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ABSTRACT  7 
 8 
Aim : The aim of the study was to understand the biochemical mechanism of tolerance against 9 
waterlogging stress in two contrasting maize genotypes viz. Parkash (waterlogging tolerant) and 10 
Paras (waterlogging sensitive). 11 
Methodology : Both the genotypes were subjected to short term waterlogging stress treatment (18 h) 12 
after fifteen days of germination. Two major biochemical defense systems under hypoxia conditions, 13 
namely antioxidant and anaerobic metabolism, were compared in leaf and root tissues of tolerant and 14 
sensitive maize genotypes.  15 
Results : Both the genotypes efficiently mitigate the oxidative stress generated due to waterlogging, 16 
as shown by increased activities of SOD (superoxide dismutase), POX (peroxidase), CAT (catalase) 17 
and APX (ascorbate peroxidase) and constant level of H2O2 (hydrogen peroxide) and MDA 18 
(malondialdehyde) in plant tissues. ADH activity was also significantly enhanced in the roots of both 19 
the genotypes but ALDH activity was significantly induced in tolerant genotype only, whereas activity 20 
remained unchanged in sensitive genotype.  21 
Conclusion : The present results suggest that under sudden short term waterlogging shocks, plant 22 
survival depends upon the simultaneous activation of ADH and ALDH activity for continuous energy 23 
supply and removal of toxic end products of anaerobic respiration. 24 
 25 
Keywords: Waterlogging; Zea mays; antioxidants; anaerobic respiration. 26 
 27 
1. INTRODUCTION 28 
 29 

Flooding and submergence are major abiotic stresses and rank alongside water shortage, 30 
salinity and extreme temperatures as major determinants of species distribution worldwide. It causes 31 
huge crop loss worldwide reducing average yields for major crops including maize by more than 50% 32 
[1]. In South-East Asia alone, over 15% of the total maize growing areas are frequently affected by 33 
floods and waterlogging problems [2]. In India, out of total 6.6 million ha area under maize over 2.5 34 
million ha is prone to excessive soil moisture/waterlogging conditions, which cause on an average 25-35 
30% loss of national maize production almost every year [3]. It has been shown that the early stages 36 
of maize development, especially from the second leaf stage (V2) to the seventh leaf stage (V7) are 37 
most sensitive to waterlogging [4]. In waterlogging-sensitive maize cultivars, waterlogging for more 38 
than 24 h can kill the plants, while waterlogging can be tolerated for periods of up to 1 week for 39 
waterlogging-tolerant maize cultivars [5].  40 

 41 
All higher plants require access to free water but excess water in the root environment of land 42 

plants can be injurious or even lethal because it blocks the transfer of oxygen and other gases 43 
between the soil and the atmosphere. Under oxygen deficiency, injury and death of plant tissues have 44 
been attributed to the accumulation of toxic end products of anaerobic metabolism, the lowering of 45 
energy charge, the lack of substrates for respiration and generation of free radicals. As aerobic 46 
respiration ceases, levels of energy rich adenylates drops rapidly, causing a dramatic decline in 47 
uptake and transport of ions [6].  48 

 49 
Excessive generation of reactive oxygen species (ROS) or oxidative stress is an integral part 50 

of many stress situations, including waterlogging.  Hypoxic tissues exhibit enhanced mitochondria-51 
dependent ROS generation and main cellular components susceptible to damage by these free 52 
radicals are lipids (peroxidation of unsaturated fatty acids in membranes), proteins (denaturation), 53 
sugars and nucleic acids. To cope with the high reactivity of ROS, plants possess antioxidative 54 
mechanisms, including superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT) 55 
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and peroxidase (POX) [7,8,9]. When plant roots are subjected to waterlogging conditions, SOD 56 
activity increases in barley roots [10] and remains unaffected in tomato [11] and wheat roots [12]. It 57 
has also been reported that higher peroxidase (POX) and lower malondialdehyde (MDA) 58 
concentrations can be used as a marker for screening waterlogging tolerant maize genotypes at 59 
seedling stage [13]. 60 

 61 
Metabolic adjustments occur as an adaptive strategy to facilitate tolerance of the plants to 62 

waterlogged or flooded soils, which plays an important role in producing energy for the short-term 63 
survival of plants in anaerobic environments [14,15]. Oxygen deprivation under waterlogging stress 64 
causes a rapid repression of normal protein synthesis and induces the synthesis of specific 65 
polypeptides termed as anaerobic polypeptides first described in maize roots [16].  The identified 66 
anaerobic proteins include sucrose synthase, phosphohexoseisomerase, fructose-1,6-diphosphate 67 
aldolase, pyruvate decarboxylase (PDC), lactate dehydrogenase (LDH), aldehyde dehydrogenase 68 
(ALDH) and alcohol dehydrogenase (ADH) which supplies uninterrupted supply of ATP necessary for 69 
plant survival [17]. Also the simultaneous detoxification of fermentation products (ethanol and 70 
acetaldehyde) also becomes crucial for plant survival under waterlogging conditions [18].  71 

