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ABSTRACT

Acid sulfate soils are limiting the productivity of pineapples (Ananas comosus (L.) Merr. var. comosus) by
lacking available P content. This study aims to evaluate the potency of P-solubilizing bacterial endophytes,
Burkholderia silvatlantica L-VT09 and N-VTO06, on acid sulfate soil properties and features of pineapples
grown in that soil. The two-factor experiment was arranged according to a completely randomized block
design. One factor was P fertilizer levels: 25% P, 50% P, 75% P, and 100% P; the other was
supplementations of P-solubilizing bacterial endophytes: No supplementations, individual supplementation
of L-VTO09, individual supplementation of N-VT06, and mixed supplementation of both L-VT09 and N-
VTO06. The result revealed that supplying the mixture of B. silvatlantica L-VT09 and N-VT06 did improve
the soil fertility as increasing available P content and bacterial density (12.6 mg P kg and 3.82 most
probable number g dry soil weight, respectively), P uptake (19.2 kg ha*), growth as boosting plant height
(8.30 cm), leaves number per plant (6.60 leaves plant?), D-leaf length and width (2.80 and 0.32 cm,
correspondingly), stem size (3.40 cm in length and 0.44 cm in diameter), yield components as enhancing
fruit length and fruit diameter (3.50 and 1.46 cm, sequentially), yield (11.5 t ha't), and pineapple fruit quality
as ameliorating sugar content (1.71 °Brix) and water content (166.4 mL), in comparison with the no bacteria
supplied case. Supplying the mixture of B. silvatlantica L-VT09 and N-VTO06 altered 75% P but still
maintained pineapple yield.

Keywords: Acid sulfate soil, Ananas comosus var. comosus, bacterial endophytes, Burkholderia
silvatlantica, pineapple, phosphorous-solubilizing.

INTRODUCTION

Phosphorous (P) is one of the most essential macronutrients, playing an important role in plant development
(Divjot et al., 2021). However, the cycle of P is different from other important nutrients, such as N and C,
because it does not go through gaseous forms, such as N or CO, (Percival et al., 2020). Furthermore, P
within agricultural soils is usually limited due to bonds between P and cations, creating insoluble compounds
(Elhaissoufi et al., 2021). Strengite (FePO4-2H,0) and variscite (AIPO4-2H,0), tricalcium phosphate
(Caz(POs4)2), dicalcium phosphate (CaHPOQ,), dicalcium phosphate dihydrate (CaHPQO4-H,0), fluorapatite
(Cas(PO4)sF), hydroxyapatite (Cas(PO4)sOH), and octacalcium phosphate (CasH(POa)s-2-5H,0) have been
found to be common P minerals (Yadav and Verma, 2012). Although fertilizing chemical P is advised to
manage soil P deficiency, the usage potency of chemical P in soils is low, only 10%-25% (Etesami, 2020),
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which restricts providing available P for plants (Etesami and Jeong, 2021). Nevertheless, using
chemical P fertilizers over recommendations affects the environment (Etesami and Jeong, 2021) and
may be immobilized by oxides of Al, Fe, and Ca in soils that plants are unable to take (Divjot et al.,
2021). Thus, many approaches have been applied to solubilize soil-insoluble P for plants to absorb.
Among these approaches, utilizing P-solubilizing bacterial endophytes is a promising one
(Elhaissoufi etal., 2021). Some P-solubilizing bacteria, such as Arthrobacter, Bacillus, Burkholderia,
Pseudomonas, Rhizobium, and Serratia, have been determined to be beneficial to plants via
enhancing P use efficiency (Divjot et al., 2021). According to Kim et al. (2021), P-solubilizing
bacteria, the Methylobacterium sp. strain PS and Caballeronia sp. strain EK ameliorated the growth
of tomatoes in acid sulfate soil. A strain of B. silvatlantica has been proven as an endophyte of
pineapples (da Silva et al., 2020). Bacterial endophytes are known to be capable of enhancing the
growth and development of plants (Santoyo et al., 2016). The P-solubilizing bacteria have the
potential to be used as a biofertilizer, stimulating the development of plants grown in the acid sulfate
soil by improving the P uptake (Kim et al., 2021). Biofertilizers are an environmentally friendly and
sustainable approach to alter chemical P fertilizer (Chandran et al., 2021) and are an option for
maintaining the available P content in soils (Flatian et al., 2021). Some bacterial strains have been
applied as biofertilizers and are commercialized industrially, such as Bacillus, Pseudomonas,
Enterobacter, and Azospirillum (Rai et al., 2020). In the study by Rana et al. (2021), some endophytic
bacteria, such as Pseudomonas brenneri, Ewingella americana, and Pantoea agglomerans, have been
found to be capable of solubilizing P. Etesami and Jeong (2021) reported that P-solubilizing bacteria
improve soil fertility, enhancing P availability and P uptake in plants. Thus, the application of P-
solubilizing bacteria can help reduce the chemical P fertilizer while still supporting crop growth and
yield (Rafi et al., 2019) and also soil fertility (Dhankhar et al., 2013). Therefore, this study was
conducted to determine the efficiency of P-solubilizing bacterial endophytes, the Burkholderia
silvatlantica L-VT09 and N-VTO06, on improvements of an acid sulfate soil fertility, and the P uptake,
growth, yield, and fruit quality of pineapples cultivated in the soil as well. The bacteria mixture was
hypothesized to reduce the applied chemical P fertilizer and positively affect the fertility of acid sulfate
soil and the growth and yield of pineapples.

MATERIALS AND METHODS

The experiment was conducted in an acid sulfate soil, whose properties are shown in Table 1 from February
2021 to June 2022. The “Queen” pineapple (Ananas comosus (L.) Merr. var. comosus) was selected for the
experiment, with supplements from biofertilizers and chemical fertilizers. Strains of P-solubilizing bacterial
endophytes Burkholderia silvatlantica L-VT09 and N-VTO06 were isolated and screened from roots and
stems of pineapple plants cultivated in the acid sulfate soil (Khuong et al., 2022) and stored at -80 °C in the
Faculty of Crop Science, College of Agriculture, Can Tho University. The two strains had been activated
before being used. Types of chemical fertilizers used for pineapple included urea (46.3% N), superphosphate
(16% P-0s), and potassium chloride (60% K>0), with commercial names of Phu My, Long Thanh, and Phu
My, respectively.

