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Abstract Due to the hostile conditions created by fly ash,
its utilization in vegetation is restricted. Therefore, fly ash
with soil amendment may offer a suitable combination to
support plant growth, with reduced risk of metal toxicity.
The present study evaluated different concentrations of fly
ash with soil amendments on growth, photosynthesis,
photosystem (PS) II activity and antioxidant defense in rice
(Oryza sativa L.) seedlings to find out the optimum use of
fly ash in rice cultivation. Low levels of fly ash (25%)
amended soil improve the seedling growth parameters,
CO, photosynthetic rate and stomatal conductance in rice
seedlings. Whereas leaf pigments and PS 1II activity remain
unchanged under 25% fly ash treatment as compared to the
plants grown in garden soil; however, these parameters
declined under the treatments with higher levels of fly ash.
Furthermore, the activities of some antioxidant enzymes
and protein increased over control under low level of fly
ash. The results showed maintenance of photosynthesis and
PS 1II activity of rice seedlings under low levels of fly ash
amendment, due to better antioxidative protection from

Significance statement The study showed that the fly ash-amended
soil in low concentration (25%) could be beneficial in rice seedling as
it improves growth and photosynthesis. The finding is encouraging for
an agro-friendly use of low levels of fly ash (25%) in agriculture as a
soil amendment.
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oxidative damage. Taken together, soil amended at 25% fly
ash improved the growth of rice seedlings; making fly ash a
suitable component of plant growth substance. It can be
concluded that a low level of fly ash can be used in
amending rice soil for a short period of time but continuous
use of fly ash can cause permanent soil contamination by
increasing the load of toxic metals.
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Introduction

Fly ash, a coal combustion residue, with a matrix very
similar to soil and its elemental composition varies due to
types and sources of used coal. Globally, fly ash production
approximates 600 million tonnes per year and may cover
up to 3235 km? of land area by 2015 [1, 2]. Despite its
utilization in cement, sanitary and brick industries, huge
quantities of fly ash remain dumped and unused. The
management of the enormous quantity of fly ash generated
every year has become a major problem. The presence of
several macro and micronutrients in fly ash has encouraged
agricultural researchers to use it in agriculture as a soil
amendment [3]. Due to its physical properties and the
presence of macro and micronutrients which are conducive
for plant growth, fly ash has potential benefits for use in
agronomy [2]. However, the augmented levels of non-
essential and potentially toxic metals may pose a problem
for plant growth [4]. Therefore, development of proper
technologies for disposal of this solid waste in an eco-
friendly manner becomes essential.
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Several studies have been carried out using fly ash in
combination with other organic amendments like press-
mud and farmyard manure in soil which promotes plant
growth and the yield [2, 3]. Lower amendment levels of fly
ash caused enhancements of both growth and yield while
adverse effects at higher levels were observed for several
crops such as pigeon pea (Cajanus cajan), wheat (Tritiucm
aestivum), alfalfa (Medicago sativa), barley (Hordeum
vulgare), beans (Phaseolus vulgaris) [2]. Numerous reports
suggest that the exposure of plants to toxic levels of fly ash
triggers a wide range of physiological and metabolic
alterations along with an effect on leaf gas exchange [5, 6].
The symptoms of fly ash toxicity are a reduction in plant
growth, inhibition of antioxidative defense system with
progressing senescence and plant death [7, 8]. The process
of photosynthesis is known to be extremely sensitive to
different stresses including heavy metal and fly ash [6, 9].
The toxic elements from fly ash can inhibit photosynthesis
at several physiological levels: pigments, gas exchange,
structure and function of chloroplasts [10, 11]. In vivo
chlorophyll fluorescence has been used frequently in the
past as a convenient informative tool for studying the
effects of various environmental stresses on the process of
photosynthesis; particularly on the function of PSII
[12, 13]. However, the photosynthetic response of rice
plant and its photosynthetic apparatus to different levels of
fly ash has not yet been studied. Nevertheless, it is not clear
what concentration of fly ash alters PS II activity and
causes the inhibition of photosynthesis.

