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ABSTRACT

Aims: Plant growth-promoting rhizobacteria enhance growth by making plant nutrients available to
plants under a variety of growing conditions. The study was designed to screen zinc (Zn)
solubilizing rhizobacteria and test their colonization ability in the rice rhizosphere.

Place and Duration of Study: The experiments were conducted in the Department of Agricultural
Chemistry, Bangladesh Agricultural University, Mymensingh-2202, from January 2019 to July 2019.
Methodology: Initially, thirty-two previously isolated rhizobacteria were used for screening Zn
solubilizing ability under a solid medium. Selected rhizobacteria from previous screening were used
to quantify Zn solubilization in broth culture and evaluate their root colonization in rice using water
agar media in a growth chamber. Early seedling growth was monitored for two weeks, and root-
shoot lengths were recorded. Eleven of the tested rhizobacteria responded positively to ZnO-
containing media.

Results: The Zn solubilizing index (ZSI) of the positive isolates ranged between 1.08-2.25 after 5
days of incubation. Isolate MQ1 solubilized the highest Zn both in solid medium (ZSI=2.25) and
culture broth (solubilized 220.20 ppm Zn). The colonization of bacteria in the root zone was also
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for the Zn biofortification approach in rice.

investigated via bio-primed rice seeds of Binadhan-20. Eight of 11 isolates (MQ1, MQ2, MQ3,
MQ4, OSbr5, OSbr6, EC1, and MQL9) showed substantial colonization in the rhizosphere after two
weeks. The germination percentage of bio-primed seeds was not increased over the control,
however, in most cases, bio-priming boasted early seedling growth. The OSbr5, OSbr6, and MQ6
isolates were superior performers in case of root and shoot growth.

Conclusion: The study identified some Zn solubilizing isolates, revealed their root colonizing
ability, and observed early plant growth promotion. These isolates could be used as a potential tool

Keywords: Plant growth-promoting rhizobacteria; Zn solubilization; biofortification; root colonization.

1. INTRODUCTION

Zinc (Zn) deficiency is a well-known mineral
malnutrition in human populations causing a
number of health complications [1]. Globally, Zn
and vitamin A deficiencies are two of the most
serious nutrient deficiencies and are responsible
for childhood mortality, especially, among those
under five years of age [2]. Zinc insufficiency
alone accounts for nearly 4% of young child
illnesses and a loss of nearly 16 million global
disability-adjusted life years [3].

In most cases, insufficient dietary intake of Zn
and Fe is the reason behind Zn deficiency [4,5].
The worldwide prevalence of Zn deficiency in
crops is due to low solubility of Zn, rather than
low Zn content in soil [6,7] and poor plant uptake.
Therefore, billions of people globally are suffering
from micronutrient starvation [8,9]. To overcome
this problem, improvement of Zn bioavailability in
cultivated soils may enhance Zn contents in the
staple food grains which would possibly mitigate
the major health risks associated with Zn
deficiency. Multifarious efforts are in place by
plant scientists to enhance the absorption and
bioavailability of Zn in grain crops via
management practices, preferably fertilization,
and plant breeding programs. Developing Zn-
efficient crop varieties following breeding and
molecular genetic protocols is a time-consuming
process often taking several years to release a
new variety. On the other hand, agronomic
biofortification involves using different synthetic
fertilizers, and overuse of these may lead to
environmental pollution.

Plant growth-promoting rhizobacteria (PGPR) are
gaining attention as a potential alternative to
conventional agronomic biofortification since
rhizobacteria have great potential to increase
nutrient availability in the soil [L0-15]. The PGPR
seem successful in colonizing soil ecosystems
due to their high adaptability in a wide variety of
environments, faster growth rate and biochemical

versatility to metabolize a wide range of natural
and xenobiotic compounds as a nutrient source
[16,17]. Once the PGPR establish themselves in
the rhizosphere and surrounding soil if the
ecosystem is favorable for their growth and
development, they do not require a yearly
application. PGPR promotes plant growth by
increasing the availability and/or uptake of
nutrients from the confined nutrient pool in the
rhizosphere by many direct and indirect
mechanisms. Zinc solubilizing PGPR helps to
solubilize the fixed form of Zn and increases its
uptake leading to Zn biofortification in grains [18—
20]. The purpose of this study was to screen Zn-
solubilizing rhizobacteria, quantification of their
Zn-solubilizing potential and In vitro evaluation of
root colonization and early seedling growth of a
zinc-efficient rice variety (e.g., Binadhan-20).

