col-0 zygote (a), 1-cell embryo (b), 2-cell embryo (c), 8-cell embryo (d), early globular
embryo (e) and late globular embryo (f). g-o, the gWOX8A-nls-3xVenus signal in $S4,,0:SSP-YFP zygote (g), 1-cell embryo (h) and
embryos of different stages and shapes (i-0). i, the early embryo with a horizontal division of the apical daughter cell of the zygote.
j, the filament-like embryo with the first vertical division of the top apical cell. k, the filamentous embryo showing the first vertical
division of basal cells (arrowhead). I, the embryo containing an apical stick-like cell cluster. m, the early embryo containing a
proembryo-like cluster on top and the first vertical division of basal cells (arrowhead and the enlarged box). n and o, embryos
containing twin proembryo-like cell clusters. p-s, the ARF13,,,:nls-Tom signal in Col-0 32-cell embryo (p) and globular embryo (q),
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and in the $4,,,:SSP-YFP filament-like embryo (r) and the embryo with a proliferated apical cluster(s). t-w, the MPy.,:MP-GFP
signal in Col-0 globular embryo (t) and heart embryo (u), and in 54,,,:SSP-YFP embryos in early stage (v) or a bit late stage (w) .
Dashed lines in d and i indicate the cell wall. Scale bar represents 20 um in all panels.

gWOX8A-NLS-3xVenus was used to mark suspensor identity (Breuninger et al., 2008). In wild-type
background, Venus signal was detected in the elongating zygote and both daughter cells (Figure 4a,b). At
the 2-cell stage, weak Venus signal was still detected in the apical cells (Figure 4c). From the 8-cell stage
onward, Venus signal was only observed in suspensor cells (Figure 4d-f). In contrast, obvious YFP signal
was observed in apical cells of filamentous embryos in $4,,,:SSP-YFP (Figure 4i-k), suggesting that the
embryonic identity had not been acquired yet. ARF13 is also specifically expressed in the suspensor
(Breuninger et al., 2008; Schlereth et al., 2010). In ARF13,.,:nls-Tom, ARF13 promoter was fused with a
nuclear localization signal sequence and Tomato RFP sequence. Specific Tomato signal was observed in
the wild-type suspensor (Figure 4p,q), whereas strong Tomato signal was detected in the whole early
filamentous embryo in S4,,,:SSP-YFP although some apical cells divided vertically (Figure 4r). Combined
together, these results suggest the filamentous embryo in $4,,,:SSP-YFP is a file of cells with most likely
basal cell identity.

The expanding cell clusters did not fully obtain proembryo identity

In S4,r0:SSP-YFP, proembryo-like clusters were generated from the filamentous embryos (Figure 1). While
strong gWOX8A-NLS-3xVenus and ARF13,,.:nls-Tom signals were observed in the basal part of these
embryos, the apical clusters did not show strong fluorescent signals despite the abnormal shapes (Figure
4i-n). These observations imply that these clusters might have obtained embryonic identity. Sometimes,
when basal cells divided vertically, the gWOX8A-NLS-3xVenus signal in daughter cells became weaker
(Figure 4k). These cells may undergo proliferation to generate another embryo-like cluster (Figure 4n). In
addition, we also sometime observed strong Venus signal in these daughter cells (Figure 4m). It seems
plausible that these daughter cells may proliferate into cell clusters partly with the suspensor identity
(Figure 40). Some cells in this basal cluster may eventually obtain the embryonic fate as gWOX8A-NLS-
3xVenus signal in these cells was weaker than the others (Figure 40).

Although these proembryo-like clusters showed weak suspensor identity, whether these clusters really
gained the embryonic identity was not clear. MONOPTEROS/Auxin Response Factor 5 (MP/ARF5) is
specifically expressed in the embryo proper (Schlereth et al., 2010). We make the MPp,o:MP-nGFP line
where the MP promoter was fused with the MP genomic sequence and a nuclear-localized GFP sequence.
In wild type, despite a weak gain-of function phenotype during embryogenesis, the MP-GFP signal was
specifically detected in the embryo proper (Figure 4t,u). However, the MP-GFP signal was not observed in
S4,10,:SSP-YFP embryo-like clusters in the early stage or a bit late stage (Figure 4v,w). Taken together,
although the proembryo-like clusters in S4,.,:SSP-YFP have weak suspensor identity, they have not fully
acquired the embryonic identity yet. The embryonic identity in these clusters could be directly suppressed
by YDA activation since SSP-YFP signal was detected in cell clusters (Figure 3j,k). Importantly, although the
SSP-YFP signal was strong in early basal cells, these cells can divide vertically and then generate clusters,
suggesting that these basal cells have overcome SSP inhibition. How can these cells override SSP inhibition
to divide vertically?

