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This article highlights the physiological and molecular
language that exploits redox pathways to modulate
hormonal function and, transcriptional regulation of
gene expression associated with adventitious root for-
mation (ARF) in plants. The role of plant growth reg-
ulators that exploit the redox cue either by activating
the NADPH-oxidase or modulating antioxidant-
coupled redox signalling during ARF is also elabo-
rated. We also elaborate upon various transcriptomic
studies on the role of reactive oxygen species in upre-
gulation of various proteins and transcription factors
involved in cell cycle and cell division, hormone sig-
nalling, amino acid synthesis, protein processing,
transport and cell-wall modification.
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THE root system of plants basically comprises primary,
lateral and adventitious roots. The radical which is
formed initially during embryogenesis, subsequently
forms the primary root due to elongation. It either grows
into thick central taproot system, which in most cases
develops lateral secondary roots as in gymnosperms and
dicotyledons, or it may die at the initial stage and is re-
placed by the fibrous root system that develops from the
shoot tissue and is called adventitious roots (ARs), as in
monocotyledons'. ARs always develop from differen-
tiated cells in post-embryonic stage or tissues-like leaves
and stems'?. As ARs are formed naturally in monocoty-
ledons as crown and brace roots, they also act as an adap-
tive strategy under various abiotic stresses, like
mechanical injury or flooding®°. Adventitious root for-
mation (ARF) is central to the vegetative propagation of
many economically significant plant species which are
capable of developing ARs or develop them upon induc-
tion”. In hypocotyls, ARs emerge from the cambium re-
gion (Figure 1). In addition to helping plants in water and
nutrient uptake, storing of photo assimilates and anchor-
ing to the substrate, ARs also help plants to adapt under
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abiotic stress'®. Strubinska and Hanaka’ have shown that
the AR system is more tolerant to lead stress than the
primary root system in the sunflower seedlings.

ARF is initiated through many signalling pathways.
Several studies have indicated that reactive oxygen spe-
cies (ROS) play important role in morphogenetic events
like ARF''?, The ROS and antioxidative defence system
make up the elaborate redox system of a plant”. In fact,
ROS-antioxidant interaction dynamics at metabolic inter-
face is indispensable in maintaining cellular redox ho-
meostasis. ROS as an obligate component, are derived
from the incomplete reduction of molecular oxygen of
eukaryotic organisms and comprise O3, HO®, H,0,, '0,,
RCO", RO", etc.'™". The initial product of incomplete re-
duction, O3, is generated due to the single electron-
mediated reduction of molecular oxygen during metabolic
dysfunction under stress. O; formed may get quickly
dismutated by the enzyme superoxide dismutase (SOD)
to form the most stable form of ROS, viz. H,O, (ref. 13).
Subsequently, H,O, may be exploited further to generate
superoxide radical to produce systemic signals. Under
physiological condition, with the participation of transi-
tion metals like Fe*" and Cu®’, H,0, can be reduced

Figure 1. Transverse section of mung bean hypocotyl showing emer-
gence of root primordial associated with adventitious root formation
(ARF).
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further into the highly toxic and reactive hydroxyl radical
(HO")". It is found that both exogenous (environmental
stress) and endogenous (lack of metabolic coordination)
causes contribute significantly to the formation of intra-
cellular ROS, compared to the capacity of antioxidative
defence system causing oxidative stress. Exogenous
causes include extremes of temperature, irradiation or
excess photochemical energy, salinity, drought, pollu-
tants, chemicals and heavy metals. One of the prominent
sources of ROS in the plant cell are the mitochondria,
where ROS is generated by spilling of electrons from
complex I and III to molecular oxygen during the elec-
tron-transport chain. Chloroplasts through pseudocyclic
electron flow generate ROS'’. Microbodies like perox-
isomes and microsomes also generate ROS (H,0,) (ref.
10). The membrane-associated enzymes respiratory burst
oxidase homologue (RBOH) or NAD(P)H-oxidase, cyto-
chrome-c oxidase and xanthine oxidase are equally im-
portant in generating ROS in plant cells'®. Plant RBOH,
essentially a homologue of gp91™™ present as mamma-
lian NADPH oxidase (NOX), contributes significantly in
ROS-mediated apoptosis, signalling, stress acclimation,
defence response and plant development®'®. In plants,
the NOX homolog contains cytosolic NADPH and FAD-
binding domains with as many as six conserved trans-
membrane helices and distinctly possesses N-terminus EF
motifs, unlike the mammalian system. The third and fifth
transmembrane helices attach two heme groups through
His residues. Essentially, the heme groups are necessary
for transport of electrons through the membrane to the
extracellular electron-acceptor oxygen, to generate supe-
roxide radical (ROS)'". RBOH proteins are mostly loca-
lized in the plasmalemma membrane facing apoplast'® 2.
The presence of transition metal ions (redox-active met-
als) Fe and Cu also significantly accelerates ROS genera-
tion'’. Reduced forms of transition metal ions Fe(II) and
Fe(Ill) generate highly reactive HO®, basically aiding
Fenton reaction or Haber—Weiss reaction'**'.

