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Embryogenesis in seed plants is the process during which a single cell develops into a mature
multicellular embryo that encloses all the modules and primary patterns necessary to build
the architecture of the new plant after germination. This process involves a series of cell
divisions and coordinated cell fate determinations resulting in the formation of an embryonic
patternwith a shoot-root axis and cotyledon(s). The phytohormone auxin profoundly controls
pattern formation during embryogenesis. Auxin functions in the embryo through its maxima/
minima distribution, which acts as an instructive signal for tissue specification and organ
initiation. In this review, we describe how disruptions of auxin biosynthesis, transport, and
response severely affect embryo development. Also, the mechanism of auxin action in the
development of the shoot-root axis and the three-tissue system is discussed with recent
findings. Biological tools that can be implemented to study the auxin function during
embryo development are presented, as they may be of interest to the reader.

In seed plants, embryogenesis is the process of
embryo development that begins with the fer-

tilization of an ovule (de Vries and Weijers
2017). This process will determine the overall
architecture of the new plant after germination.
The coordinated growth of embryonic tissues
governs the final shape and size of the seed
that ultimately influence the overall quality
and quantity of seed production. In recent years,
multiomics approaches, including genetics, epi-
genetics, transcriptomics, andmetabolomics are
being used to advance our understanding on
embryogenesis mostly in the model plant Ara-
bidopsis (Robert et al. 2013; Palovaara et al. 2017;
Gao et al. 2019; Han et al. 2019; Radoeva et al.
2019a; Zhou et al. 2019).

Like other developmental processes, embryo
development involves the concerted actionof sev-
eral genetic and environmental factors, where the
phytohormone auxin plays a prominent role
(Mroue et al. 2018). Auxin allows proper polarity
and patterning of the developing embryo through
its distribution, which is maintained by a local
auxin production together with well-coordinated
transport (Friml et al. 2003; Cheng et al. 2007;
Stepanova et al. 2008; Robert et al. 2013, 2015b;
Locascio et al. 2014). The auxin signaling path-
way interprets these auxin maxima into proper
developmental programs (Hardtke and Berleth
1998; Hamann et al. 2002; Schlereth et al. 2010).

This review aims to offer a comprehensive
overview of auxin actions during embryo devel-
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opment. We will highlight recent findings that
together define the role of auxin in proper em-
bryo patterning, including some of the latest
tools to study this role.

PLANT EMBRYOGENESIS

During plant embryogenesis, the formation of
an axial–radial pattern ultimately determines
the developmental fates of the embryo (Capron
et al. 2009). In Arabidopsis, it starts with the
asymmetrical zygotic division that generates a
small apical cell with dense cytoplasm and a
large vacuolated basal cell (Fig. 1). After two
rounds of longitudinal divisions and one round
of transverse division, the apical cell converts
into an octant-stage embryo (eight-celled). The
basal cell divides anticlinally. It produces six to
nine suspensor cells that help in connecting the
embryo to the vascular system of the plant for
nutritional purposes (Capron et al. 2009). The
eight-celled embryo has two domains, an upper
tier and a lower tier (Fig. 1). The upper tier
domain of the embryo proper, corresponding
to the apical domain, gives rise to the shoot
apical meristem (SAM) and the cotyledons (em-
bryonic leaves). The lower tier will generate the
embryonic root and hypocotyl (protoderm,
ground, and vascular tissues). At the globular
stage, the upper suspensor cell, the hypophysis,
divides asymmetrically to contribute to the for-
mation of the root apical meristem (RAM).

Radial patterning begins when periclinal di-
visions give rise to the protoderm, an embryonic
epidermis, resulting in a 16-celled embryo (Fig.
1). Divisions of the inner cells, aligned with the
apicobasal axis, will form the vascular tissues
surrounded by ground tissue cells that will gen-
erate endodermis and cortical cell types. The
development of cotyledons marks the end of
the globular stage, thus giving the embryo a bi-
lateral symmetry and a heart-shaped appear-
ance. Further, the development of cotyledons
and cell elongation along the embryo apicobasal
axis give rise to a torpedo-shaped embryo (Fig.
1). Accumulation of seed storage reserves such
as proteins, fats, lipids, and carbohydratesmarks
the beginning of the seed-filling phase (Baud
et al. 2008). Finally, in the maturation stage,

the seed becomes tolerant to desiccation by los-
ing water and enters into the state of dormancy.

PROPER EMBRYO DEVELOPMENT
REQUIRES AUXIN BIOSYNTHETIC GENES

Auxin biosynthesis in plants is extremely com-
plex, involving multiple pathways for de novo
auxin production. Indole-3-acetic acid (IAA)
is the predominant natural auxin in higher
plants, which is mainly synthesized via trypto-
phan-dependent biosynthetic pathways, named
after their first-formed intermediate metabolite
(Mashiguchi et al. 2011; Ljung 2013; Zhao
2014). One of these pathways, the indole-3-py-
ruvate (IPyA) pathway, involves two steps, first
the conversion of tryptophan to IPyA by the
TRYPTOPHAN AMINOTRANSFERASE OF
ARABIDOPSIS 1 (TAA1) family, followed by
the oxidative decarboxylation of IPyA by the
YUCCA (YUC) family to produce IAA. The
importance of TAA1 and YUC genes in the aux-
in biosynthesis pathway has been demonstrated
by analyzing their mutant phenotypes. Loss-of-
function mutants of TAA1 and TAA-RELATED
1 (TAR1) genes andmultiple yucmutants exhib-
it severe auxin-deficient phenotypes such as im-
paired embryogenesis, defects in vascular and
floral development, and complete sterility, dem-
onstrating the predominant developmental role
of the TAA1-YUC pathway in auxin biosynthe-
sis (Cheng et al. 2007; Stepanova et al. 2008;
Robert et al. 2015a; Brumos et al. 2018).

