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ABSTRACT
The rhizosphere microbial community is crucial to plant health. Many studies have explored the association between the rhizosphere microbiome and

plant disease. However, few studies have focused on root rot in arecanut palm, a disease causing devastating effects and thus resulting in economic losses that
considerably affect the development of the arecanut industry. Here, rhizosphere samples were collected from both healthy arecanut palm plants and root-rotted
arecanut palm plants, and the microbial communities were analyzed using high-throughput sequencing. The root-rotted samples exhibited distinct microbial
community richness, diversity, and composition compared with the healthy samples, which was associated with pH according to the Mantel test. Identified
potential plant pathogens, including Proteobacteria, Bacteroidetes, Chytridiomycota, and Mortierellomycota, were significantly enriched in the root-rotted
samples. In contrast, potentially beneficial plant microbes, such as Acidobacteria and Gemmatimonadetes, were significantly depleted in the root-rotted
samples. Co-occurrence networks were constructed to further identify microbial relationships in the root-rotted samples. These findings revealed ecological
imbalance among beneficial bacteria in the root-rotted samples. The present study therefore provides an integrated view of the association between the
microbial community and root rot in arecanut palm.
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INTRODUCTION

The arecanut palm (Areca catechu L.) is cultivated ex-
tensively in the tropical Pacific, Asia, and parts of east
Africa. In China, there are more 160 000 ha of arecanut palm
plantations, most of which are found in Hainan Province.
Arecanut has important medicinal value and is regarded
as one of four southern medicines in China (Peng et al.,
2015). However, various field diseases decrease the yield
of arecanut and cause serious economic losses to farmers.
One disease of particular concern is root rot, which has
hindered the development of the arecanut industry in Hainan
Province. Many preventive strategies, including fumigation
and fungicides, have been applied to control the disease;
however, these strategies generally result in environmental
pollution.
Soil microbes, such as plant growth-promoting rhizobac-

teria and mycorrhizal fungi, can suppress plant diseases
through various mechanisms (Vimal et al., 2017; Yang et
al., 2017). These microbes stimulate the production of phy-
tohormones (Kurepin et al., 2015) and volatile compounds
(Bhattacharyya et al., 2015), enhance the transformation and

acquisition of nitrogen (Bell et al., 2015), mineralize organic
phosphorus (Bhattacharyya and Jha, 2012), compete with
pathogens for nutrients, and induce systemic resistance to
pathogens (Mendes et al., 2013). Through these beneficial
microbes, the soil maintains a good ecological environment.
However, some soil pathogens can propagate excessively
and break through this protective shield, giving rise to plant
diseases (Mendes et al., 2013). Therefore, studies on the
composition and diversity of rhizosphere microbiomes are
critical in finding methods of improving plant health and
productivity.
High-throughput sequencing has been widely used to

determine the compositions and diversities of various plant
rhizosphere microbiomes, such as Arabidopsis, Populus,
rice, barley, and maize (Gottel et al., 2011; Bulgarelli et al.,
2012; Lundberg et al., 2012; Peiffer et al., 2013; Schlaeppi
et al., 2014; Bulgarelli et al., 2015; Edwards et al., 2015;
Walters et al., 2018). In Arabidopsis roots, Proteobacteria,
Actinobacteria, and Bacteroidetes are the dominant bacterial
phyla, and root-inhabiting microbiota differ significantly
from themicrobiota inhabiting the rhizosphere and unplanted
soil (Bulgarelli et al., 2012). Actinobacteria, Bacteroidetes,
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and Proteobacteria are also the predominant phyla in barley
roots. Compared to barley roots, samples collected from
barley rhizosphere and bulk soil have been shown to possess
higher bacterial richness and diversity (Bulgarelli et al.,
2015). Although rhizosphere community composition and
diversity have been studied in many plants, few studies have
focused on microbial interactions within the rhizosphere,
especially in arecanut palms.
Microbial interactions are highly complex and dynamic,

and are crucial for the maintenance of homeostasis in micro-
bial communities. Interdependent microbes communicate,
co-evolve, exchange genetic information (Braga et al., 2016),
and further protect plants from diseases and abiotic stresses
(Frey-Klett et al., 2011). For example, theMoniliophthora
roreri phytopathogen and the Trichoderma harzianum en-
dophyte cohabit in cacao plants. Trichoderma harzianum
produces antifungal secondary metabolites that antagonize
Moniliophthora roreri, enhancing plant disease resistance
(Tata et al., 2015). Co-occurrence networks are commonly
generated to analyze microbial interactions. In co-occurrence
networks, individual microbes are represented as nodes, and
the relationships between microbes, including positive and
negative correlations, are represented as edges. Synergistic
microbes tend to co-occur across samples and show a posi-
tive correlation. In contrast, antagonistic microbes tend to
compete for the same niche and are negatively correlated
(Weiss et al., 2016). Some methods of computing these
correlations have been developed, such as the Pearson cor-
relation coefficient, Spearman correlation coefficient, and
SparCC correlation coefficient. In particular, the SparCC
correlation coefficient is designed for compositional data
and can infer high-accuracy correlations even in the most
challenging data sets (Friedman and Alm, 2012).
In this study, rhizosphere microbiomes were compared

