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Biphasic control of cell expansion by auxin coordinates 
etiolated seedling development
Minmin Du1†, Firas Bou Daher1†, Yuanyuan Liu2, Andrew Steward3, Molly Tillmann3‡, 
Xiaoyue Zhang2, Jeh Haur Wong1, Hong Ren1, Jerry D. Cohen3, Chuanyou Li2*, William M. Gray1*

Seedling emergence is critical for food security. It requires rapid hypocotyl elongation and apical hook formation, 
both of which are mediated by regulated cell expansion. How these events are coordinated in etiolated seedlings 
is unclear. Here, we show that biphasic control of cell expansion by the phytohormone auxin underlies this 
process. Shortly after germination, high auxin levels restrain elongation. This provides a temporal window for 
apical hook formation, involving a gravity-induced auxin maximum on the eventual concave side of the hook. This 
auxin maximum induces PP2C.D1 expression, leading to asymmetrical H+-ATPase activity across the hypocotyl that 
contributes to the differential cell elongation underlying hook development. Subsequently, auxin concentrations 
decline acropetally and switch from restraining to promoting elongation, thereby driving hypocotyl elongation. 
Our findings demonstrate how differential auxin concentrations throughout the hypocotyl coordinate etiolated 
development, leading to successful soil emergence.

INTRODUCTION
Successful seedling emergence enables plants to produce photo-
synthates to fuel growth and development. In most dicots, rapid 
hypocotyl elongation drives seedling emergence from the soil (1). 
Simultaneously, the apical hook structure develops at the hypocotyl 
apex, which protects the shoot apical meristem from damage (2, 3). 
This strategy of seedling emergence was described 140 years ago in 
Darwin’s pioneering work (2). The phytohormone auxin plays 
crucial roles in regulating both hypocotyl elongation and apical 
hook development (4–9) through its ability to mediate changes in 
cell expansion in a tissue- and concentration-dependent manner 
(10). However, key questions related to these processes remain. 
First, hypocotyl elongation proceeds slowly initially and accelerates 
markedly at around 24 hours post germination (HPG) with cells 
elongating as an acropetal (from bottom to top) wave (1, 11). How 
these temporal and spatial patterns of cell expansion are controlled 
is unclear. Second, while auxin can promote cell elongation in the 
growing parts of the hypocotyl (4), it inhibits elongation at the 
apical hook region (9). How auxin exerts these differential effects 
throughout the hypocotyl is unknown. Third, auxin asymmetrically 
accumulates at the concave side of the hook to inhibit cell elonga-
tion and drive hook formation (5, 9), but both the underlying mech-
anism for this inhibition and the signal that initiates the asymmetric 
auxin distribution remain uncertain (12, 13). Finally, fourth, auxin- 
mediated promotion of hypocotyl cell elongation can be explained 
by the acid growth theory (14). This requires auxin-induced small 
auxin-up RNA (SAUR)–mediated repression of PP2C.D (D clade 
type 2C protein phosphatase) phosphatases to activate plasma mem-
brane (PM) H+–ATPases (adenosine triphosphatases) (4, 15–17). 

These downstream effectors of auxin may also participate in apical 
hook development (16, 17), but the mechanism of inhibition of cell 
elongation on the concave side of the hook has yet to be identified.

RESULTS AND DISCUSSION
Auxin regulates hypocotyl cell elongation 
in a biphasic manner
Auxin regulates cell expansion in a concentration- and tissue- 
dependent manner (4). In general, auxin promotes cell expansion in 
shoots (16) while inhibiting it in roots (18, 19). A notable exception 
exists at the concave side of the apical hook, where auxin inhibits 
cell expansion (9). To obtain insights into how auxin coordinates 
hypocotyl elongation and apical hook development, we first ana-
lyzed the spatial distribution of auxin signaling in the epidermis of 
etiolated Arabidopsis hypocotyls, in which cell elongation proceeds 
acropetally from the base to the tip over time (1, 11). We used the 
R2D2 reporter, which consists of auxin-degradable (DII) and 
auxin-insensitive (mDII) fluorescent proteins (20). The mDII/DII 
signal ratio may serve as a proxy for cellular auxin levels (20). Treat-
ment with the natural auxin, indole-3-acetic acid (IAA), increased the 
mDII/DII ratio, whereas the IAA biosynthesis inhibitor KOK2153 
(21) led to a decrease in the ratio (fig. S1, A to C), validating the use 
of this reporter as a proxy for auxin distribution in these cells. Visual 
inspection of R2D2 signals suggested an auxin gradient down the 
hypocotyl, with the highest auxin signal in the upper cells (fig. S1A). 
This was confirmed by quantifying the mDII/DII ratio at the cellu-
lar level in epidermal cells along the length of young hypocotyls 
(Fig. 1A) and at the organ level by IAA quantification in the upper 
and lower halves of 36HPG hypocotyls (fig. S1D).

