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Abstract

Microorganisms are considered a potential source of biofertilizers for mobilizing nutrients
from insoluble mineral potassium (K). This study was conducted to evaluate the effects of
liquid potassium-solubilizing bacteria, Cereibacter sphaeroides M-Sl-09, Rhodopseudomonas
thermotolerans M-So-11, and Rhodopseudomonas palustris M-So-14 (LPS-PNSB), on soil K
content, plant K uptake, growth, and yield of hybrid maize cultivated on alluvial soil in the
dyke-protected area of An Phu, An Giang, Vietnam. Results showed that the application
of LPS-PNSB significantly improved exchangeable soil K from 0.428 to 0.460–0.470 meq
100 g−1, total plant K uptake from 181.5 to 205.8–259.4 kg ha−1, and yield from 11.1 to
12.2–12.6 ton ha−1, compared with the recommended 100% NPK fertilization. The addition
of LPS-PNSB allowed a 100% reduction in K fertilizer compared with the recommended
rate while still maintaining yield. Hybrid maize grain yield further increased when 100%
recommended K was applied in combination with LPS-PNSB, surpassing the yield obtained
with 100% K alone.

Keywords: Cereibacter sp.; exchangeable potassium; potassium uptake; potassium-solubilizing
bacteria; Rhodopseudomonas spp.

1. Introduction
Hybrid maize is a major cereal crop widely used as livestock feed and serves as a

primary source of animal nutrition [1]. The nutritional content of 100 g of hybrid maize
ranges from approximately 380.0 to 400.0 kcals, 1.00 to 3.00 g sugar, 1.00 to 5.00 g fat,
8.00 to 12.0 g protein, 1.21 to 2.23 mg iron, 76.0 to 85.0 g total carbohydrates, 103.0 to
155.0 mg Mg, and 283.0 to 445.0 mg K [2]. In 2021, the global maize cultivation area was
about 205.0 million ha, with an average yield of 5.8 t ha−1, producing 1.20 billion tons. In
2022, the cultivated area decreased to 203.0 million ha, with an average yield of 5.7 t ha−1

and a total production of 1.16 billion tons. However, in 2023, the cultivated area increased
by 1.43% compared with 2021, reaching 208.0 million ha, with an average yield of 5.9 t ha−1

and production of 1.24 billion tons [3].
In Vietnam, maize was cultivated on approximately 800.0 thousand ha, with an

average yield of 5.04 t ha−1 and production of 4.43 million tons in 2023 [3]. Among the
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provinces, An Giang has a relatively large maize cultivation area and production [4]. Maize
in An Giang is mainly cultivated on alluvial soil in dyke-protected areas, which are not
replenished annually by new alluvial deposits as in other alluvial regions [5]. Consequently,
soil nutrient levels are relatively low. Furthermore, unlike rice cultivation, where straw
is returned to the field, maize stover is commonly used as livestock feed after harvest,
resulting in reduced biomass return to the soil [6]. Plant biomass is considered an important
source of K when incorporated into the soil [7]. Moreover, soil K predominantly exists in
insoluble mineral forms that are unavailable to plants [8].

Currently, biotechnology applications in agriculture are being widely adopted world-
wide, and commercialized biotechnological products are increasingly accessible to farm-
ers [9,10]. Among these, the use of microorganisms is considered a promising ap-
proach [11,12]. Potassium-solubilizing bacteria have been isolated and utilized to mo-
bilize K from soil mineral sources [13]. As K in soil is mainly present in insoluble mineral
forms that plants cannot absorb [14], these bacteria secrete organic acids that contribute
to bioweathering, releasing K from mineral surfaces and enhancing K use efficiency in
soils [15,16]. In particular, Rhodopseudomonas spp. and Cereibacter spp., members of the
purple nonsulfur bacteria (PNSB), possess multiple functions, including nitrogen fixation,
phosphate solubilization, and production of plant growth-promoting substances, lipopep-
tides, and exopolymeric substances (EPSs). These properties enable their application in
agriculture as both nutrient providers and biocontrol agents [17–19]. Moreover, their anoxy-
genic photosynthesis provides reducing power that may support organic acid secretion and
mineral weathering [20,21]. However, field-based evidence of the K-solubilizing capacity
of PNSB strains remains scarce. Additionally, the K-solubilizing ability of PNSB has been
demonstrated in a limited number of laboratory and greenhouse studies [22,23]. These
PNSB strains can release K from insoluble mineral forms in soil through organic acid
secretion, thereby increasing soil exchangeable K content [24]. However, for the practical
application and commercialization of K-solubilizing PNSB, more research is needed to
evaluate their efficiency in solubilizing K from minerals and to determine their potential
for reducing chemical K fertilizer use. In the meantime, Cereibacter sphaeroides M-Sl-09,
Rhodopseudomonas thermotolerans M-So-11, and Rhodopseudomonas palustris M-So-14 have
been isolated in the dyke-protected area of An Phu District, An Giang Province, Viet-
nam [25]. They hold promising traits for improving soil nutrient dynamics, plant K uptake,
growth performance, and grain yield of hybrid maize cultivated [25].

The objectives of this research were to determine whether liquid PNSB inoculation
can (i) enhance soil exchangeable K and associated nutrients; (ii) improve plant K up-
take and biomass accumulation; and (iii) maintain or increase grain yield while reducing
chemical K fertilizer inputs. This study aims to contribute practical knowledge toward
sustainable nutrient management and the potential integration of PNSB into commercial
biofertilizer programs.

2. Materials and Methods
2.1. Experimental Materials

Duration: This study was conducted from November 2024 to May 2025.
Location: The experiment was carried out in a farmer’s field belonging to Tran

Thi Nang, Phuoc Hoa Hamlet, Phuoc Hung Commune, An Phu District, An Giang Province,
Vietnam (10◦52′11.6′′ N 105◦05′33.4′′ E), and in the Plant Morphology and Nutrition Labo-
ratory, Faculty of Crop Science, College of Agriculture, Can Tho University.

Maize variety: The hybrid maize cultivar DK6919S (DEKALB Vietnam Co., Ltd., Ho
Chi Minh City, Vietnam) was used, with a growth duration of 90–100 days.



Appl. Microbiol. 2025, 5, 137 3 of 17

Liquid PNSB inoculants: Potassium-solubilizing purple nonsulfur bacteria (LPS-PNSB)
strains in liquid form were used, including Cereibacter sphaeroides M-Sl-09, Rhodopseudomonas
thermotolerans M-So-11, and Rhodopseudomonas palustris M-So-14 [25], preserved at the
Faculty of Crop Science, College of Agriculture, Can Tho University.

