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Abstract
In this study, experiments were conducted to isolate, characterize, and evaluate rice rhizosphere bacteria for their arsenic (As) 
tolerance ability and zinc (Zn) solubilization potential in culture media and soil. Among 20 bacterial isolates recovered, six 
were found to solubilize inorganic Zn salt(s) efficiently under in vitro culture conditions. 16S rRNA gene sequence-based 
phylogenetic analysis indicated the affiliation of efficient Zn solubilizing bacteria (ZSB) to Burkholderia vietnamiensis and 
Burkholderia seminalis. Zinc solubilizing efficiency (ZSE) of the bacteria varied with the concentrations and types of Zn 
salts used in the experiments. Increasing trend in ZSE of the bacteria was noticed when the percentage of ZnO increased 
from 0.1 to 0.5 but the same decreased at 1.0%. Increased Zn solubilization was noticed when bacteria were incubated with 
lower concentration of  Zn3(PO4)2 and  ZnCO3. In general, Zn solubilization increased with increasing incubation time in lower 
volume medium, while some isolates failed to solubilize one or more tested Zn salts. However, enriched concentrated cells 
of the ZSB in glucose amended medium with 0.5% ZnO showed an increasing trend of Zn solubilization with time and were 
able to solubilize more than 300 mg/L Zn. This increased rate of Zn release by the ZSB was attributed to marked decline 
in pH that might be due to the enhanced gluconic acid production from glucose. As evident from the decreased ZSE of the 
bacteria in the presence of As(V) in particular, it seems arsenic imparts a negative effect on Zn solubilization. The ZSB were 
also able to increase the rate of Zn release in soil. A microcosm-based soil incubation study amending the enriched bacteria 
and 0.5% ZnO in soil showed an elevated level of both water-soluble and available Zn compared to un-inoculated control. 
During Zn solubilization in microcosms, viable cells in terms of colony-forming unit (CFU) declined by the same order of 
magnitude both in the presence and absence of ZnO that might be due to the nutrients limiting condition aroused during 
the incubation period rather than Zn toxicity. The bacteria in this study also exhibited plant growth promoting traits, such 
as growth in nitrogen-free medium, production of indole acetic acid (IAA), and solubilization of potassium and phosphate. 
Our findings suggested that Burkholderia spp. could be the potential candidates for enhancing Zn dissolution in the soil that 
might reduce the rate of inorganic Zn fertilization in agricultural soil.

Keywords Zinc solubilizing bacteria · Rice rhizosphere · Zinc solubilizing efficiency · Plant growth promotion · Soil 
incubation

Introduction

Zinc (Zn), an essential element is required in minute quan-
tities for the growth and nutrition of plants and animals. It 
regulates the structure and functions of various proteins and 
enzymes in biological systems (Andreini et al. 2009). Plants 
get zinc from the soil, and animals obtained this primarily 
from zinc laden plant parts when consumed as food. Thus, 
a limited supply of available Zn in soil and thereby reduce 
accumulation in food crops creating Zn deficiency in both 
plants and animals (Dinesh et al. 2018). Globally, zinc defi-
ciency in agricultural soils is becoming a vital factor that 
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has resulted in reduced productivity of crops with impaired 
nutritional quality (Hotz and Brown 2004). Consumption 
of Zn deficient rice causing critical health problems in a 
large number of people in the countries where rice stands 
as a principal commodity and serves as a staple food (Wu 
et al. 2019).

Total Zn content in normal soils has been estimated that 
varied from 10 to 300 mg kg−1 (Sharma et al. 2013). The 
total Zn content in various Indian soils ranged between 30 
and 75 mg kg−1 (Katyal and Sharma 1991). But literature 
show very low level of available Zn (4.0–270.0 μg  L−1) in 
soils compared to the mean total Zn (64.0 mg kg−1) (Alloway 
2009). Values in the report indicate that the critical limit of 
Zn in soil is low (< 1.0 mg kg−1); medium (1.0–2.5 mg kg−1) 
and high (> 2.5 mg kg−1) (Kanwar 1973). Ratan and Shukla 
(1984) set the critical limits of Zn deficiency and toxicity 
for rice soil which are 0.39, and 12 mg/kg with DTPA, and 
0.78 and 12 mg kg−1 with HC1 (0.05 N), respectively. In 
agricultural soil, Zn is present in sufficient quantity; how-
ever, a significant fraction is unavailable to plant. During 
the cultivation of rice under flooded condition, the applied 
fertilizer as zinc sulfate readily forms insoluble complexes 
and remain unavailable for plant uptake (Zhang et al. 2017; 
Khanghahi et al. 2018). Also, the exogenous application of 
chemical fertilizers creates a huge environmental burden 
(Dinesh et al. 2018). Agricultural practice needs to be car-
ried out in a sustainable way to overcome emergent adverse 
situations. Past agricultural practices mainly focused on 
increasing the crop yield without paying much attention to 
the decreasing mineral concentration in soil. Therefore, an 
increase in mineral content in the soil as well as in the staple 
food crops thought to be the promising approach towards 
the improvement of public health against malnutrition in 
Zn deficient areas (Shakeel et al. 2015; Kamran et al. 2017; 
Khanghahi et al. 2018).

The ability of conversion of insoluble zinc into plant 
accessible soluble form is a plant growth-promoting (PGP) 
trait exhibited by many bacteria (Kamran et al. 2017; Oth-
man et al. 2017). Also, Zn biofortification of food crops 
with the help of ZSB is a promising strategy for the eradica-
tion of Zn deficiency. Thus, several ZSB are characterized 
from various soil environments to provide the plant with 
the soluble form of Zn (Sharma et al. 2012; Gandhi and 
Muralidharan 2016). Reports based on in vitro study show 
that the members of the genera Azotobacter, Azospirillum, 
Acinetobacter, Bacillus, Burkholderia, Gluconacetobacter, 
Pseudomonas, and Thiobacillus have potential to solubilize 
Zn (Saravanan et al. 2007; Bapiri et al. 2012; Vidyashree 
et al. 2016). These microorganisms have proven their poten-
tial to improve crop quality using their PGP traits, like nutri-
ent solubilization, nitrogen fixation, and exopolysaccharides 
and siderophores production (Ahmed et al. 2011). Thus, in 
recent years, significant attention has been paid to bacteria 

