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NPA, 1-napthylphthalamic acid; PR: primary root; SL, strigolactone.

Strigolactones (SLs) play significant role in shaping root architecture whereby auxin-SL crosstalk has been observed
in SL-mediated responses of primary root elongation, lateral root formation and adventitious root (AR) initiation.
Whereas GR24 (a synthetic strigolactone) inhibits LR and AR formation, the effect of SL biosynthesis inhibitor (fluridone)
is just the opposite (root proliferation). Naphthylphthalamic acid (NPA) leads to LR proliferation but completely inhibits
AR development. The diffusive distribution of PIN1 in the provascular cells in the differentiating zone of the roots in
response to GR24, fluridone or NPA treatments further indicates the involvement of localized auxin accumulation in LR
development responses. Inhibition of LR formation by GR24 treatment coincides with inhibition of ACC synthase
activity. Profuse LR development by fluridone and NPA treatments correlates with enhanced [Ca”]cyt in the apical
region and differentiating zones of LR, indicating a critical role of [Ca®'] in LR development in response to the
coordinated action of auxins, ethylene and SLs. Significant enhancement of carotenoid cleavage dioxygenase (CCD)
activity (enzyme responsible for SL biosynthesis) in tissue homogenates in presence of cPTIO (NO scavenger) indicates
the role of endogenous NO as a negative modulator of CCD activity. Differences in the spatial distribution of NO in the
primary and lateral roots further highlight the involvement of NO in SL-modulated root morphogenesis in sunflower
seedlings. Present work provides new report on the negative modulation of SL biosynthesis through modulation of

CCD activity by endogenous nitric oxide during SL-modulated LR development.

Introduction

Plants produce a variety of strigolactones (SLs). Till date,
more than 15 SLs have been identified and characterized from
the root exudates of higher plants. SLs are plastidial in origin and
are derived from carotenoid biosynthetic pathway, involving 2
carotenoid cleavage dioxygenases (CCDs) [CCD7 (MAX3,
RMS5, D17, DAD3) and CCD8 (MAX4, RMSI, D10,
DADI)], a cytochrome P450 monooxygenase (MAX1), and a
carotenoid isomerase (D27).'” The carlactone derived from the
action of CCD8 on cis-B-carotene moves into cytosol and
cyclizes to form 5-Deoxystrigol in presence of cytochrome P450
monooxygenase. 5-Deoxystrigol is thought to be the common
precursor of other natural SLs. CCD7 and CCD8 are key
enzymes in SL biosynthetic pathway. The 3D structure of CCD
for the first time was obtained from apocarotenoid cleavage oxy-
genase (ACO), a cyanobacterial enzyme which synthesizes the
C20 apocarotenoid retinal.* Structurally all CCDs characterized
to date, from bacteria to animals to plants, share a common

structure.” They contain a Fe’" ion in the active site which is
coordinated by 4 conserved His residues. Fe** has been found to
activate oxygen for the cleavage of carotenoids.®”

SLs are now established as phytohormones with various physi-
ological roles.® SL-auxin interaction in controlling shoot
branching is one of the established interactions of SLs with phy-
tohormones but whether auxins act upstream or downstream of
SLs, is still controversial.”'? Using shoot branching mutants of
rice and pea, which are impaired in genes encoding (CCDs), role
of SLs in the inhibition of shoot branching has now been
revealed.'*!> SLs play significant role in shaping root architec-
ture whereby auxin-SL crosstalk has been observed in SL-medi-
ated responses of primary root elongation, lateral root formation,
adventitious root initiation and secondary growth.'? An upregu-
lation of the SL biosynthetic genes [CCD7, CCD8 and D27) by
auxin has also been reported.'® Lateral roots are post-embryonic
roots which emerge as lateral root primordia (LRP) from pericy-
cle cells in the primary root through series of divisions. LRP
furher differentiates to form mature lateral roots through
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formation of lateral root apical meristem and a vascular system.'”

