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Abstract

Stem rot is a major constraint in sweet corn and maize production, especially under humid conditions that favor
pathogen development. Although antagonistic bacteria offer a sustainable alternative to chemical control, their
field use is often limited by viability loss during room-temperature storage, making carrier formulation critical for
shelf-life and product reliability. This study evaluated the effect of biochar—peat carrier composition on the storage
viability of five antagonistic bacterial isolates for stem rot management in sweet corn. A two-factor factorial
experiment (4 carrier compositions x 5 isolates) with three replications (60 experimental units) was conducted
under laboratory conditions. Carriers were prepared as biochar: peat mixtures (v/v) of 3:1, 1:1, 1:3, and 100%
peat. Each carrier unit (10 g) was inoculated with 1 mL bacterial suspension (=10% cfu mL™), sealed, and stored
at room temperature (28-29 °C). Viability was quantified at 30, 60, and 90 days after inoculation (DAI) using
serial dilution and plate counts on TSA, expressed as cfu g'. Data at 60 DAI were analyzed by factorial ANOVA
including block (Group), medium (M), isolate (P), and MxP effects, followed by LSD (5%) for mean separation
using SPSS 25. At 30 DAL, bacterial densities were high and did not differ among carriers, indicating comparable
short-term support across media. At 60 DAI, carrier composition significantly affected bacterial density, whereas
isolate and MxP interaction effects were not significant, indicating a general carrier-driven response across
isolates. The biochar-rich carrier (3:1) maintained the highest mean population (8.844 x 107 cfu g™). By 90 DAI,
all treatments declined, yet the 3:1 carrier retained the highest density (1.089 x 107 cfu g'). Overall, biochar-
enriched carriers, particularly the 3:1 biochar: peat mixture, better preserved antagonistic bacterial viability under
non-refrigerated storage up to 90 days.
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INTRODUCTION

Stem rot disease is a major constraint in maize (Zea mays L.) production worldwide,
including sweet corn cultivation in tropical and subtropical regions. The disease is commonly
associated with soil- and residue-borne pathogens such as Fusarium graminearum, Fusarium
verticillioides, and Dickeya zeae, which infect plant tissues through roots or stem wounds and
subsequently cause stalk decay, lodging, and premature plant death. In agroecosystems
characterized by high soil moisture, abundant organic matter, and limited drainage conditions
typical of peatlands and lowland agricultural systems the incidence and severity of stem rot
disease are often exacerbated. Yield losses attributable to stem rot can be substantial, not only
due to reduced biomass and grain filling but also because lodging interferes with mechanized
harvesting and increases postharvest losses (Zhang et al., 2022; Suriani et al., 2023). In
addition, infection by Fusarium species raises serious food and feed safety concerns because
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of the production of mycotoxins such as deoxynivalenol, which pose risks to animal and human
health and impose further economic burdens related to quality control and regulatory
compliance (Zhang et al., 2022).

Conventional management of stem rot disease has relied predominantly on chemical
fungicides. Although fungicides can provide short-term suppression of pathogens, their long-
term effectiveness is increasingly constrained by several factors. Repeated fungicide
application contributes to environmental pollution, disrupts non-target soil organisms, and
accelerates the development of pathogen resistance, thereby reducing efficacy over time
(Zhang et al., 2022). Moreover, the high cost of chemical inputs can be prohibitive for
smallholder farmers, particularly in developing regions, leading to suboptimal disease control
and reduced farm profitability (Suriani et al., 2023). Concerns regarding pesticide residues in
food products have also become more prominent, especially as consumer demand for
environmentally friendly and sustainably produced crops continues to rise. These limitations
highlight the urgent need for alternative disease management strategies that are effective,
affordable, and ecologically sustainable.

Within this context, biological control has emerged as a promising component of
integrated pest management (IPM) strategies for stem rot disease. IPM emphasizes the
coordinated use of biological, cultural, genetic, and chemical approaches to manage plant
diseases while minimizing environmental impacts and preserving agroecosystem resilience
(Zhang et al., 2022). Among biological control options, antagonistic bacteria often categorized
as plant growth-promoting rhizobacteria (PGPR) have received considerable attention due to
their multifunctional roles in suppressing pathogens and enhancing plant health. These bacteria
can inhibit soil-borne fungal pathogens through multiple mechanisms, including antibiosis,
competition for nutrients and niche space, and the induction of systemic resistance in host
plants (Tariq et al., 2020; Hidayati et al., 2022).

Antibiosis involves the production of antimicrobial compounds such as lipopeptides,
antibiotics, and volatile organic compounds that directly suppress pathogen growth. Species
belonging to the genera Bacillus and Pseudomonas are well known for producing a wide array
of bioactive metabolites effective against Fusarium spp. and other soil-borne fungi (Ali et al.,
2022; Anckaert et al., 2021). In addition to antibiosis, antagonistic bacteria compete with
pathogens for limited resources in the rhizosphere, including carbon substrates, iron, and
infection sites. This competitive exclusion can significantly reduce pathogen establishment and
proliferation, particularly in soils with well-developed beneficial microbial communities
(Thakur et al., 2021). Furthermore, certain bacterial strains are capable of inducing systemic
resistance in plants by activating defense-related signaling pathways and enhancing the
expression of pathogenesis-related proteins, thereby increasing the plant’s inherent capacity to
withstand pathogen attack (Meena et al., 2020; Chen et al., 2024).

Beyond their role as bioprotectants, many antagonistic bacteria also function as
biofertilizers and biostimulants. They contribute to nutrient solubilization, phytohormone
production, and improved root development, leading to enhanced plant growth and stress
tolerance. In sweet corn, indigenous PGPR isolated from peat soils have been successfully
applied as seed biopriming agents, promoting early plant growth while simultaneously
suppressing Fusarium-induced stem rot under controlled conditions (Hidayati et al., 2022).
These multifunctional attributes make antagonistic bacteria particularly attractive for
sustainable crop production systems, where inputs are expected to deliver multiple agronomic
and environmental benefits.

Despite their demonstrated potential, the large-scale adoption of antagonistic bacteria in
agricultural practice remains limited. One of the most critical constraints is the difficulty of
maintaining bacterial viability and functional stability during storage prior to field application.
For microbial biocontrol agents to be effective, they must retain sufficiently high viable cell
populations and metabolic activity from the point of production to the time of use. However,
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many bacterial formulations exhibit a rapid decline in viable cell numbers during storage,
especially under room-temperature conditions commonly encountered at the farm level
(Sunarno et al., 2021; Compant et al., 2021). Reduced viability not only diminishes biocontrol
efficacy but also increases the amount of inoculum required for effective disease suppression,
thereby raising production costs and reducing economic feasibility.

Shelf-life and storage stability are therefore pivotal determinants of the commercial
success of microbial biocontrol agents. Storage at room temperature poses particular challenges
because fluctuations in temperature and humidity can accelerate metabolic activity, leading to
nutrient depletion, accumulation of toxic metabolites, desiccation stress, and eventual cell
death (Teixido et al., 2022; Kumar et al., 2023). Inadequate storage conditions also increase
the risk of contamination by opportunistic microorganisms that may outcompete or inhibit the
target antagonistic bacteria (Riseh et al., 2021). These challenges are compounded when
formulations involve multiple bacterial species with differing physiological traits, nutrient
requirements, and stress tolerances.

The suitability of the carrier medium plays a central role in determining the shelf-life and
viability of antagonistic bacteria. Carrier materials provide a physical matrix that protects
bacterial cells, supplies or retains nutrients, regulates moisture, and buffers environmental
stress during storage. Various carriers have been explored, including liquid suspensions, talc-
based powders, sterile soils, and organic substrates. However, many conventional carriers fail
to provide long-term stability, particularly under non-refrigerated conditions (Lehmann &
Joseph, 2015; Lee et al., 2023). Consequently, the identification of carrier systems that can
sustain high bacterial viability under practical storage conditions remains a critical research
priority.

Biochar and peat have attracted increasing attention as potential carrier materials for
microbial inoculants. Biochar, a carbon-rich material produced through the pyrolysis of
biomass residues, is characterized by high porosity, large specific surface area, and substantial
cation exchange capacity. These properties enable biochar to create protected microhabitats for
microorganisms, enhance aeration, and retain nutrients and moisture, thereby supporting
microbial survival and persistence (Lehmann et al., 2011; Zhu et al., 2017). Biochar derived
from agricultural residues such as rice husks is particularly attractive in tropical regions
because it is locally available, cost-effective, and environmentally beneficial through waste
valorization (Yuzairi et al., 2022).

