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Differential cell growth enables ﬂexible organ bending in the presence of environmental signals such as light or gravity. A
prominent example of the developmental processes based on differential cell growth is the formation of the apical hook that
protects the fragile shoot apical meristem when it breaks through the soil during germination. Here, we combined in silico and
in vivo approaches to identify a minimal mechanism producing auxin gradient-guided differential growth during the
establishment of the apical hook in the model plant Arabidopsis thaliana. Computer simulation models based on experimental
data demonstrate that asymmetric expression of the PIN-FORMED auxin efﬂux carrier at the concave (inner) versus convex
(outer) side of the hook sufﬁces to establish an auxin maximum in the epidermis at the concave side of the apical hook.
Furthermore, we propose a mechanism that translates this maximum into differential growth, and thus curvature, of the apical
hook. Through a combination of experimental and in silico computational approaches, we have identiﬁed the individual
contributions of differential cell elongation and proliferation to deﬁning the apical hook and reveal the role of auxin-ethylene
crosstalk in balancing these two processes.

INTRODUCTION
Plants have evolved means to protect the fragile shoot apical
meristem when growing through the soil toward the surface.
Shortly after germination, the hypocotyls bend into hook-shaped
structures that shield the apical meristem. The hook that is formed
by differential growth via coordinated cell elongation and cell
division in the distal part of the hypocotyl is maintained as long as
the hypocotyl elongates in the dark and rapidly straightens out
after exposure to light (Raz and Ecker, 1999; Raz and Koornneef,
2001; Žádníková et al., 2010).
One of the major regulators of apical hook development is the
phytohormone auxin (Abbas et al., 2013; Lehman et al., 1996).
Interference with either auxin metabolism or downstream auxin
responses severely affects apical hook development. For instance, reduced curvature was observed in the auxin biosynthesis
mutant yucca1 (Zhao et al., 2001), the auxin overproduction
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mutant superroot1 (Boerjan et al., 1995), and auxin signaling
mutants such as auxin resistant1 (Leyser et al., 1993) and nonphototrophic hypocotyl (Harper et al., 2000). The disruption of
apical hook formation by inhibition of auxin transport via pharmacological or genetic manipulations indicates that polar auxin
transport is important during apical hook development (Žádníková
et al., 2010; Lehman et al., 1996; Schwark and Schierle, 1992;
Vandenbussche et al., 2010; Wu et al., 2010). Monitoring auxin
responses with the synthetic DR5 reporter revealed that auxin
gradually accumulates at the concave side during hook formation
(Žádníková et al., 2010; Vandenbussche et al., 2010). This auxin
maximum is maintained in the closed hook and gradually disappears as the hook opens. These remarkable dynamics of auxin
distribution rely on tightly controlled polar auxin transport. Based
on detailed expression and functional analyses of the AUXIN/
AUXIN-LIKE (AUX/LAX) inﬂux (Vandenbussche et al., 2010) and
PIN-FORMED (PIN) efﬂux carriers (Žádníková et al., 2010), it has
been proposed that auxin biosynthesized in the cotyledons, shoot
apical meristem, and apical zone of the hypocotyl is directed
toward the root by the coordinated activities of the inﬂux carrier
AUX1 and efﬂux carriers PIN1 and PIN3 that act in the central
cylinder. Subsequently, auxin is laterally redistributed into the
endodermis by PIN3 and further through the cortex and the
epidermis by AUX1, PIN3, PIN4, and PIN7 (Žádníková et al., 2010;
Vandenbussche et al., 2010). Other important players in the
control of hook formation are upstream regulators of auxin carrier
activity. AUX1 exocytosis to the plasma membrane depends on
the activity of the trans-Golgi network-localized ECHIDNA protein
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complex (Boutté et al., 2013), and PIN3 activity during hook formation is dependent on the function of WAG2, a member of the
AGC kinase family (Willige et al., 2012).
The auxin responses that direct the hook development are
tightly coordinated by crosstalk with other hormonal pathways
including that of ethylene. Etiolated Arabidopsis thaliana seedlings
with either increased ethylene levels or constitutively activated
ethylene signaling cascade due to mutations in ETHYLENE
OVERPRODUCER1 or CONSTITUTIVE TRIPLE RESPONSE1,
respectively, display an exaggerated apical hook (Guzmán and
Ecker, 1990; Roman and Ecker, 1995). By contrast, the ethyleneinsensitive mutants ethylene resistant1 (etr1) or ethylene insensitive2 are either hookless or exhibit severe defects in apical
hook development (Raz and Ecker, 1999; Guzmán and Ecker,
1990). Although ethylene and auxin can act on downstream target
genes in a partially independent manner, they also tend to exhibit
crosstalk (Li et al., 2004; Stepanova et al., 2005, 2007). Speciﬁcally, ethylene promotes the expression of TRYPTOPHAN AMINOTRANSFERASE2 (TAR2) and thus increases auxin levels in the
apical hook (Vandenbussche et al., 2010). Ethylene also inﬂuences
auxin transport by modulating the expression of several PIN genes
(Žádníková et al., 2010). Another convergence point of the ethylene and auxin pathways is HOOKLESS1 (HLS1), which encodes
a putative N-acetyltransferase (Lehman et al., 1996). Ethylene
stimulates the transcription of HLS1, which in turn inhibits the
expression of the AUXIN RESPONSE FACTOR2 auxin signaling
repressor gene, thereby promoting auxin responses (Li et al.,
2004).
Although the role of auxin and its differential distribution (the
“auxin gradient”) in establishing the apical hook development is
well recognized, the detailed mechanisms that underlie formation
and developmental interpretation of the auxin gradient into differential cell growth are still unclear. Here, we combine experimental and computational methods to investigate the mechanistic
basis for the auxin gradient-driven apical hook formation. First, we
show that the axial asymmetry of PIN expression in the cortex and
epidermis plays a crucial role in generating a sharp auxin maximum in the epidermis on the concave hook side. Second, we
simulate the effect of auxin on cell elongation and growth dynamics, and demonstrate how the auxin distribution may deﬁne
apical hook shape. To validate our model predictions, experiments were designed to examine the inﬂuence of perturbed auxin
distribution, ethylene perception, and cell proliferation on apical
hook shape. As a result, we propose that the interplay between the
auxin and ethylene signaling pathways coordinates both cell division and differential cell growth for proper hook bending and to
ﬁne-tune its curvature.
RESULTS
An Auxin Response Maximum Is Centered at the Concave
Apical Hook Side in the Epidermal Cells
The auxin maximum at the concave side of the curvature coordinates the formation of the apical hook (Žádníková et al., 2010;
Vandenbussche et al., 2010; Li et al., 2004). However, the precise
positioning of this auxin maximum and the mechanistic details of
its establishment are not fully understood (Žádníková et al., 2010;
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Vandenbussche et al., 2010). Previously, PIN3 has been identiﬁed
as the principal auxin transporter in the apical hook and has been
proposed to direct auxin from the central cylinder through
the endodermis toward the cortex and epidermal tissue layers
( Žádníková et al., 2010). In the cortex and epidermis, PIN3mediated transport is assisted by PIN4 and PIN7, which exhibit
partially overlapping expression patterns. Quantiﬁcation of the
PIN3 and PIN4 accumulation by means of the GFP reporter has
revealed that their levels in the cortex cells are higher at the convex
than at the concave side of the apical hook (Žádníková et al., 2010;
Supplemental Table 1). Hence, we hypothesized that this PIN3
and PIN4 expression asymmetry leads to the formation of an auxin
maximum on the inner, concave side of the hook (Žádníková et al.,
2010).
To test this hypothesis, we developed a computer simulation
model of the cross section of the apical hook. The model, based on
experimental data for the polar PIN expression patterns associated with apical hook formation (Žádníková et al., 2010), operates
on a cellular template derived from confocal microscopy images
processed with digital segmentation algorithms (MorphoGraphX;
http://www.morphographx.org/) (Žádníková et al., 2010; Kierzkowski
et al., 2012; Barbier de Reuille et al., 2015) (Supplemental Methods).
As the exact mechanism that controls differential PIN3 and PIN4
expression (generally referred to PIN expression in our model) at the
concave and convex hook sides is not known, we assumed that the
