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ABSTRACT
In response to hypoxia, plant roots produce very high levels of nitric oxide. Recently, it was demonstrated
that NO and ethylene both are essential for development of aerenchyma in wheat roots under hypoxia.
Increased NO under hypoxia correlated with induction of NADPH oxidase gene expression, ROS
production and lipid peroxidation in cortical cells. Tyrosine nitration was prominent in cells developing
aerenchyma suggesting that NO and ROS play a key role in development of aerenchyma. However, the
role of antioxidant genes during development of aerenchyma is not known, therefore, we checked gene
expression of various antioxidants such as SOD1, AOX1A, APX and MnSOD at different time points after
hypoxia treatment and found that expression of these genes elevated in 2 h but downregulated in 24 h
where development of aerenchyma is prominent. Further, we found that plants growing under
ammonium nutrition displayed delayed aerenchyma development. Taken together, new insights
presented in this short communication highlighted additional regulatory role of antioxidants gene
expression during aerenchyma development.

KEYWORDS
Aerenchyma; antioxidants;
nitric oxide; reactive oxygen
species; superoxide

Oxygen is essential for generation of energy as it acts as a termi-
nal electron acceptor in electron transport chain of mitochon-
dria. The situation of hypoxia occurs in plants during various
stages of their development (seed germination) and also under
flooding or waterlogging (submergence). Oxygen depletion
leads to energy crisis which eventually impairs its growth and
productivity. To cope up with this hypoxia associated energy
crisis, plants have developed several adaptive strategies. Exam-
ple of one such adaptation is the formation of aerenchyma.1,2

Aerenchyma is a gas-filled tissue which allows exchange of
gases between shoot and root. Basically, there are two types of
aerenchyma viz., schizogenous and lysigenous. Schizogenous
aerenchyma is formed by a process of cell separation at the
middle lamella during cell development and lysigenous aeren-
chyma is formed due to the random death of some cells.
Schizogenous aerenchyma is usually constitutive (Example:
Saggitarria lancifolia),3 whereas lysigenous aerenchyma can be
constitutive as well as induced (rice and maize respectively).4

Hypoxia is one of the prominent physiological inducers of aer-
enchyma in many plant species.4 Aerenchyma formation is
readily induced in the roots of maize under hypoxia (laboratory
conditions) and in flooded soils.2 In contrast to hypoxia, anoxia
is not an inducer for aerenchyma formation4 which might be
due to the requirement of oxygen in ethylene biosynthesis.
Hence, low partial pressures of oxygen, initiates the develop-
ment of the aerenchyma. The formation of lysigenous aeren-
chyma was studied in various abiotic stress conditions such as
hypoxia, high temperature, drought and nutrient deficiency.2

Lysigenous aerenchyma formation is also called as root cortical
death (RCD). Cell death during aerenchyma development is
associated with electrolyte leakage, low ionic equilibrium, DNA
fragmentation and cytoplasmic streaming.5 These events also
take place during hypersensitive response.6

Several lines of evidence suggests that ethylene plays impor-
tant role in the development of aerenchyma in plant roots.7-10.
Mechanical impedance and hypoxia act synergistically in ethyl-
ene biosynthesis in maize roots.11 Ethylene induced aeren-
chyma formation is characterized by induction of several signal
transduction pathways.2

Nitric oxide (NO) is a free radical signaling molecule that
plays a role in wide range of physiological processes such as
germination, growth and development of the plant and devel-
opment of programmed cell death (PCD) during pathogen
infection.12 There are several reports which suggests that, plant
roots produce high amount of NO under hypoxia using nitrate
reductase and the mitochondrial electron transport chain.13,14

The produced NO can be oxidized to nitrate that leads to gen-
eration of limited amount of ATP,15 induction of alternative
oxidase via inhibition of aconitase16 and protection of mito-
chondrial structure.17,18

Previously, it was thought that ethylene is a precursor for
development of aerenchyma but more recently, Wany et al.5

has shown that ethylene alone cannot induce aerenchyma
but requires the presence of nitric oxide (NO). Wany et al.5

