2 CHILEAN

CHILEAN JOURNAL of AGRICU!

RESEARCH ARTICLE

Microbial antagonism of Pseudomonas fluorescens and Bacillus
subtilis to overcome Ralstonia solanacearum in potato seed
production with an aeroponic system in Indonesia

Meksy Dianawati'*, Hanudin Hanudin?, Kiki Kusyaeri Hamdani®, Wakiah Nuryani?, Ineu Sulastrinit, Yati Haryatit,
Ika Cartika?, Indijarto Budi Rahardjo?, Agus Muharam?, and Ruth Feti Rahayuniati?

INational Research and Innovation Agency, Research Center for Horticulture, Cibinong 16911, Indonesia.
2Universitas Jenderal Soedirman, Faculty of Agriculture, Purwokerto 53123, Indonesia.

*Corresponding author (meksyd@yahoo.com).

Received: 1 February 2024; Accepted: 30 April 2024, doi:10.4067/50718-58392024000400500

ABSTRACT

Potato (Solanum tuberosum L.) seed production using the aeroponic system has been widely implemented in
Indonesia. However, aeroponic systems in tropical areas such as Indonesia faced obstacles in the form of high
wilt attacks caused by the bacteria Ralstonia solanacearum. This research aimed to control R. solanacearum
wilt disease in an aeroponic system using various microbes. The research was carried out from September 2022
to January 2023. This research consisted of four stages, namely exploration and isolation of microorganisms,
identification of microbial antagonism, testing of in vitro potential microbial antagonism and testing of selected
microbial antagonism in the aeroponic system. The nutrients used in the aeroponic system contained R.
solanacearum with a concentration of 10* CFU mL?, while the concentration of the microbial solution used was
108 CFU mL™. Pseudomonas fluorescence was consistently the best microbe both in vitro and in aeroponics,
whereas Bacillus subtilis could only overcome wilt in vitro and could not overcome wilt in aeroponic system.
Pseudomonas fluorescence required 5 min soaking time and could increase wilt with increasing soaking time.
The consortium between B. subtilis and P. fluorescence with 10 min soaking time could overcome wilt by 85%
and increase the number of tubers and tuber weight by 79% and 85%, respectively, so this prospective microbial
consortium could be applied to aeroponic systems environmentally friendly in tropical areas with high R.
solanacearum opportunities.
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INTRODUCTION

Potatoes (Solanum tuberosum L.) are a leading horticultural commodity in the world (Osei et al., 2022) and
Indonesia (Dianawati et al., 2023), which are a source of carbohydrates, protein, minerals and vitamins. Per
capita potato consumption in Indonesia increased, due to the increasing small food industry made from
potatoes and changes in potato consumption patterns as an alternative staple food (Dianawati and Yulyatin,
2021). However, the high national potato consumption per year is not yet supported by the national potato
production capacity. Potato productivity in Indonesia in 2022 was 19.6 t ha™* lower than the potential research
results for potatoes of 25 t ha', partly because of the low use of quality potato seeds (Dianawati et.al., 2023).

Potato seed production using the aeroponic system has been widely implemented in Indonesia, both by
seed farmers, government seed centers, and the potato seed industry because of its higher production,
healthier seed, and more efficient than other hydroponic and conventional systems. Its higher production is
due to efficient nutrient absorption, tuber harvesting repeatedly, high stolon growth and development, and
easy plant control (Dianawati et al., 2013; Raei et al., 2017), so that the use of aeroponic systems in the potato
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seed production is expected to help realize national potato seed self-sufficiency in Indonesia (Dianawati and
Wattimena, 2014) and other countries (Wang et al., 2017; Balena et al., 2021).

In its development, aeroponic systems in tropical areas faced obstacles in the form of high levels of wilt
attacks caused by the bacteria Ralstonia solanacearum (Rs) (Nurbaya et al.,, 2013; Pathania et al., 2016).
Nurbaya et al. (2013) reported that Rs infection in an aeroponic system caused wilting attacks varying between 43%
and 100%. Ralstonia solanacearum is endophytic and can enter plant tissue without initial symptoms and is easily
spread through contaminated water (Yuliar et al., 2015; Manda et al., 2020) in aeroponic nutrition, with closed
circulation, so that it is only known when all the plants have wilted and then died (Mateus-Rodriguez et al., 2013).
Potato plants infected with Rs in an aeroponic system can still produce, but the seed produced cannot be
certified as breeder seed. These conditions have caused several seed breeders, government seed centers, and
the potato seed industry in Indonesia to stop producing aeroponic potato seeds and return to implementing a
hydroponic substrate system with a lower risk of failure.

Microbial antagonism can be a strategy to prevent Rs wilt in aeroponic systems because microbes can
reproduce themselves after being established, self-sustaining, suppress disease in the long term in an
environmentally friendly manner (Yuliar et al., 2015) and can be combined with other control methods (Nasir,
2016). Elsayed et al. (2020) stated that microbial antagonism is the best preventive biocontrol in endemic areas
that are difficult to control. However, it is necessary to look for microbial antagonism that can live in aeroponic
conditions because according to Stegelmeier et al. (2022), microbial antagonism isolated from soil cannot
always survive in hydroponic systems due to limited rhizosphere diversity. Nurbaya et al. (2013) used the
anaerobic bacteria Clostridium sp. to control Rs wilt by 85% in aeroponic system, while Raei et al. (2017), used
a combination of Azospirillum sp. and Pseudomonas sp. bacteria to increase tuber production in an aeroponic
system by 33%-54% depending on the strain.

