Heliyon 9 (2023) e16306

Contents lists available at ScienceDirect

Heliyon

journal homepage: www.cell.com/heliyon

Research article

IAA and ACC deaminase producing-bacteria isolated from the
rhizosphere of pineapple plants grown under different abiotic and
biotic stresses

Hanim R. Ratnaningsih “, Zahra Noviana ® Tirta Kumala Dewi ", Supriyono Loekito €,
AAAAAA b,

@ Department of Soil Science and Land Resources, Faculty of Agriculture, IPB University, Bogor 16680, Indonesia

b Research Center for Applied Microbiology, National Research and Innovation Agency (BRIN), Cibinong 16911, Indonesia
¢ Research and Development Department, PT Great Giant Pineapple, Lampung Tengah 34163, Indonesia

d Department of Plant Protection, Faculty of Agriculture, IPB University, Bogor 16680, Indonesia

€ Sinarmas Forestry Corporate Research and Development, Perawang 28772, Indonesia

ARTICLE INFO ABSTRACT
Keywords: The roles of plant growth-promoting rhizobacteria in promoting plant growth and soil health,
BacillusA including alteration in plant metabolism and production of phytohormones such as indole-3-
Br e;z;lmli;mt?nas acetic acid (IAA) and the enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase, are
Bu_r olderia indisputable. This study aimed to isolate and characterize beneficial bacteria isolated from the
Exiguobacterium . . o . . . . .

. . . rhizosphere of pineapple from distinct stress-inducing habitats, including water excess-,
Plant growth-promoting rhizobacteria o . ) 3
Pseudomonas herbicide-over-treated-, and pathogen-infected areas at PT Great Giant Foods located in Lampung,

Indonesia. The isolated bacteria were screened based on IAA production and ACC deaminase
activities. Six selected isolates produced IAA with concentrations of up to 36.93 mgL’l. The
highest value belongs to Bacillus sp. NCTB5I, followed by Brevundimonas sp. CHTB 2C (13.13
mgL’l) and Pseudomonas sp. CHTB 5B (6.65 mgL’l). All isolates were detected with ACC
deaminase activities with Brevundimonas sp. CHTJ 5H consuming 88% of ACC over 24 h, the
highest among all. Brevundimonas sp. CHTB 2C was detected with the highest ACC deaminase
activity with the value of 13,370 nm a-ketobutyrate mg 'h~l. In another experiment, it was
revealed that all selected isolates promote soybean growth. These bacteria are potential to be
developed in the future as bioagents to promote plant growth, especially under stressful envi-
ronmental conditions.

1. Introduction

Plant growth-promoting rhizobacteria (PGPR) accommodate the acquisition of key nutrients for their host plants, such as nitrogen
(N) and phosphorus (P), and modulate regulating substances (phytohormones) to improve growth and productivity [1-3]. Plant
growth promotion effects by PGPR are achieved both directly and indirectly [4]. Direct mechanisms include nitrogen fixation,
phosphate solubilization, iron absorption, and production of phytohormones namely auxin (incl. IAA), cytokinin, and gibberellins
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whereas indirect mechanisms refer to bacterial ability to inhibit phytopathogen growth via production of ACC deaminase, antimi-
crobial compounds, cell wall inhibitors, and siderophore [5-8]. Moreover, PGPR can prevent root diseases such as root withering and
rotting [9].

Auxin orchestrates many processes within plant tissues, specifically the ones that are important for plant growth and development
[10]. As early as 1996, Patten and Glick has reported that approximately 80% of microorganisms in the rhizosphere were able to
synthesize and release auxin as a secondary metabolite product, although the study lacked appropriate approaches to target uncul-
turable microorganisms [11]. Among IAA beneficial effects are lateral root formation and root hair growth promotion [12].

In addition to the auxin-related plant growth promotion, the activity of 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase
of PGPR might stimulate plant growth by reducing ethylene level [13,14]. Ethylene affects plants in many ways and is responsible for
several processes related to plant growth and development [15]. Depending on the concentration, it might promote root initiation,
inhibit root elongation, activate phytohormone synthesis, influence plant-microbe symbiosis in different stages, and activate response
mechanisms against biotic and abiotic stresses [16,17]. Adverse environmental conditions, for instance extreme temperatures,
drought, flooding, high-salinity, radiation, and pathogen presence might be accompanied with increase in ethylene synthesis [18,19].
ACC deaminase produced by PGPR will degrade the ethylene precursor ACC and therefore inhibit plant senescence and promote plant
growth [20].

Although IAA-producing bacteria are essential for plant growth, IAA might elicit ACC synthesis that induce plant senescence
symptoms [21,22]. Thus, combination of IAA- and ACC deaminase-producing bacteria might be a better solution since the latter
potentially degrade ACC [23]. In-depth knowledge on the plant response after IAA- and ACC deaminase-producing bacteria admission
would be rewarding, especially to define the best strategy for PGPR application in the field. Moreover, this approach encourages
sustainable agriculture practices as the utilization of chemical fertilizer is subjugated and thus safer from the ecological point of view.