cell position within the hook cross section was translated by a simple
relation into the PIN expression rate in the cell (Supplemental
Methods; Figure 1A) to reﬂect in planta observations (Žádníková
et al., 2010). Speciﬁcally, the location of each cell with respect to the
reference position on the concave side of the apical hook determined the level of PIN protein activity, such that the cell’s PIN expression increased with the distance of the cell from the concave
hook side (Supplemental Methods; Figure 1A). In our model, the
vascular cylinder serves as a source of auxin that is released with
a constant rate (Figure 1A, marked by green asterisk) and subsequently drained by PINs toward the endodermis (Figure 1A). Afterwards, endodermis cells pump auxin toward the cortex (Figure 1A).
In the cortex tissues, auxin is redistributed by PINs within the cortex
and toward the epidermis (Figure 1A). Finally, auxin is radially
transported within the epidermis (Figure 1A). This directionality of
auxin ﬂow in our model was inferred from in planta PIN localizations
previously reported (Žádníková et al., 2010). In addition to PIN-mediated
auxin transport, our model integrates a combined passive and active
auxin inﬂux (Figure 1A). The mathematical equations describing the
auxin transport are given in the Supplemental Methods.
Proceeding from the available experimental data set (Žádníková
et al., 2010), we initially assumed that PIN3 and PIN4 were differentially regulated only in the cortex tissues and that the highest
expression of these PIN genes occurred at the convex hook side.
The resulting Model A predicted an auxin maximum in the cortex
cells on the concave side of the apical hook (Supplemental Figure
1A). We then tested an alternative scenario, in which the differential PIN (combined PIN4 and PIN7) accumulation was assumed
in both the cortex and epidermal cells (Model B). Unlike Model A,
Model B predicted auxin accumulation in the epidermis on the
concave side of the apical hook (Supplemental Figure 1B). To
distinguish the best-ﬁtting model, we monitored the auxin response with the synthetic auxin-responsive promoter DR5rev
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Figure 1. Auxin Accumulation in Epidermal Cells at the Concave Side of the Apical Hook.
(A) Computational model predicting the establishment of the auxin maxima in the epidermal cells at the concave side of an apical hook. PIN1 is expressed in
the vascular tissue (s) marked by a green asterisk (auxin source site), PIN3 in the endodermis (en), cortex (co), and partially in the epidermis (ep), PIN4 in the
cortex and epidermis (ep), and PIN7 in the epidermis. The auxin content of the cells is color-coded in green; the cumulative PIN levels (PIN3, PIN4, and PIN7)
are presented in red/yellow (heat map). Vector (Vc) points toward the center of the cell mass, while vector (Vg) is reference vector associated with the concave
side of the hook. Angle between these two vectors is positively correlated with the PIN expression level in the cell.
(B) Transverse section of the apical hook expressing the DR5rev:GFP reporter. The auxin response is detected in the epidermal cells at the concave side of
the apical hook. Red arrows indicate zone of DR5rev:GFP-expressing epidermal cells.
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fused to GFP (Friml et al., 2003). The transverse sections through
the apical hook revealed a strong auxin response in the epidermis
and weak activity in a few adjacent cortex cells on the concave
hook side (Figure 1B), supporting the predictions of Model B
(Figure 1A; Supplemental Figures 1B to 1E). Based on these
ﬁndings, we concluded that a differential PIN accumulation in both
the cortex and epidermal tissues is likely the driving factor that
focuses auxin in a few epidermal cells on the concave hook side.
Noteworthy, unlike in the model, high expression of the DR5rev
auxin reporter in the vascular cylinder could be detected. In the
simulation, we assumed that auxin is produced at a constant rate
in the vascular cylinder and serves as the auxin supply (marked by
green asterisk, Figure 1A). Auxin is then rapidly distributed from
the vascular tissues to the outer cell layers. We hypothesize that an
elevated DR5rev signal detected in the vascular cylinder (Figure
1B) might result from an additional auxin ﬂow from other, not
modeled parts of the plant, such as the shoot apical meristem and
cotyledons (as proposed in the model by Vandenbussche et al.,
2010) or the higher auxin production in the vascular cylinder.
PIN4 and PIN7 Coordinate the Auxin Flux in the Epidermis
and Fine-Tune the Formation of the Auxin Maximum
In conjunction with experimental observations, Model B (Figure
1A) suggests that differential expression of PIN genes, both in the
cortex and epidermis, produces the auxin maximum during apical
hook formation. As there were no quantitative data on PIN accumulation in epidermis available, we examined which of the auxin
efﬂux carriers may control the distribution of auxin in the epidermis. Membrane-localized auxin transporters in epidermal
cells were quantiﬁed on transverse and longitudinal sections of
the apical hook acquired by line-scan confocal microscopy
and maximal projection of z-stacks images (Figures 1D to 1I;
Supplemental Figures 2A and 2B). Despite the enhanced accumulation of PIN3 at the convex side of the cortex (Žádníková et al.,
2010; Supplemental Table 1), no signiﬁcant difference between
the two hook sides could be detected in the epidermal cells
(Figures 1D and 1J; Supplemental Table 1). By contrast, the PIN4GFP and PIN7-GFP membrane signals in the epidermis were
enhanced at the convex hook side (Figures 1F, 1H, 1K, and 1L;
Supplemental Table 1), suggesting that PIN4 and PIN7 promote
and coordinate the asymmetric auxin distribution within the epidermis during apical hook formation as predicted by our computer
model. In accordance with previous reports, no asymmetry of the
AUX1 auxin inﬂux carrier accumulation in epidermal cells at the
concave versus convex side of the hook was observed in either
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transverse or longitudinal sections (Vandenbussche et al., 2010;
Supplemental Figures 2A and 2B).
Next, we tested to what extent the spatial differences in the
distribution of PIN proteins affects the asymmetric distribution of
auxin. The model with reduced PIN accumulation differences
(<50%) in the epidermis between concave and convex side of the
hook predicted a more diffuse auxin maximum than that of
the reference simulation (Supplemental Figures 1F to 1I). To verify
this prediction, we examined the auxin distribution in pin mutants.
The number of epidermal cells with DR5rev reporter expression on
the transverse hook sections was scored and the proportion was
calculated relative to the total number of cells in the epidermis. The
transverse hook sections were acquired by either sectioning of
ﬁxed samples using vibrating microtome or line-scan confocal
microscopy (Figure 2 and Supplemental Figure 3, respectively). In
the wild type, on average 44% 6 0.44% and 43.9% 6 0.89% of the
epidermal cells had a detectable DR5rev:GFP signal in transverse
sections when acquired either by sectioning of ﬁxed samples or
monitored by line-scan confocal microscopy, respectively (Figures 2B and 2M; Supplemental Figures 3A and 3I). No signiﬁcant
difference in the number of epidermal cells with a DR5rev:GFP
signal was observed in pin3 (42.09% 6 0.49% and 44.7% 6
0.99%, respectively) using either of two approaches (Figures 2E
and 2M; Supplemental Figures 3C and 3I). By contrast, in both the
pin4 and pin7 mutants, this number increased signiﬁcantly to
49.8% 6 0.38% and 50.2% 6 0.97% (Figures 2H and 2M;
Supplemental Figures 3E and 3I) and to 54% 6 0.47% and
51.4% 6 1.35% (Figures 2K and 2M; Supplemental Figures 3G
and 3I), respectively. These results were quantitatively close to
those obtained in the computer model simulations (Figures 2A, 2D,
2G, 2J, and 2M). However, computer model simulations of the pin4
and pin7 mutant produced a slightly higher percentage of auxincontaining cells (58%) than those observed in experiments for
single pin4 or pin7 mutants (Figure 2M), suggesting functional
redundancy between the PIN4 and PIN7 proteins. In accordance
with the model prediction, the number of epidermal cells exhibiting
DR5rev:GFP signal in pin1+/2 pin3 pin4 pin7 multiple mutant increased to 62.74% 6 1.663% (Supplemental Figures 3K and 3L).
Notably, the signal intensity of the DR5rev:GFP reporter was
reduced in the mutants defective in the auxin transport
(Supplemental Figures 3J and 3M). Furthermore, extended in silico
analysis was performed to examine the effect of reduced auxin
transport rates on the auxin distribution pattern in the apical hook.
Simulation of 2-, 5-, and 20-fold reductions of auxin transport
rates resulted in gradual diffusion of auxin in the epidermis and
weakening of the auxin maximum, thus mimicking the auxin

