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Abstract The effect of potassium nitrate on the status of

fermentative and sucrose metabolizing pathways was

studied in two maize (Zea mays L.) genotypes, viz., LM 5

(relatively susceptible to flooding) and I 167 (relatively

tolerant to flooding) under water logging stress. The higher

increase in pyruvate decarboxylase, alcohol dehydrogenase

and aldehyde dehydrogenase activities in the hypoxic roots

of I 167 seedlings over LM 5 showed the former’s efficient

tolerance mechanism towards anaerobic conditions. Foliar

application of KNO3 reduced these enzymatic activities in

the roots of both the genotypes. The shoots of I 167

seedlings also showed a parallel increase in alcohol dehy-

drogenase and pyruvate decarboxylase activities under

water logging stress. These enzymatic activities, however,

remained unaffected in shoots of water logged LM 5

seedlings. There was a higher decrease in acid and alkaline

invertase activities in the hypoxic roots of I 167 seedlings.

KNO3 treatment led to higher acid invertase activity in

roots of I 167 seedlings than those of LM 5. Sucrose

synthase (synthesis) and sucrose phosphate synthase

activities decreased, but sucrose synthase (breakdown)

activity increased in the roots of both the genotypes, during

water logging. KNO3 increased sucrose synthesizing

activities with a parallel increase in the sucrose content of

the roots. Sucrose synthesis was comparatively unaffected

in I 167 shoots under water logging stress while LM 5

shoots showed higher reduction in its sucrose synthase

(synthesis) and sucrose phosphate synthase activities. It

may thus be concluded that KNO3 induced a network of

reactions for improving water logging tolerance. The

nitrate ions acted as an alternate electron acceptor and thus

reduced the activities of fermentative enzymes. It promoted

the funneling of sugars into the glycolytic pathway by

inducing the activities of acid and alkaline invertases in the

roots and shoots of maize genotypes. It also directed the

hexoses towards biosynthetic pathway by increasing the

activities of sucrose synthesizing enzymes.

Keywords Water logging � Fermentative pathway �
Sucrose metabolism � Potassium nitrate

Introduction

Plants, being sessile, are exposed to various environmental

challenges in their life cycle. Among the various factors,

water logging is the major abiotic stress that affects crop

growth and productivity worldwide (Sasidharan et al.

2018). It occurs when the water content of the surface layer

exceeds 20% above the field capacity, leading to free

standing water on the soil (Aggarwal et al. 2006). It may

result due to excessive precipitation, faulty irrigation

practices, poor drainage and heavy rain falls. It leads to

hypoxia in soil that when prolongs, leads to anoxia. Maize

(Zea mays L.) that ranks at third position among cereals,

with a global production of 1099.61 million metric tons

(Statista 2019), is highly sensitive towards water logging

during its vegetative stage leading to heavy reductions in

crop yield (Ren et al. 2014).

During water logging, the limited oxygen availability

shifts the metabolism of plants towards a less efficient

pathway of energy production, the alcoholic fermentation
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(Kato-Naguchi 2000). It, however, acts as a boon for the

plants under stressful conditions. An up regulation of

anaerobic proteins (ANPs) that principally consist of

alcohol dehydrogenase, pyruvate decarboxylase, lactate

dehydrogenase, sucrose synthase, phosphohexose iso-

merase and fructose-1,6-bisphosphate aldolase have been

reported in plants exposed to water logging stress (Sairam

et al. 2008).

Sucrose metabolism also gets significantly affected

under varied environmental stresses that directly or indi-

rectly affect the synthesis, concentration, transport and

storage of sugars. Sustaining adequate levels of readily

fermentable sugars under low oxygen conditions is an

important adaptive mechanism towards water logging

(Sairam et al. 2008). The status of sugar reserve and the

activities of sucrose hydrolyzing enzymes are important

determinants of water logging tolerance in crop plants

(Hossain and Uddin 2011).

Water logging leads to leaching of nitrate ions from the

soil that result in their lower availability for the plants

(Manik et al. 2019). The nitrogen status of the plants is

indirectly related to their water logging tolerance and

carbon metabolism (Rocha et al. 2010). Therefore, a wide

range of nitrogen fertilizers have been explored to improve

the tolerance of plants towards anaerobic conditions

(Habibzadeh et al. 2013). The application of nitrate nitro-

gen fertilizers, predominantly potassium nitrate, has been

reported to improve carbon dioxide assimilation and

biosynthesis of sucrose (Carvalho et al. 2018) and activa-

tion of fermentative enzymes in flooded plants (Jain et al.