When plants are subjected to metal contaminated soil,
the balance between the production of Reactive Oxygen
Species (ROS) and their detoxification by the antioxidative
system is altered [14]. To avoid this kind of cellular
damage, plants possess a complex system of antioxidative
enzymes such as superoxide dismutase, catalase, peroxi-
dase and ascorbate peroxidase or the action of non-enzy-
matic antioxidants which help to scavenge ROS [15].
Unlike other heavy metal stress, relatively little informa-
tion is published on fly ash induced oxidative stress in
higher plants and less information is available in cereal
crops, such as rice. The relationship of antioxidant defense
with photosynthesis and PS II activity in rice leaves under
fly ash amended soil has not yet been studied so far.

Keeping in view the above, the present study aims to
evaluate the effects of fly ash amended soil on growth,
photosynthesis and antioxidant response in two cultivars of
rice and to find out the suitable concentration that could be
recommended for sustainable rice cultivation.
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Material and Methods

Collection and Characterization of Fly Ash
and Garden Soil

The fly ash used in the study was collected from the fly ash
deposits of National Aluminium Corporation Limited
(NALCO), Koraput, Odisha, India (18°46'22"N-
82°53/23”E). The garden soil was collected from the
campus of Central University of Orissa, Koraput
(82°44'54"E-18°46'47"N). Four (4) different amendments
of fly ash and garden soil were prepared by mixing these
two in different ratio in dry weight, and were placed in
five-kg plastic pots (20 cm in diameter and 30 cm in
height) i.e. garden soil (100%), fly ash (100%), fly ash:
garden soil (25: 50%), and fly ash: garden soil (50: 50%).
Pots were left at the experimental site for 15 days prior to
plantation for physico-chemical stabilization and proper
conditioning of treated soil. Analysis for different physic-
ochemical properties such as pH, electrical conductivity
(EC), nitrogen (N), available phosphorus (P), organic car-
bon (OC) and potassium (K) content of different fly ash
and soil amendments were carried out in the laboratory as
recently described by Bisoi et al. [16]. The data of ele-
mental analysis (mg/kg) of fly ash was collected from
NALCO, Koraput, India (Al,O3: 281,500; Fe,03: 51,500;
P,0Os5: 4500; SO5: 13,500; CaO: 8900; MgO: 3800; Na,O:
3700; MnO: 500; K,O: 800; ZnO: 100; CuO: 150).

Plant Material and Growth Condition

The study was conducted by taking two varieties of Indica
rice (Oryza sativa L.), such as IR 64 and Kalajira. The
seeds were collected from National Rice Research Institute
(NRRI), Cuttack, India. Ten healthy seeds of both the
varieties were selected, directly sown in plastic pots and
the experiments were carried out in three replications in a
randomized complete block design. Plants were grown in
the campus of Central University of Orissa, Koraput, India
(82°44'54"E-18°46'47"N, 880 m above the mean sea
level), regularly irrigated with tap water and subjected to
natural solar radiation, with daily maximum photosynthetic
photon flux density (PPFD), air temperature and relative
humidity ~ being about 1460 £ 20 p mol m > s ",
33.6 £ 2 °C and 70-75%, respectively. The plants were
maintained up to 60 days after sowing.

Growth Parameters
Plant growth was measured in terms of different growth

parameters such as plant height, root length, fresh and dry
weight; after 60 days of different treatments of five
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different plants, in each replication. Dry weight was
obtained after drying at 80 °C until a constant weight was
recorded.

Leaf CO, Photosynthetic Rate (Py) and Stomatal
Conductance (gs)

The measurements of Py and gs of 60-days-old rice seed-
lings were made on fully expanded leaves of five different
plants using an open system photosynthetic gas analyzer
(CI-304, CID, USA) under normal ambient environmental
conditions. The second and third leaf from the top was
selected and kept inside the chamber under natural irradi-
ance until stable reading was recorded. Measurements were
carried out at 33 £2°C, 70% relative humidity,
1014 £ 33 pmol m~2 s™' photosynthetic active radiation,
370 pmol CO, m™2 s™! and 21% O,.

