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INTRODUCTION
Nowadays, the productivity of crops around the world has 
been severely affected by the acid sulfate soils, which are 
mainly found in coastal areas (Lee & Dang, 2019; Hulisz et 
al., 2020; Loc et al., 2021). This soil type accounts for 30% 
of the total soil area and over 50% of farming soil in the world 
(Fanning, 2010; Hulisz et al., 2020). In particular, the acid 
sulfate soil is mainly located in Southeast Asia, West Africa, 
South America, East Australia, and Europe (Andriesse & van 
Mensvoort, 2002). In Vietnam, the total area of acid sulfate 
soil is approximately 1.6 million ha (Tri & van Mensvoort, 
2004), and is found mainly in the Mekong Delta. According 
to Kar et al. (2021), H+ is toxic in acid-sulfate soil by lowering 
soil pH and reducing the availability of soil nutrients (Barrow 
& Hartemink, 2023). At pH 5.0-7.0, microbes mineralize N 
and P, but at pH 3.5-4.0, plants are damaged by H+ and 
more importantly by Al3+ and Fe2+, because when pH is below 
4.0, Fe and Al present under dissolved forms, and low pH 
inhibits processes of hydration, sulfurization, ammoniation 
(Agegnehu et al., 2021; Gondal et al., 2021; Lopes et al., 
2021). 

In addition, the inorganic P source in acid sulfate soils 
is usually immobilized by Al, Ca, and Fe and formed into 
AlPO4•2H2O (Al-P), Ca3(PO4)2 (Ca-P), and FePO4•2H2O (Fe-
P) compounds, these three forms cannot be absorbed by 
plants (Loc et al., 2021; Gerónimo & Aparicio, 2022), while 
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ABSTRACT

The presence of acid sulfate soils is such an obstacle for pineapple cultivation in Vietnam due to their low pH, 
high toxicity and poor nutrient availability, especially phosphorus (P), which is immobilized by cations in the soils. 
Therefore, the study occurred to select purple nonsulfur bacteria (PNSB) strains that can solubilize P under toxic 
and acidic conditions. There were 33 strains that can tolerate the acidic condition, and they were selected and 
tested for viability and P solubilization under conditions containing Al3+, Fe2+, and Mn2+ toxins. Four strains, including 
W15, W39, W42 and W48 suffered from growth inhibition by Al3+, Fe2+ and Mn2+ less than the other strains under 
both microaerobic light and aerobic dark conditions (ML and AD conditions). In addition, there were four strains 
(W15, W25, W42 and W48) solubilizing Al-P well (21.4-25.2 mg L-1), two strains (W23 and W42) solubilizing Fe-P 
well (15.9-17.3 mg L-1), and two strains (W17 and W42) solubilizing Ca-P well (23.0-36.4 mg L-1) under both ML 
and AD conditions. Ultimately, there were five strains selected (W17, W23, W25, W42 and W48) and identified as 
Rhodopseudomonas palustris strain W17 and W23, Cereibacter sphaeroides strain W23, W42 and W48 based 
on the 16S rRNA technique. The selected strains also produced ALA, EPS and siderophores at 1.31-2.19 mg L-1, 
0.78-1.89 mg L-1, and 16.2-55.6%, respectively. Therefore, these strains were promising in providing nutrients for 
pineapples in the form of biofertilizer.
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P in the forms of KH2PO4, Na2HPO4, K2HPO4, Ca(HPO4)2 and Mg(HPO4)2 is more soluble, and can 
be taken up by plants (Rose & Wissuwa, 2012; Chen et al., 2022). The interaction between Fe and 
P generates unavailable soil nutrients on the root surface because Fe gathers there and prevents 
the movement of P into roots (Peng et al., 2021; Chen et al., 2022). Lime fertilization is a well-known 
approach to increasing pH in acid-sulfate soils (Sadiq & Babagana, 2012; Fu et al., 2022). 

