
_____________________________________________________________________________________________________ 
 
*Corresponding author: E-mail: dbalu@tnau.ac.in; 
 
 

 International Journal of Plant & Soil Science 
11(2): 1-12, 2016; Article no.IJPSS.25790 

ISSN: 2320-7035 
 

SCIENCEDOMAIN international 
             www.sciencedomain.org 

 

 

Zinc Solubilizing Potential of Enterobacter cloacae  
Strain ZSB14 in Three Different Semi-arid Tropical 

Soils 
 

S. Krithika 1, G. Prasad 1 and D. Balachandar 1* 
 

1Department of Agricultural Microbiology, Tamil Nadu Agricultural University, Coimbatore, 641003, 
India. 

  
Authors’ contributions 

 
This work was carried out in collaboration between all authors. Author DB designed the study, wrote 
the protocol, and wrote the first draft of the manuscript. Author GP managed the literature searches 

and improved the manuscript. Author SK managed the analyses of the study and performed the 
statistical analysis. All authors read and approved the final manuscript. 

 
Article Information 

 
DOI: 10.9734/IJPSS/2016/25790 

Editor(s): 
(1) Fatemeh Nejatzadeh, Department of Horticulture, Faculty of Agriculture, Khoy Branch, Islamic Azad University, Iran. 

(2) A. Mujib, Department of Botany, Hamdard University, India. 
Reviewers: 

(1) Aysen Akay, Selcuk University, Turkey. 
(2) Fernando José Cebola Lidon, New University of Lisbon, Portugal. 

(3) K. Narasimha Swamy, Indian Institute of Rice Research, India. 
(4) Rachmawati Hasid, Halu Oleo University, Indonesia. 

(5) Regina Teresa Rosim Monteiro, University of Sao Paulo, Brazil. 
(6) Anonymous, University of Idaho, USA. 

Complete Peer review History: http://sciencedomain.org/review-history/14570 
 
 
 

Received 20 th March 2016  
Accepted 5 th May 2016 

Published 11 th May 2016 
 

 
ABSTRACT 
 
Microbial transformation of soil unavailable zinc (Zn) into available form is an important agronomical 
approach not only to alleviate the Zn deficiency of stable food crops but also to improve the 
nutritional quality of human diet. Zinc solubilizing bacteria (ZSB) as an inoculant to the crop plants 
could be a sustainable input for Zn-fertilization as well as for Zn-biofortification.  In order to explore 
these bacteria, we have conducted a microcosm study to assess its potential in terms of Zn 
availability in three different soils of semi-arid tropics and its interaction effects with different 
insoluble Zn amendments. The ZSB strain, Enterobacter cloacae ZSB14 was inoculated to semi-
arid tropical red lateritic, wetland and calcareous soils with or without zinc amendments viz, zinc 
oxide (ZnO), zinc carbonate (ZnCO3) and zinc phosphate (Zn3(PO4)2) under controlled condition 
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and assessed for its Zn-releasing potential. The incubation study conducted up to 40 days revealed 
that the ZSB inoculation alone could not increase the Zn availability significantly in any of the three 
tested soils and the inoculation should be supplemented with insoluble Zn amendments. The 
preferred order of Zn amendments for ZSB-bound Zn release in all the three tested soils was 
ZnO>ZnCO3>Zn3(PO4)2. The results also revealed that the ZSB inoculation with Zn amendment 
was more effective for increasing the Zn availability of red lateritic (8.57 mg/kg) and wetland (6.35 
mg/kg) soils than calcareous soil (4.47 mg/kg). ZSB inoculation alone and with zinc phosphate 
amendment increased the soil available potassium and phosphorus contents, respectively in all the 
soils. From the results, it is evident that pH and calcium carbonate contents of the soil are the major 
drivers of ZSB-bound Zn release in these soils. This study made progress to understand the 
efficacy of zinc solubilizing bacteria and its interaction with Zn amendments in different semi-arid 
tropical soils, which could be used as inoculant for Zn-fertilization. 
 

 
Keywords: Micronutrient; semi-arid tropical soils; zinc amendments; zinc solubilizing bacteria. 
 