Commercial microbial inoculant (CMI): This contained Trichoderma spp. (1 × 108 CFU g−1),
Bacillus subtilis (1 × 108 CFU g−1), and Streptomyces spp. (1 × 108 CFU g−1).

2.2. Experimental Methods

Experimental design: The experiment was arranged in a completely randomized
block design with 12 treatments, four replications, and each plot measuring 20 m2. Treat-
ments were as follows: (i) 100% N, P, K; (ii) 100% N, P + 75% K; (iii) 100% N, P + 50%
K; (iv) 100% N, P + 25% K; (v) 100% N, P + 0% K; (vi) 100% N, P, K + LPS-PNSB;
(vii) 100% N, P + 75% K + LPS-PNSB; (viii) 100% N, P + 50% K + LPS-PNSB; (ix) 100%
N, P + 25% K + LPS-PNSB; (x) 100% N, P + 0% K + LPS-PNSB; (xi) 100% N, P + 75%
K + CMI; (xii) farmer’s fertilization practice (FFP).

Experimental procedure: Maize seeds were surface-sterilized with 70% ethanol for
3 min, followed by 1% sodium hypochlorite for 10 min, then rinsed three times with
sterilized demineralized water. Seeds were incubated in the dark for 24 h for germination.
When germinated, one-third of the seeds were soaked in a liquid suspension of LPS-PNSB
(109 CFU mL−1) for 1 h; one-third in the commercial microbial inoculant; and the remaining
one-third in sterilized distilled water. After soaking, two seeds were sown per hole. The
LPS-PNSB suspension (30 mL) was applied at 10, 20, and 45 days after sowing (DAS),
achieving final bacterial populations theoretically around 5.75 × 104 CFU g−1 dry soil.

Fertilizer recommendations: The recommended fertilizer rate was 200 N–90 P2O5–80 K2O
kg ha−1, applied in four splits: Basal application: entire P dose; 10 DAS: 1/3 N + ½ K2O (as
KCl); 20 DAS: 1/3 N; 45 DAS: 1/3 N + ½ K2O [26]. The farmer’s fertilizer practice (FFP)
was 208 N–41.1 P2O5–114 K2O kg ha−1. Chemical fertilizers: urea (46% N), superphosphate
(16% P2O5, 20% CaO), and potassium chloride (60% K2O) were used.

Crop management: irrigation: plots were irrigated twice per week by pumping water
from the canal; pest and disease management was carried out as needed throughout the
growing season; harvest was conducted when stems and leaves turned yellow and kernels
showed a black layer at the base.

Agronomic trait measurement: Evaluations were conducted at physiological maturity
(R6, ~100 DAS) using 20 representative plants per plot:

• Plant height (cm): measured from the soil surface to the top of the highest leaf.
• Stem diameter (cm): measured at the basal, middle, and upper parts of the stem,

then averaged.
• Number of leaves (leaves plant−1): counted as the total number of leaves per plant.
• Ear set height (cm): measured from the soil surface to the node of the first ear.
• Ear length (cm): measured from the base to the tip of the ear.
• Number of rows per ear (rows ear−1): total number of rows of kernels on each ear.
• Ear diameter (cm): measured at three positions along the ear and averaged.
• Number of kernels per row (kernels row−1): counted on one kernel row of the ear.
• Hundred-kernel weight (g): weight of one hundred kernels from each plot.
• Grain yield (t ha−1): all ears in each plot were harvested, weighed fresh, air-dried,

shelled, and adjusted to 15.5% moisture content.

Dry biomass: Entire plants from each plot were harvested and separated into stems,
leaves, husks, kernels, and cobs. The fresh biomass of each component was recorded. A
10% subsample of fresh biomass was oven-dried at 70 ◦C to constant weight to determine
dry biomass, which was then extrapolated to total biomass.
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Plant nutrient analysis: Potassium content in leaves, stems, husks, cobs, and kernels
at physiological maturity was determined following Houba et al. [27]. Dried, ground
plant samples were digested with concentrated H2SO4, salicylic acid, and 30% H2O2

at 180 ◦C. The digest was diluted to 50 mL with distilled water, and K was measured
using atomic absorption spectrophotometry at 766.5 nm. K uptake in each plant part = K
concentration × dry biomass of that part.

Soil analysis (after the experiment): Chemical properties were analyzed according to
Sparks et al. [28]:

• pH (H2O and KCl) was determined by extracting soil with distilled water and 1.0 M
KCl at a ratio of 1:2.5, then measured with a pH meter. Electrical conductivity (EC)
was measured from the soil–water extract used for pH (H2O).

• Total N was determined by the Kjeldahl method and titrated with 0.01 N H2SO4.
Available N (NH4

+ and NO3
−) was determined from soil extracted with 2.0 M KCl at a

ratio of 1:10, then measured spectrophotometrically at 650.0 and 540.0 nm, respectively.
• Soluble P was determined by Bray II extraction. Total P was determined by digesting

soil with concentrated H2SO4 and HClO4. Insoluble P (Al-P, Fe-P, Ca-P) was extracted
sequentially with 25 mL 0.5 M NH4F, 25 mL 0.1 M NaOH, and 25 mL 2.5 M H2SO4,
respectively. All P fractions were measured spectrophotometrically at 880.0 nm.

• Organic matter was determined by the Walkley–Black method.
• Exchangeable cations (K+, Na+, Ca2+, Mg2+) were extracted with 0.1 N BaCl2 and

measured by atomic absorption spectrophotometry at 766.5, 589.0, 422.7, and 285.5 nm,
respectively. For cation-exchange capacity (CEC), the cation-extracted soil was subse-
quently extracted with 0.02 M MgSO4, and the solution was titrated with 0.01 M EDTA.

• Bacterial density: The density of the PNSB was counted by the most probable number
method [29] in the basic isolation medium specified for PNSB [30]. The CMI counted
total potassium-solubilizing bacteria.

Statistical analysis: Data were compiled using Microsoft Excel 2016 and analyzed using
SPSS 13.0. Treatment means were compared using Duncan’s test at a 5% significance level.

3. Results
3.1. Effects of Liquid Potassium-Solubilizing Purple Nonsulfur Bacteria on Soil Properties of
Alluvial Soil in the Dyke-Protected Area of An Phu, An Giang

As shown in Table 1, treatments with 25–100% K supplemented with LPS-PNSB had
similar pH (H2O) values, which were higher than those in the 75% K + CMI treatment
and the farmer’s fertilization practice (FFP), with values of 7.27–7.32 compared with
7.07–7.08, respectively. In contrast, the highest EC value was recorded in the 75% K + CMI
treatment (0.717 mS cm−1), whereas treatments with LPS-PNSB showed lower values
(0.363–0.400 mS cm−1).