An inverse correlation between auxin level and cell length along 
the hypocotyl (Fig. 1A) suggested a critical role for the auxin gradient 
in regulating hypocotyl elongation. A shift in the auxin signal along 
the hypocotyl appeared to move upward over time, which coincided 
with the front of the cellular elongation wave (Fig. 1A). To further 
characterize the relationship between auxin and cell length during 
hypocotyl elongation, we selected the bottom five cells (low auxin 
signal) and the top five cells (high auxin signal) of the hypocotyl for 
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Fig. 1. Auxin regulates hypocotyl cell elongation in a biphasic manner. (A) Cell length (magenta) and corresponding auxin signaling (green) from bottom (cell index 1) 
to top (cell index 18) of the hypocotyl epidermis during early hypocotyl development. Bars represent the SEM. (B) Schematic diagrams showing the positions of the top 
cells (T) and bottom cells (B) analyzed in etiolated hypocotyls. The epidermal cells where the R2D2 signals and cell lengths were measured are highlighted in blue. (C and 
D) Quantification of the mDII/DII ratio (C) and cell lengths (D) in the top (T) and bottom (B) cells of R2D2 hypocotyls for the indicated time. Five bottom cells (B) and five 
top cells (T) were used for quantification from each hypocotyl. (E) Quantification of hypocotyl length during etiolated seedling development, n = 60 hypocotyls. (F and 
G) Quantification of epidermal cell length of the bottom (F) and top (G) cells during etiolated seedling development, n = 300 cells. (E to G) Germinated seeds were 
transferred to ½ Murashige and Skoog (MS) medium containing 1% sucrose supplemented with dimethyl sulfoxide (DMSO) (mock) or KOK2153 (KOK). Five bottom cells 
and five top cells from each hypocotyl were used for quantification. Values represent sample means ± SEM from three replicates. (H) Quantification of hypocotyl length 
during etiolated seedling development in Col-0 and the wei8 tar2 mutant. (I) Quantification of hypocotyl length during etiolated seedling development in Col-0 and 
the axr2-1 mutant. *P < 0.01.
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further detailed analysis (Fig. 1B). A significant difference in the 
auxin signal between the upper and lower cells was apparent at all 
time points examined (Fig. 1C). As previously described, etiolated 
hypocotyls showed a transition from slow to rapid elongation be-
ginning at around 24HPG (1, 11). From 24 to 36HPG, the bottom 
cells more than doubled their length (Fig. 1D), and a strong reduc-
tion in the auxin signal in these cells was evident (Fig. 1C). To 
further address the relationship between auxin and this growth 
wave, we analyzed the kinematics of hypocotyl elongation using 
pharmacologic and genetic tools. Inclusion of KOK2153  in the 
medium significantly promoted hypocotyl elongation at the early 
stages (before 24HPG) but inhibited elongation thereafter (Fig. 1E). 
Consistently, epidermal cell lengths in the presence of the inhibitor 
were significantly increased at the early stages but decreased at the 
later stages (Fig. 1, F and G), compared with untreated controls. The 
inhibitor’s effects during the early stages were largely reversed by 
cotreatment with 100 nM IAA, indicating that these effects were 
caused by inhibition of auxin biosynthesis (fig. S2, A and B). These 
observations suggest a biphasic role for auxin in hypocotyl cell elongation: 
Auxin inhibits individual cell elongation at the early stages but pro-
motes it at the later stages. Consistent with this notion, treatment 
with auxinole, an antagonist of the TIR1/AFB (transport inhibitor 
response 1/auxin signaling F-box protein) auxin receptors (22), also 
promoted hypocotyl cell elongation at 12HPG (fig. S2, C to E). To 
genetically challenge this hypothesis, we analyzed the Arabidopsis 
thaliana mutants wei8-3 tar2-1 and tir1 afb2 that display decreased 
auxin biosynthesis (23, 24) and defective auxin perception (25), re-
spectively. Both mutants exhibited longer hypocotyl cells at 12HPG 
when compared with the wild type (WT) (fig. S2, F to H). By contrast, 
the yuc1-D mutant, which overproduces IAA (26), displayed shorter 
hypocotyl cells (fig. S2, F to H). Furthermore, kinematic analysis of 
etiolated hypocotyl lengths in both moderate (tir1 afb2) and strong 
(axr2-1) (27) auxin signaling mutants, as well as the wei8-3 tar2-1 
biosynthesis mutant, further demonstrated the biphasic role for auxin 
in hypocotyl cell elongation, as these mutants exhibited longer hypocotyls 
than WT controls during early development, but shorter hypocotyls 
at later stages (Fig. 1, H and I, and fig. S2I). Although auxin is typically 
thought to promote cell elongation in shoots, here we demonstrate, 
through fine temporal and spatial analyses, an inhibitory effect on 
hypocotyl cell elongation during the early stages of etiolated seed-
ling development.

Auxin concentrations correlate with the biphasic  
hypocotyl elongation
The biphasic role of auxin in hypocotyl cell elongation indicates 
that auxin both restrains and promotes hypocotyl elongation in pre-
cise developmental contexts. This transition from auxin inhibiting 
to promoting elongation occurred earlier in the bottom cells 
(at ~24HPG) than in the top cells (after 36HPG) (Fig. 1, F and G). 
The cell length at which the transition occurred was very similar 
between the bottom and top cells (~80 m; Fig. 1, F and G), suggest-
ing that cell size might be a key factor affecting the transition. Be-
cause the R2D2 reporter suggested that bottom cells contained less 
auxin (Fig. 1C and fig. S1D), we hypothesized that the transition is 
driven by the decreased IAA concentration in cells to levels that 
promote cell elongation (10). As hypocotyls elongated, the cellular 
mDII/DII ratio gradually dropped, and the ratio at which the tran-
sition occurred was very similar between the bottom (24HPG) and 
top (36HPG) cells (~0.8; Fig. 2, A and B). These findings support 

the idea that the transition is the result of reduced cellular IAA 
concentration. Conceivably, this reduction in IAA concentration 
could be caused by the slow increase in cell volume that occurs 
during the time at which auxin is restraining elongation. To explore 
this possibility, we quantified the IAA concentration in elongating 
hypocotyls over time and found a significant decrease in auxin con-
centration (as expressed per volume of hypocotyl) between 12HPG, 
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Fig. 2. Decreased auxin levels correlate with increased cell volume and SAUR 
expression during hypocotyl elongation. (A and B) Decreased auxin levels cor relate 
with increased cell volume of bottom (A) and top (B) cells of R2D2 hypocotyls for 
the indicated time. Auxin levels were proxied by the inverse n3 × Venus/ntdTomato 
signal ratio (mDII/DII). Cells were assumed to have a cylindrical shape, and cell volume 
was estimated by the formula for the volume of a cylinder [ * (width/2)2 * length]. 
Five cells each from the bottom and the top of the hypocotyl were used for analysis. 
Values represent sample means ± SEM from three replicates. (C) Quantification of 
hypocotyl volumes at indicated times. (D) Quantification of endogenous IAA in the 
elongating hypocotyls at indicated times. Auxin concentrations were expressed 
in picograms of IAA per volume of hypocotyl (mm3). Different letters indicate statistical 
differences between groups with P < 0.01 using analysis of variance (ANOVA) test. 
(E) Expression of auxin- responsive genes in etiolated hypocotyls at the indicated 
times. (F) SAUR22::GUS expression in etiolated hypocotyls at the indicated times. 
Scale bars, 1 mm. (G) Expression of auxin-responsive genes in etiolated hypocotyls 
grown on different media. Germinated seeds were transferred to ½ MS medium 
supplemented with 1% sucrose and with DMSO (mock) or 1 M IAA (IAA) for growth. 
Expression analysis was performed at 36HPG. (E and G) Expression levels of indi-
cated genes were normalized against ACTIN7 expression and presented as the 
fold change to the expression at 12HPG (E) or mock (G). Data are means ± SEM 
from three biological replicates. *P < 0.01.
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24HPG, and 36HPG (Fig. 2, C and D). While cell volume increases 
are generally thought to be the result of increased vacuole size, 
nuclei containing the TIR1/AFB receptors also increase in size as a 
result of endoreduplication (1), which could contribute to the 
dilution of the active IAA pool.

