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Abstract 
 
Salt intrusion has caused adverse effects on nutrient uptake, growth, and yield of rice plants in the Mekong Delta, Vietnam. Thus, (i) 
isolating, screening, and identifying phosphorus (P)-solubilizing purple non-sulfur bacteria (PNSB), and (ii) determining their ability 
to produce plant growth-promoting substances were aimed in the current study. Bacteria after isolation were investigated under 
microaerobic light and aerobic dark conditions for their ability to tolerate toxic cations and to produce available P from insoluble P 
compounds, such as Al-P, Fe-P, and Ca-P by spectrophotometry. Therefore, 46 isolates of PNSB were randomly collected from 21 
soil samples and 21 water samples from a rice-shrimp paddy field in districts of Tran De, My Tu, and My Xuyen, Soc Trang province. 
Among them, four PNSB isolates could solubilize P and tolerate Na

+
,
 
H

+
, Al

3+
, Fe

2+,
 and Mn

2+
, which were identified by the 16S rDNA 

method as Cereibacter sphaeroides at 100% similarity. The four selected isolates (ST16, ST26, ST27, and ST32) dissolved 32.7 – 60.8 
mg P L

-1
 from Al-P, 30.6 – 81.7 mg P L

-1
 from Fe-P, and 22.8 – 36.3 mg P L

-1
 from Ca-P in both conditions. Moreover, these bacterial 

isolates were potent in promoting plant growth by fixing nitrogen (16.2 – 104.1 mg NH4
+
 L

-1
) and providing IAA (10.3 - 21.0 mg IAA L

-

1
), ALA (2.38 - 3.59 mg ALA L

-1
), siderophores (8.53 - 55.3 %) and EPS (0.68 - 1.22 mg EPS L

-1
). They should, thereby, be applied as a 

biofertilizer to increase crop yield in a pot experiment and subsequently a field trial. 
 
Keywords: biological phosphorus solubilization; rice; soil contamination; saline condition. 
Abbreviations: ALA_5-aminolevulinic acid; EPS_exopolymeric substances; IAA_indole-3-acetic acid; P_phosphorus; PNSB_purple 
nonsulfur bacteria; SCASS_salt-contaminated acid sulfate soil; TA_titratable acidity. 
 
Introduction 
 
Nowadays, salt intrusion has been happening in a wide area, 
and tends to grow in coastal regions in the Mekong Delta, 
Vietnam, which severely damages agriculture here, 
especially rice agriculture (Ministry of Agriculture and Rural 
Development 2020). Consequently, to adapt to the salt 
intrusion, many farmers have utilized the rice-shrimp 
integrated cultivation. In particular, shrimps are farmed in 
dry seasons due to salt intrusion, and rice is grown in wet 
seasons because of the natural source of freshwater (Loc et 
al., 2021). Thus, the model has been widely utilized in 
coastal areas affected by the salinity to improve farmers’ 
livelihood there (Loc et al., 2021). However, the rice shrimp 
system has a high concentration of salt (Kruse et al., 2020). 
This salinity adversely affects the soil microbial community 
(Zhang et al., 2019). To specify, high salinity reduces the 
diversity, activity, and biomass of microbes (Yan et al., 
2015). As a result, salinity changes the chemical, physical, 
and biological properties of soil, which suppresses rice 
productivity (Zhang et al., 2022). Moreover, salinity also 
affects the presence of P forms, the contents of soil soluble 
P, and the growth and productivity of crops (Meena et al., 
2018). High salinity indirectly results in a lack of soluble P, 
because P can form insoluble complexes with cations of Ca

2+
 

and Mg
2+

, which are supplied to ameliorate the salinity 

(Kruse et al., 2020). In addition, crops absorb only 10-20% of 
P applied in the first season, the rest is stored in soil and 
held by ions of Fe

2+
, Al

3+,
 or Ca

2+
 (Tóth et al., 2014). 

Regarding the traditional way to improve soil P deficiency, 
fertilizing with higher inorganic P than the amount that used 
to be applied is utilized, but this leads to higher cost, 
contaminations in the underground environment by heavy 
metals, especially Cadmium contamination after long-term 
use (Wiggenhauser et al., 2019). Applying to the soil at an 
amount of 4.0 - 8.0 Mg ha

-1
 of biochar made from straws 

and husks is efficient in improving the soluble P content in 
saline soil (Wu et al., 2021). Noticeably in acidic soils, and P-
deficient soil, supplying biochar originating from manure at a 
dose of 10 t ha

-1
 results in increases in soluble P content in 

soil, and in P uptake capacity in plants (Tesfaye et al., 2021). 
Nevertheless, the mass use of biochar on alkaline soils or 
low-P-content soils can reduce the soil’s fertility (Yang et al., 
2021). Although organic fertilizers originated from legumes, 
straws, and manures ameliorate soil soluble P (Mengmeng 
et al., 2021), overuse of organic fertilizers for a long time 
increases erosion of P in soil (Burakova and Bakšiene 2021). 
Therefore, thriving for a sustainable P source for rice plants 
on saline soils is demanded. 
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     Table 1. The capacity of PNSB in solubilizing insoluble P forms in BIM containing NaCl (10‰), pH 5. 

PNSB 
isolate 

Al-P 
(mg L

-1
) 

Fe-P 
(mg L

-1
) 

Ca-P 
(mg L

-1
) 

