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	ABSTRACT	
Aim:	The	study	was	conducted	at	Jawaharlal	Nehru	Krishi	Vishwa	Vidyalaya,	Jabalpur,	Madhya	Pradesh,	India,	to	evaluate	the	effect	
of	zinc-enriched	organic	manures	on	wheat	yield,	zinc	uptake,	and	the	distribution	of	zinc	pools	in	soil.	The	research	aimed	to	identify	
integrated	nutrient	management	strategies	that	enhance	wheat	productivity	and	micronutrient	availability	in	zinc-de�icient	soils.
Methods:	A	pot	experiment	was	conducted	to	assess	the	impact	of	various	combinations,	organic	manures	(farm	yard	manure	

(VC),(FYM),	Vermicompost	 	and	Poultry	manure	(PM)),	Zinc	(Zn),	and	Zinc-Solubilizing	Bacteria	(ZSB).	For	enrichment:	incubation	of	
-1 -110	t	FYM,	5	t	VC,	and	2.5	t	PM	ha 	with	Zn	at	2.5	or	5.0	kg	ha ,	and	with	or	without	ZSB.	Parameters	chlorophyll	content	(SPAD	and	

pigment	 concentration),	 yield	 attributes,	 and	 nutrient	 uptake	 by	 wheat,	 were	 recorded.	 The	 soil	 nutrient	 availability,	 DTPA-
extractable	micronutrients,	and	pools	of	Zn	were	assessed.

-1 -1	Results:	The	results	indicated	that	the	application	of	10	t	ha enriched	FYM	with	5.0	kg	Zn	ha and	ZSB	(Pseudomonas	aeruginosa)	
-1 -1 -1showed	the	highest	SPAD	reading	(40),	chlorophyll	"a"	(1.15	mg	g ),	chlorophyll	"b"	(0.67	mg	g ),	total	chlorophyll	(1.82	mg	g 	at	35	

-1 -1 -1DAS),	spike	length	(7.53	cm),	number	of	grains	(19)	spikelets ,	grain	weight	(2.90	g	pot ),	dry	matter	production	(11.18	g	pot )	and	
Zn	content	and	uptake	by	wheat.	Zn-enriched	poultry	manure	enhanced	Zn	and	Cu	availability,	while	Zn-enriched	farm	yard	manure	

-1signi�icantly	improved	soil	NPK	content	and	micronutrient	availability.	Application	of	enriched	poultry	manure	with	2.5	kg	Zn	ha 	
-1and	ZSB	showed	the	highest	uptake	of	Cu	and	Mn,	while	enriched	poultry	manure	with	5.0	kg	Zn	ha 	recorded	the	highest	Fe	uptake.

Conclusion:	The	application	of	enriched	organic	manures	(FYM,	VC,	and	PM)	with	Zn	and	ZSB	signi�icantly	increased	the	availability	
-1 -1 -1and	uptake	of	Zn,	Cu,	Fe,	and	Mn	by	wheat.	Application	of	2.5.0	t	ha 	enriched	poultry	manure	with	5.0	kg	Zn	ha 	and	2.5	t	ha 	

-1enriched	poultry	manure	with	2.5	kg	Zn	ha 	and	ZSB	were	particularly	effective	in	increasing	total	and	plant-available	Zn	pools	in	the	
soil.	 The	 �indings	 highlight	 the	 importance	 of	 enrichment	 of	 organic	 manures	 with	 Zn	 and	 ZSB	 in	 improving	 micronutrient	
bioavailability,	sustaining	soil	fertility,	and	enhancing	wheat	productivity	in	zinc-de�icient	soils.
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Introduction
Zinc (Zn) is an essential micronutrient required for the cellular, 
physiological, and biological development of plants, animals, 
and humans [5]. It serves as a cofactor for over 300 enzymes and 
is vital for processes such as DNA and protein synthesis, 
carbohydrate metabolism, gene expression, enzyme activation, 
photosynthesis, hormone production, disease resistance, 
wound healing, and fertility [16].
 Despite its importance, zinc de�iciency is the most widespread 
micronutrient limitation in soils globally [27]. This de�iciency 
impairs critical biological functions, resulting in reduced crop 
yields and lower zinc concentrations in edible plant parts [4]; 
[12]. Zinc uptake occurs primarily in the rhizosphere, and 
insuf�icient zinc in this zone leads to poor accumulation in 
grains and fruits [18]. Over half of the world's cereal-growing 
soils are affected by zinc de�iciency.