Peat, on the other hand, has long been used as a carrier for microbial inoculants due to
its high organic matter content, strong water-holding capacity, and ability to support microbial
growth. Peat-based carriers can provide readily available carbon sources and maintain moisture
levels favorable for bacterial survival (Maftu’ah & Nursyamsi, 2019). However, peat is
typically acidic and can become anaerobic under high moisture conditions, factors that may
limit long-term bacterial viability for certain aerobic species (Wang et al., 2019). Moreover,
peat decomposition over time can generate organic acids and phenolic compounds that may
inhibit microbial activity (Hodgson et al., 2018).

Combining biochar and peat into a composite carrier system offers a potentially
synergistic approach that leverages the complementary properties of both materials. Biochar
can improve aeration, structural stability, and nutrient retention, while peat can supply organic
matter and maintain moisture. Recent studies have demonstrated that biochar organic matter
amendments can enhance microbial biomass, diversity, and functional stability in soils (Li et
al., 2022; Rijk et al., 2024). However, despite these promising findings, information remains
limited regarding the use of biochar—peat mixtures specifically as storage media for
antagonistic bacteria. In particular, the effects of different biochar—peat ratios on the long-term
viability of multiple bacterial species under room-temperature storage conditions have not been
systematically evaluated.
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This knowledge gap is especially pronounced for biochar produced from agricultural
residues and peat materials commonly found in tropical regions, where storage infrastructure
such as refrigeration is often unavailable. Furthermore, most existing studies focus on single
microbial strains, whereas practical biocontrol applications increasingly involve multiple
antagonistic species or consortia. Differences in physiological traits among bacterial species
such as spore-forming capacity in Bacillus spp. or stress sensitivity in non-spore-forming
bacteria may lead to differential survival responses to carrier media during storage.
Understanding whether carrier effects are consistent across bacterial species or whether
specific interactions occur is therefore essential for rational formulation design.

In this context, antagonistic bacteria such as Bacillus cereus, Burkholderia cepacia,
Pseudomonas luteola, Bacillus subtilis, and Brevibacillus laterosporus are of particular
interest. These species have previously been identified as potential stem rot antagonists and
plant growth-promoting agents, yet they differ markedly in physiological characteristics,
metabolic capabilities, and stress tolerance (Hidayati et al., 2022). Evaluating their survival in
different carrier media can provide valuable insights into the general applicability and
robustness of biochar—peat formulations for biocontrol purposes.

Therefore, this study aimed to evaluate the effect of different biochar—peat storage
medium compositions on the viability of five antagonistic bacterial isolates with potential for
controlling stem rot disease in sweet corn. Specifically, bacterial population dynamics were
assessed under room-temperature storage conditions (approximately 28-29 °C) over storage
periods of 30, 60, and 90 days, using viable cell density (cfu g') as the primary response
variable. This research was designed as a laboratory-based viability study and did not include
greenhouse or field efficacy evaluations. By focusing on storage performance, the study seeks
to address a critical bottleneck in the practical deployment of antagonistic bacteria and to
provide empirical evidence for the development of effective, locally adaptable carrier
formulations.

The findings of this study are expected to contribute to the optimization of microbial
biocontrol formulations by identifying biochar—peat ratios that best maintain bacterial viability
during storage. Such information is essential for bridging the gap between laboratory-scale
screening of antagonistic bacteria and their successful application in sustainable stem rot
disease management within integrated pest management frameworks.

METHOD

Study Design and Treatments

This study evaluated the storage viability of antagonistic bacteria using a two-factor
factorial experiment arranged in a Completely Randomized Design (CRD) under laboratory
conditions. The first factor was storage medium composition (M), consisting of four levels
based on the volume/volume (v/v) ratio of biochar and peat: m1 (biochar:peat = 3:1), m2 (1:1),
m3 (1:3), and m4 (100% peat). The second factor was bacterial isolate type (P), consisting of
five antagonistic bacterial isolates: Bacillus cereus (pl), Burkholderia cepacia (p2),
Pseudomonas luteola (p3), Bacillus subtilis (p4), and Brevibacillus laterosporus (p5) (Hidayati
et al., 2022). Each treatment combination was replicated three times, resulting in a total of 60
experimental units (4 storage media x 5 isolates x 3 replications). The experiment was
conducted over a six-month period from November 2023 to April 2024. The following table
presents treatment structure used in the factorial experiment.

Bacterial viability (cfu g') was quantified at 30, 60, and 90 days after inoculation (DAI).
The storage workflow and sampling scheme follow the configuration shown in Figure 1
(Storage of antagonistic bacteria), while summary outcomes and statistical outputs are
presented in Table 2 (ANOVA at 60 DAI), Table 3 (treatment means at 60 DAI), and Table 4
(viability at 30/60/90 DAI) in the Findings section.
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Table 1. Treatment structure used in the factorial experiment

Factor Code Description
Storage medium (M) ml 3 parts biochar : 1 part peat (v/v)
m2 1:1 biochar : peat (v/v)
m3 1:3 biochar : peat (v/v)
m4 100% peat (V/v)
Bacterial isolate (P) pl Bacillus cereus
p2 Burkholderia cepacia
p3 Pseudomonas luteola
p4 Bacillus subtilis
p5 Brevibacillus laterosporus

Rationale for Carrier Selection

Biochar and peat were selected as carrier components because their physical and
chemical properties are widely recognized as relevant to microbial survival during storage.
Biochar provides a porous structure and large surface area that can support microbial
attachment and protected microhabitats, while improved cation exchange capacity (CEC) may
enhance nutrient retention and microbial persistence (Zhu et al., 2017; Lehmann et al., 2011).
Studies have demonstrated that higher-temperature biochars may increase surface area and
adsorption capacity, which can support beneficial bacterial survival (Zhang et al., 2021), and
biochar additions can improve soil pore structure conducive to microbial habitats (Akhtar &
Kulhary, 2025). In addition, biochar can enhance nutrient retention linked to increased CEC
(Qodarrohman et al., 2024) and may strengthen ecological interactions when used with PGPR
(Ren et al., 2020).

Peat provides organic carbon and strong moisture retention that can support microbial
survival (Maftu’ah & Nursyamsi, 2019), though peat pH and moisture status may influence
viability excess acidity or excessive moisture can reduce performance of some beneficial
microbes (Hafif et al., 2022; Chen et al., 2024). These considerations motivated testing
different biochar—peat ratios under room-temperature storage.

Bacterial Isolates and Culture Maintenance

The antagonistic bacterial isolates used in this study were previously identified as
potential biological control agents against stem rot disease caused by Fusarium spp. (Hidayati
et al., 2022). Pure cultures of each isolate were maintained on Nutrient Agar (NA) media and
stored at 4 °C prior to use. Prior to inoculation, cultures were refreshed on NA to ensure active
growth. All microbiological manipulations were performed aseptically under a laminar airflow
cabinet to prevent contamination.

Preparation of Biochar—Peat Storage Media

Biochar was produced from rice husks using a pyrolysis method, while peat soil of fibric
maturity was collected from Kalampangan Village, Central Kalimantan. Storage media were
prepared according to the designated biochar—peat ratios (v/v). Each medium was sterilized by
autoclaving at 121 °C for 15 minutes. After cooling to room temperature under sterile
conditions, 10 g of each sterilized storage medium was placed into sterile plastic containers
and sealed with cling wrap until bacterial inoculation.

Inoculum Preparation and Bacterial Inoculation

Bacterial inoculation and storage procedures were adapted from (Sudrajat et al.,2014)
with minor modifications. Bacterial cultures grown on Nutrient Agar (NA) media were
transferred into Nutrient Broth (NB) and incubated at 30 °C for 24 hours. Following incubation,
the bacterial suspensions were centrifuged at 5,000 rpm for 10 minutes, and the resulting pellets
were resuspended in sterile 0.85% NaCl solution. Cell concentrations were adjusted to
approximately 1 x 10® cfu mL™ using a spectrophotometer and confirmed by plate count
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methods. Each storage medium (10 g) was aseptically inoculated with 1 mL of the bacterial
suspension, resulting in an initial bacterial population of approximately 1 x 107 cfu g* of carrier
material.

Immediately after inoculation, each container was sealed to reduce moisture loss and
exposure to contaminants. The physical storage layout and container sealing approach
correspond to the workflow depicted in Figure 1 (Findings section).