In Arabidopsis, five TAA and 11 YUC genes
have been identified (Cao et al. 2019). YUC1, 4,
10, and 11 display an overall similar expression
pattern in developing embryos with concentrat-
ed expression in the apical region of the globular
embryo and later in cotyledons (Cheng et al.
2007). The yuc1 yuc4 yuc10 yuc11 quadruple
mutants exhibited impaired embryo develop-
ment, where the hypophysis failed to develop,
and only one cotyledon was observed in most
mutant embryos (Cheng et al. 2007). Similarly,
GFP-TAA1 activity was observed in the apical
parts of the embryo, and later in root meriste-
matic regions. Subsequent analysis of their mu-
tant phenotypes (taa1 tar1 tar2) corroborated
their role in proper embryo development as
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the triple mutant exhibited developmental de-
fects in the embryo similar to the quadruple yuc
mutant phenotypes (Stepanova et al. 2008).

YUC3, 4, and 9 are expressed in the suspen-
sor of the (pre-)globular embryo, indicating
their involvement in local auxin biosynthesis
in the basal region (Fig. 2D,E; Robert et al.

2013). However, the respective mutants were
phenotypically affected in the apical region, sug-
gesting a non-cell-autonomous action of auxin
biosynthesis in the development of the apical
part of the embryo. Noteworthy, transport
played an essential role as auxin is transported
from the site of synthesis (suspensor) to the api-
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Figure 1. Schematic overview of Arabidopsis embryo morphogenesis. Embryo development is shown from the
zygote to the torpedo stage. See the text for details.
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cal embryonic region by PIN7 auxin carriers
(Fig. 2; Friml et al. 2003; Robert et al. 2013).
Likewise, the onset of auxin biosynthesis by
TAA1, YUC1, and YUC4 was observed in the
apical region of the globular embryo (Robert
et al. 2013). From there, auxin flow, mediated

by PIN1 proteins, led to the formation of auxin
maxima in the basal region, which is required
for the specification of the future root pole (Fig.
2; Friml et al. 2003; Robert et al. 2013). In a
recent study, it was shown that the auxin biosyn-
thesis machinery involving TAA1/TAR and

Auxin synthesis Auxin maxima (DR5) Direction of auxin transport

ABCB/PGP19ABCB/PGP1PIN4PIN7PIN1

A B C D E

GF

Figure 2. An illustration depicting auxin synthesis (in blue, contributed by TAA1 and YUC proteins), auxin
maxima (in green), and transport (shown PIN1 [blue lines], PIN4 [black lines], PIN7 [red lines], ABCB/PGP1
[yellow lines], and ABCB/PGP19 [purple lines]) during Arabidopsis embryo development. (A) During the early
development of an embryo, maternal tissue supplies auxin to the developing embryo, depicted by the arrow. (B–
G) One-cell, two-cell, eight-cell, 16-cell, 32-cell, and heart-stage embryos, respectively. Dashed arrows depict the
direction of auxin transported, extrapolated by the cellular localization of the auxin efflux carriers. Auxin influx
carriers are not indicated.
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YUC genes acts in the seed integuments to pro-
duce auxin. This maternally produced auxin
contributes to early embryo development (Fig.
2; Robert et al. 2018).

AUXIN TRANSPORT IN GOVERNING
EMBRYO DEVELOPMENT

Auxin is transported by translocation through
the phloem, chemiosmotic gradient (passive
membrane diffusion), and directional (polar)
transport by influx and efflux carriers located
in the plasma membrane. The current under-
standing of auxin transport during embryo de-
velopment has been acquired by studying auxin
reporter lines (such as DR5) and mutant phe-
notypes (Friml et al. 2003; Furutani et al. 2004;
Blilou et al. 2005; Mravec et al. 2008; Ugarte-
chea-Chirino et al. 2010; Robert et al. 2015b;
Swarup and Bhosale. 2019).

Active auxin transport by cellular influx is
mediated in the embryo by three importer pro-
teins, AUX1 (AUXIN RESISTANT 1), LAX1
(LIKE AUX1), and LAX2, belonging to the
AUX/LAX family, part of the amino acid per-
mease superfamily (Mironova et al. 2017;
Swarup and Bhosale 2019). AUX1 expression
begins from the 32-cell stage in the inner cells
and later restricted to the provascular cells.
LAX2 follows a similar expression pattern, in
addition to the uppermost suspensor cell and
hypophysis. In contrast, LAX1 is expressed in
the apical cell, then restricted to the upper tier
and later to the cotyledon tips (Robert et al.
2015b). These influx proteins were reported to
be important for the formation and organiza-
tion of shoot and root apex (Ugartechea-Chi-
rino et al. 2010; Robert et al. 2015b).

Auxin efflux can only be achieved by active
transport via efflux carriers. It is mediated by
PIN (PIN-FORMED) and ABCB/PGP (B sub-
family of ATP binding cassette transporters/
P-glycoproteins) carriers (Fig. 2). Four PIN pro-
teins (PIN1, 3, 4, and 7) are active during em-
bryo development. Their redundant function is
demonstrated by an absence or the presence of
subtle embryonic phenotypes in any single pin
mutants. However, a quadruple mutant ( pin1
pin3 pin4 pin7) shows severe patterning defects

stating the importance of PINs (Friml et al.
2003; Blilou et al. 2005). Nevertheless, the mu-
tant embryos remain viable and can develop
into seedlings (Verna et al. 2019).

