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Abstract

Application of nanocompounds and plant growth promoting rhizobacteria (PGPR) plays an important role in improving
plant growth and soil health. In the present study, response of two PGPR (PS2-KX650178 and PS10-KX650179) along with
nanozeolite and nanochitosan was studied on Fenugreek (Trigonella foenum-graecum), on the basis of physiological and
biochemical parameters of soil and plant in pot experiment for 45 days. A significant increase (1.5-2 folds) in plant height,
leaf number, leaf area and fresh weight over control was observed in Fenugreek plants when treated with nanocompounds
and PGPR. Combined treatment also showed the highest level of total chlorophyll (3.27 mg g™ 1), sugar (6.14 pg mg™' dry
wt), soluble leaf protein (295.37 mg g~! fresh weight) and catalase activity (23.84 U g~! tissue) in Fenugreek plants. GC-MS
analysis of plant metabolites revealed the abundance of phenols which are known to improve biotic/abiotic stresses in plants.
Activity of Fluorescein Diacetate hydrolase enzyme was 2.5 times higher in the combined treatment of nanozeolite with
PS10 than in control. An increase of 11% in alkaline phosphatase activity was observed in the same treatment with respect
to control. The results obtained from the pot experiment clearly indicate that nanocompounds along with PGPR improved
the growth of plants and soil health which suggest their benefits in agriculture practices to increase crop production.

Keywords Fenugreek - Nanozeolite - Nanochitosan - Bacillus sp. - PGPR

Abbreviations TOC Total organic carbon

ZnONPs  Zinc oxide nanoparticles Nch Nanochitosan

CEC Cation exchange capacity Nz Nanozeolite

FDA Fluorescein diacetate SNPs Silver nanoparticles
Fe;0, Iron oxide

SWCNTs Single-walled carbon nanotubes
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Introduction

Several limiting factors like irrigation facilities, nutrient
management and shortfall of extension facilities are usually
related to low agricultural production in India (India Coun-
try overview 2008). Management of agricultural practices
using new technologies is found to be economical and envi-
ronment friendly. Application of nanocompounds in agri-
culture are reported to improve crop production (Rastogi
et al. 2019; Elsheery et al. 2020b). It is presumed that nano-
compounds used in agriculture practices may affect rhizos-
pheric microbiota, nature of root exudates and soil health.
Since plant health depends on the accessibility of essen-
tial micro/macro nutrients fixed, solubilized, or recycled
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through soil microorganisms; hence, a slight change in
microbial population can make a significant effect on plant/
soil health (Burke et al. 2015). Most of the soil enzymes are
secreted extracellularly by microbial population residing in
the rhizospheric regions of the plants and help in recycling
of nutrients which support microbial growth in the soil and
enhance crop production (Elliott et al. 1993). Introduction
of several chemicals, including pesticides, sludge, fertiliz-
ers etc. in the soil system may affect soil health drastically.
Disturbance in enzymatic activities of soil can be related to
microbiological state of a soil (Chai et al. 2015; Khalifa et al.
2017). However, according to Khati et al. (2019b), Kukreti
et al. (2020) application of nanocompounds at recommended
concentrations can improve the microbiological state of the
soil and help in maintenance of soil health.

Zeolites are low-density aluminosilicate compounds and
possess micropores of 0.3-2.0 nm dimensions (Szostak et al.
1992). Properties that make zeolites exceptionally desirable
for improving the physicochemical nature of the soil are its
uniform particle size distribution and large internal porosity
which result in high water retention and high CEC (Cation
Exchange Capacity) to hold available nutrients for long
(Ok et al. 2003). Micron-sized crystals of nanozeolites are
responsible for the performance of the compound. Decreased
crystal size of nanozeolite is found beneficial which broad-
ens the application of alumino silicates for different purposes
(Mintova et al. 2016). Application of nanozeolite @ 30%
in soil with alfalfa straw enhanced the fungal and bacterial
population (Aminiyan et al. 2018) and also improved soil
health under maize cultivation when applied @ 50 mg L™
(Khati et al. 2018).

Chitosan has outstanding biocompatibility, film forming
capacity, mechanical strength and antifungal property (Yang
et al. 2010). Nanochitosan has multifold antifungal property
in comparison to its bulk form hence can be used as a potent
and safe antifungal agent in agriculture practices (Yien et al.
2012). Application of nanochitosan on Camellia sinensis
leaves enhanced the defence response and accumulation
of defence enzymes (Chandra et al. 2015). Application of
nanochitosan on pearl millet showed enhanced percent seed
germination as compared to control (Siddaiah et al. 2018).
Parul (2019) also reported that nanochitosan and nanozeolite
along with PGPR improved maize yield under field condi-
tion as compared to control.