Measurement of Chlorophyll Fluorescence

Chlorophyll fluorescence was measured on the same leaves
used for gas exchange measurements using a
portable chlorophyll fluorometer (JUNIOR-PAM, WALZ,
Germany) at 10-12 h. Different fluorescence parameters
like minimal fluorescence (Fo), maximal fluorescence
(Fm), and maximum photochemical efficiency of PS II (Fv/
Fm) were measured in 20 min dark-adapted leaves [13]. In
light adapted leaves at a PPFD of 400 pmol m~2 s~ (for
15 min), steady state fluorescence yield (Fs), maximal
fluorescence (Fm’) after 0.8 s saturating white light pulse
and minimal fluorescence (Fo’) were measured. Further,
yield of PSII photochemistry (Y II), quenching value due to
non-photochemical dissipation of absorbed light energy
(NPQ) and the coefficient for photochemical quenching
(qP) were calculated [13].

Measurement of Chlorophyll, Carotenoid and SPAD
Index

The leaf Chl and carotenoid content was measured spec-
trophotometrically by taking absorbance at 663.6, 646.6
and 470 nm, as recently described in Bisoi et al. [16]. The
total chlorophyll and carotenoid contents were calculated
using the equations of Porra [17]. SPAD chlorophyll index
of 30 days old plants were made on the fully expanded leaf
of five (5) different plants using a SPAD 502 chlorophyll
meter (KONIKA MINOTA SENSING, JAPAN).

Measurement of Antioxidant Enzyme Activity
and Protein Content

After measurement of Chl fluorescence, the same leaf tis-
sue was used for assay of antioxidant enzyme activity, as

recently described, in the laboratory of authors [16]. In
brief, superoxide dismutase (SOD; EC 1.15.1.1) activity
was measured using the photochemical method followed
by Giannopolitis and Ries [18] with modifications sug-
gested by Choudhury and Choudhury [19]. Catalase (CAT;
EC 1.11.1.6) activity was measured by monitoring the
decomposition of H,O, which followed at 240 nm [20].
Ascorbate peroxidase (APX; EC 1.11.1.11) was assayed
following the method of Nakano and Asada [21] by mon-
itoring the rate of ascorbate oxidation at 290 nm
(E=28mM cm™"). Activity of guaiacol peroxidase
(GPX; EC 1.11.1.7) was assayed as the increase in absor-
bance at 470 nm caused by guaiacol oxidation
(E =26.6 mM cm™ ') following the method of Rao et al.
[22]. An aliquot of the extract was used to determine
protein content following Lowry et al. [23].

Statistical Analysis

Differences between various parameters were compared by
ANOVA using CROPSTAT (International Rice Research
Institute, Philippines). Mean values were compared by the
least significant difference (LSD, P < 0.05), wherever the
F test was significant. Correlation analysis and Duncan’s
multiple range tests were done by the CROPSTAT
software.

Results and Discussion

Physicochemical Parameters of the Garden Soil
and Fly Ash

The nature of fly ash was alkaline (pH 8.10) and the fly ash
was low in nitrogen (N) and organic carbon (OC) as
compared to the garden soil (Table 1). The electrical
conductivity (EC) was more in fly ash as compared to
garden soil. The available phosphorus and potassium con-
tent was high in fly ash as compared to the garden soil. In
addition, fly ash also contains some toxic levels of ele-
ments such as Al,O3, Fe,03, P,Os, SO3, CaO, MgO, Na,O,
MnO, ZnO and CuO. However, fly ash has some physical
and chemical properties and the application of fly ash to
soil significantly improves the pH, EC, N and OC that
might be useful as soil amendment [1-3]. Fly ash had some
lime equivalence due to which there was an increase of soil
pH, but at low level of fly ash amendments, no visible
adverse effect was observed as reported earlier [4, 5].
Increase of EC values due to fly ash application could
suggest that it facilitates leaching of soluble salts from fly
ash causing the eventual availability or entry of metal
nutrients to growing plants, as reported earlier [4].
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Table 1 Physicochemical parameter of garden soil, fly ash and different percentage of fly ash amended soil used for the experiment

Parameters Garden soil FA-25% FA-50% Fly ash LSD * P < 0.05
pH 6.54 + 0.20° 6.78 + 0.10° 7.30 £ 0.04° 8.10 + 0.10¢ 0.11

EC (uMho cm™ ") 48 + 11.00° 72.0 + 8.50° 102.5 + 3.50° 128 + 10.0¢ 11.2

Nitrogen (N) in ppm 0.23 £ 0.03° 0.29 + 0.03° 0.13 £ 0.04* 0.09 + 0.02° 0.05
Phosphorus (P) in ppm 0.08 & 0.01° 0.13 + 0.01° 0.16 & 0.02° 0.16 & 0.03° 0.03