ML AD ML AD ML AD 

ST03 21.9
d
±0.53

 
15.3

c
±0.37

 
16.9

gh
±0.93

 
36.7

e
±0.92

 
9.83

e
±0.11 21.4

b
±0.02 

ST05 20.7
e
±0.25 14.2

d
±0.70 24.4

e
±0.50 29.4

hi
±0.22 11.4

bc
±0.14 15.3

d
±0.63 

ST09 21.7
d
±0.16 14.2

d
±0.38 17.0

g
±0.72 32.5

f
±0.32 5.92

g
±0.02 17.6

c
±0.02 

ST15 18.9
gh

±0.28 15.9
c
±0.29 32.9

d
±0.19 39.5

c
±0.52 10.8

cd
±0.46 20.7

b
±0.14 

ST16 19.5
fg

±0.58 13.2
ef

±0.59 41.2
a
±1.15 40.5

b
±0.18 13.1

a
±0.54 23.2

a 
±0.76 

ST22 20.5
ef

±0.17 12.3
f
±0.63 33.9

d
±0.98 36.0

e
±0.80 6.38

g
±0.19 9.18

i
±0.29 

ST25 21.1
de

±0.45 17.2
b
±0.77 39.8

b
±0.16 31.0

g
±0.32 11.3

bc
±0.85 11.4

h
±0.79 

ST26 23.2
c
±0.68 37.6

a
±0.45 20.8

f
±0.04 9.84

k
±0.90 8.44

f
±0.79 14.4

ef
±0.46 

ST27 24.6
b
±0.96 13.8

de
±0.21 35.6

c
±0.14 45.2

a
±0.04 11.6

bc
±0.03 17.7

c
±0.14 

ST31 18.4
h
±0.77 13.5

de
±0.33 24.8

e
±0.27 38.2

d
±0.42 12.0

b
±0.64 13.8

fg
±0.61 

ST32 25.8
a
±0.47 15.3

c
±0.58 39.1

b
±1.55 30.1

h
±0.39 11.3

bc
±0.26 13.2

g
±0.47 

ST33 19.7
fg

±0.55 7.70
g
±0.62 15.7

hi
±0.41 29.0

i
±0.08 11.0

 cd
±0.24 15.1

de
±0.57 

ST34 19.8
fg

±0.56 13.9
de

±0.45 14.8
i
±0.68 19.0

 j
±0.66 10.3

 de
±0.33 11.6

h
±0.23 

*Note: Different letters following numbers mean different statistically at P < 0.05 (*); PNSB: purple nonsulfur bacteria; ML: 
Microaerobic light; AD: Aerobic dark. 
 
In the rice-shrimp system, SCASS in the Mekong Delta 
features high concentrations of Na

+
, H

+
, Fe

2+
, Al

3+,
 and Mn

2+
 

(Khuong et al., 2022), which form insoluble P compounds 
such as Ca-P, Al-P and Fe-P (Kruse et al., 2020). In the soil, 
immobilized P can be solubilized by P-solubilizing bacteria 
such as Pseudomonas sp. and Bacillus sp. which carry out 
the P solubilization processes for plants via the production 
of organic acid and siderophores, chelation reactions, and 
cation exchange (Gomez-Ramirez and Uribe-Velez 2021). 
However, the capacity of solubilizing P of Pseudomonas 
strains is low under salt-contaminated soil conditions (Jiang 
et al., 2020). In the meantime, the group of PNSB can live 
under adverse conditions such as acidic and saline 
environments (Khuong et al., 2017, 2022). In particular, a 
group of P-solubilizing PNSB has been selected and 
successfully applied on acid sulfate soil for rice plants to 
improve the soil fertility and quality, and rice productivity 
(Khuong et al., 2022). Moreover, these bacterial strains can 
synthesize plant growth-promoting substances (IAA and 
siderophores) (Khuong et al., 2020a, 2022) and metabolites 
(ALA and EPS), which help rice plants overcome obstacles in 
saline soil (Nookongbut et al., 2019; Khuong et al., 2020b, 
2021, 2022) and reduce toxic concentrations of Al

3+
, Fe

2+
, 

and Mn
2+

 (Khuong et al., 2018, 2020b). Therefore, the study 
proceeded to sort out PNSB strains, which can solubilize 
insoluble forms of soil P, isolated from salt-contaminated 
acid sulfate soil in the rice shrimp system.  
 
Results  
 
Chemical properties of salt-affected soil and water in rice-
shrimp system  
The soil analysis result revealed that soil pHKCl and pHH2O 
fluctuated roughly 2.91 - 4.05 and 2.90 - 4.56, and water pH 
was from 2.99 to 7.61. Total P content fluctuated from 0.02 
to 0.03%. In addition, soluble P content was determined as 
5.67 - 24.1 mg kg

-1
. Al-P, Fe-P, and Ca-P contents were 348.8 

- 352.7, 22.8 - 23.2, and 80.2 - 81.4 mg L
-1

, respectively. 
Moreover, other basic soil characteristics are demonstrated 
in Supplementary Table 1. 
 
Isolation of purple non-sulfur bacteria from rice-shrimp soil 
There were 21 soil samples and 21 water samples collected 
in fields of rice-shrimp system in the Tran De, My Tu, and My 
Xuyen districts of Soc Trang province. From there, 46 PNSB  

 
isolates were obtained. Pure isolates of PNSB were detected 
to be Gram-negative. Therein, there were 8 colonies isolated 
from the soil samples and 38 colonies from the water ones. 
 
Selection of PNSB that solubilized phosphorus under saline, 
acidic, and toxic conditions 
Twenty isolates of PNSB were selected for living in a pH 5.0 
environment with OD660 > 0.50 under at least one of the two 
incubating conditions (Supplementary Table 2). There were 
15 isolates selected for being able to tolerate salinity at 5‰ 
with OD660 > 0.5. At 10 ‰ Na

+
, under the microaerobic light 

condition, OD660 values fluctuated from 0.38 to 4.57 and 
averaged at 2.50. Under the aerobic dark condition, OD660 
values were from 0.53 to 1.37 and 1.03 on average. 
Significantly, the ST05 isolate had the highest performance 
under both conditions (4.57 and 1.37, respectively). Isolates, 
which adapted the 10 ‰ Na

+
 concentrations with OD660 > 

0.7 under at least one of the conditions were chosen for the 
experiment investigating their capacity in tolerating toxicity. 
Growth inhibition caused by Na

+
, H

+
, Al

3+
, Fe

2+, 
and Mn

2+
 

toxins varied under both conditions. The lowest inhibition 
rate was in the ST32, ST26, and ST16 isolates (33.1%, 33.6%, 
and 35.0%) under the microaerobic light condition, while 
under the other condition, it belonged to the ST32, ST27, 
and ST26 isolates (22.6%, 22.7% and 24.3%) (Supplementary 
Table 2). Therefore, 13 PNSB isolates that can tolerate Na

+
, 

H
+
, Al

3+
, Fe

2+,
 and Mn

2+
, with a growth inhibition rate lower 

than 50% were chosen for further experiment.  
 
Selection for PNSB that provided phosphorus 
The ST32 isolate had the highest capacity in solubilizing P 
from Al-P (25.8 mg P L

-1
) under the microaerobic light 

condition, while the ST26 isolate solubilized Al-P best under 
the aerobic dark condition (Table 1). Therefore, the ST26 
and ST32 isolates performed best in solubilizing Al-P under 
the investigating conditions. Under the microaerobic light 
condition, the capacity in solubilizing P from Fe-P appeared 
to be the highest at the ST16 isolate (41.2 mg P L

-1
). Under 

the aerobic dark condition, the ST27 isolate solubilized Fe-P 
the best, while the ST16 isolate (40.5 mg P L

-1
) came second 

(Table 1). The PNSB isolates were able to solubilize Ca-P 
from 5.92 to 13.1 mg P L

-1
 under the microaerobic light 

condition. On the other hand, the solubilized Ca-P contents 
were recorded as 9.18-23.2 mg P L

-1
 under the aerobic dark 

condition.  Significantly,  the ST16 isolate performed the best  
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Fig 1. Neighbor-joining phylogenetic trees of four selected purple non-sulfur bacteria strains compared to the closely related strains. 