Pseudomonas fluorescence (Pf) and Bacillus subtilis (Bs) are massive arsenals of secondary metabolites (Lyng
and Kovacs, 2023) in the form of aerobic endophytic bacteria which are widely used as biocontrol and
biofertilizer in potato (Mamphogoro et al., 2020; Manda et al., 2020) and has potential for use in hydroponic
systems (Stegelmeier et al., 2022; Chiaranunt and White, 2023). These two microbes are often associated with
nutrient uptake, hormone production, and biocontrol activities improving by competing for nutrients and
growth space, antibiosis, parasitism, and induced systemic resistance (Yuliar et al., 2015; Lal et al., 2022). This
research aims to control R. solanacearum wilt disease in an aeroponic system by using various microbial
antagonism at various soaking times.

MATERIALS AND METHODS

The research was carried out from September 2022 to January 2023. This research consisted of four stages,
namely exploration and isolation of microorganisms in West Java province, identification of potentially
microbial antagonism, in vitro testing of potential microbial antagonism in the Food and Horticultural Crop
Protection Center (BPTPH) disease laboratory, Cianjur, and testing of selected microbial antagonist in the
aeroponic system in the greenhouse, Potato Seed Center, Bandung, Indonesia.

Exploration and isolation of potential microbial antagonism

The research began with collecting microbial samples either from existing microbial collections or through
microbial exploration in the field. Samples were taken from various plant parts, plant hosts, and locations.
Isolation from the rhizosphere of soybean and edamame (Glycine max (L.) Merr.) plants (edamame is the edible,
fresh seed of the soybean plant) using the serial dilution method (Sezen et al., 2016). Meanwhile, isolation of
microbes from plantlets and cuttings of potato (Solanum tuberosum L.) plantlets as well as rice (Oryza sativa L.)
stems and leaves were carried out by washing the plant tissue and then drying it in the air on tissue paper. Soil
and liquid samples were streaked on nutrient agar (NA) and King’s B media, then incubated at room
temperature (19-29 °C) for 24 h, then the shape and color of the colonies growing on the media were observed.
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Identification of antagonistic microbial potential

Identification of previously isolated microbes was carried out on pure isolates of microbes resulting from exploration.
Identification was carried out based on morphological characters according to AlAli et al. (2021), which includes shape,
diameter, color, elevation, and edges and biochemistry. Next, gram testing was carried out on all selected isolates.

In vitro microbial antagonism testing

Testing the efficacy of microbial antagonism against Ralstonia solanacearum (Rs) in vitro used a completely
randomized design with 20 treatments consisting of 18 microbial treatments and two control treatments. The
positive control treatment used the antibiotic amoxycillin trihydrate with a concentration of 0.25%, while the
negative control used sterile water. Each treatment was repeated twice. The Rs isolate came from the collection
of the Disease Laboratory of the Vegetable Crops Research Institute, Indonesia. The test used a misting system
that adopted the method of Kawaguchi et al. (2008). All treatments were misted by spraying the Rs bacterial
suspension using a perfume sprayer with a concentration of 10° CFU mL*. All treatments were incubated for
24 h then the inhibition zone area was measured using a ruler. Data were analyzed using ANOVA and if
significantly different, continued with the Duncan test at a confidence interval level of 95%.

Testing of selected microbial antagonism in aeroponic systems

The experimental design for testing selected microbes in aeroponics used a complete randomized block design
with two treatment factors and one control. The first treatment factor was microbial antagonism, namely the
four best microbes from in vitro microbial testing. The second treatment factor was the length of microbial
soaking, namely 5, 10 and 15 min. The control treatment was without microbial antagonism. The treatment
was repeated four times.

The nutrients used in the aeroponic system contain Rs with a concentration of 10* CFU mL™. The density of
the microbial suspension used was adjusted to reach 108 CFU mL™. The microbial solution was applied to the
roots of the cuttings by soaking them for the soaking time according to the treatment. The injection of the
microbial solution was carried out on rockwool buffer media aged 1 and 2 wk after planting (WAP). Microbial
solution spraying was carried out when the plants were 3, 4 and 5 WAP.

The research was carried out in a greenhouse with 0.5 mesh walls. The aeroponic tub was made of fiberglass
with a width of 1.0 m, a length of 13.0 m, and a height of 0.6 m. The aeroponic tub was coated with Styroform
with a thickness of 2.5 cm and covered with black and silver mulch. The 1000 L nutrient drum was connected to the
aeroponic tank with a pipe 15 m long and 13 mm in diameter. Each tank consisted of two nutrient pipes with a
distance between sprinklers of 60 cm. Nutrients were flowed from the nutrient drum with a plunger pump to be
sprayed in a mist onto the roots via a sprinkler with a time span of 3 min of watering and 7 min of stopping. After
hitting the roots, the nutrients fell by gravity and returned to the nutrient drum. Nutrients were maintained in
the electrical conductivity (EC) range of 1-2 mmho using an EC meter and pH 6-7 using a pH meter.

The seeds used were ‘Granola L’ potato plantlet cuttings. Nursery by plantlet cuttings in trays used sterilized
husk charcoal: Compost (1/1 v/v) planting medium. Two weeks later the seeds were transplanted into aeroponics.
One experimental unit measured 1 m x 0.5 m with a planting distance of 20 x 20 cm? or 15 plants. Pest and disease
control was carried out if there were indications of an attack. Harvest was carried out at 9 WAP.