This study focuses on the isolation of beneficial bacteria from pineapple of both healthy and unhealthy plants under different
abiotic and biotic stress sources and subsequent characterization, particularly on the activity of IAA and ACC deaminase. The isolated
bacteria with both activities are potential bioagents that could be used in the future to promote plant growth specifically under
stressful conditions. They might also maintain soil health and further advocate sustainable agriculture. Correspondingly, admission of
these bacteria in the future might benefit farmers and mitigate environmental deterioration caused by human activities.
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Fig. 1. Experimental steps of the current study, from soil collection to plant growth-promoting test.
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2. Materials and methods

As presented in Fig. 1, the current study was carried out in several steps. It started from collection of pineapple rhizospheres from
the stress-induced areas of PT. Great Giant Foods, Central Lampung, Indonesia. Bacteria were isolated from the soil samples and the
soil chemical property analysis was conducted in parallel. Isolated bacteria were then screened based on the ability to produce IAA and
ACC deaminase. The potential isolates were further tested for their ability to promote soybean growth.

2.1. Collection of soil samples from stress-induced areas

Soil samples were collected from the pineapple rhizospheres of stress-induced areas. These include collection of rhizosphere soils of
healthy and unhealthy plant aged between 6 and 12 months from flooded-areas (CFTB and CFTJ; TB for healthy and TJ for unhealthy
plants, respectively), herbicide-affected (CHTB and CHTJ), and Phytophthora-infected areas (CPTB and CPTJ). In addition, rhizosphere
soil from healthy plants in the non-stress areas was also collected for comparison (NCTB). For each area, the soil samples were taken
using a simple randomized sampling approach with the depth of 20 cm. Each of the soil samples was placed in a polyethylene bag and
transferred to the laboratory in a cool condition.

2.2. Analysis of soil chemical properties

Soil chemical properties, including C-organic, total nitrogen, phosphorus and potassium content, along with C:N ratio, were
analyzed accordingly. Total C-organic content was determined using Walkley Black method [24]. Total nitrogen content was measured
using Kjeldahl method [25]. The phosphorus and potassium content were determined using HCl 25% extraction method [26].

2.3. Soil respiration, urease, and phosphatase activities

Soil respiration was determined by measuring oxygen uptake in the soil, following the method described by Schinner et al. [27].
Urease activity was measured using the Nessler method [28] whereas phosphomonoesterase activity was determined following the
method of Tabatabai and Bremner [29].

2.4. Bacterial isolation

Bacteria were isolated from the rhizosphere of pineapple plants. Surrounding soil was separated via mild shaking of the roots.
Rhizosphere soil was then collected by submerging the roots in sterilized water combined with gentle-shaking. The soil suspension was
inoculated onto the Tryptic Soy Agar (TSA) media, employing serial dilution technique and pour plate method, and incubated at
28-31 °C for 2-3 days. The inoculation was performed in three replicates for each sample.

2.5. Characterization of bacterial isolates
Bacterial isolates were characterized based on their metabolic capacities to produce IAA, degrade ACC, and release ACC deaminase.
2.6. Qualitative tests of IAA production and ACC deaminase activity

Bacterial colonies were transferred into fresh TSA and purified using the quadrant-streak plate method. Pure colonies were sub-
jected to qualitative IAA and ACC deaminase tests. For all the subsequent analysis, bacterial isolate TPK5B2 collected from rice with
[AA-producing and ACC deaminase activities was used as the positive control/comparison.

IAA measurement was performed with a colorimetric method using Salkowski reagent [30]. IAA-positive bacteria were subse-
quently grown in Dworkin Foster (DF) salt minimal medium consisting of either 2.5 mmol L' ACC or 2.5 mmol L' ammonium sulfate
as the only nitrogen source [31]. Positive growth indicates the presence of ACC deaminase. Simultaneously, bacteria were grown in a
basic DF salts minimal medium without the addition of any nitrogen source to test if the bacteria were diazotrophic.

2.7. IAA production assay

The IAA produced by the isolated bacteria was measured quantitatively using High-Performance Liquid Chromatography (HPLC)
[32]. A total of 4 mL of sample was centrifuged at 10,000 rpm for 15 min. Supernatant was collected and the pH was adjusted to the
value of 2.8 prior to 3-time-reflux extraction using ethyl acetate with the ratio of 1:1 (v/v). The extract was concentrated using a rotary
evaporator and later re-suspended in 1 mL of ethanol absolute. The suspension was filtered using 0.2 pm PTFE membrane filter and
injected to HPLC (Shimadzu) using C18 column (Supelco) and methanol:acetic acid:double distilled water (30:1:70 v/v/v) as the
mobile phase. The flow rate and the wavelength were set to 1 mL/min and 280 nm, respectively. The data were processed accordingly.