PGPR constitute about 2-5% of the entire rhizospheric
microbiota. Main bacterial genera belonging to PGPR are
Azospirillum, Acetobacter, Azotobacter, Pseudomonas, Bur-
kholderia, Paenibacillus and Bacillus etc. (Lugtenberg et al.
2001; Helaly et al. 2017). Generally, PGPR promote plant
growth directly by facilitating nutrient resource acquisition
or modulating the level of plant hormone and indirectly by
inhibiting the plant pathogens as biocontrol agents (Glick
2012; Naser et al. 2016). Chaudhary and Sharma (2019)
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reported that nanogypsum @ 50 mg L™ supports the growth
of PGPR in laboratory condition. Similarly, Khati et al.
(2019a) also reported that supplementation of nanozeolite
@ 50 ppm in medium supported the growth of Bacillus sp.
Very few studies are available on the association of nano-
compounds and PGPR and their impact on plants and soil
health. Therefore, the objective of this study was to analyse
the effect of nanocompounds (nanozeolite and nanochitosan)
and PGPR on the health of Fenugreek plants as well as on
the microbial activities of the soil under pot experiment.

Materials and methods
Bacterial strains and growth condition

Two bacterial inoculants (PS2 and PS10), used for the pre-
sent study were recovered from the rhizospheric soil of an
agriculture field located at Crop Research Centre of the Uni-
versity. Both the bacterial cultures were gram positive and
showed PGPR activities like indole acetic acid production,
phosphate solubilization, siderophore and ammonia pro-
duction (Khati et al. 2019a). Nanocompounds used in this
study were purchased from Intelligent Materials Pvt. Ltd.
India with stock numbers NS6130-09-905 and NS6130-09-
918, respectively. The size of nanozeolite was < 80 nm, pH
7-8, refractive index 1.47, purity 99.9% and bulk density
0.6-08 g cm™ (Khati et al. 2019b). The size of nanochi-
tosan was < 80 nm, pH 6—7 and purity 99%. To prepare bac-
terial inoculums for seed bacterization, nutrient broth (with
and without nanocompounds) was prepared, sterilized, and
inoculated with respective bacterial culture(s). Inoculated
medium was incubated at 30 °C for 24 h till the optical den-
sity reached 0.6 (10°=10° cfu m1™") at 600 nm. The con-
centration of nanocompounds used in the experiment was
50 mg L~!. Optical density was measured using UV—Vis
spectrophotometer (Shimadzu Corporation, Japan).

Pot trial and seed sterilization

A pot experiment was conducted to study the response of Nz
and Nch on soil and Fenugreek health in the departmental
net house of the University. A high yielding variety of Fenu-
greek (Pusa early bunching) was obtained from Vegetable
Research Centre, Govind Ballabh University of Agriculture
and Technology, Pantnagar. This variety of Fenugreek takes
about 125 days for seed formation and is resistant to downy
mildew and rots. Twenty-seven pots (5.0 kg capacity) were
filled with 3.0 kg of soil. After washing with running water,
healthy seeds were surface sterilized for 5 min in 0.2%
HgCl, solution. Sterilized seeds were rinsed 2-3 times with
sterilized distilled water.
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Seed bacterization

Sterilized seeds were dried and treated with actively
growing bacterial cultures/culture(s) supplemented with
nanocompound(s) individually under laminar air flow. Details
of different treatments are given in Table 1. Carboxy methyl
cellulose (1%) was added in the culture broth to help proper
adherence of bacterial culture to the seeds. Eight seeds were
sown per pot at the depth of 2.5 cm in the soil with the help
of sterilized forceps. Pots were regularly watered as per the
requirement (depending upon the soil moisture content).

Sampling of plants and soil

Seed germination percentage was calculated using the follow-
ing formula:

Number of germinated seedlings

Germination % = x 100

Total number ofseeds

Agronomical parameters

Fenugreek plants were harvested after 45 days of the experi-
ment. A number of leaves per plant, leaf area, plant height and
fresh weight were recorded. The method described by Yoshida
et al. (1972) was used to calculate leaf area.

Estimation of chlorophyll

After adding the fresh 50 mg chopped leaves in DMSO
(10 ml), tubes were incubated for 3 h at 60 °C in a water bath.
Chlorophyll was measured according to Hiscox and Israelstam
(1979).

