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ABSTRACT

The fungus Sarocladium oryzae (Sawada) causes rice sheath rot and produces the phytotoxins cerulenin and helvolic acid.
Both toxins show antimicrobial activity but only helvolic acid production in the rice sheath correlates with virulence.
Sarocladium oryzae isolates that differ in their toxin production were used to study their interaction with the rice culturable
bacterial endophyte community. The diversity and community structure was defined in the edge of sheath rot lesions,
followed by a null model-based co-occurrence analysis to discover pairwise interactions. Non-random pairs were
co-cultured to study the nature of the interactions and the role of the toxins herein. Compared to healthy sheaths,
endophyte diversity strongly increased when infected with the least virulent S. oryzae isolates producing low amounts of
toxins. Virulent S. oryzae isolates did not affect diversity but caused strong shifts in species composition. The endophyte
community of healthy rice plants was dominated by B. cereus. This bacterium was enriched in lesions produced by
low-virulent S. oryzae isolates and caused hyphal lysis. Contrarily, helvolic acid producers eliminated this bacterium from
the sheath endosphere. We conclude that S. oryzae needs to produce antibiotics to defend itself against antagonistic rice
endophytes to successfully colonize and infect the rice sheath.
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INTRODUCTION

Sarocladium oryzae is the major fungal sheath rot pathogen (Bigi-
rimana et al. 2015). It has been reported in 36 countries (CABI
2020) and causes greyish-brown necrotic lesions on the upper-
most leaf sheath enclosing the youngest panicle. In case of

severe infection, which often occur in warm and humid con-
ditions, grain production is affected and yield losses reach up
to 85% (Sakthivel 2001; Panda and Mishra 2019). Sheath rot
affects all growth stages but the most severe infections have
been reported at booting stage (Pearce, Bridge and Hawkworth
2001). Sarocladium oryzae is mainly seed-borne and colonizes the
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rice seedlings from the embryo, the endosperm or the hull where
it resides (Dugay, Manandhar and Mew 1996). It also survives in
soil, on plant residues and in other Poaceae (Sreenivasaprasad
and Johnson 2001; Ayyadurai et al. 2005; Hittalmani et al. 2016).
The fungus is often transmitted by insects such as stem bor-
ers, leafhoppers and mites (Dugay, Manandhar and Mew 1996;
Pearce et al. 2001). The genus Sarocladium contains mainly endo-
phytes that are associated with members of the Poaceae (Yeh
and Kirschner 2014; Liu 2017; Anjos et al. 2020) among which
the grass endophyte, Sarocladium brachiariae, to which S. oryzae
closely relates (Liu 2017; Ou, Lin and Chen 2020). The genus
also contains saprobes, mycoparasites, opportunistic human
pathogens and plant pathogens (Giraldo et al. 2015; Anjos et al.
2020).

The main virulence factors of S. oryzae are cell wall degrading
enzymes and the toxins cerulenin and helvolic acid (Ayyadu-
rai et al. 2005; Peeters et al. 2020). Helvolic acid is a tetracyclic
triterpenoid, produced by various plant endophytic fungi among
which the Anoectochilus setaceus endophyte, Xylaria sp. (Tschen
et al. 1997; Ratnaweera et al. 2014), the entomopathogenic fungus
Metarhizium anisopliae and the opportunistic human pathogen
Aspergillus fumigatus (Hittalmani et al. 2016). The toxin causes
chlorosis in Poaceae and its production in the rice sheath is pos-
itively correlated with virulence (Tschen et al. 1997; Sakthivel,
Amudha and Muthukrishnan 2002; Ayyadurai et al. 2005; Peeters
et al. 2020). In addition to its phytotoxicity, helvolic acid shows
antimicrobial activity, mainly against Gram-positive bacteria,
by inhibiting protein biosynthesis and ATPase pumps (Tanaka,
Kinoshita and Masukawa 1969; Yoshimura 1978). The hexake-
tide amide, cerulenin, is a dual-purpose toxin too. It inhibits the
fatty acid and polyketide biosynthesis in plants and other micro-
organisms, especially in fungi (Omura 1976; Wenzel et al. 2011).