Lime precipitates active Al and Fe in soils, and forms insoluble compounds such as aluminum 
hydroxide and iron hydroxide, leading to a reduction in their toxicity in soils (Holland et al., 2018; Fu 
et al., 2022). However, Sade et al. (2016) claimed that applying lime is uncommon in some countries 
where the lime source is insufficient; thereby, the economic efficiency is low. In addition, Mn2+ has been 
proven to reduce plant biomass when applied at 1,000 mg kg-1 (Dziwornu et al., 2018). At the same time, 
the activity of microorganisms may change ions in the soil solution, which accelerates the insoluble P 
metabolism, and creates orthophosphate, or inorganic P metabolism (Siddique et al., 2021; Alyousif, 
2022). By metabolism, microorganisms directly affect the solubilizing and mineralizing processes of 
organic and inorganic P compounds (Dhuldhaj & Malik, 2022). Plants use organic P because of the P 
hydrolysis of extracellular phosphatase produced by their own or by microorganisms (Wan et al., 2021; 
Alyousif, 2022). 

Among beneficial microorganisms, purple nonsulfur bacteria (PNSB) grow well under different 
types of environments, e.g., anaerobic or aerobic conditions (Khuong et al., 2022; Kang et al., 2022), 
or even in conditions containing toxins, such as Al3+, Fe2+ and Mn2+ (Nguyen et al., 2018; Khuong et 
al., 2020a; 2023a). In the PNSB group, some strains can tolerate high concentrations of Al3+, Fe2+, and 
Mn2+ (Khuong et al., 2017; 2020), and have been applied to reduce Al3+, Fe2+ and Mn2+ accumulation 
in rice grains (Khuong et al., 2018; 2020a, 2020b). Moreover, the PNSB can solubilize P by producing 
organic acids, acid phosphatase, and phytase (Lo et al., 2018; Khuong et al., 2018; Wei et al., 2023). 
Therefore, the study was conducted to determine which PNSB strains can solubilize P under toxic and 
acidic conditions.

MATERIALS AND METHODS
Materials 

The Basic Isolation Medium (BIM) was used to isolate PNSB and was made of: 1.0 g (NH4)2SO4, 
0.5 g K2HPO4, 2.0 g NaCl, 5.0 g NaHCO3, 0.2 g MgSO4, 1.5 g yeast extract, 1.5 g glycerol, and 0.03 g 
L-cysteine and distilled water added until 1.0 L in total (Brown, 2013). The pH was adjusted to 6.8 (For 
the solid BIM, 15.0 g agar/L was added and autoclaved at 121°C for 30 min with 1.0 atm pressure. 

Bacteria source: All 120 PNSB strains were isolated from 40 soil samples, 40 ditch slurry samples, 
and 40 ditch water samples in different pineapple farms (Huu et al., 2024).

Methods for determining PNSB strains that can solubilize insoluble P compounds
Selecting bacteria that adapt to conditions contaminated with Al3+, Fe2+, and Mn2+ ions:
Under acidic conditions contaminated with Al3+: Bacteria were assessed in BIM (pH 4.0), with 10% 

of bacteria culture (OD660 = 0.5) and 90% of the medium in a 20.0 mL tube for the ML condition (3,000 
lux), and in a 50.0 mL tube under AD condition (150 rpm, 30 °C). After 48 hr of culture, Al3+ was supplied 
at the concentration of 60.0 mg Al3+ L-1 from an Al3+ 2,500 mg L-1 stock solution prepared from the 
AlCl3•6H2O compound (Khuong et al., 2017). Bacteria were raised in both ML and AD conditions as the 
above.

Under acidic conditions contaminated with Fe2+: The procedure was similar to that for the Al3+ test. 
However, Al3+ was replaced by 2.500 mg L-1 Fe2+ prepared from the FeCl2•6H2O compound. Bacteria 
were cultured as the above, but the final concentration of the bacteria and BIM was 250.0 mg Fe2+ L-1 
(Khuong et al., 2017).

Under acidic conditions contaminated with Mn2+: Similar to the two conditions contaminated with Al3+ 
and Fe2+, Mn2+ was applied at the concentration of 1,100 mg L-1 from the prepared MnCl2•4H2O (10,000 
mg L-1) compound. The bacteria were then cultured as the above (Khuong et al., 2022).

In these cases, bacteria were grown for 48 hr to measure OD660, and any strains obtaining an OD 
over 0.5 were selected for further evaluation.