Furthermore, treatments with 50–75% K + LPS-PNSB showed higher contents of
NH4

+, NO3
−, and soluble P than chemical fertilizer-only treatments, with values of

8.49–8.57 > 7.20–7.44 mg kg−1, 61.4–61.6 > 45.5–46.8 mg kg−1, and 147.7–149.8 > 110.3–123.6
mg kg−1, respectively. In addition, Al-P and Fe-P contents in the 25% K + LPS-PNSB
treatment were lower than in chemical fertilizer-only treatments and the FFP, with
341.0 < 435.1–451.9 mg kg−1 (Al-P) and 455.1 < 531.9–553.4 mg kg−1 (Fe-P). However,
Ca-P content in the 75% K + LPS-PNSB treatment was lower than in chemical fertilizer-only
treatments and in the 75% K + CMI treatment, with 125.7 < 142.2–158.4 mg kg−1 (Table 1).

Exchangeable K content in treatments supplemented with LPS-PNSB was similar among
them and higher than in the remaining treatments, with values of 0.460–0.470 > 0.335–0.437 meq
100 g−1, respectively. Similarly, LPS-PNSB supplementation reduced Na+ content compared
with the FFP, with 0.090–0.109 < 0.128 meq 100 g−1 (Table 1). Meanwhile, pH (KCl), CEC,
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organic matter, Ca2+, and Mg2+ contents were similar among treatments, ranging from 6.76
to 7.09, 17.0 to 18.2 meq 100 g−1, 1.09 to 1.19%C, 11.8 to 12.9 meq 100 g−1, and 2.28 to 2.32
meq 100 g−1, respectively (Table 1).

Table 1. Effects of liquid potassium-solubilizing purple nonsulfur bacteria (Cereibacter sp. and
Rhodopseudomonas spp.) on soil properties of alluvial soil in the dyke-protected area under hybrid
maize cultivation in An Phu, An Giang.

Treatment
pHH2O pHKCl EC CEC K+ Na+ Ca2+ Mg2+

- - mS cm−1 meq 100 g−1

100%N-100%P-100%K 7.15 bc 7.09 0.500 b 17.2 0.428 bc 0.140 abc 12.3 2.28
100%N-100%P-75%K 7.13 c 6.90 0.477 b 17.1 0.423 bc 0.153 a 12.9 2.29
100%N-100%P-50%K 7.16 bc 6.92 0.455 bc 17.8 0.427 bc 0.133 bc 12.2 2.30
100%N-100%P-25%K 7.14 bc 6.94 0.501 b 17.4 0.432 bc 0.146 ab 12.2 2.31
100%N-100%P-0%K 7.05 c 6.85 0.470 b 17.1 0.335 d 0.128 cd 12.7 2.30

100%N-100%P-100%K
+ LPS-PNSB 7.32 a 6.95 0.400 d 17.1 0.461 a 0.105 e 12.2 2.29

100%N-100%P-75%K
+ LPS-PNSB 7.29 a 7.02 0.370 d 17.4 0.460 a 0.109 e 12.5 2.30

100%N-100%P-50%K
+ LPS-PNSB 7.31 a 6.79 0.387 d 18.0 0.463 a 0.104 e 12.2 2.31

100%N-100%P-25%K
+ LPS-PNSB 7.27 ab 6.98 0.415 cd 17.9 0.462 a 0.109 e 11.8 2.29

100%N-100%P-0%K
+ LPS-PNSB 7.16 bc 6.85 0.363 d 18.2 0.470 a 0.090 f 12.2 2.30

100%N-100%P-75%K
+ CMI 7.07 c 6.76 0.717 a 17.0 0.409 c 0.116 de 12.3 2.31

FFP 7.08 c 6.80 0.500 b 17.3 0.437 b 0.128 cd 12.5 2.32

Significance * ns * ns * * ns ns
CV (%) 1.14 2.72 7.26 5.31 3.29 7.78 4.55 0.73

Treatment
OM NH4

+ NO3
− Soluble P Al-P Fe-P Ca-P

%C mg kg−1

100%N-100%P-100%K 1.13 7.33 c 45.9 d 123.6 c 435.1 a 548.8 ab 151.3
abc

100%N-100%P-75%K 1.12 7.44 c 46.3 d 112.5 d 449.7 a 552.1 a 152.7 ab

100%N-100%P-50%K 1.12 7.33 c 46.8 d 118.7 cd 448.8 a 531.9 b 154.9 a

100%N-100%P-25%K 1.16 7.36 c 45.6 d 110.3 d 449.2 a 536.3 ab 158.4 a

100%N-100%P-0%K 1.12 7.20 c 45.5 d 113.3 d 451.9 a 540.6 ab 157.3 a

100%N-100%P-100%K
+ LPS-PNSB 1.18 8.45 ab 61.2 a 151.0 b 336.4 c 452.9 e 127.9 ef

100%N-100%P-75%K
+ LPS-PNSB 1.19 8.57 a 61.6 a 149.8 b 345.9 bc 438.6 ef 125.7 f

100%N-100%P-50%K
+ LPS-PNSB 1.16 8.49 ab 61.4 a 147.7 b 361.6 b 476.3 d 139.3

cde

100%N-100%P-25%K
+ LPS-PNSB 1.14 8.33 ab 62.0 a 153.6 b 341.0 c 455.1 e 127.0 ef

100%N-100%P-0%K
+ LPS-PNSB 1.16 7.99 b 59.9 ab 162.9 a 342.5 bc 429.6 g 136.4

def

100%N-100%P-75%K
+ CMI 1.09 7.01 c 52.1 c 113.9 d 346.9 bc 507.2 c 142.2 bc

FFP 1.19 7.14 c 57.9 b 115.9 cd 435.8 a 553.4 a 136.9
def

Significance ns * * * * * *
CV (%) 10.5 4.39 3.91 4.52 3.14 2.24 5.68

Note: In the same column, values followed by different letters are significantly different at the 5% level (*). ns: not
significantly different; LPS-PNSB: a mixture of three strains (Cereibacter sphaeroides M-Sl-09, Rhodopseudomonas
thermotolerans M-So-11, and Rhodopseudomonas palustris M-So-14); CMI: commercial microbial inoculant; FFP:
farmer’s fertilization practice.
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The application of LPS-PNSB resulted in significantly higher bacterial populations
in the maize rhizosphere compared with chemical fertilizer-only treatments (Figure 1).
Soils receiving LPS-PNSB reached bacterial densities of approximately 5.5–5.6 MPN g−1

DSW, statistically higher than both the full NPK treatment and the FFP, which remained
below 3.0 × 104 MPN g−1 DSW. The CMI produced an intermediate population level,
significantly higher than uninoculated treatments but lower than all LPS-PNSB treatments.
No significant differences were observed among LPS-PNSB treatments across the different
K fertilizer rates, indicating that the inoculant was successfully established in the soil
regardless of chemical K input.
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Figure 1. Effects of liquid potassium-solubilizing purple nonsulfur bacteria (Cereibacter sp. and
Rhodopseudomonas spp.) on bacterial density in soil growing hybrid maize in the dyke-protected area
of An Phu, An Giang. Note: Bars with different letters are significantly different at the 5% level. LPS-
PNSB: a mixture of three strains (Cereibacter sphaeroides M-Sl-09, Rhodopseudomonas thermotolerans M-
So-11, and Rhodopseudomonas palustris M-So-14); CMI: commercial microbial inoculant; FFP: farmer’s
fertilization practice; MPN: most probable number; DSW: dry soil weight.

