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Abstract 

Understanding the microbial communities in asymptomatic oil palm seedlings is crucial for dev eloping disease-suppr essi v e micr o- 
biota against basal stem rot (BSR) in oil palm. In this study, we compared the microbial communities in bulk soil, rhizosphere, and 

endospher e of contr ol, asymptomatic, and symptomatic seedlings following inoculation with Ganoderma boninense . Our findings re- 
vealed significant shifts in microbial structure and interactions, particularly in asymptomatic seedlings. Both Actinobacteriota and 

Ascom ycota w er e nota b l y enriched in these samples, with Actinobacteriota identified as keystone taxa. Long-read shotgun metage- 
nomics demonstrated that 67.4% of enriched Actinobacteriota taxa were unique to asymptomatic seedlings. Similarly, Ascomycota 
members showed significant enrichment, suggesting their potential role in BSR suppression. The consistent identification of these 
phyla across various analyses underscores their importance in disease resistance. This is the first report detailing the shifts in prokary- 
otic and fungal communities in asymptomatic and symptomatic seedlings, offering insights into potential disease-suppr essi v e taxa 
acr oss thr ee compartments: bulk soil, rhizospher e, and endospher e of oil palm seedlings. 

Ke yw ords: basal stem rot disease; disease suppression; Ganoderma boninense ; oil palm disease; plant–pathogens interactions; root 
microbiome 
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Introduction 

Oil palm ( Elaeis guineensis , Jacq.) is the most efficient oil crop in 

the world, capable of producing eight times more oil per hectare 
than other oil crops (Nomanbhay et al. 2017 ). Oil palm is cul- 
tivated near equator in West Africa, South America, Southeast 
Asia, P a pua Ne w Guinea (PNG), and Solomon Islands (SI). Sev- 
er al factors ar e critical to oil palm pr oductivity, including pests 
and disease, selective breeding of planting material, agronomic 
practices (planting density, canopy management, pollination, and 

harv esting), r ainfalls , nutrients , and soil type . Suboptimal condi- 
tions can slash productivity by > 70%. In se v er el y disease-infested 

ar eas, pr oductivity can nearl y eliminate yields (Woittiez et al.
2017 ). 

Oil palm diseases vary by region. In West Africa (Turner 1981 ,
Flood 2006 , Gorea et al. 2020 ), vascular wilt disease caused by 
Fusarium oxysporum F. sp. elaeidis is a significant threat, while 
in South America, bud rot, or spear rot, caused by Phytophthora 
palmivora , is a major concern. In Southeast Asia and Oceania,
basal stem rot (BSR) caused by Ganoderma boninense is the most 
de v astating (Pilotti et al. 2002 , Rees et al. 2007 , Gorea et al. 2020 ).
Initially affecting older palms, BSR now also impacts younger 
ones, especiall y in r eplanted ar eas. Se v er e infections can oc- 
cur within 2 years after r eplanting, particularl y when old palm 

stumps are left in the ground (Subagio and Foster 2003 ), leading 
to a buildup of pathogens (Turner 1981 , Gorea et al. 2020 ). Infec- 
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ions typicall y r esult in death within 6–12 months for young palms
nd 2–3 years for mature ones (Jackson 2017 ). 

Extensiv e r esearc h has addr essed BSR (Goh et al. 2020 , Husin
t al. 2020 , Khaled et al. 2020 ), from disease management (Maluin
t al. 2019 , Chong et al. 2020 , Goh et al. 2020 ), early identifica-
ion (Ahmadi et al. 2017 , Khosrokhani et al. 2018 , Khaled et al.
020 , Kresnawaty et al. 2020 ), plant and disease biology (Durand-
asselin et al. 2005 , Rees et al. 2009 , Chong et al. 2017 , Wong et
l. 2019 , Sulaiman et al. 2020 ), to monitoring (Ibrahim et al. 2020 )
nd soil microbial ecology (Amran et al. 2016 , Virdiana et al. 2019 ,
o and Chong 2020 ). Integrated pest management (IPM) is widely
mbraced as a control method, encompassing agronomic, biolog- 
cal, and chemical treatments. While these measures effectively 
elay disease pr ogr ession and extend oil palm lifespan, the persis-
ent pr e v alence of BSR indicates a need for deeper understanding
nd more effective control strategies . A proactive , promising long-
erm solution involves breeding for Ganoderma -tolerant planting 

aterials. A lar ge-scale scr eening is ongoing to identify toler ant
rogenies for breeding purposes . T he industry practices involve
rtificially inoculating germinated seeds or 3-month-old seedlings 
ith the pathogen and monitoring disease pr ogr ession ov er time

Turnbull et al. 2014 ). SD Guthrie utilizes a similar a ppr oac h on
-month-old seedlings to ensure a better r eflectiv eness of the tol-
rance in the field. Host genetics play a crucial role in disease
olerance, and studying the underground microbial communities 
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ssociated with asymptomatic seedlings can r e v eal potential
isease-suppr essing micr obes. Typicall y, one-dimensional stud-

es that focus solely on the host’s genetic potential are limited
o specific en vironments , which partly explains the poor corre-
ation of tolerance between nursery and field conditions (Mendes
t al. 2011 , Jochum et al. 2019 , Jones et al. 2019 ). Consequently,
 esearc hers hav e v entur ed into studying under gr ound micr obial
omm unities. While pr e vious studies hav e compar ed micr obial
ommunities between healthy and diseased hosts (Iasmartua
018 ), or between asymptomatic and symptomatic samples (An-
thai and Chairin 2022 ), we questioned whether secondary infec-
ions in symptomatic samples might alter microbial characteris-
ics and distort observations. 

In our r esearc h, we utilized host materials with a narrow ge-
etic bac kgr ound, allowing a mor e pr ecise identification of mi-
robial compositions crucial for disease suppression, minimizing
enetic variability. Our novel approach compares asymptomatic
osts with contr ol, whic h wer e healthy, unexposed hosts, aiming
o accur atel y identify disease-suppr essiv e micr obial tr aits. We hy-
othesized that the presence of pathogen-suppressive microbes in
he root zone is associated with asymptomatic seedlings. 

