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Abstract: Micronutrients, such as zinc (Zn), are essential for the growth and development of a wide
range of crops. To overcome Zn deficiency in the soil, Zn-solubilizing bacteria (ZSB) have recently
been employed. In the present study, samples from the rice fields in the state of Selangor, Malaysia,
were collected to isolate, characterize, and identify the ZSB. A total of 88 strains were isolated, and
only 9 strains were able to solubilize the insoluble Zn on zinc oxide (ZnO)-, zinc carbonate (ZnCO3)-,
and zinc phosphate (Zn3(PO4)2)-amended Tris-minimal media agar and broth assays. The highest
Zn solubilization (20.99%) was measured for the TM23 isolate when exposed to Zn3(PO4)2-modified
media culture, whereas ZnCO3 showed the lowest (3.35%) Zn solubilization by ZSB. In addition, nine
isolated ZSB also exhibited plant-growth-promoting (PGP) traits, including nitrogen fixation ability,
siderophore production, indole acetic acid production (35.28–65.48 mL−1), phosphate solubilization
(27.69–77.38%), enzyme hydrolysis, and production of organic acids. Most of the isolated strains (88)
were Gram-negative, except for TM54, which was Gram-positive. The four potential ZSB isolates
based on 16RS rDNA sequence analysis were identified as Serratia sp. and Acinetobacter sp. Hence,
this study’s findings suggest that these isolates could be prospective candidates to overcome Zn
deficiencies and reduce the consumption of chemical fertilizers in agricultural areas.

Keywords: isolates; plant-growth-promoting traits; rice; solubilization; zinc deficiency

1. Introduction

Rice is the most widely consumed grain, and nearly 50% of the world’s population
relies on it as their primary food. Rice production in Asia accounts for over 90% of the
world’s total rice production, and Asia’s growing population has increased rice production
to meet future demand [1–3]. According to [3], about 2.5 servings of white rice are consumed
daily by adults in Malaysia. To increase rice production which meets the high demand,
chemical fertilizers are typically used in rice fields to fulfil the needs for vital macronutrients
(N, P, and K) and micronutrients (B, Zn, Fe, Cu, Mn, and Mo). Among the micronutrients,
Zn is a vital element in several metabolic pathways in plants for improved development and
nutrition [4,5]. According to Gontia-Mishra et al. [2], Zn plays a significant role in various
enzymatic processes, such as glucose metabolism, cellular membrane integrity maintenance,
protein synthesis, and auxin synthesis. It is also vital in regulating gene expression, which
is required for plants to tolerate abiotic stresses [2]. Zn deficiency can impede plant growth
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by reducing the development of flowers and fruits, lowering carbohydrate levels, and
reducing phytohormone synthesis. These Zn deficiency symptoms can result in reduced
crop yields and decreased nutritional quality [6]. Rice crops have been identified as one of
the crops that are vulnerable to Zn deficiency. Zn, nitrogen, and phosphorus deficiencies
are reported more in flooded rice production systems [7].

Zn deficiency is influenced by environmental and soil conditions such as pH, tempera-
ture, salinity, organic matter, phosphorus, and iron availability [8]. One of the fertilizers
used in agricultural areas is zinc (ZnSO4). Zinc sulfate is supplied in fertilization schemes
for Malaysian rice farmers and can be called a mixture fertilizer. It is recommended to apply
about 5–10 kg/ha [9]. However, various forms of insoluble Zn are formed after applying
ZnSO4 to the soil, such as zinc oxide (ZnO), zinc hydroxide (Zn(OH)2), zinc carbonate
(ZnCO3), zinc phosphate (Zn3(PO4)2), and zinc (ZnS), depending on the chemical reactions
in the soil [6,8]. This insoluble Zn cannot be assimilated by crops, resulting in Zn deficiency.
To combat Zn deficiency, more Zn fertilizers are applied to crops. However, this technique
is costly and can be harmful to both human health and the natural environment [10,11].
Thus, eco-friendly and cost-effective agro-technologies are needed to increase crop yield
and reduce Zn deficiency [11].