Potassium (K) in ppm 0.37 £ 0.05* 0.51 £ 0.03° 0.59 + 0.07° 0.56 + 0.03° 0.05

Organic carbon (OC) in ppm 0.28 £ 0.01° 0.17 £ 0.02* 0.14 £ 0.06* 0.11 £ 0.02* 0.07

Data are the mean of three replications =+ standard deviation. In a row means followed by the same letter are not significantly different at the 5%

level by Duncan’s multiple range test

Growth Parameters

The shoot and root length of both varieties of the rice
seedlings remarkably increased under 25% of fly ash-
amended soil as compared to garden soil but significantly
(*P < 0.05) decreased under 50 and 100% of fly ash
treatments. Similarly, the fresh and dry weights of rice
seedlings increased under low level of fly ash—amended
soil (Table 2). The result suggests that 25% of fly ash in
soil improves the growth of rice seedlings because, in low
levels, fly ash increases the permeability of soil, moisture
holding capacity, reduces acidity and heavy metal avail-
ability [3]. Maximum reduction of rice growth was
observed under higher concentration of fly ash (100%)
indicating elevated levels of metal in contaminated soils
that can inhibit plant growth [16].

Leaf CO, Photosynthetic Rate, Stomatal
Conductance and Pigment Content

The CO, photosynthetic rate (Py) of 60-days-old rice
seedlings increased with 25% of fly ash-amended soil as
compared to garden soil, along with increase of stomatal
conductance (gs) (Fig. 1). However, these parameters sig-
nificantly decreased under higher concentrations of fly ash

(50, 100%). In addition, SPAD index, Chl and carotenoid
content did not significantly change in 25% fly ash-amen-
ded soil as compared to the control but remarkably
declined at higher levels of fly ash treatments (Table 3).
Low level of fly ash in soil improves the leaf photosyn-
thesis in rice that might be due to the improvement of soil’s
physical and chemical parameters [3]. The rapid drop in Py
under high concentration of fly ash was probably due to the
structural damage suffered by the photosynthetic apparatus,
as evident from the fall in the values of SPAD index, Chl
and carotenoid contents (Table 3). Overall, lower photo-
synthetic efficiency occurred under elevated levels of fly
ash in soil system due to the synergistic activities of dif-
ferent factors such as, decrease of Chl, carotenoid and
oxidative load [24]. This is in agreement with earlier
studies for other plant species [25, 26].

Chlorophyll Fluorescence

To clarify the alterations of PSII activity in rice seedlings
under different levels of fly ash-amended soil, the authors
measured different Chl fluorescence parameters such as Fo,
Fm, Fv/Fm, Y (Il), P and NPQ. In the present study, under
low levels of fly ash-amended soil (25%), Chl fluorescence
parameters did not significantly change (*P < 0.05) as

Table 2 Changes of growth parameters such as shoot length, root length, fresh weight and dry weight of 60 days old rice seedlings grown under

different concentration of fly ash amended soil

1

Concentration of fly ash (%) Shoot length (cm plant™ ")

Root length (cm plant™ ")

1

! Dry weight (g plant™ ")

Fresh weight (g plant’l)

IR 64 Kalajira IR 64 Kalajira IR 64 Kalajira IR 64 Kalajira
0 11.2° 12.9° 3.20° 418" 0.26° 0.33° 0.18° 0.20°
25 12.5° 13.6° 3.44° 4.40° 0.36 0.42° 0.22° 0.25°
50 09.1° 10.2° 2.14° 2.74° 0.22° 0.26° 0.13¢ 0.16°
100 07.9¢ 09.5¢ 1.82° 1.72¢ 0.14¢ 0.22° 0.11¢ 0.14¢
LSD * P < 0.05 0.6 0.84 0.07 0.03