2016).

We had earlier observed that potassium nitrate allevi-

ated the affects of water logging and improved the growth

of maize genotypes under stress conditions (unpublished).

A comparative analysis of the effects of potassium nitrate

on the fermentative and sucrose metabolism of differen-

tially tolerant maize genotypes needs to be deciphered.

Therefore, the present study was carried out to investigate

the effects of potassium nitrate on the fermentative and

sucrose metabolising pathways of contrasting maize

genotypes with differential response towards water logging

stress.

Materials and methods

Germination of seeds and seedling growth

The seeds of two maize genotypes, viz., LM 5 (water

logging susceptible) and I 167 (water logging tolerant)

were sown in three sets of disposable plastic cups con-

taining farmyard manure and siphoned soil. There were

five seeds per cup with fifteen seedlings per treatment. All

the cups were kept at 25 ± 1 �C for four days with 90%

relative humidity. On the fifth day of seedling growth

(DSG), one set was exposed to water logging treatment by

maintaining water level up to 5 cm above the soil surface.

Another set was foliar sprayed with 1% KNO3, kept for two

hours under normal conditions and then subjected to water

logging stress and considered as second treatment. The

third untreated set, control, was considered as the third

treatment. On 6 and 8 DSG, the seedlings from each

treatment were taken in triplicate. The activities of fer-

mentative and sucrose metabolizing enzymes and the

content of sugars were determined in seedlings of both

genotypes at 6 and 8 DSG stages.

Determination of the activities of fermentative

enzymes

Pyruvate decarboxylase (PDC) [EC 4.1.1.1] activity was

extracted with 0.05 M Tris-HCl buffer (pH 7.5) containing

1 mM dithiothreitol and 2% PVP (w/v) and estimated by

the method of Zanandrea et al. (2009). Alcohol dehydro-

genase (ADH) [EC 1.1.1.1] and aldehyde dehydrogenase

(ALDH) [EC 1.2.1.3] were extracted with 100 mM HEPES

buffer containing 2 mM dithiothreitol (pH 6.5). ADH

activity was determined by the method of Ke et al. (1994),

while ALDH activity was determined as described by Liu

et al. (2001).

Determination of sucrose metabolizing enzymes

Invertases [EC 3.2.1.26] were extracted with 20 mM

sodium phosphate buffer (pH 7.0). The activities of acid

and alkaline invertases (AI and AKI) were determined by

the method of Dey (1986). Sucrose synthase (SS) [EC

2.4.1.13] and sucrose-6-phosphate synthase (SPS)

[2.4.1.14] activities were extracted with chilled 100 mM

HEPES buffer (pH 8.2) containing 5 mM b-mercap-

toethanol, 10 mM EDTA, 5 mM PVP and 5 mM MgCl2.

The activities of SS (synthesis) and SPS were determined

as described by Kerr et al. (1987). For determining SS

(breakdown) activity, the reaction mixture consisted of

250 mM HEPES buffer (pH 6.5), 125 mM sucrose and

5 mM UDP. To initiate the reaction, 100 ll of enzyme

extract was added and incubated at 37 8C for 30 min. The

fructose released was determined by the procedure of

Nelson (1944).

Determination of carbohydrates

The sugars were extracted from roots and shoots of seed-

lings with 80% and 70% ethanol (Kaur et al. 2007). The

contents of total soluble sugars (TSS) and reducing sugars

were determined by the method of Dubois et al. (1956) and
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Nelson (1944) respectively. Sucrose content was deter-

mined by the method of Gascon and Lampen (1968).

Statistical analysis

The data obtained for all the biochemical parameters was

analyzed by Duncan’s multiple range test (DMRT) at

0.05% level of significance using DSAASTAT software

ver. 1.101 software.

Results

Under water logging stress, the roots of I 167 seedlings

showed higher PDC activity at 6 and 8 DSG than those of

LM 5 seedlings (Fig. 1a). Foliar application of KNO3

reduced PDC activity in I 167 roots at both the growth

stages while only at 8 DSG in those of LM 5 seedlings

though, the values remained higher in water logged I 167

roots (Fig. 1a). Water logging as well as foliar treatment of

seedlings with KNO3 did not affect PDC activity in shoots

of LM 5 genotype (Fig. 1b). However, both these treat-

ments showed higher PDC activity in shoots of I 167

seedlings at 8 DSG when compared to their control coun-

terparts (Fig. 1b).