Recently, numerous reports have been published on the use of soil bacteria in trans-
forming insoluble Zn into plant-accessible, soluble forms to eradicate Zn
deficiency [1,2,6,10,12–14]. Bacterial genera such as Pseudomonas, Bacillus, Acinetobacter,
Azotobacter, Azospirillum, Gluconacetobacter, Burkholderia, and Thiobacillus have shown their
ability to solubilize Zn [14]. In addition, these ZSB have also demonstrated the ability to
improve crop quality via PGP traits such as producing various phytohormones and solu-
bilizing nutrients (e.g., P and K), synthesizing exopolysaccharides and siderophores, and
reducing environmental stresses [15]. Pseudomonas pseudoalcaligenes and Bacillus pumilus
are the examples of bacteria that have been proven to improve some growth parameters for
rice, and they have a higher potential compared to other bacteria [16]. These bacteria have
also been found to be efficient in terms of zinc mineralization capability.

Despite rice being Malaysia’s most popular grain, studies on zinc-solubilizing bacteria
(ZSB) have not been conducted extensively in Malaysian rice fields. The high humidity
of Malaysia’s tropical climate ensures the presence of various microorganisms in the soil
of wetland rice areas due to active rice cultivation activity. There are numerous findings
on the potential usage of zinc-solubilizing bacteria outside Malaysia [15–17]. However,
there is limited information about ZSB compared to the other plant-growth-promoting
bacteria—such as nitrogen-fixing bacteria and phosphate-solubilizing bacteria—that have
been isolated from Malaysian soil. Due to a lack of knowledge and literature on eco-friendly
methods of zinc substitution, farmers employ biofertilizers sparingly in the Malaysian rice
fields [18]. Understanding of the performance and the dynamic, diverse, and cooperative
functions of ZSB, along with their relative abundance in the soil, is necessary, as is their
identification and characterization [13,14]. It is hypothesized that there exists indigenous
zinc-solubilizing bacteria in the Malaysian wetland soil areas, and these microbes have
potential as plant-growth-promoting bacteria due to their beneficial traits, such as nitrogen
fixation, phosphate solubilization, IAA production, and siderophore production. Further-
more, ZSB can be identified using 16S rRNA molecular identification to determine the exact
name of the strain. Thus, the present study was undertaken to isolate, characterize, and
identify the ZSB in the wetland rice fields and evaluate them for beneficial traits for plant
growth promotion.

2. Materials and Methods
2.1. Study Area and Sample Collection

Rice fields in the state of Selangor, Malaysia, were selected as the study area. The
average annual rainfall in this region is around 2000 mm; the average monthly temperature
is 28 ◦C; and the average monthly humidity is 77%. Rice is grown twice per year, during
the dry or off season (January–June) and the rainy or primary season (July–December) [19].
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Figure 1 depicts the sampling points for sample collection. Different types of soil (i.e.,
Bernam, organic clay and muck (OCM), Jawa, and Sedu) were collected from six sampling
points. Table 1 shows the detailed information, and Figure 1 illustrates the locations of the
sample collection. The collected samples were transported to the microbiology laboratory
in sterilized polyethylene bags and a 4 ◦C cool box for further analysis.
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Figure 1. Locations of sample collection from wetland rice fields in the state of Selangor,
Peninsular Malaysia.

Table 1. Detailed information on soil sample collection.

Point No. Latitude Longitude Soil Series Rice Varieties

P1 3◦41′17.88′′ N 101◦1′59.556′′ E Sedu CL2
P2 3◦42′39.528′′ N 101◦3′8.244′′ E Jawa CL2
P3 3◦34′48.648′′ N 101◦6′25.956′′ E OCM CL2
P4 3◦27′22.5′′ N 101◦9′29.484′′ E Bernam MR253
P5 3◦40′6.276′′ N 101◦0′32.4′′ E Jawa MR253
P6 3◦40′14.088′′ N 101◦0′38.592′′ E Jawa MR219

2.2. Isolation of Zn-Solubilizing Bacteria

Total plate counts (TPCs) were used to isolate bacteria from the rice’s non-rhizosphere,
rhizosphere, and endophytes using Zn-modified media plates. Non-rhizosphere bacterial
isolation was performed by adding 10 g of soil sample to 90 mL of distilled water and
homogenizing the mixture. Then, 0.1 mL was isolated and gently swirled on a nutrient
agar (NA) plate. Rice roots were used to isolate bacteria from the rhizosphere. The roots
were initially cut and gently washed with sterile water to eliminate the excess soil while
retaining the soil attached to the roots. For the endophytes, 1 g of roots was washed and
then sterilized for 5 minutes in 70% ethanol. Following that, it was treated for 1 minute with
3% Clorox. The roots were pulverized with a sterile mortar and pestle after being repeatedly
washed with sterile water. The efficacy of surface sterilization was next assessed on the
roots. A 10-fold series of dilutions up to 10−10 was prepared. Then, the non-rhizosphere,
rhizosphere, and endosphere bacterial populations were determined using the drop plate
count method.
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2.3. Screening for Zn Solubilization Activity

The isolates were evaluated for their ability to solubilize Zn via two methods: qualita-
tive (plate assay) and quantitative (broth assay).