In previously published work, we showed that S. oryzae can
be divided into three groups that differed in virulence and toxin
production in vitro and in planta (Peeters et al. 2020). The isolates
clustering with CBS 180.74 (Group 1) were the least pathogenic
and produced the highest levels of cerulenin in culture. Iso-
lates that clustered with CBS 399.73 (Group 2) were mainly low
cerulenin producers and for some isolates, no cerulenin was
detected at all. The third lineage clustered with strain CBS 414.81
(Group 3) and was far the most virulent on the Japonica cv Kitaake
(Peeters et al. 2020). Helvolic acid production in culture did not
correlate with lineage and the production in vitro did not corre-
spond to the production in planta (Peeters et al. 2020). This was
attributed to the phenotypic instability of the S. oryzae isolates,
a process called sectorization. Isolates of the least virulent lin-
eages (Group 1 and 2) showed sectorization under stressed con-
ditions which resulted in a reduced helvolic acid production in
planta. The most pathogenic lineage (Group 3) showed no sector-
ization in culture and maintained high helvolic acid production
in the rice sheath (Peeters et al. 2020). Next to phenotypic insta-
bility, a decreased toxin production and hypovirulence, could
be explained by a mycovirus infection (Nuss 2005; Santos et al.
2017). Transmission rates of mycoviruses are higher in planta
than in vitro (Brusini and Robin 2013)., which could explain the
reduced toxin levels in planta.

During infection, pathogens simultaneously need to cope
with host defence responses and with microbial antagonists
(Duffy, Schouten and Raaijmakers 2003). In the endosphere,
they need to compete for nutrients and space with the estab-
lished endophyte community. Endophytes are bacteria and fungi
that colonize the intercellular space and the vascular system
asymptomatically (Bacon and Hinton 2006; Mano and Morisaki
2008; Hardoim et al. 2012). They are often able to enhance

biotic stress tolerance both indirectly and directly, by respec-
tively inducing systemic resistance or by producing toxic chem-
ical compounds, degrading virulence factors or predating on the
pathogen (Whipps 2001; Laforest-Lapointe et al. 2017). Hosts har-
boring a diverse microbial community, have been reported to
be more resistant against pathogen attack (Reiter et al. 2002;
Ardanov et al. 2011). Consequently, the endosphere is consid-
ered a source of potential biocontrol agents and current litera-
ture focusses on the microbiome diversity and is biased towards
screening for beneficial microbes (Yang, Crowley and Menge
2001; Cottyn et al. 2009; Bertani et al. 2016). The diversity of
the rice endophyte community of the seeds, roots and shoots
of rice has thus been well characterized by culture-dependent
(Okunishi et al. 2005; Mano et al. 2007; Hardoim et al. 2012)
and -independent techniques (Bertani et al. 2016; Musonerimana
et al. 2020). The Gram-negative genera Methylobacterium (Elbelt-
agy et al. 2000; Mano et al. 2007; Bertani et al. 2016), Burkholde-
ria (Yang, Crowley and Menge 2001; Bertani et al. 2016) and Pan-
toea (Yang, Crowley and Menge 2001; Mano et al. 2007; Bertani
et al. 2016) are often reported in the shoots of rice and Bacillus is
one of the most abundant Gram-positive genera in the rice root,
straw and seed endosphere (Yang, Crowley and Menge 2001;
Bertani et al. 2016). Because of this antagonism towards invaders,
pathogens developed mechanisms to manipulate the microbial
community of the host (Rovenich, Boshoven and Thomma 2014).
They can detect microbes in their environment and respond by,
amongst others, producing antimicrobial compounds or by acti-
vating efflux pumps that extrude toxic compounds produced
by other microorganisms (Vorholt 2012; Kombrink and Thomma
2013; Deveau et al. 2018). These antimicrobial compounds often
have dual-use and play a role in the interaction with the host and
with the microbial environment. For example, LysM effectors are
chitin-binding proteins that offer protection against chitinases
that are produced by both microbial competitors and the host
plant (Kombrink and Thomma 2013; Rovenich, Boshoven and
Thomma 2014). Also fuscopeptins, lipodepsipeptides produced
by the sheath rot pathogens Pseudomonas fuscovaginae, are used
in the interaction with other microbes and with the host plants,
rice (Coraiola et al. 2008).