The observed variable was the number of wilt plants every 2 wk until 8 WAP. The percentage of wilt plants
was the percentage of the number of wilt plants compared to the total plants observed. The wilt cumulative
percentage was the sum of the percentage of wilt plants up to the last week of observation. Inhibition power
was the wilt reduction percentage of the control and treatments divided by the wilt percentage of control.
Harvest observations were the fresh weight of stover, roots, tubers and total plants, the number of tubers
based on tuber size and total tubers. Ratio of tuber and plant weight was comparison of tuber weight and total
plant weight. Tuber size was differentiated based on the size of the tuber, namely small < 5 g, medium 5-10 g,
and big > 10 g. Nutrient temperature, temperature and humidity both inside and outside the greenhouse were
measured at 12:00 h. Data were analyzed using ANOVA and if there were significant differences, continued
with the Duncan test with a confidence level of 95%. Testing between observed variables used the Pearson
correlation test and principal component analysis (PCA) test with the RStudio program (PBC, Boston,
Massachusetts, USA; http://www.rstudio.com).
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RESULTS AND DISCUSSION

In vitro selection of microbial antagonism

Samples were obtained both from collections and exploration results (Table 1). Microbial collections came from
the Faculty of Agriculture, Padjajaran University, and from farmers. This collection was the result of exploration
in 2015 and has been tested for virulence due to continuous maintenance in storage. Based on the host from
exploration results, isolates were taken from various plants such as soybeans, edamame (Glycine max (L.)
Merr.), potato (Solanum tuberosum L.), and rice (Oryza sativa L.) (Table 1). Exploration samples came from the
rhizosphere, plantlets, plantlet cuttings, stems or leaves (Table 1). Isolate M-18 was a combination of M-16 and
M-17. All isolates were taken from three districts, namely Bandung, Cianjur, and Garut, in the West Java
province of Indonesia with altitudes ranging between 279 and 1549 m a.s.l. or from six coordinate locations
(Table 1).

Table 1. Host plants, origin of isolates, and location of isolate sample collection.

Location of isolzte sample collection

Altitude Latitude Longitude

lsolate code  Collection date Host plant Origin of isolate Regency  masl. (South) [East|

-1 12:05-2022 Glycine max (L) Merr. Rhizosphera Cianjur 279 65012 107°2.1548"
-2 1205-2022 G. max Rhizosphere Cianjur 279 65012 107°2.1548"
-3 12-05-2022 G. max Rhizosphera Cianjur 279 65012 107°2.1548"
-4 1205-2022 G. max Rhizosphere Cianjur 279 65012 107°2.1548"
-5 12-0%-2022 G. max Rhizosphera Cianjur 1100 6'45.1081'0" 107°2.7385"
-6 12-05-2022 G. max Rhizosphera Cianjur 1100 6'45.1081'0" 107°2.7885"
M-7 12-0%-2022 G. max Rhizosphera Cianjur 1100 6'45.1081'0" 107°2.7385"
M-8 12-05-2022 G. max Rhizosphera Cianjur 1100 6'45.1081'0" 107°2.7885"
-9 12-05-2022 Solonum tuberosum L. Plantlet Bandung 1549 JM27067" 107360918
WM-10 12:05-2022 5. tuberosum Plantlet cuttings Bandung 1549 27067 107360518
M-11 12-05-2022 5. tuberosum Plantlet cuttings Bandung 1549 JM27067" 107360918
W-12 12-05-2022 Oryza sativa L. Stem, leaf Cianjur 301 6'50'14784"  107°16'25.932"
W-13 12-0%-2022 0. sativa Stem, leaf Cianjur 301 6'50'14784"  107°16'25.932"
W-14 12-05-2022 0. sativa Stem, leaf Cianjur 301 6'50'14784"  107°16'25.932"
M-15[4) 2015 5. tuberosum Isolate collection from Padjajaran University  Garut 1389 72050863 1074 ERE
M-16(E) 2015 Bambusa spp. Isolate collection from farmer Garut 1389 72050863 1074 66E'
M-17(C) 2015 Bambusa spp. Isplate collection from farmer Garut 1389 72050863 1074 g6E'
W-12 (D) 12-05-2022 Bambusa spp. MI16+M17 Cianjur 301 6°5014.784"  107°16'25932"

Biochemical test results showed that all microbial colonies tested were 2-3 mm in diameter with a round
shape. The edges and elevations of the colonies of isolates M1 to M-16 were slippery and appeared somewhat
rough, whereas isolate M-17 has raised and smooth edges. Isolates M1 to M-16 on NA media were cream
colored, while M-17 was fluorescent green on KB media (Figure 1); M-1 to M-16 showed a gram positive (+)
reaction, while M-17 had a gram negative (-) reaction. Based on morphological observations and biochemical
tests, it was suspected that M-1 to M-16 had the same colony shape and color, but were different from M-17.
The M-1 to M-16 were suspected to be Bacillus subtilis (Bs) because they reacted with positive cells with a cell
wall consisting of one homogeneous layer, while M-17 was suspected as Pseudomonas fluorescence (Pf)
because they reacted with negative cells with a cell wall consisting of three layers. In addition to these
characteristics, M17 showed a fluorescent green color (Figure 1) as a specific characteristic of Pf which was
thought to be caused by pyoverdines. Lyng and Kovacs (2023) stated that pyoverdines was a Fe chelating agent
produced by fluorescens group bacteria that grew in media that were poor in Fe ions.

