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Plants respond to gravitational force through directional growth along the gravity vector. Although auxin is the central com-
ponent of the root graviresponse, it works in concert with other plant hormones. Here, we show that the folate precursor para-
aminobenzoic acid (PABA) is a key modulator of the auxin-ethylene interplay during root gravitropism in Arabidopsis (Arabidopsis
thaliana). In gravistimulated roots, PABA promotes an asymmetric auxin response, which causes the asymmetric growth respon-
sible for root curvature. This activity requires the auxin response transcription factors AUXIN RESPONSE FACTOR? (ARF7) and
ARF19 as well as ethylene biosynthesis and signaling, indicating that PABA activity requires both auxin and ethylene pathways.
Similar to ethylene, exogenous PABA reverses the agravitropic root growth of the auxin transport mutant pin-formed?2 (pin2)
and the auxin biosynthetic double mutant with loss of function of weak ethylene insensitive (wei) genes, weiSwei2, but not the
pin2weiwei2 triple mutant. This finding suggests that PABA regulates the ethylene-dependent reciprocal compensation between
auxin transport and biosynthesis. Furthermore, manipulation of endogenous free PABA levels by modulating the expression
of the gene encoding its glucosylation enzyme, UDP-GLYCOSYL TRANSFERASE75B1, impacts the root graviresponse, sug-
gesting that endogenous free PABA levels may play a crucial role in modulating the auxin-ethylene cross talk necessary for

root gravitropism.

In the root, gravity perception occurs in columella
cells, where the sedimentation of statoliths (starch-
filled plastids) triggers a range of molecular events
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regulated by individual and interacting activities of
plant hormones (Sack et al., 1985; Kiss et al., 1989;
Ottenschldger et al., 2003). For instance, the creation
of an asymmetric auxin gradient is instrumental in
the transduction of the signal from the columella to
the elongation zone, where the asymmetric growth
response occurs (Swarup et al., 2005). The gaseous
hormone ethylene inhibits the elongation of cells
located on the lower side of the gravistimulated root
(Aloni et al., 2006). Finally, auxin-ethylene cross talk is
involved in the regulation of root penetration into the
soil, a process that implies root gravitropism (Santisree
et al., 2011). However, the mechanisms underlying
auxin-ethylene cross talk in gravitropism remain to be
resolved.

Auxin gradients are involved in diverse develop-
mental processes such as embryogenesis, organogen-
esis, tissue patterning, and tropisms (Vanneste and
Friml, 2009). Homeostasis of the most prominent
endogenous plant auxin, indole-3-acetic acid (IAA),
is controlled through de novo biosynthesis and degra-
dation, the formation of inactive IAA conjugates, and
transport. The establishment of auxin gradients occurs
through active auxin transport driven by networks
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of AUXIN-RESISTANT1 (AUX1)/LIKE-AUX1 influx
carriers (Bennett et al., 1996; Parry et al., 2001; Yang
et al., 2006; Swarup et al., 2008), PIN-FORMED (PIN)
efflux carriers (Galweiler et al., 1998; Petrasek et al., 2006),
PIN-LIKES (Barbez et al., 2012), and ATP BINDING
CASSETTE B-type transporters (Geisler and Murphy,
2006; Lewis et al., 2009). The auxin-induced response
relies on the signaling machinery composed of the
receptors TRANSPORT INHIBITOR RESPONSE1/
AUXIN F-BOXES (TIR1/AFBs) and the transcriptional
repressors AUXIN/INDOLE-3-ACETIC ACID (AUX/
IAAs). High levels of auxin activate TIR1/AFBs,
which mediate the auxin-dependent proteasomal deg-
radation of the repressors, subsequently allowing the
activation of the auxin response transcription factor
(ARF) family, the activity of which would otherwise
be blocked by AUX/IAA proteins (Salehin et al., 2015).
During the gravity response, auxin is redistributed
asymmetrically to the lower side of the curving root
tip (Ottenschlédger et al., 2003; Band et al., 2012). This
process is initiated by PIN3 and PIN7 efflux facilita-
tors in the columella (Friml et al., 2002; Nacry et al.,
2005; Kleine-Vehn et al., 2010) and is promoted further
by AUX1 influx and PIN2 efflux carriers that catalyze
auxin transport from columella cells to the epider-
mal cells of the elongation zone (Miiller et al., 1998;
Swarup et al., 2001, 2005; Ottenschlédger et al., 2003),
where ARF7/NHP4 and ARF19 are believed to acti-
vate the transcriptional module of the auxin response
that ultimately causes the inhibition of cell elongation
on the lower side of the root (Takahashi et al., 2009).
Consistent with previous findings, loss of function of
the AUXI (Bennett et al., 1996) or PIN2 gene results in
agravitropic root growth (Luschnig et al., 1998; Miiller
et al., 1998; Ditengou et al., 2018), while the root
response to gravity is impaired in the arf7 arf19 double
mutant (Okushima et al., 2005; Weijers et al., 2005).
Several lines of evidence suggest that auxin-ethylene
cross talk, which occurs at the level of biosynthesis,
transport, and signaling, regulates important devel-
opmental processes such as the asymmetric growth of
the hypocotyl hook of etiolated seedlings, root elon-
gation, and root hair development (Stepanova and
Alonso, 2005; Stepanova et al., 2007). Ethylene induces
auxin biosynthetic genes, such as WEAK ETHYLENE
INSENSITIVE2 (WEI2)/ ANTHRANILATE SYNTHASE
al (ASA1), WEI7/ASB1, WEI8/TRYPTOPHAN AMI-
NOTRANSFERASE OF ARABIDOPSIS1 (TAA1)/
TRANSPORT INHIBITOR RESPONSE2 (TIR2), and its
homolog TAR1 (Stepanova et al., 2005, 2008), and stim-
ulates local auxin biosynthesis at the root tip (Riizicka
et al.,, 2007). The promotive effect of ethylene on
both rootward and shootward auxin transport is
consistent with its action in up-regulating several genes
encoding auxin transporters, including PIN1, PIN2,
PIN4, and AUX1 (Rtzicka et al., 2007; Negi et al., 2008;
Vandenbussche et al., 2010; Lewis et al., 2011; Muday
et al., 2012). In turn, auxin influences ethylene produc-
tion through the induction of 1I-AMINOCYCLOPRO-
PANE-1-CARBOXYLATE SYNTHASE (ACS) genes,
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which are responsible for the biosynthesis of the eth-
ylene precursor 1-aminocyclopropane-1-carboxylic acid
(ACC; Woeste et al., 1999; Tsuchisaka and Theolo-
gis, 2004). Interestingly, Stepanova et al. (2007) have
shown that, in the aux1 mutant, some auxin-insensitive
genes are regulated by ethylene, while inversely, in
the ethylene insensitive? (ein2) mutant lacking the cen-
tral regulator of ethylene signaling, some ethylene-
insensitive genes are sensitive to auxin. In addition,
several auxin-related mutants have been described to be
ethylene insensitive, whereas most ethylene mutants
are sensitive to auxin, suggesting that ethylene acts
through auxin (Vandenbussche et al., 2012). In the root
transition zone, the ethylene response mediated by the
transcription factor EIN3 requires high auxin activity
(Stepanova et al., 2007), and EIN3 protein accumu-
lation is enhanced by auxin, seemingly through the
repression of EIN3-BINDING F-BOX1 (EBF1)- and
EBF2-mediated EIN3 degradation (He et al.,, 2011).
However, how ethylene and auxin synergistically impact
the asymmetric growth of the gravitropic root remains
largely unknown.

Recently, it has been suggested that para-aminobenzoic
acid (PABA; 4-aminobenzoic acid) is a novel plant
growth regulator (Crisan et al., 2014). PABA is a cyclic
nonprotein amino acid produced in plants and micro-
organisms, including human intestinal bacteria. PABA
is a critical precursor in the biosynthesis of folates,
which are essential cofactors involved in the biosyn-
thesis of key metabolic compounds such as purines,
certain amino acids, and plant hormones (Hanson
and Gregory, 2011). The generic term folate refers to
a family of compounds derived from tetrahydrofo-
late, which is a tripartite molecule consisting of pterin
(6-hydroxymethyldihydropterin), PABA, and Glu
(Supplemental Fig. S1A). PABA is synthesized in
plastids from chorismate in two steps catalyzed by the
bifunctional GLUTAMINE AMIDOTRANSFERASE-
AMINODEOXYCHORISMATE SYNTHASE (GAT-
ADCS) and AMINODEOXYCHORISMATE LYASE
(Basset et al., 2004a; Camara et al., 2011). Among the
different intermediates of the folate pathway, PABA
is the only one that is glucosylated (Quinlivan et al.,
2003), a process catalyzed by the UDP-GLYCOSYL
TRANSFERASE?75B1 (UGT75B1; Eudes et al., 2008).
More than 80% of total PABA is glucosylated and
stored in vacuoles and does not contribute to folate
synthesis (Quinlivan et al., 2003; Eudes et al., 2008).