The dual function of cerulenin and helvolic acid indicates
that they also play a role in the interaction of S. oryzae with
the microbial environment, both when associated with its host
as in its free-living stage (Kombrink and Thomma 2013). More-
over, we hypothesize that the defence against other microbes is
an important function of these toxins. While cerulenin is well
known for its antibiotic characteristics (Porrini et al. 2014), there
is still no evidence for its role in the infection of rice (Peeters et al.
2020). The fact that helvolic acid is also produced by endophytes
(Tschen et al. 1997; Ratnaweera et al. 2014) and opportunistic ani-
mal pathogens (Hittalmani et al. 2016) supports this hypothesis
since these organisms have in common that they need to persist
in a hostile microbial environment. It is well known that S. oryzae
shows antagonistic activity against Bacillus subtilis, an inhabi-
tant of the rice endosphere and phyllosphere (Mano et al. 2007;
Yang et al. 2008; Cottyn et al. 2009). This interaction has been
used to quantify helvolic acid production in vitro (Ghosh et al.
2002) and to study the mode of action of cerulenin (Porrini et al.
2014). The increasing awareness that these interactions shape
the host microbial community and determine the outcome of
the infection, led to the concept ‘pathobiome’. This is the totality
of microbes interacting with a pathogen (Vayssier-Taussat et al.
2014; Jakuschkin et al. 2016).

As S. oryzae colonizes rice plants endophytically, from the
seeds or introduced by insects, this study investigates the effect
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of S. oryzae infection on the rice sheath endosphere bacte-
rial community and the role of cerulenin and helvolic acid
herein. With this, we aim to understand why S. oryzae pro-
duces cerulenin and helvolic acid. In addition, we investigate the
importance of taking the population diversity of pathogens into
account when studying microbial ecology. As the production of
cerulenin and helvolic acid is variable, we hypothesize that the
effect of sheath rot infection on the endophyte community is S.
oryzae isolate-dependent (Peeters et al. 2020).

MATERIAL AND METHODS

Plant material and growth conditions

For the isolation of bacterial endophytes from S. oryzae-infected
rice sheaths, 7 weeks-old plants of the japonica type rice (Oryza
sativa L.) cv Kitaake were grown as described before (Peeters et al.
2020). Briefly, after sterilization of the rice seeds with 2% sodium
hypochlorite, seeds were germinated in Petri dishes on moist-
ened, sterile filter paper (Whatmann, grade 3). After 7 days of
incubation, seedlings were planted per six in perforated plas-
tic trays (22 × 15 × 6 cm) containing potting soil (Structural;
Snebbout, Kaprijke, Belgium). For another 6 weeks, plants were
grown in a glasshouse at 28◦C at 60% relative humidity (RH) and
were watered six times a day with a flooding system. Every week,
the plants were supplemented with 0.2% iron sulphate and 0.1%
ammonium sulphate.

Sarocladium oryzae isolates: storage, growth and rice
inoculation

This study used S. oryzae isolates of which the toxin produc-
tion on potato dextrose agar (PDA, Difco, VWR, Leuven, Belgium)
plates and in the rice sheath has been described before (Peeters
et al. 2020). An overview of the characteristics of the S. oryzae iso-
lates used in this study is shown in Table 1. Pure cultures were
stored at −80◦C in 20% glycerol. Before use, isolates were taken
from the collection and grown in the dark at 28◦C for 1 week on
PDA after which they were transferred to new PDA plates and
grown for another 2 weeks in the same conditions. The standard
grain inoculum technique was used to inoculate rice plants (Sak-
thivel and Gnanamanickam 1987). For this, one fully colonized
rice grain was placed in the axil of the second youngest leaf.
Healthy control plants were inoculated with a sterile rice grain.
Both the preparation of the inoculum and the inoculation pro-
cedure are described in detail by Peeters et al. (2020). The inoc-
ulated plants were incubated under growth chamber conditions
(28◦C, 12h:12h light: dark, 85% RH during the first 24 h and 65%
RH during days 2–11).