We next examined how this decrease in auxin concentrations is 
reflected on the expression of SAUR genes, which promote auxin- 
mediated cell elongation. The expression of SAUR genes increased 
markedly (>60-fold) as hypocotyls grew (Fig. 2, E and F), suggesting 
that high IAA levels inhibit SAUR expression at the early stages of 
hypocotyl elongation. Consistent with this possibility, 1 M IAA 
treatment repressed the expression of SAUR genes but induced the 
expression of other auxin-responsive genes in hypocotyls (Fig. 2G). 
These results suggested that auxin-mediated repression of SAUR 
expression might contribute to its inhibitory effect on hypocotyl 
cell elongation at the early stages. This notion is supported by the 
observation that constitutive expression of SAUR19 from the 35S 
promoter resulted in increased hypocotyl cell length (fig. S2, J to L).

Together, these findings suggest that high auxin levels inhibit 
SAUR expression and cell elongation during the early stages of etio-
lated seedling development. As the hypocotyl cells elongate follow-
ing an acropetal wave, the auxin concentration drops, perhaps as a 
result of the increased cell volume, to reach levels that promote cell 
elongation. This concentration-dependent inhibition suggests 
parallels with apical hook formation, where high IAA levels in cells 
of the presumptive concave side of the developing hook are believed 
to inhibit cell elongation (6). We therefore undertook an investiga-
tion to determine whether and how this inhibition is involved in 
apical hook formation during early seedling development.

Gravity triggers asymmetric auxin distribution  
for apical hook formation
Apical hook formation is driven by asymmetric auxin distribution 
across the hypocotyl (3, 5, 28). The signal that initiates the asym-
metric auxin distribution remains unclear (12, 13). Gravity has long 
been suggested to play a role in apical hook formation (29–31). Early 
studies using clinostats identified a major role for gravity in hypo-
cotyl apical hook formation in cress (29), although other studies 
using pea seedlings that form an epicotyl hook yielded conflicting 
results (32). Recently, a signal originating from gravity-induced 
root bending, but not from gravity per se, was proposed to direct 
apical hook formation (12). In that study, however, apical hooks 
still formed after removal of the root, suggesting the signal may not 
originate from the root. We therefore hypothesized that apical hook 
formation is a hypocotyl gravitropic response. We first noticed that, 
upon rotating etiolated seedlings to a horizontal plane, the hypocotyl 
curved against gravity, while apical hooks actively reoriented positive-
ly with the new gravity vector (movie S1). Because shoot gravitropic 
response was reported to be sensitive to the inclination angle of the 
organ from the direction of gravity (33, 34), we tested whether the 
inclination angle of the hypocotyl would affect hook formation. We 
placed the germinated seeds at a vertical orientation (inclination 
angle  = 0, vertical group) or at a horizontal orientation (inclina-
tion angle  = 90°, horizontal group) (Fig. 3A and fig. S3A) and 
monitored the development of the hook. Apical hooks formed 
significantly earlier in the horizontal group than in the vertical 
group, regardless of cotyledon orientation (Fig. 3A, fig. S3A, and 
movie S2). In the horizontal group, hook bending was observed as 
early as 6HPG, and the hook angle reached its maximum around 

24HPG. By contrast, in the vertical group, hypocotyls started to 
bend at about 12HPG and fully formed the hook after 30HPG. The 
asymmetric distribution of auxin signal, at the organ level, as shown 
by the DR5::VENUS-NLS reporter (35), was also established earlier 
in the horizontal group than in the vertical group (Fig. 3B). Further-
more, hook formation was affected by periodically rotating the 
seedlings to counteract the effect of gravity (fig. S3, B and C). 
Removal of the root delayed hook formation, potentially as a result 
of wounding or impaired water/nutrient uptake (12). However, 
periodic rotation of rootless seedlings conferred a nearly identical 
reduction in hook angle as was observed for intact seedlings, sug-
gesting that gravity’s effect on hook formation was independent of 
the root (fig. S3D). These data indicate that hook formation might 
be a gravity-dependent and root-independent response. To geneti-
cally support this notion, we analyzed mutants that are defective in 
shoot gravitropism. Two radial pattern mutants, scarecrow (scr-3/ 
shoot gravitropism1) and short-root (shr-2/shoot gravitropism7), 
exhibit impaired shoot gravitropism, because of the absence of the 
gravity-sensing endodermal cell layer (36). Both mutants were 
defective in apical hook formation, with the more severe shr-2 mutant 
exhibiting a stronger defect (Fig. 3C, fig. S3E, and movie S3). Consist-
ently, the normally asymmetric distribution of the DR5::VENUS-NLS 
signal at the hook region was largely abolished in the shr-2 mutant 
(Fig. 3D). Recently, the LAZY family of genes have been implicated 
in the control of gravity-induced directional auxin transport (37). 
In the atlazy2,3,4 triple mutant and the atlazy1,2,3,4 quadruple 
mutant, auxin accumulated at the nongravistimulated side, and 
accordingly, the mutants exhibited reversed gravitropic responses 
(38). Hence, we used these atlazy mutants to examine gravity’s role 
in apical hook formation. When placed at a horizontal orientation, 
14% of the atlazy2,3,4 hooks (8 of 57) and 92% of the atlazy1,2,3,4 
hooks (56 of 60) were formed with the concave side facing upward 
instead of downward (Fig. 3, E and F, and movie S4), and DR5::GFP 
(green fluorescent protein) (39) signal accumulated at the non-
gravistimulated side (Fig. 3G). Furthermore, consistent with a pre-
vious study showing that gravity-induced polarization of the auxin 
efflux carrier PIN-FORMED3 (PIN3) mediated auxin flow toward 
the lower side of the hypocotyl (40), we found that, when the hook 
is forming, PIN3-GFP (8) exhibited stronger accumulation in the 
endodermis of the concave side compared with the convex side (Fig. 3H), 
supporting the idea that gravity-induced PIN3 asymmetric distribu-
tion is also involved in auxin mobilization for apical hook formation. 
These results strongly imply that gravity is an important signal that 
triggers asymmetric auxin distribution for apical hook formation.

