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The current study illustrates the systemic damages caused by increasing concentration of fluoride in non-aro-
matic rice variety, IR-64 and aromatic rice Gobindobhog (GB). Analysis of the physiological parameters like
Rice shoot length, root length and electrolyte leakage along with crucial damage indices like chlorophyll, mal-

ﬁmig‘i_ N ondialdehyde, H,0, and protease activity indicated higher fluoride adaptation in GB compared to IR-64. IR-64
U:tt:k: ic pathways exhibited unregulated fluoride bioaccumulation when exposed to 25 mg L ™' NaF stress, whereas fluoride uptake

in GB was much regulated. Gene expression studies proposed that CLC2 rather than CLCI mediated the fluoride
import. Fluoride also triggered higher P-H* /ATPase accumulation in GB compared to IR-64, thus highlighting
efficient homeostasis in stressed GB. Unlike IR-64, GB could maintain photosynthesis (RuBisCo expression), sugar
metabolism (a-amylase expression and activity), glycolysis and Krebs cycle even under high concentration of
fluoride stress. Fluoride also inhibited nitrate reductase activity in both the cultivars. The present research
illustrates differential phytotoxicity emerging out of fluoride accumulation in rice seedlings, highlighting that IR-
64 is a highly susceptible variety, whereas GB exhibits physiological plasticity and is better adapted to higher

concentrations of fluoride.

1. Introduction

Fluorine ranks 13th in the list of the most abundant elements found
in nature, with about 950 mg L.~ ! stored as fluorides within the earth's
crust. Fluoride (F™) acts as a toxic xenobiotic in the ecological food
chain (Banerjee and Roychoudhury, 2019a). The World Health Orga-
nization (WHO) has strictly debarred ingestion of F~ beyond the safe
limit of 1.5mgL~". Doses of F~ above this limit can result in severe
fluorosis along with neurological disorders in animals and humans
(Choubisa, 2013). The extent of F~ contamination in India has been
recorded to be as high as 48 mg L™! (Susheela, 1999). Such con-
tamination has been shown to hinder absorption and transport of water
and minerals, which are the prerequisites for normal physiological and
biochemical processes of plants. F~ is an accumulative poison and is
absorbed by the plants via the chloride channels in roots and translo-
cated to the transpiratory tissues by xylematic flow (Banerjee and
Roychoudhury, 2019b). It was found that the vacuolar voltage gated
chloride channels (CLCI and CLC2) were induced on exposure to NaCl
(Nakamura et al., 2006). F~ ions having a smaller diameter compared
to chloride ions might enter the root tissues via these reported chloride
channels. Reduced plasma membrane H" /ATPase (P-H" /ATPase) ac-
tivity was observed in semi-arid plant species grown under F~ stress
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(Baunthiyal and Sharma, 2014).

Excessive availability of F~ within the plant tissues has been shown
to incite various toxicity symptoms like inhibition in germination po-
tential, growth and productivity, biomass, photosynthesis and nitrogen
assimilation, chlorosis or chlorophyll (Chl) breakdown, reduced ribu-
lose-1,5-bispohosphate carboxylase/oxygenase (RuBisCo) activity, al-
terations in the activity of enzymes and protein synthesis, culminating
ultimately in oxidative stress conditions (Banerjee and Roychoudhury,
2019a). Uncontrolled production of reactive oxygen species (ROS) like
hydrogen peroxide (H50,), superoxide, hydroxyl radicals, etc. trigger
membrane peroxidation along with the release of cytotoxic products
including malondialdehdye (MDA) in the affected tissues (Debska et al.,
2012). Stress conditions lead to protein inactivity and proteolytic
breakdown by the increased activity of protease during abiotic stress
(Debska et al.,, 2012). The enzymes like pyruvate dehydrogenase
(PyrDH), malate dehydrogenase (MDH) and succinate dehydrogenase
(SDH), belonging to the Krebs cycle, are strongly inhibited under
abiotic stress conditions in the susceptible varieties (Che-Othman et al.,
2017). The rate limiting enzyme of nitrogen acquisition, viz., nitrate
reductase (NR) was found to be inhibited in mulberry seedlings during
fluoride stress (Rao et al., 2013).