Experimental design

The experiment had two factors and followed a randomized complete block design. In detail, the
first factor (A) was P fertilizer levels and consisted of four levels of P: 25%, 50%, 75%, and 100%
to create a series of changing amounts of P fertilizer used according to the recommended fertilizer
formula; the second factor (B) was different compositions of supplying the P-solubilizing bacteria,
including the control: no bacteria used, single strain of B. silvatlantica L-VTQ9, single strain of B.
silvatlantica N-VT06, and a mixture of L-VT09 and N-VTO06. Each treatment contained four
replicates corresponding to four experimental plots, each of which was 25 m? width.
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The fertilizer formula for pineapple was 10 N-7 P.0s-8 K,0 (g plant), according to the study
by Be and Hoa (2009).

The bacteria were supplied into the ground of pineapple at a density of 2.5x108 CFU mL™. The
ground of pineapple was evenly irrigated with bacteria suspensions five times at 60, 105, 150, 195,
and 240 d after planting at 6.25x10° CFU plant™ (after chemical fertilizers had been applied).

Table 1. Characteristics of acid sulfate soil for pineapple. EC: Electrical conductivity.

Characteristics Value
EC, mS cm! 0.67
pHmo 2.96
pHkal 2.79
NHs*, mg NHs™ kg! 79.50
NOs, mg NOs kg'! 56.50
Pavailable, 144.60
Fe-P,mg P kg'! 488.60
Al-P. mg P kg'! 97.70
Ca-P,mg P kg! 35.10
Niotat, Yo N 0.23
Piotal, %0 P 0.15

Criteria of evaluation

According to Sparks et al. (1996), soil analysis was proposed on pHwu20, pHkci, electrical
conductivity (EC), total P content, available P content, ferric phosphate (Fe-P), aluminum
phosphate (Al-P), calcium phosphate (Ca-P), NH4* concentration, NO3 concentration, and total
N content. Bacterial densities in the soil were measured following the Most Probable Number
(MPN) method in the NBRIP medium, as described by Naoki et al. (2001).

The P concentrations in the crown, flesh, core, shell, slip, peduncle, stem, and leaves were
analyzed according to Houba et al. (1988).

Growth features were determined at harvesting when 20 plants were randomly collected from
each treatment and measured following the method of Huu et al. (2022).

Twenty fruits were randomly derived from each treatment and recorded for yield
components, yield, and fruit quality analysis at harvesting. Fruit diameter (cm), fruit length
(cm), fruit weight (g), and yield (t ha'') were calculated according to Huu et al. (2022). Fruit
quality parameters, namely, water content (mL), juice pH, and fruit color, were measured
following the method of Huu et al. (2022). The total acid content (mg L) measurement
followed the method of Guerrant et al. (1982); sugar content (°Brix) was measured according
to Saini et al. (2001).

Statistical analysis

A two-way ANOVA was run using the general linear model procedure to calculate the effects of
P fertilizer levels (A), the supplementations of bacteria (B), and the interaction between them.
The means of separation of P fertilizer levels and the supplementations of bacteria for the
different parameters were performed by Duncan’s post hoc test at 5% significance. Data were
analyzed using the SPSS 13.0 statistical package (IBM, Armonk, New York, USA).
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RESULTS

Effects on the fertility of acid sulfate soil for pineapples

Results in Table 2 show different nonsignificant values of pHu20, pHkci, EC, total P content, and total
N content between levels of P fertilizer and bacteria supplementations, which were correspondingly
2.51-2.78, 2.33-2.56, 1.75-2.15 mS cm, 0.086%-0.109% P and 0.215%-0.239% N.

Table 2. Effects of P-solubilizing bacterial endophytes, Burkholderia silvatlantica L-VT09 and
N-VTO06, on the fertility of acid sulfate soil for pineapple. Numbers followed by different letters
are significantly different. "Different at 5% significance; ™: nonsignificant. EC: electrical
conductivity; MPN: most probable number; DSW: dry soil weight; A: fertilizer factor; B: bacteria
factor; L-VTO09: supplying only the P-solubilizing B. silvatlantica L-VT09 strain; N-VTO06:
supplying only the P-solubilizing B. silvatlantica N-VT06; L-VT09 + N-VTO06: supplying the
mixture of P-solubilizing B. silvatlantica L-VT09 and N-VTO06.

Log bacterial

Factors pHmo pHra EC Pow Priwe FeP AP CaP  Nuw NH¢ NOy density

mScm! %P mg P kel N mgNHike! mgNOyke! MPNg!DSW
Level of P 100%P 25237 115 (093 M6 21Lr 6 3T 06 S20 6.13 534
fertilizer (A) 15%P 164 24200 0101 421 2046 T 330P 0205 303 6.06 526
S0%P 155 240 196 0008 308 1024 373 299~ ()30 4110 580 )
25%P 17825 175 0095 233 14780 283 2624 0218 355 558 50
Supplementation Nobacterm 278 253 203 0095 292 23R 516 3E 0131 TN 51 160
ofbacteria (B)  L-VT09 170 25 181 (100 308 083 428 3T 0219 52 637 6,00
N-VT06 151 23 200 0096 393 1362 4 W7 022 40 6.08 6.03°

L-VT09 +

N-VT06 156 238 202 0086 418 1588 4530 200¢ 0205 46.0° 5.0 6.4
p(A) i i i i ¢ N ¢ * il * B i
P(B) hic) 0 s i L] L] ¥ L] m L] L L]
P(A):B) i 15 s I ¢ 4 ¥ I it * m it
V% 120 112 B0 462 65 35 65 82 18) 143 111 L7

Table 2 illustrates that the treatments fertilized with 100% and 75% P had equivalent amounts of NH4*,
with 52.0 and 50.3 mg NH." kg, higher than those in the treatment fertilized with 25% P, with 35.5 mg
NH.* kg. The treatment supplied with the single strain of B. silvatlantica L-VT09 possessed the highest
concentration of NH4* (53.2 mg NH.4* kg™), and the lowest result appeared in the treatment with bacteria
supplied (37.7 mg NH,* kg). Contents of NOs™ varied no significantly between levels of P fertilizer applied
and ranged from 5.58 to 6.13 mg NO3 kg™ and were different (P < 0.05) for the bacteria factor, with 5.98-
6.37 mg NOs kg™ in the treatments supplied with bacteria and 5.15 mg NOs™ kg™ in the treatment without ones.