In this report, we show that PABA promotes the
root gravitropism of wild-type Arabidopsis (Arabidop-
sis thaliana) plants in an ethylene-dependent manner.
Remarkably, PABA suppresses the root-coiling pheno-
type of the auxin transport mutant pin2 and the root
sinusoidal growth of the auxin biosynthetic double
mutant weiSwei2 but not the root-coiling phenotype of
the pin2wei8wei2 triple mutant. This finding reveals the
presence of an unsuspected reciprocal compensation
between auxin transport and local auxin biosynthesis
machinery. Our data also show that PABA-promoted
root gravitropism is due to PABA-promoted root
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asymmetric growth in an ARF7- and ARF19-dependent
manner. The PABA-biosynthetic gene GAT-ADCS is
expressed at the root tip, suggesting the spatial regula-
tion of PABA production, while manipulating endog-
enous free PABA levels by modulating the expression
of its neutralizing enzyme, UGT75B1, impacts the root
graviresponse. Overall, these data suggest that endog-
enous free PABA levels play a crucial role in modu-
lating the auxin-ethylene cross talk necessary for root
gravitropism.

RESULTS

PABA Exhibits an Innate, Dose-Dependent, Folate-
Independent Activity on Root Gravitropism

PABA may act as a growth regulator of Arabidopsis
roots and inhibits root gravitropism when applied at a
high concentration (Crisan et al., 2014). To gain insights
into how PABA modulates Arabidopsis root growth,
6-d-old Arabidopsis seedlings were grown in medium
containing increasing concentrations of PABA (from 25
to 400 pM) in petri dishes tilted with an angle of 60°
from the vertical axis (Fig. 1, Supplemental Fig. S1B).
Compared with the control, root growth was repressed
significantly by PABA starting from a concentration of
100 pMm (Supplemental Fig. S1, B and C). Strikingly,
PABA also gradually suppressed the root waving in a
concentration-dependent manner (arrowheads in Sup-
plemental Fig. S1B). Root waving is a developmental
response consisting of sinusoidal (oscillatory) growth
due to the regular periodic change in the direction of
the root tip (Roux, 2012). This phenomenon occurs
when Arabidopsis plants grow on vertically set hard-
agar tilted plates and has been suggested to be regu-
lated by touch response, gravitropic response, and an
asymmetric auxin distribution (Okada and Shimura,
1990; Thompson and Holbrook, 2004; Paul et al., 2012).

To test whether PABA suppresses root oscillatory
patterns through modulating root gravitropism, plates
were rotated at an angle of 135° relative to the Earth’s
gravity vector for 4 h and their graviresponse was
quantified (Fig. 1, A and B). Already at 25 um PABA, a
concentration that does not inhibit root growth (Sup-
plemental Fig. S1, B and C), we quantified a higher per-
centage of root tips curved at angles between 30° and
90° compared with the control (88% versus 78%), with
0° representing gravity recovery, with the roots grow-
ing downward aligned with the Earth’s gravitational
field. From 50 to 200 um, PABA strongly promoted the
root gravity response, with root tips reoriented at an-
gles between 30° and 60°. However, at 400 um PABA,
root gravitropism was inhibited, and the angles of cur-
vature were distributed between 60° and 150° (Fig. 1B).
These results indicate that root gravitropism is promoted
by low (from 25 to 200 pM) but repressed by higher
(from 400 um) concentrations of PABA. Moreover,
these data show that root gravitropism is stimulated
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by PABA at concentrations that do not normally affect
root growth (25-50 pm).

As PABA was proposed to exert an auxin-like activity
on root development (Crisan et al., 2014), PABA and
auxin (IAA) activities on root growth and root grav-
itropism were compared. Exogenously applied IAA
repressed root growth and root gravitropism in a con-
centration-dependent manner (Bucher and Pilet, 1983;
Eliasson et al., 1989). When compared with untreated
roots, both 0.05 pM IAA and 100 pM PABA comparably
inhibited root growth; however, root gravitropic cur-
vature was inhibited by IAA, while it was promoted by
PABA (Supplemental Fig. 52, B and C). These data sug-
gest that PABA and exogenously applied auxin have
distinct activities on root gravitropism.

To test whether the effect of PABA on root gravitro-
pism is related to its role as a folate precursor, plants
were grown for 6 d on medium supplemented with
200 pm PABA or 200 um 5-formyltetrahydrofolic acid
(5-FTHF), a natural stable derivative that is readily
converted to metabolically active folates once incor-
porated into cells (Camara et al.,, 2012). PABA, but
not 5-FTHF, suppressed the waving of roots, suggest-
ing that PABA and 5-FTHF may have distinct activi-
ties on root gravitropism (Supplemental Fig. S3A). To
further evaluate the impact of PABA and 5-FTHF on
root gravitropic curvature, 5-d-old plants grown on
control medium were transferred onto fresh medium
supplemented with PABA or 5-FTHF for 24 h and then
gravistimulated for 4 h (Supplemental Fig. S3B). Roots
treated with 200 um PABA exhibited enhanced root
gravitropism (all root tips curved at angles from 0° to
90°, with the majority of roots curving at angles from
30° to 60°), while 1 mm PABA severely perturbed the
root graviresponse (the majority of root tips curved at
angles of 60° to 150° for 1 mm PABA; Supplemental
Fig. S3B). In contrast, the majority of root tips treated
with both 200 um or 1 mm 5-FTHF displayed grav-
itropic angles similar to those found in control roots
(Supplemental Fig. S3B). Taken together, these data
indicate that PABA has an innate activity on root grav-
itropism that is independent of its canonical role as a
folate precursor.

To gain more insight into the kinetics of root grav-
itropism, we videotaped the gravitropic response of
90°-reoriented Arabidopsis seedlings grown in the
presence or absence of PABA. Plants were grown in
a bicompartmented petri dish (90 mm diameter) in
Arabidopsis growth medium supplemented or not
with 200 um PABA. Roots displayed an accelerated
curvature on PABA medium (Fig. 1, C and D; Sup-
plemental Video S1). Already after 10 min, roots of
plants grown on PABA curved at 7° versus only 1° for
controls, and this difference increased over time (Fig.
1C). This result suggested that asymmetric growth
between the upper and lower side of the root was
enhanced. This presumption was confirmed by the
quantification of the asymmetric growth between the
upper and lower sides of the curving root (Fig. 1, E
and F). We calculated the AGi as the ratio between
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Figure 1. Impact of PABA on root gravitropism. A, Six-day-old Arabidopsis seedlings were grown on solid Arabidopsis growth
medium (Control) or supplemented with increasing concentrations of PABA (25-400 pm) and rotated by 135° for 4 h. PABA
impacts on root gravitropism in a dose-dependent manner. g indicates the gravity vector (white arrow). Bars = 1T cm. B, Quanti-
fication of root gravitropism of plants presented in A. Root gravitropism is stimulated by low concentrations of PABA (25-200 pm),
while high concentrations (from 400 pm) are inhibitory. Gravistimulated roots were assigned to one of the 12 30° sectors on
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the average size of epidermal cells of the upper side
over the lower side of the curving root. The AGi of
roots grown on PABA (1.53 + 0.12) was significantly
greater than that of control roots (1.05 + 0.04), strongly
suggesting that PABA promotes asymmetric root
growth (Fig. 1F).

