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Management of zinc (Zn) in calcareous soils is a major problem for higher rice growth and yield. Need of
time is to introduce environmentally friendly approach for the management of Zn. Inoculation of arbus-
cular mycorrhizae fungi (AMF) is one of such efficacious technique for enhancing the availability of Zn in
these soils. The present study investigated the effect of different Zn application methods i.e., seed coating
(SC; 1.25 g Zn/kg seed), seed priming (SP; 0.5 M solution) and soil application (SA; 4 mg ZnSO4/kg soil)
alone or in combination with AMF applied in completely randomized design (CRD) on morpho-
physiological growth and productivity of rice. Results showed that Zn SA + AMF remained significantly
the best treatment for the improvement in germination, plant height, spike length and number of spikes
than control + AMF and control with no AMF. A significant enhancement in 1000 grains weight (71.11%),
total chlorophyll (40.38%), photosynthetic rate (16.17%) and transpiration rate (41.48%) validated the effi-
cacious role of Zn SA + AMF over control + AMF. Significant increase in rice grains N (25.68 and 40.11%), P
(29.41 and 25.00%), K (42.86 and 47.37%) and Zn (10.42 and 59.03%) signified the imperative functioning
of Zn SA + AMF and Zn SA over control + AMF and control without AMF respectively. In conclusion, Zn SA
has the potential to improve the rice growth nutrients uptake. However, Zn SA + AMF is better to
approach than the sole application of Zn SA for rice. More investigations at the field level under different
soil textures are suggested to declare Zn SA + AMF as the best treatment for improvement in the produc-
tivity of rice.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The deficiency of zinc is one of the major problems in the arid
and semi-arid areas of the world (Akça et al., 2022; Saboor et al.,
2021a; Sher et al., 2020). The presence of optimum Zn in soil
ranges from 10 to 300 mg kg�1. However, most of Zn is present
in the forms of complexes with organic matter (OM) and soil col-
lides. That’s why a small fraction of Zn is normally available for
crops (Hussain et al., 2020; Raza et al., 2021; Saboor et al., 2021a).

High soil pH in arid and semi-arid areas immobilizes Zn in soil
(He et al., 2021), and decrease its availability to plants (Saboor
et al., 2021b). It has also been observed that the imbalance applica-
tion of phosphorus caused the formation of Zn-P complex in soil.
This Zn-P is insoluble in water and thus decrease Zn uptake in
the plants (Bibi et al., 2020). High CaCO3 and low organic matter
are other allied factors that also decrease the availability of Zn to
the plants (Iratkar et al., 2014). Nevertheless, the balanced uptake
of Zn not only enhance the production of the crop but also improve
the quality (Rehman et al., 1999; Shivay et al., 2005; Stino et al.,
2011). In biochemical processes, it is not only a structural compo-
nent, but it also acts as a cofactor for the proper functioning of
many enzymes (Alloway, 2008). Some of the important Zn regu-
lated processes in plants include photosynthesis, protein metabo-
lism, carbohydrate metabolism, pollen formation, membrane
integrity and auxin metabolism (Alloway, 2008; Hassan et al.,
2020). However, deficiency of Zn usually resulted in disturbance
of plants physiological functioning which can be tackled through
development of symbiosis (Jabborova et al., 2020; Luh Suriani
et al., 2020; Parasuraman et al., 2020) i.e., plant roots – beneficial
microorganism relationship development (Ahmed et al., 2021;
Jabborova et al., 2021; Kapadia et al., 2021; Sadeghzadeh, 2013).

In recentyears, research focushasalsobeengivenonthemanage-
mentof Zn through synchronizationof applicationmethodswith the
rate of application (Saboor et al., 2021b, Saboor et al., 2021a, Saboor
et al., 2021c). There are four major zinc application methods which
include soil application, foliar, seed priming and seed coating
(Tondey et al., 2021; Zajaczkowska et al., 2020). Both seed priming
and seeds coating have been known to play an imperative role in
the provision of Zn at the earlier seedling stage. It has been observed
that the provision of nutrients by seed coating or priming not only
improve the germination rate but also enhance the vigour of seed-
lings (Zajaczkowska et al., 2020). Soil application is a conventional
method of nutrient application. It not only provides nutrients to
the crops but also fulfils the deficient status of nutrients in the soil.
Similarly, many studies also showed that foliar application of
micronutrients to plants is more economic and efficacious. It signif-
icantly improves the productivity of the crop but also decreases the
loss of nutrients comparative to soil application (Brennan, 1991;
Rafie et al., 2017; Rehman et al., 1999; Zajaczkowska et al., 2020).

