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Acidic soil is a serious harmful problem for rice crop productivity. Approximately 50% of
the world’s potentially arable soils are acidic, whereas in North East (NE) India 80% of
arable soils are effected. In nature, it exists synergistically with other metal stresses. Hence
most of the studies to date were performed in combinations. This paper highlights the
detrimental effect of acidity on plants to differentiate between the effect of acidity on
plant growth to that of stress in combinations. We depict it through a cascade of
morphological and physiological assays, including growth, reactive oxygen species (ROS),
and photosynthesis-related parameters under acidic and non-acidic rhizospheric
conditions in rice seedlings of Disang and Joymati. Up to 31% root length reduction was
observed in Joymati, and up to 17% reduction in Disang variety; whereas, root-relative
water content was observed to reduce by 3% in Disang and 9% was recorded in Joymati
cultivars. Overall, we observed limited effect on morphometric parameters like root length,
biomass, and chlorophyll content irrespective of variety analyzed. On the contrary, ROS
accumulation was observed to be significantly increased; more in Joymati (sensitive
variety) when compared to Disang (tolerant variety). Although there was not much
decrease in chlorophyll content, photosynthesis was affected immensely as depicted from
chlorophyll fluorescence parameters. Hence through this study, we hypothesize that the
response of plants to acid stress is rather slow.
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1. INTRODUCTION

Soil acidification is a serious environmental problem
worldwide that limits crop productivity at commercial level
(Mattiello et al., 2010). In North-East India approximately 80%
of soil is acidic (Saikia et al., 2018). Approximately 30% of the
world’s total land area consists of acid soils, and it has been
evaluated that over 50% of the world’s potential arable lands
have a pH below 5.0 (Ai et al., 2015). The soil acidity causes
the presence and abundance of acidic cations like hydrogen
(H+), aluminum (APP*) and manganese (Mn?*), etc.; compared
to the alkaline cations like calcium (Ca?*), magnesium (Mg?*),
iron (Fe?*), potassium (K*), and sodium (Na*). The former
group of elements are more soluble at low pH. The acid soil
syndrome includes toxic levels of aluminum (Al), manganese

(Mn), and iron (Fe), and deficiencies of numerous essential
mineral elements, with phosphorus (P) being the major
limiting nutrient on acid soils (Kochian et al., 2015). Though
toxic elements like Al and Mn are considered to be the major
causes for crop failure in acid soils; the effect of acidity, in
singularity, on crop production and health has not been dealt
with in detail.

Rice is one of the world’s most important crops, supplying
food for nearly half of population in the world (IRRI, 2016).
Rice (Oryza sativa) has been reported to be the most Al-
tolerant cereal crop (Famoso et al., 2010). Al toxicity due to
acidic soil, induces reactive oxygen species (ROS) or lipid
peroxidation, a noxious process in plants (Awasthi et al.,
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2017; Farmer & Mueller, 2013). It also effects the membrane
fluidity, causes protein degradation, and limits ion transport
capacity, which ultimately triggers the cell death process
(Awasthi et al., 2019). But the question remains, whether soil
acidity rather than metal toxicity has any influence on these
manifestations.

The chlorophyll fluorescence is a powerful non-
destructive technique to measure photosynthesis to have a
full picture of the response of plants to their environment.
Chlorophyll fluorescence is used as an indicator of
photosynthetic energy conversion in higher plants. As these
processes are complementary, chlorophyll fluorescence
analysis is an important tool in plant research with a wide
spectrum of applications (Murchie & Lawson, 2013). The
singular effect of acidity on photosynthesis has been studied
rarely but the acidity in combination with aluminum toxicity
has been found to have drastic consequences on chlorophyll
content, net photosynthetic rate, and light use efficiency
(Devi et al., 2020; Lazarevi¢ et al., 2014; Saha et al., 2020). This
study focus on the impact of acidity on physiology and ROS
homeostasis in rice seedling of contrasting varieties.