Various environmental and endogenous factors such as tempera-
ture, light, hormones, sugar, mineral salts act as cues for lateral
root initiation and emergence. Exogenous application of IAA
induces lateral root formation and increases the production of
lateral roots in transgenic plants which overexpress bacterial [AA
biosynthetic genes, suggesting the role of IAA as a signal molecule
in lateral root initiation in plant."®?' Auxin-signaling plays an
important role in pericycle priming, initiation of cell division,
and LRP formation to LR ernergence.22 Recent work in Arabi-
dopsis thaliana mutant has suggested the role of IAA in the initia-
tion of cell division in the pericycle and promotion of cell
division and maintenance of cell viability in the developing lateral
root.2? Other hormones like ethylene, ABA, cytokinin, gibberel-
lic acids, brassinosteroids and SLs act during LR formation via
interference with auxin synthesis, transport and sensitivity indi-
cating auxin as a central player in LR formation.?43?
Adventitious roots (ARs) are post-embryonic roots known to
originate from hypocotyl, stem, leaf petiole and non-pericycle tis-
sues of old roots. In young stem, AR commonly arise from the
interfascicular parenchyma while in older stem they appear from
vascular rays near the cambium. AR formation begins with redif-
ferentiation of predetermined cells which switch from their mor-
phogenetic path to act as mother cells for the initiation of root
primordium.®* The process of AR formation consists of 3 physi-
ologically interdependent phases — induction, initiation and
extension.”*?> AR formation involves the interaction of environ-
mental and endogenous factors among which the phytohormone
auxin plays an important role. The three phases of AR formation
that is induction, initiation and extension are regulated by altera-
tions in the endogenous level of auxin suggesting its central
role.>® Auxins appear to evoke dose-dependent AR response. A
transient increase in auxin concentration has been reported dur-
ing the induction phase, which is followed by a decrease and
again an increase during extension phase.”” Mutants or treat-
ments resulting in disturbed polar auxin transport show reduced
AR formation.””*® While auxins and auxin signaling are essential

for all stages of LR development,”'42

exogenous auxin stimulates
during the first stage and inhibits later developmental stages of
AR formation,”®* thus indicating different sensitivity of both
root-types to exogenous auxin. Besides exogenous or newly bio-
synthesized auxin, auxin transport, through the ABC-type multi-
drug-resistance ABCB19 transporter, is also essential for AR
induction in hypocotyls.*® Earlier reports on auxin-SL interac-
tion in regulating adventitious root initiation have revealed the
role of SL in reducing adventitious root initiation through its
negative impact on auxin levels in the cells of pericycle.*>* SL
crosstalk with cytokinins and auxin in regulating AR formation
has also been established.“® Recent reports in Arabidopsis and pea
have suggested that SLs negatively regulate AR initiation by inter-
fering with polar auxin transport (efflux), thus reducing the opti-
mal concentration of IAA required for AR formation at the
hypocotyl base (zone of AR formation).*® Several mutant studies
examining the role of SL in photomorphogenesis in Arabidop-
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51 rice’” and pea5 have revealed significant differences in

regulation of developmental processes by SLs between these
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species. Recent work in pea showed that unlike in adventitious
roots formed by cuttings in light where SL plays a positive role,*®
in the dark in intact peas SL appears to inhibit rooting.”* Ethyl-
ene has been found to affect LR development in a dose-depen-
dent manner. Low concentrations of the ethylene precursor, 1-
aminocyclopropane- 1-carboxylic acid (ACC) promotes LR initi-
ation. Higher doses strongly inhibit LR primordia (LRP) initia-
tion but promote the emergence of existing LRPs.”> Recent work
in Arabidopsis mutants has suggested that ethylene-induced auxin
transport through PIN3 and PIN7 prevents formation of local
auxin maxima and hence suppression of LR.%® Genetic studies in
Arabidopsis and tomato have further shown that ethylene inhibits
LR formation while enhancing auxin transport and reducing
auxin optima.”*?>3% SLs and ethylene also modulate root hair
elongation via a common regulatory pathway in which ethylene
is epistatic to SLs.?” Ethylene is found to have both positive and
negative effect on AR development and emergence depending
upon the species. For e.g. in mung bean or sunflower hypocotyls
cuttings, Rumex, maize, rice and tomato prolonged exposure to
exogenous 1l-aminocyclopropane-1-carboxylic acid (ACC), the
precursor of ethylene, results in increased root numbers.’*>’
However, in Arabidopsis thaliana, stimulatory role of ethylene on
AR formation is not observed.