Bacterial densities between levels of P fertilizer were no significantly different and fluctuated roughly
5.26-5.34 MPN g dry soil weight (DSW). The treatment supplied with the mixture of the B. silvatlantica L-
VT09 and N-VTO06 strains showed the highest bacterial density, with 6.44 MPN g DSW. Bacterial densities in
the treatment supplied with the single strain of L-VTQ9 and in the one supplied with the single strain of N-
VTO6 were statistically the same and higher than that in the treatment without bacteria supplied, i.e., 6.03-
6.09 compared to 2.62 MPN g* DSW (Table 2).
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Effects on P uptake of pineapples in acid sulfate soil

Dry biomass in stovers of pineapples in acid sulfate soil. Table 3 indicates that dry biomass in the crown,
flesh, core, shell, slip, peduncle, stem, and leaves changed under the influences of P fertilizer levels and
bacteria supplementations (P < 0.05). In particular, decreasing the P fertilizer level led to reductions in the
dry biomass in crown, flesh, core, shell, and slip, with results at 468.1 > 456.8 > 445.3 > 359.7 kg ha*,
1692.7 > 1419.8 > 1193.8 > 1031.6 kg hat, 432.8 > 402.9 > 351.7 > 265.2 kg ha*, 1790.5 > 1559.3 > 1389.5
>1243.6 kg ha?, and 844.1 > 774.1 > 667.3 > 606.3 kg hal, respectively, corresponding to P fertilizer levels
at 100% > 75% > 50% > 25% P. In addition, the dry biomass in peduncle and stem were equivalent between
the treatments fertilized with 100% and 75% P and higher than those in the treatments fertilized with 50%
and 25% P, with 394.8-405.8 compared with 338.7-363.5 kg ha* and 1095.4-1105.6 compared with 948.9-
1050.6 kg ha?, respectively. In the treatment fertilized with 100% P, the dry biomass in leaves was higher
than that in the treatments fertilized with 50% and 25% P (5178.0 > 4347.5 ~ 4261.3 kg ha). Dry biomass
in stovers of pineapple in the treatment without bacteria was lower than that in the treatments supplied with
bacteria, 321.6 compared to 413.8-546.3 kg ha* in the crown, 954.9 compared with 1269.8-1703.6 kg ha*
in the flesh, 264.9 compared with 382.5-405.7 kg ha* in the core, 1150.8 compared with 1460.6-1829.0 kg
ha in the shell, 502.2 compared with 624.2-1001.7 kg ha* in slips, 318.3 compared with 365.9-431.7 kg
ha? in the peduncle, 889.9 compared with 1005.4-1157.9 kg ha® in the stem, and 3923.1 compared with
4733.4-5335.1 kg ha in the slip.

Table 3. Effects of P-solubilizing bacterial endophytes, Burkholderia silvatlantica L-VT09 and
N-VTO06, on dry biomass in stovers of pineapple in acid sulfate soil. Numbers followed by
different letters are significantly different. "Different at 5% significance; A: fertilizer factor; B:
bacteria factor; L-VTO09: supplying only the P-solubilizing B. silvatlantica L-VTQ9 strain; N-
VTO06: supplying only the P-solubilizing B. silvatlantica N-VTO06; L-VT09 + N-VT06: supplying
the mixture of P-solubilizing B. silvatlantica L-VT09 and N-VTO06.

Factors Crown Flesh Core  Shell  Slips  Peduncle Stem  Leaves
kgha!
Level of P fertilizer (A) 100%P 468.1: 1692.7@ 432.8 17905+ 844.1: 4058 10954 5178.0¢
75%7P 456.8® 1419.88 402.9> 1559.3* 7741 3048 110560 4944.8
50%P 4453 1193.8 3517 13895+ 6673 3635  1050.6> 43475
25%P 35074 1031.6¢ 26528 12436% 60638 3387 0489  42613¢
Supplementation of bacteria (B) ~ No bacteria 32060 95491 2649 115088 50224 31834 889.9+  3023.1¢
L-VT09 5463 12608 3995 1460.6° 642 365.0: 100540 473090
N-VT06 413.8= 1400.7 38250 15424 763.6° 38698 11473 473340
LVIO+N-VIOS 4482 17036 4057 182907 100L7: 4317 11579 S335.1:
P(A) * * £ * ¥ t T '
P(B) * ¥ ¢ * # ¥ * ¢
P(AKB) * ¥ & ¥ * # ¥ ¥
CV,% 352 6.52 494 404 3.76 4.23 5.22 3.51