Calculations:

(202 X Agss + 802 XAggs)

Total chlorophyll (mg g‘l) = 1000 X W

v

(12.7 % Ags + 2.69 X Ags)
X v

Chlorophyll a (mg g_l) = 1000 < W

Table 1 Details of nanocompounds and PGPR treatments

Treatments Abbreviations used
Absolute control Control
Nanozeolite Nz

Nanochitosan Nch

Bacterial culture PS2 PS2

Bacterial culture PS2 with nanozeolite PS2+Nz

Bacterial culture PS2 with nanochitosan PS2+Nch
Bacterial culture PS10 PS10

Bacterial culture with nanochitosan PS10+Nz
Bacterial culture with nanochitosan PS10+Nch

(229 X A . + 2.69 X Ag43)
Chlorophyll b (mg g_l) = ]?;80 <W 9 v

Estimation of carotenoid

Absorbance of the same extract (used for chlorophyll) was
recorded at 480 nm using spectrophotometer to estimate
carotenoid content in the plants (Kirk and Allen 1965).

Carotenoid (mg g_l)
[(A480 + 0.11 X Agg3) — 0.638 X Agys] v
= X
1000 x W

Estimation of total sugar

Fenugreek leaves were dried in hot air oven at 80 °C for 48 h
to estimate total sugar according to DuBois et al. (1956).
Dried leaves were powdered and added in 10 ml ethyl alco-
hol (80%) in a test tube. Homogenate was centrifuged for
15 min at 1000 rpm then 1 ml of supernatant was added in
4 ml ice cold Anthrone reagent. Mixture was shaken prop-
erly and boiled for 10 min in water bath. Absorbance was
recorded at 620 nm. The amount of total sugar was calcu-
lated by using glucose as standard.

Estimation of reducing and nonreducing sugars

The method of Nelson-Somogyi (1944) was adopted to esti-
mate reducing sugar. For this 1 ml of copper reagent was
added to ethanolic extract (1 ml) of plant leaves. Mixture
was heated for 20 min and then cooled. 1 ml of arsenomo-
lybdate reagent was added in mixture and incubated at 37 °C
for 15 min. Resulting solution was diluted with distilled
water and absorbance was recorded at 520 nm. Nonreduc-
ing sugar was estimated according to the formula given by
Loomis and Shull (1937).

Non-reducing sugar = (Total sugar — Reducing sugar) x 0.95

Protein estimation

The protein content of fresh leaves was estimated after
45 days following the method of Bradford (1976). Fresh
leaves were crushed by adding 5 ml of 0.2 M Tris Cl
(pH 8.0) to make fine slurry. Slurry was centrifuged at
10,000 rpm at 4 °C for 20 min and obtained supernatant
(0.1 ml) was transferred into fresh tubes and stored at 4 °C
till further use. 20 pl of protein extract was taken and the
volume was made 300 pl using double-distilled water. 3 ml
Bradford dye was added to the extract and incubated for
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5 min at 37 °C. Absorbance was recorded at 595 nm using
spectrophotometer.

Catalase test

The method of Luck (1963), as mentioned in Sadasivam
and Manikam (1992) was adopted to measure the catalase
activity in Fenugreek plants. 20% (w/v) homogenate of plant
leaves was prepared in H,0, phosphate buffer and centri-
fuged at 1000 rpm. 100 pl of enzyme extract was added in
3 ml of phosphate buffer in a cuvette and mixed properly.
Decrease in the absorbance was recorded at 240 nm.

Gas chromatography-mass spectroscopy analysis

Shade-dried Fenugreek leaves of 45 days old plants were
extracted in methanol. GC-MS analysis of plant extract was
performed using silica column (30 m 90.25 mm) with a gas
flow of 1 ml min~" at 8 °C using Shimadzu GC-MS QP Ver.
2010. Temperature was maintained at 240 °C. The organic
compounds present in different samples were identified by
comparing with the standards or the mass spectrum matched
with inbuilt library (Wiley 9). GC-MS analysis was out
sourced from Central Instrumentation Facility, INU, New
Delhi.

Soil analysis

Soil pH was determined by pH meter using 1:2.5 ratios of
soil and water. NH;—N, NO5-N, P,05 and total organic car-
bon (TOC) of the test soil were determined using soil testing
kit (Hi media).

Soil enzyme activity
Fluorescein diacetate (FDA) hydrolysis

A1 g fresh soil was incubated with 50 ml of 60 mM sodium
phosphate buffer (pH 7.6) and 0.5 ml of FDA solution as a
substrate. Suspension was incubated for 1 h at 24 °C with
continuous shaking. Aliquots (6 ml) were withdrawn at dif-
ferent time intervals. 2 ml acetone was added to terminate
the reaction. Soil suspension was centrifuged at 8000 rpm
for 5 min followed by filtration to obtain clear supernatant.
Absorbance was taken at 490 nm to quantify the end product
fluorescein (Schuner and Rosswall 1982).