Figure 1. (continued).
(C) Color coded map for PIN expression and auxin levels.
(D) to (I) Expression of PIN:PIN-GFP reporters in the epidermis of apical hooks grown on either Murashige and Skoog medium (MS) ([D], [F], and [H]) or
ethylene-supplemented medium ([E], [G], and [I]). Membrane PIN-GFP signal detected either at the transverse or longitudinal sections of the apical hook,
respectively. Line-scan confocal microscopy and maximal projection of z-stack images used to acquire images. Insets: close-ups of epidermal cells at the
convex and concave sides of the apical hook in which membrane PIN-GFP signal was quantiﬁed.
(J) to (L) PIN-GFP signal quantiﬁed at the concave and convex sides of the apical hook epidermal cells in transverse and longitudinal sections of the apical
hook, respectively. Signiﬁcant differences determined by Student’s t test are indicated as *P < 0.05, **P < 0.001, and ***P < 0.0001; n = 10 seedlings, two and
ﬁve cells analyzed on each side in transverse and longitudinal sections of the apical hook, respectively, at the early maintenance phase 26 h after germination. Error bars represent standard errors.
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distribution pattern observed in the pin mutant (Supplemental
Figures 4A to 4E compared with Supplemental Figures 3K and 3L).
Altogether, these results indicate that PIN3 plays a critical role in
supplying auxin from the central cylinder to outer tissues, whereas
asymmetric PIN4 and PIN7 activity in the outermost tissues
determines the broadness of the radial auxin diffusion in the
epidermis. Both experiments and model predictions suggest that
the establishment of the conﬁned auxin maximum in the apical
hook requires differential asymmetric activity of PIN3 in the cortex
and PIN4 and PIN7 in the epidermis.
Ethylene Broadens the Auxin Gradient in the Epidermis of
the Apical Hook

Figure 2. PIN-Controlled Auxin Distribution in Epidermal Cells of the
Apical Hook.
(A), (D), (G), and (J) Computational model predictions of the auxin distribution in untreated apical hooks of the wild type (A), pin3 (D), pin4 (G), and
pin7 (J).
(B), (C), (E), (F), (H), (I), and (K) to (M) DR5rev:GFP expression monitored on transverse sections of untreated ([B], [E], [H], and [K]) and
ethylene-treated ([C], [F], [I], and [L]) apical hooks in the wild-type ([B]
and [C]), pin3 ([E] and [F]), pin4 ([H] and [I]), and pin7 ([K] and [L]).
In vivo versus in silico quantiﬁcations of the proportion of the DR5revpositive epidermal cells in untreated and ethylene-treated wild-type,
pin3, pin4, and pin7 mutant plants (M). Yellow and blue dots indicate
cells with and without DR5rev-reporter signal, respectively. Arrows
show boundaries of DR5rev signal. Signiﬁcant differences determined
by Student’s t test are indicated as **P < 0.001 and ***P < 0.0001
(n = 10 seedlings at the early maintenance phase, 26 h after germination).
Transverse sections acquired by sectioning of ﬁxed samples using
vibrating microtome. Error bars represent standard errors.

