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Abstract

Inorganic Phosphate Solubilizing Bacteria (PSB) are widely present in nature and have been successfully
applied in fields in many countries. However, researches on indigenous PSB are still very limited in Vietnam.
The objective of this study was to isolate and evaluate the growth promoting characteristics and effects on
germination of seed of indigenous PSB for fertilizer production from PSB. Thirteen isolates of indigenous PSB
were collected using selective isolation medium containing Cas(POs),, of which eight added the ability to
dissolve AIPO; and five isolates added the ability to dissolve FePOy. Initial qualitative tests indicated that all
thirteen PSB isolates were incapable of HCN and lipase production while other growth promoting activities
including amylase, caseinase, cellulase, chitinase, pectinase, indole acetic acid, K solubility, Zn solubility, and N
fixation varied according to PSB isolate. The collected PSB isolates had no effect on seed germination rate, root
length, and hypocotyl length of plantules of soybean, rice, maize, cucumber, tomato, and chili by plate assay.
This study had shown that PSB was also common in the rhizosphere of various crops in Vietnam. Therefore,
isolation to enrich the indigenous PSB collection was essential for the screening of suitable PSB strains for
subsequent fertilizer production.

Keywords: plant growth promoting activity; phosphate solubilizing bacteria; rhizosphere; seed;
solubility index
Abbreviations: IAA: indole acetic acid; PSB: phosphate solubilizing bacteria; SI: solubility index

Introduction

Phosphorus is one of the three most important macronutrients for plants. Traditional agricultural
cultivation often uses chemical fertilizers to supplement available sources of phosphorus that are deficient for
plants. Meanwhile, there are different insoluble inorganic and organic phosphorus in the soil (De Zutter ez al.,
2022). These sources of phosphorus, if used, will help reduce the need for chemical fertilizers as well as the
negative effects caused by chemical fertilizers. Available phosphorus for plant uptake can be released from these
insoluble phosphoruscontaining compounds by natural physicochemical processes or by microorganisms

(Glick, 2012; de Silva et al., 2021).
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Various fungi and bacteria can solubilize insoluble inorganic phosphorus-bearing minerals or mineralize
insoluble organic forms of phosphorus. In which, inorganic phosphate solubilizing bacteria (PSB) can directly
and indirectly affect the health and nutritional status of crops is not new information. However, because many
issues have not been fully elucidated, studies on PSB have been continuously published in recent years.
Examples have included the researches on improving methods for isolation (Patel ez 4., 2021), understanding
biochemical mechanism of dissolution (Yu ez al., 2022), the relationship between PSB and soil characteristics
(Djuuna ez al., 2022).

In addition to phosphate solubilization, PSB also possesses many other plant growth-promoting
activities. Other plant growth-promoting activities reported in PSB have included nitrogen fixation (Mei ez /.,
2021), K solubilization (Aliyat ef al., 2022), production of indole acetic acid (Kadmiri ez 4/, 2018; Mei et al.,
2021), HCN (Aliyat ez al., 2022), generation of siderophores (Mei e al., 2021; Aliyat ez al., 2022), secreting
extracellular hydrolytic enzymes such as amyalse, cellulase, lipase, pectinase, and protease (Lelapalli ez 4/., 2021),
and aminocyclopropane-1-carboxylate deaminase activity (Mei ez al., 2021). These activities have made PSB-
using strategies and results diverse and complex.

According to the results of the meta-analysis of De Zutter ez /. (2022) from PSB publications in Web
of Science from 1976 to 2021, the field efficiency of PSB has varied depending on bacterial strain, soil pH as
well as host plant, application method (soil drench, seed coating, root dip, and spray inoculation) and
cultivation conditions. Also, according to De Zutter ez al. (2022), trials have sometimes shown that PSB has
increased biomass but not the absorbed amount of P in crops. The unknown complexity of PSB has probably
made the inconsistent effect of PSB on crops. In addition, like many other microorganisms, indigenous PSB
was more effective than PSB from other regions (Li ez al., 2021). Therefore, isolation, screening, and field
evaluation are being of interest to researchers for collection of suitable new PSB strains to meet sustainable
agricultural development for each location.