2.8. Screening for ACC-degrading bacteria via ninhydrin assay

The ninhydrin assay follows the method described by Li et al. [33]. Bacterial isolates were grown in the LB-rich medium and
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incubated for 24 h. Cells were harvested and washed in DF medium. Cell suspension was inoculated into liquid DF medium supple-
mented with ACC and incubated at room temperature for 24 h in a shaker with the speed of 100 rpm. Cells were later harvested via
centrifugation at 8000 g for 5 min. A total of 1 mL supernatant was transferred into a test tube, added with 2 mL of ninhydrin reagent,
homogenized, incubated in a water bath for 15 min, re-incubated back in room temperature for 2 min, and homogenized for 30 s. The
suspension was left for 10 min at room temperature before OD measurement at 570 nm. The standard curves were prepared
accordingly. Blank solution used was DF medium without ACC.

2.9. Measurement of ACC deaminase activity

ACC deaminase activity was measured following the method described by Honma and Shimomura (1978) with modification [34].
The enzyme activity was measured indirectly via quantification of the product a-ketobutyrate. Cell pellet was prepared in a 1.5 mL
tube, re-suspended in 1 mL 0.1 M Tris-HCl (pH 7.6), and centrifuged at 16,000 g for 5 min. After the supernatant was discarded, 600 pL
0.1 N Tris HCL (pH 8) and 30 pL toluene were added to the tube. The suspension was then vortexed at a high speed for 30 s. A total of
100 pL suspension was separated and stored at 4 °C for subsequent protein assay following the method described by Bradford (1976)
[35]. The remaining suspension was used for ACC deaminase assay. A total of 200 mL suspension was placed into a 1.5 mL tube, added
with 20 pL 0.5 M ACC, vortexed, and incubated at 30 °C for 15 min. Addition of 1 mL of 0.56 M HCl was done subsequently and the tube
was vortexed and centrifuged at 16,000 g for 5 min. A total of 1 mL supernatant was transferred, added with 800 pL of 0.56 M HCl, and
vortexed prior to mixing with 2,4-dinitrophenylhydrazine reagent (0.2% 2,4- dinitrophenylhydrazine in 2 M HCI). The tube was
vortexed, incubated at 30 °C for 30 min, added with 2 mL 2 N NaOH and re-vortexed. The absorbance was then measured at the
wavelength of 540 nm.

2.10. Qualitative protease, phosphate solubilizing, and nitrogen-fixing assay

Protease activity was tested by checking the growth of the isolates on skim milk agar. After 3 days, the formation of a clear zone was
inspected. Phosphate-solubilizing bacteria was isolated using the selective National Botanical Research Institute’s Phosphate (NBRIP)
medium [36]. In addition, nitrogen-fixing activity was tested through inoculation of the isolates on semi solid nitrogen-free medium
[37]. Positive result was defined with medium color changes to blue and formation of a circular ring after approximately 2-week-in-
cubation incubation time.

2.11. Molecular identification of selected bacterial isolates

IAA- and ACC-deaminase producing isolates were identified based on their partial 16 S ribosomal RNA gene sequences. The closest
relatives were determined via alignment to Eztaxon (www.ezbiocloud.net) [38]. Multiple sequence alignment (MSA) was performed
using Clustal W and the result was inspected manually. The maximum-likelihood tree was constructed using MEGA 7.0 [39]with 1000
bootstrap replication. TN93 + G + I model for nucleotide substitution was applied for the tree.

2.12. The effect of bacterial isolates on the growth of soybean

The experiment employed a factorial completely randomized design (CRD) with two factors and three replicates for each treatment.
The first factor was water content, which included a non-stress level (field capacity level) and a stress level (50% field capacity level).
The second factor was the bacterial isolate, which consisted of seven IAA- and ACC deaminase-producing isolates (including one isolate
collected previously from rice rhizosphere) and one inactive isolate as control. A total of 48 experimental units of three soybean plants
grown in a bottle jar were used in this experiment.

Soybean seeds were first washed in flowing water and surface-sterilized using ethanol for 3 min and dipped into sterile water for 30
s. The last step was done three times. The selected bacterial isolates were grown on Nutrient Broth (NB) medium for 48 h at room
temperature on a shaker with the speed of 100 rpm. The liquid culture was prepared in the concentrations of 105-10° CFU mL .. Cells
were harvested and re-suspended using Hoagland solution. Soybean seeds were dipped into the solution for 10 min and subsequently
transferred into a sterile jar bottle containing 150 g of sterile (autoclaved) beach sand. After 14 days, measurement of plant height and
dry weight, along with the root length and weight, was done accordingly.