PABA Promotes an Asymmetric Auxin Response at the
Root Tip

During the gravity response, the asymmetric dis-
tribution of auxin between the two sides of the gravi-
stimulated root is crucial for root gravitropism (Miiller
et al.,, 1998; Ottenschldager et al., 2003) and occurs
before the first sign of root bending (Band et al., 2012).
To determine whether PABA impacts the auxin re-
sponse at the root tip, we used both plants express-
ing the synthetic auxin-sensitive DRb5rev promoter
driving the expression of a nucleus-localized yellow
fluorescent protein (YFP; pDRb5rev:3XVENUS-N7;
Heisler et al.,, 2005) and an endoplasmic reticulum-
localized GFP (pDRbrev::GFP; Ottenschlédger et al., 2003).
DR5rev expression was restricted to quiescent center
and columella cells in pDR5rev::GFP plants grown in
control medium (Ottenschldger et al., 2003; Fig. 2A,
time point 0 h, top row; Supplemental Fig. S4), while in
pDR5rev::3XVENUS-N7 seedlings grown on 100 um
PABA or pDR5:DR5-GFP plants grown on 200 pm
PABA, the overall auxin response appeared to be in-
creased, with the auxin response signal extending from
columella to lateral root cap (LRC) cells (Fig. 2A, time
point 0 h, bottom row; Supplemental Fig. 54), sug-
gesting that auxin responses are stimulated by PABA
in these tissues. After 3 h of gravistimulation, plants
grown on control medium exhibited an asymmetric
activation of pDRb5rev::3XVENUS-N7 in columella and
LRC cells of the lower side of the root (Fig. 2A). The
signal became visible in epidermal cells after 4 h (Fig.
2A). In comparison, in PABA-treated roots, in addition
to the DRb5rev signal observed in columella and LRC
cells, PABA also induced a significant asymmetric
auxin response in epidermal cells of the root TZ-EZ
already after 3 h (Fig. 2, A and B). After 5 h, the DR5rev
signal also was visible in cortex cells (Fig. 2, A and B).
These observations suggest that PABA promotes the
gravitropic root curvature through an enhancement of

the asymmetric auxin response to the lower side of the
root.

PABA Complements the Agravitropic Root Phenotype
of the pin2 Mutant and Requires Ethylene in an
EIN2-Dependent Manner

In Arabidopsis, AUX1 influx or PIN2 efflux carriers
are pivotal for the flow of auxin from columella cells
to epidermal cells of the elongation zone via LRC
cells (Miiller et al., 1998; Swarup et al., 2001, 2005;
Ottenschlédger et al., 2003), and both aux1 and pin2
mutations result in a characteristic agravitropic root-
coiling phenotype (Maher and Martindale, 1980;
Bennett et al., 1996; Luschnig et al., 1998; Miiller et al.,
1998). Because PABA promotes root gravitropism, we
addressed the question of whether the effects of PABA
activity on root gravitropism require the transport
activities of AUX1 and/or PIN2 using aux1-7 and pin2
(eir1-1) mutants. aux1-7 plants grown vertically on
medium supplemented with PABA exhibited an agravi-
tropic root-coiling phenotype (Fig. 2C), indicating that
AUX1 is required for PABA-promoted root gravitro-
pism and that PABA, as a weak acid, may be a substrate
of AUX1-mediated transport. To test this assumption,
aux1-7 seedlings were grown in the presence of PABA
and sulfanilamide (a PABA agonist and a strong in-
hibitor of the folate pathway; Supplemental Fig. S3C)
separately or in combination. As expected, the growth
of wild-type and aux1-7 plants was severely impaired
by sulfanilamide, but when PABA and sulfanilamide
were applied simultaneously, wild-type and aux1-7
plants developed normally (Fig. 2C). This finding indi-
cates that PABA incorporation into cellular metabolic
processes occurred normally and that the AUX1 trans-
porter is not crucial for PABA uptake. Nevertheless,
these results suggest that the effect of PABA on root
gravitropism requires AUX1-mediated auxin influx. In
contrast to the aux1-7 mutant, the eirl/pin2 root-coiling
phenotype was reversed by PABA in a concentration-
dependent manner (Fig. 2D). The positive effect of PABA
could be observed at a concentration as low as 50 um,
and at 200 um PABA, the eirl/pin2 root-coiling pheno-
type was suppressed (Fig. 2D).

Exogenous application of flavonoids has been shown
to be sufficient to partially restore pin2 root gravitropism

Figure 1. (Continued.)

a gravitropism diagram. The length of each bar represents the percentage of seedlings showing the respective direction of root
growth. Numbers inside the circles indicate the number of plants for each treatment. C and D, Root curvature angle over time
after rotating at 90° of Arabidopsis seedlings grown in the presence or absence of 200 pm PABA. C, Snapshots of Arabidopsis
roots grown on control or PABA medium, taken at 0, 100, 140, 180, and 298 min after gravistimulation. g indicates the gravity
vector (black arrow). Dashed white lines indicate the position of the root apex at time 0. D, PABA accelerates the root curvature
angle over time. Data are shown as means + st (n = 5). P values are based on Student’s ¢ tests: P < 0.0001 (****), P < 0.001 (***),
and P < 0.05 (*). E and F, Determination of the root asymmetric gravitropic index (AGi). E, Arabidopsis seedlings gravistimulated
at 135° for 4 h in the absence or the presence of 100 pm PABA. Roots were stained with the plasma membrane marker FM4-64
(red). g indicates the gravity vector (white arrow). Bars = 100 um. F, Quantification of root AGi as the ratio between the average
size of transition and elongation zone (TZ-EZ) epidermal cells of the upper side over the lower side of the curving root (located
between the white arrowheads in E). Data are shown as means = st (n = 10). The star indicates statistical significance (Student’s

t test, P < 0.05).
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Figure 2. PABA modulates auxin distribution and rescues the agravitropic root phenotype of the pin2 mutant in an ethylene-
dependent manner. A, PABA promotes the asymmetric auxin gradient in 135° gravistimulated roots. Seedlings expressing a
nucleus-targeted pDR5rev::3XVENUS-N7 auxin response marker were grown in the absence or presence of 100 ym PABA and
gravistimulated for 0, 3, 4, and 5 h. Boxed areas represent the TZ-EZ and LRC cells. Stars indicate asymmetric auxin distribution
in the LRC and in the elongation zone. Hash tags indicate DR5 signal in cortex cells. The white arrow indicates the direction of
the gravitational vector (g). Bars = 20 ym. B, Quantification of VENUS signal at the upper and lower sides from the root elon-
gation zone cells (boxed areas in A). VENUS signal was quantified in 13 + 2 epidermal cells of the TZ-EZ starting from the last
proximal root cap cell (the same area as in Fig. 1F). Data are shown as means + st (n = 10). Asterisks indicate statistical signifi-
cance (P < 0.05 based on Student’s t test). a.u., Arbitrary units. C, Root phenotypes of the aux? mutant grown on 100 um PABA
or 100 pm of the folate inhibitor sulfanilamide (SULF), alone or in combination, to show that PABA is taken up by auxT roots
but does not rescue the agravitropic aux1 root phenotype. Bars = 1 cm. D, Root graviresponse of 7-d-old pin2 seedlings grown
on control medium (0) or in medium supplemented with 1, 10, 50, 100, and 200 um PABA. pin2 root coiling is suppressed by
PABA in a dose-dependent manner. Bars = 0.5 cm. E, Root phenotypes of 7-d-old seedlings of Columbia-0 (Col-0), pin2, ein2,

and pin2ein2 mutants on control, 200 pm PABA, and 0.5 pm ACC treatment. Bars = 0.5 cm.

(Santelia et al., 2008). Therefore, we tested whether PABA
promotes root gravitropism in a flavonoid-dependent
manner. We investigated the effect of PABA on the
agravitropic and flavonoid-deficient mutant transparent
testa4 (tt4), which lacks the chalcone synthase in flavo-
noid biosynthesis (Koornneef et al., 1982). When grown
on 100 um PABA, the altered root gravitropic phenotype
of the tt4 mutant was suppressed (Supplemental Fig.
S5), suggesting that PABA-promoted root gravitropism
does not rely on the flavonoid pathway.

Plant Physiol. Vol. 178, 2018

It is noteworthy that the roots of light-grown aux1
and pin2 seedlings have been reported to display dif-
ferent sensitivities toward ethylene (Stepanova et al.,
2007; Lewis etal., 2011). Huang et al. (2013) also showed
that the ethylene precursor ACC reversed the gravit-
ropic defects of the ethylene biosynthesis mutant acs7,
suggesting that ethylene levels positively regulate root
gravitropism. In line with this, 1 pm ACC was shown
to stimulate the root graviresponse of the Arabidopsis
ecotype Wassilewskija (Huang et al., 2013).
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We examined whether the PABA-stimulated root
gravitropism in the pin2/eir] mutant involves the eth-
ylene pathway. pin2 was crossed with the ethylene
signaling mutant ein2, known to have a wild-type-
like gravity response (Buer et al., 2006; Ikeda et al.,
2009), and the growth of the double mutant pin2ein2
was compared with that of the pin2 single mutant on
medium supplemented either with PABA or ACC,
the immediate precursor of ethylene biosynthesis.
Remarkably, similar to PABA, ACC treatment also sup-
pressed the pin2 root-coiling phenotype, indicating
that ethylene and PABA might activate similar sig-
naling pathways to restore the pin2 root gravitropic
response (Fig. 2E). Consistent with this hypothesis,
both PABA and ACC failed to prevent the root-coiling
phenotype of the pin2ein2 double mutant (Fig. 2E),
suggesting that the suppression of the pin2 root-coiling
phenotype by both PABA and ethylene requires the
EIN2-mediated signaling pathway. However, despite
the fact that the pin2 root-coiling phenotype was sup-
pressed by PABA and ACC, we noted that pin2 roots
remained slightly agravitropic. To test whether PABA
or ACC really affected the pin2 gravitropic response,
Col-0 and pin2 roots grown on control, ACC-, or
PABA-supplemented medium were rotated at 135°
for 4 and 12 h (a time point at which significant pin2
root curvature angles were quantifiable). As expected,
after 4 h, both PABA and ACC promoted root gravit-
ropism of wild-type plants (Fig. 3A), and after 12 h,
they partially restored the pin2 gravitropic response
(Fig. 3, Band C).