Nitric oxide is known to play a crucial role in root develop-
ment.”® Using various pharmacological agents, a probable signal-
ing cascade (linking NO, cyclic GMP and mitogen-activated
protein kinases) for auxin-induced AR formation has been pro-
posed in cucumber seedlings.’®®" Yadav et al.,”> reported NO
modulation during initiation and extension phases of auxin-
induced AR formation in sunflower seedlings. Exogenous supply
of NO donors-sodium nitroprusside (SNP) and S-nitroso N-ace-
tyl penicillamine (SNAP) to cucumber explants mimicks the
effect of TAA, leading to AR formation.”” SNP elicits its effect in
a dose-dependent manner, with maximal biological response at a
particular concentration, which is species-dependent. Employing
the inhibitor for guanylate cyclase (GC), it has been demon-
strated that NO operates downstream of IAA, promoting AR
development through the GC-catalyzed synthesis of cGMP that
further induces the Ca*"-dependent protein kinase
(CDPK).**“? Alternatively, MAPK signaling cascade is activated
by IAA via a NO-mediated but cGMP-independent pathway.®®
NO regulates cell divisions and organogenic processes in a cal-
cium-dependent way.®* NO is emerging as a player in LR devel-
opment due to its signling role in conversion of local
peroxisomal IBA to IAA, which is important for LR forma-
tion.®4%

In the present work, attempts have been made to examine the
critical role of SLs in LR formation in seedling roots and AR
development from the basal region of hypocotyls cut ends in con-
text with a crosstalk of SL action with auxin and ethylene. Analy-
sis of ACC synthase activity and PIN1 protein distribution in
seedling roots and their regulation by SL and associated biomole-
cules (Fl, SL biosynthesis inhibitor; NPA, PIN blocker) has also
been undertaken. Role of GR24 (a synthetic strigolactone) and
other biomolecules on intracellular free calcium ion [Ca2+]cyt
localization in LR development has also been examined by
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CLSM. Present work puts forward new evidence for the involve-
ment of NO in SL-modulated LR development.

Results

Lateral root (LR) development in sunflower seedlings and
adventitious root (AR) initiation from the basal cut ends of hypo-
cotyls are modulated by the application of a synthetic strigolac-
tone (GR24), SL biosynthesis inhibitor (Fluridone; Fl) and auxin
efflux blocker (naphthylphthalamic acid; NPA) (Fig 1A-D).
Whereas GR24 significantly inhibits LR and AR formation, the
effect of SL biosynthesis inhibitor is just the opposite (prolifera-
tion). NPA, through its action on inhibiting auxin efflux (and
consequent localized accumulation), leads to LR proliferation
but completely inhibits AR development. These observations
indicate the role of SLs in AR and LR development to be modu-
lated by auxins and ethylene.

Inhibition of LR formation by GR24 treatment coincides
with inhibition of ACC synthase activity. With reference to con-
trol seedlings, both fluridone (SL biosynthesis inhibitor) and
NPA (auxin efflux blocker) treatments also lower ACC synthase
activity by 92 % of control (Fig. 2A). These observations indicate
low ethylene production in seedling roots being triggered by
these treatments irrespective of their influence on LR develop-
ment. The diffusive distribution of PIN1 in the provascular cells
in the differentiating zone of the roots in response to GR24, fluri-
done or NPA treatments further indicates the involvement of
localized auxin accumulation in LR development responses
(Fig. 2B).

Intracellular free calcium [Caz+]Cyt distribution is highest in
the lateral roots of control seedlings and is significantly lowered
by GR24 - a treatment which significantly inhibits LR develop-
ment (Fig. 3). Profuse LR development by fluridone and NPA
treatments correlates with enhanced [Cazﬂcyt both in the apical
region and differentiating zones, indicating a critical role of intra-
cellular free calcium in LR development in response to the coor-
dinated action of auxins, ethylene and strigolactones.