Catalase detoxifies hydrogen peroxide, which is impli-
cated in redox signalling and apoptosis. Other non-
enzymatic anti-oxidants like vitamin C (ascorbic acid),
flavanoids, o~tocopherol and sulphur-containing anti-
oxidants like glutathione, cysteine, etc. remove ROS".
The Halliwell-Asade pathway actively operates to
remove H,O, from the cells under oxidative stress. Under
a certain set of environmental conditions, plants seem to
produce ROS decisively and intentionally as internal re-
dox cue or signalling molecules to regulate physiological
events, including stomatal conductance, acclimatory
stress response and defence, programmed cell death and
morphogenesis®’. ROS act as a ‘second messenger’ and
modulate activities of specific regulatory proteins, tran-
scription factors and gene expressions involved in specific
signalling pathways'**'. Under physiological conditions,
cells maintain redox homeostasis through regulation of
ROS-antioxidant interaction dynamics, whereas under
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environmental stress the internal ROS titre is modulated
either by increased production or changes in the efficacy
of antioxidant defence system, thus originating nascent
redox signal7‘22. ROS, particularly H,O, have been found
to participate decisively in the morphogenetic process of
ARF'"'?. They act downstream of many hormones (like
IAA, indole-3-butyric acid (IBA), ethylene, etc.) and
plant growth promoters (like salicylic acid). ROS have
been found to accumulate in the cambium of cucumber
seedlings®. The participation of ROS in redox signalling
during ARF necessitates a coordinated function of regula-
tion of ROS—antioxidant interaction dynamics to maintain
and regulate them at non-toxic titre'>. A delicate harmo-
nizing act between the genesis of ROS, involving ROS-
generating enzymes RBOH, and the basic cellular meta-
bolism with ROS-scavenging pathways is significant for
initiating the redox signal during ARF. This article high-
lights findings that support the major role of ROS or
associated redox pathways in ARF, which could help to
study the involvement of ROS in morphogenesis.

Impact of environmental stress and
phytohormone-induced modulation

Oxidative burst is a universal intrinsic response of plants
to environmental stress'’. Plants acclimatize to unfavour-
able conditions by various morphological and anatomical
changes brought about by various signalling pathways.
The involvement of ROS in the signal transduction path-
way is mainly produced by NAD(P)H-oxidase associated
with the plasma membrane. Unfavourable environmental
conditions, like floods cause hypoxic condition to the
submerged tissues’. Likewise, drought conditions limit
water availability to the plants. One of the common mor-
phological changes induced by both flood and drought is
the formation of adventitious roots for proper gaseous
exchange, sufficient water and nutrient uptake.

Ethylene-induced alteration of redox homeostasis

Stress hormone ethylene that accumulates in all flooded
plant cells is known to enhance superoxide anion (O3°)
formation by membrane-bound NAD(P)H-oxidase**. The
O3 formed is subsequently dismutated to H,O, (refs 24,
25). The enhanced level of endogenous reactive oxygen
species, especially H,O,, shows increased root growth in
adult rice plants during floods. The involvement of H,0,
in root growth is reduced when RBOH activity is inhi-
bited”*. The activities of RBOH are largely controlled and
synchronized by small G-proteins, Rac-GTPase and Rop-
GTPase™® **.

Oxidative burst leading to enhanced concentration
of H,O, has also been shown to be indispensable for in-
duction of adventitious roots in marigold under drought
condition®. It has already been mentioned that ethylene
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Figure 2. Ethylene, auxin and nitric oxide-induced ARF during different abiotic stresses. The plant growth reg-
ulators (PGRs) were found to crosstalk and activate the membrane-bound NAD(P)H-oxidase enzyme that helps in

generating redox cue (H,0,).

induces ARF and arenchyma formation via enhancement
of the concentration of superoxide anion in adult rice
(Oryza sativa) plants™. Studies have revealed that RBOH
acts downstream of ethylene in promoting root growth
and epidermal cell death®. Epidermal cells that cover the
primordia of adventitious roots at the stem node of rice
plants undergo senescence to facilitate root emer-
gence®*. It has been found that inhibition application of
ethylene biosynthesis inhibitor, 1-methylcyclopropene
(1-MCP) hardly affects H,O,-induced elevated rate of
senescence, suggesting that senescence of epidermal cells
triggered by ethylene is mainly mediated by H,O, (ref.
31). Also, ethylene biosynthesis is regulated by both
ethylene and H,O, by feedback activation®'. It was found
that ACC Oxidasel (ACOI; Os03g0860600) was upregu-
lated, whereas Ethylene Overproducer-Likel (EOLI,
Os11g0585900, that targets ACS proteins) was inhibited
particularly in the epidermal cells capping roots under the
exposure of ethylene or H,O, (ref. 31). Application of
1 uM DPI (diphenyleneiodonium) and potassium iodide
(K1) partially inhibited ethylene-induced ARF, suggesting
the role of ROS downstream of the signalling network.
DPI was also found to inhibit pressure-induced cell death.
Further, down-regulation of MT72b (ROS scavenger
METALLOTHIONEIN2b) altered redox homeostasis,
thus promoting cell death®***2%%and supporting the fact
that the induction of growth of root primorida by ROS is
independent of MT2b (ref. 24) (Figure 2). It was also re-
ported that genetic down-regulation of MT72b resulted in
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enhanced ROS (H,0,) titre in suspension cultured rice
cells. In fact, H,O, itself mediates down-regulation of
MT?2b in these epidermal cells, revealing a feedback loop
that auto amplifies H,0, accumulation™.

