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Abstract. The oil palm (Elaeis guineensis Jacq.) yields high economic value.
Indonesia, as one of palm oil's major producers, is inseparable from the threat of
basal stem rot disease by Ganoderma boninense. This disease causes severe
declines in the plant's productivity. Ganoderma suppressive soil is known to
suppress the development of pathogens, as the microbes present can improve the
plant's health, modulate the immune system, and compete with pathogens. This
study aims to compare the community structure of suppressive and conducive soil-
forming bacteria at topsoil (0-20 cm) and subsoil (20-40 cm) and their correlation
with edaphic factors. Research includes performing a metagenomic analysis using
16S rRNA sequencing data. The research flow includes sequence quality control
(FastQC), data analysis (QIIME2), taxonomic classification and gene function
prediction (PICRISt2), and a Principal Component Analysis with edaphic factors
(XLSTAT). Suppressive soils had highest alpha diversity. Potential suppressive-
soil-forming agents include Acidothermus, Burkholderia, Reyranella, Rokubacter,
Streptomycetaceae, Bryobacter, Alphaproteobacteria, Rhizobiales, and
Bradyrhizobium. Predicted gene functions include the synthesis of antibiotics,
antifungals, and plant defense enzymes. pH and clay percentage play a role in
increasing the incidence of disease. It was concluded that suppressive-soil-forming
bacterial community had higher diversity than conducive soil and was not affected
by soil depth.

Keywords: edaphic factors; conducive and suppressive soils; community structure;
Ganoderma boninense
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1 Introduction

Oil palm (Elaesis guinensis Jacg.) is a palm oil commodity with high economic
value. With such a high oil yield per land size, the palm oil industry continues to
grow, especially in the Southeast Asian (SEA) region. The contribution of palm
oil to the world's vegetable oil reaches a sizeable percentage of 36%, with only
6% land use [1]. Indonesia is currently one of the world's largest palm oil
producers, producing up to 40.57 million tonnes of crude oil with a total
plantation area of 6.78 million ha [2]. The rapid growth of the palm oil industry
is a result of an ever-increasing demand for the commaodity, where 68% of palm
oil needs are allocated to the food sector, 27% to the industrial application sector
and 5% to the bioenergy sector [2].

The main problem that threatens the productivity of Indonesia's oil palm
plantations in Indonesia is basal stem rot disease (BSR) caused by infection of
the fungus Ganoderma boninense. This disease causes decay and damage to root-
stem tissue, disrupting the water and nutrient transport system. Eventually, there
is a severe decline in fruit production [3], leading to a substantial oil yield decline
of up to 50 - 60% [4]. BSR is commonplace in oil palm plantations in SEA,
especially in mature oil palms yielding high fruit productivity [3]. Total losses
are estimated at up to 500 million US dollars annually, proving the gravity of the
situation [5].

Until now, there has been no sustainable solution to prevent Ganoderma
infection. The common application of fungicides, for example, significantly
reduces the incidence of BSR, but can negatively impact the environment in the
long term [5]. A more novel and sustainable alternative is the formation of
suppressive soil. Suppressive soil can suppress the development of pathogens.
This inhibition is by the presence of bacteria that can improve plant health,
modulate the immune system and compete with pathogens through various
antagonistic mechanisms to Ganoderma [6].

Edaphic factors, microbial diversity and plant roots are the main factors
responsible for determining a soil's health status and plant productivity. The
interaction between plant roots and suppressive-soil-forming microbes can have
a positive effect on plant growth and development by facilitating nutrient
availability, inducing its tolerance to environmental stress, and increasing its
disease resistance [7]. The edaphic characteristics of the soil are also determinants
of the microbial and pathogenic community composition around the plant's roots.
Soil edaphic parameters that correlate with the growth of fungal pathogens
include texture, pH, nitrogen content, phosphorus, electrical conductivity and
organic content [8]. Soil depth also affects microbial diversity. Based on Tailliez's
(1971) study, the quantity of root biomass varies at varying soil depths. The
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highest root biomass in oil palm is at a depth of 20-60 cm or subsoil where most
of the absorption of water and nutrients occurs [9]. The increase in root biomass
at this depth will increase the availability of substrates beneficial to suppressive
bacterial activity in the soil [10].

Although studies of suppressive soil bacteria are not new, studies concerning the
suppressive soil formation in oil palm soils are still limited. This study aims to
utilise metagenomic analysis at topsoil and subsoil to determine oil palm soil
bacteria that can act as suppressive-soil-forming agents and contribute to the
long-term control of Ganoderma, determine the predictive gene functions of the
suppressive and conducive soil-forming bacteria found, and determine the
correlation of these bacteria with edaphic factors.