Phosphorus concentrations in stovers of pineapples in acid sulfate soil

The results in Table 4 show that P contents in pineapple stovers were different between levels of P fertilizer
and supplementations of bacteria (P < 0.05). To be more specific, the treatment fertilized with 100% P
reached higher concentrations of P in the crown and leaves than the treatments fertilized with 50% and 25%
P, ranking in order of 0.576% > 0.509% ~ 0.492% and 0.367% > 0.326% ~ 0.310%, respectively. P contents
in flesh and slips were at the highest point in the treatment fertilized with 100% P (0.330% and 0.560%,
respectively), at the lowest point in the treatment fertilized with 25% P (0.271% and 0.458%, respectively)
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and those in the treatments fertilized with 75% and 50% P were statistically the same (0.308% ~ 0.292%
and 0.516% ~ 0.503%). The P concentrations in core and shell progressively based on the levels of P
fertilizer applied from 100% > 75% > 50% > 25% P and valued at 0.245% > 0.228% > 0.209% > 0.182%
and 0.257% > 0.237% > 0.224% > 0.201%. The treatments fertilized with 100% and 75% P possessed
higher P content in the peduncle and stem than those in the treatments fertilized with 50% and 25% P; i.e.,
they were ranked, according to a decrease in P fertilizer levels, 0.222% ~ 0.214% > 0.184%-0.194% and
0.506% ~ 0.514% > 0.471%-0.445%. The treatments supplied with the mixture of B. silvatlantica L-VT09
and N-VTO6 strains, with only the L-VTO09 strain and with only the N-VTO06 strain, all had P concentrations
that were higher than those in the treatment without bacteria supplied in the crown (0.508%-0.572%
compared with 0.482%), in the flesh (0.299%-0.326% compared with 0.276%), in core (0.220%-0.228%
compared with 0.192%), in the shell (0.230%-0.251% compared with 0.206%), in slips (0.521%-0.532%
compared with 0.454%), in stem (0.458%-0.551% compared with 0.424%), and in leaves (0.340%-0.350%
compared with 0.310%). However, in the treatments supplied the mixture of the L-VT09 and N-VTO06
strains and with only the N-VTQ6 strain, the P contents in peduncle (0.206%-0.235%) were higher than in
the treatments supplied with only the L-VT09 strain and in the one without bacteria (0.188%-0.186%).

Table 4. Effects of P-solubilizing bacterial endophytes, Burkholderia silvatlantica L-VT09 and
N-VTO06, on P concentrations in stovers of pineapple in acid sulfate soil. Numbers followed by
different letters are significantly different. “Different at 5% significance; ™: nonsignificant; A:
fertilizer factor; B: bacteria factor; L-VT09: supplying only the P-solubilizing B. silvatlantica L-
VTO09 strain; N-VT06: supplying only the P-solubilizing B. silvatlantica N-VT06; L-VT09 + N-
VTO06: supplying the mixture of P-solubilizing B. silvatlantica L-VT09 and N-VTO6.

Factors Crown  Flesh  Core Shell Slips  Peduncle  Stem  Leaves
%
Level of P fertilizer (A) 100%P 053760 03300 0243 02572 05608 0222 05142 0367
13%P 0541 0308 0228 0237  (0516° 0214 05060 0346
50%P 0509 0292° 0209 0224 0503 0.194 0471° 0326
25%P 0492 02715 01828 0201 0458 0.184¢ 0445 0310
Supplementation of bacteria (B) ~ No bactenia 0482 0276 0.192*  0206° 0454 0.186" 04248 0310°
L-VT09 0508  0300° 0220 0230 0530 0188 0458 0349
N-VT06 05570 0299 0225 023> 0521 0.206" 05028 03400
L-VT09+N-VI06 0572 0326* 0228 0251* 0532 0233 05512 03300
P(A) ' ’ ’ ’ ’ ! ’ ’
P(B) ' | | | | ’ | |
P (A<B) B e m : . B B e
CV.% 6.68 .34 138 6.69 3.28 3.97 8.99 6.69

Phosphorus uptakes in stovers of pineapples in acid sulfate soil

Table 5 shows that P uptakes in stovers of plants were different between P fertilizer levels and
bacteria supplementations (P < 0.05). In detail, P uptakes in crown, flesh, core, shell, slips, peduncle,
and leaves went down, corresponding to P fertilizer levels drop from 100%, 75%, 50% to 25% P,
from 2.70 > 2.48 > 2.28 > 1.78 kg ha* in crown, 5.63 > 4.46 > 3.52 > 2.83 kg ha! in flesh, 1.070 >
0.930 > 0.740 > 0.494 kg ha in core, 4.65 > 3.72 > 3.14 > 2.52 kg ha! in shell, 4.76 > 4.06 > 3.42
> 2.77 kg hat in slips, 0.915 > 0.857 > 0.711 > 0.623 kg ha? in peduncle, and 19.1 > 17.1 > 14.2 >
13.3 kg ha! in leaves. Besides, P uptakes in the stem were significantly unchanged between the
treatments fertilized with 100% and 75% P. However, they were higher than in the treatments
fertilized with 50% and 25% P, 5.69 ~ 5.67 compared with 4.24-4.99 kg ha?, respectively. The
treatments supplied with bacteria had higher P uptakes in stovers than those in the treatment without

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 83(6) December 2023 - www.chileanjar.cl 671


http://www.chileanjar.cl/

bacteria. In particular, for P uptakes in crown, flesh, core, shell, slips, peduncle, stem, and leaves,
the results were 2.32-2.78 > 1.56, 3.89-5.61 > 2.68, 0.870-0.937 > 0.526, 3.41-4.64 > 2.38, 2.34-5.34
> 2.29, 0.692-1.024 > 0.594, 4.60-6.44 and 16.2-18.8 > 12.2 kg ha'!, respectively.

In Table 5, the treatment fertilized with 100% P had the highest total P uptake (44.5 kg ha?) and
the treatment fertilized with 25% P had the lowest one (28.6 kg ha'). The treatment supplied with
the mixture of B. silvatlantica L-VT09 and N-VTO06 strains had the highest result, the second highest
was in the treatment supplied with only the N-VTO06 strain, and the treatments supplied with only L-
VTO09 strain and without bacteria appeared as the lowest one (45.3 > 37.8 > 36.1 > 26.1 kg ha'). The
two factors, bacteria supplementations and levels of P fertilizer, interacted with each other in P
uptakes in flesh, core, shell, slips, peduncle, stem, and leaves and total P uptake (P < 0.05).
Nevertheless, the interaction in the P uptake in the crown was insignificant.

Table 5. Effects of P-solubilizing bacterial endophytes, Burkholderia silvatlantica L-VT09 and
N-VTO06, on P uptake in stovers of pineapple in acid sulfate soil. Numbers followed by different
letters are significantly different. “Different at 5% significance; "™: nonsignificant; A: fertilizer
factor; B: bacteria factor; L-VTO09: supplying only the P-solubilizing B. silvatlantica L-VT09
strain; N-VVTO06: supplying only the P-solubilizing B. silvatlantica N-VTO06; L-VT09 + N-VTO06:
supplying the mixture of P-solubilizing B. silvatlantica L-VT09 and N-VTO06.