2. MATERIAL AND METHODS
2.1. Plant materials and growth condition

Contrasting rice genotypes were selected based on our
previous studies (Awasthi et al., 2021; Awasthi et al., 2017),
tolerant (Disang), and sensitive (Joymati) genotypes. An
adequate amount of viable rice seeds was taken and surface
sterilized with 0.1% HgCl, solution for 3-5 minutes with
continuous shaking. HgCl, solution was then discarded and
seeds were thoroughly rinsed with distilled water 2-3 times.
The seeds were then placed properly in Petri plates with a
substratum of moistened filter paper and allowed to
germinate at 28+2°C for 3 days. Germinated seeds with more
or less similar morphometric traits were transferred in the
plastic pot (400ml) containing Hoagland nutrient medium.
Seedlings were grown for 5 days in a growth chamber under
white light with a photon flux density of 220umol m 2™
(PAR) with a 14h photoperiod. Every two days the medium
was changed for healthy growth (Awasthi et al., 2017). 7-day
old rice seedlings were given acidic treatment (pH 4.0, 4.2,
4.5, 4.7, 5.0, 5.2, 5.5, 7.0) for 48h; acidity of the nutrient
media was adjusted using HCI/NaOH as per requirement.

2.2. Morphometric traits under pH stress

Growth was measured in terms of root length and root
fresh weight and dry weight (Awasthi et al., 2017). Ten
randomly selected plants were measured in centimeter-scale
for root length at pH (4.0, 4.2, 4.5, 4.7, 5.0, 5.2, 5.5, 7.0)
treatment after 48h of exposure.

2.3. Measurement of RWC and chlorophyll content
Relative Water Content (RWC) was determined by
weighing the root and floating it on deionized water for 6h at
constant temperature in diffused light. Fully turgid, root
tissue samples were reweighed, and then dried in a hot air
oven at 70°C for dry weight determination (Arndt et al., 2015).
For photosynthetic pigment (total chlorophyll) measurement
was done following Saha et al. (2016). Leaf tissues were
homogenized with acetone, transferred into tubes, and
sealed with parafilm to avoid evaporation until quantitated
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through a spectrophotometer. Acetone (95.5%) was used as
a blank and concentrations were expressed in pmols g™ FW.

2.4. Histochemical detection of lipid peroxidation and
loss of membrane integrity and ROS

For histochemical detection of lipid peroxidation, roots
were stained with 10% Schiff’s reagent for 20 mins, which
detects aldehydes that originate from lipid peroxides. After
the reaction with Schiff’s reagent, roots were rinsed with a
sulfite solution (0.5% [w/Vv] K2S,05 in 0.05M HCl) for 10 min.
The stained roots were kept in the sulfite solution to retain
the staining color. Photographs were taken with a
stereoscopic microscope (Awasthi, Saha, et al., 2018). The
loss of plasma membrane integrity was evaluated using Evans
blue staining method (Kariya et al., 2013). Roots of intact
seedlings were stained with 0.25% (w/v) Evans blue in 100uM
CaCl; (pH 5.6) for 30 min, the stained root samples were then
washed with 100uM CaCl; for 15 min. After rinsing with CaCl,,
root tips were cut for microscopic observation.

Detection of hydrogen peroxide (H.0;) was done by 3, 3-
diaminobenzidine (DAB) staining (Awasthi, Paraste, et al,,
2018) and superoxide radical (O2") by nitro-blue tetrazolium
(NBT) staining (Chowardhara et al., 2019) in leaf segments of
both stressed (pH 4.5) and unstressed rice leaf segments. The
leaf segments were immersed and infiltrated under vacuum
with 1.25mg/mL DAB staining solution, pH 7.8, dissolved in
H,O for 6h, and 3mg/mL NBT staining solution in 10 mM
potassium phosphate buffer (pH 7.0). Stained leaves were
bleached in acetic acid:glycerol:ethanol (1:1:3 v/v) solution at
100°C for 5min, and stored in glycerol:ethanol (1:4 v/v)
solution until photographed.

2.5. Total ROS accumulation

The Total ROS accumulation in root apexes was labeled by
using 2, 7-dichlorofluorescein diacetate (H2DCF-DA), a ROS-
specific fluorescent probe (Lin et al., 2021). Briefly, root
apexes were incubated with 10mM HEPES - NaOH buffer (pH
7.5) containing 10 uM H2DCF-DA for 30 min in dark. The root
apexes were then washed with fresh buffer prior to detection
using an epifluorescence microscope (Nikon, Tokyo, Japan).

