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Investigation of the Soil Microbiome of Healthy and Wilted

Acacia Trees in a Plantation in Taiwan
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[ Summary ]

The phytopathogenic fungus, Fusarium oxysporum f. sp. koae, is recognized as the cause of
wilt of Acacia confusa seedlings and trees in Taiwan. This study investigated the soil microbiome
in an acacia plantation to assess its influence on the health of 4. confisa. The health of plants is
thought to be strongly correlated with soil microbial communities, and F. oxysporum is an impor-
tant soil-borne pathogen. This study analyzed the microbial composition of the rhizosphere soil of
both healthy and wilted acacia trees. Rhizosphere soils of healthy and wilted 4. confusa in the aca-
cia plantation were collected, and then DNA was extracted and sequenced using next-generation
sequencing (NGS) to acquire sequences of the fungal internal transcribed spacer (ITS) and the bac-
terial 16S ribosomal DNA (16S rDNA). Results revealed no significant differences in the fungal or
bacterial compositions at the class and genus levels between the soil microbiomes of healthy and
wilted trees. Notably, Fusarium spp. was not a dominant fungal genus in either sample. Despite the
higher microbial diversity observed in healthy trees compared to wilted ones, the difference was
not statistically significant. A linear discriminant analysis (LDA) revealed several dominant micro-
organisms in the soil of wilted trees. These included the fungal genus Cephalotrichum, the bacte-
rial phyla Gammaproteobacteria and Proteobacteria, the bacterial order Rhodanobacteraceae, and
the bacterial families Kapabacteriales, Diplorickettsiales, and Xanthomonadales. Additionally, the
bacterial genera, Lacunisphaera and Chujaibacter, were found to be prominent in the soil samples
of wilted trees. This study represents the first analysis of the soil microbiome in an acacia planta-
tion, shedding light on potential biological factors related to A. confusa wilt which may guide fu-
ture research on microbiome-plant interactions.
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INTRODUCTION

Acacia confusa Merr., a native tree spe-
cies in Taiwan, is widely distributed in low-
and mid-elevation areas. Due to its suitability
for charcoal production, mushroom cultiva-
tion, furniture, and flooring panels, 4. confusa
is one of the most commonly planted trees in
Taiwan. Based on the findings of the 4" Na-
tional Forest Resources Survey conducted by
the Forestry Bureau in 2014, the studied aca-
cia plantation covers approximately 10,748
ha, making it the largest broadleaf tree planta-
tion in Taiwan. Acacia trees are vulnerable to
threats posed by pests and diseases. Accord-
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ing to the “List of plant diseases in Taiwan,”
several diseases of acacia trees, including
sooty mold, anthracnose, powdery mildew,
root rot disease and damping-off disease have
been recorded in Taiwan (TPS 2019).

The serious disease known as Acacia koa
seedling wilt, caused by Fusarium oxysporum
f. sp. koae f. sp. nov., was first reported in Ha-
waii in 1980 by Gardner (1980). That study
also identified F. oxysporum f. sp. koae as a
vascular fungus isolated from acacia seedlings
and older branch tissues. Subsequent research
conducted by Anderson et al. (2002) further
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demonstrated the pathogenicity of F. oxyspo-
rum f. sp. koae on A. koa through greenhouse
seedling inoculation experiments. In Taiwan,
vascular wilt symptoms were first observed
in A. confusa seedlings in Lioukuei District,
Kaohsiung in 2018. Within the Lioukuei aca-
cia nursery, around 60%~70% of 4. confusa
seedlings exhibited vascular wilt (Shih et al.
2020). Wilt symptoms were also observed in
2 acacia plantations in Nantou County, Tai-
wan in 2019. The same fungal pathogen, F
oxysporum f. sp. koae, was isolated from the
infected A. confusa, and its pathogenicity was
verified through Koch’s postulates on 4. con-
fusa seedlings (Liu et al. 2022).