In addition to auxin, the plant hormone ethylene plays an important
role in the regulation of apical hook development via distinct
mechanisms: (1) promotion of auxin biosynthesis by upregulation
of TAR2 expression (Vandenbussche et al., 2010) and (2) modulation of the asymmetric auxin distribution, eventually affecting
establishment and positioning of the auxin maximum during apical
hook development (Žádníková et al., 2010; Vandenbussche et al.,
2010). Defects in ethylene signaling prevent hook formation,
whereas increased ethylene levels prolong the developmental
hook formation phase and lead to an exaggerated hook phenotype (Žádníková et al., 2010; Vandenbussche et al., 2010; Guzmán
and Ecker, 1990; Roman and Ecker, 1995).
To determine the inﬂuence of ethylene on the auxin distribution
in the apical hook epidermis, we analyzed DR5rev:GFP-expressing
seedlings that were treated with the ethylene precursor
1-aminocyclopropane-1-carboxylic acid (ACC). The proportion of
cells showing DR5rev reporter expression in the epidermis was
signiﬁcantly higher (by 6.6% and 8%, when analyzed on the
transverse apical hook sections acquired by either vibratome
sectioning of ﬁxed samples or by line-scan confocal microscopy,
respectively) in ethylene-treated than in untreated apical hooks
(Figures 2C and 2M; Supplemental Figures 3B and 3I). Notably, the
less conﬁned auxin maxima in ethylene-treated seedlings were
reminiscent of those observed in the pin4 and pin7 mutants (Figure
2C compared with Figures 2H and 2K; Supplemental Figure 3B
compared with Supplemental Figures 3E and 3G) and predicted
pin4 and pin7 mutant (Figures 2G and 2J). Detailed examination of
the ethylene effect on the expression of PIN3, PIN4, and PIN7 in
the epidermis (Figures 1E, 1G, and 1I to 1L) revealed a dramatic
reduction in the PIN4-GFP signal in ethylene-treated apical hooks
(Figures 1G and 1K; Supplemental Table 1), in agreement with
previous reports using PIN4:GUS reporter (Žádníková et al., 2010). By
contrast, the PIN7-GFP signal increased on both sides of the apical
hook (Figures 1I and 1L; Supplemental Table 1). The PIN3 asymmetry
between the convex and concave sides was slightly enhanced by
ethylene (Figures 1E and 1J; Supplemental Table 1). Moreover, the
expression of PIN3 as well as PIN7 was reduced in epidermal cells of
the etr1-3 mutant, thus further supporting a role for the ethylene
pathway in maintaining the proper expression of auxin efﬂux carriers
during apical hook development (Supplemental Figures 5A to 5D).
These ﬁndings are largely in agreement with the previous report
(Žádníková et al., 2010) and indicate that the inﬂuence of ethylene on
auxin transport involves differential regulation of PIN expression
between the convex and concave sides of the hook.

A Model for Apical Hook Formation

2469

The combination of PIN3-mediated transport in the inner tissues
and asymmetric PIN4 and PIN7 accumulation in the outermost
tissues appeared to be central to the auxin transport-driven establishment of the auxin maximum in the epidermis. Therefore,
the overall downregulation of PIN4 along with the disruption of the
differential PIN7 expression by ethylene might contribute to the
expansion of the auxin maxima in ethylene-treated hooks. Indeed,
treatment of the pin4 and pin7 mutants with ethylene did not widen
the auxin maximum toward the convex side when compared with
untreated hooks (Figures 2I, 2L, and 2M; Supplemental Figures 3F,
3H, and 3I), whereas the pin3 mutant displayed a more diffused auxin
maximum, similar to that of ethylene-treated control plants (Figures
2F and 2M; Supplemental Figures 3D and 3I). This observation
suggests that the ethylene-mediated control of PIN4 and PIN7
expression is an important mechanism that mediates the polar auxin
ﬂux through the epidermis. Notably, although both pin4 and pin7
mutants, similarly to ACC-treated seedlings, exhibited diffused
expansion of the auxin maximum in the epidermis, the overall
amount of auxin in the epidermal tissue of the auxin transport mutant
was signiﬁcantly reduced (Supplemental Figure 3J). Thus, unlike
ACC-treated seedlings in which an additional feedback stimulates
auxin metabolism and biosynthesis (Vandenbussche et al., 2010),
this does not occur in the untreated auxin transport mutants.
A Dynamic Computer Model Integrates the Differential
Growth and Graded Cell Proliferation in the Apical
Hook Formation
To tackle potential mechanisms of the hook curvature regulation,
we developed a dynamic computer model that incorporates differential cell growth and cell proliferation (Figure 3A; Supplemental
Figure 6). We used a simpliﬁed longitudinal representation of
apical hook development by initiating simulations with a few cells
(represented by boxes) that mimic the seedling stage (Figure 3A,
upper panel). We then deﬁned the “hook zone” by setting distance
threshold from the apex (cotyledons) (Figure 3A, lower panel) to
enable hook bending as it is observed in planta. For details of the
model, refer to Supplemental Methods. This hook zone represents
a developmental window where hook bending occurs (Figure 3A,
lower panel). In our model, auxin ﬂows from the site of its production (Figure 3A, green bar) toward the exit site (Figure 3A, blue
bar). Additionally, auxin is distributed radially within the hook
region as well as between convex and concave sides of the hook
(Figure 3A, white arrows). PIN expression in the hook zone is
highest on the outer (convex) side of the hook and lowest at the
inner (concave) side, as observed experimentally (Žádníková et al.,
2010).
Because auxin negatively inﬂuences cell elongation in the hypocotyl (Taiz and Zeiger, 2006), cell elongation rate was inversely
correlated with auxin concentrations. Additionally, our model
integrates experimental data that include the cell proliferation
pattern inferred from the KNOLLE (KN) reporter (Reichardt et al.,
2007), expressed exclusively during cytokinesis (Figure 4A), and
the B-type cyclin 1 (CYCB1;1) reporter (Raz and Koorneef, 2001;
Ferreira et al., 1994) that marks cells in the G2-to-M transition
phase (Supplemental Figure 7A). In agreement with a previous
report (Raz and Koorneef, 2001), only cells at a close distance from
the cotyledons proliferate rapidly while reaching a given cell area

