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Abstract

Zinc solubilizing rhizobacteria (ZSR) enhance the phyto-availability of Zn by converting its insoluble forms into usable forms
that are essential for the growth and nutritional quality of crops. In the present study, a potential ZSR, hereafter referred to
as strain N14, was isolated from the polyhouse rhizospheric soil of Punjab, India. The isolated rhizobacteria was found to
be Gram-positive, aerobic, rod-shaped, and demonstrated a solubilization index of 63.75 on the Bunt Rovira (BR) medium.
The 16S rRNA gene sequence analysis revealed that isolated strain N14 matches substantially with type strain Dietzia maris
DSM 436727, In its ZnO broth assay, a significant amount of soluble Zn was detected along with a simultaneous decrease
in pH of the broth. Ultra-performance liquid chromatography analysis revealed the release of organic acids, specifically,
lactic acid and acetic acid by D. maris strain N14 which could be the reason for the decrease in broth pH. The production
of indole acetic acid (29.91 pg/ml), gibberellic acid (4.72 pg/ml), ammonia (38.87 pug/ml), siderophore (0.89%), along with
the release of HCN and appearance of phosphate solubilization zone (14.4 mm) with this strain suggested its possible plant
growth-promoting (PGP) characteristics. Therefore, this strain was employed in the formulation of pellets which were applied
for in vivo PGP studies using tomato plants. The developed bioformulated pellets showed a significant enhancement in plant
growth as compared to control and vermicompost treated plants. To the best of our knowledge, this is the first report describ-
ing the Zn solubilizing and PGP characteristics of D. maris.

Introduction

Zinc (Zn) is an indispensable micronutrient for crop devel-
opment and maturation because it regulates several enzyme
reactions, biochemical functions, membrane permeability,
and antioxidant properties in plants. Even though Zn is
required in minimal quantity, a lack of it is known to hin-
der the growth quality and yield of many crops, including
cereals, pulses, vegetables, and oil seeds. Zn-deficient plants
have stunted growth, chlorosis, smaller leaves, and are more
vulnerable to light, heat, and diseases. Zn deficiency also
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affects grain production, root development, pollen forma-
tion, and water transport [1]. Although Zn is abundant in
soil, its phyto-accessibility is limited owing to its chelation
with hydrated oxides of magnesium, calcium, iron, and man-
ganese rendering soil Zn inaccessible to plants. However,
many factors such as acidic soils, high content of organic
matter, CaCO; and phosphate could alleviate Zn phyto-
availability [2].

The field application of ZnSO, is one of the most preva-
lent ways of addressing plant Zn deficiency; nevertheless,
about 99% of the applied Zn remains unutilized in the soil
mass. This has been correlated with low fertilizer usage effi-
ciency [3]. Therefore, the researchers have diverted their
attention to find alternate methods, such as the exogenous
use of plant growth-promoting rhizobacteria (PGPR), which
appears to be an intriguing and environmentally acceptable
method for improving Zn phyto-availability along with over-
all soil-plant nutrient availability.

The impact of ZSR (Zinc solubilizing rhizobacteria)
on the development and productivity of crops is being
researched extensively. Several studies have revealed that
ZSR are potential contributors to organic and sustainable
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crop cultivation systems because they play essential roles in
atmospheric nitrogen (N) fixation, solubilization as well as
mobilization of nutrients such as phosphorus (P) and potas-
sium (K), production of plant growth hormones, siderophore
and various antimicrobial compounds [3, 4]. ZSR can also
effectively use the natural Zn pools of soil by solubilizing
the insoluble Zn and converting it into labile Zn, thereby
augmenting its phytoavailability [5]. In vitro investigations
on species of genera Pseudomonas, Thiobacillus, Glucon-
acetobacter, Acinetobacter, Burkholderia, Bacillus, Rhizo-
bium, Enterobacter, Ralstonia, and Serratia have revealed
their effectiveness in solubilizing the insoluble Zn forms
such as ZnCOj, ZnO, and Zn;(PO,),, thus, acting as poten-
tial Zn biofertilizers [3, 6, 7].