Bioaccumulation of F~ in the vegetative tissues and grains of edible
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cereals is a direct threat to the entire food chain (Mondal and Gupta,
2015). It has been suggested that high bioaccumulation of F~ within
the vegetative tissues stands out as an indicator of high fluoride accu-
mulation within the edible grains (Gupta et al., 2009). Rice is a water-
intensive food crop of South East Asian countries, cultivated widely in
Bangladesh and in several Indian states facing acute endemic fluorosis
due to high F~ content in groundwater (Meenakshi, 2006). Previous
reports presented very preliminary insights into the physiological in-
juries caused by F~ accumulation in indica rice varieties. The im-
portance of the present work from the agricultural perspective as well
as environmental point of view was with respect to the identification of
high-F~ accumulating rice variety, so as to avoid cultivation of such
variety in land stretches irrigated with F™-infested groundwater that
might deteriorate production as well as seed quality. It is also im-
perative to decipher the nature of damages and detrimental effects on
rice during F~ stress. Therefore, the aim of our study in the present
manuscript was to assess the response of two varieties of indica rice,
viz., IR-64 and Gobindobhog (GB) to long-term F~ stress for 20 days,
using two different F~ concentration, viz., 15mgL~" and 25mgL~".
IR-64 was developed by International Rice Research Institute (IRRI),
Philippines, as a high-quality and high-yielding mega variety. The po-
pularity of IR-64 cultivation lies due to its early maturation and disease
resistance traits along with excellent cooking quality, intermediate
amylose content, gelatinization temperature and commendable taste
(Mackill and Khush, 2018). This variety has been cultivated across 10
million hectares of land globally and has been used for thousands of
crosses and development of new cultivars (Mackill and Khush, 2018).
GB, on the contrary, is an endogenous aromatic rice cultivar of West
Bengal (the rice bowl of India) largely known for its superior fragrance,
palatability and use in preparation of delicacies. This cultivar is widely
produced in such districts like Hooghly, Howrah, Nadia, 24 Parganas
and Burdwan of West Bengal (Roychoudhury et al., 2008).

The varietal differences in biochemical and molecular mechanism to
F~ tolerance were studied by comparing basic physiological parameters
like percentage of germination, root and shoot length, and electrolyte
leakage. The F~ content in the roots and shoots of the stressed cultivars
was measured. The expression of CLC1 and CLC2 was analyzed to un-
derstand the mechanism of F~ uptake. The expression and accumula-
tion of P-H" /ATPase, involved in maintaining ionic homeostasis was
studied. The parameters associated with damages like Chl degenera-
tion, RuBisCo expression, accumulation of MDA, H,O, and protease
activity were measured. The effect of increasing F~ concentration on
the glycolytic pathway was analyzed by studying the expression of
genes like phosphofructokinase, fructose-1,6-bisphosphatase (FBPase) and
phosphoglucomutase (PGmutase). The activity of PyrDH, SDH and MDH
was documented to understand the effects of F~ stress on Krebs cycle.
The expression and activity of a-amylase represented the effect of F~
on sugar metabolism, whereas the effect of F~ on nitrogen assimilation
was deciphered by studying the activity of NR. Thus, the present study
revealed the physiological, biochemical and molecular basis of F™ -in-
duced damages at the varietal level in rice.

2. Materials and methods
2.1. Plant materials, growth conditions and stress treatment

The seeds of Oryza sativa L. cv. IR-64 were procured from Chinsurah
Rice Research Station (Hooghly, West Bengal, India) and those of the
aromatic cv. Gobindobhog (GB) were obtained from Bidhan Chandra
Krishi Viswavidyalaya (Nadia, West Bengal, India). The seeds were
surface sterilized with 0.1% (w/v) HgCl, for 20 min, washed ex-
tensively, and placed over sterile gauge in Petridishes (three sets for
each variety) supplemented with either 15mgL ™" [15 parts per million
(ppm)] or 25mgL~! (25ppm) sodium fluoride (NaF) for imposing
stress. The plates containing double distilled water were used as control
sets. The solution was changed every two days. Thus, six sets of samples
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were maintained:

Set 1: IR-64 seeds imbibed in double distilled water only.