 
 
   Table 2. The capacity of PNSB in fixing N, and producing IAA, siderophores, EPS, and ALA. 

PNSB 
isolate 

N 
(mg L

-1
) 

IAA 
(mg L

-1
) 

EPS 
(mg L

-1
) 

ALA 
(mg L

-1
) 

Siderophores 
(%) 

ML AD ML AD ML AD ML AD ML AD 

ST16 104.1
a 

±0.77 50.6
a
±0.48 13.3

d
±0.59 10.3

c
±0.16 0.68

c
±0.05 0.83

b
±0.05 2.38

b
±0.14 2.77

c
±0.09 8.53

d
±0.46 51.9 ±2.50 

ST26 21.9
c 
±1.61 27.5

d
±0.52 21.0

a
±0.82 10.3

c
±0.48 0.95

b
±0.04 0.98

a
±0.01 3.28

a
±0.20 2.88

c
±0.20 17.1

b
±1.37 52.5±1.86 

ST27 42.1
b 

±0.33 41.7
b
±0.70 12.2

c
±0.20 19.4

a
±0.95 1.22

a
±0.17 1.03

a
±0.08 3.34

a
±0.14 3.59

a
±0.23 26.8

a
±0.84 55.3±2.46 

ST32 16.2
d 

±1.10 37.6
c
±0.96 19.4

b
±0.08 15.8

b
±0.46 0.93

b
±0.08 0.81

b
±0.04 3.24

a
±0.13 3.18

b
±0.13 13.8

c
±1.03 53.7±1.78 

F * * * * * * * * * ns 

*Note: Different letters following numbers mean different statistically at P < 0.05 (*); PNSB: purple nonsulfur bacteria, ML: Microaerobic light; AD: Aerobic dark; IAA:  indole-3-acetic acid; EPS: 
exopolymeric substances; ALA: 5-aminolevulinic acid. 
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Ca-P solubilization under both conditions, with 13.1 and 23.2 
mg P L

-1
, respectively (Table 1). 

 
Identification of phosphorus-solubilizing purple non-sulfur 
bacteria that tolerated saline, acidic, and toxic conditions 
The four ST16, ST26, ST27, and ST32 bacterial strains have 
been identified by the 16S rRNA genetic sequences to be 
identical to Cereibacter sphaeroides with a similarity of 100% 
(Fig 1). Sequentially, the accession numbers of the isolates 
were OQ829416, OQ829417, OQ829418 and OQ829419, 
respectively. 
 
Nitrogen providing capacity 
The identified ST16, ST26, ST27, and ST32 isolates were 
examined for the ability to fix N2. The results were 16.2 – 
104.1 mg L

-1 
under the microaerobic light condition, and 

27.5 – 50.6 mg L
-1 

under aerobic dark condition. Therein, the 
ST16 isolate fixed N the most (Table 2). 
 
Plant growth-promoting substances providing capacity 
The content of IAA synthesized by the identified isolates 
fluctuated from 10.3.2 to 21.0 mg L

-1
. Among the isolates, 

the ST26 produced the most IAA. Under the microaerobic 
light and the aerobic dark conditions, the ST27 isolate 
produced the highest amount of EPS (1.22, 1.03 mg L

-1
). 

According to the content of ALA secreted from the four 
PNSB isolates, the ST27 isolate produced the highest content 
under both conditions, with respective values of 3.34 and 
3.59 mg L

-1
. Siderophores produced from the four PNSB 

isolates fluctuated from 8.53 to 55.3%. Among them, the 
highest siderophores content under the microaerobic light 
condition was at the ST26 isolate (26.8%). On the other 
hand, under the aerobic dark condition, the differences 
were insignificant among isolates (Table 2).  
 
Discussion 
 
Chemical physical properties of soil and water in the rice-
shrimp system 
Soil characteristics at sites of My Tu, My Xuyen, and Tran De 
had pHKCl and pHH2O ranging from 2.91 to 4.05, and from 
2.90 to 4.56, respectively, which represents a highly acid 
sulfate condition (Supplementary Table 1). According to the 
classification of Horneck et al., (2011), these soils were 
considered as high to moderate acidity due to pH < 5.1. The 
NH4

+
 content and the total N content fluctuated from 0.19 to 

0.36 mg kg
-1

, and from 0.30 to 0.32 % N. For the total P, the 
result was from 0.02 to 0.03% and considered as P-deficient 
soil (< 0.06% P2O5) (Cu et al., 2000). However, the available P 
content was from 5.67 to 24.1 mg kg

-1
, which, according to 

the classification of Horneck et al. (2011), was medium due 
to being in a range of 20 – 40 mg kg

-1
. Nevertheless, the Fe-

P, Al-P, and Ca-P content peaked at 46.4, 423.8, and 187.7 
mg kg

-1
, respectively. The CEC value fluctuated from 11.4 to 

19.8 meq 100 g
-1

 and was classified as moderate according 
to Landon (1984). The total C content fluctuated from 1.56 
to 3.35% C and was also categorized as medium according to 
Metson (1961). Soil and water EC values were in ranges of 
0.17 – 4.73 and 1.01 – 5.78 mS cm

-1
. From the above, the 

surface soil featured high-moderate acidity, salt 
contamination, nutrient deficiency, and an abundance of 
insoluble P compounds. At above 3.0 dS m

-1
 salinity, the 

survival rate of rice at sowing reduces by 20% and its yield 
decreases by 50% when the salinity reaches 7.4 dS/m 
(Grattan et al., 2002). N is one of the three essential 
macronutrients for rice plants (Shrestha et al., 2020) 

because it can raise rice yield by 30% – 50% (Erisman et al., 
2008). Therefore, to produce a high yield, farmers get used 
to fertilizing lots of N fertilizer (Ye et al., 2021). However, 
only 20 – 30% N in fertilizer is absorbed by crops (Wang et 
al., 2022). PNSB play a role as a biofertilizer, due to the 
capabilities of producing NH4

+
 and plant growth-promoting 

substances, and increasing productivity by 86.8% under 
saline conditions (Khuong et al., 2022). 
 