with PGP traits to replace the burden of chemical fertiliz-
ers and also to understand their dynamics, diversity, and 
beneficial as well as cooperative roles towards agriculture 
(Gray and Smith 2005; Figueiredo et al. 2008). Studies also 
conducted to mobilize Zn into various crop plants using ZSB 
such as in soybean, maize, wheat, green gram, turmeric, etc. 
(Sharma et al. 2012; Ramesh et al. 2014; Shaikh and Saraf 
2017; Mumtaz et al. 2017; Dinesh et al. 2018). Although 
rice is a staple food worldwide and has a better possibility 
to eradicate Zn deficiency, only a few reports are available 
on the role of ZSB in mobilizing Zn in rice plants (Shakeel 
et al. 2015; Krithika and Balachandar 2016; Othman et al. 
2017; Gontia-Mishra et al. 2017).

Given these facts, the main objective of this study was to 
isolate an array of ZSB from paddy soil rich in arsenic (As) 
content and characterize them for their Zn solubilization 
potential in culture media and soil. Arsenic is the potential 
contaminant of agricultural land that entered the rice field 
during the irrigation of arsenic laden groundwater. Since 
there is a chance of reducing the zinc solubilization activity 
in the presence of arsenic, we isolated ZSB that could toler-
ate the toxicity of As and continued their performance. As 
the Zn solubilization attribute of bacteria in soil is an unu-
sual characteristic, we also tested the ability of the bacteria 
to mobilize Zn in soil (Dinesh et al. 2018). Beside, bacteria 
were further tested for their multi-tasking PGP abilities that 
included solubilization of phosphorus and potassium, and 
production of IAA.

Materials and methods

Soil sampling and analysis

Soil samples were collected from rice root rhizosphere from 
rice fields (23° 16′ 48.54″ N; 88° 23′ 6.7416″ E) of Nadia 
district, West Bengal where deep irrigation was practiced. A 
preliminary survey was performed for As rich rice field by 
collecting soil samples randomly and analyzing by atomic 
absorption spectrophotometer (AAS) (ThermoFisher Sci-
entific ICE 3300). From the potential As rich rice field, 
rice plants in the late tillering stage were uprooted and soil 
adhering to the root surface was collected aseptically. The 
collected soils were then immediately placed in sterile poly-
thene bags and taken to the laboratory for analysis and isola-
tion of ZSB and stored at 4 °C for further study.

The pH, as well as conductivity of the soil samples, was 
measured using standard procedure (Hendershot et al. 2007). 
Available soil organic carbon was estimated by the Walk-
ley–Black chromic acid wet oxidation method and available 
phosphorus by the Bray method. Concentrations of different 
anions like  (F−,  Cl−,  Br−,  NO3

−,  PO4
3− and  SO4

2−) were 
measured using ion chromatography (Thermo Scientific 
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Dionex Aquion) and the available metals like Nickel, Zinc, 
Copper, Chromium, Iron, and Arsenic were measured in mg/
kg using AAS.

Isolation, screening and characterization 
of the isolates

Enrichment technique was used to isolate the bacte-
ria from soil samples. Aliquots of soil sample (4 g) was 
inoculated in nitrogen-free sterile medium (100 ml) with 
the following composition (g/L):  (K2HPO4: 0.8;  KH2PO4: 
0.8;  MgSO4.7H2O: 0.2;  MnSO4.4H2O: 0.002; NaCl: 0.1; 
 Na2MoO4.2H2O: 0.002; Na-Vanadate: 0.002;  FeCl3: 0.01; 
Mannitol: 15;  CaCl2.2H2O: 0.02; Sucrose: 20) in Erlen-
mayer flask (Chakraborty et al. 2017). Following incubation 
at 30 °C on an orbital shaker for 7 days, enriched culture 
was transferred (1%, v/v) into the same fresh medium and 
incubated further in the same condition. The latter well-
grown enrichment culture was serially diluted in mineral 
salt medium (MSM) (g/L): (Dextrose: 10.0;  (NH4)2SO4: 1.0; 
KCl: 0.2;  K2HPO4: 0.1;  MgSO4: 0.2; pH: 7.0) and streaked 
on the surface of the same MSM agar plate and incubated 
at 30 °C. Colonies that appeared on the MSM agar surface 
were randomly picked and purified by repeated streaking 
onto the same medium surface. The ZSB were screened by 
streaking the pure culture on the MSM agar plate supple-
mented with 0.1% of the pre-sterile insoluble Zn salts (ZnO, 
 Zn3(PO4)2 and  ZnCO3), separately and incubated at 30 °C 
for 7 days (Gontia-Mishra et al. 2017). Pure cultures that 
exhibited clearing zone around the colony were taken for 
further characterization and preserved at –20 °C with 15% 
glycerol following growth in MSM broth.

Beside phenotypic characterization, pure cultures were 
phylogenetically characterized by 16S rRNA gene analysis. 
Genomic DNA was extracted from each well-grown pure 
culture using the Purelink genomic DNA isolation kit (Inv-
itrogen). Extracted genomic DNA was used in a polymerase 
chain reaction (PCR) for amplification of 16S rRNA gene 
using 27F (5′-AGA GTT TGATCMTGG CTC AG-3′) and 
1492R (5′-TAC GGY TAC CTT GTT ACG ACTT-3′) prim-
ers following the PCR reaction and thermal cycle regime 
as described by Chakraborty and Islam 2018. Cloned PCR 
products in the pGEM-T vector were sequenced commer-
cially. Obtained 16S rRNA gene sequences were compared 
with sequences in GenBank database using BLAST. Phylo-
genetic analysis was performed with MEGA 4.0 software 
by neighbor-joining method incorporating Jukes-Cantor 
distance correction. Bootstrap  analysis was performed 
with 1000  replication  and > 50% bootstrap values are 
indicated at the nodes. Obtained sequences were submit-
ted in the GenBank database with the accession number 
MN263845-MN263850.