Figure 3. Dynamic Computer Model Suggests a Mechanism for Apical
Hook Formation.
(A) Computer-simulated formation of apical hooks started from the early
developmental phase, represented by an initial block of cells (denoted as
“seedling stage”). The longitudinal hook model was divided into three
developmental zones corresponding to the hypocotyl, apical hook, and
cotyledons. White arrows depict the preferential directionality of auxin ﬂow
from the source (green bar, cotyledons) to the sink (blue bar, basal end of
hypocotyl) in the apical hook model. Cells associated with the apical hook
zone display strong PIN expression on the convex (outer) side of the hook
and weak PIN expression on the concave (inner) side of the hook as observed experimentally.
(B) Time-lapse computer simulation of “wild-type-like” scenario shows
consecutive stages of simulated apical hook formation.
(C) to (E) Steady state auxin distribution in the simulated wild-type-like
hooks (C), pin4 pin7 double mutant (D), and simulation integrating the
extended zone of rapidly dividing cells (mimicking ethylene treatment,
indicated as ACC precursor of ethylene) (E). Color coding for auxin and PIN
levels are as in Figure 1C.

threshold (Supplemental Methods). Simulations of growing hypocotyls reproduced a gradual formation of an auxin maximum at
the concave side of the apical hook (Figure 3B) similar to predictions of our hook cross-section model (Figure 1A), reproducing
that observed in planta (Žádníková et al., 2010). In the model, high
and low auxin levels occurred at the concave and convex hook
side, respectively, corresponding to the transverse auxin gradient
(Figure 3B). Since auxin negatively inﬂuences cell elongation in our
model, this auxin gradient resulted in differential cell growth and,
thereby bending of the apical hook (Figure 3C; Supplemental
Figure 6A).
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Next, we tested whether the suppressed of the PIN-dependent
auxin redistribution affected the curvature of the hook recapitulated
by the model. We simulated the multiple pin4 pin7 mutant by fourfold
reducing the overall PIN-mediated auxin transport rate (Figure 3D).
This assumption was made to account for the functional redundancy
among PIN transporters (Vieten et al., 2005). The model predicted
that reduced auxin transport results in a diffused and attenuated
auxin maximum at the concave side of the hook, with less pronounced differential cell growth and, thus, impaired apical hook
bending (Figure 3D) in agreement with previous observations
(Žádníková et al., 2010). In accordance with these ﬁndings, either
weak or pronounced anisotropy of hook growth integrated in our
model led subsequently to under- or overbending of the hook
(Supplemental Figures 6B and 6C). Finally, simulations of a near
complete lack of auxin transport (a 100-fold reduction in auxin
transport rate) resulted in absence of the apical hook and an auxin
distribution pattern mimicking that observed in seedlings treated
with N-(1-naphthyl)phthalamic acid (NPA) inhibitor of auxin transport
(Supplemental Figure 4F; Žádníková et al., 2010).
Enhanced Cell Proliferation Promotes Apical
Hook Exaggeration
We further examined whether the feedback between the PINmediated auxin transport and the auxin-dependent cell growth

reproduces the exaggerated hook curvature observed in ethylene-treated seedlings. We ﬁrst hypothesized that the apical hook
exaggeration might require a focused auxin maximum as observed in ethylene-treated seedlings (Vandenbussche et al.,
2010). However, our simulations revealed that a more spatially
conﬁned auxin maximum is not sufﬁcient to capture the ethylene
effect on the hook bending (Supplemental Figure 6D), implying the
presence of other mechanisms. Inspection of the cell division
pattern by means of the KN-GFP or CYCB1;1:GUS reporters
showed a profound increase in the size of the cell proliferation
zone after ethylene treatments (as observed previously; Raz and
Koornneef 2001) (Figures 4A, 4B, and 4E; Supplemental Figures
7A, 7B, and 7E). A static integration of this observed enlargement
of the cell proliferation zone into the model allowed the reproduction of the exaggerated hook phenotype (Figure 3E;
Supplemental Figure 6E).
Following this result, we further examined the role of cell
proliferation in apical hook formation. In addition to KN-GFP
and CYCB1;1:GUS, the expression of several other cell division
regulatory genes, including CYCA2;1:GUS, CYCA2;2:GUS,
CYCA2;3:GUS, CYCA2;4:GUS (Vanneste et al., 2011), and
SAMBA:SAMBA-GUS (Eloy et al., 2012) in the apical hook was
detected (Supplemental Figures 8A to 8E) and CYCA2;2:GUS,
CYCA2;3:GUS, and CYCA2;4:GUS were upregulated in response
to ethylene treatment (Supplemental Figures 8F to 8J). Cell

Figure 4. Reduced Cell Proliferation Interferes with Apical Hook Formation.
(A) to (D) KN-GFP expression during apical hook formation in seedlings treated with MS (A), ACC (B) HU (C), and HU+ACC (D). Red arrows mark zone of KNGFP expression.
(E) Quantiﬁcation of the length of the apical hook zone expressing KN-GFP. Signiﬁcant differences determined by Student’s t test are indicated as ***P <
0.0001 (n = 10 seedlings at the early maintenance phase, 26 h after germination).
(F) and (G) Apical hook development in wild-type seedlings treated with HU and ACC+HU (F) and cycA2;2 cycA2;3 cycA2;4 seedlings treated with MS and
ACC (G) when compared with control (Col). Error bars represent standard errors.
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division activity reduced either by a treatment with hydroxyurea
(HU) (Figures 4C to 4E; Supplemental Figures 7C to 7E) or due to
a lack of CYCA2;2, CYCA2;3, and CYCA2;4 expression affected
apical hook development. Primarily, neither the seedlings treated
with HU nor the multiple loss-of-function mutant cycA2;2 cycA2;3
cycA3;4 were able to form the ethylene-induced exaggerated
hook curvature (Figures 4F and 4G). By contrast, increased cell
proliferation caused either by hyperactivity of the GROWTH
REGULATING FACTOR5 (Horiguchi et al., 2005) (Figures 5A, 5B,
and 5H) or lack of cell cycle repressors, such as SAMBA (Eloy et al.,
2012) (Figures 5C, 5D, and 5I), DA1-1, and ENHANCER OF DA1
(EOD1) (Li et al., 2008) promoted exaggerated hook development
(Figures 5E to 5G).
Typically, ethylene perception mutants are defective in apical
hook development and do not respond to ethylene with hook
exaggeration. Hence, we further considered whether some of
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these defects might result from reduced cell proliferation. Examination of the ethylene receptor mutant etr1 revealed a dramatically reduced proliferating zone in the presence of ethylene,
suggesting that ethylene plays a role in the maintenance of
the proper cell proliferation pattern during hook development
(Supplemental Figures 9A to 9F). Collectively, our data indicate
that the enlargement of the cell proliferating zone presumably
enhances the hook ﬂexibility toward deformations, eventually
leading to an exaggerated phenotype.
Auxin Coordinates Cell Proliferation and Differential Growth
The combination of experimental and modeling approaches indicated that both the auxin-mediated differential cell growth and
cell proliferation (which might be modulated by ethylene) ﬁne-tune
the degree of hook bending. To explore in silico the possibility of