Isolation of endophytic bacteria

To obtain endophytic bacteria from infected rice plants, sam-
ples were collected from the rice sheath when the disease was
fully established (8–11 days after inoculation). For this, 1 cm
pieces from the edge of the lesion were collected and sterilized
for 2 min in 70% ethanol followed by three rounds of rinsing in
sterile distilled water. To isolate the endophytic bacteria, sam-
ples were homogenized for 60 s in 0.85% sterile saline solution
and fine sand (river sand 0/2; Bouwpunt, Ghent, Belgium) that
was autoclaved twice in 48 h. A 10-fold serial dilution of the
crushed samples was plated on King’s B agar (KB; King, Ward
and Raney 1954), R2A agar (Fischer Scientific, Merelbeke, Bel-
gium) and Mannitol Egg Yolk Polymyxin Agar (MYP) selective

agar (Fischer Scientific, Merelbeke, Belgium) to avoid culturing
biases. Plates were incubated in the dark at 28◦C for 20–48 h and
individual bacterial colonies were counted. Morphologically dis-
tinct (based on size, color, form and texture) bacterial isolates
were selected, purified and stored at −80◦C in 20% glycerol.

Phylogenic analysis

Starting from 24-hour-old cultures of the purified bacteria,
a colony PCR was used to amplify the 16S region with the
primers 16F27 (5’- AGAGTTTGATCMTGGCTCAG -3’) and 16R1492
(5’- TACGGYTACCTTGTTACGAGTT -3’; Yakimov et al. 2003). An
overview of the thermal profile is shown in Table S1 (Supporting
Information). The amplicons were separated by horizontal elec-
trophoresis using 1.5% agarose gels in TAE-buffer at 100 V for
25 min. In case no band was detected after using colony PCR,
total genomic DNA was extracted using the Wizard Genomic
DNA Purification kit (Promega, Leiden, The Netherlands) before
amplifying the 16S region. PCR products were purified and
sequenced by LGC Genomics GmbH (Berlin, Germany) using
Sanger sequencing. Consensus sequences were generated with
BioEdit version 7.2.5 and blasted against GenBank. Sequences
of the most related species were retrieved from Genbank (Table
S2, Supporting Information) and added to the analysis. For the
multiple alignment, the MUSCLE algorithm (Edgar 2004) was
applied and further phylogenic analysis was performed with
MEGA6 (Tamura et al. 2013). The maximum-likelihood algorithm
with 1000 replicates was used for phylogenetic tree construc-
tion. Based on the output of the phylogenetic analysis, the bac-
terial isolates were grouped into 19 operational taxonomic units
(OTUs). Table S3 (Supporting Information) provides the acces-
sion numbers of the sequences generated during this study.

Dual plate assay and microscopy

In vitro antagonism was tested with a dual culture assay. A total
of five S. oryzae isolates were grown together with ten bacterial
isolates in a dual plate assay. The bacterial isolates represented
the four OTUs that were significantly associated with at least one
of the S. oryzae isolates according to the Pairs analysis. For this,
a plug (Ø 6 mm) from the edge of a 2-weeks-old fungal colony
was placed in the centre of a round Petri dish (Ø 9 cm, Novolab,
Geeraardsbergen, Belgium) filled with PDA. Each species com-
bination was repeated thrice. After 48 h of incubation at 28◦C,
bacteria from a 24-hour-old colony were streaked on both sides
of the fungal colony at 2 cm distance from the centre of the fun-
gal plug. The following 19 days, the interaction was monitored
by measuring the bacterial inhibition zone and the fungal colony
diameter. At 19 days after co-culturing the organisms, the inter-
action was evaluated microscopically according to the agar block
smear preparation technique (Woo et al. 2010).

Statistical analysis

The statistical analyses were performed in R-4.0.0 (R Core Team
2020) and the FORTRAN software Pairs (Ulrich 2008). Before any
further analysis, all bacterial counts were log-transformed. In
case data were censored, non-detects were replaced by regres-
sion on order statistics (ROS) by use of the package NADA-1.6–1.1
(Helsel 2005). To avoid exclusion of conditions from the analysis,
the data of conditions where all data were below the detection
limit were estimated by ROS with the limit of detection (LOD)
as the maximum value and LOD/4 as the minimum value. The
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Table 1. Characteristics of the S. oryzae isolates used in this study as reported by Peeters et al. (2020).