Nitric oxide modulated redox homeostasis

H,O,; interacts with various molecules that are generated
during biotic and abiotic stress conditions. One such mo-
lecule is nitric oxide (NO). When drought condition was
imposed on marigold explants by the application of
polyethylene glycol (PEG), both the biomass and the
number of adventitious roots were found to decrease after
removal of primary roots compared to control (distilled
water). However, 600 uM of H,0, or 5, 10 and 50 uM of
sodium nitroprusside (SNP) increased both the biomass
and the number of adventitious roots respectively, under
drought conditions, similar to control treatment. When
marigold explants were treated with PEG, SNP and DPI
simultaneously, the positive effect of NO was reversed,
again revealing that H,0O, acts downstream of NO signal-
ling in ARF. The positive effect of H,O, was found to be
dose—dependent. Lower concentration did not form ad-
ventitious roots, whereas higher concentration inhibited
the formation of AR*. Application of synthetic auxin, in-
dole-3-butyric acid increased the endogenous concentra-
tion of both NO and H,0O, in marigold explants,
suggesting that they are a prerequisite for ARF. When
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IBA and H,0, were applied together, there was notewor-
thy enhancement in ARF*® (Figure 2).

A similar result has been found in ground-cover chry-
santhemum, where exogenous application of 50 uM SNP
(NO donor) or 200 uM H,0, was found to enhance ARF.
When both were applied together, better results were ob-
served than when applied alone®®. It might be concluded
that nitric oxide acts downstream of auxin that activates
NAD(P)H-oxidase resulting in the significant accrual of
03, thus helping in ARF*’. This was cross-checked by
the application of DPI and PTIO (2-phenyl-4,4,5,5-tetra-
methylimidazoline-1-oxyl3-oxide) that caused reduction
in ARF in Panax ginseng. It has been shown that under
arsenate stress, application of SNP (NO producers)
enhances new ARF as well as primary root biomass™.
When DPI was used, there was inhibition in new ARF,
even in the presence of SNP, indicating that cell-cycle
dynamics is controlled by NO and ROS. Further, it has
been reported that elevated titre of redox couple ascor-
bate/dehydroascorbate is necessary for new ARF and the
accumulation of primary root biomass*®.

ABA-induced modulation of redox homeostasis

H,0, has also been shown to act downstream in drought-
induced ABA-mediated ARF in Cucumis sativus. Ex-
ogenous ABA or H,O, reversed the reduction in ARF
caused by dehydration stress (PEG treatment). Best re-
sults were observed at 0.5 uM ABA or 200 uM H,0,,
matching the control treatment (distilled water), further
suggesting that positive response of H,O, and ABA is
dose-dependent. The root-promoting effect of ABA was
suppressed by the treatment of NAD(P)H-oxidase inhibi-
tor, DPI (ref. 39). Cell-division activity was more pro-
nounced in PEG+ ABA, PEG+H,O0, and PEG+
H,0, + ABA compared to control, and PEG + DPI or
PEG + CAT showed less pronounced ARF after staining
with DAPI (4’,6-diamidino-2-phenylindole), indicating
that H,O, could be important for ARF. ABA-mediated
H,0, production also increased water-soluble proteins
under drought stress (Figure 3)*°.

Auxin-induced modulation of redox homeostasis

It is well-known that growth regulator auxins promote
ARF with H,0, as the second messenger”. The auxin—
ethylene cross talk enhances ARF during stress condi-
tions. Application of an inhibitor of auxin polar transport
TIBA (2,3,5-triiodobenzoic acid) inhibits the formation
of AR, which can also be partially rescued by treatment
with H,O, (Figure 2). Experimental evidences show that
application of IBA increases H,O, production'', suggest-
ing possible cross talk between auxin and ROS signal-
ling. It has also been shown that incubation with water
for 12-36 h after cutting the primary roots enhances
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endogenous H,0, level in mung bean seedlings, whereas
in IBA-treated seedlings the internal titre of H,O, in-
creases after 3 h of primary root removal''. The impor-
tance of both nitric oxide and hydrogen peroxide in the
promotion of ARF in explants of marigold (7agefes erec-
ta L.) is well known in the literature. IBA has been
shown to increase endogenous concentration of both NO
and H,0O, in marigold explants, suggesting that they are a
prerequisite for ARF®. When IBA and H,0, were applied
together, there was significant increase in ARF™.