Dehydrogenase activity

Dehydrogenase activity of the test soil was estimated accord-
ing to the method given by Casida et al. (1964) using TTC
(Triphenyl tetrazolium chloride) solution. 5 g soil was
added in 5 ml of TTC (2 g in 100 ml, 0.1 M Tris buffer,
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pH 7.4). Acetone solvent (25 ml) was added to extract tri-
phenyl formazan (TPF). Reaction mixture was centrifuged
at 4500 rpm for 10 min at 4 °C. Obtained supernatant was
filtered through Whatman filter paper No. 1. Absorbance was
recorded at 485 nm. Dehydrogenase activity was expressed
as ug TPF 5 g~! dry soil 8 h™L.

Alkaline phosphatase activity

To determine alkaline phosphatase activity, 1 g of soil was
added to a test tube containing 250 pl toluene. 4 ml of modi-
fied universal buffer (100 mM, pH11) and 1 ml p-nitro phe-
nyl triphenyl formazan (TPF) were added. Samples were
incubated at 37 °C for 1 h followed with addition of 1 ml
of CaCl,. After incubation 4 ml of Tris buffer (0.1 M, pH
12) was added to stop the reaction. Mixture reaction was
filtered using Whatmann filter no. 2. Enzyme activity was
determined by measuring the absorbance of product forma-
tion (i.e., pNP) at 400 nm and expressed as pg pNP g~ ! dry
soil 2 h~! (Tabatabai and Bremner 1969).

Statistical data treatment

Completely randomize design (CRD) was used to conduct
the pot experiment. The statistical analysis of plant and soil
parameters was carried out using an one-way analysis of
variance (ANOVA) with the help of SPSS, ver. 16.0 soft-
ware. Significant differences among means were tested with
Duncan’s Multiple Range Test (DMRT) at P <0.05. The data
represented in the tables and figures are expressed as means
of three replicates + standard deviation (SD).

Results
Germination percentage

Treated seeds showed enhanced percent seed germina-
tion than the control. Maximum germination (87.5%)
was observed in PS10+4 Nch and PS10+ Nz followed by
PS2 + Nch and Nz (79.16%), PS2 + Nz and PS2 (75%),
Nch (70.83%), PS10 (66.68%) treatments and lowest was
observed in control (66.66%) (Fig. 1).

Agronomical parameters

According to Table 2, maximum plant height (28.63 cm),
was observed in the soil treated with PS2 4 Nch followed
by PS10 (27.4 cm), PS10+ Nch (26.00 cm), PS2 (25.63),
PS2+ Nz (25.4 cm), Nch (24.53 cm), Nz (23.9 cm),
PS10+ Nz (22.93 cm) and lowest was observed in con-
trol (19.67 cm). Difference in the plant height of control
and other treatments was significant. Maximum leaf area
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Fig.1 Germination of Fenugreek under different treatments. Mean
values with standard deviation bars

(1.85 cm?) and number of leaves (94.66) were found in
PS2 + Nz treatment. Maximum (3.13 g) and minimum
(1.63 g) plant fresh weight was observed in PS2 +Nch and
PS10+ Nch treatments, respectively.

Chlorophyll and carotenoid content in plants

Total chlorophyll, chlorophyll a, chlorophyll 4 and carote-
noid content were maximum in PS2 + Nz treatment. Whereas
in other treatments percent increase in total chlorophyll was
11.40% (PS2 +Nch) and 10.64% (PS2) as compared to con-
trol. Maximum carotenoid content was observed in PS2 + Nz
and PS2 treated plants with 15.85% and 10.97% increase,
respectively over control (Table 3).

Sugar and protein content of Fenugreek leaves

Maximum level of total sugar (6.14 pg mg~! dry wt)
was observed in the plants treated with PS10 + Nz and
minimum (5.29 pg mg~' dry wt) in nanozeolite treated
plants. Results of pot experiment revealed that maximum
(1.26 ug mg~! dry wt) and minimum (0.95 pg mg~! dry
wt) levels of reducing sugar were observed in the plants
treated with PS2 4+ Nch and Nz, respectively. Effect of
the treatments on nonreducing sugar was insignificant
(Table 4). Maximum (295.37 pg mg~" fresh wt) and mini-
mum (222.78 pg mg~! fresh wt) levels of protein were