2. MATERIALS AND METHODS
2.1 Sources of Rhizobacteria

Thirty-two bacteria were taken from the bacterial
stock culture of the Department of Agricultural
Chemistry, Bangladesh Agricultural University,
Mymensingh, which were previously isolated
from different plant rhizosphere (Table 1). The
stock cultures were re-grown and maintained in a
nutrient agar medium until further use.

2.2 Screening of Zn
Rhizobacteria

solubilizing

The screening of Zn solubilizing bacteria was
done on modified Pikovskaya’'s (PKV) agar
media containing ZnO [22]. The composition of
the modified media was ZnO 0.1%, (NH4),SO,
1.0 g/L, Sucrose 10.0 g/L, KH,PO, 0.1 g/L, KCI
0.2 g/L, MnSO,4 0.2 g/L, Agar 1.5%. The pH of
the media was adjusted to 7.0 with 0.1M KOH
and 0.1M HCI before autoclaving. The bacteria
were spot inoculated onto the solidified agar
media using separate sterile toothpicks. After
inoculating the bacteria, the petri dishes were
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Table 1. Sources of rhizobacteria used in this study. A total of 32 rhizobacteria were used for
screening Zn solubilizing bacteria [21]; The isolates were stocked at the Dept. of Agricultural
Chemistry in low temperature and revived on nutrient agar media before use

Plant sources Scientific name Code Name Rhizobacterial Isolates

Rice Oryza sativa (O] OSbr4, OSbr5, OSbr6, OSn7, OSn8,
0S29(1), 0S29(2), 0S29(3)

Shama Echinochloa crusgalli EC EC1, EC2, EC3, EC4, EC5, ECL1

Shusnishak Marsilea quadrifolia MQ MQ1, MQ2, MQ3, MQ4, MQ5, MQ6,
MQL7, MQLS8, MQL9

Fern Pteris spp. Fr Frl, Fr2, Fr3, Fr4, Fr5, Fr6, Fr7

Soybean Glycine max GM GM1, GM2

placed in the incubator (Neuve EN120, Turkey)
at 28+1°C. Zinc solubilization was indicated by
the formation of a clear halo zone surrounding
the bacterial colony. The growth of the bacteria
was monitored, and the colony diameter was
recorded every 24 hours for five consecutive
days. Based on their Zn-solubilizing index (ZSI)
best performing 11 rhizobacteria were selected
for further study. The ZSI was calculated using
the following formula:

__ Colony diameter+Halo zone diameter

ZSI =

Colony diameter

2.3 Quantification of Zn Solubilizing
Capacity of the Rhizobacteria

Upon the quantification of Zn solubilizing
potential of the selected rhizobacteria based on
ZSl, they were inoculated in the modified PKV
liquid broth poured on to 50 ml falcon tubes. The
tubes containing the inoculated broth were
placed on a rotary shaker (JSR JSOS-500,
Korea) at 150 rpm for 2 days. Then the tubes
were centrifuged in a centrifuge machine (Neuve
NF800, Turkey) at 5000 rpm for 5 minutes. The
culture supernatants were filtered by Whatman
no. 42 filter paper and the volume of the filtrates
were made up to 50 mL using distilled water.
Finally, the filtrates were subjected to Zn analysis
by AAS (Shimadzu AAS-7000, Japan) to
measure the amount of Zn solubilized by the
rhizobacteria.

2.4 Evaluation of Zn solubilizing PGPR on
Rice (Binadhan-20) Growth
Characteristics

Seeds of the rice variety Binadhan-20 were used
as test crops to assess the plant growth
performance of selected Zn solubilizing PGPR.
For the germination test, 200 seeds were
imbibed on overnight grown bacterial cultures in
culture bottles for bio-priming the seeds. The

culture bottles were in the shaker at 150 rpm for
24 hours. The overnight soaked seeds were
placed on a paper towel in separate petri dishes
for observing the germination of the seeds. The
paper towel was soaked with sterile distilled
water and each petri dish received fifteen seeds.
The petri dishes were placed inside the plant
growth chamber (JSR JSPC-960C2) with a day
and night cycle of 14 and 10 hours, respectively.
The petri dishes were observed for germination
til the 9th day and data were recorded
accordingly.