On the other hand, inoculation of arbuscular mycorrhizae fungi
(AMF) is mostly recommended in this regard (Adesemoye et al.,
2008; Saboor et al., 2021b; Saboor et al., 2021a). The AMF facilitates
the uptake of nutrients and water in plants. Extraradical hyphae
formed due to plant and AMF symbiosis increase the root elonga-
tion. This increase in rhizosphere area helps plants in obtaining
nutrients away from the rhizosphere (Smith and Read, 2008).

Therefore, to cover this knowledge gap regarding the best appli-
cation methods for Zn in the presence and absence of AMF, the cur-
rent study was planned. The aim of the study was the assessment
of different Zn application methods i.e., seed coating, seed priming
and soil application on rice growth in the presence and absence of
AMF. There were 2 hypotheses proposed and assessed in the cur-
rent study. 1. Soil application may be a better approach compared
to seed coating and seed priming. Inoculation of AMF with soil
application of Zn may be a better strategy to improve rice cultiva-
tion over sole inoculation of AMF or Zn application.
2

2. Material and methodology

2.1. Experimental site and design

A pot experiment (natural open air conditions) was done in the
research area of the Department of Soil Science (71.43� E, 30.2� N
and 122 m above sea level), Bahauddin Zakariya University Multan.
The experiment was laid out as a completely randomized design
(CRD) under two factorial arrangements of treatments.

2.2. Treatment plan

There were 8 treatments and 3 replications. Three Zn applica-
tion methods were tested including seed priming, seed coating
and soil application with and without AMF. The treatment plan
includes control, Zn seed priming (Zn SP = 0.5 Molar solution of
Zn with 1:5 seed to solution ratio), Zn seed coating (Zn
SC = 1.25-gram Zn/kg seed), Zn soil application (Zn SA = 4 mg
ZnSO4/kg soil), AMF, Zn SP + AMF, Zn SC + AMF and Zn SA + AMF.

2.3. Pots preparation and soil characterization

Clay pots with dimensions 60 cm depth and 45 cm width
were used in the experiment. The soil was collected from the
experimental site and sieved from a 2 mm sieve to remove resi-
dues and stones. After 8 kg soil was filled in each pot. A compos-
ite sample was also taken for the characterization of soil
attributes. The texture was analyzed by using a hydrometer.
After the determination of sand, silt and clay, the textural trian-
gle of USDA was used for the determination of final soil texture
(Bouyouces, 1962). For determination of pH, 1:1 ratio soil and
deionized water were mixed for paste formation. After that pH
was computed by using a pre-calibrated pH meter (Page et al.,
1983). For EC, soil and distilled water were mixed in 1:10 ratio.
Extraction was done and then EC of the extract was noted on
pre-calibrated (1/100 N KCl) EC meter (Rhoades, 1996). Potas-
sium dichromate and ferrous ammonium sulphate were used
for the assessment of soil organic matter according to (Sparks
et al., 1996). Digestion of soil sample was done at 380 ◦C on
the hot plate for the examination of total nitrogen in the soil
(Bremner, 1996). For analysis of available phosphorus, Olsen
extraction was performed, and final P was computed on a spec-
trophotometer at 880 nm wavelength (Kuo, 1996). Potassium
was examined in the ammonium acetate soil extract on a flame
photometer by following the protocol of (Pratt, 1965). For anal-
ysis of Zn in soil, DTPA extract was done. The final analysis was
performed on atomic absorption spectrophotometer (AAS)
according to (Estefan et al., 2013). The pre-experimental soil
attributes are provided in Table 1.
Attributes
 Units
 Values
Sand
 %
 55

Silt
 15

Clay
 30

Texture
 Sandy Clay Loam

pHs
 –
 8.41

ECe
 dS/m
 4.22

Organic matter
 %
 0.40

Total Nitrogen
 %
 0.02

Available phosphorus
 mg kg�1
 4.33

Extractable potassium
 151

Extractable zinc
 0.19
pHs = pH of soil saturated paste.
ECe = EC of soil extract.



Table 1
Effect of zinc seed priming, seed coating and soil application with and without AMF inoculation on rice leaves total chlorophyll and electrolyte leakage.

Inoculation Zinc Total Chlorophyll (mg g�1) Electrolyte Leakage (%)

Mean SE Labelling Mean SE Labelling

AMF Control 0.52 0.009 Bcd 20.67 0.34 c
AMF Zn SP 0.52 0.012 Bcd 13.68 0.66 f
AMF Zn SA 0.73 0.012 A 10.68 0.34 g
AMF Zn SC 0.60 0.006 Ab 15.68 0.34 e
No AMF Control 0.30 0.058 E 30.70 0.35 a
No AMF Zn SP 0.45 0.012 Cd 22.67 0.34 b
No AMF Zn SA 0.40 0.115 De 14.39 0.31 f
No AMF Zn SC 0.54 0.012 Be 17.36 0.32 d

Values are showing means of three replicates ± SE. Different letters are showing significant change computed by Fisher LSD at p � 0.05. Zn = zinc; SP = seed priming; SA = soil
application; SC = seed coating.
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2.4. Seeds purchasing and nursery development

Seeds of SUPER BASMATI rice variety was purchased from the
certified seed dealer of the government of Punjab, Pakistan. The
nursery was planted for 25 days. The purpose of establishing the
rice nursery was to develop AMF association/colonization with rice
roots before transplanting. Seedlings were ready to transplant in
the pots after 25 days of germination.