In another study on cucumber, cross talk between ROS
and hormones like auxin and ethylene led to increased
ARF under waterlogged condition. The expression of
genes of important enzymes of ethylene biosynthesis, 1-
aminocyclopropane-1-carboxylate synthase (ACS) that
converts S-adenosylmethionine to 1-aminocyclopropane-
1-carboxylic acid (ACC) and l-aminocyclopropane-1-
carboxylate oxidase (ACO) that converts ACC to ethy-
lene in cucumber (CsACSI, CsACS2, CsACO2 and CsA-
COS5), were found to be enhanced under waterlogging
condition and their expressions were upregulated by
further application of NAA (synthetic auxin, I-naph-
thylacetic acid)” (Figure 2). Among the nine genes of
respiratory burst oxidative homolog, responsible for
generating O3 , CsRBOH was found to be upregulated by
exogenous NAA”. Further, NAA and ACS both upregu-
lated the expression of two CsRBOHs, i.e. CsSRBOHB and
CsRBOHF3 (Figure 2). Exogenous application of H,0,
did not affect the concentration of ethylene or auxin, but
the application of DPI inhibited ethylene—auxin-induced
AR, suggesting that ROS act downstream of these hor-
mones in this development process™. It was also found
that 100 uM H,O, positively enhanced adventitious root-
ing in flax seeds, when combined with 0.5mgl"
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Figure 3. Role of exogenous application of abscisic acid in the induc-
tion of cell division necessary for ARF.
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NAA compared to NAA alone. Here, the endogenous
H,0, is controlled by peroxidase, which in turn regulates
the endogenous auxin level in flax (Linum usitatissi-
mum)*.

In another study on cucumber, it was found that TAA,
IBA, hemin, SNP, CaCl, and NaHS showed simultaneous
increase in ARF, and differential upregulation in CsHO1
(heme oxygenase-1 gene, which gives rise to CO) and
corresponding protein levels*' (Figure 4).

SA-induced redox modulation

ROS especially H,0, are found to act downstream in SA-
induced ARF'**2. Application of H,0, scavenger DMTU
(N,N’-dimethylthiourea) reduced SA-induced ARF from
hypocotyl explants of mung bean'?. Similarly, application
of DPI to the mung bean hypocotyl, significantly down-
regulated the formation of AR triggered by SA treat-
ment'2. In vivo H,0, content was found to be increased at
12 h after SA incubation of the explants. The results of
endogenous H,0, assay further indicate increased accu-
mulation H,O, in SA-treated seedlings compared to
control, indicating that the SA-induced accrual of endo-
genous titre of H,O, might be a downstream event during
the entire signalling episode regulating ARF in mung
bean seedlings'?>. Moreover, redox modulation of hypo-
cotyl of mung bean by pre-treatment with H,O, (10 mM)
followed by SA (0.4 mM) treatment resulted in upregula-
tion of ARF, as verified by the enhanced root number and
biomass, vis-a-vis hypocotyls treated individually with
H,0, or SA'2. SOD activity was also found to increase
significantly compared to CAT under the same treatment
conditions, suggesting that enhancement in endogenous