between healthy and root-rotted arecanut palm plants using
high-throughput sequencing. The richness, diversities, and
compositions of bacterial and fungal communities in different
samples were investigated. Positively and negatively cor-
related microbial micro-communities were identified using
co-occurrence networks. The results suggested that root rot
altered the rhizosphere microbiomes of arecanut palm, and
that ecological imbalance among beneficial microbes in the
soil was associated with root rot. Our study identified bene-
ficial microbes that inhibited root rot in arecanut palm and
further unraveled the relationship between the rhizosphere
microbiome and root rot.

MATERIALS AND METHODS

Sample collection

A total of 24 soil samples were collected in Bao-
ting County (18◦23′58.59′′ N, 109◦39′27.47′′ E), Hainan

Province, China, in March 2018. Twelve samples were co-
llected from the rhizosphere (10–15 cm depth) of healthy
arecanut palm plants, and another 12 samples were collected
from the rhizosphere of root-rotted arecanut palm plants
(Fig. S1, see Supplementary Material for Fig. S1). Three
healthy or root-rotted samples were pooled together to obtain
a total of eight samples (i.e., four healthy samples and four
root-rotted samples). The eight samples were then placed in
sterile tubes and were snap frozen in liquid nitrogen before
being stored at −80 ◦C until DNA extraction. Disease sever-
ity classification was performed according to the symptoms
of the root surfaces. Healthy arecanut palm plants exhibited
no obvious spots, while root-rotted palm plants exhibited
large brown or black rotted areas.

Measurement of soil physicochemical properties

Ten soil physicochemical factors were measured for each
sample, according to previous protocols (Bao, 2000). These
factors included total nitrogen (TN), ammonium nitrogen
(NH+

4 ), alkali-hydrolyzed nitrogen (AHN), soil organic ma-
tter (SOM), soil organic carbon (SOC), total potassium (TK),
available potassium (AK), total phosphorus (TP), available
phosphorus (AP), and pH. Total nitrogen was determined
by the semi-micro Kjeldahl method, while NH+

4 was de-
termined by indophenol blue colorimetry after potassium
chloride extraction. Alkali-hydrolyzed nitrogen was deter-
mined by the alkaline hydrolysis diffusion method, and SOM
was determined by wet oxidation with potassium dichro-
mate. Soil organic carbon was determined based on the
SOM content. Total potassium was determined by flame
photometry after sodium hydroxide melting, while AK was
determined by flame photometry after ammonium acetate
extraction. Total phosphorus was determined by molybde-
num blue colorimetry after sodium hydroxide melting, and
AP was determined by the 0.5 mol L−1 sodium bicarbonate
method. Soil pH was determined using a glass electrode
meter at a soil-to-water ratio (weight/volume) of 1:2.5.

DNA extraction, polymerase chain reaction (PCR) amplifi-
cation, and sequencing

Microbial DNA was extracted from each sample using
the standard protocol of the PowerSoil DNA isolation kit (MO
BIO Laboratories, Inc., USA). DNA quality and quantity
were assessed using the 260 nm/280 nm and 260 nm/230 nm
ratios. The V3–V4 region of the bacterial 16S rRNA gene
was amplified using the 338F forward primer (5′-ACTCCT-
ACGGGAGGCAGCA-3′) and the 806R reverse primer (5′-
GGACTACHVGGGTWTCTAAT-3′) (Zhou et al., 2017).
The fungal ITS region was amplified using the ITS1 forward
primer (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and the
ITS2 reverse primer (5′-GCTGCGTTCTTCATCGATGC-
3′) (Xiong et al., 2016).
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The PCR amplification was performed in a total volume
of 50 µL, which contained 10 µL buffer, 0.2 µL Q5 High-
Fidelity DNA polymerase, 10 µL high GC enhancer, 1 µL
dNTP, 1.5 µL forward primer, 1.5 µL reverse primer, 50 ng
genomic DNA, and ddH2O. Thermal cycling conditions were
as follows: initial denaturation at 95 ◦C for 5 min, followed
by 15 cycles at 95 ◦C for 1 min, 50 ◦C for 1 min, and 72 ◦C
for 1 min, with a final extension at 72 ◦C for 7 min. The PCR
products from the first step were purified using VAHTS DNA
clean beads (Vazyme Biotech Co., Ltd. China). A second
round of PCRwas then performed in a 40 µL reaction volume
containing 20 µL 2× Phusion HF MM buffer, 8 µL ddH2O,
1 µL forward primer, 1 µL reverse primer, and 10 µL PCR
products from the first step. Thermal cycling conditions were
as follows: initial denaturation at 98 ◦C for 30 s, followed
by 10 cycles at 98 ◦C for 10 s, 65 ◦C for 30 s, and 72 ◦C
for 30 s, with a final extension at 72 ◦C for 5 min. Finally,
all PCR products were quantified using Quant-iT dsDNA
HS reagent, pooled together and paired-end sequenced (2
× 250) on the Illumina HiSeq 2500 platform at Biomarker
Technologies Corporation (Beijing, China). Index (barcode)
sequences were employed as sample-specific identifiers to
distinguish reads from different samples, and the reads were
deposited in the NCBI Sequence Read Archive (SRA) under
BioProject accession number PRJNA591320.
Reads were overlapped and merged to generate con-