2.5. AMF inoculation

During pot filling, 10 kg soil was inoculated with 2.5 g mycor-
rhizal inoculum Clonex� (Root Maximizer; 5711 Enterprise Drive,
Lansing, MI, USA). The commercial product has 158 propagule
gram�1. Glomus species were major constituents of the product.
At the time of transplantation, AMF inoculation was again applied
to the seedling in treatment with AMF application for maximum
colonization.

2.6. Zinc priming and coating

In priming of Zn, seeds of rice were soaked in an aerated solu-
tion of zinc sulphate (ZnSO4) (0.5 M Zn solution) for 12 h. The seeds
to solution ratio for soaking will be kept at 1:5 (w/v). After soaking,
seeds will be re-dried to their original weight and will be stored in
the refrigerator at 4 �C in plastic sealed polythene bags until used
for sowing (Keshri et al., 2017). In the coating of the seeds with Zn,
the sticky slurry will be prepared with inert Arabic gum in distilled
water. Zinc sulphate at the rate of 1.25 g Zn kg�1 of rice seed will be
used in the slurry for coating. Bags of polythene will be used to
store the air-dried coated seed in the refrigerator at 4 �C until used
for sowing (Rehman and Farooq, 2016). For soil application, Zn will
be directly applied to the soil at the rate of 4 mg ZnSO4 kg�1 of soil.

2.7. Fertilizer application and irrigation

In each pot, macronutrients i.e., N, P and K were added at the
rate of 0.84, 0.54 and 0.36 g as urea, sulfate of potash (SOP) and
diammonium phosphate (DAP). For N application, the addition of
fertilizer was done in 3 splits as half at the time of sowing, while
half remaining in 2 splits, at tillering and spike initiation
(Rehman et al., 2020). In each pot, 100% FC of water was main-
tained throughout the experiment (Wang et al., 2008).

2.8. Gas exchange attributes

Gas exchange attributes i.e., photosynthetic rate, transpiration
rate and stomatal conductance were determined by utilizing IRGA
[CI-340 Photosynthesis system, CID, Inc. USA] as described by
Danish and Zafar-ul-Hye (2019). The readings were collected in
3

40 days old rice plants on a sunny day with an intensity of light
saturation between 10:33 and 11:10 AM.

2.9. Chlorophyll contents and electrolyte leakage

Determination of chlorophyll was done according to the
method of Arnon (1949). The extract was collected from leaves
using 80% acetone. For assessment of chlorophyll a and chlorophyll
b, the absorbance was taken at 663 and 645 nm wavelength.

Chlorophyll a ðmg=gÞ ¼ 12:7 ðOD663Þ
� 2:69 ðOD645ÞV=1000 ðWÞ
Chlorophyll b ðmg=gÞ ¼ 22:9 ðOD645Þ
� 4:68 ðOD663ÞV=1000 ðWÞ
Total Chlorophyll ðmg=gÞ ¼ Chlorophyll a þ Chlorophyll b

OD = Optical density (wavelength); V = Final volume made;
W = Fresh leaf weight (g).

Electrolyte leakage (EL) was computed according to the
methodology of (Saeed et al., 2014). The leaves samples were
washed and then cut into 1 cm diameter. Uniform sized leaf pieces
of 1 g were immersed in a test tube containing deionized water
(20 ml) and incubated at 25 �C for 24 h. After that electrical con-
ductivity (EC1) was noted using EC meter. The second EC (EC2)
was noted heating the test tubes in a water bath at 120 �C for
20 min. The final value of EL was calculated using the equation.

Electrolyte Leakage ð%Þ ¼ EC1=EC2� 100
2.10. Yield and agronomic traits

Plants were harvested manually at the time of maturity. Mor-
phological attributes i.e., plant height, number of spikes and spike
length were computed soon after harvesting of the crop. Straw and
grains were separated manually. For 1000 grains weight analytical
grade electrical balance was used.

