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Heavy metals at more than threshold concentration interfere with usual physiological processes
of plants. Arbuscular mycorrhizal (AM) fungi which form symbiotic association with plant root
is reported to ameliorate abiotic and biotic stress. The present study was conducted to
evaluate the effects of AM fungi Rhizophagus irregularis inoculation to Eleusine coracana
growing under different concentration of Zinc in pot culture experiment. Plant growth parameters
such as root length, shoot length and bio-mass, physiological parameters such as total
chlorophyll, carbohydrate, protein, reducing sugar, free amino acid and proline content,
antioxidative enzyme CAT and GPX activity were analyzed. Zn concentration of 100 ppm
enhanced plant growth and physiology, where as high concentration of Zn (300 & 500 ppm)
caused stress to the plant resulting in reduction in AM root colonization and spore density.
However, the AM inoculation alleviated the Zn stress in all the treatments by enhancing anti-
oxidation enzyme activities. The AM inoculation has, therefore, the potential to alleviate Zn

stress in E. coracana.

© 2019 Orissa Botanical Society

1. Introduction

Zinc (Zn) is a heavy metal and essential micronutrient
for plants (Reeves and Baker, 2000). It acts as cofactor for
several enzymes such as RNA polymerases, anhydrases,
dehydrogenases, oxidases, peroxidases (Cakmak, 2000) and
regulates synthesis of protein, nucleic acid metabolism,
Photosynthesis, carbohydrate metabolism and auxin
synthesis (Palmer and Guerinot, 2009). The acute deficiency
of Zn results in physiological stress with several visible
symptoms like stunted growth, small leaves, chlorosis of
leaves, necrotic leaf tips, sterility of spikelets etc. (Sharma
et al., 2013). Besides, at high concentrations Zn is reported
to be potentially toxic (Ozdener and Aydin, 2010).
Anthropogenic releases of zinc and its compounds to the
environment are from dust and fumes from mining, zinc
production and processing facilities, brass works, coal and
fuel combustion, refuse incineration, iron and steel
production etc. (EPA 1980d; Raymond et al., 2011).
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Myecorrhiza is the symbiotic relationship between
a group of fungi and roots of higher plants (Smith and
Read, 2008). Arbuscular Mycorrhiza (AM) is the most
widespread mycorrhizal symbiosis in which the fungus
develops hyphae, arbuscules and vesicles by entering the
cortical cells of the plant roots. AM fungi provide a direct
physical linkage between the soil and plant roots by their
extrametrical mycelia. The AM association is reported to
enhance plant tolerance to biotic and abiotic stresses (Augg,
2001; Beltrano et al,, 2008). The interaction between AM
colonization and accumulation of toxic elements is an area
of considerable interest relating to both production of safe
food and bioremediation programs (Smith et al., 2009).

Eleusine coracana (L.) Gaertn. commonly known as
finger millet is one of the nutritious staple crops of India
cultivated since ancient times. Its grains are rich source of
calcium, magnesium, potassium, methionine and tryptophan,
which is lacking in the diets of poor people living on starchy
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foods like cassava, polished rice and maize meal (Fernandez
et al., 2003; Devi et al, 2014). Wheat and rice provide food
security, but crops like finger millet promise nutritional
security for the world (Singh and Raghuvanshi, 2012). It is
a climate resilient crop and considered as a future crop in
the context of climate change (Gupta et al., 2017). The
present study was designed to assess the effect of Zn
stress and AM association on growth and physiology of E.
coracana.

2.  Materials and methods
2.1 Seed collection and surface sterilization

Seeds of Eleusine coracana were collected from
Regional Pulse Research Centre, Odisha University of
Agriculture and Technology (OUAT), Berhampur, Odisha.
Healthy seeds were selected and surface sterilized in 0.1%
mercuric chloride for 5 minutes followed by washing with
sterile distilled water several times to remove the traces
mercuric chloride from seed. The surface sterilized seeds
were then processed for seed germination.

2.2 AM inocula

Rhizophagus irregularis (Blaszk., Wuet, Renker &
Buscot) C. Walker & A. Schiiller 2010 (Formerly Glomus
intraradices) was procured from Ambika Biotech and Agro
Services, Madhya Pradesh by the generic name Root Care
containing 100000IP (IP: Infective Propagule) containing
spores and hyphae per kg of the carrier material.

