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The phytohormone salicylic acid (SA) is well known for its induction of pathogenesis-related proteins and systemic acquired
resistance; SA also has specific effects on plant growth and development. Here we analyzed the effect of SA on Arabidopsis
(Arabidopsis thaliana) root development. We show that exogenous SA treatment at low (below 50 uM) and high (greater than
50 uM) concentrations affect root meristem development in two different PR1-independent ways. Low-concentration SA
promoted adventitious roots and altered architecture of the root apical meristem, whereas high-concentration SA inhibited all
growth processes in the root. All exposures to exogenous SA led to changes in auxin synthesis and transport. A wide range of SA
treatment concentrations activated auxin synthesis, but the effect of SA on auxin transport was dose dependent. Mathematical
modeling of auxin synthesis and transport predicted auxin accumulation or depletion in the root tip following low- or high-
concentration SA treatments, respectively. SA-induced auxin accumulation led to the formation of more layers of columella
initials, an additional cortical cell layer (middle cortex), and extra files of epidermis, cortex, and endodermis cells. Suppression of
SHORT ROOT and activation of CYCLIN D6;1 mediated the changes in radial architecture of the root. We propose that low-

concentration SA plays an important role in shaping root meristem structure and root system architecture.

In plants, mobile peptides, nucleic acids, proteins,
and endogenous metabolites mediate a complicated
network of growth responses to developmental and
environmental cues. The action of salicylic acid
(SA; 2-hydroxybenzoic acid) is a part of these diverse
responses (for review, see Rivas-San Vicente and
Plasencia, 2011). However, research into the signaling
pathways initiated by SA has mainly focused on its role
in plant defense and immunity (for review, see Vlot
et al., 2009). High exogenous concentrations (here de-
fined as > 50 uM) of SA stimulate systemic acquired
resistance (SAR), a vitally important adaptive immu-
nity response that protects against a broad spectrum of
pathogens (Mur et al., 2006; Fu and Dong, 2013).

SA is a natural phenolic compound that is present in
Arabidopsis (Arabidopsis thaliana) tissues between 0.25
and 1 pg.g~! of fresh weight (Rivas-San Vicente and
Plasencia, 2011). When challenged with a pathogen, SA
accumulates rapidly in distal leaves to concentrations of
3 ng.g~ 1, with local SA concentrations at wounded re-
gions reaching 20 ug.g~! (Zhang et al., 2010). PATH-
OGENESIS-RELATED GENE 1 (PR1) gene expression is
commonly used as a marker for SA-mediated SAR ac-
tivation; PR1 transcription is rapidly induced in leaves
upon both pathogen exposure and exogenous SA
treatment (Uknes et al., 1992).

Accordingly, the majority of investigations into the
molecular mechanisms of SA action on Arabidopsis
have been performed using exogenous concentrations
of between 150 uM and 1 mm (e.g. Iglesias et al., 2011;
Fu et al.,, 2012; Van der Does et al., 2013; Armengot
et al., 2014). At these concentrations, SA signaling is
regulated by NONEXPRESSOR OF PATHOGENESIS
RELATED GENES 1 (NPR1), a major regulator of SAR
(Cao et al.,, 1997; Fu and Dong, 2013). SA binds directly
to NPR3 and NPR4, which controls NPR1 stability (Fu
et al,, 2012). A number of other participants in SA-
signaling pathways have been described; however
their exact roles remain unclear (for review, see Vlot
et al., 2009; Fu and Dong, 2013).

In addition to biotic stresses, SA mediates the re-
sponses to abiotic stresses, such as drought, low tem-
perature, and high salinity (Miura and Tada, 2014).
Although relatively poorly understood, an important
role for SA in plant development is supported by
published data. There is evidence that SA regulates
seed production and germination, vegetative growth,
flower formation, and senescence (for review, see
Rivas-San Vicente and Plasencia, 2011).

The role of SA as a developmental regulator has
mainly been studied in nonmodel plants. Generally,
low concentrations of applied SA promote plant

Plant Physiology®, July 2019, Vol. 180, pp. 1725-1739, www.plantphysiol.org © 2019 American Society of Plant Biologists. All Rights Reserved. 1725


http://orcid.org/0000-0001-5061-4076
http://orcid.org/0000-0001-5061-4076
http://orcid.org/0000-0002-2728-3835
http://orcid.org/0000-0002-2728-3835
http://orcid.org/0000-0003-3438-0147
http://orcid.org/0000-0003-3438-0147
http://orcid.org/0000-0001-5061-4076
http://orcid.org/0000-0002-2728-3835
http://orcid.org/0000-0003-3438-0147
http://crossmark.crossref.org/dialog/?doi=10.1104/pp.19.00130&domain=pdf&date_stamp=2019-06-19

Pasternak et al.

growth under unfavorable conditions, whereas high SA
concentrations inhibit growth; the threshold between
low and high concentrations depends on plant species
and the method of treatment. SA exhibited growth-
promoting (50 uM) and growth-inhibiting (250 wM)
properties on chamomile (Matricaria chamomilla) seed-
lings (Kovacik et al., 2009). Presowing of wheat (Triti-
cum aestivum) grains in 10 uM SA solution increased
fresh and dry plant weight, whereas presowing in 1 mm
SA reduced these parameters (Hayat et al, 2005).
Mustard plants (Brassica juncea) sprayed with 10 uM SA
solution had higher seed yield and dry mass, but
100 uM SA and higher did not provide these effects
(Fariduddin et al., 2003). Between 25 and 75 uM SA
improves somatic embryogenesis in carrot (Daucus
carota), whereas higher SA concentrations are detri-
mental for it (Hosseini et al., 2011).

Comparatively less is known about the role of SA in
development of plant roots. Exogenous SA proportionally
reduces Arabidopsis root elongation (Pasternak et al.,
2005; Zhao et al., 2015) and specifically induces its wav-
ing in a dose-dependent manner (Zhao et al, 2015).
Within a concentration range of up to 50 uM exogenous
SA, the maximal amplitude of root waving is reached at
30 uM. Exogenous treatment with 250 uM SA inhibits
Arabidopsis primary root growth and lateral root devel-
opment (Armengot et al., 2014). However, in a number of
plant species, lower SA concentrations induced an in-
crease in root biomass: in corn (Zea mays) after 1.5 uM SA
treatment (Agtuca et al., 2013); in soybean (Glycine max)
seedlings sprayed with 10 nM, 100 uM, or 10 mm SA
(Gutiérrez-Coronado et al., 1998); in Pinus patula sprayed
with 10 nm and 1 uM SA (San-Miguel et al., 2003). Even
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femtomolar SA concentrations were found inductive for
lateral root growth in Catharanthus roseus (Echevarria-
Machado et al., 2007). Between 200 and 400 uM SA pro-
moted adventitious root formation in mung bean (Vigna
radiate) hypocotyl cuttings, but an increased concentration
(800 uM) inhibited this process (Yang et al., 2013). An
inhibitory effect of SA-deficiency on root meristem ac-
tivity and root elongation was reported in rice (Oryza
sativa; Xu et al., 2017). The molecular nature of SA effects
on root development is largely unknown, but it may be
mediated by changes in auxin signaling and auxin
transport (Pasternak et al., 2005; Du et al., 2013; Armengot
et al., 2014; Zhao et al., 2015).