2.10.1. Nutrient accumulation
Nitrogen in grains and straw was assessed by digestion of sam-

ple with H2SO4 at 400 �C on the hot plate. After digestion distilla-
tion was done on Kjeldhal’s distillation apparatus (Chapman and
Pratt, 1961; Donald and Miller, 1998). For phosphorus (P) and
potassium (K) in grains and straw, digestion was done with the
di-acid mixture (HNO3:HClO4 = 2:1) (Miller, 1998). The yellow col-
our method was used for the final examination of P on the spec-
trophotometer (Estefan et al., 2013) while a flamephotometer
was used for K determination (Donald and Hanson, 1998). Atomic



Fig. 2. Effect of zinc seed priming, seed coating and soil application with and
without AMF inoculation on rice plant height. Bars are showing means of three
replicates ± SE. Different values on bars are showing p-values computed by Fisher
LSD at p � 0.05. Zn = zinc; SP = seed priming; SA = soil application; SC = seed
coating.
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absorption spectrophotometer was used for the final assessment of
Zn in the digested samples (Seregin et al., 2011).

2.11. Statistical analysis

The standard statistical procedure was adopted for statistical
analysis (Steel et al., 1997). Two factorial ANOVA was applied for
the assessment of treatments significant. A comparison of each
treatment was made by applying the Fisher LSD test (p � 0.05).
OriginPro2021 was used for the application of statistics. Pearson
correlation was also computed, and probability graphs were made
by using OriginPro2021 (OriginLab Corporation, 2021).

3. Results

Results showed that the effects of zinc (Zn) and AMF were sig-
nificant on AMF colonization of roots in rice. Application of Zn
SA + AMF and Zn SC + AMF differed significantly over control + AMF
for AMF colonization of roots in rice. No significant change was
noted in AMF colonization of roots in rice in Zn SP + AMF than con-
trol + AMF. A significant enhancement in AMF colonization of roots
in rice was observed in Zn SP, Zn SA and Zn SC compared to control
without AMF. Zn SA showed significantly better AMF colonization
of roots in rice than Zn SP and Zn SC (Fig. 1). A maximum increase
of 9.8 and 32.1% AMF colonization of roots in rice was noted in Zn
SA + AMF and Zn SA compared to with and without AMF control
respectively.

Influences of Zn and AMF were significant on rice seeds germi-
nation. Treatments Zn SA + AMF and Zn SC + AMF remained signif-
icantly different compared to control + AMF for AMF colonization
of roots in rice. A significant difference was also observed in rice
seeds germination in Zn SP + AMF over control + AMF. Rice seeds
germination was significantly better in Zn SP, ZnSA and Zn SC than
in control without AMF. Zn SA differed significantly better for
improvement in rice seeds germination than Zn SP and Zn SC
(Fig. 2). A maximum increase of 19.2 and 14.1% in rice seeds germi-
nation was noted in Zn SA + AMF and Zn SA compared to with and
without AMF control respectively.

Zn and AMF were significantly different for rice plant height.
Plant height was significantly higher in Zn SA + AMF, Zn
SP + AMF and Zn SC + AMF than control + AMF. It was also observed
Fig. 1. Effect of zinc seed priming, seed coating and soil application with and
without AMF inoculation on rice seeds germination. Bars are showing means of
three replicates ± SE. Different values on bars are showing p-values computed by
Fisher LSD at p � 0.05. Zn = zinc; SP = seed priming; SA = soil application; SC = seed
coating.
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that Zn SP, Zn SA and Zn SC remained significantly different from
the control without AMF. Zn SA performance was significantly best
for enhancement in plant height over Zn SP and Zn SC (Fig. 3). A
maximum increase of 13.6 and 16.57% in plant height was noted
where Zn SA + AMF and Zn SA was applied over with and without
AMF control respectively.

A significant change was noted in spike length by application of
Zn and AMF in rice plants. Results showed that spike length was
significantly higher in Zn SA + AMF, Zn SP + AMF and Zn
SC + AMF compared to control + AMF. Application of Zn SP, Zn
SA and Zn SC differed significantly better over control without
AMF. The addition of Zn SA was significantly better for an increase
in spike length of rice plants than Zn SP and Zn SC (Fig. 4). A max-
imum increase of 51.13 and 37.19% in spike length was noted
where Zn SP + AMF and Zn SA was applied over with and without
AMF control respectively.
Fig. 3. Effect of zinc seed priming, seed coating and soil application with and
without AMF inoculation on rice spike length. Bars are showing means of three
replicates ± SE. Different values on bars are showing p-values computed by Fisher
LSD at p � 0.05. Zn = zinc; SP = seed priming; SA = soil application; SC = seed
coating.



Fig. 5. Effect of zinc seed priming, seed coating and soil application with and
without AMF inoculation on AMF colonization (%) with rice roots. Bars are showing
means of three replicates ± SE. Different values on bars are showing p-values
computed by Fisher LSD at p � 0.05. Zn = zinc; SP = seed priming; SA = soil
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Number of spikes was significantly changed by Zn and AMF
application in rice plants. Number of spikes remained significantly
higher in Zn SA + AMF, Zn SP + AMF and Zn SC + AMF than con-
trol + AMF. The addition of Zn SP, Zn SA and Zn SC caused a signif-
icant increase in number of spikes over control without AMF.
Treatment Zn SA remained significantly better for an increase in
number of spikes of rice plants compared to Zn SP and Zn SC. No
significant change in number of spikes was noted between Zn SP
and Zn SC with and without AMF (Fig. 5).