The genus Dietzia was proposed by Rainey et al., [8] and
the members of this genus are Gram-positive, aerobic, short
rod and coccoid-like, non-motile, non-endospore-forming,
non-acid alcohol fast, and oxidase-catalase positive [9]
belonging to the order Actinomycetales. Different strains
of the genus Dietzia including D. maris, D. cinnamea, D.
natronolimnaea, D. psychralcaliphila, D. schimae, D. kun-
jamensis, D. aerolata, D. papillomatosis, D. lutea, D. ali-
mentaria, D. aurantiaca, D. timorensis, and D. massiliensis
[10] have been diversely distributed in a variety of habitats
such as soil, sea mud, or deep sea, human clinical specimens,
and plant tissues. These strains and their metabolites have
potential applications in foods, health supplements, pharma-
ceuticals, cosmetics, nutraceuticals, and bioremediation. To
date, no significant research demonstrating the PGP potential
of Dietzia maris has been documented. Keeping in view
these lacunae, in the present study, we isolated efficient Zn
solubilizing strain N14 from the rhizosphere of tomato plant
(Solanum lycopersicum L.) grown in the polyhouse field of
Mohali, Punjab, India. The strain produced a clear solubiliz-
ing zone on Bunt Rovira (BR) agar plates supplemented with
ZnO. Therefore, further studies were carried out regard-
ing the identification and characterization of the strain to
establish the potential of Dietzia maris as a ZSR for the first
time. D. maris strain N14 was further tested for the pres-
ence of plant growth-enhancing traits, including production
of auxin, gibberellic acid, ammonia, and siderophore along
with phosphate, and potassium solubilization. For in vivo
analysis, an alginate-based bioformulation containing this
strain was prepared, and its efficacy was tested on the vegeta-
tive growth of the tomato plants.

Materials and Methods

The rhizobacterial species was isolated from tomato crop
grown in a polyhouse in the Mohali district (30.7046°N,
76.7179°E) of Punjab, India. Using 16S rRNA sequenc-
ing and various biochemical methods [11], the species was
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identified as Dietzia maris strain N14. After performing
repeated subculturing, the pure culture was kept at — 20 °C
in 20% glycerol in water (v/v) and further studied for its Zn
solubilization potential and PGP traits.

The 16S rRNA gene sequence of Dietzia maris strain N14
was submitted to the GenBank nucleotide sequence database
under the accession number MZ191749.

Evaluation of Zn Solubilizing Potential of D. maris
Strain N14

To determine the inherent Zn solubilizing capability of D.
maris, 0.01 ml of pure culture (24 h old) was stabbed to the
center of petri plates containing 0.1% ZnO amended BR
medium (10 g dextrose, 0.2 g KCl, 1 g (NH,),SO,, 0.2 g
MgSO,, 0.1 g K,HPO,, 15 g agar in 1000 ml double distilled
H,0) [12] and incubated at 28 °C for 72, 120, and 168 h time
intervals. The culture plates were analyzed for the formation
of halo zones, and measurement of the Zn solubilization
index (ZSI) was done as per the equation given below and
elsewhere [5],

7S] = (Colony diameter + Halozone diameter)

Colony diameter

To further confirm the solubilization of ZnO, quantifica-
tion of Zn was carried out using Atomic Absorption Spec-
troscopy (AAS) as per the method given in the literature
[13]. For the same, sterilized 0.1% ZnO amended BR broth
(50 ml) was inoculated with 1 ml of pure culture and incu-
bated at 28 “C at 120 rpm. Subsequently, 2 ml of the sample
was withdrawn at 72, 120, and 168 h time intervals followed
by centrifugation at 10,000 rpm for 10 min at 4 °C. Eventu-
ally, the pH of the supernatant was recorded. Finally, 0.5 ml
of this culture filtrate was taken, followed by 200 times dilu-
tion with H,O, and subjected to AAS (Agilent 240FS AA)
at 213.9 nm. To quantify soluble Zn, the following formula
was used;

Sample reading X 1 X 100
Standard reading X 0.5

Zn(ppm) =

Furthermore, the production of organic acids by the iso-
lated strain N14 was detected using UPLC to ascertain the
relationship between pH and Zn quantification. For this,
the same broth assay was used which was also employed
for the estimation of soluble Zn and pH. Followed by cen-
trifugation the cell-free supernatant was passed through a
0.22-micron membrane and 0.02 ml of culture filtrate was
injected into a UPLC equipped with Hi-Plex H column (Agi-
lent) of 300 mm length with 8 mm porosity. The chromato-
gram was recorded using 5 mM H,SO, as a mobile phase
at a flow rate of 0.6 ml/min and a refractive index detector
which was maintained at 65 °C within a run time of 30 min.
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By using retention time and spiking the sample with organic
acids viz. glycolic acid, acetic acid, lactic acid, and formic
acids of HPLC-grade, elutes were identified and quantified.