IAA, IBP, HEMIN, Bor!leol{
SNP, CaCl,, NaH, Caffeic acid

- 1

HO1 Oxidative
\ stress
Auxin ¢emmp  Redox

t Homeostasis
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Figure 4. Burneol, FPLF4 (flower promoting factor), HOI (heme
oxygenase-1 gene) induce ARF whereas caffeic acid inhibit ARF by
inducing oxidative stress.
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titre of H,O, under SA treatment is an outcome of anti-
oxidant-coupled redox modulation that up- and down-
regulates SOD and CAT activities respectively. Further,
an experiment with SA induction-deficient mutants eds5-
I and eds5-2 showed lower ARF than wild type®*****. In
a recent study, it has been shown that treatment with
500 uM H,0, in combination with 600 uM SA to the hy-
pocotyl explants of mung bean exhibited upregulation in
ARF compared to untreated control'>. The same was
found to be significantly lesser in 1 mM DMTU-600 uM
SA and 1 mM DPI-600 uM SA treated explants. Assess-
ment of internal redox status of the experimental hypo-
cotyl explants under such treating conditions were
evaluated and compared. The prooxidant/antioxidant
ratio, in situ ROS localization, changes in total thiol
content, antioxidant capacity and efficacy of ascorbate-
glutathione system, revealed major modification of
ROS-antioxidant interaction dynamics (Figure 5). The
pro-oxidants measured in terms of O3 activity, endogen-
ous H,0, estimation and total ROS estimation using
DCFDA showed higher accumulation in HO,—SA treated
explants compared to control, DMTU-SA and DPI-SA
treated explants, whereas activity of catalase, ascorbate
peroxidase, dehydroascorbate reductase and glutathione
reductase was found to be lower in H,O,—SA treated
explants, establishing close association between SA and
H,0, in generating an oxidative burst linked with ARF'2,
Comparative estimation of soluble components of the
ascorbate—glutathione pathway along with their redox
turnover dynamics from differently redox-modulated and
SA-treated hypocotyl explants of mung bean also vali-
dates the metabolic basis of oxidative burst in terms of
H,0O, accumulation, associated with ARF', Further, gene
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Figure 5. Role of exogenously applied H,O, and salicylic acid that
activate NAD(P)H-oxidase and subsequently control the Halliwell—
Asada pathway for accumulation of endogenos redox cue necessary for
ARF. Wounding also causes accumulation of reactive oxygen species
(ROS), and stimulates formation of phenol compound that checks ROS,
indicating its role in ARF.
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expression studies (semiquantitive RT-PCR and qRT-
PCR analysis) in terms of transcript abundance of the
genes of important redox regulatory enzymes such as
NAD(P)H-oxidase (RBOH), catalase (CAT), ascorbate
peroxidase (APOX), dehydroascorbate reductase (DHAR)
and glutathione reductase (GR) from different redox-
modulated and SA-treated hypocotyl explants of mung
clearly exhibited redox regulation of ARF'?. The tran-
script abundances of vrrboh and virSOD genes were found
to be significantly higher in the H;O,—SA combination in
comparison to their untreated control, whereas DMTU-
SA and DPI-SA treatment conditions reduced transcript
levels of both the enzymes over their control, corroborat-
ing strongly the redox regulation of ARF'2. On the con-
trary, the expression of vrCAT, vrAPX and vrGR genes
was found to be reduced in the hypocotyl explants of
mung bean treated with H,O,—SA, corroborating once
again the role of antioxidant coupled redox event during
ARF".

Wound-induced adventitious root formation and
redox implications

ARF-induced by wound or physical damage, i.e. cutting
at the base of the stem, is the basis of vegetative propaga-
tion of numerous important plant species worldwide. As
ROS come to play in response to any environmental
stress, cutting at the base of stem deprives a plant or
seedling from nutrients and water uptake, thus generating
unfavourable conditions. To combat this, the plant pro-
duces or enhances the level of ROS*. Some studies have
reported the role of H,O, as the second messenger in
wound response®>***’. So, removal of primary roots that
eventually induce a wound signal might upregulate ARF
which is necessary for the uptake of water and nutrients
from the surroundings™'"'****7° Plant polyphenolic
compounds are also found to increase in response to
wounding and help protect from oxidative damage, indi-
rectly corroborating ROS increment in response to
wounding®' (Figure 5).

There are several experimental evidences in support of
the involvement of growth regulators, which either alone
or synergistically through feed-forward and feed back-
ward interactions can influence the redox status of the
tissue, necessary for the formation of internal redox cue
associated with ARF.

Caffeic acid, borneol and flower promoting
factor-based adventitious rooting

Caffeic acid (CA) has been shown to inhibit ARF by in-
ducing oxidative stress>. Different concentrations of CA
have been shown to augment membrane lipid peroxida-
tion (as revealed by the accumulation of thiobarbituric
acid reactive substances), causing accumulation of ROS
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and oxidative damage in hypcotyl region of lower rooted
mung™’. In another study it has been found that borneol, a
bicyclic organic compound and a monoterpene, promotes
adventitous rooting by acting as an antioxidant agent that
removes wound-induced oxidative stress in Artemisia an-
nua™. It has also been found that OsFPFL4, a novel rice
flower promoting factor is implicated in root and flower
development in rice by regulating both auxin signalling
and redox homeostasis®. The OsFPFL4 overexpression
lines showed slightly greater ROS accumulation and more
free IAA then the wild type and mutant, and there was cross
talk between auxin and redox homeostasis®* (Figure 4).

Redox regulation of adventitious root formation

Exogenous application of H,O, and inhibitors of
NAD(P)H-oxidase and free radical scavenger has shown
that ARF can also be initiated by modulating the redox
status of plant cells!™'2, When endogenous H,0, genera-
tion was reduced by DPI (1, 5 and 10 mM) treatment, the
biomass and the number of adventitious roots were signifi-
cantly reduced (P < 0.05) and ARF was repressed entirely
by treatment with NAD(P)H-oxidase inhibitor (20 mM
DPI) in mung bean seedlings''. When different concen-
trations of DPI (1 or 5 mM) were used along with H,O,
(30 mM), the effects of H,O, were reversed by DPI. On
the other hand, the inhibitory effect of DPI on ARF could
be reversed to a certain extent by the exogenous treat-
ment of H,O, (refs 11, 12). These results confirm that
ARF depends on the availability of pro-oxidant H,O,, and
the mitigation of such events through application of inhibi-
tor of H,0,-generating enzymes (DPI) retards ARF and
growth'".