Set 2: IR-64 seeds imbibed in 15mgL~! NaF.

Set 3: IR-64 seeds imbibed in 25 mgL~' NaF.

Set 4: GB seeds imbibed in double distilled water only.

Set 5: GB seeds imbibed in 15mgL~"' NaF.

Set 6: GB seeds imbibed in 25 mgL~* NaF.

The seedlings of both the varieties were maintained and grown as
above for a total period of 20 days at 32 °C under 16 h light and 8 h dark
photoperiodic cycle with 50% relative humidity and 700 umol photons
m~2s7! in a plant growth chamber (N.R. Scientific, India) as pre-
viously standardized (Roychoudhury et al., 2008). The NaF con-
centration and stress exposure was standardized by performing pre-
liminary experiments and following Gupta et al. (2009) who had
exposed Oryza sativa cv. Satabdi with 10, 20 and 30 mg L ™! NaF for 15
days. The varietal differences were increasingly visible during pro-
longed exposure to NaF concentrations for 20 days (data not shown).

2.2. Analysis of physiological changes brought about by F~ stress

2.2.1. Estimation of percentage of germination and measurement of root
and shoot length

The percentage of germination was calculated for a total of 200
seeds in each set of control and treated varieties. The length of the shoot
and primary root were measured from 100 seedlings of each category
and for each grown condition in three independent experiments.

2.2.2. Estimation of the percentage of electrolyte leakage (EL)

For measuring EL, 0.1 g of freshly harvested leaf samples were
rinsed thrice with de-ionized water and subsequently incubated in
10 ml of deionized water. The initial conductivity in the solution was
measured after 22 h at room temperature (25 °C) using the conductivity
meter (Digital Instruments Corporation, D-511). Total conductivity was
obtained after boiling the samples for 30 min. The results were ex-
pressed as percentage of total conductivity (Campos et al., 2003).

2.3. Estimation of F~ bioaccumulation in rice tissues

0.2 g of shoot and root tissue was oven-dried, separately crushed in
TISAB buffer and mineralized. The solution was centrifuged and the
fluoride content in the clear extract was analyzed using a fluoride-
sensitive electrode (Cole-Palmer, USA). Translocation factor (TF) was
calculated as: fluoride content in shoot/fluoride content in root.

2.4. Analysis of parameters associated with oxidative damages: estimation
of the contents of chlorophyll (Chl), malondialdehyde (MDA), hydrogen
peroxide (H>0) and protease activity

Chl was extracted from 0.4 g of freshly harvested tissue in 80% (v/v)
chilled acetone. Total Chl, Chl a, and Chl b were measured according to
Arnon (1949). The MDA content was calculated according to
Roychoudhury et al. (2012) using 155mM ™~ 'cem ™! as the molar ex-
tinction coefficient of MDA. H,0, content was spectrophotometrically
measured at 390 nm and estimated from a standard curve (Velikova
et al., 2000). The protease activity was measured using purified casein
hydrolysate and enzyme extract following Roychoudhury et al. (2011).

2.5. Analysis of enzymes involved in Krebs cycle, sugar metabolism and
nitrogen-assimilation: PyrDH (EC 1.2.4.1), MDH (EC 1.1.1.37), SDH (EC
1.3.5.1), a-amylase (EC 3.2.1.1) and NR (EC 1.7.99.4)

PyrDH activity was determined spectrophotometrically by mea-
suring the formation of NADH at 340 nm. The experiment was per-
formed following the protocol by Ke et al. (2014). For measuring MDH
activity, 0.5 g freshly harvested tissue was ground in ice-cold crushing
buffer containing 100 mM tricine, 1 mM EDTA, 5% (w/v) PVP, 20% (v/
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Table 1
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Physiological parameters and F~ bioaccumulation in the tissues of IR-64 and GB. The data are the mean values (n = 3) + SE. SE (p < 0.05) is represented as ‘*’ (for
comparison within treatments) and as ‘#’ (for comparison within cultivars). The symbols represent significance at p < 0.05.