Application of Zn and AMF treatments significantly enhanced
1000 grains weight of rice. Compared to control + AMF, 1000 grains
weight was significantly enhanced in Zn SA + AMF, Zn SP + AMF
and Zn SC + AMF. Over control without AMF, Zn SP, Zn SA and Zn
SC performed significantly better for improvement in 1000 grains
weight. Among treatments, Zn SA caused a more significant
increase in 1000 grains weight of rice than Zn SP and Zn SC
(Fig. 5). A maximum increase of 71.11 and 71.04% in 1000 grains
weight was noted in Zn SA + AMF and Zn SA treatments than con-
trol with and without AMF respectively.

Results showed that the effect of Zn and AMF was significant on
total chlorophyll and electrolyte leakage in rice leaves. Compared
to control + AMF, total chlorophyll was significantly enhanced in
Fig. 4. Effect of zinc seed priming, seed coating and soil application with and
without AMF inoculation on rice number of spikes. Effect of zinc seed priming, seed
coating and soil application with and without AMF inoculation on rice 1000 grains
weight (A). Different values on bars are showing p-values computed by Fisher LSD
at p � 0.05. Zn = zinc; SP = seed priming; SA = soil application; SC = seed coating (B).

application; SC = seed coating.
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Zn SA + AMF. No significant change was noted in total chlorophyll
where Zn SP + AMF and Zn SC + AMF were applied over control
with AMF. Among treatments, Zn SA caused a more significant
increase in total chlorophyll than Zn SP. However, Zn SC + AMF
and Zn SA + AMF remained statistically alike to each other for
change in total chlorophyll in rice leaves (Table 1). It was noted
that treatment Zn SP and Zn SC caused a significant increase in
total chlorophyll over control without AMF. No significant change
was observed in total chlorophyll of Zn SA and control without
AMF. A maximum increase of 40.38 and 80.00% in total chlorophyll
was noted in Zn SP + AMF and Zn SC treatments than control with
and without AMF respectively. For electrolyte leakage, treatments
Zn and AMF caused a significant decrease. Over control + AMF,
electrolyte leakage was significantly decreased in Zn SA + AMF,
Zn SP + AMF and Zn SC + AMF. Compared to control without
AMF, Zn SP, Zn SA and Zn SC performed significantly better for
minimization in electrolyte leakage. Among treatments, Zn SA
caused a more significant decrease in electrolyte leakage than Zn
SP and Zn SC (Table 1). A maximum decrease of 48.33 and
53.12% in electrolyte leakage was noted in Zn SA + AMF and Zn
SA treatments than control with and without AMF respectively.

Treatments Zn and AMF significantly changed photosynthetic
rate, transpiration rate and gas exchange attributes in rice leaves.
The photosynthetic rate was significantly high in Zn SA + AMF over
control + AMF. No significant change was noted in the photosyn-
thetic rate was observed where Zn SP + AMF and Zn SC + AMF were
applied compared to control with AMF (Table 2). It was noted that
treatment Zn SP and Zn SC caused significant improvement in pho-
tosynthetic rate than the control without AMF. A significant change
was observed in photosynthetic rate was noted in Zn SA and con-
trol without AMF. A maximum increase of 16.17 and 39.82% in
photosynthetic rate was noted in Zn SA + AMF and Zn SA treat-
ments than control with and without AMF respectively. For tran-
spiration rate, treatments Zn and AMF caused significant
enhancement. Over control + AMF, transpiration rate was signifi-
cantly decreased in Zn SA + AMF and Zn SC + AMF. Treatments
Zn SP, Zn SA and Zn SC performed significantly better for an
increase in transpiration rate than the control without AMF.
Among treatments, Zn SA caused a more significant increase in
transpiration rate than Zn SP and Zn SC (Table 2). Maximum
improvement of 41.48 and 58.61% in transpiration rate was noted



Table 2
Effect of zinc seed priming, seed coating and soil application with and without AMF inoculation on rice leaves gas exchange attributes.