2.3.1. Qualitative Analysis Using the Plate Assay

All isolates were inoculated into liquid mineral salts medium (MSM) (g/L) as de-
scribed by Saravanan et al. [17] (containing dextrose: 10.0; (NH4)2SO4: 1.0; KCl: 0.2;
K2HPO4: 0.1; MgSO4:0.2; pH: 7.0; insoluble Zn compounds (i.e., ZnO, ZnCO3, and
Zn3(PO4)2): 0.1%; and agar: 15.0 g) and then autoclaved at 121 ◦C for 20 min. The bacteria
were inoculated (3 µL) on these media. They were then incubated for 48 h at 28 ◦C. The
diameters of the colonies and the clearance zones around the colonies were measured. The
isolate with the highest Zn solubilization efficiency (SE)% was an effective Zn solubilizer [12].
The Zn SE of the isolates based on the agar plate assay was determined using the following
equation [20]:

Zn solubilization e f f iciency, SE (%) =
diameter o f solubilization halo

diameter o f colony
× 100 (1)

2.3.2. Quantitative Analysis Using the Broth Assay

The quantitative Zn solubilization ability of the isolates was evaluated in 150 mL
conical flasks containing 50 mL of liquid mineral salts medium in the presence of 0.1%
of each insoluble Zn compound (i.e., ZnO, ZnCO3, and Zn3(PO4)2). The isolates were
inoculated and cultured for 24 h in nutrient broth (NB). Following that, the broth was then
inoculated with 10 µL of overnight-grown bacterial inoculum and incubated for 48 h at
28 ◦C in an incubator shaker under shaking conditions (160 rpm). After incubation, 1 mL
of the sample was diluted with 99 mL of sterile distilled water. It was then filtered with
0.22 µm filter paper. The soluble Zn in each sample was then measured using an atomic
absorbance spectrophotometer (AAS). The following equation was used to calculate the Zn
solubilization percentage [20]:

Zn solubilization (%) =
amount o f solubilized

total amount Zn
× 100 (2)

2.4. Biochemical Characterization of Zn-Solubilizing Bacteria
2.4.1. Determination of Nitrogen Fixation Activity

A preliminary screening was conducted to determine the bacteria’s ability to grow in
nitrogen-deprived environments by incubating the isolates on N-free solid malate medium
for 24 h at 30 ◦C. As described by Bhakat et al. [14], nitrogen-fixing bacteria altered the
medium’s color from green to blue by elevating its pH.

2.4.2. Determination of Siderophore Production

On Chrome Azurol S (CAS) agar, the bacteria’s ability to produce siderophore was
assessed. Each bacterial strain was spot-injected on CAS agar and incubated for 72 h
at 33 ◦C. The formation of an orange halo zone around the bacterial colony indicated a
positive result, as the siderophores removed the Fe from the Fe–CAS dye complex in the
media [21].

2.4.3. Determination of Indole Acetic Acid (IAA) Production

The fully grown bacterial cultures were inoculated in 100 mL of NB, and the mixture
was then shaken vigorously for 24 h using a rotary shaker. Then, 1 mL of each bacterial cul-
ture was transferred into a new 100 mL NB with the addition of 5 mL of L-tryptophan as an
IAA precursor. Concurrently, non-inoculated control sets were prepared. The 1.5 mL bacte-
rial cultures were transferred to Eppendorf tubes and centrifuged for 7 min at 7000 rpm [22].
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The IAA concentration was determined using a spectrophotometer with a wavelength of
535 nm, and the IAA concentration of each isolate was compared to the IAA standard curve.

2.4.4. Determination of Phosphate Solubilization Ability

The isolates were cultured for 24 h at 33 ◦C using NB to determine their phosphate
solubilization ability. Then, they were inoculated on the National Botanical Research
Institute’s (Uttar Pradesh, India) phosphate growth medium (NBRIP) for 48 h. The halo
zone formation indicated the phosphate solubilization ability [2,20].