PSB has also been interested by Vietnamese researchers for many years. However, these studies have
focused on assessing the diversity and role of PSBs in different phosphate-rich ecoregions. PSB screening and
application on crops have been very limited in literatures. Publications have also not paid much attention to
other plant growth-promoting activities of indigenous PSB strains. Besides, many articles have also indicated
that PSB inoculation by seed coating and root dip has been more effective than by soil drench and spray
inoculation (De Zutter ez al., 2022). Therefore, the i vitro seed treatment test has been also considered one of
the important initial tests for the subsequent PSB application strategies. There have been no publications have
used this test to screen indigenous PSBs in Vietnam. So, this study was performed to isolate and survey plant
growth-promoting activities of indigenous PSB as well as evaluate effects of PSB on germination of common
crops. The indigenous PSB collection would be used for the development of PSB-containing fertilizers in other
further studies.

Materials and Methods

Soil samples

Samples were randomly collected from the rhizosphere of some mono-cultured common crops in
Vietnam. Soil samples were collected, preserved, and processed as described by Amaresan ez 4/. (2022). Only
one soil sample was taken from each farm and recorded information including sample name, the sampling
coordinate, location, and date of sampling.

Isolation of PSB

PSB in rhizospheric soils were isolated using the serial dilution technique and spreading on selective agar
medium as Li ez al. (2021). Pikovskaya medium containing Cas(PO4), was used as the selective medium.
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Ca3(PO4); was an insoluble phosphorus compound and make the medium an opaque white color. After
spreading, the plates were incubated at 30-33 °C for 48-72 h. After incubation, colonies that were surrounded
by halo zone and had different morphological characteristics from the same soil sample were selected for
purification. The selected colonies were streaked on Luria Bertani agar to obtain the pure isolates. The purified
isolates were inoculated onto Luria Bertani slant agar tubes for culture and preservation.

Screening of PSB

A small amount of bacterial biomass from a 2-day-old slant agar was spot cultured on a plate containing
Pikovskaya agar (Amaresan ez al., 2022). P solubility was determined due to the presence of a transparent
resolution ring around the bacterial growth zone. After 5 days of incubation at 30-33 °C, the bacterial growth
and dissolution zone diameters were measured to calculate the solubility index (SI). SI = (the dissolution zone
diameters - the bacterial growth zone diameter)/the bacterial growth zone diameter. A PSB strain with a high
SI corresponded to a high P solubility.

Evaluation of the ability to dissolve different types of phosphate
The PSB isolates were inoculated as spots on Pikovskaya agar with Ca;(PO4); replaced with AIPO4 and
FePO.. SI was also evaluated after 5 days of incubation at 30-33 °C.

Plant growth promoting characterization

PSB isolates had been tested for other plant growth promotingactivities. Qualitative assays had included
nitrogen fixation test, HCN test, K and Zn solubility tests, indole acetic acid (IAA) test, and extracellular
hydrolytic enzymes including chitinase test, caseinase test, and cellulase test performed according to Amaresan
et al. (2022). Qualitative assays for remaining extracellular hydrolytic enzymes included amylase test according
to Hazarika ez al. (2021), pectinase test according to Rat ez /. (2021), and lipase according to Lanka and Latha
(2015).

Evaluation of the effect of PSB on seeds by plate assay

A bacterial loop was inoculated into 50 ml of Luria Bertani broth and was shaken at 200 rpm for 48 h
at 30-33 °C. The culture was then adjusted with Luria Bertani broth to an Optical Density (OD) at 600 nm of
0.5 for preparation of PSB suspension. The tested seeds included seeds of important grain crops (rice, soybean,
and maize) and seeds of plants commonly used as models in evaluating the efficiencies of plants growth
promoting bacteria (tomato, cucumber, and chili pepper). Seeds were surface-sterilized and inoculated with the
bacterial suspension using the seed inoculation technique on filter paper plate according to Jasni¢ ez al. (2005).
Seeds were inoculated Luria Bertani broth was used for the control. The germination percentage of seeds and
the biological parameters of the plantules (hypocotyl length and root length) were evaluated after 7 days of

inoculation.