3.2. Effects of Liquid Potassium-Solubilizing Purple Nonsulfur Bacteria on K Uptake in Hybrid
Maize Grown on Alluvial Soil in the Dyke-Protected Area of An Phu, An Giang

Dry biomass: Application of 100% K resulted in higher dry biomass of leaves, stems,
husks, kernels, and cobs compared with the 0% K treatment, with values of 2.95 > 2.73,
2.58 > 2.39, 1.25 > 1.11, 9.85 > 8.95, and 1.34 > 1.25 t ha−1, respectively. Treatments with
50–100% K + LPS-PNSB produced similar leaf dry biomass, which was higher than the
remaining treatments, with 3.74–3.76 > 2.71–3.60 t ha−1. Moreover, stem, husk, and cob
dry biomass in the 75% K + LPS-PNSB treatment were higher than in the 100% NPK,
75% K + CMI, and FFP treatments, with 3.35 > 2.48–2.58 t ha−1, 1.57 > 1.14–1.25 t ha−1,
and 1.62 > 1.20–1.34 t ha−1, respectively. Kernel dry biomass was highest in the 100%
K + LPS-PNSB treatment (11.7 t ha−1). Notably, in the absence of chemical K fertilizer,
the LPS-PNSB treatment had higher dry biomass in all plant parts compared with the
treatment without PNSB supplementation, with 3.55 vs. 2.73 (leaves), 2.87 vs. 2.39 (stems),
1.51 vs. 1.11 (husks), 10.9 vs. 8.95 (kernels), and 1.56 vs. 1.25 t ha−1 (cobs) (Table 2).
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Table 2. Effects of liquid potassium-solubilizing purple nonsulfur bacteria (Cereibacter sp. and
Rhodopseudomonas spp.) on the dry biomass of hybrid maize grown on alluvial soil in the dyke-
protected area of An Phu, An Giang.

Treatment
Dry Biomass (Tons ha−1)

Leaves Stems Husks Kernels Cobs

100%N-100%P-100%K 2.95 c 2.58 e 1.25 d 9.85 e 1.34 c

100%N-100%P-75%K 2.84 d 2.54 ef 1.14 e 9.42 f 1.29 cd

100%N-100%P-50%K 2.84 d 2.52 ef 1.14 e 9.01 g 1.27 d

100%N-100%P-25%K 2.71 e 2.44 gh 1.11 e 8.97 g 1.27 d

100%N-100%P-0%K 2.73 e 2.39 h 1.11 e 8.95 g 1.25 de

100%N-100%P-100%K
+ LPS-PNSB 3.76 a 3.33 a 1.59 a 11.7 a 1.66 a

100%N-100%P-75%K
+ LPS-PNSB 3.74 a 3.35 a 1.57 ab 11.5 b 1.62 ab

100%N-100%P-50%K
+ LPS-PNSB 3.74 a 3.16 b 1.54 bc 11.3 c 1.58 b

100%N-100%P-25%K
+ LPS-PNSB 3.60 b 2.97 c 1.52 bc 11.2 c 1.59 b

100%N-100%P-0%K
+ LPS-PNSB 3.55 b 2.87 d 1.51 c 10.9 d 1.56 b

100%N-100%P-75%K + CMI 2.81 d 2.48 fg 1.25 d 9.73 e 1.31 cd

FFP 2.87 d 2.49 fg 1.14 e 9.07 g 1.20 e

Significance * * * * *
CV (%) 1.59 1.75 2.46 0.93 2.75

Note: In the same column, values followed by different letters are significantly different at the 5% level (*). ns: not
significantly different; LPS-PNSB: a mixture of three strains (Cereibacter sphaeroides M-Sl-09, Rhodopseudomonas
thermotolerans M-So-11, and Rhodopseudomonas palustris M-So-14); CMI: commercial microbial inoculant; FFP:
farmer’s fertilization practice.

Plant K concentration: On soils without K fertilization, LPS-PNSB supplementation
increased K concentrations in leaves (2.47 vs. 2.20%) and in stems, husks, kernels, and cobs
(0.752 vs. 0.708%, 0.730 vs. 0.656%, 0.718 vs. 0.596%, and 0.464 vs. 0.381%), respectively. The
75% K + LPS-PNSB treatment had higher K concentrations in leaves, stems, husks, kernels,
and cobs compared with the 100% NPK and 75% K + CMI treatments, with values of
2.85 > 2.50 > 2.35%, 1.01 > 0.935 > 0.756%, 0.770 > 0.736 > 0.681%, 0.811 > 0.705~0.651%, and
0.466 > 0.376~0.397%, respectively. Moreover, the 50% K + LPS-PNSB treatment resulted in
higher K concentrations in leaves, stems, husks, and kernels than the FFP, with 2.50 > 2.05%,
0.791 > 0.904%, 0.725 > 0.653%, and 0.711 > 0.646%, respectively (Table 3).

K uptake in plant parts: In the 100% NPK treatment, K uptake in leaves, stems, husks,
kernels, and cobs was 73.7, 24.1, 9.26, 69.4, and 5.05 kg ha−1, higher than in the 100% NP
treatment (60.0, 16.9, 7.26, 53.4, and 4.77 kg ha−1, respectively). Treatments supplemented
with LPS-PNSB showed higher K uptake in all plant parts compared with the corresponding
chemical fertilizer-only treatments. Moreover, 75% K + LPS-PNSB resulted in higher K
uptake in leaves, stems, husks, kernels, and cobs than the 75% K + CMI treatment, with
106.7 > 87.6 kg ha−1, 33.8 > 21.6 kg ha−1, 12.1 > 8.54 kg ha−1, 93.5 > 63.3 kg ha−1, and
7.53 > 5.19 kg ha−1, respectively. Similarly, the 100% NP + LPS-PNSB treatment showed
higher K uptake than the 100% NP treatment in leaves (87.6 vs. 60.0 kg ha−1), stems
(21.6 vs. 16.9 kg ha−1), husks (11.0 vs. 7.26 kg ha−1), kernels (78.4 vs. 53.4 kg ha−1), and
cobs (7.22 vs. 4.77 kg ha−1). The total K uptake in treatments with 0–100% K + LPS-PNSB
was higher than in the 100% NPK and FFP treatments, ranging from 205.8 to 259.1 compared
with 153.1–181.5 kg ha−1 (Table 4).
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Table 3. Effects of liquid potassium-solubilizing purple nonsulfur bacteria (Cereibacter sp. and
Rhodopseudomonas spp.) on K concentration in different parts of hybrid maize grown on alluvial soil
in the dyke-protected area of An Phu, An Giang.