PNSB that provided nutrients and plant growth-promoting 
substances under saline condition 
The four P-solubilizing PNSB ST16, ST26, ST27, and ST32 
have been selected from the rice-shrimp system, and 
identified as C. sphaeroides. They were tolerant to salinity, 
and acidity, and able to provide nutrients, such as P, and 
plant growth-promoting substances. The PNSB C. 
sphaeroides W01, W14, W22, and W32, Rhodopseudomonas 
palustris TN114, and Rhodobium marinum NW16 and KMS24 
were also found in saline condition or rice-shrimp system 
(Khuong et al., 2022, Nunkaew et al., 2015a). This indicated 
the abundance of the C. sphaeroides on saline soils (Holguin 
et al., 2001).  
The PNSB have produced plant growth-promoting 
substances (Table 2). The result was consistent with 
previous studies, where PNSB isolates including R. palustris 
and  R. pentothenatexigens strains are all able to provide 
ALA, EPS, IAA, and siderophores (Nunkaew et al., 2015a; b; 
Khuong et al., 2020a, 2020b, 2023), which assist plants to 
overcome environmental stresses, such as acidity, salinity, 
heavy metal and metal toxicity. The EPS produced by PNSB 
bonds to Na

+
 to limit the effect of high NaCl concentration; 

Moreover, high salinity stimulates more and more EPS 
production (Khuong et al., 2022; Nunkaew et al., 2015b). 
ALA has been proven to be able to minimize damages 
caused by saline stress on rice plants (Nunkaew et al., 2015). 
This is because ALA modified photosynthesis and anti-
oxidation under saline conditions by increasing total Chl 
content and activating antioxidant enzymes (Rhaman et al., 
2021). IAA and siderophores produced by bacteria can be 
utilized to support rice plant development under acidic and 
saline conditions (Khuong et al., 2022). The PNSB can fix N in 
saline environments, under the microaerobic light and the 
aerobic dark conditions (Table 2). Therefore, when PNSB fix 
free N, available NH4

+
 for rice increases, which facilitates 

better nutrient uptake and yield of rice (Khuong et al., 2021, 
2022). In particular, utilizing PNSB with 50% or 75% of the 
recommended amount of N fertilizers obtained an 
equivalent N uptake when applying 100% N as 
recommended (Khuong et al., 2021). Regarding the P 
solubilizing capacity of PNSB in a saline environment, Al-P, 
Fe-P, and Ca-P were solubilized with concentrations of 7.7 – 
37.6 mg L

-1
, 9.8 – 45.2 mg L

-1
, and 5.9 –23.2 mg L

-1
 (Table 1). 

This has shown that the PNSB can solubilize insoluble forms 
of P, which contributes to increasing soluble P content to 
ameliorate the growth and yield of rice plants. Thus, the 
PNSB have played a role as biofertilizers that not only 
produce plant growth-promoting substances but also 
provide nutrients for plants (Khuong et al., 2020). Therefore, 
the main functions of these C. sphaeroides ST16, ST26, ST27, 
and ST32 strains were providing P for plants, as well as 
producing some plant growth-promoting substances to help 
plants tolerate saline stress. 

https://www.sciencedirect.com/science/article/abs/pii/S0929139314002893#!
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Materials and Methods 
 
Soil and water samples 
Soil and water samples were collected during the rice 
cultivation of a rice-shrimp system in communes of My Tu 
[9°38'31.9"N 105°45'42.3"E], My Xuyen [9°26'16.3"N 
105°54'29.5"E] and Tran De [9°30'55.1"N 106°12'16.6"E], 
Soc Trang province. Each soil and water samples were 
collected at 7 different sites in the same location, and mixed 
into one representative sample for each soil and water. 
Particularly, 100 g sample

-1
 of soil was collected at a depth 

of 0-20 cm, and 100 mL sample
-1

 of water was collected 
from the bottom to 3 cm from the water surface of the ditch 
surrounding the paddy field. The samples were stored cold 
until experiments. 
 
Chemical physical features of soil and water samples from 
the rice-shrimp system 
The soil and water samples were analyzed according to 
Sparks et al. (1996). pHH2O and pHKCl were extracted with a 
ratio of soil: water (1: 5) and soil:1.0 M KCl (1: 5), and 
measured by a pH meter. The extract was reused to 
measure EC by an EC meter.  
Total nitrogen (Ntot) was digested by a mixture of saturated 
H2SO4: CuSO4: Se (100: 10: 1) and determined by the Kjeldahl 
distilling method. Available nitrogen (NH4

+
) was determined 

by the blue phenol method at the 640 nm wavelength.  
Total phosphorus (Ptot) was turned into inorganic forms by a 
mixture of saturated H2SO4 -HClO4, and measured at the 880 
nm wavelength. Soluble P (Psoluble) was determined by the 
Bray II method, where soil was extracted with 0.1 N HCl, 
0.03 N NH4F (1: 7), colorized with phosphomolybdate 
reduced by acid ascorbic, and measured by a spectrometer. 
Insoluble P (Pinsoluble) fractions were extracted with 0.1 M 
NaOH, 0.5 M NH4F, and 0.25 M H2SO4 respectively for Fe-P, 
Al-P, and Ca-P, and then determined as the measurement of 
soluble P.  
Titratable acidity in soil was determined according to the soil 
extraction method with 1.0 M KCl and titrated with 0.01 N 
NaOH. To determine the exchangeable aluminum, soil was 
extracted with 1.0 M KCl, and measured by a spectrometer 
at the 395 nm wavelength. Fe

2+
 was extracted with H4EDTA 

and Na2S2O4, measured by a spectrometer at the 248.3 nm 
wavelength. Organic matter was extracted according to the 
method of Walkley-Black, where the soil was oxidized by 
saturated H2SO4 - K2Cr2O7 before being titrated with 0.5 N 
FeSO4.  
Cation exchange capacity (CEC) was extracted with 0.025 M 
BaCl2 and 0.02 M MgSO4 and titrated with 0.01 M EDTA. K

+
, 

Na
+
, Ca

2+,
 and Mg

2+ 
contents in the CEC extract were 

measured by an atomic absorption spectrometer at the 766, 
589, 422.7, and 285.2 nm wavelengths, respectively. 
 
Isolation, selection, and identification of PNSB from soil 
and water samples of rice-shrimp paddy fields 
A total of 21 soil samples and 21 water samples collected 
from rice fields in the rice-shrimp system were utilized to 
isolate PNSB according to the method of Brown (2013) 
adjusted by Khuong et al. (2017). The basic isolation medium 
(BIM) was utilized for the isolation and made of 1.0 g 
(NH4)2SO4, 0.5 g K2HPO4, 0.2 g MgSO4, 2.0 g NaCl, 5.0 g 
NaHCO3, 1.5 g yeast extract, 1.5 g glycerol and 0.03 g L-
cysteine in 1 L of distilled water. The density of BIM was 
doubled when isolating PNSB in the water samples because 
the population of PNSB there was low (Kantachote et al., 
2005). However, to adjust the isolation medium similar to 

the nature of the sampling sites, the pH of the liquid 
medium was adjusted to 5.0 by 1.0 M HCl (sterilized by filter 
papers 0.45 µm). A solid medium was prepared as the liquid 
one, but 1.5% agar was added and pH was adjusted to 5.0 
after autoclaved.  
Selection for PNSB that lived under microaerobic light and 
aerobic conditions:10 % extract of each isolate with an OD660 
= 0.5 was transferred into a tube (15 x 150 mm) of 9.0 mL of 
BIM (pH = 7.0) and a flask of 18 mL of BIM (pH = 7.0) capped 
by a rubber plug and aluminum foil. Three replications were 
applied. The solution was incubated for 72 h under the 
microaerobic light condition with light intensity at 3,000 lux, 
in the aerobic dark condition at 30 