Data analysis

All experiments were arranged in a completely random design and the results were an average of
repetitions. Comparisons of means were made using SPSS v.20.1 (IBM, New York, USA) with one-way analysis
of variance (ANOVA), Duncan test at a significance level of P < 0.05.
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Results

Isolation of PSB

Fifteen soil samples were randomly collected from the rhizosphere of several common crops in different
provinces between February 7 and March 3, 2022 (Table 1). After the diluted soil sample was spread on
Pikovskaya selective medium, PSB colonies were present with a transparent ring around them due to the
solubility of Ca3(PO4),in the medium (Figure 1). Twenty-three different PSB colony isolates were collected
and pureed from 12 out of 15 soil samples (Table 2). Soil samples B8, D12, and D14 did not show the presence
of PSB. In general, the number of PSB isolates varied according to the location where the soil sample was taken
and the type of crop, ranging from 1 to 3 isolates per sample.

Table 1. Information of rhizospheric soil samples

Samples Locations Sampling coordinates Crops Sampling dates
b1 Soc Trang 9°46°12”/105°51°0° Jackfruit 07/02/2022
b2 Long An 10°97°167/106°32°01” Sesame 07/02/2022
b3 Dong Thap 10°50’327/105°87°10” Jackfruit 07/02/2022
b4 Dong Thap 10°64°677/105°78’84” Jackfruit 07/02/2022
b5 Tien Giang 10°40'25/105°94°46” Maize 14/02/2022
b7 Tien Giang 10°42’677/105°93°12” Maize 14/02/2022
b8 Binh Duong 10°87°42”/106°78°86” Green bean 14/02/2022
b9 Long An 10°25'48”/106°27°36” Peanut 14/02/2022
b10 Tay Ninh 11°1°487/106°20°34” Rice 25/02/2022
b1l Tien Giang 10°27°07/106°10°12” Rice 25/02/2022
bi12 Binh Phuoc 11°95°897/106°79°63” Cashew 25/02/2022
b13 Long An 10°58°12”/106°10°12 Rice 25/02/2022
bl14 Long An 11°08'12”/106°05°12 Rice 25/02/2022
bis5 Tay Ninh 11°15°367/106°16’12” Peanut 03/03/2022
bie6 Hoc Mon 10°51°0”/106°33°36” Sesame 03/03/2022

Table 2. The collected PSB colony isolates

Samples Crops No. of isolate Names of isolates
b1 Jackfruit 1 bl.1
b2 Sesame 1 b2.1
b3 Jackfruit 1 b3.1
D4 Jackfruit 2 P4.1,b4.2
bs Maize 2 Ps.1,Ds5.2
b7 Maize 3 b7.1,b7.2,D7.3
b9 Peanut 3 b9.1,b9.2,b9.3
b10 Rice 2 DP10.1,D10.2
b1l Rice 2 bll1.1,b11.2
b13 Rice 2 b13.1,b13.2
bl1s Peanut 2 b15.1,b15.2
P16 Sesame 2 P16.1,D16.2
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Figure 1. Some positive PSB isolates on the plant growth promoting characteristics
A:TAA of 2.1 isolate (left - negative control); B: amylase of D15.1 isolate; C: caseinase of D13.1 isolate; D: cellulase
of P10.1 isolate; E: pectinase of D15.2 isolate; F: chitinase of D3.1 isolate; G: nitrogen fixation of P5.1 isolate; H: Zn

solubility of 9.1 isolate; I: mica solubility of P15.2 isolate

The ability to dissolve Cas(PO,), on agar medium

Only 13 out of 23 collected PSB isolates (56.52%) were able to dissolve Cas(POy). SI of the PSB isolates
was statistically significantly different (Table 3). The SI varied randomly depending on the PSB isolate but
independent of the isolation source of the isolate and the type of crop.

Table 3. The ability of PSB isolates to dissolve Ca3(POs); on agar medium

Names of isolates SI
bl.1 -
b2.1 1.08<
b3.1 1.73b
b4.1 -
b4.2 0.98<
bs.1 0.20f%
bs5.2 -
b7.1 -
b7.2 1.61bd
b7.3 -
bo.1 1.16%
bo.2 -
D9.3 -
Db10.1 221
D10.2 0.37¢"
bll1.1 -
bl1.2 -
b13.1 1.96®
b13.2 0.93<f
bi1s.1 1.89%¢
b1s5.2 1.61b
blé6.1 -
bl16.2 1.40%¢
Avarage 1.35

-: No appearance of halo zone.