Treatment
Plant K Concentration (%)

Leaves Stems Husks Kernels Cobs

100%N-100%P-100%K 2.50 bc 0.935 c 0.736 cd 0.705 cd 0.376 b

100%N-100%P-75%K 2.54 b 0.865 d 0.713 d 0.671 cde 0.379 b

100%N-100%P-50%K 2.41 cd 0.933 c 0.668 e 0.600 f 0.371 b

100%N-100%P-25%K 2.39 cd 0.816 e 0.657 e 0.613 f 0.377 b

100%N-100%P-0%K 2.20 e 0.708 g 0.656 e 0.596 f 0.381 b

100%N-100%P-100%K
+ LPS-PNSB 2.92 a 1.02 a 0.800 a 0.812 a 0.456 a

100%N-100%P-75%K
+ LPS-PNSB 2.85 a 1.01 a 0.770 b 0.811 a 0.466 a

100%N-100%P-50%K
+ LPS-PNSB 2.57 b 1.04 a 0.744 bc 0.766 ab 0.483 a

100%N-100%P-25%K
+ LPS-PNSB 2.50 bc 0.971 b 0.725 cd 0.711 bc 0.467 a

100%N-100%P-0%K
+ LPS-PNSB 2.47 bc 0.752 f 0.730 cd 0.718 bc 0.464 a

100%N-100%P-75%K
+ CMI 2.35 d 0.756 f 0.681 e 0.651 def 0.397 b

FFP 2.05 f 0.904 c 0.653 e 0.646 ef 0.468 a

Significance * * * * *
CV (%) 2.93 2.56 2.59 5.36 4.62

Note: In the same column, values followed by different letters are significantly different at the 5% level (*). ns: not
significantly different; LPS-PNSB: a mixture of three strains (Cereibacter sphaeroides M-Sl-09, Rhodopseudomonas
thermotolerans M-So-11, and Rhodopseudomonas palustris M-So-14); CMI: commercial microbial inoculant; FFP:
farmer’s fertilization practice.

3.3. Effects of Liquid Potassium-Solubilizing Purple Nonsulfur Bacteria on the Growth of Hybrid
Maize Grown on Alluvial Soil in the Dyke-Protected Area of An Phu, An Giang

As shown in Table 5, the tallest plants were recorded in the 100% K + LPS-PNSB
treatment (265.5 cm), while the shortest were in the 100% N, P + 0% K treatment
(241.6 cm). Treatments with 25–100% K + LPS-PNSB had similar ear set height and
stem diameter values, both higher than in chemical fertilizer-only treatments, with
ranges of 106.3–108.0 > 95.3–102.8 cm and 1.33–1.34 > 1.02–1.19 cm, respectively. Leaf
width and number of green leaves per plant in treatments with 0–100% K + LPS-PNSB
were similar among them and higher than in the other treatments, with values of
9.12–9.39 > 8.21–8.44 cm and 10.5–11.0 > 9.15–9.40 leaves, respectively. Additionally, the
50% K + LPS-PNSB treatment produced greater leaf length than the 100% NPK and FFP
treatments, with 84.5 vs. 80.9–81.3 cm. In contrast, differences in ear set leaf position among
treatments were not statistically significant, ranging from 6.95 to 7.47. Furthermore, the
total number of leaves per plant in the 75% K + LPS-PNSB treatment was higher than in
the FFP and the 75% K + CMI treatment, with 14.1 > 13.2–13.3 leaves.

3.4. Effects of Liquid Potassium-Solubilizing Purple Nonsulfur Bacteria on the Yield of Hybrid
Maize Grown on Alluvial Soil in the Dyke-Protected Area of An Phu, An Giang

Yield components: Application of 100% NPK resulted in longer ear length and larger
ear diameter compared with the 0% K treatment, with values of 17.5 vs. 15.6 cm and
3.70 vs. 3.38 cm, respectively. Treatments with 0–100% K + LPS-PNSB produced similar
ear length, cob length, and number of kernels per row, all higher than the 100% NPK
treatment, with 18.4–18.9 > 17.5 cm, 17.9–18.2 > 16.8 cm, and 38.4–39.6 > 36.4 kernels,
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respectively. Ear diameter was similar among treatments supplemented with LPS-PNSB,
CMI, and the FFP, ranging from 3.76 to 3.86 cm. Cob diameter was higher in the 50–75%
K + LPS-PNSB treatments compared with chemical fertilizer-only treatments, with values
of 2.20–2.26 > 2.01–2.11 cm, respectively. The number of rows per ear and 100-kernel weight
did not differ significantly among treatments, ranging from 12.8 to 14.0 rows and 33.0 to
34.8 g, respectively (Table 6).

Table 4. Effects of liquid potassium-solubilizing purple nonsulfur bacteria (Cereibacter sp. and
Rhodopseudomonas spp.) on K uptake of hybrid maize grown on alluvial soil in the dyke-protected
area of An Phu, An Giang.