Fusarium oxysporum f. sp. koae belongs
to the F. oxysporum species complex (FOSC),
which comprises more than 100 host-specific
strains (formae speciales) and plays many dif-
ferent roles in ecosystems. It is a soil sapro-
phyte and a plant pathogen that causes vascu-
lar wilt diseases in important crops and trees
(Gordon 2017). Among the different formae
speciales, different virulence or pathogenesis
in interactions with different host plants has
been observed. These differences could be
attributed to genetic variations. For example,
enzymes degrading the plant cell wall were
identified as important factors for successful
invasion of FOSC (Roy et al. 2020). Recently,
the complete genome of F. oxysporum f. sp.
koae was also analyzed. Putative lineage-
specific genes encoding products secreted
in the xylem might be necessary for disease
development in 4. koae (Dobbs et al. 2020).
Interactions between F. oxysporum with their
hosts were also inferred through a genomic
analysis, and relations between F. oxysporum
and other microorganisms during their sap-
rophytic or pathogenic stages were also dis-
cussed.

The community of soil microorganisms,
known as the soil microbiome, is involved in
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many different ecological processes of the soil
and is strongly related to plant health (Aislabie
et al. 2013). Several studies reported that soil
microbiomes play crucial roles in assisting
plants in combatting various biotic and abiotic
stresses during their interactions (Mendes et
al. 2011, Zolla et al. 2013). However, the mi-
crobiome not only contributes to plant health
but also has a negative influence on host
plants (Bass et al. 2019). A study on horse
chestnut bleeding canker disease raised an
intriguing possibility that the bark-associated
microbiota might play a key role in the spread
of the disease (Koskella et al. 2017). Since
F. oxysporum is a soil-borne plant pathogen,
extensive research has unraveled the intricate
interactions between this fungal pathogen and
the microbiome present in the soil or within
the host plant. Investigations have identified
the response of both the plant rhizosphere and
bulk soil microbiomes to invasion by F. oxys-
porum f. sp. vasinfectum in cotton. Pathogen-
ic infection results in a consistent shift in the
rhizosphere microbiome; some positive and
negative microorganisms associated with the
disease were also identified (Qiu et al. 2022).
Another study of Fusarium wilt disease in
watermelon also identified the rhizosphere
microbiome that induces plant root resistance
(Zhu et al. 2022). Moreover, a study of Fu-
sarium wilt disease in tomatoes showed the
potential to reconstitute the soil microbiome
by combining applications of fumigation and
organic amendments. This research provides
us with a promising strategy for further dis-
ease control by manipulating the soil microbi-
ome into a suppressive soil scenario (Deng et
al. 2021).

Fusarium wilt diseases caused by FOSC
have been extensively studied, particularly
with regard to their activities against various
host plants and the associated soil or host
microbiomes. However, most of these studies
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focused on agricultural crop plants and their
respective planting environments, leaving
significant gaps in understanding of the soil
microbiome in acacia plantations and its rela-
tionship with vascular wilt disease of 4. con-
fusa. To address this research gap, we con-
ducted a next-generation sequencing (NSG)-
based investigation of the soil microbiome of
an acacia plantation. Specifically, we used the
bacterial 16S ribosomal DNA (16S rDNA)
and the fungal internal transcribed spacer
(ITS) sequencing to examine the microbial
composition of collected soil samples. We
also conducted a comparative analysis of
the soil microbiomes of 5 wilted trees and
5 healthy trees, aiming to uncover potential
associations between the soil microbiomes
and acacia vascular wilt disease. To the best
of our knowledge, this is the first report to
comprehensively investigate the soil microbi-
ome of acacia plantations, providing valuable
insights into the microbial ecology and forest
pathology of acacia vascular wilt from a mul-
tidisciplinary perspective.