1. INTRODUCTION  
 
Zinc (Zn) is now being considered as the fourth 
plant nutrient that limits the yield of several staple 
food crops like rice and maize after nitrogen, 
phosphorus and potassium, respectively [1]. 
Nearly 30% of the world agricultural soils are Zn-
deficient (<1 mg/kg of available Zn) [2]. Soil zinc 
deficiency not only reduces the yield but also the 
grain zinc content in food crops and 
subsequently causes malnutrition [3]. For 
example, Zn-deficient wheat stored only 16 
mg/kg of Zn in its grain, while Zn-sufficient wheat 
had >40 mg/kg of grain-Zn [4]. Though the soil 
inherent characteristics such as alkalinity, 
calcareous nature and low soil organic carbon 
(SOC) primarily limit the Zn availability, 
agricultural intensification and imbalanced 
nutrient managements further worsen the 
situation [5]. Application of Zn-fertilizers such as 
soluble zinc sulphate or sparingly-soluble zinc 
oxide is the common practice being adopted to 
correct the Zn deficiency [6]. The applied Zn 
precipitated immediately in soil as insoluble 
forms viz, hydroxides, carbonates, phosphates 
and sulphides as dictated by physico-chemical 
properties. Since the tropical and sub-tropical 
soils are relatively low in SOC, further fixation 
ended with non-exchangeable forms such as 
metal oxides or clay sorbed minerals. Thus, the 
Zn-fertilizers had only 1-5% use efficiency for 
most of the crops [1]. Alternatively, exploring the 
soil bacteria, able to solubilize the inorganic Zn 
and thereby increase the bioavailability for crop 
assimilation, is a viable option to achieve the 
objective of correcting the Zn deficiency and 
thereby overcoming the zinc malnutrition in 
human [7,8]. 
 
Several soil bacteria such as Pseudomonas, 
Bacillus, Gluconacetobacter, Burkholderia, 

Acinetobacter, Serratia, Flavobacter and 
Enterobacter were already reported as zinc 
solubilizing bacteria (ZSB) [9-13]. They produce 
variety of low molecular weight organic acids, 
dissolute Zn from insoluble forms; reduce the pH 
of the soil solution and thereby increase the plant 
available zinc (Zn2+) [11,14]. Inoculation of these 
bacteria enhanced the Zn uptake of rice [15], 
maize [16], wheat [12,17], green gram [14] and 
soybean [12,18]. Their Zn biofortification 
potential in grains was also reported in rice [15] 
and wheat [12,19]. These plant growth promoting 
bacteria, when colonize the roots of plants, 
increased the soil available Zn along with other 
nutrients such as phosphorus and iron non-
specifically in the rhizospheric region through 
acidification, bacterial siderophores and organic 
acids [20]. Though there are several reports 
available on zinc solubilizing bacteria [8], its 
agronomical potential is not yet fully-explored for 
zinc management of crops. 
 
The semi-arid tropical soils are characterized by 
low SOC with limited nutrient carrying capacity, 
especially for nitrogen, phosphorus, sulphur, zinc 
and boron [21]. As the physico-chemical 
properties of the soil is most responsible factor 
decides the Zn availability, it is essential to know 
how ZSB could effectively release the Zn in 
these soils to ensure the Zn fertilization. 
Likewise, few studies revealed that the ZSB-
released Zn in the soil was trivial, when no 
external Zn source was applied along with ZSB 
[12,13]. Hence it is also important to know 
whether the ZSB inoculation needs Zn 
amendment or not for different soil types 
especially for those nutritionally-poor soils of 
semi-arid tropics. To address these concerns in 
order to exploring the ZSB as potential Zn-
fertilizing and Zn-fortifying agent for food crops, 
in the present work, we have assessed the 
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interaction effects of zinc amendments and ZSB 
inoculant in different semi-arid tropical soils. 
 
2. MATERIALS AND METHODS  
 

2.1 Bacterial Strain and Culture Condition 
 
Enterobacter cloacae strain ZSB14, capable of 
solubilizing insoluble ZnO, ZnCO3 and Zn3(PO4)2, 
isolated and characterized from rhizosphere of 
rice [13] was used for this study.  The strain was 
routinely grown in Bunt and Rovira medium 
containing 0.1% ZnO with and without agar 
(1.5%) [22] at 30°C in an incubator (Lab 
Companion, USA). 
 

2.2 Soil Samples  
 
Three different semi-arid tropical soils viz., red 
lateritic soil, wetland soil and calcareous soil 
were collected from Tamil Nadu Agricultural 
University research farms and three independent 
samples were maintained per soil. Soil samples 
from 0-30 cm collected from 10 different 
locations of a field, pooled, removed from stones 
and stubbles were powdered, packed in water 
and air tight plastic bags and stored at 4°C for all 
the analyses.  Soil pH and electrical conductivity 
were estimated with a glass electrode using a 
soil to water ratio of 1:1. Soil organic carbon was 
determined by dichromate oxidation [23]. Soil 
available N was extracted with 2 M KCl for 1 h 
and determined by Kjeldahl method [24]. 
Available P was extracted with Olsen reagent 
[0.5 M NaHCO3 (pH 8.5)] at soil-extractant ratio 
of 1:20, shaken for 30 min and quantified by 