To observe the colonization of the bacteria in the
rhizosphere of the rice (Binadhan-20), the seeds
were grown in the growth chamber (JSR JSPC-
960C2) keeping a 14/10 hours of day/night cycle,
with a controlled day (28+1°C) and night
(20.8+£1°C) temperatures. Full strength
Hoagland’s solution along with 1% agar was
used as substrate and the pH of the prepared
Hoagland’'s solution was adjusted between the
range (pH 5.8-6.3) by adding 0.1M KOH or 0.1M
HCI before adding agar powder. Then 30 ml of
the media were poured in 100 ml growth tubes
and the tubes were then autoclaved. After
cooling the tubes, bio-primed seeds (2 seeds per
tube) were placed in each tube keeping them
inside the Biohazard Safety Cabinet to minimize
the chance of contamination. At last, all the tubes
were placed inside the growth chamber, keeping
them in a vertical position. Seeds were
moistened every day using sterilized distilled
water. The tubes were kept in the growth
chamber for two weeks and then they were
removed from the chamber for measuring their
comparative root and shoot growth and to
observe their colonization, if any, in the root
zone.

The relative growth of each seedling in the tubes
was measured for both their shoot and root
length. Lengths were measured by Imaged
software (version 1.8.0) from the captured photos

134



taken with the help of a digital camera
(Panasonic LX-2, Japan). Then seedling vigor
index was calculated according to the formula
mentioned in [23].

Vigor index (VI) = (Root length +
Shoot lengthcmx % Germination

2.5 Statistical Analysis

All data collected were subjected to analyses of
variance using Minitab 17.0 (Minitab, State
College, PA, USA). When significant differences
were found, the means were separated by
Tukey’s Pairwise Comparisons at a 95%
confidence level.

3. RESULTS AND DISCUSSION

3.1 Screening of Rhizobacteria for Zn
Solubilization

The colonization ability of the rhizobacteria in the
rootzone is considered one of the most important
criteria for the successful application of microbial
biofertilizers in agriculture. In this study, we have
investigated the Zn solubilization potential of
some previously isolated PGPR, their ability to
colonize in the rice root system, and their effect
on early seedling growth. After culturing for 120
hours, eleven bacteria out of thirty-two showed
putative Zn solubilization by forming a clear halo
zone surrounding the colony in a solid medium
containing ZnO as a source of Zn in varying
intensity (Table 2). The ZSI of these eleven
isolates was then evaluated and it ranged
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between 1.08 to 2.25 after 5 days of incubation
(Table 3 and Plate 1). The isolate MQ1 showed
the highest Zn solubilization in the medium
(ZSl1=2.25) followed by EC1 and OSbr5 (1.75
and 1.57, respectively). However, the
rhizobacteria under investigation didn’t have a
significant effect on the change of in pH of the
liquid medium (Supporting document 1). In our
study, we have selected 11 isolates based on
their ZSI to quantify the amount of Zn made
available in broth culture. The MQ1 (220.20 ppm)
solubilized the highest amount of Zn among the
isolates. Such microbial solubilization of metal
nutrients is done by several mechanisms,
predominantly through the production of organic
acids [24]. Other mechanisms include the
release of anions chelators [25], siderophore
production [26], proton, oxidoreductase systems
of cell membranes, and chelated ligands [27,28]
by the microbes to solubilize metal nutrients.
Organic acid production results in the initial drop
of pH of the culture medium, however, the
bacterial isolates used in this study did not
reduce the pH of the culture medium
substantially (Supporting Document 1), which
indicates that Zn solubilization by the
investigated rhizobacteria might use mechanisms
other than organic acid production. Some reports
indicated that the Zn-compound used as a
source of Zn (ZnO in the present study) might
have intrinsic buffering potential to resist pH drop
even though the microorganism produces
organic acids [29]. [30] reported no decrease of
pH when amended the medium with ZnO instead
of Zn3(POy),.