PIN7 is restricted to the suspensor cells. Its
expression is detectable after the zygotic divi-
sion. It localizes to the apical membrane of the
basal cell (Fig. 2B), driving the auxin from the
integuments into the apical cell (Fig. 2A; Robert
et al. 2018). Auxin accumulation in the apical
cell is crucial for its specification into an embryo
proper. The pin7 mutant embryos are filamen-
tous without proper apical cell establishment
(Friml et al. 2003). At the 32-cell stage, PIN7
switches to the basal membranes of the suspen-
sor cells, supposedly transporting auxin back to
the seed integuments (Fig. 2F). Although PIN7
plays a critical role in transporting auxin be-
tween the seed tissues and the embryo, its regu-
lation is poorly understood. Recently, Xiong
et al. (2019) reported the importance of JANUS,
a spliceosome subunit, in the expression regula-
tion of PIN7 in the basal cell. PIN1 expresses in
the apical cell lineage. Before the 32-cell stage,
PIN1 shows no apparent polarity and is as-
sumed to mediate a uniform auxin distribution
within the cells of the embryo (Fig. 2B–E). How-
ever, coinciding with the PIN7 polarity switch at
the 32-cell stage, PIN1 polarizes to the basal
membranes of the inner cells (Fig. 2F). This po-
larity switch drives auxin into the upper suspen-
sor cells, a critical step for the proper root pole
formation. Also, PIN1 plays a key role in posi-
tioning and partitioning of cotyledon primordia
and boundaries. PIN3 and PIN4 expression
starts at the late heart stage in columella precur-
sors and hypophysis, respectively (Fig. 2G; Friml
et al. 2003).

ABCB/PGP1 and 19 contribute to the auxin
efflux. ABCB1 localizes apolarly to the suspen-
sor and all embryonic cells until the mid-glob-
ular stage, whereas ABCB/PGP19 expression is
restricted to suspensor lineage (Fig. 2B–F). Lat-
er, the ABCB/PGP19 expression extends to the
lower tier in the octant and 16-cell stages. How-
ever, at the late-globular and mid-heart stages,
ABCB/PGP19 overlaps with PIN1 in protoderm
cells and expresses in the ground tissue cells
(Fig. 2G). In contrast to pin multiple mutants,
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pgp1 pgp19 embryos are not morphogenetically
defective. However, these transporters exert syn-
ergistic effects. Indeed, the pin1 pgp1 pgp19 tri-
ple mutant displays stronger defects in the de-
velopment of cotyledons than pin1, pgp1, and
pgp19 alone (Mravec et al. 2008).

AUXIN PERCEPTION AND RESPONSE IN
MEDIATING EMBRYO DEVELOPMENT

The signaling mechanisms of auxin action are of
central importance inmodulatingdifferent devel-
opmental aspects and responses to environmen-
tal cues (Taylor-Teeples et al. 2016; Mroue et al.
2018). Auxin acts as a “molecular glue” that pro-
motes interaction between an F-box protein as
auxin receptor, TRANSPORT INHIBITOR RE-
SPONSE1/AUXIN SIGNALING F-BOX (TIR1/
AFB), and the members of Aux/IAA transcrip-
tional repressors (Leyser 2018). This auxin-me-
diated binding between TIR1/AFB and Aux/IAA
promotes theubiquitination-dependent degrada-
tion of Aux/IAA proteins, which in turn releases
the transcription factors (TFs) belonging to the
AUXIN RESPONSE FACTOR (ARF) family
(Lavy and Estelle 2016; Leyser 2018). These TFs
bind to auxin response elements (AuxREs) pres-
ent over the promoter sequences of different tar-
get genes and regulate their expression (Mironova
et al. 2014).

The TIR1/AFB F-box proteins are the sub-
strate recognition component of SCF (Skp1,
Cullin, and F-box protein) ubiquitin-ligase
complexes (Salehin et al. 2015; Leyser 2018).
Six AFB genes, including TIR1 and AFB1-5,
have been identified in Arabidopsis (Dharmasiri
et al. 2005a; Prigge et al. 2020). Genetic and
molecular analysis revealed their involvement
in mediating auxin response throughout plant
development, including embryogenesis (Dhar-
masiri et al. 2005b; Parry et al. 2009; Prigge et al.
2016, 2020). Mutant phenotypes of all six TIR1/
AFB genes were analyzed individually and in 63
mutant combinations (Dharmasiri et al. 2005b;
Prigge et al. 2020). Embryogenesis was not af-
fected in any of the singlemutants, probably due
to the functional redundancy. In contrast, the
mutant combinations displayed a wide range
of developmental defects during the root, shoot,

gametophyte, and embryo development. Out of
those mutants, the triple (tir1 afb2 afb3), qua-
druple (tir1 afb2 afb3 afb5 and tir1 afb1 afb2
afb3), and sextuple (tir1 afb1 afb2 afb3 afb4
afb5) mutants exhibited severe embryonic phe-
notypes such as abnormal cell division in the
upper and lower tiers of the embryo, lack of cot-
yledons, aberrant hypophysis development, and
overproliferating suspensors (Dharmasiri et al.
2005b; Prigge et al. 2020). Also, one-quarter of
the sextuple mutant embryos were either lethal
or aborted. Besides, defects in radial patterning
events were also observed in the tir1 afb2 afb3
afb5 mutant. These studies demonstrate the
roles of the TIR/AFB subunit of SCFTIR1/AFB