molybdenum – blue colorimetry [25]. Available K 
was extracted with neutral normal ammonium 
acetate (pH 7.0), shaken for 25 min and 
measured by flame photometry [26]. Soil 
available micronutrients viz, copper (Cu), 
manganese (Mn), iron (Fe) and zinc (Zn) were 
analyzed by atomic absorption spectroscopy 
after extraction with diethylene triamine penta 
acetic acid (DTPA) [27]. Calcium carbonate 
(CaCO3) content in the soils was determined by 
dissolution with 1N hydrochloric acid in a 
volumetric calcimeter calibrated against 
analytical CaCO3 [28]. The soil microbial 
biomass carbon (MBC) was quantified by 
fumigation extraction method [29]. The physico-
chemical properties of soils and geographical 
coordinates of soil collection sites were 
presented as Table 1. 
 
2.3 ZSB Inoculum 
 
The strain ZSB14 was cultivated in one litre of 
Bunt and Rovira medium supplemented with ZnO 
to achieve a final Zn concentration of 0.1% at 
30°C in an incubator till reached a final 
concentration of approx. 109 colony forming units 
(cfu) per ml. The bacteria were pelletized by 
centrifugation at 5000 g for 20 min at room 
temperature and cell pellets were re-suspended 
in 100 ml of 0.1 x phosphate buffered saline 
(PBS) and centrifuged. This operation was 
repeated and afterwards the cell pellets were re-
suspended in 100 ml of PBS and measured the 
cell concentration by serial-dilution and plating on 
Bunt and Rovira medium.  

 
Table 1. Physico-chemical properties of soils and g eographical coordinates of the soil 

collection sites used in the present study 
 

Physico -chemical properties  Red lateritic soil  Wetland soil  Calcareous soil  
Texture  Clay Clay-loam loam 
pH 5.97 (±0.03)a 8.74 (±0.04)b 8.81 (±0.03)b 

Electrical conductivity (dSm-1) 0.24 (±0.01)a 0.23 (±0.01)a 0.63 (±0.08)b 

Soil organic carbon (%) 0.65 (±0.12)a 0.45 (±0.07)a 0.53 (±0.06)a 

Available N (mg/kg) 131.23 (±2.94)a 145.30 (±1.87)ab 151.20 (±4.67)ab 

Available P (mg/kg) 15.78 (±0.71)a 25.10 (±0.70)b 34.17 (±1.07)c 

Available K (mg/kg) 135.78 (±5.77)a 198.61 (±16.67)c 150.86 (±8.13)b 

Available Zn (mg/kg) 1.73 (±0.02)a 1.91 (±0.04)a 1.84 (±0.02)a 

Available Fe (mg/kg) 4.43 (±0.05)a 2.18 (±0.03)b 0.43 (±0.01)c 

Available Mn (mg/kg) 10.33 (±0.20)a 6.19 (±0.29)b 8.54 (±0.18)ab 

Available Cu (mg/kg) 0.46 (±0.00)a 1.01 (±0.04)a 0.94 (±0.04)a 

Calcium carbonate (%) 4.67 (±0.67)a 7.22 (±0.33)b 17.67 (±0.88)c 

Microbial biomass carbon (mg/g) 0.18 (±0.01)a 0.15 (±0.02)a 0.18 (±0.02)a 

Geographical coordinates of 
sampling site 

10.4°N  latitude; 
78.82°E longitude; 
102 m altitude 

11.12°N latitude; 
76.99°E longitude; 
426 m altitude 

11.00°N latitude; 
76.93°E longitude; 
426 m altitude 

Values are mean (±standard error) (n=6) and values followed by the same letter in each row are not significantly 
different from each other as determined by DMRT (P = 0.05) 
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2.4 Soil Microcosm Study  
 
Unsterilized soil samples were adjusted to nearly 
50% moisture holding capacity with sterile 
distilled water. The ZSB strains prepared as 
inoculum was thoroughly mixed with soil with a 
final concentration of about 107 cfu per g along 
with three different insoluble zinc sources [zinc 
oxide (ZnO), zinc carbonate (ZnCO3) and zinc 
phosphate (Zn3(PO4)2)] as amendments at the 
rate of 0.1% Zn. From this, a quantity of 500 g of 
the inoculated soil was transferred to sterile 
containers (HiMedia, India) with perforation for 
air exchange.  Unamended but ZSB inoculated 
controls were maintained. The same amount of 
soil (with and without Zn amendments) added 
with PBS instead of cell suspension was 
maintained as uninoculated controls. The 
moisture per cent was maintained during the 
course of experiment by adding additional sterile 
deionized water weekly to maintain the original 
weight of the container. Three replicates were 
maintained per sample. The inoculation was 
done in Biological safety cabinet (Nuaire, USA) 
and the containers were incubated at 
temperature-controlled incubator (Lab 
Companion, USA) at 30°C. Soil samples were 
withdrawn on every 10 days after inoculation and 
assessed for pH, available zinc, iron, 
phosphorus, potassium and MBC as described 
earlier. 
 