Determination of Zn solubilizing efficiency 
of the bacteria

Zn solubilization efficiency of the bacteria was tested on 
MSM agar supplemented separately with different concen-
trations (0.1%, 0.5%, and 1%) of the Zn salts (ZnO,  ZnCO3 
and  Zn3(PO4)2) (Fasim et al. 2002).

Required quantities of each Zn salt, separately wrapped in 
aluminium foil, were sterilized and mixed with molten steri-
lized MSM agar just before the pouring of the plates. Zinc 
solubilization efficiency in the presence of arsenic was also 
tested by using ZnO (0.3%) amended MSM agar plate sup-
plemented with either As(III) (1.0 mM) or As(V) (5 mM). 
Well grown liquid culture of the bacteria in MSM were 
spot inoculated by drop-casting on the surface of the MSM 
agar plate and incubated at 30 °C in dark to observe zone 
of clearing around the colonies. After 7 days of incubation, 
both diameters of the cleared zone and the respective colony 
were recorded. Zinc solubilization efficiency was calculated 
as ZSE% = (diameter of the clearing zone/diameter of the 
colony) × 100 (Gonita-Mishra et al. 2017).

Quantitative assay of Zn‑solubilization in the liquid 
medium

Quantitative Zn solubilization ability of the bacteria was 
performed in liquid MSM in presence of (0.1%) each insolu-
ble Zn compounds ZnO,  Zn3(PO4)2 and  ZnCO3. In 10 ml 
MSM equal amount of cells (~ 108) of the bacteria were used 
in each treatment. Similarly, the same amount of each Zn 
salts was also incubated in the absence of bacteria as a con-
trol. All the treatments and controls in triplicates were incu-
bated at 30 °C in shaking condition (150 rpm). Destructive 
sampling was performed, and in each time point, two mil-
liliteres of each culture were taken for determination of pH 
and analysis of soluble Zn by AAS following centrifugation 
at 13,000 × g for 10 min at room temperature and filtration 
by 0.22 μm filter paper.

Zinc solubilization with enriched culture 
and influence of glucose

Solubilization of ZnO was studied in more detail in presence 
and absence of glucose with the addition of enriched bacte-
ria at the onset of experiment. Bacteria were first enriched in 
MSM in absence of ZnO. Well grown cells were harvested 
by centrifugation and concentrated in MSM. For each bac-
terium, the experiment was conducted in 100 ml Erlenmeyer 
flasks containing 45 ml of sterile MSM in two sets, with 
and without glucose. Sterile ZnO (0.1%) was added to each 
flask and subsequently inoculated with concentrated cells 
(~ 108 CFU/ml). Uninoculated Erlenmeyer flasks contain-
ing sterile MSM amended with ZnO but with and without 
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glucose were taken as the controls. For all bacteria, tripli-
cate experiments were conducted and incubated at 30 °C in 
shaking condition (150 rpm) for 18 days. 2-ml aliquots of 
each treatment were sampled from the Erlenmeyer flasks at 
various time intervals, and following centrifugation and fil-
tration solubilized Zn, pH and organic acids were measured 
in the supernatant. Organic acid content was determined 
by Dionex, Aquion ion chromatography system (Thermo 
Fisher Scientific) equipped with an IonPac™ AS23 column 
(4 × 250 mm), an AERS™ 500 carbonate suppressor, and a 
conductivity detector.

Microcosm study

Zinc solubilization ability of the bacteria in soil was tested 
by setting up laboratory microcosms. Details of soil used 
in the microcosm and the sampling procedure are avail-
able in the previous report by Chakraborty et al. 2017. An 
aliquot of soil sample (100 g) was taken into each 250 ml 
screw-capped glass jar and various microcosm sets were 
prepared as follows, (i) microcosms with only soil, (ii) 
microcosms with soil + ZnO (0.5%), (iii) microcosms with 
soil + added bacteria, and (iv) microcosms with soil + ZnO 
(0.5%) + added bacteria. All the glass jars containing soil 
were sterilized before the addition of ZnO and bacterial cul-
tures. Separately sterilized ZnO was mixed with the respec-
tive treatments. Each of the bacterial isolates was enriched 
in Luria Bertani broth; cells were aseptically harvested by 
centrifugation at 10,000×g for 5 min, washed twice in ster-
ile saline (0.9%) to remove any leftover medium and used 
in microcosm. Microcosms were inoculated with similar 
numbers (~ 108–109 cells/g soil) of each cell, separately. An 
equal amount of sterile water was added to each treatment 
to flood the soil and mixed well. The triplicate set of each 
treatment was incubated for two months at 30 °C. Aliquots 
of soil were withdrawn at different time intervals (15 days, 
1 month, and 2 months) and analyzed for water and DTPA 
extractable Zn and viable cells in terms of colony-forming 
units (CFU). For CFU count, part of the microcosm soil 
sample (0.25 g) was resuspended in 5 ml sterile saline, seri-
ally diluted and applied onto the LB agar plates and incu-
bated at 30 °C. Available Zn was extracted from 1.0 g air-
dried soil sample using 2 ml DTPA extractant according to 
Katyal and Sharma 1991. For water-extractable Zn, 1.0 g 
soil sample was resuspended in 2 ml water and shaken for 
2 h. Following centrifugation at 13,000×g for 10 min, the 
supernatant of both water and DTPA extracts were taken and 
Zn was estimated by AAS.

Determination of pH

The pH of the culture supernatant and the soil sample from 
each treatment before and after incubation was monitored. 

Aliquots of bacterial culture were centrifuged and the pH of 
the supernatant was determined by using the glass electrode. 
Soil pH was measured with the standard  CaCl2 method 
(Hendershot et al. 2007). An aliquot (10 g) of air-dried soil 
sample was resuspended in 20 ml freshly prepared 0.01 M 
 CaCl2. The suspension was stirred occasionally for 30 min 
then the entire setup was left undisturbed for at least 1 h to 
make the content out distinctly into two layers. Without dis-
turbing the bottom sediment, pH probe was immersed care-
fully into the clear supernatant at top and pH was recorded.