provided new insights into mechanism of aerenchyma.
Wany et al.5 investigated whether hypoxia induced NO is a
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requirement for ethylene induced aerenchyma. This study
revealed that the formation of lysigenous aerenchyma
occurs in several stages such as, perceiving hypoxia as a
stress signal, release of NO signal in the cortical and vascu-
lar region of the plant roots, and thereby transducing sig-
nals to induce several other regulatory genes. First, they
checked NO production under normoxia and hypoxia by
two methods: 1) DAF-FM DA fluorescence and gas phase
Griess reagent assay and found that hypoxia treatment for
24 and 48 h leads to production of NO. To find out
whether increased NO has any impact on ethylene levels,
they checked levels of ethylene by GC-FID and found
induction of ethylene in response to hypoxia. However,
incubating roots with cPTIO during hypoxia treatment led
to reduced levels of ethylene. To further confirm the role of
NO in induction of ethylene signaling pathways, they
checked expression of ethylene biosynthetic genes ACC oxi-
dase and ACC synthase and ethylene responsive genes
(ERF1 and PDF13), suggesting that NO is present upstream
to ethylene and NO is indeed a requirement for aerenchyma
formation. Comparison of cell death between pathogen
infection and aerenchyma suggests that there are common
processes between them, hence, they checked various pro-
cesses that take place during PCD, such as electrolyte leak-
age, DNA fragmentation and cellulase assay. These findings
provided a link between NO and PCD during aerenchyma
formation. Both ROS and NO are key players in develop-
ment of cell death, therefore, authors checked ROS, lipid
peroxidation, protein tyrosine nitration and expression of
Respiratory burst oxidative homolog/ NADPH oxidase
(RBOH/NOX) gene and found that their levels increased
under hypoxia. Further, hypoxic-NO induced expression of
signal transduction genes such as phospholipase C, G-pro-
tein alpha subunit, calcium-dependent protein kinase family
genes CDPK, CDPK2, CDPK4, Ca-CamK, inositol 1,4,5-tri-
sphosphate 5-phosphatase 1 and protein kinase C. These
results clearly demonstrated that hypoxically-induced NO is
essential for the development of ethylene-induced aeren-
chyma formation. Scavenging NO using cPTIO (2–4-car-
boxyphenyl-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide),
and ethylene biosynthetic inhibitor; cobalt chloride (CoCl2)
and AVG (Aminoethoxyvinylglycine) led to reduced expres-
sion of signal transduction genes involved in aerenchyma.
Consequently, this study envisaged the role of hypoxically
induced NO in the development of lysigenous aerenchyma
in wheat roots.

Inspite of many significant roles of hypoxic-NO elucidated
in Wany et al.,5 there are still some unanswered queries which
needs further attention. In Wany et al.5 study, it was found that
there is increased ROS in the root cortical and stellar region,
but superoxides (O2

¡�) are majorly localized in the stele and
pericycle of the tissue but slightly in the cortical region. This is
an interesting observation raising further questions about cellu-
lar dynamics of O2

¡� in response to hypoxia. The produced
O2

¡� and NO both, might be responsible for cell death in corti-
cal region. The presence of higher amount of O2

¡� but lesser
amount of NO are probably responsible for non-induction of
aerenchyma in stellar region. Another role for produced O2

¡�

in stellar region could be, it can channelize through the vascular

system up to the shoots to increase the photosynthetic rate to
acclimatize the plant during hypoxia. The localization of super-
oxides in the vascular region also accounts for many physiolog-
ical reasons. Firstly, behind the root apex, internal oxygen
deficiency is most prominent at the stele19 and it is the first
place at which hypoxia is sensed. Secondly, the stellar region of
any tissue is the carrier of many nutrients, fluids and also
molecular signals perceived during stress. Hypoxic conditions
results into a number of important implications. One of them
is the production of various by-products of anaerobic metabo-
lism such as alanine and ethanol, found in the stele, but not in
the cortex.10 Another is the Crafts-Boyer hypothesis, which
postulates that there is a radial passive leakage of ions due to
anoxic stele. Further, due to glycolysis or fermentation, there is
very slow ATP production in the anoxic core of cells, however,
they maintain ATP levels from the normoxic outer cortex. The
above statements shed light onto the anoxic stellar part of the
tissue enriched with a number of fermentative products and
leaked ions.2,10,20

In response to stress, plants generate ROS. Hypoxia is an
inducer for ROS.21 At the molecular level, increased ROS levels
are key signs of stress and as they can interact with a number of
cellular molecules and metabolites, leads to irreparable meta-
bolic dysfunction and death.22 Plants have well-developed
detoxification systems to counter the deleterious effects of ROS.
Therefore, there is always a coordinated control in the ROS
production and scavenging which protects the plants from
severe damage but during the process such as PCD, plant cells
need to keep ROS levels high. Hence, in this study, we checked
expression of antioxidant genes at various time points (2 h, 6 h
and 24 h) of hypoxia treatment. Further, evidence is the
increased RBOH/NOX gene expression that leads to a respira-
tory oxidative burst directing to PCD and aerenchyma
formation.23

In order to check, whether there is the decreased expression
of antioxidant genes causing the accumulation of ROS levels
mediated by hypoxic-NO, we checked the expression of antiox-
idant genes (Table 1). There was a gradual reduction in SOD1
expression levels in due course of time. At 2 h of hypoxia, there
was 4-fold increase in SOD1 transcript levels, which continued
to decrease further i.e., 2-fold reduction in 6 h and 1.2-fold
reduction in 24 h of hypoxia (Fig. 1A). A similar trend was
observed in AOX1a (Fig. 1B) gene expression levels, where ini-
tially at 2 h, there was »5-fold increased expression levels,

Table 1. List of gene-specific primers.