 72 
Maize can tolerate heavy rains provided fields are not subjected to excessive soil moisture or 73 

waterlogging for longer periods. Waterlogging particularly at young vegetative stage causes great 74 
damage to the crop. In most of the regions of India due to sudden rainfall at young vegetative stage 75 
and also in the absence of proper drainage system, waterlogging is very common for 18 to 24 hours. 76 
Hence it is very useful to understand the metabolic activities occurring in waterlogging tolerant and 77 
sensitive maize genotypes at these initial hours of short term waterlogging shock. For this objective, 78 
two important aspects i.e. the detoxification of harmful free radicals and energy production during 79 
anoxic conditions were taken into consideration while designing the experiment. Under such stress 80 
conditions, it is equally important to avoid oxidative stress through proper scavenging of free radicals 81 
as well as to meet the energy requirements of the cell through uninterrupted ATP production which 82 
will eventually determine the survival of the plant cells. Also simultaneous detoxification of toxic end 83 
products of ethanolic metabolism is essential. Hence this study provides us the insight to improve the 84 
waterlogging tolerance of agronomically important maize cultivars so that they can survive these kinds 85 
of sudden short stress shocks.  86 
 87 
 88 
2. MATERIAL AND METHODS  89 
 90 
In the present study, two maize genotypes, Parkash (waterlogging tolerant) and Paras (waterlogging 91 
sensitive) differing in their tolerance towards waterlogging stress were selected. Fifteen days old 92 
seedlings were subjected to short term waterlogging treatment under laboratory. Activities of different 93 
enzymes were determined in root and leaf tissues.  94 
 95 
2.1 Plant material, Growth conditions and waterlogg ing treatment 96 
 97 
The germplasm of maize was provided by the Maize Section, Department of Plant Breeding and 98 
Genetics, Punjab Agricultural University, Ludhiana (30.91°N 75.85°E), India. For conducting lab 99 
experiments, the seeds were surface sterilized with 0.1 % mercuric chloride for 5 min and then 100 
washed with double distilled water before use. Experiment was conducted in plant growth chamber 101 
(NSW-193 CALTAN) under controlled temperature of 30 ± 2oC in the dark and continuous illumination 102 
of 200 µmol m-2 s-1 photosynthetically active radiation (PAR). Waterlogging stress was imposed by 103 
cup method under lab conditions. Disposable plastic cups (250 cm3) were used to grow maize 104 
seedlings. Cups were filled with 220 cm3 of its volume with mixture of farmyard manure (FYM) and 105 
siphoned soil. Filled cups were placed in plastic trays (40 × 28 × 6 cm). At the 6-leaf stage, the 106 
seedlings were subjected to 18 h waterlogging treatment by filling the cups with water 3 cm above the 107 
surface of the soil and this water level was maintained throughout the experiment. On the other hand, 108 
control plants were provided by normal moisture throughout the experiment. Root and leaf tissues 109 
were washed free of soil and used for the study of different biochemical parameters.   110 
 111 
2.2 Extraction and assay of antioxidant enzyme acti vities  112 
 113 
All extractions were made in three replicates at 4°C. For enzyme extraction, seedlings from three 114 
different cups were taken separately. Each cup constituted one independent replicate. Enzymes were 115 
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extracted at 4˚C.  Superoxide dismutase (SOD), peroxidase (POX) and glutathione reductase (GR) 116 
were extracted by homogenizing the samples in 0.1 M phosphate buffer (pH 7.5) containing 1% 117 
polyvinylpyrrolidone (PVP), 1 mM EDTA and 10 mM β-mercaptoethanol and catalase (CAT) and 118 
ascorbate peroxidase (APX) were extracted with 0.05 M phosphate buffer  (pH 7.5) containing 1% 119 
PVP and 1mM ascorbic acid [19]. The homogenates were centrifuged at 10,000g for 20 min and the 120 
supernatant was used for assaying.  121 
 122 

Assay system of SOD contained 1.4 ml of 100 mM Tris HCl buffer (pH 8.2), 0.5 ml of 6 mM 123 
EDTA, 1 ml of 6 mM pyrogallol solution and 0.1 ml of enzyme extract was added [20]. Change in 124 
absorbance was recorded at 420 nm after an interval of 30 sec upto 3 min. A unit of enzyme activity 125 
has been defined as the amount of enzyme causing 50% inhibition of auto-oxidation of pyrogallol 126 
observed in blank. 127 