During plant gravitropic responses, shoots bend upward (nega-
tive gravitropism) while roots bend downward (positive gravitro-
pism) (41). The basis of this opposite gravitropism is the regulation 
by auxin, which generally promotes cell elongation in shoots, while 
inhibiting it in roots. That is, gravity-induced auxin accumulation 
on the lower side will strengthen the growth inhibition on that side 
of the root to cause the downward bending. By contrast, in the 
shoot, gravity-induced auxin accumulation on the lower side will 
increase the growth promotion on that side, leading to an upward 
curvature (42). The differential regulation of gravitropism by auxin 
is likely concentration dependent, since the application of high auxin 
concentration induced a switch in tomato hypocotyl gravitropic 
response from negative to positive (43). We verified this finding in 
tomato seedlings and Arabidopsis shoots (fig. S4A and movies S5 
and S6). Our finding that high auxin concentrations also inhibit cell 
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elongation in hypocotyls during early seedling development (Fig. 1 
and fig. S2) suggested the possibility that the auxin maximum at the 
presumptive concave side of developing hooks promotes downward 
bending in response to gravity. Consistent with this notion, hypo-
cotyls bent upward when the gravity-directed auxin flow was re-
versed in the atlazy mutants (Fig.  3,  F  and  G). The downward 
bending of the hypocotyl is the beginning of the hook formation. 
Subsequently, as auxin concentrations decline to levels that promote 
cell elongation in the bottom cells (Figs. 1 and 2), the bottom part 
starts to bend upward, while the top part is still in a downward di-
rection, gradually causing the hook to be fully formed. Therefore, hook 
curvature is the consequence of the opposite directional bending of 
the bottom and top parts of the young hypocotyl. This notion was 
further supported by the observation that the top segments of tomato 
hypocotyls displayed positive gravitropism, while the bottom segments 
exhibited negative gravitropism (fig. S4B and movies S7 and S8).

Hook-expressed PP2C.D1 is specifically  
activated by auxin via ARF7
We next explored the molecular mechanism by which the gravity- 
induced auxin maximum at the concave side of the hook inhibits 

cell elongation. We paid particular attention to the PP2C.D1 protein 
phosphatase because it is a negative regulator of cell elongation, 
exhibits a specific expression pattern in epidermal cells at the concave 
side of the hook (17) (Fig. 4A), and its expression is induced by IAA 
(17). In addition, pp2c.d1 mutants exhibit impaired apical hook 
development (17,  44) (Fig.  4,  B  and  C) because of the release of 
growth inhibition at the concave side (fig. S5A). The highly specific 
expression of PP2C.D1 coincides with the auxin maximum at the 
concave side of the hook (Fig. 4A). We found that the expression of 
PP2C.D1::EGFP-GUS (17) in the apical hook was auxin regulated as 
shown in auxin-related mutants pin3-3 (28), arf7-1 (45), and yuc1-D 
(fig. S5B) (26). Furthermore, treatments with 10 M IAA or 1 M 
auxin efflux inhibitor N-(1-naphthyl)phthalamic acid (NPA), 
abolished the asymmetric expression of PP2C.D1 (fig. S5C), indi-
cating that asymmetric auxin distribution determines the pattern of 
PP2C.D1 expression in the apical hook. Using reverse transcription 
quantitative polymerase chain reaction (RT-qPCR) and Western 
blot analyses, we further confirmed that PP2C.D1 expression was 
induced by auxin in a dose-dependent manner (fig. S5, D and E).

The transmembrane kinase 1 (TMK1)–mediated noncanonical auxin 
pathway was recently reported to regulate apical hook development 
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Fig. 3. Gravity triggers asymmetric auxin distribution during apical hook formation. (A) Quantification of the kinematics of apical hook development in differentially 
oriented seedlings. Germinated seeds were initially placed at a vertical or horizontal orientation, for which cotyledons were oriented either above or below the hypocotyl. 
Hook curvature angles were measured over 48 hours; n = 36 hooks. Values represent sample means ± SEM from three replicates. The inset depicts how the angle of hook 
curvature was determined. (B) DR5::VENUS-NLS expression during apical hook development in differentially oriented seedlings. Scale bars, 100 m. (C) Quantification of 
the hook angle of Col-0 and scr-3 and shr-2 mutants. (D) DR5::VENUS-NLS expression in the apical hook of Col-0 and shr-2. Scale bars, 100 m. (E) Quantification of the hook 
angle and direction of Col-0 and atlazy2,3,4 and atlazy1,2,3,4 mutants. Hook curvature angles of concave-side-up seedlings have negative values. (F) Representative pictures 
showing the apical hook of Col-0, atlazy2,3,4, and atlazy1,2,3,4. Scale bar, 1 mm. (G) DR5::GFP expression in the apical hook of Col-0 and an atlazy2,3,4 seedling that developed 
a concave-side-up hook. Scale bar, 100 m. (C to G) Germinated seeds were initially placed at a horizontal orientation, and the hook pictures were acquired at 24HPG. 
(H) Localization and signal quantification of PIN-FORMED3 green fluorescent protein (PIN3-GFP) in a transverse section of the hook at 6HPG. Scale bar, 50 m. Description 
of the quantification of the PIN3-GFP signals in the endodermis of the concave and convex sides can be found in Materials and Methods. For (A), (C), and (H), *P < 0.01.
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through transcriptional regulation (9). We asked whether PP2C.D1 
expression is induced through the canonical TIR1/AFB auxin pathway 
(25) or noncanonical TMK1-mediated signaling. PP2C.D1 expres-
sion in the hook region was reduced upon inhibiting the SCFTIR1 
auxin receptor with auxinole (fig. S5F). In contrast, RT-qPCR analysis 
showed that auxin-induced PP2C.D1 expression was comparable in 
WT and the tmk1 mutant (Fig. 4D). These results suggest that 
PP2C.D1 expression is regulated by the canonical TIR1/AFB path-
way, rather than TMK1-mediated signaling. ARF7 (auxin response 
factor 7) is an important transcriptional activator downstream of 
the TIR1/AFB receptors and is critical for apical hook development 
(fig. S5G) (45). The markedly decreased PP2C.D1 expression in 
the arf7-1 arf19-1 mutant (Fig. 4D) (46) led us to reason that PP2C.
D1 may be directly regulated by ARF7 and/or ARF19. We performed 
chromatin immunoprecipitation (ChIP) experiments followed by 
qPCR using arf7 arf19 pARF7::ARF7-GFP seedlings (47). Strong 
ARF7-GFP enrichment was detected within a PP2C.D1 promoter 

region (P4) containing two inverted auxin response elements (AuxRE) 
(Fig. 4E) (48). Together, these observations indicate that auxin induces 
PP2C.D1 expression at the concave side of the hook through ARF7. 
ARF19 may also contribute to this regulation, as the arf19 mutation 
confers a modest apical hook phenotype and enhances the strong 
hook development defect of arf7 mutants (8).