This study aims to: (i) analyze the structure, function, and in-
er actions of belowgr ound micr obial comm unities in r esponse
o pathogen inoculation in two distinct host responses (asymp-
omatic and symptomatic) v ersus contr ol, and (ii) identify micro-
ial taxa potentially involved in suppressing BSR. We emplo y ed
6S rRNA and ITS gene amplicon sequencing to profile prokary-
tic and fungal communities, supplemented by Nanopore shot-
un metagenomics sequencing in a subset of samples. We com-
ar ed micr obial comm unities in soil, rhizospher e, and endospher e
etween control and asymptomatic seedlings, using symptomatic
eedlings as a baseline. 

aterials and methods 

lanting ma terial, trea tment prepar a tion, trial 
escription, sample selection, and sample 

rocessing 

il palm germinated seeds ( dura × pisifera ) were provided by the
il P alm Br eeding Unit, SD Guthrie Researc h Sdn Bhd. All pr epa-

ations for the nursery trial were carried out according to the Oil
alm Nursery Technique Good Agricultural Practices (SD Guthrie).
eedlings were maintained under artificial shade with 50% light
utoff. For both control and inoculated seedlings, the experiment
as replicated in four plots, each containing 16 seedlings, totaling
4 seedlings ( n = 64). The trial was conducted using a randomized
omplete block design (RCBD). 

For fungal inoculum pr epar ation, the G. boninense strain PER71
as obtained from the Malaysian Palm Oil Board (MPOB). The fun-
us was cultured and maintained on potato dextr ose a gar (PDA).
ubber wood blocks (RWB) were custom cut to 6 × 6 × 6 cm. All
WB were sterilized in an oven at 80 ◦C overnight before autoclav-

ng at 121 ◦C for 1 h. Each RWB was placed in a plastic bag filled
ith 120 ml of malt extr act (ME) a gar. These ba gs wer e sealed, au-

oclaved at 121 ◦C for 15 min, and left to solidify o vernight. T he
-da y-old G . boninense cultur e fr om a PDA plate was divided into
our parts, and two parts were inoculated on the sterilized R WB .
he inoculated RWB were incubated at 25–28 ◦C for ∼150 days un-
il the mycelia completely covered the R WB . 

Germinated seeds were sown in 10 ′′ × 12 ′′ pol yba gs containing
opsoil and sand in a 2:1 ratio. The seedlings were transplanted
nto 15 ′′ × 18 ′′ pol yba gs when they were 6 months old, along
ith artificial inoculation using Ganoderma -inoculated R WB . Dur-
ng tr ansplanting, full y colonized RWB wer e placed in the middle
f the bag, and the seedlings were placed in close contact with the
WB using a sitting technique . T he 6-month-old control and inoc-
lated seedlings wer e monitor ed until they were 18 months old (48
eeks post-inoculation). Disease pr ogr ession was assessed based
n the Disease Se v erity Index (DSI), for the bole, as described by
ormahnani ( 2016 ). Ten seedlings that remained as class 0 DSI at

no internal rot observed at bole) week 48 post-inoculation were
elected as asymptomatic samples, while 10 seedlings exhibiting
lass 4 DSI ( > 90% rotting of tissues observed at bole) were selected
s symptomatic samples. In addition to asymptomatic and symp-
omatic seedlings, 10 control seedlings were also selected (Fig. 1 ).

N A extr action, PCR amplifica tion, amplicon 

equencing (Illumina), data processing, and data 

nalysis 

or each sample, total DN A w as extr acted fr om 0.5 g of soil
sing the DNeasy Po w ersoil Kit (Qia gen, German y) according
o the manufacturer’s instructions . T he concentration and
uality of genomic DN A w er e measur ed using a NanoDr op ND-
000 spectr ophotometer (NanoDr op Tec hnologies, Wilmington,
E, USA). Two primer sets were used for whole community
mplicon sequencing for both prokaryotic and fungal commu-
ities . T he primer pair ITS3 (5 ′ -GCA TCGA TGAA GAA CGCA GC-
 

′ )/ITS4 (5 ′ -TCCTCCGCTT A TTGA T A TGC-3 ′ ) (White 1990 )
as used for fungal community amplification, while the
rimer pair 515F (5 ′ -GTGYCAGCMGCCGCGGTAA-3 ′ )/926R (5 ′ -
CGYCAATTYMTTTRAGTTT-3 ′ ) (P ar ada et al. 2016 ) was used for

he V4 −V5 hypervariable regions of the prokaryotic 16S rRNA
ene. 

The primer pairs were modified for sequencing by adding the
orw ar d Illumina Nextera adapter, a two-base-pair “linker” se-
uence, and a unique 7-bp barcode sequence at the 5 ′ end of
he forw ar d primer, and the a ppr opriate r e v erse Illumina Nexter a
dapter and linker sequence at the 5 ′ end of the r e v erse primer.
riefly, 27 cycles were performed to amplify fungal templates and
5 cycles to amplify prokaryotic templates . T he PCR pr oducts wer e
hen purified using a PCR Purification Kit (Axygen Bio, USA) and
ooled in equimolar concentrations of 10 ng/mL before sequenc-

ng. Finall y, pair ed-end sequencing of fungal and prokaryotic am-
licons was carried out on the Illumina MiSeq sequencer. 

The bulk soil and rhizosphere soil, along with roots of these
eedlings, were subjected to whole microbial community DNA
xtr action. Fiv e samples fr om eac h tr eatment and contr ol gr oup
ith good DNA yield and quality were subjected to 16S rRNA and

TS gene amplicon sequencing for prokaryotic and fungal com-
 unity pr ofiling. 
For data processing, sequence adaptors and low-quality reads

er e r emov ed fr om pair ed end r eads using BBDuk of the
BTools pac ka ge ( https://sourcefor ge.net/pr ojects/bbma p/). Fol-

owing this, the forward and r e v erse r eads wer e mer ged using USE-
RCH v11.0.0667 ( https:// www.drive5.com/ usearch/ ). Sequences
horter than 150 bp or longer than 600 bp wer e r emov ed be-
or e alignment a gainst the SILVA database (Release 132) for 16S
RNA gene or the UNITE ITS database for the fungal ITS re-
ion. VSEARCH v2.6.2 was used to inspect for chimeric errors.
pon completion of quality assessments, reads were subjected

o de novo clustering into OTUs (operational taxonomic units) at
7% similarity using UPARSE v11.0.667, with spurious doubletons
 emov ed fr om downstr eam pr ocessing. A single r epr esentativ e se-
uence was r andoml y c hosen fr om eac h OTU, and Pynast ( https://
ww.ncbi.nlm.nih.gov/ pubmed/ 19914921 ) was used to align and

onstruct a phylogenetic tr ee a gainst the SILVA 132 16S rRNA gene

https://sourceforge.net/projects/bbmap/
https://www.drive5.com/usearch/
https://www.ncbi.nlm.nih.gov/pubmed/19914921
https://www.ncbi.nlm.nih.gov/pubmed/19914921
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Figure 1. Oil palm seedlings inoculated with G. boninense strain PER71 (a) control; (b) asymptomatic; and (c) symptomatic; (i) whole seedlings; (ii) 
asymmetry dissection of seedling bole; and (iii) root mass of seedlings. 
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database, while taxonomic assignment of OTUs was done using 
QIIME V1.9.1 against the SILVA 16S rRNA gene database (release 
132). 