 128 
Assay of GR contained 0.2 ml of 200 mM potassium phosphate buffer (pH 7.5), 0.1 ml MgCl2 129 

(1.5 mM), 0.1 ml EDTA (0.2 mM), 0.2 ml NADPH (0.025 mM), 0.2 ml of enzyme extract followed by 130 
0.2 ml of oxidized glutathione (0.25 mM) in a quartz cuvette [21]. Decrease in absorbance at 340 nm 131 
after an interval of 30 sec upto 3 min was recorded. The molar extinction coefficient for NADPH is 132 
6.22 mM¯¹ cm¯¹. GR activity was expressed as nmoles of NADP+ formed min¯¹g¯¹ of FW. 133 

 134 
Assay system of  POX contained 3 ml of 0.05M guaiacol in 100 mM phosphate buffer (pH 135 

6.5), 0.1 ml of enzyme extract and 0.1 ml of 0.8 M H2O2 [22]. The reaction mixture without H2O2 was 136 
taken as a blank. The reaction was initiated by adding H2O2 and rate of change in absorbance was 137 
recorded at 470 nm for 3 min at an interval of 30 sec. POX activity has been defined as change in 138 
absorbance min¯¹g¯¹ of FW. 139 

 140 
Activity of APX was assayed by taking 1 ml of 50 mM sodium phosphate buffer (pH 7.0), 0.8 141 

ml of 0.5 mM ascorbic acid, 0.2 ml of enzyme extract and 1 ml of H2O2 solution in total volume of 3 ml 142 
[23]. Absorbance was recorded at 290 nm in a spectrophotometer after an interval of 30 sec upto 3 143 
min. Extinction coefficient of monodehydroascorbic acid (MDAA) has the value of 2.8 mM-1cm-1. APX 144 
activity was expressed as nmoles of MDAA formed min-1g-1 of FW. 145 

 146 
Activity of CAT was determined by taking 1.8 ml of 50 mM sodium phosphate buffer (pH 7.5) 147 

to which 0.2 ml of enzyme extract was added. The reaction was initiated by adding 1 ml H2O2 and 148 
utilization of H2O2 was recorded at an interval of 30 sec for 3 min by measuring the decrease in 149 
absorbance at 240 nm [24]. Extinction coefficient for H2O2 has the value of 0.0394 mM-1cm-1. CAT 150 
activity was expressed as µmoles of H2O2 decomposed min-1g-1 of FW. 151 

 152 
2.3 Extraction and assay of H 2O2 and MDA 153 
 154 

For the extraction of H2O2, tissue (0.3 g) was homogenized with 2 mL ice cold sodium 155 
phosphate buffer (pH 7.0) using liquid nitrogen. Homogenate was centrifuged at 10,000g for 20 min 156 
and H2O2 concentration was estimated in supernatant [7]. Malondialdehyde (MDA) was extracted and 157 
estimated by using a thiobarbituric acid reaction [7]. 158 

 159 
2.4 Extraction and assay of anaerobic enzyme activi ties 160 
 161 

For the extraction of alcohol dehydrogenase (ADH) and aldehyde dehydrogenase (ALDH), 162 
tissue (0.1 g) was crushed with 2 ml of 100 mM HEPES buffer containing 2 mM dithiothreitol (pH 6.5) 163 
to fine powder using liquid nitrogen in pre-chilled pestle and mortar. After centrifugation at 10,000g for 164 
15 min at 4oC, supernatant was taken for assay. Methods of Ke et al., (1994) and Liu et al., (2001) 165 
were followed for the determination of the activities of ADH and ALDH [25, 26]. Protein concentration 166 
was estimated by the method of Lowry et al., (1951) [27].  167 

 168 
2.5 Statistical analysis 169 
 170 
Statistical analyses were carried out by student’s t-test using GSTAT statistical software tool.  The 171 
results presented are the means of three replicates. The statistical significance of differences between 172 
the obtained experimental values was assessed at P <0.05. Data shown in the graphs are means ± 173 
standard deviation (SD). Standard deviations are represented as vertical bars. 174 
 175 
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3. RESULTS AND DISCUSSION 176 
 177 

Not many studies have been reported to anlayze the effect of short term waterlogging 178 
conditions on the antioxidant and anaerobic enzyme activities in maize at early vegetative stage. 179 
When subjected to waterlogging treatment, maize seedlings respond through alterations in 180 
physiological and biochemical processes [28]. Additionally, waterlogging leads to oxidative stress 181 
through an increase in ROS. Therefore, waterlogging stress resistance may depend on the 182 
enhancement of the antioxidant defense system which includes antioxidant enzymes as well as other 183 
antioxidant compounds. SOD, POX and CAT are the most important detoxifying enzymes, which work 184 
together with APX and GR of the ascorbate-glutathione cycle to promote the scavenging of ROS [29]. 185 
In the present study it was observed that both the tolerant and sensitive genotypes showed an overall 186 
increase in the activities of antioxidant enzymes, hence exhibited less injury on exposing to short term 187 
waterlogging. This result is in agreement with the reports on the dynamics of these enzymes under 188 
chilling [30], waterlogging [31] and drought [32]. The short term waterlogging of 18 hours enhanced 189 
SOD activity in the leaves of Paras by 77% whereas in Parkash, the corresponding increase was 92% 190 
(Fig. 1a). SOD activity in the leaves of Parkash was found 44% higher than the Paras under stress 191 
conditions. The SOD activity in roots remained unchanged in Paras under waterlogging but a slight 192 
increase was observed in roots of Parkash only. SOD is the ubiquitous enzyme in aerobic organisms 193 
and plays a key role in cellular defense mechanism against ROS. In antioxidative systems of plants, 194 
SOD can remove O2