Altered Auxin response in $S4p,,:SSP-YFP
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Auxin response is crucial for embryonic development of the apical daughter cell after zygote division.
When auxin response is blocked, the apical daughter cell divides horizontally like the basal daughter cell
and the embryonic development is deregulated. Several studies have linked auxin response with
suspensor-embryo transition. To check whether auxin response is deregulated in $4,r,:SSP-YFP, we
checked the DR5:GFP signals in Col-0 and $4,.,:SSP-YFP. 4 DAP, maximum DR5 response was observed in
wild-type hypophysis (Figure 5a), whereas GFP signal was not observed in filament-like embryos in
S4,10:SSP-YFP (Figure 5b), suggesting that the YDA signal has a primary inhibition on auxin response.
Intriguingly, in proembryo-like clusters of $4,.,:SSP-YFP embryos, weak DR5:GFP signal was still detected
in the putative hypophysis region (Figure 5c,d), suggesting that the apical-basal axis was partly established.
Strong DR5:GFP signal was observed in the hypophysis of wild type and 54,.,:SSP-YFP embryos at 5 DAP
(Figure 5e-g). Obvious DR5:GFP signal was also detected in cotyledon primordia of these embryos though
the signal in 54,:,:SSP-YFP was weaker than in wild type. These results demonstrate that embryogenesis
of the proembryo-like clusters was delayed, yet not fully blocked. This is consistent with the observation
that healthy tri-cotyledon seedlings and twin seedlings were generated eventually. As the SSP-YFP signal
was very weak during the heart stage (Figure 3l), the direct inhibition of the SSP-YFP on cell differentiation
might has been erased from this stage onward. Strikingly, the maximum auxin response in 54,,,:SSP-YFP
embryos had shifted to basal cells at 3 DAP (Figure 5c). At this stage, we also directly observed the
maximum DR5:GFP signal in the dividing basal cells (Figure 5d), reminiscent of the auxin response in wild-
type apical daughter cell after zygote division. It seems plausible that the increased auxin response in
basal cells serves as an momentum for the embryonic transition.

Col-0 S4pro:SSP-YFP

Figure 5. DR5 response in Col-0 and 54,.,:SSP-YFP embryos.
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a-g, DR5:GFP signal in Col-0 embryos (a and e) and $4,,,:SSP-YFP embryos (b-d, f, g) at 4 DAP (a-d) and 5 DAP (e-g). b-d,
S4p0:SSP-YFP 4-DAP embryos with a filamentous structure (b), a long basal part (c)or the first vertical division in basal cells (d).
Arrows in ¢ and d indicate the DR5:GFP signal in putative hypophysis. Arrowheads in c and d indicate the maximum auxin
response in basal cells. f and g, heart stage $4,,0:SSP-YFP embryos containing two (f) or three (g) cotyledon primordia.
Arrowheads in f and g show the DR5:GFP signal in tips of cotyledon primordia. Strong DR5 signal was also observed in the basal
part of twin clusters (f, arrow). Scale bar represents 20 um in all panels.

Discussion
Enhancing the YDA signal in early embryos promotes the generation of twin seedlings

In this study, we tried three different strategies to activate the embryonic YDA pathway, aiming to produce
filament-like embryos. In yda-CA, although filamentous embryos were produced (Lukowitz et al., 2004;
Musielak and Bayer, 2014), the development is hard to follow because of strong fertility defects. Thus, we
tried to specifically enhance the YDA signal in the embryo by the GAL4-UAS system. Similar to yda-CA,
long filament-like embryos were formed in RPS5A,.>>MPK6-CA (Figure 1). However, the embryonic
development was severely delayed or blocked because of continuously activation of the YDA signaling
(Figure 1 and Figure 2). Although multiple embryo-like clusters were formed, mature embryos were barely
observed, making it hard to depict the developmental process(Figure 2). Finally, by enhancing YDA
signaling at early embryonic stages, we developed an approach to convert filament-like embryos into twin
embryos and finally into healthy twin seedlings(Figure 1 and Figure 2). Reciprocal crosses between wild
type and S4,r,:SSP-YFP indicates that the maternal expressed SSP-YFP played a major role in the YDA
activation in our system. The endogenous SSP regulates embryogenesis with a paternal effect (Bayer et
al., 2009). Our result implies that SSP promoter sequence is vital for the paternal manner of SSP.