Here we investigate the role and nature of SA re-
sponse in root growth and development. First, we
studied the effect of different concentrations of exoge-
nous SA on Arabidopsis root morphology and anatomy
and showed that low and high dosages affect the root
meristem structure in principally different ways. By
applying experimental and computational approaches
we reveal that the diverse phenotypic effects are me-
diated by either auxin accumulation or auxin depletion
in the meristem. We show that SA-mediated auxin ac-
cumulation leads to increase in the number of periclinal
and tangential divisions in the root outer layers via a
CYCD6;1-dependent mechanism. We propose two bi-
oactive concentration windows for SA: at low levels it
acts as a developmental regulator and at high levels it
acts as a stress hormone.

RESULTS

Exogenous SA Inhibits Primary and Lateral Root Growth,
But Activates Formation of Adventitious Roots in a
Concentration-Dependent Manner

In order to analyze how externally applied SA affected
Arabidopsis root development at different doses, 3 d
after germination (dag) seedlings were transferred to
media containing SA concentrations of between 3 and
200 uM for 5 d. At all concentrations tested, SA signifi-
cantly reduces the length of the primary root (Fig. 1, A
and B) due to inhibition of cell elongation (Fig. 1C). Ex-
ogenous SA below 50 uM leads to gradual inhibition of
the root growth, but treatments above 50 uM arrest root
growth soon after transfer (Fig. 1A). Upon transfer of
these 8 dag plants back to control medium, some of the
roots regained growth, e.g. after 150 uM SA half of the
roots recovered and continued growing.

Externally applied SA inhibited lateral root devel-
opment (Fig. 1, B and D). Despite similar number of
lateral root primordia initiated after SA exposure,
some of them stopped developing from stage IV on
(Supplemental Fig. S1). No lateral root primordia
emerged from the root portion grown after transfer to
SA at =20 uM and less lateral root primordia emerged
from the root portion grown before the transfer.

Plants treated by relatively low concentrations of
SA (3-50 uM) developed adventitious roots more
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frequently than control plants (Fig. 1E); sometimes even
secondary adventitious roots were observed (Fig. 1F).
After 5 d of SA treatment at 30 uM, all plants had de-
veloped adventitious roots.

The ANOVA of morphological changes (Fig. 1A, C,
and D; Supplemental Fig. S1) identified that SA con-
centrations below and above 50 uM have different ef-
fects on the growth of primary, lateral, and adventitious
roots in Arabidopsis. We next studied the effects of
relatively low (30 uM) and high (150 uM) SA concen-
trations in more detail.

Exogenous SA Alters Root Meristem Structure

We analyzed the cellular architecture in the root tip of
seedlings grown on either low or high SA media
(Fig. 2). A progressive inhibition of the proximal meri-
stem was observed with increasing SA concentration: at
30 uM the meristem slightly reduced in size (Fig. 2B),
and at 150 uM the top meristem border was barely
detectable, because all cells were much bigger than
control ones (Fig. 2C). In accordance, we observed a
gradual decrease in CYCB1;1 (CYCLIN B1;1) expression
(Fig. 3A). More than half of the roots transferred to
150 uM SA did not show any CYCBI,1 signal.

The exogenous SA effect on the distal meristem was
concentration dependent (Fig. 2). The low concentration
SA treatment led to enlargement of the distal meristem.
After 5-d treatment with 30 uM SA, the distal meristem
acquired between two and four extra tiers of small cells
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Figure 1. Concentration-dependent
effect of exogenous SA on Arabi-
dopsis (Arabidopsis thaliana) root
growth. A-E, Analysis of the changes
in root growth induced by different
SA concentrations after transfer to
SA-containing plates at 3 dag for 5 d.
A, Primary root growth in length,
after transfer to the new medium. B,
Morphology of the seedlings treated
by 30 and 150 uM SA for 5 d, ana-
lyzed in A and C-E. White arrows
indicate where the root end was lo-
cated after transfer. C, The length of
epidermal cell in the mature zone.
D, The number of lateral roots. E, The
portion of plants with at least one
adventitious (Adv.) root. F, The root-
to-shoot junction of the seedling
treated by 30 uM SA for 5 d. The
secondary adventitious root primor-
dia are shown by black arrows. A, C,
and D, Error bars depict SD; statisti-
cal groups indicated by letters were
determined by one-way ANOVA
with Tukey post hoc test (CI 95%,
n = 15-25). Scale bars = 1 cm (B)
and 100 um (F).

30uM 150 uM

with compact nuclei and lacking starch granules (Fig. 2,
B and D). The distal meristem was also enlarged in
width, with barely identifiable cortex/endodermis and
epidermis/Lateral Root Cap (LRC) initials, whose division
planes and division frequency apparently were disturbed.
In contrast, the organization of the distal meristem grown
at 150 uM seemed unaffected, aside from bigger cells and
lack of starch granules in the columella (Fig. 2, C and D).

The extra tiers of the distal meristem formed under
30 uM SA expressed both quiescent center (QC;
WOX5:GFP, WUSCHEL-RELATED HOMEOBOX b5
promoter driving GFP) and columella initial cell (J2341)
markers (Fig. 3, C and D). However, WOX5:GFP ex-
pression in the extra tiers was less intense compared with
that in the QC (Fig. 3C).

SA Effects on the Root Meristem Are Spatially Distinct
from PR1 Induction

High concentrations of SA activate PR1-dependent SA
response (Fu and Dong, 2013), which takes part in path-
ogen resistance. We next asked whether the observed SA
effects on the root meristem are also mediated through a
PR1-dependent pathway. Using PR1:GUS plants, we
found that application of either low or high levels of SA
led to activation of PRI expression; however, this ex-
pression was localized almost exclusively to the mature
zone of the root (Fig. 3B). PR1-dependent transcription
was absent in the root meristem of both control and
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Figure 2. Exogenous SA signifi- A
cantly alters root meristem architec-
ture. A-C, Root tip anatomy after
72 h of growth on mock (A), 30 uM
SA (B), or 150 uM SA (C) medium.
Red arrowheads indicate the end of
the proximal meristem. In D, en-
largements of the dashed rectangles
from A-C are shown. Dii, white
outline with QC, columella, cortex/
endodermis, epidermis/LRC initial
cells. Di and iii, red asterisks mark
the QC, and white mark cortex/
endodermis initials. Scale bars =
50 pm.

Control

SA-treated plants, even at the high dosage of 150 uM SA.
Thus, only the mature zone of the root is capable of initi-
ating PR1 expression, and SA alters root meristem struc-
ture by a yet unknown PR1-independent mechanism.

SA Alters Auxin Distribution in the Root Apical Meristem

Induction of adventitious roots and enlargement of
the distal meristem have in common the key role of

Figure 3. Exogenous SA affects expression of
meristem markers in a PR1-independent manner. A
and B, The root tips of plants grown on the media
containing 0, 30, and 150 uM SA for 36 h. A,
CYCB1::GUS. B: PR1::GUS plants. C and D, Con-
trol roots and roots exposed to 30 uM SA for 72 h.
The green GFP signal is counterstained with DAPI
in white. White asterisks mark the QC position, c1
the first columella tier (columella initials), and c2
the second columella tier. The green signal is
WOX5:GFP in (C), and the J2341 enhancer trap
line in (D). Scale bars = 50 um.