Data are the mean of three replications. In a column means followed by the same letter are not significantly different at the 5% level by Duncan’s

multiple range test
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Fig. 1 Changes of CO, photosynthetic rate (Py) and stomatal
conductance (gg) in rice leaves grown in different concentration of
fly ash amended soil. The treatment 0, 25, 50 and 100 are different
percentage of fly ash amended in soil. The measurements were carried
out on fully expanded mature leaves at 30 £ 2 °C, 70% Relative
humidity, 1114 + 33 pmol m~2 s™' photosynthetic active radiation,
370 pmol CO, m2s™! and 21% O,. Data are the mean of three
replications and bars indicate the standard deviation of the means
(n = 3). Means followed by a common letter are not significantly
different at the 5% level by Duncan’s multiple range test

compared to the control seedlings. However, higher concen-
tration of fly ash (50 and 100%) significantly declined the
values of Fm, Fv/Fm, Y (I) and qP in rice seedlings (Fig. 2;

Table S1). Fo,the minimal fluorescence level, remarkably
increased in rice seedlings under high fly ash concentration.
This may be due to disruption in energy transfer into the
reaction centre and photo inhibition, as has been reported in
other plants and grasses [26]. The Fm, Fv and Fv/Fm can be
used to estimate the potential efficiency of PSII by taking dark
adapted measurements [27]. In the present study, these
parameters did not significantly change in low level of fly ash
amendments but significantly decreased at elevated concen-
trations of fly ash. This indicates that fly ash in high concen-
tration alters the PS II activity in rice seedlings.

The photosynthetic quenching (qP) that represents the
energy consumed in photosynthesis and NPQ is the amount of
dissipated irradiation into heat [28]. The qP and NPQ did not
significantly chang in low level of fly ash amended soil but a
decline in qP and increase of NPQ in rice seedlings were
observed under high fly ash concentrations (Fig. 2). This sug-
gests that there was a decrease in the quantum efficiency of PSII
photochemistry; either due to decrease in the rate of primary
charge separation or by increase of heat dissipation under ele-
vated levels of fly ash. In the present study, the authors observed
that there was an inverse relationship between gP and NPQ as
well as between Y (II) and NPQ, in rice. This was in line with
the results reported for other stress [13].

Levels of Antioxidant Enzyme Activity and Protein
Content

To explain the oxidative protective mechanism in rice
seedlings under different treatments of fly ash-amended
soil, the authors measured the levels of the activities of
some antioxidant enzymes. The activities of SOD, APX,
GPX and CAT increased in both varieties of rice seedlings
grown under low levels of fly ash (25%) amended soil as
compared to control plants (Fig. 3; Table S2). This early
rise of enzymes was the response to active oxygen species
caused by metal ion present in fly ash. Possibly, increased
levels of active oxygen stimulate the cellular protective
mechanism to mitigate damages [14]. However, high
concentration of fly ash significantly decreased the

Table 3 Changes of SPAD chlorophyll index, chlorophyll and catotenoid content in rice leaves grown in different concentration of fly ash

Concentration of fly ash (%)  SPAD chlorophyll index (rel.)

Chlorophyll content (mg g71 Fwt.)

Carotenoid (mg g~ ' "Fwt.)

IR 64 Kalajira IR 64 Kalajira IR 64 Kalajira
0 2627 + 0.5° 25.08 + 0.5° 3.18 £ 0.002° 2.09 £ 0.10° 020 &+ 0.04*  0.13 + 0.01°
25 25.26 + 0.5° 27.55 + 0.1° 321 + 0.01° 2.28 + 0.02° 021 &+ 0.03*  0.14 + 0.03°
50 23.19 £+ 0.5° 22.02 + 1.2° 235 + 0.10° 1.89 + 0.01° 0.16 £ 0.01°>  0.11 + 0.01°
100 20.60 + 0.4° 19.77 + 0.5¢ 1.81 + 0.20° 1.02 + 0.30° 0.12 £ 0.01°  0.09 &+ 0.03°
LSD * P < 0.05 1.44 0.33 0.03