Figure 5. Promoted Cell Proliferation Leads to Apical Hook Exaggeration.
(A) to (I) Size of the cell proliferation zones in the 35S:GRF5 line ([B], quantiﬁed in [H]) and its wild type (A) and the samba mutant ([D], quantiﬁed in [I]) and its
wild type (C) as monitored with CYC1;1B:GUS. Signiﬁcant differences determined by Student’s t test are indicated as ***P < 0.0001 (n = 10 seedlings at the
early maintenance phase, 26 h after germination). Red arrows mark zone of CYC1;1B:GUS expression.
(E) to (G) Kinetics of apical hook development shows exaggeration of the apical hook formation in 35S:GRF5 (E), samba (F), and dai1 (G) seedlings. Error bars
represent standard errors.
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feedback from auxin on the cell proliferation during the apical hook
formation, we performed longitudinal hook model simulations
(Figure 3A) that integrated the auxin-promoted cell division driving
the self-organization of the hook growth in addition to auxincontrolled cell elongation (Supplemental Figure 10). Therefore, we
assumed that cells that accumulate auxin levels above a given
threshold would proliferate rapidly regardless of their size.
The revisited model faithfully recapitulated the apical hook
formation observed in planta (Supplemental Figure 6F). Moreover,
our model suggested that ethylene treatments promote either
auxin responses or, alternatively, auxin biosynthesis, which is
largely in agreement with previous reports on ethylene promoting
effect on auxin biosynthesis (Swarup et al., 2007; Vandenbussche
et al., 2010; Li et al., 2004). The effect of ethylene preferentially

leads to enhanced cell proliferation on the concave hook side (Raz
and Koornneef, 2001; see below). In such a scenario, proliferating
cells on the concave side are relaxed due to discrete cell division
events, whereas cells on the convex side follow rapid outgrowth
that results in an exaggerated hook phenotype (Supplemental
Figures 6G and 6H).
To further explore these possibilities, we examined mutants
defective in auxin transport and signaling. The size of the proliferative zone was reduced signiﬁcantly in the pin3 mutant (Figures 6A, 6B, and 6K), previously shown to exhibit signiﬁcant apical
hook development defects (Žádníková et al., 2010) (Figures 6N
and 6O) as well as in seedlings treated with the auxin transport
inhibitor NPA (Figure 7C and 7H). Similarly, accumulation of the
auxin response repressors solitary root (slr) and short hypocotyl2-2

Figure 6. Reduced Cell Proliferation in Auxin-Related Mutants.
(A) to (M) Length of the cell proliferation zone in apical hooks of control ([A], [F], and [K]), pin3 ([B], [G], and [K]), slr ([C], [H], and [L]), SHY2-2 ([D], [I], and [M]),
and shy2-2 ([E], [J], and [M]) monitored with CYC1;1B:GUS. Seedlings germinated on MS medium ([A] to [E]) and ACC-supplemented medium ([F] to [J]).
Red arrows mark zone of CYC1;1B:GUS expression. Signiﬁcant differences determined by Student’s t test are indicated as ***P < 0.0001 (n = 10 seedlings at
the early maintenance phase, 26 h after germination).
(N) to (S) Apical hook development in pin3 ([N] and [O]), slr ([P] and [R]), and shy2-2 ([Q] and [S]) on MS ([N], [P], and [Q]) and with ACC-supplemented ([O],
[R], and [S]) medium. Error bars represent standard errors.
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(shy2-2) in gain-of-function mutants, previously shown to interfere
with the apical hook formation (Žádníková et al., 2010) (Figures 6P to
6S), dramatically reduced the size of the cell proliferative zone
(Figures 6C to 6E, 6L, and 6M). Furthermore, the cell proliferation
defects in the pin3, slr, and shy2-2 mutants could not be fully rescued
by treatment with ethylene (Figures 6F to 6J and 6K to 6M), indicating
that intact auxin activity downstream of ethylene is also required to
sustain cell proliferation.
To explore how auxin regulates cell proliferation during apical
hook formation, we tested whether auxin responses and cell division patterns could be correlated. Quantiﬁcation of KN-GFPpositive cells in the apical hook revealed that the proportion of
dividing cells at the high auxin level-containing concave hook side
was signiﬁcantly higher than at the convex side (Figures 7A and
7G). Ethylene-treated etiolated seedlings exhibited a larger proliferation zone and the proportion of cells expressing the KN-GFP
reporter was enhanced at the concave side of the hook (Figures 7B
and 7G). By contrast, auxin transport inhibition with NPA impaired
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the asymmetry of both the auxin response (as previously shown;
Žádníková et al., 2010) and cell division patterns (Figures 7C and
7G). Strikingly, the length of the cell proliferation zone detected
with the KN-GFP reporter correlated with the length of the DR5rev:
GFP-expressing zone (Figures 7D to 7F and 7H). Altogether, these
data indicate that ethylene and auxin jointly coordinate differential
cell growth and cell division in a transport-dependent manner
during apical hook development.
DISCUSSION
Previous expression and localization studies suggest that an
asymmetric distribution of PIN proteins contributes to the establishment of an auxin maximum at the concave side of the hook,
thus guiding apical hook formation (Žádníková et al., 2010).
However, it was not clear whether such local differences in PIN
expression were sufﬁcient to direct auxin toward the concave side
of the bending hypocotyls, and the precise cellular location of the