-. As SOD may control other activated species (H2O2, OH-), it is defined as a key 195 
antioxidative enzyme in the system [33]. When O2

- levels are elevated, the activities of SOD and other 196 
protective enzymes also increased during early waterlogging [34]. In the present investigation also 197 
under short term waterlogging conditions, SOD activity increased in the leaves of tolerant as well as 198 
sensitive genotype. One probable explanation could be that SOD is an enzyme induced by substrate 199 
O2

-, hence it is possible that increased levels of active oxygen has stimulated the cellular protective 200 
mechanism to mitigate damage. Hence, short term waterlogging did not have harmful effects on 201 
tolerant as well as sensitive maize plants. 202 

 203 
Waterlogging significantly enhanced GR activity in leaf tissues of both the genotypes, but the 204 

upregulation was more pronounced in Parkash, i.e. 24% as compared to controls (Fig. 1b). Root GR 205 
activity of both the genotypes was also increased under waterlogging in comparison to control. Paras 206 
showed about 53% increase in GR activity respectively, while in case of Parkash, the corresponding 207 
increase was of about 17%. Overall roots of Parkash maintain higher GR activity under non-stressed 208 
(75%) and stressed conditions (34%) as compared to the Paras (Fig. 1b). Hence the results imply that 209 
GR showed differential response under stress conditions but overall trend was increasing. GR plays 210 
key role in oxidative metabolism by converting oxidized glutathione (GSSG) to reduced glutathione 211 
(GSH) and maintaining a high GSH/GSSG ratio [35]. 212 

 213 
Parkash showed higher POX activity (53%) than Paras under waterlogging conditions (Fig. 214 

1c). Activity of POX could not be detected in roots of both the genotypes. Waterlogging stress 215 
increased POX activity significantly in the leaves of both the genotypes (73% in Paras and about 216 
190% in Parkash). An overall higher POX activity was observed in the leaves of Parkash genotype 217 
under stress condition. Peroxidases are involved not only in scavenging of H2O2 produced in 218 
chloroplasts but also in growth and developmental processes [36]. POX is among the enzymes that 219 
scavenge H2O2 produced through dismutation of O2

· catalyzed by SOD. POX activity was found to be 220 
increased in leaf tissues of both genotypes under stress conditions. Present study indicates that the 221 
tolerant genotype exhibited higher POX activity as compared to sensitive genotype under control as 222 
well waterlogged conditions. Another researcher also observed higher induction in POX activity in 223 
anoxia tolerant barley cultivar as compared to sensitive one under waterlogging conditions [37]. 224 
Increase in POX activity in shoots of maize seedlings has been reported under flooding stress [38]. 225 
Higher POX activity has also been suggested as a reference index for material screening for 226 
waterlogging tolerance [13]. 227 

 228 
Differential responses were observed for APX activity in waterlogged leaf and root tissues. 229 

APX activity of Paras genotype remained almost unchanged but waterlogging caused an increase of 230 
29% in Parkash leaves (Fig. 1d). APX activity in the roots of Paras increased its activity by about 231 
39%. Similarly significant increase in APX activity was also observed in the roots of Parkash under 232 
waterlogging stress. Similar to GR, APX also scavenges H2O2 and uses ascorbate as an electron 233 
donor in plants [39]. The early rise of enzyme activities in present study was considered to be the 234 
response against increased generation of ROS caused by sudden hypoxia. Possibly, increased ROS 235 
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levels stimulate the cellular protective mechanism to mitigate damages. Our results are also in 236 
agreement with the recent findings of Chiang et al (2017) who established that over expression of the 237 
ascorbate peroxidase gene from eggplant and sponge gourd enhances flood tolerance in transgenic 238 
Arabidopsis [40]. 239 