2.5 Statistical Analysis  
 
All the data were subjected to statistical analysis 
with software, Microsoft Excel for Windows 2007 
add-in with XLSTAT Version 2010.5.05 [30]. 
Statistically significant differences between the 
treatments were analyzed using analysis of 
variance (ANOVA) and Duncan’s Multiple Range 
Test (DMRT) at 5% significance level. To group 
the soil samples with similar nutrient flux due to 
ZSB inoculation and Zn amendments, a cluster 
analysis was performed with Bray-Curtis 
similarity [31] using PRIMER 7 software (version 
7.0.9, Plymouth Routines in Multivariate 
Ecological Research, v.6.1.13; PRIMER-E, 
Plymouth, UK).  All the environmental data were 
log-transformed and normalized prior to analysis.  
To confirm the clustering, non-metric 
multidimensional scaling (MDS) was performed 
to ordinate the similarity data. Besides, one-way 
analysis of similarities (ANOSIM) test was also 
conducted to detect the significant difference 
between the clustered groups. 

3. RESULTS 
 

3.1 Soil pH 
 

Addition of Zn amendments influenced the pH of 
all the three soils, but not due to ZSB inoculation.  
The ZnO, ZnCO3 and Zn3 (PO4)2 increased the 
pH of red lateritic soil from 5.70 to 6.13, 6.33 and 
5.93, respectively immediately after amended (0th 
day) (Fig. 1A, D, G). In wetland soil, the pH was 
raised from 8.03 to 8.23, 8.23 and 8.06 for the 
above amendments (Fig. 1B, E, H) and for 
calcareous soil, the values were 8.56, 8.5 and 
8.03, respectively for those Zn amendments (Fig. 
1C, F, I). The soil pH raised after the Zn 
amendment had little flex (±0.30) throughout the 
experimental period. All the ZSB inoculated 
controls maintained their inherent pH for all the 
three soils assessed. 
 

3.2 Soil Available Zinc 
 

The available Zn (DTPA-Zn) content of three 
soils tested was significantly increased due to 
ZSB inoculation with Zn amendments. The red 
lateritic soil recorded the mean available Zn level 
of 8.57 mg/kg, while the wetland and calcareous 
soil recorded 6.35 mg/kg and 4.47 mg/kg, 
respectively for ZSB + Zn amendment after 40 
days of incubation. In red lateritic soil, ZnO and 
ZnCO3 facilitated mean ZSB-mediated Zn levels 
of 9.04 and 9.02 mg/kg, respectively while for 
Zn3(PO4)2, it was 7.63 mg/kg. The unamended 
but ZSB inoculated treatment recorded a mean 
Zn of 1.86 mg/kg and the Zn-amended, but 
uninoculated control recorded a mean of 1.62 
mg/kg (Fig. 2A, D, G).  
 

In wetland soil, the mean available Zn was 
increased from a base level of 1.56 mg/kg to 
6.83, 6.89, 5.34 and 2.13 mg/kg for ZnO, ZnCO3, 
Zn3 (PO4)2 and unamended control, respectively 
when incubated along with ZSB inoculation. The 
Zn-amended uninoculated control recorded a 
mean value of 1.83 mg/kg DTPA-Zn in this soil 
(Fig. 2B, E, H). In calcareous soil, the addition of 
ZnO, ZnCO3, Zn3 (PO4)2 enhanced the mean 
available Zn levels of 4.87, 4.31 and 4.24 mg/kg, 
respectively for ZSB inoculation. The unamended 
ZSB inoculated and Zn-amended but 
uninoculated controls recorded insignificant 
mean Zn concentrations of 1.70 and 1.83 mg/kg, 
respectively (Fig. 2C, F, I). Irrespective of soil 
types, addition of ZnO or ZnCO3 gradually 
increased the Zn levels up to 20 days and then 
declined. Whereas for zinc phosphate 
amendment, the soils reached maximum Zn 
concentration on 10th day, which were lower than 
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ZnO and ZnCO3 and maintained the same level 
till the experimental period (Fig. 2). 
 