MATERIALS AND METHODS

Field investigation and sampling

The acacia plantation used for field in-
vestigation and sampling was located in the
Yunshui Workstation of the Chiayi Research
Center, Taiwan Forestry Research Institute,
Chiayi, Taiwan (23.38021°N, 120.50703°E).
In a previous investigation, wilt symptoms
were observed on several A. confusa trees
where F. oxysporum f. sp. koae was isolated
from vascular tissues. Five wilted trees (nos.
2-4,13-2, 17-3, 18-4, and 18-9) in the plan-
tation were chosen for soil collection and
further soil microbiome identification. Five
healthy trees (nos. 1-15, 4-8, 11-1, 18-11, and
19-8) in the same area were randomly se-
lected as controls. We collected soil samples

from around the roots (approximately 10 cm
from the roots) of each tree, carefully plac-
ing them in plastic bags. The samples were
then promptly transported to the laboratory
at 4 °C to ensure preservation of microbial
DNA.

DNA extraction and high-throughput se-
quencing

Microbial DNA was extracted from 0.25
g soil of each sample using the PowerSoil
DNA isolation kit (Qiagen, Hilden, Germany)
following the manufacturer’s instructions.
For fungi, the ITS region of fungal rtDNA
was amplified with ITS1-F (5'-CTTGGT-
CATTTAGAGGAAGTAA-3") and ITS2
(5'-GCTGCGTTCTTCATCGATGC-3") prim-
ers (McGuire et al. 2013). For bacteria, the
V3-V4 region of bacterial 16S rDNA was
amplified with 341F (5'-CCTACGGGNG-
GCWGCAG-3") and 805R (5'-GACTACH-
VGGGTATCTAATCC-3") primers (Abraha-
msson et al. 2012). After polymerase chain
reaction (PCR) amplification, the products
were purified using the MinElute Gel Extrac-
tion kit (Qiagen). Then, a paired-end library
was constructed using the Celero DNA-Seq
System (Nugen, San Carlos, CA, USA). The
constructed DNA libraries were then se-
quenced using the [llumina MiSeq platform at
Tri-I Biotech (New Taipei City, Taiwan). The
sequenced DNA datasets are available in the
National Center for Biotechnology Informa-
tion (NCBI) Sequence Read Archive database
using the accession number PRINA971944.

Data analysis

Sequences were trimmed, filtered, de-
noised, and merged into amplicon sequence
variants (ASVs) with no chimera using
DADA? in QIIME2. The SILVA 16S rDNA
gene (v132) and UNITE (v7) were the re-
spective reference databases for all bacterial
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and fungal ASV taxonomical classification. A
rarefaction curve with alpha diversities based
on observed ASVs (Callahan et al. 2016)
was constructed in QIIME 2 (Bolyen et al.
2019). For further analysis, both the fungal
and bacterial sequence datasets were rarefied
to 7000 reads in each sample. Non-metric
multidimensional scaling (NMDS) was ana-
lyzed based on Bray-Curtis distances using
the vegan package in R. ASVs of less than
0.01% across all samples were removed. Fun-
gal and bacterial compositions were described
by grouping the ASVs into class and generic
taxonomic levels. The number of ASVs be-
longing to a class divided by the total number
of ASVs in the sample was used to estimate
relative abundances. ASVs with a relative
abundance of < 1% across all samples were
designated as low-abundance ASVs. Rela-
tive abundance at the genus level was also
estimated using the same method. Differential
abundances of each microorganism between
healthy and diseased plant microbiomes were

Healthy trees

Diseased trees
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calculated using an LDA effect size (LEfSe)
analysis (Segata et al. 2011). These were used
for high-dimensional biomarker discovery
that identified genomic taxonomic character-
ization.

RESULTS

Field investigation

The acacia plantation in this study was
established in August 2016. In our investi-
gation, wilt symptoms of A. confusa in this
plantation were first observed in 2019, and
23 wilted trees have been observed so far.
Fusarium oxysporum f. sp. koae was isolated
from all of the wilted trees (data not shown)
and identified as the main pathogen. Five of
the 23 wilted trees, 2-4, 13-2, 17-3, 18-4, and
18-9, were selected for a soil microbiome
investigation (Fig. 1). To clarify differences
in the soil microbiomes between healthy and
diseased trees, soils from 5 other healthy
trees, 1-15, 4-8, 11-1, 18-11, and 19-8, were

Fig. 1. Healthy and diseased Acacia trees in the plantation. Numbers in the top right of each
figure correspond to the identification number assigned to each individual tree. The top row
depicts healthy trees, while the bottom row shows diseased trees.
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collected in July 2022 from the same planta-
tion at the same time (Fig. 1).

