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Introduction

Abstract

Phosphorus (P) is an important element in crop production. However, under climate change, sali-
nization and acidification limit soil P availability and crop yield, especially rice, while the applica-
tion of chemical P fertilizer causes an adverse effect on the environment. Thus, the study aimed at
assessing the effectiveness of strains of purple nonsulfur bacteria (PNSB) that can solubilize P and
tolerate salinity (PNSB-P) in reducing Na* in soil and plant and improving P uptake, growth, and
yield of rice in salinized soils in Vietnam. An experiment with two factors was arranged in com-
pletely randomized blocks and replicated four times under greenhouse conditions. Therein, the
first factor was five levels of P fertilizers: 0%, 25%, 50%, 75%, and 100% of the local recommended
level. The second factor was the PNSB-P including single strains of Cereibacter sphaeroides ST16
and ST26, the mixed strains of both C. sphaeroides ST16 and ST26, and the negative control. The
results showed that utilizing C. sphaeroides ST16 and ST26 decreased plant proline content by
2.46-6.70 umol g! and soil Na* concentration by 1.47-1.62 meq 100 g*. Utilizing PNSB-P increased
P content by 5.82-29.2% in stem-leaf and 12.1-14.6% in rice grain and decreased 15.1-16.4% of Na
content in stem-leaf and 8.00-15.1% in rice grain. Moreover, utilizing PNSB-P improved soluble P
content by 4.33-9.07 mg P kg! and total P uptake by 24.0-46.6% compared with the negative con-
trol. The C. sphaeroides bacteria not only increased rice yield components such as the number of
panicles per pot, the number of rice grains per panicle, and filled rice grain rate but also enhanced
20.7-47.6% of rice grain yield compared with the negative control. Noticeably, utilizing mixed bac-
terial strains decreased 100% of chemical P fertilizer compared with the recommendation.

utilizing silicon (Khanam et al., 2023) and using biocharcoal
(Zhang et al., 2023), fulvic acid (Jesmin et al., 2023), calcium salt

Soil salinization is a threat to sustainable agriculture and
global food security (Mukhopadhyay et al., 2021). Over 833
million ha of soil is affected by salinization around the world
and farming soil particularly accounts for 10% of salinized soil
(FAO, 2021). Besides, rice is one of the most important crops
and is directly damaged by saline soil (Coca et al., 2023). The
Vietnamese Mekong Delta is a large delta that is the most fer-
tile in South East Asia and has the largest rice farming area in
Vietnam (Tho and Umetsu, 2022). Previous studies have been
conducted to facilitate farming under salinized conditions,
such as improving the yield of salt-tolerant rice variety by

(Romano-Armada et al., 2020), and organic fertilizers (Zhang
et al, 2021).

Normally, rice uses nitrogen (N), phosphorus (P), and po-
tassium (K) as the major elements (Jiaying et al., 2022). In par-
ticular, rice needs N of approximately 120 kg N ha™! (Sharma
et al.,, 2021), P of 50-100 kg P ha! (George et al., 2016), and K
of 45-75 kg K,0 ha™' (Ojha et al., 2020). However, the amount
of chemical fertilizer used can be much greater (Basavarajap-
pa et al,, 2021) because only a portion of the nutrients can be
available for plants (Marschner and Rengel, 2016) due to the
effects of high salinity and acidity. Salinity affects the uptake of

© 2025 by the authors. Licensee Soil Science Society of Poland. This article is an open
access article distributed under the terms and conditions of the Creative Commons
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nutrients by plants (Ehtaiwesh, 2022), while acidity affects the
availability of the nutrients in the soil (Barrow and Hartemink,
2023). This is the adverse conditions caused by acid sulfate soil
to the rice farming in the Mekong Delta, Vietnam (Morton et
al., 2023). Thus, measures should be made. Therefore, a green-
house experiment imitating the saline acid sulfate soil in rice
fields should be conducted to investigate the potency of a bio-
fertilizer in improving this adverse condition. Then, a field
trial should be made based on the outcome of the greenhouse
study.

On the other hand, phosphorus or phosphate in compound
forms is a macronutrient that is vital for the growth and de-
velopment of crops, and is a component of cell membrane,
nucleotide, and metabolisms within the crops (Luo et al., 2024).
P accounts for 0.2% of crop biomass (Kayoumu et al., 2023).
However, soluble P in the soil is limited, which challenges crop
yield under salinization (Kayoumu et al., 2023). Salinity causes
reduced soluble P for crops (Shaaban et al., 2023). Thus, using
a great amount of chemical P fertilizer over the recommenda-
tion to improve soil soluble P for crop demand is a popular
approach chosen by farmers (Huo et al., 2023). Nevertheless,
about 15-20% of chemical P fertilizer is used by the crops in
the first season (Hoque et al., 2024). Most of the P fertilizer is
precipitated by soil cations, such as Fe?* and Al** in acidic soils
or Ca* in alkaline soils (Johan et al.,, 2021; Zhao et al., 2023).
In such cases, bacteria that can solubilize P are candidates for
these cases based on their mechanisms to solubilize P such as
the production of organic acids, enzymes, and siderophores, to
chelate metallic ions and release P_ . for plant uptake and
the synthesis of plant growth promoting substances, such as
auxin, gibberellin, and cytokinin to assist plants to overcome
adverse conditions (Rawat et al., 2020). Thus, utilizing bacteria
can lessen the effects of salinization on rice grain yield and ex-
ploit immobilized P in the soil.

Therefore, purple nonsulfur bacteria (PNSB) have been
studied to provide nutrients via P solubilization (Wang et al.,
2021; Khuong et al., 2022, 2023a, 2023b, 2024; Xuan et al., 2024)
and applied under saline conditions (Alloul et al., 2021; Sundar
et al,, 2022; Al Azad et al. 2023; . PNSB can also provide plant
growth-promoting substances (Khuong et al., 2022) and im-
prove soil health by decreasing Fe?, Al*, and Mn?' toxicities in
acidic soils (Khuong et al., 2022, Nguyen et al., 2018) and alka-
line soils in rice-shrimp farming systems (Khuong et al., 2022).
However, there have been no study investigating the effective-
ness of P-solubilizing PNSB in salinized acidic soil. Therefore,
the purpose of the current study was to assess the effect of
PNSB strains Cereibacter sphaeroides ST16 and ST26 that can
solubilize P (PNSB-P) on rice growth and rice grain yield in sa-
linized rice-shrimp soil in Chau Thanh District, Tra Vinh Prov-
ince under greenhouse conditions. In the current study, the
mixture of C. sphaeroides ST16 and ST26 was combined with
different levels of chemical P fertilizer and applied to rice soil
in pots to investigate how many levels of chemical fertilizer
can be reduced by the bacteria mixture without changing the
rice yield. At the same time, soil health was also observed at
both the beginning and the end of a season.
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2. Materials and methods
2.1. Experimental condition

Via Table 1, pH,,, and pH,, were 3.10 and 3.09 and EC was
1.23 mS cm™. The N, was 0,168% while the NH," concentra-
tion was 223 mg kg™. The P, in the soil was 0.032%, the P, ..
was 31.8 mg kg and insoluble P (Al-P, Fe-P, and Ca-P) was 219,
84.7, and 56.0 mg P kg, respectively. The CEC was 12.7 meq 100
g, while Na*, K*, Ca?, and Mg?* concentrations were 10.3, 0.489,
2.97, and 13.5 meq 100 g, respectively. The greenhouse condi-
tions: The mean temperature was 39.5°C, and the air moisture

content was 61.7%.

2.2. Materials

PNSB-P: The C. sphaeroides ST16 and ST26 bacteria were
isolated from soil and water in a rice-shrimp system and can
solubilize insoluble P compounds, e.g. Al-P, Fe-P, and Ca-P under
saline conditions (Dat et al., 2024).

Rice variety Oryza sativa cv. OM 5451 had an 88-93-day life
cycle, a maximum plant height of 85-95 cm, and a 1,000 rice
grains weight of 25-26 g (Hoa et al., 2011).

The surface soil was collected at 0-30 cm depth after rice
farming in the rice-shrimp system in Chau Thanh district, Tra
Vinh province, Vietnam. The soil was crushed into pieces, dried,
and cleaned from plant residues. The pure soil was mixed and
weighed for 8 kg pot™. Each pot was 25 cm wide and 30 cm high.
Five liters of water were added to the pot and mixed 2 days later,
then 8 rice grains were sowed into each pot.