A Control

1728

auxin. Auxin accumulates already in early derivatives
of the adventitious root founder cell (Della Rovere
et al., 2013). Local auxin levels control maintenance
or differentiation of cells in the distal root meristem
(Ding and Friml, 2010). We therefore analyzed the
distribution of auxin-dependent signaling in plants in
the presence of SA.

Exogenous SA affected DR5-dependent GFP fluo-
rescence depending on concentration: low-level SA
activated DR5 activity and high-level SA inhibited it

30 uM 150 pM B Control 30

%5

Contol
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(Fig. 4, A and B). Measurements of the fluorescent sig-
nals in the root tips showed a 2-fold increase of DR5-
dependent fluorescent protein intensity after 36 h of
30 uM SA exposure and a quarter decrease after 150 uM
SA (Fig. 4E). A time course shows that the increase in
DR5-dependent GFP fluorescence was observed after
6 h of 30 uM SA treatment, before any phenotypic
changes became visible (Fig. 4A). DR5 activity was also
significantly enhanced in the mature root zone of 30 uM
SA-exposed plants (Supplemental Fig. S2, A and B).
Instead of local auxin response maxima at presumptive
lateral root primordia, the auxin response increased
along the mature zone of 30 uM SA-treated roots. These
results led us to hypothesize that exogenous SA might
affect auxin transport and/or metabolism in the root.
To test this hypothesis, we analyzed expression of the
auxin efflux proteins PIN1 (PIN-FORMED 1), PIN2,
PIN4, PIN7, and the auxin biosynthetic enzyme TAA1
(TRP AMINOTRANSFERASE OF ARABIDOPSIS 1)
after 36 h of SA treatment using antibodies and reporter
lines. The semiquantitative and qualitative analyses

A Oh 6 h

B

b p 15
b [

1
a c a -0,5
B == B ’

DR5 TAAT

Intensity/Area,
normalized

o =N WM
H

Low-Level Salicylic Acid Influences Root Meristem Patterning

indicated that SA affects both auxin synthesis and auxin
transport. TAA1 expression increased 3-fold in the root
tips exposed to either low or high SA concentrations
(Fig. 4, D and E). In addition, SA exposure leads to an
increase in TAA1 expression level with a reduction of
the TAA1 expression domain in the distal elongation
zone (Supplemental Fig. S2E). Different levels of SA
had similar effects on the expression of PIN2 and PIN7;
they were inhibited almost 2-fold (Fig. 4, C and E); PIN4
expression was not changed (data not shown). In-
triguingly, the expression of PIN1 was differentially
regulated: 30 uM SA up-regulated PIN1 by 30%, but
150 uM SA inhibited it by 40% (Fig. 4, C and E).

Computer Simulation of Auxin Distribution in the Root
Apical Meristem under SA Treatment

The experimental results (Fig. 4E) indicate that SA
has four inputs in the auxin distribution system: SA
activates de novo auxin synthesis and rootward auxin

D control 30 uM 150 uM

m control

30 yM SA m150 uM SA

b

I 4 a 5
C .bb b
el alE

PIN1 PIN2 PIN7

Figure 4. SA treatment changes auxin distribution in the root tip. A, DR5::GFP signal gradually increases in the root tip over a
24-h time course of exposure to 30 uM SA. After 24 h the fluorescence intensity persisted, but the expression domain enlarged. B,
150 uM SA downregulates DR5::GFPin the root tip. C, Immunolabeling of PIN1 and PIN2: both low and high SA dosages down-
regulate PIN2, whereas PINT is activated by low SA and downregulated by high SA. D, SA upregulates expression of TAAT::TAAT-
GFP. A-D, counterstained with DAPI. E, Quantitative reporter intensity measurement in root tips after 24 h exposure to 30 uM
(light gray) or 150 uM SA (black). The relative fluorescence intensities per area are presented for SA-treated and control (dark gray)
root tips. The measurements were obtained from DR5::GFP, TAAT::TAA1-GFP, PIN1::PIN1-GFP, PIN2::PIN2-GFP, and
PIN7::PIN7-GFP plants. Error bars depict SD. Statistical groups indicated by letters were determined by one-way ANOVA with

Tukey post hoc test (Cl 95%, n = 10-15). Scale bars = 50 um.
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transport, but down-regulates nonpolar and shootward
auxin transport in the root tip. The exogenous SA effect
on rootward transport is concentration dependent. We
used mathematical modeling to predict the changes in
auxin distribution in the root tip resulting from SA-
mediated inputs.

In order to do this, we adapted an established
mathematical model of auxin action in the root meri-
stem (Mironova et al., 2012; Hong et al., 2017). The
model (Fig. 5A) allows reconstructing longitudinal
patterning of auxin and PINs in the root meristem
in silico, just from considering the feedback regulations
between auxin and PINs (Fig. 5B) without the necessity
to prespecify PIN expression domains. Depending on
the rates of auxin synthesis and transport, the model
generates, moves, or dissipates the distal auxin maxi-
mum, crucial for maintenance of the QC and the distal
meristem, together with adjustment of PIN expression
domains.

We introduced SA-dependent multipliers into the
initial model to replicate the effects of exogenous SA on
auxin transport (k°4™) and auxin biosynthesis (kS4™4%;
Fig. 5, B and C; Supplemental Text). The SA effect was
then analyzed in a two-step computer simulation. We
first started the model simulation from uniform auxin
distribution ([a] ;/=1) without considering the SA effect

(kAN = SAm11=1) The resulting “control” steady-state
auxin pattern had its concentration maximum in the
central cell layers, four rows proximal to the root tip
(Fig. 5D; Supplemental Fig. S3).

To simulate SA treatment, we used the control steady
state as a starting point, and changed k54" and k544!
according to the experimental data (Fig. 4E). In case of
low-level SA, we set the synthesis rates of PIN1, PIN2,
PIN7, and TAA1 multipliers of 1.3, 0.5, 0.6, and 3, re-
spectively (Fig. 5B; Supplemental Text). Simulation
gave a new steady-state solution, with the same auxin
maximum position. However, the strength of the auxin
maximum was significantly increased when com-
pared with that from the control solution (Fig. 5E;
Supplemental Fig. S3). Maintenance of the distal auxin
maximum position was restricted to a narrow param-
eter space of the model (Supplemental Figs. S4-56;
Mironova et al., 2012); thus, the present solution under
significant changes in the parameter settings is an un-
expected finding.