Rarefaction curves with alpha diversity

After sequencing and raw read pro-
cessing, 181,498 bacterial 16S rDNA reads
(from 15,541 to 22,559 reads per sample)
were derived from the 10 soil samples. In
total, 251,608 fungal ITSs (from 22,220 to
28,841 reads per sample) were also derived.
Refraction curves with alpha indexes (i.e.,
observed species, Chol, and Shannon) were
used to show that fungal and bacterial rich-
ness levels and diversities were generally
saturated. While the observed species and
Chol usually describe richness, the Shan-
non index describes diversity. Fungal and
bacterial richness of healthy and diseased
samples showed no significant differences in
our investigation (Fig. 2). Fungal diversity
was generally higher in healthy soil samples
than in the diseased ones, but there was no
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significant difference between them. The
same result was also obtained in the analysis
of bacterial diversity.

Beta diversity

We employed non-metric multidimen-
sional scaling (NMDS) using Bray-Curtis
dissimilarity distances to assess variations in
microbial compositions among the samples.
Surprisingly, no significant difference was
observed between the healthy and diseased
samples (Fig. 3). However, it is worth noting
that fungal and bacterial compositions within
each healthy sample exhibited considerable
diversity among themselves. Fungal and
bacterial composition of different diseased
samples also displayed notable dissimilarities.

Microbial compositions

The ASVs were rarefied to 7000 se-
quences per sample to control for sampling
bias and used to identify microbial composi-
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Fig. 2. Refraction curves showing alpha diversities (Observed species, Chol, and Shannon) of the
soil samples plotted for (A) fungal and (B) bacterial diversities.
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tions. ASVs with percentages of < 0.01% in
all samples were first removed. Then, the re-
maining ASVs were classified into respective
taxonomic categories at the class or generic
level. Percentages of each class or genus of
< 0.1% were considered as low abundances.
Among all of the healthy and diseased
samples, the 8 most abundant fungal classes
were Agaricomycetes, Dothideomycetes,
Eurotiomycetes, Lecanoromycetes, Leotio-
mycetes, Mortierellomycetes, Rozellomyco-
tina, and Sordariomycetes. At the taxonomic
genus level, 10 fungal genera were identi-
fied as the most abundant ones: Aspergillus,
Byssochlamys, Cephalotrichum, Clausseno-
myces, Dictyocatenulata, Galerina, Mortier-
ella, Paraphaeosphaeria, Talaromyces, and
Trichoderma (Fig. 4). However, no specific
classes or genera were exclusively pres-
ent in either healthy or diseased samples.
For bacteria, 16 classes were identified as
the abundant ones. Actinobacteria, Alpha-
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proteobacteria, Gammaproteobacteria, and
Nitrospiria were considered the 4 dominant
bacterial classes among all the samples (Fig.
4). We also identified 16 dominant bacterial
genera present in both healthy and diseased
samples. Assessment of the bacterial analysis
was similar to that of the fungal analysis, as
no significant variation in bacterial commu-
nities was found in each taxonomic category
between healthy and diseased samples.

Linear discriminant analysis (LDA) effect
size (LEfSe) analysis

An LEfSe analysis was further conduct-
ed to identify several relatively abundant mi-
crobes in healthy and diseased samples (Fig.
5A, 5B). For fungi, the genus Cephalotrichum
(Ascomycota: Microascales: Microascaceae)
significantly dominated in diseased samples.
In contrast, no taxonomic category was sig-
nificantly abundant in healthy samples (Fig.
5A). For bacteria, significant abundance var-
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Fig. 3. Non-metric multidimensional scaling (NMDS) was performed to visualize (A) fungal and (B)
bacterial community structures in the soil samples collected from both healthy and diseased trees.
Red squares represent diseased trees, green dots represent healthy trees.
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ied for healthy and diseased samples. Among
healthy samples, 1 phylum (Armatimonado-
ta), 5 orders (Acidobacteriales, Gemmatales,
Pseudonocardiales, Solirubrobacterales and
Streptosporangiales), 6 families (Xanthobac-
teraceae, Nitrosomonadaceae, Gemmataceae,
Pseudonocardiceae, Chthonomonadaceae
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and Thermomonosporaceae), and 4 genera
(Actinomadura, Crossiella, Chthonomonas,
Polycyclovorans) were significantly more
abundant. Contrastingly, in diseased soils,
1 phylum (Proteobacteria), 2 classes (Gam-
maproteobacteria and Kapabacteria), 3 orders
(Kapabacteriales, Diplorickettsiales and Xan-