NPK fertilizers used consisted of Ca Mau Urea (46.3% N),
Long Thanh superphosphate (16% P,0,), and Ca Mau potassium
(61% K,0).

2.3. Methods

The rice grains were treated with ethanol 70% and NaClO
1% for 10 min, rinsed with distilled water and incubated for
24 h until germination (Khuong et al., 2022). The germinated
rice grains were soaked with bacterial solutions of C. sphaer-
oides ST16 and C. sphaeroides ST26 (108 CFU mL™) according to
the treatments for 1 h in a reciprocal shaker at 60 rpm. The rice
grains were dried under the laminar airflow before sowing. Dis-
tilled water was used to replace the PNSB-P solution in the nega-
tive control. The PNSB-P solution was supplied on days 7, 14, 21,
28, 35, and 42 after sowing at 4 mL pot™, equivalent to 4 x 10*
CFU g of dry soil.

The NPK fertilizers were supplied according to the follow-
ing formula: 90N - 60P,0, — 30K,0 or 195.7 kg urea, 375 kg su-
perphosphate, and 50 kg potassium for 2,000,000 kg soil/ha. In
other words, the NPK used for each pot was 0.78 g urea, 1.0 g
superphosphate, and 0.2 g potassium. 100% P was supplied be-
fore sowing. N was supplied at 30, 30, and 40% on days 10, 20,
and 45 after sowing, respectively. K was supplied at 50% on days
10 and 45 after sowing. 10 mL of saline water 4 %o was supplied
into each rice pot on days 20, 40, and 75 after sowing (Khuong et
al., 2021). A 3 cm water level was maintained during rice growth
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Table 1

PNSB improved P availability to increase rice yield under salinized conditions

Some soil characteristics collected in the surface horizon (0-30 cm) in Chau Thanh - Tra Vinh

Soil traits Unit Value Status Reference

PH,, - 3.10 Very low Horneck et al., 2011
PH, - 3.09 Very low Horneck et al., 2011
EC mS cm™ 1.23 Low - no effect on plants Horneck et al., 2011
N %N 0.032 Very low Metson, 1961

NH, mg kg 223 - -

P %P,0, 0.168 Rich Cu et al., 2020

P e mg kg™ 31.8 Moderate Horneck et al., 2011
Al-P mg kg! 219 - -

Fe-P mg kg™ 84.7 - -

Ca-P mgkg! 56.0 - -

CEC meq 100 g* 12.7 Low Landon, 2014

Na* meq 100 g* 10.3 - -

K meq 100 g* 0.489 Moderate Horneck et al., 2011
Ca? meq 100 g™ 2.97 - -

Mg* meq 100 g* 13.5 High Horneck et al., 2011

Note: EC: Electrical conductivity. CEC: Cation exchange capacity.

and development. However, on days 0-10 after sowing and be-
fore harvesting, the soil was kept at sufficient moisture.

The experiment was performed in the Agricultural Research
and Practice Station, College of Agriculture, Can Tho University.
The experiment was arranged in completely randomized blocks
with two factors and four replications. The first factor was dif-
ferent rates of P fertilization (0, 25, 50, 75, and 100% P compared
to the local recommendation). The second factor was PNSB-P
(no bacteria, single use of C. sphaeroides ST16, single use of C.
sphaeroides ST26, and mixed use of C. sphaeroides ST16 and ST26).

Plant parameters: The growth was measured according
to IRRI (1996) and included plant height and panicle length
of 6 plants and panicles pot! at harvesting, respectively. The
number of panicles pot™ was counted as the total of panicles in
a pot. Ten panicles pot™ were randomly collected to calculate the
number of filled and unfilled grains to determine the number
of rice grain panicle and filled grain percentage. The 1,000 rice
grains weight collected in each pot were weighed and converted
to the weight at 14% humidity. The actual yield was determined
the same but all of the rice grains in the pot were collected.

Stem-leaf and rice grains were dried at 70°C for 72 h. The
proline content in stem-leaf was measured according to Bates et
al. (1973) by spectrophotometry at 520 nm on day 45 after sow-
ing. The chlorophyll content in the leaf was measured according
to Moran (1982) by spectrophotometry at 664 and 647 nm on
days 21, 28, 35, and 42 after sowing. The Na and P content were
measured according to Houba et al. (1997) by spectrophotom-
etry at 589 nm and by ascorbic acid method and spectrophotom-
etry at 880 nm, respectively. The Na and P uptake was measured
according to the content of each element the biomass in each
part of a rice plant (stem-leaf and rice grain).

Soil parameters: The soil was analyzed according to Sparks
et al. (1996) in parameters such as pH,,, pH,, EC, Na*, Ca*, Mg%,
K, Fe-P, Ca-P, Al-P, N, .., and NH,'. The soil sample was broken
down by saturated H,SO, and HCIO, and colorized in the form of
phosphomolybdate reduced by ascorbic acid. The P, was quan-
tified by spectrophotometry at 880 nm. P_, . -was measured ac-
cording to the Bray II method. The sample was extracted with
a 1:7 ratio between soil and the mixture of 0.1 N HCl and 0.03 N
NH,F, reduced by ascorbic acid to form a blue color of phospho-
molybdate, and measured by spectrophotometry at 880 nm.

2.3. Statistical analysis

Microsoft Excel 2013 was used to calculate means, stan-
dard derivatives, and graphs. The SPSS 13.0 was used to com-
pare means between treatments according to the Duncan test at
5% significance.

3. Results

3.1. Combination of P fertilization and Cereibacter
sphaeroides ST16 and ST26 changed contents
of chlorophyll and proline

3.1.1. Changes in chlorophyll a, b, and a+b in rice leaves

Table 2 indicated that the treatments utilizing PNSB-P had
SPAD ranging from 36.8-40.3 which increased significantly com-
pared with the control (35.1-38.7) on days 21, 28, 35, and 42
after sowing in the 2 cropping seasons. This caused increased
chlorophyll a + b content (11.6-13.2) compared with the control

203720
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Table 2

Influences of P fertilizer and Cereibacter sphaeroides on chlorophyll and proline contents

Factor SPAD Chlorophyll Proline

21days 28days 35days  42days a b a+b (umol g* DW)
(ug g* fresh leaf)

Season 1

P level (A) (%) 0 37.6° 39.20 37.34 36.3° 9.70 3.25° 13.0° 18.8
25 37.6° 39.82 38.2¢ 36.2° 10.0 2.97% 12.92 18.8
50 37.6" 39.82 38.1¢ 37.12 10.0 2.86"¢ 12.92 19.6
75 38.32 39.62 39.12 36.6 9.83 3.11 12.92 17.5
100 38.2% 39.82 38.7° 36.7 9.43 2.57¢ 12.0° 18.0

P bacteria (B) NB 35.4¢ 38.7¢ 36.8¢ 35.1¢ 8.70° 3.362 12.1» 21.92
ST16 38.92 39.9° 39.12 36.8" 10.22 2.84¢ 13.02 18.9°
ST26 38.2° 39.7° 38.2° 37.22 10.12 3.01° 13.22 18.2°
MIX 38.92 40.32 39.0° 37.32 10.22 2.60¢ 12.87 15.2¢

Significance level (A) * * * * ns * * ns

Significance level (B) * * * * * * * *

Significance level (A*B) * * * * ns ns ns *

CV (%) 2.26 1.40 1.66 2.08 9.08 15.6 8.16 13.6

Season 2

P level (A) (%) 0 36.5 39.3 39.0 38.0 8.98> 2.28 11.3> 9.67
25 37.0 39.1 38.6 37.6 9.24% 2.44 11.7%» 9.89
50 36.6 39.2 38.4 37.8 9.432 2.47 11.92 9.87
75 36.8 39.0 38.3 37.6 9.362 2.35 11.72 9.58
100 36.5 39.0 38.5 37.3 9.312 2.25 11.6% 9.62

P bacteria (B) NB 35.50 38.4° 37.6° 36.6° 8.28¢ 2.37 10.7¢ 11.8°
ST16 37.0° 39.02 39.02 38.37 9.27° 2.43 11.7* 9.34»
ST26 37.12 39.5° 38.82 38.02 9.41* 2.23 11.6° 9.14»
MIX 37.02 39.52 39.0° 37.72 10.12 2.40 12.52 8.58¢

Significance level (A) ns ns ns ns * ns * ns

Significance level (B) * * * * * ns * *

Significance level (A*B) ns ns ns ns * ns * *

CV (%) 2.05 2.08 2.85 3.10 4.49 14.9 4.87 5.39

Note: In the same column, numbers followed be different letters are different statistically *: 5% significance; ns: no significance; NB: no bacteria; ST16:
Cereibacter sphaeroides ST16; ST26: Cereibacter sphaeroides ST26; MIX: Cereibacter sphaeroides ST16 and Cereibacter sphaeroides ST26.