Plate 1. Solubilization of inorganic ZnO in vitro by eleven rhizobacterial isolates after 5 days of
incubation at 28+1°C. The formation of halo zone around the bacterial colonies demonstrated
the solubilization of zinc oxide
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Table 2. Relative bacterial growth of 32 bacterial isolates in Zn media after 24 hours and 120
hours in case of colony size based on visualization (where “+” indicates positive
response/growth in the medium, “-” indicates negative response/growth in the media, and
darker colors indicates comparatively more Zn solubilization).

Rhizobacterial Isolates

Zinc solubilization ability

24 hours 120 hours
0S29(1), 0S29(2), 0S29(3), OSbr4, EC2, ECS, - -
ECA4, EC5, Frl, Fr2, Fr3, Fr5, Fr6, GM2, ECL1
0oSsn7, Fr4, GM1 - +
OSbrs, OShr6, OSn8, EC1, Fr7, MQL7, MQLS, + 4
MQL9
MQ3, MQ5 + 4
MQ1 ++ ++
MQ2, MQ4 ++
MQG6

Table 3. Effect of rhizobacterial isolates to solubilize ZnO (in terms of ZSI) in culture media,
germination, and seedling vigor of rice (Binadhan-20). Only 11 of the isolates responded
positively to the Zn solubilization assay

Rhizobacterial treatment ZSI Germination Percent Seedling vigor index
Control - 93 512.18
EC1 1.75 87 1099.93
MQ1 2.25 93 946.67
MQ2 1.33 93 1228.15
MQ3 1.29 93 1130.89
MQ4 1.42 93 976.03
MQ5 1.30 87 803.79
MQ6 1.08 93 1451.16
MQL9 1.27 87 863.67
OSbrs 1.57 87 1451.62
OSbr6 1.38 93 1181.92
0OSn8 1.27 100 524.79

3.2 Quantification of solubilized Zn by
Rhizobacteria

Quantification of the amount of Zn solubilized by
selected rhizobacteria was done in a broth
medium containing ZnO as an inorganic source
of Zn (Fig. 1). Among the 11 isolates, statistically
(P<0.001) the highest amount of Zn was
solubilized by MQ1 (220.20 ppm) followed by
MQ2 (218.44 ppm), and MQ3 (207.67 ppm)
which solubilized substantial amount of insoluble
ZnO in the liquid media. The isolate OSbr5 was
the lowest Zn solubilizer. In general, isolates
collected from shusnishak (Marsilea quadrifolia)
solubilized more Zn compared to the isolates
from other plants. The variations in quantities of
Zn solubilized by the selected rhizobacteria were
observed in the present study. This might be due
to the origin of the rhizobacteria. In general, it
was found that the isolates from M. quadrifolia
performed better over other isolates. The M.
guadrifolia is a weed that can thrive harsh

growing conditions and so does their associated
rhizobacteria. The growth-promoting traits of the
selected rhizobacteria were reported in an earlier
study [21]. The isolate MQ1 outperformed all
other isolates in terms of Zn solubilization, and
was also a good phosphate solubilizer and 1AA
producer (Table 4).

3.3 Effect of
Germination
Colonization

Seed
Root

Rhizobacteria on
and their

The number of seeds germinated in each petri
dish and the percentage of their seed
germination after 9 days are presented in Plate 2
and Table 3. All the seeds treated with OSn8
isolate germinated, while 87% of seeds
germinated for the OSbr5, EC1, MQ5, and MQL9
isolates. Meanwhile, OSbr6, MQ1, MQ2, MQ3,
MQ4, and MQ6 isolates have the same
germination percentage as the control (93%).
Though there were no major variations in
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germination rate among bio-primed and control
seeds, the seedlings from primed seeds showed
better early growth promotion.