Treatment
Plant K Uptake (kg ha−1) Total K Uptake

(kg ha−1)Leaves Stems Husks Kernels Cobs

100%N-100%P-100%K 73.7 d 24.1 c 9.26 d 69.4 d 5.05 c 181.5 e

100%N-100%P-75%K 72.4 de 22.0 d 8.13 ef 63.1 de 4.88 c 170.4 f

100%N-100%P-50%K 68.4 ef 23.5 cd 7.64 fg 54.1 f 4.72 c 158.3 gh

100%N-100%P-25%K 64.9 f 19.9 e 7.25 g 55.0 f 4.78 c 151.8 h

100%N-100%P-0%K 60.0 g 16.9 f 7.26 g 53.4 f 4.77 c 142.3 i

100%N-100%P-100%K
+ LPS-PNSB 109.8 a 33.9 a 12.7 a 95.1 a 7.57 a 259.1 a

100%N-100%P-75%K
+ LPS-PNSB 106.7 a 33.8 a 12.1 b 93.5 a 7.53 a 253.4 a

100%N-100%P-50%K
+ LPS-PNSB 96.1 b 32.7 a 11.4 c 86.5 b 7.65 a 234.4 b

100%N-100%P-25%K
+ LPS-PNSB 89.9 c 28.8 b 11.0 c 80.0 c 7.42 a 217.2 c

100%N-100%P-0%K
+ LPS-PNSB 87.6 c 21.6 d 11.0 c 78.4 c 7.22 a 205.8 d

100%N-100%P-75%K
+ CMI 66.1 f 18.8 e 8.54 e 63.3 de 5.19 bc 161.9 g

FFP 58.9 g 22.4 dc 7.43 g 58.6 ef 5.65 b 153.1 h

Significance * * * * * *
CV (%) 3.60 3.36 3.83 5.91 5.58 2.52

Note: In the same column, values followed by different letters are significantly different at the 5% level (*). ns: not
significantly different; LPS-PNSB: a mixture of three strains (Cereibacter sphaeroides M-Sl-09, Rhodopseudomonas
thermotolerans M-So-11, and Rhodopseudomonas palustris M-So-14); CMI: commercial microbial inoculant; FFP:
farmer’s fertilization practice.

Table 5. Effects of liquid potassium-solubilizing purple nonsulfur bacteria (Cereibacter sp. and
Rhodopseudomonas spp.) on growth traits of hybrid maize grown on alluvial soil in the dyke-protected
area of An Phu, An Giang.

Treatment

Plant
Height

Ear Set
Height

Stem
Diameter

Leaf
Length

Leaf
Width

Ear Set Leaf
Position

Green Leaf
Number

Total Leaf
Number

cm Leaves

100%N-100%P-100%K 259.2 c 101.6 bc 1.19 b 80.9 b 8.36 b 7.06 9.20 b 13.5 ab

100%N-100%P-75%K 252.6 de 102.8 b 1.15 b 80.5 bc 8.44 b 7.43 9.15 b 13.7 ab

100%N-100%P-50%K 247.5 f 102.0 bc 1.13 b 78.4 a 8.40 b 7.10 9.15 b 13.0 bc

100%N-100%P-25%K 245.4 fg 101.7 bc 1.11 b 78.5 a 8.24 b 7.00 9.30 b 12.4 cd

100%N-100%P-0%K 241.6 h 95.3 d 1.02 c 79.3 bc 8.48 b 7.15 9.40 b 12.3 cd

100%N-100%P-100%K
+ LPS-PNSB 265.5 a 106.8 a 1.34 a 83.8 a 9.39 a 7.15 10.8 a 13.6 ab

100%N-100%P-75%K
+ LPS-PNSB 261.8 b 108.0 a 1.34 a 84.4 a 9.35 a 7.16 10.6 a 14.1 a



Appl. Microbiol. 2025, 5, 137 10 of 17

Table 5. Cont.

Treatment

Plant
Height

Ear Set
Height

Stem
Diameter

Leaf
Length

Leaf
Width

Ear Set Leaf
Position

Green Leaf
Number

Total Leaf
Number

cm Leaves

100%N-100%P-50%K
+ LPS-PNSB 254.2 d 106.3 a 1.33 a 84.5 a 9.34 a 6.95 11.0 a 13.5 ab

100%N-100%P-25%K
+ LPS-PNSB 247.1 fg 107.4 a 1.34 a 83.6 a 9.32 a 7.20 10.5 a 13.4 ab

100%N-100%P-0%K
+ LPS-PNSB 244.7 f 99.4 c 1.10 b 85.9 a 9.12 a 7.15 10.6 a 12.1 d

100%N-100%P-75%K
+ CMI 251.4 e 102.5 bc 1.18 b 80.9 b 8.21 b 7.47 9.40 b 13.2 b

FFP 250.8 e 102.2 bc 1.33 a 81.3 b 8.39 b 7.10 9.30 b 13.3 b

Significance * * * * * ns * *
CV (%) 0.656 2.01 4.49 1.73 2.89 3.76 5.09 3.46

Note: In the same column, values followed by different letters are significantly different at the 5% level (*). ns: not
significantly different; LPS-PNSB: a mixture of three strains (Cereibacter sphaeroides M-Sl-09, Rhodopseudomonas
thermotolerans M-So-11, and Rhodopseudomonas palustris M-So-14); CMI: commercial microbial inoculant; FFP:
farmer’s fertilization practice.

Table 6. Effects of liquid potassium-solubilizing purple nonsulfur bacteria (Cereibacter sp. and
Rhodopseudomonas spp.) on yield components of hybrid maize grown on alluvial soil in the dyke-
protected area of An Phu, An Giang.

Treatment
Ear Length Ear

Diameter

Number of
Rows

per Ear

Cob
Length

Cob
Diameter

Number of
Kernels
per Row

100-Kernel
Weight

cm Rows cm Kernels gram

100%N-100%P-100%K 17.5 bc 3.70 a 13.5 16.8 bc 2.11 cdef 36.4 d 33.9
100%N-100%P-75%K 17.3 bc 3.68 a 13.3 16.4 c 2.10 cdef 36.1 d 33.6
100%N-100%P-50%K 16.8 cd 3.38 b 13.7 16.2 c 2.06 efg 36.6 d 33.1
100%N-100%P-25%K 16.5 d 3.30 b 12.8 16.1 c 2.01 f 36.4 d 33.9
100%N-100%P-0%K 15.6 e 3.38 b 13.3 15.3 c 2.03 fg 36.4 d 33.3

100%N-100%P-100%K
+ LPS-PNSB 18.7 a 3.86 a 13.5 18.1 a 2.26 a 39.6 a 34.0

100%N-100%P-75%K
+ LPS-PNSB 18.6 a 3.83 a 13.7 17.9 a 2.21 ab 38.8 ab 34.8

100%N-100%P-50%K
+ LPS-PNSB 18.9 a 3.78 a 13.4 18.0 a 2.20 ab 38.7 ab 34.6

100%N-100%P-25%K
+ LPS-PNSB 18.6 a 3.84 a 13.5 17.9 a 2.17 bcd 39.5 a 33.1

100%N-100%P-0%K
+ LPS-PNSB 18.4 a 3.78 a 14.0 18.2 a 2.09 def 38.4 abc 33.7

100%N-100%P-75%K
+ CMI 17.7 b 3.76 a 13.7 17.2 b 2.14 bcde 37.6 bcd 33.1

FFP 16.9 cd 3.77 a 13.5 16.3 c 2.18 abc 37.0 cd 33.2

Significance * * ns * * * ns
CV (%) 2.37 3.17 5.69 2.45 2.44 2.58 2.85

Note: In the same column, values followed by different letters are significantly different at the 5% level (*). ns: not
significantly different; LPS-PNSB: a mixture of three strains (Cereibacter sphaeroides M-Sl-09, Rhodopseudomonas
thermotolerans M-So-11, and Rhodopseudomonas palustris M-So-14); CMI: commercial microbial inoculant; FFP:
farmer’s fertilization practice.