Selecting bacteria that solubilize P
The P source in the BIM (K2HPO4) was replaced by insoluble P compounds, such as AlPO4•2H2O, 

FePO4•2H2O, and Ca3(PO4)2 whose concentrations were 0.3, 1.0, and 1.0 g L-1, respectively. The bacteria 
and BIM were mixed with a ratio of 10%-to-90% under pH 4.5. Then, the mixture was incubated under 
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ML condition illuminated at 3,000 lux. and under AD condition shaken at 150 rpm at 30°C. After 72 hr of 
culture, 1.0 mL of bacteria culture was centrifuged at 3,000 rpm for 15 min, and the solubilized P content 
was measured by the ascorbic acid method on the spectrophotometer at the 880.0 nm wavelength 
(Murphy & Riley, 1962). 

Methods for selecting bacteria that produce plant growth-promoting substances (PGPS) 
Selecting bacteria that produce ALA (δ-aminolevulinic acid): 

First of all, 10% of bacteria culture that had been cultured in BIM for 48 hr and adjusted to OD660 = 
0.5 was mixed with 90% of BIM (pH 4.0) in a 20.0 mL tube under ML condition (3,000 lux) and in a 50.0 
mL tube under AD condition (150 rpm, 30°C). After 72 hr of culture, the bacteria culture was centrifuged 
at 3,000 rpm for 15 min. Then, 1.0 mL of the centrifuged culture was mixed with 2.0 mL of sodium 
acetate 1.0 M buffer and 50.0 mL of acetylacetone. The mixture was boiled for 15 min and finally added 
with 3.5 mL of Ehrlich indicator, steadily shaken. The ALA content was determined by the colorimetric 
method at the 553.0 nm wavelength (Burnham, 1970).

Selecting bacteria that produce EPS (exopolymeric substances): 
The bacteria culture was prepared as in the ALA test. After 72 hr of culture, the culture was centrifuged 

at 3,000 rpm for 15 min and collected for the supernatant, which was mixed with cold alcohol (4°C) at 
the ratio of 1-to-2.2, and incubated at -20°C to precipitate EPS. Subsequently, after 24 hr of incubation, 
the solution was centrifuged at 3,000 rpm for 15 min to collect the precipitated EPS. The weight of the 
EPS was determined according to Ferreira et al. (2017).

Selecting bacteria that produce siderophores: 
Bacteria were cultured as the above. However, the medium was supplied with succinate (1.0 g L-1) 

and FeCl3.6H2O (0.5 µM), known as the precursor to produce siderophores. After 96 of culture, 2.0 mL 
of culture was centrifuged at 10,000 for 5 min. 0.5 mL of the centrifuge solution was mixed with 0.5 mL 
of indicators, and measured at the 630 nm wavelength by a spectrophotometer. Uninoculated medium 
broth with CAS was served as a reference. The siderophores production was detected via a reduction 
in blue color that was considered as percent siderophores units (SU); 

Ar: Absorbance of reference at 630 nm, As: Absorbance of the supernatant at 630 nm. The indicators 
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 
(gently pour and shake). 4.307 g of Anhydrous piperazine was added to the mixture and adjusted to pH 
= 5.6. Then, distilled water was added, shaken, and added with 0.1017 g of 5-sulfosalicylic acid, then 
added with distilled water until 100 mL in total.

Methods of identifying the selected PNSB
Selected bacteria were cultured for 48 hr in BIM. Subsequently, 2.0 mL of the colony was centrifuged 