S.
No.

Gene Accession
Id

Orientation Sequence Product
length

1 SOD1 FJ890986.1 Forward CTTCCATGTGCACGCTCTTG 151
Reverse AACACCATCCACTCCAGCTG

2 AOX1A AB078882.1 Forward GACGGGGAGAAGAAGGAGGT 156
Reverse GTGGTGCTTGGTCAGATCGA

3 APX EF555121.1 Forward ATTCGTCAGTTTGTCCCCGT 189
Reverse TCAGAGGGTCACGAGTCCAT

4 MnSOD AF092524.1 Forward GCGAAGAAAACCCTAGGCCT 166
Reverse TGTTGTAGTGGGCGACGTAG

5 Nox AY561153.1 Forward TTGGTGACTGGACACGAGAG 156
Reverse AATCCTGAGCAGGAGAACCA

6 Actin KC775780.1 Forward TGCCAAGAACAGCTCCTCAG 216
Reverse CCACTGAGCACAATGTTGCC
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which later decreased to 2-fold in 6 h and sharply fall at 24 h of
hypoxia. APX gene expression was increased gradually from 2-
fold in 2 h to 3-fold in 6 h of hypoxia, then it decreased signifi-
cantly in 24 h of hypoxia (Fig. 1C). MnSOD expression levels
also shows similar pattern i.e., after a 4-fold induction at 2 h, it
gradually decreased to 1.5-fold at 6 h, which further decreased
sharply at 24 h (Fig. 1D). This suggests that due to increased
ROS levels, plants simultaneously produce antioxidants only
within few hours of hypoxia. But, later (24 h or more), the lev-
els declines significantly to cause the accumulation of ROS in
the tissues. Therefore, it was evidenced that there is accumula-
tion of ROS and superoxides in the cell layer (cortex, endoder-
mis and pericycle) surrounding aerenchyma in wheat roots
under hypoxia5 and Fig. 2). Further, in order to find out
whether hypoxia-induced NO play a role in induction of
NADPH oxidase (NOX), we checked the expression of RBOH/
NOX gene and observed 2.5 fold to 3 fold induction in 2 h and
6 h respectively and a 4-fold induction in 24 h of hypoxia
(Fig. 1E). This clearly indicates that NOX gene is induced
strongly at 24h. The sole involvement of hypoxia-induced NO
in NOX induction was earlier evidenced in the presence of
cPTIO pre-treated roots under hypoxia and no changes were
observed in NOX/RBOH expression levels in the presence of
NO scavenger suggesting that NO can be directly indirectly
responsible for induction of NOX gene under hypoxia.5

The role of nitrate in nitrogen assimilation and NO signal-
ling, their cross-talk under hypoxic stress is largely unknown,24

but in agricultural soils, nitrogen is mainly supplied as either
NO3

¡ or NH4
C, hence it will be interesting to know, under

which nutrient conditions aerenchyma formation is prominent.
First, we checked ROS levels using the 2'-7'-dichlorodihydro-
fluorescein diacetate (H2DCFDA) dye and superoxide levels by

NBT staining method in ammonium and nitrate grown roots
(Fig. 2 A, B). Under both conditions, there was an increase in
ROS but it was slightly higher in NO3

¡ (Fig. 2A–a and b) in
comparison to NH4

C. In order to localize the ROS, freshly cut
root cross-sections were stained with DCF-DA dye and we
found a marked increase in DCF fluorescence in both nitrate
and ammonium root cortical cells in 24 h of hypoxia (Fig. 2B–
a). This suggests that NO3

¡ and NH4
C, has no major impact

on hypoxia induced ROS. Then, NO production was checked
by using DAF-FM diacetate fluorescence method. Strikingly,
we found an elevated DAF-FM fluorescence in the root cross-
sections in nitrate grown roots in comparison to ammonium
grown roots (Fig. 2B–b) suggesting that increased ROS and NO
both are responsible for aerenchyma formation in 24 h of hyp-
oxia in NO3

¡ and decreased NO in NH4
C is responsible for

delay of aerenchyma in NH4
C grown plants. Therefore, under

hypoxia, wheat roots exhibit a rapid synthesis of nitric oxide
(NO) and a parallel accumulation of reactive oxygen species
(ROS) under NO3

¡ nutrition. This conjoint responses may
trigger PCD process faster,25 on the other hand, reduced levels
of NO might be responsible for delay in aerenchyma formation
in NH4

C grown plants. Hence, these accumulating evidence
suggests that both NO and ROS play key roles in PCD.