To address this, several strategies have been explored to 
enhance zinc bioavailability in soils. Zinc sulphate (ZnSO ) is 4

widely used due to its high solubility; however, its effectiveness 
is often limited by rapid �ixation in the soil [10]. Alternatively, 
zinc-solubilizing bacteria (ZSB) have shown promise in 
mobilizing unavailable forms of zinc into plant-accessible 
forms, thereby improving zinc uptake and enhancing crop yields 
[22]; [11]. The use of ZSB as biofertilizers has been successfully 
demonstrated in wheat cultivation [14]; [9]. Another promising 
approach is the enrichment of organic manures with 
micronutrients. These organo-metallic complexes prevent 
nutrient �ixation, increase zinc and iron availability in the root 
zone, and improve nutrient use ef�iciency while reducing 
reliance on inorganic fertilizers [10]. Enriched organic manures 
also enhance soil fertility with smaller application rates. Given 
these potential bene�its, the study aimed to evaluate the impact 
of zinc-enriched organic manures on chlorophyll content, yield 
attributes, zinc uptake by wheat, and zinc availability in Vertisol 
soils.

Materials	and	Methods
Description	of	experiment	
The study was conducted during 2018-2020 at the Department 
of Soil Science and Agricultural Chemistry, College of 
Agriculture, JNKVV, Jabalpur. 
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Organics, viz.,  fresh cow and buffalo dung, FYM, and 
vermicompost were sourced from the Dairy Unit of JNKVV 
Jabalpur. Poultry manure obtained from Nanaji Deshmukh 
Veterinary University, Jabalpur. The ZSB strain of Pseudomonas	
aeruginosa was obtained from MRPC, JNKVV, Jabalpur. These 
organic materials were incubated with ZnSO .7H O at varying 4 2

zinc concentrations (0, 1.1, and 2.2 mg Zn/kg) for 90 days, along 
with a zinc-solubilizing bacterial inoculant. A glasshouse 
experiment was then conducted on wheat (GW-366) in pots 
arranged in a Completely Randomized Design (CRD) with three 

-1replications. The treatments applied to the soil (4 kg pot ) were :
T0: Control
T1: FYM @ 10 t ha⁻¹
T2: Vermicompost @ 5 t ha⁻¹
T3: Poultry manure @ 2.5 t ha⁻¹
T4: FYM @ 10 t ha⁻¹ + Zn @ 5 kg ha⁻¹
T5: Vermicompost @ 5 t ha⁻¹ + Zn @ 2.5 kg ha⁻¹
T6: Poultry manure @ 2.5 t ha⁻¹ + Zn @ 5 kg ha⁻¹
T7: FYM @ 10 t ha⁻¹ + Zn @ 5 kg ha⁻¹ + ZSB
T8: Vermicompost @ 5 t ha⁻¹ + Zn @ 5 kg ha⁻¹ + ZSB
T9: Poultry manure @ 2.5 t ha⁻¹ + Zn @ 2.5 kg ha⁻¹ + ZSB

-1Nutrient	content	in	organic	manures	and	supplied	pot
The nutrient content and supply from different organic manures 
vary signi�icantly. Farmyard manure (FYM) contains 0.43% 
nitrogen (N), 0.23% phosphorus (P), 0.38% potassium (K), and 

-1116 mg kg  of zinc (Zn), supplying 0.089 g of N, 0.022 g of P, 
-10.089 g of K, and 0.064 mg of Zn pot . Vermicompost, with a 

higher nutrient concentration, contains 2.01 % N, 1.10 % P, 
-11.20% K, and 65 mg kg  of Zn, delivering 0.174 g N, 0.129 g P, 

-10.103 g K, and 0.005 mg Zn pot . Poultry manure shows the 
highest nutrient content, with 2.42% N, 1.58% P, 1.67% K, and 

-1177 mg kg  Zn, supplying 0.2 g N, 0.11 g P, 0.085 g K, and 0.02 mg 
-1Zn pot . Thus, poultry manure and vermicompost provide 

comparatively higher macro-nutrient levels, while FYM 
-1contributes a greater amount of zinc pot .