complexes during embryo development.
In Arabidopsis, 15 out of 29 Aux/IAA short-

lived repressors are expressed in embryo and
suspensor (Weijers and Jürgens 2005; Ploense
et al. 2009; Rademacher et al. 2012). Only a
few have been functionally studied in com-
bination with their ARF counterparts. ARFs,
downstream components of the auxin response
pathway, act either as activators or repressors to
regulate the expression of their target genes. In
Arabidopsis, out of 23 ARF genes, 12 ARFs ex-
hibited diverse expression patterns throughout
embryogenesis, suggesting their potential role in
different developmental stages of Arabidopsis
embryo (detailed in Rademacher et al. 2011).
However, until now, strong embryonic pheno-
types inArabidopsis have only been observed for
mutations in the ARF5/MONOPTEROS (MP)
gene and its repressor IAA12/BODENLOSS
(BDL) (Berleth and Jurgens 1993; Schlereth
et al. 2010; Rademacher et al. 2012). Also,
ARF9 and ARF13, and their common repressor
IAA10, regulate hypophysis specification and
suspensor cell identity in Arabidopsis embryo
(Rademacher et al. 2012).

AUXIN IN SUSPENSOR-DERIVED
EMBRYOGENESIS

Derived from the basal cell of the two-celled em-
bryo, suspensor cells remain extraembryonic
except for the uppermost suspensor cell. This
uppermost suspensor cell becomes the hypoph-
ysis in dermatogen embryos and ultimately par-
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ticipates to the embryonic root development. The
other suspensor cells become quiescent after the
suspensor is fully developed by the early globular
stage (Mansfield and Briarty 1991). Later, the
suspensor degenerates via programmed cell
death and, therefore, does not contribute to the
mature seed (Peng andSun 2018). InArabidopsis,
despite their quiescence, suspensor cells can de-
velop secondary embryos after impairment of the
proembryo through mutations, treatments that
damage or kill embryonic cells (Schwartz et al.
1994; Vernon and Meinke 1994), cell ablation
(Weijers et al. 2003), or laser disruption (Gooh
et al. 2015; Liu et al. 2015). This suggests that
suspensor cells have an innate capability to gen-
erate embryos, and this activity is suppressed by
an embryonic signal. Rademacher et al. (2012)
demonstrated that a cell-autonomous auxin re-
sponse (mediated by IAA10 and ARF9) is re-
quired to maintain the extraembryonic identity
of suspensor cells (Fig. 3B).When this local auxin
response is inhibited, suspensor cells express em-
bryonic marker genes and acquire embryonic
fate, resulting in the formation of a second em-
bryo and eventually twin-like seedlings. This aux-
in-mediated, suspensor-derived embryogenesis
is a complex process, which involves several genes
associated with auxin homeostasis and response
(Radoeva et al. 2019b). Among them, the prom-
inent ones are bHLH genes (bHLH49, 60, 63, and
100) that mediate the auxin response and control
suspensor proliferation and/or embryonic fate
conversion. In particular, bHLH49 is a direct me-
diator of the auxin response that controls the
developmental potential of the suspensor (Ra-
doeva et al. 2019b). Reprogramming of suspensor
cells toward embryonic identity is triggered by
defined regulators. This process is marked by
the activation of cell divisions that generate cells
in which reprogramming occurs, followed by loss
of suspensor identity and activation of embryonic
fate in newly formed cell clusters (Radoeva et al.
2020).

AUXIN-MEDIATED EMBRYO PATTERNING

In plant embryo, body poles are anatomically
termed as apex and base (Friml et al. 2006). Dur-
ing apicobasal patterning, SAM and cotyledons

are originated from the apex (upper tier), where-
as the base (lower tier) produces hypocotyl, rad-
icle, and RAM. In contrast, the development and
arrangement of a three-tissue system (protoder-
mal, vascular, and ground tissue) occur during
radial patterning (Capron et al. 2009). In this
part, we will review the role of auxin in pattern
formation during embryogenesis.