The PABA-ethylene interaction in gravistimulated
seedlings was studied further in the presence of the
ethylene biosynthesis and signaling inhibitors aminoe-
thoxyvinylglycine (AVG) and silver nitrate (AgNO,),
respectively. When applied alone, AVG and AgNO,
delayed root bending and affected PABA-promoted
root gravitropism (Fig. 4A). The combined application
of AVG and AgNO, completely suppressed the induc-
tive effect of PABA on root curvature. Next, we tested
whether the PABA-promoted lateral auxin gradient
at the tip of the bending root also might depend on
ethylene. When applied separately, AVG and AgNO,
prevented asymmetric DR5rev::GFP expression on the
lower side of the gravitropic root, but this negative
effect was reversed by PABA treatment, resulting in a
significantly increased DR5rev::GFP signal in the LRC
and in the elongation zone of the concave side of the
root (Fig. 4, B and C). Importantly, when ethylene in-
hibitors were applied together, they failed to prevent
the PABA-promoted asymmetric auxin response in
LRC cells on the lower side of the root, while they
prevented the induction of the auxin response in the
TZ-EZ, as observed for seedlings treated with PABA
alone (Fig. 4, B and C). Taken together, these results
suggest that PABA requires both ethylene biosynthe-
sis and signaling to promote the asymmetric auxin
response in the TZ-EZ, but not in the LRC, during root
gravitropism.
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PABA and Ethylene Enhance the Differential Expression
of TAA1-GFP on the Concave Side of the Gravitropic Root

Ethylene modulates tissue-specific auxin biosynthesis
during apical hook formation through the induction
of TAAT/WEIS, an aminotransferase that catalyzes
the conversion of the amino acid Trp into the IAA
precursor indole-3-pyruvate (Stepanova et al., 2008).
This gene was found to be expressed on the concave
side during apical hook formation (Stepanova et al.,
2008) and on the lower side of gravistimulated roots
(Yamada et al., 2009). This finding suggests that, as
shown for apical hook formation, TAA1/WEI8 may
work downstream of a positive regulatory loop re-
quired for root gravitropism (Yamada et al., 2009).
To verify whether the effect of PABA activity on root
gravitropism involves TAA1/WEI8, we inspected
TAA1 expression during gravitropic root curvature
in the presence of PABA and ACC using pTAAI:
TAA1-GFP transgenic plants (Stepanova et al., 2008).
TAA1-GFP expression was more prominent on the
lower side of gravistimulated control roots in epider-
mal cells of the root TZ-EZ (Fig. 5, A and B). Quan-
tification of the GFP signal revealed that, among all
treatments (control, PABA, and ACC), the differential
expression of TAA1-GFP between the upper and lower
sides of the root was significantly higher in PABA-
treated plants and, to a lesser extent, in ACC-treated
plants (Fig. 5B). These results suggest that PABA and
ethylene regulate the tissue-specific stimulation of
TAAT in the TZ-EZ on the concave side of the curving
root.

PABA Activates Ethylene-Dependent Cross-
Compensation between Auxin Efflux and Biosynthesis

The activity of TAA1/WEIS8 and its homologs, TARs,
can be competitively inhibited by r-kynurenine, an
alternate substrate that selectively binds to the sub-
strate-binding pocket (He et al., 2011). L-Kynurenine
prevents ethylene-induced auxin biosynthesis, since it
abolishes auxin-mediated nuclear accumulation of the
key ethylene-related transcription factor EIN3 (He et al.,
2011). To determine whether local auxin biosynthesis
intersects with PABA-promoted root gravitropism,
we checked the root phenotype of the auxin biosyn-
thetic double mutant wei8wei2 (Stepanova et al., 2008),
which is allelic to the agravitropic root tir7tir2 dou-
ble mutant (Yamada et al., 2009), as well as the pin2
mutant exposed to L-kynurenine alone or in combi-
nation with PABA. In the presence of L-kynurenine,
6-d-old wild-type plants displayed a coiling root phe-
notype, which was partially reversed by PABA (Fig.
5C, top row), suggesting that PABA may activate other
components of the auxin biosynthesis pathway. Inter-
estingly, the exaggerated root oscillatory pattern of the
weiSwei2 mutant was suppressed by exogenous PABA
and enhanced further by L-kynurenine, resulting in
a severe root-coiling phenotype (Fig. 5C, middle row).
Similarly, L-kynurenine exacerbated the pin2 root
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Figure 3. PABA activity intersects with the ethylene pathway. A, Top, 6-d-old Arabidopsis seedlings were grown on solid
Arabidopsis growth medium (Control) or supplemented with 200 pm PABA or 0.5 pm ACC and rotated by 135° for 4 h. The
white arrow indicates the gravity vector (g). Bars = 1 cm. Bottom, Quantification of root gravitropism of plants presented in A.
Gravistimulated roots were assigned to one of the 12 30° sectors on the gravitropism diagram. The length of each bar represents
the percentage of seedlings showing the respective direction of root growth. Numbers inside the circles indicate the number
of plants for each genotype. B, Root phenotypes of 7-d-old seedlings of Col-0 and pin2 mutant on control, 200 pm PABA, and
0.5 pm ACC treatment. The white arrow indicates the direction of the gravity vector (g). Bars = 0.5 cm. C, Quantification of root
gravitropism of wild-type and pin2 seedlings (with roots pulled straight) gravistimulated at 135° for 12 h.

phenotype, while PABA slightly counteracted this
effect (Fig. 5C), suggesting that PIN2-driven auxin
transport and WEI8/WEI2-mediated auxin biosynthe-
sis may cooperate to promote root gravitropism. Taken
together, these results strongly suggest that PABA-
mediated pin2 root gravitropism recovery occurs via
PABA-induced local auxin biosynthesis.

Plant Physiol. Vol. 178, 2018

We examined the relevance of local auxin biosyn-
thesis in the cross talk between auxin and PABA
and further addressed whether stimulated root grav-
itropism in the weiSwei2 mutant also required EIN2
by generating a weiSwei2ein2 triple mutant (Fig. 5D).
On control medium, the exaggerated waving of the
weiSwei2 root was enhanced further in the weiSwei2ein2
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Figure 4. PABA activity intersects with the ethylene pathway. A, Distribution of gravitropic angles. Seven-day-old Col-0 seed-
lings were grown on control medium and medium containing PABA (200 pwm), in the absence or presence of the inhibitor of
ethylene biosynthesis (AVG; 20 um) or signaling (AgNO,; T pm), applied separately or in combination. Then, seedlings were
gravistimulated at 135° for 4 h. Gravistimulated roots were assigned to one of the 12 30° sectors on the gravitropism diagram.
The length of each bar represents the percentage of seedlings showing the respective direction of root growth. Numbers inside
the circles indicate the number of plants for each genotype. B, Heat map of the asymmetric auxin response at the root tip of
7-d-old DR5rev::GFP seedlings grown as in A. For relative (rel.) intensity, dark and white pixels indicate low and high intensity,
respectively; pixel values range from 0 to 4,095. Stars indicate asymmetric auxin responses in the LRC and in the elongation
zone. The white arrow indicates the gravity vector (g). C, Quantification of DR5rev::GFP signal in TZ-EZ epidermal cells of the
lower side of the curving root. GFP signal was measured in 13 + 2 epidermal cells starting from the last proximal root cap cell
(arrowheads in B). Data are shown as means =+ st (n > 8). DR5rev::GFP signal is considered different from the control at P<0.05.
One-way ANOVA with Bonferroni multiple testing corrections was used to attest for the differences between treatment groups.
The letters (a and b) indicate independent groups according to one-way ANOVA. a.u., Arbitrary units.
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Figure 5. PABA-promoted root gravitropism requires local auxin biosynthesis. A, pTAAT::TAA1-GFP expression at the root
tip of Col-0 seedlings (top row) or at the gravity-induced curvature (bottom row) on control, 200 um PABA-, or 0.5 pm ACC-
supplemented medium. Plants were gravistimulated by rotating the plate at 135° for 4 h. The white arrow indicates the direction
of the gravity vector (g). Roots were stained with the plasma membrane marker FM4-64 (red). Bars = 100 pm. B, Quantification
of the GFP fluorescence in the root TZ-EZ (boxed areas in A) of Col-0 seedlings expressing pTAA1::TAAT-GFP grown and gravi-
stimulated as in A. Data are shown as means = st of arbitrary units (a.u.; n > 20). GFP signal is considered different from the
control (P<0.05). One-way ANOVA with Bonferroni multiple testing corrections was used to attest to the differences between
treatment groups. The letters (a, b, ¢, d, and e) indicate independent groups according to one-way ANOVA. C, Seven-day-old
seedlings of Col-0, weiwei2, and pin2 were grown in the absence (Control) and presence of PABA (200 pm) or of the auxin
biosynthesis inhibitor L-kynurenine (Kyn; 1 pm), separately or in combination. Bars = 0.5 cm. D, Seven-day-old seedlings of
Col-0, wei8wei2, weiSweiZein2, pin2, and pin2wei8wei2 were grown on control, 200 pm PABA-, and 0.5 pum ACC-supplemented
medium. Bars = 1 cm.