at 10,000 rpm for 5 min to collect cells to extract DNA by the Genomic DNA Prep Kit (BioFACT™), 
according to the manufacturer’s instructions. The DNA concentration and integrity were checked on 
1.0% w/v agarose gel electrophoresis. DNA products were amplified at the 16S rRNA coding genes by 
the Polymerase Chain Reaction (PCR) techniques with the forward primer 8 F (5′-AGA GTT TGA TCC 
TGG CTC AG-3′) and the 16S Reverse Primer − 1492 R (5′- GGT TAC CTT GTT ACG ACT T-3′) (Suzuki 
et al., 2003). The PCR followed the description of iProof™ High-Fidelity PCR Kit - Bio-Rad (BioRad, 
Hercules, CA) by T100TM thermocycler (BioRad). The PCR was purified by the TIANquick Midi Purification 
Kit (Tiangen Biotech Ltd., Beijing, China) according to the manufacturer’s instructions. The amplicons 
were checked for integrity on 1.0% w/v agarose gel electrophoresis. The purified PCR products were 
sequenced by the automatic sequencing machine at Macrogen DNA Sequencing Service (Macrogen, 
Seoul, Korea). The sequencing results were analyzed by the BioEdit 7.0.5.3 software, and the 
ChromasPro version 1.7 software (http://technelysium.com.au/wp/chromaspro). The sequences were 
compared to the available ones in the Genbank by the Basic Local Alignment Search Tool (BLAST) of 
the National Center for Biotechnology Information (NCBI).
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Statistical analysis
All experiments were conducted in three replications. The SPSS 13.0 software was used for variance 

analysis (ANOVA), and the Duncan test was used to compare different strains. 

RESULTS
Selection for purple nonsulfur bacteria under conditions contaminated with Al3+, Fe2+, and Mn2+

Selection for bacteria that were viable under the Al3+ condition
All 33 strains were able to survive under Al3+ toxicity at 80 mg L-1. However, the inhibition by the 

Al3+ varied among strains. Under the ML condition, there were 4 strains greatly inhibited by Al3+ (above 
80%), and 7 less inhibited by Al3+ (below 30%). The Al3+ toxicity reduced the growth of W15, W39, W42, 
and W48 strains the least at 20.0%, 20.6%, 23.2%, and 22.7% under ML conditions, while under the AD 
condition, the inhibition values were 13.6%, 18.7%, 22.1%, and 19.2%, respectively (Table 1).

Table 1. The toxicity of Al3+, Fe2+, and Mn2+ restricts the growth of purple nonsulfur bacteria under microaerobic light and aerobic 
dark conditions