Micr obial div ersity was estimated using Chao 1 richness and 

Shannon indices. Variation in microbial composition among sam- 
ples of different treatments was analyzed. Bray-Curtis dissimi- 
larity was computed and PCoA (Principal Coordinate Analysis) 
was performed to visualize the variation in community com- 
position. Multiv ariate non-par ametric anal ysis, including PER- 
MANOVA (Perm utational Multiv ariate Anal ysis of Variance), was 
carried out to test the significance of differences between sam- 
ples. Differ ential abundance anal ysis was conducted using DE- 
Seq2, a method employing shrinkage estimation for dispersions 
and fold changes with improved stability and interpretability of 
estimates, enabling a quantitative analysis focused on both the 
strength and detection of differential abundance. Hierarchical 
clustering heatma ps wer e constructed to pr ovide insight into the 
r elativ e abundance, phylogenetic relatedness, and similarity be- 
tween samples . LEfSe , linear discriminant analysis (LDA) effect 
size, was performed to identify potential taxa associated with 

symptomatic and asymptomatic samples. 
All statistical analyses were done in R package V3.6.1 using the 

following pac ka ges: v egan, Phyloseq, Micr obiome, Micr obiomeuti- 
lities, metacoder, and Tax4Fun2. 

Shotgun metagenomics sequencing (nanopore 

technology) and data processing 

DNA fr om rhizospher e samples, one eac h fr om contr ol, asymp- 
tomatic , and symptomatic groups , was subjected to shotgun 

meta genomics sequencing. Libr ary pr epar ation of extr acted ge- 
nomic DN A w as performed using the Oxfor d Nanopor e Tec hnolo- 
gies (ONT) Ligation Sequencing Kit according to the manufac- 
tur er’s pr otocol. Libr aries wer e sequenced on the ONT Pr ome- 
thION platform using R9.4.1 flow cells. 

For sequence assembly, the adapters in the reads were re- 
moved using Por ec hop v0.2.4 (GitHub—rrwic k/Por ec hop: ada pter 
trimmer for Oxford Nanopor e r eads). High-quality r eads (Phr ed 

score > Q7) were selected using LongQC v1.2.0b (GitHub—
yfukasawa/LongQC: longQC is a tool for the data quality 
control of the PacBio and ONT long reads). Reads shorter 
than 1 K bps were filtered using Filtlong v0.2.0 (GitHub—
rrwick/Filtlong: quality filtering tool for long reads) and assembled 

into Metagenome-Assembled Genomes (MAGs) using Flye v2.8.3 
(GitHub—fender glass/Fl y e: de nov o assembler for single-molecule 
sequencing reads using repeat graphs). The MAGs were polished 

twice with Racon v1.4.21 (GitHub—isovic/r acon: ultr afast consen- 
us module for raw de novo genome assembly of long uncor-
 ected r eads). Note: This was the original r epository, whic h will no
onger be officially maintained. Please use the new official repos-
tory here. Remaining systematic errors were then removed by 

edaka v1.2.5 (GitHub—nanopor etec h/medaka: sequence corr ec- 
ion provided by ONT research) and Homopolish v0.0.2 (GitHub—
thuang0522/homopolish: high-quality nanopor e-onl y genome 
olisher). 

For taxonomic classification and quantification, the quality- 
ontr olled r eads wer e aligned a gainst the NCBI RefSeq database
sing minimap2 and mash dist (GitHub—marbl/Mash: fast 
enome and metagenome distance estimation using MinHash) 
o select candidate r efer ences and classified to taxon using Aver-
ge Nucleotide Identity (ANI). The microbial proportion was cal- 
ulated by read count and corrected by each genome size of the
pecies. 

For CDS (coding sequence) annotation, the CDS and struc- 
ural RN As w ere annotated using DFAST v1.2.15 with parame-
ers for metagenomes (GitHub—nigyta/dfast_core: DDBJ Fast An- 
otation and Submission Tool). KEGG annotations were assigned 

 y sear c hing a gainst KOfam, a customized HMM database of
EGG orthologs (KOs), using KofamScan v1.3.0 ( https://github. 
om/ takaram/ kofam _ scan ). 

etw ork anal ysis 

or network analysis, a microbial co-abundance netw ork w as con-
tructed using NAMAP with the Spearman’s r ank corr elation algo-
ithm via MetagenoNets to elucidate the ecological interactions 
mong the microbiota in the roots of oil palm. Featur es wer e fil-
ered using a prevalence cut-off of 0.0005, occurrence in a mini-

um of 10% of samples, with a significance cut-off of α = 0.05,
50 bootstr a p iter ations, and a corr elation cut-off at critical R.
dentification of putative keystone taxa was performed using the 
ytohubba plugin (Chin et al. 2014 ), where the putative k e ystone

axa were estimated primarily based on the Maximal Clique Cen-
r ality (MCC) index, v alidated with m ultiple indices including de-
ree, edge percolated component (EPC), maximum neighbourhood 

omponent (MNC), density of maximum neighbourhood compo- 
ent (DMNC), and the six centralities (bottleneck, eccentricity,
loseness, radiality, betweenness, and stress). 

ta tistical anal ysis 

he disease incidence and se v erity, abundances of taxa, and
lpha diversity indices between control, symptomatic, and 

https://github.com/takaram/kofam_scan
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Table 1. Total read count, richness (Chao 1), and Shannon diversity indices of prokaryotes and fungi for control, asymptomatic and 

symptomatic samples in the bulk soil, rhizosphere soil, and endosphere samples. 