Helvolic acid Cerulenin Phylogenic group

S. oryzae isolate
In vitro
(μg/L)

In planta
(μg/g)

In vitro
(μg/L)

In planta
(μg/g)

Lesion area
(mm2)

Peeters
et al. (2020) 1

Ou, Lin and
Chen (2020) 2 Sectorization

IBNG0008 126 5306 1402 58 236 Group 3 S. sparsum –
BDNG0025 155 3892 16 5 227 Group 3 S. sparsum –
RFRG2 0 0 982 1196 60 Group 1 S. oryzae +
RFNG41 164 461 55 1 50 Group 2 S. attenuatum +
RFNG30 0 2.2 0 0 38 Group 2 S. attenuatum –

1Maximum-likelihood analysis based on the partial actin-gene (ACT) and the internal transcribed spacer region (ITS),
2Based on Maximum-likelihood analysis with ACT, ITS, the partial large ribosomal subunit (LSU) and the partial beta tubulin gene (TUB2), Ou, Lin and Chen (2020)
have proposed to reclassify S. oryzae in three species, which correspond with the three groups that were described by Peeters et al. (2020).

output of this imputation analysis was further processed as non-
censored data. Pairwise and multiple comparison analysis were
performed with the packages lme4 v1.1–23 (Bates et al. 2015),
car-3.0–7 (Fox and Weisberg 2019), afex-0.27–2 (Singmann et al.
2020), emmeans-1.4.6 (Lenth 2020), dunn.test-1.3.5 (Dinno 2017).
Results of the parametric and non-parametric statistics used in
this study are shown in the Tables S4–S7 (Supporting Informa-
tion).

To analyse the composition of the bacterial communities, a
non-metric multidimensional scaling (NMDS) with 1000 itera-
tions, based on a Euclidean dissimilarity matrix (rows as sam-
ples, columns as species) of the individual samples, was per-
formed using the R package vegan-2.5–6 (Oksanen et al. 2019).
As external factors, the concentrations of cerulenin and helvolic
acid in the rice sheath and on PDA, reported by Peeters et al.
(2020) were added to the NMDS. Based on the transposed binary
matrix, the species co-occurrence patterns were examined by
use of a null model analysis with the R package EcoSimR-0.1–0
(Gotelli, Hart and Ellison 2015). The overall community C-score
was computed and compared to the 95% confidence interval
of the simulated scores of 1000 randomized null models that
were generated using the fixed rows (species or OTUs)—fixed
columns (samples) algorithm (sim9). To test for non-random
pairwise associations among the isolates, we used the software
Pairs (Ulrich 2008) to calculate the C-score and the togetherness
(T-score) for each possible species pair. Pairs used a presence-
absence based null model analysis for randomization with fixed
row and column constraints, independent swap algorithm (200
iterations, 6210 swaps) to detect significantly aggregating or seg-
regating species pairs. The output values of the Pairs analyses
are Z-transformed ((score observed—score expected)/standard devi-
ation)) scores that were corrected according to the BY criterion
(Yaov and Yekuteli 2001) to reduce type I error rates. Aggregation
corresponds to positive T-scores and negative C-scores, while
the opposite is true for segregation.

RESULTS

Characterization of the bacterial endophyte community
in sheath rot lesions

To investigate if the toxins cerulenin and helvolic acid affect
the rice phyllosphere during infection, rice plants cv. Kitaake
were inoculated with S. oryzae isolates with various levels of vir-
ulence and in planta toxin production (Figures S1 and S2, Sup-
porting Information; Table 1). The group 3 isolates IBNG0008
and BDNG0025, produce high amounts of helvolic acid and have
a significantly higher pathogenic potential. In cultures of the

group 2 isolate RFNG41, similar concentrations of helvolic acid
were measured but its toxin production was substantially lower
in the rice sheaths, as was its virulence. The least pathogenic
group 2 isolate RFNG30 produced no helvolic acid (Figures S1 and
S2, Supporting Information; Table 1).