tinuous tags using FLASH (Magoč and Salzberg, 2011).
The overlap length was at least 10 bp, and the ratio of mis-
matched base pairs within the overlap was 0.2 at most. The
tags were truncated at the start of a 50 bp sliding window
using Trimmomatic (Bolger et al., 2014) when the average
quality within the window was below 20. Truncated tags
shorter than 75% of the original length, as well as the chi-
maeras identified by UCHIME (Edgar et al., 2011), were
discarded. Tags with at least 97% similarity were clustered
into operational taxonomic units (OTUs) using USEARCH
(Edgar, 2013). The OTUs with abundances less than 0.005%
of the total sequences were further eliminated (Bokulich et
al., 2013). The taxonomic information for the representative
sequence of each OTU was annotated using the Riboso-
mal Database Project (RDP) classifier (Wang et al., 2007)
against the SILVA database (Quast et al., 2013) and the
UNITE database (Kljalg et al., 2013) for bacteria and fungi,
respectively.

Statistical analyses

Alpha diversity indexes including Chao1 and Shannon,
were calculated in Mothur (Schloss et al., 2009). Principal
coordinate (PCo) analysis (PCoA) based on the Bray-Curtis
and UniFrac distances were performed in QIIME (Caporaso
et al., 2010). Differentially abundant OTUs were identified
using the EdgeR generalized linear model (GLM) approach

(Edwards et al., 2015). Permutational multivariate analysis of
variance (PERMANOVA), redundancy analysis (RDA), and
the Mantel test were performed using the ‘vegan’ package in
R.

Construction of co-occurrence networks

To build high-confidence co-occurrence networks, low-
abundance OTUs with less than 5 counts were eliminated.
The SparCC correlation coefficients between the remaining
OTUswere calculated for the healthy and root-rotted samples.
One-hundred shuffles were performed, and the SparCC
correlation coefficients for each of the shuffled data sets
were recalculated to generate the P values. Two OTUs were
considered correlated if their SparCC correlation coefficient
was ⩾ 0.7 or ⩽ −0.7 and if the P value was 0. The co-
occurrence network was constructed using the OTUs that
were only correlated in the root-rotted samples but not in the
healthy samples. Furthermore, the bacterial co-occurrence
network was divided into modules using the Markov cluster
algorithm. Each module included at least 5 OTUs.

RESULTS

Soil physicochemical characteristics

The physicochemical characteristics (TN, NH+
4 , AHN,

SOM, SOC, CK, AK, TP, AP, and pH) of samples collected
from the rhizosphere of healthy and root-rotted arecanut palm
plants are shown in Table SI (see Supplementary Material
for Table SI). The concentrations of AHN, AK, and AP, as
well as the pH values, were significantly higher (Wilcoxon’s
test, P < 0.05) in the root-rotted samples than in the healthy
samples. The concentration of TK was significantly lower
(Wilcoxon’s test, P < 0.05) in the root-rotted samples than
in the healthy samples, while the levels of TN, NH+

4 , SOM,
SOC, and TP did not differ significantly between the root-
rotted and healthy samples.

Alpha and beta diversitiy indexes differ between the healthy
and root-rotted samples

To determine the association between the rhizosphere
microbiome and root rot of arecanut palm, the V3–V4
region of the bacterial 16S rRNA gene and the fungal ITS
region were sequenced. For the bacterial community, a
total of 206 867 and 251 814 reads were detected in the
healthy and root-rotted samples, respectively. After filtering
low-quality, short, and chimeric sequences, 150 686 and
179 257 sequences were obtained for the healthy and root-
rotted samples, respectively. The bacterial sequences were
then clustered into 6 344 OTUs (ranging from 1 517 to
1 685) for the healthy samples and 7 211 OTUs (ranging
from 1 774 to 1 813) for the root-rotted samples, based
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on a 97% similarity level (Table SII, see Supplementary
Material for Table SII). For the fungal community, 318 614
and 320 164 reads in the healthy and root-rotted samples,
respectively, were assembled to 280 755 and 283 375 high-
quality sequences, respectively. Furthermore, 2 810 OTUs
(ranging from 636 to 769) for the healthy samples and 3 250
OTUs (ranging from 729 to 866) for the root-rotted samples
were obtained (Table SII).
Alpha diversity indexes including Chao1 and Shannon

index were used to evaluate microbial richness and diversity,
respectively. Compared to the healthy samples, the root-
rotted samples had significantly higher (Wilcoxon’s test, P <