2.13. Data analysis

Data analysis was performed using R (version 4.2.1.; R core team 2022) [40]. Unless otherwise mentioned, all plots were con-
structed using the R “ggplot2” package [41]. The data on the soil respiration, soil urease and phosphomonoesterase activity, ACC
consumption, and alpha-ketobutyrate production were subjected to a one-way analysis of variance (ANOVA) followed with Tukey’s all
pairwise multiple comparison test [42]. For the soybean experiment, the data in plant height, root length, and dry weight of above and
below ground biomass were analyzed using a two-way ANOVA test followed by the Duncan’s new multiple range test [43].
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3. Results
3.1. Soil physicochemical properties

Total nitrogen content across soil samples from flooded-areas (CFTB and CFTJ; TB for healthy and TJ for unhealthy plants,
respectively), herbicide-affected (CHTB and CHTJ), Phytophthora-infected (CPTB and CPTJ) and non-stress areas (NCTB) was similar to
the smallest value of 0.44% detected in the soil of healthy plants in the herbicide-affected areas (Table 1). The highest value of 0.46%
was observed for the soil of the healthy plants in the flood-affected area and the unhealthy plants in the Phytophthora-infected area.
Total phosphorus content was higher in soil exposed to either abiotic or biotic stresses compared to control (137.61 ppm), with the
highest value detected from the rhizosphere of unhealthy pineapple plants in the herbicide-affected areas (189.94 ppm). The lowest
and highest values for total potassium (K) were 80.87 ppm and 242.60 ppm, respectively, both of which belonged to the herbicide-
affected areas. The first is for the healthy pineapple plant rhizosphere while the latter corresponds to the unhealthy pineapple
plants. Furthermore, C-organic content was similar across samples with the values of up to 4.94% from the soil of the healthy plants in
the non-stress area. The lowest value of C-organic came from the herbicide-affected area with 4.76% and 4.55% for the unhealthy and
healthy plants, respectively. Similarly, the C:N ratio was the highest in the non-stress areas with the value of 11.08 while the ratios of
the flood-affected areas were slightly lower (10.82 for the unhealthy plants and 10.70 for the healthy plants). The rhizosphere of the
healthy plants in the herbicide-affected area gave the lowest value of 10.35.

3.2. Soil respiration, urease, and phosphomonoesterase activities

One-way ANOVA test revealed a statistically significant difference between at least two groups on soil respiration and PME-ase
activity and thus the data were subjected to the Tukey’s multiple comparison test. Of the rhizosphere soil samples from flooded-
areas, herbicide-affected, Phytophthora-infected and non-stress areas, the last one was found with the highest soil respiration with
the value of 1.362 + 0.056 mg CO, h! (Fig. 2A). Flooding was found to decrease soil respiration the most, with the values of 0.385 =+
0.225 mg CO, h™! and 0.400 + 0.277 mg CO, h™! for the healthy and unhealthy plants, respectively. In general, among samples in the
stress-induced areas, the herbicide-exposed areas gave significantly higher respiration rate. In term of soil urease activities, no sig-
nificant differences could be observed between distinct areas (Fig. 2B) with the smallest value of 7.298 + 3.224 pg N-NH4 g 1 h™!
(herbicide areas around unhealthy plants) and the highest value of 21.574 + 19.032 pg N-NH,4 g~ ! h™! (Phytophthora-infected areas
around unhealthy/diseased plants). Soil phosphatase activities varied among samples, although herbicide-exposed areas were found
with the lowest values of 87.092 + 19.015 pg pNP g~ h™! in the rhizosphere of healthy plants and 122.219 + 51.264 ug pNP g+ h™?
in the rhizosphere of unhealthy plants (Fig. 2C). The two highest values were detected in the rhizosphere of diseased plant from flood-
affected and the rhizosphere of healthy plant from Phytophthora-infected areas with 206.327 + 69.475 pg pNP g ! h™!, 235.649 +
68.736 g pNP g1 h™1, and 248.206 + 115.178 pg pNP g~ ! h™%, respectively.

3.3. Isolation, screening, and [AA-producing capacity of bacterial isolates

A total of 171 isolates were successfully isolated from the rhizosphere of pineapples. Of these, 73 isolates could form indole based
on the pink colorization in the growth medium after administration of Salkowski reagent. The isolates were further screened based on
their morphology and color intensity, leaving 17 isolates ready for subsequent analysis. The ability to produce IAA for 48 h varied
among the 18 isolates. The lowest IAA production was detected on CHTJ 3E with the value of 1.8 mg L™! whereas the highest was
achieved by control TPK5B2, isolated from rice, with the value of 43.0 mg L™ (Fig. 3A). Among bacterial isolates from the pineapple
rhizosphere, NCTBS5I produced the highest IAA content with the value of 36.9 mg L™!. However, the production was higher for the
control isolate TPK5B2 with the value of 42.98 nmoL mg ™! h™%.

3.4. ACC-deaminase activities of bacterial isolates

All isolates grew on DF medium, either with supplementation of ACC or ammonium sulfate, indicating the positive activity of ACC

Table 1

Soil chemical properties across samples.
No. Parameter Unit Soil samples

CFTB CFTJ CHTB CHTJ CPTB CPTJ NCTB

1 Total N % 0.46 0.45 0.44 0.45 0.45 0.46 0.45
2 Total P ppm 161.91 154.43 153.50 189.94 161.91 146.02 137.61
3 Total K ppm 181.95 161.73 80.87 242.60 202.17 161.73 202.17
4 C-organic % 4.88 4.89 4.55 4.76 4.82 4.82 4.94
5 C:N ratio 10.70 10.82 10.35 10.64 10.61 10.41 11.08