SOD enzyme action results in H2O2 and O2 formation. H2O2 is toxic in plants and must be 240 
converted to H2O by subsequent reactions. Although there are a lot of enzymes to regulate H2O2 241 
intracellular levels, CAT and APX are considered the most important. In present study, like SOD, CAT 242 
activity was also found to be slightly increased under stress conditions in roots of both the genotypes. 243 
Waterlogging caused an increase in CAT activity in root tissue but no clear pattern in activity could be 244 
observed in leaf tissues of both the genotypes (Fig. 1e). Waterlogging increased the CAT activity in 245 
the roots of both the genotypes (41% for Paras and 23% for Parkash). Stress strongly induced the 246 
CAT activity in leaves of Parkash (by 74%) whereas no change was observed in the activity in Paras 247 
leaves. CAT, which is localized in the peroxisomes of higher plants, functions in the decomposition of 248 
H2O2, which is also produced outside the chloroplasts by H2O2-generating oxidases in the 249 
peroxisomes [41]. Despite its restricted localization, it may play a significant role in removing H2O2. 250 
Present results also indicate that CAT and APX activities coordinated with SOD activity play a central 251 
protective role in the O2

- and H2O2 scavenging process and the activity of these enzymes is related, at 252 
least in part to short term waterlogging-induced oxidative stress tolerance in maize seedlings. These 253 
results are also supported by some previous studies [5]. Present findings are also supported by a 254 
recent study in which 20 days old maize seedlings of the waterlogging tolerant (HUZM-26) and 255 
susceptible (HUZM-55) genotypes were subjected to waterlogging stress and found that in 256 
waterlogged plants of resistant genotype there was significant increase in the levels of reactive 257 
oxygen species (ROS) scavenging enzymes viz., catalase (CAT), peroxidase (POX), superoxide 258 
dismutase (SOD), ascorbate peroxidise (APX) [42]. 259 

 260 
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 295 
Fig. 1.  Changes in the activities of (a) SOD (number of uni ts/min/mg protein), (b) GR (nmoles of 296 
NADP+ formed/min/mg protein), (c) POX activity (cha nge in absorbance/min/mg protein), (d) 297 
APX (nmoles of MDAA formed/min/mg protein) and (e) CAT (µmoles of H 2O2 298 
decomposed/min/mg protein), in controlled ( ■) and waterlogged ( □) leaf and root tissue in 299 
sensitive (Paras) and tolerant (Parkash) maize geno type [Vertical bars showed SD from mean 300 
of three replicates. Significant at a- 1% level, b-  5% level as compared to control (Student’s t-301 
test)].  302 

 303 
 304 
Results in the present study also showed that both the genotypes maintained the 305 

concentration of H2O2 and MDA in their tissues comparable to controls in response to waterlogging 306 
stress (Fig. 2a and 2b).  However, tolerant genotype (Parkash) exhibited lower concentration as 307 
compared to sensitive genotype (Paras) under control as well as waterlogging conditions. In the leaf 308 
tissue, waterlogging increased H2O2 concentration of Paras by 27% whereas in Parkash, it remained 309 
comparable to controls (Fig. 2a). In root tissues also, the concentration of H2O2 and MDA was lower in 310 
Parkash as compared to Paras under controlled (50% and 31%) as well as stressed conditions (24% 311 
and 17%)  (Fig. 2a and Fig. 2b). Only a slight increase in H2O2 concentration of leaves of sensitive 312 
genotype was observed. This behavior is in complete accordance with increased activities of SOD, 313 
CAT APX and POX. These results can be compared with reported lower concentration of H2O2 in 314 
drought resistant cultivars than drought susceptible cultivars when exposed to such stresses 315 
[41,43,44]. 316 

 317 

 318 
Fig. 2.  Changes in (a) H 2O2 concentration (mmoles/g of dry weight) and (b) MDA  concentration 319 
(µmoles/g of dry weight), in controlled ( ■) and waterlogged ( □) leaf and root tissue in sensitive 320 
(Paras) and tolerant (Parkash) maize genotype [Vert ical bars showed SD from mean of three 321 
replicates. Significant at a- 1% level, b- 5% level  as compared to control (Student’s t-test)].  322 

 323 
Plants react to an absence of oxygen by switching from an oxidative to a solely substrate-324 

level phosphorylation of ADP to ATP, the latter reactions predominantly involve glycolysis and 325 
fermentation. [45]. In response to short term waterlogging treatment, both the maize genotypes 326 
showed significant changes in ADH and ALDH activity in the roots only while no direct inference could 327 
be drawn with respect to leaf tissue. However tolerant plants exhibited much higher increase in 328 
enzyme activities as compared to sensitive plants. Waterlogging stress caused strong induction in 329 
ADH activity in the roots of both Paras and Parkash (Fig. 3a). Roots of Parkash showed 95% higher 330 
ADH activity than the roots Paras under stressed conditions. Previously also ADH activity has been 331 
reported as essential component for the extended survival of maize during waterlogging [46]. Activity 332 
of ADH remained unaltered in leaves under short term waterlogging. However significant differences 333 
among genotypes were observed for ALDH activity. ALDH activity in Parkash was significantly 334 
enhanced in leaf (31%) and root (157%) tissues as compared to controls while in Paras, ALDH activity 335 
remained unaltered in both the tissues under waterlogging stress. These results give the possible 336 
explanation for the tolerance behavior of Parkash.  Increase in ADH activity is helping the tolerant 337 
genotype to survive under the hypoxia condition by supplying necessary ATP and reducing 338 
equivalents and simultaneously its increased ALDH activity is neutralizing toxic acetaldehyde 339 
produced during ethanolic fermentation and avoiding cell toxicity efficiently. While sensitive genotype 340 
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is trying to maintain its ATP supply by increasing ADH activity effectively but unchanged ALDH activity 341 
is causing the accumulation of toxic end product (acetaldehyde) in the cells which ultimately leads to 342 
cell death. Higher increase in ADH and ALDH activities in tolerant plants might reduce the detrimental 343 
effects of the accumulation of toxic acetaldehyde under waterlogging conditions [47] and help to 344 
maintain ATP production in the absence of O2 [48].  345 