2.6. Chlorophyll fluorescence

Chlorophyll fluorescence measurements were performed
using a Junior-PAM chlorophyll fluorimeter (Walz, Germany).
The following parameters were derived from the final
measurements obtained after the 30 mins dark adaptation
and light adaptation Fo, Fm, Fv/Fm, and Fo’, Fm’, Fv'/Fm’ Y(ll),
qP, gN, gL, NPQ, Y(NO), Y(NPQ) and ETR. All parameters were
calculated as defined previously (Murchie & Lawson, 2013;
Ruban & Murchie, 2012). Six measurements were obtained
for each parameter.

2.7. Statistical analysis

Each experiment was repeated thrice and the data
presented are mean + standard error (SE). The results were
subjected to one-way ANOVA. Tukey test was performed for
comparison between a set of experiments. The data analysis
was carried out using Microsoft Office Excel 2013, statistical
software SPSS 20, and Origin Lab 8.5.
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Figure 1. Effect of Al on morphometric traits of Al tolerant and Al sensitive cultivars. (a) Seedling morphology (Bar 1cm), (b)
Root length, (c) Total chlorophyll content, (d) Root RWC and (e) Shoot RWC. The values are represented as the means
+ SE (n = 3) of at least three independent experiments. Differences among treatments if significant at P < 0.05 are

denoted by different letters.

3. RESULTS
3.1. Effect of acidity on morphometric attributes

pH stress was observed to have a significant effect on the
growth and development of rice seedlings; mainly, pH 4.5,
4.2, and 4.0 highly reduced seedling length as observed in
sensitive variety (Fig. 1). Seedling growth was found to be
indirectly proportional to pH stress and duration. The relative
root length of rice varieties at low pH was significantly
decreased (Fig. 1). Relative water content is an indicator of
the state of water balance of a plant essentially because it
expresses the absolute amount of water that the plant
requires to reach an artificial full solution. As plants were
subjected to pH stress, a decline in root-relative water
content was observed (Fig. 1) in case of both root and shoot
tissues. Our result showed that the RWC content was
observed to be quite significantly decreased at pH 4.5 in both
varieties at 48h duration.

3.2. Total ROS accumulation

Total ROS accumulation was more under stress conditions
as revealed by staining with H,DCF-DA dye. In Joymati
varieties total ROS accumulation was higher in response to pH
4.5 when compared to Disang (Fig. 2).

3.3. Histochemical studies for detection of lipid
peroxidation, loss of membrane integrity, H,0>
and Oy content

The lipid peroxidation and loss of membrane integrity
were analyzed by Schiff's reagents and Evans blue
respectively. At lower pH, intense coloration depicted more
lipid peroxidation and loss of membrane integrity in Joymati
root tissue when compared to Disang. The superoxide (0y)
and hydrogen peroxide (H,0;) content when observed in
response to pH stress in both root and shoot showed more

coloration in Joymati after 48hr of stress (Fig. 3).
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Figure 2. Microscopic observation of total ROS accumulation
in the root tip region was visualized by 2',7'-dichloro
dihydro fluorescein diacetate (H,DCF-DA) then
observed under a fluorescence microscope. The
white bar indicates 100uM. At least three biological
replicates were performed.

3.4. Chlorophyll fluorescence assay

The study of chlorophyll fluorescence parameters such as
Fo, Fm, Fv/Fm,Fo” ,Fm’ ,Fv" /Fm” , Y(ll), 9P, gN, gL, NPQ,
Y(NO), Y(NPQ), and ETR was conducted in two rice cultivars
under acidic condition. The chlorophyll degradation in both
cultivars was progressively correlated with the maximum
quantum yield of PSII (Fv/Fm) as well as the photon yield of PSII
[Y(I)] leading
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Table 1: Chlorophyll fluorescence studies in both rice varieties under pH stress for 48 hr. For control populations and treated populations, n = 6 for each genotype Data shown are
representative of two separate experiments. (*) represent Correlation is significant (p<0.05) level.