CFTB = flood-affected, healthy plants; CFTJ = flood-affected, unhealthy plants; CHTB = herbicide-affected, healthy plants; CHTJ = herbicide-
affected unhealthy plants; CPTB = Phytophthora-infected, healthy plants; CPTJ = Phytophthora-infected, unhealthy/diseased plants; NCTB = non-
stress areas, healthy plants.
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Fig. 2. Soil respiration (A), urease (B), and phosphatase/PME-ase (C) activities in the rhizosphere of pineapple plants collected from flood-affected
(CFTB and CFTJ for healthy and unhealthy plants, respectively), herbicide-exposed (CHTB and CHTJ for healthy and unhealthy plants, respec-
tively), Phytophthora-infected (CPTB and CPTJ for healthy and unhealthy/diseased plants, respectively), and non-stress induced areas (NCTB for
healthy plants). Each data point represents the mean of five replicates. Different letters denote significant differences (p < 0.01; multcomp test).
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Fig. 3. IAA production of 16 bacterial isolates from the rhizosphere of pineapple plants and one control isolate from the rhizosphere of rice
(TPK5B2) (A) and ACC deaminase assay using Dworkin-Foster (DF) medium with the addition of ACC and (NH,4)»SO4 as the substrate (B). Different
colors represent different bacterial isolates.

deaminase. Interestingly, 5 isolates grew on a basic DF medium without any N source, indicating that they were able to perform
nitrogen fixation. The isolates were CPTB4C, CPTB2C, CHTB 3G, CHTJ 11, and CHTJ 3A. A total of 6 isolates with better growth on the
DF-ACC medium, along with the control isolate TPK5B2, were chosen for qualitative analysis of the ACC deaminase. These included
NCTB5I, CHTB 2C, CHTB 5B, CFTB2A, CHTJ 5H, and CHTJ 3E (Fig. 3B).

Significant differences were also detected among treatments of the ACC consumption and a-ketobutyrate production experiments.
The isolates CHTJ 5H, CHTB 2C, dan CFTB2A were among the fastest to consume ACC during the first 24 h with the values of 2.2 mmol
Lt (88%), 2.1 mmol L' (84%) and 1.8 mmol L~} (72%), respectively (Fig. 4A). Additionally, the bacterium CHTB 5B consumed the
lowest ACC with the value of 1.3 mmol L™} (52%). ACC deaminase activity was determined by measuring the product a-ketobutyrate.
Among the pineapple bacteria, isolates CHTB 2C, CFTB2A and CHTJ 5H produced highest concentration of a-ketobutyrate with the
values of 13,370 nmoL mg’l h~!, 12,255 nmoL mg’1 h~?!, and 10,233 nmoL mg’l hl, respectively (Fig. 4B).

3.5. Protease, phosphate solubilizing, and nitrogen-fixing activity

The isolate CHTB 2C and the control TPK5B2 had a higher proteolytic activity compared to the others based on the diameter of the
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Fig. 4. ACC consumption of the selected PGPR isolates in the DF-ACC medium administered with 2.5 mmol L~ ACC after incubation for 24 h and
subsequent measurement using ninhydrin assay (A). ACC deaminase activity of each bacterial isolate measured using the 2,4-dinitrophenylhydra-
zine assay (measurement of a-Ketobutyrate) after induction in the DF-ACC medium for 24 h (b). Each data point represents the mean of two
replicates. ACC, 1- aminocyclopropane-1-carboxylate. Different letters denote significant differences (p < 0.01; multcomp test).

clear zone, followed by the isolates CHTJ 3E and CHTJ 5H (Table 2). For the phosphate solubilizing trait, the isolates CHTB 5B and
CFTB2A were confirmed to have the enzymatic activity. None of the two isolates, however, was observed with nitrogen-fixing
capability.

3.6. Molecular identification of bacterial isolates

The partial 16 S rRNA gene sequences of the bacterial isolates were aligned against EzBiocloud database and the closest type strain
sequences were retrieved for the construction of the phylogenetic tree. Of the gram-positive isolates, CHTB 5I was closest to Bacillus
tianshenii YIM M13235" (99.9% similarity), CHTJ 3E to Exiguobacterium profundum 10C T (100% similarity), and the control isolate
from rice, TPK5B2 to Micrococcus luteus NCTC 26657 (99.53% similarity) (Fig. 5A). Of the gram-negative isolates, CFTB2A was closest
to Burkholderia territorii LMG 28158 (100% similarity), CHTB 5B to Pseudomonas oryzihabitans NBRC 102199" and P. psychrotolerans
DSM 15758 (both with 99.47% similarity), CHTB 2C to Brevundimonas diminuta ATCC 115687 (99.89% similarity), and CHTJ 5H to
Br. Intermedia ATCC 152627 (99.19% similarity) (Fig. 5B). The phylogenetic affiliation of the isolates to their corresponding genera
was supported with high bootstrap values and therefore confirmed their affiliation to those specific genera.