In our attempts to find a possible correlation between SL-
inhibited LR formation, CCD activity and nitric oxide (NO),
interesting differences have been observed in the spatial distribu-
tion of endogenous NO in the apical and differentiating zones of
primary roots (PRs) (Fig. 4A—C) and lateral roots (LRs)
(Fig. 4D-F) in response to GR24 treatment. The tip region of
primary roots exhibits enhanced NO accumulation in presence
of GR24 in contrast to root tips of lateral roots with reference to
their respective controls. The differentiating zone of the primary
roots shows similar pattern of NO accumulation in response to
GR24 treatment as in the root tips, though at a relatively reduced
level. In contrast, the differentiating zone of lateral roots does not
exhibit any significant accumulation of NO both in control and
seedling roots subjected to GR24 treatment. These observations
indicate an inverse correlation between the extension growth of
lateral roots and apical accumulation of nitric oxide during the
phase of LR extension growth.

www.tandfonline.com

Plant Signaling & Behavior

A significant lowering of whole root NO content has been
observed in response to GR24 (and its combination with cPTIO)
treatments (Fig. 4G). Enhanced NO accumulation is accordingly
evident with fluridone (Fl, SL biosynthetic inhibitor) and also
with cPTIO treatments, probably due to the well known dual
role of cPTIO as a nitric oxide scavenger and indirect N,O3 pro-
ducer (which binds with DAF), depending on the tissue type and
its physiological state. So, the analysis of NO content data from
the whole roots also indicates a correlation with the influence of
GR24 on the growth and differentiation pattern of roots in sun-
flower seedlings.

Investigations on examining the possible role of NO in modu-
lating a biochemical pathway routinely employ sodium nitro-
prusside (SNP) which releases NO, cPTIO, an established NO
scavenger and peroxynitrite, which causes nitration of proteins.
Whether NO acts on SL-modulated LR formation through its
effect on CCD activity in the seedling roots, is made evident
from the variations in CCD activity in seedling roots exposed to
SNP and cPTIO treatments (Fig. 4H). This was also very signifi-
cantly evident when the root homogenates derived from control
seedling roots were subjected to SNP, ¢PTIO or peroxynitrite
treatments prior to CCD activity estimation (Fig. 4I). Several-
fold (about 2-fold) enhancement of CCD activity in tissue
homogenates in presence of cPTIO indicates the critical role of
endogenous NO as a negative modulator of CCD activity. NO
depletion enhances CCD activity. SNP (NO donor) treatment
does not alter CCD activity confirming the negative role of nitric
oxide on CCD activity. Peroxynitrite treatment does not alter
CCD activity indicating its no negative role or any direct influ-
ence on CCD activity. These interesting observations together
with noteworthy differences in the spatial distribution of NO in
the primary and lateral roots highlight the involvement of NO in
SL-modulated root morphogenesis in sunflower seedlings. It is
possible that NO produced in the tissue system inhibits CCD
activity either directly or through inhibition of some other
enzymes associated with the production of precursors for CCD.

Discussion

SLs have carlier been reported to promote rhizoid elongation
in liverworts®” and stimulate mycorrhizal association with the
roots of higher plants.®® Among higher plants, SLs regulate plant
architecture through a modulation of shoot branching and root
growth and development.®” They are known to be synthesized
both in root and stem and are transported across xylem.”® In
Petunia, ATP binding cassette (ABC transporter) PDR1 has
been reported to be critical for SL transport.”" Adventitious roots
(ARs) can be formed from the non-root tissues such as hypoco-
tyls or from the divisions of vascular cambial cells. AR initiation
has earlier been reported to be inhibited by SLs by reducing the
cambial activity in the cells of the cut surface.“® The mechanism
of regulation of AR development is, however, not yet clear. In
contrast to SL action, auxins promote LR formation.

Since auxin transport and its consequent accumulation play
crucial roles in root development, SLs are expected to play a role
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<.001) from the control, analyzed by one-way ANOVA.