Management	of	the	crop
The �ifteen seeds were sown in each of the pots on December 15, 
2019. The amounts of fertilizer were calculated for each pot 

6based on a soil weight of 2.26 x 10  kg per hectare. The basal 
-1 fertilizer doses included 120 kg N, 60 kg P O , and 40 kg K O ha2 5 2

applied as urea, diammonium phosphate (DAP), and muriate of 
potash (MoP), respectively. Zinc was applied as zinc sulfate 
(ZnSO .7H O). The amounts applied per pot were 376 mg of N, 4 2

232 mg of P₂O₅, 119 mg of K₂O, and an appropriate quantity of 
Zn. Organics were also added: farmyard manure (FYM) at 17.85 

-1 -1g pot , vermicompost at 8.92 g pot , and poultry manure at 4.46 
-1 -1 g pot . Five plant pot were selected for observation and analysis 

of wheat yield and related attributes. The crop was harvested in 
th thApril 2020. Chlorophyll content was measured in the 4  and 5  

leaves from the top using a SPAD meter at 30 days after sowing 
(DAS), and at 45 and 90 DAS by the acetone extraction method. 
Yield attributes such as spike length (cm) and number of grains 

-1 -1 -spikelet , plant biomass produced pot  were expressed in g pot
1.
Plant	and	soil	analysis
Zinc content in plant samples was determined after digestion 
with hydro�luoric (HF) and perchloric acid (HClO₄), following 
the procedure outlined by Jackson [13]. The zinc concentration 
w a s  t h e n  e s t i m a t e d  u s i n g  a n  a t o m i c  a b s o r p t i o n 
spectrophotometer (AAS, Varian 240FS). 

Soil samples were analyzed for pH and electrical conductivity 
(EC) according to the methods described by Jackson [13]. 
Organic carbon content in the soil was determined using the wet 
oxidation method, as outlined by Walkley and Black [30]. Soil 
available N was estimated using the method of Subbiah and 
Asija [28], available phosphorus was determined by Olsen's 
method, and available potassium was measured using the 1N 
ammonium acetate method at pH 7.0. Available zinc was 
analyzed using an atomic absorption spectrophotometer as 
described by Lindsay and Norvell [17]. The zinc pools in the soil, 
including water-soluble, easily exchangeable, complexed, 
organically bound, zinc bound to carbonate and amorphous 
oxides (acid-soluble), and zinc bound to crystalline oxides 
(CBD-extractable), were determined through sequential 
extraction following the procedure outlined by Edward Raja and 
Iyengar [7].

Statistical	analysis
Standard statistical procedures were employed for analysis and 
interpretation of data. A pot experiment was done in CRD using 
10 treatments and three replications.	

Results	and	Discussion
Physiological	and	agronomic	traits	
The results given in Table 1 and depicted in Fig.1 and 2 indicated 

-1 -1that the application of 10 t ha  enriched FYM with 5.0 kg Zn ha  + 
Zinc Solubilizing Bacteria (ZSB) resulted in the highest, both in 
terms of SPAD readings (40.00), chlorophyll concentration (Chl 

-1 -1 -1 "a" =1.15 mg g , Chl "b" =0.67 mg g , total =1.82 mg g at 35 
DAS).The synergistic effect enhanced photosynthetic ef�iciency 
(Cakmak and Kutman, 2018). This treatment also recorded the 

-1highest spike length (7.53 cm), number of grains (19) spikelets , 
-1grain weight (2.90 g pot ), and dry matter production (11.18 g 

-1 -1pot ). Similarly, application of 10 t ha  enriched farm yard 
-1manure with 5.0 kg Zn ha also showed a signi�icant increase in 

chlorophyll content and yield attributes. This increase might be 
explained by the role of zinc in regulating enzyme activation and 
hormone regulation, which are essential for �lower and seed 
development [16]; [11]. ZSB can solubilize insoluble zinc 
compounds in the soil, making them more accessible to plants 
and thereby enhancing the overall nutrient status [9];[8]. 
Similar results have been reported by [6]; [15], [14], [12]and 
[29].