Simulation of high-level SA exposure (Fig. 5C) gave
the steady-state solution with weaker and displaced
auxin maximum (Supplemental Fig. S4). The model
outcome matches the experimental data when we de-
creased the intensity of auxin inflow into the meristem
by 45%-60% in addition to k5A™ and k4™ (Fig. 5F).
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Figure 5. Mathematical modeling of auxin distribution in the root meristem after SA exposure. A, The direction of auxin flow
mediated by different PINs in the mathematical model (ep, epidermis; ¢, cortex; en, endodermis; p, pericycle; vc, vascular cells).
Blue arrows, acropetal; green, basipetal; orange, lateral. Auxin inflow from the differentiated tissues to the meristem is assigned to
the proximal meristem boundary only. B and C, Variables and their regulations considered in the mathematical model. Dashed
arrows depict the feedbacks from the initial model (Mironova et al., 2012). The multipliers show the simulated effect of 30 uM SA
(B) or 150 uM SA (C) on the variables according to the experimental data (Fig. 4E). PIN7 at 150 uM SA was too variable to be
significant, and the multiplier was set to 1. Red arrows, positive regulation; black arrows, negative regulation. D-F, Stationary
solutions along a longitudinal section of control (D) and SA-treated root tips (E and F). cu, Concentration units. E, generated using
multipliers from B. F, generated using multipliers from C and with 50% decreased auxin inflow. G and H, Comparison of sta-
tionary solutions (green) with the experimental data (light gray) on GFP fluorescence of DR5::GFP (titled “Auxin*”), PIN1::PIN1-
GFP, PIN2::PIN2-GFP, and PIN7::PIN7-GFProot tips after 36 h treatment by 30 uM SA (G) and 150 uM SA (H). Both in silico and
in vivo data were normalized to their respective controls (dark gray column). Error bars for dark and light gray columns depict SD.
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The shoots of the seedlings grown on the 150 uM SA
were indeed smaller compared with that of control
plants, suggesting that they synthesize less auxin, de-
creasing auxin flow from the shoot.

To test the model’s outcomes we compared the SA
treatment in silico and in vivo: namely, control ratios
for auxin and PINs levels calculated in the model with
the ratios measured for the corresponding reporter lines
(Fig. 4E) after 36 h of either low or high levels of SA
treatment. The analysis gave quantitative agreement of
the model calculations with the experimental data
(Fig. 5, G and H; Supplemental Text). We therefore
conclude that the model adequately reproduced the
changes in auxin distribution after exposure to SA.

SA Induces Middle Cortex Formation and Tangential
Divisions in Cortex and Epidermis

After verification of the model, we examined the
model predictions. When low-level SA treatment was
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simulated, the stronger auxin maximum, which might
be responsible for enlargement of the distal meristem,
was not the only change in auxin distribution. Auxin
amounts in the outer cell layers (epidermis, endoder-
mis, and cortex) of the SA-treated in silico root were
higher, whereas the auxin amounts in vascular cells
were lower in comparison with that resulting from the
control solution (Fig. 6A). We hypothesized that these
changes in auxin patterning may alter the root meri-
stem morphology activating cell proliferation in the
outer layers and inhibiting it in the stele.

We therefore undertook a closer examination of the
root meristem structure exposed to low-level SA using
iRoCS Toolbox for three-dimensional analysis (Schmidt
etal., 2014; Fig. 6, C, D, F, and G; Supplemental Fig. S7,
A-D). In accordance with the predictions (Fig. 6A), we
revealed multiple cases of extra cell divisions in the
outer layers. In epidermis and cortex, extra divisions
were radially oriented, resulting in the formation of
new cell files (Fig. 6, C and D; Supplemental Fig. 57, A
and C). In addition, treatment with 30 uM SA disturbed

05'.
--ﬁ

kyn kyn+SA SA NPA SA+NPA

-
wt, mock, 10 dag

dnd2, 5 dag

Figure 6. SA affects longitudinal and radial structure via modulation of auxin distribution. A, Model predicts auxin accumulation
in the outer layers (epidermis [ep], cortex [c], endodermis [en]) and depletion in the vascular tissues (vasc) for treated by 30 uM SA
root tips. Histogram shows predicted auxin amount in concentration units (cu). B, Primary root elongation relative to control, after
transfer to the new medium at 3 dag for 5 d: one-half strength Murashige and Skoog supplemented with mock, 5 uM I-kynurenine
(kyn), 5 uM NPA, and 30 uM SA in various combinations. Error bars depict SD; statistical groups indicated by letters were de-
termined by one-way ANOVA with Tukey post hoc test (Cl 95%, n = 15-20). C-H, Anatomical structure of the root tips in the
wild-type (wt) 5 dag (C and F), 5 dag upon 30 uM SA exposure (D and G), and 10 dag (E and H) seedlings. Transverse (C-E) and
longitudinal (F-H) sections of roots. C, Control root contains 32 vascular, 9 endodermis (yellow), 8 cortex (blue), and 8 thri-
choblast (green) cell files. The white asterisks indicate protophloem cells. D, Increase in the number of cell files in endodermis,
cortex, and epidermis under 30 uM SA; decrease in the number of vascular cell files. Periclinal cell divisions in endodermis yield
middle cortex (red) and endodermis (yellow) cells. E, Middle cortex naturally forms in older seedlings of 10 dag. G-K, Distur-
bance in divisions of cortex/endodermis initials and the QC in the roots of 5 dag wild-type seedlings upon 30 uM SA exposure (G),
10 dag wild-type seedlings (H), yuc-1D transgenic 5 dag seedlings (1), and SA-accumulating 5 dag mutants dnd1 and dnd2 () and

K). Scale bars = 25 um.
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patterning of the endodermis-cortex initials and led to
precocious formation of the middle cortex, a second
cortical cell layer (Fig. 6D; Supplemental Fig. 57, A-C).
Ectopic periclinal divisions in endodermal cells were
detected as early as after 36 h of 30 uM SA treatment in
5 dag seedlings, and their number increased over time.
The radial number of endodermal cells also increased
(Fig. 6D; Supplemental Fig. S7D). Accordingly, 8 dag
30 uM SA-treated plants had an intercalary middle-
cortex layer; 10 endodermis and 12 cortex cell files
(n = 10) instead of the 8 to 9 seen in the control (n = 15);
and up to 30 epidermal cell files after SA treatment in-
stead of the 20-24 seen in control roots (Fig. 6, C and D).
Consistent with predicted auxin level (Fig. 6A), the
number of cell files in the vascular cylinder was lower in
roots exposed to SA: 24-28 instead of 30-34 cell files in
the control (Fig. 6, C and D).

By Inducing Auxin Accumulation, Low-Level SA Promotes
Root Meristem Maturation

Study of the model with respect to parameters shows
that three inputs, TAA1 activation, PIN1 activation, and
PIN7 inhibition, are equally important for providing a
stable and strengthened distal auxin maximum under
low-level SA (Supplemental Figs. S5 and S6). Down-
regulation of PIN2 has less effect. We analyzed root
growth in seedlings transferred to the solid medium
containing auxin synthesis inhibitor (5 uM I-kynuren-
ine) or auxin transport inhibitor (5 uM napthylph-
thalamic acid [NPA]) with or without 30 uM SA
(Fig. 6B). The inhibitory action of NPA on root growth
was similar to low-level SA, but together these sub-
stances gave a synergistic effect. In contrast, I-
kynurenine treatment partially recovered root growth
under low-level SA, despite I-kynurenine being a
growth inhibitor. This data support the idea that SA
modulates auxin distribution to affect root meristem
activity.