 346 

 347 
Fig. 3.  Changes the activities of  (a) ADH activity (nmoles  of NAD formed/min/mg protein) and 348 
(b) ALDH activity (nmoles of NADH formed/min/mg pro tein), in controlled ( ■) and waterlogged 349 
(□) leaf and root tissue in sensitive (Paras) and tol erant (Parkash) maize genotype [Vertical 350 
bars showed SD from mean of three replicates. Signi ficant at a- 1% level, b- 5% level as 351 
compared to control (Student’s t-test)].  352 

 353 
4. CONCLUSION 354 
 355 

It may be concluded that in the initial hour of waterlogging stress both tolerant and sensitive 356 
genotype activates their antioxidant system and control the resulting oxidative damage. Also sensitive 357 
genotype attempts to continue required ATP supply through ethanolic ferementation. But fails to 358 
detoxify the acetaldehyde produced as end product of anaerobic respiration which might be potential 359 
cause its susceptible behavior. Hence in present investigation, at early waterlogging stress, the 360 
scavenging capacity of ROS in tolerant and sensitive maize plants exceeds free radical generation 361 
rate and results in less damage to the plants. However both genotypes showed increase in ADH and 362 
ALDH activity in roots but the increase was much pronounced in tolerant genotype as compared to 363 
sensitive. Also tolerant genotype maintained higher antioxidant and ethanolic enzymatic activities in 364 
controlled conditions which might be the possible explanation for the tolerant behavior of Parkash. 365 
Hence, improved tolerance to waterlogging stress may be accomplished by increased capacity of 366 
antioxidative and ethanolic fermentation system simultaneously. 367 
 368 
REFERENCES 369 

1. Bray EA, Bailey-Serres EJ, Weretilynk E. Responses to abiotic stresses. In: Gruissem W, 370 
Buchannan B, Jones RL, editors. Biochemistry and Molecular Biology of Plants. American 371 
society of plant biologists, Rockville, M.D.USA; 2000. 372 

2. Rathore TR, Warsi MZK, Lothrop JE, Singh NN. Production of maize under excess 373 
soil moisture (waterlogging). Zaidi PH, Maniselvan P, Yadav P, Singh AK, Sultana 374 
R, Dureja P, Singh RP, Srinivasan G conditions. In: 6th Asian Regional maize 375 
Workshop, 10-12 Feb 1997, PAU, Ludhiana: 56-63. 376 

3. DMR. Annual report, Directorate of Maize Research (DMR), In Proceedings of 49 th 377 
Annual Maize Workshop, Directorate of Maize Research, 5-9 April 2001. C.S. Azad 378 
University of Agriculture and Technology, Kanpur (U.P.), India. 379 

4. Zaidi PH, Srinivasan G, Singh NN. Increasing crop-water productivity through 380 
genetic improvement for tolerance to water stresses in maize (Zea mays L.). In: 381 
Fischer T, et al., editors. New directions for a diverse planet. Proceedings for the 4th 382 
International Crop Science Congress, Brisbane, Australia, 26 September–1 October 383 
2004. Gosford, NSW, Australia. 384 



8 
 

5. Bin T, Shang-zhong ZX, Zhan QF. Changes of antioxidative enzymes and lipid 385 
peroxidation in leaves roots of waterlogging-tolerant and waterlogging-sensitive 386 
maize genotypes at seedling stage. Agr Sci China. 2010;9:651-661. 387 

6. Vartapetian BB, Andreeva IN, Generozova IP, Polyakova LI, Maslova IP, Dolgish YI, 388 
Stepanova AY. Functional electron microscopy in studies of plants response and 389 
adaptation to anaerobic stress. Ann. Bot. 2003;91:155-172. 390 

7. Chugh V, Kaur N, Gupta AK. Evaluation of oxidative stress tolerance in maize (Zea 391 
mays L.) seedlings in response to drought. Ind J Biochem Biophys. 2011a;48:47-53. 392 