FO Fm Fv/Fm Fm' Y (Il) ETR Fo' Fv'/Fm'’ qP gN ql NPQ Y(NO)  Y(NPQ)
FO 1
Fm 0.869 1
Fv/Fm 0.733 0.742 1
Fm' 0.886 0.928 0.501 1
Y (Il) 0.692 0.917 0.858 0.704 1
ETR 0.584 0.232  -0.068 0.537 -0.149 1
Fo' 0.957 0.762 0.510 0.887 0.487 0.786 1
Fv'/Fm' 0.883 0.999 0.749 0.931 0.912 0.252 0.778 1
qP -0.536  -0.750  -0.115 -0.866 -0.532  -0.355  -0.586 -0.741 1
aN -0.235  -0.081 0.486 -0.443 0311  -0.829  -0.496 -0.087 0.562 1
qL -0.723  -0.947  -0.506 -0.929 -0.83  -0.207  -0.662 -0.940 0.911 0.240 1
NPQ -0.429  -0.235 0.298 -0.579 0.169  -0.912  -0.666 -0.245 0.600 0.977 0.342 1
Y (NO) 0.161  -0.296  -0.348 0.007 -0.599 0.845 0.390 -0.27 0.153  -0.669 0.346  -0.690 1
Y (NPQ) -0.356  -0.204 0.371 -0.552 0.194  -0.862  -0.600 -0.211 0.629 0.991 0.344 0.993  -0.643 1

FO- Minimal fluorescence from dark-adapted condition

Fm- Maximal fluorescence from —dark-adapted condition

Fv/Fm- The maximum quantum efficiency of photosystem Il/ Maximum quantum vyield of PS II

Fm’- Maximal fluorescence from light-adapted condition

Y(I1)- Quantum yield of PS II

ETR- Electron transport rate derived from Y (II) and PAR

FO’- Minimal fluorescence from light-adapted condition

FV'/Fm’- The estimate of the maximum efficiency of PSII

gP- The proportion of open PS Il / photochemical fluorescence quenching coefficient

gN- Coefficient Non photochemical quenching

glL- Fraction of PS Il center that are open/ coefficient of photochemical fluorescence quenching assuming interconnected PS Il antennae.
NPQ- Non Photochemical fluorescence quenching

Y(NO)- non-regulated energy dissipation (quantum yield of non-light induced non photochemical fluorescence quenching)

Y(NPQ)- Quantum yield of non-photochemical fluorescence quenching due to downregulation of light-harvesting function. (Quantum yield of light-induced non-photochemical
fluorescence quenching.
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Figure 3. Effects of pH stress, on the Schiff’s reagents, Evans blue uptake, superoxide anion (0?), and H,0, content in the shoot
and roots of the two rice varieties. Seedlings were exposed to pH 7 (C) and pH 4.5 (pH-4.5) stress for 48h.

to growth reduction. The relationship between all chlorophyll
fluorescence parameters is presented in Table 1. The Fm,
Fv/Fm, Y(Il), Fo’, Fm’, Fo, Fv'/Fm’, ETR, showed positive
correlations while gP, gN, gL, NPQ, Y(NPQ) Y(NO) were
negatively related in both cultivars under acidic environment.
The close correlation between the decline in Fv/Fm and stress
suggests that the rapid changes in Fv/Fm are a useful
indicator of loss of photosynthetic viability on exposure to
acidic stress.