°
C, and shaken at 150 

rounds min
-1

. Subsequently, the bacterial growth was 
determined by a spectrometer at the 660 nm wavelength. 
Isolates whose OD660 was above 0.5 under both conditions 
were chosen for the following experiment.  
Selection for PNSB that lived under acidic conditions: The 
experiment testing bacterial isolates' growth under acidic 
conditions was conducted similarly under the microaerobic 
light and aerobic dark conditions for 48h, but the pH of BIM 
was 5.0. Isolates whose OD660 was above 0.5 under one of 
the two conditions were selected to be evaluated for salt 
tolerance capacity. 
Selection for PNSB that lived under saline conditions: All acid-
tolerant bacterial isolates (pH 5.0) were cultured and 
screened on BIM (pH = 5.0) containing NaCl solution at 5 ‰ 
for 72h or 10 ‰ for 96h. The selection was similar to the 
above.  
Selection for purple non-sulfur bacteria that tolerated Al

3+
, 

Fe
2+,

 and Mn
2+

 toxicity: The selected PNSB were cultured in 
BIM which contained 10 ‰ NaCl (pH = 5.0) and was supplied 
with Al

3+
, Fe

2+
 and Mn

2+
 at the concentrations based on the 

threshold of toxicity for plants (70 mg Al
3+

 kg
-1

, 250 mg Fe
2+ 

kg
-1

 and 1,500 mg Mn
2+ 

kg
-1

) (Attanandana and 
Vacharotayan, 1986; Samaranayake et al., 2012; Upjohn et 
al., 2005). The Al

3+
, Fe

2+,
 and Mn

2+
 supplements were 

derived from AlCl3●6H2O, FeSO4●7H2O, and MnCl2●4H2O 
which were sterilized by 0.45 µm filters). After 4 days of 
incubation, growth-inhibiting rates of the bacteria were 
calculated based on development levels between bacteria 
cultured in BIM with Al

3+
, Fe

2+,
 and Mn

2+
 and the control 

ones cultured in BIM without heavy metals (pH = 5.0). 
Selection PNSB that solubilize phosphorus: Na

+
, Al

3+
, Fe

2+,
 and 

Mn
2+

-tolerant bacterial isolates were utilized to assess the P 
solubilization. The PNSB were cultured in a P-free BIM 
(K2HPO4) containing 10 ‰ NaCl (pH = 5.0). Insoluble P 
compounds were added separately with 0.3 g AlPO4●2H2O L

-

1
 or 1.0 g FePO4●2H2O L

-1
 or 0.5 g Ca3(PO4)2 L

-1
. The ratio 

between the bacteria and the medium was 1:9 with a total 
volume of 10 mL under the microaerobic light condition 
(3,000 lux) and at 20 mL under the aerobic dark condition 
(30 

o
C and 150 rpm). The BIM with P compounds was utilized 

as a negative control. After 72 h of incubation, the dissolved 
amounts of P were determined according to the ascorbic 
acid method (Murphy and Riley 1962). The P analysis was 
summarized as follows: the culture broth was centrifuged at 
10,000 rpm in 15 min, from which 1.0 mL of bacterial extract 
was collected, colorized by ascorbic acid, and measured on a 
spectrometer at the 880 nm wavelength.  
 
The capacity of PNSB to produce plant growth-promoting 
substances 
All bacterial isolates were cultured in a BIM containing 
10,000 mg L

-1
 NaCl (pH = 5.0) under the microaerobic light 

condition for 72 h. 
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Nitrogen-fixing capacity: The bacteria were cultured under 
the condition of the P-solubilization experiment, but the BIM 
was N-free [(NH4)2SO4]. After 72 h of incubation, the solution 
was centrifuged at 10,000 rpm for 15 min. The available 
nitrogen produced was determined by the blue phenol 
method (Nelson et al., 1983) on a spectrometer at the 640 
nm wavelength. The N-free BIM without bacteria was 
utilized as the negative control. 
Exopolymeric substances producing capacity: The selected 
isolates were cultured under microaerobic light and aerobic 
dark conditions for 72 h, in 1,000 mL of BIM containing 
10,000 mg L

-1
 NaCl (pH = 5.0). The culture was then 

centrifuged at 8,000 rpm for 15 min to collect cells and 
extract them. The extract was utilized to analyze EPS. The 
procedure for analyzing EPS was modified from the method 
of Eboigbodin and Biggs (2008). The extract and cold ethanol 
(4 

°
C) were mixed with a ratio of 1:2.2 in volume, and 

incubated at -20 °C in 24 h to precipitate EPS. Subsequently, 
the solution was centrifuged at 8,000 rpm for 15 min at 4 °C 
to collect EPS. The dry weight of EPS was determined by the 
method of Ferreira et al. (2017).  
5-aminolevulinic acid producing capacity: A BIM containing 
10,000 mg L

-1
 of NaCl (pH = 5.0) and ALA precursors, 

including glycine (0.563 g L
-1

) and sodium acetate (5.44 g L
-1

), 
was utilized to determine ALA after 4 days of incubation 
according to the method of Burnham (1970). In particular, 2 
mL of sodium acetate (1.0 M, pH 4.7) and 0.05 mL of 
acetylacetone were added into a tube containing 1 mL of the 
centrifuged bacterial solution. The mixture was heated for 
15 min at 99 °C and cooled. Then, 3.5 mL of reagents 
modified according to Ehrlich was added. After 20 min, the 
solution was measured on a spectrometer at the 553 nm 
wavelength. The modified reagents were prepared at every 
time of measurement (no prior preparation) by adding 1 g of 
p-dimethylaminobenzaldehyde to 30 mL of glacial acetic 
acid, then supplied with 8 mL of 70% perchloric acid, and 
finally adjusting to a volume of 50 mL with glacial acetic acid. 
Indole 3-acetic acid producing capacity: A BIM containing 
10,000 mg L

-1
 of NaCl (pH = 5.0) was utilized, and added with 

tryptophan (100 mg L
-1

) as a precursor of IAA. After 72 h of 
incubation, IAA content was analyzed according to the 
colorimetric method of Salkowski at the wavelength of 535 
nm. 
Siderophores producing capacity: A BIM was modified by 
adding precursors of siderophores, including 1 g L

-1
 of 

succinate and 0,5 μM of FeCl3•6H2O glycine. After 96 of 
incubation, 2.0 mL of culture was centrifuged at 10,000 rpm 
in 5 min, then 0.5 mL of the centrifuge solution was mixed 
with 0.5 mL of reagents, and measured by a spectrometer at 
the wavelength of 630 nm. The reagents consisted of 6 mL 
of HDTMA 10 mM, 1.5 mL of FeCl3 1 mM (in HCl 10 mM), and 
7.5 mL of CAS 2 mM. Subsequently, the mixture was added 
with 4.307 g anhydrous piperazine and adjusted to pH = 5.6. 
The mixture was added with distilled water, added with 
exact 0.1017 g 5-sulfosalicylic acid, well shaken, and added 
with distilled water until the volume of 100 mL. 
 