8. Chugh V, Kaur N, Gupta AK. Role of antioxidant and anaerobic metabolism enzymes 393 
in providing tolerance to maize (Zea mays L.) seedlings against waterlogging. Ind J 394 
Biochem Biophys. 2011b;48:346-352. 395 

9. Chugh V, Kaur N, Grewal MS, Gupta AK. Differential antioxidative response of 396 
tolerant and sensitive maize (Zea mays L.) genotypes to drought stress at 397 
reproductive stage. Ind J Biochem Biophys. 2013;50:150-158. 398 

10. Kalashnikov JE, Balakhnina TI, Zakrzhevsky DA, Effect of soil hypoxia on activation 399 
of oxygen and the system of protection from oxidative destruction in roots and 400 
leaves of Hordeum Vulgare. Russ J Plant Physiol. 1994;41:583-588. 401 

11. Lin KH, Wang CC, Loa HF, Chen JT. Study of the root antioxidant system of 402 
tomatoes and egg plants under waterlogged conditions. Plant Sci. 2004;167:355-365. 403 

12. Biemelt S, Keetman U, Mock HP, Grimm B. Expression and activity of isozymes of 404 
superoxide dismutase in wheat roots in response to hypoxia and anoxia. Plant Cell 405 
Environ. 2000;23:135-144. 406 

13. Zhong LY, Bin T, Yong-lian Z, Ke-jun M, Zhong XU, Zhan QIU. Screening methods 407 
for waterlogging tolerance at maize (Zea mays L.) seedling stage. Agr Sci China. 408 
2010;9:362-369.  409 

14. Drew MC. Oxygen deficiency and root metabolism: injury and acclimation under 410 
hypoxia and anoxia. Annu Rev Plant Physiol Plant Mol Biol. 1997;48:223-250. 411 

15. Richard B, Aschi-Smiti S, Gharbi I, Brouqisse R. Cellular and molecular mechanism 412 
of plant tolerance to waterlogging. p. 177-208. In: Huang B, editors. Plant-413 
environment interaction. CRC Press, Boca Raton. 2006.  414 

16. Sachs MM, Freeling M, Okimoto R. The anaerobic proteins of maize. Cell. 415 
1980;20:761-767. 416 

17. Chung HJ, Ferl RJ. Arabidopsis alcohol dehydrogenase expression in both shoots 417 
and roots is conditioned by root growth environment. Plant Physiol. 1999;121:429-418 
436. 419 

18. Krimmerer TW, McDonald RC. Acetaldehyde and ethanol biosynthesis in leaves of 420 
plants. Plant Physiol. 1987;84:1204-1209. 421 

19. Kaur H, Gupta AK, Kaur N, Sandhu JS. Differential response of the antioxidant 422 
system in wild and cultivated genotypes of chickpea. Plant Growth Regul. 423 
2009;57:109-114. 424 

20. Marklund S, Marklund G. Involvement of the superoxide anion radical in the 425 
autooxidation of pyrogallol and a convenient assay for superoxide dismutase. Eur J 426 
Biochem. 1974;47:169-174. 427 

21. Esterbauer H, Grill D. Seasonal variation of glutathione and glutathione reductase in 428 
needles of Picea abies. Plant Physiol. 1978;61:119-121. 429 

22. Shannon LM, Kay E, Law JY. Peroxidase isozymes from horseradish roots. I. 430 
Isolation and physical properties. J Biol Chem. 1966;241:2166-2172. 431 

23. Nakano Y, Asada K. Purification of ascorbate peroxidase in spinach chloroplasts: its 432 
inactivation in ascorbate depleted medium and reactivation by 433 
monodehydroascorbate radical. Plant Cell Physiol. 1987;28:131-140. 434 

24. Chance B, Machly AC. Assay of catalases and peroxidases. Methods Enzymol. 435 
1955;2:764-775. 436 



9 
 

25. Ke D, Yahia E, Mateos M, Kader AA. Ethanolic fermentation of Bartlett pears as 437 
influenced by ripening stage and atmosphere composition. J Am Soc Hortic Sci. 438 
1994;119:976-982. 439 

26. Liu F, Cui X, Horner HT, Weiner H, Schnable PS. Mitochondrial aldehyde 440 
dehydrogenase activity is required for male sterility in maize. Plant Cell. 441 
2001;13:1063-1078. 442 

27. Lowry OH, Rosebrough NT, Farr AL, Randall RJ. Protein measurement with folin 443 
phenol reagent. J Biol Chem. 1951;193:265-275. 444 

28. Jackson MB, Colmer TD. Response and adaptation by plants to flooding stress. Ann. 445 
Bot. 2005;96:501-505.  446 

29. Molassiotis A, Sotiropoulos T, Tanou G, Diamantidis G, Therios I. Boron-induced 447 
oxidative damage and antioxidant and nucleolytic responses in the shoot tips culture 448 
of the apple rootstock EM9 (Malus domestica Borkh). Environ Exp Bot. 2006;56:54-449 
62. 450 