3.7. The beneficial effects of bacterial isolates on the growth of soybean

The effects of the six bacterial isolates along with the rice isolate TPK5B2 and one inactive isolate (control) on soybean growth were
tested subsequently. The decrease in the watering level, from 100% to 50% field capacity, was shown to lower the plant height (Fig. 6).
Under watering with 100% field capacity, the inoculation of all bacteria was shown to increase plant height compared to control and
the increase was significant except for CFTB2A. Under the watering with 50% capacity, the treatment with CHTB 2C and TPK5B2
significantly increased plant height. For root length, only the treatment with CHTB 2C significantly increased the value compared to
the control for 100% watering capacity (Fig. 6). However, when changing to 50% field capacity, inoculation of all bacteria was shown
to increase root length significantly. Furthermore, only the treatment with the control TPK5B2 significantly increased the above
ground biomass compared to control for both 100% and 50% watering capacity. Of dry root weight, a significant increase was shown
for the inoculation treatment with NCTB5I and CHTB 2C, in comparison to control, for 50% watering capacity. No significant dif-
ferences could be observed for the watering treatment with 100% capacity. Interestingly, more than half of inoculation treatments
show tendency of higher root biomass under 50% watering capacity.

Table 2

Plant growth-promoting traits of the bacterial isolates.
No. Bacterial isolates Plant growth-promoting activities

Proteolytic Phosphate-solubilizing Nitrogen-fixing

1 NCTBSI - - -
2 CHTB 5B - + + -
3 CHTJ 5H + - -
4 CHTJ 3E ++ - -
5 CFTB2A - + -
6 CHTB 2C ++ + - -
7 TPK5B2 (Control) +4++ - -
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Fig. 5. Phylogenetic tree of 6 bacterial isolates from the rhizosphere of pineapple plants and one control isolate from rice (TPK5B2) based on partial
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built using the maximum-likelihood (ML) method and bootstrap analysis was performed using 1000 replications. Only bootstrap values above 50%
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Fig. 6. The effect of the bacterial inoculation on the growth of soybean, including plant height, root length, dry above ground biomass, and dry root
weight. Different letters denote significant differences (p < 0.05, Duncan’s new multiple range test).

4. Discussion

Abiotic and biotic stresses such as drought, flooding, extreme temperatures, saline condition, acidity, and the presence of pathogens
threaten to decrease plant productivity by more than 50% [44-48]. Abiotic stresses might be triggered by changes in global climate
along the decades [49,50]. These stresses potentially change plant morphology, physiology, and biochemistry, that consequently alter
plant growth and productivity [51-55]. In addition, plant germination is highly affected by salinity and high-temperature where the
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conditions could lead to a delayed or failed germination of the seeds [50,51]. The effect of bacterial inoculation under abiotic stress
might be beneficial for the host plants, as depicted by tomatoes subjected to flooding and inoculated with Pseudomonas putida UW4
[56]. The strain is known to harbor ACC deaminase activity. Tomato-treated plants are shown to adapt better during flooding,
indicating an increase in tolerance against the abiotic stress.

The pineapple plantation of PT. Great Giant Foods located in Lampung has several abiotic and biotic stress-induced areas due to
floods, herbicide-exposure, and the presence of plant pathogen Phytophthora. Water-excess or flooding areas potentially increase
ethylene biosynthesis within plant root and stem. Moreover, ACC would be synthesized in the root and transported to shoot, where it
will be converted into ethylene by ACC oxidase [57] that could lead to appearance of senescence symptoms including leaf necrosis and
abscission.

In this study, isolation of bacteria with beneficial properties, namely IAA production and ACC deaminase activities, was conducted
from the rhizosphere of healthy and unhealthy pineapple plants within stress-induced areas of PT. Great Giant Foods. Soil chemical
analysis reveals that stressed conditions significantly decrease soil respiration, especially with flooding and the presence of Phy-
tophthora. High water content in soil has reportedly decreased soil respiration rate, as it restricts the microbial aerobic respiration [58,
59]. The presence of foliar fungal pathogens and insect herbivores has also been reported to decrease soil respiration [60]. Further-
more, this study observed no effect of abiotic or biotic stresses on the soil urease activities. Another study reveals an increase of urease
activities during flooding [61] whereas herbicide treatment leads to weaker enzymatic activity [62]. Phosphorus content was the
highest in the rhizosphere of unhealthy pineapple plants in the herbicide-affected areas, which corresponds to lower value of phos-
phatase enzyme activity. In this case, high phosphorus content may probably inhibit the activity of the enzyme. However, lower
enzymatic activity was also observed for the healthy plants in the same areas, even with lower phosphorus concentration. The result
may indicate the influence of some other factors on the soil enzymatic activities. Another study reveals the influence of soil moisture,
organic matter, C:N ratio, temperature, climate, and plant species to the soil enzymatic activities [63,64]. We observed that abiotic or
biotic stresses alter physicochemical properties of soil, including the decrease of soil C-organic and C:N ratio and an increase of total
phosphorus content compared to control. The interplay of these stresses, soil physicochemical properties, and most likely soil mi-
crobial communities, will possibly determine the direction and magnitude of the soil enzymatic activities.