Auxin Control of Cell Division

Embryo patterning relies on coordinated forma-
tive cell divisions that produce different cell layers
by orienting the division plane (Yoshida et al.
2014). Besides, embryo development heavily de-
pends on differential cell specification, which is
predicted by geometric asymmetry during cell
division. Auxin overrides the default geometric
division rule and forces the cell to select anoth-
er divisionwall, therefore, controlling pattern for-
mation during embryo morphogenesis (Yoshida
et al. 2014). Auxin affects division plane orienta-
tion by influencing the orientation of cortical mi-
crotubule (MT) arrays (CMAs) (Chakrabortty
et al. 2018). A link between CMA orientation
and division plane orientation has been estab-
lished (Wasteneys 2002; Ehrhardt and Shaw
2006). Auxin-mediated MT stability, the influ-
ence of the cell shape, and reduced edge catastro-
phe are the factors governing CMA orientation
that predicts division plane orientation, leading
to oriented cell division in the early embryos
(one-cell to 16-cell stages) (Chakrabortty et al.
2018). Cell-polarization relative to body axes is
also crucial for patterning events. This polarity
information influences division orientation dur-
ingmulticellular development,which ismediated
by polar, edge-localized SOSEKI proteins (Yo-
shida et al. 2019). SOSEKI1 (SOK1) has been
identified in the transcriptome of the globular-
stage embryo in which MP activity was locally
inhibited (Möller et al. 2017). It was the second
most down-regulated gene (Schlereth et al. 2010).
It suggests that ARF5/MP transcriptionally regu-
lates SOK1. SOK1 expression is localized to apical
edges of lower-tier inner cells at globular-stage
embryo, and in the corners of the hypophysis
and vascular cells at the transition to heart stage.
Misexpression of SOK1 leads to altered cell divi-
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Figure 3. Amodel depicting initiation of shoot apical meristem (SAM) and root apical meristem (RAM) during
embryogenesis. (A) At the globular stage, theWOX2module acts in SAM initiation by promoting the expression
of HD-ZIP III transcription factors (TFs) and PIN1 in the apical region, which in turn enhances cytokinin
response and represses auxin response, respectively. At the early heart stage, the expression ofCUC1 andCUC2 is
regulated by the activity of PIN1, PINOID (PID), and MP, most probably by creating an auxin gradient with a
maximum in the cotyledon primordia and minimum in the center of the embryonic apex. CUC genes are
preferentially expressed in the region with low auxin levels (i.e., between the cotyledon primordia where they
promote cotyledon separation). CUC proteins are also required to activate STM expression. STM promotes SAM
formation and also contributes to cotyledon separation by regulating CUC1 and CUC2 expression. PIN1 and
PID-mediated auxin maxima suppress CUC genes expression in cotyledon primordia that eventually allows
primordia to develop and also prevents (T-shaped arrow) the expression ofCUC genes from expanding. (B) PIN-
mediated basal auxin accumulation promotes MP and NPH4 activity, which is required for hypophysis speci-
fication. MP, through its targets (PLT1, PLT2, TMO7), triggers the asymmetric division of hypophysis. The
ARF9/IAA10 module is required for hypophysis specification and to control suspensor cell proliferation. The
dashed black circle and arrow in the green inset in A indicate signaling steps that need further experimental
validation. The direction of auxin transport is represented by a dashed line.
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sion orientations in all cell types in the embryo.
However, the detailed cellularmechanismunder-
lying SOK1 activity in division plane orientation
is yet to be determined.

Initiation of Apicobasal Polarity: Emphasis
on Auxin

Initial separation of the apical and basal cells after
the first division of the zygote establishes a foun-
dation for subsequent patterning events (Haecker
et al. 2004; Laux et al. 2004; Capron et al. 2009).
This crucial fate decision relies upon the differ-
ential expression of the WUSCHEL-related ho-
meobox (WOX) TFs along the apicobasal axis
(Haecker et al. 2004). WOX2, WOX8/STPL
(STIMPY-LIKE; Wu et al. 2007), and WOX9
(STIMPY; Wu et al. 2005) are expressed in differ-
ent regions of the eight-celled embryo.WOX2 is
restricted to the apical region, whereas WOX8 is
expressed in the suspensor cells and hypophysis.
Conversely, Lie et al. (2012) observed a weak ex-
pression of WOX8 in the embryo proper. The
expression of WOX9 is confined to the upper
suspensor cell at four-cell and eight-cell stages,
and the lower tier domain of the eight-celled em-
bryo. The shift of WOX9 expression from the
hypophysis to the lower tier is required for the
specification of the lower tier domain identity
(Haecker et al. 2004). These WOX9 expression
dynamics are absent in arf5/mp and iaa12/bdl
mutants, suggesting that the MP/BDL-mediated
auxin response is required for the changes of
WOX9 expression (Haecker et al. 2004).

WOX2 is the main regulator of embryonic
shoot patterning in the cascade of WOX genes.
The activity of WOX1, WOX3/PRS (PRESSED
FLOWER), and WOX5 is only relevant when
WOX2 activity is absent. Conversely, whereas ex-
pressed in the basal domain, both the basal and
apical embryonic lineages in thewox8 wox9 dou-
ble mutants are defective. Linking auxin to the
WOX pathway, wox8 wox9 double mutants
showed reduced PIN1 expression, suggesting
that WOX8/WOX9 activity is required for nor-
mal PIN1 activity and localized auxin response
maxima (Breuninger et al. 2008). Likewise, a ge-
netic interaction between WOX2, WOX8, and
ARF5/MP was observed during embryo pattern-

ing, with strongly enhanced defects in the wox2
wox8 mp triple mutants. WOX2, WOX8, and
ARF5/MP act redundantly to regulate PIN1 ex-
pression in the cotyledons (Breuninger et al.
2008). Taken together, these observations suggest
that WOX genes control embryo patterning in
concert with auxin-mediated responses and
may involve other auxin-independent factors.

Role of Auxin in Initiating SAM

The SAM development begins with the specifi-
cation of stem cells between the presumptive
cotyledons in the globular embryo (Fig. 1; Kap-
lan and Cooke 1997; Mayer et al. 1998). During
apical patterning, a transition from radial to
bilateral symmetry takes place with the develop-
ment of the cotyledon primordia. The develop-
ment of cotyledons relies upon two coordinated
processes: outgrowth of the cotyledon primordia
and development of the cotyledon boundaries
(Lie et al. 2012). The well-proportioned separa-
tion of cotyledon primordia is obligatory for the
establishment of SAM (Aida et al. 1997, 1999).