(10.7-12.1) in the treatments utilizing PNSB-P in the 2 cropping
seasons. This was because the chlorophyll a content increased,
though the chlorophyll b decreased in the first cropping season
and remained in the second cropping season. Furthermore,
P fertilization varied SPAD and chlorophyll a, b, and a + b con-
tents during the 2 cropping seasons. In particular, the SPAD
ranged 36.2-39.8 and increased only in the treatment with 75% P

203720

on day 21 after sowing, in the treatments from 25% to 100% P on
days 28 and 35 after sowing, and in the treatment with 50% P
on day 42 after sowing in the first cropping season. However,
the P fertilizer did not change the SPAD in the second cropping
season. The chlorophyll a content was 8.98-10.0 ug g of fresh
leaf, remained between P fertilization levels in the first cropping
season, but increased in the second cropping season when ferti-
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lizing 50-100% P. The chlorophyll b content was 2.25-3.25 yg g
of fresh leaf and increased only in the treatment with 100% P in
the first cropping season. In the second cropping season, fertiliz-
ing 25-100% P resulted in unchanged chlorophyll b. The chloro-
phyll a + b content was 11.3-13.0 ug g of fresh leaf, decreased
in the treatment with 100% P in the first cropping season, but
remained in the second cropping season. Fertilizing 50% and
75% P did not vary chlorophyll a + b content in the first cropping
season but increased that in the second cropping season.

3.1.2. Changes in proline content in rice plants

The proline content in stem-leaf gradually decreased
from the control > C. sphaeroides ST16 ~ C. sphaeroides ST26 >
C. sphaeroides ST16 + ST26, with 21.9 < 18.9 ~ 18.2 < 15.2 in the
first cropping season and 11.8 < 9.34 ~ 9.14 < 8.58 (umol g! DW)
in the second cropping season, respectively. Furthermore, fertil-
izing P did not change the proline content in stem-leaf. The in-
teractions between the two factors were significant in the SPAD
in the first cropping season, chlorophyll a in the first cropping
season, and proline content in the 2 cropping seasons.

3.2. Combination of P fertilization and Cereibacter
sphaeroides ST16 and ST26 changed the characteristics
of saline soil

3.2.1. Changes in soil acidity

In Table 3, pH,,, increased by 7.22% in the first cropping
season and by 5.01% in the second cropping season when utiliz-
ing PNSB-P. In the meantime, different P fertilizer levels did not
affect the pH,,, in the first cropping season, but in the second
cropping season, only the treatments with 25 and 100% P in-
creased the pH,,, compared with the control. In addition, pH,,
increased only when utilizing C. sphaeroides ST16 + ST26 with
75% P in the first cropping season. Both factors did not affect
pH, in the second cropping season. Utilizing PNSB-P decreased
soil EC by 4.67-24.5%. Therein, the EC in the treatment with C.
sphaeroides ST26 was equivalent to the mixed use of C. sphaer-
oides ST16 + ST26 and decreased by 5.56% in the first cropping
season and 24.5% in the second cropping season. Moreover,
fertilizing from 25% to 100% P increased EC (3.00-3.14 and
1.93-2.33 mS cm™) compared with the control (2.92 and 1.67 mS
cm™?) in the 2 cropping seasons, respectively. The interactions
between the two factors were significant in the pH . and EC

H20
in the 2 cropping seasons and pH, , in the first cropping season
(Table 3).

KCl

3.2.2. Changes in soil nitrogen and phosphorus

Either P fertilization or utilizing PNSB-P increased soil
P e and NH,"in the 2 cropping seasons. Particularly, the P_
e among the two factors fluctuated from 24.1 to 57.7 mg kg™
and increased of 4.33 mg kg when utilizing PNSB-P in the first
cropping season and 9.07 mg kg in the second cropping season.
Therefore, the P . peaked in the treatment with the mixed use
of C. sphaeroides ST16 + ST26, then the treatments with single
uses of C. sphaeroides ST26 and ST16. The P_, .. and insoluble P
increased when utilizing P fertilizers, and peaked in the treat-
ment with 100% P then the treatments with 75% P, 50% P, and

PNSB improved P availability to increase rice yield under salinized conditions

25% P, and bottomed in the treatment with 0% P. Likewise, the
NH,' fluctuated from 35.0-72.8 mg kg™ and increased following
the treatments with C. sphaeroides ST16 < C. sphaeroides ST26 <
C. Sphaeroides ST16 + ST26 or the treatments with 25% P ~ 50%
P <75% P ~ 100% P compared with the control in the 2 cropping
seasons. Moreover, the N and P were not affected by either
PNSB-P or P fertilizer. The contents of NH,", P .., and insoluble
P were influenced by the interactions between the two factors,
while the N, and P, did not change via the 2 cropping sea-
sons (Table 3).

total

3.2.3. Changes in soil cations

The P fertilization and PNSB-P utilization increased soil CEC
(12.0-16.9 meq 100 g*) by 12.5% and 7.26% under PNSB-P and by
10.7% and 9.72% under the P fertilization, respectively in the 2
cropping seasons. This resulted in varied soil cations. For exam-
ple, utilizing PNSB-P increased Mg?* and Ca?" in the first cropping
season but remained in the second cropping season. The K* rose
only when utilizing mixed use of C. sphaeroides ST16 + ST26 in
the first cropping season though utilizing single or mixed use in-
creased the parameter in the second cropping season compared
with the control. Moreover, utilizing PNSB-P decreased Na* in
the 2 cropping seasons and valued average at 1.62 meq 100 g
and 1.47 meq 100 g, respectively. The P fertilizer increased K* in
the 2 cropping seasons and resulted in the greatest in the treat-
ment with 100% P, then 75% P, 50% P, and 25% P, and bottomed in
the negative control. Furthermore, in the first cropping season,
the Na* in the treatments with 100% and 75% P was equivalent
(7.81 and 7.68 meq 100 g') and was significantly greater than the
treatments with 0% and 25% P (7.15%). In addition, the Na*was
6.91>6.07 ~5.93~5.73>5.07 meq 100 g in the second cropping
season corresponding to the P fertilizer levels at 100% P, 75% P,
50% P, 25% P, and 0% P. Besides, the Mg?* and Ca?' did not change
in the treatments with P fertilizer. There were significant inter-
actions between the two factors in CEC and Na* in the 2 cropping
seasons and Mg?" in the first cropping season (Table 3).

3.3. Combination of P fertilization and Cereibacter
sphaeroides ST16 and ST26 changed Na and P uptake
of rice plant

3.3.1. Changes in rice plant biomass

Stem-leaf biomass in the first cropping season in the treat-
ments with 75% and 100% P reached 29.6-31.8 g pot™. Particu-
larly, the treatment with 100% P resulted in greater values than
the treatments with 0, 25, and 50% P (26.9-28.4 g pot™?). In the
second cropping season, biomass in stem-leaf in the treatment
with 0% P was 21.3 g pot™* and lower than the treatments with
50% P, 75% P, and 100% P, with corresponding results of 23.2 ~
23.5~24.0 g pot’. The stem-leaf biomass in the treatments utiliz-
ing C. sphaeroides ST16 and the mixed use of C. sphaeroides ST16
and ST26 increased by 2.80-4.50 and 4.30-6.10 g pot™ compared
with the control treatment 26.6 and 19.1 g pot™in the 2 cropping
seasons, respectively (Table 4).
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Le Tien Dat et al.