Data are the mean of three replications & standard deviation. In a column same letter are not significantly different at the 5% level by Duncan’s

multiple range test
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Fig. 2 Spider type visual plot showing quantitative extend of
changes in various chlorophyll fluorescence parameters in rice
seedlings grown in different concentration of fly ash amended soil.
The black circle with radius 1 represents garden soil (0) and 25, 50
and 100 are different percentage of fly ash amendments. Data are the
mean of three replications. Fo minimum fluorescence yield obtained
with dark-adapted leaf, Fm maximum Chl fluorescence yield obtained
with dark-adapted leaf, Fv variable fluorescence (Fm—Fo), Fv/Fm
maximal photochemical efficiency of PS II, NPQ non-photochemical
quenching, ¢P photochemical quenching, Y(II) yield of PSII
photochemistry

activities of SOD, APX, GPX and CAT; indicating the low
activity of rice leaves to decompose into H,O, and O,. This
has been reported for other crops too [29]. Another possible
cause of the reduction of these enzymes in rice seedlings
under high fly ash concentration is the decrease of the
production and/or activity of ROS [30]. In addition,
marked increase of protein content was observed in low
level (25%) of fly ash-amended soil and decline in further
treatments (Fig. 3). This suggests that 25% of fly ash
amended soil is not deleterious for rice growth and that
heavy metals in fly ash induce the synthesis of stress pro-
teins [30]. Further, high concentration of fly ash may
decrease protease activities that seem to be a common
feature involved in metal toxicity in plants, affecting total
protein and growth of plants [7]. Our experiment showed a
positive correlation between antioxidant enzymes activities
with different photosynthetic parameters such as Py, gs,
Fm, Fv/Fm, gP and Chl but significant negative association
with Fo and NPQ (Table 4). The results suggest that the
maintenance of photosynthetic activity in rice seedlings

@ Springer
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Fig. 3 Spider type visual plot showing quantitative extend of
changes in different antioxidant enzymes activities and protein
content in rice seedlings grown in different concentration of fly ash
amended soil. The black circle with radius 1 represents garden soil (0)
and 25, 50 and 100 are different percentage of fly ash amended soil.
SOD superoxide dismutase, APX ascorbate peroxidase, GPX guaiacol
peroxidase and CAT catalase. Data are the mean of three replications

under low level of fly ash amendment might be due to
better antioxidative protection from oxidatative damage.
Based on the present findings, soil amended at 25% fly ash
not only improved physical properties of the soil but also
contributed to better growth and photosynthesis in rice.
Higher levels of fly ash in soil amendments would be
detrimental because micronutrients are required in lower
doses and by increasing the levels of fly ash, the toxic
heavy metals load may increase [5]. Further, it is also
suggested that fly ash can be used in amending rice soils for
a year or two in a field but the continuous use of fly ash in
rice field, can cause leaching of toxic metals and lead to
permanent soil contaminations [4].

Conclusion

The study showed that fly ash-amended soil in low con-
centration (25%) could be beneficial in rice seedlings as it
improves growth and photosynthesis. It also helps in
maintaining PS II activity. The decline in CO, photosyn-
thetic rate in rice seedlings under high concentration of fly
ash was probably due to the structural and functional
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Table 4 Correlation co-efficient (r) value of different photosynthetic and chlorophyll fluorescence parameters with antioxidant enzymes

Parameters Fo Fm Fv/Fm qP NPQ Chl SPAD Pn gs

SOD — 0.80%* 0.83%%* 0.87%* 0.92%* — 0.82%%* 0.74%%* 0.87%* 0.87%* 0.84%*
APX — 0.83%* 0.79%* 0.86%* 0.84%* — 0.71%* 0.64%** 0.83%%* 0.88%%* 0.76%*
GPX — 0.62%%* 0.69%* 0.68%* 0.72%* — 0.52%%* 0.46%* 0.73%%* 0.74%%* 0.60%*
CAT — 0.67%* 0.79%%* 0.76%%* 0.68** — 0.70%* 0.69%* 0.76%* 0.79%* 0.78*%*

Total degrees of freedom = 23; **significance at P < 0.0/

alteration of PS II, stomatal conductance and as well as
chlorophyll damage. In addition, the results also suggest
that the maintenance of photosynthesis in rice seedlings
under low level of fly ash amendment might be due to
better antioxidative protection from oxidative damage.
Taken together, the finding is encouraging for an agro-
friendly use of low levels of fly ash (25%) in rice culti-
vation. However, additional research is necessary to know
the phytoaccumulation of metal in rice tissue. It could be
concluded that low level of fly ash can be used in amending
rice soil for a short period of time but continuous use of fly
ash can cause permanent soil contamination by increasing
the load of toxic metals.
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