Zinc tolerance study

Tolerance towards Zn by each of the isolates was per-
formed in MSM agar amended with different concentra-
tions of  ZnCl2 according to Bhakat et al. 2019. Cultures 
were streaked on the MSM agar surface in Petri plates and 
incubated at 30 °C for a week and observed for the appear-
ance of colonies.

Determination of arsenic tolerance by the isolates

Arsenic tolerance ability of the bacteria was studied in liq-
uid MSM. Bacteria were allowed to grow in MSM in pres-
ence of different concentrations of arsenite (0.5–2.0 mM) 
and arsenate (5.0–50.0 mM) of sodium salts and incubated 
at 30 °C under shaking condition for 7 days according to 
Bhakat et al. 2019. The presence or absence of the bacterial 
growth was monitored every 24 h by measuring absorbance 
at 660 nm on a spectrophotometer and cross-checked by 
spot inoculation on LB agar medium for the viable cell. The 
result was expressed as the minimum inhibitory concentra-
tion (MIC), the least concentration of the As that completely 
inhibit the bacterial growth.

Determination of plant‑growth promoting (PGP) 
traits

Phosphate (P) and potassium (K) solubilization

Phosphate and K solubilization were tested by spot inoculat-
ing the well grown (24 h) culture of each isolate on Pikovs-
kaya’s agar medium and Aleksandrov medium, respectively 
(Pikovskaya 1948; Hu et al. 2006). The plates were incu-
bated at 30 °C for 7 days and were checked for the appear-
ance of the hallow zone around the colony. The SE of P and 
K, in percentage, were calculated as (diameter of solubiliza-
tion/diameter of the colony) × 100%.

Indole acetic acid (IAA) production

To check the production of IAA, the bacteria were 
allowed to grow in the presence and absence of (0.5 mg/
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ml) L-tryptophan in Luria Bertani medium following the 
method of Sawar and Kremer (1995). Simultaneously un-
inoculated control sets were also prepared. Following incu-
bation, at 30 °C under shaking condition for a week cultures 
were centrifuged at 8000×g for 10 min. Then 2 ml of the 
supernatant was taken and to it 4 ml of freshly prepared 
Salkowski’s reagent (50 ml of 35% perchloric acid and 1 ml 
0.5 M  FeCl3 solution) was added with the further addition 
of 25 µl of orthophosphoric acid and was mixed thoroughly. 
The mixture was incubated in dark at room temperature for 
25 min for the development of pink colour which indicates 
the presence of IAA.

Other PGP traits

A preliminary screening test for the ability of the bacteria 
to grow in nitrogen deprived condition was tested accord-
ing to Goswami et al. 2015 by allowing the bacteria to grow 
in nitrogen-free medium ((g/L), Sucrose: 10;  K2HPO4: 0.6; 
 MgSO4: 0.20; NaCl: 0.2;  K2SO4: 0.1;  CaCO3: 2.0; pH 6.8) 
supplemented with 0.5% bromothymol blue. Nirogen-fixing 
bacteria increase the pH of the medium which change the 
medium colour from green to blue. Siderophore production 
by the bacteria was tested on CAS-agar according to Louden 
et al. (2011). King’s B medium and chrome azurol S (CAS-
HDTMA) solution were separately prepared and sterilized. 
100 ml of CAS-HDTMA solution was added into 900 ml 
sterilized King’s B medium drop wise and gently mixed with 
molten agar. Bacteria were spot inoculated on the prepared 
CAS agar plates and incubated at 30 °C for 3–4 days to allow 
the formation of orange-pink colour around the colonies.

Statistical analysis

All statistical calculation was performed with OriginPro 8.0. 
One-way ANOVA analysis was performed at the p = 0.05 
level to find out the significant differences between the 
means. Unless otherwise mentioned, we used triplicate data 
to estimate statistical significance.

Results

Isolation of potential ZSB

From soil sample, microorganisms were successfully 
enriched in nitrogen free medium. From this enriched cul-
ture total twenty colonies were recovered through spread 
plate technique using MSM agar. Among the colonies that 
exhibited zone of clearance around them on insoluble Zn 
salt-amended MSM-agar plate were taken for further study 
(Supplementary Fig. S1). Six isolates, that showed different 
extent of Zn solubilization were purified, charcterized and 

named as EIKU12, EIKU13, EIKU14, EIKU15, EIKU16 
and EIKU17. The physicochemical properties of the col-
lected soil, from which the bacteria were isolated, are pre-
sented in supplementary Table S1.

Phenotypic and molecular characterization

Gram staining followed by light microscopy showed that 
the isolated bacteria were gram-negative, short rods and 
arranged in single or pairs. 16S rRNA gene sequenc-
ing followed by similarity search in the NCBI nucleotide 
database indicated the relatedness of the six ZSB to class 
β-proteobacteria. Phylogenetic analysis incorporating 
sequence of the same gene of type strains from the Gen-
Bank database indicated all the six isolates were affiliated 
with Burkholderia spp. All the isolates showed more than 
99% 16S RNA gene sequence identity with Burkholderia 
vietnamiensis LMG 10,929 (CP009632.1) reported from rice 
rhizosphere and Burkholderia seminalis R-2419 (Fig. 1).

Zn‑solubilization in culture media and change of pH

The percent SE of different Zn-salts by the ZSB was calcu-
lated and is presented in the Fig. 2. Except EIKU15, which 
did not show Zn solubilization in 0.5%  ZnCO3, all the iso-
lates registered more than 110% ZSE in all 0.1% and 0.5% 
insoluble Zn-salt amended plates. Isolate EIKU13 showed 
highest SE (377%) at 0.5% ZnO and effectively (227%) sol-
ubilized 0.1%  Zn3(PO4)2. EIKU17 showed the highest Zn 
solubilization (356%) with 0.1% ZnO. EIKU15 performed 
well both in 0.1% and 0.5% ZnO. Three isolates EIKU13, 
EIKU14 and EIKU17 showed more than 200% ZSE at 0.1% 
 Zn3(PO4)2, while EIKU12 at 0.1%  ZnCO3. The trend of 
Zn solubilization by the isolates in presence  ZnCO3 and 
 Zn3(PO4)2 was decreased with the increasing concentration 
of the Zn-salts from 0.1 to 1%. But in presence of ZnO, the 
same was found to increase from 0.1 to 0.5% but decrease 
at 1.0% ZnO.