NO3
¡ supplemented roots showed slightly higher O2

¡� lev-
els and more aerenchyma forming cells than NH4

C supple-
mented roots under 24 h of hypoxia (Fig. 2C–a and b). Freshly
cut cross-sections of nitrate grown roots revealed that O2

¡� for-
mation is preferentially localized in the pericycle lining the vas-
cular region under normoxia and showed increased O2

¡� levels
in 24 h of hypoxia. This increase in the formazan complex
within few hours of hypoxia revealed that, the superoxides are
produced in very less time and acts as signals for accumulation

Figure 1. Expression analysis of antioxidant genes (A) Triticum aestivum superoxide dismutase (TaSOD1;FJ890986.1) (B) Triticum aestivum alternative oxidase (TaAOX1a;
AB078882.1) (C) Triticum aestivum ascorbate peroxidase (TaAPX; EF555121.1) (D) Triticum aestivum manganese superoxide dismutase (TaMnSOD; AF092524.1) (E) Triticum
aestivum respiratory burst oxidase homolog/ NADPH oxidase (TaRBOH/NOX; AY561153.1) under normoxia and hypoxia in the presence of nitrate. Actin was used as inter-
nal reference gene for normalization of data. Values are means (n D 3 § SE). A significant difference between normoxia and hypoxia is analyzed by t-test at P < 0.001
(���), P < 0.01 (��) and P < 0.05 (�).
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of other ROS compounds in the cortical and epidermal region
of the root tissue. We found similar results under normoxia
conditions which suggests that epidermis and the vascular
region is the centre for O2

¡� production. This suggests that
there is a functional role of apoplastic O2

¡� generation by
plasma membrane NOX gene in cell elongation in the growing
zone of the root.26

Taken together, this study uncovered some interesting
aspects which were not discussed in Wany et al.,5 firstly, we
found negative correlation between antioxidants and increased
ROS at 24 h of hypoxia which can support hypothesis that sup-
pression of antioxidant genes in needed for acceleration of cell

death and secondly, we found that NO3
¡ nutrition has positive

effect in flooding tolerance via aerenchyma formation.
Wheat (Triticum aestivum L.) genotype cv. HD 3086 was

used for all experiments. Seeds were initially surface sterilized
with 4% sodium hypochlorite for 10 minutes and washed five
times with distilled water and subsequently germinated on
moist filter paper in petridishes at 23�C under dark conditions
in growth chamber. The growth conditions were followed
according to Wany et al.5 The hypoxic conditions were main-
tained by intermittently flushing the chamber with 0.4% oxy-
gen. Storage and harvesting of samples was performed
according to Wany et al.5 Similarly, methods for RNA isolation,

Figure 2. ROS, NO production and superoxide levels in wheat cross-sections and root segments. (A) Total ROS levels in wheat roots grown in NO3
¡ and NH4

C measured
by dichlorodihydro-fluorescein diacetate (H2-DCF-DA) by determining production of dichlorofluorescein (DCF) (n D 5). Roots were incubated in 10 mM dichlorodihydro-
fluorescein diacetate (H2DCF-DA), 10 mM Tris-HCl buffer, pH-7.2 for 5 minutes in dark, and then washed with buffer three times. Images were recorded with fluorescence
microscope (Nikon80i, Japan) at 495 nm excitation and 515 nm emission wavelength; (a) DCF fluorescence in root segments grown in nitrate and ammonium under nor-
moxia and hypoxia-24 h; (b) DCF fluorescence intensities measured by ImageJ in root segments grown in nitrate and ammonium nutrition under normoxia and hypoxia-
24 h. Values are (nD 5§ SE). Scale barD 250 mm. (B) ROS and NO production in root cross-sections measured by H2DCF-DA and DAF-FM-DA respectively (a) DCF fluores-
cence in root cross-sections (n D 5) grown in nitrate and ammonium nutrition under normoxia and hypoxia-24 h; (b) DAF-FM fluorescence in root cross-sections (n D 5)
grown in nitrate and ammonium nutrition under normoxia and hypoxia-24 h. Scale bar D 250 mm. (C) Aerenchyma development and superoxide (O2

¡�) production in
wheat roots (n D 3) grown in nitrate and ammonium nutrition measured by in vivo staining with nitroblue tetrazolium chloride; NBT as a substrate by measuring the for-
mation of formazan complex. The roots were visualized and photographed under bright field microscope (Nikon 80i, Japan) for the presence of dark blue-violet spots (for-
mazan precipitates); (a) Localization of O2

¡� in root cross-sections under normoxia and hypoxia-24 h; (b) Localization of O2
¡� in root segments under normoxia and

hypoxia-24 h. Scale bar D 250 mm.
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cDNA synthesis and quantitative real time PCR was performed
with the set of primers given in Table 1 as described in Wany
et al.5 The meth`ods for ROS levels, NO production and super-
oxide levels were also followed according to Wany et al.5
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