triple mutant, resulting in a root-coiling phenotype
that persisted in the presence of PABA or ACC (Fig.
5D). This finding suggests a synergy between WEI8/
WEI2-mediated auxin biosynthesis and ethylene sig-
naling during the root response to gravitropism and
demonstrates that EIN2-mediated ethylene signaling
is involved in the PABA-stimulated root gravitropism
of the weiSwei2 mutant.

Next, to reveal the extent to which auxin biosynthesis
and efflux interact at the root tip, the pin2 and wei8wei2

individually by PABA and ACC, this result suggests
that both substances might activate a reciprocal compen-
sation between PIN2-driven auxin transport and local
WEI8/WEI2-mediated auxin biosynthesis machinery,
and this cross-compensatory mechanism is clearly
dependent on the ethylene signaling pathway.

PABA-Promoted Asymmetric Root Growth Requires
ARF7 and ARF19

mutations were combined, and the root-coiling pheno-
type of the pin2wei8wei2 triple mutant was analyzed.
The pin2weiSwei2 root-coiling phenotype persisted in
both ACC and PABA treatments (Fig. 5D). Hence,
since the pin2 root-coiling phenotype and the sinusoi-
dal growth of the wei8wei2 mutant were suppressed

Plant Physiol. Vol. 178, 2018

The ARF7/NPH4 transcription factor mediates the
auxin response required for asymmetric growth during
hypocotyl and root phototropism (Harper et al., 2000;
Okushima et al., 2005). Together with ARF7, ARF19
participates in auxin signaling but also plays a crit-
ical role in ethylene responses in Arabidopsis roots
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(Li et al., 2006). Consistent with this finding, the grav-
itropic response was strongly impaired in the nph4-
1arf19-1 double mutant (Okushima et al., 2005; Li et al.,
2006). To test whether PABA- or ethylene-induced root
gravitropism requires ARF7 and ARF19, nph4-1arf19-1
plants were grown on PABA or ACC and gravistim-
ulated by rotating plates with an angle of 135° for 4
or 24 h. Neither PABA nor ACC restored normal nph4-
larfl9-1 gravitropic growth after 4 or 24 h (Fig. 6, A
and B). These results indicate that ARF7 and ARF19
transcription factors are required for both PABA- and
ethylene-induced root gravitropism.

To determine whether ARF7 and ARF19 mediate the
PABA-enhanced asymmetric auxin response, we gen-
erated the nph4-1arf19-1DR5rev::GFP line and examined
the auxin response after 4 h of root gravistimulation.
On control medium, in comparison with the wild type,
the DR5rev::GFP signal was reduced significantly in
nph4-1arf19-1DR5rev::GFP roots, and almost no GFP
signal was visible in LRC cells on the lower side
(asterisks in Fig. 6C). In the presence of PABA, the
overall DR5rev::GFP signal intensity was not reduced
significantly in nph4-1arf19-1 root tips when compared
with the wild-type, except in LRC cells, and it was never
detected in the TZ-EZ (Fig. 6, C and D). Taken together,
these results demonstrate that ARF7 and ARF19 medi-
ate the PABA-promoted auxin response in both LRC
cells and the TZ-EZ during root gravitropism.

To verify whether PABA promotes asymmetric
growth in an ARF7/ARF19-dependent manner, we
calculated the AGi of gravistimulated nph4-1arf19-
1DRb5rev::GFP plants (Fig. 6, C and D). The AGi of
nph4-1arf19-1DR5rev::GFP roots grown on PABA (1.03
+ 0.04) was not significantly different from that of
nph4-1arf19-1DR5rev::GFP control roots (0.85 = 0.1),
confirming that ARF7 and ARF19 are crucial for PABA-
promoted asymmetric root growth. Then, we ana-
lyzed the localization of ARF7/NPH4 during the root
response to gravity in nph4arfl9 (arf/7arfl19) plants
expressing the pARF7::ARF7-GFP construct (Fig. 7; Ito
etal., 2016). In contrast to the arf7arf19 mutant, nph4arf-
19pARF7::ARF7-GFP plants responded to gravity, sug-
gesting that, as was shown for lateral root development
(Ito et al., 2016), this construct also could partially res-
cue the arf7arf19 gravitropic phenotype (compare Figs.
6C and 7A). In control roots, ARF7-GFP signal was
visible in nuclei of the LRC, in epidermal cells of the
elongation zone (asterisks in Fig. 7, A-C), and weakly
detectable in the transition zone and meristematic
cells. In the presence of PABA, the expression pattern
of pARF7::ARF7-GFP was similar to that found in the
control roots, except in the meristematic cells on the
concave side of the root, where the nuclear ARF7-GFP
signal was now clearly detected (Fig. 7, D-F). Quanti-
fication of the GFP signal in TZ-EZ epidermal cells of
the upper and lower sides of the root confirmed that,
compared with control plants, ARF7-GFP localized sig-
nificantly to the lower side of the root in PABA-treated
plants (Fig. 7G). The asymmetric expression of ARF7
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suggests that it may regulate genes that control cell
elongation in this area.

The Regulation of Free Endogenous PABA Levels Impacts
Root Gravitropism

To investigate the importance of plant endogenous
PABA, we identified sites of PABA synthesis by analyz-
ing the expression pattern of GAT-ADCS (Basset et al.,
2004a) in planta by fusing the promoter of GAT-ADCS
to the GUS reporter gene (Jefferson et al., 1987). In
shoots, GAT-ADCS (pADCS::GUS) was expressed in
cotyledons and leaves (mainly in the vasculature and
stomata) as well as in the shoot apical meristem. GAT-
ADCS expression was detected at the root-shoot junc-
tion and along the root vasculature (Supplemental Fig.
S1E). At the root tip, GAT-ADCS was expressed in the
quiescent center and LRC cells (indicated by a pound
sign in Supplemental Fig. S1F, left). When plants were
stained for a longer time, the GUS signal could be
detected in the epidermis and cortex (white and dark
asterisks in Supplemental Fig. S1F, right).

A major regulatory step controlling endogenous lev-
els of active PABA is its inactivation by conjugation to
Glc (Eudes et al., 2008). The glycosylation of PABA is
catalyzed by UGT75B1, and the resulting PABA-Glc
conjugate is stored in the vacuole (Supplemental Fig.
S1D; Eudes et al., 2008). To test whether the regula-
tion of free versus glycosylated endogenous PABA is
involved in root gravitropism, we first analyzed the
gravitropic response of the ugt75b loss-of-function
mutant, which accumulates significantly more free
PABA than the wild type (Eudes et al., 2008). When
gravistimulated, roots of ugt75b plants responded
faster than those of the wild type: 60% of ugt75b root
tips were positioned between 0° and 90°, while only
45% of wild-type roots had reached that position (Fig.
8A). However, increasing levels of endogenous free
PABA by growing ugt75b plants in the presence of
exogenous PABA delayed their gravitropic response
(Fig. 8A), suggesting that, as expected, high levels of
free PABA were detrimental for the root graviresponse.