ZSE of the bacteria was also tested in presence of arsenic 
on 0.3% ZnO amended MSM agar. Compared to control, 
in presence of either 1 mM As(III) or 5 mM As(V), ZSE 
decreased for all the bacteria (Fig. 3). More decreased ZSE 
was noticed in As(V) amended plate compared to As(III) 
amended plate.

The ability of the ZSB to solubilize Zn was quantitatively 
determined while growing in liquid media and the data is 
presented in Fig. 4. Zn solubilization study was performed 
with 0.1% insoluble Zn salts because all the isolates showed 
more than 100% ZSE with this concentration. In liquid cul-
ture all the test bacteria were found to solubilize  ZnCO3. 
Isolate EIKU12, EIKU13, and EIKU14 solubilized all the 
tested Zn salts. EIKU15 and EIKU17 failed to solubilize 
ZnO, while EIKU16 and EIKU17 were unable to solubilize 
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EIKU13 (MN263846)

EIKU17 (MN263850)

EIKU16 (MN263849)

EIKU12 (MN263845)

Burkholderia seminalis R-2419 (NR_042635.1)

Burkholderia vietnamiensis LMG 10929 (CP009632.1)

EIKU14 (MN263847)

EIKU15 (MN263848)

Burkholderia territorii LMG 28158 (NR_136496.1)

Burkholderia lata 383 (KY963169.1)

Burkholderia cenocepacia LMG 16656 (NR_025013.1)

Burkholderia stabilis ATCC BAA-67 (CP016442.1)

B. dolosa LMG 18943 (NR_104973.1) 

Burkholderia ambifaria AMMD (NR_074687.1)

Burkholderia pyrrocinia DSM 10685 (CP011503.1)

Burkholderia diffusa R-15930 (NR_042633.1) 

Burkholderia catarinensis 89 (NR_153664.1)

57
60

67

57

0.001

Fig. 1  Phylogenetic relationship of isolated bacteria and related organisms in the database based on 16S rRNA gene sequences (accession num-
bers are shown in parentheses). Isolates in the present study are shown in bold face

Fig. 2  Zinc solubilization efficiency of the isolated bacteria. Data 
represented is the average of triplicate experiment

Fig. 3  Effect of arsenic on Zn solubilization by the bacteria. Error 
bars represent standard deviation (n = 3)
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 Zn3(PO4)2. Amount of soluble Zn was found to increase with 
increasing incubation time among all bacteria in presence 
of respective Zn salts. Different bacteria exhibited differ-
ent levels of Zn solubilization capability with different Zn 
salts. Zinc solubilization in liquid culture was also found 
to be accompanied by change in pH of the culture medium 
(Table 1). In general, lowering of pH was observed during 
solubilization of tested Zn-salts. The major drop in pH of 
culture medium was found during solubilization of  ZnCO3 
while maximum drop in pH was recorded for the isolate 
EIKU12, EIKU14 and EIKU16. Very little fall in medium 
pH was recorded during solubilization of ZnO. Pearson 
product moment correlation analysis between amount of 

solubilized Zn and medium pH showed the correlation 
coefficient value of –0.745, 0.936 and –0.926 with the p 
value of 0.089, 0.006 and 0.008 while solubilizing ZnO, 
 Zn3(PO4)2 and  ZnCO3, respectively. Significant negative 
correlation (p < 0.05) was only observed with the solubiliza-
tion of  ZnCO3. This analysis indicates that the pH of culture 
medium was only inversely proportional to the amount of 
soluble Zn while solubilizating  ZnCO3 but not with ZnO 
and  Zn3(PO4)2. 

Zinc solubilization mechanism and influence 
of glucose

To understand the probable mechanism of Zn solubiliza-
tion by the bacteria and the influence of glucose therein if 
any, ZnO solubilization was investigated in MSM in the 
presence and absence of glucose. As some of the isolates 
(EIKU15 and EIKU17) failed to solubilize ZnO when 
it added at the onset of culture, cells were first enriched 
with MSM in absence of ZnO, harvested, resuspended 
in MSM and exposed to ZnO. In seven days EIKU12, 
EIKU13, EIKU14 and EIKU16 solubilized more than 
300 mg/L Zn in glucose amended medium (Fig. 5). Except 
with EIKU12, in presence of glucose, Zn solubilization 
was gradually increased up to 18 days of incubation for 
other isolates and maximum solubilization (443 mg/L) 
was noticed with EIKU14. All isolates showed very low 
Zn solubilization (< 30 mg/L) in absence of glucose. The 
recorded pH during solubilization of ZnO in absence of 
glucose was almost invariant; however, in presence of 
glucose, pH of medium declined compared to un-inoc-
ulated control. Except EIKU12, for all bacteria notable 
decrease of pH was observed around 3–7 h of incubation. 
The decline in pH of culture supernatant was validated by 

Fig. 4  Solubilization of insoluble Zn salts by the bacteria during 
batch growth. Data represented is the average of triplicate experiment

Table 1  Tolerance to Zn and 
As, influence on medium pH 
and plant growth promotion 
traits of the isolates

# pH at the onset/pH after incubation

EIKU12 EIKU13 EIKU14 EIKU15 EIKU16 EIKU17

Zn and As tolerance
 As (III) (mM) 2.0 2.0 2.0 1.0 2.0 1.0
 As (V) (mM)  > 50.0  > 50.0  > 50.0  > 50.0  > 50.0  > 50.0
 Zn (II) (mM) 22.0 22.0 7.3 22.0 22.0 22.0

Plant growth promoting traits
 PO4

3− solubilization efficiency 244 ± 11 175 ± 25 227 ± 28 307 ± 29 228 ± 28 309 ± 50
 K solubilization efficiency 211 ± 09 268 ± 49 309 ± 37 178 ± 13 247 ± 31 176 ± 22
 IAA production  +  +  +  +  +  + 
 Siderophore production − − − − − −
 Growth in N free medium  +  +  +  +  +  + 