In an experiment using cucumber, incubation of hypo-
cotyl explants after removal of primary root showed
biphasic peaks of H,O, generation (after 3 and 17 h of
root removal)'’. On the contrary, application of DPI
(10 mM) to the explants after removal of primary root
showed a rapid fall in H,O, generation (within an hour),
followed by slight increment (after 5 h), and subsequently
a permanent reduction. The experiment confirms the role
of NAD(P)H-oxidase in generating oxidative burst neces-
sary for inducing ARF'’. Moreover, in the same experi-
ment, exogenous application of H,O, (2040 mM) to the
hypocotyl explants, after removal of primary roots signi-
ficantly improved the number of ARs per explant (num-
ber, P <0.05), while treatment with a different doses of
H,0, (10-50 mM) augmented the biomass of AR devel-
oped from each hypocotyl explant of cucumber compared
to untreated control, indicating the dose-dependent nature
of H,O, on ARF and growthlo. Further experiments with
higher doses of H,O, (1-100 mM) showed significant
impact on both biomass and number of adventitious
roots'".

Experimental evidences suggest that application of
IAA can mimic the effect of H,O, on ARF, through its
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up-regulatory impact on the number of ARs'’. Signifi-
cantly, IAA application had less or no impact on the bio-
mass of adventitious roots as that of H,O, (ref. 10).
Catalase and ascorbic acid (2 mM), when applied ex-
ogenously, showed no impact on ARF, but eliminated or
suppressed the stimulatory role of exogenous H,O, by
eliminating it from the treatment solution. However, the
application of 4 mM ascorbic acid drastically reversed the
ARF augmented by application of exogenous IAA or
H,0; (ref. 55). Treatment with 4 mM ascorbic acid fol-
lowed by 2.5 mM H,0, for three days inhibited the elon-
gation of adventitious roots to some extent™. Application
of higher doses of DPI (5 mM) to the hypocotyl explants
of cucumber, inhibits the effect of exogenous H,0, on the
promotion of ARF, indicating that apart from NAD(P)H-
oxidase, some flavin-dependent enzymes are also inhibited
by elevated concentrations of DPI'’. In sweet-potato seedl-
ings, exogenous application of H,O, at low concentration
(0.5 mM), significantly enhances ARF (assessed in terms
of root weight, root number, root length and total surface
area per plant). However, higher concentration of H,0,
inhibited ARF, suggesting the significance of threshold
concentration of H,O, in ARF®. Hydrogen peroxide
treatments also increased total soluble sugar level indicat-
ing a signalling pathway that regulate division and diffe-
rentiation of cells, leading to the formation of new root

primordium®®.

Molecular regulation of adventitious root
formation involving reactive oxygen species

In auxin-mediated ARF, application of a bacterial quora
signal molecule, 3-O-C10-HL (N-3-oxo-decanoyl-
homoserine-lactane) induced rapid accumulation of H,O,
along with NO. This in turn, activated transcription fac-
tors for several cell-cycle regulatory gene, like calcium-
dependent protein kinase (CDPK), cell division control
protein 2 (CDC2), auxin-regulated protein C (ARC)®. All
these genes are accountable for the regulation of cell
cycle and cell division®. In cucumber, QTL mapping of
AR developed under waterlogging stress has shown that
AREF is regulated and inherited by a pair of negative do-
minance major genes (ARN6.1) and additive minor poly-
gene (ARN3.1 and ARNS.1) (D-4 model)*®. Another study
has revealed that ARNG.1 is governed by many candidate
genes like ethylene responsive genes (Csa6G503880,
Csa6G504590) which encode CPY (cytochrome P450
monooxygenase) that is involved in cell growth, and
heavy metal homeostasis gene (Csa6G500660) encoding
heavy metal-associated protein®’ (Figure 6).

In growing roots of Arabidopsis, a separate and distinct
zone of accumulation of superoxide anion and hydrogen
peroxide was noticed. The accumulation is largely regu-
lated by bHLH (a transcription factor UPBEAT1), which
down-regulates specific peroxidase gene’®’. Transcrip-
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tomic studies involving RNA-Seq and qRT-PCR tech-
niques were used in H,O,-treated seedling explants of
mung bean for analysis of changes in global gene expres-
sion along with their functional annotations. Further, GO
and KEGG pathway enrichment analyses have identified
a major alteration in gene function after 6 h of H,0,
treatment®®. H,O, treatment clearly exhibited temporal
changes in the pattern of expression levels of ARF-
related genes, showing an upregulation in expression
levels at 6 h of treatment and down-regulation at 24 h of
treatment compared to control (water treatment)®’. The
upregulated genes that have been identified at 6 h of
treatment (database of essential genes, DEG) found to be
mostly involved in stress responses and includes small
molecular weight HSP-like genes, a germin-like protein,
extensin class-1 protein, a molecular chaperone regulator
6-like gene (BAG family) and a multiprotein-bridging