In Vitro Plant Growth Traits of D. maris Strain N14

The inherent property of D. maris to generate indole ace-
tic acid (IAA) was assessed qualitatively and quantitatively
[14, 15], and for determining the gibberellic acid and sidero-
phore production, a method reported by Borrow et al. [16]
and Chrome-azurol S medium [17] were used respectively.
The percent siderophore unit (psu) was used to calculate
the amount of siderophore production using the following
equation:

(A, — A{) X 100
A

S

Siderophore production(psu) =

where A, is the absorbance of the reference and Ay is the
absorbance of the sample.

Ammonia quantification was done using Nessler’s reagent
[11] and interpretation was made with the help of a stand-
ard curve of ammonium sulfate (0.8-5.0 umol). The Piko-
vskaya’s agar [18], Aleksandrov medium [19], and Jessen’s
agar medium [20], were used respectively for evaluating the
P, K, and N traits of isolate N14.

Using alkaline picrate solution, the production of HCN
was detected by observing the change in color from yellow
to brown [21]. The activity of hydrolytic enzymes includ-
ing cellulase, pectinase, and amylase production was also
determined [6]. The respective medium was observed for
clear distinct zones.

Pathogenicity of D. maris Strain N14

The pathogenicity of the isolate N14 was checked using the
hemolytic test as per the method given elsewhere [22]. For
this, 24 h old culture was streaked on the blood agar plate
in triplicate, incubated at 28 °C for 168 h and examined for
hemolysis.

Preparation of Pellets

The bio-formulated pellets were prepared using a method
reported by Schoebitz et al. [23] with slight modification
using N14 isolate, sodium alginate as a binder, ZnO as a
source of Zn, and CaCl, as a cross-linker. For this, a 1.5%
solution of sodium alginate containing ZnO (0.1%) was
mixed with broth containing N14 isolate (10® CFU/ml) in
a 2:1 ratio. Subsequently, the mixture was extruded gently
through a sterile syringe into a sterilized 0.1 M CacCl, solu-
tion at room temperature to obtain beads.

In Vivo Efficacy of D. maris Strain N14

To evaluate the plant growth-enhancing traits of D. maris, in
vivo bioassay in tomato plants was conducted using prepared
pellets. For this, tomato seeds were procured and their sur-
face was sterilized by immersing them in mercuric chloride
(0.1%) solution for about 2—3 min followed by rinsing them
twice with double distilled water. Afterward, these were
soaked in water overnight. Subsequently, such seeds were
planted in pro-trays with autoclaved soil. After 21 days of
growth, seedlings were washed and transplanted into plas-
tic pots containing sterilized soils. Only one seedling per
pot was retained and followed by a week of transplantation,
bio-formulated pellets and vermicompost were applied thor-
oughly to soils along with a control experiment as per the
details given in Table 1.

Pots were incubated in direct sunlight at room tem-
perature and 100 ml of water was added every 48 h. All
plant growth variables including length of shoot and root,
number of leaves and branches, and weight of fresh plants
were recorded after 45 days of transplantation. The soil was
removed from the roots in all containers to collect root speci-
mens. For each treatment, experiments were carried out in
triplicates.

Statistical Analysis

The plant growth statistical analysis was done using Dun-
can’s multiple range test (DMRT) with a statistical package
for the social sciences (SPSS-24) software. DMRT dem-
onstrated a significant difference between treatments with
P <0.005. All the findings were presented as an average of
three replicates with standard errors.