Medium pH change during Zn  solubilization#

 ZnO amended 6.97/6.54 6.90/6.56 6.97/6.73 6.87/6.80 6.97/6.52 6.85/7.0
 Zn3(PO4)2 amended 6.70/6.80 6.68/4.93 6.70/6.50 6.70/6.54 6.64/4.63 6.64/4.64
 ZnCO3 amended 6.25/4.73 6.77/6.55 6.25/4.48 7.0/6.92 6.25/4.47 7.0/6.63
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measuring the organic acids (gluconic acid, malonic acid, 
succinic acid and oxalic acid) produced by the bacteria 
(Table 2). Gluconic acid was found to maximally pro-
duced which ranged from 638.3 to 1625.7 mg/L. Malonic 
acid and succinic acid ranged from 1.2 to 16.4 mg/L and 
8.0–121.8 mg/L, respectively. Among the tested bacteria, 
EIKU13 produced maximum amount of gluconic acid. No 
significant correlation was found between organic acid 

production and the amount of solubilized ZnO or pH of 
the medium in presence of glucose.

Zinc solubilization in soil‑based microcosm

Zinc solubilization potential of the bacteria was also per-
formed in soil by incubating the bacteria in soil with the 
amendments of insoluble ZnO. Different fraction of Zn in 
the used soil is presented in supplementary Table S2. Water 

Fig. 5  Solubilization of ZnO by the enriched bacteria in presence and absence of glucose and change in pH of medium. Error bars represent 
standard deviation (n = 3)
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soluble and available Zn in soil was estimated in mg Zn/kg 
soil and presented in Fig. 6. Zn solubilization by the bacteria 
in soil was monitored in three successive periods, 15, 30 
and 60 days. All the six isolates solubilized ZnO at varying 
degree in 60 days incubation. In all microcosms, maximum 
water soluble Zn was observed in 15 days of incubation 
which decreased with the incubation time (Fig. 6a). How-
ever, increased level of both water soluble and DTPA extract-
able Zn was found in bacteria amended microcosms than 

those were not amended with bacteria. In all time periods, 
microcosms with soil and added bacteria (EIKU15, EIKU16 
and EIKU17) showed more water soluble Zn than micro-
cosms with only soil. Similarly, bacteria amended micro-
cosms containing soil and added ZnO showed increased 
water soluble and DTPA extractable Zn than microcosms 
with soil and ZnO but without bacteria. Noticeably, more 
than 4.5 and 650 mg Zn/kg soil of water soluble and DTPA 
extractable Zn, respectively, were observed in ZnO amended 
soil at 15 days of incubation which were gradually decreased 
while extending the incubation time. But in presence of 
bacteria increasing trends of DTPA extractable Zn was 
observed while incubating the ZnO amended soil (Fig. 6b). 
This ranged from 700 to 900 mg Zn/kg soil and higher Zn 
solubilization was registered by EIKU14. In different time 
period, viable bacterial populations in the microcosms were 
also enumerated in terms of CFU/g soil (Table 3). In 15 days 
incubation nearly one order and in two months incubation 
nearly 2–3 order decreased in bacterial population in the 
microcosms was observed. Relatively similar level of decline 
of bacterial population was also noticed in ZnO amended 
microcosms.

Zn tolerance by the isolates

Maximum Metal Tolerance (MTC) was studied for the bac-
teria in presence of  ZnCl2 and is presented in the Table 1. 
All the studied Burkholderia spp. showed higher tolerance 
to  ZnCl2. Except EIKU14 that showed lower metal tolerance 
(7.3 mM), all the other Burkholderia spp. showed higher 
tolerance (22 mM) to Zn.

Aresnic tolerance by the isolates

Tolerance towards different salts of arsenic [As(III) and 
As(V)] was studied and expressed as MIC, and presented 
in Table 1. All the six Burkholderia spp. were found to 
tolerate > 1.0 mM of As (III) where EIKU15 and EIKU17 
showed lower tolerance. Isolates EIKU12, EIKU13, EIKU14 

Table 2  Organic acid 
production during zinc 
solubilization

bdl below detection level

Treatments Organic Acids (mg/L)

Gluconate Malonate Succinate Oxalate

MSM + ZnO + glucose 78.8 bdl bdl 0.6
MSM + ZnO + glucose + EIKU12 1454.4 1.3 121.8 bdl
MSM + ZnO + glucose + EIKU13 1625.7 15.2 69.1 bdl
MSM + ZnO + glucose + EIKU14 638.3 12.8 8.1 bdl
MSM + ZnO + glucose + EIKU15 819.9 9.3 112.9 bdl
MSM + ZnO + glucose + EIKU16 897.4 bdl 64.8 1.9
MSM + ZnO + glucose + EIKU17 814.9 16.4 45.6 bdl

Fig. 6  Zn solubilization by the bacteria in soil during microcosm 
based soil incubation. Water extractable Zn (a) and DTPA extractable 
or available Zn (b). Error bars represent standard deviation (n = 3)
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and EIKU16 showed 2 mM of arsenite tolerance. The toler-
ance level of As(V) was found to be more than 50 mM for 
all of the six isolates.

Plant growth promoting traits of the bacteria

All the isolated bacteria were tested for PGP traits like P 
and K solubilization, IAA production and the result is pre-
sented in Table 1. All the six Burholderia spp. were able to 
produce clear zones around their colonies on Pikovskaya’s 
and Aleksandrov agar media which indicated solubiliza-
tion of insoluble P and K salt by the bacteria, respectively. 
Except EIKU13, all the isolates showed more than 200% P 
SE. All the isolates registered more than 175% K SE. Iso-
lates EIKU15 and EIKU17 showed maximum P SE, whereas 
isolate EIKU14 registered maximum K solubilization effi-
ciency. All the isolates showed weak ability of IAA produc-
tion. None of the isolates were found to produce siderophore 
in the tested condition. Although, all the bacteria were found 
to grow in nitrogen free medium and they turned the BTB 
colour from green to yellow indicates production of acidic 
substances.