4, DISCUSSION

Acid soil is a menace to world crop production which
effects crops plants in synergy with other heavy metal stress
like AP*, Fe?*, Mn?%, etc (Awasthi et al., 2019; Bojérquez-
Quintal et al., 2017; Regon et al., 2021). As such the studies
conducted to date are also synergistic (Krstic et al., 2012).
Through this study, we tried to bring to the forefront the
effect of acidity on morphology, redox status and
photosynthesis of rice seedling. The morphological aspects as
measured by root length, chlorophyll content, RWC didn't
show drastic effect after 48h acid treatment (Fig. 1). Total ROS
accumulation was qualitatively estimated by H2DCF-DA dye,
which showed a vast change in contrast (Fig. 2). Not so
significant difference in morphometric attributes whereas
large qualitative accumulation of ROS might be due to slow
response to acidity by plants. Hence, the morphological
changes might be visible after long-term exposure (probably
more than 48h of treatment). The histochemical observation
was also made for H,0; and O,  accumulation by NBT and DAB
staining respectively. Disang showed excessive accumulation
in comparison to Joymati (Fig. 3). A similar observation was
made in our previous studies in response to aluminum toxicity
in acidic soil (Awasthi et al., 2021; Awasthi et al., 2019;
Awasthi et al., 2017). ROS is generated due to cellular
metabolic activities in plants, generally, a homeostasis is
maintained between the ROS generating and scavenging
machinery but when in stress the homeostasis stands
disturbed (Song et al., 2010). When exposed to low pH, plants
showed high superoxide accumulation (Fig. 2) in shoot and
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root samples. A significant increment of H,0, was observed
after 48h of the acidic environment when compared to
control (Fig. 2). H,0, works as a signaling molecule to activate
the response mechanism leading to tolerance, but on excess
accumulation, the entire machinery succumbs (Wu et al.,
2012). This might justify excess ROS production but no effect
on external morphology. We also observed increased lipid
peroxidation and cell death as depicted from tonality
difference after staining with Schiff’s reagent and Evans blue
respectively (Fig. 3). This observation indicates that the
threshold limit of loss of ROS homeostasis has been reached,
hence the damage.

Analysis of chlorophyll fluorescence has become one of
the most powerful and widely used techniques in plant stress
biology (Murchie & Lawson, 2013). Chlorophyll fluorescence
studies were conducted in both the rice cultivars. The
correlation analysis of all the chlorophyll fluorescence
parameters [Fo, Fm, Fv/Fm, Fo', Fm’, Fv'/Fm’, Y(Il), P, gN, qL,
NPQ, Y(NO), Y(NPQ) and ETR] was performed (Table 1). Our
studies revealed that the Fv/Fm, Y(Il), Fv'/Fm’ decreased
under acidic environment conditions. The Fv/Fm values are
typically very consistent between lines and individual plants;
as such, any small decline is easily noticeable and signifies
clearly the loss of viability. The Fv/Fm is a prominent indicator
of the study of maximum quantum vyield of PSll
photochemistry. Broadly, Fv/Fm, Fv'/Fm’, @PSll, and qP have
been called photochemical quenching parameters, and NPQ
is a non-photochemical quenching parameter (Borgohain et
al., 2020). Since there was not much decline in chlorophyll
content but a decrease in photosynthetic efficiency indicates
an early stage of stress response.

5. CONCLUSION

The study brings to the forefront for the first time the
impact of only acidic stress on rice seedlings. Acidity had
stress-responsive manifestations in rice seedlings but it is
slow as depicted from the experiments. After 48 hrs of stress
treatment there were not so significant changes in
morphometric parameters whereas ROS accumulation was
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considerably high, so was cell death and lipid peroxidation.
Similarly, there was less decrease in pigment content,

whereas photosynthetic efficiency as measured by

fluorescence was significantly affected in both the varieties
Disang and Joymati.

Acknowledgment

Our sincere thanks to Regional Agricultural Research
Station, Akbarpur (Karimganj), India, and Regional Rainfed
Lowland Rice Research Station (RRLRRS) Gerua, Guwahati,
Assam, India for providing us with rice seeds.

Declaration of Competing Interest

The authors declare no competing financial or personal
interests that may appear and influence the work reported in
this paper.

References

Ai, C, Liang, G., Sun, J., He, P., Tang, S., Yang, S., Zhou, W., &
Wang, X. (2015). The alleviation of acid soil stress in
rice by inorganic or organic ameliorants is associated
with changes in soil enzyme activity and microbial
community composition. Biology and Fertility of Soils,
51(4), 465-477. https://doi.org/10.1007/s00374-015-
0994-3

Arndt, S. K., Irawan, A., & Sanders, G. J. (2015). Apoplastic
water fraction and rehydration techniques introduce
significant errors in measurements of relative water
content and osmotic potential in plant leaves.
Physiologia Plantarum, 155(4), 355-368.
https://doi.org/10.1111/ppl.12380