Table 2 Effect of

nanocompounds and PGPR Treatments Plant height (cm) Leaf area (cm?) No. of leaves Fresh wt (g)

on plant health parameters of Control 19.67 136" 1.05+0.18° 57.334£2.09° 1.39+0.14°

e plants n the pot Neh 2453 119 141 £0.24 64.00+3.21° 1.89+0.49%¢
Nz 23.90+3.25% 1.51+0.10% 62.00+ 1.00%° 1.77£0.16%°
PS10 27.40+1.904 1.45+0.05%¢ 80.33+3.31% 2.36+0.47"4
PS10+Nch 26.00+1.21% 1.59+£0.19% 69.00 +3.54® 1.63+0.17%
PS10+Nz 22.93+2.36% 1.53+0.03% 78.00 + 1.40%¢ 2.48 +0.44°¢%
PS2 25.63+2.36 1.43+0.15%¢ 77.66 +4.72¢ 2.33 +0.39%
PS2 +Nch 28.63+3.59¢ 1.53+0.39" 93.00+1.91¢ 3.13+0.68°
PS2+Nz 25.40+0.80* 1.85+0.32° 94.66+1.93¢ 2.94+0.12%

Table 3 Effect of
nanocompounds and PGPR on
total chlorophyll, Chl. a, Chl.
b and carotenoid content in
Fenugreek plants

Values within a column followed by single letters (a, b, ¢, d, ) show significant varietal difference by Dun-

can’s test. Mean + SD (standard deviation)

Treatments Total chl Chl. a Chl. b Carotenoid
(mgg™) (mgg™) (mgg™) (mgg™)

Control 2.63+0.11° 1.90+0.02° 0.75+0.03° 0.164 +0.003°
Nch 2.35+0.02° 1.70+0.07* 0.65+0.03 0.150+0.006
Nz 2.50+0.07° 1.78+0.07% 0.72+0.02% 0.162+0.002°
PS10 2.61+£0.04° 1.90+0.02° 0.72+0.03% 0.162+0.002°
PS10+Nch 2.58+0.04° 1.86+0.01% 0.73+0.02° 0.164 +0.005°
PS10+Nz 2.50+0.07° 1.82+0.02% 0.68+0.03%® 0.152 +0.005*
PS2 2.91+0.05° 2.11+0.08¢ 0.82+0.01¢ 0.182+0.007°
PS2+Nch 2.93+0.10° 2.08+0.07¢ 0.87+0.01¢ 0.180+0.002°
PS2+Nz 3.27+0.04¢ 2.31+0.06° 0.96+0.02° 0.190 +0.005¢

Values within a column followed by single letters (a, b, ¢, d, ) show significant varietal difference by Dun-

can’s test. Mean + SD (standard deviation)
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Table 4 Effect of

Protein
(g mg~! fresh wt)

Reducing sugar
(pg mg™" dry wo)

Nonreducing sugar
(hg mg™" dry wo)

Treatments Total sugar
nanocompoun@s and PGPR on (ng mg™! dry we)
sugar and protein content in
Fenugreek plants Control 5.43+0.26%

Nch 5.30+0.08%

Nz 5.29+0.25%

PS10 5.65+0.01°

PS10+Nch 6.13+0.06%

PS10+Nz 6.14+0.66°

PS2 5.50+0.31%®

PS2+Nch 5.66+0.99%

PS2+Nz 5.61+0.66%

0.98 +0.43* 4.22+0.21° 267.38+3.57°
1.03+0.02% 4.05+0.03? 288.58 +4.55%
0.95+0.10° 4.11+0.14% 22278 +7.22°
1.03+0.87% 4.38+0.09 241.61+2.30®
1.16+0.07% 4.71+0.02 277.06 +2.34%¢
1.16+0.15 473 +1.48 245.85+3.35°
1.09+0.23% 4.19+0.28" 273.26+1.89%
1.26+0.12° 429+0.11 295.37+1.17°
1.10+0.05® 4.17+0.82 290.27 +6.88%

Values within a column followed by single letters (a, b, c) show significant varietal difference by Duncan’s

test. Mean + SD (standard deviation)

30.00

20.00

10.00-] b

\\\\:0
DO\
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c PS2 P
Nch Ps10 PS10+Nz PS2+Nch
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Fig.2 Catalase activity in Fenugreek plants under various treatments.
Mean values with standard deviation bars

reported in the plants treated with PS2 + Nch and Nz,
respectively. Significant increase in the protein content
was noted in Nch (288 pg mg™' fresh wt), PS2 + Nch
(295.37 pg mg~! fresh wt) and PS2 + Nz (290.27 pg mg™!
fresh wt) treatments over control.