2.3 Zn treatment

Zinc Sulphate (ZnSO,) was used as the source of Zn.
To prepare 1000ppm stock solution, 4.39g of Zinc sulphate
was added to 1000ml water. Appropriate dilutions were made
to the stock solution to get different concentration of
treatment solutions.

2.4 Seed germination study

For seed germination study 10 no. of surface
sterilized seeds were placed in sterilized petriplates over
different Zn treatment solution (0, 100, 200, 300, 400, 500 and
600ppm) saturated cotton pads with for germination. The
seeds were allowed germinate at 25UC under darkness for
3 days.

2.5 Pot culture and experimental design

Pot culture experiment was carried out in polybags
containing sterilized potting mix composed of dry soil and
sand (2:1, v/v) sieved through 2mm diameter sieve with
organic manure (3:1, v/v). Potting mixture was sterilized by
autoclaving for 1hr at 121°C and 15psi on alternate days 3

times to make the substrate free from any mycorrhizal
contamination. The basic physico-chemical properties of
the potting substrate were pH: 6.3, EC: 0.052 dSm™', organic
carbon: 16g kg, Avl. N: 148 mg kg'!, Avl. P: 93 mg kg™', Avl.
K: 298 mg kg!, Zn: 1.83 mg/kg. Each poly bag was filled
with 2kg of substrate mixed with 20g of AM inocula
containing approx. 2000IP and 12 no. of E. coracana seeds
were sown. After 7 days of seed germination appropriate
level of Zn dissolve in water was added. Experiment was
randomized with 4x2 factorial designs consisting of four Zn
addition level (0, 100, 300 and 500ppm) and two inoculation
treatments (non-mycorrhizal and mycorrhizal). The treatments
were (1) TO (NM): Non-Mycorrhizal + Oppm Zn, (2) TO(M):
Mycorrhizal + Oppm Zn, (3) T100 (NM): Non-mycorrhizal +
100ppm Zn, (4) T100(M): Mycorrhizal + 100ppm Zn, (5):
T300 (NM): Non-mycorrhizal + 300ppm Zn, (6) T300(M):
Mycorrhizal+300ppm Zn, (7) TS00(NM): Non- mycorrhizal +
500ppm Zn, (8) T500(M): Mycorrhizal + 500ppm Zn stress.
Each treatment had 3 replicates and different parameters
were analyzed after 45days growth.

2.6 Growth and morphological parameters

For study of root and shoot length, the root and
shoot were detached and individual length of root and
shoot length were measured and expressed in centimeter.
Fresh weight of the root and shoot were measured in electric
balance. The plant materials were then kept in a hot air oven
at 80UC for 3 hr and the dry weight was measured. Both
fresh weight and dry weight expressed in g.

2.7 Biochemical parameters

Biochemical parameters such as chlorophyll
content (Arnon et al, 1949), total carbohydrate by the
Anthrone reagent method (Hedge and Hofreiter, 1962), total
protein content by Lowry Method (Lowry et al., 1951),
reducing sugar (Nelson, 1994), Free amino acid (Moore and
Stein, 1963) and Proline content (Bates et.al., 1973) were
estimated.

2.8 Anti-oxidative enzyme activity

Leaf tissues were ground to a fine powder in liquid N,
and then homogenized in 2ml of 50 Mm/l potassium
phosphate buffer (pH 7.0), ImM EDTA, 2mM D-iso ascorbic
acid, 2% (w/v) PVP & 0.05% (w/v) Triton X-100 using a
chilled mortar and pestle. The homogenate was centrifuged
at 10,000rpm for 10 min at 4°C and the supernatant were
collected and used for the enzyme assay. Catalase (CAT)
activity was determined spectrophotometrically by
measuring the rate of H,O, disappearance at 240nm (Aebi,
1984) and GPX activity was measured spectrophotometrically
at 470 nm as increase in absorbance due to guaiacol oxidation
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(Hemeda & Klein, 1990). The enzyme activity was expressed
as U g protein.

2.9 Estimation of mycorrhizal root colonization

The roots were washed thoroughly and were cut (1cm),
cleared in 10%KOH, bleached in H,O, for 5 min, acidified
with 2% HCI and stained in trypan blue (0.05%) as per

and inhibiting the germination rate. lonic toxicity and osmotic
stress caused of drastic effects of heavy metal salts on seed
germination (Shaukat ef al., 1999).