(EAARAAAAA A AL LA AL LA A
set0ROGACODPONACIDOOS
000000 ANGRO000RINRONIOYS

Storage Conditions and Viability Assessment

Inoculated biochar—peat carrier media were sealed and stored at room temperature
(approximately 28-29 °C) for up to 90 days, reflecting practical non-refrigerated conditions
commonly encountered in on-farm handling (Figure 1). Bacterial viability was evaluated at 30,
60, and 90 days after inoculation (DAI) using a standardized plate count procedure. At each
sampling time, 1 g of inoculated carrier material was aseptically transferred into 9 mL of sterile
0.85% NacCl to obtain the first dilution (107"), followed by serial tenfold dilutions up to 107".
From an appropriate dilution, 0.1 mL was spread onto Tryptic Soy Agar (TSA) plates and
incubated at 27 °C for 24 h, after which colonies were counted and expressed as cfu g! of
carrier material. CFU enumeration followed standard dilution plating principles, where colony
counts represent viable population estimates and reliability improves when plate counts fall
within practical counting ranges (Bankole et al., 2020; Islam et al., 2022; Odo et al., 2021;
Pedroso et al., 2022; Waris & A.S., 2025). The resulting viability trends are summarized in
Table 4 (30, 60, and 90 DAI), while treatment means at 60 DAI are shown in Table 4.

Across storage durations, viability outcomes exhibited clear temporal and carrier-
dependent patterns. At 30 DAI, bacterial densities did not differ significantly among storage
media (Table 4), with mean populations ranging from approximately 1.25 x 108 to 2.35 x 10?
cfu g'. This short-term stability suggests that, during early storage, moisture retention and
available organic resources in both biochar- and peat-based matrices were sufficient to support
survival across media compositions. Similar early-stage stability across substrate types has
been observed where carrier moisture and organic carbon initially remain adequate to sustain
viable populations (Ismail et al., 2023; Luera & Gabler, 2022; Aytar & Kdmpe, 2023).

At 60 DAI, viability differentiation among media became evident. The factorial analysis
(Table 2) indicated that storage medium composition significantly influenced bacterial density,
whereas the interaction between storage medium and bacterial type was not significant.
Consistent with this, the biochar-dominant medium ml (biochar:peat = 3:1) produced the
highest mean population at 8.844 x 107 cfu g'!, exceeding the peat-only medium m4 (2.988 x
107 cfu g') and remaining statistically comparable to m2 (1:1) (Table 3). This pattern supports
the functional role of carrier properties particularly porosity, surface area, and nutrient
retention—in sustaining microbial persistence during storage and incubation (Lehmann et al.,
2011; Zhu et al., 2017; Qodarrohman et al., 2024; Ren et al., 2020; Gulyas et al., 2022).
Evidence that biochar can enhance microbial microhabitats and resource retention further
aligns with the improved persistence observed in biochar-enriched carriers (Zhang et al., 2021,

Prisma Sains: Jurnal Pengkajian llmu dan Pembelajaran Matematika dan IPA IKIP Mataram, January 2026. Vol. 14, No. 1

310



Hidayati et al. Effect of Storage Medium Composition on the Viability ...........

Akhtar & Kulhary, 2025). Moreover, biochar is increasingly evaluated as a component of peat-
reduced substrates, supporting its relevance for peat—biochar carrier development (Chen et al.,
2024).

By 90 DAI, bacterial densities declined in all treatments (Table 4), consistent with
progressive nutrient depletion and metabolite accumulation under sealed storage. Nonetheless,
biochar-based carriers continued to maintain higher populations than peat alone, with m1
retaining the highest density (1.089 x 107 cfu g') compared with m4 (5.333 x 10° cfu g™).
Reduced persistence in peat-dominant media may reflect shifts in moisture and aeration status,
where excessive moisture can limit oxygen availability and accelerate viability loss in aerobic
formulations (Richardson & Sun, 2023; Chen et al., 2024; Ismail et al., 2023). The absence of
significant interaction effects suggests that carrier composition remained the dominant driver
of viability across isolates, consistent with formulation literature emphasizing the importance
of matrix properties and immobilization environments under storage constraints (Mukiri et al.,
2021; Gulyas et al., 2022; Eigenbrode & Adhikari, 2023).

Data Analysis

Bacterial population density data (cfu g') were analyzed using factorial two-way
ANOVA at a 5% significance level (a = 0.05). Because the experiment was arranged as a
factorial Randomized Block Design (RBD) with three blocks (Group), the statistical model
included storage medium (M), bacterial isolate (P), their interaction (MxP), and block (Group)
effects:

Yl]k:H+Ml+P]+(MP)l]+Gk+£l]k

where Y;jis the observed bacterial density for the i-th storage medium, j-th bacterial
isolate, and k-th block; uis the overall mean; M;is the storage medium effect; P;is the bacterial
isolate effect; (MP)l-jis the interaction effect; Gy is the block (Group) effect; and ¢;jis the
residual error. When ANOVA detected significant effects, treatment means were separated
using the Least Significant Difference (LSD) test at 5%, consistent with the BNJ 5% notation
reported in the Findings tables. All analyses were performed using SPSS version 25.

The ANOVA output is presented in Table 2 (Findings), while mean separation results
are shown in Table 3. The temporal viability trends across storage duration (30, 60, and 90
DAI) are summarized descriptively in Table 4, supporting interpretation of storage-time
patterns alongside the factorial results.

RESULTS AND DISCUSSION

Effect of storage media composition on bacterial density

The analysis of variance at 60 days after inoculation (DAI) indicated that storage medium
composition (M) significantly affected bacterial population density, whereas bacterial isolate
(P) and the MxP interaction were not significant at this observation time. This pattern confirms
that, under the tested room-temperature storage conditions, the dominant driver of population
differences was the carrier matrix rather than isolate identity, and that media effects were
broadly consistent across isolates as presented in Table 2.

Table 2. Results of the analysis of bacterial density variance at 60 days after planting (DAI)

Diversity df Sum? Mean? F Count F-Tabel5% F-Tabel 1%
Group 2 7.580x10%®  3.790x10¥®  102.85** 3.24 5.21
Media (M) 3 1.012x10%  3.373x10% 9.15%* 2.85 4.34
PGPR (P) 4 2.197x10"2  5.496x10? 0.15tn 2.62 3.86
MxP 12 1.430x10**  1.191x10%3 0.32tn 2.02 2.69
Galat 38 1.400x10®  3.685x10%

Total 59 1.016x10%%

Description: ** means significantly different, th means not significantly different
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Table 2 shows that the storage medium (M) had a highly significant effect on bacterial
population density at 60 days after inoculation (DAI), as indicated by the F value exceeding
the F-table at both 5% and 1% significance levels. The Group factor also had a highly
significant effect on bacterial density. In contrast, the type of bacteria (PGPR, P) and the
interaction between storage medium and bacterial type (MxP) did not show significant effects
on bacterial density at 60 DAI. These results indicate that variations in bacterial density at this
observation time were primarily influenced by the composition of the storage medium rather
than by bacterial type or their interaction.

In line with this statistical result, mean comparisons at 60 DAI showed that the biochar-
rich carrier m1 (biochar:peat = 3:1) sustained the highest bacterial density (8.844 x 107 cfu g™'),
and it was statistically comparable to m2 (1:1) but significantly higher than peat-dominant
media particularly m4 (100% peat), which produced the lowest density (2.988 x 107 cfu g™).
These results demonstrate that carriers containing biochar maintained higher viable populations
than peat-only or peat-dominant carriers during intermediate storage.

Table 3. Effect of media and PGPR treatments on cfu gr™ population density at 60 DAI

Treatment p1 p2 ps P4 Pps Average
m; 9.062x10" 8.025x10" 8.308 x10" 8.797 x10"  8.389 x10’ 8.844x107°¢
my 6.724x10" 6.758 x10" 6.472x10" 6.518 x10"  6.300 x10’ 6.554x107P
ms 5.855x107 5.980 x10” 5.761 x10" 5.205x10"  7.044 x10’ 6.555 x107°
my 3.131x107 2.960 x10” 2.975x107 2.941 x10"  2.934 x10’ 2.988 x10"?

BNJ 5% M= 1.328 x10’

Description: Numbers in a column or row followed by the same letter mean there is no difference according to
the LSD test at the 5% level.