Next, to artificially reduce the endogenous levels of
free PABA, we generated stable conditional lines dif-
ferentially overexpressing UGT75B1. The induction
of UGT75B1 (Lex::UGT75B1) with p-estradiol resulted
in a 2-fold increase in PABA-Glc compared with the
wild type (Fig. 8, B-D). Note that the noninduced
UGT?75B1 (Fig. 8C) also displayed an increased level of
PABA-Glc (approximately 1.5-fold the amount detected
in the wild type). This result is consistent with the
reported leakiness of the p-estradiol-inducible pro-
moter (Kubo et al., 2013). Due to the low initial level
of free PABA, which was barely detectable and rep-
resented less than 5% of the overall PABA content in
the plant, it was not possible in these experiments to
determine any significant decrease within the free
PABA pool. However, considering that the increase
in PABA-Glc resulting from the overexpression of
UGT75B1 required the contribution of the free pool,
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Figure 6. ARF7 and ARF19 are required for PABA-promoted root gravitropism. A and B, Seedlings were grown for 5 d on con-
trol medium and transferred to control medium supplemented or not with 200 pm PABA or 0.5 pm ACC for 24 h, then gravistim-
ulated by rotating the plate at 135° for 4 or 24 h. A, Quantification of the root graviresponse after 4 h of gravistimulation. B, Root
curvature after 24 h of gravistimulation. The black marks indicate the positions of the root apex after plant transfer. The white
arrow indicates the direction of the gravity vector (g). C, Left, auxin response in wild-type (DR5rev::CFP) and in arf7arf19 (nph4-
T1arf19-1DR5rev::GFP) seedlings grown and gravistimulated by rotating the plate at 135° for 4 h as in A. White stars indicate the
presence of the GFP signal in the LRC and/or TZ-EZ cells. Note the absence of DR5 signal in LRC cells of the control arf7arf19
root or in TZ-EZ cells of both control and PABA-treated roots. The black arrow indicates the direction of the gravity vector (g).
Right, quantification of the GFP intensity of plants grown and gravistimulated as in C. a.u., Arbitrary units. D, Determination of
the root AGi of plants shown in C. The data in C (right) and D are shown as means = st (n = 15). Roots in C were stained with the
plasma membrane marker FM4-64 (red). Black stars indicate significantly different GFP signal intensities between DR5rev::GFP
and nph4-1arf19-1DR5rev::GFP roots (Student’s ¢ test, P < 0.05). Bars = 1 ¢cm (B) and 100 pm (C).
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Figure 7. Auxin signaling during root gravitropism. Subcellular localization of ARF7-GFP is shown in roots after 4 h of gravi-
stimulation at 135°. A, pARF7::ARF7-GFP expression in control root. B, TZ-EZ of the root (white box in A). C, Root meristem
(blue box in A). D, pARF7::ARF7-GFP expression in 200 um PABA-treated root. E, TZ-EZ (white box in D). F, Root meristem (blue
box in D). White asterisks indicate ARF7-GFP signal. Roots were stained with the plasma membrane marker FM4-64 (red).
Bars = 100 pm (A and D) and 50 pm (B, C, E, and F). G, Quantification of ARF7-GFP fluorescence in TZ-EZ epidermal cells
of the upper and lower sides of the root. Box plots show median and 75th percentile values calculated from 10 independent
images per genotype. P values are based on Student’s t tests, P < 0.001 (***); n.s, not significant. a.u., Arbitrary units.

this pool might be less available for other metabolic
purposes. Furthermore, a gradual reduction of en-
dogenous free PABA by the application of increasing
concentrations of f-estradiol (from 0 to 1 um) result-
ed in a disturbed root gravitropic response (note the
p-estradiol concentration-dependent reduction of roots
displaying gravitropic angles positioned between 30°
and 90°), while wild-type plants were affected only
marginally (Fig. 8, E and F). These gravitropic defects
could be abolished by an exogenous application of 200
pM PABA and by 1 mm 5-FTHF (Supplemental Fig. S6).
The percentage of root tips (3%) that reoriented at
angles between 0° and 30° in the control Lex::UUGT75B1
plants induced with p-estradiol increased in the
presence of PABA (13%), versus 4% in 5-FTHF. Taken
together, these results support the hypothesis that the
levels of endogenous UGT75B1 activity, which pre-
sumably control the level of free PABA, affect the root
response to gravity.

To precisely identify the tissues in which PABA
might be conjugated to Glc, we investigated the ex-
pression pattern of the UGT75B1 gene. The promoter
of UGT75B1 was fused to the gene encoding a nucleus-
targeted YFP (NLS3xYFP; Sarkar et al., 2007). In
nongravistimulated roots of vertically grown seedlings,
UGT75B1 is expressed in the LRC, in the epidermis of
the transition zone, and in the epidermis, cortex, and
pericycle of the elongation zone (Fig. 9A). Expression
analysis revealed a time-dependent gravity-regulated
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UGT75B1 expression (Fig. 9A). Hence, 1 h after gravistim-
ulation, pUGT75B1:NLS3xYFP expression in the elon-
gation zone was lower in epidermal cells on the lower
side of the root than in the epidermal cells on the up-
per side of the root (Fig. 9, A and B). This modification
was transient because similar pUGT75B1::NLS3xYFP
expression levels were restored on both sides after 4 h
(Fig. 9A). This result suggests a dynamic and differen-
tial conjugation of PABA during root gravitropism.

DISCUSSION

During the course of evolution, plants have become
able to respond very sensitively to gravity. Although
auxin is accepted as the central component of the
root graviresponse, other plant hormones are required
(Philosoph-Hadas et al., 2005). How interactions among
plant hormones are mechanistically orchestrated in
this context is not fully understood. In this study, we
used a combination of genetic, molecular, and phar-
macological approaches to demonstrate that the folate
precursor PABA is an important node that connects the
auxin and ethylene pathways during the root response
to gravity. We showed that PABA positively regulates
root gravitropism and provided evidence that this
activity occurs independent of the role of PABA as a
precursor of folates.
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Figure 8. UGT75B1 regulates endogenous free PABA levels and the root gravity response. A, Distribution of gravitropic angles
of 7-d-old seedlings of wild-type Landsberg erecta and the ugt75b mutant grown on control and 200 pm PABA medium and
gravistimulated by rotating the plate at 135° for 4 h. B to D, Quantification of PABA in planta. Each value is the average of three
independent experiments + sp. Asterisks indicate significant differences from the control by Student’s t test (P < 0.01). B, Wild-
type (WT; Col-0) plants grown on control medium. C, Lex::UGT75B plants grown on control medium. D, Lex::UGT75B plants
grown on medium supplemented with 1 pm B-estradiol (EST). EW., Fresh weight. E, Distribution of gravitropic angles of 7-d-old
Lex::UGT75B seedlings grown on medium containing different concentrations of B-estradiol and gravistimulated as in A. F,
Distribution of gravitropic angles of 7-d-old wild-type (Col-0) seedlings grown on medium containing different concentrations

of B-estradiol and gravistimulated as in A.

PABA Activity Intersects with the Auxin and Ethylene
Pathways

Here, we provide evidence that the effect of PABA on
the root’s response to gravity is distinct from the effect
of auxin. IAA inhibits root gravitropism, whereas PABA
promotes this process. Our data show that the impact
of both chemicals on root gravitropism is not related to
their impact on overall root growth. When applied at
concentrations that inhibit root growth to comparable
extents, only PABA promotes gravitropic root curvature.