3.2 Mycorrhizal root colonization and AM spore density

The mycorrhizal root colonization was not detected in
non-inoculated plants. Among the mycorrhiza inoculated

No. of root colonized with AM

Mycorrhizal colonization (%) =

Total no. of roots inspected X 100
Occurance (%) of a particular AM structure
No. of root with aparticular AM structure 100

Total no. of roots colonised with AM

Phillips and Hayman (1970). The level of colonization in
each root segment was measured by the method of
Giovannetti & Mosse (1980) which involved gentle
squashing of stained root segment on a microscope slide
after covering with a cover slip. The percentage of
mycorrhizal colonization was estimated by following formula:

2.10 Estimation of AM spore density

AM fungal spores were extracted from potting
substrate by wet sieving and decanting method of
Gerdemann & Nicholson (1963) followed by sucrose density
gradient centrifugation technique as described by Daniel
and Skipper (1982). The AM spores were washed into a
filter paper using a stream from wash bottle and the filter
paper containing spores were kept in a petriplates. Isolated
spores were counted over a gridded filter paper under stereo
zoom microscope at 40x magnification.

2.11 Statistical analysis

The significant difference between parameters by the
level of Zn addition and AM inoculation is statistically
analyzed by two way analysis of variance (ANOVA) at P<
0.05 using MS excel.

3. Results & discussion
3.1. Germination study

The percentage of seed germination of . coracana in
different conc. of Zn was presented in Figure 1. In control
condition (Oppm) there was 100% seed germination and as
conc. of Zn increased there was decrease in the rate of
germination. At 600ppm of Zn there was 50% seed
germination, hence it was considered as LC50. The findings
indicated that higher than 200ppm Zn is showing toxicity

treatments AM structures hyphae, arbuscules and vesicles
were observed (Table 1). The AM colonization increased
with increasing Zn conc. at 100ppm than control but
decreased at 300 and 500ppm. The formation of vesicle is
drastically reduced (32%) in response to 500ppm Zn than
hyphae and arbuscules. The spore density was also highest
at 100ppm and again decreased with increasing conc. of Zn.

0 100 500 600

200 300 400
Figure 1. Seed germination under different concentration of Zn
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Regarding the effects of heavy metal on mycorrhizal
colonization positive, negative or neutral reports are available.
AM root colonization of maize and mycorrhizal spore density
in the heavy metal metal Cd, Zn, Pb, and Cu polluted field
were higher than that in the uncontaminated field
(Weissenhorn et al., 1995b) and higher mycorrhizal
colonization in Viola calaminaria was observed in highly
contaminated sites with Zn and Pb (Hildebrandt ef a/.,1999).
Weissenhorn et al. (1995a) and Diaz et al. (1996) reported
no correlation between AM association and the degree of
heavy metal pollution in a field soil. Chao and Wang (1990)
reported mycorrhizal infection rate of maize was reduced by
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Table 1

Mycorrhizal root colonization (%) in Eleusine coracana under different treatments.

Zn Conc. Total AM (%) Arbuscules (%) Vesicle (%) Spore Density (No. of spore /100g soil)
Oppm 95 88 # 116
100ppm 100 89 68 138
300ppm ) 77 61 105
500ppm 86 73 52 )

the addition of heavy metals (Zn, Cu, Ni, Cr, Pb and Cd). Pb
contamination inhibited mycohrrizal colonization of
leguminous tress Robinia pseudoacacia (Yang et al., 2015)
and tomato plant (Chen et al., 2005). All these reports
suggested impact of heavy metal on mycorrhizal colonization
differ among host plant species. Thus, the observation of
present study revealed that the E. coracana is sensitive to
high level of Zn stress and reducing the AM colonization.