Strain
% inhibition by Al3+ % inhibition by Fe2+ % inhibition by Mn2+

Microaerobic 
light

Aerobic dark
Microaerobic 

light
Aerobic dark

Microaerobic 
light

Aerobic dark

W01 79.1b 60.1ab 32.4f-h 43.3i-l 32.2gh 26.1gh

W03 41.1e-i 31.3h-m 81.9a 59.4d-g 36.7b-f 33.8bc

W04 26.0j-l 39.8e-j 79.1a 60.8c-f 32.7fgh 17.7lm

W07 41.6e-i 26.4k-n 57.3bc 30.9n-p 35.9b-g 31.2b-f

W09 46.1de 56.5a-c 81.8a 82.1a 33.9d-g 20.5i-l

W10 38.7h-i 49.4b-e 33.8e-g 70.1bc 43.6a 37.2a

W11 83.3ab 46.8c-f 81.8a 77.9ab 39.6b 27.8efg

W13 27.1jk 60.7ab 31.9f-h 46.4h-k 38.6bc 33.0b

W15 20.0m 13.6o 13.5j 16.0q 21.9kl 10.8o

W16 41.8e-i 42.9d-h 45.6c-e 37.1k-n 37.9bcd 32.3b

W17 57.3c 52.2b-d 61.9b 7.02r 33.7efg 27.6fg

W18 43.7d-i 42.5d-h 18.2i-j 21.9pq 35.7b-g 25.9gh

W19 41.6e-i 66.6a 47.2cd 57.9e-g 32.6fgh 31.4b-e

W20 42.8d-i 29.6i-n 79.1a 69.4bc 32.4gh 21.8ijk

W22 41.0e-i 28.6i-n 50.0bc 54.7f-h 34.0d-g 27.0g

W23 48.1d 40.0e-i 85.1a 65.4c-e 37.3b-e 31.6bcd

W24 58.7c 28.5i-n 22.4g-j 69.6bc 34.9c-g 23.2hi

W25 45.4d-g 28.3i-n 30.4f-i 52.5f-i 36.7b-f 28.0d-g

W26 44.9d-h 24.5k-o 53.3bc 49.9g-j 34.3d-g 30.8b-f

W27 39.1g-i 32.4h-l 59.5b 67.5c-e 24.1d-g 28.3c-g

W28 29.6j 28.1i-n 28.5f-i 50.5g-j 33.0fg 19.2ijk

W29 78.2b 46.9c-f 30.3f-i 25.8o-q 24.1jk 22.3ij

W30 45.6d-f 27.7j-n 37.6d-f 37.2k-n 28.9hi 18.3kl

W33 37.5i 65.4a 30.9f-i 33.4m-o 31.8gh 22.6hij

W34 85.3a 29.9i-n 32.1f-h 68.2cd 27.4ij 18.9jkl

W35 81.8ab 56.0a-c 36.5d-f 42.6j-m 24.4jk 14.3mno

W36 39.5f-i 31.7h-l 34.2e-g 35.2l-o 35.1c-g 18.9jkl

W39 20.6lm 18.7n-o 13.5j 22.0pq 15.8m 11.8no

W41 79.7ab 33.7g-l 37.7d-f 33.0m-o 22.4kl 14.7mn

W42 23.2k-m 22.1l-o 13.0j 22.4pq 15.9m 13.9no

W48 22.7k-m 19.2m-o 19.7h-j 22.1pq 11.1n 11.5no

W55 30.5j 35.2f-k 28.3f-i 31.1n-p 21.2kl 13.8no

W58 84.0ab 45.2c-g 73.3a 67.1c-e 19.9l 14.8mn

Level of 
significance

* * * * * *

CV (%) 7.02 16.3 15.2 11.5 6.98 8.74
Note: W: Water. Different letters following numbers show significant differences via the Duncan test at P<0.05.

Selection for bacteria that were viable under Fe2+ condition
Under the condition contaminated with Fe2+, the 33 strains survived under Fe2+ content at 250 mg 

L-1. Under ML condition, there were 4 PNSB strains with their growth limited by Fe2+ greater than 80%, 
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and 4 strains (W15, W39, W42 & W48) less affected below 20% (13.5%, 13.5%, 13.0% & 19.7%, 
respectively). On the other hand, under the AD condition, the Fe2+ toxicity put a growth limitation on 
these four strains at 16.0%, 22.0%, 22.4%, and 22.1%, respectively (Table 1).

Selection for bacteria that were viable under Mn2+ condition
All 33 strains can live under the presence of 1.100 mg L-1 Mn2+ under both ML and AD conditions. 

The Mn2+ toxicity restricted the growth of bacteria under the ML condition (11.1-43.6%) and under the 
AD condition (10.8-37.2%). Therein, the Mn2+ toxicity slightly inhibited the growth of W39, W42, and 
W48 (below 20%) under both conditions, with 11.1-15.9 and 11.5-13.9%, respectively (Table 1).

After the viability test under toxic conditions, out of 33 strains, 25 strains with low inhibition values 
were selected for further experiment and were listed in Table 2.

Table 2. Al-P, Fe-P, and Ca-P solubilizing capacity of purple nonsulfur bacteria under microaerobic light and aerobic dark conditions

Strain
Al-P (mg L-1) Fe-P (mg L-1) Ca-P (mg L-1)