The culturable bacterial community was selected as a rep-
resentative subgroup to study these biotic interactions. In two
independent experiments, bacterial endophytes were isolated
from surface-sterilized rice sheath fragments containing the
edge of 8-days-old sheath rot lesions. In the first experiment,
toxin production was confirmed by measuring cerulenin and
helvolic acid levels in an 8 cm region containing the lesion (Fig-
ure S2, Supporting Information). In both experiments, sheath
samples of each condition were plated on PDA to confirm the
presence of the inoculated fungal isolate. Sarocladium oryzae iso-
late RFNG30, which produced only trace amounts of the toxins
in vitro and in the rice sheath (Table 1 and Figure S2, Supporting
Information), was overgrown by bacteria. During isolation of the
toxin-producers BDNG0025 and IBNG0008, on the other hand,
almost no other organisms grew out of the surface-sterilized
sheath rot lesions except for one bacterium which was found
closely associated with the virulent isolate IBNG0008. This bac-
terium was isolated and characterized as Stenotrophomonas mal-
tophilia. One of the isolates was used further in the study and
named A-0008-IB1 (Fig. 1).

A bacterial suspension, extracted from crushed sheath sam-
ples, was spread on different culture media (R2A, KB), minimiz-
ing cultural bias. To obtain maximal species richness, 54 bacte-
rial colonies were selected based on morphological differences
and identified by sequencing their 16S partial gene sequence.
Maximum likelihood phylogenic analysis clustered the bacterial
isolates in 19 operational taxonomic units (OTUs; Fig. 1). The
majority of the bacterial isolates were Gram-positive bacteria,
belonging to the genera Bacillus, Brevibacillus and Paenibacillus.
Of the Gram-negative bacteria, S. maltophilia was the most abun-
dant species (Fig. 1). With 10 OTUs in the first experiment and
six OTUs in the second, the most diverse bacterial community
was found in the lesions of the S. oryzae isolate RFNG30 with a
Shannon index (H) of respectively H = 1.76 and H = 1.59 (Fig. 1).
This isolate produces no helvolic acid at all (Table 1 and Figure
S2, Supporting Information). Sheath rot lesions, caused by the
low helvolic acid producer RFNG41, had a slightly less diverse
community (H = 1.13) of which five OTUs were isolated (Fig. 1).
Healthy plants (H = 0.49 and H = 0.35) and plants infected by
the high helvolic acid producers, IBNG0008 (H = 0.57 and H =
0.31) and BDNG0025 (H = 0.45), had a less diverse bacterial endo-
phyte community. From healthy rice sheaths, three OTUs were
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Figure 1. Phylogenic tree based on the partial 16S gene sequence of bacterial iso-
lates from the rice phyllosphere and their closest phylogenic relatives. At 8 days
post-inoculation of Sarocladium oryzae isolates IBNG0008 (dark blue), BDNG0025
(light blue), RFNG41 (dark green) or RFNG30 (light green), rice sheath samples

were collected and bacterial endophytes were isolated and identified based on
their 16S sequence. Bacteria isolated from healthy rice sheaths are represented
by black symbols. The experiment was performed twice, marked by circles (•) or
triangles (�). Bacteria in bold were used in the dual plate assay

isolated in total and from the plants inoculated with the viru-
lent, toxin-producing S. oryzae isolates IBNG0008 and BDNG0025
respectively five OTUs and two OTUs (Fig. 1).

Co-occurrence analysis implementing the toxins
helvolic acid and cerulenin

A non-metric multidimensional analysis (NMDS) that included
the S. oryzae isolates visualizes how sheath rot infection resulted
in different bacterial communities depending on the isolate
(Fig. 2). A stable, three-dimensional NMDS ordination was
reached after 20 restarts with a stress value of 0.0135. In the
ordination plot, symbols represent the samples of both experi-
ments. Samples with similar species composition are positioned
close together. The NMDS shows that the bacterial community
of the healthy control plants takes a central position in the ordi-
nation plot. Samples infected with the least pathogenic isolate
(RFNG30), which produces no toxins, cluster together. Samples
infected with the toxin-producers are located on the other side
of the NMDS plot (Fig. 2). The grey vectors on the NMDS ordi-
nation plot show the species that were significantly (P < 0.01)
correlated to the ordination (Fig. 2). Species vectors pointing in
the same direction indicate species with similar distributions
while opposite vectors indicate species that do not tend to co-
occur. Null model analysis of species co-occurrence showed that
the observed c-score of the overall community (6.28) was signifi-
cantly higher than the mean simulated c-scores of the null mod-
els (5.58 ± 0.02). This indicates that the species distribution over
the different samples follows a non-random, segregated assem-
blage structure (matrix SES = 5.36; Figure S3, Supporting Infor-
mation). Table 2 shows the species pairs that associate (togeth-
erness score) or segregate (c-score) according to a pairwise anal-
ysis. All species pairs were analysed but only the ones show-
ing significant non-random associations (P < 0.05) are listed
(Table 2). The analysis confirmed that OTU 5, 7 and 17 did not
co-occur with the S. oryzae isolate IBNG0008 while OTU 5, 7, 10
and 17 significantly aggregated with S. oryzae RFNG30 (Table 2).
No significant species pairs were formed with the remaining two
S. oryzae isolates. Plants were only in the first experiment inoc-
ulated with these isolates. Because of their lower abundance in
the samples, no significance was observed. The red vectors on
the ordination plot represent the significant (P < 0.01) external
variables that were implemented in the NMDS analysis (Table 1).
Both helvolic acid and cerulenin production in the rice sheath
and in vitro are characteristics of the S. oryzae isolates that sig-
nificantly structure the community (Fig. 2).