3.2 Growth parameters

Growth parameters like shoot length, root length, fresh
weight and dry weight showed enhancement at 100ppm Zn,
but significant reduction at 300 and 500ppm Zn addition in
both mycorrhizal and non mycorrhizal plants (Table 2).
However, all the growth parameters were higher in
mycorrhizal plants than non mycorrhizal plants. Similar
results were reported in tomato (Lopez-Millan et al., 2009)
and barley (Wu et al., 2008). Enhancement of growth at
100ppm of Zn indicated that it might have compensated the
Zn deficiency in the soil. The reduction in plant growth
under high levels of Zn was water potential, hampered
nutrient uptake and secondary stress such as oxidative
stress (John et al., 2009). Shetty ef al. 1994 reported that the
plant growth inhibition in zinc contaminated sites was due
to interference of zinc with phosphorous uptake by plants
and the application of arbuscular mycorrhizae (AM formerly
VAM) fungi increased plant biomass even at elevated levels
of Zn in the soil.

3.3 Biochemical parameters

The total chlorophyll, total carbohydrate, reducing
sugar and protein content (Table 3) in the leaves of E.
coracana showed increase at 100ppm Zn, but there was
significant decrease at higher conc. like 300 and 500ppm of
Zn in both mycorrhizal and non mycorrhizal plants. Interesting
to note that mentioned parameters were higher in mycorrhizal
plants than non mycorrhizal plants in all the treatments.
Further, total free amino acid and proline content (Figure 2
a & b) was recorded to increase in with Zn stress which was
again reduced by AM association.

The reduction in chlorophyll content might be due to
Zn induced oxidative stress (Gallego et al., 1996). The heavy
metal stress affect the synthesis of chlorophyll enzymes
(Padmaja et al., 1990), thereby reducing the photosynthesis
of the plants and reduce the growth of plants under abiotic
stress (Wu and Xia, 2006). Like other heavy metals, excess
Zn reported to show marked alterations in electron transport,
membrane permeability and uptake and transloca-tion of
nutrient elements (Wang et al., 2009b). Chavan and Banerjee
(1980) reported that Zn toxicity appear to be due to Fe
deficiency. The absorption and translocation of plant
nutrients like Fe, Mg, K, P and Ca depended on Zn
concentration in soil (Cayton et al., 1985) and high level of
Zn might have caused mineral imbalance. The findings
indicated that 100ppm of Zn might have compensated the
Zn deficiency of soil and resulted increased in growth and
biochemical parameters, but at high conc. (300 & 500ppm)
Zn have become toxic to the plant and inhibit their
physiology. The improvement in plant growth and
physiology with AM association at high Zn Conc. as
observed in the present study was supported by Lingua et
al., (2008)

Increase in free amino acid content with increasing Zn
conc. can be correlated hydrolysis of protein to amino acid
leading to decrease in protein content. Assessment of proline
content is an important parameter to evaluate the effect of
stress on plants (Mohanty and Patra, 2011). Proline acts as
a non-enzymatic free radical scavenger, an osmo-protection
(Khan et al. 2002) and a redox potential buffer (Molinari et
al. 2007), thereby protecting the cells from damage. The
reduction in the amount of free amino acid with AM
association might be due to reduction in protein degradation.
The lesser accumulation proline in mycorrhizal than non
mycorrhizal plant can be related to stress amelioration effect
of AM association under abiotic stress (Borde et al., 2011;
Damaiyanti et al., 2015)

3.4 Antioxidative enzyme activity

Findings of the present study revealed that anti-
oxidative enzyme CAT and GPX activity increased in
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Table 2
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Growth parameters of E. coracana under different treatments

Different treatments

Shoot length (cm)

Root length (cm)

Fresh Weight (g)

Dry Weight (g)

TO (NM) 34.5+1.1 14.8+0.37 2.06+0.08 0.831+0.03
TO(M) 36.3+1.4 16.1+0.40 2.37+0.06 0.852+0.01
T100 (NM) 34.8+1.2 15.9+041 2.15+0.04 0.861+0.09
T100(M) 37.1+1.7 17.6+0.47 2.3140.06 0.881::0.009
T300 (NM) 324411 13.1+0.31 1.51+0.03 0.799+0.01
T300(M) 35.8+1.3 14.7+0.44 1.88+0.05 0.82+0.07
T500(NM) 30.1+1.0 10.3+0.27 0.93+0.08 0.733+0.06
T500(M) 33.9+1.1 12.4+0.34 1.23+0.06 0.772+0.06
Table 3