The in vitro root colonization in rice (Binadhan-
20) root system was observed to investigate the
rice root colonization ability of selected
rhizobacteria from different sources. The isolates
which colonized the root system showed a
whitish growth around the roots. Colonization of
the rhizobacteria in the roots of rice (Binadhan-
20) was not the same for all the selected isolates
investigated (Plate 3). The isolates MQ2, MQ3,
MQ4, and MQ6 colonized in the rice roots quite
significantly while OSbr5, OSbr6, MQ1, EC1, and
MQL9 colonized moderately. However, OSn8
and MQ5 did not show colonization as indicated
in Plate 3. Root colonization by the candidate
PGPR is an important criterion to be considered
as a plant growth promoter. The water agar test
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tube method [31] was employed to visualize the
root colonization ability of the selected PGPR.
Significant root colonization of the rice root
system was observed in the test tube as
indicated by the umbrella-like hazy and turbid
growth on the immediate surroundings of the
root. [32] also used a similar method to visualize
root colonizing bacteria and preselect them as a
potential PGPR. Like our study, they also
observed variations in bacterial colonizing ability
among the isolates. While the isolate MQ1
colonized visibly better than other isolates by
forming an umbrella-like structure, EC1, OSn8,
and MQ5 isolates colonized to a lesser extent.
Various factors could be involved in root
colonization by bacteria. [33] found that root
biofiim can be induced by factors like nutrient
availability, temperature, and relative humidity,
whereas root exudates also trigger root
colonization of the introduced rhizobacteria [34].

Zn Solubilization
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Fig. 1. Efficacy of rhizobacterial isolates to solubilize ZnO under laboratory conditions. Bars
indicate the standard error of means. Columns with different letters are significantly different
according to Tukey’s Pairwise Comparisons at a 95% confidence level

Table 4. Biofunctionalities of the eleven selected PGPR used for Zn solubilization and in vitro
root colonization assay [21] Here, “+” indicates positive response/growth and “-” indicates
negative response/growth in the media

Isolate Code PSB IAA Nitrogen fixation
EC1 - +4++
MQ1 + ++
MQ2 +t +4++
MQ3 . +4++
MQ4 + ++
MQ5 . +++ ++
MQ6 - +
MQL9 " 4+
OSbr5 - +
OSbhr6 - +++ ++
OoSn8 ++ +++ ++
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Plate 2. Effect of eleven Zn solubilizing rhizobacteria on the germination of rice seedlings. The
germination rate didn’t vary significantly in bio-primed seeds compared to control. Some
rhizobacteria inoculated seeds resulted in enhanced seedling vigor in germination assay,

maximum in Osn8 and minimum in MQ1

Control mMage MQLs EC1 0566 O5n8

Plate 3. Depiction of root colonization of Zn solubilizing rhizobacteria in rice (Binadhan-20)
underwater agar culture tubes. The rhizobacteria colonized surrounding the root of bio-primed
rice seedlings as indicated by the red arrows. The arrows in the control tube indicate a drastic

reduction in root growth and root colonization
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3.4 Early Seedling Growth and Vigor
Index

There was a significant difference (P<0.0001) in
root and shoot growth between control and bio-
primed seedlings with rhizobacteria (Fig. 2 and
Plate 4). The seeds primed with OSbr5 produced
the highest shoot growth (124.22 mm) which was
followed by MQ6 (120.30 mm). The lowest shoot
growth was observed for control seeds (hon-
inoculated seeds). Considering the root growth,
statistically, significant differences between bio-
primed and control seedlings were evident. The
highest root length was obtained from MQG6 bio-
primed seedlings (35.74 mm) followed by OSbr6
(35.44 mm), MQ2 (28.43 mm), and EC1 (23.43
mm). The lowest root lengths were observed in
plants grown from seeds primed with OSn8 (9.03
mm) and MQ5 (8.99 mm) isolates. The
rhizobacteria used in this study promoted both
root and shoot growth, and induced root
branching compared to the control except for one
isolate (MQ5). The production of IAA [35],
gibberellins [36], and cytokinins [37] from root-
associated bacteria have a reasonable influence
on plant growth. [21] tested the isolates
previously for functionalities like phosphorus
solubilization, 1AA production, and nitrogen-fixing
capability. All the 11 isolates can fix nitrogen
whereas some of them are good IAA producer,
and some can solubilize phosphorus (Table 4).
Some of the bacteria were not able to solubilize
significant quantities of Zn in solid and liquid
medium but provided enhanced growth of rice