30. Clare DA, Rabinowitch HD, Fridovich I. Superoxide dismutase and chilling injury in 451 
Chlorella ellipsoidea. Arch Biochem Biophys. 1984;231:158-163. 452 

31. Bai T, Li C, Ma F, Feng F, Shu H. Responses of growth and antioxidant system to 453 
root-zone hypoxia stress in two Malus species. Plant Soil. 2009;327:95-105. 454 

32. Pastori GM, Trippi VS. Cross resistance between water and oxidative stresses in 455 
wheat leaves. The J Agric Sci. 1993;120:289-294. 456 

33. Bowler C, VanMontagu M, Dirk I. Superoxide dismutases and stress tolerance. Annu 457 
Rev Plant Physiol Plant Mol Biol. 1992;43:83-116.  458 

34. Yan B, Liu X, Huang S, Wang Z. Waterlogging induced membrane damage, lipid 459 
peroxidation and activated oxygen generation in corn leaves. Plant Soil. 460 
1996;179:261-268. 461 

35. Fadzilla NM, Finch RP, Burdon RH. Salinity, oxidative stress and antioxidant 462 
responses in shoot cultures of rice. J Exp Bot. 1997;48:325-331. 463 

36. Cui Y, Zhao N. Oxidative stress and change in plant metabolism of maize (Zea mays 464 
L.) growing in contaminated soil with elemental sulfur and toxic effect of zinc. Plant 465 
Soil Environ. 2011;57:34-39. 466 

37. Zhang G, Tanakamasu K, Abe J, Morita S. Influence of waterlogging on some 467 
antioxidant enzymatic activities of two barley genotypes differing in anoxia 468 
tolerance. Acta Physiol Plantarum. 2007;29:171-176. 469 

38. Pourabdal L, Heidary R, Farboodnia T. The effects of flooding stress on induction of 470 
oxidative stress and antioxidant enzymes activity in Zea mays L. seedlings. Res J 471 
Biol Sci. 2008;3:391-394. 472 

39. Asada K. Ascorbate peroxidase- a hydrogen peroxide scavenging enzyme in plants. 473 
Physiol Plant.1992;85:235-241. 474 

40. Chiang CM, Chen CC, Chen SP, Lin KH, Chen LR, Su YH, Yen HC. Overexpression 475 
of the ascorbate peroxidase gene from eggplant and sponge gourd enhances flood 476 
tolerance in transgenic Arabidopsis.J Plant Res. 2017; doi:10.1007/s10265-016-477 
0902-4. 478 

41. Tolbert NE. Microbodies-peroxisomes  and glyoxisomes. Annu Rev Plant Physiol. 479 
1971;22:45-74. 480 

42. Jaiswal A, Srivastva JP. Nitric oxide mitigates waterlogging stress by regulating 481 
antioxidative defense mechanism in maize (zea mays l.) roots..Bangladesh J Bot. 482 
2016;45(3):517-524. 483 

43. Khanna-Chopra R, Selote DS. Acclimation to drought stress generates oxidative 484 
stress tolerance in drought-resistant than –susceptible wheat cultivar under field 485 
conditions. Environ Exp Bot. 2007;60:276-283. 486 



10 
 

44. Chugh V, Gupta AK, Grewal MS, Kaur N. Response of antioxidative and ethanolic 487 
fermentation enzymes in maize seedlings of tolerant and sensitive genotypes under 488 
short term waterlogging. Ind J Exp Biol. 2012;50:577-582. 489 

45. Wang WB, Kim YH, Lee HS, Kim KY, Deng XP, Kwak SS. Analysis of antioxidant 490 
enzyme activity during germination of alfalfa under salt and drought stresses. Plant 491 
Physiol Biochem. 2009;47:570-577. 492 

46. Sairam RK, Kumutha D, Ezhilmathi K, Deshmukh PS, Srivastava GC. Physiology 493 
and biochemistry of waterlogging tolerance in plants. Biol Plantarum. 2008;52:401-494 
412. 495 

47. Roberts JK, Chang K, Webster C, Callis J, Walbot V. Dependence of ethanolic 496 
fermentation, cytoplasmic pH regulation and viability on the activity of alcohol 497 
dehydrogenase in hypoxic maize root tips. Plant Physiol. 1989;89:1275-1278. 498 

48. Perata P, Alpi A. Plant responses to anaerobiosis. Plant Sci. 1993;93:1-17. 499 
49. Dennis ES, Dolferus R, Ellis M, Rahman M, Horen FU. Molecular strategies for 500 

improving water-logging tolerance in plants. J Exp Bot. 2000;51:89-97. 501 