KNO3 application reduced the up regulated ADH and

ALDH activities in hypoxic roots of both the genotypes at

6 and 8 DSG stages (Fig. 1c, e). It also reduced the up

regulated ADH activity in the shoots of waterlogged I 167

seedlings at 8 DSG but showed no effect on their ALDH

activity (Fig. 1d). The shoots of untreated as well as

KNO3 treated water logged LM 5 seedlings remained

unaffected with respect to their ADH and ALDH activi-

ties (Fig. 1d, f).

Under water logging stress, I 167 roots had lower AI and

AKI activities as compared to those of LM 5 seedlings

(Fig. 2a, c). KNO3 treatment increased the AI and AKI

activities in the roots of both the genotypes (Fig. 2a, c). It

also increased AI activity in I 167 and LM 5 shoots at 6 and

8 DSG respectively (Fig. 2b). The shoots of water logged I

167 seedlings showed reduction in AKI activity at both the

growth stages while those of LM 5 showed an increase in

AKI activity at 6 DSG which then gradually decreased at 8

DSG stage (Fig. 2d). Foliar application of KNO3 increased

the AKI activity in shoots of both the genotypes (Fig. 2d).

The increase was, nevertheless, higher in the shoots of

susceptible genotype as compared to the tolerant one

(Fig. 2d).

The activities of SS (synthesis) and SPS decreased in

the roots of I 167 and LM 5 seedlings under water log-

ging stress (Fig. 3a, c). SPS activity showed a twofold

reduction in the hypoxic roots of LM 5 seedlings at both

the growth stages. However, in I 167 roots, SPS activity

was reduced by 3-folds at 6 DSG stage followed by *
twofold reduction at 8 DSG (Fig. 3c). KNO3 spray

resulted in increased SS and SPS activities in the hypoxic

roots of I 167 seedlings as compared to those of LM 5

(Fig. 3a, c). The shoots of LM 5 seedlings showed

reduced SS and SPS activities at 6 and 8 DSG under

water logging stress. I 167 shoots, however, showed no

effect of water logging on their SS and SPS activities at 6

DSG. With further seedling growth, SS activity decreased

while that of SPS increased in the shoots of I 167 seed-

lings (Fig. 3b, d). Foliar application of KNO3 resulted in

increased SS and SPS activities in shoots of both I 167

and LM 5 genotypes at 8 DSG stage. However, the values

remained higher in the former as compared to the latter

(Fig. 3b, d).

The activity of SS (breakdown) increased in the hypoxic

roots of I 167 seedlings at both the growth stages, while,

only at 8 DSG in those of LM 5 (Fig. 3e). SS activity was

observed to be higher in I 167 roots over those of LM 5

seedlings (Fig. 3e). The shoots of both the genotypes also

showed increased SS specific activity under water logging

stress (Fig. 3f). Foliar application of KNO3, in general,

reduced SS activity in the roots and shoots of waterlogged

seedlings of both the genotypes (Fig. 3e, f).

On exposure to water logging, TSS content decreased to

a higher extent in the roots of LM 5 as compared to those

of I 167 seedlings (Fig. 4a). Under water logging stress, the

shoots of both genotypes showed a decrease in TSS content

at 6 DSG stage which then increased at 8 DSG stage

(Fig. 4b). Foliar application of KNO3 made the levels of

total soluble sugars comparable to controls in the roots and

shoots of both the genotypes, under water logging stress

(Fig. 4a, b).

The content of reducing sugars decreased in the hypoxic

roots of LM 5 seedlings but increased in those of I 167 at

both the growth stages (Fig. 4c). Its content also increased

in the shoots of both the genotypes (Fig. 4d). KNO3

treatment optimized the reducing sugar content by

increasing it in the hypoxic roots of LM 5 seedlings while

reducing it in those of I 167 (Fig. 4c). Foliar spray of

KNO3 resulted in decreased reducing sugar content in

shoots of both the genotypes at 8 DSG stage (Fig. 4d).