According to Table 4, the rice grain biomass in the con-
trol and the treatment with 25% P was equivalent (19.1 and
18.6 g pot, respectively) and lower than the treatments with
50-100% P (22.1-25.3 g pot™) in the first cropping season. In
the second cropping season, the rice grain biomass between P
fertilizing treatments was 24.4 < 25.5 < 26.2 < 26.7 < 28.5 g pot!
corresponding to 0, 25, 50, 75, and 100% P. The rice grain bio-
mass in the treatments utilizing a single use of C. sphaeroides
ST16 or ST26 or the mixed use of them was equivalent, with
22.5 ~ 22.4 ~ 24.7 g pot™, which increased by 5.50-7.80 g pot™
compared with the negative control (16.9 g pot™) in the first
cropping season. In the meantime, in the second cropping sea-
son, utilizing PNSB-P improved rice grain biomass (27.6-30.1 g
pot™?) compared with the control (19.3 g pot™).

3.3.2. Changes in rice Na content and uptake

The Na content in stem-leaf and rice grain fluctuated 4.08-
5.58 and 3.13-4.74%, respectively. Particularly, utilizing PNSB-P
decreased the Na content in stem-leaf (0.550-1.14% and 0.340-
1.150%) and in rice grain (0.180-0.500% and 0.950-1.610%) in
the 2 cropping seasons, respectively. In addition, fertilizing
25%, 50%, 75%, and 100% P all increased Na content in stem-
leaf and rice grain with 4.44 > 4.64 ~ 4.71 > 4.95% and 3.62 >
3.84 > 3.98 > 4.07% compared with 4.15 and 3.48% in the con-
trol in the first cropping season. In the second cropping season,
the control and the treatment with 25% P had equivalent Na
contents in stem-leaf and rice grain with 4.74 ~ 4.84 and 3.54 ~
3.66%, respectively. Moreover, the treatments with 50%, 75%,
and 100% P had greater Na contents in stem-leaf (5.02 ~ 5.05 ~
5.09%) and rice grain (3.78 ~ 3.89 ~ 3.99%) than the control.

SOIL SCIENCE ANNUAL

The total Na uptake in stem-leaf and rice grain varied
among treatments utilizing PNSB-P or P fertilization (1.33-2.39
mg Na pot™?). Particularly, when utilizing PNSB-P, the total Na
uptake increased from 1.38 to 1.69-1.76 mg Na pot™ in the first
cropping season. However, in the second cropping season, only
the treatment with C. sphaeroides ST26 reduced the total Na
uptake while the other treatments had equivalent results to
the control. Moreover, P fertilizer rates from 50% to 100% P in-
creased the total Na uptake in the 2 cropping seasons. Although
the treatment with 25% P had equivalent total Na uptake to the
control in the first cropping season, it increased in the second
cropping season (Table 4).

3.3.3. Changes in rice P content and uptake

Fig. 1 shows that the total P uptake in rice peaked in the
treatment with 100% P in the 2 cropping seasons, while those
in the treatments with 0%, 25%, and 50% P were equivalent, i.e.
50% ~ 75% P in the first cropping season and 0% ~ 25% ~ 50% ~
75% P in the second cropping season.

According to Table 4, fertilizing from 25% to 100% P or
utilizing PNSB-P increased P uptake in stem-leaf and rice grain
and total P uptake. In particular, the P content in stem-leaf
and rice grain ranged from 0.222-0.603 and 0.218-0.606 mg
P pot'. When utilizing PNSB-P increased the P contents in
stem-leaf (0.007%-0.018% and 0.090%-0.185%) and in rice
grain (0.009%-0.036% and 0.060%-0.101%) in treatments with
P fertilizers, in the 2 cropping seasons. The total P uptake in
rice increased by 24.0%-42.0% in the first cropping season and
25.5%-46.6% in the second cropping season when utilizing
PNSB-P. When fertilizing P, the increases were by 7.8-46.1% in
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Fig. 1. Influences of P fertilizer and Cereibacter sphaeroides on the total Na uptake in two rice cropping seasons

*Note: NB: no bacteria; ST16: Cereibacter sphaeroides ST16; ST26: Cereibacter sphaeroides ST26; MIX: Cereibacter sphaeroides ST16 and Cereibacter
sphaeroides ST26; 0, 25, 50, 75, 100: fertilizer rates. For the bars with the same color, different letters indicate significant difference at 5%.
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Fig. 2. Influences of P fertilizer and Cereibacter sphaeroides on the total P uptake in two rice cropping seasons

*Note: NB: no bacteria; ST16: Cereibacter sphaeroides ST16; ST26: Cereibacter sphaeroides ST26; MIX: Cereibacter sphaeroides ST16 and Cereibacter
sphaeroides ST26; 0, 25, 50, 75, 100: fertilizer rates. For the bars with the same color, different letters indicate significant difference at 5%.

the first cropping season and 8.93-32.6% in the second crop-
ping season.

Via Table 4 and Fig. 2, C. sphaeroides and P fertilizer im-
proved the total P uptake in the 2 cropping seasons. The total
P uptake influenced by the P fertilizer increased gradually in
the 2 cropping seasons. The treatments with both C. sphaer-
oides ST16 and 100% P, C. sphaeroides ST16 + ST26 and 50% P
or 100% P had greater total P uptake than the treatment with
100% P in the first cropping season. Utilizing C. sphaeroides
ST16 or ST26 with 50%, 75%, and 100% all had greater total
P uptake than the treatment with only 100% P. Notably, utiliz-
ing mixed use of C. sphaeroides ST16 and ST26 with P fertilizer
from 0% to 100% P had greater total P uptake than the treat-
ment with only 100% P.

3.4. Combination of P fertilization and Cereibacter
sphaeroides ST16 and ST26 changed growth,
yield components, and rice grain yield

3.4.1. Changes in rice growth

Plant height and panicle length increased when utilizing
PNSB-P. The treatments utilizing a single use or the mixed use
of C. sphaeroides ST16 and ST26 had taller plant height than
the control in the 2 cropping seasons. The panicle length peak-
ed in the treatment with the mixed use of 2 strains C. sphaer-
oides ST16 and ST26, then the single use of C. sphaeroides ST16
or ST26 in the first cropping season. In the second cropping
season, the panicle length rose according to the following or-
der: control < mixed use of C. sphaeroides ST16 and ST26 < C.

sphaeroides ST26 ~ C. sphaeroides ST16. Moreover, plant height
and panicle length varied in the 2 cropping seasons, with in-
creased plant height in the treatments with 75% and 100% P
and unchanged in the treatments with 25% and 50% P in the
first cropping season. All of the P-fertilized treatments had in-
creased plant height compared with the control in the second
cropping season. The panicle length proportionally increased
according to the P fertilizer rates from 0%, 25%, 50%, 75% to
100% P in the first cropping season, but remained in the second
cropping season (Table 5).

3.4.2. Changes in rice yield traits

Utilizing PNSB-P or P fertilizer increased rice grain yield
significantly compared with the control in the 2 cropping sea-
sons because the yield components, including the number of
panicles pot, the number of rice grains panicle, and the filled
rice grain rate, increased. In particular, the rice grain was the
greatest when utilizing the mixed use of 2 C. sphaeroides ST16
and ST26 (33.7 g pot?), then the single use of C. sphaeroides
ST26 (32.2 g pot™?), and the single use of ST16 (30.8 g pot™). The
lowest was in negative control (23.5 g pot™) in the first cropping
season. In the second cropping season, the yield was superior
in the treatment with the mixed use of C. sphaeroides ST16 and
ST26 (30.7 g pot ™), then the single use of each of C. sphaeroides
ST16 0 ST26 with 25.8 and 25.1 g pot™ respectively. The lowest
one was still the negative control. Besides, the yield gradually
increased according to the P fertilizer rates from 0% to 100% P
in the 2 cropping seasons (Table 5).
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Table 5

SOIL SCIENCE ANNUAL

Influences of P fertilizer and Cereibacter sphaeroides on growth, yield components, and rice grain yield