Grain yield: Treatments with 25–100% K + LPS-PNSB achieved similar grain
yields, all higher than the 100% K (recommended rate) and FFP treatments, with
12.2–12.6 > 9.90–11.1 t ha−1. The 75% K + LPS-PNSB treatment produced higher grain
yield than the 75% K + CMI treatment at the same K level, with 12.2 > 10.1 t ha−1. No-
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tably, the 0% K + LPS-PNSB treatment achieved a grain yield equivalent to the 100% NPK
treatment (11.7 vs. 11.1 t ha−1) (Figure 2).
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Figure 2. Effects of liquid potassium-solubilizing purple nonsulfur bacteria (Cereibacter sp. and
Rhodopseudomonas spp.) on grain yield of hybrid maize grown on alluvial soil in the dyke-protected
area of An Phu, An Giang. Note: Bars with different letters are significantly different at the 5% level.
LPS-PNSB: a mixture of three strains (Cereibacter sphaeroides M-Sl-09, Rhodopseudomonas thermotoler-
ans M-So-11, and Rhodopseudomonas palustris M-So-14); CMI: commercial microbial inoculant; FFP:
farmer’s fertilization practice.

4. Discussion
The application of liquid potassium-solubilizing purple nonsulfur bacteria (LPS-PNSB)

demonstrated notable effects on soil nutrient availability, plant K uptake, and grain yield
of hybrid maize cultivated on alluvial soil in the dyke-protected area of An Phu District,
An Giang Province, Vietnam. The findings support the potential role of PNSB as a com-
plementary or partial substitute for chemical K fertilization, yet several mechanistic and
environmental factors must be considered for accurate interpretation.

4.1. Soil Properties of Alluvial Soil in the Dyke-Protected Area Under Hybrid Maize Cultivation

The addition of LPS-PNSB allowed a 100% reduction in chemical K fertilizer while
increasing soil exchangeable K by 7.48–9.81% compared with 100% NPK, due to their ability
to solubilize K from insoluble soil minerals (Table 1). Potassium-solubilizing microorgan-
isms act directly through H+ release, secretion of organic acids, and complexation with
Al3+, Fe2+, and Si4+. The H+ ions from organic acids displace K+ in clay mineral lattices,
releasing K into the soil solution [31]. For example, Burkholderia sp. PKS041 has been shown
to solubilize K by secreting organic acids such as gluconic acid (2.793 mmol L−1) and oxalic
acid (1.292 mmol L−1), which strongly complexes Al3+ and Fe3+, thereby breaking down sil-
icate mineral structures and releasing K+. Additional acids such as acetic (1.527 mmol L−1),
pyruvic (0.856 mmol L−1), and lactic acid (0.700 mmol L−1) further contribute to mineral
solubilization through acidification and ion-exchange mechanisms [32,33].

In addition, LPS-PNSB supplementation increased NH4
+ (9.00–16.9%), NO3

− (30.5–35.1%),
and soluble P (19.5–31.8%) compared with 100% NPK (Table 1). The strains Cereibacter
sphaeroides M-Sl-09, Rhodopseudomonas thermotolerans M-So-11, and Rhodopseudomonas palus-
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tris M-So-14 have been confirmed to fix N, solubilize P, and secrete plant growth-promoting
substances such as IAA, ALA, and siderophores [25]. The presence of the nifH gene fur-
ther confirms the biological nitrogen fixation potential of PNSB [34]. This explains the
observed increase in available soil nutrients under LPS-PNSB treatments, consistent with
mechanisms of N fixation and P solubilization reported by Thu et al. [22]. Similarly, Trong
et al. [35] demonstrated that Rhodopseudomonas spp. increased available N (14.8%), soluble
P (18.5%), and exchangeable K (40.6%), while decreasing Al-P (41.4%), Fe-P (17.1%), and
Ca-P (25.2%) compared with no bacterial inoculation. In the present study, LPS-PNSB
reduced insoluble P fractions, with Al-P decreasing by 20.5–26.0% and Fe-P by 16.2–26.1%,
while enabling a 25–50% reduction in chemical K fertilization (Table 1).

The elevated bacterial populations observed in the LPS-PNSB treatments confirm
successful establishment and proliferation of the applied inoculants in the rhizosphere
(Figure 1). The superior population densities relative to the commercial microbial product
suggest that the PNSB strains adapted effectively to the field environment and may have
been more competitive or metabolically suited to the soil conditions. That LPS-PNSB
populations remained high even under 0% chemical K fertilization indicates that the
introduced bacteria were not dependent on added mineral K for establishment. However,
although BIM, a PNSB-specific medium [30], was used, molecular tracking in future studies
would be valuable to confirm colonization dynamics of each inoculated strain and to link
population behavior more directly to soil nutrient transformations and plant responses.

Altogether, LPS-PNSB significantly increased soil exchangeable K, NH4
+, NO3

−, and
soluble P, and bacterial density, compared with chemical fertilizer-only treatments. These
effects are consistent with the known functional traits of Cereibacter sphaeroides, Rhodopseu-
domonas thermotolerans, and Rhodopseudomonas palustris, including nitrogen fixation, phos-
phate solubilization, and potential release of organic acids that mobilize mineral-bound
K [25,36,37]. The observed reductions in Al-P and Fe-P fractions suggest enhanced P
transformation into more plant-available forms. While organic acid secretion is a plausible
mechanism, direct quantification was not conducted in this study, and thus mechanistic
attribution remains inferential.