Burkholderia, Pseudomonas, Bacillus, Exiguobacterium, Brevundimonas, and Micrococcus are among the identified genera of the IAA-
and ACC deaminase-producing bacteria investigated in this study. Members of these genera have been reported to produce IAA for
their host plant [65,66]. In a similar work (Marfungah et al., unpublished), reported that P. aeruginosa RE81 produces the highest
concentration of IAA among PGPR isolated from the Eucalyptus pellita rhizosphere. The isolate has a strong growth inhibitory effect
against Xanthomonas sp., the causal agent of the bacterial leaf blight disease on eucalyptus. Micrococcus has been reported with plant
growth promoting traits such as phosphate solubilization, IAA production, ACC deaminase activities, and siderophore production, as
depicted in Micrococcus sp. NII-0909 that promotes the growth of cowpea and increases root colonization of the seedlings [67].
Similarly, Bacillus is known to foster many PGPR strains including the endophytic B. mojavensis PRN2 and B. subtilis LK14 isolated from
pea and tomato plants, [68,69]. Both strains possess the ability to produce IAA and ACC deaminase. However not all members of the
genus are gifted with both abilities. For example, Bacillus sp. HYT-12-1 that produces ACC deaminase but lacks in IAA production.
Likewise, Brevundimonas sp. CTEM2.9 is detected with ACC deaminase activity but not IAA production [70]. The ability of PGPR to
produce IAA varies across different species and strains and may depend on culture conditions, growth phases, and substrate availability
as well, as discussed by Mirza et al. (2004) [71]. Interestingly, two of the three isolates with pronounced ACC deaminase activities,
namely Brevundimonas sp. and Burkholderia sp. were taken from the healthy plants in the herbicide-affected areas, which may indicate
a profound ACC deaminase activity to endure the abiotic stress.

The plant stress response is closely associated with phytohormones namely abscisic acid (ABA), salicylic acid (SA), jasmonic acid
(JA), and ethylene, in which all present in a very small quantity but have a significant role for plant defense mechanisms [53,72]. One
of the plant responses to environmental stress stimuli is to increase the level of ethylene that potentially kills plant pathogens.
However, high ethylene levels are also dangerous for the plant as it increases the risk of cell and tissue death [23]. On the other hand,
phytohormones such as indole acetic acid (IAA), gibberellic acid (GA), and cytokinins (CA) play crucial roles to promote plant growth
[45].

Plant growth-promoting rhizobacteria (PGPR) promote plant growth, productivity, and development [2,7,8] via nutrition provi-
sion, production of phytohormones, siderophores and growth factors, or via induced systemic resistance (ISR) to increase plant
resistance against phytopathogens [1,50,73-76]. The phytohormone indole-3-acetic acid (IAA) affects root proliferation, elongation,
and nodulation [77,78]. On the other hand, ACC-deaminase will convert ACC to a-ketobutyrate and ammonia and prevent ethylene
production that cause early leaf senescence and abscission. Moreover, ACC-producing bacteria could provide the host plant with
nitrogen and energy, increase root length, and improve water uptake during stress conditions [50]. Although each IAA and ACC
deaminase are beneficial for the host plant, they might not necessarily work in sync. IAA excess might potentially lead to activation of
ACC synthase that converts ACC into ethylene [79]. An increase in ethylene level may have negative feedback on IAA production and
therefore reduced plant growth-promoting impact of the phytohormone. To maintain IAA production and conserve the beneficial
impact on the host plant, the utilization of bacteria with both IAA- and ACC deaminase-producing capacities could be performed. In
this case, the ethylene precursor ACC will be degraded by ACC deaminase [26] and thus will not negatively impact IAA production.
Moreover, some reports highlight the antagonistic activity of ACC deaminase-producing bacteria against pathogenic microorganisms,
including inhibition of Scelerotium rolfsii on tomato plants [75]. In general, the cross-talk between IAA production and ACC deaminase
activities is most likely to define the host plant response against environmental stresses or pathogen attack. The utilization of bacteria
with both IAA and ACC deaminase activities, including Burkholderia, Pseudomonas, Bacillus, Exiguobacterium, Brevundimonas, and
Micrococcus in this study, should then be employed further to investigate their impact on the host plants growth and productivity,
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especially under stressful environmental conditions.