Biochemical parameters of Eleusine coracana under different treatments

Different treatments  Total Chlorophyll Carbohydrate Reducing sugar Protein content
(mg/g FW) content (mg/g FW) content (mg/g FW) (mg/g FW)
TO (NM) 0.969+0.023 36.37+0.83 7.13£0.36 9.63+0.43
TO(M) 0.983+0.027 37.82+0.88 8.79+0.49 10.87+0.28
T100 (NM) 0.997+0.026 36.89+0.76 9.5340.11 11.23+0.33
T100(M) 1.378+0.029 40.11+0.9 1021+0.13 12.54+0.39
T300 (NM) 0.672+0.026 25.9+0.95 6.43+0.23 6.97+0.21
T300(M) 0.796+0.031 30.19+0.81 7.76+0.16 8.37+0.39
TS00(NM) 0.362+0.021 21.04+0.93 4.8+0.21 4.05+0.25
T500(M) 0.562+0.03 24.24+0.89 5.3540.1 5.01+0.19
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Figure 2: Free amino acid (a) and proline content (b) of E. coracana under different treatments

mycorrhizal plants than non mycorrhizal plant in all the
treatments (Figure 3 a &b). Plants scavenge ROS generated
in response to stress by stimulating antioxidant enzymes
(Rout et al., 2017). Though Zn is essential for biological
system, excess of Zn can promote generation of Fenton-
type ROS (Emamverdian et al. 2015). AM association is
reported to enhance antioxidant enzyme activity in
mycorrhizal plant than non mycorrhizal plant in salinity stress

(Latef, 2011), and heavy metal lead (Yang et al., 2015) and
Zn stress (Rout et al., 2019). The induction of antioxidant
enzymes during appressoria formation attributed to a defense
response of plants during the early stage of symbiosis
development (Hajiboland ez al., 2010). The general
stimulation SOD, CAT, POD and APX of plant roots
associated with AM compared to non-AM roots (He ef al.,
2007) could be related to enhanced activity of CAT and
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Figure 3(a-b): Antioxidant enzyme CAT (a) and GPX (b) activity in E. coracana under different treatments.

GPX of mycorrhizal plant in Zn stress. The CAT activity
was highly sensitive to Zn stress than GPX as its activity
was drastically reduced at 500ppm Zn.

4.  Conclusion

The AM inoculation under Zn stress improves the
plant growth in terms of better biomass accumulation,
physiology in terms of cholorophyll, carbohydrate, protein
and reducing sugar content of E. coracana. Enhance
antioxidative enzyme activities and proline accumulation may
contribute for ROS scavenging activity in mycorrhizal plants.
The stress ameliorative effect of AM association is higher
at low conc. (100ppm) than high conc. (500ppm) which is
positively correlated to percentage of root association. The
present study suggested that AM association enhanced
the plant tolerance to Zn stress but very high level of stress
is inhibitory for AM colonization. Further study is required
to understand the AM-heavy metal interaction and
mechanism of stress alleviation.

Acknowledgements

Authors are thankful to Science & Technology
Department, Govt. of Odisha for financial support. The
financial support under UGC (DRS-SAP-III) and DST-FIST
to Department of Botany Utkal University is also gratefully
acknowledged.

References

Aebi, H. (1984). Catalase in vitro. Methods Enzymol. 105:
121-126.

Arnon, D.I. (1949). Copper enzymes in isolated chloroplasts.
Polyphenoxidase in Beta vulgaris. Plant physiol. 24:1-
151.

Augé, R. M. (2001). Water relations, drought and vesicular—
arbuscular mycorrhizal symbiosis. Mycorrhiza 11:3—42.

Bates, L.S., Waldran, R.P. and Teare, [.D. (1973). Rapid
determination of free proline for water stress studies.
Plant and Soil 39:205-208.

Beltrano, J. and Ronco, M. (2008). Improved tolerance of
wheat plants (Triticum aestivum L.) to drought stress
and rewatering by the arbuscular mycorrhizal
fungus Glomus claroideum: Effect on growth and cell
membrane stability. Braz. J. Plant Physiol. 20: 29-37.

Borde, M., Dudhane, M., and Jite, P. K. (2011). Growth
photosynthetic activity and antioxidant responses of
mycorrhizal and non-mycorrhizal bajra (Pennisetum
glaucum) crop under salinity stress condition. Crop
Prot. 30:265-271. (doi: 10. 1016/j.cropro.2010.12.010)

Cakmak, I. (2000). Role of zinc in protecting plant cells from
reactive oxygen species. New Phytol.146:185-205.