Identification of purple non-sulfur bacteria that lived under 
saline, acidic, and toxic conditions 
The four selected bacterial isolates were cultured in 48 h in 
BIM. After that, 2 mL of colonies were collected and 
centrifuged at 10,000 rpm in 5 min, to obtain cells for DNA 
extraction by the Genomic DNA Prep Kit (BioFACT™) 
following the manufacturer’s instructions. The DNA products 
were amplified at their 16S rRNA coding regions by the PCR 
technique with the forward primer 8 F (5′-AGA GTT TGA TCC 

TGG CTC AG-3′) and the reverse one 1492 R (5′- GGT TAC 
CTT GTT ACG ACT T-3′) (Suzuki et al., 2003) as described in 
iProof™ High-Fidelity PCR Kit – Bio-Rad (BioRad, Hercules, 
CA) in T100

TM
 hermos cycler (BioRad). The PCR amplicons 

were purified by the TIANquick Midi Purification Kit (Tiangen 
Biotech Ltd. Beijing, China) following the manufacturer’s 
instructions. The PCR amplicons were sequenced by an 
automatic sequencing machine at Macrogen DNA 
Sequencing Service (Macrogen, Seoul, Korea). The 
sequencing result was analyzed by the BioEdit software, 
version 7.0.5.3 (Hall, 1999) and the ChromasPro software 
version 1.7 (http://technelysium.com.au/wp/chromaspro). 
The sequences of the four selected bacteria isolates were 
compared to available sequences in Genbank by the Basic 
Local Alignment Search Tool (BLAST) of the National Center 
for Biotechnology Information (NCBI) to determine for 
similarity. 
 
Statistical analysis 
 
Means were tested by analysis of variance (ANOVA) to 
compare differences by Duncan’s post hoc test at p < 0.05 in 
the SPSS 13.0 software. 
 
Conclusions 
 
The four purple non-sulfur bacteria isolates were able to 
solubilize well insoluble P forms presenting in saline acidic 
soil with solubilized P amount of 32.7 – 60.8 mg L

-1
 from Al-

P, 30.6 – 81.7 mg L
-1

 from Fe-P, and 22.8 – 36.3 mg L
-1

 from 
Ca-P under the microaerobic light and the aerobic 
conditions. These P-solubilizing bacterial isolates were 
identified as Cereibacter sphaeroides, ST16, ST26, ST27, and 
ST32 with 100% similarity. These isolates were potent in 
providing N and plant growth-promoting substances, such as 
5-aminolevulinic acid, exopolymeric substances, indole-3-
acetic acid, and siderophores. 
 
Acknowledgment 
 
The authors sincerely appreciate the Purple Nonsulfur 
Bacteria Laboratory and Crop Production Laboratory (Faculty 
of Crop Science, College of Agriculture, Can Tho University) 
founded by sponsors from ODA, which provided equipment, 
chemicals, and materials for this study to be completed. This 
work was supported by Vietnam National University Ho Chi 
Minh City (VNU-HCM) (Grant number B2021-16-02). 
 
Competing Interests 
 
The authors have no relevant financial or non-financial 
interests to disclose. 
 
References 
 
Attanandana T, Vacharotayan S (1986) Acid sulfate soils: 

Their characteristics, genesis, amelioration and utilization. 
Southeast Asian Stud. 24(2):155-180.  

Brown JW (2013) Enrichment and Isolation of Purple Non-
Sulfur Bacteria. Department of Biological Sciences, College 
of Sciences, North Carolina State University. http:// 
www.mbio.ncsu.edu/mb452/purple_nonsulfurs/purples.h
tml



198 
 

 

Burakova A, Bakšiene E (2021) Leaching losses of main 
nutrients by incorporating organic fertilisers into light 
texture soils Haplic Luvisol. Environ Eng Res. 26(4):1-10. 
https://doi.org/10.4491/eer.2020.190 

Burnham BF (1970) δ-aminolevulinicacid synthase (from 
Rhodopseudomonas sphaeroides). Meth Enzymol. 17:195-
204. https://doi: 10.1016/s0003-9861(78)80008-3 

Cu NX, Dung BTN, Duc L, Hiep TK, Tranh CV (2000) Analysis 
of soil mineral components (Chapter 6). In: Khoa, L. V. (Ed.) 
Methods for analyzing soil, water, and fertilizers for crops. 
Vietnam Education Publishing House Limited Company, pp 
78-99. 

Eboigbodin KE, Biggs CA (2008) Characterization of the 
extracellular polymeric substances produced by 
Escherichia coli using infrared spectroscopic, proteomic, 
and aggregation studies. J Biol Macromol. 9(2):686-695. 
https://doi.org/10.1021/bm701043c 

Erisman JW, Sutton MA, Galloway J, Klimont Z, Winiwarter 
W (2008) How a century of ammonia synthesis changed 
the world. Nat Geosci. 1:636–639. 

   https://doi.org/10.1038/ngeo325 
Ferreira ML, Casabuono AC, Stacchiotti ST, Couto AS, 

Ramirez SA, Vullo DL (2017) Chemical characterization of 
Pseudomonas veronii 2E soluble exopolymer as Cd (II) 
ligand for the biotreatment of electroplating wastes. Int 
Biodeterior. 119:605-613. 

   https://doi.org/10.1016/j.ibiod.2016.10.013 
Gomez-Ramirez LF, Uribe-Velez D (2021) Phosphorus 

solubilizing and mineralizing Bacillus spp. contribute to rice 
growth promotion using soil amended with rice 
straw. Curr Microbiol. 78:932-943. 
https://doi.org/10.1007/s00284-021-02354-7 

Grattan S, Zeng L, Shannon M, Roberts S (2002) Rice is more 
sensitive to salinity than previously thought. Calif Agric. 
56(6):189-98. https://doi.org/10.3733/ca.v056n06p189 

Hall TA (1999) BioEdit: A user-friendly biological sequence 
alignment editor and analysis program for Windows 
95/98/NT. Nucleic Acids Symp Ser. 41(2):95-98. 
https://doi.org/10.14601/Phytopathol_Mediterr-
14998u1.29 

Holguin G, Vazquez P, Bashan Y (2001) The role of sediment 
microorganisms in the productivity, conservation, and 
rehabilitation of mangrove ecosystems: an overview. Biol 
Fertil Soils. 33:265-278. 

   https://doi.org/10.1007/s003740000319 
Horneck DA, Sullivan DM, Owen J, Hart JM (2011) Soil test 

interpretation guide. Technical Report. Oregon State 
University. Extension Service. Report number: EC1478. 