Parameters Analysis IR-64 Control IR-64 (15mgL ™! IR-64 (25mgL ™" GB Control ~ GB (15mgL~"' NaF) GB (25mgL ™" NaF)
NaF) NaF)
Physiological Percentage of 99 = 1.0 935 = 1.8 827 * 2.1* 99 + 0.5 97.2 = 1.3 94.1 + 2.5%
parameters germination
Shoot length (cm) 132 £ 23 119 = 1.5 9.7 + 0.6% 7.2 + 0.8% 71 + 0.9% 7.0 = 0.4%
Root length (cm) 6.2 + 0.7 3.1 + 0.5% 2.7 £ 0.5 33 +02% 3307 3.4 + 0.2
Percentage of EL 142 + 1.2 221 = 1.7¢ 26.9 * 2.3* 229 + 1.8 17.3 + 2.3%* 17.4 + 1.9%
F~ content Shoot (mg g~ FW) 0.7 + 0.1 4.2 + 0.5* 38.4 + 8.1* 0.2 = 017 50 * 0.8*% 8.1 = 2.1%
Root (mg g~ ! FW) 0.8 = 0.1 2.7 * 0.4% 47.6 * 10.3* 0.3 * 0.1% 59 = 1.1** 5.9 + 1.4%

v) glycerol and 4 mM P-mercaptoethanol. The reaction mixture con-
sisted of 0.1 (M) potassium phosphate buffer (pH 7.4), 0.00375 (M)
NADH, 0.006 (M) oxaloacetic acid (freshly prepared) and crude enzyme
extract. The MDH activity was determined by measuring the decrease in
NADH at 340nm and by wusing the extinction coefficient of
6.22mM ™! cm ™. The SDH activity was measured by documenting the
formation of reduced 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenylte-
trazolium chloride [INT] or INT-formazan at 458 nm. The enzyme ex-
tract was prepared from 0.5 g tissue using the same crushing buffer used
for measuring MDH activity. The molar extinction coefficient of
18000 M ' em ™! was used to calculate concentration of INT-formazan
formed at 458 nm (Green and Narahara, 1980). The activity of a-
amylase was measured according to Chrispeels and Varner (1967) after
inactivating B-amylase by heating the extract at 70°C for 5min in
presence of 9mM CaCl,. The NR activity was assayed according to
Roychoudhury et al. (2016) by measuring the absorbance at 540 nm.
The actual concentration of the enzyme was determined from a stan-
dard curve generated from increasing concentrations of potassium ni-
trite.

2.6. Expression analysis of genes

The seedlings (100 mg) from each of the experimental sets were
used for RNA isolation. Total RNA was isolated using RNAisoplus
(Takara, Japan) following the manufacturer's instructions. The con-
centration and purity of the isolated RNA was checked spectro-
photometrically. The primers were designed using online NCBI Primer-
blast (http://www.ncbi.nlm.gov/tools/primer-blast/index) software.
Total RNA was treated with DNase I (Thermo Scientific) to remove DNA
contamination. About 5 pg of total RNA was reverse-transcribed using
Maxima First Strand cDNA synthesis kit (Thermo Scientific).
Comparative RT-PCR analysis was performed using gene-specific pri-
mers and standard reagents, with -actin as internal control as described
earlier (Paul and Roychoudhury, 2018).

2.7. Immunoblot analysis of P-H* /ATPase transporter

Total protein isolation from 1 g of control and salt-treated seedlings
was performed according to Roychoudhury et al. (2008) and the con-
centration of the protein was estimated through Bradford analysis,
which was replicated at least three times for each sample (Bradford,
1976). Based on such analysis, 100 ug of total protein was transferred
onto nitrocellulose membrane (GE Healthcare, USA) using Mini Trans-
Blot Cell (Bio-Rad, USA). This was followed by incubating the mem-
brane in anti-P-H* /ATPase primary antibody (a generous gift from Dr.
Marc Boutry) at 1:4000 dilutions. The P-H* /ATPase protein bands
were detected by incubating the membrane in substrate solution con-
taining nitroblue tetrazolium-5-bromo-4-chloro-3-indolyl phosphate
(NBT-BCIP) (Sambrook and Russell, 2001).