Figure 1. (A) Regulation of lateral root (LR) development by GR24 (a synthetic strigolactone), fluridone
(inhibitor of SL biosynthesis) and NPA (auxin efflux blocker). (B) Quantitative analyses of the number of
lateral roots formed in the above-stated treatments. (C) Effect of GR24 and related pharmacological
agents on adventitious rooting in hypocotyl explants derived from 6 d old, dark-grown seedlings. Evalu-
ation of the number of endogenous root initials and their elongation was undertaken in explants cleared
after staining with safranin. (D) Quantitative analyses of AR initiation. Each datum indicates mean + SE
from at least 3 replicates, showing changes to be significant at different levels (*P < .05, **P < .01, ***P

in regulating auxin fluxes. SLs may bring about these changes in
the localized auxin level either by altering auxin biosynthesis or
its polar transport.”” Role of SLs in reducing polar auxin trans-
port has also been made evident through its effect on PIN

distribution. Recently, a depletion of
PIN1 from the xylem parenchyma
cells was observed in response to SL.""
In an analysis of the primary root
growth in SL-deficient and insensitive
Arabidopsis plants, root growth has
been found to be less than that in wild
type plants. This is nullified by the
application of GR24. The intensity of
PIN proteins in the provascular tissue
of the primary root tip also decreases.
GR24 application suppresses LR pri-
mordia development.”® Similar obser-
vations have been made in the present
work as well. These results suggest
that SLs are able to modulate localized
auxin concentration and SL action is
dependent on the auxin status of the
plant. A negative influence of SL on
LR formation has recently been
reported elsewhere as well.>*® This
coincides with the observation of
localized application of auxin in the
pericycle by the PIN-dependent trans-
port mechanism.” Inhibition of LR
primordia formation by GR24, has
been reported to be due to SL-concen-
tration dependent modulation of ini-
tiation of LR (rather than elongation
or outgrowth) has also been sug-
gested.” Part of SL regulation of LR
formation is likely to result from the
changes in auxin transport capacity
through  reducton in  PINI1
expression.>

Root development has also been
shown to be regulated by ethylene,
and ethylene signaling is believed to
be involved in SL response, particu-
larly under sufficient Pi in the growth
medium. There is marked reduction
in SL response in ethylene signaling
mutants - etr and ein. Moreover, the
negative effect of AVG (aminoethoxy-
vinylglycine; an ethylene synthesis
inhibitor) on root hair development
due to SL and the ability of SL to
induce ACC synthase activity, high-
light a correlation between SL action
and ethylene availability.”> SLs have
also been shown to induce ethylene
biosynthesis in the parasitic plant —

Striga, leading to their seed germination.”” In the present work,
however, an inverse correlation has been observed between SL-
induced LR development and ACC synthase activity. Auxin and
ethylene signaling pathways are differentially activated and these
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regulate different aspects of root devel-

ACC synthase activity

opment under diverse Pi growth condi-
tions. SLs may be one of the signals
responsible for sensitizing plant roots o]
to auxin and ethylene. Thus, SLs are
likely to adjust the balance between

100+

auxin and ethylene signaling pathways ™

to activate various developmental pro-
grammes responsible for root develop-
ment.”* Auxin application has also
been shown to promote the expression
of SL synthesis gene in Arabidopsis like
other plant systems.”” It is apparent

from the findings so far that SLs signal-

Intensity (x10°) (arbitrary units)
Relative peak area (arbitrary units)
8

ing affects the tissue specificity of auxin. ‘ g
Additionally, SLs may reduce localized 2] I‘
availability of free auxin, thereby alter- 0] ‘|
ing AR/LR development response.69 J L ,”\
The present work reports for the & @
first time a negative modulation of %@‘& ool

PIN1 distribution
B
Control Fl
nn GR24 NPA

i 25

CCD activity by endogenous nitric
oxide, since NO depletion by cPTIO

treatment significantly enhances CCD
activity. The basic molecular structure
of CCDs shows that they contain a
Fe? ™ in the active site, which is coordi-

Figure 2. (A) GC-MS analysis of ACC synthase activity in 6 d old whole roots from etiolated sunflower
seedlings grown in presence of distilled water (control) or 3 wM each of GR24, Fl, NPA. (B) CLSM imag-
ing of PIN1 protein distribution in the seedling roots and their regulation by SL (GR24), fluridone (Fl)
and NPA. Magnification 20X; scale bar = 100 pm.

nated by 4 conserved histidine resi-

dues.>’® NO can reversibly bind Fe**

linked with histidine residues, as in case of guanilate cyclase,
cytochrome oxidase or catalase.””*” Based on this affinity of NO
for Fe*™, it is expected that Fe*™ in CCD binds with available
NO and inhibit its activity. Thus, it is proposed that the SL-
modulated sensitization of auxin-ethylene regulated LR develop-
ment in plants is being controlled through a reversible inhibition
of CCD activity through its NO binding / release with Fe*™.
Present work has thus opened a new front for further work on
understanding the mechanism of LR development through NO
signaling.