Awasthi, J. P., Kusunoki, K., Saha, B., Kobayashi, Y., Koyama,
H., & Panda, S. K. (2021). Comparative RNA-Seq
analysis of the root revealed transcriptional regulation
system for aluminum tolerance in contrasting indica
rice of North East India. Protoplasma, 258(3), 517-528.
https://doi.org/10.1007/s00709-020-01581-2

Awasthi, J. P., Paraste, K. S., Rathore, M., Varun, M., Jaggi, D.,
& Kumar, B. (2018). Effect of elevated CO2 on Vigna
radiata and two weed species: yield, physiology and
crop—weed interaction. Crop and Pasture Science,
69(6), 617-631. https://doi.org/10.1071/CP17192

Awasthi, J. P., Saha, B., Chowardhara, B., Devi, S. S,
Borgohain, P., & Panda, S. K. (2018). Qualitative
Analysis of Lipid Peroxidation in Plants under Multiple
Stress Through Schiff's Reagent: A Histochemical
Approach. Bio-protocol, 8(8), e2807.
https://doi.org/10.21769/BioProtoc.2807

Awasthi, J. P, Saha, B., Panigrahi, J., Yanase, E., Koyama, H., &
Panda, S. K. (2019). Redox balance, metabolic
fingerprint and physiological characterization in
contrasting North East Indian rice for Aluminum stress
tolerance. Scientific  Reports, 9(1), 8681.
https://doi.org/10.1038/s41598-019-45158-3

Awasthi, J. P., Saha, B., Regon, P., Sahoo, S., Chowra, U,,
Pradhan, A., Roy, A., & Panda, S. K. (2017). Morpho-
physiological analysis of tolerance to aluminum
toxicity in rice varieties of North East India. PloS one,

17

SAINS TANAH — Journal of Soil Science and Agroclimatology, 19(1), 2022

12(4), e0176357.
https://doi.org/10.1371/journal.pone.0176357
Bojérquez-Quintal, E., Escalante-Magafia, C., Echevarria-
Machado, 1., & Martinez-Estévez, M. (2017).
Aluminum, a Friend or Foe of Higher Plants in Acid Soils
[Review].  Frontiers in  Plant  Science, 8.
https://doi.org/10.3389/fpls.2017.01767

Borgohain, P., Chowardhara, B., Saha, B., Awasthi, J. P.,
Regon, P., Sahoo, S., & Panda, S. K. (2020). Exogenous
trehalose ameliorates methyl viologen induced
oxidative stress through regulation of stomatal pore
opening and glutathione metabolism in tomato
seedlings. Vegetos, 33(4), 665-681.
https://doi.org/10.1007/s42535-020-00155-0

Chowardhara, B., Borgohain, P., Saha, B., Awasthi, J. P,
Moulick, D., & Panda, S. K. (2019). Phytotoxicity of Cd
and Zn on three popular Indian mustard varieties
during germination and early seedling growth.
Biocatalysis and Agricultural Biotechnology, 21,
101349. https://doi.org/10.1016/j.bcab.2019.101349

Devi, S. S., Saha, B., Awasthi, J. P., Regon, P., & Panda, S. K.
(2020). Redox status and oxalate exudation
determines the differential tolerance of two
contrasting varieties of ‘Assam tea’ [Camelia sinensis
(L.) O. Kuntz] in response to aluminum toxicity.
Horticulture, Environment, and Biotechnology, 61(3),
485-499. https://doi.org/10.1007/s13580-020-00241-
X

Famoso, A. N., Clark, R. T., Shaff, J. E., Craft, E., McCouch, S.
R., & Kochian, L. V. (2010). Development of a Novel
Aluminum Tolerance Phenotyping Platform Used for
Comparisons of Cereal Aluminum Tolerance and
Investigations into Rice Aluminum Tolerance
Mechanisms  Plant Physiology, 153(4), 1678-1691.
https://doi.org/10.1104/pp.110.156794

Farmer, E. E., & Mueller, M. J. (2013). ROS-Mediated Lipid
Peroxidation and RES-Activated Signaling. Annual

Review of Plant Biology, 64(1), 429-450.
https://doi.org/10.1146/annurev-arplant-050312-
120132