Results

Biochemical and Molecular Identification of D. maris
Strain N14

The preliminary identification of the isolated strain N14
was done according to Bergey’s Manual of Determinative

Table 1 Different treatments given to tomato plants (Solanum lyco-
persicum L.)for studying plant growth-enhancing properties of D.
maris strain N14

S. no Treatment name Treatment

1 C Control

2 A\ Vermicompost

3 P1 10 bioformulated pellets
4 P2 20 bioformulated pellets
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Table 2 Morphological and biochemical tests of D. maris strain N14

S.no Tests Results Reference
1 Gram staining + [25]
2 Shape Tiny rod [25]
3 Colony color Slight orange [25]
4 Voges—Proskauer - [26]
5 Methyl red - [26]
6 Nitrate reduction + [25]
7 Citrate utilization + [27]
8 H,S production - [25]
9 Urease production + [25]
10 Starch hydrolysis - [48]
11 Catalase production + [27]
12 Utilization as sole carbon [25]

source

Glucose +

Sucrose -

Lactose -

Dextrose +

+ indicates positive; — indicates negative

Bacteriology [11] and outcomes are listed in Table 2. The
bacteria were found to be Gram-positive, tiny rod-shaped,
and appeared as slight orange-colored colonies. The strain
N14 tested positive for catalase, urease, citrate utilization,
and nitrate reduction while Voges—Proskauer, methyl red,
H,S production and starch hydrolysis were found to be
negative. Also, glucose and dextrose as carbon sources
supported the growth of the bacterial strain N14. However,
strain N14 was not found to utilize lactose and sucrose.

Phylogenetic analysis was performed to identify the
N14 isolate. The phylogenetic tree was constructed by
aligning 16S rRNA gene sequences of species belonging to
the genus Dietzia with validly published names along with
16S rRNA gene sequence of N14 isolate. The 16S rRNA
gene was analyzed by performing the multiple sequence
alignment and analysis of the data was performed by
the maximum likelihood method (Fig. 1) using the soft-
ware MEGA11 [24]. The genetic distance was calculated
according to the Kimura-2 model. Bootstrap analyses were
based on 1000 replications. The 16S rRNA gene sequence
of strain N14 was a continuous stretch of 1053 bp. The
strains belonging to Dietzia genus used to construct the
phylogenetic tree were D. maris, D. aurantiaca, D. alimen-
taria, D. cercidiphylli, D. natronolimnaea, D. aerolata,
D. papillomatosis, D. timorensis, D. psychroalcalophilus,
D. cinnamea, and Tsukamurella pulmonis [25-27]. The
16S rRNA gene sequence of N14 isolate showed similar-
ity (99.53%) with gene sequence of type strain Dietzia
maris (DSM 43,672)T and was designated as D. maris
strain N14.

@ Springer

Dietzia natronolimnaea strain 15LN1 CBS 10795 T (X92157)
Dietzia psychroalcalophilus T (AB049630)
Dietzia cercidiphyllistrain YIM 65002 T (EU375846)
- Dietzia alimentaria 72 T (GQ368824)
;s UD. maris (DSM 43672) T (X79290)
% {Dietzia maris strain N14 (MZ191749)

75
— {Dietzia aurantiaca strain CCUG 35676 T (FR821260)

91 - Dietzia aerolata strain Sj14a T (FM995533)

L Dietzia papillomatosis strain N 1280 T(AY643401)
9 ‘Dietzia cinnamea strain IMMIB RIV-399 T (AJ920289)

—— Dielzia timorensis strain: ID0O5-A0528 T (AB377289)

Tsukamurella pulmonis strain CCUG 35732 T (KX924524)

—

0.01

Fig. 1 Phylogenetic tree showing the position of D. maris strain N14
relative to the different species of the genus Dietzia based on 16S
rRNA gene sequence data using the Maximum Likelihood method.
Bootstrap values (expressed as percentages of 1000 replications)
of >50% are given at the nodes. Scale bar represents 0.01 substitu-
tions per nucleotide position