To sum up, present work highlights the critical role of strigo-
lactones (SLs) in LR formation in seedling roots and AR develop-
ment from the basal region of hypocotyl cut ends. Auxin
transport and its consequent accumulation play crucial roles in
root development and SLs are expected to play a role in regulat-
ing auxin fluxes. SLs may bring about these changes in the local-
ized auxin level by altering its polar transport. Present results
suggest that SLs are able to modulate localized auxin concentra-
tion. Auxin and ethylene signaling pathways are differentially
activated and they regulate different aspects of root development.
SLs are likely to adjust the balance between auxin and ethylene
signaling pathways to activate various developmental pro-
grammes responsible for root development. Present work indi-
cates an inverse correlation between SL-induced LR development
and ACC synthase activity. It is also evident that NO produced
in the tissue system inhibits CCD activity, thereby lowering SL
biosynthesis. It is proposed that the SL-modulated sensitization
of auxin-ethylene regulated LR development in plants is being
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controlled through a reversible inhibition of CCD activity
through its NO binding / release with Fe*™.

Materials and Methods

Pharmacological treatments

Soon after germination (radicle emergence), dark-grown sun-
flower seedlings were subjected to various pharmacological treat-
ments (3 WM each), namely GR24 (rac-GR24, from Chiralix,
Netherlands), fluridone (Fl; SL biosynthesis inhibitor) (Sigma-
Aldrich, USA) and 1-napthylphthalamic acid (NPA; auxin efflux
blocker) (Sigma-Aldrich, USA). Seedlings grown in distilled
water served as control. LR development was evident in control
seedlings 2 days after growth. Following six days of growth, the
number of lateral roots from 10 seedlings per treatment was
counted and the response was photographed.

Pharmacological treatments to hypocotyl explants

Hypocotyl explants with intact apical meristem but excised
cotyledons, were selected from 6-d-old, dark-grown seedlings.
Such explants maintained an apical source of endogenous auxin
from the shoot meristem. Freshly harvested explants were put
upright in glass vials with their proximal cut ends dipped in
1 mL of different pharmacological treatments, thus bathing the
hypocotyl segments up to 6 mm of their lower ends. Explants
were maintained in dark during the course of experiments. The
number of adventitious roots (ARs) visible on the basal surface of
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Figure 3. CLSM analysis of cytosolic calcium ion [Ca2+]Cyt distribution
using Oregon green BAPTA-1 in the lateral roots of 6d old seedling
grown in the distilled water (control; A-C) and other pharmacological
agents (GR24, Fl, NPA; D-L). Magnification 20X; scale bar = 100 pwm. His-
togram shows relative fluorescence intensity of calcium ion distribution
in the respective samples (M). Each datum indicates mean + SE from at
least 3 replicates, showing changes to be significant at different levels
(*P < .05, **P < .01, ***P < .001) from the control, analyzed by one-way
ANOVA.

hypocotyls was recorded daily up to 6 days of incubation. Vari-
ous test solutions, namely GR24, Fl and NPA (3 pM each) were
used to investigate their effects on adventitious rooting. Hypo-
cotyl explants incubated in distilled water served as control.
Detailed evaluation of root initiation within the hypocotyl tissue
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was undertaken after clearing by immersing the explants in a 3:1
solution of ethanol: acetic acid overnight. They were then trans-
ferred to 2N NaOH solution, left overnight, washed once with
distilled water and stained with safranin solution for 2-3 min.
Excess stain was removed by repeated washing in distilled water.
The lower 2 cm region of hypocotyl explants was then cut and
mounted on a glass slide to examine and photograph endogenous
root initials.