0.05 for bacterial and fungal communities) Chao1 values
(Fig. 1a, Fig. S2a, see Supplementary Material for Fig. S2a),
i.e., higher bacterial and fungal richness. Notably, bacterial
richness was higher in the root-rotted samples than in the
healthy samples. According to the Shannon index, bacterial
diversity was also significantly higher (Wilcoxon’s test, P <

0.05) in the root-rotted samples than in the healthy samples
(Fig. 1b). However, there was no significant difference in
fungal diversity between the healthy and root-rotted samples
according to Shannon index (Fig. S2b, see Supplementary

Material for Fig. S2b). These results showed that root rot
had overall effects on soil microbial richness and diversity.
To further ascertain the differences in microbiota be-

tween the healthy and root-rotted samples, beta diversity
indexes were analyzed using PCoAs based on Bray-Curtis
and UniFrac distances. Bray-Curtis distance is based on
the abundance of taxa and can quantify the dissimilarity
in the bacterial or fungal communities between different
samples. On the other hand, UniFrac distance considers
both abundance and phylogenetic relatedness, but it is not
suitable for fungal community comparisons. For the bacterial
community, in both Bray-Curtis and UniFrac PCoAs, the
healthy and root-rotted samples were divided into distinct
clusters and were separated across the first principal co-
ordinate (PERMANOVA, P < 0.05 based on Bray-Curtis
and UniFrac distances) (Fig. 2a, Fig. S3a, see Supplemen-
tary Material for Fig. S3a). These results revealed that the
healthy and root-rotted samples harbored distinct bacterial
microbiomes. Moreover, the bacterial microbiomes from the
root-rotted samples had higher heterogeneity (Wilcoxon’s
test, P < 0.01 based on UniFrac distance, and P < 0.05
based on Bray-Curtis distance) than those from the healthy

Fig. 1 Comparison of alpha diversity indexes for bacterial community in samples collected from the rhizosphere of healthy and root-rotted arecanut palm
plants: Chao1 (a) and Shannon indexes (b). Wilcoxon’s test is used to evaluate the difference in Chao1 or Shannon index between the healthy and root-rotted
samples. The range of the box is from the first quartile to the third. The black line represents the median. The filled circle represents the outlier.

Fig. 2 Bacterial microbiota separation for samples collected from the rhizosphere of healthy and root-rotted arecanut palm plants: principal coordinate
(PCo) analysis based on UniFrac distance (a) and UniFrac distance measurement for differences of bacterial community between different samples within each
group (b). UniFrac distances are further compared between the healthy and root-rotted samples using Wilcoxon’s test. The range of the box is from the first
quartile to the third. The black line represents the median. The filled circle represents the outlier.
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samples (Fig. 2b, Fig. S3c; see Supplementary Material for
Fig. S3c). Similar trends were also observed in the Bray-
Curtis PCoA of the fungal community (PERMANOVA, P <

0.05) (Fig. S3b, see Supplementary Material for Fig. S3b),
except that there was no notable difference in heterogeneity
between the healthy and root-rotted samples (Fig. S3d, see
Supplementary Material for Fig. S3d).

Healthy and root-rotted samples exhibit distinct microbial
community compositions

To identify key microbes that accounted for the observed
microbiota separation, community composition was ana-
lyzed. Proteobacteria, Acidobacteria, Actinobacteria, Chlo-
roflexi, and Bacteroidetes were found to be the five dominant
phyla in the root-rotted samples, representing 81.88% of
bacterial abundance (Fig. 3a). In the healthy samples, Gem-
matimonadetes replaced Bacteroidetes as the fifth dominant
phylum (Fig. 3a). Unlike the unclassified bacterial phyla,
unclassified fungal phyla had higher relative abundances,
representing 20.18% and 25.31% of the overall abundance
in the root-rotted and healthy samples, respectively (Fig.
S4a, see Supplementary Material for Fig. S4a). Ascomycota
and Basidiomycota fungi were predominant in both the root-
rotted and healthy samples, with Ascomycota occupying
more than half of the total fungal abundance (Fig. S4a).
The relative abundances of various phyla were com-