Factors Crown Flesh Core  Shell Slips Peduncle Stem Leaves Total P
kg ha'!
Level of P fertilizer (A) 100% P 270 563 LO70: 465 476 0915 5690 1912 445
75%P 248 446 0930 372 4060 085 5670 1T 393
50%P 228 352 0.740c 314 342 0711 499 142 330
25%P 178 283 04948 2524 2774 0623 424 133 2860
Supplementation of bacteria (B) ~ No bacteria 1564 268 0526 238 2294 05948 3794 1220 26.1¢
L-VT09 278 389 0900® 341° 234 0692 460 165 361
N-VT06 232 425 0.870° 3600 402 0796 576 1620 378
L-VI09+N-VT06 ~ 258 561* 009372 464 5348 1024 644 188 453
P(4) ! ' ' ' ! ! ! ! )
P@) .
P(A'B) Bt
CV,% 754 107 906 711 538 772 117 685 375

From the result of interaction analysis, at 100% P fertilizer level, not supplying bacteria had
lower total P uptake than supplying the mixture of the B. silvatlantica L-VT09 and N-VTO06 strains,
or only the L-VTO09 strain or only the N-VTO06 strain, with 32.6 compared with 56.0, 42.1, and 47.5
kg hat, respectively. At 50% P, supplying only the L-VT09 strain and only the N-VTO06 strain had
equivalent total P uptakes to that in the treatment fertilized with 100% P without bacteria, which
were 33.7, 34.5, and 32.6 kg ha?, respectively. In addition, the treatment supplied with the mixture
of the L-VT09 and N-VTO06 strains plus 25% P resulted in higher total P uptake than the treatment
fertilized with 100% P according to recommendations, with 34.9 compared with 32.6 kg ha,
respectively (Figure 1).
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Figure 1. Effects of P-solubilizing bacterial endophytes, Burkholderia silvatlantica L-VT09 and
N-VTO06, on total P uptake of pineapple in acid sulfate soil. KVK: No bacteria.

Effects on growth, yield components, and yield of pineapples in acid sulfate soil

Growth of pineapple in the acid sulfate soil. Table 6 reveals that the treatment fertilized with 100% P
resulted in higher plant height, length, and width of D-leaf, length, and diameter of stem, length,
and diameter of peduncle, and length and diameter of crown than the treatment fertilized with 25%
P did, with 77.0, 63.6, 6.31, 16.3, 4.83, 24.2, 3.23, 17.2, and 4.79 cm compared with 71.9, 59.3,
5.76, 14.1, 4.48, 21.3, 2.78, 12.1, and 4.06 cm, respectively.

Lengths of D-leaf remained statistically between treatments supplied with either only the B.
silvatlantica L-VTO09 or the B. silvatlantica N-VTO06 strain and the treatment without bacteria (60.4,
61.2, and 60.1 cm, respectively), which were all lower than in the treatment supplied with the
mixture of the L-VT09 and N-VTO06 strains (62.9 c¢cm). For lengths of the stem, the treatments
supplied with only the N-VTO06 strain and the one supplied with the mixture of the L-VT09 and N-
VTO06 strains were not significantly different from each other and all longer than those in the
treatment with only the L-VTQ9 strain and in the one without bacteria supplied, valuing at 16.1 ~
16.7 > 14.2 ~ 13.3 cm, respectively. For lengths of peduncle, the treatment supplied with the
mixture of the L-VTO09 and N-VTO06 strains differed not significantly from the treatment supplied
with only the L-VTO09 strain (24.0 and 23.7 cm) and longer than those in the treatment supplied
with only the N-VTO06 and in the one without bacteria (22.1 and 21.6 cm) (Table 6).

The treatments supplied with the mixture of the B. silvatlantica L-VT09 and N-VTO06 strains,
with only the L-VTO09 or N-VTO6 strain, had plant height, D-leaf width, stem diameter, peduncle
diameter, and crown length and width in ranges of 75.2-77.7, 6.10-6.14, 4.58-4.87, 2.93-3.35, 15.4-
18.8, and 4.65-4.88 cm, which all outweighed those in the treatment without bacteria, where results
were 69.4,5.79,4.43,2.74,10.2, and 3.89 cm, respectively. For D-leaf length, only in the treatment
supplied with the mixture of the L-VT09 and N-VTO06, the result was higher than in the treatment
without bacteria, with 62.9 compared with 60.1 cm. However, stem lengths in the treatments
supplied with the mixture of the L-VT09 and N-VTO06 strains and with only the N-VTO06 strain
(23.7-24.0 cm) were longer than those in the treatment without bacteria (21.6 cm) (Table 6).
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Table 6. Effects of P-solubilizing bacterial endophytes, Burkholderia silvatlantica L-
VT09 and N-VTO06, on the growth of pineapple in acid sulfate soil. Numbers followed by
different letters are significantly different. "Different at 5% significance; ": nonsignificant;
A: fertilizer factor; B: bacteria factor; L-VTO09: supplying only the P-solubilizing B.
silvatlantica L-VTO09 strain; N-VTO06: supplying only the P-solubilizing B. silvatlantica
N-VTO06; L-VT09 + N-VTO06: supplying the mixture of P-solubilizing B. silvatlantica L-
VTO09 and N-VTO06.