Adventitious
Ethylene

w&;—: ?/‘/@ / root
U
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protease inhibitor, APYEI VACs, CPRD49,CRL,

PODs MT2b etc. CASPL, CDC2, CDPK.CPRD49, ACS,
ACO, AREARC, LBD, PINI, UPBI,BHLH
NACs, RD22, AHKs, MYBs, PINI,
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ADHIb, MAPKs QORL, SnRKI.SAMS,
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Hypocotyl

Figure 6. PGR-ROS or ROS-antioxidant interactions regulate redox
status of plants necessary for the expression of various transcription
factors and proteins that are involved in stress response, cell division,
cell-wall modification and several metabolic pathways necessary for
ARF. ACO-1, Aminocyclopropane-1-carboxylate oxidase; ACS-1,
Aminocyclopropane-1-carboxylate synthase; 4P2/ERF, AP2-like ethy-
lene responsive transcription factor; ADHIb, Alcohol dehydrogenase;
AHKSs, His-protein kinase; ARC, Auxin regulated protein C; ARF, Aux-
in response factor; AUX/IAAs, Auxin proteins; AUXI5, Auxin early
responsive 15 gene; BHLH, Basic helix—loop—helix protein, CASPL,
Casparian strip membrane proteins; CDC2, Cell division control pro-
tein 2; CDPK, Calcium-dependent protein kinase; CPRD49, Cowpea
clones responsive to dehydration like genes; CRL, CROWN
ROOTLESS; HSPs, Heat shock proteins; LAX, Auxin transport-like
protein; LBD, Lateral organ boundaries domain TFs; LOXs, Lipoxy-
genase; MAPKs, Mitogen-activated protein  kinase; MT2b,
METALLOTHIONEIN2b; MYBs, Myeloblastosis TFs; NACs, NAM;
ATAF and CUC family genes; PERI and 2, Cationic peroxidase; PINI,
PIN-formed protein genes; PODs, Peroxidase genes; QORL, Quinone
oxidoreducatse-like protein; RD22, Response to dehydration 22 gene;
SAMS, S-adenosylmethionine synthase; SnRKI, Sucrose non-ferment-
ing l-related protein kinase; TPP, Trehalose-6-phosphate phosphatase;
TPS, Trehalose-6-phosphate synthase; WRKYs, Pathogenesis-related
genes and UPB1, UPBEATI.
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factor 1c-like proteinGO. The temporal changes in H,0,-
induced gene expression were also evident when the
number of DEGs at 6 and 24 h of treatment (29.9% high-
er in 6 h-treated explants compared to 24 h treated one)
were compared”. Both DEG analysis and qRT-PCR re-
sults showed that H,O, treatment significantly altered the
expression levels of several genes like ARFs, [AAs,
AUXs, NACs, RD22, AP2/ERFs, AHKs, MYBs, PINI,
AUXI15A4, LBD29, LBD41, ADHIb, GH3, HSPs, HSFs,
QORL and genes of a variety of proteins and transcription
factors. These ROS-induced differentially expressed
(upregulated) genes are primarily involved in chemical
modification of cell wall, cell division, redox regulation,
acclamatory stress response, auxin and ethylene physiol-
ogy, amino acid synthesis, protein processing and hor-
mone signalling®. However, the differential regulations
of these genes were variable in 6 and 24 h H,0, treatment
conditions. On the contrary, PERI, PER2, CASPL3,
CPRD49 protease inhibitor, LOXs, PODs, antioxidant
activity, and various pathways related to protein degrada-
tion, photosynthesis, cellular respiration, flavonoid
synthesis, lipid transport and metabolism were down-
regulated in these treatments®.

Transcriptome analysis in H,O,-treated seedling
explants of Petunia hybrida also showed the possible
involvement of genes that are largely associated with
metabolic regulations®'. The transcripts that exhibited an
upregulatory trend included genes responsible for lipid
metabolism (beta oxidation), trehalose metabolism (TPP
and TPS), loading and unloading of photosynthates
(sucrose), acquisition of mineral nutrients, sucrose non-
fermenting 1-related protein kinase (SnRK1) and S-
adenosylmethionine synthase (SAMS)®'. Zhang et al.*®
reported that four out of 18 genes that are upregulated
under H,O, treatment in explants of poplar seedlings dur-
ing ARF are associated with redox regulation primarily
involving peroxidases, indicating redox regulation of AR
development. Changes in activities of peroxidases and
their isoform patterns (isozymes) have been projected as
molecular markers of succeeding phases of the develop-
ment of AR along with their implication in other impor-
tant life processes like regulation of cell expansion,
cell-wall lignification, auxin metabolism, etc.”’. This
finding suggests the imperative role of peroxidase-
induced redox regulation at later stages of ARF, when
auxin becomes inhibitory to ARF. CRLI/ and CRL3
(CROWN ROOTLESS) were shown to encode a positive
regulator for ARF under auxin signalling pathway during
initiation stage® (Figure 6). H,0, also induced responses
to various abiotic and biotic stresses through MAPK-
signal transduction pathway®.