Analysis of the model with respect to the parameters
also identified that the model is most sensitive to the
intensity of auxin flow into the vascular cells at
the meristematic boundary (Supplemental Fig. S5).
The position of the auxin maximum maintains in a
narrow interval of the intensity changes, moving up-
ward upon flow increase and downward upon de-
crease (Supplemental Fig. S5E). In addition, auxin
concentration in the endodermis is proportional to
auxin inflow changes. We hypothesized that we might
find an enlarged distal meristem and middle-cortex
formation in the root meristem upon certain conditions.

An increase in the rate of auxin flow into the root
meristem may occur in vivo in older seedlings (Bhalerao
et al., 2002). The root meristem is a dynamic structure,
changing during maturation of the plant (Baum et al,,
2002). Indeed, three-dimensional analysis of the root tips
of 10 dag control plants identified dividing QC and
disturbed division planes in cortex/endodermis initials
in 40% of tested plants (1 = 20; Fig. 6H). In 60% of these
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plants, we also observed middle-cortex formation, usu-
ally at the two protoxylem poles (Fig. 6E).

We also expected that the intensity of auxin flow into
the meristem would be higher in yuc-1D plants that
have enhanced auxin synthesis rates (Zhao et al., 2001).
Indeed, in half of tested 5 dag yuc-1D plants (n = 10) we
detected precocious divisions of the QC and disturbed
cortex/endodermis initials, although no middle-cortex
cells were observed at this developmental stage
(Fig. 6I). Importantly, a similar phenotype (enlarged
distal meristem and no middle cortex) was detected in
half of SA-accumulating mutants dnd1 and dnd2 at 5
dag (n = 10; Fig. 6, ] and K), indicating that not only
exogenous but also endogenous SA possesses mor-
phogenetic effects in the root meristem.

Together our data suggest that low-level SA fine-tunes
auxin distribution in the root meristem, accumulating
auxin in the outer layers and the distal meristem, and by
this way induces meristem maturation.

SA Affects Root Apical Meristem Radial Patterning in a
CYCD6;1-Dependent Manner

The known mechanism of middle-cortex formation
in the root includes three factors: SCARECROW (SCR),
SHORT-ROOT (SHR), and CYCD6;1 (Paquette and
Benfey, 2005; Sozzani et al., 2010; Koizumi et al.,
2012b). We studied expression of these factors in
CYCD6;1::GFP, SCR::GFP, and SHR::SHR-GFP plants
transferred at 3 dag to liquid medium containing 30 uM
SA. To detect successive formation of middle cortex the
duration of treatment was set to 36 h. Despite no
changes in SCR expression in endodermal cells after SA
treatment, SHR and CYCD6,1 expression patterns were
significantly affected by SA (Fig. 7). Control plants
showed a high nuclear SHR-GFP signal in endodermis
cells (Fig. 7A), likely resulting in suppression of
CYCD6;1 activity and reduction of periclinal cell divi-
sions in this cell layer (Sozzani et al., 2010; Koizumi
et al., 2012a, 2012b). Nuclear SHR-GFP level in the en-
dodermis of SA-treated roots was much lower in com-
parison with the control (Fig. 7A). High SHR level
inhibits CYCD®6;1, whereas an intermediate SHR level
activates CYCD6;1 (Koizumi et al.,, 2012a,2012b). In
response to lowered SHR level, the tissue area exhibit-
ing CYCD6;1 expression was significantly enlarged and
the CYCD6;1 expression level increased (Fig. 7C;
Supplemental Fig. S7E). These data are consistent with
an SCR-SHR-dependent induction of middle cortex cell
formation by SA, which activates CYCD6;1 expression
in endodermis cells. Weak CYCD6;1 expression was
detected in cortex and epidermis, suggesting that the
cyclin mediates tangential cell divisions in the outer
layers as well.

DISCUSSION

SA is a well-known stress hormone in plants, accu-
mulating after pathogen attack. Basal SA concentration
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control 30 uM SA

Figure 7. SA (30 uM) influences precocious formation of the middle cortex in the root meristem via a SCR-SHR-CYCD6-de-
pendent mechanism. Three dag seedlings were transferred to liquid media containing 30 uM SA or mock. The results of a 36-h
exposure to SA are shown in comparison with control roots. A, Decrease of endodermal SHR-GFP signal in SA-treated versus
control roots. B, SCR::GFP expression in control (left) and SA-treated (right) roots. C, SA leads to enlargement of the
CYCDG6; 1::GFP expression domain. A-C, Counterstained with FM4-64 Dye. White arrows indicate middle cortex formation

events. Scale bars = 50 um.

is low, ranging from 250 ng to 1 ug g~ ! (Fresh Weight)
in Arabidopsis (Rivas-San Vicente and Plasencia,
2011). Studies on Arabidopsis have been mainly as-
sociated with plant innate immunity, biasing investi-
gations into the molecular mechanisms of SA defense
action. Accordingly, only the effects of relatively high
concentrations of exogenous SA (>50 uM) have been
studied in depth on Arabidopsis, and mainly on aerial
portions of plants (Cao et al., 1997; Fu et al., 2012;
Matouskova et al., 2014; Xu and Brosché, 2014). The
influence of SA on root systems has been studied to a
lesser extent. SA-induced inhibition of root growth
with enhanced root waving was shown in Arabidopsis
for relatively low concentrations (Zhao et al., 2015).
The inhibitory effect was also demonstrated for high
SA dosages (Iglesias et al., 2011; Armengot et al., 2014;
Sasek et al., 2014).

SA Effect on Root Growth Is Concentration Dependent

Statistical analysis of root growth changes in seed-
lings exposed to exogenous SA (Fig. 1) allows us to
distinguish concentration ranges, which induce differ-
ent responses in the meristem (Fig. 8). We identify two
roles of SA: first as a developmental regulator and
second as a stress hormone. At concentrations below
50 uM, SA induces distal meristem enlargement, inhi-
bition of lateral root development, and activation of
adventitious roots (Figs. 1 and 2; Supplemental Fig. S1).
These physiological effects are mediated by auxin re-
distribution and a greater auxin response in the root tip
(Fig. 4), but do not require PR1-signaling in the RAM
(Fig. 3B).

Above 100 uM, exogenous SA treatment induces PR1
and SAR in the elongation and maturation zone, a
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process mediated by the NPR1-signaling pathway (Fu
and Dong, 2013). At these dosages, SA inhibits cell
proliferation and elongation in the root (Figs. 1, 2, and
3A) in a zone spatially distinct from PR1 induction
(Fig. 3B). Because the root meristem structure is main-
tained during exposure to 150 uM SA, but its cell sizes
greatly increase (Fig. 2C), we can conclude that high-
dosage SA inhibits cell cycle progression making the
meristem quiescent. After 5 d of SA treatment, the
meristem was still able to restore root growth if trans-
ferred to mock medium. Inhibition of meristem activity
happens in parallel with auxin depletion in the root tip
(Fig. 4, B and E).