IRRI. (2016). Annual Report 2016. International Rice Research
Institute. http://books.irri.org/AR2016_content.pdf

Kariya, K., Demiral, T., Sasaki, T., Tsuchiya, Y., Turkan, I., Sano,
T., Hasezawa, S., & Yamamoto, Y. (2013). A novel
mechanism of aluminium-induced cell death involving
vacuolar processing enzyme and vacuolar collapse in
tobacco cell line BY-2. Journal of Inorganic
Biochemistry, 128, 196-201.
https://doi.org/10.1016/j.jinorgbio.2013.07.001

Kochian, L. V., Pifieros, M. A,, Liu, J., & Magalhaes, J. V. (2015).
Plant Adaptation to Acid Soils: The Molecular Basis for
Crop Aluminum Resistance. Annual Review of Plant

Biology, 66(1), 571-598.
https://doi.org/10.1146/annurev-arplant-043014-
114822

Krstic, D., Djalovic, l., Nikezic, D., & Bjelic, D. (2012).
Aluminium in Acid Soils: Chemistry, Toxicity and
Impact on Maize Plants. In A. Aladjadjiyan (Ed.), Food


https://doi.org/10.1007/s00374-015-0994-3
https://doi.org/10.1007/s00374-015-0994-3
https://doi.org/10.1111/ppl.12380
https://doi.org/10.1007/s00709-020-01581-2
https://doi.org/10.1071/CP17192
https://doi.org/10.21769/BioProtoc.2807
https://doi.org/10.1038/s41598-019-45158-3
https://doi.org/10.1371/journal.pone.0176357
https://doi.org/10.3389/fpls.2017.01767
https://doi.org/10.1007/s42535-020-00155-0
https://doi.org/10.1016/j.bcab.2019.101349
https://doi.org/10.1007/s13580-020-00241-x
https://doi.org/10.1007/s13580-020-00241-x
https://doi.org/10.1104/pp.110.156794
https://doi.org/10.1146/annurev-arplant-050312-120132
https://doi.org/10.1146/annurev-arplant-050312-120132
http://books.irri.org/AR2016_content.pdf
https://doi.org/10.1016/j.jinorgbio.2013.07.001
https://doi.org/10.1146/annurev-arplant-043014-114822
https://doi.org/10.1146/annurev-arplant-043014-114822

Awasthi etal.

Production - Approaches, Challenges and Tasks.
IntechOpen. https://doi.org/10.5772/33077

Lazarevi¢, B., Horvat, T., & Poljak, M. (2014). Effect of Acid
Aluminous Soil on Photosynthetic Parameters of
Potato (Solanum tuberosum L.). Potato research,
57(1), 33-46. https://doi.org/10.1007/s11540-014-
9251-7

Lin, Z., Wang, Y.-L., Cheng, L.-S., Zhou, L.-L., Xu, Q.-T., Liu, D.-
C., Deng, X.-Y., Mei, F.-Z., & Zhou, Z.-Q. (2021). Mutual
regulation of ROS accumulation and cell autophagy in
wheat roots under hypoxia stress. Plant Physiology
and Biochemistry, 158, 91-102.
https://doi.org/10.1016/j.plaphy.2020.11.049

Mattiello, L., Kirst, M., da Silva, F. R., Jorge, R. A., & Menossi,
M. (2010). Transcriptional profile of maize roots under
acid soil growth. BMC Plant Biology, 10(1), 196.
https://doi.org/10.1186/1471-2229-10-196

Murchie, E. H., & Lawson, T. (2013). Chlorophyll fluorescence
analysis: a guide to good practice and understanding
some new applications. Journal of Experimental
Botany, 64(13), 3983-3998.
https://doi.org/10.1093/jxb/ert208

Regon, P., Dey, S., Chowardhara, B., Saha, B., Kar, S., Tanti, B.,
& Panda, S. K. (2021). Physio-biochemical and
molecular assessment of Iron (Fe2+) toxicity responses
in contrasting indigenous aromatic Joha rice cultivars
of Assam, India. Protoplasma, 258(2), 289-299.
https://doi.org/10.1007/s00709-020-01574-1