Jiang H, Wang T, Chi X, Wang M, Chen N, Chen M, Pan L, Qi P 
(2020) Isolation and characterization of halotolerant 
phosphate solubilizing bacteria naturally colonizing the 
peanut rhizosphere in salt-affected soil. Geomicrobiol J. 
37:110-118. 
https://doi.org/10.1080/01490451.2019.1666195 

Kantachote D, Torpee S, Umsakul K (2005) The potential use 
of anoxygenic phototrophic bacteria for treating latex 
rubber sheet wastewater. Electron J Biotechnol. 8:314-
323.  https://doi.org/10.2225/vol8-issue3-fulltext-8 

Khuong NQ, Kantachote D, Dung NTT, Huu TN, Thuc LV, Thu 
LTM, Quang LT, Xuan DT, Nhan TC, Tien PD, Xuan LNT 
(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. 
J Plant Nutr. 46(3):473-494. 
https://doi.org/10.1080/01904167.2022.2087089 

Khuong NQ, Huu TN, Thuc LV, Thu LTM, Xuan DT, Quang LT, 
Nhan TC, Tran HN, Tien PD, Xuan LNT, Kantachote D (2021) 
Two strains of Luteovulum sphaeroides (purple nonsulfur 
bacteria) promote rice cultivation in saline soils by 
increasing available phosphorus. Rhizosphere 20:100456. 
https://doi.org/10.1016/j.rhisph.2021.100456 

Khuong NQ, Kantachote D, Nookongbut P, Onthong J, Xuan 
LNT, Sukhoom A (2020a) Mechanisms of acid-resistant 
Rhodopseudomonas palustris strains to ameliorate acidic 
stress and promote plant growth. Biocatal Agri Biotechnol. 
24:101520. https://doi.10.1016/j.bcab.2020.101520 

Khuong NQ, Kantachote D, Onthong J, Sukhoom A (2017) 
The potential of acid-resistant purple nonsulfur bacteria 
isolated from acid sulfate soils for reducing toxicity of Al

3+ 

and Fe
2+

 using biosorption for agricultural application. 
Biocat Agric Biotechnol. 12:329-340. 

   https://doi.org/10.1016/j.bcab.2017.10.022 
Khuong NQ, Kantachote D, Thuc LV, Nookongbut P, Xuan 

LNT, Nhan TC, Xuan NTT, Tantirungkij M (2020b) Potential 
of Mn

2+
-resistant purple nonsulfur acteria isolated from 

acid sulfate soils to act as bioremediators and plant 
growth promoters via mechanisms of resistance. Soil Sci 
Plant Nutr. 20(4):2364-2378. 
https://doi.org/10.1007/s42729-020-00303-0 

Khuong, NQ, Sakpirom J, Oanh TO, Thuc LV, Thu LTM, Xuan 
DT, Quang LT, Xuan LNT (2023) Isolation and 
characterization of novel potassium-solubilizing purple 
nonsulfur bacteria from acidic paddy soils using culture-
dependent and culture-independent techniques. Braz J 
Microbiol. https://doi.org/10.1007/s42770-023-01069-0 

Kruse J, Koch M, Khoi CM, Braun G, Sebesvari Z, Amelung W 
(2020) Land use change from permanent rice to 
alternating rice-shrimp or permanent shrimp in the coastal 
Mekong Delta, Vietnam: changes in the nutrient status and 
binding forms. Sci Total Environ. 703:134758. 

   https://doi.org/10.1016/j.scitotenv.2019.134758 
Landon JR. (Ed.) (1984) Booker Agricultural Soil manual - A 

handbook for soil survey and and agricultural land 
evaluation in the tropics and subtropics. Booker 
Agricultural International Limited. 

Loc HH, Lixian ML, Park E, Dung TD, Shrestha S, Yoon Y 
(2021) How the saline water intrusion has reshaped the 
agricultural landscape of the Vietnamese Mekong Delta, a 
review. Sci Total Environ. 794:148651. 

   https://doi.org/10.1016/j.scitotenv.2021.148651 
Meena MD, Narjarya B, Sheorana P, Jat HS, Joshi PK, 

Chinchmalatpure AR, Yadav G, Yadava RK, Meenab MK 
(2018) Changes of phosphorus fractions in saline soil 
amended with municipal solid waste compost and mineral 
fertilizers in a mustard-pearl millet cropping system. 
Catena. 160:32-40. 

   https://doi.org/10.1016/j.catena.2017.09.002 
Mengmeng C, Shirong Z, Lipeng W, Chao F, Xiaodong D 

(2021) Organic fertilization improves the availability and 
adsorptive capacity of phosphorus in saline-alkaline soils. J 
Soil Sci Plant Nutr. 21:487-496. 

   https://doi.org/10.1007/s42729-020-00377-w 
Metson AL (1961) Methods of chemical analysis for soil 

survey samples. New Zealand Dept Sci Lnd. Res Soil Bur 
Bull 12. Govt Printer, Wellington, New Zealand. 

Ministry of Agriculture and Rural Development (2020) MARD 
report on the drought and saltwater intrusion in Mekong 
river delta. 

https://doi.org/10.4491/eer.2020.190
https://doi.org/10.1021/bm701043c
https://doi.org/10.1038/ngeo325
https://doi.org/10.1007/s00284-021-02354-7
https://doi.org/10.1016/j.bcab.2017.10.022
https://doi.org/10.1016/j.scitotenv.2019.134758
https://doi.org/10.1007/s42729-020-00377-w


199 
 

 

 https://phongchongthientai.mard.gov.vn/en/Pages/mard-
report-on-the-drought-and-saltwater-intrusion-in-
mekong-river-delta.aspx. Retrieved on 18th February 
2023. 