Micronutrient	content	and	uptake	in	wheat
Zn	content	and	uptake	
The data in Tables 2 and 3 and Figs 3 and 4 revealed that the 

-1highest zinc concentration in both grain (36.02 mg kg ) and 
-1straw (14.39 mg kg ), along with the highest uptake (104.16 µg 

-1 -1 -1pot  by grain and 119.07 µg pot  by straw, total 223.24 µg pot ), 
-1was recorded with application of @ 10.0 t ha  FYM enriched 

-1with 5.0 kg Zn ha  and ZSB. This was followed by application of 
-1 -110 t ha  enriched farm yard manure with 5.0 kg Zn ha , which 

-1 recorded grain and straw Zn contents of 34.06 mg kg and 13.46 
-1mg kg , respectively. In contrast, the control showed lower 

-1 -1 -uptake of 64.94 µg pot  (28.42 µg pot  by grain and 36.53 µg pot
1 by straw). The substantial increase might be attributed to the 
synergistic interaction of applied zinc and ZSB, which enhanced 
Zn bioavailability in the rhizosphere by converting it into more 
soluble forms [26]; [2]; [22]; [14]. 
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Cu	content	and	uptake
-1	The highest Cu concentration in grain (7.43 mg kg ) and straw 

-1 -1(7.22 mg kg ) was observed with PM @ 2.5 t ha  enriched with 
-1 -1Zn @ 2.5 kg ha  and ZSB. Meanwhile, application of 10 t ha  

-1enriched farm yard manure with 5.0 kg Zn ha  and ZSB showed 
-1 -1the highest total Cu uptake (79.58 µg pot ), with 18.55 µg pot  

-1by grain and 61.02 µg pot  by straw. This was signi�icantly 
higher than the control, which recorded a total uptake of 22.54 

-1µg pot . The enhanced uptake of Cu is likely due to improved soil 
structure and microbial activity induced by organic matter and 
ZSB, which increase micronutrient availability [16].

Fe	content	and	uptake
-1 Application of 2.5 t ha poultry manure enriched with 5.0 kg Zn 

-1 -1ha  showed the highest Fe concentration in grain (55.52 mg kg ) 
-1 -and straw (196.97 mg kg ), and total Fe uptake (1323.90 µg pot

1 -1 -1), with 76.69 µg pot  by grain and 1247.21 µg pot  by straw. The 
improved Fe uptake is associated with the combined application 
of zinc and organic amendments, which enhances Fe solubility 
and mobility in the soil.

Mn	content	and	uptake
Maximum Mn content was recorded with the application of 2.5 t 

-1 -1ha  enriched poultry manure with 2.5 kg Zn ha  and ZSB (36.22 
-1 -1mg kg  in grain and 29.82 mg kg  in straw), with a total uptake of 

-1 -1 -1241.08 µg pot  (50.91 µg pot  by grain and 190.17 µg pot  by 
-1straw). Application of 10 t ha  enriched farm yard manure with 

-15.0 kg Zn ha  and ZSB also showed high Mn uptake, totaling 
-1292.23 µg pot . The enhanced Mn uptake can be linked to the 

combined in�luence of organic matter, Zn application, and 
microbial activity, which together improve Mn availability in the 
rhizosphere by modifying soil pH and stimulating microbial-
mediated nutrient solubilization [9], [1].