The ethylene precursor ACC has been reported either
to inhibit (Buer et al., 2000, 2006) or promote (Chadwick
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and Burg, 1970; Eliasson et al., 1989; Huang et al., 2013)
root gravitropism. Buer et al. (2006) reported that root
gravitropism of Arabidopsis Col-0 was inhibited by
2.5 um ACC, whereas Huang et al. (2013) showed that
1 pm ACC stimulates the root graviresponse in the
Wassilewskija ecotype. In line with the latter finding,
Huang et al. (2013) also reported that ACC could re-
verse root gravitropic defects of the ethylene biosyn-
thesis mutant acs7, giving weight to the claim that, at
certain concentrations, ethylene can positively regu-
late root gravitropism. In this study, a gravitropic root
response was stimulated in Col-0 seedlings by medium
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Figure 9. Gravity modulates UGT75B1 tissue-specific expression. A, pUGT75B1::NLS3xYFP expression pattern (yellow) show-
ing the differential expression between the upper and lower sides of the gravitropic root over time after 135° gravistimulation.
White hash tags indicate down-regulation of pUGT75B1::NLS3xYFP. The white arrow indicates the gravity vector (g). Roots
were stained with the plasma membrane marker FM4-64 (red). Bars = 100 pm. B, YFP intensity in TZ-EZ cells (boxed areas in A)
of 6-d-old pUGT75B1::NLS3xYFP seedlings that were grown on control medium and gravistimulated for 1 and 2 h by 135°. The
data are shown as means =+ st (n = 10). The asterisk indicates a statistically significant difference in YFP signal intensity between
the convex and concave sides. a.u., Arbitrary units. C, Model of PABA-mediated root gravitropism. Solid arrows indicate known
ethylene-auxin interactions; the dashed arrow indicates an anticipated metabolic step.

supplemented with 0.5 pm ACC, a concentration that
clearly suppresses root oscillations and pin2 root coil-
ing and also promoted root graviresponse.
Intriguingly, the PABA effect on the root gravire-
sponse is very similar to that of ethylene. First, PABA-
promoted root gravitropism is suppressed when the
effect of ethylene is blocked by inhibitors of its biosyn-
thesis (AVG) and perception (AgNO,). Second, both
PABA and low doses of the ethylene precursor ACC
promote root gravitropism. Third, both chemicals
reverse the root agravitropic phenotype of light-grown
auxin transport mutant pin2 and auxin biosynthesis
mutant weiSwei2 seedlings, and this effect also is abol-
ished when the ethylene pathway is impaired. Alto-
gether, these observations demonstrate that ethylene
is required for the stimulatory effect of PABA on root
gravitropism when either PIN2 or WEISWEI2 is missing.
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Next, it is well established that the asymmetric auxin
response during the root gravitropic response drives
root asymmetric growth and is facilitated by the co-
ordinated activity of auxin influx (AUX1) and efflux
(PIN2) carriers within the root apex (Miiller et al., 1998;
Rashotte et al., 2001; Ottenschlédger et al., 2003). There-
fore, in addition to the pin2 mutant, we also used the
aux1 mutant to gain insights into how PABA modu-
lates root gravitropism. aux1 roots were resistant to the
PABA-stimulated graviresponse, although they clearly
took up PABA. This finding is probably due to the crit-
ical role of AUX1 in the columella, LRC, and epidermal
cells, where it facilitates the cell-to-cell auxin move-
ment necessary for root curvature (Swarup et al., 2005).
However, since PABA suppressed the root-coiling phe-
notype and could partially reverse the root agravitropic
phenotype of the pin2 mutant, this suggests that PABA
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activates molecular mechanisms that compensate for
the loss of function of PIN2. For instance, we showed
that the PABA-mediated restoration of pin2 root gravit-
ropism requires local auxin biosynthesis. Accordingly,
we found that PABA promotes the gravitropic response
of wild-type Arabidopsis roots through asymmetric,
cell-specific TAAl-mediated auxin biosynthesis, an
observation that is consistent with the increased aux-
in response on the concave side of gravistimulated
PABA-treated roots. These results also are consistent
with the ability of ethylene inhibitors to prevent the
asymmetric auxin response during root gravitropism,
confirming that endogenous ethylene regulates auxin
gravitropic gradients, as suggested previously (Ruzicka
et al., 2007). However, an asymmetric auxin gradient,
albeit weak, was still visible in LRC cells following the
simultaneous application of PABA and ethylene inhib-
itors, suggesting that, in addition to ethylene, PABA
also may activate other pathways.

PABA Activates Ethylene-Dependent Cross-
Compensation between Auxin Transport and Biosynthesis

It has been suggested that a tissue-specific positive
regulatory loop between auxin biosynthesis and eth-
ylene is required for root gravitropism (Stepanovaetal.,
2005). Here, we demonstrated that PABA activates
ethylene-dependent cross-compensation between aux-
in transport and the auxin biosynthetic machinery.
This finding is supported by the fact that the root grav-
itropic response of the auxin biosynthesis wei8wei2
double mutant (Stepanova et al., 2008) and the auxin
transport mutant pin2 was individually stimulated by
PABA, whereas the pin2weiSwei2 triple mutant was
insensitive. This finding also indicated that PIN2 and
WEIS/WEI2 had overlapping roles in modulating the
root gravity response. A similar genetic interaction
between TA Al-mediated auxin biosynthesis and auxin
transport has been reported in Arabidopsis, in which
the elongation of cells in the stem was shown to be
dependent on leaf-synthesized auxin (Tao et al., 2008).
In the root, the synergistic interaction occurs locally, at
the site of auxin biosynthesis, where it intersects with
the ethylene pathway. In agreement with this obser-
vation, pin2ein2 and weiSwei2ein2 mutants were insen-
sitive, indicating that pin2 and weiSwei2 sensitivity to
PABA is dependent on ethylene signaling. These results
also strongly substantiate EIN2 as a key component in
the cross talk among auxin, ethylene, and PABA when
either PIN2 or WEIS/WEI2 function is lacking. However,
since the ein2-5 mutant normally responds to gravistim-
ulation, it suggests that EIN2 is dispensable for the root
gravity response in wild-type Arabidopsis (Buer et al.,
2006). Taken together, our data reveal a contextual role
of EIN2 during root gravitropism when either shootward
auxin transport or local auxin biosynthesis is defective.

The influence of EIN2 on the auxin pathway through
the mediation of ethylene-induced up-regulation of
the expression of the auxin biosynthesis genes WEI2
and WEI7 in the root meristem has been documented
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(Stepanova et al., 2007). These findings clearly suggest
that EIN2 mediates the up-regulation of WEI7, but it
also might be involved in the induction of other auxin
biosynthetic genes, including YUCCA gene family mem-
bers, which encode flavin monooxygenases (Zhao et al.,
2001) and function downstream of TAA1/WEIS/TARs
(Stepanova et al., 2011; Won et al., 2011). Accord-
ingly, PABA stimulates cell-specific TAA1 expression
(see above). This finding is consistent with the stron-
ger auxin response on the concave side of gravistim-
ulated PABA-treated roots. Therefore, in wei8wei2
and pin2 mutants, EIN2-mediated auxin biosynthesis
might compensate for the perturbed auxin levels in
these mutants. However, it is possible that PABA also
might recruit other PIN proteins or activate alternative
transport machinery that can substitute for PIN2. For
instance, the flavonoid-mediated rescue of the pin2
gravitropic response correlates with an asymmetric
distribution of PIN1 and the partial formation of lat-
eral auxin gradients (Santelia et al., 2008), although our
data show that PABA reverses the root gravitropic
defects of the flavonoid-deficient t#4 mutant, suggest-
ing that PABA acts downstream or independently of
the flavonoid-mediated gravity response.

PABA-Promoted Root Asymmetric Growth and Root
Gravitropism Are Dependent on ARF7 and ARF19

The auxin response factors ARF7/NPH4 and ARF19
are transcriptional activators of auxin-responsive genes
involved in numerous auxin-mediated developmental
processes (Fukaki et al., 2005; Okushima et al., 2007;
Narise et al., 2010; Ito et al., 2016). ARF7 and ARF19
are involved in the differential growth responsible for
hypocotylhook formationin etiolated seedlings (Stowe-
Evans et al., 1998; Tatematsu et al., 2004). Moreover, the
arf7arfl19 double mutant displays a reduced root grav-
itropic response (Okushima et al., 2005; Weijers et al.,
2005), indicating that ARF7 and ARF19 are indispens-
able for root gravitropism. This finding was confirmed
by the observation that PABA and ACC did not reme-
diate the defective root gravitropism of the nph4arf19
mutant, suggesting that PABA signal transduction
recruits the canonical auxin signaling pathway. Con-
sistent with this scenario, ARF7 is expressed asymmet-
rically in PABA-treated roots after gravistimulation,
and this pattern is maintained in epidermal cells in the
TZ-EZ, where, presumably, it regulates the expression
of genes that control cell elongation.

Because high DRb5rev expression still is visible
in columella cells of PABA-treated arf7arf19 roots,
we can conclude that, in this zone, PABA may act
through other ARFs or in an ARF-independent
manner. However, in the root elongation zone, on
the concave side, where root gravitropic curvature
occurs, ARF7 and ARF19 are essential for the PABA-
promoted asymmetric auxin response. This observation
is consistent with the observation that the nph4arfl9
mutant lacks the capacity for differential growth in
epidermal cells in the TZ-EZ, where the expression of
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IAA14 (Ditengou et al., 2008), which encodes the direct
transcriptional repressor of ARF7 and ARF19, may sus-
tain an auxin-dependent transcriptional module that
regulates the asymmetric growth response.