Microaerobic 
light

Aerobic dark Microaerobic light Aerobic dark
Microaerobic 

light
Aerobic dark

W01 14.5c 22.5d-g 9.51c 16.3ab 20.6cde 19.2k

W03 14.1c 21.1ikl 8.56cde 9.51c 18.2gh 29.0d-h

W04 14.3c 21.5g-k 8.22de 14.9ab 18.5gh 22.0ik

W07 14.3c 21.1kl 9.43c 16.0ab 21.7bc 32.0a-f

W09 14.4c 22.8b-f 8.27de 14.7b 17.8ghi 30.3b-f

W10 14.8c 23.8b 9.00cde 17.2a 22.1ab 27.8e-h

W11 14.0c 21.4h-l 8.95cde 15.9ab 20.4c-f 31.2a-f

W13 13.6c 21.0ikl 9.68c 16.0ab 16.5ik 23.7h-k

W15 22.4a 22.7b-f 8.61cde 16.5ab 20.4c-f 30.6b-f

W16 16.0bc 22.9b-f 9.43c 16.0ab 19.9ef 36.4a

W17 14.2c 23.4bcd 8.85cde 16.8ab 23.0a 30.2b-f

W18 14.4c 23.4bcd 9.14cde 15.9ab 13.3l 33.5a-e

W19 14.3c 22.8b-f 9.00cde 15.9ab 18.3gh 27.0f-i

W20 22.4a 22.1f-i 9.29cd 15.1ab 21.3bcd 34.1a-d

W22 14.4c 19.2m 9.53c 16.8ab 22.1ab 35.6ab

W23 17.8b 20.3l 15.9a 16.7ab 18.1gh 33.7a-d

W24 16.2bc 22.6cf 8.76cde 15.0ab 19.1fg 24.3g-k

W25 15.0c 25.2a 8.71cde 16.5ab 18.2gh 27.8e-h

W26 14.6c 23.6bc 11.3b 15.9ab 18.2gh 31.7a-f

W27 14.6c 21.0ikl 8.71cde 15.7ab 17.7hi 35.0abc

W28 14.5c 21.4g-l 8.13e 17.1ab 20.1def 30.6b-f

W29 15.0c 22.3e-h 9.22cde 16.7ab 18.1gh 29.7c-g

W30 - - - - - -
W33 - - - - - -
W34
W35 - - - - - -
W36 - - - - - -
W39 17.8b 20.8ikl 9.29cd 16.3ab 16.3k 28.7d-h

W41 - - - - - -
W42 21.4a 22.9b-f 8.90cde 17.3a 18.2gh 36.4a

W48 21.6a 23.3b-e 9.00cde 16.0ab 17.2hik 35.6ab

W55 - - - - - -
W58 - - - - - -

Level of 
significance

* * * * * *

CV (%) 9.07 2.60 6.07 7.86 3.86 9.79
Note: W: Water. Different letters following numbers show significant differences via the Ducan test at P<0.05.

Selection for purple nonsulfur bacteria that can solubilize P
Al-P solubilizing capacity

The ability to solubilize P from the Al-P compound among the studied 25 PNSB strains differed 
significantly at 5%. Under ML conditions, the P content solubilized from Al-P fluctuated from 13.6 to 
22.4 mg L-1. Particularly, the W15, W42, and W48 strains reached the greatest Al-P solubilized content 
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under the ML. Under the AD condition, the result was 19.2 - 25.2 mg L-1, in which the W25 strain had 
the greatest Al-P solubilized content (Table 2). 

Fe-P solubilizing capacity
Under ML conditions, solubilized P from Fe-P form was from 8.22 to 15,9 mg L-1. Under AD condition, 

the result was in a range of 9.51 - 17,3 mg L-1. The greatest solubilized Fe-P under the ML condition 
belonged to the W15 strain, 15.9 mg L-1. However, under the AD condition, the W10 and W42 strains 
showed a superior result (17.2-17.3 mg L-1) than the others (Table 2). 

Ca-P solubilizing capacity
All 25 PNSB strains can solubilize Ca-P substance at significantly different content. Under the ML 

condition, the P content solubilized from Ca-P ranged from 13.3 to 23,0 mg L-1. Under the AD condition, 
the solubilized Ca-P fluctuated from 22.0 to 36.4 mg L-1. The W10, W17, and W22 strains performed 
well under the ML condition, while the W07, W11, W16, W18, W20, W22, W23, W26, W27, W42, and 
W48 strains showed great potential under the AD condition (Table 2).

Identification of the selected purple nonsulfur bacteria
The selected strains consisted of W10, W15, W16, W17, W23, W25, W42, and W48 due to their 

ability to well solubilize one of the insoluble P compounds under one of the two conditions. Therein, 
the W17, W23, W25, W42 and W48 strains were identified as Rhodopseudomonas palustris strains 
W17 (OR826288) and W25 (OR826290), and Cereibacter sphaeroides strains W23 (OR826289), W42 
(OR826291) and W48 (OR826292) at 99% similarity (Figure 1). 

Fig. 1. Neighbor-joining phylogenetic trees based on 16S rDNA sequences of four selected PNSB strains compared to the 
closely related strains in the GenBank database including the reference strain Rhodoblastus acidophilus. The percentage levels 
of bootstrap analysis of 1,000 replicates are indicated at each node. Bar, 0.1 substitutions per nucleotide position. Pseudomonas 
aeruginosa strain KSG was used as the outgroup strain. Access numbers of GenBank sequences are implied in brackets.