2 Research Methods

2.1 Data Collection

The study was conducted in silico using secondary data consisting of 16S rRNA
gene sequencing data. The study also used edaphic data extracted from
suppressive soil and conducive soil samples from topsoil (0-20 cm) and subsoil
(20-40 cm). Samples originate from the palm oil plantations on the islands of
Sumatra, Kalimantan and Sulawesi in 2015. 24 samples are grouped based on
these 3 locations and soil sample depth.

2.2 Sequence Quality Control

Sequence quality checks for each sample were carried out using the FastQC and
compiled as a report using MultiQC [11]. Faulty sequences will result in faulty
results and interpretation of data. Sequence Filtering and denoising were
performed by QIIME2-DADAZ2 [12]. The output of this process is in the form of
representative sequences and feature tables that can later be analysed.

2.3 Taxonomic Classification

Taxonomy classification was performed by the QIIME?2 feature-classifier plugin.
Representative sequences were compared with the SILVA 138 database [13] to
produce a table of identified sequences, known as the taxonomy table.

2.4 Community Structure Analysis and Gene Function Prediction

The community structure was visualized using Genepiper to be analysed. Here,
feature tables, taxonomy tables, and phylogenetic trees in Newick format are
required to generate results. The outputs of this stage are alpha diversity, beta
diversity, a Venn operational taxonomic unit (OTU) diagram, a phylogenetic tree,
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and a bacterial abundance heatmap [14]. Gene function prediction was carried
out by QIIME2-PICRUSt2, based on two databases: the Kyoto Encyclopedia of
Genes and Genomes (KEGG) Orthologs (KOs) and Enzyme Commission (EC)
numbers [15]. The results are visualized as a functional heatmap using Genepiper.

2.5 Edaphic Factor Analysis

Principle Component Analysis (PCA) was performed on edaphic factors (pH,
percentage of sand, organic carbon content, nitrogen, phosphorus, calcium,
magnesium, sodium and CEC) with XLSTAT [16].

3 Results and Discussion

3.1 Sequence Read Quality

The screening and denoising process left 55.216% or as many as 140971
sequences from the initial total of 271224 sequences. Higher percentages are
preferred as it is able to provide more information downstream. Data
normalization involves the process of standardizing the total number of
informative sequences so that each sample has the same number of sequence
libraries [17]. Based on the results of data normalization, 4225 sequences were
selected from each sample for further analysis. This number is capable of
accurately representing the diversity of bacterial community structures.

3.2 Community Structure Analysis

A bacterial community's diversity can be determined by analysing its alpha
diversity, represented by the Shannon diversity index, which accounts for species
abundance and evenness [18].
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Figure 1 Alpha diversity boxplot for soil samples of Sumatra, Sulawesi and
Kalimantan
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The results showed that diversity (Figure 1) was highest in suppressive subsoil
(p-value > 0.05). This phenomenon can occur due to high root biomass density at
the subsoil depth, leading to a higher exudate and abundance of rhizosphere
bacteria [10]. The high alpha diversity in suppressive soils correlated with a
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reduced incidence of BSR in the oil palm plants, explained by the fact that a high
diversity can increase the potential for the formation of bacterial interactions that
can suppress infection [19].

Differences in bacterial community structure between soil samples can be
identified through beta diversity analysis, using the Bray-Curtis dissimilarity
index and the Weighted Unifrac index. The Bray-Curtis dissimilarity index
defines differences in bacterial community structure based on relative abundance
alone, while the Weighted Unifrac index also considers the phylogenetic distance
between bacteria [20], [21]. Figure 2 shows that both indices exhibit a grouping
of soil samples based on the sample's location (island), indicating the similarity
in community structure. Those of different islands show dissimilarity. This
observation is presumed to be because the community structure is shaped by the
characteristics of habitat it occupies [22].
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Figure 2 Beta diversity shown by the Bray-Curtis index (left) and the Weighted
Unifrac index (right)

Unique bacteria can also be identified by analyzing the OTU Venn diagram,
representing the number of the same (intersecting areas) and unique (non-
intersecting areas) OTUs in each sample [23]. Based on Figure 3, the highest
unique OTU count was found in the suppressive subsoil sample (1471 OTUs).
These OTU have the potential to act as a suppressive soil-forming agent because
its presence are not found in conducive soil. Subsoil samples show the potential
to have a higher number of suppressive soil-forming agents than topsoil samples,
though the count difference in unique OTUs is not too distinct.