Ruban, A. V., & Murchie, E. H. (2012). Assessing the
photoprotective effectiveness of non-photochemical
chlorophyll fluorescence quenching: A new approach.
Biochimica et Biophysica Acta (BBA) - Bioenergetics,
1817(7), 977-982.
https://doi.org/10.1016/j.bbabio.2012.03.026

18

SAINS TANAH — Journal of Soil Science and Agroclimatology, 19(1), 2022

Saha, B., Mishra, S., Awasthi, J. P., Sahoo, L., & Panda, S. K.
(2016). Enhanced drought and salinity tolerance in
transgenic mustard [Brassica juncea (L.) Czern & Coss.]
overexpressing Arabidopsis group 4 late
embryogenesis abundant gene (AtLEA4-1).
Environmental and Experimental Botany, 128, 99-111.
https://doi.org/10.1016/j.envexpbot.2016.04.010

Saha, B., Swain, D., Borgohain, P., Rout, G. R., Koyama, H., &
Panda, S. K. (2020). Enhanced exudation of malate in
the rhizosphere due to AtALMT1 overexpression in
blackgram (Vigna mungo L.) confers increased
aluminium tolerance. Plant Biology, 22(4), 701-708.
https://doi.org/10.1111/plb.13112

Saikia, J., Sarma, R. K., Dhandia, R., Yadav, A., Bharali, R.,
Gupta, V. K., & Saikia, R. (2018). Alleviation of drought
stress in pulse crops with ACC deaminase producing
rhizobacteria isolated from acidic soil of Northeast
India. Scientific Reports, 8(1), 3560.
https://doi.org/10.1038/s41598-018-21921-w

Song, H., Xu, X., Wang, H., Wang, H., & Tao, Y. (2010).
Exogenous y-aminobutyric acid alleviates oxidative
damage caused by aluminium and proton stresses on
barley seedlings. Journal of the Science of Food and
Agriculture, 90(9), 1410-1416.
https://doi.org/10.1002/jsfa.3951

Wu, A, Allu, A. D., Garapati, P., Siddiqui, H., Dortay, H., Zanor,
M.-l., Asensi-Fabado, M. A., Munné-Bosch, S., Antonio,
C., Tohge, T., Fernie, A. R., Kaufmann, K., Xue, G.-P.,

Mueller-Roeber, B., & Balazadeh, S. (2012).
JUNGBRUNNEN1, a Reactive Oxygen Species—
Responsive NAC Transcription Factor, Regulates

Longevity in Arabidopsis The Plant Cell, 24(2), 482-
506. https://doi.org/10.1105/tpc.111.090894


https://doi.org/10.5772/33077
https://doi.org/10.1007/s11540-014-9251-7
https://doi.org/10.1007/s11540-014-9251-7
https://doi.org/10.1016/j.plaphy.2020.11.049
https://doi.org/10.1186/1471-2229-10-196
https://doi.org/10.1093/jxb/ert208
https://doi.org/10.1007/s00709-020-01574-1
https://doi.org/10.1016/j.bbabio.2012.03.026
https://doi.org/10.1016/j.envexpbot.2016.04.010
https://doi.org/10.1111/plb.13112
https://doi.org/10.1038/s41598-018-21921-w
https://doi.org/10.1002/jsfa.3951
https://doi.org/10.1105/tpc.111.090894

	1. INTRODUCTION
	2. MATERIAL AND METHODS
	2.1. Plant materials and growth condition
	2.2. Morphometric traits under pH stress
	2.3. Measurement of RWC and chlorophyll content
	2.4. Histochemical detection of lipid peroxidation and loss of membrane integrity and ROS
	2.5. Total ROS accumulation
	2.6. Chlorophyll fluorescence
	2.7. Statistical analysis

	3. RESULTS
	3.1. Effect of acidity on morphometric attributes
	3.2. Total ROS accumulation
	3.3. Histochemical studies for detection of lipid peroxidation, loss of membrane integrity, H2O2 and O2- content
	3.4. Chlorophyll fluorescence assay

	4. DISCUSSION
	5. CONCLUSION
	Acknowledgment
	Declaration of Competing Interest
	References