Inoculation Zinc Photosynthetic Rate (lmol CO2/m2/
s)

Transpiration Rate (mmol H2O/m2/s) Stomatal Conductance (lmol CO2/m2/
s)

Mean SE Labelling Mean SE Labelling Mean SE Labelling

AMF No-Zn 5.69 0.34 b 5.81 0.01 c 0.06 0.009 c
AMF Zn SP 5.71 0.35 b 6.11 0.01 bc 0.11 0.006 b
AMF Zn SA 6.61 0.06 a 8.22 0.01 a 0.16 0.009 a
AMF Zn SC 5.42 0.05 bc 7.62 0.01 a 0.13 0.009 b
No AMF Control 3.44 0.03 e 4.18 0.04 e 0.04 0.006 c
No AMF Zn SP 4.37 0.08 d 5.00 0.58 d 0.06 0.015 c
No AMF Zn SA 4.81 0.39 cd 6.63 0.02 b 0.14 0.009 ab
No AMF Zn SC 4.66 0.03 d 5.18 0.11 d 0.11 0.006 b

Values are showing means of three replicates ± SE. Different letters are showing significant change computed by Fisher LSD at p � 0.05. Zn = zinc; SP = seed priming; SA = soil
application; SC = seed coating.
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in Zn SA + AMF and Zn SA treatments over control with and with-
out AMF respectively. In the case of stomatal conductance, Zn
SA + AMF, Zn SP + AMF and Zn SC + AMF caused significant
improvement over control + AMF. Treatments Zn SA and Zn SC dif-
ferent significantly better than the control without AMF for stom-
atal conductance. No significant change was noted in stomatal
conductance where control without AMF and Zn SP were applied
(Table 2).

For grains nitrogen, Zn SA + AMF, Zn SP + AMF and Zn SC + AMF
remained significantly better than control + AMF. Treatments Zn
SA, Zn SP and Zn SC also differed significantly for improvement
in grains nitrogen than the control without AMF. Maximum
increase of 25.68 and 40.11% in grains nitrogen was noted in Zn
SA + AMF and Zn SA treatments compared to control with and
without AMF respectively (Table 3). In the case of grains phospho-
rus, treatments Zn SA + AMF, Zn SP + AMF and Zn SC + AMF per-
formed significantly better compared to control + AMF. Over
control without AMF, Zn SA cause significant enhancement in
grains phosphorus, however, Zn SP and Zn SC did not differ signif-
icantly. Maximum increase of 29.41 and 25.00% in grains phospho-
rus was observed in Zn SA + AMF and Zn SA over control with and
without AMF respectively (Table 3). In the case of grains potas-
sium, Zn SA + AMF, Zn SP + AMF and Zn SC + AMF differed signif-
icantly for enhancement than control + AMF. The addition of Zn
SA, Zn SP and Zn SC caused a significant increase in grains potas-
sium compared to control without AMF. Maximum increase of
42.86 and 47.37% in grains potassium was noted in Zn SA + AMF
Table 3
Effect of zinc seed priming, seed coating and soil application with and without AMF inocu

Inoculation Zinc Grains Nitrogen (mg g�1)

Mean SE of Mean

AMF Control 11.68 0.34
AMF Zn SP 12.68 0.34
AMF Zn SA 14.68 0.34
AMF Zn SC 12.67 0.34
No AMF Control 9.05 0.03
No AMF Zn SP 10.69 0.35
No AMF Zn SA 12.68 0.34
No AMF Zn SC 11.69 0.34

Inoculation Zinc Grains Potassium (%)
AMF Control 0.21 0.009
AMF Zn SP 0.25 0.006
AMF Zn SA 0.30 0.006
AMF Zn SC 0.27 0.006
No AMF Control 0.19 0.006
No AMF Zn SP 0.23 0.006
No AMF Zn SA 0.28 0.006
No AMF Zn SC 0.25 0.009

Values are showing means of three replicates ± SE. Different letters are showing significan
application; SC = seed coating.
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and Zn SA treatments than in control with and without AMF
respectively (Table 3). Regarding significant improvement in grains
zinc, Zn SA + AMF and Zn SC + AMF performances were better over
control + AMF. The addition of Zn SP + AMF did not differ signifi-
cantly from control + AMF for grains zinc. Treatments Zn SA, Zn
SP and Zn SC caused significant enhancement in grains zinc than
the control without AMF. Maximum enhancement of 10.42 and
59.03% in grains zinc was noted in Zn SA + AMF and Zn SA treat-
ments than control with and without AMF respectively (Table 3).

In the case of straw nitrogen, Zn SA + AMF and Zn SC + AMF dif-
fered significantly better than control + AMF. No significant change
in straw nitrogen was observed between Zn SP + AMF and con-
trol + AMF. A significant increase in straw nitrogen was noted
where Zn SA, Zn SP and Zn SC were applied over control without
AMF. Maximum increase of 15.07 and 16.39% in straw nitrogen
was noted in Zn SA + AMF and Zn SA treatments compared to con-
trol with and without AMF respectively (Table 4). For straw phos-
phorus, treatments Zn SA + AMF was significantly better over
control + AMF. Treatments Zn SP + AMF and Zn SC + AMF did not
differ significantly for straw phosphorus than control + AMF. Com-
pared to control without AMF, the addition of Zn SA and Zn SC
cause a significant increase in straw phosphorus. Treatment Zn
SP caused no significant change in straw phosphorus than the con-
trol without AMF. Maximum increase of 66.67 and 33.33% in straw
phosphorus was noted in Zn SA + AMF and Zn SA over control with
and without AMF respectively (Table 4). Regarding improvement
in straw potassium, Zn SA + AMF, Zn SP + AMF and Zn SC + AMF
lation on rice grains N, P, K and Zn concentration.