SAM development and cotyledon separa-
tion are regulated by a network of genes involv-
ing CUP-SHAPED COTYLEDON1 (CUC1),
CUC2, CUC3, and SHOOT MERISTEMLESS
(STM) (Barton and Poethig 1993; Aida et al.
1999; Takada et al. 2001; Vroemen et al. 2003).
In agreement with their function, the three CUC
genes have an overlapping expression domain in
a central stripe of cells between the cotyledon
primordia in early-heart-stage embryos (Fig.
3A). CUC1 and CUC2 act synergistically with
STM to control SAM formation. CUC1 and
CUC2 are required to activate STM expression,
and STM in turn is necessary for CUC1 activity
from early embryogenesis onward and spatial
expression of CUC2 at the bending-cotyledon
stage (Fig. 3A; Aida et al. 1999). Three essential
factors of auxin transport and response pathway
(i.e., PIN1, PINOID [PID]), and ARF5/MP, reg-
ulate CUC1 and CUC2 expression to confer cot-
yledon separation and establishment of the bi-
lateral symmetry (Aida et al. 2002; Furutani et al.
2004). PID, a serine/threonine protein kinase,
phosphorylates PIN1 proteins for their proper
localization and activity (Huang et al. 2010;
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Zhang et al. 2010). To establish the cotyledon
primordia, PIN1 and PID synergistically pro-
mote auxin accumulation in cotyledon primor-
dia, which in turn represses the expression of
CUC1 and CUC2 therein. Indeed, pin1 and pid
mutant seedlings are both defective in the num-
ber of cotyledons (Furutani et al. 2004). More-
over, genetic and expression analysis indicated
that PIN1 and ARF5/MP restrict CUC1 expres-
sion to the central embryonic apex and activate
CUC2 expression in the cotyledon boundaries
(Fig. 3A). It has been speculated that an auxin
minimum in the presumptive SAM region due
to the activity of PIN1 andMPmay stimulate the
expression of CUC genes between the cotyledon
primordia (Fig. 3A). Furthermore, PIN1 pro-
motes the establishment of bilateral symmetry
in parallel to STM as pin1 stm1 double mutants
have completely fused cotyledons (Aida et al.
2002).

WOX2 and WOX8 redundantly promote
the establishment of cotyledon boundaries by
regulating the symmetric expression of the three
CUC genes during apical patterning (Lie et al.
2012). WOX2, along with its redundant para-
logs (i.e., WOX1, WOX3, and WOX5) (collec-
tively termed as theWOX2 module), is required
for the initiation of the embryonic apical meri-
stem (Fig. 3A; Zhang et al. 2017). The WOX2
module promotes the development of a three-
layered shoot meristem by regulating the cell
division pattern in the apical domain, including
the presumptive SAM region. By promoting
PIN1 expression, the WOX2 module prevents
auxin accumulation in the SAM region. Further-
more, theWOX2module is required to enhance
the expression of HD-ZIP III genes (PHABU-
LOSA, PHAVULOTA, and REVOLUTA) in the
presumptive SAM region. These genes are
known regulators of embryonic apical fate and
are expressed in the central domain during
shoot meristem formation (Smith and Long
2010). This suggests that HD-ZIP III TFs act
downstream of the WOX2 module in the same
genetic pathway to regulate stem cell initiation
during embryonic apical patterning. In addition
to the auxin pathway, the WOX2 module also
balances the cytokinin pathway through the
HD-ZIP III TFs, thus helping in the formation

of embryonic shoot meristem (Fig. 3A; Zhang
et al. 2017). Therefore, this module contributes
to stem cell initiation and protects them
from differentiation, thereby ensuring that the
SAM region is correctly specified in the apical
domain.

Role of Auxin in Embryonic Root Formation

The RAM harbors concentrically arrayed stem
cells (initials of different tissue types) around a
quiescent center (QC). The asymmetric division
of the hypophysis marks the initiation of the
RAM at the globular stage (Capron et al. 2009).
This division generates an upper lens-shaped cell
(progenitor of the QC) and a large basal cell (col-
umella root cap progenitor). TheQC functions in
maintaining neighboring stem cells by keeping
them in an undifferentiated state (van den Berg
et al. 1997). The importance of the hypophysis
specification in RAM initiation and the involve-
ment of auxin signaling are reflected by the root-
less phenotype of two well-studied mutants (i.e.,
mp and bdl) (Berleth and Jurgens 1993; Hamann
et al. 1999, 2002; Weijers et al. 2006).

BDL and MP mRNAs are absent from the
hypophysis until its division and confined to the
central provascular cells (Hamann et al. 2002),
suggesting that both proteins act non-cell-au-
tonomously. Targets of the MP/BDL signaling
pathway are AUX1, LAX2, and PIN1 auxin
transporters (Schlereth et al. 2010; Robert et al.
2015b), acting in the embryonic inner cells to
direct an auxin flow toward the hypophysis.
The resulting accumulation of auxin in the hy-
pophysis promotes the RAM specification.
However, exogenous auxin treatment could
not rescue the rootless phenotype of mp and
bdlmutants, indicating the involvement of other
MP/BDL-dependent signals in regulating hy-
pophysis specification (Weijers et al. 2006).

Three direct targets of MP, named as TAR-
GET OF MONOPTEROS (TMO) 3, TMO5,
and TMO7, were identified in the embryo
(Schlereth et al. 2010). TMO5 and TMO7 were
found to be involved in MP-dependent embry-
onic root formation (Fig. 3B). TMO5 functions
cell-autonomously as its expression was restrict-
ed to its transcriptional domain. In contrast,
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TMO7 moves from its site of synthesis to the
future hypophysis, indicating that TMO7 acts as
an intercellular MP-dependent signal in the hy-
pophysis for RAM specification. Other direct tar-
gets of MP, such as NO TRANSMITTING
TRACT (NTT) and its paralogues WIP DO-
MAIN PROTEIN 4 (WIP4) and WIP5, are
expressed in the hypophysis and redundantly pro-
motes its asymmetric division, which marks the
RAM initiation (Fig. 3B; Crawford et al. 2015).