Factor Plant Panicle The number The number 1,000-grain Filled Rice
height length of panicles of grains weight grain grain
pot! panicle™! rate yield
cm cm panicles grains g % g pot™
Season 1
P level (A) (%) 0 101¢ 19.0° 19.0¢ 73.3¢ 20.7 79.0¢ 27.1¢
25 102¢ 19.6¢ 20.5¢ 75.8¢ 20.6 80.7° 28.9d
50 103> 20.3¢ 21.1¢ 80.9° 21.0 81.4° 31.1¢
75 1042 20.8° 23.0° 82.3> 20.9 82.62 31.4°
100 1052 21.6° 26.4° 89.22 21.0 83.3° 31.72
P bacteria (B) NB 94.6> 18.9¢ 20.3¢ 66.4° 20.7 79.7¢ 23.5¢
ST16 105.62 20.5> 22.4> 83.4> 21.0 81.9° 30.8¢
ST26 105.52 20.4> 22.0° 85.6% 20.7 80.1¢ 32.20
MIX 106.12 21.22 23.32 85.82 21.0 83.92 33.72
Significance level (A) * * * * ns * *
Significance level (B) * * * * ns * *
Significance level (A*B) ns * * * ns ns *
CV (%) 2.38 2.44 6.54 3.58 2.92 2.01 6.54
Season 2
P level (A) (%) 0 88.4¢ 18.6 18.7¢ 66.0° 23.0 87.4¢ 23.4¢
25 90.0° 18.7 21.0¢ 69.44 23.2 89.8¢ 24.7°
50 90.8% 18.5 21.1¢ 70.7¢ 23.5 90.7* 25.2b
75 91.82 18.5 21.9° 72.8° 23.5 91.82 26.92
100 90.8% 18.8 23.02 74.8% 23.2 92.02 27.7%
P bacteria (B) NB 84.9¢ 18.1¢ 18.6¢ 64.6¢ 23.2 88.2¢ 20.8°
ST16 90.7> 19.0° 21.6° 72.3> 23.2 91.2° 25.8>
ST26 93.1° 18.8% 217 73.70 23.2 90.4> 25.1°
MIX 92.72 18.6° 2270 72.3° 23.5 91.6° 30.72
Significance level (A) * ns * * ns * *
Significance level (B) * * * * ns * *
Significance level (A*B) * ns * * ns * *
CV (%) 1.66 3.15 3.90 2.30 3.02 1.27 4.47

Note: In the same column, numbers followed be different letters are different statistically *: 5% significance; ns: no significance; NB: no bacteria; ST16:
Cereibacter sphaeroides ST16; ST26: Cereibacter sphaeroides ST26; MIX: Cereibacter sphaeroides ST16 and Cereibacter sphaeroides ST26.

3.4.3. Changes in rice grain yield

The Fig. 3 illustrates that the rice grain yield increased ac-
cording to the increase in the fertilizer rate from 0% to 100% P
without utilizing PNSB-P in the 2 cropping seasons. When utiliz-
ing C. sphaeroides ST16 without P fertilizer, the yield was equiv-
alent to that in the treatment with only 75% P in the negative

10
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control in the first cropping season and that in the treatment
with only 100% P in the second cropping season. Furthermore,
utilizing C. sphaeroides ST16 with P fertilizer from 25% to 100%
P and utilizing C. sphaeroides ST26 or C. sphaeroides ST16 + ST26
with P fertilizer from 0% to 100% P resulted in greater yield than
the treatment with only 100% P in the 2 cropping seasons.
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Fig. 3. Influences of P fertilizer and Cereibacter sphaeroides on the rice grain yield in two rice cropping seasons

*Note: NB: no bacteria; ST16: Cereibacter sphaeroides ST16; ST26: Cereibacter sphaeroides ST26; MIX: Cereibacter sphaeroides ST16 and Cereibacter
sphaeroides ST26; 0, 25, 50, 75, 100: fertilizer rates. For the bars with the same color, different letters indicate significant difference at 5%.

4. Discussion

As classified by Cu et al. (2000), the P... content in the soil
was rich, while and the P, =~was moderate (Horneck et al.,
2011). This means a great amount of insoluble P. These P, if
solubilized, would be a great source for plant use. On the other
hand, the total N content was very low (Metson, 1961), indicating
a poorly fertile soil. Furthermore, both the pH,,, and pH, , were
very low, limiting plant growth (Horneck et al., 2011). Moreover,
EC was also low and insignificantly affected crops according to
Horneck et al. (2011). In addition, regarding soil cations, the CEC
was low according to Landon (2014), while the K* and Mg?* were
moderate and high (Horneck et al., 2011).

The SPAD from days 21 to 42 after sowing and the chloro-
phyll a and a + b contents increased in the 2 cropping seasons
when utilizing C. sphaeroides. Moreover, the proline content in
rice was lower in the treatments utilizing PNSB-P (Table 2). The
5-aminolevulinic acid (ALA) participated in improving plants’
tolerance against non-biotic stresses, such as salinization (Jiao
et al,, 2021). In addition, salinity is the cause of the remarkable
reductions in chlorophyll content (Alagoz et al., 2023). As per
Nunkaew et al. (2015), ALA can be produced by salt tolerant
PNSB strains. Based on the ability to immobilize soil Na*, EPS
produced by PNSB can lessen the influences of salinity on plants
(Khuong et al.,, 2022). Moreover, ALA is an essential precursor
to produce porphyrin which can recover the chlorophyll con-
tent (Jiao et al.,, 2021). Treating 30 mg L-* ALA on Taxus chinensis
resulted in greater chlorophyll content and photosynthesis rate
(Wu et al., 2023). Additionally, PNSB can also provide available N
for plants based on their ability to fix N (Morey-Yagi et al., 2024),

resulting in increased chlorophyll content (Fiorentini et al,
2019, Xuan et al., 2024). Furthermore, since the proline is known
as an indicator of saline stress, while PNSB produced EPS to fix
soil Na*, the proline content in rice dropped (Khuong et al., 2021,
2022; Giannelli et al., 2023).

The values of pH,,,, NH,” and P, , CEC, K’, Mg*, and
Ca?* were improved and m EC and Na*® were decreased in the
treatments utilizing C. sphaeroides ST16 and ST26 (Table 3). pH
directly affects the soil nutrient availability and nutrients are
the most available when the soil pH fluctuates from 6.0 to 7.0
(Faizullah et al.,, 2024). In particular, in acidic or alkaline soils, P
complexifies with metal oxides of Fe, Al, and Ca and forms cor-
responding insoluble P compounds, e.g. Fe-P and Al-P in acidic
soils and Ca-P in alkaline soils (Zhao et al., 2023; Faizullah et al.,
2024). PNSB play a role as plant growth-promoting bacteria be-
cause they can secrete ALA, EPS, IAA, and siderophores to assist
plants in overcoming non-biotic stresses such as salinity (Lee et
al,, 2021) by reducing the exchangeability of cation Na*, soil EC
(Khuong et al., 2021), and toxicities of H*, Al*, Fe?, and Mn* in
saline acidic soils in the Mekong Delta Vietnam (Khuong et al.,
2022). The pH rose when utilizing Luteovulum sphaeroides W11
and W03 due to the linkage between EPS and H* (Khuong et al.,
2021). The soil pH increased by 0.13 when using mixed L. sphaer-
oides EPS18, EPS37, and EPS54 (Khuong et al., 2024). Moreover,
PNSB are known as biofertilizers (Sabki et al. (2021) because
they can make use of insoluble P compounds in the soil and turn
them into P_, . . for plants to use, along with the N fixing and K
dissolving functions (Sundar and Chao, 2022). In addition, PNSB
can be considered safe to the environment because in the study
by Wang et al. (2021), a 5-year use of PNSB promote the soil fer-
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tility without harms.

Table 4 and Fig. 1 reveal that the Na content in stem-leaf
and rice grain was lower than the control not utilizing PNSB-
P, though the total Na uptake varied in the 2 cropping seasons.
Interestingly, utilizing C. sphaeroides ST26 with 100% P had
equivalent total Na uptake to the treatment with only 75% P. The
mixed use of 3 the PNSB L. sphaeroides EPS18, EPS37, and EPS54
also reduced Na uptake in rice by 9.50 mg Na pot* (Khuong et
al,, 202b, 2024).