CHILEAN JOURNAL OF AGRICULTURAL RESEARCH 84(4) August 2024 - www.chileanjar.cl 503



Figure 1. Colony shape and color of M-15 (a), M-16 (Bacillus subtilis) (b), and M-17 (Pseudomonas
fluorescens) (c).

The in vitro antagonism test between the pathogen (Rs) and the test isolate showed that the test
isolate was able to significantly influence the growth of the pathogen (Figure 2). The presence of a clear
inhibition zone indicated that the tested isolate could produce secondary metabolites that were capable
of inhibiting or killing pathogens (Lal et al., 2022) (Figure 3). The highest inhibition zone was M-18 as a
combination treatment of Pf and Bs of 1.95 mm and was not significantly different from the positive
control (bactericide) (Figures 2 and 3). Thus, the inhibition zone of the consortium treatment between Pf
and Bs (M-18) was the highest in inhibiting Rs compared to when the isolates were given alone. The use
of microbial consortia could suppress pathogen attacks compared to single microbes, because of the
synergistic effect of each microbe which complements each other by using available nutrient sources
(Soesanto et al., 2019). Pseudomonas fluorescence could grow rapidly in various conditions (Nasir, 2016;
Wai et al., 2022), but could not withstand environmental stress, while Bs could produce endospores when
facing environmental stress, both hot and dry (Radhakrishnan et al., 2017), but it took longer to colonize
roots (Majid, 2016) with a longer adaptation time (Hashem et al., 2019). Apart from that, Pf was offensive
because it produced bactericidal or bacteriostatic molecules, while Bs was more defensive, because it
could neutralize offensive molecules or prevent being overtaken by a competitor, so that the two could
work together well (Lyng and Kovdacs, 2023).
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Figure 2. Inhibition zones of various isolates tested. Value of inhibition zones of microbe
treatment followed by the same letter with other treatments are non significantly different
using Duncan’s test (p < 0.05%).
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Figure 3. Inhibition zones produced by in vitro testing between Ralstonia solanacearum and M 15
(a), M16 (b), M17 (c), M18 (d), M19 (K+) (e), and M20 (K-) (f).

Among single isolates, the inhibition zone of Pf (M-17) was higher than that of all Bs isolates (M-1 to
M-16) (Figure 2); Pf could produce many types of antibiosis such as hydrogen cyanide, 2,4-
diacetylphloroglucinol and pyoluteorin, which could directly interfere with the growth of pathogens.
Pseudomonas fluorescence was offensive because it produced bactericidal or bacteriostatic molecules
(Lyng and Kovacs, 2023). The superiority of Pf over Bs was also reported by Elsayed et al. (2020).
Pseudomonas fluorescence could grow quickly in various conditions, so it could colonize roots quickly
(Nasir, 2016). Yuliar et al. (2015) stated that Pf was the dominant bacteria that was virulent against Rs,
followed by Bs and other species.

The best Bs treatments were M-15 and M-16, meanwhile there were three Bs isolates that did not
form an inhibition zone at all, namely M-7, M-8, and M-14 (Figure 2). Lyng and Kovacs (2023) stated that
strain responses would vary in controlling Rs. This was because the success of biocontrol depended on the
right selection process and its ability to fight specific pathogens on plants (Hashem et al., 2019).
Differences in Bs strains and species showed differences in biocontrol mechanisms, so it was necessary to
understand how to select, formulate, and practically apply them.

Based on the test results, the four best treatments recommended for further experiments were
selected, namely treatments with inhibition zones ranging from 0.65-1.95 cm, respectively, namely
treatments M-15 (Bs), M-16 (Bs), M-17 (Pf), and M-18 (Bs+Pf consortium). All tested isolates were not
phytopathogenic based on tests on tobacco plants, because all isolates did not cause disease symptoms.
Thus, the bacteria selected in this test were safe for plant growth and could be used as biofungicides.

Microbe selection in aeroponic systems

The application of microbes in this study when transplanting from the nursery to the aeroponic system
coincided when the plants began to be exposed to nutrients contaminated with Rs. Transplanting was done by
cleaning the roots from the planting medium, so there was a possibility of injury. This wound was thought to
be the place where Rs entered the plant in the aeroponic system; Rs easily entered through wounds at the root
tips while growing or through natural openings or lenticels of tuber in aeroponic (Pathania et al., 2016). Once
Rs entered the plant, it would multiply in the xylem and produced exopolysaccharides which would block the
flow of water and nutrients, causing the plant to wilt (Nasir, 2016).