3.3 Soil Available Phosphorus 
 
Soil available P was significantly influenced by 
Zn amendments, with added effect of ZSB 
inoculation.  The addition of zinc phosphate with 
or without ZSB inoculation significantly increased 
the mean available P of all the three soils than 
zinc oxide and carbonate (Fig. 3). The ZSB 
inoculated and zinc phosphate amended soil 
recorded 146.25 mg/kg of mean available P in 
red laterite soil, which was 354% more than 
unamended control (Fig. 3G). The same 
treatment recorded 177.14 mg/kg and 143.65 
mg/kg of mean available P for wetland and 
calcareous soils, respectively, which were 211 
and 298% higher than their respective 
unamended controls (Fig. 3H and Fig. 3I). Zinc 
phosphate amended but unioculated controls 
also recorded significantly higher mean available 
P in all the three soils (113.57, 124.54 and 
127.03 mg/kg for red lateritic, wetland and 
calcareous soil, respectively) than their 
respective unamended controls. ZnO and ZnCO3 

amended soils had more significant influence of 
ZSB inoculation than Zn amendments.  
Unamended but ZSB inoculated red lateritic and 
wetland soils recorded a mean percent increase 
of 41.9 and 96.5% than control. However, in 
calcareous soil, both Zn amendments (ZnO and 
ZnCO3) and ZSB inoculation had no effect for 
available P. An average of 10-25% less available 
P was recorded in those treatments than their 
respective controls. 
 
3.4 Soil Available Potassium 
 
ZSB inoculation with or without Zn amendments 
significantly increased the available K content of 
all the soils tested (Fig. 4). In red lateritic soil, the 
mean available K was increased from 147 mg/kg 
to 175.38 and 170.50 mg/kg due to ZSB + Zn 
and ZSB alone, respectively (Fig. 4A, D, G). In 
wetland soil, for the same treatments, the mean 
available K contents were 252.79 and 247.79 
mg/kg, respectively (Fig. 4B, E, H). ZSB+Zn 
amendment increased the mean available K to 
255.11 mg/kg and ZSB inoculation alone 
reported to 268.19 mg/kg in calcareous soil (Fig. 
4C, F, I).  

 

 
 

Fig. 1. Interaction effect of ZSB inoculation and Z n amendments on changes in pH of red 
lateritic soil (A,D,G), wetland soil (B,E,H) and ca lcareous soil (C,F,I).  The Zn amendments  

viz., ZnO, ZnCO 3, Zn3(PO4)2 applied at 0.1% Zn equivalent in respective treatm ent. Means of  
three replicate values plotted, errors bars indicat e the standard error. ( ♦) ZSB inoculation  

with respective Zn amendment; ( ■) ZSB inoculation alone; (▲) Zn amendment alone 
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Fig. 2. Interaction effect of ZSB inoculation and Z n amendments on changes in DTPA 
extractable Zn content of red lateritic soil (A,D,G ), wetland soil (B,E,H) and calcareous soil 
(C,F,I). The Zn amendments viz., ZnO, ZnCO 3, Zn3 (PO4)2 applied at 0.1% Zn equivalent in 

respective treatment. Means of three replicate valu es plotted, errors bars indicate the standard 
error. ( ♦) ZSB inoculation with respective Zn amendment; (■) ZSB inoculation alone; (▲) Zn 

amendment alone 
 
The Zn amendments alone did not cause any 
significant effect on available K content of soils. 
In combination with ZSB, no significant difference 
among the Zn amendments was found in any of 
the soil for increase of available K. In red laterite, 
available K level reached its maximum on 10th 
day itself due to ZSB inoculation and maintained 
the same up to 40 days of incubation.  However, 
in wetland soils, the maximum K was reached on 
20th day and for calcareous soil, it was on 30th 
day for the same treatment. 
 

3.5 Soil Microbial Biomass Carbon 
 
ZSB inoculation with or without Zn amendment 
increased the soil microbial biomass carbon 
significantly than their unioculated controls in all 
the tested soils (Fig. 5). Among the three soils, 
the response of ZSB inoculation in terms of MBC 
increase was more significant in calcareous soil 
(Fig. 5C, E, I) than red laterite (Fig. 5A, D, G) and 
wetland soil (Fig. 5B, E, H). The mean MBC 
increase in calcareous soil for ZSB and ZSB + 
Zn treatments were 0.58 and 0.51 mg/g of soil, 
respectively, while the values for red lateritic and 
wetland soils were 0.38 and 0.44 mg/g and 0.25 
and 0.34 mg/g, respectively. None of the Zn 

amendments significantly increased the MBC of 
any of the soils tested. The time course increase 
of MBC was in positive for red lateritic soil, while 
in wetland soil, the gradual increase of MBC up 
to 20 days and then declined in later days. In 
calcareous soil, the flex in the MBC build up was 
noticed in time course of incubation. 
 