—_—m—

Slips
Plat  Leavesper  Deleaf Deleaf  Stem Stem  Pedwcle  Pedwncle mmberper Cromm  Cromm
Factors heieht plant lngth  width  length  diameter  lensth  diamster plant length  diameter
slips plant
1

em  leaves plant! e

Level of P fertilizer  100%P  770¢ 0 g6 63 163 48 Ur 123 .20 7 47
(A) %P T 5 )0 S W S R nr 305 go 138 AfF
P T3 0w 601° 348 T 46 1f 193 fAe 15 LM

UkP 7Y ane 0¥ a7 R 1y LT 8.0 e 4E

Supplmmﬁm of No o 3 b b h R r 374 % h
bacteria () bacteria §9.4 462 601" 5T 133 443 16 AL 3 102 188
Lvree  7ar bIAY 04 6l MY 47 nr 19 §.63 134 482

NVIOS 7360 A2 61 614 1610 458 nr 198 §.63 1ir 46y

;ﬁ%ﬂ* Ny R 6 16 48 MB35 9 e 4%

i |

P(4)

P (B) N N . N . ' N & ®

P (AXB) i * * 1 s " 15 i ||. * '3
CV % 19 38 286 390 114 419 RN B36 128 18 04l

The treatments fertilized with P fertilizer from 50% to 100% P reached a higher number of
leaves per plant than the treatment fertilized with 25% P, with 50.7-51.8 compared with 47.9
leaves plant. In addition, supplying the single strain and the mixed strains both enhanced the
number of leaves. The treatments fertilized with 75% and 100% P had higher slips number than
the treatment fertilized with 25% P, with 8.95-9.29 compared with 8.04 slips plant?. All the
treatments supplied bacteria were equivalent in the number of slips per plant, ranging from 8.31
to 9.16 slips plant (Table 6).

Yield components and yield of pineapples in acid sulfate soil. Table 7 indicates that the fruit
length and fruit diameter changed between levels of P fertilizer and bacteria supplementations
(P < 0.05). In detail, the treatment fertilized with 100% P reached the longest and widest fruit
(18.5 and 9.10 cm), while the smallest result was in the treatment fertilized with 25% P (15.0
and 7.80 cm). Fruit lengths in the treatment supplied with only the B. silvatlantica N-VT06
strain and in the treatment supplied with the mixture of B. silvatlantica L-VT09 and N-VT06
strains were statistically the same (18.3-18.4 c¢m); then, the second longest fruit was in the
treatment supplied with only the L-VT09 strain (16.0 cm) and the shortest one was in the
treatment without bacteria, 14.8 cm. Fruit diameter peaked in the treatment supplied with the
mixture of the L-VTO09 and N-VTO06 strains and bottomed without bacteria, with 9.12 and 7.66
cm, respectively.
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Table 7. Effects of P-solubilizing bacterial endophytes, Burkholderia silvatlantica L-
VT09 and N-VTO06, on yield components and yield of pineapple in acid sulfate soil.
Numbers followed by different letters are significantly different. "Different at 5%
significance; ": nonsignificant; A: fertilizer factor; B: bacteria factor; L-VT09: supplying
only the P-solubilizing B. silvatlantica L-VTQ09 strain; N-VTO06: supplying only the P-
solubilizing B. silvatlantica N-VTO06; L-VT09 + N-VTO06: supplying the mixture of P-
solubilizing B. silvatlantica L-VT09 and N-VTO06.

Fruat One-fit
Factors Fruit lensth diameter weicht  Yield
cm kg t ha't
Level of P fertilizer (A) 100% P 1832 o102 1.2382 3582
T5% P 176" 8600 1.1542 3310
%P 15.3¢ 8400 0.955¢ 277
25% P 15.04 7808 0.789¢ 237
Supplementation of No bacteria 14 Re 7.66¢ 0833 2404
bacteria (B) L-WT09 16.00 8.54v 0.997 287
N-VT0& 18 4= 858k 1.066% 3210
L-VTO9 + N-VT06 1832 9122 1.243: 3552
P(A) y y y *
P(B) i : i ’
P (AxB) . ns . :
CV. % 554 435 112 5.66

The treatments fertilized with 100% and 75% P had equivalent weights per fruit each other and were
higher than those in the treatments fertilized with 50% and 25% P, with 1.238 and 1.156 compared
to 0.955 and 0.789 kg, respectively. For the factor of bacteria supplementations, the treatment
without bacteria had the lightest fruit weight, with 0.833 kg, and the heaviest one was in the
treatment supplied with the mixture of the B. silvatlantica L-VT09 and N-VTO06 strains, with 1.24 kg
(Table 7).

The yield gradually dropped when levels of P fertilizer reduced, with 100%, 75%, 50%, and
25% P corresponding to 35.8 > 33.1 > 27.7 > 23.7 t hal. Moreover, the treatments supplied with
the mixture of the L-VT09 and N-VTO06 strains, with only the N-VTO06 strain, with only the L-
VTO09 strain had higher yield than the treatment without bacteria did, with 28.7-35.5 compared
with 24.0 t ha't (Table 7).

From the analysis of interactions, the yield in the treatments supplied with only the B.
silvatlantica L-VTO09 strain (34.4 t ha't), with only the B. silvatlantica N-VTO06 strain (34.8 t ha?!)
and the mixture of the L-VT09 and N-VTO06 (43.1 t ha't) was higher than in the treatment without
bacteria (30.9 t ha') when 100% P based on the recommendation was applied. Yield values at 100%
P without bacteria were equivalent to those in the treatment supplied with only the N-VTO06 strain
combined with 75% P (33.5 t ha!) and lower than those in the treatments fertilized with 75% P
plus either the single strain of L-VT09 or the mixture of the L-VT09 and N-VTO6 strains (34.3 and
36.2 t ha't). The treatment supplied with the mixture of the L-VT09 and N-VTO06 strains combined
with either 50% or 25% P had a statistically equal yield to that in the treatment fully fertilized
according to the recommendation, whose yield was 30.9-31.8 t ha’. At the same level of P fertilizer
(25% P), combining with the mixture of the L-VTO09 and N-VTO06 strains resulted in higher than
those in the treatments without bacteria and with only the L-VTQ9 strain, i.e., 31.1 compared to
14.0 and 20.1 t ha'?, respectively. Furthermore, supplying the mixture of the L-VT09 and N-VTO06
strains plus 50% or 25% P (31.8 and 31.1 t ha!) remained, in comparison to supplying only the B.
silvatlantica N-VTO06 strain plus 50% and 25% P (30.5 and 29.7 t ha?) (Figure 2).
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Figure 2. Effects of P-solubilizing bacterial endophytes, Burkholderia silvatlantica L-VT09 and
N-VTO06, on the yield of pineapple in acid sulfate soil. KVK: No bacteria.