PP2C.D1 controls asymmetric acid growth for  
apical hook development
PP2C.D1 overexpression inhibits the activity of PM H+-ATPases (16) 
by dephosphorylating the penultimate threonine residue [Thr947 in 
AHA2 (autoinhibited H+-ATPase 2)] (15). While other PP2C.D 
family members have been implicated in regulating PM H+-ATPase 
activity to control hypocotyl elongation, the lack of hypocotyl 
elongation defects in pp2c.d1 mutants (17) indicates that PP2C.D1 
does not play a major role in this process. Instead, the specific PP2C.
D1 expression at the concave side of the hook suggests that PP2C.D1 

A

B C

D E

Fig. 4. Auxin induces PP2C.D1 expression via ARF7. (A) PP2C.D1::PP2C.D1-GFP expression during apical hook development. Germinated seeds were initially placed at 
a horizontal orientation at 0HPG. Scale bars, 100 m. (B) Apical hook development in Col-0, pp2c.d1-1, pp2c.d1-2, 35S::Strep-SAUR19, and ost2-2. The color scale indicates 
the time points (6HPG to 96HPG) with 6-hour intervals. Scale bar, 2 mm. (C) Kinematics of apical hook development in Col-0 (n = 39), pp2c.d1-1 (n = 13), pp2c.d1-2 (n = 16), 
35S::Strep-SAUR19 (n = 22), and ost2-2 (n = 25). Values represent sample means ± SEM from three replicates. (D) Quantitative reverse transcription polymerase chain reaction 
(RT-qPCR) analysis of PP2C.D1 expression in the whole seedlings of WT, tmk1-1, and arf7 arf719 double mutant. Three-day-old dark-grown seedlings were transferred to 
½ MS liquid medium containing 1% sucrose with or without 10 M IAA for 2 hours. PP2C.D1 transcript levels were normalized against ACTIN7 expression. Data are means 
± SEM from three biological replicates. *P < 0.01. (E) Schematic representation of the PP2C.D1 gene and chromatin immunoprecipitation (ChIP)–qPCR assays showing the 
binding of ARF7-GFP to the PP2C.D1 promoter upstream of the ATG start codon. Triangles represent the inverted auxin response elements (AuxREs), and short lines rep-
resent the DNA probes followed in the ChIP-qPCR assays. Each ChIP value was normalized to its respective input DNA value, and enrichment is shown as the percentage 
of input. Error bars represent the SEM from three biological replicates.
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predominantly inhibits PM H+-ATPase activity in these cells, there-
by causing differential efflux of protons and altered apoplastic pH 
across the hook. We analyzed the in vivo distribution pattern of PM 
H+-ATPase at the hook region by immunolabeling with H+-ATPase 
and pThr947 antibodies (49). In WT, while PM H+-ATPase was nearly 
equally distributed across the hook epidermis, we observed a higher 
accumulation of phosphorylated H+-ATPase at the convex side 
(Fig. 5A and fig. S6A). Consistently, using the genetically encoded 
apoplastic pH sensor Apo-pHusion (50), the pH at the convex side 
was lower than that at the concave side (Fig. 5B), suggesting that 
differential activation of proton pumps and the consequent asym-
metric acid growth between the concave and convex sides drive 
hook curvature. Consistent with this possibility and the fact that 
SAUR19 promotes H+-ATPase activation (16), 35S:Strep-SAUR19 
expression abolished the asymmetric distribution of phosphory-
lated proton pumps (fig. S6B) and conferred severe defects in 
hook development (Fig.  4,  B  and  C). The hook defects in these 
seedlings correlated with increased epidermal cell length at both 
sides of the hook (fig. S6, C and D). Similar defects were also seen in 
the open stomata2 (ost2-2) mutant (Fig. 4, B and C, and fig. S6, C 
and D), which contains a constitutively active allele of the PM H+-ATPase 
encoded by AHA1 (51). To chemically abolish the differential call wall 
acidification between the concave and convex sides of the hook, we 
used the fungal toxin fusicoccin that is known to constitutively activate 

PM H+- ATPases (16). Fusicoccin treatment induced a strong and sig-
nificant reduction in the hook angle compared with the mock treat-
ment (fig. S6E), highlighting the importance of asymmetric apoplastic 
pH in hook development. Asymmetries in PM H+-ATPase phosphoryl-
ation and apoplastic pH were also largely abolished in the pp2c.d1-1 
mutant (Fig. 5, A and B). These results demonstrate that differential 
acid growth across the hook is established through PP2C.D1-mediated 
inhibition of PM H+-ATPase activity at the concave side.

Together, these results indicate that PP2C.D1 acts downstream 
of TIR1/AFB-based canonical auxin signaling to inhibit cell elonga-
tion at the concave side of the hook. At lower concentrations 
(e.g., in the elongating part of the hypocotyl), auxin induces SAUR 
expression and therefore inhibits the PP2C.D2/5/6 phosphatases to 
promote cell elongation (fig. S7) (16, 17). By contrast, high auxin con-
centrations (e.g., at the concave side of the hook) induce PP2C.D1 
expression, allowing the system to bypass SAUR regulation and 
inhibit cell elongation through PP2C.D1 dephosphorylation of PM 
H+-ATPases (fig. S7). A recent study found that SAUR17 has a high 
affinity for PP2C.D1 without inhibiting its activity (52). This allows 
SAUR17 to shield PP2C.D1 from inhibition caused by other SAUR 
proteins and could serve to reinforce the PP2C.D1-mediated 
H+-ATPase inhibition resulting from localized phosphatase expres-
sion. Although we demonstrate that auxin-regulated differential 
acid growth is a major contributing component to hook development, 

A B

C

Fig. 5. PP2C.D1 is required for asymmetric acid growth during apical hook development. (A) Immunolabeling and signal quantification of PM H+-ATPase and 
Thr947-phosphorylated PM H+-ATPase in WT and pp2c.d1-1 mutant. Scale bars, 50 m. (B) Apoplast pH and signal quantification at the hook region using the Apo-pHusion 
marker line in WT and pp2c.d1-1 backgrounds. Scale bars, 50 m. (A and B) Details of the signal quantification can be found in Materials and Methods. (C) Proposed model for 
hypocotyl elongation and apical hook development during etiolated seedling development. A molecular signaling pathway underlying auxin-mediated inhibition of cell 
elongation at the concave side of the hook is shown at the bottom.
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it is almost certainly not the only driver of this process. In addition 
to canonical auxin signaling regulating PP2C.D1 and SAUR ex-
pression, TMK1-mediated auxin signaling (9), as well as contribu-
tions from other hormones (13), also plays important roles in hook 
development.