Zn Solubilization Capability and Organic Acid
Production

The first investigation for solubilization of ZnO by D.
maris was performed by measuring the halozone diameters
in plate assay using BR media supplemented with 0.1%
ZnO. The bacteria demonstrated a gradual increase in the
solubilizing zone with an increase in incubation time. The
ZSI were 39.15+1.15,42.5+2.5, and 63.75+1.25 at 72,
120, and 168 h of time intervals respectively when incu-
bated at 28 °C. Furthermore, the quantification using AAS
revealed that D. maris was able to solubilize significant
amounts of Zn with values of 21.72, 75.84, and 98.79 ppm
at time intervals of 72, 120, and 168 h respectively in ZnO
liquid broth (Fig. 2). Alongside, decrease in pH of broth
was also observed which suggest the inverse relationship
between pH and Zn solubilization as indicated in Fig. 2.
The decrease in pH was due to the release of organic acids
which were identified and estimated using UPLC. Mainly,
two acids viz., lactic acid and acetic acids were detected at
different time intervals as shown in Fig. 3 wherein lactic
acid was found in higher amounts. Surprisingly, the release
of glycolic acid and formic acid has not been detected.
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Fig.2 Concentration of soluble zinc analyzed by UPLC and change
in pH after 72, 120 and 168 h of inoculation with D. maris strain
N14 in media containing insoluble zinc oxide. Data are given as
mean = SD of three experimental replicates
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Fig.3 Concentration (ug/ml) of organic acid (lactic acid and acetic
acid) analyzed by UPLC after 72, 120 and 168 h of inoculation with
D. maris strain N14 in media containing insoluble zinc oxide. Values
represent the mean + SD of three experimental replicates

In Vitro Plant Growth Traits of D. maris Strain N14

None of the various reported ZSR has the innate capability
to promote plant growth and development via. all possible
pathways (direct and indirect) such as the production of
siderophore, solubilization of Zn, P, K. Hence, it is neces-
sary to investigate individual PGP traits of the D. maris to
establish its potentiality as a PGPR. The various PGP prop-
erties of D. maris are demonstrated in Table 3.

According to our investigation, D. maris produced a con-
siderable amount of IAA with values of 15.182+9.00 pg/
ml, 16.136 + 1.35 pg/ml, and 29.909 +£5.14 pg/ml after
an incubation of 72, 120, and 168 h at 28 ‘C, respectively.
However, the production of GA was comparatively lower
with the values of 4.50+4.01 pg/ml, 4.19+4.01 pg/ml,
and 4.72+1.18 pg/ml at 72, 120, and 168 h intervals of
incubation at 28 “C, respectively. Other two important PGP
traits are the production of siderophore with a marked
amount of 89.10+£0.42% after 72 h of incubation and the
release of ammonia with the amounts of 17.45+1.32 ug/ml,
38.87+3.15 yg/ml and 16.50+1.76 ug/ml at time intervals
of 72, 120, and 168 h were also observed respectively. Apart
from that, D. maris was found to be positive for P solubiliz-
ing trait with halazone diameter of 12.2+1.2, 14.3+1.12,
and 14.4+1.15 mm at 72, 120, and 168 h time intervals of
inoculation, respectively. However, it tested negative for K
solubilization and N fixation.

Pathogenicity of D. maris Strain N14

To evaluate the pathogenicity of D. maris, the hemolysis
zone on blood amended agar plates was studied up to 168 h.
The blood plates revealed no indications of hemolysis sug-
gesting that the isolated D. maris strain N14 could not be
harmful to people, thus it may be employed for further stud-
ies for different plants as well as making formulations of
biofertilizers.

Table 3 Plant growth-enhancing

. . . S.no Plant growth-promoting attributes 72h 120 h 168 h
properties of D. maris strain
N14 at 72, 120, and 168 h of 1 Zinc solubilization index 39.15+ 115 425425 63.75+1.25
time intervals 2 Zinc solubilization quantification (ppm) ~ 21.72+0.54 75.84+0.63 98.79+0.62
3 Nitrogen fixation ability ND ND ND
4 Phosphate solubilization (mm) 122+1.2 143+1.12 144+1.15
5 Potassium solubilization ND ND ND
6 Production of IAA (ug/ml) 15.182+£9.00 16.136+1.35 29.91+5.14
7 Siderophore production (%) 0.89+0.00 ND ND
8 Production of gibberellic acid (ug/ml) 4.50+4.01 4.19+4.01 4.72+1.18
9 Ammonia production (uM/ml) 17.45+1.32 38.87+3.15 16.50+1.76
10 HCN production + + +
11 Blood hemolysis ND ND ND

ND is not detected; + is positive
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In Vivo Plant Growth Traits of D. maris Strain N14

As previously discussed, the in vitro studies on the isolate
N14 showed multiple traits of PGPR such as the pro-
duction of IAA, gibberellic acid, ammonia, siderophore,
and solubilization of phosphate. Furthermore, in vivo
experiments were also conducted to test and confirm the
efficacy of isolate N14 as a PGPR. Four experiments in
triplicates were carried out under similar environmental
conditions, however, with different treatments. In one of
the groups, 10 pellets, and in another one 20 pellets were
applied which are hereafter referred to as P1 and P2. The
other two groups were a non-treated control and a treated
one with vermicompost, designated as C and V, respec-
tively. After 45 days of transplantation, vegetative growth
was recorded in the all-subject plants, and the results are
shown Figs. 4 and 5.