The isolates of Brevundimonas, Bacillus, Pseudomonas, and Micrococcus are found to be effective to increase plant height, root length,
and both above- and below-ground (root) biomasses of soybean, even under lower water availability (specifically in the roots)
compared to the control. Interestingly, the top three of the selected isolates (Brevundimonas sp. CHTB 2C, and Bacillus sp. NCTB5I,
along with the control isolate Micrococcus sp. TPK5B2) are among the best IAA producers with a positive ACC deaminase activities.
Apart from the rice origin Micrococcus sp. TPK5B2, the other two were isolated from healthy plants of either conducive or stressful
environments. The excreted IAA and ACC deaminase activities are thought to play key roles in mitigating the negative effects of the
stressful conditions on plant growth and heath. Although the effect is not seen for all parameters, the amendment of other bacterial
isolates gives a significantly good impact on one or two parameters. Brevundimonas is known to possess plant growth-promoting and
disease suppression traits [80]. Plant growth promoting traits of Brevundimonas include siderophore production, phosphate solubili-
zation, IAA production, ACC deaminase activity, as depicted in B. diminuta NBRIO12 that promote growth of rice and decrease arsenic
accumulation in the edible part of the plant [81]. Furthermore, B. diminuta MYS6 promotes root elongation, shoot growth, improves
leaf chlorophyll, and increases dry and fresh weight of sunflower plant, under Cu stress [82]. In addition, Micrococcus yunnanensis
RS222 is reported to increase root elongation and plant dry weight of canola seedlings under salinity stress conditions [83], whereas
M. luteus AKAD 3-5 promotes soybean growth and has biocontrol activity against Fusarium oxysporum [84].

The indole-3-acetic acid (IAA) produced by PGPR is categorized as a type of auxin and could be synthesized using tryptophan that is
released as a component of root exudate. This phytohormone is an important molecule for signaling between bacteria and the host
plant. IAA-producing bacteria will boost the auxin to optimum level and thus improve plant health and productivity [85,86]. The
phyto-stimulatory effect of IAA is directed on root development where the increase of surface area will be promoted, including lateral
root formation, increase of the root hair length, and development of adventitious roots, that will lead to refinement in the water and
nutrient uptake [87]. On the other hand, the increase of ethylene triggered by different kinds of abiotic stresses will negatively impact
seed germination, root development, and the plant overall growth. The role of ACC-deaminase-producing bacteria will be crucial in
cleaving ACC, the ethylene precursor and hence the maintenance of plant growth. The mitigation of heat stress by ACC
deaminase-producing bacteria has been proven for Bacillus cereus. In addition to having positive impact on the plant physiology aspect
such as shoot and root length, biomass, and leaf surface area, the bacteria also increase plant chlorophyll content and antioxidant
activity, and improve water and nutrient uptake [58]. Interestingly, member of Bacillus has been known as a strong biocontrol agent.
Three strains of Bacillus subtilis have been shown to exhibit antagonistic activity against Fusarium in a study concerning cotton
plantation [88]. The inoculation of those bacteria, either individually or in a consortium, has increased antioxidants, phenol, and
flavonoid levels, increase stem and root length, promote lateral root formation which might be due to increase in IAA level, and also
increase gibberellic acid concentration during the exposure to biotic stress. These results emphasize multiple courses of action of
bacteria to alleviate biotic and abiotic stress. The resistance mechanism is most likely involving different aspects and thus careful and
thorough investigation must be conducted, for example in the study of the dynamic between IAA and ACC deaminase. The information
could be utilized in the future to implement the best strategy to increase crop resistance against stress stimuli.

This study emphasizes the potential future application of six beneficial bacteria isolates, including Brevundimonas sp. CHTB 2C,
Brevundimonas sp. CHTJ 5H, Bacillus sp. NCTB5I, Burkholderia sp. CFTB2A, Pseudomonas sp. CHTB 5B, and Exiguobacterium sp. CHTJ
3E, along with the control isolate of rice-origin Micrococcus sp. TPK5B2. All are found with IAA production and ACC deaminase activity
and promote soybean growth. Although the control isolate showed a higher IAA production, Bacillus sp. NCTB5I follows closely
behind. Brevundimonas sp. CHTJ 5H and Brevundimonas sp. CHTB 2C were observed with the highest ACC consumption and alpha-
ketobutyrate production, respectively. Moreover, Brevundimonas sp. CHTB 2C and Exiguobacterium sp. CHTJ 3E were also detected
with a notable protease activity, and Pseudomonas sp. CHTB 5B with phosphate solubilizing activity. Their potential might change
under different environmental conditions, depending on the metabolic capabilities of each bacterium. Although the control isolate had
better results in specific aspects for soybean growth, the result would not be necessarily true for the application to the pineapple
plantation, from where the isolates originated. Therefore, these isolates should be developed further in the near future as potential
bioagents to promote plant growth especially under abiotic or biotic stress conditions, more specifically for application in the
rhizosphere of pineapple plants.

5. Conclusion

Our study highlights the activity of six bacterial isolates from the rhizosphere of pineapple plants, and one control isolate from rice
in producing phytohormone IAA and ACC deaminase, that potentially increase tolerance against abiotic or biotic stresses. The isolates
include Brevundimonas sp. CHTB 2C, Brevundimonas sp. CHTJ 5H, Bacillus sp. NCTB5I, Burkholderia sp. CFTB2A, Pseudomonas sp. CHTB
5B, and Exiguobacterium sp. CHTJ 3E, along with the control isolate of rice-origin Micrococcus sp. TPK5B2, all with the capacity to
produce IAA, positive ACC deaminase activities, and promotion of soybean growth. These are potential bacteria to be utilized in the
near future as bioagents to promote plant growth especially under stressful environmental conditions. The following experiments
should include the investigation of the positive impacts these bacteria have for the growth and development of pineapple plantation.
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