Soil	fertility	status	as	in�luenced	by	different	treatments
The results from Table 4 clearly indicated that the pH of the soil 
slightly decreased in enriched treatments, with the lowest 

-1observed with application of 2.5 t ha  enriched poultry manure 
-1with 2.5 kg Zn ha  and ZSB (6.58), suggesting a mild acidifying 

effect bene�icial for nutrient availability. Organic carbon (OC) 
-1content showed enhancement, with application of 10 t ha  

-1enriched farm yard manure with 5.0 kg Zn ha  and ZSB	(9.10 g 
-1kg ), indicating increased microbial activity and organic matter 

buildup. Major nutrients N, P, and K were substantially higher in 
-1treated plots, with application of 10 t ha  enriched farm yard 

-1 -1manure with 5.0 kg Zn ha  and ZSB (332.50 kg N ha , 40.50 kg P 
-1 -1ha ), and application of 2.5.0 t ha  enriched poultry manure 

-1 -1with 5.0 kg Zn ha  (375 kg K ha ) showing the most pronounced 
effects. Additionally, DTPA-extractable micronutrients were 
signi�icantly elevated in treatments with Zn and ZSB. 

-1Application of 10 t ha  enriched farm yard manure with 5.0 kg 
-1 -1Zn ha  and ZSB recorded the highest Zn (2.68 mg kg ), followed 

-1 -1by T8 and 2.5 t ha  enriched poultry manure with 2.5 kg Zn ha  
and ZSB, illustrating the effectiveness of ZSB in enhancing Zn 

-1availability. Fe and Mn levels were also highest in 2.5 t ha  
-1enriched poultry manure with 2.5 kg Zn ha  and ZSB, suggesting 

improved micronutrient solubility due to organic acids 
produced during manure decomposition. Among all treatments, 

- 1FYM enriched with 5 kg Zn ha  and ZSB consistently 
outperformed others in improving soil fertility, demonstrating 
the synergistic bene�its of combining organic manures with Zn 
and ZSB. This integrated nutrient management approach 
appears promising for enhancing soil health and sustaining crop 
productivity. 

The application of zinc-enriched manures signi�icantly 
increased the DTPA-extractable iron status of the soil [10] [3]. 
The release of micronutrients from organic manures makes 
them more available, as noted by [19], [20]. These results align 
with the �indings of [21], [23]. 

Zinc	pools	in	soil	as	in�luenced	by	different	treatments
The results (Table 5) revealed that treatments with organic 
manure, zinc application, and ZSB signi�icantly enhanced total 
and available Zn content in the soil. Application of enriched 2.5 t 

-1 -1 -1ha  poultry manure with 2.5 kg Zn ha and ZSB and 10 t ha  FYM 
-1enriched with 5.0 kg Zn ha  and ZSB recorded the highest total 

-1Zn concentrations (110.12 and 98.80 mg kg , respectively), 
-1signi�icantly higher than the control (71.93 mg kg ). Residual-

Zn formed the dominant Zn pool across all treatments, 
contributing approximately 80-90% of total Zn. Application of 

-1 -12.5 t ha  enriched poultry manure with 2.5 kg Zn ha  and ZSB 
-1showed the highest Res-Zn value (98.18 mg kg ) compared to 

-1the control (66.19 mg kg ). Despite being less bioavailable, this 
pool acts as a long-term Zn reservoir. The increase is attributed 
to the combined effect of Zn fertilizers, organic amendments, 
and microbial activity, aligning with the �indings of [27] further 
noted that Zn-enriched organic amendments could form 
organo-metallic complexes, reducing �ixation and increasing Zn 
availability over time [25], [31]. 
Labile Zn pools:	 Water soluble+ exchangeable Zn	 were 

-1increased signi�icantly with application of 2.5.0 t ha  enriched 
-1 -1poultry manure with 5.0 kg Zn ha  (1.81 mg kg ) and application 

-1 -1of 2.5 t ha  enriched poultry manure with 2.5 kg Zn ha  and ZSB 
-1 -1(1.80 mg kg ), compared to the control (0.57 mg kg ). These 

labile forms are the most readily available to plants. Complexed 
-1Zn	content was highest in the application of 2.5.0 t ha  enriched 