UGT75B1 Regulates the Interaction among PABA,
Ethylene, and Auxin

UGT75B1 and GAT-ADCS both are expressed in
root epidermis and LRC cells, suggesting that the
regulation of free PABA levels in these tissues might
be of physiological importance. PABA is a weak acid
and, therefore, is able to enter cells in its uncharged
form (Quinlivan et al., 2003). Thus, PABA could be re-
distributed via diffusion. When PABA is conjugated
to Glc, the resulting PABA-Glc is stored in vacuoles
(Eudes et al., 2008), causing the cytosol to be depleted
of free PABA. The perturbed root gravitropism ob-
served in plants overexpressing UGT75B1 is likely
a consequence of the depletion of active free PABA,
as these gravity defects could be fully suppressed by
applying exogenous PABA, suggesting that UGT75B1
may act as a negative regulator of root gravitropism.
This statement is supported by the spatiotemporal
expression of UGT75B1, which is maintained on the
upper side but decreased in a time-dependent man-
ner on the lower side of the gravitropic curving root.
Consequently, free PABA is expected to increase on the
concave side of the curving root, where it would mod-
ulate TAAT expression and auxin biosynthesis. PABA
might regulate the positive regulatory loop between
auxin biosynthesis and ethylene (Swarup et al., 2007;
Zheng et al., 2013), which would ultimately result in
ARF7/ARF19-mediated auxin activity effects on cell
elongation and asymmetric growth promotion.

In conclusion, our data lead to a model positioning
PABA and its esterifying enzyme, PABA-glycosyltrans-
ferase UGT75B1, upstream of the ethylene pathway,
through which PABA regulates the asymmetric auxin
response and local auxin biosynthesis, which are fun-
damental for the root gravity response (Fig. 9C). The
fact that PABA suppresses the oscillatory pattern of the
root suggests that it probably uncouples the root grav-
ity response (sensu stricto) and perturbations due to
root-surface interactions. Moreover, our data suggest
that PABA regulates the root curvature during the gra-
viresponse in two steps in two distinct zones: in LRC
cells and in epidermal cells of the TZ-EZ. In LRC cells,
PABA activity is mediated only partially by ethylene,
since DR5-asymmetric distribution, albeit reduced,
still is visible. In contrast, there seems to be a stronger
dependence of PABA activity on ethylene-mediated
pathways in the TZ-EZ.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Apart from ugt75b (GT6017) and tt4 in the Landsberg erecta background, all
genetic backgrounds were from the Arabidopsis (Arabidopsis thaliana) ecotype
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Col-0. DR5rev::GFP (Friml et al., 2003), ein2-1 (Guzman and Ecker, 1990; Alonso
etal., 1999), eirl-1/pin2 (Luschnig et al., 1998), nph4-1arf19-1 (Okushima et al.,
2005), aux1-7 (Marchant and Bennett, 1998), and pin2ein2/pin2ein2, generated
by crossing SALK_091142 and SALK_086500 T-DNA lines (Ikeda et al., 2009),
were kindly provided by Markus Grebe (Umea Plant Science Centre, Umeé
University); pDR5rev::3XVENUS-N7 (Heisler et al., 2005) was a gift from M.
Heisler (California Institute of Technology); pTAA1:TAA1-GFP and wei8-
Twei2-1 (Stepanova et al., 2008) were donated by José M. Alonso (North Caro-
lina State University); and pARF7::ARF7-GFP / nph4-1arf19-1 was a gift from H.
Fukaki (Department of Botany, Kobe University). Furthermore, we generated
the introgression lines nph4-1arf19-1DRbrev::GFP, pin2wei8-1wei2-1, and ein2-
Twei8-1wei2-1 by crossing. tt4-1 (N85) seeds were obtained from the Notting-
ham Arabidopsis Stock Centre (NASC). The newly generated lines were iso-
lated by selective phenotyping, PCR-based genotyping, and/or fluorescence
validation. Seeds were surface sterilized (5% [w/v] calcium-hypochloride and
0.02% [v/v] Triton X-100 in 80% [v/v] ethanol) and rinsed three times with
80% (v/v) ethanol. For all experiments, prior to gravistimulation, seedlings
were grown vertically (in petri dishes tilted with an angle of 60° from the ver-
tical axis) on solid 1.3% (w/v) agar Arabidopsis medium, which consisted of a
0.5x basal salt Murashige and Skoog medium supplemented with 1% Suc and
5 mm MES (pH 5.8) in a climatic cabinet (21°C, long-day conditions [16 h of
light/8 h of dark], and 70% humidity).

Quantification of Root Gravitropism

For long-term treatments, Arabidopsis seedlings were grown vertically for
5to 7 d (as indicated in the figure legends) in medium supplemented with
PABA, 5-FTHF, ACC, or TAA, alone or in combination with inhibitors, and
gravistimulated (for details, see figure legends) by rotating petri dishes at
an angle of 135° relative to the Earth’s gravity vector for 4 h. For short-term
treatments, plants were grown for 5 d on control medium and transferred for
24 h to fresh medium supplemented with PABA (for details, see figure leg-
ends) and gravistimulated as above. Quantification of root curvature angles
was performed according to Petrasek et al. (2006). Gravistimulated roots were
assigned to one of the 12 30° sectors on the gravitropism diagram. The length
of each bar represents the percentage of seedlings showing the respective
direction of root tip growth. Root tip angles from the vertical plane were mea-
sured using Image] software (National Institutes of Health; http://rsb.info.
nih.gov/ij).

Quantification of PABA

Free and total PABA determinations were performed essentially according
to Camara et al. (2012). For a detailed protocol, see Supplemental Methods S1.

Video

A time-lapse movie was created of 6-d-old Arabidopsis seedlings grown
in a bicompartmented petri dish (90 mm diameter) in Arabidopsis growth
medium supplemented or not with 200 um PABA. Plants were gravistimulated
for 6 h, and a single image was recorded every 2 min using a Keyence VHX
digital microscope.

Construction of Plasmids

Plasmids and the modifications applied are listed in Supplemental Tables
S1 and S2. Plasmids were constructed according to Sambrook et al. (1989) with
Gateway cloning procedures (Invitrogen). For a detailed protocol, see Supple-
mental Methods S1.

Plant Scanning and Microscopy

Seedlings were imaged with a flatbed CanonScan 9950F scanner while
growing on a plastic petri plate. Histological detection of GUS activity and
plant preparation for microscopy were performed according to Ditengou et al.
(2008). For light microscopy, samples were observed with a Zeiss Axiovert
200M MOT device (Carl Zeiss Microlmaging) for high-magnification images.
Low-magnification views were obtained with a Zeiss Stemi SV11 Apo stereo-
microscope (Carl Zeiss Microlmaging), viewed under differential interference
contrast optics. Plants expressing fluorescent proteins were stained with 5 um
FM4-64 (a lipophilic probe that binds to cell plasma membranes) and analyzed
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with a Zeiss LSM 5 DUO scanning microscope and an AZ-C1 Macro Laser
Confocal Microscope from Nikon. To simultaneously monitor GFP, YFP, and
FM4-64 fluorescence, we used multitracking in-frame mode, and the emission
was separated using the META spectral analyzer online unmixing feature.
Images were extracted and analyzed with Zen2009 software (Carl Zeiss
MicroImaging) and Imaris 7.4.0 (Bitplane). All images were assembled using
Microsoft PowerPoint 2016.

Quantification of the Root AGi

To quantify the gravitropic root AGi, wild-type Arabidopsis seedlings
grown for 6 d in the presence or absence of PABA were gravistimulated for 4
h and then stained with 10 pm FM4-64 for 5 min. After a quick rinse, the roots
were scanned with a Nikon C1 confocal microscope, and the lengths of 13 + 2
TZ-EZ epidermal cells of the upper and lower sides of the root were measured
in images using Image] software (National Institutes of Health). The AGi is
the ratio between the average cell sizes of the upper side over the lower side
of the curving root.

Quantification of GFP or YFP Signals

GFP or YFP quantifications were done by selecting a region of interest in-
cluding 13 + 2 TZ-EZ epidermal cells, starting from the last proximal root cap
cell. Fluorescence intensity was measured using Image] software.

Accession Numbers

The sequence data from this article can be found in the GenBank/EMBL
database and the Arabidopsis Genome Initiative database under the following
accession numbers: At5g20730 (ARF7/NPH4), At1g19220 (ARF19), At2g38120
(AUX1), At5g03280 (EIN2), At2g28880 (GAT-ADCS), At5g57090 (PIN2/EIR1),
At1g05560 (UGT75B1), Atlg70560 (TAA1/WEIS), At5g13930 (TT4), and
At5g05730 (WEI2/ASAT).
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