Catalase activity

Nanocompounds treated plants showed higher catalase
activity than the control. Fenugreek plants treated with
PS2 + Nch and PS2 showed maximum (23.84 U g™ ! tis-
sue) and minimum (4.07 U g~! tissue) catalase activity,
respectively. The rest of the treatments showed a remark-
able variation in catalase activity (Fig. 2).
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Fig.3 Peak area of alcohols, ketones, phenols and acids in leaf
extracts of Fenugreek plants under different treatments. Mean values
with standard deviation bars

GC-MS analysis of plant metabolites
under the treatments of nanocompounds and/
or bacterial cultures

Occurrence of various metabolites in Fenugreek plants
under different treatments was observed using GC-MS
analysis. Peak areas of alcohols, ketones, phenols and
acids of the treated plant samples were evaluated using
Wiley library 9 and their abundance is plotted in Fig. 3,
SM1-2. Level of phenols was maximum in combined
treatment of nanocompounds and PGPR. Level of alcohol
was high in Fenugreek leaf extract treated with Nch, Nz
and PS2 + Nz treatments. Variation in ketone level was
observed in all the treatments as compared to control.
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Soil analysis

The results of soil analysis are presented in Supplementary
material (SM3). None of the treatments affected soil pH
after 45 days of the experiment. However, level of dissolved
organic carbon was high in all the treatments but level of
available phosphate was medium in comparison to control.
Soil treated with only nanocompounds had medium to high
level of available phosphate (56-73 kg ha™!). Increased level
of available phosphate in treated soil could be related to
phosphate solublizing property of the bacterial cultures used
in the experiment. Available potassium was low in the con-
trol (> 112 kg ha™!) and the soil treated with only nanocom-
pounds showed a slight increase in the available potassium
(280-392 kg ha™!). Higher level of ammonical and nitrate
nitrogen was observed in all the treatments than control. As
per the observations, it can be concluded that no negative
effects were detected in analysed soil properties.

Soil enzyme activities

Significant increase in FDA activity was observed in all the
treated soil compared to control. FDA activity was maxi-
mum in PS10+Nz (3.50 pg g~! soil) followed by PS10+Nch
(2.72 pg g~ soil), PS2 +Nch (2.63 pg g~! soil), PS2+ Nz
(2.46 pg g7 ! soil), Nch (2.38 pg g~ ! soil), Nz and PS10
(2.13 pg g ! soil), PS2 (2.10 pg ¢! soil) and 1.36 pg g~ ' in
control after 45 days of the experiment. Maximum activity of
dehydrogenase enzyme was observed in PS10 (3.65 pg g 1)
followed by PS2 (3.26 pg g'), Nch (2.75 ug g7'), PS10+ Nz
(2.10 pg g1, PS2+Nz (2.05 pg g7'), Nz (2.00 pg g7,
PS10+Nch (1.85 pug g~ 1), PS2+4Nch (1.50 pg g~) treated
soil and least activity was observed in control (1.46 pg g~").
Alkaline phosphatase was maximum in PS10+4 Nz
(41.35 pg g7!) followed by PS2 (40.24 pg g1, PS10
(39.19 pg g7, PS2+Nch (39.02), PS10+ Nch and Nz
(38.68 pg g~ 1), Nch (38.08 pug g71), PS2+Nz (37.65 pg g7V,
and control had 37.13 pg g~! activity (Fig. 4).

Discussion

Significant improvement in plant health was observed
under the combined application of bacterial cultures and
nanocompound(s) in comparison to rest of the treatments.
The same treatment was also found beneficial for the main-
tenance of soil health. Seed germination of Fenugreek was
improved in treated seeds over control. Positive effect of
nanocompounds on seed germination may be related due
to increased availability of minerals and retention of water.
Zeolites can store large amount of water due to high poros-
ity which is made available to the seeds at the early stages
of seed germination (Phillips and Edwards 2006). Our

results are in accordance to an earlier study conducted by
Khati et al. (2017, 2018) on maize plants. They reported
that the application of nanochitosan and nanozeolite along
with Bacillus sp. improved maize growth and soil health.
Enhancement of percent seed germination in the presence of
nanochitosan in wheat was also reported by Ma et al. (2014).
Khodakovskaya et al. (2012) reported enhanced germination
rate in tomato as penetration of Carbon nanotubes supports
availability of water in seed coat. ZnONPs at a concentration
of 20 ug ml~! also promoted seed germination in onion, but
at higher concentration ZnONPs showed reduction in seed
germination (Raskar and Laware 2014). Application of TiO,
NPs gives better seed germination and boosts plumule and
radicle growth of canola seedlings (Mahmoodzadeh et al.
2013). Application of nano-SiO, also enhanced seed germi-
nation in tomato (Lycopersicum esculentum) (Siddiqui and
Whaibi 2014).