Effects on the fruit quality of pineapples in acid sulfate soil
Table 8 shows insignificantly different values of pH, vitamin C content, and total acid between levels of P
fertilizer and supplementations of bacteria. In particular, these values fluctuated at 3.53-3.63, 13.1-14.0 mg
100 g, and 21.3-23.1 mg L* between levels of P fertilizer, 3.53-3.63, 11.9-14.6 mg 100 g* and 21.3-22.7
mg L between supplementations of bacteria, respectively.
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Table 8. Effects of P-solubilizing bacterial endophytes, Burkholderia silvatlantica L-
VT09 and N-VTO06, on fruit quality of pineapple in acid sulfate soil. Numbers followed
by different letters are significantly different. “Different at 5% significance; ns:
nonsignificant; A: fertilizer factor; B: bacteria factor; L-VT09: supplying only the P-
solubilizing B. silvatlantica L-VTO09 strain; N-VTO06: supplying only the P-solubilizing
B. silvatlantica N-VTO06; L-VTO09 + N-VTO06: supplying the mixture of P-solubilizing B.

silvatlantica L-VT09 and N-VTO06.

Sugar Vitamin €~ Acd total
Factors pH  content Watercontent  content content Fruit color
“Brix ml mgl00g! mgL! L a b
Level of P fertilizer (4) 100%P 357 8.79 3624 13.1 221 023 4278 g6
13% 353 9.08 2572 133 214 19850 438 904
50%P 3.56 9.11 216 140 231 19430 404v 91 g
25% 3.63 917 175.14 134 213 1884 350 043
Supplementation of bactera  No bacteria .63 814 191 4 128 213 1741c 316 1068
(B) L-VT09 3.59 g8tk 1972 146 223 19360 425 48
N-VT06 353 936% 260,00 144 227 2107 4560 849
L-VT03 +N-VT06  3.55 9.85 357.8 118 216 20028 4320 g7 1
P (*31.) m B2 * © L * * ¢
P (B) m * * © L * ¢
P (qu) it} i} * 3 i3 g m
CV. % 330 9.13 542 238 15.1 484 992 775
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Sugar content was insignificantly different between P fertilizer levels but significantly different between
supplementations of bacteria (Table 8). For the P fertilizer application, the sugar content was from 8.79 to
9.17 °Brix. When supplying the mixture of the B. silvatlantica L-VT09 and N-VTO06 strains (9.85 °Brix),
the sugar content was higher than that for supplying with only the L-VTQ9 strain (8.81 °Brix). However, all
individual and mixture supplementations of bacteria resulted in higher sugar content than those in the
treatment without bacteria (8.14 °Brix).

Water contents went down when levels of P fertilizer dropped, with 362.4 > 257.2 > 211.6 > 175.1 mL
corresponding to 100%, 75%, 50%, and 25% P. The treatment supplied with the mixture of the L-VT09 and
N-VTO6 strains had higher water content than that in the treatments with only either the L-VT09 or the N-
VTO6 strain and the one without bacteria, with 357.8 > 260.0 > 197.2 ~ 191.4 mL, respectively. To be more
specific, the treatment with only the L-VT09 strain had equivalent contents of water compared to that in the
treatment without bacteria (Table 8).

Table 8 reveals that the treatments fertilized with 100% and 75% P resulted in equivalent values of L*
and a* and higher than those in the treatment fertilized with 25% P, with 202.3 ~ 198.5 compared to 188.4
and 42.7 ~ 43.8 compared to 35.9, respectively. Values of b* varied insignificantly between treatments
fertilized with 75%, 50%, and 25% P (90.4, 91.8, and 94.5, sequentially). However, the treatment fertilized
with 25% P had higher b* values than those in the treatment fertilized with 100% P (86.9). For the treatments
supplied bacteria, L* values peaked in the treatment supplied with only the B. silvatlantica N-VVTO06 strain
(210.7) and reached the bottom in the treatment without bacteria (174.1). Values of a* in the treatments
supplied with bacteria (42.5-45.6) were higher than those in the treatment without ones (31.6). The
treatments supplied with only the B. silvatlantica L-VT09 strain, with only the N-VVTO06 strain, and with the
mixture of the L-VT09 and N-VTO06 strains possessed b* values equivalent to each other and lower than
that in the treatment without bacteria, with 84.8-87.1 compared to 106.8.

DISCUSSION

Phosphorus is a well-known macronutrient that is essential for plant growth and development (Johan et al.,
2021). From the analytic results in Table 1, the soil for the experiment had a low pH value, leading to low
availability of nutrients, per the study by Oshunsanya (2018). In addition, pineapple can adapt well to a pH
of 45-5.5 (Vasquez-Jiménez and Bartholomew, 2018). However, Johan et al. (2021) assumed that P
immobilization depends on pH and oxides, e.g., Fe, Al, and Ca, accounting the most in the acid sulfate soil,
which reduces the P availability due to precipitation between P and Fe, Al, and Ca. The result revealed that
increasing levels of P fertilizer led to an increase in available P content and concentrations of Fe-P, Al-P,
and Ca-P, while supplying the P-solubilizing bacterial endophytes B. silvatlantica L-VT09 and B.
silvatlantica N-VTO06 contributed to enhancing available P content and declining concentrations of Fe-P,
Al-P, and Ca-P, compared with those in the treatment without bacteria (Table 2). Thereby, this biological
approach for solubilizing P is promising. In particular, P-solubilizing bacteria play an important role in
ameliorating soil fertility (Etesami and Jeong, 2021), enhancing solubilization of insoluble P, improving
secretions of phosphatase acid enzyme and contents of available P, and ultimately promoting plant growth
(Wang et al., 2017; Song et al., 2022). Moreover, Elhaissoufi et al. (2021) also stated that P-solubilizing
bacteria increase available P content and boost P use efficiencies, improving plant development. In addition,
supplying the P-solubilizing bacterial endophytes, L-VT09 and N-VTO06, raised the concentrations of NH,*
and NOs in the soil compared to when no bacteria were supplied; the enhancement was by 5.30-15.5 mg
NH." kg and 0.83-1.22 mg NOs kg*. Furthermore, bacterial densities in the treatment supplied with the
mixture of L-VT09 and N-VTO6 strains were higher than that in the treatment without bacteria (Table 2).
Levels of P fertilizer and supplementations of bacteria had not affected values of pHw20, pHkci, EC, total N
and total P in soil yet (Table 2). According to Kartikawati et al. (2020), the bacterial endophytes
Pseudomonas sp., Brevibacillus sp., and Mesorhizobium sp. are able to improve the chemical characteristics
of soil for pepper. Two strains of bacterial endophytes, L-VT09 and N-VTO6 strains, have been studied and
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proven to solubilize Fe-P, Al-P, and Ca-P by Khuong et al. (2022). In addition, Divjot et al. (2021) also
reported that bacterial endophytes belonging to Burkholderia sp. are efficient in solubilizing P.