3.6 The Interaction between ZSB and Zn 

Amendments  
 
The MDS plot relating the soil samples amended 
with different Zn sources and ZSB inoculation 
discriminated the samples based on the 
similarities of assessed soil variables (Fig. 6). 
 
The Kruskal’s stress value reported (0.06) for 
MDS indicates good ordination of samples (less 
than 0.1) i.e., with little risk of misinterpreting 
patterns. Likewise, the ANASIM also showed 
significant difference (r = 0.54; P = 0.0021) 
among the treatment enforced soil types. The red 
lateritic soil samples are discriminated from 
wetland and calcareous soil samples, 
irrespective of the treatments enforced. The ZnO 
or ZnCO3 amended and inoculated with ZSB 
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Fig. 3. Interaction effect of ZSB inoculation and Z n amendments on changes in available 
phosphorus content of red lateritic soil (A,D,G), w etland soil (B,E,H) and calcareous soil (C,F,I). 

The Zn amendments viz., ZnO, ZnCO 3, Zn3(PO4)2 applied at 0.1% Zn equivalent in respective 
treatment. Means of three replicate values plotted,  errors bars indicate the standard error. ( ♦) 

ZSB inoculation with respective Zn amendment; ( ■) ZSB inocul ation alone; ( ▲) Zn  
amendment alone 

 

wetland and calcareous soils had more than 90% 
similarity and tightly clustered in MDS plot. The 
unamended but inoculated controls of those soils 
were also in the same group. The ZSB 
inoculated and ZnO or ZnCO3 amended red 
lateritic soil samples were discriminated with less 
than 80% Bray – Curtis similarity and out-
grouped with wetland and calcareous soils 
having the same treatmental effects. The ZnO or 
ZnCO3 amended but unioculated samples of all 
the soils were also in the same group revealed 
that the ZSB inoculation had significant effect on 
the changes in the observed variables. When the 
soils were amended with zinc phosphate alone 
and with ZSB inoculation (ZP and ZP+ZSB), all 
the three soil types clustered together with 80% 
similarity in MDS plot. The results clearly 
revealed that the response of wetland and 
calcareous soils to ZSB inoculation was different 
from red lateritic soil and Zn3 (PO4)2 differed from 
ZnO and ZnCO3 amendments. 
 

4. DISCUSSION 
 
Use of microbial resources to increase the soil 
Zn availability to the crop plants is one among 
the sustainable approaches to lessen the Zn 
deficiency problems as well as to improve the 

grain-Zn content of major food crops [12,19,20]. 
Though this microbial-mediated agronomical 
approach has enough potential for zinc 
fertilization and fortification, there are several 
basic informations have to be addressed such as 
survival and performance of ZSB under different 
soil types, suitable Zn amendments for effective 
Zn solubilization, interaction with other nutrients 
of soil and so on. Through the present work, we 
reported that the Zn solubilizing potential of ZSB 
mainly depends on the pH of the semi-arid 
tropical soils and the bacterial inoculation should 
essentially be coupled with external Zn 
amendments for effective release of Zn to the 
soil solution.  
 

4.1 Soil PH Regulates the Zn Solubilizing 
Potential of Bacterial Strain 

 
The soils used in the present work are 
predominant to Southern India, in which rice, 
maize, sorghum, groundnut like crops are being 
cultivated. The major attributes differed among 
those soils are pH, available phosphorus, 
potassium and iron contents. Apart from these, 
higher level of calcium carbonate was noticed in 
calcareous soil than wetland and red lateritic 
soils (Table 1 of the present work). When ZSB 
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was inoculated to these soils with or without Zn 
amendments, the ZSB-bound Zn release 
significantly differed due the physico-chemical 
properties.  However, irrespective of soils, ZSB 
increased the available Zn to a concentration that 
is in the range of Zn-sufficient condition (3-10 
mg/kg; Fig. 2 of the present work) implies that 
the ZSB strain can perform well in all these soils. 
Low pH of red lateritic soil favoured ZSB to 
solubilize and release more Zn than in wetland 
and calcareous soils (Fig. 1 and 2 of the present 
work). As Lindsay [32] pointed out, Zn solubility 
is highly pH-dependent and decreases 100-fold 
with increase of each unit of PH. The 
predominant available forms of Zn in soil solution 
are Zn2+ at pH <7.5; Zn (OH) between pH 7.5 and 
9.0; Zn(OH)2 at pH 9.1 and above [32]. In 
general, Zn deficiency is widespread in alkaline 
calcareous soil [33] and in the present work too, 
the ZSB inoculation was less-effective to 
calcareous soil in terms of increase of available 
Zn. The wetland and calcareous soils used in the 
present work had similar physico-chemical 
attributes including pH except the calcium 
carbonate content. The least Zn release by ZSB 
in calcareous soil might be due to the excessive 
calcium carbonate content of calcareous soil 
which reduces the availability. When excess 
calcium carbonate is present in the soil, it 
increases the soil pH; sorbs the Zn on its 
precipitates and calcium forms calcium zincate 
and subsequently reduces the availability [1]. 
 