Cayton M.T.C., Reyes E.D., Neue H.U. (1985). Effect of zinc
fertilization on the mineral nutrition of rice differing in
tolerance to zinc deficiency. Plant and Soil 87(3): 319—
327.

Chao, C.C. and Wang, Y.P. (1990). Effects of heavy-metals
on the infection of vesicular—arbuscular mycorrhizae
and the growth of maize. J. Agric. Assoc. China. 152:
34-45.

Chavan, A.S. and Banerjee, N.K. (1980). Fe-Zn interaction in
a black loamy soil as studied on rice crop. Ind. Soc.
Soil Sci. 28: 203-205.

Chen, X., Wu, C., Tang, J., Hu, S. (2005). Arbuscular
mycorrhizae enhance metal lead uptake and growth of
host plants under a sand culture experiment.
Chemosphere. 60(5):665-671.

Damaiyanti, D. R. R., Aini, N. and Soelistyono, R. (2015).
Effects of arbuscular mycorrhiza inoculation on growth
and yield of tomato (Lycopersicum esculentum Mill.)
under salinity stress. J. Degrad. Mining Lands Manage.
3:447-452. (doi: 10.15243/jdmIm.2015.031.447)

Daniels, B.A. and Skipper, H.D. (1982). Methods for the
recovery and quantitative estimation of propagules
from soil. In: Schneck NC. (eds.) Methods and
principles of mycorrhizal Research. American



18 Deeptimayee Panigrahy, Mama Sahoo and Bandana Kullu

Phytopathological Society, St Paul, Minnesota; pp.
244.

Devi, P. B, Vijaya bharathi, R., Sathyabama, S., Malleshi, N.
G., and Priyadarisini, V. B. (2014). Health benefits of
finger millet (Eleusine coracana L.) polyphenols and
dietary fiber: a review. J. Food Sci. Technol. 51:1021—
1040. (doi: 10.1007/s13197-011-0584-9)

Diaz, G, Azcon-Aguilar, C. and Honrubia, M. (1996). Influence
of arbuscular mycorrhizae on heavy metal (Zn and Pb)
uptake and growth of Lygeum spartum and Anthyllis
eytisoides. Plant and Soil 180(2):241-249.

Emamverdian, A., Ding, Y., Mokhberdoran, F. and Xie, Y.
(2015). Heavy metal stress and some mechanisms of
plant defense response. Sci. World J. 2015:1-18.

EPA. (1980). Exposure and risk assessment for zinc.
Washington, DC: U.S. Environmental Protection
Agency, Office of Water Regulations and Standards
(WH-553). EPA440481016. PB85212009.

Fernandez, D. R., Vanderjagt, D. J., Millson, M., Huang, Y.
S., Chuang, L. T., Pastuszyn, A. (2003). Fatty acid,
amino acid and trace mineral composition of Eleusine
coracana (Pwana) seeds from northern Nigeria. Plant
Foods Hum. Nutr. 58:1-10. (doi: 10.1023/
B:QUAL.0000040323.67339.cb)

Gallego, S.M., Benavides, M.P. and Tomaro, M. (1996). Effect
of heavy metal ion excess on sunflowers leaves:
evidence for involvement of oxidative stress. J. Plant
Science 121: 151-159.

Gerdemann, J.W. and Nicolson, T.H. (1963). Spores of
mycorrhizal Endogone species extracted from soil by
wet sieving and decanting. Trans. Br. Mycol. Soc.
46:235-244.

Giovannetti, M. and Mosse, B. (1980). An evaluation of
techniques for measuring vesicular arbuscular
mycorrhizal infection in roots. New Phytol. 84: 489-
500.

Gupta, S.M., Arora, S., Mirza, N., Pande, A., Lata, C., Puranik,
S., Kumar, J. and Kumar, A. (2017). Finger Millet: A
“Certain” Crop for an “Uncertain” Future and a
Solution to Food Insecurity and Hidden Hunger under
Stressful Environments. Front. Plant Sci. 8:643. (doi:
10.3389/pls.2017.00643)

Hajiboland, R., Aliasgharzadeh, A., Laiegh, S.F. and
Poschenrieder, C. (2010). Colonization with arbuscular
mycorrhizal fungi improves salinity tolerance of tomato
(Solanum lycopersicum L.) plants. Plant and Soil. 331:
313-327

He, Z., He, C., Zhang, Z., Zou, Z. and Wang, H. (2007).
Changes of antioxidative enzymes and cell membrane
osmosis in tomato colonized by arbuscular mycorrhizae

under NaCl stress. Colloids Surf. B: Biointerfaces 59:
128-133

Hedge, J.E. and Hofteiter, B.T. (1962). Carbohydrate chemistry
17. Whistler, R.L. and Be Miller, J. N., Eds., Academic
Press, New York.