Direct biotic interactions: dual plate assay

The bacteria that showed a significant non-random distribu-
tion (Pairs analysis) were used to further study the underlying
biotic interactions. For this, the bacteria were co-cultured with
S. oryzae isolates. According to the NMDS analysis, to which the
helvolic acid and cerulenin production on PDA was projected as
external variables, the in vitro toxin production of the S. oryzae
isolates is a property that has a significant effect on the bacte-
rial endophyte community (Fig. 2). As shown by the NMDS plot,
the in vitro helvolic acid production differs from the production
in planta which can be attributed to the instability of the helvolic
acid production of S. oryzae isolate, RFNG41 (Table 1). While its
helvolic acid production is very low in planta, the production in
vitro is more stable and can reach the same levels as the virulent
isolates (IBNG0008 and BDNG0025).
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Figure 2. Non-metric multi-dimensional scaling (NMDS) ordination plot of the bacterial endophyte community in sheath rot infected plants. The ordination plot shows
the individual samples, represented by symbols, together with the different operational taxonomic units (OTU’s) and S. oryzae isolates that where collected from these

samples. The colors of the symbols represent the treatment of the samples. The grey vectors on the plot show the intrinsic species score species that significantly (P
< 0.01) correlate to the ordination and the red vectors show the significant (P < 0.01) external environmental factors.

Table 2. Pairs co-occurrence of S. oryzae isolates and the operational taxonomic units (OTUs) that were isolated from the rice sheaths.

S. oryzae isolate OTU Abundance a S. oryzae isolate Abundance a OTU Co-occurrence b C-score∗ P-value

IBNG0008 5 9 7 0 2.890 0.004
IBNG0008 7 9 10 0 3.738 < 0.001
IBNG0008 17 9 6 0 2.272 0.022
S. oryzae isolate OTU Abundance S. oryzae isolate Abundance OTU Co-occurrence T-score∗ P-value
RFNG30 5 9 7 7 3.769 < 0.001
RFNG30 7 9 10 8 3.693 < 0.001
RFNG30 10 9 4 4 2.123 0.033
RFNG30 17 9 6 6 4.357 < 0.001

aThe number of samples from which the species was isolated.
bThe number of samples from which both species were isolated.
∗The values are the observed C-score or T-score that where sequentially Z-transformed and corrected following the BY-criterion.

The dual plate assay showed that the bacteria of OTU 7 inter-
acted with S. oryzae in a helvolic acid-dependent way. When
co-cultured with isolates that produce no helvolic acid (RFRG2
and RFNG30), the bacteria of OTU 7 were not inhibited while
inhibition zones were observed when grown together with the
helvolic acid producers (BDNG0025, IBNG0008 and RFRG41; Fig. 3
and Table 3). Compared to control plates without bacteria, all
fungal isolates showed impaired growth when co-cultured with
OTU 7 (Figs 3 and 4). Depending on the isolate, S. oryzae stopped
growing or tried to avoid the bacterial streaks (Fig. 3). Microscopy
revealed that the bacteria of OTU 7 accumulated on the hypha
of S. oryzae in the interaction zone, leading to hyphal lysis
and fragmentation (Fig. 3). Bacteria of the OTUs 5, 10 and 17
showed no growth inhibition when co-cultured with S. oryzae
(Table 3). Colonies of the S. oryzae isolates RFNG30, RFNG41
and IBNG0008 were significantly smaller when grown with the
OTUs 5 and 17 but the fungal colonies were not harmed (Fig. 4
and Table S8, Supporting Information). The presence of OTU 10
did not affect fungal growth (Fig. 4 and Table S8, Supporting
Information).