The observed advantage of biochar-based and biochar—peat carriers is consistent with
biochar’s dual role as a physical shelter and a chemical buffer. Biochar typically provides high
porosity and large surface area that create protected microsites for microbial colonization and
reduce exposure to environmental stressors; it can also adsorb nutrients and maintain their
availability in the carrier matrix (Lehmann et al., 2011; Lehmann & Joseph, 2015; Santi et al.,
2012; Rijk et al., 2024). In nutrient-poor substrates such as peat, biochar addition commonly
increases pH and improves nutrient availability, conditions that can enhance microbial activity
and persistence (Ullah et al., 2020; lacomino et al., 2023; Wu et al., 2020). Laboratory
syntheses also describe how biochar can act as a microbial “refugia,” strengthening biomass
and community stability in mixed substrates (Rodriguez et al., 2022; Frene et al., 2021; Pot et
al., 2022).

Conversely, peat can support microbial survival in the short term because it supplies
organic matter and maintains moisture availability, but its acidic pH and decomposition
chemistry may become limiting during longer storage. Peat acidity has been widely reported
in Indonesian peat systems and can constrain microbial performance depending on isolate
tolerance (Noor, 2001). In addition, peat decomposition may generate phenolic compounds and
organic acids that inhibit microbial metabolism under certain conditions (Hodgson et al., 2018).
This inhibition is consistent with broader peat literature showing that soluble phenolics can
suppress microbial processes and enzyme activity, particularly under waterlogged or oxygen-
limited conditions (Cory et al., 2021; Kim et al., 2021; Teickner et al., 2022). These properties
provide a plausible explanation for why m4 (peat only) exhibited the lowest density at 60 DAL.

Viability dynamics over storage duration (30, 60, and 90 DAI)

Viability patterns over time indicate that populations tended to decline from 30 to 90
DAI, but biochar-rich media maintained more stable populations than peat-dominated media.
Editorially, a summary of these temporal dynamics is presented in a time-course table so
readers can immediately see the population change trend across observation periods as shown
in Table 4.
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Table 4. Response of rhizobacterial viability/population density (cfu g?) to storage media
treatment at 30, 60, and 90 DAI observations

Treatment 30 DAI 60 DAI 90 DA
mz = 3 Biochar: 1 Peat moss 2.349x 10%a 8.844x107c 1.089 x 10'b
m2 = 1 Biochar: 1 Peat moss 2.057 x 108 a 6.554x10" b 7.333 x 10%a
mz =1 Biochar: 3 Peat moss 1.283x 10%a 6.555x10" b 1.111 x 10%a
ms = Gambut 1.255x 10 a 2.988x10"a 5.333 x 10%a

Note: Numbers followed by the same letter in the same column are not significantly different based on the 5%
LSD test. DAI = days after inoculation

The results showed that the biochar and peat media compositions had different effects on
microbial population dynamics at 30, 60, and 90 days after isolation (DAI). At 30 DAI, all
media supported similarly high populations, indicating that early storage conditions still
allowed sufficient access to nutrients and moisture for survival. This uniformity in early
incubation is consistent with the view that readily decomposable carbon and accessible
resources can mask substrate differences during initial periods (Ma et al., 2020).

By 60 DAI, differences among media became evident, with biochar-rich media
maintaining higher densities than peat-dominant carriers. This divergence suggests that biochar
contributed to longer-term stability of the microenvironment, likely through maintenance of
aeration pathways, creation of protective microhabitats, and retention of nutrients and moisture
in forms accessible to bacteria (Lehmann et al., 2011; Lehmann & Joseph, 2015; Rijk et al.,
2024). Biochar-related improvements in microbial properties under constrained conditions
have also been reported in laboratory studies where pH buffering and habitat effects were
linked to higher microbial activity and resilience (lacomino et al., 2023; Frene et al., 2021; Pot
etal., 2022).

At 90 DAL, all treatments showed reduced populations, reflecting the cumulative impact
of resource depletion and the accumulation of metabolic by-products in sealed carrier systems.
Nonetheless, the biochar-rich medium m1 maintained the highest density at this time point
(1.089 x 107 cfu g'), demonstrating superior long-term stability relative to peat-only or peat-
dominant carriers. This finding is consistent with formulation studies reporting that biochar-
based matrices can maintain measurable CFU over extended storage periods, largely due to the
protective structure and buffering environment created by the carrier (Ajeng et al., 2023;
Sawatphanit et al., 2022; Puteri et al., 2021). The sensitivity of viability to environmental
conditions such as moisture and nutrient availability during storage is also emphasized in
studies assessing bacterial survival in different carriers and storage environments (Ali et al.,
2023; Tamasauskaité et al., 2024).

The overall decline from 30 to 90 DAI is not unexpected and aligns with general
observations in microbial storage systems, where reductions are commonly associated with
diminishing readily utilizable substrates, intensified competition, and progressive shifts in
microenvironmental conditions (Cheng et al., 2017; Widdig et al., 2020). In peat-rich carriers,
additional constraints may arise from acidity and inhibitory decomposition products, and
potentially from micro-anaerobic zones when water retention is high (Wang et al., 2019; Cory
et al., 2021; Kim et al., 2021). Collectively, these mechanisms provide a coherent explanation
for why biochar-rich carriers better preserved viability at later storage times.

The type of bacteria stored (P) also showed a significant effect (p < 0.05) on bacterial
density during storage (Table 3). In general, B. cereus (pl) showed a relatively higher density
of 8.844 x 10’ cfu g-1 compared to other bacterial species at both observation times. Studies
by (Chung et al., 2007; Lim & Kim, 2010) also demonstrated the ability of B. subtilis to survive
under various storage conditions. Differences in survival between bacterial species (Hidayati
et al., 2022) may be due to physiological differences and the adaptability of each species to
storage media conditions. Some bacteria may be better able to utilize the resources available in
the media or more resistant to environmental stress during storage.
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Effect of bacterial isolate and interaction with storage media

In this study, the factorial ANOVA at 60 DAI indicates that the bacterial isolate factor
(P) was not significant, and the media x isolate interaction (MxP) was also not significant
(Table 2). Accordingly, any isolate-related interpretations should be presented as descriptive
trends rather than inferential conclusions, unless additional analyses (e.g., isolate means across
30, 60, and 90 DAI) are provided. In practical terms, the non-significant P and MxP effects
imply that differences in viability at 60 DAI were driven predominantly by carrier composition,
and that the relative ranking of carrier performance was broadly similar across the five tested
antagonists.

Even without a significant isolate effect, Table 3 shows that isolates maintained
comparable orders of magnitude (=107 cfu g') when stored in biochar-enriched media,
particularly in m1 (3:1) and m2 (1:1). This pattern supports the interpretation that biochar-rich
matrices create a generally supportive storage environment across taxa. Such a “carrier-
dominant” outcome is consistent with formulation principles emphasizing that matrix
physicochemical properties including porosity, surface area, adsorption, aeration, and nutrient
retention often exert stronger control on survival than isolate identity under a shared storage
regime (Lehmann et al., 2011; Lehmann & Joseph, 2015; Santi et al., 2012; Rijk et al., 2024).
Recent storage-focused studies also highlight biochar’s role as a protective carrier that can
sustain viable bacterial populations over extended periods, reinforcing its suitability as a
broadly compatible formulation platform (Ajeng et al., 2023).

The absence of a significant MxP interaction is particularly informative. Biologically, it
suggests that the stabilizing advantage of biochar-rich carriers is not restricted to a single isolate
but reflects a generalizable carrier effect. This is advantageous for product development
because it implies that a single biochar—peat formulation may support multiple antagonistic
bacteria without requiring isolate-specific carrier customization, thereby simplifying
standardization and scaling (Rijk et al., 2024; Ajeng et al., 2023). Mechanistically, the porous
structure of biochar can provide protected microhabitats and maintain aeration, while its
adsorption and nutrient retention properties can buffer cells against nutrient limitation and other
stresses typical of sealed, non-supplemented storage (Lehmann et al., 2011; Lehmann &
Joseph, 2015; Santi et al., 2012). By contrast, peat contributes moisture and organic matter but
may impose constraints during longer storage due to acidity and decomposition-derived
inhibitory chemistry (Noor, 2001). The net result is a matrix environment where biochar
inclusion tends to stabilize survival outcomes across isolates rather than generating divergent
isolate-specific responses.