Grains Phosphorus (%)

Labelling Mean SE of Mean Labelling

c 0.17 0.006 c
b 0.19 0.006 b
a 0.22 0.006 a
b 0.20 0.006 b
e 0.16 0.006 c
d 0.17 0.006 c
b 0.20 0.006 b
c 0.16 0.009 c

Grains Zinc (lg g�1)
e 28.69 0.35 cd
c 29.38 0.69 c
a 31.67 0.34 a
b 30.67 0.34 ab
f 18.67 0.34 f
de 24.69 0.35 e
b 29.69 0.35 bc
cd 27.68 0.34 d

t change computed by Fisher LSD at p � 0.05. Zn = zinc; SP = seed priming; SA = soil



Table 4
Effect of zinc seed priming, seed coating and soil application with and without AMF inoculation on rice grains N, P, K and Zn concentration.

Inoculation Zinc Straw Nitrogen (%) Straw Phosphorus (%)

Mean SE Labelling Mean SE Labelling

AMF Control 0.73 0.009 cd 0.06 0.01 bc
AMF Zn SP 0.74 0.015 c 0.07 0.01 b
AMF Zn SA 0.84 0.006 a 0.10 0.01 a
AMF Zn SC 0.79 0.009 b 0.07 0.01 b
No AMF Control 0.61 0.006 f 0.04 0.01 d
No AMF Zn SP 0.65 0.006 e 0.05 0.01 cd
No AMF Zn SA 0.71 0.012 d 0.06 0.01 bc
No AMF Zn SC 0.68 0.009 e 0.06 0.01 bc

Inoculation Zinc Straw Potassium (%) Straw Zinc (lg g�1)
AMF Control 2.08 0.08 e 11.69 0.35 d
AMF Zn SP 2.60 0.01 abc 13.72 0.36 c
AMF Zn SA 2.47 0.29 bcd 16.71 0.35 a
AMF Zn SC 2.81 0.01 a 15.71 0.36 ab
No AMF Control 2.19 0.01 de 10.72 0.36 d
No AMF Zn SP 2.31 0.01 cde 11.67 0.34 d
No AMF Zn SA 2.70 0.00 ab 14.69 0.35 bc
No AMF Zn SC 2.51 0.01 abc 13.67 0.34 c

Values are showing means of three replicates ± SE. Different letters are showing significant change computed by Fisher LSD at p � 0.05. Zn = zinc; SP = seed priming; SA = soil
application; SC = seed coating.
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caused significant change compared to control + AMF. Application
of Zn SA and Zn SC significantly increase in straw potassium over
control without AMF. No significant improvement was noted in
straw potassiumwhere Zn SP was applied than the control without
AMF. Maximum increase of 18.75 and 23.29% in straw potassium
was observed in Zn SA + AMF and Zn SA treatments than in control
with and without AMF respectively (Table 4).

For straw zinc, Zn SA + AMF and Zn SC + AMF caused a signifi-
cant increase compared to control + AMF. Treatments Zn SA and Zn
SC differed significantly for straw zinc than the control without
AMF. No significant change was noted in Zn SP over control with-
out AMF for straw zinc. Maximum enhancement of 42.94 and
37.03% in straw zinc was noted in Zn SA + AMF and Zn SA treat-
ments than control with and without AMF respectively (Table 4).

Pearson correlation showed that electrolyte leakage was signif-
icant negative in correlation with growth attributes of rice. AMF
colonization was significantly positive in correlation with all the
growth attributes, nutrients uptake and gas exchange attributes
except straw potassium concentration. Although the effect of straw
potassium concentration was positive, yet change was not signifi-
cant with the rice studied attributes except the number of spikes,
1000 grains weight, transpiration rate, stomatal conductance,
straw yield, grains N, P, K and Zn (Fig. 6).
4. Discussion