The ability to produce plant growth-promoting substances of the selected P-solubilizing purple 
nonsulfur bacteria strains

The five PNSB strains can produce PGPS under both ML and AD conditions. They produced ALA at 
1.31-2.19 mg L-1 and 1.53-1.92 mg L-1, EPS at 0.78-1.60 mg L-1 and 0.91-1.89 mg L-1, and siderophores 
at 16.2-28.8% and 42.5-55.6%, as corresponding to the two conditions. Notably, the W42 and W48 
strains produced the greatest amount of PGPS, with ALA of 1.74-2.19 mg L-1, EPS of 1.57-1.89 mg L-1, 
and siderophores of 27.9-55.6% (Table 3).  Therefore, the W42 and W48 strains have exhibited great 
potential in pineapple cultivation and they were used to evaluate for further experiments.

DISCUSSION
The four W15, W39, W42 and W48 strains were selected under conditions contaminated with Al3+, Fe2+ 
and Mn2+ (Table 1). This result is matched with the studies by Khuong et al. (2017, 2022), where strains 
of Rhodopseudomonas palustris TLS12, VNS19, VNS32, VNS62, VNW95, R. harwoodiae TLW42, 
Rhodopseudomonas spp. TLS06, TLW99, VNW64, VNW02, VNS89 and Rhodobacter sp. VNW29 can 
also survive under conditions with the above metal toxicities. This is because strains of PNSB can 



120 Huu et al., 2024

produce EPS, which has functional groups, such as -OH and -COOH to immobilize Al3+, Fe2+, and Mn2+ 
in acid sulfate soils (Khuong et al., 2017, 2020a; Nguyen et al., 2018). However, unlike previous studies 
that selected PNSB from submerged acidic soils, the current study performed the PNSB selection in 
acid-sulfate soils for upland crops.

As reported by Perez et al. (2007) and Batool and Rehman (2017), most bacteria cannot completely 
solubilize all immobilized P or can only solubilize a portion of it for plants (Sulbarán et al., 2009). 
However, in the current study, 25 PNSB strains can produce a great amount of available P from P 
minerals. P was solubilized from AlPO4 greater than that from FePO4 under both ML and AD conditions 
(Table 2). According to Sharma et al. (2013), P exists in soils under the forms of inorganic and organic 
compounds, but under those forms, P is one of the main limiting factors to plant development because 
these P forms are unavailable for plants to use. Inorganic P presents in insoluble mineral complexes 
in soils, P-solubilizing microorganisms such as Pseudomonas and Bacillus carry out the process by 
producing organic acids to reduce pH, or to chelate with metal ions (Al, Ca, and Fe) to release free P 
(Sharma et al., 2013). Organic acids participating in P solubilization by bacteria consisted of gluconic 
acid, propanedioic acid, and 2,3-dimethyl fumaric acid (Elhaissoufi et al., 2022). In addition, organic P 
accounts for 50% of farming soils (Khan et al., 2009). P-solubilizing mechanisms by microorganisms 
included producing enzymes, such as phosphatases, phytase, and C-P lyases, to reduce P from 
phosphodiester or phosphoanhydride linkage of organic compounds, or to cut the C-P linkage of 
organophosphates (Rodriguez et al., 2006; Nannipieri et al., 2011; Richardson & Simpson, 2011). 

Table 3. Content of plant growth-promoting substances produced by purple nonsulfur bacteria under microaerobic light and 
aerobic dark conditions

Strain
ALA (mg L-1) EPS (mg L-1) Siderophores (mg L-1)

Microaerobic light
Aerobic 

dark
Microaerobic light Aerobic dark Microaerobic light

Aerobic 
dark

W17 1.31e 1.53b 0.78b 0.91c 16.6c 42.5b

W23 1.52d 1.72ab 0.86b 1.01c 16.2c 44.9b

W25 1.78c 1.72ab 0.92b 1.01c 23.6b 43.5b

W42 1.96b 1.74ab 1.57a .72b 28.8a 54.7a

W48 2.19a 1.92a 1.60a 1.89a 27.9a 55.6a

Level of 
significance

* * * * * *

CV (%) 8.76 7.06 5.88 9.03 7.44 4.20
Note: W: Water. Different letters following numbers show significant differences via the Ducan test at P<0.05.