Increase in agronomical parameters, such as plant height,
fresh weight was observed in all the treated plants as com-
pared to control. Increase in plant height might be due to an
increased level of gibberallic acid which is found respon-
sible for shoot elongation (Stepanova et al. 2007). Appli-
cation of SNPs @ 50 ppm supported plant height, fresh
weight, root length of wheat seedlings significantly (Najafi
and Jamei 2014). Sharma et al. (2012) reported enhanced
fresh weight, root length and vigor index of Brassica jun-
cea seedlings on application of SNPs. Durairaj et al. (2015)
observed a gradual increase in plant height, chlorophyll
content, germination rate and protein content of Trigonella
foenum-graecum (Fenugreek), when treated with 50 pg
of nanoTiO,. Olanrewaju and Babalolo (2019) reported
that application of Pseudomonas sp. and Bacillus subtilis
enhanced the plant height, number of leaves, root length and
yield of maize crop. Appanna (2007) reported that auxins
produced by PGPR support plant growth and root elongation
which improves uptake of nutrients for plants. Elsheery et al.
(2020a) reported that zinc oxide nanoparticles improved
mango growth and productivity.

Total chlorophyll, chlorophyll a, chlorophyll b and carot-
enoid content were the highest in Fenugreek plants under
PS2 + Nz treatment. This may be due to the positive and
protected mechanism of combined treatment of nanocom-
pounds and PGPR. Our results on increased chlorophyll
and carotenoids content are in accordance to the results
reported by Jhanzab et al. (2015) on wheat when treated
with SNPs. Enhanced level of chlorophyll content may lead
to higher photosynthesis rate and ultimately a higher yield.
Wau et al. (2010) also reported increase in chlorophyll con-
tent, nitrogen use efficiency and grain yield in rice, treated
with nano-carbon. Spinacia oleracia treated with nano-
anatase TiO, showed 2.67 times more activity of rubisco
carboxylase enzyme over control (Gao et al. 2006). They
concluded that nano-anatase enhanced photosynthesis
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Fig.4 Effect of nanocompounds and PGPR on FDA hydrolysis, dehydrogenase and alkaline phosphatase enzyme activity. Mean values with

standard deviation bars

by molecular mechanisms of carbon reaction. Choudhary
et al. (2017) reported that application of Cu-chitosan NPs @
250 mg kg~! showed increased plant height, stem diameter,
root length, root number, and chlorophyll content in Zea
mays over control. Zinc oxide nanoparticles @ 400 mg kg™
was also reported to enhanced the chlorophyll content in
Coriandrum sativum (Pullagurala et al. 2018). Application
of silver nanoparticles (SNPs) improved sugar and chlo-
rophyll content in Brassica juncea and Gloriosa superba
and leads to a higher yield (Arora et al. 2012; Gopinath
et al. 2014). Similar results were observed in a study where
pear saplings, sprayed with Fe;O, nanoparticles showed
increase in total carbohydrate, total amino acids, nitrogen,
and iron content (Raliya and Tarafdar 2013). According to
Rastogi et al. (2019), Si-NPs directly interact with plants
and improve growth and yield due to their size and physico-
chemical properties.

Increase in protein and sugar content in different treat-
ments can be correlated to the findings by Raliya and

Pielase clla)l auan .
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Tarafdar (2013), who found that application of ZnO NPs @
10 ppm concentration improve protein synthesis in Cyamop-
sis tetragonoloba. Similarly, silver nanoparticles showed a
positive effect on carbohydrate, chlorophyll and protein con-
tents of common bean, Brassica juncea and corn (Salama
2012). Siva (2016) reported an increased in protein content
in rhizome of garlic with an average value of 1.699 pg ml~!
when treated with iron oxide nanoparticles Khati et al.
(2017, 2018) also reported two fold increase in protein con-
tent of maize plants, when nanochitosan and nanozeolite
(50 mg L~!) were applied with PGPR.

Higher level of antioxidant enzymes in treated samples
shows improved stress tolerance in plants. Helaly et al.
(2014) found that application of Nano-ZnO (100 mg L)
enhanced the activity of superoxide dismutase, catalase and
peroxidase enzymes in banana thereby improved tolerance to
the stress condition. Similarly, application of nanochitosan
@ 250 mg kg~! protected pearl millet plants by upregulation
of activities of CAT, POD and SOD by enhancing 2.59, 3.29
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and 3.09-fold activity, respectively, as compared to control
(Chandra et al. 2018). Application of silicon nanoparticles
mitigates the stress by stimulating the antioxidant enzymes
(Imtiaz et al. 2016).