Hemeda, H.M. and Klein, B.P. (1990). Effects of naturally
occurring antioxidants on peroxidase activity of
vegetable extracts. J. Food Sci. 55(1):184—185.

Hildebrandt, U., Karldorf, M. and Bothe, H. (1999). The zinc
violet and its colonization by arbuscular mycorrhizal
fungi. J. Plant Physiol. 154:709-717.

John, R., Ahmad., P., Gadgil. K. and Sharma, S.(2009) Heavy
metal toxicity: Effect on plant growth, biochemical
parameters and metal accumulation by Brassica juncea
L. Int. J. Plant Prod. 3: 65-76

Khan, M. H, Singha, L. B. K. and Panda, S. K. (2002).
Changes in antioxidant leaves in Oryza sativa (L).
roots subjected to NaCl salinity stress. Acta Physiol.
Plant. 24(2):145-148.

Latef, A. A. H. A. and Chaoxing, H. (2011). Effect of
arbuscular mycorrhizal fungi on growth, mineral
nutrition, antioxidant enzymes activity and fruit yield
of tomato grown under salinity stress. Sci. Hort. 127
(3):228-233.

Lingua, G., Franchin, C., Todeschin, I V., Castiglione, S.,
Biondi, S. and Burlando, B. (2008). Arbuscular
mycorrhizal fungi differentially affect the response to
high zinc concentrations of two registered poplar
clones. Environ Pollut. 153 (1):137-147.

Lépez-Millan, A., Sagardoy,R., Solanas, M., Abadia, A., and
Abadia, J. (2009). Cadmium toxicity in tomato
(Lycopersicon esculentum) plants grown in
hydroponics. Environ. Exp. Bot. 65(2-3):376-385 -

Lowry,O.H., Rosebrough, N.J., Farr, A.L. and Randall,
R.J.(1951). Protein measurement with the Folin phenol
reagent. J. Biol.Chem.193(1):265-75.

Mohanty, M. and Patra, H. K. (2011). Attenuation of
chromium toxicity by bioremediation technology. Rev.
Environ. Contam. Toxicol. 210:1-34.

Molinari, H.B.C., Marur, C.J., Daros, E., de Campos, M.K.F.,
de Carvalho, J., Filho, J.C.B., Pereira, L.F.P. and Vieira,
L.G.E. (2007). Evaluation of the stress-inducible
production of proline in transgenic sugarcane
(Saccharum spp.): osmotic adjustment, chlorophyll
fluorescence and oxidative stress. Physiol. Plant.
130:218-229.

Moore, S. and Stein, W. H. (1963). Methods in Enzymology
(S.P Colowick and N.O. Kaplan.eds.), Vol.6,pp.819,
Academic Press New York.

Nelson N.A. (1994). Photometric adaptation of the Somogyi



Effect of AM inoculation on Eleusine coracana under Zn stress 19

method for the determination of glucose. J. Biol.
Chem.153:375-380.

Ozdener, Y. and Aydin, B.K.(2010). The Effect of Zinc on the
Growth and Physiological and Biochemical Parameters
in Seedlings of Eruca sativa (L.) (Rocket). Acta Physiol.
Planta. 32: 469-476.

Padmaja, K., Prasad, D. D. K. and Prasad, A. R. K. (1990).
Inhibition of chlorophyll synthesis in Phaseolus
vulgaris seedlings by cadmium acetate.
Photosynthetica 24: 399—405.

Palmer, C. M. and Guerinot, M. L. (2009).Facing the challenges
of Cu, Fe and Zn homeostasis in plants. Nat. Chem.
Biol. 5:333-340.