Total read count Chao1 Shannon index 

Domain Niches Treatment Asymp Symp Asymp Symp Asymp Symp 

Prokaryotes Soil Ctrl ∗
Asymp 

Rhizosphere Ctrl 
Asymp ∗ ∗

Endosphere Ctrl ∗ ∗ ∗ ∗
Asymp ∗ ∗ ∗

Fungi Soil Ctrl 
Asymp 

Rhizosphere Ctrl 
Asymp 

Endosphere Control ∗ ∗
Asymp ∗

∗Indicates significant difference comparing the pair at 95% confidence interval (Student’s t -test), n = 5; Ctrl = Control, Asymp = Asymptomatic, and Symp = 

Symptomatic. 

Figur e 2. NMDS based on Bra y-Curtis dissimilarity index plotted for both prokaryotes and fungi comm unity at all thr ee nic hes for seedlings of contr ol, 
asymptomatic, and symptomatic. 
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symptomatic samples were compared using Student’s t -test. All
nal yses wer e performed using Micr osoft Excel. 

equence accession numbers 

ll the raw reads have been deposited at the NCBI. For ampli-
on sequencing data: bioproject ID PRJNA1110847; biosample
ccessions from SAMN41387998 to SAMN41388042; and SRA
ccessions from SRR29229796 to SRR29229840. For nanopore
hotgun metagenomics sequencing data: bioproject ID PR-
N A798176 , PRJN A798178, and PRJN A798181; biosample acces-
ion SAMN25049936, SAMN25049945, and SAMN25049946;
nd SRA accessions SRR17966154, SRR17965732, and
RR17966155. 

esults 

ollowing 12 months of observation, the G. boninense PER 71 inoc-
lated seedlings were categorized according to disease symptoms
nd assigned a Disease Se v erity Index (DSI 0–4). Subsequently, 10
ontrol seedlings, 10 treated seedlings with a DSI of 0 (considered
symptomatic), and 10 treated seedlings with a DSI of 4 (deemed
ymptomatic) were selected for further investigation, following
he prescribed methodology. 
icrobial community abundance, diversity, and 

tructure 

he total read count, richness (Chao 1), and Shannon index for
oth prokaryotic and fungal communities based on Illumina am-
licon sequencing are summarized in Supplementary Table S1 ,
nd the significance differences among sample types were sum-
arized in Table 1 . Infected seedlings did not lead to any changes

n the total read count, richness, or Shannon diversity for both
rokaryotic and fungal communities in the bulk soil. Differences

n Chao 1 and the Shannon index, but not in total read count, were
bserved in the prokaryotic community of the rhizosphere when
omparing symptomatic and asymptomatic seedlings. Ho w e v er,
he fungal community sho w ed no differences between the two
r oups. Significantl y higher r ead count, ric hness, and Shannon di-
 ersity wer e observ ed for the endophytic pr okaryotic comm unity
n symptomatic seedlings. In contrast to the prokaryotic commu-
ity, the endophytic fungal community sho w ed lo w er richness ( P
 .05; Student’s t -test) and Shannon diversity (although insignifi-
ant) in symptomatic seedlings, while no difference in total read
ount was observed. 

As shown in Fig. 2 , clear separation of symptomatic samples
r om contr ol and asymptomatic samples was observ ed for both
rokaryotic (Adonis P -value = .001; Permutest.betadisp P -value

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
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Figure 3. Av er a ge r elativ e abundance for pr okaryotes (a) and fungi (b) of (i) bulk soil; (ii) rhizospher e; and (iii) endospher e at phylum le v el in the 
micr obial comm unity for seedlings of control, asymptomatic, and symptomatic. Listed are top 10 most abundant phyla in the community; the “others”
in the prokaryotes community referred to sum of phyla with relative abundance < 1%. Superscript “a” indicated significant difference in relative 
abundance between control and symptomatic; “b” indicated significant difference in relative abundance between asymptomatic and symptomatic 
(Student’s t -test, P < .05, n = 5). 
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> .05) and fungal (Adonis P -value = .001; Permutest.betadisp P - 
value > .05) communities, despite the prominent variation driven 

by niches. When observed at individual niches with particular 
focus on the asymptomatic seedlings, it was found that asymp- 
tomatic samples are separated from control samples as well, ex- 
cept for the prokaryotic community in the rhizosphere (Adonis P - 
value > .05). Details of the R 

2 values and P -values for Adonis and 

Perm utest.beta-dispersion ar e pr ovided in Supplementary Table 
S2 . 

Taxonomy composition 

A total of 2675 584 and 6005 670 sequences were generated from 

amplicon sequencing for the prokaryotic and fungal communi- 
ties, r espectiv el y, acr oss 45 samples. These sequences were clus- 
ered into 4157 OTUs distributed among 37 prokaryotic phyla and
937 OTUs across 13 fungal phyla. Generally, the prokaryotic OTUs
 ere dominated b y the phyla Pseudomonadota (synon ym Pr o-

eobacteria, 17.6% −88.5%), Acidobacteriota (1.7% −21.6%), Acti- 
obacteriota (5.2%–37.2%), and Chloroflexota (1.1% −19.4%), with 

heir total r elativ e abundance consistentl y contributing > 85% of
he total read count across treatments, in the communities of all
hr ee nic hes (Fig. 3 ai, ii, and iii). Other dominant ( > 1% r elativ e
bundance) phyla included Bacter oidota, Cr enarc haeota, Plancto- 
ycetota, and Bacillota, distributed at differ ent r atios acr oss com-
unities of different niches (Fig. 3 a; Supplementary Table S3 ). 
Upon exposure to the pathogen, a decrease in relative abun-

ance was observed for the phyla Actinobacteriota and Chlo- 
 oflexota, while Acidobacteriota consistentl y sho w ed a drastic in-
rease in relative abundance in all three niches of symptomatic

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
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Figure 4. Venn dia gr am showing the unique and shar ed OTUs of the (a) pr okaryotes and (b) fungal comm unities for (i) bulk soil; (ii) rhizospher e; and 
(iii) endosphere across samples of control, asymptomatic, and symptomatic. Only OTUs detected in at least three replicates within group were used in 
this analysis. 
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eedlings; this observation was contrary to that for asymptomatic
eedlings . T he most dominant phyla, Pseudomonadota, sho w ed
n incr easing tr end in r elativ e abundance in both bulk soil and
hizospher e samples fr om contr ol to asymptomatic to symp-
omatic samples. Ho w e v er, an opposite tr end was observ ed for
seudomonadota in the endosphere samples. 