[ Suppresive (topsoi) ~ Suppresive (subsol) |

Conductive
(topsoi)

Figure 3 OTU Venn Diagram of all samples
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To further determine the bacteria to potentially act as suppressive-soil-forming
agents, the relative abundance of bacteria in soil samples was compared.
Differentiation between topsoil and subsoil samples was not included due to the
similarities of OTU count regardless of depth. The relative abundance of bacteria
is visualized by a heatmap, following the colour scale.

On the island of Sumatra (Figure 4), a relatively high abundance of Acidothermus,
Burkholderia, Reyranella, and Streptomycetaceae bacteria was found in the
suppressive soil samples. Acidothermus is known to stimulate the presence of
other microbes that have antagonistic activity against pathogens and produce
antimicrobial compounds that can suppress pathogen development [23].
Burkholderia can produce antimicrobial compounds that can potentially interfere
with the growth of pathogens and induce systemic resistance systems in plant
[24]. Streptomycetaceae are known to suppress the presence of fungal pathogens
that cause disease in roots by producing various secondary metabolites, including
compounds that act antifungal, antibacterial and antiparasitic [25]. Reyranella aid
in nitrogen fixation that is beneficial for growth [26].

Genus

Conductive Sample Type Suppresive

Figure 4 Relative abundance of genera heatmap of the Sumatra sample

Sulawesi (Figure 5) shows high abundances of Alphaproteobacteria, Bryobacter,
and Rokubacter in its suppressive soil samples. Alphaproteobacteria and
Rokubacter are capable of protecting plants from pathogen attacks by producing
antimicrobial compounds [27], [28]. Bryobacter is known to play a key role in
maintaining the balance of the ecosystem in areas of restoration [29].
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Genus

Figure 5 Relative abundance of genera heatmap of the Sulawesi sample

Conductive Sample Type Suppresive

749

Borneo (Figure 6) shows a high abundance of Rhizobiales and Bradyrhizobium
bacteria in its suppressive soil sample. Rhizobiales have a symbiotic relationship
with roots, increasing plant resistance through stimulation of plant growth [29].
Bradyrhizobium can suppress pathogen infection through the mechanism of
nutrient competition by producing siderophores (iron mineral chelating
compounds) in soil limited iron and minerals [30]. In conducive soil, a high
abundance of bacteria related to the formation of conducive soil was found,
namely Roseiaecus. This genus is known to have a symbiotic relationship with
the fungus Russula griseocarnosa and plays a role in increasing fungal growth

[31].

Genus

Conductive Sample Type Suppresive

Figure 6 Relative abundance of genera heatmap of the Kalimantan sample
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3.3 Gene Function Prediction Analysis

The high relative abundance of suppressive-soil-forming bacteria is supported by
several potential metabolic activities obtained. The results of the KEGG
Orthologs (KO) gene function prediction of Sumatra samples (Figure 7) show
that there are 12 pathways related to the formation of suppressive soils and 1
pathway related to the formation of conducive soils. Sulawesi samples (Figure 8)
and Kalimantan samples (Figure 9) show 10 pathways and 9 pathways found
respectively related to the formation of suppressive soils. The functions found
include relations to quorum sensing, secondary metabolite biosynthesis,
xenobiotic metabolism, and the synthesis of ansamycin antibiotics.

Quorum sensing is a form of communication between bacteria that aims to induce
a defined gene that can only be active when it reaches a defined density or
qguorum. The presence of quorum-sensing bacteria on the root surface can help to
protect plants from soil-borne pathogens through systems that regulate the
production of antibiotics or other secondary metabolites [32]. Gardener and Pal’s
(2006) study found a quorum-sensing pathway that regulated the induction of
genes related to the synthesis of antibiotics, phenazine, rhamnolipids and
carbapenems. This discovery, related to the synthesis of many antibiotics, can
help inhibit the growth of various pathogenic bacteria or fungi [33]. The synthesis
of beta-lactam antimicrobial compounds can suppress the growth of pathogens
by disrupting cell permeability and causing lysis [34].

Xenobiotic compounds are toxic to plants and soil microorganisms but are
common to soils with high agricultural activity. The persistence of xenobiotics in
the soil is disruptive to agriculture due to its lengthy degradation [35]. The
discovery of bacterias with the predicted gene function to metabolize xenobiotics
in suppressive soil is beneficial for oil palm plantations because it can help
improve soil, plant and microbial health.