2.8. Protein estimation

Total protein content was estimated according to Bradford (1976)
using bovine serum albumin (BSA) as standard for all enzyme assays. In
all the experiments, equal amounts of total protein from all the sample
sets were used.

2.9. Statistical analysis

The statistical analyses were performed in completely randomized
design (CRD) using three replicates (n = 3) with each replication con-
taining an average of 50 seeds. The error bars in the graphs represent
means *+ standard error (SE). The statistical significance was calcu-
lated using two way analysis of variance (ANOVA) at p < 0.05. The
calculations were performed using XLSTAT 2018.

3. Results

3.1. Analysis of the basic physiological parameters affected by fluoride
stress

The percentage of germination of seedlings reduced in IR-64 seeds
imbibed in 25mg L~! NaF compared to those in water (control) and
15mgL~ ! NaF (Table 1). The reduction in percentage of germination
was comparatively less in GB exposed to fluoride stress, and was not
statistically significant (Table 1). The shoot length (SL) was found to
decrease in IR-64 with increasing fluoride concentration (Table 1).
However, SL was not affected by F~ in case of GB seedlings even after
20 days. The drastic reduction in root length (RL) was observed in IR-64
exposed to F~ stress (Table 1). The RL decreased by about 2.3-fold in
IR-64 grown in 25mgL~! NaF compared to that in the control seed-
lings. Interestingly, RL slightly increased in GB seedlings with in-
creasing concentration of F~.

The EL significantly increased in both F™-treated sets of IR-64
compared to control seedlings. The EL was about 1.9-fold higher in NaF
(25mgL~")-stressed IR-64 compared to the control seedlings.
However, the EL decreased in the stressed seedlings of GB compared to
that in the control (Table 1).

3.2. Bioaccumulation of F~

IR-64 accumulated 4.21 mgg~! and 2.67 mgg ™! on an average in
the shoots and roots respectively on exposure to 15 mgL ™! NaF stress.
Application of 25mgL™~" of NaF increased F~ bioaccumulation by
about 9.1-fold in the shoots and almost 17.8-fold in the roots in IR-64
compared to the seedlings treated with 15mgL~! NaF (Table 1).

F~ bioaccumulation was higher in the shoots and roots of NaF
(15mg L™ 1)-stressed GB compared to the IR-64 counterpart. However,
F~ accumulation did not increase significantly in GB seedlings exposed
to 25mgL~! of F~ stress and was much less compared to the NaF
(25mg L~ )-stressed IR-64 seedlings (Table 1). Application of
15mgL~"! of NaF increased F~ accumulation to 5.0mgg~ ' and
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5.9mgg~"! in the shoots and roots of GB respectively. Under higher

stress exposure, GB seedlings accumulated 8.1mgg~' F~ on an
average in the shoots. However, the average F~ content in the roots
remained unchanged compared to that under 15mgL~' F~ stress.
During 25mgL~! of F~ stress, GB exhibited a TF of 1.37.

3.3. Expression of membrane channels involved in F~ transport and proton
homeostasis

CLC1 was marginally up regulated in IR-64 during increasing con-
centrations of F~. However, it was significantly down regulated in GB
during 15mgL~' of NaF stress and again markedly induced at
25mgL~! NaF stress (Fig. 1A). The higher F~ concentration sig-
nificantly induced and down regulated CLC2 expression in IR-64 and
GB respectively. No significant alteration in the expression of this gene
was observed for 15mg L~ ! NaF stress in both the varieties (Fig. 1B).
Expression of P-H* /ATPase was gradually increased in both the vari-
eties under increasing concentrations of NaF. The expression of this
gene was maintained at a higher level in GB compared to IR-64 under
all the conditions (Fig. 1C).