In the same column, means followed by the same letter(s) indicated insignificant differences (Duncan test, p < 0.05).
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The ability to dissolve other insoluble inorganic forms of phosphate

Although all thirteen isolates of PSB were able to dissolve Ca3(PO4)s, only eight were able to dissolve
AIPOjy and five were able to dissolve FePOj (Table 4). In general, the average SI of PSB isolates on AIPO;,
FePOs, and Ca3(POy), did not have a big difference and ranged from 1.18 to 1.35. The D10.2 isolates has the
highest STamong the AIPOj4 solubility isolates. Meanwhile, most of FePOs-solubilizing isolates have similar SI.

Table 4. The ability to dissolve AIPOsand FePO,of PSB isolates

Isolates S

AIPO; FePOy4
b2.1
P3.1 1.22%
b4.2
bs.1 1.41° 1.48°
D72 0.85¢
bIo.1
P10.1 0.98¢ 1.35°
D10.2 2.01°
P13.1 1.44° 1.27%
b13.2 0.55¢
bi1s.1 - 1.33¢
Dis.1 0.96°
bl16.2 - 0.94°
Average 1.18 1.30

In the same column, means followed by the same letter(s) indicated insignificant differences (Duncan test, p < 0.05).

Plant growth promoting characteristics of the PSB isolates

PSB may possess many other activities that directly or indirectly regulate plant growth. The PSB isolates
in this study were evaluated for some common activities that are often of interest to researchers. The results
showed that all 13 PSB isolates were incapable of lipase and HCN production (Table 5). For the remaining
surveyed activities, it changed according to the PSB isolate. Some isolates possessed potential activity such as
the six PSB isolates that had high IAA production with a positive expression as dark red (Figure 1A), the D15.2
isolate and D3.1 isolate had large halo zones on respectively pectin and chitin substrates (Figures 1E and 1F).
However, quantitative data were not included in this study.
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Table 5. Plant growth promoting characteristics of the PSB isolates

Isolates

Activities
b2.1

b3.

1| b4.2

bs.1 | b7.2

b9.1 | b10.1

b10.2 | b13.1

b13.2

b1s.1

b15.2

b16.2

Amylase -

- +

- +

(Caseinase -

- +

Cellulase -

IChitinase -

+
- +
+

+ |+ |+

Lipase -

IPectinase -

+

TAA +

HCN -

K solubility | +

Zn solubility  +

IN fixation +

+: positive; -: negatvie

Effects of PSB isolates on seeds in plate assay

The results of seed inoculation on filter paper plate showed that none of the thirteen PSB isolates had

any effect compared with the control on the percentage of seeds germinated (Table 6), root length (Table 7),

and the length of hypocotyl of plantule (Table 8) of soybean, rice, maize, cucumber, tomato, and chili. There

were not insignificantly difference at P < 0.05. It was interesting that there was no any abnormality (compared

to the control) of the seeds that did not germinate and the plantules (Figure 2).

Table 6. Effects of PSB isolates on germination rate (%) of seeds

PSB isolates Soy Ric Mai Cuc Tom Chi
b2.1 61.7 68.3 98.3 91.7 88.3 88.3
b3.1 48.3 73.3 100.0 96.7 81.7 98.3
b4.2 40.0 71.7 95.0 833 70.0 95.0
bs.1 46.7 483 95.0 93.3 90.0 96.7
b7.2 55.0 65.5 100.0 96.7 93.3 90.0
bI.1 56.7 76.7 91.7 83.3 96.7 100.0
b10.1 45.0 80.0 95.0 88.3 90.0 100.0
D10.2 51.7 88.3 86.7 91.7 90.0 93.3
b13.1 67.7 71.7 86.7 95.0 85.0 98.3
b13.2 40.0 73.3 100.0 96.7 93.3 96.7
b1s.1 60.0 78.3 95.0 88.3 91.7 98.3
b1s.2 58.4 73.3 93.3 90.0 90.0 98.3
bl16.2 41.7 80.0 90.0 95.0 93.3 100.0
Control 43.3 56.7 91.7 91.7 88.3 98.3

Soy: soybean, Ric: rice, Mai: maize, Cuc: cucumber, Tom: tomato, and Chi: chili.