Discussion

Every food crops will be affected if grown in Zn deficient 
soil but our major concern is with the rice soil as rice is 
the major staple food worldwide. The translocation of Zn 
into rice plants depends on the available Zn in soil. Zinc 
solubilizing rhizospheric bacteria might play a pivotal role 
in increasing the available Zn by mobilizing insoluble Zn 
in rice soil. Our focus was to convert the insoluble Zn to 
the rice plant accessible form in soil by augmenting the 

ZSB. A number of bacteria were initially isolated through 
enrichment process using nitrogen free medium but few of 
them solubilized zinc but at different extent in in vitro and 
in vivo to the soil. The isolated potential ZSB were affili-
ated with aerobic gram negative rod shaped bacteria Burk-
holderia vietnamiensis and Burkholderia seminalis. It has 
been assumed that member of the genus Burkholderia may 
pose a risk to human health, and specially the member of 
the group Burkholderia cepacia complex are well known 
as plant pathogen. However, recent investigations have pro-
posed existence of phylogenetically distinct Burkholderia 
cluster that include many plant-beneficial environmental 
Burkholderia species able to promote plant growth and to 
fix nitrogen (Eberl and Vandamme 2016). Member of this 
cluster are rarely isolated from patients and do not impart 
risk to human health (Coenye et al. 2002; Gerrits et al. 2005; 
Deris et al. 2010; Eberl and Vandamme 2016). Moreover, 
the taxonomic position of a bacterial strain is not always a 
right indicator of its pathogenic potential. Isolated bacteria 
in this study showed closer relationship with Burkholderia 
vietnamiensis which is reported to increase rice grain yield 
and used as biocontrol agent (Gillis et al. 1995; Govindara-
jan et al. 2008). B. seminalis is reported to inhabit several 
environments including water, soil, plants and human and 
might involve in plant growth promotion and biocontrol of 
plant pathogen (Araújo et al. 2017). Thus, Burkholderia 
spp., in this study, might be able to play significant role in 
agriculture.

Although Zn is vital trace element, it imparts toxicity at 
higher concentration, inhibiting iron-sulfur cluster biogen-
esis in E. coli (Li et al. 2019). A concentration of 2.5 mM or 
0.35 mM of  ZnSO4 in LB medium or M9 minimal medium, 
respectively, showed toxicity to E.coli (Brocklehurst and 
Morby 2000; Lee et  al. 2005). Thus it is expected that 

Table 3  CFU counts in different microcosms at various time intervals of incubation

n = 3; error is shown as standard deviation, ± SD, insignificant difference are indicated by same symbol

Treatments CFU/g soil

Initial 15 days 30 days 60 days

Soil + EIKU12 7.97 ± 0.37 × 108 6.33 ± 0.12 × 107$ 1.05 ± 0.02 × 107$$ 2.71 ± 0.16 × 106$$

Soil + ZnO + EIKU12 8.40 ± 0.26 × 108 5.88 ± 0.40 × 107$ 1.10 ± 0.03 × 107$$ 2.01 ± 0.17 × 106$$

Soil + EIKU13 1.54 ± 0.01 × 109@ 6.89 ± 0.10 × 108 @@ 5.88 ± 0.96 × 107 1.06 ± 0.10 × 106@@@

Soil + ZnO + EIKU13 1.52 ± 0.05 × 109@ 1.30 ± 0.09 × 108 @@ 1.04 ± 0.41 × 107 @@@ 2.03 ± 0.18 × 106 @@@

Soil + EIKU14 1.35 ± 0.02 × 109¥ 4.99 ± 0.03 × 108 3.97 ± 0.05 × 107¥¥ 1.55 ± 0.12 × 106¥¥

Soil + ZnO + EIKU14 1.31 ± 0.01 × 109¥ 3.69 ± 0.03 × 108 3.61 ± 0.72 × 107¥¥ 3.33 ± 0.10 × 106¥¥

Soil + EIKU15 5.77 ± 0.24 × 108§ 2.20 ± 0.40 × 107§§ 9.87 ± 0.24 × 106§§ 4.41 ± 0.21 × 106§§

Soil + ZnO + EIKU15 5.91 ± 0.21 × 108§ 2.76 ± 0.37 × 107§§ 1.00 ± 0.35 × 107§§ 3.43 ± 0.26 × 106§§

Soil + EIKU16 6.57 ± 0.13 × 108* 3.75 ± 0.04 × 108 4.88 ± 0.42 × 107** 8.44 ± 0.15 × 106***

Soil + ZnO + EIKU16 6.70 ± 0.28 × 108* 9.39 ± 0.01 × 107 4.77 ± 0.28 × 107** 2.73 ± 0.18 × 106***

Soil + EIKU17 4.84 ± 0.06 × 108# 3.17 ± 0.02 × 107## 2.27 ± 0.11 × 106### 1.16 ± 0.25 × 105###

Soil + ZnO + EIKU17 4.73 ± 0.15 × 108# 2.57 ± 0.03 × 107## 4.93 ± 0.12 × 106### 1.88 ± 0.18 × 105###
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bacteria should show tolerance to increased soluble frac-
tion of Zn while solubilizing Zn from insoluble salt. In this 
respect higher tolerance to Zn (7–22 mM) by the isolated 
Burkholderia spp. is noteworthy. Elevated Zn tolerance of 
the ZSB is comparable to the standard tolerable limit as 
reported by Abou-Shanab et al. 2007 and referred as Zn 
resistant those survived in 1 mM Zn.

Zinc solubilization in soil depends on the continued meta-
bolic potential of the indigenous bacteria which might be 
influence by the geo-physicochemical property of the soil 
(Dinesh et al. 2018). In the rice fields, especially in the 
Bengal Delta, where mostly arsenic laden ground water is 
used for irrigation, arsenic toxicity might limit the metabolic 
activity necessary for zinc solubilization (Chakraborty et al. 
2017). Therefore, it might be assumed that to perform Zn 
solubilazation in contaminated sites microorganisms must be 
resistant to As. In this study, we found that isolated bacteria 
tolerated elevated level of arsenic, however, they showed 
decreased Zn solubilization efficiency in presence of As.