The fungal phyla Ascomycota (39.4% −91.5%) and Basidiomy-
ota (5.2% −50.2%) were the most dominant fungi in the com-
unity of all samples, accounting for > 85% of the total fungal

 ead count. A decr ease in the abundance of Ascomycota was as-
ociated with pathogen exposure and further decreased in sam-
les with disease symptoms, while an increased abundance of
asidiomycota was associated with disease de v elopment (Fig. 3 b;
upplementary Table S4 ). 

Shared and unique OTUs in both prokaryotic and fungal com-
 unities wer e identified for all samples (Fig. 4 ). The highest num-

er of unique prokaryotic OTUs were found in symptomatic sam-
les across all three niches, with a particularly high number in
he endosphere samples (Fig. 4 a.iii), where the number of unique
TUs exceeded the number of shared O TUs . We observed that
 90% of these unique OTUs belonged to r ar e taxa ( < 0.1% abun-
ance); only one unique prokaryotic OTU, tentatively identified as
seudomonas citronellolis , was found with a r elativ e abundance of
 1% in the endosphere symptomatic sample . T he majority of the
ther abundant unique OTUs ( > 0.1% r elativ e abundance) asso-
iated with symptomatic samples belonged to the phyla Pseu-
omonadota, Bacteroidota, and Bacillota ( Supplementary Table
5 ). A small number of unique OTUs was observed in asymp-
omatic bulk soil and rhizosphere, but none were found in the
symptomatic endosphere (Fig. 4 a i and ii). All unique OTUs
dentified in asymptomatic samples had a r elativ e abundance of
 0.1% ( Supplementary Table S7 ). 
A similar number of unique fungal OTUs wer e observ ed in

ymptomatic and asymptomatic samples . T he majority of unique
ungal OTUs in both symptomatic and asymptomatic samples
er e r ar e taxa with a r elativ e abundance of < 0.1%. The unique

ungal OTUs with the highest r elativ e abundance belonged to the
hylum Basidiomycota in symptomatic bulk soil samples (rela-
ive abundance 0.43%) and to the phylum Ascomycota in symp-
omatic rhizosphere samples (0.85% relative abundance) and
ymptomatic endosphere samples (0.46% relative abundance)
 Supplementary Table S6 ). All unique OTUs in asymptomatic sam-
les across all three niches had a relative abundance < 0.1%
 Supplementary Table S8 ). 

We further performed differ ential anal ysis using DESeq2 (ad-
usted P -value < .05) to identify OTUs associated with the
hr ee gr oups of seedlings, focusing particularl y on OTUs asso-
iated with asymptomatic seedlings. Figure 5 a and b show the
rokaryotic and fungal OTUs that were most significantly en-
iched in asymptomatic seedlings compared to controls across
ll three compartments. In bulk soil, prokaryotic OTUs en-
iched in asymptomatic samples were distributed among the
hyla Chloroflexota, Actinobacteriota, and Pseudomonata. In
he rhizosphere of asymptomatic seedlings, the most enriched
rokaryotic OTUs belonged to the phyla Actinobacteriota, fol-

o w ed b y Chloroflexota, Planctomycetota, and Pseudomonata

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
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Figur e 5. O TUs significantly enriched in seedlings of asymptomatics when compared to control (log2 fold change), for (a) prokaryotes and (b) fungi; 
listed are OTUs with read counts > 20; P -value < .05, n = 5. Details of data are provided in Supplementary Tables S12 and S13 . 

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
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Figure 6. Top 10 most abundant (r elativ e abundance) species (a) and phylum (b) in the rhizosphere for control, asymptomatic, and symptomatic 
samples based on shotgun metagenomics sequencing by nanopore sequencing technology. 
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 Supplementary Table S9 ). Inter estingl y, no differ ential OTU was
ound in the endosphere samples when comparing asymptomatic
o control. When comparing asymptomatic to symptomatic sam-

les, the most enriched prokaryotic OTUs belonged to the phyla
ctinobacteriota, Bacter oidota, Chlor oflexota, and Planctomyce-

ota, with Actinobacteriota and Chlor oflexota uniquel y enric hed

n asymptomatic seedlings. Complete information on the differ-
ntial analysis based on DESeq2 for prokaryotic OTUs is provided
n Supplementary Table S11 . 

The majority of fungal OTUs enriched in asymptomatic
eedlings were found to belong to the phylum Ascomycota, fol-
o w ed b y the phylum Basidiomycota. This pattern w as consis-
ent across the three compartments ( Supplementary Table S10 ).

hen compared to symptomatic seedlings, only three fungal
TUs were consistently enriched in asymptomatic samples, and

hey belonged to the phyla Glomeromycota and Ascomycota, with
lomer omycota uniquel y enric hed in asymptomatic seedlings.
TU 19, annotated as Ganoderma sp., was detected in all sam-
les across all niches with varying read counts, as reported in
upplementary Table S6d . In the rhizosphere and endosphere,
here was a 6-log2fold and 10-log2fold increase in abundance
 Supplementary Table S12 , r espectiv el y) in symptomatic samples
ompared to asymptomatic samples . T here were no significant
ifferences noticed comparing asymptomatic samples to control
or OTU 19. Complete information on the differential analysis
ased on DESeq2 for fungal OTUs is provided in Supplementary
able S12 . 

anopore sequencing: actinobacteriota as the 

ore defense component 
he taxonomic classification of shotgun meta genome r eads fr om
hizosphere samples for control, asymptomatic, and symptomatic
eedlings corr obor ated the r esults fr om 16S rRNA gene ampli-
on sequencing. The 10 most abundant species and phyla are
isted in Fig. 6a and b , r espectiv el y. Although both asymptomatic
nd symptomatic samples were artificially inoculated with the

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
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Table 2. Top five most abundant Actinobacteriota in the rhizosphere-asymptomatic sample, number of antimicrobial genes detected, 
and the r espectiv e antimicr obial compound. 