In the same column, means were not significantly different (Duncan test, p < 0.05).
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PSB isolates Soy Ric Mai Cuc Tom Chi
b2.1 1.60 3.33 9.64 451 227 1.69
b3.1 1.43 375 10.03 4.61 3.59 1.85
b4.2 1.86 3.15 7.87 491 3.81 2.36
bs.1 3.76 2.49 8.16 631 3.96 231
b7.2 2.56 3.47 8.52 6.56 445 1.86
bo.1 3.39 3.85 7.41 642 4.67 236
b10.1 1.84 4.00 832 6.08 4.47 1.99
b10.2 2.58 322 8.68 7.21 327 1.80
b13.1 1.19 4.02 7.74 8.59 429 1.72
b13.2 2.97 3.69 8.94 6.78 4.94 1.58
b1s.1 2.56 391 8.57 6.66 4.37 2.14
b1s5.2 3.45 2.81 7.57 5.65 4.38 2.07
bl16.2 1.31 328 891 5.89 4.55 2.08
Control 1.24 342 6.11 6.67 3.63 1.96

Soy: soybean, Ric: rice, Mai: maize, Cuc: cucumber, Tom: tomato, and Chi: chili.
In the same column, means were not significantly different (Duncan test, p < 0.05).
Table 8. Effects of PSB isolates on hypocotyl length (cm) of plantules

PSB isolates Soy Ric Mai Cuc Tom Chi
b2.1 2.14 137 4.44 4.48 2.62 1.55
b3.1 1.90 1.44 5.43 5.00 2.72 1.62
b4.2 2.04 1.64 4.68 4.01 2.66 2.52
bs5.1 3.56 1.27 3.89 3.84 2.94 1.50
b7.2 293 1.54 4.16 529 2.81 1.00
bIo.1 3.32 2.05 3.87 427 273 1.73
b10.1 1.78 1.44 4.37 432 2.89 1.61
D10.2 2.63 1.73 4.62 4.05 271 1.17
b13.1 1.69 2.84 3.09 4.89 272 1.29
b13.2 233 1.59 5.61 5.28 322 1.55
b1s.1 224 1.60 3.85 5.17 297 1.34
b1s5.2 3.49 1.29 4.07 424 2.89 1.46
bl16.2 2.39 1.99 4.05 4.34 2,90 1.39
Control 1.87 1.67 4.40 478 2.92 1.37

Soy: soybean, Ric: rice, Mai: maize, Cuc: cucumber, Tom: tomato, and Chi: chili.

In the same column, means were not significantly different (Duncan test, p < 0.05).
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Soybean ‘, p2.1
Rice | b4.2
Maize | 7.2

Cucumber | p10.1
Tomato | 1 b5.1

Controls

Treatments

Figure 2. PSB-inoculated seeds after 7-day incubation

Discussion

The number of PSB isolates that were collected varied from soil-to-soil sample as has been previously
reported by many authors. Notably, in this study, 23 PSB isolates were collected from 12 soil samples (Table 3)
and the average was two isolates per sample, much lower than previously publications. For example, Li ez 4l.
(2021) collected 17 PSB isolates from the soil with saline condition at sea ox-eye daisy site and 4 PSB isolates
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collected from the soil from the rhizosphere of bluestem at the rocky land site. Besides, for the same crop, the
number of PSB isolates obtained in this study was significantly lower than which published in the world. For
example, with maize, Vinod Babu ez 4/. (2017) obtained an average of 6 PSB isolates per sample while the results
here had only obtained an average of 2 isolates per sample. Thereby, there was the low diversity of PSB in the
surveyed soil samples. The cause was possibly due to the natural conditions of the surveyed samples, such as soil
type, growing pattern, soil pH, availability nutrients, and climatic conditions (Zhou ez 4/, 2016). In addition,
biodiversity loss may have occurred due to the influence of chemical fertilizers and pesticides. Long-term
chemical fertilization, such as in traditional agricultural farms in Vietnam, has been reported to lower soil pH
and affecting microbial diversity (Sun ez al. 2015). These results also partly reflected the degradation situation
in the agricultural ecosystems in Vietnam even though only a few soil samples were surveyed. This evidence also
indicated that sustainable agricultural production as well as preparation of products to support sustainable
agricultural production, including microbial fertilizers such as PSB, should be paid more attention.