One of the plant growth promoting traits exhibited by 
the bacteria is the ability to transform the mineral nutrients 
from their insoluble form to plant accessible form (Bashri 
et al. 2017). From various type of agricultural soil plenty of 
ZSB bacteria are isolated and characterized, however, the 
study on ZSB from rice field is scarce (Ramesh et al. 2014; 
Gandhi and Muralidharan 2016; Kumar et al. 2019). Only 
a few studies reported the role of Burkholderia sp. in Zn 
solubilization for rice cultivation (Gonita-Mishra et al. 2017; 
Dinesh et al. 2018). In this study all the Burkholderia spp. 
showed variable degree of Zn solubilization as indicated by 
the variation in solubilization efficiency. This observation is 
very much collinear with the earlier reports regarding dif-
ferential solubilization of ZnO,  ZnCO3 and  Zn3(PO4)2 (Li 
et al. 2010; Gontia-Mishra et al. 2017).

In general, we observed higher ZSE during solubilization 
of ZnO (0.5%) which varied among bacteria and differed 
with the amount of ZnO used. It seems the SE increased 
when amount of ZnO increased from 0.1 to 0.5% but at 1.0% 
the same was decreased. With some isolates higher effi-
ciency was noticed with lower concentration of  Zn3(PO4)2 
and  ZnCO3. This observation is partially corroborated with 
the findings of earlier reports where larger dissolution was 
with ZnO followed by  ZnCO3 and  Zn3(PO4)2 (Gonita-
Mishra et al. 2017; Dinesh et al. 2018). However, reports 
on the Zn source used and Zn solublization is contradictory 
in respect to C source used during the assay (Saravana et al. 
2007; Vidyeshree 2016).

Zn solubilization was quantitatively determined in liquid 
medium as plate assay does not reflect the true Zn solubili-
zation potential (Dinesh et al. 2018). Here we also observed 
differential pattern of Zn solubilization. Two of the six iso-
lates did not solubilize Zn when assayed with ZnO at the 
onset of culture with 1% inoculum. Thus, quantitative Zn 

solubilization also determined with the enriched culture. 
Enriched culture of the bacteria in presence of glucose 
demonstrated higher ZnO solubilization which ranged from 
300 to 450 (mg Zn/L). Zinc solubilization potential of our 
bacteria in broth is comparable to that of previous reports 
(Saravanan et al. 2007; Bapiri et al. 2012; Gontia-Mishra 
et al. 2017). Medium acidification with organic acid produc-
tion is thought to be the principal mechanism of Zn solubi-
lization, where pH is inversely changing with the increas-
ing solubilized Zn (Costerousse et al. 2018). However, we 
only observed significant negative correlation between pH 
of medium and amount of solubilised Zn while solubilis-
ing  ZnCO3. Similar to earlier report, that indicates stimula-
tory effect of glucose on organic acid production, we also 
observed drop in pH of the medium and increased Zn solubi-
lization by the bacteria in presence of glucose. In this regard 
production of higher level of gluconic acid by the bacteria in 
presence of glucose is corroborated well with the previous 
findings, however, we did not observe significant correlation 
between amounts of gluconic acid produced and solubilised 
Zn (Costerousse et al. 2018). Conversely, Li et al. (2010) 
observed Burkholderia cepacia produce organic acid while 
solubilizing Zn despite the presence of glucose.

The bacteria that solubilising Zn efficiently in culture 
medium might not be able to perform well in soil, as Zn sol-
ubilization depends on growth conditions. Our microcosm 
based study revealed that the tested bacteria not only solu-
bilised ZnO in soil but also able to maintain certain level of 
water soluble and available Zn during the incubation period. 
Increase in both water and DTPA extractable Zn in absence 
of any added ZnO indicated that the bacteria when amended 
in soil solubilised naturally occurring Zn in the soil. The 
solubilised Zn concentration is comparable to critical limit 
of 0.05 (M) HCl and DTPA extractable Zn in rice soils that 
has been established as 1.0 mg/kg and 0.75 mg/kg, respec-
tively, below which a soil is said to be Zn deficient (Pon-
namperuma et al. 1981).

Solubilization of different soil minerals and making them 
available to plants are regarded to be the important traits 
which are directly associated with PGPR activities (Nahas 
1996; Rokhbakhsh-Zamin et al. 2011). The present investi-
gation showed that besides solubilization of Zn, the isolated 
bacteria have the in vitro PGP potential characteristics like 
phosphate and potassium solubilization, IAA production. 
We also noticed the ability of the tested bacteria to grow 
in nitrogen free medium which indicates their survivability 
in nitrogen limited environment. Recent reports indicated 
Burkholderia spp. could fix nitrogen with the association of 
plants (Estrada-delos Station et al. 2001; Shinjo et al. 2018).
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Conclusion

Among the 20 bacterial isolates obtained six bacteria were 
found to solubilize Zn efficiently at different conditions. 
16S rRNA gene sequencing and phylogenetic analysis indi-
cated the affiliation of all ZSB with the genus Burkholderia 
although they solubilized different Zn salts at different mag-
nitude. All ZSB were able to grow in nitrogen free medium 
and showed significant tolerance to Zn and As. ZSE on solid 
medium was found to increase with ZnO concentration 
from 0.1 to 0.5% but decreased at 1.0% but in other Zn salts 
 (Zn3(PO4)2 and  ZnCO3) higher solubilization was noticed 
at lower concentration. Some isolates failed to solubilize 
one or more tested Zn salts in low volume liquid medium. 
With enriched bacterial cells ZnO solubilization increased 
with increasing incubation time where glucose was found 
to positively influence the Zn solubilization. Gluconic acid 
produced by the bacteria seems to be the major cause of 
medium acidification and zinc solubilisation. Soil incuba-
tion study revealed that all the tested Burkholderia spp. were 
able to solubilize Zn significantly under soil condition and 
could maintain the solubilized fraction of Zn above critical 
level. The tested Burkholderia spp. solubilized potassium 
and phosphate efficiently and were able to produce indole 
acetic acid (IAA) in vitro. This study suggests that the Bur-
kholderia spp. could be used in agricultural soil to enhance 
Zn dissolution.
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