Basal cells in filamentous embryos have embryonic potential

In RPS5A,r,>>MPK6-CA, first embryo-like proliferation can be initiated in the middle of filamentous
embryos (Figure 1), suggesting that the first embryonic transition is not solely possessed by top apical
cells. Different from RPS5A,r.>>MPK6-CA, filament-like embryos was shorter in $4,.,:SSP-YFP. Besides, first
embryo-like proliferation was only initiated from the apical part and were formed earlier in $4,,,:SSP-YFP,
suggesting that the level of activation on the YDA signaling was weaker in 54,.,:SSP-YFP. By crossing
S4,r0:SSP-YFP with early suspensor marker lines gWOX8A-NLS-3xVenus and ARF13p.:nls-Tom, we found
that the filamentous have the identity of early basal cells (Figure 4). Second proembryo-like clusters were
initiated from these cells (Figure 1), suggesting that these cells have embryonic potential. Even 5 DAP,
new embryo-like clusters were still initiated from the basal part (Table 1), indicating that this potential
can endure for quite long time. That explains why only 7%~10% twin seedlings were formed eventually
while 20%~30% twin embryos were generated (Table 1). According to Liu et al., when proembryo was
removed after the globular stage, suspensor cells did not have the embryonic potential (Liu et al., 2015).
Thus we prefer to call these basal cells along S4,,,:SSP-YFP filamentous embryo “basal lineage ground cells
(BLGCs)” that can either develop into a suspensor or convert into an embryo.

Embryonic transition and feedback in our system
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Although the S4 promoter is mainly active at early stage, we observed longer SSP-YFP signals when using
5S4 promoter (Figure 3). In wild type, SSP transcripts were only detected in the pollen and zygote (Bayer et
al., 2009; Zhao et al., 2019). Although 225bp SSP 5’ UTR was fused with the S4 promoter in our construct,
this is unlikely the reason of prolonged expression. As activated YDA signaling prevented differentiation
in the beginning, the BLGCs will strongly activate the S4 promoter activity. Then increased SSP-YFP
expression activated the YDA signaling, which in turn promoted the generation of more BLGCs. In
proembryo-like clusters, SSP-YFP is mainly localized in the center (Figure 3). Since the $S4 promoter is more
active at early stages, it seems plausible that these cells containing stronger SSP-YFP signal were still in
very early embryonic stages, which also contribute to prolonged SSP-YFP expression. Accordingly,
surrounding cells containing lower SSP-YFP signal may have differentiated further. However, although
gWOX8A-NLS-3xVenus and ARF13,r:nls-Tom patterns partly mimic that of wild type in these clusters,
MPyro:MP-GFP was not observed (Figure 4), suggesting that the proembryo identity was only partly
acquired in these clusters. That might explain why triple cotyledon primordia were frequently formed
(Figure 1). As 54,,,:SSP-YFP seems to establish a positive feedback loop, activating YDA pathway at early
stages without a possible feedback onto the promoter would be an even better method to study the
BLGCs-embryo transition. Expressing SSP-YFP with a strong promoter that is solely active in the egg cell
and/or zygote would be fascinating.

The initiation of embryonic transition from basal lineage ground cells

We showed that enhanced YDA signaling inhibits embryonic development primarily. During filament
elongation, some BLGCs finally adopted vertical division and tried to proliferate into an embryo. Thus,
these cells have at least partly overcome the inhibition of YDA signaling. Interestingly, this violation is not
negatively correlated with SSP-YFP signal strength since vertically divided BLGCs still showed strong SSP-
YFP signal like other BLGCs (Figure 3). This suggests that some BLGCs may gained signals for the vertical
division, although the following transition processes were still strongly suppressed by YDA signaling in
early stages. Auxin response in apical daughter cells is vital for its vertical division. Thus, we wonder
whether auxin response in BLGCs is different from that of wild-type suspensor cells. As most vertical
division of BLGCs were observed from 3 DAP to 4 DAP, we checked the DR5:GFP activity in 54,,,:SSP-YFP
mainly at that stages. Twin embryos were observed when auxin response was suppressed by expressing
stabilized bdl (Rademacher et al., 2012; Radoeva et al., 2019). Similarly, auxin response was presumably
suppressed in the very early stage in our system. Before the initiation of second embryo, DR5 activity was
very weak in the putative hypophysis of the top cell cluster, also reflecting a retarded auxin response
(Figure 5). Strikingly, we observed strong DR5 activity in BLGCs before and right after their vertical division
(Figure 5). This observation is consistent with other researches (Liu et al., 2015; Zhang et al., 2020),
strongly suggesting the role of auxin response in BLGC-embryo transition.