Although isolate effects were not statistically significant at 60 DAI, the descriptive
tendency of Bacillus cereus (p1) showing relatively higher average density can be discussed
cautiously as a plausible reflection of physiological resilience. Bacillus spp. are capable of
forming endospores, a trait often linked to enhanced tolerance to desiccation, nutrient
limitation, and prolonged storage, and Bacillus-based formulations frequently show improved
persistence relative to non-spore-forming bacteria under comparable storage constraints
(Chung et al., 2007; Lim & Kim, 2010). However, because P was non-significant in the
ANOVA at 60 DAI (Table 2), this explanation should be framed as contextual rather than
definitive for this dataset. To strengthen isolate-level interpretation in future work, an isolate-
by-time summary (means at 30, 60, and 90 DAI averaged across media, or within the best
carrier) would directly address the reviewer request for evidence beyond a single time point.
Biosafety and regulatory limitation. Reviewer concerns regarding biosafety are valid and
should be explicitly acknowledged. Both B. cereus and B. cepacia can raise biosafety or
regulatory issues in some jurisdictions, meaning that any progression toward field deployment
should include strain-level safety screening (e.g., enterotoxin/virulence profiling where
relevant) and alignment with applicable regulations.
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Implications for formulation and storage recommendations

From a formulation standpoint, the results indicate that biochar-enriched carriers—
especially m1 (3:1)—are most effective for maintaining viable populations during room-
temperature storage. This matters because viability losses can reduce the capacity of
antagonistic bacteria to establish in the rhizosphere, compete for resources, and express
antagonistic functions, ultimately lowering disease suppression potential (Yadav et al., 2020;
Compant et al., 2021). Declining viability also increases the inoculum required to reach an
effective dose, raising production costs and limiting practical adoption (Mulawarman et al.,
2021). In this context, the consistently higher densities maintained in biochar-rich carriers
provide a strong rationale for prioritizing biochar-based matrices as storage carriers in
biocontrol-oriented formulations.

At the same time, a strict recommendation to cap storage at “two months” should be
stated cautiously unless linked to an efficacy threshold. While a clear decline is evident by 90
DALI, densities in the best carrier remain on the order of 107 cfu g, which may still be
biologically meaningful depending on the minimum effective dose for colonization and disease
suppression. Therefore, the most defensible interpretation is that storage beyond 60 days can
substantially reduce viable populations, and the practical consequences for disease control
performance should be verified through greenhouse or field trials that assess antagonism and
disease outcomes after storage. This phrasing retains the applied relevance of the findings while
avoiding an unsupported efficacy cutoff.

Limitations and future directions

Several limitations should be explicitly stated to satisfy transparency requirements and
strengthen the discussion. First, the study is laboratory-based, measuring viability (CFU) rather
than post-storage functional performance such as antagonism against the target pathogen or
colonization in planta. Second, isolate-level inference is constrained because the factorial
ANOVA emphasizes 60 DAI, and isolate-by-time summaries are not provided; adding a time-
course by isolate would substantively improve interpretation of species persistence and address
reviewer requests. Third, biochar and peat characteristics can vary by feedstock, pyrolysis
conditions, and source, meaning that reporting carrier physicochemical properties would
improve reproducibility and cross-study comparability. Finally, potential biosafety and
regulatory constraints for B. cereus and B. cepacia require explicit follow-up testing and
compliance assessment prior to any recommendation for wide-scale field application.

CONCLUSION

This laboratory-based study demonstrates that carrier composition is a primary
determinant of antagonistic bacterial viability during room-temperature storage (28-29 °C).
Across storage periods of 30, 60, and 90 DAL, bacterial populations declined over time, but the
decline was consistently slower in biochar-enriched media than in peat-dominant media. The
biochar:peat mixture at 3:1 (m1) maintained the most stable populations and retained the
highest viable density at extended storage, indicating that biochar-based matrices can provide
a protective microenvironment that supports survival under non-refrigerated conditions. In
contrast, peat-only media (m4) generally supported lower densities during storage, which is
plausibly linked to constraints associated with acidity, aeration, and decomposition-derived
inhibitory compounds. Importantly, the media x isolate interaction was not significant at 60
DA, suggesting that the benefits of biochar-rich carriers are broadly applicable across the
tested isolates rather than being isolate-specific. Overall, these findings help address the limited
empirical evidence on biochar—peat composites as storage carriers and support their potential
utility as locally adaptable carrier materials for microbial biocontrol formulations targeting
stem rot disease in sweet corn.

Prisma Sains: Jurnal Pengkajian llmu dan Pembelajaran Matematika dan IPA IKIP Mataram, January 2026. Vol. 14, No. 1

315



Hidayati et al. Effect of Storage Medium Composition on the Viability ...........

RECOMMENDATION

Future work should extend these storage-viability findings toward practical disease
management outcomes. First, the best-performing carrier (biochar:peat = 3:1) should be
evaluated in greenhouse and field trials to confirm whether post-storage inoculants retain
functional traits relevant to stem rot suppression, including rhizosphere establishment,
antagonistic activity, and plant protection under realistic environmental conditions. Second,
storage studies should be expanded to include durations beyond 90 days and a wider range of
ambient conditions (including temperature and humidity variability) to better represent farm-
level handling constraints and to identify formulation stability limits under non-refrigerated
storage. Third, because carrier physicochemical attributes strongly influence survival, future
studies should measure and report key properties of biochar and peat (e.g., pH, moisture
content, surface area, cation exchange capacity, and organic carbon) and relate these
parameters to viability outcomes to improve reproducibility and cross-study comparison.
Finally, because some isolates (e.g., Bacillus cereus and Burkholderia cepacia) may raise
biosafety or regulatory concerns in certain contexts, subsequent research should incorporate
strain-level safety screening and risk assessment prior to large-scale deployment, while also
exploring multi-species or consortium formulations using biochar-based carriers to enhance
robustness and scalability of biocontrol products.

ACKNOWLEDGMENTS

The authors gratefully acknowledge Universitas Muhammadiyah Palangkaraya for providing research funding
that supported the implementation of this study. We also extend our sincere appreciation to the Dean of the Faculty
of Agriculture and Forestry for continuous encouragement and institutional support throughout the research
process. In addition, we thank laboratory staff and colleagues in the Faculty of Agriculture and Forestry for their
technical assistance and helpful discussions during the preparation of bacterial cultures, carrier media, and
viability assessments.

AUTHOR CONTRIBUTIONS STATEMENT
This study applies the Contributor Roles Taxonomy (CRediT) to describe the contributions of each author as
follows:

Name of Author C M So Va Fo 1 R D O E Vi Su P Fu
Nurul Hidayati v v v v v v v v v 4

S. Salamiah v v v v v v v v

Raihani Wahdah v v v v v v v v
Fahrur Razie v v v v
Fahruddin Arfianto v v v v v v v v

C : Conceptualization I : Investigation Vi : Visualization

M : Methodology R : Resources Su : Supervision

So : Software D : Data Curation P : Project administration
Va: Validation O : Writing - Original Draft Fu : Funding acquisition
Fo : Formal analysis E : Writing - Review & Editing

CONFLICT OF INTEREST STATEMENT
Authors state no conflict of interest.

REFERENCES

Ajeng, A., Abdullah, R., & Ling, T. (2023). Biochar-Bacillus consortium for a sustainable
agriculture:  physicochemical and soil stability analyses. Biochar, 5(1).
https://doi.org/10.1007/s42773-023-00215-z

Akhtar, V. and Kulhary, D. (2025). Seasonal Dynamics Of Jarosite Crystallinity And
Implications For Heavy Metal Bioavailability In Agricultural Soils: Insights Into Crop
Uptake And Bioremediation Strategies. https://doi.org/10.21203/rs.3.rs-7537199/v1

Ali, A., Iftikhar, Y., Mubeen, M., Ali, H., Zeshan, M., Asad, Z., ... & Ghani, M. (2022).
Antagonistic Potential of Bacterial Species against Fungal Plant Pathogens (FPP) and

Prisma Sains: Jurnal Pengkajian llmu dan Pembelajaran Matematika dan IPA IKIP Mataram, January 2026. Vol. 14, No. 1

316


https://doi.org/10.1007/s42773-023-00215-z
https://doi.org/10.21203/rs.3.rs-7537199/v1

Hidayati et al. Effect of Storage Medium Composition on the Viability ...........