SA Modulates Root System Architecture

Exogenous SA inhibits primary root growth at con-
centrations as low as 3 uM (Fig. 1A). Additionally, SA
treatment decreases cell length (Fig. 1B), with dosages
above 50 uM inhibiting all growth processes. In the
10-50 uM concentration window, SA inhibits lateral
root initiation, while activating adventitious root de-
velopment (Fig. 1, C, D, and F; Supplemental Fig. S1). In
addition, low SA levels impede development of already
initiated lateral root primordia in the mature zone.
Importantly, this effect is from stage IV and older pri-
mordia (Supplemental Fig. 51), wherein the typical root
meristem auxin pattern starts to be formed (Benkova
et al,, 2003). We hypothesize that SA-induced auxin
accumulation inhibits progression of lateral root
development.

SA treatment, therefore, results in the development
of a shallow root system with a short primary root,
fewer lateral roots, and well-developed adventitious
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Figure 8. Concentration-dependent mech-
anisms of SA action on the root meristem.
Low-level (below 50 uM), exogenous SA
acts as a developmental regulator in Ara-
bidopsis root meristems, but at high levels
(above 50 uM) SA acts as a stress hormone.
Low-level SA activates (red arrow) PINT
and TAA1, but represses (black T-bar) PIN2
and PIN7. The net effect is middle cortex
induction and distal meristem enlargement
through auxin accumulation. High-level
SA activates TAA1 and represses PINT,
PIN2, and PIN7, which together deplete
auxin from the stem cell niche. Cell divi-
sion activity of the meristem is inhibited, a
reversible effect upon transfer to SA-free
medium.

g

TAA1, PIN1

Distal meristem enlargement,
middle-cortex formation

Low level SA

Auxin accumulation

|

Root meristem

High level SA

e

PIN1, PIN2, PIN7

N

PIN2, PIN7

e

TAA1

Auxin depletion

L

Meristem activity

SA concentration

=

Developmental regulator

and secondary adventitious roots. This developmental
scenario might be the norm in other plant species,
which have higher endogenous SA. Although this hy-
pothesis remains to be tested, we know that SA acti-
vates adventitious root growth in pea (Pisum sativum)
as well (Yang et al., 2013) and that an SA-deficient
mutant in rice has reduced root meristem activity (Xu
et al., 2017). An SA-induced increase in root biomass
was shown for Pinus patula (San-Miguel et al., 2003),
soybean (Gutiérrez-Coronado et al., 1998), and corn
(Agtuca et al., 2013). An interesting study on induction
of root growth by femtomolar concentrations of exog-
enous SA in roots of C. roseus transformed by Agro-
bacterium rhizogenes (Echevarria-Machado et al., 2007)
showed that root biomass increased due to enhanced
lateral root growth and reduced distance between the
root tip and the nearest lateral root primordia.

SA inhibits root elongation at all concentrations
tested (Fig. 1A). The shorter cells in roots exposed to SA
(Fig. 1B) presumably are due to their quicker passage
through the elongation zone. Analysis of TAA1 activity
suggests auxin accumulation in the epidermis of the
distal elongation zone in roots exposed to SA (Fig. 4D),
which can explain this effect. Induction of TAA1 in this
zone in response to Al stress greatly enhances local DR5
expression and inhibits root elongation (Yang et al.,
2014).

In contrast with lateral roots, the initiation of ad-
ventitious roots is stimulated by high cellular auxin
concentration (Ludwig-Miiller et al., 2005). DR5 signal
is consistently observed throughout the length of the
root treated by 30 uM SA, including the root-to-shoot
junction (Supplemental Fig. S2, A and B). Two main
regulators of adventitious rooting in Arabidopsis have
been proposed: auxin and jasmonic acid (JA). Whereas
auxin activates adventitious rooting in a wide range of
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concentrations, JA inhibits it (Gutierrez et al., 2012). It
has previously been shown that the levels of GH3.3,
GH3.5, and GH3.6, which conjugate SA, JA, and indole-
3-acetic acid (IAA) in vitro, were correlated with the
number of adventitious roots (Staswick et al., 2005;
Sorin et al., 2006; Gutierrez et al., 2012). The present
results reinforce SA as an important player of the reg-
ulatory mechanism for adventitious rooting. As the
basal content of SA significantly varies between dif-
ferent plant species (Raskin et al., 1990), study of SA-
IAA-JA crosstalk may shed light on the mechanisms of
transition between development of taproot and fibrous
root systems.

SA Induces RAM Maturation, Affecting Both Longitudinal
and Radial RAM Structure

A high-resolution study of the root apical meristem
in SA-treated plants shows changes in longitudinal and
radial patterning (Figs. 2 and 6; Supplemental Fig. S7,
B-D). One of the most remarkable effects of SA is the
enlargement of the distal meristem (Fig. 2D), which is
the phenotype previously reported for the lines over-
expressing the genes responsible for root cap specifi-
cation, such as 355:WOX5-GR (Sarkar et al.,, 2007),
355::mir160 (Wang et al., 2005), and 355:SHR-GFP (Yu
etal., 2017). Here we also described a slight disturbance
in division of cortex/endodermis initials and preco-
cious QC divisions in the dominant mutant yuc-1D with
an enhanced auxin biosynthesis (Fig. 6I) and in SA-
accumulating mutants dndl and dnd?2 (Fig. 6, ] and K).

A slight enlargement of the distal meristem naturally
occurs in older seedlings (8 dag and older; Fig. 6H).
Between 7 and 14 dag Arabidopsis roots also develop
the middle cortex (Baum et al., 2002; Koizumi et al.,
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2012b; Fig. 6E); thus middle cortex formation is a nor-
mal process during RAM maturation. However, SA
treatment induces precocious activation of the middle
cortex (Fig. 6D). Exogenous SA induces multiple sites of
periclinal divisions in endodermis cells of 5-7 dag roots
(Fig. 6D; Supplemental Fig. S7, B-D).

Middle cortex formation depends on the SHR-SCR
pathway (Koizumi et al., 2012a). Treatment with 30 uM
SA leads to a decrease in the amount of nuclear SHR in
endodermis cells (Fig. 7A), which results in an enlarged
domain of CYCD6;1 expression (Fig. 7C; Supplemental
Fig. S7E). It is important to note that these changes oc-
cur in the background of increased auxin content in the
RAM (Fig. 4A; Supplemental Fig. S2), which indirectly
supports the previously established link between auxin
and CYCD6;1 expression (Cruz-Ramirez et al., 2012).
Distal meristem enlargement and middle cortex for-
mation in response to SA in our experiments suggest
that in Arabidopsis low-level SA promotes RAM mat-
uration. We can speculate that in species with enlarged
QCs and thick ground tissues , low-level SA signaling
may mediate normal root development.