4.2 ZSB Needs Amendments for Effective 

Zn Release 
 
Soil Zn is in number of chemical forms with 
varying solubility which include soluble Zn (water 
soluble), adsorbed on exchange site 
(exchangeable), organic matter-bound Zn, 
secondary mineral zinc precipitates, amorphous 
sesquioxide-bound Zn and as structural part of 
primary minerals [34,35]. Water soluble Zn is 
readily available to plant and is in equilibrium 
with adsorbed or exchangeable forms controlling 
the Zn availability by adsorption and desorption 
reactions [36]. The ZSB inoculants are being 
developed in the present work or elsewhere with 
an objective to increase the adsorbed Zn 
proportions of soil by dissolving the Zn 
precipitates through organic acid production and 
subsequently to increase the adsorption-
desorption reactions so as to increase the 
solution Zn. However, the present work and 
previous reports revealed that the ZSB 
inoculants could not use the native Zn forms                 
for their dissolution. Inoculation of ZSB            

(Bacillus aryabhattai strains) to soybean and 
wheat increased the soil available Zn 
concentrations significantly than uninoculated 
control, from 0.62 mg/kg to 0.98 and 0.75 mg/kg, 
respectively. However, the increase of Zn 
availability due to bacterial inoculant was trivial 
[12]. In the present study too (Fig. 2), it is 
obvious that ZSB inoculation alone could not 
increase the available Zn in any of the soils 
tested which is in accordance with previous 
reports [12,13,37]. Since all these semi-arid 
tropical soils are low in organic carbon, the Zn is 
transformed into non-exchangeable forms such 
as secondary mineral precipitates, amorphous 
sesquioxide bound forms etc [5]. Continuous 
flooding of wetland soil reduced the redox 
potential and favoured to precipitate the Zn as 
ZnS [38]. Hence, it is clear from these findings 
that the bacterial inoculation alone may not be 
sufficient to improve the Zn availability, especially 
those soils suffering with Zn deficiency. Hence, in 
the present work, we have assessed three Zn 
amendments [ZnO, ZnCO3 and Zn3 (PO4)2] to 
increase the efficiency of ZSB and among them, 
ZnO and ZnCO3 recorded maximum ZSB-bound 
Zn release, while the zinc phosphate had least 
response in all the soils. However, the zinc 
phosphate amendment also helped ZSB to 
increase the Zn availability within the range of Zn 
sufficient conditions in all the three tested soils 
(5-7 mg/kg of soil). Comparing the three 
amendments, ZnO is sparingly soluble followed 
by zinc carbonate and least soluble is zinc 
phosphate. As the Zn solubilizing efficiency of 
ZSB is directly proportional to the solubility index 
of these compounds, it is clear that 
ZnO>ZnCO3>Zn3(PO4)2 is the order of preferred 
Zn amendments for effective ZSB-bound Zn 
release [11,13]. As the ZSB strain used in the 
present work did not have any marker character 
to assess its population in soil with time course, 
we used the soil microbial biomass carbon as 
indirect measure to monitor its fate. The MBC of 
the ZSB inoculated soils significantly increased 
than uninoculated soils and stabilized throughout 
the experimental period implies that the zinc 
solubilizing activity is induced significantly by the 
Zn amendments (Fig. 5 of the present work). The 
present MBC results also suggest that the 
dosage of Zn amendments (0.1% Zn equivalent) 
was toxic to neither the ZSB inoculant nor the 
native microbial communities of the tested soils. 
From the present experiment, it is also confirmed 
that native soil microflora could not use the 
amended Zn and ZSB inoculation is essential for 
increasing the availability of Zn in all these semi-
arid tropical soils. 