2.4.5. Determination of Hydrolyzing Enzyme Ability (Cellulose Degradation)

Hydrolyzing enzyme ability was tested on carboxymethyl cellulose (CMC) agar using
a modified method from [23]. A cork borer (diameter: 0.5 cm) was used to cut a hole in
the centercentre of the agar plate. After 24 h of incubation, the isolates were injected into
the hole using a sterile syringe. The plates were then incubated for 48 h. After incubation,
the agar was inundated with Congo red. The unstained color indicated CMC breakdown
caused by the bacteria’s hydrolyzing enzyme ability.

2.4.6. Determination of Organic Acid Production

For the bacterial organic acid production test, bacterial cultures were inoculated in
minimal salts medium for 2–3 days at 30 ◦C. The appearance of a pink color in the medium
indicated the formation of organic acids using methyl red as an indicator.

2.5. Gram Staining

After 48 hours, the bacterial cultures were analyzed for Gram staining as described by
Buchanan and Gibbons [24]. Heat-fixing bacteria were used to create Gram-stained slides.
The stained smears from the slides were observed using oil emulsion at
10–40× magnification and a light microscope to observe the reaction. A Gram-positive
strain appeared bluish or purple, whereas a Gram-negative strain appeared reddish.

2.6. Identification of Zn-Solubilizing Bacteria

Four selected isolates (TM56, TM23, TM13, and TM9) were genetically identified
using molecular procedures that involved DNA extraction and polymerase chain reaction
(PCR) amplification [25]. Genomic DNA was extracted from 24 h presumptive bacterial
cultures using the HiYield Genomic DNA Mini Kit (Cat no. YGB 100/YGB 300) from
Real Biotech Corporation (Taipei, Taiwan). The bacterial species were identified using
multiplex PCR with two primers: 27F and 1492R. The bacterial cells (1 × 109 CFU) were
transferred to 1.5 mL microcentrifuge tubes. The samples were then centrifuged at high
speed (13,000 rpm). Then, the tubes were filled with 200 µL of GT buffer. The cells were
then resuspended by vortexing. The samples were incubated in a water bath at 70 ◦C for
10–15 minutes or until the sample’s lysate became clear. During the incubation period,
the tubes were inverted every 3 minutes. The elution buffer (200 µL per sample) was
preheated at 70 ◦C for DNA elution. After completing all the processes, the samples were
allowed to stand for 3–5 minutes to allow the buffer to be absorbed by the matrix. After
that, the materials were centrifuged to extract the pure DNA. The 16S rDNA was amplified
from the extracted DNA samples using PCR (MJ Mini Personal Thermal Cycler, Bio-Rad,
Hercules, CA, USA) using the universal forward (27F, 5’-AGAGTTTGATCMTGGCTGAG-
3’) and reverse (1429R, 5’-TACGGYTACCTTGTTACGACTT-3’) primers (Integrated DNA
Technologies, Coralville, IA, USA). The mixture was mixed with 5 µL of sample DNA in a
0.2 mL PCR tube and run using the cycling steps described in Table 2.
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Table 2. Polymerase chain reaction (PCR) cycling steps [25].

Step Process Temperature (◦C) Time Number of Cycles

Step 1 Initial
denaturation 94 5 min 1

Step 2
Denaturation 94 30 s

29Annealing 55 30 s
Extension 72 1 min

Step 3 Final extension 72 5 min 1

Step 4 Holding 4

To visualize the DNA bands, the amplified DNA was electrophoresed in a 1% agarose
gel electrophoresis. Therefore, the DNA bands needed to be 1500 bands long to be se-
quenced. The sequences were analysed and aligned using BioEdit 7.2.5 software (Irvine,
CA, USA). The aligned partial 16S rRNA sequence of the bacterial strains (1425 bp) was
compared with the genes from Basic Local Alignment Search Tool (BLAST), NCBI Gen-
Bank (https://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 6 July 2022, and EzBioCloud
(https://www.ezbiocloud.net/, accessed on 6 July 2022). The multiple alignment and
phylogenetic tree were constructed by using the Molecular Evolutionary Genetics Analysis
program (MEGA, version 10.1.6, Irvine, CA, USA). The phylogenetic tree was constructed
using a neighbour-joining algorithm and 1000 bootstraps of replicates.

2.7. Data Analysis

The SAS software program (version 9.4; SAS Institute., Cary, NC, USA) was used
to analyse all the data. The normal distribution analysis showed that our data were
normally distributed at p > 0.05, and the null hypothesis of normal data distribution was
accepted. The triplicate data were analysed for each experiment using one-way ANOVA,
and significant differences between means were compared using Tukey’s post hoc HSD
test at 5% probability, using SPSS software (version 28.0.0.0, IBM, Austin, TX, USA).