SA Modifies Auxin Distribution in the Root Tip

Previous literature supports an effect of SA on auxin
content in the root. Auxin accumulation upon 50 uM SA
treatment was described in wheat roots (Shakirova et al.,
2003) and surmised in Arabidopsis roots (Pasternak et al.,
2005). A DR5 signal depletion was detected in Arabi-
dopsis roots upon 100200 uM SA (Wang et al., 2007), but
Zhao et al. (2015) also reported a decrease in DR5 ex-
pression in the root tip upon 30 uM SA treatment. Even
though 50-200 uM SA treatment inhibits GFP fluores-
cence (de Jonge et al., 2017), we consistently observe an
increase in DR5::GFP fluorescence after 30 uM SA treat-
ment. The results of de Jonge et al. (2017) showed that the
GEFP in protein fusions, but not purified GFP, is affected
by SA. However, the fact that DR5::GFP codes for free
GFP does not explain this inconsistency, as we observe
that TAA1:TAA1-GFP, a protein fusion, also shows an
increase after SA treatment. A likely explanation is that
our reporters express high amounts of GFP, and are less
affected by SA than reporters with low amounts of GFP.
Because we consistently see increases or decreases in DR5
reporters depending on the reporter and treatment com-
bination (Fig. 4, A and B; Supplemental Fig. S2, A-D), we
are confident of our reporter quantifications. We carefully
document the effects of different SA concentrations on
DR5 expression and provide semiquantitative analysis
showing that low-level SA significantly enhances DR5
expression, whereas high-level SA leads to depletion of
DRS5 signal (Fig. 4, A, B, and E). We show that low-level
SA upregulates TAA1 and PIN1 expression and down-
regulates PIN2 and PIN7 expression. In contrast, high
levels of SA up-regulate TAA1 and down-regulate the
auxin transporters (Fig. 4, C and D, and 8).

To date only negative effects of SA (or its analog
Benzothiadiazole [BTH]) on auxin transport and
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response has been reported (Du et al., 2013; Armengot
et al., 2014; Zhao et al., 2015). The inhibitory action of
30 uM SA on PIN2, PIN3, and PIN7 in the root tip (Zhao
et al., 2015) is in agreement with our data. However,
Armengot et al. (2014) use a high (250 uM) SA con-
centration, and measure only transcriptional output,
making a direct comparison to our results impossible.
The effect of low-level SA might be mediated at the
posttranscriptional level, as 15-50 uM SA interferes
with PIN1 and PIN2 clathrin-mediated internalization,
which does not depend on transcription or protein
synthesis (Du et al., 2013; Rong et al., 2016). The SA
effect on clathrin-mediated endocytosis is independent
of the known NPR3/NPR4 pathway (Rong et al., 2016).

Global repression of auxin-related genes by 60 uM
BTH, including the TIRI (TRANSPORT INHIBITOR
RESPONSE 1) auxin receptor, was detected by Wang
et al. (2007). Exogenous SA (1 mm) has the same effect
on TIR1 expression (Iglesias et al., 2011). It was con-
cluded that by limiting auxin receptors, SA stabilized
Aux/IAA proteins and interfered with auxin response.
However, the inhibitory effect of 60 uM BTH was
shown to be a part of the SA-mediated disease-
resistance mechanism, which was not the case for the
low-level SA treatments in our study.

When we compare our data with those previously
published, it is clear that there is a gap in understanding
the cross talk between auxin and SA. Rigorous studies
of transcriptional and posttranscriptional effects of low-
level SA would be needed.

The Developmental Aspects of SA Action on the Root
Involve Auxin Transport and Synthesis

The next question to address is whether SA-induced
changes in auxin transport and synthesis (Fig. 4E) are
responsible for selective auxin accumulation or deple-
tion at the sites of SA action, where tissue patterning
occurs (Fig. 2). Mathematical modeling has become an
eligible approach to study mechanistic behavior of
auxin and its role in root growth and development (for
review, see Goh et al., 2014). A number of existing
models with prepositioned PIN proteins are capable to
predict auxin patterning in the root tip (e.g. Moore et al.,
2015; van den Berg et al, 2016; Xuan et al.,, 2016).
However, given that SA affects PIN expression, we had
to consider that auxin feeds back on PIN expression
patterns as well, requiring that we build on our earlier
model (Mironova et al., 2012; Hong et al., 2017). The
current model reshapes PIN expression domains in re-
sponse to external and internal stimuli, giving an un-
precedented potential to study the dynamic influence
of factors on root meristem patterning. By simulating
the SA influence on auxin synthesis and transport,
we show that its effect on auxin distribution is bal-
anced, supporting maintenance of the distal auxin
maximum; low-level SA increases auxin amount
around the distal maximum, whereas high-level SA
decreases it (Fig. 5, D-F).
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We suggest that adjustment of auxin distribution in
the root tip shown in vivo and explored in silico for both
low and high levels of SA causes the observed pheno-
typic changes in the root (Fig. 8). Because a larger por-
tion of the root tip under low-level SA treatment has
cellular auxin concentrations that sufficient to maintain
the QC and columella initials (Figs. 4A and 5, D and E),
the distal meristem becomes enlarged. An increase in
cellular auxin concentration in the outer cell layers
(Supplemental Fig. S7A) is able to explain extra peri-
clinal cell divisions there (Fig. 6B). The model predicts
that auxin concentration in the endodermal cell layer
would be higher after low-level SA exposure when
compared with those in epidermis and cortex cells
(Supplemental Fig. S7A); this may explain why extra
periclinal divisions occurred in endodermis cells more
often. On the other hand, predicted auxin amounts for
vascular cells in the roots treated by both low and high
levels of SA were lower when compared with the con-
trol, which may explain why there were less vascular
cell files in the roots grown under SA treatment.

The mathematical model not only detailed the auxin
distribution pattern in the root meristem of SA-treated
roots, but also predicted that enhanced auxin inflow to
the meristem (observed in the older plants or in yuc-1D
plants) mimic a low-level SA effect .

CONCLUSION

The results presented here show that SA influences
root meristem structure and root system architecture in
Arabidopsis in a concentration-dependent manner. The
effects are mediated by changes in auxin synthesis,
distribution, and response, but do not appear to involve
PR1-signaling in the RAM. The literature supports
these observations and conclusions in several plant
species. Further studies should be undertaken to test
whether endogenous variation in SA metabolism and
concentration among species plays a role in the diver-
sity of root meristem organizations and root system
architectures observed in nature.

MATERIALS AND METHODS
Plant Materials

The plant varieties used in these experiments are the following; (1) Arabi-
dopsis (Arabidopsis thaliana accession Col-0 Heyhn., (2) mutants dnd1 and dnd?2
(NASC 6523, 6524; Clough et al., 2000; Jurkowski et al., 2004), yuc-1D (Zhao
et al., 2001); (3) reporter lines PR1::GUS (Shapiro and Zhang, 2001); DR5::GUS
and DR5::GFP (Ulmasov et al., 1997; Ottenschléger et al., 2003), CYCB1,1::GUS
(Colén-Carmona et al., 1999), CYCD6;1::GFP (Sozzani et al., 2010),
pDR5rev:3XVENUS-N7 + pPIN1::PIN1-GFP (Heisler et al., 2005), PIN1::PIN1-
GFP, PIN2::PIN2-GFP, PIN7::PIN7-GFP (Vieten et al., 2005), SHR::SHR-GFP
(Nakajima et al., 2001), SCR::GFP (Sabatini et al., 1999), TAA1::TAAI1-GFP
(Stepanova et al., 2008), WOX5::GFP (Ditengou et al., 2008).