 
 
 
 

Krithika et al.; IJPSS, 11(2): 1-12, 2016; Article no.IJPSS.25790 
 
 

 
9 
 

 
 

Fig. 4. Interaction effect of ZSB inoculation and Z n amendments on changes in available 
potassium content of red lateritic soil (A,D,G), we tland soil (B,E,H) and calcareous soil (C,F,I). 
The Zn amendments viz., ZnO, ZnCO 3, Zn3 (PO4)2 applied at 0.1% Zn equivalent in respective 
treatment. Means of three replicate values plotted,  errors bars indicate the standard error. ( ♦) 

ZSB inoculation with respective Zn amendment; ( ■) ZSB inoculation alone; (▲) Zn amendment 
alone 

 

 
 

Fig. 5.  Interaction effect of ZSB inoculation and Zn amendm ents on changes in microbial 
biomass carbon content of red lateritic soil (A,D,G ), wetland soil (B,E,H) and calcareous soil 

(C,F,I). The Zn amendments viz., ZnO, ZnCO 3, Zn3 (PO4)2 applied at 0.1% Zn equivalent in 
respective treatment. Means of three replicate valu es plotted, errors bars indicate the standard 

error. ( ♦) ZSB inoculation with respective Zn amendment; (■) ZSB inoculation alone; (▲) Zn 
amendment alone  
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Fig. 6.  Non-metric multidimensional scaling (MDS) ordinatio n of similarity (Bray-Curtis) of 
three different soils as influenced by ZSB inoculat ion and Zn amendments. ( ▲) red lateritic 

soil; ( ▼) wetland soil; ( ■) calcareous soil. ZSB – Zinc solubilizing bacterial  inoculation; ZO – 
Zinc oxide amendment; ZC – Zinc carbonate amendment ; ZP – Zinc phosphate amendment. All 

the assessed soil physico-chemical variables (detai led in materials and methods) were log-
transformed and normalized for assessing the similar ity. Continuous lined circles engulfing 

the soil samples based on 80% similarity clustering  and dotted line circle was based on 
grouping with 90% similarity 

 

4.3 ZSB Increases Soil Available 
Phosphorus and Potassium  

 
The present soil incubation study conducted in 
three different semi-arid tropical soils revealed 
that apart from Zn, the availability of phosphorus 
and potassium contents of the soils was also 
influenced by ZSB and or Zn amendments. As 
organic acid production (especially gluconic acid) 
is the primary mode of action for Zn dissolution, 
these low-molecular weight acids can non-
specifically solubilize phosphorus, potassium, 
calcium and manganese from their respective 
minerals or from insoluble precipitates depending 
upon the physico-chemical properties of the soil 
[39]. The organic acids can adhere to mineral 
surface and extract the nutrients non-specifically 
from the mineral particles through electron 
transfer; break the oxygen links in the minerals 
and release the nutrients and chelate ions 
present in the solution through carboxyl and 
hydroxyl groups and thereby indirectly 
accelerating the dissolution rate of minerals [40].  
In the present investigation, the ZSB alone could 
not increase the P availability but can increase K 
availability implies that the acidity produced by 
ZSB had the potential to release the native K-
minerals but not from P-minerals. However, 
when zinc phosphate was used as Zn-
amendment, ZSB indirectly increased the P 
availability of all the soils tested and ZnO and 
ZnCO3 had no role in it. Fe toxicity and low pH of 

red lateritic soil [41] and high calcium content of 
calcareous soil [42] are the reasons for relatively 
low ZSB + zinc phosphate effect in terms of P 
availability in the present study. 
 
5. CONCLUSIONS 
 
This study made progress towards the 
understanding of microbial mediated Zn 
availability in three different soils of semi-arid 
tropics as influenced by their physico-chemical 
properties. The soil pH and calcium carbonate 
contents are the major drivers of ZSB-bound Zn 
availability in those soils. ZSB inoculation could 
be more effective for Zn-fertilization of crops 
growing in acidic and wetland soils than those of 
calcareous soil. We also showed that the ZSB 
inoculation alone could not dramatically increase 
the Zn2+ in these soils, as it should be coupled 
with Zn amendments as supplementary to 
achieve the Zn availability levels that could be 
effectively uptake by the crop plants. ZSB 
inoculation with and without Zn amendments also 
improved the P and K availability of the soils, 
respectively.  The over-all results of the present 
study suggest that ZSB inoculation with zinc 
phosphate would be a better alternative for the 
present Zn-fertilization, which could also increase 
the phosphorus and potassium availability in all 
these semi-arid tropical soils as additional 
benefit. 
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