4.2. Potassium Uptake in Hybrid Maize Grown on Alluvial Soil in the Dyke-Protected Area

Supplementation with 0–100% K + LPS-PNSB improved K uptake in leaves (48.7–86.4%),
stems (28.6–51.3%), husks (48.0–70.9%), kernels (33.8–62.3%), and cobs (27.8–35.4%), and
increased total K uptake by 34.4–69.2% compared with the FFP, except in stems under the
0% K treatment (Table 4). Similarly, inoculation with Pseudomonas fluorescens improved dry
biomass of stems and leaves (80.9%) and roots (112.5%), while increasing K concentration
in stems and leaves (39.0%) and roots (66.0%) compared with uninoculated plants [38].
Moreover, potassium-solubilizing bacteria increased maize biomass by 32.0% compared
with uninoculated plants [39]. Pantoea agglomerans KSB37 and Rahnella aquatilis KSB39
enabled a 50% reduction in chemical K fertilizer while maintaining K uptake in both
kernels and stover equivalent to 100% K fertilization [40]. In addition, Acinetobacter baumanii
JHKSB4 combined with mica increased total K uptake by 30.0% in wheat and 20.3% in
rice compared with uninoculated controls [41]. Likewise, Phares et al. [42] reported that
potassium-solubilizing bacteria enhanced K uptake in maize compared with 100% NPK for
two consecutive years, with increases of 31.6% in 2020 and 18.4% in 2021, while reducing
chemical fertilizer input by 50%. Bacillus cereus inoculation increased available soil K and
enhanced K uptake in potato tubers by 62.0% compared with uninoculated controls [43].
Similarly, co-inoculation of Bacillus licheniformis and Aspergillus violaceofuscus solubilizing
K–mica improved shoot and root biomass as well as K concentration in tomato plants [44].
Therefore, supplementation with potassium-solubilizing microorganisms enhances crop
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biomass and improves K concentration and uptake in multiple plant organs, confirming
their crucial role in optimizing K use efficiency and promoting crop growth.

4.3. Growth of Hybrid Maize Grown on Alluvial Soil in the Dyke-Protected Area

Inoculation with Pantoea ananatis KM977993, Rahnella aquatilis KM977991, or Enterobac-
ter sp. KM977992 improved the plant height, stem diameter, root length, and leaf area of
rice by 4.09–10.8%, 4.07–10.4%, 8.00–13.1%, and 19.8–21.4%, respectively, compared with
uninoculated controls [45]. Similarly, in the present study, 25% reduction in chemical K
combined with LPS-PNSB increased plant height, leaf length, leaf width, and number
of green leaves per plant compared with 100% NPK, by 1.00%, 4.33%, 11.8%, and 15.2%,
respectively (Table 5). Potassium-solubilizing bacteria isolated from tea soil produced
plant growth-promoting hormones IAA and GA3, with Bacillus subtilis producing 186.5 µg
IAA mL−1 and 12.2 µg GA3 mL−1, Burkholderia cepacia 200.1 µg IAA mL−1 and 13.0 µg
GA3 mL−1, and Pseudomonas putida 263.3 µg IAA mL−1 and 14.9 µg GA3 mL−1 [46]. Simi-
larly, inoculation with Acinetobacter pittii L4/1 improved rice plant height by 14.2% under
normal conditions, 7.41% under 4 dS m−1 salinity, 34.0% under 8 dS m−1, and 34.3%
under 12 dS m−1 [47]. Likewise, Klebsiella oxytoca KSB17 increased maize plant height
and root length by 5.18% and 7.93%, respectively, compared with uninoculated controls
under 100% K fertilization [48]. These findings indicate that LPS-PNSB not only improved
morphological traits such as plant height, leaf length, leaf width, and leaf number but also
contributed to enhanced root and stem development. Such improvements highlight the
role of LPS-PNSB in promoting plant growth and establishing the foundation for higher
yield and quality in sustainable crop production. In other words, maize plants treated
with LPS-PNSB exhibited increased K uptake across all tissues, accompanied by improve-
ments in plant height, stem diameter, leaf area, and ear development. These benefits may
arise from combined effects of nutrient mobilization, increased nitrogen availability, and
production of plant growth-promoting substances such as IAA [36]. However, because
PNSB colonization was assessed only through total culturable population counts rather
than strain-specific detection, the degree of root-associated colonization by the inoculated
strains could not be confirmed. This limitation restricts the ability to directly link plant
responses to specific microbial activities.

4.4. Grain Yield of Hybrid Maize Grown on Alluvial Soil in the Dyke-Protected Area

LPS-PNSB supplementation increased ear length and number of kernels per row com-
pared with treatments without PNSB (Table 6). Similarly, Goswami and Maurya [49] found
that reducing chemical K fertilizer by 50% combined with inoculation of KSB2 increased
ear length, rows per ear, and kernels per ear by 21.1%, 23.9%, and 56.9% in 2017, and
22.0%, 20.6%, and 88.0% in 2018, respectively, thereby increasing maize grain yield by 70.9%
(2017) and 75.5% (2018). In the present study, application of 25–100% recommended K with
LPS-PNSB increased grain yield by 12.6% compared with 100% K (Figure 2). Furthermore,
potassium-solubilizing bacteria combined with 25–50% reduction in chemical K increased
grain yield by 20.3–31.6% compared with 100% K fertilization alone [50]. These results
suggest that LPS-PNSB act as effective bio-agents for enhancing K use efficiency in maize,
optimizing nutrient allocation for kernel formation and accumulation. In the context of
rising potassium fertilizer costs and environmental impacts of overuse, partial substitution
of chemical K with LPS-PNSB ensures yield maintenance while promoting sustainable
agriculture. This result aligns with previous reports of PNSB enhancing nutrient use
efficiency in other cropping systems [51–53]. Therefore, the findings of this study both
have practical implications for sustainable maize production and highlight the potential of
microbial inoculants in future nutrient management strategies. Nonetheless, the magnitude
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of fertilizer reduction observed here should be interpreted cautiously, as it derives from a
single season under favorable environmental conditions.

5. Conclusions
Supplementation with liquid potassium-solubilizing purple nonsulfur bacteria (LPS-

PNSB) improved soil nutrient availability, plant growth, and yield of hybrid maize culti-
vated on alluvial soil in the dyke-protected area of An Phu, An Giang Province. Specifically,
LPS-PNSB enhanced soil exchangeable K, NH4

+, NO3
−, and soluble P contents, while re-

ducing insoluble P fractions (Al-P and Fe-P). This contributed to improved nutrient uptake,
particularly K uptake, in leaves, stems, husks, kernels, and cobs. In addition, LPS-PNSB
inoculation increased plant height, ear set height, stem diameter, leaf size, and number of
leaves per plant. Yield components such as ear length and number of kernels per row were
also enhanced, leading to higher grain yield compared with chemical fertilizer-only treat-
ments. Notably, even without chemical K fertilization, inoculation with LPS-PNSB resulted
in grain yield equivalent to that of 100% NPK application. Overall, the results demonstrate
that LPS-PNSB can effectively replace a significant portion of chemical K fertilizer, thereby
improving fertilizer use efficiency, reducing production costs, and contributing to sustain-
able maize cultivation on alluvial soils. However, there are several limitations such as a
single one-site season and lack of strain-specific colonization, mineralogical forms of soil
K, and environmental factors influencing PNSB activities. Therefore, future work should
involve multi-season and multi-location trials, molecular verification of strain colonization,
soil mineralogical analyses, and monitoring of environmental conditions that affect PNSB
performance. Such studies will help clarify the mechanisms underlying PNSB-mediated K
mobilization and refine recommendations for agricultural use.
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