The average nutritional temperature at 12:00 h was 23.32 °C lower than the temperature inside and outside
the greenhouse (25.95 and 25.49 °C). Placement of nutrient storage containers underground in this study could
help reduce nutrient temperature. Meanwhile, the temperature conditions inside the greenhouse in this study
at 12:00 h (25.95 °C) were relatively higher (25.49 °C) and the humidity inside the greenhouse (41.43%) was
lower than outside the greenhouse (42.24%). The description of the microclimatic conditions in this study
showed that the research was carried out at temperatures during the day that were not too high (< 25 °C) with
low air humidity below 50%. Daytime temperatures still below 25 °C caused tuber yield not to be influenced by
temperature as in aeroponic research conducted by Chiipanthenga et al. (2013). The low air humidity in this
study was attempted to be overcome by routinely spraying nutrients intermittently to the roots with an interval
of 3 min of watering and 7 min of stopping watering.
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The growing range for Rs was at 15-35 °C, but optimum temperature for Rs was 30-35 °C and could still
survive at low temperatures below 4 °C (Nasir, 2016). This caused the wilt percentage in the control at 2 WAP to not
be immediately high above 80% (Figure 4), because the nutrient temperature and temperature inside and
outside the greenhouse during the day were still below 30 °C. Apart from that, the wilt attacked in this study
occurred gradually during the day on young leaves and in the early morning they looked fresh again, like the
wilting symptoms presented by Mamphogoro et al. (2020). After a few days, permanent wilting occurred
because the young leaves began to turn yellow and spread to the old leaves. This type of wilt attack by Manda
et al. (2020) was called a hidden infected plant and could spread the infection easily to other healthy plants in
aeroponics with a closed nutritional system or by Mamphogoro et al. (2020) it was known as “green wilt”
disease because the leaves of infected plants remained green when the plant showed symptoms. The Rs wilt
attacks often occur in hot temperatures or in hot lowlands or in the dry season (Elsayed et al., 2020).

100

80

20

Cummulative wilt percentage (%)

Observed week

Figure 4. Cumulative wilt percentage at various weeks of observation. K: Control; A/B/C/D5/10/15:
microbe A/B/C/D with 5/10/15 min soaking time.

The cumulative wilt percentage in this study was immediately high in the 2nd week above 50% for microbes
A and B at all soaking times compared to the control (Figure 4). This showed that the microbe Bs found in
treatments A and B at the beginning of growth actually caused wilting to develop more quickly compared to controls.
Wilting in controls began to increase with microbes A and B above 90% in the 4th week (Figure 4). Wilt attacks in
treatment C with microbe Pf exceeding 50% in 10 and 15 min soaking occurred in the 4th week, while in 5 min soaking
occurred in the 6th week. Thus, a longer soaking time for microbe C could increase the attack of Rs. Meanwhile, wilt
attacks were above 50% in treatment D (combination of Pf and Bs) starting in the 8th week. Thus, treatment D with
various soaking times and treatment C with 5 min soaking could withstand wilt attacks (below 50%) until the 6th week.
In the 8th week, all treatments had wilt attacks above 80%. Even though the Rs concentration given was 10* CFU mL?,
it was considered low according to Elsayed et al. (2020), but because the nutrient circulation was closed, the plants were
continuously exposed to Rs, so all the plants eventually wilt. This was because Rs easily spreads quickly in contaminated
water (Mamphogoro et al., 2020).

There was an interaction between microbes and its soaking time on the wilt percentage of 2 and 6 WAP,
the cumulative wilt percentage in all observations, the percentage of inhibition power, stover weight and total plant
weight (Table 2). The best percentage of inhibition power was found in three treatment combinations, namely
microbe C soaking for 5 min and microbe D with various soaking times (Table 2). This showed that to obtain the
highest inhibition power, microbe C required a short soaking time (5 min), while the soaking time for microbe D has
no effect. This phenomenon was in line with the initial observation of wilt attacks in Figure 4. The Bs and Pf microbes
in aeroponics had different responses to Rs or there were differences in the responses of Bs in vitro and in aeroponics
to Rs (Figure 2 and Table 2). Apart from that, Pf and consortium microbes (Pf and Bs) responded differently to the
soaking time (Table 2). These two discoveries could be new to the world of microbial antagonism in aeroponics.
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Table 2. Interaction between microbes and its soaking times on observed variables. Data was
transformed with “Log (x+4), ““log (x+6), “log (x+10). WAP: Weeks after planting, CV: coefficient of
variance. Numbers followed by the same letter in a column are non significantly different using

Duncan’s test (p < 0.05).
Inhibition Stover  Total plant
Soaking Wilt percentage Wilt cumulative percentage power weight weight
Microbes time 2 \WAP B WAP 2 WAP 4 \WAP 5 WAP & \WAP
min % % —%— —g— —E—
Control 0 36.,67h 1.67d £0.00d 93.33ab 95,00ab 100.00a 0.00b 0.00b

Microbe A 5 65003k 3.34cd 71.67cd 50.00ab 93.333b 98.33a le7c 23.00b 45.50b
10 60.00sb 1.67d £0.00cd 96.67ab 98.33a 98.33a 167c 66.75b 83.75b

15 465673b 1.67d 70.00cd 98.33a 100.00a 100.00a 0.00c 0.00b 0.00b
Microbe B 5 8333 3.34cd 93.33ab S667ab  100.00a 100.00a 0.00c 0.00b 0.00b
10 8lb7a 1.67d 93.33ab 98.33a 100.00a 100.00a 0.00c 0.00b 0.00b
15 7167ab 0.00d 98.33a 100.00a 100.00a 100.00a 0.00c 0.00b 0.00b

Microbe C 5 10.00c 20.00s 10.00f 34.98d 55.00c 80.00c 20.00a 22407a  308.48a
10 4333b 833bcd 4333 83.33b 91.67ab 98.333 167c 8225 101006
15 35.00b 20.00ab 35.00e gb.67c 86.67h 95.00a 5.00bc  168.50ah  224.463b

Microbe D 5 8.33c 13.33ab 8.33f 26.67d 40.00d 90.00sb  10.00ab  127.7%ah  209.67ab