RNA-Seq-based transcriptome analysis in poplar has
revealed that highest numbers of differential expressed
genes are found between 0 and 2 days after excision,
indicating this stage is crucial for ARF®>. When phyto-
hormones-related genes were studied, more than 800
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genes were envisaged to be involved in the synthesis,
movement, metabolism and signalling of phytohormones
like ABA, IAA, BRs, SA, ET, GA, CK and JA. Further,
each gene exhibited additional related genes, of which
auxin and BRs positively regulated ARF®*. The BRs,
cytokinins and SA metabolism genes were also found to
have elevated expression from DAE2 to DAES. The dif-
ferential expressed genes in poplar were grouped into five
clusters and all the clusters showed unique expression
patterns. KEGG analysis showed that the peroxidase (re-
sponsible for redox homeostasis) pathway was enriched
in cluster 6. Also, genes in these clusters showed upregu-
lation from DAE 2 to DAE 8. H,O, was shown to gradu-
ally increase from DAEO to DAES (ref. 62).

Some important contemporary transcriptomic studies
have explored gene ontology, KEGG pathway enrich-
ment, and profiling of differentially expression genes.
They showed that redox gateway is primarily involved in
triggering ARF through the regulation of important cellu-
lar activities like acclamatory stress response, secondary
metabolism, loosening and modification of cell wall,
modulating nutrients and energy metabolism, movement
sub-cellular components, protein metabolites, DNA repli-
cation, cell cycle and regulating gene expression asso-
ciated with hormonal signalling pathways®. EST
(expressed sequence tag) study was also explored for
identifying transcripts involved in ARF®. That the ROS
pathway is significantly involved in ARF could also be
consolidated by gene expression cluster analysis’. Some
studies also provide a record of candidate genes that are
specifically regulated by redox cue during ARF in plants
(Table 1).

Conclusion and perspectives

The article describes redox gateway as the primary regu-
lator of ARF in plants under the influence of both abiotic
environmental stress and endogenous growth factors.
Almost every growth regulator such as auxin, ethylene,
abscisic acid, NO, SA, etc. exploits the oxidative burst
for ARF. ROS interact with different molecules formed
during stress conditions to bring about morphological and
anatomical changes necessary for ARF. Transcriptomic
analysis revealed several differentially expressed genes
that are upregulated and down-regulated in the hormonal
signalling pathway where H,O, acts as secondary mes-
senger during ARF. Moreover, due to abiotic stress
(drought, flood), or removal of primary roots, whether by
cutting or physical damage, different hormones and sig-
nalling intermediates have been shown to enhance ROS
formation through upregulation of RBOH genes. Subse-
quently, ROS acting in the downstream initiate or acti-
vate various transcription factors associated with cell
division, cell-wall slackening, trehalose metabolism,
mineral nutrients acquisition and beta oxidation pathway,
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Table 1. Genes influenced (primarily upregulated) by redox cue (H,O, priming) during different phases of adventitious root formation (ARF) in
plants
Genes upregulated Redox cue Functions Reference
WRKY, NAC, bZip, NAC, Myb, ZF  H,0,-induced upregulation during initiation and Transcription factors of different 60, 64
progression phases of ARF cell signalling episodes associated
with morphogenesis
AUX/IAA, ARF, GH3, PINI, ABP H,0,-induced upregulation during initiation and Auxin signalling associated with 3, 60, 65
progression phases of ARF ARF
Cytokinin dehydrogenase 2, H,0,-induced upregulation during initiation and Cytokinin-induced message during 39, 60
cytokinin riboside progression phases of ARF ARF
monophosphate
phosphoribohydrolase, LOGI
ACO, AS, ERF, AP2 H,0,-induced upregulation during initiation and Ethylene signalling associated with 39, 60
progression phases of ARF ARF
STOP1, cyst-rich receptor, prol-rich ~ H,O,-induced upregulation during initiation and Signal transduction intermediate/ 39, 60, 66
prot kinase, Rec-like prot progression phases of ARF proteins associated with ARF
kinase 2
Expansin B1, pectin esterase, H,0,-induced upregulation during initiation and Cell-wall modification associated 39, 60, 66
endoglucanase progression phases of ARF with ARF
APOX, DHAR, GR, CAT H,0,-induced upregulation during initiation and Antioxidant coupled redox 12, 60
progression phases of ARF signalling associated with ARF
Small molecular weight HSPs, H,0,-induced upregulation during initiation and HSP chaperone function, Stability of 65, 66

Class I, II, IV HSPs progression phases of ARF

proteins necessary for ARF

ROS-generating

culminate into a developmental process.
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