Bacterial Community Structure
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Fig. 4. Relative abundances of microbial compositions in each soil sample. Healthy samples are
labeled H1.15, H4.8, H11.1, H18.11, and H19.8, while diseased ones are labeled D2.4, D13.2, D17.3,
D18.4, and D18.9 on the horizontal axis. Fungal and bacterial compositions were represented at

the class level in A and at the generic level in B.
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thomonadales), 2 families (Rhodanobactera-
ceae and Diplorickettsiaceae), and 2 genera
(Chujaibacter and Lacunisphaera) were sig-
nificantly more abundant (Fig. 5B).
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Fig. 5. Linear discriminant analysis (LDA)
effect size (LEfSe) analysis was performed
on relative abundance data of microbial
communities in soil samples collected from
healthy trees (n=5) and diseased trees (n=5).
Abundant fungal community in diseased
samples is presented in A, and abundant
bacterial communities in both healthy and
diseased samples are presented in B.
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DISCUSSION

Our study aimed to propose a novel ap-
proach to identifying biotic factors related to
vascular wilt disease in acacia plantations.
Although F. oxysporum f. sp. koae, a soil-
borne fungus, is commonly believed to be
the pathogen responsible for this disease, our
study focused on investigating all soil micro-
organisms and identifying their associations
with the disease. This is the first investigation
of the soil microbiome of an acacia plantation
in central Taiwan using NGS. Unlike tradi-
tional plant disease investigation methods,
NGS provides comprehensive and detailed
information about the bacterial and fungal
compositions of soil samples.

Wilted 4. confusa trees infected with
F. oxysporum f. sp. koae, appear randomly
throughout Taiwanese plantations, but a de-
finitive center of the disease could not be
identified. Moreover, no specific pattern was
observed regarding the timing of wilt symp-
toms for each affected tree. Variations in wilt-
ed tree distributions and timing of symptoms
might be indicative of differences in disease
resistance of individual trees (Anderson et al.
2002, Naidoo et al. 2019). It is also possible
that some other biotic or abiotic agents pres-
ent in the plantation or in other wilt-infected
plant species near the plantation could also be
contributing to the occurrence of acacia vas-
cular wilt disease (Anderson et al. 2002, Shih
et al. 2020, Liu et al. 2022).

We also investigated the potential role
of the soil microbiome as a biotic agent as-
sociated with acacia vascular wilt disease.
However, our NGS analysis did not identify

any ASVs corresponding to the fungal genus
Fusarium in any of the soil samples collect-
ed from the acacia plantation, regardless of
tree health. Given that the primers employed
in this study are commonly utilized for soil
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and plant microbiome analysis, the absence
of Fusarium spp. should not solely be attrib-
uted to sequencing biases and preferences of
NGS methods (Qiu et al. 2020). While it is
generally known that plant pathogenic fungi
can directly affect the microbiome within the
same ecological niche and become a domi-
nant group, our observations revealed no sig-
nificant differences in either fungal or bacte-
rial populations when comparing microbial
communities of healthy and diseased soils.
This contrasts with previous studies, which
reported that both F. oxysporum and Phelli-
nus noxius can alter the microbial commu-
nity structure of diseased specimens (Tsang
et al. 2020, Qiu et al. 2022). However, those
studies mainly focused on the rhizosphere
or plant tissues as the ecological niches for
observing microbial changes. Different time
and plant compartments of sample collec-
tion might also be a limiting factor for plant
microbiome investigations. To overcome
this challenge, a more-comprehensive meth-
odology that takes into account differen-
tiation of various disease stages and plant
compartments should be used (McPherson
et al. 2018). Our results suggest that the soil
microbiome might not be directly associated
with the occurrence of acacia wilt disease,
although further investigation is required to
confirm this preliminary hypothesis. We pro-
pose that a more-comprehensive investiga-
tion of the microbiome of acacia plantations
is necessary to fully understand the potential
role of the soil microbiome in the occurrence
of acacia wilt disease. This may involve ex-
amining the microbial communities in differ-
ent compartments of trees, such as the roots,
stems, and leaves, as well as investigating
the microbiome under different disease status
and weather conditions. Additionally, further
studies could focus on examining interac-
tions between microbial communities and