GC-MS analysis of ACC synthase activity

Samples were prepared according to Boller et al.®" Six days
old roots from etiolated sunflower seedlings grown in the pres-
ence of distilled water and other pharmachological agents -
GR24, Fl and NPA, were ground in liquid nitrogen. The powder
was suspended in extraction buffer (100 mmolL™" HEPES
buffer, pH 8.5) containing 0.5 pmolL ™" pyridoxal phosphate
(PLP), 10 mmolL™" EDTA and 4 mmolL™" DTT, vortexed at
4°C for 30 min and centrifuged twice at 10,000 g at 4°C for
20 min. The supernatant was filtered through Sep-Pak cartridge
(Waters Corporation, USA) and used for enzyme assay.

ACC synthase activity assay was carried out in a reaction mix-
ture consisting of 0.5 mL of 60 wmolL ™" adenosylmethionine
and 1 mL of enzyme extract incubated at 30°C for 2 h in sealed
vial. The amount of ACC formed was determined by the stan-
dard protocol of Lizada and Yang.82 Following incubation,
1 uM HgCl, was added to the reaction mixture through syringe
and the vial was sealed and kept on ice for 10 min. Thereafter,
100 pL of a cold mixture of 5% NaOCI and saturated NaOH
(2:1, v/v), which contained about 45 puM NaOCI, was injected
into the sealed vial containing the reaction mixture. The reaction
mixture was agitated on a shaker for 2.5 min. Gas samples were
withdrawn using the 100 pL syringe (SGE Analytical Science,
Louisiana, USA) and injected in GC-MS. ACC synthase activity
is directly related to the amount of ethylene produced. Endoge-
nous ethylene was detected in various samples by running ethyl-
ene standard as a reference.

Immunofluorescence (CLSM) localization of PIN 1
distribution in seedling roots

Apical root segments were selected from the primary root of
2 d old, etiolated seedlings grown in the presence of distilled
water (control), GR24, Fl and NPA. Root segments were fixed
for 15 min in a mixture of 4% p-formaldehyde and 0.05% glu-
taraldehyde prepared in 0.5X stabilizing buffer (MTSB, 50 mM
PIPES, 5 mM MgSO4.7H,0, 5 mM EGTA, pH 6.9) and sam-
ples were washed for 20 min in stabilizing buffer containing
0.1% Triton-X 100 according to Truernit et al.*> Samples were
then dehydrated for 15 min at room temperature in 80% metha-
nol diluted in phosphate buffer saline (PBS, 0.14 M NaCl,
2.7 mM KCl, 6.5 mM Na,HPOy, 1.5 mM KH,POy, pH 7.3)
followed by washing in PBS for 5 min. Samples were then
digested for 15 min in digestion buffer (MES 50 mM pH 5.5,
CaCl, 20 mM, mannitol 700 mM, 0.1% cellulose, 0.02% pecti-
nase) at 37°C, followed by washing in PBS for 5 min. Samples
were then incubated in blocking solution containing 0.1% BSA
dissolved in PBS for 30 min. Prior to immunolabeling, samples
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Fluorescence due to NO (DAF treatment) and its quantification
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Figure 4. Spatial distribution of NO in the primary roots (A-C) and lateral roots (D-F) in sunflower seedlings raised in control conditions or in presence of
syntheic strigolactone - GR24. (G) Whole root NO content. (H) CCD activity in the roots of 2 d old seedlings raised in presence of SNP (100 M) or cPTIO
(500 M). (I) Modulation of CCD activity in root homogenates (20,800 g) from 2 d old control seedlings subjected to SNP / cPTIO / peroxynitrite (250 .M
each) treatments. Data indicate mean =+ SE of at least 3 replicates, showing changes to be significant at different levels (*P < .05, **P < .01, ***P < .001)

from the control, analyzed by one-way ANOVA.

were washed in PBS for 5 min, followed by incubation for
16 h at 4°C in ant-PIN1 (Santa Cruz Biotechnology, USA)
at a dilution of 1:100 in PBS. Incubation with primary anti-
bodies was terminated by washing in PBS twice for 5 min
each. Samples were subsequently incubated with secondary
antibodies dissolved in PBS for 2 h [Donkey anti-goat Alexa-
fluor (1:200) for PIN and anti-mouse FITC (1:50) for actin;
Invitrogen Bioservices Pvt. Ltd, USA] at room temperature.
Samples were then washed in PBS containg 50 mM glycine
and mounted in glycerine. Imaging was performed using
CLSM (Leica, TCS SP5, Germany) at an excitation of
555 nm for Alexafluor (for PIN 1). Images of radial longitu-
dinal section (RLS) from the differentiating zone of root seg-
ments were obtained at a magnification of 20X. Z-series was
obtained at a thickness of 2 wm (pinhole 1).