After isolation and purification, some PSB isolates did not exhibit the activity (solubility of Cas(POs4)2)
which may have been due to an inappropriate storage medium (Angshumanjana ez al., 2016). The repeated
subcultures decreased the activity of two bacterial strains antagonizing Staphylococcus aureus was mentioned by
Neha ez al. (2019). In addition, the activity of bacterial strains could be also affected by cold storage conditions.
In 2015, Kandil and El Soda showed the intracellular enzymatic activity of 26 strains of Lactobacillus spp.
significantly decreased after 6 months of frozen storage. Abdelsamei ez /. (2015) reported that the antibacterial
activity of Lactobacillus acidophilus decreased after 90 days of storage at 4 °C. This was supposed to be because
there was an osmotic imbalance that caused physiological and biochemical changes and cold lesions that killed
the bacterial cells.

Several components synthesized by PSB involved in the dissolution of inorganic phosphate have been
identified such as low-molecular-weight organic acids, inorganic acids, protons, and other chelating
compounds. Some PSBs already have had exopolysaccharides that have been also thought to be involved in
phosphate solubilization. However, the phosphate solubilization of PSB strains on agar was probably absent
from exopolysaccharides because a direct contact between PSB and the phosphate source was required.
Meanwhile, the remaining components were able to diffuse in the agar to form a soluble ringaround the growth
region of PSB (Figure 3). The difference in the phosphate solubility of the PSB isolates was possible because of
the variety and content of these components as well as the source of insoluble phosphate as discussed by Vyas
and Gulati (2009), Yu ez 4. (2022), etc.

Figure 3. Ca;(PO4) solubility of some PSB isolates on Pikovskaya medium after 5 days of incubation

To date, there has been no literature showing the minimum ST has been required for a potential PSB. El
Habil-Addas ez a/. (2017) randomly selected the top ten PSB isolates with SI > 1.44 for further research. The
reason may have been that the SI-based screening of PSB on agar was not entirely consistent with the PSB
screening based on the phosphate content released in the liquid medium as reported by El Habil-Addas ez 4l.
(2017), Suleman ez 4l. (2018), and more recently by Amy ez 4. (2022). The second may also be because of the
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efficiencies, when PSB was applied to crops, did not correspond to SI as reported by De Zutter ez al. (2022).
Shahinur ez 4l. (2014) suggested that bacteria with SI > 2 were considered PSB. Meanwhile, Amy ez al. (2022)
suggested that bacteria with an SI > 1 when tested on at least one Pikovskaya agar or the National Botanical
Research Institute's phosphate growth agar medium were considered potential PSBs. Most of the 13 collected
bacterial isolates that were able to solubilize Cas(POs), (Table 4) were considered PSBs according to Amy ez 4.
(2022) while only the D10.1 isolate was considered PSB according to Shahinur e a/. (2014). It was clear that
PSB screening criteria were inconsistent and highly subjective.

In this study, the number of isolates that were able to dissolve FePO4 and AIPO4 was lower than that of
Ca3(POy),. The solubilization efficiency of PSB isolates was also dependent on the insoluble phosphate form.
For example, the D10.1 isolate had the highest ST on Ca;(POy), (Table 3) while the D05.1 isolate had the
highest SI on AIPOy (Table 4). SIs of each PSB isolate on FePO; and AIPO;4 were lower on Cas(PO4), showed
that Cas(POs), was dissolved more readily than FePO; and AIPO;. Previously, Wasoontharawat ez /. (2017)
and (Aliyat ez al., 2022) also mentioned that Ca;(PO4), was a more readily solubilized phosphate form than
FePOy4and AIPO4 by bacteria both in agar and in liquid media. The higher amount of soluble phosphorus from
Ca;(POs), compared with FePO4 and AIPOy was also reported by de Oliveira Mendes ez 4/. (2014) on many
fungal strains of the genera Aspergillus, Penicillium, and Eupenicillium. Therefore, Ca;(POs), was probably
suitable for initial detection of PSBs. However, PSB screening based on other phosphate forms should be
performed after primary screening on Cas(POs); agar to obtain suitable target PSB strains. PSB screening based
on only one phosphate source (Ca3(PO4)2) was not suitable because there are different sources of insoluble
phosphate in nature (Bashan ez 4/., 2013). The Ca3(PO4)>-solubilizing isolates were suitable for application in
alkaline soils while the FePOs- and/or AIPOs-solubilizing isolates were suitable for application in acid soils.
The isolates including D5.1, D10.1, and D13.1 were the more potential isolates because of their ability to
dissolve all three forms of phosphate. However, which PSB isolate was appropriate depended on the specific
intended use.