Our findings suggest a mechanistic framework for auxin- 
regulated hypocotyl elongation and apical hook development during 
seedling emergence (Fig. 5C). During early etiolated seedling develop-
ment, high levels of auxin restrain cell elongation in the hypocotyl. 
This delay in growth coincides with the beginning of apical hook 
formation. Simultaneously, gravity generates an auxin maximum 
on one side of the hypocotyl, which induces high PP2C.D1 expres-
sion. Consequently, growth inhibition is strengthened at the lower 
side through PP2C.D1-dependent inhibition of PM H+-ATPase 
activity, and released at the opposite side, causing the hypocotyl to 
bend toward the gravity vector and form the hook. As the bottom 
cells of the hypocotyl slowly elongate and cell volumes increase, 
auxin levels fall below the threshold for inhibition and begin to pro-
mote hypocotyl elongation against the gravity vector. This in turn 
increases the inclination angle of the top of the hypocotyl to the 
direction of gravity (Fig. 5C). With the bottom part of the hypocotyl 
having a more vertical orientation, the gravity-induced auxin 
maximum is shifted upward, moving the hook on its way. This is 
supported by the observations that the PP2C.D1-GFP signal moved 
upward (Fig. 4A) and the number of cells above the center of the 
hook dropped during hook development (fig. S8). As the hypocotyl 
cells elongate acropetally, the proportion of the lower part of the 
hypocotyl that is negatively responding to gravity increases, while 
the number of cells above the hook that are positively oriented with 
the gravity vector decreases (fig. S8). Last, when the acropetal wave 
of hypocotyl elongation reaches the very top cells, the hook starts 
to open.

This study provides critical insights into the coordination of 
hypocotyl elongation and apical hook development for successful 
seedling emergence. Auxin’s biphasic effect on cell elongation 
underlies this process through a concentration-dependent manner. 
Early inhibition of hypocotyl elongation may facilitate emergence, 
as elongation before hook formation would increase kinetic friction, 
hindering soil penetration and potentially increasing mechanical 
damage to the cotyledons and shoot meristem. Consistent with this 
notion, SAUR19 overexpression seedlings and pp2c.d1 mutants 
displayed substantial reductions in soil emergence compared with 
WT controls (fig. S9). Coordination of elongation and hook develop-
ment enables the seedling to safely and efficiently emerge from the 
soil and initiate phototropic development.

MATERIALS AND METHODS
Plant materials
All Arabidopsis (A. thaliana) lines used in this study were in the Col-0 
background except the R2D2 reporter (20), which is in the Columbia- 
Utrecht ecotype. The transgenic and mutant lines used have been de-
scribed previously: 35S::StrepII-SAUR19 (53), PP2C.D1::PP2C.D1-GFP 
(17), PP2C.D1::EGFP-GUS (17), DR5::VENUS-NLS (35), MYR-YFP 
(54), PIN3::PIN3-GFP (8), Apo-pHusion (50), tmk1 (9), yuc1-D (26), 
wei8-1 tar2-1 (23) (24), tir1 afb2 (25), axr2-1 (27), atlazy2,3,4 (38), 
atlazy1,2,3,4 (38), scr-3 (36), shr-2 (36), pp2c.d1-1 (44), pp2c.d1-2 
(44), ost2-2 (51), pin3-3 (28), arf7-1 (45), arf7-1 arf19-1 (46), and 
arf7 arf19 ARF7::ARF7-GFP (47).

Growth conditions
All Arabidopsis materials were grown in continuous darkness at 
22°C, unless otherwise indicated. For ChIP-qPCR analysis, seeds 
were sterilized with 30% bleach for 15 min, washed three times with 
sterile water, and sown on ½ Murashige and Skoog (MS; PhytoTech 
Labs, M524) plates containing 1% sucrose (Macron, 8360-06) and 
0.6% agargel (Sigma-Aldrich, A3301). Media pH was adjusted to 5.7 
using KOH (Fisher Chemical, P250-1). After sowing, the seeds were 
left at 4°C for 48 hours in darkness, then transferred to white light 
for 6 hours to stimulate germination, and subsequently to darkness 
and left at 22°C for the desired time. For other experiments, seeds 
were sterilized with 70% ethanol for 5 min and germinated on ½ MS 
plates containing 0.6% agargel (pH 5.7). Germination was defined 
as the time when the radicle broke through the endosperm (0HPG). 
At this time, seedlings were selected and aligned horizontally or 
vertically on ½ MS plates containing 1% sucrose and 0.6% agargel 
(pH 5.7). The plates were wrapped with two layers of foil to simulate 
constant darkness.

Quantification of angles of hook curvature
The angle of hook curvature is defined as 180° minus the angle 
between the tangential of the apical part with the axis of the lower 
part of the hypocotyl (8). For quantifying the hook angles of scr-3, 
shr-2, atlazy2,3,4, atlazy1,2,3,4, and arf7 mutants, germinated seeds 
were initially placed at a horizontal orientation on ½ MS plates con-
taining 1% sucrose and 0.6% agargel (pH 5.7) at 0HPG, which were 
wrapped with two layers of foil and kept vertically in the growth cham-
ber. Pictures of the seedlings were taken at 24HPG or 36HPG (arf7) 
for measuring the hook angles using ImageJ (National Institutes 
of Health, Bethesda, MD, USA). For measuring the hook angles 
in the rotation experiment, germinated seeds were initially placed 
horizontally. The wrapped plates were rotated 180° once per hour 
(rotations were done at 1, 2, 3, …11HPG). Pictures of the seedlings 
were taken at 12HPG for measuring the hook angles. To investigate 
the gravity effect on the hook angle in the absence of roots, T0 seed-
lings were placed vertically and left to grow for 6 hours in the dark. 
Roots were then decapitated under green light and seedlings were 
placed horizontally on fresh plates and rotated clockwise in the dark 
every hour for an extra 18 hours. Controls consisted of nonrotated 
rootless seedlings and intact seedlings with and without hourly 
rotations. For fusicoccin treatment, seedlings were transferred at T0 
and placed horizontally in cell culture plates containing ½ MS me-
dia with 1% sucrose and 5 M fusicoccin (ENZO, BML-EI334- 0001) 
and imaged at 36HPG. For analyzing the kinematics of apical hook 
development, germinated seeds were initially placed at a vertical ori-
entation on ½ MS plates with 1% sucrose and 0.6% agargel (pH 5.7) 
at 0HPG, which were kept vertically in darkness at 22°C. Develop-
ment of seedlings was recorded at 15-min intervals with an infrared 
light source (880-nm light-emitting diode; Advanced Illumination) by 
a Stingray F146B CCD camera (Allied Vision Technologies) equipped 
with a 18- to 108-mm macro video zoom lens with an infrared long-
pass filter. Images for selected time points were extracted, and angles 
of hook curvature were measured using ImageJ. Frames with 6-hour 
intervals were imported in ImageJ and color coded using the (Rainbow 
RGB-LUT projection) in the temporal-color coding tool. For the 
kinematic analysis of hypocotyl length of Col-0, axr2-1, wei8 tar2, and 
tir1 afb2 grown under the infrared setup, time-lapse images with 3- or 
6-hour intervals were collected, and hypocotyl length was measured 
using ImageJ.
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Plant gravitropic responses
Two-week-old tomato and 4-week-old Arabidopsis seedlings were 
uniformly sprayed with either 0.5 mM IAA (tomato) or 1 mM IAA 
(Arabidopsis) using a liquid mister. Mock treatments with dimethyl 
sulfoxide (DMSO) were used as controls. Plants were left upright 
for 20 min before placing them horizontally and time-lapse imaging 
with 2-minute intervals. Four-day-old etiolated tomato seedlings 
were cut either above the hook (top cut; fig. S4) or near the hypocotyl 
base (bottom cut; fig. S4). Segments were placed horizontally on ½ MS 
media supplemented with 1% sucrose and imaged over time in the 
dark using the infrared setup. Images were analyzed using ImageJ.