Relati v e a bundance (%) 

Species Control Asymptomatic Symptomatic 
Number of genes 

detected Antimicrobial compound 

Mycobacterium 

tuberculosis 
0.746 3.179 0.151 4 Avermectin, Bacillomycin D , Cycloserine, and 

Gentamicin A 

M. colombiense 0.538 2.486 0.141 5 Aur ac hin, Chlortetr acycline , Cycloserine , 
Elloramycin A, and Kanamycin A 

M. paraense 0.667 0.964 0.238 4 Aur ac hin, Av ermectin, Bacilysin , and 
Epithienamycin E 

Kutzneria buriramensis 0.194 0.621 0.004 17 Ansamitocin P-3 , Aur ac hin, Aur amycinone, 
Bacillomycin D, Bacilysin , Cycloserine , 
Gramicidin S , Kanamycin A, Neocarzinostatin 
c hr omophor e, Nocardicin A , Penicillin N, 
Pristinamycin IA, Rhamnolipid , Rhodomycin, 
Syringom ycin , Tetr acycline , and Toxoflavin 

M. mantenii 0.13 0.521 0.053 6 Aur ac hin, Bacillomycin D, Bacilysin , 
Chlortetracycline , Cycloserine , and 
Kanamycin A 

∗Antimicrobial compounds in bold are reported with antifungal activities. 

Table 3. Top five most abundant Ascomycota in the rhizosphere-asymptomatic sample, number of antimicrobial genes detected, and 

the r espectiv e antimicr obial compound. 

Relati v e a bundance (%) 

Species Control Asymptomatic Symptomatic 
Number of genes 

detected Antimicrobial compound 

Trichoderma asperellum 0.054 0.366 0.144 5 Bacil ysin , Ditryptophenaline , Cephalosporin C, 
Rhodomycin, and Vancomycin 

Penicillium janthinellum 0.012 0.029 0.005 2 Bacilysin and Ditryptophenaline 
Fusarium oxysporum 0.003 0.023 0.002 7 Bacil ysin , Bacillom ycin D , Ditryptophenaline , 

Gramicidin S , Rhodomycin, Toxoflavin , and 
Vancomycin 

P. oxalicum 0.002 0.02 0.015 2 Iturin A and Surfactin 
Talarom yces cellulol yticus 0.006 0.019 0.005 3 Ditryptophenaline, Myxalamid S, and 

Pentalenolactone 

∗Antimicrobial compounds in bold are reported with antifungal activities. 
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pathogen G. boninense , its presence could only be detected in the 
rhizosphere-symptomatic sample with a relative abundance of 
0.00002%. 

Upon analyzing the microbial composition, we observed an en- 
richment of Actinobacteriota in the rhizosphere-asymptomatic 
sample, including a total of 267 species of Actinobacteriota, of 
which 180 species are unique to the rhizosphere-asymptomatic 
sample. Mor e importantl y, the population of Actinobacteriota 
in the rhizosphere-asymptomatic sample is 1.9- and 3.2-fold 

higher than that in the rhizospher e-contr ol and rhizospher e- 
symptomatic samples, r espectiv el y ( Supplementary Table S13 ).
To further investigate the functional correlation between the en- 
richment of Actinobacteriota and the rhizosphere-asymptomatic 
sample, we examined the antagonistic properties of Actinobac- 
teriota species by screening the top five most abundant species 
for antimicrobial synthesis genes, as listed in Table 2 . Among the 
putativ el y associated antimicrobial compounds, Bacillomycin D, 
Gentamicin A, Bacilysin, Ansamitocin P-3, Cycloserine, Nocardicin 

A, Rhamnolipid, Syringomycin, Tetracycline, and Toxoflavin (listed 

in bold in Table 2 ) have been reported to possess antifungal activ- 
ities. 
For the fungal communities, the enrichment of Ascomycota 
nd Mucoromycota in the rhizosphere-asymptomatic sample was 
 gain observ ed ( Supplementary Table S13 ). A similar a ppr oac h
as taken where the top five most abundant Ascomycota fun-

al species in the rhizosphere-asymptomatic sample, as listed in 

able 3 , were screened for their potential antimicrobial proper-
ies . T he compounds in bold, as listed in Table 3—Bacilysin, Van-
om ycin, Bacillom ycin D, Ditryptophenaline, Gramicidin S, Tox- 
flavin, Iturin A, and Pentalenolactone—have been reported to 
ossess antifungal activity. 

o-occurrence networks analysis revealed 

hange of interaction among community 

embers in response to pathogen invasion 

e further performed co-occurrence network analysis to bet- 
er understand the associated changes in microbial interactions.

e estimated the topological properties of the whole communi- 
ies, both prokaryotic and fungal, for all compartments, with par-
icular interest in the features of microbial interactions in the
symptomatic samples compared to the control samples . T he

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
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nal ysis r e v ealed that the pr okaryotic comm unity in the bulk
oil and rhizosphere of asymptomatic samples is less com-
lex compared to control samples. All the topological properties

nodes , edges , degree , clustering coefficient, betweenness , eigen-
 ector, cor eness, eccentricity , diameter, density , and av er a ge de-
r ee) r ecor ded lo w er scor es, except for cor eness, when compar ed
o the control (Fig. 7 a; Supplementary Table S14a ). In the endo-
phere samples, an opposite trend was observed, with asymp-
omatic samples showing increased complexity compared to con-
rol samples. 

T he fungal communities , on the other hand, sho w ed more com-
lex interaction patterns in the asymptomatic samples compared
o the control, as indicated by higher scores recorded for most
f the topological properties (Fig. 7 b; Supplementary Table S14b ).
ub analysis was carried out, and 30 putative k e ystone taxa were

dentified for the asymptomatic samples of all 3 compartments,
ased on the highest MCC scor e, whic h wer e further substantiated
y other algorithms of the CytoHubba plug-in ( Supplementary
able S15a ). The majority of estimated putativ e pr okaryotic k e y-
tone taxa belonged to the phyla Acidobacteriota, Actinobacte-
iota, Chloroflexota, and Psedomonadota (Alphaproteobacteria).
ost of these putative keystone taxa are rare taxa with a relative

bundance of < 0.1%, with one or two exceptions, for all compart-
ents ( Supplementary Table S15a ). 
For the estimated putative fungal keystone taxa, the majority

elonged to the phylum Ascomycota, with class Dothideomycetes
nd class Eurotiomycetes being the major classes of origin. When
omparing the composition of the 30 estimated k e ystone taxa
mong the control, asymptomatic, and symptomatic samples for
ll three compartments, while a few putati ve k e ystones were ob-
erved to be overlapping among different sample types for the
ame compartment, the majority were unique to the sample types
 Supplementary Table S15b ). 