In the current study, the application of Zn SA with and without
AMF performed significantly better compared to all other treat-
ments for the improvement of rice growth. This improvement in
different growth attributes was significantly positive in correlation
with better uptake of N, P, K and Zn in grains and straw of rice. Bet-
ter uptake of N promotes mesophyll cell division and epidermal
cell elongation actively in the plants. As both cells are key compo-
nents of plants growth, their division and elongation resulted in
improvement of morphological growth attributes (MacAdam
et al., 1989; Zeiger and Taiz, 2010). In plants, balance N also regu-
lates biomass accumulation and cell cycle progression under
kinase activity. Such improvements eventually played an impera-
tive role in the enhancement of growth in plants (Jüppner et al.,
2018). It is also well documented that improvement in N uptake,
positively influence the photosynthetic process via smoothing the
Rubisco synthesis (Heckathorn et al., 1996). This improvement
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might be one of the major causes of enhancement in the photosyn-
thetic rate of rice plants in the current study. According to Singh
et al. (2016), improvement in plant K uptake play a critical role
in the maintenance of cells turgor and stomatal conductance
through osmoregulation (Shabala, 2003; Wilkinson and Davies,
2002). Stomatal guard cells in the presence of K become swollen
which caused the opening of stomata. This opening of stomata
allows gaseous exchange between the environment and plants
which improve evapotranspiration (ET) of water via stomatal pores
(Cochrane and Cochrane, 2009). Balance K concentration in plants
also decreased ROS synthesis through restriction of nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases activity. On
the other hand, maintenance of photosynthetic electron transport
activity is also associated with the presence of the optimum con-
centration K in plants (Waraich et al., 2012). In addition to the
above, photosynthesis, carbohydrate translocation and metabolism
that eventually increase the crop productivity and improve grain
quality are also regulated by balance uptake of K (Lu et al., 2016;
Pettigrew, 2008; Zörb et al., 2014). The improvement in stomatal
conductance and transpiration rate in the current study was also
linked with better uptake of K where Zn SA was applied with
and without AMF. The role of Zn is also vital in the regulation of
gas exchange attributes and chlorophyll contents. Tobin (Tobin,
1970) argued that carbonic anhydrase (CA) is one of the crucial
parts of chloroplast in the cytoplasm. After Rubisco, the presence
of CA is most abundant in the chloroplast (Escudero-Almanza
et al., 2012). Zinc act as a cofactor in CA enzyme. This enzyme is
also involved in CO2 fixation, respiration, ion exchange, pH regula-
tion, and photosynthetic fixation (Xing et al., 2016). Under defi-
ciency of Zn in plants activity of CA become limited. As controls
CO2 diffusion in cell lipid, the restrictions in its activity signifi-
cantly decrease the photosynthesis in the plants. It also minimized
the stomatal conductance and transpiration rate when Zn become
deficient (Sharma et al., 1995). According to Sagardoy et al. (2010),
the deficiency of Zn has the potential to decrease 76% stomatal
conductance which eventually resulted in a greater disturbance
in physiological and chemical processes in plants. Our findings
are also in line with the above arguments, better uptake of Zn in
Zn SA with and without AMF compared to other application meth-
ods might play a critical role in the improvement of CA activity.
This improvement in CA might be associated with improvement
in chlorophyll a, chlorophyll b, total chlorophyll, transpiration rate,
stomatal conductance and photosynthetic rate in the plants. It was



Fig. 6. Pearson correlation of different rice attributes cultivated with and without AMF inoculation under zinc seed priming, seed coating and soil application. The red colour
is indicating a positive and the blue colour is signifying a negative correlation. Ellipse having no star is an indication of a non-significant correlation.
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also noted that AMF played an imperative role in the N, P, K and Zn
better uptake in rice. Mostly Zn and P showed an antagonistic rela-
tionship with each other. An increase in concertation of P mini-
mizes the uptake of Zn in the plants (Saboor et al., 2021c).
However, AMF inoculation has the potential to regulate and main-
tain both Zn and P in the soil. In the current study, it was also clear
that an increase in Zn did not decrease P in rice plants where AMF
was inoculated. Our findings are in line with Saboor et al. (2021a).
Better root elongation due to symbiotic association of AMF with
rice roots was major mechanism for the improvement in root
and shoot fresh and dry weight in the current study. Inoculation
of AMF increases the root elongation and rhizospheric area of
plants (Plassard and Dell, 2010). Plants get a better chance to
uptake the nutrients present in the soil due to the activity of
AMF (i.e., Glomalin-related soil protein (GRSP)) and root secretions
in the rhizosphere (Sharma et al., 2017). Furthermore, better
uptake of water due to inoculation of AMF also played an impera-
tive role in the enhancement of fresh weight biomass of plants
along with nutrient uptake (Jiang et al., 2017).
5. Conclusion

It is concluded that sole inoculation of AMF and soil application
of Zn are potential strategies for enhancement in rice growth and
nutrient uptake. However, the combined application of AMF and
soil-applied Zn (4 mg ZnSO4/kg soil) is a better technique for the
achievement of maximum rice productivity. Seed priming and seed
8

coating are also efficacious methods for improvement in rice grains
weight, but soil application of Zn potential is significantly better
than both methods with and without AMF. Growers are recom-
mended to apply Zn as soil application (4 mg ZnSO4/kg soil) with
AMF to achieve maximum benefits from rice production. More
investigations are suggested at the field level in variable agro cli-
mates to declare Zn SA + AMF as the best strategy for rice produc-
tivity improvement.
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