3. Results
3.1. Soil Characteristics

The chemical properties of soil in the sampling sites are elaborated in Table 3. Three
rice varieties were collected: MR 220-CL2, MR 253, and MR 219. The pH of all the soil
samples studied ranged from 4.50 to 6.38. The soil’s organic carbon (OC) percentage ranged
from 2.35% to 15.45%. The soil nitrogen (N) content was lower, ranging from 0.19% to
0.65%. The available phosphorus in the soils ranged from 39.40 to 68.50 mg/kg (P1). The
sampling sites with the highest exchangeable magnesium and calcium values were P1
(60.10 mg/kg) and P5 (25.46 mg/kg), respectively. Site P1 showed the highest Fe, Mn, and
Cu contents, with 217.65, 6.56, and 0.33 mg/kg, respectively.

Table 3. Chemical properties of the sampling sites in the wetland fields of Selangor, Malaysia.

Site Rice Varieties pH OC N S Av. P Exch. Mg Exch. Ca Zn Fe Mn Cu

(%) (mg/kg)

P1 MR 253 5.80 2.35 0.22 0.04 68.50 60.10 7.95 1.71 217.65 6.56 0.33
P2 MR 220 CL2 4.75 5.80 0.35 0.08 44.40 20.50 10.41 1.05 212.05 1.88 0.32
P3 MR 253 6.38 2.48 0.19 0.02 53.50 27.46 22.00 0.97 186.10 2.48 0.12
P4 MR 219 4.50 4.29 0.31 0.08 47.40 20.91 6.85 0.92 152.50 1.45 0.16
P5 MR 220 CL2 5.54 5.45 0.65 0.13 58.50 23.34 25.46 0.68 125.35 1.27 0.09
P6 MR 220 CL2 6.03 4.94 0.37 0.06 39.40 38.21 18.38 1.81 210.95 3.77 0.32

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.ezbiocloud.net/
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3.2. Isolation of Zn-Solubilizing Bacteria

The maximum bacterial abundance in the rice fields was observed in the rhizosphere,
while the minimum was from endosphere-isolated bacterial samples. The highest rhizo-
sphere population (6.57 × 106) was found in the P2 (Jawa 1) site. However, the highest
non-rhizosphere (5.78 × 105) and endosphere populations (2.29 × 103) were reported in
the P4 (Jawa 3) sampling location (Table 4).

Table 4. Bacterial populations (CFU g−1) in the non-rhizosphere, rhizosphere, and endosphere of
wetland rice from different locations and soil series.

Location Soil Series Rhizosphere Non-Rhizosphere Endosphere

P1 Bernam 5.99 × 105 c 5.65 × 105 a 3.13 × 102 b
P2 Jawa1 6.57 × 106 a 5.74 × 105 a 1.07 × 103 a
P3 Jawa2 6.49 × 106 a 5.64 × 105 a 1.26 × 103 a
P4 Jawa3 6.44 × 106 a 5.78 × 105 a 2.29 × 103 a
P5 OCM 6.16 × 106 a 5.74 × 105 a 1.32 × 103 a
P6 Sedu 5.33 × 106 b 5.21 × 105 a 1.20 × 103 a

The means in columns sharing the same letters are not significantly different according to Tukey’s HSD test at a
p-value of 0.05.

3.3. Screening for Zn Solubilization Activity
3.3.1. Qualitative Analysis Using the Plate Assay

A total of 88 bacterial isolates were isolated on various liquid mineral salts media,
among which 9 isolates (TM9, TM13, TM23, TM29, TM54, TM56, TM61, TM65, and TM67)
were able to solubilize Zn on liquid mineral salts media plates, showing a clear halo zone
(Figure 2). The isolate TM61 showed the highest Zn solubilization efficiency (SE) for ZnO,
at 631%, followed by TM56 (533%). For ZnCO3, the highest Zn SE was found in TM67,
with 612%, followed by TM61 with 567% (Figure 3). However, for Zn3(PO4)2, the highest
SE was recorded for TM67 (540%), followed by TM65 (530%).
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3.3.2. Quantitative Analysis of Zn Solubilization Using Various Mineral Salts Broth Assays

The ability of the ZSB to solubilize 0.1% of the various forms of insoluble Zn (i.e., ZnO,
ZnCO3, and Zn3(PO4)2) was quantitatively determined while growing in liquid mineral
salts broth media, and the results are shown in Table 5. For ZnO, TM56 had the highest
solubilization ability (20.3%), while in ZnCO3-modified broth culture, TM29 had the highest
solubilization (13.98%) compared to the other isolates. However, TM23 demonstrated the
highest (20.99%) Zn3(PO4)2 solubilization ability. Most of the isolates could solubilize Zn
in all modified broth assays, and the lowest Zn solubility was observed in ZnCO3 media.