It was proposed that the embryonic potential of suspensor cells might be suppressed by the normal
embryo proper (Marsden and Meinke, 1985). As the embryonic identity of the apical cluster was acquired
quite late, its inhibition on BLGCs, if exists, might not occur in the early stage so that BLGC-embryo
transition can happen. This might be related to auxin contribution. In our system when the above embryo
proper is abnormal, auxin transported from the bottom and/or embryo proper may converged in some
BLGCs, resulting in a strong auxin response to diminish YDA signaling inhibition. Similar regulation could
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happen in wild type as YDA signaling regulates suspensor development and vertical division was also
observed in yda basal cells (Lukowitz et al., 2004).

Materials and Methods
Plant Materials and Growth Conditions

The yda-11 (SALKseq_078777) and ssp-2 (SALK_051462) mutants were described previously (Bayer et al.,
2009) (See Methods in Chapter Il). Seeds used in this study were sterilized with 70% ethanol, and then
transferred to half-strength Murashige and Skoog (% MS) medium containing 1% (w/v) sucrose and 1%
(w/v) agar (pH = 5.7)(Murashige and Skoog, 1962) at 4°C in dark for 2 days. Then seeds and seedlings were
geminated and grown under long-day conditions as described previously (Babu et al., 2013).

Plasmid constructions and transgenic lines

To make S4,:,:SSP-YFP, 1750 bp sequence upstream of At3g10100 start codon was fused with SSP genomic
sequence and 153bp SSP 3’ UTR. A Citrine YFP was introduced in between SSP kinase domain and SSP TPR
domain as described before (Bayer et al., 2009). The whole expression cassette was synthesized on the
pUC57 vector and then introduced to the pBay-bar vector (Wang et al., 2021). To make UAS,r.:MPK6-CA,
3 times UAS sequence was fused in pGreenll vector with MPK6 CDS containing a Y144>C mutation. In
ARF13,r0:nls-Tom, 2 kb sequence upstream of ARF13 start codon was fused with Tomato RFP and a nuclear
localization sequence in pGreenll vector. gWOX8A-NLS-3xVenus was kindly provided by Thomas Laux
(Ueda et al., 2011). Transgenic lines were generated by floral dip using Agrobacterium tumefaciens
GV3101 (Van Larebeke et al., 1974). S4,,,:SSP-YFP was transformed into ssp-2. UASyr.:MPK6-CA and
ARF13,0:nls-Tom were transformed into Col-0. Transgenic seeds were screen on % MS containing 50 mg/L
phosphinothricin. $4,.,:SSP-YFP #14 was crossed with yda11/+ to get S4,.,:SSP-YFP yda/+. RPS5Apr0:GAL4-
VP16 (Weijers et al., 2006), DR5:GFP:ER (Weijers et al., 2006), MPpyro:MP-GFP and S4p0:nls-GFP (Slane et
al., 2014) were described before.

DIC microscopy

For differential interference contrast (DIC) imaging, ovules were hand-pollinated and incubated in Hoyer’s
solution (Lukowitz et al., 2004) at room temperature (incubating 1 day for ovules collected 1 DAP (day
after pollination), 2 days for ovules collected 2 DAP, and so on). For embryos of RPS5A,,>>MPK6-CA,
UASpr0:MPK6-CA was crosses with RPS5A,r,:GAL4-VP16 and F1 embryos were collected. To count the ratio
of horizontal division of the apical daughter cell, 1.5-DAP ovules were collected for imaging. DIC images
were taken with a Zeiss Axio Imager and AxioVision 4 software.

Confocal microscopy
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A Zeiss LSM 780 NLO microscope with ZEN 2.0 software and a Leica TCS SP8 microscope with LAS X
software were used for confocal microscopy. Embryos were dissected from ovules using a Zeiss Stemi
2000 binocular and shape needles. For cell wall imaging, dissected embryos were incubated in SCRI
Renaissance 2200 (SR2200) staining solution for 5-10 min, and confocal images were obtained with 405
nm excitation wavelength and 415-475 nm detection wavelength (Musielak et al., 2015). GFP images were
obtained with 488 nm excitation wavelength and 496-533 nm detection wavelength. For YFP imaging, 514
nm laser wavelength was used for excitation, wavelength between 526 nm and 553 nm was recorded. For
RFP imaging, 561 nm excitation wavelength and 580-633 nm detection wavelength were used.

Seedling phenotyping

Seedlings were grown on % MS medium for 7 days before counting different phenotypes. Seedling
images were taken with a Zeiss Stemi 2000 binocular equipped with a camera.
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