iscussion 

ur work is the first to provide detailed descriptions of the
hole microbial community, including both prokaryotes and

ungi, across bulk soil, rhizosphere, and endosphere of oil palm
 oots. Furthermor e, using full-sibling seedlings under identical
nvironmental conditions is a distinctive approach compared to
ther studies, reducing variability from genetics, soil, and en-
ironment, and leading to more precise interpretations. In this
tudy, we compared the microbial communities with focus on
hose associated with asymptomatic seedlings, highlighting dif-
er ences acr oss all thr ee nic hes. It also serv es as a founda-
ion for discovering biomarkers to develop BSR-suppressive soil
nd resilient planting materials fortified with BSR-suppressing
icrobes. 
Soil pr okaryotic div ersity has been positiv el y corr elated with

lant health and biomass (Mazzola 2004 , Alami et al. 2020 , Chen
t al. 2020 ). In this study, the prokaryotic diversity in the bulk soil
as found to be consistent among the control, asymptomatic, and

ymptomatic samples, despite the infected seedlings showing two
utcomes , i.e . asymptomatic and symptomatic. The variations
n prokaryotic alpha diversity between asymptomatic and symp-
omatic seedlings were noticeable in both rhizosphere and endo-
phere ( Supplementary Table S1 ). This suggests that the response
o pathogen invasion is more pronounced closer to the host, rather
han in more distant regions like the bulk soil. Increased alpha
iv ersity was r eported in infected but symptomless hosts, such
s banana tissue culture plantlets (Lian et al. 2008 )) and potato
lants (Reiter et al. 2002 ). Similarly, we observed higher prokary-
tic richness and diversity in asymptomatic endosphere samples
ompar ed to contr ols . T his tr end was e v en mor e pr onounced in
ungal comm unities, wher e both ric hness and div ersity wer e ele-
 ated acr oss all thr ee nic hes . T his suggests that gr eater micr obial
iversity may play a role in defending against pathogen invasion
nd helping the host remain asymptomatic (Reiter et al. 2002 ). The
xceptional lea p, especiall y in the ric hness of the fungal comm u-
ities in the asymptomatic endosphere samples, indicates an un-
xpected stimulatory in the diversity of the endophytic fungi com-
unity when exposed to the pathogen, which could be preventing

urther disease de v elopment. Various mec hanisms could be in-
olv ed, suc h as out-competing pathogens, producing antibiotics,
nd triggering systemic resistance (Reiter et al. 2002 ). Ho w ever, the
ighest read count, richness, and Shannon diversity for prokary-
tic community were detected in symptomatic endosphere sam-
les ( Supplementary Table S1 ); as indicated by a class 4 DSI, the
resence of rotten tissue may explain this phenomenon. A sim-

lar observation was reported by Amran et al. ( 2016 ), where the
r okaryote div ersity at the infected zone was higher than non-

nfected zone. In this study, the high diversity is likely responding
o decayed tissue as a source of nutrients and hence pr olifer ation
f a rich microbial community. 

In both prokaryotic and fungal communities, the main differ-
nces in composition wer e driv en by nic hes, a common pattern
n microbial studies (Beckers et al. 2017 , Goss-Souza et al. 2020 ).
o w e v er, the clear distinction between symptomatic samples and
oth asymptomatic and control samples in the NMDS plot, indi-
ates noticeable changes in prokaryotic community composition.
or the fungal community, a similar clustering pattern was ob-
erved but with < < 0.05 ( F -test) when comparing asymptomatic
nd symptomatic samples, indicating v arying comm unity com-
osition within the group. This could influence the significant re-
ults in the Adonis analysis ( Supplementary Table S1a ), so inter-
retation should be cautious. Although we expected the fungal
nd pr okaryotic comm unity compositions to be similar between
symptomatic and control samples due to their equally healthy
 ppear ance of the hosts, the data r e v ealed significant composi-
ional differ ences acr oss all nic hes, particularl y in the endospher e
ommunities . T his observation aligns with the alpha diversity
nal ysis, wher e higher ric hness and div ersity wer e observ ed in
symptomatic samples, especially in the endosphere . T hese find-
ngs suggest that the micr obial comm unity is responding to the
athogen, could be involved in disease progression and influenc-

ng the outcome . T he endospher e a ppears to be the most critical
ite of this micr obial inter action. Ho w e v er, we cannot determine
he plant-microbe relationship’s chronology regarding the battle
gainst pathogen invasion. To address this, a time series experi-
ent combined with multi-omics analysis is necessary to clarify
hether the host influences the microbial community by emit-

ing signals or if the microbial community reacts to the pathogen
ndependently, leading to different outcomes. 

Se v er al phyla sho w ed significant changes in relative abun-
ance across samples. Actinobacteriota was consistently more
bundant in asymptomatic samples compared to the other two
roups, at both genus and OTU le v els. Actinobacteriota is known
or its role in suppressing plant diseases and promoting growth
hr ough v arious mec hanisms, suc h as pr oducing hormones and
ntibiotics (Palaniyandi et al. 2013 ). Ad ditionally, genera lik e
phingomonas spp., Acidothermus spp., and Nocardioides spp. were
lso enriched in asymptomatic seedlings and have been as-
ociated with disease control (Wachowska et al. 2013 , Cipri-
no et al. 2016 , Ou et al. 2019 , Legein et al. 2020 , Morim ur a
t al. 2020 ). Shotgun metagenomics sequencing revealed that

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
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F igure 7. Co-abundance netw ork for micr obial comm unities for (a) pr okaryotes comm unity and (b) fungal comm unity; network or ganized in grid 
format. 
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Figure 8. In the asymptomatic seedlings, recruitment of a large and diverse Actinobacteriota community at the root compartments, synthesizes a 
spectrum of antibiotics and plays a k e y role in the suppressing G. boninense and its related prokaryotes pathogenic companion, thereby protecting the 
seedling from further invasion of G. boninense into the root. 
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ctinobacteriota in asymptomatic seedlings carry multiple an-
imicrobial genes, indicating their potential role in defending the
ost against pathogen invasion. Studies have shown that Acti-
obacteriota members can antagonize G. boninense and are being
xplor ed as biocontr ol a gents in a gricultur e (Shariffah-Muzaimah
t al. 2018 , Shariffah-Muzaimah et al. 2020 , Sujarit et al. 2020 , Budi
t al. 2022 , Sunaryanto et al. 2023 , Rupaedah et al. 2024 ). 