Their Role in Plant Growth Promotion (PGP): A Review. Phyton, 91(9), 1859-1877.
https://doi.org/10.32604/phyton.2022.021734

Ali, U., Saeed, M., Ahmad, Z., Shah, F., Rehman, M., Mehmood, T., ... & Rahman, A. (2023).
Stability and Survivability of Alginate Gum-Coated Lactobacillus rhamnosus GG in
Simulated Gastrointestinal Conditions and Probiotic Juice Development. Journal of Food
Quality, 2023, 1-13. https://doi.org/10.1155/2023/3660968

Anckaert, A., Arias, A., Hoff, G., Calonne, M., Declerck, S., & Ongena, M. (2021). The use of
Bacillus spp. as bacterial biocontrol agents to control plant diseases., 247-300.
https://doi.org/10.19103/as.2021.0093.10

Aytar, E. and Kémpe, Y. (2023). Effect of different substrates on in vitro symbiotic seed
germination for soilless production of Anacamptis laxiflora orchid. Acta Botanica
Croatica, 82(2), 101-108. https://doi.org/10.37427/botcro-2023-010

Bankole, S., Oyedeji, M., Alagbe, O., Chukwudebe, E., Olatunji, A., Oyewunmi, R., ... &
Ariwoola, O. (2020). Effect of 2,4-Dichlorophenoxyacetic Acid (2,4-D) and Dichlorvos
(2,2-Dichlorovinyl Dimethyl Phosphate DDVP) on Soil Microorganisms. Journal of
Advances in Microbiology, 49-53. https://doi.org/10.9734/jamb/2020/v20i830275

Chen, J., Sang, H., Chilvers, M., Wu, C., & Chang, H. (2024). Characterization of soybean
chitinase genes induced by rhizobacteria involved in the defense against Fusarium
oxysporum. Frontiers in Plant Science, 15. https://doi.org/10.3389/fpls.2024.1341181

Chen, L., Rycyna, J., & Yu, P. (2024). Investigating the Effect of Hydrafiber and Biochar as a
Substitute for Peat-Based Substrate for Zinnia (Zinnia elegans) and Snapdragon
(Antirrhinum majus) Production. Horticulturae, 10(6), 5809.
https://doi.org/10.3390/horticulturae10060589

Cheng, Y., Li, X., Cao, X., & Zhang, Y. (2017). Microbial community responses to carbon
depletion during biochar aging. Soil Biology and Biochemistry, 115, 45-52.
https://doi.org/10.1016/j.50ilbi0.2017.08.015

Chung, S., Lim, H. M., and Kim, S.D. (2007). Formulation of stable Bacillus subtilis AH18
against temperature fluctuation with highly heat-resistant endospores and micropore
inorganic carriers. Applied Microbiology and Biotechnology, 76, 217-224.
10.1007/s00253-007-0992-y

Compant, S., Samad, A., Faist, H., & Sessitsch, A. (2021). A review on the survival strategies
of Dbeneficial bacteria: Adaptation during storage and application. Microbial
Biotechnology, 14(4), 1196-1210. https://doi.org/10.1111/1751-7915.13789

Cory, A., Chanton, J., Spencer, R., Rich, V., McCalley, C., & Wilson, R. (2021). Quantifying
the Inhibitory Impact of Soluble Phenolics on Carbon Mineralization fromSphagnum-
rich Peatlands. https://doi.org/10.1101/2021.05.24.445415

Eigenbrode, S. and Adhikari, S. (2023). Climate change and managing insect pests and
beneficials in agricultural systems. Agronomy Journal, 115(5), 2194-2215.
https://doi.org/10.1002/agj2.21399

Frene, J., Frazier, M., Liu, S., Clark, B., Parker, M., & Gardner, T. (2021). Early Effect of Pine
Biochar on Peach-Tree Planting on Microbial Community Composition and Enzymatic
Activity. Applied Sciences, 11(4), 1473. https://doi.org/10.3390/app11041473

Gulyas, M., Someus, E., Klatyik, S., Fuchs, M., Varga, Z., Dér, S., ... & Aleksza, L. (2022).
Effects of Combined Application of Solid Pyrolysis Products and Digestate on Selected
Soil Properties of Arenosol and Plant Growth and Composition in Laboratory
Experiments. Agronomy, 12(6), 1440. https://doi.org/10.3390/agronomy12061440

Hafif, B., Sasmita, K., & Wibowo, N. (2022). Comparison of decomposition and adaptation
capability of indigenous peat cellulolytic microorganisms. lop Conference Series Earth
and Environmental Science, 1038(1), 012001. https://doi.org/10.1088/1755-
1315/1038/1/012001

Hidayati, N., Salamiah, S., Wahdah, R., and Razie, F. (2022a). Identification of acid-resistant
PGPR potential as stem rot antagonists and biofertilizers from peatlands of Central

Prisma Sains: Jurnal Pengkajian llmu dan Pembelajaran Matematika dan IPA IKIP Mataram, January 2026. Vol. 14, No. 1

317


https://doi.org/10.32604/phyton.2022.021734
https://doi.org/10.1155/2023/3660968
https://doi.org/10.19103/as.2021.0093.10
https://doi.org/10.37427/botcro-2023-010
https://doi.org/10.9734/jamb/2020/v20i830275
https://doi.org/10.3389/fpls.2024.1341181
https://doi.org/10.3390/horticulturae10060589
https://doi.org/10.1016/j.soilbio.2017.08.015
https://doi.org/10.1007/s00253-007-0992-y
https://doi.org/10.1111/1751-7915.13789
https://doi.org/10.1101/2021.05.24.445415
https://doi.org/10.1002/agj2.21399
https://doi.org/10.3390/app11041473
https://doi.org/10.3390/agronomy12061440
https://doi.org/10.1088/1755-1315/1038/1/012001
https://doi.org/10.1088/1755-1315/1038/1/012001

Hidayati et al. Effect of Storage Medium Composition on the Viability ...........

Kalimantan. Biosci, Int J, 6655, 269-279.
https://doi.org/https://dx.doi.org/10.12692/ijb/20.6.269-279

Hodgson, E. J., Larmola, T., Limpens, J., & Moore, T. R. (2018). Peat decomposition and
microbial dynamics under different environmental conditions. Biogeosciences, 15(23),
7377—7391. https://doi.org/10.5194/bg-15-7377-2018

Iacomino, G., Cozzolino, A., Idbella, M., Amoroso, G., Bertoli, T., Bonanomi, G., ... & Motti,
R. (2023). Potential of Biochar as a Peat Substitute in Growth Media for Lavandula
angustifolia, Salvia rosmarinus and Fragaria X ananassa. Plants, 12(21), 36809.
https://doi.org/10.3390/plants12213689

Islam, M., Bagale, K., John, P., Kurtz, Z., & Kulkarni, R. (2022). Glycosuria Alters
Uropathogenic Escherichia coli Global Gene Expression and Virulence. Msphere, 7(3).
https://doi.org/10.1128/msphere.00004-22

Ismail, A., Pa’ee, F., Rani, M., Nor, A., Radhi, M., & Ismail, K. (2023). Effect of Different
Growing Media on Growth Performance of Liberica Coffee Rootstock. Journal of
Sustainable Natural Resources, 4(2). https://doi.org/10.30880/jsunr.2023.04.02.001

Kim, J., Rochefort, L., Hogue-Hugron, S., Alqulaiti, Z., Dunn, C., Pouliot, R., ... & Kang, H.
(2021). Water Table Fluctuation in Peatlands Facilitates Fungal Proliferation, Impedes
Sphagnum Growth and Accelerates Decomposition. Frontiers in Earth Science, 8.
https://doi.org/10.3389/feart.2020.579329

Kumar, V., Koul, B., Taak, P., Yadav, D., & Song, M. (2023). Journey of Trichoderma from
Pilot Scale to Mass Production: A Review. Agriculture, 13(10), 2022.
https://doi.org/10.3390/agriculture13102022

Lee, J., Kim, S., Jung, H., Koo, B.-K., Han, J., and Lee, H.S. (2023). Exploiting Bacterial
Genera as Biocontrol Agents: Mechanisms, Interactions and Applications in Sustainable
Agriculture. Journal of Plant Biology, 66. https://doi.org/10.1007/s12374-023-09404-6

Lehmann, J., and Joseph, S. (2015). Biochar for environmental management: science,
technology and implementation. Routledge.