Measurement of epidermal cell length
For measuring the cell length of hypocotyl epidermal cells during 
etiolated seedling development, Arabidopsis hypocotyls were syn-
chronized by selecting seeds at germination (0HPG; radical emer-
gence from endosperm). Germinated seeds were placed at a vertical 
orientation and then used for measurements at different time 
points. Seedlings were stained with propidium iodide (0.1 mg/mL) 
(Molecular Probes, P3566) for 10 min before imaging, and the outline 
of epidermal cells was imaged using a Leica DM5000B fluorescence 
microscope equipped with a 490- to 510-nm excitation and 520- to 
550-nm band-pass emission filter cube and a 20× air objective lens. 
Epidermal cell length was measured using ImageJ software. Analyses 
were performed on middle epidermal files with no cell division.

For measuring the epidermal cell length at the concave and con-
vex sides of the hook, germinated seeds were initially placed at a 
horizontal orientation at 0HPG. At 36HPG, hooks were dissected 
using custom-made blades, placed in longitudinal slits on 1.5% agar 
pads, and imaged using transmitted light on a Leica DM5000B 
microscope. Measurements were done using ImageJ.

Immunolabeling
Seedlings were fixed in a phosphate-buffered saline (PBS) solution 
containing 2% formaldehyde (Acros, 11969) and 2.5% glutaraldehyde 
(Sigma-Aldrich, G6257) under vacuum for 1 hour and left at 4°C 
overnight. Samples were washed twice in PBS and then dehydrated 
in a series of increasing ethanol concentrations. Samples were then 
embedded in medium-grade LR White (London Resin Company), 
which was left to polymerize at 60°C overnight. Thin sections 
(0.5 m) were generated using glass knives on a Leica UltraCut 
microtome. Sections were blocked in PBS solution containing 2% 
bovine serum albumin (BSA) (Sigma-Aldrich, 2153) for 1 hour. The 
primary antibodies (Anti-AHA and anti-pThr947) were diluted 
500 times in PBS-BSA and left on the samples overnight at 4°C. Sam-
ples were then washed four times for 5 min each in PBS-BSA. Samples 
were then incubated for 3 hours in DyLight 488 donkey–anti-rabbit 
secondary antibody (BioLegend, 406404), which was diluted 400 times 
in PBS-BSA. Samples were then washed six times for 5 min each in 
PBS. Sections were mounted in citifluor CFM-3 (Electron Micros-
copy Sciences), and slides were sealed with nail polish and imaged 
within 2 days from mounting them.

Confocal imaging
For R2D2 imaging, germinated seeds were placed at a vertical orien-
tation at 0HPG, and the seedlings were examined at indicated times. 
For IAA treatment, 12HPG old seedlings were incubated with 
DMSO (mock) or 100 nM IAA for 30  min before imaging. For 
KOK2153 treatment, germinated seeds were grown on the plates 

supplemented with DMSO (mock) or 10 M KOK2153 (KOK; 
custom synthesis by LabSeeker, Wujiang City, China) for 12 hours 
before imaging. For PIN3::PIN3-GFP imaging, germinated seeds 
were placed at a horizontal orientation at 0HPG, and the seedlings 
were examined at 6HPG. For PIN3::PIN3-GFP sample preparation, 
seedlings were dissected out of the seed coat and cut perpendicular 
to the hypocotyl axis using custom-designed pins and blades. They 
were then placed in an agar pad with the cut side facing the outside. 
A drop of water was applied, and the samples were covered with a 
coverslip and imaged using a confocal microscope. For Apo-pHusion 
imaging, germinated seeds were placed at a horizontal orientation 
at 0HPG, and the seedlings were examined at 36HPG. For MYR-YFP 
imaging, germinated seeds were placed at a horizontal orientation 
at 0HPG, and the seedlings were examined at different time points. 
The tip of the hook was determined using the kappa plugin in 
FIJI. Briefly, the points with highest curvature on the concave and 
convex sides were determined, and a line joining them indicates the 
middle of the hook.

Confocal imaging was conducted using a Nikon A1si confocal micro-
scope. For DR5::GFP, PIN3::PIN3-GFP, and DyLight 488 imaging, a 
20×, 0.75 numerical aperture objective was used. Samples were excited 
with a 480-nm laser, and the emitted laser was collected between 500 
and 550 nm. For MYR-YFP and DR5::VENUS-NLS, a 10×, 0.45 numer-
ical aperture objective was used. A 514.5-nm excitation laser and a 
510- to 570-mm emission filter were used. For R2D2 and Apo-pHusion, 
images were acquired using a 10×, 0.45 numerical aperture objective. 
A 488-nm excitation laser and 500- to 550-mn emission filter were 
used for the first channel, and 562-nm excitation and 570- to 620-nm 
emission filter were used for the second channel.

Image processing and analysis
All confocal images were processed using ImageJ. Maximum pro-
jection images were generated, and background noise was subtracted 
using a 50-pixel rolling ball radius. For immunolabeling images, a 
16-color look-up table was applied. A 3-pixel-wide line was used in 
ImageJ to plot the fluorescence intensity profile on the outer peri-
clinal walls of the epidermal cells on the concave and the convex 
sides. For processing R2D2 images, after background removal, a 
Gaussian blur was applied with a 2.0 sigma (radius). The red channel 
was then divided by the yellow channel using the image calculator 
function to generate an image that was used to quantify the signal 
ratio in the nucleus. The signal was measured using the average 
intensity per nucleus, and data were exported to excel. For the 
Apo-pHusion images, a 20-pixel-wide line was used in ImageJ to 
plot the fluorescence intensity profile of the green and red channels 
on the epidermal cells both at the concave and the convex sides of 
the hook. For PIN3::PIN3-GFP, a 16-color look-up table was applied. 
A 3-pixel-wide line was used in ImageJ to plot the fluorescence in-
tensity profile on the outer periclinal walls of the endodermis. All 
data were then exported to and analyzed in Microsoft Excel.