3.4. Immunoblot against P-H" /ATPase

Equal loading of protein samples has been represented by the total
protein profile on 12% sodium dodecyl sulphate polyacrylamide gel
(Fig. 2A). The immunoblot analyses revealed that in line with P-H*/
ATPase expression, increasing concentrations of NaF stimulated higher
accumulation of P-H" /ATPase in both the cultivars (Fig. 2B). The ac-
cumulation of P-H" /ATPase under 25 mgL ™" of NaF stress in GB was
much higher than that in IR-64 seedlings treated with the same con-
centration of NaF.
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1: Control, 2: 15 mg L' NaF, 3: 25 mg L' NaF

Fig. 2. SDS-PAGE representing loading of equal amount of total protein isolated
from IR-64 and GB seedlings grown with double distilled water (control),
15mgL~! NaF and 25mgL~" NaF (A); protein immunoblot analysis with P-
H*/ATPase antibody showing higher accumulation of the transporter protein
during increasing F~ concentrations in both the varieties (B).

3.5. Biochemical parameters associated with oxidative damages

Total chlorophyll (Chl), along with Chl a and Chl b contents were
significantly reduced in IR-64 seedlings exposed to 15mgL~! and
further decreased during 25 mg L™~ 1 of F~ stress (Fig. 3A). The total Chl
content decreased by about 1.6-fold in NaF (25 mg L~ !)-stressed IR-64
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Fig. 3. Level of Chl (A), MDA (B), H>0O, (C) and activity of protease (D) in IR-64 and GB seedlings grown with double distilled water (control), 15 mg L~! NaF and
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seedlings compared to that in the control. Total Chl, Chl a and Chl b
contents increased in GB seedlings exposed to 15mgL~"' stress as
compared to the control set. Total Chl content remained unchanged in
case of NaF (25mg L™ Y)-stressed GB as compared to the NaF
(15mg L~ 1Y)-stressed seedlings. The Chl a content increased, whereas
Chl b content decreased in NaF (25mg L~ 1-stressed GB as compared to
the NaF (15mg L~ 1Y)-stressed seedlings (Fig. 3A). The MDA content
steeply increased in both IR-64 and GB seedlings under gradually in-
creasing F~ stress. IR-64 accumulated higher MDA level under all the
conditions as compared to GB (Fig. 3B). GB accumulated higher H,O,
level as compared to IR-64 during 15 mg L~ ! stress. However, the H,O,
content increased drastically in IR-64 during 25 mg L~ stress, showing
even higher level than that in GB (Fig. 3C). Increasing fluoride con-
centrations slightly increased protease activity (not statistically sig-
nificant) in IR-64. However the protease activity was gradually reduced
in case of stressed GB seedlings compared to the control (Fig. 3D).

3.6. Activity of enzymes involved in Krebs cycle, sugar metabolism and
nitrogen assimilation

The PyrDH activity decreased significantly in IR-64 seedlings ex-
posed to 15mgL ™" of NaF stress. The activity decreased by 1.4-fold
during 25mgL~"! stress compared to that in control seedlings. The
enzyme activity was almost unaffected in GB exposed to both the
concentrations of fluoride (Fig. 4A). F~ stress inhibited the SDH activity
in IR-64 similar to PyrDH, whereas increasing F~ stress triggered SDH
activity in GB (Fig. 4B). The MDH activity significantly increased in F ™~ -
stressed IR-64, as compared to control. However, the MDH activity in
GB increased during 15mgL ™" stress, but was decreased (reverting
back to that in control) during 25mgL~" stress (Fig. 4C). The a-

amylase activity decreased in F~ -stressed IR-64 and increased in
stressed GB compared to their respective control sets (Fig. 4D). The NR
activity significantly decreased in IR-64 plants grown under 15 mgL ™!
of NaF. However, the activity increased marginally during 25 mgL ™!
stress. Similar trend was observed in case of GB, though the NR activity
was maintained at a greater level in stressed GB compared to the
stressed IR-64 seedlings (Fig. 4E).