Lehmann, J., Rillig, M. C., Thies, J., Masiello, C. A., Hockaday, W. C., and Crowley, D.
(2011). Soil Biology & Biochemistry Biochar effects on soil biota: A review. Soil
Biology and Biochemistry, 43(9), 1812—-1836. https://doi.org/10.1016/j.s0ilbio.2011.04.022

Li, X., Sun, H., Zhang, W., & Guo, Y. (2022). Long-term effects of biochar on microbial
diversity and functional stability. Science of the Total Environment, 814, 152797.
https://doi.org/10.1016/j.scitotenv.2022.152797

Lim, J.-H., and Kim, S.D. (2010). Biocontrol of Phytophthora blight of red pepper caused by
Phytophthora capsici using Bacillus subtilis AH18 and B. licheniformis K11
formulations. Journal of the Korean Society for Applied Biological Chemistry, 53, 766—
773. https://doi.org/10.3839/jksabc.2010.116

Luera, P. and Gabler, C. (2022). Combined Effects of Scarification, Phytohormones,
Stratification, and Soil Type on the Germination and/or Seedling Performance of Three
Tamaulipan Thornscrub Forest Species. Plants, 11(20), 2687.
https://doi.org/10.3390/plants11202687

Ma, S., Liu, X., Liu, J., Zeng, J., Zhou, X., Jia, Z., ... & Zhang, J. (2023). Keystone Microbial
Species Drive the Responses of Saline—Alkali Soil to Three-Year Amendment Measures.
Forests, 14(12), 2295. https://doi.org/10.3390/f14122295

Maftu’ah, E., and Nursyamsi, D. (2019). Effect of biochar on peat soil fertility and NPK uptake
by corn. Agrivita, 41(1), 64—73. https://doi.org/10.17503/agrivita.v41i1.854

Meena, M., Swapnil, P., Divyanshu, K., Kumar, S., Mangesh, H., Tripathi, Y., ... & Upadhyay,
R. (2020). PGPR-mediated induction of systemic resistance and physiochemical
alterations in plants against the pathogens: Current perspectives. Zeitschrift Fir
Allgemeine Mikrobiologie, 60(10), 828-861. https://doi.org/10.1002/jobm.202000370

Mukiri, C., Raja, K., Senthilkumar, M., Subramanian, K., Govindaraju, K., Pradeep, D., ... &
Ranjan, S. (2021). Immobilization of beneficial microbe Methylobacterium aminovorans

Prisma Sains: Jurnal Pengkajian llmu dan Pembelajaran Matematika dan IPA IKIP Mataram, January 2026. Vol. 14, No. 1

318


https://doi.org/https:/dx.doi.org/10.12692/ijb/20.6.269-279
https://doi.org/10.5194/bg-15-7377-2018
https://doi.org/10.3390/plants12213689
https://doi.org/10.1128/msphere.00004-22
https://doi.org/10.30880/jsunr.2023.04.02.001
https://doi.org/10.3389/feart.2020.579329
https://doi.org/10.3390/agriculture13102022
https://doi.org/10.1007/s12374-023-09404-6
https://doi.org/10.1016/j.soilbio.2011.04.022
https://doi.org/10.1016/j.scitotenv.2022.152797
https://doi.org/10.3839/jksabc.2010.116
https://doi.org/10.3390/plants11202687
https://doi.org/10.3390/f14122295
https://doi.org/10.17503/agrivita.v41i1.854
https://doi.org/10.1002/jobm.202000370

Hidayati et al. Effect of Storage Medium Composition on the Viability ...........

in electrospun nanofibre as potential seed coatings for improving germination and growth
of groundnut Arachis hypogaea. Plant Growth Regulation, 97(2), 419-427.
https://doi.org/10.1007/s10725-021-00737-1

Mulawarman, M., Priyatno, T., & Rahmawati, D. (2021). Stability of microbial bioinoculants
during storage and its impact on field performance. International Journal of Agricultural
Technology, 17(5), 1691-1704.

Noor, M. (2001). Pertanian Lahan Gambut, Potensi dan Kendala. Kanisius.

Odo, S., Nwaubani, D., Ebe, G., Idume, J., & Okengwu, O. (2021). Determination of Microbial
Pathogens and its Abundance in Fresh Kunun-Zaki Drinks: Huge Threat to Public Health.
Journal of Advances in Microbiology, 38-42.
https://doi.org/10.9734/jamb/2021/v21i1030391

Pedroso, J., Ponce, E., Ribeiro, I., Pinto, J., Mifidn, A., & Ferreira-Strixino, J. (2022).
Effectiveness of the blue led in the photoinactivation of Staphylococcus aureus and
Staphylococcus epidermidis in vitro. Research Society and Development, 11(2),
e37511225630. https://doi.org/10.33448/rsd-v11i2.25630

Pot, S., Tender, C., Ommeslag, S., Delcour, 1., Ceusters, J., Vandecasteele, B., ... &
Vancampenhout, K. (2022). Elucidating the microbiome of the sustainable peat replacers
composts and nature management residues. Frontiers in Microbiology, 13.
https://doi.org/10.3389/fmicb.2022.983855

Puteri, D., Nugraha, A., Darmayati, Y. & Syakti, A. (2021). Viability Test of
Hydrocarbonoclastic Bacteria Consortium Entrapted on Sawdust Material. Omni-
Akuatika, 17(1), 60. https://doi.org/10.20884/1.0a.2021.17.1.879

Qodarrohman, M., Utami, S., Widada, J., & Hidayat, F. (2024). Biochar and Biofertilizer
Reduce the Use of Mineral Fertilizers, Increasing the Efficiency of Onion Fertilization.
Journal of Ecological Engineering, 25(4), 158-169.
https://doi.org/10.12911/22998993/183942

Qodarrohman, M., Utami, S., Widada, J., & Hidayat, F. (2024). Biochar and Biofertilizer
Reduce the Use of Mineral Fertilizers, Increasing the Efficiency of Onion Fertilization.
Journal of Ecological Engineering, 25(4), 158-169.
https://doi.org/10.12911/22998993/183942

Ren, H., Huang, B., Fernandez-Garcia, V., Miesel, J., Li, Y., & Lv, C. (2020). Biochar and
Rhizobacteria Amendments Improve Several Soil Properties and Bacterial Diversity.
Microorganisms, 8(4), 502. https://doi.org/10.3390/microorganisms8040502

Richardson, S. and Sun, Q. (2023). Effects of soil moisture on tunneling, survivorship, and
food consumption of the Formosan and eastern subterranean termites (Blattodea:
Rhinotermitidae). Environmental Entomology, 52(4), 539-545.
https://doi.org/10.1093/ee/nvad049

Rijk, 1., Ekblad, A., Dahlin, A. S., Enell, A., Larsson, M., Leroy, P., Kleja, D. B., Tiberg, C.,
Hallin, S., and Jones, C. (2024). Biochar and peat amendments affect nitrogen retention,
microbial capacity and nitrogen cycling microbial communities in a metal and polycyclic
aromatic hydrocarbon contaminated urban soil. Science of The Total Environment, 936,
173454, https://doi.org/https://doi.org/10.1016/j.scitotenv.2024.173454

Rijk, 1., Ekblad, A., Dahlin, A. S., Enell, A., Larsson, M., Leroy, P., Kleja, D. B., Tiberg, C.,
Hallin, S., and Jones, C. (2024). Biochar and peat amendments affect nitrogen retention,
microbial capacity and nitrogen cycling microbial communities in a metal and polycyclic
aromatic hydrocarbon contaminated urban soil. Science of The Total Environment, 936,
173454. https://doi.org/https://doi.org/10.1016/j.scitotenv.2024.173454

Riseh, R., Moradi-Pour, M., Mohammadinejad, R., & Thakur, V. (2021). Biopolymers for
Biological Control of Plant Pathogens: Advances in Microencapsulation of Beneficial
Microorganisms. Polymers, 13(12), 1938. https://doi.org/10.3390/polym13121938

Rodriguez, A., Racero, F., Barragan, J., Colmenero-Flores, J., Greggio, N., Knicker, H., ... &
Rosales, M. (2022). Influence of Biochar Mixed into Peat Substrate on Lettuce Growth

Prisma Sains: Jurnal Pengkajian llmu dan Pembelajaran Matematika dan IPA IKIP Mataram, January 2026. Vol. 14, No. 1

319


https://doi.org/10.1007/s10725-021-00737-1
https://doi.org/10.9734/jamb/2021/v21i1030391
https://doi.org/10.33448/rsd-v11i2.25630
https://doi.org/10.3389/fmicb.2022.983855
https://doi.org/10.20884/1.oa.2021.17.1.879
https://doi.org/10.12911/22998993/183942
https://doi.org/10.12911/22998993/183942
https://doi.org/10.3390/microorganisms8040502
https://doi.org/10.1093/ee/nvad049
https://doi.org/https:/doi.org/10.1016/j.scitotenv.2024.173454
https://doi.org/https:/doi.org/10.1016/j.scitotenv.2024.173454
https://doi.org/10.3390/polym13121938