Growth Conditions and Treatments

Seeds were surface-sterilized and sown on solid Arabidopsis medium (AM;
one-half strength Murashige and Skoog containing 1% Suc [w/v], 5 mm MES,
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and 1.1% agar [w/v], pH 5.6 adjusted with KOH). After vernalization for 16 h at
4°C, seeds were germinated on vertically oriented plates under 16:8 h light:dark
period with a light intensity of 80 umol s'm~2. The 4-d-old plants grown on
AM medium were transferred to solid AM supplemented with SA (57401,
Sigma-Aldrich) at different concentrations (0, 3, 10, 20, 30, 50, 100, 150, and
200 uM), 5 uM I-kynurenine, or 5 uM NPA. After transfer, plants were grown
for 2-5 d in studies of root length, root tip anatomy, and fluorescence quanti-
fication. Short-term SA treatments (< 36 h) were performed in liquid AM
supplemented with 30 or 150 uM SA.

Whole-Mount in Situ Immunolocalization

Immunolocalization in Arabidopsis plants was performed according to a
whole-mount in situ protocol (Pasternak et al., 2015). Affinity-purified primary
anti-PIN1 (mouse, clone 7E7F), anti-PIN2 (guinea pig, clone 192), and anti-PIN4
(rabbit, clone 9105) antibodies were diluted 1:40, 1:400, and 1:400 and 1:400,
respectively. The secondary Alexa-488/Alexa 555 conjugated antiguinea pig,
antirabbit, or antimouse antibodies were diluted 1:400.

Microscopy

Histological detection of B-glucuronidase (GUS) activity was performed
according to a standard protocol. Plants were mounted in 50% (v/v) glycerol
and observed with a Zeiss Axiovert 200M MOT (Carl Zeiss Microlmaging).

Analysis of the fluorescent signal in vivo was done with a Zeiss Stemi SV11
APO stereomicroscope equipped with an HBO lamp and a GFP filter set (488 nm
excitation and 530-550 nm emission). For high-resolution images, plants con-
taining fluorescent markers were fixed with 4% formaldehyde (v/v) and
mounted in Prolong Gold antifade reagent containing 4',6-diamino-phenyl-
indole (DAPI; Molecular Probes). Fluorescent proteins were analyzed with a
Zeiss LSM 5 DUO scanning microscope in living root. Seedlings were incubated
in the liquid medium containing 1 uM N-(3-Triethylammoniumpropyl)-4-(6-(4-
(Diethylamino) Phenyl) Hexatrienyl) Pyridinium Dibromide (FM4-64) for
20 minutes. To monitor GFP and FM4-64 fluorescence, we used multitracking in
frame mode. GFP was excited using the 488 nm laser line in conjunction with a
505-530 band-pass filter. FM4-64 was excited with the 561 nm laser line and
collected using a 575 nm band-pass filter.

The RAM anatomy was analyzed according to Truernit et al., 2008 with some
modifications. Plants were fixed with 4% (v/v) formaldehyde in MTSB (mi-
crotubule stabilization buffer), treated with methanol, periodic acid (P7875,
Sigma-Aldrich) and propidium iodide (P4170, Sigma-Aldrich) in the presence
of sodium bisulfite at pH 1.4.

Image Analysis

For root growth analysis the petri dishes were scanned with a Canon 950
scanner. Quantitative analysis of root length, width, and fluorescence intensity
was done using Image]J (Schneider et al., 2012). The fluorescent intensity was
measured as mean and maximal gray levels in the green channel per area. The
area was defined as the root tip up to QC for DR5, PIN7, and TAAL1 expression
level measurements and the RAM portion from the QC up to 150 um above for
PIN1 and PIN2 levels. Images from the confocal microscope were analyzed
with the ZEN image browser (Carl Zeiss MicroImaging).

Mathematical Modeling

A study of the SA effect on auxin distribution in the root meristem was done
using an adapted model (Mironova et al., 2012) in MatLab software. The model
describes auxin (Auxin;) distribution through a 2D cell layout (i=1...25 and
j=1...10). Five cell layers are considered in the model: epidermis (j=1,10);
cortex (j=2,9), endodermis (j=3,8), pericycle (j=4,7) and vascular cells (j=5-6).
The cell layers differ by PINs expression (Fig. 4A). The cells located at the root
tip have i=1; those located at the border of the meristem have i = 25. There are
two auxin sources in the meristem: (1) auxin inflow to vascular and pericycle
cells (i=25; j=4...7); and (2) de novo auxin synthesis in all the cells of the layout.
Auxin distributes in the cellular layout by diffusion and PIN-mediated active
transport. Depending on concentration, auxin regulates PIN synthesis and
degradation: PIN2 is upregulated by the lowest auxin concentrations, PIN1 by
intermediate and PIN7 by the highest (see Mironova et al., 2012) for details). For
simplicity, all synthesized PIN proteins are located on the membrane with the
predefined polarities according to the experimental data (Fig. 4A). SA action on
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auxin distribution was simulated by altering the rates for auxin and PINs
synthesis, according to the experimental data (Figs. 4E and 5, B and C; see Hong
et al. [2017] and Supplemental Text for details). For comparison with experi-
mentally observed results, average concentrations were determined in the
steady state solution as follows: i=1...4 for DR5, PIN7, and TAA1 and i=10...20
for PINT and PIN2.

Statistical Analysis

Statistical differences were assessed by one-way ANOVA with Tukey post
hoc test using agricolae R package. Different letters in graphs denote statistical
differences at p-value < 0.05.

Accession Numbers

Accession numbers of the genes mentioned in this study are: CYCBI;1
(AT4G37490), CYCD6;1 (AT4G03270), DND1 (AT5G15410), DND2
(AT5G54250), GH3.3 (AT2G23170), GH3.5 (AT4G27260), GH3.6 (AT5G54510),
mir-160a (AT2G39175), mir-160b (AT4G17788), mir-160c (AT5G46845), NPR1
(AT1G64280), NPR3 (AT5G45110), NPR4 (AT4G19660), PIN1 (AT1G73590),
PIN2 (AT5G57090), PIN3 (AT1G70940), PIN4 (AT2G01420), PIN7 (AT1G23080),
PR1 (AT2G14610), SCR (AT3G54220), SHR (AT4G37650), TAA1 (AT1G70560),
TIRT (AT3G62980), WOX5 (AT3G11260), and YUCI (ATAG32540).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Lateral root primordium development after
transfer of 3 dag seedlings to media containing 0, 3, 10, or 30 uM SA
for 5 d.

Supplemental Figure S2. SA effects on the reporters activity in DR5::VE-
NUS, DR5::GUS and TAA1::-TAA1-GFP 5 dag plants.

Supplemental Figure S3. Steady-state solutions of the mathematical model
for control and 30 uM SA treatment.

Supplemental Figure S4. Mathematical modeling of 150 uM SA action on
auxin distribution in the root tip.

Supplemental Figure S5. Exploration of individual parameters in the
mathematical model.

Supplemental Figure S6. Exploration of the auxin synthesis rate parameter
versus the auxin inflow and PINs expression parameters in the
mathematical model.

Supplemental Figure S7. 3-Dimensional analysis of root tip structure after
exposure to 30 uM SA.

Supplemental Table S1. Parameter settings used in the model to simulate
auxin distribution in the root tip of control and SA-treated roots.

Supplemental Text. Mathematical model description.
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