Table 5. Zn solubilization by ZSB in various insoluble Zn mineral-supplemented salts after 48 h
of incubation.

ZSB Strain

Zinc Oxide (ZnO) Zinc Carbonate (ZnCO3) Zinc Phosphate (Zn3(PO4)2)

Conc.
(ppm)

Zn Solubilization
(%)

Conc.
(ppm)

Zn Solubilization
(%)

Conc.
(ppm)

Zn Solubilization
(%)

TM9 20.63 b 10.3 9.71 ab 4.86 13.17 d 6.59
TM13 10.21 cd 5.10 7.67 ab 3.83 21.49 c 10.74
TM23 12.20 c 6.10 13.17 c 6.58 41.98 a 20.99
TM29 9.99 cde 5.00 27.97 ab 13.98 20.57 c 10.29
TM54 11.09 cd 5.55 8.08 c 4.04 21.21 c 10.61
TM56 40.60 a 20.3 18.05 a 9.03 15.72 d 7.86
TM61 4.87 e 2.43 17.56 cb 8.78 15.62 d 7.81
TM65 6.47 de 3.23 8.06 c 4.02 7.83 e 3.92
TM67 8.44 cde 4.22 6.71 c 3.35 26.71 b 13.35

Means in each column followed by the same letters are not significantly different according to Tukey’s HSD test at
a p-value of 0.05.

3.4. Biochemical Characterization of Zn-Solubilizing Bacteria

All nine ZSBs were evaluated further for their biochemical characteristics (Table 6).
Regarding IAA production, TM23 produced the maximum IAA (65.48 mg/L), followed by
TM56 (59.72 mg/L). The results indicated that all ZSBs could solubilize phosphate, and
the percentage of phosphate solubilization ranged from 27.69 to 77.38%. The maximum
phosphate solubilization was shown by the isolate TM56 (77.38%), followed by TM61
(51.93%). Additionally, all the ZSB tested positive for nitrogen fixation ability, which
resulted in the medium changing color from green to blue. The production of siderophores
was determined based on the color change in the CAS medium from blue to orange. All
isolated ZSB except for TM23 were positive for siderophore production. For cellulose and
organic acid production tests, all the tested strains showed positive results except for TM61,
which showed negative results for both tests. Only one isolate (TM54) was Gram-positive
for the Gram staining test, while the others were Gram-negative.
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Table 6. Biochemical properties of Zn-solubilizing bacteria.

Properties
Isolates

TM9 TM13 TM23 TM29 TM54 TM56 TM61 TM65 TM67

IAA production (mg/L) 49.30 c 34.28 e 65.48 a 35.72 e 39.73 e 59.72 b 41.60 d 42.42 d 35.48 e
Phosphate-solubilizing
ability (%) 50.0 ab 45.84 ab 30.81 b 46.93 ab 35.81 b 77.38 a 51.93 ab 29.72 b 27.69 b

Nitrogen fixation + + + + + + + + +
Siderophore production + + - + + + + + +
Cellulose degradation + + + + + + - + +
Organic acid production + + + + + + − + +
Gram reaction −ve − − − + − − − −

Means in each column followed by the same letters are not significantly different according to Tukey’s HSD test at
a p-value of 0.05. Note: (+) presence and (−) absence; Gram stain: (+) for positive and (−) for negative.

3.5. Identification of Zn-Solubilizing Bacteria (ZSB)

Based on the 16RS rDNA sequence analysis, the BLAST comparison searches against
the NCBI nucleotide database revealed similarity to known rice-plant-associated bacteria,
such as Serratia nematodiphilia strain DZ0503SBS1 (NCBI accession no.: 044385.1), with 98%
similarity for TM56 (Figure 4a); and Acinetobacter pitti strain ATCC 9004 (NCBI accession
no.: 117621.1), with similarity of up to 99% for TM 13 and TM9 (Figure 4b). The isolate
TM23 was also identified as Serratia sp. and Acinetobacter sp. (Figure 4).
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4. Discussion

The ZSB were successfully isolated from different types of soil in wetland rice fields in
the state of Selangor, Malaysia. The similar results are also found in [15–17], where bacteria
were isolated from mineral soil, agricultural soil, and organic soil, which also represented
both rhizosphere and non-rhizosphere bacterial isolates. The chemical properties of the
soil types in this research were also evaluated. The results showed that the soil chemical
properties varied significantly among the sampling areas. It was revealed that soils collected
in the sampling areas were acidic and had significant soil nutrient levels—particularly of P
and Fe. The higher nutrient levels in the soils can be attributed to increased bioactivity due
to their involvement in the rate-limiting processes of soil organic matter decomposition
and nutrient transformation in soils [12].