In Table 4 and Fig. 2, the total P uptake rose when utiliz-
ing C. sphaeroides ST16 and ST26. The mixed use of R. palustris
VNW64, VNS89, TLS06, and VNS02 combined with 50% P of
chemical fertilizer increased the soluble P content 41.4% and
had equivalent total P uptake to fertilizing 100% P according
to the recommended fertilizer rate for sesame (Khuong et al,,
2023Db). Using Rhodopseudomonas palustris PSB32 enhance rice
growth, yield, and tolerance (Sundar et al., 2024). As per Shan
et al. (2022), foliar application of PNSB can also improve rice
growth and yield. In peanut, PNSB inoculants also show positive
results (Wang et al. 2021).

Growth traits, such as plant height and panicle length, yield
components, such as the number of panicles pot?, the number
of rice grains panicle™, and filled rice grain rate, and yield in-
creased under the presence of C. sphaeroides ST16 and ST26
(Table 4; Fig. 3). PNSB can solubilize P and provide it in the avail-
able form for plants to use (Dat et al., 2024). Moreover, PNSB can
also fix N, dissolve K, and provide PGPS to facilitate plants under
adverse conditions (Lee et al., 2021; Maeda, 2021), leading to im-
proved plant height, panicle length, yield components, and rice
grain yield (Khuong et al., 2021, 2022, 2024). Moreover, gene ex-
pressions of rice can also be influence by PNSB (Iwai et al. 2023).
Thus, C. sphaeroides ST16 and ST26 are potent in applications in
cultivations under harsh conditions, such as saline acidic condi-
tions common in the Mekong Delta to ameliorate soil traits, cut
off fertilizer cost, and plant growth and yield.

5. Conclusions

By the application of C. sphaeroides ST16 and ST26, the
acidity and salinity of the salinized acidic soil were alleviated.
Moreover, the soluble P content increased, while the insoluble
P, e.g. Fe-P, Al-P, and Ca-P decreased under the application of the
P-solubilizing strains. From the improvement in soil fertility,
the salt stress of the rice was lessened via the reduced proline
content by and total Na uptake. Furthermore, from the solubi-
lized P content by the ST16 and ST26 strains, the total P uptake
in plants increased by 24.0 to 46.6% compared with the nega-
tive control. Consequently, the rice yield components, including
the number of panicle pot, rice grains panicle™, and the filled
rice grain rate and rice grain yield were improved by 24.0-46.6%
compared with the negative control in saline soil. Ultimately, uti-
lizing mixed use of C. sphaeroides ST16 and ST26 reduced 100%
of chemical P fertilizer. Thus, it should be further applied on the
field practice.

12

203720

SOIL SCIENCE ANNUAL

Acknowledgments

This work was supported by the Can Tho University (Grant
numbers T2020-70 and T2022-88). This project was also support-
ed by PhD Research Scholarship 2023.

Conflict of interest

The authors declare no conflict of interest. The authors de-
clare that they have no known competing financial interests or
personal relationships that could have appeared to influence the
work reported in this paper. This research did not involve hu-
man or animal subjects.

Author contribution

All authors participated in conceptualization and approval
of the final version of the manuscript. Le Tien Dat wrote the first
draft of the manuscript. Nguyen Quoc Khuong, Tran Trong Khoi
Nguyen, Ha Ngoc Thu, Nguyen Duc Trong, and Le Thi My Thu
involved to the methodology. Do Thi Xuan, Ly Ngoc Thanh Xuan,
Tran Chi Nhan, and Le Thanh Quang conducted formal analysis
and investigation. Nguyen Quoc Khuong and Le Thanh Quang
edited and revised the final manuscript.

References

Al Azad, S., Mohamad Lal, M.T.B., 2023. The utilization of agro-based
wastes by marine phototrophic microbes. [In:] Shah, M.D., Ransan-
gan, J., Venmathi Maran, B.A. (Eds), Marine Biotechnology: Applica-
tions in Food, Drugs and Energy. Singapore: Springer Nature Singa-
pore, 315-337. https://doi.org/10.1007/978-981-99-0624-6_15

Alagoz, S.M., Hadi, H., Toorchi, M., Pawlowski, T.A., Lajayer, B.A., Price,
G.W., Farooq, M., Astatkie, T., 2023. Morpho-physiological responses
and growth indices of triticale to drought and salt stresses. Scientific
Reports 13, 8896. https://doi.org/10.1038/s41598-023-36119-y

Alloul, A., Wille, M., Lucenti, P, Bossier, P, Van Stappen, G., Vlaeminck, S.E.,
2021. Purple bacteria as added-value protein ingredient in shrimp
feed: Penaeus vannamei growth performance, and tolerance against
Vibrio and ammonia stress. Aquaculture 530, 735788. https://doi.
org/10.1016/j.aquaculture.2020.735788

Barrow, N.J., Hartemink, A.E., 2023. The effects of pH on nutrient avail-
ability depend on both soils and plants. Plant and Soil 487, 21-37.
https://doi.org/10.1007/s11104-023-05960-5

Basavarajappa, P.N., Shruthi, Lingappa, M., Kadalli, G.G., Goudra Ma-
hadevappa, S., 2021. Nutrient requirement and use efficiency of
rice (Oryza sativa L.) as influenced by graded levels of customized
fertilizer. Journal of Plant Nutrition 44(19), 2897-2911. https://doi.
0rg/10.1080/01904167.2021.1927081

Bates, L.S., Waldren, R.P.,, Teare, I.D., 1973. Rapid determination of free
proline for water-stress studies. Plant and Soil 39, 205-207. https://
doi.org/10.1007/BF00018060

Coca, L.IR, Gonzdlez, M.T.G., Unday, Z.G., Hernandez, ].J., Jauregui,
M.M.R,, Cancio, Y. F., 2023. Effects of sodium salinity on rice (Oryza
sativa L.) cultivation: A review. Sustainability 15(3), 1804. https://doi.
0rg/10.3390/su15031804

Cu, N.X,, Dung, B.T.N,, Duc, L., Hiep, T.K., Tranh, C.V., 2000. Analysis of soil
minerals (Chapter 6). [In:] Khoa, L.V. (Eds), Methods in analyzing soil,
water, and fertilizer for crops. Viet Nam Education Publishing House,
Ha Noi, Vietnam, 78-99.



SOIL SCIENCE ANNUAL

Dat, L.T,, Xuan, L.N.T,, Nhan, T.C., Quang, L.T., Khuong, N.Q., 2024. Isolat-
ing, selecting, and identifying Na*, H*, Al*', Fe?", Mn?" -resistant purple
non-sulfur bacteria solubilizing insoluble phosphorus compounds
from salt-contaminated acid sulfate soil for rice-shrimp system. Aus-
tralian Journal of Crop Science 18, 192-199. https://doi.org/10.21475/
ajcs.24.18.04.PNE-07

Ehtaiwesh, A.F., 2022. The effect of salinity on nutrient availability and
uptake in crop plants. Scientific Journal of Applied Sciences of Sa-
bratha University, 9, 55-73.

Faizullah, M.M. Chesti, M.U.H., Mir, S.A., Baba, Z.A., Wani, F.]., Kanth, R.H.,
Bhat, M.A,, Bhat, ]J.A., Khan, .M., 2024. Distribution of macro nutrients
in surface and subsurface soils under saffron growing areas of Pulwa-
ma District of Jammu & Kashmir, India. Journal of Scientific Research
and Reports 30, 39-46. https://doi.org/10.9734/jsrr/2024/v30i21841

FAO, 2021. World Soil Day: FAO highlights the threat of soil salinization
to global food security. https://www.fao.org/newsroom/detail/world-
soil-day-fao-highlights-threat-of-soil-salinization-to-food-security-
031221/en

Fiorentini, M., Zenobi, S., Giorgini, E., Basili, D., Conti, C., Pro, C., Monaci, E.,
Orsini, R., 2019. Nitrogen and chlorophyll status determination in
durum wheat as influenced by fertilization and soil management:
Preliminary results. PloS One 14, e0225126. https://doi.org/10.1371/
journal.pone.0225126

General Statistics Office of Vietnam, 2021. Mekong Delta — Promoting the
advantage of the number one rice’s granary in the country. https://
www.gso.gov.vn/du-lieu-va-so-lieu-thong-ke/2021/08/dong-bang-
song-cuu-long-phat-huy-loi-the-vua-lua-so-mot-ca-nuoc/

George, T.S., Hinsinger, P, Turner, B.L., 2016. Phosphorus in soils and
plants—facing phosphorus scarcity. Plant and Soil 401, 1-6. https://doi.
0rg/10.1007/s11104-016-2846-9

Giannelli, G., Potestio, S., Visioli, G., 2023. The contribution of PGPR in
salt stress tolerance in crops: unravelling the molecular mechanisms
of cross-talk between plant and bacteria. Plants 12, 2197. https://doi.
org/10.3390/plants12112197

Hoa, T.T.C., Loan, H.T.P,, Nghia, P.T,, 2011. The selection for iron-rich rich
variety OM 5451. Journal of Science and Technology Ministry Agricul-
tural and Rural Development 6, 14-20.