Quantification of endogenous IAA
To quantify the IAA levels in the elongating hypocotyls at different 
times, seedlings were grown on ½ MS plates containing 1% sucrose 
and 1.5% agargel (pH 5.7). The shoot meristem, cotyledons, and 
root were removed before harvesting the hypocotyls for analysis. 
For measuring the IAA levels in the bottoms and tops of hypocotyls, 
the hypocotyls of 36HPG seedlings were cut into two equal halves 
and analyzed separately.
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Free IAA was measured by isotope dilution essentially as previ-
ously described (55). The samples were analyzed by liquid chroma-
tography with tandem mass spectrometry (LC-MS/MS) at high 
resolution. [13C6]IAA internal standard was added with 2-propanol/
buffer (56) to plant tissue samples weighing 7 to 21 mg, which were 
then homogenized and incubated for 1 hour on ice. Samples were 
then diluted with water, centrifuged, and IAA was extracted from 
the supernatant using amino and polymethylmethacrylate epoxide 
(PMME) solid phase extraction resins in Top Tips spin tips (Glygen, 
Columbia, MD, USA). After elution from PMME tips with methanol, 
sample volumes were reduced to approximately 20 l and transferred 
to autosampler vials for LC-MS/MS analysis with a Dionex Ultimate 
3000 RSLC HPLC coupled to a hybrid quadrupole Orbitrap Q Exactive 
mass spectrometer (Thermo Fisher Scientific). Extract (8 to 10 l) 
was injected onto a 50 × 2.1 mm Force C18 column with 1.8-m 
particle size (Restek, Bellefonte, PA, USA) and run with a solvent 
gradient of 0.1% formic acid in water (solvent A) and 0.1% formic acid 
in acetonitrile (solvent B) at a flow rate of 0.4 ml min−1. Gradient 
parameters were as follows: −1 to 0 min, 5% B; 0 to 3 min, 5 to 20% B; 
3 to 6 min, 20 to 80% B; and 6 to 6.5 min, 80% B. Mass spectrometry 
data were collected in the parallel reaction monitoring (PRM) scan 
mode with the [M + 1] for IAA and [13C6]IAA at 176.08 and 182.1 
mass/charge ratio (m/z), respectively, in the inclusion list. Extracted 
ion chromatogram peaks for 130.0641 to 130.0661 m/z (correspond-
ing to unlabeled quinolinium ion) and 136.0843 to 136.0863  m/z 
([13C6] quinolinium produced from [13C6]IAA internal standard) 
were selected at 4.4 to 4.8 min. Retention time and peak areas were 
used to calculate endogenous IAA levels by isotope dilution (57, 58).

For calculating the IAA concentration, the IAA amount was 
divided by the fresh weight or the total volume of the hypocotyls, 
which was estimated by hypocotyl number times hypocotyl volume. 
We considered the hypocotyl as a truncate cone, whose volume 
was calculated using the formula: volume = (1/3) *  * L * ((D/2)2 + 
(d/2)2 + (D/2) * (d/2)), where L is the hypocotyl length, D is the 
diameter of the base of the hypocotyl, and d is the diameter of the 
top of the hypocotyl.

GUS staining
SAUR22::GUS and PP2C.D1::EGFP-GUS seedlings at indicated 
times were used for -glucuronidase (GUS) staining. Seedlings were 
incubated in the staining buffer containing 0.1 M sodium phos-
phate buffer (pH 7), 1 mM K4Fe(CN)6, 1 mM K3Fe(CN)6, 0.1% 
Triton X-100, and X-Gluc (1 mg/ml) for 2 hours at 37°C. GUS 
expression patterns were imaged with an Olympus SZX12 dissecting 
microscope using SPOT Advanced imaging software.

Phytohormone and chemical treatment
Germinated seeds were grown on ½ MS plates containing 1% sucrose 
and 0.6% agargel (pH 5.7) supplemented with various chemicals: 
100 nM IAA (Chem-Implex International, 00188) or 1 M NPA 
(Duchefa Biochemie), 10 M KOK2153 (also called Pyruvamine 
2153) (21), or 10 M auxinole. For gene expression, Western blot, 
and ChIP assays, we transferred 3-day-old dark-grown seedlings to 
½ MS liquid medium containing 1% sucrose and different concen-
trations of IAA for 2 hours.

RNA extraction and RT-qPCR analysis
Dark-grown seedlings were treated with different concentrations of 
IAA in ½ MS liquid medium for 2 hours. Total RNA was extracted 

from harvested seedlings using the NucleoSpin RNA Plant kit 
(Macherey-Nagel), and the quality of the total RNA was determined 
using an Implen NanoPhotometer P330. Two micrograms of total 
RNA was used to synthesize the first-strand cDNA with the M-MLV 
reverse transcriptase kit (Promega, M1701). RT-qPCR was performed 
on a StepOnePlus Real-Time PCR System (Applied Biosystems) 
with the Brilliant III Ultra-Fast SYBR Green QPCR Master Mix 
(Agilent Technologies, 600882). The expression levels of genes were 
normalized to that of the ACTIN7 gene. Primer information is given 
in table S1.

Protein extraction and Western blot
Three-day-old dark-grown PP2C.D1::PP2C.D1-GFP seedlings were 
treated with different concentrations of IAA in ½ MS liquid medium 
containing 1% sucrose for 2 hours. Microsomal fractions were 
prepared by two-phase partitioning as previously described (16). 
Twenty micrograms of microsomal proteins was mixed with SDS–
polyacrylamide gel electrophoresis (PAGE) sample buffer, separated 
by SDS-PAGE, and blotted to nitrocellulose. The proteins were de-
tected by Western blot with anti-GFP primary antibody (Covance, 
MMS-118R). A nonspecific band detected by the antibody was 
served as a loading control.

ChIP-qPCR assay
Three-day-old dark-grown arf7 arf19 ARF7::ARF7-GFP seedlings 
treated with or without 10 M IAA were used for ChIP-qPCR analysis. 
The ChIP-qPCR assay was conducted as described previously (59). 
The ChIP signal was quantified by qPCR. The primers used in 
qPCR were designed to amplify various regions of the PP2C.D1 
promoter. Each ChIP value was normalized to its respective input 
DNA value, and enrichment of DNA is shown as the percent-
age of input.

Statistical analysis
All box plots were generated using the PlotsOfData (60) or ggplot2 
in RStudio. In the boxplots, the top, bottom, and middle lines 
represent the 75th percentile, the 25th percentile, and the median, 
respectively. Bar graphs and connecting lines were generated using 
Microsoft Excel. All the experiments were performed at least three 
times. The values were collected from three biological replicates. 
Student’s t test and analysis of variance (ANOVA) were used for 
statistical analysis, using Microsoft Excel.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj1570

View/request a protocol for this paper from Bio-protocol.
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