Fertilization with an increasing amount of P fertilizer enhanced dry biomass in stovers of plants, leading
to high concentrations of P when the amount of P fertilizer applied increased. Furthermore, supplying P-
solubilizing bacterial endophytes improved dry biomass, P uptakes, and P concentrations in plant stovers
(Tables 3 and 4). The result of interaction analysis showed that supplying bacteria plus 100% and 75% P
led to higher P uptake than those in the treatment fertilized with 100% P. Significantly, fertilizing 25% P
plus supplying the mixture of L-VT09 and N-VTO06 strains had higher total P uptake than that in the
treatment fertilized with 100% P did, with a difference of 2.30 kg ha* (Figure 1). These results show that
the P-solubilizing bacterial endophytes have improved nutrient absorption and accumulation in plants and
ameliorated available soil nutrients, especially the P nutrient. This is because the P-solubilizing bacteria can
produce organic acids, such as gluconic acid, oxalic acid, tartaric acid, and lactic acid, facilitating P-
solubilization of inorganic compounds (Billah et al., 2019). Furthermore, for organic P compounds,
enzymatic activities of phosphatase, phytase, and C—P lyase are the key mechanisms (Othman and Panhwar,
2014). This was in accordance with previous studies. Bacterial endophytes help increase plant biomass and
improve P uptake for the plant (Divjot et al., 2021).

The P-solubilizing bacteria contribute to plant growth and improve P availability, producing a better
plant yield (Divjot et al., 2021). The result revealed that characteristics of growth, yield components, and
fruit yield of pineapples corresponded to a reduction in P fertilizer levels. Moreover, the treatment supplied
with bacteria had superior growth parameters to those without bacteria (Table 6). Furthermore, yield
components, such as fruit length, fruit diameter, and weight per fruit, in the treatments supplied with bacteria
were higher than in the treatment without bacteria. The treatments supplied with the bacteria reached a
higher yield than those without bacteria (Table 7). The interaction analysis result showed that at the same
100% P according to the recommendation, yield in the treatment without bacteria was lower than those in
the treatments supplied with the mixture B. silvatlantica L-VT09 and N-VTO06, with only the L-VT09 strain
and with only the N-VTO6 strain (Figure 2). This was in accordance with the study by Kartikawati et al.
(2020), where supplying the mixture of bacterial endophytes Pseudomonas sp., Brevibacillus sp., and
Mesorhizobium sp. promotes growth and yield in black pepper. Applying P-solubilizing bacteria, Bacillus
mojavensis and B. megaterium, improves yield components and yield in sugarcane (Chungopast et al.,
2021). Besides, a genus of bacterial endophytes, Burkholderia sp., stimulates growth (Mannaa et al., 2018)
and yield of cultivars (Divjot et al., 2021). The improvement of growth and yield of the plants can be
attributed to not only the amelioration of soil fertility, as mentioned previously, but also the ability to
produce plant growth-promoting substances, such as IAA and siderophores by the B. silvatlantica species
(Alves et al., 2016).

Contents of vitamin C, total acid, and pH had not been influenced by changes in P fertilizer levels and
bacteria supplementations. Spironello et al. (2004) also reported that vitamin C content does not change by
different P fertilizer levels. However, sugar content, water content, and fruit color were changed by
treatments supplied with bacteria. The treatment supplied with bacteria had higher sugar content and water
content than the treatment without bacteria. This was consistent with the study by Huu et al. (2022).
Moreover, in the treatment supplied with bacteria, values of L* and a* were higher than those in the
treatment without bacteria, while b* values followed an opposite trend (Table 8). In the meantime, a” and
b” values present mature levels of fruits, and L* shows the darkness and lightness of the color (Itle and
Kabelka, 2009); that is, high L* presents the bright and fresh fruits, low a” and b* represent green fruits, and
high a" and b" indicate changes in colors of fruit shell due to chlorophyll reduction and synthesis of
carotenoid (Christ and Hortensteiner, 2014). In the current study, the * and b* values were opposite, so the
fruits were not too green or too ripening, and they were brighter. In other words, with the application of the
bacteria mixture and the P fertilizer, fruits looked fresher and appeared better than the others. Ultimately,
the bacteria improved the fruit’s quality in colors and chemical components.
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CONCLUSIONS

The current study has shown that supplying with the mixture of Burkholderia silvatlantica L-VT09 and
N-VTO06 strains resulted in better available P concentration, bacterial densities, plants growth, yield,
and fruit quality of pineapples in comparison with those in the treatment without bacteria.
Simultaneously, supplying with the mixture of the B. silvatlantica L-VT09 and N-VTO06 strains had
lower concentrations of Al-P, Fe-P, and Ca-P and fruit colors (b*) than those in the treatment without
bacteria. Supplying the mixture of B. silvatlantica L-VT09 and N-VTO06 strains combined with 25% P
according to recommendation still maintained the pineapple yield in the acid sulfate soil. Therefore,
the bacteria have been proven to be a good biofertilizer and bioremediator that enhanced pineapple
performance in acid sulfate soil and the soil fertility. Furthermore, the biofertilizer should be tested on
a large scale. Moreover, other crops should be applied with these bacteria. Ultimately, the biofertilizer
can be commercialized and transferred for farmers’ use.
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