Hoque, T.S., Sarkar, D., Datta, R., Kibria, M.G., Ullah, R., Ahmed, N., Hos-
sain, M.A., Masood, A., Anjum, N.A,, 2024. Sustainable management
of phosphorus in agriculture for environmental conservation. [In:]
Anjum, N.A., Masood, A., Umar, S., Khan, N.A. (Eds.), Phosphorus in
Soils and Plants. IntechOpen, London, UK. https://doi.org/10.5772/in-
techopen.113086

Horneck, D.A,, Sullivan, D.M., Owen, ].S., Hart, J.M., 2011. Soil test inter-
pretation guide, Oregon Cooperative Extension.

Houba, VJ.G., Novozamsky, I., Temminghof, E.J.M., 1997. Soil and plant
analysis, part 5. Department of Soil Science and Plant Nutrition, Wa-
geningen Agricultural University, The Netherland.

Huo, W,, Peng, Y., Maimaitiaili, B., Batchelor, W.D., Feng, G., 2023. Phos-
phorus fertilizer recommendation based on minimum soil surplus
for cotton growing in salt-affected soils. Field Crops Research 291,
108799. https://doi.org/10.1016/j.fcr.2022.108799

IRRI, 1996. Standard evaluation system for rice, International Network
for Genetic Evaluation of Rice, International Rice Research Institute.
http://www.knowledgebank.irri.org/images/docs/rice-standard-eval-
uation-system.pdf

Iwai, R., Uchida, S., Yamaguchi, S., Nagata, D., Koga, A., Hayashi, S., Yama-
moto, S., Miyasaka, H., 2023. Effects of LPS from Rhodobacter sphaer-
oides, a Purple Non-Sulfur Bacterium (PNSB), on the gene expression
of rice root. Microorganisms 11(7), 1676. https://doi.org/10.3390/mi-
croorganisms11071676

Jesmin, A., Anh, L.H., Mai, N.P,, Khanh, T.D., Xuan, T.D., 2023. Fulvic acid
improves salinity tolerance of rice seedlings: Evidence from phe-
notypic performance, relevant phenolic acids, and momilactones.
Plants 12, 2359. https://doi.org/10.3390/plants12122359

PNSB improved P availability to increase rice yield under salinized conditions

Jiao, Z., Han, S. Yu, X., Huang, M., Lian, C., Liu, C., Yin, W, Xia, X., 2021.
5-Aminolevulinic acid pretreatment mitigates drought and salt
stresses in poplar plants. Forests 12, 1112. https://doi.org/10.3390/
f12081112

Jiaying, M.A., Tingting, C., Jie, L., Weimeng, F., Baohua, F., Guangyan, L.,
Hubo, L., Juncai, L., Zhihai, W., Longxing, T., Guanfu, F., 2022. Func-
tions of nitrogen, phosphorus and potassium in energy status and
their influences on rice growth and development. Rice Science 29(2),
166-178. https://doi.org/10.1016/j.rsci.2022.01.005

Johan, P.D., Ahmed, O.H., Omar, L., Hasbullah, N.A., 2021. Phosphorus
transformation in soils following co-application of charcoal and wood
ash. Agronomy 11, 2010. https://doi.org/10.3390/agronomy11102010

Kayoumu, M., Ighal, A.,, Muhammad, N., Li, X,, Li, L., Wang, X., Gui H,,
Qi, Q., Ruan, S., Guo, R, Zhang, X., Song, M., Dong, Q., 2023. Phospho-
rus availability affects the photosynthesis and antioxidant system of
contrasting low-P-tolerant cotton genotypes. Antioxidants 12, 466.
https://doi.org/10.3390/antiox12020466

Khanam, S., Islam, M.S., Haque, M.S., Sarmin, T., Ali, M.L, Topu, M.A., 2023.
Improving yield of salt tolerant rice varieties through silicon applica-
tion. Bangladesh Journal of Nuclear Agriculture 33, 1-10.

Khuong, N.Q., Dung, N.T.T,, Thu, L.T.M., Quang, L.T., Xuan, L.N.T.,, Phong,
N.T.,, 2023a. The efficacy of 5-aminolevulinic acid-producing Lute-
ovulum sphaeroides strains on saline soil fertility, nutrient uptakes,
and yield of rice. Agriculture 13, 1761. https://doi.org/10.3390/agricul-
ture13091761

Khuong, N.Q., Huu, T.N., Thuc, L.V,, Thu, L.T.M., Xuan, D.T., Quang, L.T.,
Nhan, T.C,, Tran, H.N., Tien, P.D., Xuan, L.N.T., Kantachote, D., 2021.
Two strains of Luteovulum sphaeroides (purple nonsulfur bacte-
ria) promote rice cultivation in saline soils by increasing avail-
able phosphorus. Rhizosphere 20, 100456. https://doi.org/10.1016/
j.rhisph.2021.100456

Khuong, N.Q., Kantachote, D., Dung, N.T.T., Huu, T.N., Thuc, L.V,, Thu,
L.T.M.,, Quang, L.T., Xuan, D.T,, Nhan, T.C., Tien, P.D., Xuan, L.N.T,,
2022. Potential of potent purple nonsulfur bacteria isolated from
rice-shrimp systems to ameliorate rice (Oryza sativa L.) growth and
yield in saline acid sulfate soil. Journal of Plant Nutrition 46, 473-494.
https://doi.org/10.1080/01904167.2022.2087089

Khuong, N.Q., Nhat, N.M., Thu, L.T.M., Thuc, L.V., 2024. Influence of pur-
ple non-sulfur bacterial augmentation on soil nutrient dynamics and
rice (Oryza sativa) growth in acidic saline-stressed environments.
Peer] 12, e16943. https://doi.org/10.7717/peerj.16943

Khuong, N.Q., Thuc, L.V,, Quang, L.T., Thu, H.N., Xuan, D.T,, Duc, H.H.,,
Xuan, L.N.T., Thu, L.M.T., 2023b. Effects of biofertilizer supplementa-
tion, Rhodopseudomonas spp., on nitrogen and phosphorus uptakes,
growth, and yield of sesame (Sesamum indicum L.) on salt-affected
soil. Journal of Plant Nutrition 47, 1-17. https://doi.org/10.1080/0190
4167.2023.2278646

Landon, J.R., 2014. Booker Agricultural Soil manual: A handbook for soil
survey and agricultural land evaluation in the tropics and subtropics.
Routledge, London. https://doi.org/10.4324/9781315846842

Lee, S.K,, Lur, H.S,, Liu, C.T,, 2021. From lab to farm: Elucidating the ben-
eficial roles of photosynthetic bacteria in sustainable agriculture.
Microorganisms 9(12), 2453. https://doi.org/10.3390/microorganisms_
9122453

Luo, Y., Ma, L., Feng, Q., Luo, H,, Chen, C., Wang, S., Yuan, Y., Liu, C., Cao,
X., Li, N., 2024. Influence and role of fungi, bacteria, and mixed mi-
crobial populations on phosphorus acquisition in plants. Agriculture
14, 358. https://doi.org/10.3390/agriculture14030358

Maeda, I, 2021. Potential of phototrophic purple nonsulfur bacteria
to fix nitrogen in rice fields. Microorganisms 10(1), 28. https://doi.
org/10.3390/microorganisms10010028

Marschner, P, Rengel, Z., 2023. Nutrient availability in soils. [In:] Ren-
gel, Z., Cakmak, I., White, P.J. (Eds.), Marschner’s Mineral Nutrition of
Plants. Academic Press, Cambridge, Massachusetts, 499-522. https://
doi.org/10.1016/B978-0-12-819773-8.00003-4

13

203720



Le Tien Dat et al.