3.7. Expression of genes involved in sugar metabolism, photosynthesis and
glycolysis

The expression of a-amylase was almost similar in control and NaF-
stressed IR-64 seedlings. The expression of a-amylase was likewise si-
milar in control and 15 mg L~ ! NaF-stressed GB seedlings, whereas the
gene was strongly induced in GB during 25mgL ™' F~ stress (Fig. 5A).
The RuBisCo was gradually down regulated by F~ stress in both the
cultivars. However, GB maintained higher RuBisCo expression com-
pared to IR-64 under all the conditions (Fig. 5B). The expression of
phosphofructokinase was triggered in both the cultivars in response to
F~ stress. The gene was up regulated to a much higher extent in GB
compared to IR-64 during stress (Fig. 5C). The FBPase expression
slightly decreased in IR-64 during 15mgL~' NaF stress, but was sig-
nificantly induced in IR-64 exposed to 25mg L~ ! of F~ stress. Exposure
to 15mgL~" NaF stress down regulated FBPase expression in GB
seedlings. A similar decreased transcript level for FBPase was also ob-
served for GB exposed to 25 mg L~! NaF (Fig. 5D). The PGmutase was
down regulated in IR-64 and GB during 15mgL ™! of F~ stress and was
significantly induced during exposure to 25mgL~" of NaF. However,
GB maintained higher transcript level of PGmutase compared to IR-64
under both the concentrations of F~ stress (Fig. 5E).
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Fig. 4. Activity of enzymes like PyrDH (A), SDH (B), MDH (C), a-amylase (D) and NR (E) in IR-64 and GB seedlings grown with double distilled water (control),
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4. Discussion

The detailed analysis of the physiological parameters indicated that
unlike IR-64, GB was not drastically affected by increasing concentra-
tions of F~ stress. Due to lower F~ uptake, GB accumulated lower
endogenous F~ within the tissues. As a result, GB was able to maintain
higher RL and low EL due to lesser extent of membrane damage. GB
endured F~ stress by restricting its uptake, as a result of which excess
F~ ions were not available for Chl degradation, which was pronounced
in the case of fluoride-treated IR-64. This was also manifested by the
slower rate of suppression of RuBisCo gene and lowered protease ac-
tivity in GB. IR-64 exhibited high susceptibility to NaF stress based on
the above parameters and also accumulated higher MDA and H,0,
compared to GB. It is known that any kind of oxidative stress negatively
affects photosynthesis by degrading chlorophyll and reducing the
RuBisCo transcript level (Roychoudhury et al., 2012; Parry et al., 2002;
Mondal, 2017). The F~ bioaccumulation beyond 1.5ugg™*' tissue
could be detrimental for the grazing livestock (Banerjee and
Roychoudhury, 2019). The extent of F~ accumulation in the roots and
shoots of IR-64 and GB was several times higher than the prescribed
safe limit, signifying a potential biohazard. Our observation also
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standard error (SE). The SE (p < 0.05) in each case is represented by the vertical bar in
each graph. “*’ designated on top of the bars represent significance at p < 0.05.

showed that beyond 15 mg L.~ ! NaF stress, IR-64 accumulated F~ in an
uncontrollable manner, whereas F~ content in the NaF (25 mg L™ Y-
stressed GB seedlings was close to that during 15mgL~" NaF stress.
This showed that GB was able to regulate the entry of excess F~ ions in
a much organized manner as compared to IR-64. Two vacuolar voltage
gated chloride channels (CLC1 and CLC2) have been identified in rice
(Nakamura et al., 2006). The expression of CLC1 and not CLC2 was
induced on exposure to NaCl (Nakamura et al., 2006). F~ ions are
easily absorbed through roots via the chloride channels, which have
larger passage diameter than F~ ions. The analysis of the transcript
level of channel proteins showed that CLC2 might be predominantly
involved in F~ entry and hence the gene was significantly down
regulated and up regulated in NaF (25 mgL™!)-stressed GB and IR-64
respectively. On the contrary, the expression pattern of CLCI indicated
that it might not be the major regulator during entry of excess F~ ions.
The P-H* /ATPase is directly involved in maintaining the proton gra-
dient across the cell which requires extensive maintenance during ne-
gatively charged ionic stress like F~. Baunthiyal and Sharma (2014)
reported reduced P-H*/ATPase activity in the semi-arid F~ hyper-
accumulator plants, Acacia tortilis, Cassia fistula and Prosopis juliflora
exposed to fluoride stress. However, we observed that the transcript
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and protein accumulation increased in the two rice varieties under both
the concentrations of NaF stress. The NaF (25mg L™ Y)-stressed-GB
plants accumulated much higher level of P-H" /ATPase as compared to
IR-64 and hence could better maintain cellular homeostasis during
stress.