D. maris solubilizes P from fixed organic/inorganic
reserve enhancing its phytoavailability and hence, pro-
moting root development. Because of the expanded sur-
face area, roots can colonize more soil, enhancing the
quality and quantity of nutrients [28]. Statistical analy-
sis using DMRT test (Supplementary Table S1) revealed
that the number of leaves and branches was maximum
in the P2 group in comparison to the V and C treated
plant groups. The same group exhibited a similar trend for
the shoot and root length with values of 37.67 +0.76 cm
and 18.87 +0.32 cm, respectively. The mean weight of
the fresh whole plant, shoot, and root was also found
to be significantly higher in P2 as compared to other
treatments.

Discussion

Most often, exogenous Zn-based fertilizers, as well as suf-
ficient natural Zn reserves, could not avail the required
amount of Zn to many plants for sufficient growth owing
to their less solubility in water. In such circumstances, soil
microbial communities, specifically, ZSR can play key roles
via producing organic acids and/or chelating agents and/or
protein extrusion which solubilize Zn with different mecha-
nisms. Therefore, ZSR could be an excellent supplement to
chemical fertilizers. Keeping in view this approach, the iso-
lation and identification of a potential ZSR from the tomato
rhizosphere of a polyhouse of Mohali, Punjab was carried
out. Based on the different biochemical and molecular char-
acterizations, the strain was characterized as gram-positive,
small rod-shaped, non-pathogenic ZSR, and identified as
Dietzia maris strain N14. However, most of the ZSR belong-
ing to the genus Bacillus, Pseudomonas, Azospirillum, Xan-
thomonas, Gluconacetobacter, Acinetobacter, and Entero-
bacter have been documented [28-32]. Noticeably, none of
the research focusing on the Zn solubilization trait of the
genus Dietzia has been reported. However, in the present
study, the same genus with N14 strain has been identified as
a potential solubilizer and showcased high solubility index
of 63.75+1.25 on the 0.1% ZnO-amended solid medium
after 168 h of incubation which is remarkably higher than
those of the earlier reported ZSR [5, 33]. Further, our find-
ings are comparable with the previous studies wherein a
higher solubilizing zone was observed for the bacterial
isolates when a ZnO-amended solid medium was used [3,
33-35]. A previous study on Bacillus megaterium showed a
solubilization zone of 50+ 0.03 mm [36] and B. altitudinis

Fig.4 Effect of different treatments on the vegetative growth of
tomato (Solanum lycopersicum L.) after 45 days of treatments. C—
Plants with no treatment, V—Plants treated with vermicompost, P1—
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Plants treated with 10 bioformulated pellets, and P2—Plants treated
with 20 bioformulated pellets
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Fig.5 Effect of D. maris strain N14 on various growth parameters in
tomato after 45 days of different treatments; a The number of leaves
and branches. b Root and shoot length. ¢ Weight of full plant, shoot,
and root. Values represent the mean + SD of three experimental rep-
licates. C—Plants with no treatment, V—Plants treated with ver-
micompost, P1—Plants treated with 10 bioformulated pellets, and
P2—Plants treated with 20 bioformulated pellets

demonstrated a solubilization index of 5.11+ 1.0 cm [5] on
ZnO supplemented medium. On the same line, an inves-
tigation of the Zn solubilizing capability of 70 bacterial

isolates from the rhizosphere of wild pepper and cardamom
growing in the forest areas highlights B. megaterium for
the clear zone diameter of 15.3 mm on ZnO supplemented
medium [6]. In another study, Acinetobacter sp. AGM3 and
AGM9 showcased a solubilization zone diameter of 13.21
and 11.74 mm respectively in ZnO amended medium after
12 days [32].