pared between the healthy and root-rotted samples. Signi-
ficant differences (Wilcoxon’s test, P < 0.05) were found
in bacterial phyla (Fig. 3b). Compared with the healthy
samples, higher relative abundances of Proteobacteria, Bac-
teroidetes, Saccharibacteria, Parcubacteria, Cyanobacteria,
and Fibrobacteres were found in the root-rotted samples,

while Acidobacteria, Gemmatimonadetes, and GAL15 were
absent. Similarly, fungal phyla also exhibited significant
differences (Wilcoxon’s test, P < 0.05) between the healthy
and root-rotted samples (Fig. S4b, see Supplementary Mate-
rial for Fig. S4b). In the root-rotted samples, higher relative
abundances of Chytridiomycota and Mortierellomycota were
found, while there was lower relative abundance of Cal-
carisporiellomycota.
For a more detailed characterization of the microbiomes,

differentially abundant OTUs were identified by fitting a
GLM. A total of 241 bacterial OTUs and 19 fungal OTUs
were significantly enriched, and 159 bacterial OTUs and 33
fungal OTUs were significantly absent (P < 0.05) in the
root-rotted samples relative to the healthy samples (Fig. 4,
Fig. S5, see Supplementary Material for Fig. S5). Most of
the enriched bacterial OTUs belonged to the alpha-, beta-,
gamma-Proteobacteria, and Sphingobacteriia classes, with
the OTUs of gamma-Proteobacteria having the largest fold
change (Fig. 4). The OTUs of Sphingobacteriia were mainly
categorized into the Chitinophagaceae family, which is as-
sociated with chitin degradation (Hargreaves et al., 2015).
Nocardioides and Pseudomonas were the most prominent
genera in the root-rotted samples, and some members within
Pseudomonas are capable of infecting plants (Walker et
al., 2004; Xin and He, 2013). The enriched fungal OTUs
were categorized as belonging to the Agaricomycetes and
Sordariomycetes classes, with the dominant genera being
Mortierella, Psathyrella, and Paraglomus in the root-rotted
samples.
The absent bacterial OTUs in the root-rotted samples

were mainly consisted of Ktedonobacteria, Gemmatimona-
detes, and Acidobacteria phyla. Interestingly, the absent
fungal OTUs also mainly belonged to Agaricomycetes and

Fig. 3 Comparison of bacterial community composition for samples collected from the rhizosphere of healthy and root-rotted arecanut palm plants: average
relative abundances of various bacterial phyla in the healthy and root-rotted samples (a) and bacterial phyla that differed significantly (Wilcoxon’s test, P <

0.05) between the healthy and root-rotted samples (b). The error bar represents the standard deviation of mean (n = 12).
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Fig. 4 Differentially abundant operational taxonomic units (OTUs) of
bacterial communities in healthy and root-rotted samples collected from the
rhizosphere of arecanut palm plants. Each filled circle represents one OTU.
For each OTU, the average abundance and the fold change were computed,
followed by log transformation. Blue and red filled circles represent 241 and
159 significantly enrichedOTUs (generalized linear model,P < 0.05) in the
root-rotted and healthy samples, respectively. Gray filled circles represent
the OTUs that have no significant difference between the root-rotted and
healthy samples. FC = fold change; AA = average abundance.

Sordariomycetes classes, which was consistent with the
enriched OTUs in the root-rotted samples. This is probably
due to the high relative abundances of Ascomycota and
Basidiomycota phyla. In addition, 69 bacterial OTUs were
attributed to the Bacteroidia and Clostridia classes, and 175
fungal OTUs were mainly derived from Agaricomycetes
and Sordariomycetes classes in the root-rotted samples. In
contrast, only 3 bacterial OTUs and 3 fungal OTUs were
unique to the healthy samples.

Co-occurrence networks reveal correlated micro-communi-
ties

To identify correlated microbes in the context of root
rot, the SparCC correlation coefficients between OTUs were
calculated. A total of 505 and 437 pairs of OTUs, which
were positively and negatively correlated, constituted the
bacterial co-occurrence network. Similarly, 22 and 25 pairs
of OTUs, which were positively and negatively correlated,
constituted the fungal co-occurrence network. In the bacterial
co-occurrence network, the degree of OTU350 belonging to
the Acidimicrobiales order was the highest. It had 20 posi-
tively correlated OTUs, mainly from the Rhodospirillales
and Gaiellales orders, and 9 negatively correlated OTUs
from the Solibacterales, Rhizobiales, Nitrosomonadales, and
Myxococcales orders. In the fungal co-occurrence network,
OTU765 had the highest degree, and its 4 positively cor-
related OTUs were from the Hypomyces, Colletotrichum,
and Cyphellophora genera. In addition, it had one negatively
correlated OTU from the Glomerales order.
The bacterial co-occurrence network was divided into

15 modules based on the Markov cluster algorithm (Fig. 5).