The members of Bacteroidota phylum, Dysgonomonas mossi ,
hryseobacterium geocarposphaerae , and Bacteroides xylanolyticus
er e significantl y mor e abundant in the rhizospher e of symp-

omatic samples compared to control and asymptomatic sam-
les. It is worth noting that Dysgonomonas mossi and Bacteroides
ylanol yticus ar e known for their high xylan-degrading enzyme ac-
ivity (Mirande et al. 2010 , Mardina et al. 2016 ), while Chryseobac-
erium sp. can break down lignin (Tan et al. 2018 ). As the disease
r ogr essed, the decaying roots of symptomatic seedlings became
 rich food source for these bacteria. The fungal phyla Glom-
romycota was remarkably enriched in asymptomatic samples
cr oss all thr ee nic hes; Glomer omycota ar e known for pr omot-
ng plant growth by forming symbiotic relationships with ∼80%
f land plants, where their fungal hyphae enter plant roots and
xchange nutrients (Taylor et al. 2015 ). Additionally, two OTUs be-
onging to class Dothideomycetes and class Leotiomycetes of the
scomycota were consistently enriched in asymptomatic sam-
les; both are known to have biocontrol capabilities (Thambugala
t al. 2020 ). 

The Trichoderma spp., which are widely used as fungal biocon-
r ol a gents in v arious cr ops (Kumar and Ashr af 2017 ), including
gainst BSR in oil palm (Sundram et al. 2008 ), was examined too.
e found two Trichoderma OTUs: T. asperellum and T. virens . In-

er estingl y , T . asperellum was associated with asymptomatic sam-
les, while T. virens was associated with symptomatic samples, al-
hough neither was significantl y enric hed in their r espectiv e sam-
les. Ho w e v er, when we used shotgun metagenomics sequencing,
e discov er ed that T. asperellum was the most abundant species

n the rhizosphere of asymptomatic samples, showing a signif-
cant increase compared to control and symptomatic samples
 Supplementary Table S16 ). Se v er al studies have also used T. as-
erellum as a biological control agent against G. boninense (J aw ak et
l. 2018 , Musa et al. 2018 , Muniroh et al. 2019 ). 

OTU 19, identified as Ganoderma sp., sho w ed a 6-log2fold and
0-log2fold increase in abundance in the symptomatic samples in
he rhizosphere and endosphere compared to asymptomatic sam-
les, r espectiv el y. The detection of significant read counts ( > 100)

n the bulk soil and rhizosphere of asymptomatic samples con-
rmed the presence of pathogen inoculum in the pol yba g, indi-
ating that the seedlings’ asymptomatic condition was not due to
athogen a voidance . T his also implies that the manifestation of
isease is linked to the composition and function of the microbial
ommunity, not just the abundance of the pathogen (Xiong et al.
017 ). 

Network anal ysis uncov er ed subtle c hanges in micr obial in-
eraction patterns indicated by network topological properties
 Supplementary Table S13 ). For instance, in the bulk soil prokary-
tes community, asymptomatic samples sho w ed a lo w er num-
er of nodes , edges , and degrees , but notably higher betweenness
0.25) compared to control (0.02), suggesting more efficient infor-

ation flow across the network. Similar trend was observed for
hizosphere and endosphere samples for the prokaryote commu-
ities. It was noticed that there was a higher percentage of nega-
iv e inter action in the asymptomatic—bulk soil and rhizospher e
r okaryotes comm unity compar ed to contr ol. A higher number of
egativ e inter actions suggests a gr eater degr ee of competition (Ou
t al. 2019 ) within the network, which indicates a more complex
nteraction along with pathogen invasion in the asymptomatic
eedling. 

K eystone taxa ar e crucial species whose r emov al could dis-
upt a community (Wu et al. 2023 ). Our analysis identified dis-
inct groups of potential k e ystone taxa across three compart-

ents , with limited o v erla p among samples. Once a gain, se v er al
embers of Actinobacteriota emerged as potential k e ystone taxa

or asymptomatic samples. Inter estingl y, Actinobacteriota wer e
rominent at the top of the network grid, indicating their impor-
ance compared to control and symptomatic samples across all

https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
https://academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiae122#supplementary-data
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three compartments (Fig. 7 ). Most of the estimated k e ystone taxa 
in our study belonged to r ar e taxa with a r elativ e abundance of 
< 0.1%. It is common to find r ar e species as k e ystones, as their 
abundance does not necessarily dictate their importance (Lynch 

and Neufeld 2015 , Jousset et al. 2017 , Banerjee et al. 2018 , Banerjee 
et al. 2019 ). In addition, se v er al studies highlight the significance 
of r ar e taxa in geo-cycling processes like nitrogen, sulfur, and car- 
bon cycling (Jousset et al. 2017 , Jia et al. 2018 ); disruption of these 
cycles could harm ecosystems . T hese findings underscore the po- 
tential importance of r ar e species as k e ystone species. 

Conclusion 

Our findings r e v eal significant shifts in micr obial comm unities in 

oil palm seedlings in response to pathogen invasion, with distinct 
r esponses observ ed acr oss differ ent nic hes, particularl y the endo- 
sphere. We noted that resident microbial communities can exhibit 
v aried r esponses to pathogen challenge, and that members of the 
same phylum may hav e differ ent r oles in host–micr obe inter ac- 
tions. 

We also observed the recruitment of beneficial microbes in 

asymptomatic seedlings, notably members of the Actinobacteri- 
ota and Ascomycota phyla. The consistent association of these 
taxa with asymptomatic seedlings suggests their importance in 

host defense mechanisms. We hypothesize that the diversity 
within Actinobacteriota and Ascomycota communities may con- 
tribute to the production of a range of antibiotics, thereby sup- 
pressing G. boninense and associated pathogenic Bacteroidota, pro- 
viding protection to the saplings (Fig. 8 ). This study is the first to 
indicate the potential role of Actinobacteriota and Ascomycota in 

controlling BSR disease. 
Ho w e v er, the factors driving these community shifts and 

the intricacies of microbe −pathogen −host interactions remain 

to be fully understood. Comprehensive profiling using shotgun 

metagenome sequencing or metatranscriptomics in a time series 
experiment could offer deeper insights, potentially guiding the de- 
velopment of more resilient oil palm varieties. Additionally, iso- 
lating and screening cultivable strains from these experiments 
may yield microbial cultures with direct defensive roles , pa ving 
the way for the creation of synthetic micr obial comm unities for 
pr actical a pplications in a gricultur e. 
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