www.tandfonline.com
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Localization of distribution of cytosolic free calcium
[Ca2+]cyt in intact roots

Roots from 6 d old etiolated seedlings grown in the presence
of distilled water (control) and other pharmacological agents
(GR24, Fl and NPA) were incubated for 60 min in 50 uM of
calcium specific fluorescent probe-Oregon Green 488 BAPTA-1
(dissolved in 100 mM Tris-HCI, pH 7.5). Following incubation,
roots were washed in Tris buffer. Lateral roots were cut 4 cm
from tp, mounted in slides and visualized using a confocal
microscope (Leica TCS SP5, Germany) at an excitation and
emission of 488 nm and 519 nm, respectively. Optical section-
ing (Z-series) was performed at a thickness of 2 wm using pin-
hole 1. Quantification of fluorescence intensity was performed
by Image] 1.48v (USA) fluorescence quantification software and
represented graphically in terms of relative fluorescence units.
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Localization of nitric oxide (NO) distribution in intact roots

Roots from 4 d old etiolated seedlings of sunflower grown in
the presence and absence of GR24 were incubated for 40 min in
50 uM DAF-2DA (dissolved in 10 mM Tris-HCI, pH 7.5).
Following incubation, roots were washed in Tris buffer. Both pri-
mary roots (PRs) and lateral roots (LRs) were cut 4 cm from tip,
mounted on glass slides and visualized using a confocal micro-
scope (Leica TCS SP5, Germany) at an excitation and emission
0f 495 nm and 515 nm, respectively. Optical sectioning was per-
formed at a thickness of 2 pm for each section using pinhole 1.
Quantification of fluorescence intensity was performed by Image]
1.48v (USA) fluorescence quantification software and repre-
sented graphically in terms of relative fluorescence units.

Quantification of nitric oxide distribution in root
homogenates

Roots from 2 d old etiolated seedlings of sunflower grown in
the presence of distilled water (control) and various pharmaco-
logical agents, including GR24, cPTIO (Invitrogen, USA),
GR24 + ¢PTIO and Fl, were ground to powder in liquid nitro-
gen and the powder was dispersed in extraction buffer (50 mM
Tris-HCI, 250 mM sucrose and 1 mM EDTA, pH 7.5) contain-
ing 1 mM PMSF and 5 mM DTT. The homogenates were
transferred to eppendorf tubes and vortexed for 30 min. Thereaf-
ter, the homogenates were centrifuged at 10,000 g for 20 min at
4°C. The supernatants were again centrifuged at 10,000 g for
20 min at 4°C. Equal volumes (347 pL) of supernatants were
incubated with 2.5 uM of DAF-2DA (Invitrogen Bioservices,
USA) in the extraction buffer for 30 min at 25°C. Reaction mix-
tures without tissue homogenates served as control for their
respective samples. Fluorescence was estimated at an excitation
and emission wavelengths of 495 and 515 nm, respectively.

Estimation of carotenoid cleavage dioxygenase (CCD)
activity in seedling roots

Whole tissue homogenates (20,800 g supernatants) obtained
from the roots of 2 d old, dark-grown seedlings raised in presence
of distilled water (control), SNP (100 wM) or cPTIO (500 pM)
were used as enzyme source. Homogenization was performed
using the extraction buffer consisting of Tris-sucrose (50 mM,
pH 7.5), B-mercaptoethanol (0.2%) and phenylmethylsulfonyl
fluoride (1 mM). Tissue homogenates were centrifuged at
20,800 g for 20 min at 4°C. Protein content of the total soluble
protein (TSP) was estimated by Bradford assay.** CCD enzyme
activity was measured spectrophotometrically with lutein (Sigma
Aldrich, USA) as substrate, according to Mathieu et al.,®> with

minor modifications. Lutein was dissolved in 80% acetone
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