Hidayati et al. Effect of Storage Medium Composition on the Viability ...........

and Nutrient Supply. Horticulturae, 8(12), 1214.
https://doi.org/10.3390/horticulturae8121214

Santi, L. P., Goenadi, D. H., Penelitian, B., Perkebunan, B., Pt, I., dan Nusantara, R. P. (2012).
Pemanfaatan Biochar Asal Cangkang Kelapa Sawit Sebagai Bahan Pembawa Mikroba
Pemantap Agregat. In Buana Sains (Vol. 12). https://doi.org/10.33366/bs.v12i1.143

Sawatphanit, N., Sutthisa, W., & Kumlung, T. (2022). Bioformulation Development of
Bacillus velezensis Strain N1 to Control Rice Bacterial Leaf Blight. Trends in Sciences,
19(21), 6315. https://doi.org/10.48048/tis.2022.6315

Sudrajat, D., Mulyana, N., & Adhari, A. (2014). Seleksi Mikroba Rizosfer Lokal Untuk Bahan
Bioaktif pada Inokulan Berbasis Kompos Iradiasi. Jurnal limiah Aplikasi Isotop Dan
Radiasi, 10(1), 24-34. https://doi.org/10.17146/jair.2014.10.1.2730

Sunarno, Nursofiah, S., Hartoyo, Y., Amalia, N., Febrianti, T., Febriyana, D., Saraswati, R. D.,
Puspandari, N., Sariadji, K., Khariri, Rukminiati, Y., Muna, F., Susanti, I., and
Multihartina, P. (2021). Long-term Storage of Bacterial Isolates by Using Tryptic Soy
Broth with 15% Glycerol in the Deep Freezer (-70 to -80 C). IOP Conference Series:
Earth and Environmental Science, 913(1). https://doi.org/10.1088/1755-1315/913/1/012070

Suriani, S., Baharuddin, B., MUIS, A., Junaid, M., MIRSAM, H., Azrai, M., ... & Sebayang,
A. (2023). New corn resistant lines to stalk rot disease (Dickeya zeae) in Indonesia.
Biodiversitas Journal of Biological Diversity, 24(6).
https://doi.org/10.13057/biodiv/d240612

Tamasauskaité¢, L., Minelgaité, V., gipailiené, A., Vinauskiené, R., Eisinaité, V., &
Leskauskaité, D. (2024). Bigel Matrix Loaded with Probiotic Bacteria and Prebiotic
Dietary Fibers from Berry Pomace Suitable for the Development of Probiotic Butter
Spread Product. Gels, 10(5), 349. https://doi.org/10.3390/gels10050349

Tarig, M., Khan, A., Asif, M., Khan, F., Ansari, T., Shariq, M., and Siddiqui, M. A. (2020).
Biological control: a sustainable and practical approach for plant disease management.
Acta Agriculturae Scandinavica Section B: Soil and Plant Science, 4710, 507-524.
https://doi.org/10.1080/09064710.2020.1784262

Teickner, H., Gao, C., & Knorr, K. (2022). Electrochemical Properties of Peat Particulate
Organic Matter on a Global Scale: Relation to Peat Chemistry and Degree of
Decomposition. Global Biogeochemical Cycles, 36(2).
https://doi.org/10.1029/20219b007160

Teixidd, N., Usall, J., & Torres, R. (2022). Insight into a Successful Development of Biocontrol
Agents: Production, Formulation, Packaging, and Shelf Life as Key Aspects.
Horticulturae, 8(4), 305. https://doi.org/10.3390/horticulturae8040305

Thakur, R., Verma, S., Gupta, S., Negi, G., & Bhardwaj, P. (2021). Role of Soil Health in Plant
Disease Management: A Review. Agricultural Reviews, (OfF).
https://doi.org/10.18805/ag.r-1856

Ullah, Z., Akmal, M. S., Ahmed, M., Ali, M., Khan, A. Z., and Ziad, T. (2020). Effect of
Biochar on Maize Yield and Yield Components in Rainfed Conditions. SSRN Electronic
Journal, 12(3), 46-51. https://doi.org/10.2139/ssrn.3583644

Wang, H., Ye, S, Shi, S., & Liang, C. (2019). Aeration and microbial activity in peat-
dominated soils. Soil Use and Management, 35(3), 360-370.
https://doi.org/10.1111/sum.12568

Waris, M. and A.S., I. (2025). Total Plate Count of Turmeric-Tamarind Herbal Medicine Sold
in Mojayan Traditional Market, Klaten, Indonesia. Indonesian Journal of Pharmaceutical
Education, 5(2), 260-268. https://doi.org/10.37311/ijpe.v5i2.31476

Widdig, M., Heintz-Buschart, A., SchleuB, P. M., Guhr, A., & Kdgel-Knabner, 1. (2020).
Resource limitation and microbial decline during long-term soil incubation. Frontiers in
Microbiology, 11, 336. https://doi.org/10.3389/fmicb.2020.00336

Wu, X., Ren, L., Luo, L., Zhang, J., Zhang, L., & Huang, H. (2020). Bacterial and Fungal
Community Dynamics and Shaping Factors During Agricultural Waste Composting with

Prisma Sains: Jurnal Pengkajian llmu dan Pembelajaran Matematika dan IPA IKIP Mataram, January 2026. Vol. 14, No. 1

320


https://doi.org/10.3390/horticulturae8121214
https://doi.org/10.33366/bs.v12i1.143
https://doi.org/10.48048/tis.2022.6315
https://doi.org/10.17146/jair.2014.10.1.2730
https://doi.org/10.1088/1755-1315/913/1/012070
https://doi.org/10.13057/biodiv/d240612
https://doi.org/10.3390/gels10050349
https://doi.org/10.1080/09064710.2020.1784262
https://doi.org/10.1029/2021gb007160
https://doi.org/10.3390/horticulturae8040305
https://doi.org/10.18805/ag.r-1856
https://doi.org/10.2139/ssrn.3583644
https://doi.org/10.1111/sum.12568
https://doi.org/10.37311/ijpe.v5i2.31476
https://doi.org/10.3389/fmicb.2020.00336

Hidayati et al. Effect of Storage Medium Composition on the Viability ...........

Zeolite and Biochar Addition. Sustainability, 12(17), 7082.
https://doi.org/10.3390/su12177082

Yadav, A. N., Verma, P., Kour, D., Rana, K. L., & Saxena, A. K. (2020). Plant growth-
promoting microbes in agroecosystem: Mechanisms, storage viability, and application
strategies. Biotech, 10(8), 1-16. https://doi.org/10.1007/s13205-020-02325-0

Yuzairi U.S, F., Hutapea, S., dan Panggabean, E. L. (2022). Pengaruh Biochar SP 50 yang di
Modifikasi dan Plant Growth Promoting Rhizobacteria (PGPR) Terhadap Pertumbuhan
dan Produksi Jagung Manis (Zea mays saccharata Sturt). Jurnal llmiah Pertanian
(JIPERTA), 4(1), 45-63. https://doi.org/10.31289/jiperta.v4i1.1194

Zhang, B., Li, X., Zhu, H., Yan, G., & Li, C. (2021). Preparation and evaluation of bacillus
thuringiensis microcapsules based on biochar. Digest Journal of Nanomaterials and
Biostructures, 16(2). https://doi.org/10.15251/djnb.2021.162

Zhang, K., Wang, L., Si, H., Guo, H., Liu, J., Jia, J., ... & Dong, J. (2022). Maize stalk rot
caused by Fusarium graminearum alters soil microbial composition and is directly
inhibited by Bacillus siamensis isolated from rhizosphere soil. Frontiers in Microbiology,
13. https://doi.org/10.3389/fmich.2022.986401

Zhu, X., Chen, B., Zhu, L., and Xing, B. (2017). Effects and mechanisms of biochar-microbe
interactions in soil improvement and pollution remediation: A review. In Environmental
Pollution (Vol. 227, pp. 98-115). Elsevier Ltd. https://doi.org/10.1016/j.envpol.2017.04.032

Prisma Sains: Jurnal Pengkajian llmu dan Pembelajaran Matematika dan IPA IKIP Mataram, January 2026. Vol. 14, No. 1

321


https://doi.org/10.3390/su12177082
https://doi.org/10.1007/s13205-020-02325-0
https://doi.org/10.31289/jiperta.v4i1.1194
https://doi.org/10.15251/djnb.2021.162
https://doi.org/10.3389/fmicb.2022.986401
https://doi.org/10.1016/j.envpol.2017.04.032