The phenols and ketones play major role in growth, pig-
ment biosynthesis and protection of plants from biotic/
abiotic stress. Level of organic compounds, like aldehydes,
ketones, phenols, etc. was high in maize leaves, treated with
nanochitosan and nanozeolite in combination with PGPR
(Khati et al. 2017, 2018). Phenolics, synthesized in plant as
secondary metabolites act as signaling molecules to regu-
late physical functions of the plants (Xu et al. 2011). Goto
et al. (2003) reported positive impact of silicon on phe-
nolic contents indicating positive response towards defence
mechanism in rice plants. Exposure of maize with nanosilica
resulted in higher expression of phenolic compounds which
might be effective against the infestation of phytopathogens
(Suriyaprabha et al. 2013).

Combined treatment of bacterial cultures with
nanocompound(s) was observed to enhance nutrient status
of the experimental soil which proves that nanocompounds
support bacterial population in soil. Enhanced bacterial
population may provide essential micro and macronutri-
ents to the plants through their biochemical activities and
improve plants health (Timmusk et al. 2018). Slow release
of essential nutrients by nanocompounds for long period
in soil was reported by Mukhopadhyay (2014). Similarly,
Deluca and DeLuca (1997) also reported the slow release
pattern of nutrients by zeolites. The addition of zeolite, as a
fertilizer has a significant effect on nitrogen content in the
soil in assimilative forms (Polat et al. 2004).

Soil enzymes help in recycling of essential nutrients that
enhances plant growth. The high sensitivity of soil enzymes
to any change makes them a good marker for the presence
of viable microbial cells responsible for secretion of these
extracellular enzymes (Khalifa et al. 2017). In this study,
FDA, dehydrogenase and alkaline phosphatase activity
were higher in treated soil over control indicating no nega-
tive impact on soil health. Presence of higher activity in
treated soil could be related to availability of more substrate
and microbial population. Positive correlation between the
activities of FDA, dehydrogenase, phosphatase, ATPase etc.
and soil health has been found by many authors (Bandick
and Dick 1999). According to Caldwell (2005), activities of
exoenzymes are linked with the dynamic properties of soil
ecosystems, including microbial communities and nutrient
status. Cullen et al. (2011) and Fang et al. (2012) found
positive/negligible impact of zero-valent iron and a-Fe,0;
and Fe;O, NPs on FDA hydrolase, urease, acid phosphatase,
dehydrogenase, amylase and catalase activity in soil. Kwak
et al. (2017) observed similar results and found increased
dehydrogenase activity in cultivated soils treated with
500 mg ZnONPs per kg dry soil for 56 days. Raliya and

Tarafdar (2013) observed improvement in phytase, alkaline
and acid phosphatase activity in cluster bean rhizosphere
under ZnONPs treatment. Ju et al. (2020) reported that inoc-
ulation of Sinorhizobium meliloti enhanced the urease and
B-glucosidase activity and increase soil fertility. Parul (2019)
reported that application of Pseudomonas taiwanensis and
Pantoeae agglomerans increased FDA, dehydrogenase,
and amylase activities under maize cultivation. In contrast
to our study, Shin et al. (2012) observed negative effect of
Ag NPs (100 pg g~!) on FDA, acid phosphatase, urease,
arylsulfatase, dehydrogenase and f-glucosidase. He et al.
(2015) also witnessed negative effect of single-walled and
multiwalled carbon nanotubes on alkaline phosphatase and
invertase activity in treated soil. Inhibition of dehydrogenase
activity was observed when soil was treated with silver nan-
oparticles (McGee et al. 2017). The toxicity concern of some
nanocompounds necessitates the monitoring of soil health so
as to utilize the nanocompounds to their full potential. In our
findings we can suggest the controlled application of nano-
compounds is beneficial for the plant health of Fenugreek
while maintaining the soil health.

Conclusion

Our results showed that application of nanozeolite and
nanochitosan along with PGPR significantly improved
plant health parameters, such as biomass, photosynthetic
pigments, sugar, protein, phenolic content and enhanced
the activity of catalase enzymes which provide protection
to plants. Nanocompounds used in this study along with
PGPR had positive effect on the rhizospheric microorgan-
isms and significantly influenced the microbial activities.
These nanocompounds along with PGPR have been proven
as a promising agent for plant protection and growth promo-
tion. Further greenhouse and field studies using PGPR and
nanoparticles are needed to validate our findings on different
soil type and crops.
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