The PLETHORA (PLT) genes are another in-
dispensable gene network regulating the RAM
establishment (Fig. 3B). The AP2 domain-con-
taining TFs PLT1 and PLT2 are redundantly fun-
damental to the development and specification of
the root stem cell niche in the embryo (Aida et al.
2004). The expressionof both genes is confined to
the basal region of the embryo, from where hy-
pocotyl and embryonic root originate. Owing to
the lack of PLT1 and PLT2 activity, hypophyseal
derivatives divide aberrantly and fail to express
QC markers. PLT genes act downstream of the
auxin response, as suggested by their elevated ex-
pression after prolonged exogenous auxin treat-
ment. Their basal embryonic expression depends
on the redundant function of MP/ARF5 and its
homolog NON-PHOTOTROPIC HYPOCOT-
YL4 (NPH4)/ARF7 (Hardtke et al. 2004). More-
over, the ectopic activity of PLT1 and PLT2 in-
duces basal features (i.e., hypocotyl and root stem
cell niche) in the embryonic shoot region, even in
the absence of auxin. Furthermore, whereas a
PIN1- and PIN4-dependent auxin maximum
promotes root pole specification (Friml et al.
2003), these same PIN proteins are required to
restrict the PLT expression domain to the basal
region of the embryo to initiate the root primor-
dia formation (Blilou et al. 2005). Altogether,
these observations strongly support the notion
that PIN-mediated accumulation of auxin in the
basal domain is required to initiate and establish
RAM through the transcriptional regulation of
PLT genes.

It has been recently demonstrated that PLT
genes are required for vascular regeneration in
response to wounding, by directly regulating
CUC2 expression (Radhakrishnan et al. 2020).
To promote vascular regeneration, both PLT
and CUC2 modulate local auxin biosynthesis by

regulating the YUC4 expression in a coherent
feedforward manner. Although this mechanism
of the PLT-CUC2 module was observed in leaf,
similar mechanisms may exist in the embryo
as well.

Role of Auxin for the Formation and
Patterning of the Vascular andGround Tissues

Vascular tissues are essential for transport and
structural stability/support. In a recent report,
Smit et al. (2020) used a panel of vascular mark-
ers to understand the specification and ontoge-
ny of the vascular tissue identity during embryo-
genesis. Most of these markers are active in the
inner cells of a 16-cell embryo, indicating that
these cells are the first to contribute to the vas-
culature (Smit et al. 2020). Vascular markers
such as SOK1 and GATA20 lost their activity
in bdl embryos, where the MP/ARF5 activity is
blocked. The auxin-mediated signaling through
MP/ARF5 appears to be required for vascular
tissue initiation, specification, and patterning
in the early embryo. Indeed, in mp embryos,
abnormal periclinal vascular divisions are ob-
served (De Rybel et al. 2013). TMO5, one direct
target of MP, forms a heterodimer with LONE-
SOME HIGHWAY (LHW) (Ohashi-Ito and
Bergmann 2007) to mediate an auxin response
in vascular tissue initiation. This TMO5-LHW
dimer is required to regulate vascular indeter-
minacy and to promote periclinal cell divisions
during vasculature formation. Consistent with
their function, both proteins colocalize in vas-
cular precursor cells at the mid-globular em-
bryo. At the heart stage, TMO5 accumulation
is restricted to xylem initials, whereas LHW ac-
cumulates over a wide area with maximum ac-
cumulation in the root pole and cotyledon pri-
mordia (De Rybel et al. 2013).

An auxin-cytokinin hormonal interaction is
critical for vascular tissue development. The
TMO5-LHWdimer promotes local cytokinin bi-
osynthesis by regulating the expression of LONE-
LY GUY4 (LOG4), an enzyme involved in the
final step of cytokinin biosynthesis (Kuroha
et al. 2009; De Rybel et al. 2014). This auxin-
dependent cytokinin production is crucial for
patterning of the vascular tissue and vascular
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growth.Mathematicalmodeling for the activityof
the “auxin-MP-TMO5/LHW-LOG4-cytokinin”
module in both embryonic and postembryonic
roots indicates that this network is required to
create two distinct domains during vascular tis-
sue patterning: xylem axis with high auxin re-
sponse and surrounding procambium cells with
high cytokinin response. This network also in-
volves the activity of PIN proteins whose locali-
zationdynamics are regulated by auxin-cytokinin
intricacies (De Rybel et al. 2014).

While some of the molecular mechanisms
for the vascular tissue initiation have been un-
covered, the ones for the ground tissue initiation
are still mysterious.Möller et al. (2017) observed
aberrant division in the first ground tissue cells
in the absence of ARF5/MP-mediated auxin re-
sponse. Embryonic markers for ground tissue
initiation were identified by transcriptome pro-
filing of the early globular embryos, in which
MP activity was blocked in the first ground tis-
sue cells. Among them, known regulators of
postembryonic ground tissue patterning and
maintenance, such as SHORT-ROOT (SHR)
and its direct target genes, were also present
(Helariutta et al. 2000; Nakajima et al. 2001;
Levesque et al. 2006). However, the SHR net-
work does not affect division in the first ground
tissue cells, suggesting the involvement of dis-
tinct regulators in establishing the ground tissue
in the early embryo (Möller et al. 2017). Never-
theless, transcriptional regulation of SHR byMP
activity implies, so far, an unpredicted role for
SHR in initial ground tissue specification, which
needs to be elucidated.

Overall, these observations suggest that the
apicobasal embryonic polarity is largely regulat-
ed by PIN-mediated auxin transport, from a
source (local production) to a sink (local signal-
ing). In addition, the activity of ARF5/MP in
auxin-dependent regulation of embryonic pat-
terning is intricated within a multiple of signal-
ing cascades.