Murphy J, Riley J (1962) A modified single solution method 
for the determination of phosphate in natural waters. Anal 
Chim Acta 27:31-36. 

   https://doi.org/10.1016/S00032670(00)88444-5 
Nelson DW (1983) Determination of ammonium in KCl 

extracts of soils by the salicylate method. Commun Soil Sci 
Plant Anal. 14(11):1051-62. 

   https://doi.org/10.1080/00103628309367431 
Nookongbut P, Kantachote D, Khuong NQ, Sukhoom A, 

Tantirungkij M, Limtong S (2019) Selection of Acid-
Resistant Purple Nonsulfur Bacteria from Peat Swamp 
Forests to Apply as Biofertilizers and Biocontrol Agents. J 
Soil Sci Plant Nutr. 19(3):488-500. 
https://doi.org/10.1007/s42729-019-00044-9 

Nunkaew T, Kantachote D, Nitoda T, Kanzaki H (2015a) 
Selection of salt tolerant purple nonsulfur bacteria 
producing 5-aminolevulinic acid (ALA) and reducing 
methane emissions from microbial rice straw degradation. 
Appl Soil Ecol. 86:113–120. 

   https://doi.org/10.1016/j.apsoil.2014.10.005 
Nunkaew T, Kantachote D, Nitoda T, Kanzaki H, Ritchie RJ 

(2015b) Characterization of exopolymeric substances from 
selected Rhodopseudomonas palustris strains and their 
ability to adsorb sodium ions. Carbohydr Polym. 115:334–
341. https://doi.org/10.1016/j.carbpol.2014.08.099 

Rhaman MS, Imran S, Karim MM, Chakrobortty J, Mahamud 
MA, Sarker P, Tahjib‑Ul‑Arif M, Robin HK, Ye W, Murata Y, 
Hasanuzzaman M (2021) 5-aminolevulinic acid-mediated 
plant adaptive responses to abiotic stress. Plant Cell Rep. 
40(8):1451-1469. https://doi.org/10.1007/s00299-021-
02690-9 

Samaranayake P, Peiris BD, Dssanayake S (2012) Effect of 
excessive ferrous (Fe

2+
) on growth and iron content in rice 

(Oryza sativa). Int J Agric Biol. 14(2):296-298 
Shrestha J, Kandel M, Subedi S, Shah KK (2020) Role of 

nutrients in rice (Oryza sativa L.): A review. Agrica. 9:53-
62. https://doi.org/10.5958/2394-448X.2020.00008.5 

Sparks DL, Page AL, Helmke PA, Loeppert RH, Soltanpour PN, 
Tabatabai MA, Johnston CT, Sumner ME (1996) Methods 
of soil analysis. Part 3-Chemical Methods. SSSA Book Ser. 
5.3. SSSA, ASA, Madison, WI.  

   https://doi.org/10.2136/sssabookser5.3 
Suzuki Y, Kelly SD, Kemner KM, Banfield JF (2003) Microbial 

populations stimulated for hexavalent uranium reduction 
in uranium mine sediment. Appl Environ Microbiol 
69(3):1337-46. https://doi.org/10. 1128/AEM.69.3.1337-
1346.2003 

Tesfaye F, Liu X, Zheng J, Kun Cheng K, Bian R, Zhang X, Li L, 
Drosos M, Joseph S, Pan G (2021) Could biochar 
amendment be a tool to improve soil availability and plant 
uptake of phosphorus? A meta-analysis of published 
experiments. Environ Sci Pollut Res. 28:34108-34120. 
https://doi.org/10.1007/s11356-021-14119-7 

 
 
 
 
 
 
 
 
 

Tóth G, Guicharnaud RA, Tóth B, Hermann T (2014) 
Phosphorus levels in croplands of the European Union 
with implications for P fertilizer use. Eur J Agron. 55:42-52. 
https://doi.org/10.1016/j.eja.2013.12.008 

Upjohn B, Fenton G, Conyers M (2005) Soil acidity and 
liming. Agfact AC.19, 3rd edition. 

Wang C, Luo D, Zhang X, Huang R, Cao Y, Liu G, Zhang Y, 
Wang H (2022) Biochar-based slow-release of fertilizers for 
sustainable agriculture: A mini review. Environ Sci 
Ecotechnol. 10:1-19. 

   https://doi.org/10.1016/j.ese.2022.100167 
Wiggenhauser M, Bigalke M, Imseng M, Keller A, Rehkämper 

M, Wilcke W, Frossard E (2019) Using isotopes to trace 
freshly applied cadmium through mineral phosphorus 
fertilization in soil-fertilizer-plant systems. Sci Total 
Environ. 648:779–786. 
https://doi.org/10.1016/j.scitotenv.2018.08.127 

Wu L, Zhang S, Chen M, Liu J, Ding X (2021) A sustainable 
option: Biochar addition can improve soil phosphorus 
retention and rice yield in a saline–alkaline soil, Environ 
Technol Innov. 24:1-10. 

    https://doi.org/10.1016/j.eti.2021.102070 
Yan N, Marschner P, Cao W, Zuo C, Qin W (2015) Influence 

of salinity and water content on soil microorganisms. Int. 
Soil Water Conserv Res. 3:316-323. 

   https://doi.org/10.1016/j.iswcr.2015.11.003 
Yang F, Sui L, Tang C, Li J, Cheng K, Xue Q (2021) Sustainable 

advances on phosphorus utilization in soil via addition of 
biochar and humic substances. Sci Total Environ. 768:01-
15. https://doi.org/10.1016/j.scitotenv.2021.145106 

Ye T, Zhang J, Li J, Lu J, Ren T, Cong R, Lu Z, Li X (2021) 
Nitrogen/potassium interactions increase rice yield by 
improving canopy performance. Food Energy Secur. 10(3). 
https://doi.org/10.1002/fes3.295 

Zhang R, Wang Y, Hussain S, Yang S, Li R, Liu S, Chen Y, Wei 
H, Dai Q, Hou H (2022) Study on the Effect of Salt Stress on 
Yield and Grain Quality Among Different Rice Varieties. 
Front Plant Sci 13:918460. 

   https://doi.org/10.3389/fpls.2022.918460 
Zhang W, Wang C, Xue R, Wang L (2019) Effects of salinity on 

the soil microbial community and soil fertility. J Integr 
Agric. 18(6):1360-1368. https://doi.org/10.1016/S2095-
3119(18)62077-5 

https://phongchongthientai.mard.gov.vn/en/Pages/mard-report-on-the-drought-and-saltwater-intrusion-in-mekong-river-delta.aspx
https://phongchongthientai.mard.gov.vn/en/Pages/mard-report-on-the-drought-and-saltwater-intrusion-in-mekong-river-delta.aspx
https://phongchongthientai.mard.gov.vn/en/Pages/mard-report-on-the-drought-and-saltwater-intrusion-in-mekong-river-delta.aspx
https://doi.org/10.1016/S00032670(00)88444-5
https://doi.org/10.1016/j.apsoil.2014.10.005
https://doi.org/10.2136/sssabookser5.3
https://doi.org/10.1007/s11356-021-14119-7
https://doi.org/10.1016/j.scitotenv.2021.145106
https://doi.org/10.1016/S2095-3119(18)62077-5
https://doi.org/10.1016/S2095-3119(18)62077-5