Phillips, J. M. and Hayman, D. S. (1970). Improved procedures
for clearing roots and staining parasitic and vesicular
arbuscular mycorrhizal fungi for rapid assessment of
infection. Trans Britain Mycol. Society 55: 158-161

Raymond, A., Wuana, F. and Okieimen, E. (2011). Heavy
Metals in Contaminated Soils: A Review of Sources,
Chemistry, Risks and Best Available Strategies for
Remediation,” ISRN Ecology, vol. 2011, Article ID
402647, 20 pages, 2011. (doi.org/10.5402/2011/402647).

Reeves, R. D. and Baker, J. M. (2000). Metal accumulating
plants. /n: H. Raskin and B. D. Ensley (Eds.)
Phytoremediation of toxic metals: using plants to clean
up the environment. John Wiley & Sons Inc., London.
Pp. 193-230.

Rout, J. R., Kerry, R. G., Panigrahi, D., Sahoo, S.L., Pradhan
C., Ram, S. S., Chakraborty, A. and Sudarshan, M.
(2019). Biochemical, molecular, and elemental profiling
of Withania somnifera L. with response to zinc stress.
Environ. Sci. Pollut. Res. 26: 4116—4129. (doi.org/
10.1007/s11356-018-3926-6)

Rout, J. R., Sahoo, S. L., Das, R., Ram, S. S., Chakraborty,
A. and Sudarshan, M. (2017). Changes in antioxidant
enzyme activities and elemental profiling of Abutilon
indicum L. subjected to copper stress. Proc. Natl.
Acad. Sci. India, Sect B (Biol. Sci.) 87(4):1469—-1478.

Sharma, A., Patni, B., Deepti, S. and Shankhdhar, S. C. (2013).
Zinc — An Indispensable Micronutrient. Physiol. Mol.
Biol. Plants 19(1):11-20 (DOI 10.1007/s12298-012-
0139-1).

Shaukat, S.S., Mushtaq, M. and Siddiqui, Z.S. (1999). Effect
of cadmium, chromium and lead on seed germination,
early seedling growth and phenolic contents of
Parkinsonia aculeata L. and Pennisetum americanum
(L.) Schumann. Pak. J. Biol. Sci. 2: 1307-1313.

Shetty, K.G., Hetrick, B.A.D., Figge, D.A.H. and Schwab A.P.
(1994). Effects of mycorrhizae and other soil microbes
on revegetation of heavy metal contaminated mine
spoil, Environ. Pollut. 86: 181-188.

Singh, P. and Raghuvanshi, R. S. (2012). Finger millet for
food and nutritional security. Afr. Journ. Food Sci.
6(4):77-84.

Smith, S. E. and Read, D. J. (2008). Mycorrhizal Symbiosis,
Ed 3. Academic Press, New York,

Smith, F. A., Grace, E. J. and Smith, S. E. (2009). More than
a carbon economy: nutrient trade and ecological
sustainability in facultative arbuscular mycorrhizal
symbioses. New Phytol. 182 (2):347-58. (doi: 10.1111/
j-1469-8137.2008.02753 x)

Wang, H., Liu, R. L. and Jin, J. Y. (2009b). Effects of zinc and
soil moisture on photosynthetic rate and chlorophyll
fluorescence parameters of maize. Biologia Plantarum
53:191-194.

Weissenhorn, I., Mench, M., Leyval, C. (1995a).
Bioavailability of heavy metals and arbuscular
mycorrhizae in a sewage sludge- amended sandy soil.
Soil Biol. Biochem. 127:287— 296.

Weissenhorn, L., Leyval, C., Berthelin, J.b(1995b).
Bioavailability of heavy metals and abundance of
arbuscular mycorrhiza in soil polluted by atmospheric
deposition from a smelter. Biol. Fert. Soils 19: 22-28.

Wu, Q. S. and Xia, R. X. (2006). Arbuscular mycorrhizal
fungi influence growth, osmotic adjustment and
photosynthesis of citrus under well-watered and water
stress conditions. J. Plant Physiol. 163, 417-425.

Yang, Y., Han, X., Liang, Y., Ghosh, A., Chen, J. and Tang,
M. (2015). The combined effects of Arbuscular
Mycorrhizal Fungi (AMF) and Lead (Pb) stress on Pb
accumulation, plant growth parameters, photosynthesis
and antioxidant enzymes in Robinia pseudoacacia L.
PLoS ONE 10(12): e0145726. doi:10.1371/
journal.pone.0145726.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