The results of the predicted gene functions based on the EC Numbers database of
samples in Sumatra (Figure 7), Sulawesi (Figure 8), and Kalimantan (Figure 9)
showed significant pathways related to suppressive soil formation, including the
biosynthesis of phenylalanine, phenazine, phenylpropanoids, O-antigens, and
butanoate metabolism. Phenylalanine and phenylpropanoid are enzymes
produced by plants that play a role in the defense of pathogenic attacks.
Phenylalanine is also a crucial enzyme in the synthesis of phenolic compounds
and lignin. Both enzymes also block the initial penetration of pathogens [36]. O-
antigen synthesis is also known to contribute to microbial-plant interactions and
is a potential precursor to induce systemic resistance [37]. This pathway may have
a role in the formation of Ganoderma suppressive soil. Butanoate is also an
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antifungal compound with the potential to suppress the presence of Ganoderma
in oil palm plantation soils [38].

In addition to the potential for suppressive-soil-forming metabolites, Aflatoxin
synthesis was another found pathway related to the formation of conducive soil.
Aflatoxin is a soil contaminant that can interfere with plant growth, synthesised

by several types of fungi [39]. This pathway, therefore, has the potential to induce
Ganoderma growth.
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Figure 7 KEGG Orthologs (left) and EC Numbers function heatmap for
Sumatera samples
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Figure 8 KEGG Orthologs (left) and EC Numbers function heatmap for
Sulawesi samples
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Suppresive Sample Conductive Suppresive Sample Conductive

Figure 9 KEGG Orthologs (left) and EC Numbers function heatmap for
Kalimantan samples

3.4 Edaphic Factor Analysis

Soil plays a prominent role in determining the bacterial community composition
and relative abundance. Edaphic factors such as pH, salinity, electrical
conductivity, and soil texture are associated with an increased incidence of BSR
disease in oil palm [40]. To show the difference in edaphic factors between soil
samples (suppressive/conducive and topsoil/subsoil), a barplot which is not
included here, was constructed for each factor. The results show a significant
difference in edaphic factors based on soil conduciveness, unlike the topsoil and
subsoil samples. Lower soil pH also shows to induce Ganoderma conductivity in
soil. Corley and Tinker (2016) also found the increased incidence of BSR at lower
pH conditions [41]. This occurrence happens because the activity of xylase and
cellulase is optimal at an acidic pH [41, 42].

Soil texture indicates that a higher sand percentage can suppress Ganoderma
pathogens due to its low water retention capacity. Because of this, it is observed
that soil of high sand percentage is suppressive. Likewise, soils with poor
drainage, seen in soils of high clay percentage, are often associated with the
increased incidence of BSR disease [41].

Other edaphic factors such as the content of carbon, nitrogen, phosphorus,
calcium, magnesium and cation exchange capacity (CEC) were generally found
to be high in suppressive soils. The physicochemical characteristics of nitrogen,
calcium, magnesium, zinc and sodium have a positive correlation with the plant
defense enzymes chitinase, glucanase, phenylalanine ammonia-lyase (PAL),
polyphenol oxidase (PPO) and peroxidase (POD). Research has observed the
increased activity of these enzymes in soils with high nutrient content [41, 42].
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The study observed higher nutrient content in suppressive soil samples compared
to the conducive soil samples.

The relationship between edaphic factors and bacterial relative abundance was
analyzed by Principal Component Analysis (PCA). PCA visualisation (Figure 10)
showed that bacteria will be found in high abundance in edaphic factors most
favourable. In Kalimantan, bacteria of the highest relative abundance is highly
correlated to a high sand percentage. A soil with a sand-like texture retains water
and provides space between particles, producing a hydrated microhabitat for
bacteria. This condition encourages the coexistence of bacteria in close proximity
without competing directly for nutrient sources [44].
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Figure 10PCA plot of edaphic factor and bacteria in oil palm soil

4  Conclusion

Based on the results obtained from this study, it can be concluded that in
suppressive soils, there is a high relative abundance and diversity of rhizosphere
bacteria that have the potential to suppress Ganoderma infection in oil palms such
as Acidothermus, Burkholderia, Reyranella, Streptomycetaceae, Rokubacter,
Bryobacter, Rhizobiales, Alphaproteobacteria and Bradyrhizobium. The
presence of these bacteria is supported by the predicted gene functions that show
metabolic activity in the synthesis of antibiotics, antimicrobials, antifungals,
enhancement of plant systemic defenses, and specific immune responses. In this
study, a comparison of bacterial community structure based on soil depth was
also carried out, namely topsoil (0-20 ¢cm) and subsoil (20-40 c¢m), but the
differences in the results were minute. Bacterial communities of oil palm soil
were dependent on edaphic factors. High clay percentage and a low pH are
associated with an increased incidence of BSR. Meanwhile, increasing soil
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nutrient content such as organic carbon, nitrogen, phosphorus, calcium, and
magnesium can reduce the incidence of BSR.
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