The results in this study again showed that PSB could simultancously possess different plant growth
promoting activities depending on the bacterial strain. These results were consistent with many previous
literatures. For example, Lelapalli ez 4/. (2021) had shown that PSB strains were able or not to produce amylase
and/or lipase. Walpola ez a/. (2012) reported no PSB strains producing protease and chitinase. Meanwhile, Iyer
et al. (2017) reported that all strains secreted IAA and 11 strains hydrolyzed chitin among 24 evaluated PSB
strains. Padder ef a/. (2022) also mentioned that all 10 strains of PSB were able to secrete chitinase. Also,
according to Padder ez al. (2022), out of 10 PSB strains, there were two siderophore-producing strains, four
HCN-producing strains, and three nitrogen-fixing strains. In this study, out of thirteen isolates, there were
three amylase and caseinase co-synthesizing isolates, two cellulase producingisolates, three pectinase producing
isolates, and eight chitinase producing isolates.

Extracellular hydrolytic enzymes have played an important role in the metabolism of organic polymers
that improve soil health (da Silva ez 4/., 2021). These enzymes, especially chitinase, cellulase and protease, have
also been important in the biological control of fungal and bacterial phytopathogens (Mishra ez 4/., 2020),
insects (Lee ez al., 2022), and nematodes (Migunova and Sasanelli, 2021). The isolates that had the ability to
fix nitrogen or dissolve K and Zn-bearing minerals could produce available N, K, and Zn nutrients for plants
(Glick, 2012). Also, according to Glick (2012), IAA were one of the important phytohormones that stimulate
plant growth. There were six PSB isolates were able to produce IAA. In addition to the activities investigated
in this study, other activities such as biological control of pathogenic fungi and bacteria, nematodes, ect., could
also need to be evaluated on the selected PSB isolates. An overall assessment of different plant growth
promoting traits helps to effectively exploit PSBs’ potential.

Statistics from PSB publications by De Zutter e al. (2022) showed that the application of PSB on crops
had different effects. In which, root dip gave the highest efficiency, then seed coating. However, different effects
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on germination rate of seed and on biological parameters of plantule when seeds have been treated with PSB
have also been mentioned in many literatures. For example, positive or neutral effects on the germination rate
of wheat seeds treated with different strains of PSB was reported by Batool and Igbal (2018). PSB also had a
negative effect on treated seeds such as Pseudomonas fluorescens KACC 10327 reduced the germination rate of
tomato seeds compared with untreated control (Pathak et al, 2017). Despite this, P. fluorescens KACC 10327
still had positive effects on tomato seedlings when the bacteria were applied to the soil.

Therefore, evaluation of the effect of PSB on seeds by plate assay could provide preliminary information
on the application method of PSB strains. In this study, thirteen PSB isolates were examined on the
germination of six different crops in plate assay. Soybean, rice, maize, cucumber, tomato, and chili are popular
crops in Vietnam. Except for rice, the remaining crops have also been considered as plant models for various
studies related to the application of beneficial microorganisms including PSB. All thirteen PSB isolates had a
neutral effect compared with the control on parameters including germination rate of seed, root length and
hypocotyl length of plantule. Although there were no positive effects, the PSB isolates also did not cause any
negative effects on germination of the seeds. This has shown that these isolates could be applied for seed
treatment before sowing. Seed treatment may make it easier for PSB to colonize the rhizosphere of plants, then
contribute to PSB’s efficiency in later growth stages (De Zutter ez al., 2022).

Conclusions

PSB also were prevalent in the rhizosphere of various crops in Vietnam. Of the thirteen collected PSB
isolates that were able to dissolve Cas(PO4),, cight were able to dissolve AIPO; and five were able to dissolve
FePOy. The PSB isolates also possessed one or more other directly or indirectly plant growth promoting
activities including amylase, caseinase, cellulase, chitinase, pectinase, indole acetic acid, K solubility, Zn
solubility, and N fixation. None of these thirteen PSB isolates were capable of producing lipase and HCN.
These PSB also had no effect on seed germination percentage, root length, and hypocotyl length of plantules of
crops including soybean, rice, maize, cucumber, tomato, and chili. Further evaluations such as identification,
bio-safety, efficiency in crop in pot and in field, etc. needed to be performed in order to assess potential
applications of the indigenous PSB isolates in the collection.
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