TOOLS TO STUDY AUXIN FUNCTION IN
EMBRYOS

In recent years, a fewnoteworthy tools joined the
auxin toolbox. Among them, wewill present two

tools (hormone-activatedCas9-based repressors
[HACRs], pronounced “hackers” and cellular
markers for embryogenesis) that may be used
for studying embryo development (Fig. 4).

HACRs

HACRs can be used as hormone reporters (aux-
in, gibberellins, and jasmonates) as well as de-
gron-controlled genetic switches. HACRs are
CRISPR-based genetic switches (Khakhar et al.
2018). HACRs are modular proteins designed to
temper the expression of a target gene. It con-
tains three domains (i.e., dCas9 [for the recog-
nition of target sequence]), a degron, and a tran-
scriptional regulator (to modulate the target
gene expression). Khakhar et al. (2018) generat-
ed HACRs with degrons that respond to auxin,
gibberellins, and jasmonates (Fig. 4A).

The auxin HACR functions as a radiometric
auxin sensor similar to R2D2 (Liao et al. 2015).
This HACR contains gRNAs targeting the
UBQ1 promoter, an auxin-sensitive degron
(from IAA17), and a repressor domain from
TOPLESS (TPL) (Fig. 4A). When introduced
in plants expressing a radiometric readout
( pUBQ1:NLS-Venus; pUBQ1m:NLS-tdTomato,
in which pUBQ1m contains a mutated gRNA
target site), this HACR displayed a similar ex-
pression pattern as in R2D2, indicative of tissu-
lar auxin distribution (Fig. 4A,B).

HACRs have a great potential for rewiring
the signaling pathways. It includes establishing
new feedback loops, targeting genes of one hor-
mone pathway, and using degrons of another
hormone. This level of granular control would
be challenging to achieve with any other tech-
nologies. Applied to embryo development as a
readout for patterning programs, HACRs would
be a powerful tool to study cell-specific process-
es and the function of TFs and other effectors.

Arabidopsis Cellular Markers for
Embryogenesis

To study the cellular organization and organel-
lar dynamics of early embryo development, Liao
and Weijers (2018) developed a series of fluo-
rescent marker lines named “Arabidopsis cellu-
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Figure 4.An illustration representing themechanisms of HACRs (hormone-activated Cas9-based repressors) (A,
B) and images representing a selection of theACE-W lines (C). (A,B) TheHACR system is designed to control the
expression of NLS-Venus fluorescent proteins based on the concentration of auxin in the cell. In the absence of
auxin (A), TOPLESS (TPL) represses the expression of NLS-Venus. The presence of auxin (B) in the cell targets
the HACRs to proteasome-mediated degradation, thus derepressing the NLS-Venus expression. The HACR
consists of gRNAs (light blue) targeting the UBQ1 promoter, an auxin-sensitive degron (dark blue), and a
repressor domain from TPL (gray). Degrons can be switched to monitor GA or JA levels. (C) Representative
images of Arabidopsis 32-cell-stage embryos expressing ACE markers labeling Golgi complex (ACE-W9), vac-
uole (ACE-W10), nuclear envelope (ACE-W11), actin cytoskeleton (ACE-W14), and microtubules (ACE-W15).
(Panel C from Liao and Weijers 2018; reprinted, with permission, from John Wiley © 2018.)
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lar markers for embryogenesis” (ACE). The
ACE expression is under the control of two dif-
ferent promoters, ameristematic pRPS5A (ACE-
R) and an embryo-specific pWOX2 (ACE-W).
The ubiquitous expression of pRPS5A allows the
imaging of the markers throughout embryogen-
esis. The WOX2 promoter, on the other hand,
has a limited window of expression until the
early globular stage, with the advantage to be
embryo-specific. These subcellular reporters la-
bel plasmamembrane, connectivity between the
cells (plasmodesmata), cytoskeleton (actin and
MTs), various organelles (nuclear pore complex
for nuclear labeling, vacuole), and components
of endomembrane systems (Fig. 4C). Also, the
series includes polarly localized proteins to
mark apical, basal, central, and peripheral do-
mains of the plasma membrane. These markers
are useful to study the polarity of cells and the
dynamics of organelles in wild-type and defec-
tive mutant embryos in various auxin-related
processes.

CONCLUDING REMARKS

Our understanding of auxin function in embryo
development has increased substantially in the
past decade. The data available so far indicates
that auxin acts through its instructive maxima/
minima distribution and regulates cell specifica-
tion and organ initiation during embryo pat-
terning. Such auxin distribution is established
and sustained by a structured interplay between
local auxin biosynthesis and polar auxin trans-
port. However, many questions remained to be
answered regarding auxin synthesis and trans-
port during embryo development. For example,
we are far away from knowing the mechanisms
behind the transcriptional regulation of auxin
biosynthetic genes during embryo development.
Yet, another challenge would be to identify the
factors coordinating auxin biosynthesis and
transport in this complex tissue. MP/ARF5 has
been identified as a critical player of auxin-de-
pendent responses in the embryo. However,
many distinct combinations of AUX/IAA and
ARFs may exist for individual cellular auxin re-
sponses. Systematic analysis of these compo-
nents and identification of their target genes in

the embryo will shed new light on the mecha-
nisms by which auxin exerts its function during
embryo development. Further, to reach a new
level of understanding, biological tools to mon-
itor auxin synthesis, signaling, and responses,
notably in developing embryos, are newly avail-
able, among them, HACR. Combined with
state-of-the-art imaging techniques, like light-
sheet microscopy, such tools would enable
breakthroughs in embryonic auxin biology, as
we have recently seen for male germline differ-
entiation (Valuchova et al. 2020).
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