Figure 7. Asymmetric Cell Proliferation Pattern in the Apical Hook Correlates with Auxin Distribution.
(A) to (C) Cell proliferation pattern in apical hooks grown on MS (A), ACC (B), and NPA (C) monitored with KN-GFP.
(D) to (F) Auxin distribution pattern in apical hooks grown on MS (D), ACC (E), and NPA (F) monitored with DR5rev:GFP. Red arrows mark zone of GFP
reporter expression.
(G) The number of cells expressing KN-GFP at the concave versus the convex side of the apical hooks grown on MS, ACC, and NPA medium. Signiﬁcant
differences in the numbers of cells expressing KN-GFP at the concave when compared with convex side determined by Student’s t test (***P < 0.0001,
n = 10 seedlings at the early maintenance phase 26 h after germination).
(H) Length of the KN-GFP and DR5rev:GFP expression zone in apical hooks grown on MS, ACC, and NPA medium. Signiﬁcant differences of the length of
either the KN-GFP or DR5rev:GFP positive zone when compared with MS grown seedlings (n = 10 seedlings at the early maintenance phase 26 h after
germination, Student’s t test ***P < 0.001). Yellow line represents the middle of the apical hook and divides the hook on the convex and concave side. Error
bars represent standard errors.
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auxin maxima in the hooks was not known. Here, we demonstrated that asymmetric PIN expression in both the cortex and
epidermal cell layers promotes the transport of auxin toward the
concave side of the hypocotyl and that it is sufﬁcient to generate
the auxin maximum in the epidermal cells. Application of a computational model was instrumental to dissect the mechanistic
basis for the PIN-driven establishment of the local auxin maximum
required to determine the curvature of an apical hook. Dynamic
computer simulations allowed us to analyze how local perturbations in the auxin transport capacity, such as the lack of differential PIN expression or attenuation of PIN activity in the
epidermis, might affect the auxin distribution pattern. In agreement with the model’s predictions, we observed that attenuated
PIN expression results in less concentrated auxin maxima that
widen toward the convex epidermis side. However, it remains to
be investigated which mechanisms determine the initial asymmetry of PIN expression and PIN polarities that lead to an auxin
maximum on the concave side of the hook.
Our dynamic computer model that integrates auxin-mediated
cell elongation and cell proliferation suggests that, while differential cell elongation drives the hook bending, the localized cell
proliferation provides means for ﬂexible, growth-induced organ
adaptation. This might be particularly important under stress
conditions when germinating seedlings must rapidly adapt to
environmental changes. Experimental analyses of plants affected
in cell proliferation support these predictions. The reduced cell
division rate interferes with normal hook development and limits
hook bending. By contrast, an enlarged zone of cell proliferation,
as revealed by enhanced expression of cell cycle regulators in
overexpression lines, correlates with exaggerated apical hook
bending. Accordingly, exaggerated apical hooks formed at high
ethylene supply exhibited enlarged proliferation zones, indicating
that part of the ethylene effect on apical hook development might
involve modulation of cell proliferation capacity in the apical zone
of the hypocotyl.
Collectively, our modeling and experimental data indicate that
the local enlargement of the cell proliferation zone correlates with
a higher degree of hook bending. Moreover, the size of the cell
proliferation zone was dramatically affected in auxin transport and
signaling mutants, suggesting that auxin might contribute to the
control of cell proliferation activity during hook development. Our
ﬁndings suggest that the proportion of cell divisions was higher at
the concave side than at the convex side of the hook, thus correlating with auxin accumulation.
Model results, supported by experimental data, demonstrated
that ethylene feedback in auxin metabolism (Vandenbussche
et al., 2010) and auxin transport might ﬁne-tune the auxin activity
and assist in setting the degree of the hook curvature. However, to
what extent the ethylene effects on cell proliferation within the
apical hook zone are direct or mediated through auxin remains to
be explored. Several reports have suggested that part of the
ethylene effect involves interaction with auxin biosynthesis
(Vandenbussche et al., 2010), auxin signaling (Li et al., 2004), and
auxin transport (Vandenbussche et al., 2010; Žádníková et al.,
2010); in addition, ethylene effects on other auxin-independent
mechanisms that inﬂuence cell proliferation cannot be excluded.
Taken together, we identiﬁed a putative framework for apical
hook formation and the speciﬁcation of hook curvature, in which