-1 -1poultry manure with 5.0 kg Zn ha  (2.51 mg kg ), followed by the 
-1application of 2.5 t ha  enriched poultry manure with 2.5 kg Zn 

-1 -1 -1ha  and ZSB (2.36 mg kg ) and T3 (2.08 mg kg ), compared to 
-1the control (0.76 mg kg ). The increase is likely due to enhanced 

cation exchange capacity (CEC) and the chelating action of 
organic compounds, such as humic and fulvic acids, which 
possess functional groups (OH, COOH, SH, C=O) with strong 
af�inity for Zn.	 Amorphous sesquioxide-bound Zn	 increased 

-1 -1 -1from 0.89 mg kg  (control) to 1.62 mg kg  in FYM 10 t ha  and 
-1 -1 -12.20 mg kg  in PM (2.5.0 t ha ). The highest value (2.51 mg kg ) 

-1was observed with application of 2.5.0 t ha  enriched poultry 
-1manure with 5.0 kg Zn ha . Organic acids released during 

decomposition likely facilitated Zn dissolution and adsorption 
onto amorphous sesquioxides. This is due to the high surface 
area and Zn adsorption capacity of amorphous oxides.	
Crystalline sesquioxide-bound Zn	was signi�icantly higher with 

-1the application of 2.5.0 t ha  enriched poultry manure with 5.0 
-1 -1 -1kg Zn ha  (6.76 mg kg ) and application of 2.5 t ha  enriched 

-1 -1poultry manure with 2.5 kg Zn ha  and ZSB (6.99 mg kg ) 
-1compared to the control (3.53 mg kg ). A maximum value (7.28 

-1 -1mg kg ) was recorded in enriched PM with Zn @2.5 kg ha  and 
ZSB. The increased CSB-Zn is attributed to higher Zn application, 
interaction with crystalline iron oxides, and speci�ic adsorption 
on positively charged mineral surfaces like goethite and gibbsite 
[11]. Enrichment of organic manures with Zn and ZSB 
signi�icantly enhanced both total and available Zn pools. These 
treatments increased the proportion of Zn in more labile and 
plant-available forms (WSEx-Zn, Comp-Zn, ASB-Zn, CSB-Zn), 
shifting Zn distribution away from unavailable residual forms. 
The synergistic effect of organic matter and microbial activity 
(ZSB) improved Zn solubility and mobility. 
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Table	1:	Chlorophyll	content	in	leaves,	yield	attributes	and	yield	of	wheat	as	in�luenced	by	enriched	organic	manures	with	Zinc	and	ZSB

Table	2:	Effect	of	enriched	organic	manures	with	Zinc	and	ZSB	on	micronutrient	content	in	wheat

Table	3:	Uptake	of	micronutrients	by	wheat	as	in�luenced	by	enriched	organic	manures	with	Zinc	and	ZSB

Table	4:	Effect	of	enriched	organic	manures	with	Zn	and	ZSB	on	soil	fertility
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Table	5:	Zinc	pools	and	percent	contribution	as	in�luenced	by	enriched	organic	manures	with	Zinc	and	ZSB

Percent	contribution	value	given	in	parentheses

Fig.	1.	SPAD	reading	in	fresh	leaves	of	wheat

Fig.	2	chlorophyll	content	in	fresh	leaves	of	wheat

Fig.	3.	Zn	content	in	grain	and	straw	of	wheat

Fig.	4.	Zn	uptake	by	grain	and	straw	of	wheat

Conclusion
-1 The �indings revealed that the application of 10.0 t ha enriched 

-1FYM with 5.0 kg Zn ha and ZSB (Pseudomonas	 aeruginosa) 
showed a signi�icant increase in the chlorophyll content, yield 
attributes, and yield, zinc content and uptake, as well as 
improved soil health. Enriched organic manures with zinc and 
ZSB application improve the physicochemical properties of the 
soil, increase the availability of major nutrients and 
micronutrients, and enhance nutrient uptake by wheat.
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