Zn is an essential micronutrient that is required by plants, humans, and microorgan-
isms for performing a wide range of physiological and metabolic activities [4,6]. According
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to [26], flooded rice soils are more susceptible to Zn deficiency. High bacterial abundance
was observed in all collected soils except for Sedu, which had the lowest bacterial abun-
dance. However, there were no significant differences in the ZSB populations across all soil
types. This was expected, because the farmers in the area were using the same agricultural
practices, including the same types and amounts of fertilizers, along with the environmental
factors that influence the bacterial populations. In addition, a range of factors—including
crop types, soil properties, and nutrient levels—was also found to affect the diversity and
distribution of bacteria in the rhizosphere, endosphere, and non-rhizosphere [27–31].

The plate assay method (qualitative analysis) is commonly used to identify microor-
ganisms with mineral solubilization ability [12]. The isolated bacteria from the rice fields
that produced a halo or clear zone in the surrounding medium with inorganic Zn was
considered to be potential ZSB. However, only 9 out of the 88 isolated bacteria produced a
halo zone on Tris-minimal media supplemented with three insoluble Zn compounds (i.e.,
Zn oxide, Zn carbonate, and Zn phosphate) at a 0.1% concentration for each compound.
Similar findings were also reported in that the bacteria were not major contributors to
the high solubilization index, which relied on a few factors that affect zinc solubilization,
including bacterial growth rates [8,16]. Bacillus thuringiensis has lower efficiency in solubi-
lizing zinc oxide and zinc phosphate compared to zinc carbonate [16]. In contrast, Bacillus
aryabhattai showed a contradicting finding as a previous study discovered it to achieve
high solubilization of zinc phosphate compared to zinc carbonate and less efficiency in
solubilizing zinc oxide [24]. Generally, the bacterial isolates’ processes of solubilizing
insoluble Zn could be due to proton extrusion and the formation of microbial-derived
organic acids, resulting in Zn solubilization and, thus, affecting the bioaccumulation and
bioavailability of Zn [12,24]. Based on the Zn solubilization efficiency (SE) results, no single
isolate demonstrated uniform efficiency on all three insoluble Zn compounds. ZnO had the
highest Zn SE in this investigation, followed by ZnCO3 and Zn3(PO4)2. The findings of this
study also showed that the efficiency of solubilizing Zn in various Zn compounds varied
between strains, which is consistent with the results of other studies [12,32].

All nine isolates in this study could produce the PGP traits to enhance plant growth—
such as nitrogen fixation, phosphate solubilization, potassium solubilization, production of
cellulose-hydrolyzing enzymes, siderophore production, and organic acid production. Simi-
lar studies have shown the necessity of PGP traits when using bacterial isolates to improve
the development and growth of plants such as black pepper, rice, and chilies [2,4,33]. One of
the important PGP traits is the ability to produce IAA, which promotes the elongation of cells
and boosts the growth of root hairs and lateral roots in plants, resulting in the plants having
access to sufficient water and nutrients [33,34]. Most of the isolated ZSB in this research
were able to produce siderophores. The same results were obtained by Wang et al. [35],
where zinc solubilization characteristics were shown by efficient siderophore-producing
soil bacteria isolated from Indian soil. Siderophores are chemical molecules with a low
molecular weight and high affinity and selectivity for iron (Fe). Siderophores boost plants’
development by increasing Fe uptake and crop yield [35]. In addition, the ZSB isolates
could hydrolyze enzymes, fix nitrogen, and solubilize phosphate. The ability of bacteria to
solubilize phosphate may improve phosphate uptake by plants, resulting in improvements
in vegetative and biological parameters [32].