OTU83, OTU920, and OTU1701, belonging to the Aci-
dothermus genus, were assigned to modules 2, 4, and 11,
respectively. OTU37 and OTU30, belonging to the Bacillus
genus, were assigned to modules 3 and 15, respectively. The
fungal co-occurrence network was not an interconnected
network, but was instead made up of several subnetworks
(Fig. S6, see Supplementary Material for Fig. S6). Similarly,
OTU40, OTU220, OTU12, and OTU90, all belonging to
the Penicillium fungal genus, were also located in different
subnetworks. The results showed that bacteria or fungal
species from the same genus could respond to different
environments.
We focused on the largest module in the bacterial co-

occurrence network, i.e., module 1 (Fig. 6a). In module 1,
40 and 15 pairs of OTUs were positively and negatively
correlated, respectively. The OTUs generally belonged to
the Rhodospirillales, Nitrosomonadales, Acidobacteriales,
Gaiellales, and Blastocatellales orders. The number of OTUs
from Rhodospirillales was the largest, and they were posi-
tively correlated with each other. Moreover, the OTUs from
Rhodospirillales were also positively correlated with the
OTUs from Acidimicrobiales and Acidobacteriales, but were
negatively correlated with the OTUs from Blastocatellales
and Myxococcales. The OTUs from the Acidimicrobiales
and Acidobacteriales orders were negatively correlated with
the OTUs from the Myxococcales and Nitrosomonadales
orders. The OTU belonging to Acidobacteriales was also
negatively correlated with the OTU belonging to Blastocatel-
lales. As expected, the OTUs from Nitrosomonadales were
positively correlatedwith the OTUs representing Blastocatel-
lales and Myxococcales. In summary, the bacterial species
in Rhodospirillales, Acidimicrobiales, and Acidobacteriales
constituted a positively-correlated micro-community, and
the bacterial species in Blastocatellales, Myxococcales, and
Nitrosomonadales established another micro-community
(Fig. 6b). The two micro-communities were negatively cor-
related in the root-rotted samples. However, no such pattern
was observed in the fungal co-occurrence network. Instead,
fungal specieswithin the same order showed negative correla-
tions; for example, OTU4 andOTU222 from theHypocreales
order.

Relationships between microbial community and environ-
mental factors

Environmental changes have an impact on the soil mi-
crobial community (Valentin-Vargas et al., 2014; Zhao et
al., 2018). To evaluate the effects of AHN, AK, AP, pH,
and TK on microbial community structure, RDA was per-
formed. The first and second RDA components explained
45.35% and 14.96% of the bacterial community variation,
respectively (Fig. 7). The root-rotted and healthy samples
were separated along the first component, as in the PCoAs
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Fig. 5 Bacterial co-occurrence network modules. The bacterial co-occurrence network is divided into 15 modules (m1–m15), and each filled circle represents
an operational taxonomic unit (OTU). Green and pink lines represent positively and negatively correlated OTUs, respectively. The OTUs from the same
module are marked with the same color. The larger filled circle denotes a higher degree. g = genus.

Fig. 6 Correlated operational taxonomic units (OTUs) (a) and orders (b) in the largest module in the bacterial co-occurrence network. Each filled circle
represents an OTUs, the larger filled circle denotes a higher degree, and green and pink lines represent positively and negatively correlated OTUs, respectively
in a. Blue and red filled circles individually constitute two positively correlated (green lines) micro-communities and there are negative correlations (pink
lines) between members of the two micro-communities in b. O = order; c = class.
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of the bacterial community. Bacterial community composi-
tion was significantly correlated with the five environmental
factors according to the Mantel test (R = 0.67, P < 0.05).
Compared to AP, pH, and TK, both AHN (R = 0.67, P <

0.01) and AK (R = 0.74, P < 0.01) affected the microbial
community more significantly, indicating that AHN and AK
were the primary factors that shaped bacterial community
composition. For the fungal community, 22.28% and 19.79%
of the variation could be explained by the first and second
RDA components, respectively (Fig. S7, see Supplementary
Material for Fig. S7). The second component clearly distin-
guished the root-rotted samples from the healthy samples.
However, only pH had a significant effect on fungal com-
munity variation based on the Mantel test (R = 0.47, P <

0.05).

Fig. 7 Redundancy analysis (RDA) of bacterial community in healthy
and root-rotted samples collected from the rhizosphere of arecanut palm
plants. Arrows indicate the direction and magnitude of how soil physico-
chemical factors were associated with bacterial community structure. AHN
= alkali-hydrolyzed nitrogen; AK = available potassium; AP = available
phosphorus; TK = total phosphorus.