In the present work, AAS measurements indicated that D.
maris strain N14 exhibited maximum solubilization of Zn at
168 h of incubation with a value of 98.79 ppm. The observed
value was found to be significantly higher than those of
20.33 ppm, 36.54 pg/ml, and 33.14 pg/ml solubilized by B.
megaterium, Acinetobacter sp. AGM3 and AGM9, respec-
tively [32, 36]. Another study on Pseudomonas sp. VBZ4
and P. stutzeri VBZ17 revealed the solubilization of Zn with
the amount of 26.8 mg/l and 22.2 mg/l on ZnO-enriched
media [37]. Previous studies on ZSR showed that isolates
could easily solubilize considerable amounts of Zn in the
liquid medium, but large halo zones have not been observed
on solid media [29, 38]. However, based on our findings, it
must be pointed out that D. maris showed significant ZnO
solubilization in both BR plates and broth assay. Further-
more, an increase in the Zn availability could be correlated
to decrease in pH of the medium. This is in line with previ-
ous studies that documented similar observations [3, 34].

Different mechanisms could be involved in Zn solubiliza-
tion, the most common being the acidification of the medium
by exudation of inorganic/organic acids [30, 34] and sidero-
phore production [21]. The rhizobacterial population on
the root surface is 10 times higher than in bulk soil. These
rhizobacteria utilize sugars that are present in root exudates
via metabolic activities and produce organic acids that aid
in the solubilization of Zn. Moreover, biochemical analysis
of D. maris strain N14 showed that it can utilize sugars such
as glucose, dextrose, and sucrose, therefore production of
organic acids can be justified. Earlier studies have shown
that gluconic acid and its keto-derivatives are the most com-
mon acid among different organic acids produced by ZSR
for solubilizing inorganic Zn compounds [6, 34, 39, 40].
However, few studies have also highlighted the production of
other organic acids such as oxalic acid, tartaric acid, formic
acid, acetic acid, pentanoic acid, fumaric acid, and maleic
acid [33, 35, 41]. In the present study, only two organic acids
viz. lactic acid and acetic acid were produced by D. maris
and our findings can be justified based on those of Coster-
ousse et al., [30] and Mumtaz et al. [33] demonstrated that
ZSR could have different solubilization mechanisms.

The PGP characteristics of any rhizobacteria can be
attributed to the production of diverse metabolites includ-
ing IAA, siderophores, ammonia, and activities such as
solubilization of N, P, and K [6, 7, 42]. Siderophores are
compounds that can chelate iron and cause iron deficiency
for growing pathogens in the plant rhizosphere, indirectly
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suppressing the growth of these pathogens. The impor-
tance of siderophore production in species viz., Bacillus,
Pseudomonas, Enterobacter, and Acinetobacter have been
studied earlier [42—44]. Interestingly, the bacterial strains
producing siderophores possess antifungal activity. For
instance, Acinetobacter sp., a potential Zn solubilizer
inhibits the growth of Fusarium oxysporum [45]. Sidero-
phore production was also observed in D. maris strain N14
which can be linked to the high amount of Zn solubiliza-
tion in the medium [42]. Based upon the characteristics of
siderophore production, strain N14 may aid in suppressing
phytopathogen in the rhizosphere.

IAA and gibberellic acid are important determinants
of plant growth and are produced by most of the ZSR
belonging to genera Burkholderia, Serratia, Acinetobacter,
Gluconacebacter, Azotobacter, Rhizobia, Bacillus, Pseu-
domonas, and Enterobacter [5, 28, 33]. Strains belonging
to Bacillus spp. were found to produce IAA in the range
of 15.8-25.6 pg/ml [46]. The ZSR Enterobacter cloacae
(EPS-14) and Pantoea agglomerans (EPS-17) produced
12.125 pg/ml and 8.449 pg/ml of IAA, respectively [21].
For the Pseudomonas spp., production of IAA was found
to be in the range of 22.2 to 40.6 pg/ml [47]. In the present
study, strain N14 produced 9.90 pg/ml and 4.72 pg/ml of
IAA and gibberellic acid, respectively at 168 h.

The essential nutrients N, P, and K are abundantly
present in the soil; however, they remain inaccessible
to plants. The ZSR bacterial species belonging to Bacil-
lus, Pseudomonas, Enterobacter, Rhizobium, Burkholde-
ria, and Agrobacterium have the potential to sequester P
or K from soil [7, 21]. Our findings also highlighted the
P solubilization by D. maris, however, it was found to be
negative for K solubilization and N fixation.