10 5.00c 21673 5.00f 1333 35.00d 85.00bc  15.002 185252 265.56a
15 10.00c 833bcd  1L167f 35.00d 43,33 83.33bc 16002 19713 299.63a
v, % 13.65% 27.09* 2127 1153 8.80 6.40 22.72¢ 29.66**  32.20%

Microbe C in the form of Pf bacteria were endophytic bacteria that work to enter cells systematically, so it
was thought that they did not require a long soaking time to enter plant tissue. Lyng and Kovacs (2023) stated
that Pf could grow quickly in the rhizosphere, so that Pf was offensive and attacked Rs quickly. Javandira et al.
(2018) reported that the best concentration of Pf to suppress Erwinia carotovora in potato tubers was the
lowest, namely 10° CFU mL™* compared to 107 and 10° CFU mL™, while this study used a high Pf concentration
of 10® CFU mL* compared to the best concentration according to research by Javandira et al. (2018). This
condition raised the suspicion that long soaking times at high concentrations caused the concentration to
become too high and poison the plants. Like the phenomenon of feedback inhibition in continuous liquid
culture that growth could be hampered by the resulting metabolism, namely too many compounds produced,
thereby poisoning the plant. Stegelmeier et al. (2022) stated that high concentrations were not necessarily
effective because the microbial response in artificial systems was very different.

Microbe D was a consortium treatment between two bacteria Pf and Bs. Majid (2016) stated that Pf could
colonize quickly but was sensitive to environmental stress, especially high temperatures, while Bs took longer
to colonize roots, but was resistant to environmental stress by forming endospores. In this way, the
collaboration between the two could synergize and complement each other in producing secondary
metabolites which were useful both for suppressing wilting and increasing plant growth and production. This
synergy was proven by the longer the soaking time for microbe D tended to increase the wilt inhibition power
although it was not significantly different (Table 2). Stegelmeier et al. (2022) suggested the priority of microbial
consortia in hydroponic systems because diversity in artificial systems was limited so that they complement
each other. The results of consortium research between Pf and Bs could reduce Rs in potatoes by 75%-81%
(Istifadah et al., 2019). Tkachenko et al. (2023) reported that consortium bacteria had a greater effect after
planted in aeroponic condition from adverse environmental factors.

The high inhibition power percentage of the best treatment (microbe C soaked for 5 min and D at all soaking
times) was shown by the cumulative wilt percentage at 2, 4, 6, and 8 WAP and the low wilt percentage at 2
WAP (Table 2). The high inhibition power percentage caused the stover weight and the total plant weight to be
the highest (Table 2). This was because microbes C and D with the best soaking time could not only help
overcome wilt, but also increased plant growth and produced high plant production. Soesanto et al. (2021),
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reported that secondary metabolites produced by antagonistic microbes would suppress the development of
pathogens and stimulate plant growth so that the plant’s ability to carry out photosynthesis increased and was
followed by rapid plant growth and cell elongation so that stem, leaf and root growth was also high. This was
because microbial antagonism could play a role in stimulating plant growth through various mechanisms,
namely increasing the solubility and uptake of N, P, K and Fe nutrients, increasing the synthesis of the
phytohormones auxin, cytokinin and gibberellin, and improving plant roots (Yuliar et al., 2015; Lal et al., 2022).

Microbes A and B (Bs) with various soaking times could not inhibit wilt attacks. This was indicated by the
high wilt attack of 2 WAP, the cumulative wilt percentage of 4, 6, and 8 WAP, so that microbes A and B had
lower stover and total plant weight compared to the best treatment of microbe C (Pf) soaking 5 min and
microbe D (consortium Bs and Pf) with various soaking times (Table 2). However, microbes A and B (Bs) in this
study showed different characteristics against the initial attack of wilt 2 WAP (Table 2). Microbe B was attacked
by wilt more quickly than microbe A after soaking for 15 min. This showed that each Bs strain was different
responding to wilt disease (Stegelmeier et al., 2022; Lyng and Kovacs, 2023).

In vitro test results showed that microbes A and B (Bs) could overcome wilt (Figure 2), but when tested in
an aeroponic system they were not successful, and even had the effect of increasing wilt at the beginning of growth
(Figure 4). This was because microbe isolates from soil could not always survive on the same plant under hydroponic
conditions (Stegelmeier et al., 2022; Chiaranunt and White, 2023) or because variations in the biotic and abiotic
environment were difficult to consider when selecting in vitro (Lal et al., 2022). Research into appropriate in vitro
isolate selection methods by adapting artificial aeroponic systems could be a topic for further research.