DISCUSSION

Although root rot has greatly hampered arecanut pro-
duction, to the best of our knowledge, few studies have been
conducted on root rot in arecanut palm. Thus, to determine
the relationship between root rot and the rhizosphere mi-
crobiome, samples were collected from the rhizosphere of
healthy and root-rotted arecanut palm plants. Microbial rich-
ness and diversities were compared between the root-rotted
and healthy samples using Chao1 and Shannon index, which
revealed that the root-rotted samples had significantly higher
bacterial richness and diversities, as well as higher fungal
richness, than the healthy samples. Our results contradict
those of previous studies, which have generally reported
that the microbial diversity of the rhizosphere is positively
associated with plant health (Luan et al., 2015). It has also
been reported that highly diverse microbial communities
increase resistance to pathogen invasions and decrease the
chances of disease outbreaks (van Elsas et al., 2012; Yang et

al., 2017). However, some studies have shown that higher mi-
crobial diversity is not always beneficial or healthier (Shade,
2017; Reese and Dunn, 2018). For example, the diversity
and number of strictly anaerobic bacteria were found to be
increased in women with bacterial vaginosis compared to in
healthy women (Ma et al., 2012).
In the current study, the healthy and root-rotted samples

were separated in Bray-Curtis and UniFrac PCoAs, sug-
gesting that these samples harboured distinct microbiomes.
To further determine which microbes played an important
role in this process, microbial community compositions
were compared between the healthy and root-rotted samples.
Proteobacteria, Acidobacteria, Actinobacteria, and Chlo-
roflexi were the most dominant bacterial phyla in both the
root-rotted and healthy samples, which suggests that root
rot did not change the dominant soil phyla, although it did
change the proportions of these dominant phyla. The relative
abundances of the Proteobacteria, Bacteroidetes, Saccha-
ribacteria, Parcubacteria, Cyanobacteria, and Fibrobacteres
phyla were significantly higher in the root-rotted samples
than in the healthy samples. Members of Proteobacteria are
typically gram-negative bacteria, some of which are plant
pathogens, while Bacteroidetes members are opportunistic
pathogens that infect various plants by degrading plant cell
wall components such as pectin and agar (Thomas et al.,
2011). Isolating the microbes enriched in the root-rotted
samples is an important step in ascertaining the causal agents
of root rot. The relative abundances of potentially benefi-
cial bacteria, i.e., Acidobacteria, Gemmatimonadetes, and
GAL15, were found to be higher in the healthy samples,
which is in accordance with a previous study (Yin et al.,
2013). Acidobacteria members are able to suppress tobacco
black root rot disease (Kyselkov et al., 2009), potato com-
mon scab (Rosenzweig et al., 2012), banana Fusarium wilt
disease (Shen et al., 2015), strawberry Fusarium wilt di-
sease (Cha et al., 2016), and vanilla Fusarium wilt disease
(Xiong et al., 2017). Similarly, a high relative abundance
of Gemmatimonadetes has also been found in strawberry
Fusariumwilt-suppressive soil (Cha et al., 2016). A negative
correlation between Gemmatimonadetes and the incidence of
banana Fusarium wilt disease has also been reported (Shen
et al., 2014). These results indicated that Acidobacteria and
Gemmatimonadetes members may potentially be biocontrol
agents against root rot in arecanut palm.
In terms of the fungal community, Ascomycota and

Basidiomycota were the predominant phyla, with the relative
abundance of Ascomycota exceeding 50% in both the root-
rotted and healthy samples. Some Ascomycota members
form symbiotic associations with the root systems of plants,
which is conducive to plant growth. However, other members
cause plant diseases, such as the Arthrinium (Wang et al.,
2018) and Aspergillus (van de Veerdonk et al., 2017) genera,
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which may be the reason for the appearance and high relative
abundances of Arthrinium and Aspergillus in the root-rotted
samples. Similarly, Chytridiomycota and Mortierellomycota
had significantly higher relative abundances in the root-rotted
samples compared to the healthy samples, while the relative
abundance of Calcarisporiellomycota was reduced. Members
of Chytridiomycota are unique fungi that havemotile stages in
their life cycles. Some of these fungi, such as Spizellomyces,
are plant pathogens (Joneson et al., 2011), and Spizellomyces
exhibited a higher relative abundance in the root-rotted
samples. The Delfinachytrium and Operculomyces genera
belonging to Chytridiomycota were only found in the root-
rotted samples, suggesting that theymay be root rot pathogens
in arecanut palm. In addition, the relative abundance of the
Mortierella genus was significantly higher in the root-rotted
samples, which may be explained by the fact thatMortierella
is resistant to several fungicides, allowing the fungus to
survive in fumigated soil and re-colonize (Hu et al., 2014).
To establish the relationship between microbes and root