Furthermore, almost all the ZSB isolates showed positive results for organic acid
production. The ability of ZSB to solubilize Zn could be a result of the production of organic
acids. The formation of organic acids by bacteria decreases the pH value of the rhizosphere
and leads to an increase in solubilized Zn [35]. Similar findings were also reported by Gontia
Mishra [2]—that Zn solubilization may occur due to the microbes in soil producing various
organic acids, such as gluconic acid, 2-ketogluconic acid, 5-ketogluconic acid, or pentanoic
acid [2]. The bacterial production of organic acids and proton extrusion are important
mechanisms affecting the solubilization of metal compounds through the excretion of
other metabolites and siderophores, contributing to the solubilization process [12,36]. The
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solubilization of ZnO and Zn3(PO4)2 was accompanied by a rise in the medium’s H+

concentration, which was most likely caused by the synthesis of 2-ketogluconic acid [37].
Numerous crop species’ rhizospheres exhibit a stronger connection with Gram-negative

rhizobacteria than with Gram-positive rhizobacteria [14,15]. The ZSB strains were mor-
phologically and biochemically examined, finding that eight isolates were Gram-negative
rods, while only one isolate (TM54) was Gram-positive. This finding was corroborated
by Gupta et al. [15] who discovered the dominance of Gram-negative bacteria over Gram-
positive bacteria in the rhizosphere. The rhizodeposition promotes and facilitates the
movement of Gram-negative bacteria, while Gram-positive bacteria are inhibited by it.
Additionally, root exudates attract Gram-negative bacteria, increasing their population
around the roots and promoting plant growth. In contrast, Gram-positive bacteria are
aerobic, and their population declines due to the lack of oxygen surrounding the roots [15].

The selected ZSB isolates in this study were identified as Serratia nematodiphila and
Acinetobacter pitti. According to previous studies, most of the ZSB belong to Pseudomonas,
Bacillus, Enterobacter, Xanthomonas, Stenotrophomonas, and Acinetobacter [8,11]. Serratia sp.
is a rod-shaped, Gram-negative, facultative anaerobic bacterium of the Enterobacteriaceae
family [38,39]. Serratia sp. has been isolated from various sources, including animals, soil,
and in plants as endophytes. Serratia nematodiphilaa improves the health and growth of
its host plant and alleviates abiotic impacts through multiple mechanisms, including the
synthesis of numerous bioactive substances and the enhancement of nutrient intakes in
host plants [33,39]. According to Khai et al. [38], Serratia nematodiphila has been utilized
as a biostimulant, biofertilizer, and bioprotectant to inhibit the adverse effects of low
temperature on pepper plants. Serratia sp. is proven to promote growth in various plant
species, including black pepper, coconut palms, wheat, and corn [39]. For Acinetobacter pitti,
similar findings to Acinetobacter sp. have been reported by several studies [29]. A study
conducted by Gandhi and Muralidharan [4] isolated 143 ZSB from the rice rhizosphere and
identified that the most efficient ZSB (i.e., AGM3 and AGM9) belonged to the Acinetobacter
sp. based on biochemical and molecular characterization. According to He and Wan [40],
Acinetobacter pitti significantly promoted soybean growth, as evidenced by improved
vegetative growth properties, by producing small molecular organic acids such as IAA,
oxalic acid, gluconic acid, and citric acid.

Implementing the ZSB may increase the availability of Zn in soil, avoiding crop loss
and, as a result, improving the nutritional quality of rice [2]. This study demonstrates that
Serratia nematodiphila and Acinetobacter pitti can potentially overcome Zn deficiency in rice
plants. Due to their PGP traits, they may qualify as efficient strains for field application as
biofertilizers.

5. Conclusions

In conclusion, a total of 88 strains were isolated, and only 9 strains were able to sol-
ubilize insoluble Zn on zinc oxide (ZnO)-, zinc carbonate (ZnCO3)-, and zinc phosphate
(Zn3(PO4)2)-amended Tris-minimal media agar and broth assays. The highest Zn solubiliza-
tion was shown by the TM23 isolate when exposed to Zn3(PO4)2-modified medium culture,
whereas ZnCO3 showed the lowest Zn solubilization by ZSB. In addition, nine isolated ZSB
also exhibited plant-growth-promoting traits, including nitrogen fixation ability, siderophore
production, indole acetic acid production, phosphate solubilization, enzyme hydrolysis, and
production of organic acids. The four potential ZSB isolates based on 16RS rDNA sequence
analysis were identified as Serratia sp. and Acinetobacter sp. Zn release by promising strains
in soil per se may be included as a future line of work. Moreover, further validation in actual
field conditions for soil Zn solubilization by the promising isolates is imperative.
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