The aeroponic system allowed the roots to absorb oxygen from the air at a higher rate, so that the energy
resulting from root respiration could be used to increase nutrient uptake (Dianawati et al., 2013). The low
reducing sugar and total sugar content in roots using an aeroponic system was a consequence of increased
respiration due to the abundance of Oz for the roots. However, the high oxygen in this aeroponic system not
only increased nutrient uptake, but was also thought to increase Rs attack on the roots. Ralstonia solanacearum
included aerobic microbes whose virulence increased with increasing oxygen (Elsayed et al., 2020; Manda et
al., 2020). Meanwhile, the two microbes used in this research, Pf and Bs, were aerobic bacteria that could grow
optimally in conditions where oxygen was abundant (Lyng and Kovécs, 2023). However, Pf was reported to be
able to grow under anaerobic conditions on nitrite and ammonium media by (Soesanto et al., 2011). Some Pf
strains could use nitrate as an electron acceptor to replace oxygen. Meanwhile, competition between Bs and
Rs for oxygen in aeroponics showed that Bs was unable to compete and actually disrupted plant growth (Table
2). Elsayed et al. (2020), reported that the competition ability of Bs was lower than that of Pf, even though it
was widely found around the rhizosphere, because its position was far from the roots. Meanwhile, according
to Wai et al. (2022), Bs consumed more C, so less C was conserved, causing Bs to be unable to compete with
Pf. Stegelmeier et al. (2022) also stated that Bacillus species did not grow well in hydroponics, unlike
Pseudomonas. In addition, the microbial soaking which was almost the same as the Rs inoculation when
transplanting to aeroponics meant that Bs did not have much time to adapt against Rs. Hashem et al. (2019)
stated that Bs needs time to form endospores when environmental stress occurred. Thus, improving the initial
application time for Bs could be considered for further research in overcoming Rs in aeroponics.

Single-handedly, differences in microbe treatment influenced all observed variables, while differences in
soaking time influenced wilt percentages at 1, 4, and 8 WAP (Table 3). Microbe D had a number of tubers with
various tuber sizes, roots and tuber weight, as well as the highest ratio of tuber weight and a lower wilt
percentage at 1 WAP compared to control and microbes A, B, and C (Table 3). However, treatment D was not
significantly different from treatment C in terms of wilt percentage of 1 WAP, root weight, number of large and
medium tubers, and ratio of tuber weight (Table 3). The difference between treatments C and D could be seen
from the peak of C wilt attacks at 4 WAP, while the peak attack of D microbes was at 8 WAP or later than C
microbes. This was thought to be the cause of changes in the tuber weight, the number of small and total tubers
of microbe D were higher than of microbe C. When related to the interaction influence of microbe and soaking
time, the toxic effect of microbe C during long soaking times was thought to cause singly, microbe C to have
lower variables than microbial D.

A single microbial soaking treatment could reduce wilt attacks at 1 and 4 WAP and increase wilt attacks at
8 WAP, but did not affect the root and tuber weight, the number of tubers of various sizes, and the ratio of
tuber and total plant weight (Table 3). This showed that microbial soaking could overcome wilt and could delay
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the peak of attack later at 8 WAP compared to the control. There were nonsignificant differences in the
variables of tuber weight, number of tubers, and ratio of tuber and total plant weight due to differences in
microbes, which occurred due to differences in plant growth phase response which then became the same
between microbes after forming tubers.

Table 3. Effect of various microbes and various soaking periods on the observed variables. Data was
transformed with *Log (x+4), " "log (x+10). WAP: Weeks after planting, CV: coefficient of variance. Numbers
followed by the same letter in a column are non significantly different using Duncan’s test (p < 0.05).

Wilt percentage (%) Weight (g) Number of tubers Ratio of
tuber and
total plant

Treatments 1WAP 4WAP 8 WAP Root Tuber Big  Medium Small  Total weight
Microbe treatments
Control 2333 33,33 500 000t 0.00° 0000 Q.00 0,006 Q.00 0.000
Microbe A 16672 21118 167 4,506 86/ 0330 Q.08 0500 0.2 428t
Microbe B 16112 3.33¢ 0.00¢ 0.00t 0.00° 0.00° 0.008 0.00°  0.00b 0.008
Microbe C 0.00° 32222 13336 4115 11908 0.43% 033 0420 118 7.00%
Microbe D 0.55° 16.67° 4667 5072 37.63 0.83 0.88 334 508 20,558
Soaking time treatments [min)

0 2333 3333  S00° 0.00 0.00 0.00 0.00 000 000 0.00
5 417 1625 20000 3230 14591 0.38 041 0.92 172 585
10 7920 17500 1417¢ 1393 15.16 0.46 0.18 155 219 9.35
15 12926 21250 1201% 2604 13.57 0.35 038 0.73 145 8.69
CV, % 27177 1817 21790 2234 2273 10090 855 1543 1974 1823

Harvest variables, both weight and number of tubers, had a significantly negative effect on the wilt
cumulative percentage and a significantly positive effect on the percentage of inhibition power (Table 4). The
wilt percentage variable at a longer observation time (6 and 8 WAP) had a positive effect on the harvest variable,
while the wilt percentage at the beginning of the observation (1 and 2 WAP) had a negative effect on the harvest
variable. This showed that a high wilt percentage at the beginning of the observation had a negative effect on
harvest variables compared to if wilting occurred at the end of the observation. Thus, the beginning of the wilt
attack greatly influenced the harvest variables. This was in accordance with what was stated by Lal et al. (2022),
early attacks of disease could cause crop failure, so applying microbes as early as possible could prevent plant
disease attacks. Microbial antagonism could weaken pathogens, but if the pathogen had already entered the
plant, then protection against the pathogen would still fail. Meanwhile, the wilt percentage at 4 WAP had no
effect on all observed variables.