Sugar metabolism during F~ stress exhibited another instance of
varietal difference. The expression of phosphofructokinase, the rate
limiting enzyme of glycolysis clearly highlighted that GB could mod-
ulate the overall pathway in a much more efficient fashion compared to
IR-64. Upon monitoring the FBPase expression, it could be inferred that
glycolysis is partially inhibited in IR-64 exposed to increasing con-
centrations of F~. GB, on the other hand, showed down regulated ex-
pression of FBPase so as to efficiently operate the pathway during F~
stress. The expression pattern of PGmutase indicated inhibition in the
conversion of glucose-1-phosphate to glucose-6-phosphate, the starting
material for glycolysis in both the varieties during 15mgL~! of NaF
stress. However, during 25 mgL~" of NaF stress, the gene expression
pattern indicated towards stimulated conversion of glucose-1-
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phosphate to glucose-6-phosphate in GB, as compared to IR-64, thereby
highlighting again the efficient operation of glycolysis in GB during
higher F~ stress. The glycolytic pathway seemed to be less operative
during NaF-mediated stress in IR-64. F~ stress inhibited the Krebs cycle
in IR-64 by suppressing the activity of the rate limiting enzyme, PyrDH
and subsequently SDH. Increased MDH activity in stressed IR-64 in-
dicated that the plant metabolism increased the oxaloacetate level,
producing more substrate for the inhibited cycle. GB, on the contrary,
increased the activity of the enzymes involved in Krebs cycle during F~
stress, establishing the well-adaptive behaviour. These enzymes are also
reported to be strongly inhibited by high salt concentrations in C3
plants (Che-Othman et al., 2017). Higher a-amylase activity and tran-
script level in GB ensured more efficient sugar metabolism and growth
responses during F~ stress. Based on the activity of NR, nitrogen as-
similation appeared to be inhibited in both the cultivars upon exposure
to high F~ stress.

Overall, F~ stress largely triggered membrane damage and inhibi-
tion of photosynthesis, sugar metabolism, glycolysis and Krebs cycle in
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the susceptible cultivar IR-64. This variety exhibited bioaccumulation
of F~ in toxic levels when exposed to 25mgL~' NaF. The aromatic
cultivar, GB on the contrary accumulated much lower amounts of toxic
F~ ions depicting the regulated entry of F~ and the phenotypic varia-
tions. CLC2 rather than CLC1 appeared to be involved in F~ uptake.
Due to regulated F~ entry, the extent of damage was significantly less
in GB compared to IR-64. The aromatic cultivar maintained photo-
synthesis, sugar metabolism, glycolysis and Krebs cycle even under high
concentration of F~ stress. However, nitrogen assimilation was found to
decline in both the varieties exposed to stress. The current study clearly
illustrates the injurious effects of F~ on two differentially-responsive
rice cultivars and also verifies the potential biohazard caused by the
xenobiotic upon accumulation in rice tissues. The guiding significance
of the major results of this work for safe rice agriculture is mainly to
prohibit the use of groundwater containing high amounts of F~ for rice
cultivation. In addition, the cultivation of IR-64 seedlings in areas in-
fested with F~ contaminated groundwater and also in land stretches
with high soil F~ content should be avoided in order to maintain the
quality and safety of the entire food chain.
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