Effect of PGPR on shoot length of Binadhan-20
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seedlings in water agar culture tubes. This
enhanced root and shoot growth might be
attributed to their ability to solubilize mineral
phosphate and the production of IAA. Though
isolates like MQ6, and OSbr5 had no I|AA
producing capability, they returned the higher
seedling growth and vigor index among the
isolates. On the other hand, OSn8 having higher
IAA producing ability performed poorly in the
case of seedling growth. Root colonization is a
precondition for the biofunctional traits to be
effective for plant growth promotion. Poor root
colonization of isolates like OSn8 may be
responsible for inferior seedling growth in rice.

Despite the lack of growth-promoting traits like
PSB or IAA production, OSbr5 showed higher
shoot growth of bio-primed rice seedlings. Non-
IAA-producing isolates may possibly adopt
mechanisms other than plant hormones to
facilitate seedling growth, as root colonizing
rhizobacteria can also promote plant growth
through K and Zn solubilization, siderophore
production [10,26,38], and by minimizing other
biotic and abiotic stressors. However, the plant
growth promotion by rhizobacteria under
controlled conditions should only be used as a
preliminary selection criterion for rhizobacteria as
a potential PGPR candidate. Under field
conditions, an array of microclimatic factors other
than temperature, humidity, and light play an
important role in the successful colonization and
promotion of plant growth.

Effect of PGPR on root length of Binadhan-20

10 0.0001 % 0.0001
p<0. p<0.
@ ' (b)
404
- = »
£ = z Ry
E1004{ NN £
= = 30+
B =
= oy
v s 20
8 504 g
K=
h 14
£ el |9] [®f [° a| [d] |a] [d 10+ of [¢] |6 c i1 |
¢ ¢ 4N al 141 Lal el 191 L&l (2] 12] 9] |e] |2] |@
0 1 T 1 T 1 1 I 1 T I 1 T 0 T 1 1 T 1 T 1 1 T 1 I 1
NN A D S o O H O > AN AN 0 H o O 9) ®
0’}& SEELEE F P sf o%c‘b 90& PSS R

Rhizobacterial treatments

Rhizebacterial treatments

Fig. 2. Effect of Zn solubilizing rhizobacteria on the shoot (a) and root (b) growth of rice
(Binadhan-20) seedlings. Bars indicate the standard error of means. Columns with different
letters are significantly different according to Tukey’s Pairwise Comparisons at a 95%
confidence level. Except for Osn8, all other seedlings from bio-primed seeds showed a
significant increase in shoot growth compared to the control (a). The root growth of rice
seedlings was also stimulated by the rhizobacteria compared to the control except for three
isolates, MQ3, MQ5, and Osn8 (b)
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Control EC1 mMQ1
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MQ5 MQE MQLY OShr5 OShré OSng

Plate 4. Effect of Zn solubilizing rhizobacteria on rice (Binadhan-20) growth under axenic
conditions in water agar culture tubes. The plants were grown for two weeks and root and
shoot lengths were recorded. The plants from bio-primed seeds showed significant variation
in shoot growth compared to uninoculated control plants

4. CONCLUSION

This study revealed the Zn solubilizing potential
of some growth-promoting bacteria along with
their ability to colonize the rice root system. The
expression of Zn solubilization by the candidate
PGPR is very much crop-specific and requires
good root colonization. This study identified Zn
solubilizers as candidate PGPR that could be
used for bioformulation and to evaluate the
possibility of Zn biofortification in a sustainable
and eco-friendly approach.
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Supporting Document 1. Changes of pH of the liquid media after inoculating PGPRs into them
after 48 hours after inoculation of bacteria in the media

Bacteria pH Fluctuation (unit pH)
Control 7.53

MQL9 7.53 0
MQ6 7.54 0.01
MQ5 7.53 0
MQ4 7.53 0
MQ3 7.54 0.01
MQ2 7.54 0.01
MQ1 7.53 0
EC1 7.55 0.02
osn8 7.53 0
OSbr6 7.54 0.01
OSbr5 7.61 0.07
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