rot, only OTU pairs that were correlated in the root-rotted
samples were selected, after which bacterial and fungal
co-occurrence networks were constructed. It was observed
that the positively correlated OTUs tended to co-occur in a
synergistic manner. On the contrary, the negatively correlated
OTUs were inclined to compete and were antagonistic in
nature. In the bacterial co-occurrence network, a total of
505 and 437 pairs of OTUs were positively and negatively
correlated, respectively. While in the fungal co-occurrence
network, only 22 and 25 pairs of OTUs were positively and
negatively correlated, respectively. The number of correlated
OTUs in the fungal co-occurrence network was far less than
that in the bacterial co-occurrence network, indicating that
fungal species were inclined to grow independently.
The degree of a particular node in the network represents

the number of edges connecting other nodes. A node with a
higher degree means that the node has more important func-
tions. In the bacterial co-occurrence network, OTU350 had
the highest degree, which suggested that it played a vital
role in the bacterial community. However, OTU350 could
only be annotated at the order level, i.e., Acidimicrobiales. A
total of nine OTUs from the Solibacterales, Rhizobiales, Ni-
trosomonadales, and Myxococcales orders were negatively
correlated with OTU350. It has been reported that these
four orders participate in the nitrogen cycle (Wang et al.,
2016; Tu et al., 2017). Therefore, Acidimicrobiales members
might compete with those from these four orders for some
substances in the nitrogen cycle. In the fungal co-occurrence
network, OTU765 had the highest degree, but its taxo-
nomic information was incomplete, as only one phylum was
known, i.e., Ascomycota. It was, however, interesting that
the OTUs that were positively correlated with OTU765 were
mainly assigned to plant pathogens, i.e., theHypomyces,Col-
letotrichum, and Cyphellophora genera. Notably, members

of Colletotrichum are common plant anthracnose pathogens
(Diao et al., 2017). The OTU that was negatively correlated
with OTU765 was from the Glomerales order, which is
involved in the control of rhizosphere pathogens. Further-
more, two negatively correlated micro-communities were
identified in the bacterial co-occurrence network. One micro-
community consisted of Rhodospirillales, Acidimicrobiales,
and Acidobacteriales, while the other included Blastocatel-
lales, Myxococcales, and Nitrosomonadales. Almost all of
these six bacterial orders are conducive to plant growth,
which implies that ecological imbalance among beneficial
bacteria may provide opportunities for pathogens to cause
root rot in arecanut palm.
The physicochemical factors AK, pH, and AP are impor-

tant indicators of soil fertility (Bogunovic et al., 2017). In
the current study, concentrations of AP, TK, AHN, and AK,
as well as pH values, were differed significantly between
the root-rotted and healthy samples, and these five factors
shaped microbial community composition. The results im-
plied that it may be possible to mitigate root rot by improving
soil properties via agronomic practices. In particular, pH
affected not only the bacterial but also the fungal community,
and this result could partly be due to the narrow pH range
tolerated by most microbes (Xue et al., 2017). In fact, each
type of microbe has an optimal pH, and a slight variation
may result in ecological imbalance. In addition, pH may
impact other soil physicochemical characteristics and indi-
rectly affect the microbial community structure. The pH was
higher in the root-rotted samples, which is in accordance
with the negative correlation between pH and the ability
of soil to suppress pathogens (Svenningsen et al., 2018). It
was observed that higher pH values increased the relative
abundances of pathogenic bacteria such as Bacteroidetes
and decreased the relative abundances of beneficial bacteria
such as Acidobacteria. These results are also in accordance
with previous studies (Rosenblum et al., 2009; Xue et al.,
2017). Collectively, we propose that under normal condi-
tions, plant roots, soil, and rhizosphere microbes maintain
a dynamic ecological balance. However, under unfavorable
soil physicochemical conditions resulting from continuous
cropping and/or unnecessary fertilization, the microbial
community structure is altered, thereby gradually allowing
potential pathogens to become the dominant population,
hence causing plant disease.

CONCLUSIONS

The current study revealed that the richness, diversity,
and composition of the microbial community differed in
root-rotted arecanut palm rhizosphere samples compared to
in healthy arecanut palm samples. The relative abundances
of potential plant pathogens such as Proteobacteria, Bac-
teroidetes, Chytridiomycota, and Mortierellomycota were
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higher in the root-rotted samples, while there was a decrease
in potential beneficial bacteria such as Acidobacteria and
Gemmatimonadetes. Based on the bacterial co-occurrence
network, an ecological imbalance among beneficial bacteria
was observed in the root-rotted samples. Furthermore, the
Mantel test revealed that pH played an important role in
shaping the microbial community composition. Higher pH
values tended to reduce the suppressive effects of the soil
on arecanut palm root rot by decreasing the abundances
of beneficial bacteria and by increasing the abundances of
harmful bacteria. The results of this study, therefore, deepen
our understanding of the association between the microbial
community and root rot in arecanut plant.
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