an ethylene-auxin crosstalk mechanism instructs differential cell
growth and precisely restricts a spatial cell proliferation domain.
We propose that hormonal crosstalk confers the regulatory
ﬂexibility to modulate polar auxin transport and auxin gradients
that effectively feedback on cell growth dynamics and cell division
patterning to shape whole-organ curvature and thereby increase
the developmental ﬂexibility of a plant to adapt to environmental
changes.
METHODS
Plant Material
The transgenic Arabidopsis thaliana lines have been described previously:
DR5rev:GFP (Friml et al., 2003); PIN3:PIN3-GFP (Žádníková et al., 2010);
PIN4:PIN4-GFP and PIN7:PIN7-GFP (Blilou et al., 2005) CYC1;1B:GUS
(Ferreira et al., 1994); DR5:GUS (Sabatini et al., 1999); KN:KN-GFP
(Reichardt et al., 2007); pin3-4, pin4-3, and pin7-1 (Žádníková et al., 2010);
DR5rev:GFP pin3-4 (Ding et al., 2011), DR5rev:GFP pin4-3 (Weijers et al.,
2005) and DR5rev:GFP pin7-1 (Friml et al., 2003); pin1-1 pin3-5 pin4-3
pin7-1 DR5rev:GFP (Robert et al., 2013); CYCA2;1:GUS, CYCA2;2:GUS,
CYCA2;3:GUS, CYCA2;4:GUS, and cycA2;2 cycA2;3 cycA2;4 (Vanneste
et al., 2011); 35S:GRF5 (Horiguchi et al., 2005), dai1 eod1 (Li et al., 2008),
samba (Eloy et al., 2012), and etr1-3 (Guzmán and Ecker, 1990). PIN3:PIN3GFP etr1-3 and PIN7:PIN7-GFP etr1-3 were generated by crosses. The
mutants etr1-3, pin3-4, shy2-2 (Tian and Reed 1999), slr (Fukaki et al.,
2002), and samba were crossed with CYC1;1B:GUS and/or with DR5rev:
GFP.
Growth Conditions
Seeds were surface sterilized with ethanol, plated on half-strength
Murashige and Skoog medium (Duchefa) with 1% sucrose, 0.8% agar, pH
5.7, 5 mM ACC (Sigma-Aldrich), or 5 mM NPA (Duchefa) and 100 mM HU
(Sigma-Aldrich), which were added to the media. Seedlings were vernalized for 2 d at 4°C, exposed to light for 12 h at 18°C to synchronize the
germination start, and cultivated in the dark at 18°C (Smet et al., 2014).
Seedlings 26 h after germination were either imaged by confocal microscopy, stained to detect GUS, or used for transverse sectioning.
Transverse Sectioning of Apical Hook Using Vibrating Microtome
Seedlings 26 h after germination were ﬁxed for 2 h in 3.7% paraformaldehyde (Serva) in MTSB (50 mM PIPES, 5 mM EGTA, and 1 mM
MgSO4, pH 6.8) and immobilized in 5% (w/v) low-melting-point agarose
(Sigma-Aldrich) in water. The agarose blocks were mounted with agarose
onto the stage of a motorized Advance Vibroslice (World Precision Instruments) and 25-mm transverse sections through the apical hook were
observed with Zeiss LSM 510 confocal microscope (Carl Zeiss).
Confocal Microscopy
For confocal microscopy imaging, a Zeiss LSM 710 and Zeiss LSM 780 with
Zeiss C-Apochromat 633/1.20 water immersion objective and a Leica TCS
SP2 AOBS with HC PL APO 203/0.70 water immersion objective were
used. The GFP signal after a 488-nm argon laser line excitation was detected in the spectral range from 500 to 590 nm for the Zeiss and from 505 to
580 nm for the Leica system.
Optical Transverse Sections of Apical Hook
The confocal microscope Zeiss LSM 780 was used to acquire optical
transverse sections of the apical hook. The same seedlings used for
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confocal microscopy and further for ﬂuorescence signal quantiﬁcation
were used for optical transverse sections using x-y line scanning in
combination with z-stacking through the specimen (typical pixel size: 0.26
mm; thickness of a stack: 20 mm). Fluorescence signals were recorded by
a GaAsP point detector and digitalized to build up the confocal x-z image
pixel by pixel.

8 h. Seedlings mounted in chloral hydrate (Fluka) were analyzed with
a differential interference contrast microscope (BX51 [Olympus] and
10 UPLSAPO objective equipped with a digital CCD camera [2/3-CCD
camera], 6.45- to 6.45-mm pixel size, high sensitivity, high resolution,
Peltier cooled, dynamic range of 3 to 12 bit). Images were processed with
Adobe Illustrator.

Quantitative Analysis of PIN-GFP and DR5rev:GFP Expression

Accession Numbers

The maximum projection confocal-based pictures were reconstructed with
the Zeiss ZEN 2009 software from full z-stacks images of longitudinal
whole-mount etiolated seedlings (26-h after germination) taken through the
cortex and epidermal layers. These pictures were used for quantitative
analysis of ﬂuorescence intensity of the PIN3-GFP, PIN4-GFP, and PIN7GFP signals. PIN-GFP signal was quantiﬁed on transverse membranes
(Žádníková et al., 2010) at the convex and concave sides of the apical hooks
with ImageJ (NIH; http://rsb.info.nih.gov/ij). At least 10 seedlings were
evaluated per treatment and analyzed statistically with GenStat (VSN International, 14th edition).
Quantiﬁcation of the DR5rev:GFP reporter signal intensity was performed on images acquired under strictly identical acquisition parameters
for the wild-type Col-0 and the each mutant. Quantiﬁcation was performed
on transverse section images of apical hook acquired by line-scan confocal
microscopy (as described above) using ImageJ. A region of interest whose
size was kept constant was placed over the concave side of each individual
apical hook measured. For each experiment, one epidermal cell positioned
in the center of the concave side of the hook was measured. At least
20 seedlings were evaluated per treatment and analyzed statistically with
GenStat (VSN International, 14th edition).

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: AT1g70940 (PIN3), AT2g01420 (PIN4), AT1g23080 (PIN7),
AT1g73590 (PIN1), AT5G25380 (CYCA2;1), AT5g11300 (CYCA2;2),
AT1g15570 (CYCA2;3), AT1g80370 (CYCA2;4), At1g19270 (DA1),
At3g63530 (EOD1), AT1g32310 (SAMBA), AT1g66340 (ETR1), AT1g04240
(SHY2), AT4g14550 (SLR), AT1g04550 (BDL), AT4G37490 (CYC1), and
AT1G08560 (KN).

Scoring the Proportion of Epidermal Cell Expressing DR5rev:GFP
Transverse sections of seedlings carrying DR5rev:GFP in the wild-type or
mutant background (26 h old) acquired either by sectioning of ﬁxed
samples using vibrating microtome or line-scan confocal microscopy were
used for scoring the proportion of cells exhibiting DR5rev:GFP expression
was scored. The number of epidermal cells positive for the GFP signal was
scored and the proportion from the total number of epidermal cells in the
apical hook was calculated (e.g., 14 cells with a GFP signal out of 29 is equal
to 48%). Statistical analysis was done with Genstat (VSN International, 14th
edition). The P value for Student’s t test was 0.01, 0.05, and 0.001.
Quantiﬁcation of the Length of the Apical Hook Proliferation Zone
Length of the apical hook proliferation zone from shoot apical meristem to
the last cell expressing either KN-GFP or CYC1;1B:GUS was measured. At
26 h after germination, seedlings were measured using ImageJ software
(http://rsb.info.nih.gov/ij). At least 10 seedlings were evaluated per treatment and analyzed statistically with Genstat (VSN International, 14th
edition).
Real-Time Analysis of Apical Hook Development
Seedling development was recorded at 1-h intervals for 7 d at 18°C with an
infrared light source (940 nm LED; Velleman) by a spectrum-enhanced
camera (Canon Rebel T2i, 550DH, EF-S 18-55 mm, IS lens kit with built-in
clear ﬁlter wideband-multicoated and standard Canon accessories) and
operated by the EOS utility software. Angles between the hypocotyl axes
and cotyledons were measured by ImageJ. Fifteen seedlings with synchronized germination start were processed.
Histochemical Analysis of GUS Activity
Histochemical GUS staining was done as described previously (Žádníková
et al., 2010). The staining reaction was performed at 37°C in the dark for
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