environmental factors that may influence the
development of plant diseases. To sum up, a
more-detailed investigation of the microbi-
ome of acacia plantations could provide in-
sights into the biotic agents associated with
acacia wilt disease and inform strategies for
future disease management.

The present study investigated the soil
microbiome of an acacia plantation and com-
pared microbial diversity between healthy and
diseased soil samples. Despite the lack of sta-
tistically significant differences in the results,
the observed differences in diversity between
healthy and diseased samples were consistent
with previous findings on asymptomatic and
symptomatic Norway spruce trees (Kovalchuk
et al. 2018) and trees affected by brown root
rot disease (Tsang et al. 2020). Several fac-
tors, including disease type, plant compart-
ment, and host plant species, may influence
variations in microbial diversity (Kovalchuk
et al. 2018, Tsang et al. 2020). Moreover, the
microbiome diversity in the diseased compart-
ments of trees is generally lower than that of
healthy ones, especially in regions impacted
by pathogen invasion and colonization. It is
worth noting that the LEfSe revealed differen-
tial abundant microbial communities in both
healthy and diseased samples, even though
these groups might not constitute the dominant
fungal or bacterial populations. While differ-
ential taxonomic groups were identified, a ma-
jority of them could not be directly associated
with any known information regarding acacia
wilt disease or host plant resistance. Therefore,
further studies are necessary to elucidate the
relationship between these microbial commu-
nities and acacia wilt disease.

In this study, the potential role of the soil
microbiome in acacia vascular wilt disease
was examined, and the microbial diversi-
ties and differential abundances of microbial
groups of healthy and diseased soil samples
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were analyzed. Results inferred that the soil
microbiome might not be directly linked
with the occurrence of acacia wilt disease,
but further research is necessary to confirm
this preliminary inference. The slight differ-
ences observed in microbial diversity between
healthy and diseased samples were consistent
with previous research (Kovalchuk et al. 2018,
Tsang et al. 2020). This study provides invalu-
able insights into the biotic agents intricately
associated with acacia wilt disease, highlight-
ing the critical importance of conducting
comprehensive and exhaustive investigations
of the microbiome within acacia plantations.
Furthermore, it highlights the need to under-
stand the various ecological factors that influ-
ence the composition and dynamics of the mi-
crobiome in order to effectively manage and
mitigate the impacts of acacia wilt disease.

CONCLUSIONS

This is the first study to investigate the
soil microbiome in an 4. confusa planta-
tion in Taiwan using NGS technology. By
comparing microbial communities in soils
surrounding healthy and diseased trees, we
aimed to identify potential soil microbial
factors that may impact the health of 4.
confusa. While the pathogenic fungus F.
oxysporum f. sp. koae was not identified
in the analyzed soil microbiome, it cannot
be excluded that it may still be present in
the soil and contribute to the occurrence of
wilted A. confusa through soil transmission.
Varying microbial diversities and significant
microbial communities were still indicated
through comparing healthy and diseased
samples. As a preliminary investigation of
the soil microbiome in A. confusa planta-
tions in Taiwan, we provide basic informa-
tion on the existence of microorganisms. Our
study can serve as a basis for further studies
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on vascular wilt of 4. confusa and the soil
microbiome of A. confusa plantations.
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