Moreover, the W17, W23, W25, W42, and W48 strains can produce siderophores in ranges of 
16.2-28.8 mg L-1 and 42.5-55.6 mg L-1 respectively under ML and AD conditions (Table 3). Likewise, 
Nookongbut et al. (2019) and Khuong et al. (2020b) also reveal that PNSB produces siderophores 
as a mechanism to solubilize P, because siderophores perform greater affinity to Fe, and are widely 
produced by soil microbes. Therefore, siderophores play a role in solubilizing Fe-P or P from Fe minerals 
to provide available P for plants (Hamdali et al., 2008; Sharma et al., 2013). Moreover, EPS produced 
by bacteria also solubilizes Ca-P (Yi et al., 2008). In addition, P. cepacia has been detected to carry the 
gabY gene responsible for P solubilization (Babu-Khan et al., 1995; Timofeeva et al., 2022). Strains of 
Pseudomonas, Bacillus, Rhizobium, Aspergillus, and Penicillium are known as efficient P-solubilizers to 
increase P availability in soils, and PNSB can promote plant growth by producing available P for plants 
(Basu and Phale, 2006; Khuong et al., 2021; Timofeeva et al., 2022). 

Supplying two strains of L. sphaeroides W03 and W11 increased available P content in saline 
soils in Hong Dan-Bac Lieu and Thanh Phu-Ben Tre, Vietnam, leading to greater accumulation of P 
in rice plants and reduced 50% of chemical P fertilizers in comparison with the local recommendation 
fertilizer dose for rice in salt-contaminated acid sulfate soils (Khuong et al., 2021). Previous studies 
have also revealed that PNSB strains, such as R. palustris KKSSR66 and KTSSG55 solubilized P from 
different P sources, such as the Pikovskaya agar medium, with the amount of 11.7-289.3, 96.0-511.7 
and 10.7-602.7 mg L-1 under ML conditions, and 24.7-512.3, 61.0-438.7 and 26.3-557.67 mg L-1 under 
AD condition, corresponding to Al-P, Ca-P and Fe-P compounds (Nookongbut et al., 2019). Moreover, 
the application of solid PNSB biofertilizers reduced the content of insoluble P in alluvial soils in dykes in 
comparison with the treatment without PNSB (Khuong et al., 2023b). According to Khuong et al. (2023c), 
at the same volume of chemical fertilizers, in the treatment with PNSB, contents of Al-P, Fe-P, and Ca-P 
were lower than the treatment with only chemical fertilizers under salt-contaminated conditions. 
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Furthermore, PNSB is also capable of fixing N and solubilizing K for plants (Khuong et al., 2020b; 
2023d; 2024), as well as providing plant growth-promoting substances for plants such as IAA, ALA, 
siderophores and EPS to assist plants to overcome adverse conditions and to improve their productivity 
(Ghosh et al., 2022; Sundar and Chao, 2022; Khuong et al., 2023a).

CONCLUSION 
Five PNSB strains W17, W23, W25, W42, and W48 were selected for their capability of tolerating 
the toxicity from Al3+, Fe2+, and Mn2+, and solubilizing Al-P, Fe-P, and Ca-P, and were identified as 
Rhodopseudomonas palustris strain W17 and W25, Cereibacter sphaeroides strain W23, W42, and 
W48. In particular, the selected strain solubilized Al-P at 14.2-25.2 mg L-1, Fe-P at 8.71-17.3 mg L-1, and 
Ca-P at 17.2-36.4 mg L-1. In addition, these five bacteria strains can also produce PGPS such as ALA, 
EPS, and siderophores at 1.31-2.19 mg L-1, 0.78-1.89 mg L-1, and 16.2-55.6%, respectively under both 
conditions. Therefore, the five strains can be applied to perform the P solubilization in acid sulfate soil, 
and plant growth promotion as well. Thus, they should be tested under greenhouse conditions, and later 
on under field conditions. 
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