Sucrose content decreased in the roots and shoots of

hypoxic LM 5 seedlings. However, it remained unaffected

in the roots but increased in the shoots of water logged I

167 seedlings (Fig. 4e, f). Foliar spray of KNO3 increased

sucrose content in roots of both the genotypes under

hypoxia (Fig. 4e). It reduced the sucrose content in the

shoots of LM 5 seedlings at both the growth stages, while

only at 6 DSG in I 167 seedlings, under low oxygen con-

ditions (Fig. 4f).
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Discussion

The relatively higher PDC and ALDH activities in the

waterlogged I 167 seedlings as compared to those of LM 5

(Fig. 1a, c) showed an adaptation of the relatively tolerant

genotype in sustaining plant growth under anaerobic con-

ditions by enhancing the synthesis of acetaldehyde and its

faster conversion to less toxic acetate ions. The nitrate ions,

generated from potassium nitrate foliar spray, acted as an

alternate acceptor of electrons under anaerobiosis that

helped in the oxidation of NADH coupled to the synthesis

of ATP as was suggested by Carvalho et al. (2018). The

regenerated NAD? would be utilized for the continuation

of the glycolytic pathway. In general, the decreased ALDH

activity in the roots of both genotypes after KNO3 appli-

cation was in parallel with their reduced PDC activities. It

can be suggested that the reduced formation of the sub-

strate (acetaldehyde), in the presence of nitrate ions down

regulated the activity of ALDH in the roots of maize

seedlings (Fig. 1).

The higher decrease in invertase activity in the roots of

tolerant genotype might help in conserving carbon and

ATP supplies that were needed for survival under hypoxia

as was suggested by Zeng et al. (1999). The supplemen-

tation of nitrate ions, through the foliar spray, would have

increased the production of NAD? with the concurrent
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Fig. 1 Effect of KNO3 on

ADH, PDC and ALDH activity

in the roots (a, c, e) and shoots

(b, d, f) of LM-5 and I-167

seedlings respectively, under

water logging conditions. Error

bars represent standard

deviations. Bars with different

alphabets represent significant

differences at p\ 0.05
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synthesis of ATP as was proposed by Carvalho et al. (2018)

that favored the induction of AI and AKI activities in roots

and shoots of the maize genotypes (Fig. 2) and enhanced

the funneling of hexoses into the glycolytic pathway. The

role of nitrate ions in increasing the activities of invertase

isoforms, under flooded conditions, has been reported

earlier (Carvalho et al. 2018).

The decrease in SS (synthesis) and SPS activities of

seedlings under water logging stress (Fig. 3a, c) thus

showed that the hypoxic roots do not utilize their limited

energy for biosynthetic purposes. They would rather prefer

glycolytic pathway for production of energy. A decrease in

SPS activity under anaerobic conditions was also reported

by Kuai et al. (2016). The unaltered SS activity in I 167

shoots at 6 DSG suggested that biosynthesis of sucrose via

SS activity was not affected by one day of water logging

stress. Prolonged water logging conditions (up to 8 DSG)

were required to influence the SS activity of these seed-

lings. It was further inferred that KNO3, being an alternate

acceptor of electrons, improved the energy status of the

cells by promoting biosynthetic pathways via increased SS

and SPS activities of the seedlings (Fig. 3c, d). The regu-

lation of SPS activity of plants by nitrate ions has been

reported in literature (Commichau et al. 2006).

The increased activity of one of the principal anaerobic

proteins, SS (breakdown) (Fig. 3e), accompanied with a

significant reduction in AI and AKI activities (Fig. 2)

might favor energy conservation in the hypoxic roots of I

167 seedlings. As KNO3 treatment decreased the SS

(breakdown) activity of the seedlings, it may be inferred

that nitrate signaling, in fact, up regulated the synthesis of

sucrose through induction of SS (synthesis) and SPS

activities rather than its cleavage by SS (breakdown)

activity.

The increased TSS content of I 167 roots at 8 DSG

(Fig. 4a, b) could be an adaptive response towards stress

conditions that might help I 167 in sustaining glycolytic

and fermentative pathways with consistent production of

ATP. This provided a carbohydrate based tolerance

mechanism to I 167 genotype. Carbohydrate starvation has

been reported as one of the possible consequences of low

oxygen stress (Crawford and Braendle 1996) and might be

responsible for the susceptibility shown by LM 5 seedlings.