Metson, A.]., 1961. Methods of chemical analysis of soil survey samples.
Government Printers, Wellington, New Zealand.

Moran, R., 1982. Formulae for determination of chlorophyllous pigments
extracted with N,N-Dimethylformamide. Plant Physiology 69, 1376—
1381. https://doi.org/10.1104/pp.69.6.1376

Morey-Yagi, S.R., Kinoshita, Y., Motoki, K., Iwahashi, Y., Hanh, D.D.,
Kato, S., Nakano, R., Ochiai, K., Kobayashi, M., Nakazaki, T., Numata,
K., 2024. Utilization of lysed and dried bacterial biomass from the
marine purple photosynthetic bacterium Rhodovulum sulfidophilum
as a sustainable nitrogen fertilizer for plant production. Sustainable
Agriculture 2(1), 10. https://doi.org/10.1038/s44264-024-00018-0

Morton, L.W., Nguyen, N.K., Demyan, M.S., 2023. Salinity and acid sulfate
soils of the Vietnam Mekong Delta: Agricultural management and
adaptation. Journal of Soil and Water Conservation 78(4), 85A-92A.
https://doi.org/10.2489/jswc.2023.0321A

Mukhopadhyay, R., Sarkar, B., Jat, H.S., Sharma, P.C., Bolan, N.S., 2021. Soil
salinity under climate change: Challenges for sustainable agricul-
ture and food security. Journal of Environmental Management 280,
111736. https://doi.org/10.1016/j.jenvman.2020.111736

Nguyen, K.Q., Kantachote, D., Onthong, J., Sukhoom, A., 2018. Al** and Fe?
toxicity reduction potential by acid-resistant strains of Rhodopseudo-
monas palustris isolated from acid sulfate soils under acidic condi-
tions. Annals of Microbiology 68, 217-228. https://doi.org/10.1007/
$13213-018-1332-4

Nunkaew, T., Kantachote, D., Nitoda, T., Kanzaki, H., 2015. Selection of salt
tolerant purple nonsulfur bacteria producing 5-aminolevulinic acid
(ALA) and reducing methane emissions from microbial rice straw
degradation. Applied Soil Ecology 86, 113-120. https://doi.org/10.1016/
j.aps0il.2014.10.005

Ojha, R.B., Shrestha, S., Khadka, Y.G., Panday, D., 2021. Potassium nutrient
response in the rice-wheat cropping system in different agro-ecoz-
ones of Nepal. PloS One 16(3), p.e0248837. https://doi.org/10.1371/
journal.pone.0248837

Rawat, P, Das, S., Shankhdhar, D., Shankhdhar, S.C., 2020. Phosphate-sol-
ubilizing microorganisms: Mechanism and their role in phosphate
solubilization and uptake. Journal of Soil Science and Plant Nutrition
21, 49-68. https://doi.org/10.1007/s42729-020-00342-7

Romano-Armada, N., Yaniez-Yazlle, M.F., Irazusta, V.P, Rajal, V.B., Moraga,
N.B., 2020. Potential of bioremediation and PGP traits in streptomyces
as strategies for bio-reclamation of salt-affected soils for agriculture.
Pathogens 9, 117. https://doi.org/10.3390/pathogens9020117

Sabki, M.H., Ong, PY,, Lee, C.T., Ibrahim, N., Van Fan, Y., Klemes, J.J., 2021.
The Potential of Rhodopseudomonas Palustris as a bio-fertiliser for
sustainable agriculture. Chemical Engineering Transactions 88,
457-462. https://doi.org/10.3303/CET2188076

Shaaban, A., El-Mageed, T.A.A., E-Momen, W.R.A,, Saudy, H.S., Al-Elwany,
0. A. AI, 2023. The integrated application of phosphorous and zinc
affects the physiological status, yield and quality of canola grown
in phosphorus-suffered deficiency saline soil. Gesunde Pflanzen 75,
1813-1821. https://doi.org/10.1007/s10343-023-00843-2

14

203720

SOIL SCIENCE ANNUAL

Shan, Y.K., Sundar, L.S., Chao, Y.Y., 2022. Foliar application of Rhodop-
seudomonas palustris enhances the rice crop growth and yield
under field conditions. Plants 11(19), 2452. https://doi.org/10.3390/
plants11192452 this citation is probably wrong, please check this and
correct in the paper

Sparks, D.L., Page, A.L., Helmke, P.A., Loeppert, R.H., Soltanpour, P.N,,
Tabatabai, M.A., Johnston, C.T., Sumner, M.E., 1996. Methods of soil
analysis, Chemical Methods. Soil Science Society of America, Madi-
son, Wisconsin, USA. https://dx.doi.org/10.2136/sssabookser5.3

Sundar, L.S., Chao, Y.Y,, 2022. Potential of purple non-sulfur bacteria
in sustainably enhancing the agronomic and physiological perfor-
mances of rice. Agronomy 12(10), 2347. https://doi.org/10.3390/agron-
omy12102347

Sundar, L.S., Yen, K.S., Chang, Y.T., Chao, Y.Y., 2024. Utilization of Rhodop-
seudomonas palustris in crop rotation practice boosts rice produc-
tivity and soil nutrient dynamics. Agriculture 14(5), 758. https://doi.
org/10.3390/agriculture14050758

Tho, L.C.B., Umetsu, C., 2022. Rice variety and sustainable farming: A case
study in the Mekong Delta, Vietnam. Environmental Challenges 8,
100532. https://doi.org/10.1016/j.envc.2022.100532

Wang, Y., Peng, S., Hua, Q., Qiu, C., Wu, P, Liu, X,, Lin, X., 2021. The long-
term effects of using phosphate-solubilizing bacteria and photo-
synthetic bacteria as biofertilizers on peanut yield and soil bacte-
ria community. Frontiers in Microbiology 12, 693535. https://doi.
0rg/10.3389/fmich.2021.693535

Wu, L., Song, L., Cao, L., Meng, L., 2023. Alleviation of shade stress in
chinese yew (Taxus chinensis) seedlings with 5-aminolevulinic acid
(ALA). Plants 12, 2333. https://doi.org/10.3390/plants12122333

Xuan, L.N.T.,, Huyen, N.P.T,, Thu, L.T.M., Thuy, V.T.B., Tuan, L.M., Quang,
L.T., Dao, N.T.X,, Thuc, L.V,, Khuong, N.Q., 2024. Supplementation of P-
solubilizing purple nonsulfur bacteria, Rhodopseudomonas palustris
improved soil fertility, P nutrient, growth, and yield of Cucumis melo
L. Open Agriculture 9, 20220247. https://doi.org/10.1515/opag-2022-
0247

Yen, K.S., Sundar, L.S., Chao, Y.Y., 2022. Foliar application of Rhodopseudo-
monas palustris enhances the rice crop growth and yield under field
conditions. Plants 11, 2452. https://doi.org/10.3390/plants11192452

Zhang, S., Rasool, G., Wang, S., Zhang, Y., Guo, X., Wei, Z., Zhang, X., Yang,
X., Wang, T., 2023. Biochar and Chlorella increase rice yield by im-
proving saline-alkali soil physicochemical properties and regulating
bacteria under aquaculture wastewater irrigation. Chemosphere
340, 139850. https://doi.org/10.1016/j.chemosphere.2023.139850

Zhang, Z., Liu, H,, Liu, X,, Chen, Y., Lu, Y., Shen, M., Dang, K., Zhao, Y., Dong,
Y., Li, Q., Li, J., 2021. Organic fertilizer enhances rice growth in severe
saline-alkali soil by increasing soil bacterial diversity. Soil Use and
Management 38, 964-977. https://doi.org/10.1111/sum.12711

Zhao, W,, Gu, C., Zhu, M,, Yan, Y,, Liu, Z., Feng, X., Wang, X., 2023. Chemi-
cal speciation of phosphorus in farmland soils and soil aggregates
around mining areas. Geoderma 433, 116465. https://doi.org/10.1016/
j.geoderma.2023.116465




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002000d>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002000d>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>
    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002000d>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e000d>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