Ammonia production is another important trait of
PGPR where an organism can break down complex nitrog-
enous materials like peptones and release ammonia into
the soil. The released ammonia is taken up by the plant as
a nutrient source. There can be an accumulation of ammo-
nia in soils which enhances the alkalinity, consequently,
suppressing the growth of certain fungi and benefiting
crops indirectly. According to our studies, isolate N14 was
found to be positive for ammonia production and thus can
be effective against phytopathogens.

The HCN production enhances the antagonistic capa-
bility of bacteria against several phytopathogens and is
produced by various ZSR including Pseudomonas sp.,
Burkholderia sp., Enterobacter sp., and Bacillus sp., [6,
21, 33]. In the present study, the D. maris strain N14 also
confirms the production of HCN, therefore, it can act as a
potential biocontrol agent. Furthermore, as per our inves-
tigation, the D. maris strain N14 was found to be deficient
in defense-related hydrolytic enzyme activities such as
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amylase, pectinase, and cellulose, however, the production
of siderophore could suppress the growth of pathogens.

Even though immuno-compromised individuals and
experimental non-human primates have been documented
to be susceptible to few opportunistic Dietzia infections, our
results revealed that D. maris strain N14 isolated from the
polyhouse rhizospheric soil is non-pathogenic and to the best
of our knowledge, no human infection has been observed
with it.

Several published results indicate that if an organism
exhibits in vitro PGPR features such as IAA generation,
phosphate solubilization, ammonia, and siderophore pro-
duction, then it must also exhibit plant growth promotion
in vivo. Our study also confirms this hypothesis as a signifi-
cant enhancement in the vegetative growth of tomato plants
has been observed when plants are inoculated with biofor-
mulated D. maris. Moreover, these results are directly in line
with the previous findings where the production of IAA, gib-
berellic acid, ammonia, and siderophore by ZSR enhances
the Zn* accessibility and also results in better nutritional
absorption in tomato plants [37]. Similarly, some of ZSRs
with sufficient PGP traits for other crops such as capsicum,
rice, wheat, chickpea and maize [3, 33, 36, 44, 47] have
also been reported. Likewise, D. maris strain N14 isolated
from tomato rhizospheric soil possesses Zn solubilization
potential as well as significant PGP traits for tomato plants.

Conclusion

Though the soil in many places has enough reserves of Zn,
nonetheless, its deficiency in plants has been identified as
a significant reason for reduced growth in vegetables and
fruits. At times, direct application of Zn-based fertilizers
could not result in the expected outcomes owing to various
reasons such as salinity, pH, textures of soil. One of the
reasons for it could be the presence of Zn in the inaccessible
form. Therefore, to combat this complication, there is a dire
need of identifying and developing ZSR bacteria which can
be employed in formulations to develop biofertilizers. Such
an approach could be eco-friendly and effective to develop
efficient Zn-based biofertilizers.

In the present study, the D. maris has shown prominent
Zn and P solubilization potential along with the production
of HCN, ammonia, IAA, gibberellic acid, and siderophore.
Moreover, they have shown excellent in vivo efficacy for
the vegetative growth of tomato plants in comparison to
vermicompost and control treatments. Given the fact that
various rhizobacteria are yet to be thoroughly investigated
for plant growth-boosting activities and that known PGPR
strains have either lost their Zn solubilizing potentiality or
succumbed to excessive use of chemical fertilizers, our find-
ings, establish the potentiality of D. maris strain N14 as
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an effective Zn solubilizer and a promising candidate with
PGP characteristics. The application of D. maris strain N14
can remarkably enhance the bioavailability of Zn in tomato
plants, however, further studies need to be done to confirm
the efficacy of D. maris strain N14 on commercial crops of
tomato plants and evaluate the feasibility of this approach
using field trials. Apart from that, future research may
include the application of the D. maris on different crops
and as well as to evaluate its effects on soil behavior.

Moreover, there should be more research into the possible
connections between D. maris and other PGPRs/ZSRs to
develop more effective consortia for enhancing Zn phyto-
availability. The mechanisms and the production of specific
metabolites by D. maris that contributes to plant growth
enhancement could be thoroughly investigated. Compared
to other PGPR, ZSR lacks molecular knowledge which must
be investigated further in the future.
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