In the foliar sprayed seedlings, the reduced TSS content of

the shoots at 8 DSG (Fig. 4b) showed that KNO3 treatment

induced the effective translocation of sugars toward the

roots in waterlogged seedlings. Besides, the diversion of

carbon source towards the synthesis of organic acids (Stitt
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Fig. 2 Effect of KNO3 on AI

and AKI activity in the roots (a,
c) and shoots (b, d) of LM-5 and

I-167 seedlings respectively,

under water logging conditions.

Error bars represent standard

deviations. Bars with different

alphabets represent significant

differences at p\ 0.05
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1999; Lawlor 2002) during assimilation of supplemented

nitrate ions might be responsible for the reduced levels of

total sugars in the shoots (Fig. 4b).

The higher content of reducing sugars in waterlogged I

167 roots (Fig. 4c) correlated well with their increased SS

activity (cleavage) under stress conditions (Fig. 3e). The

increased content of reducing sugars in waterlogged roots

of I 167 would thus be helpful in sustaining energy pro-

duction, under hypoxia. The higher reducing sugar content

of shoots accompanied with their lower content in roots

(Fig. 4c, d) showed the poor translocation of sugars in LM

5 seedlings that might be responsible for the poor

performance of LM 5 roots under waterlogged conditions.

A reduction in the supply of carbohydrates to the roots due

to inhibition of phloem transport has been reported to be

responsible for the accumulation of assimilates in the

shoots of waterlogged plants (Irfan et al. 2010). KNO3

treatment mitigated the effects of water logging and tended

to shift the levels of reducing sugars towards control by

inducing their translocation towards the sink organs.

The unchanged sucrose content in the hypoxic roots of I

167 seedlings would be responsible for their higher toler-

ance capacity than LM 5 genotype (Fig. 4e). It has been

cited in literature that the genotypes which maintain their
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Fig. 3 Effect of KNO3 on SS

(synthesis), SPS and SS

(breakdown) activity in the

roots (a, c, e) and shoots (b, d,
f) of LM-5 and I-167 seedlings

respectively, under water

logging conditions. Error bars

represent standard deviations.

Bars with different alphabets

represent significant differences

at p\ 0.05
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sugar status under extreme conditions have better chances

of stress survival (Kumutha et al. 2008). Since, sucrose acts

as a preferential source of carbon, under low oxygen con-

ditions (Bouny and Saglio 1996), the increased sucrose

content in the waterlogged roots of I 167 and LM 5, upon

KNO3 application (Fig. 4e), enhanced the respiratory effi-

ciency of these seedlings under low oxygen conditions. The

unaltered sucrose content of I 167 shoots (Fig. 4f) might be

due to the notably higher SPS activity of the water logged

seedlings (Fig. 3d). After KNO3 application, the further

enhancement in sucrose content of I 167 shoots at 8 DSG,

(Fig. 4f) might be due to their remarkably higher SS

(synthesis) and SPS activities than those of LM 5 seedlings

(Fig. 3). Sucrose synthesis in plants has been suggested to

be favored by nitrate ions (Tischner 2000). Besides,

sucrose induced transcription and post translational acti-

vation of nitrate reductase has been observed in plants

(Klein et al. 2000). This showed that nitrate ions modulate

their own reduction by regulating sucrose concentration

through sucrose metabolizing enzymes. These results thus

showed that KNO3 enhanced seedling survival under water

logging conditions and directed the carbohydrates towards
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Fig. 4 Effect of KNO3 on total

soluble sugars, reducing sugars

and sucrose content in the roots

(a, c, e) and shoots (b, d, f) of
LM-5 and I-167 seedlings

respectively, under water

logging conditions. Error bars

represent standard deviations.

Bars with different alphabets

represent significant differences
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biosynthetic pathways in I 167 seedlings. In foliar treated

LM 5 seedlings, the declined sucrose contents of the shoots

might be a result of their improved translocation towards

the roots for enhancing the glycolytic efficiency of the

hypoxic tissues thereby improving growth efficiency of the

susceptible genotype.

It may thus be suggested that nitrate ions induced a

network of reactions for improving water logging tolerance

of maize seedlings. It acted as an alternate electron

acceptor and thus decreased the activities of fermentative

enzymes. It funneled the sugars into the glycolytic pathway

by inducing acid and alkaline invertase activities in the

tissues. It induced sucrose synthesizing enzymes and

directed the hexoses towards biosynthetic pathways.
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