There were five clusters based on a fairly high PCA value of 86.2% (Figures 5a and 5b). The first cluster was
microbe D soaking for 10 min with a high percentage of inhibition power, number of tubers and tuber weight.
The second cluster was microbe D soaking for 5 and 15 min and microbe C soaking for 5 min with a high
percentage of inhibition power and high stover and total plant weight. The third cluster was microbe A soaking
time for 10 and 15 min and control with a high cumulative wilt percentage of 2, 4, 6, and 8 WAP. The 4th cluster
was microbe B with a high wilt percentage of 1 and 2 WAP and a high cumulative wilt percentage of 2 WAP.
The 3rd and 4th clusters were clusters with high wilt attacks and had low plant weight, tuber weight, number
of tubers, and vice versa for clusters 1 and 2. Meanwhile, the 5th cluster was a transition cluster between the
two with an indicator of wilt percentage at 4 WAP, namely microbe A soaking for 5 min and microbe C soaking
for 10 and 15 min. The difference the 5th cluster with others was seen in the opposite wilt cumulative
percentage and inhibition power (Figures 5a and 5b) which was also shown by the negative correlation value
(Table 4). Thus, PCA sharpened the conclusion that the best isolate for aeroponics was cluster 1, namely
microbe D with a soaking time of 10 min with a higher number of tubers and tuber weight per plant by 79%
and 85%, respectively.
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Table 4. Correlation among observed variables. “Significantly different from the Pearson
correlation test (p < 0.05). SBSB: stover weight; SBSA: root weight; SBU: tuber weight; SBT: total
plant weight; SJU: number of total tuber; SJB: number of big tuber; SJS: number of medium tuber;
SJK: number of small tuber; SUB: ratio of tuber and total plant weight; L1/2/4/6/8: wilt percentage
at 1/2/4/6/8 wk after planting; K2/4/6/8 cumulative wilt percentage at 2/4/6/8 wk after planting;
DH: inhibition power.

SBSA SBU BT SIU SIB S5 SJK SUB L1 2 4 16 L8 K2 K4 Kb K8 DH

* * +

+ + K * + *

SBSB 92" 76" 99° 69" 69" 83" 59" 70" 777 -84 26 88 76 90" 89" -83° 927 92
SBSA 65" 94" 55 54 8 42 50 -72° -83° 24 78 78 88" -87° -84 -89 &Y
SBU 80" 98" 93° 88 92" 95 65" 73" -4 65 87 78 877 -88° -80° &0
SBT 73 727 88 62 7 777 86" 23 87 81" 927 927 87 94 94
1] 8g9* 79° 98" 96" -59° 70" -12 65 86 74" 85" 86" 74 747
SIB 73° 82" 89" 71" 62" 13 eO° 727 717 73" 727 63" 6%
SIS 68" 74" 64" 80" 4 61° 877 83" 89" 927 92" 97"
SIK 93* 49 63" 21 60° 81 -85 -79° -79° 65" 65
suB 58" 63" 6 66" 73 88" 76" 74 69" 69
L1 56" 22 79" 64" 757 747 677 66 66
L2 43 76" 86" 977 907 88" 84" -84
L4 2100 -1 41 7 22 -8 3
L6 69° -84" 84" 73" 97 T
L8 88" 96" -99° -83° 83"
K2 94° 91" 87 87
K4 99" 92" 97’
K6 91" -91
K8 -100°
(a) pca - Biplot {b)'_..clus\ter plot
'Cluster.-‘l —-
i ®
— Cluster-5 |
g e AN e
QE. - = ‘E Cluster-2 ,-"'I' \
(=] Q 4 : |
‘ v A X 'Elt'me:-s
.'/'.
" Dimt (16.2%) o ’ ' Dmi1 (762%)

Figure 5. PCA biplot (a) and clusters plot (b) for various treatment combinations and observation
variables. K: Control; A/B/C/D5/10/15: microbe A/B/C/D with 5/10/15 min soaking time; SBS: stover
weight; SBSA: root weight; SBU: tuber weight; SBT: total plant weight; SJU: number of total tuber;
SJB: number of big tuber; SJS: number of medium tuber; SIK: number of small tuber; SUB: ratio of
tuber and total plant weight; L1/2/4/6/8: wilt percentage at 1/2/4/6/8 wk after planting; K2/4/6/8
cumulative wilt percentage at 2/4/6/8 wk after planting; DH: inhibition power.

Sterile conditions in the greenhouse and the use of plantlet from tissue culture in the aeroponic system still
required the addition of wilt prevention technology using microbial consortium, especially in aeroponic system
in the tropics. It is not guaranteed that workers and the tools used are always sterile, while on the other hand,
opening of tuber lenticels which often happen in aeroponics are easily invaded by wilt bacteria (Pathania et al.,
2016). In such conditions the use of microbial antagonism is very necessary and can be combined with other
control methods. Our microbial consortium treatment showed that it could not only overcome wilt by Rs
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environmentally friendly, but also increase the number of tubers in the aeroponic system. The selection of
consortium microbes in this study was also considered safer in various soaking times compared to single Pf
microbes which were susceptible to wilt attacks in the long soaking times.

CONCLUSIONS

Pseudomonas fluorescence was consistently the best both in vitro and in aeroponics, whereas Bacillus subtilis
could only overcome wilt in vitro and could not overcome wilt in aeroponic system. Pseudomonas fluorescence
required 5 min soaking time and could increase wilt with increasing soaking time. The consortium between B.
subtilis and P. fluorescence with 10 min soaking time could overcome wilt by 85% and increase the number of
tubers and tuber weight by 79% and 85%, respectively, so this prospective microbial consortium could be
applied to aeroponic systems environmentally friendly in tropical areas with high Ralstonia solanacearum
opportunities.
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