Total and Bacillus cereus population densities in the
presence of S. oryzae

Diversity analysis showed that infection of rice sheaths by S.
oryzae isolates with no or low helvolic acid production in planta
(RFNG30 and RFNG41) increased the diversity of the cultur-
able bacteria. Rice sheaths infected by helvolic acid produc-
ers, IBNG0008 and BDNG0025, had a comparable Shannon index
as healthy rice plants although species composition differed
(Figs 1,and 2). Based on the statistical co-occurrence analysis,
we revealed that the OTUs 5, 7, 10 and 17 aggregated with the
isolate RFNG30 and further microscopic analysis indicated that
the aggregation between OTU 7 and RFNG30 could be the result
of direct biotic interaction (Table 2 and Fig. 3).

To confirm the statistical analysis, we quantified the total
bacterial endophyte community and the B. cereus (OTU 7) pop-
ulation in plants at 11 days after inoculation with S. oryzae iso-
lates that varied in virulence (Figure S1c, Supporting Informa-
tion). To confirm the colonization by the fungus, sheath sam-
ples were plated on PDA. In all samples containing the edge of
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Peeters et al. 7

Figure 3. Pictures of a dual plate assay of S. oryzae isolates with isolate A-0–2 (OTU 7) and microscopic images of the interaction zone. The pictures were taken after
5, 11 and 19 days of co-incubation. After 19 days, the agar block smear technique was used to study the biotic interaction in the interaction zone. Agar blocks were

stained with lactophenol cotton blue.

Table 3. Bacterial inhibition in a dual plate assay of S. oryzae with bacterial isolates belonging to the operational taxonomic units (OTU’s) that
were shown to have a non-random distribution. After 5 days of co-incubation, three levels of bacterial inhibition were scored; no inhibition (-),
little inhibition (+) and strong inhibition (++).

S. oryzae isolate

Species (group) OTU Bacterial isolate RFRG2 RFNG30 RFNG41 BDNG0025 IBNG0008

Bacillus megaterium 5 B-30-M - – - - -
Bacillus cereus 7 A-0–2 – – + ++ ++
Bacillus cereus 7 A-30–5 – – + ++ ++
Bacillus cereus 7 A-41–3 – – + ++ ++
Bacillus cereus 7 A-30–6 – – + ++ ++
Bacillus cereus 7 B-30-X – – + ++ ++
Bacillus cereus 7 B-30-P – – + ++ ++
Brevibacillus nitrificans 10 B-30-D – – - - -
Paenibacillus favisporus 17 B-30-L – – - - -

the sheath rot lesion, the inoculated S. oryzae isolate was present
while no fungus was isolated from the adjacent healthy sheath
tissue. Comparison of the total amount of bacterial endophytes
in the edge of the lesion containing necrotic tissue and adja-
cent healthy sheath tissue showed that the fungal inoculation
method stimulated bacterial growth (Fig. 5A and C). Regardless
of the fungal isolate, more bacteria were counted in the edge of

the lesion than in the healthy sheath tissue. In these samples,
the B. cereus population was quantified too (Fig. 5B). This showed
that the majority of the isolated bacteria, represented in Fig. 5A,
belongs to the B. cereus complex. For the isolates RFRG2, RFNG30
and RFNG41, B. cereus densities were higher in the necrotic tissue
than in healthy sheath tissue but for plants infected by the toxin
producer (IBNG0008), B. cereus densities had decreased (Fig. 5B).
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Figure 4. Colony diameter (mm) of 7 days old S. oryzae cultures on PDA after 5
days of co-incubation in a dual plate assay with bacterial isolates of the OTU’s 5,
7, 10 and 17. All bars show the mean ± SD fungal colony diameter perpendicular

to the bacterial streaks on both sides of the colony. The red line shows the mean
colony diameter of the fungal isolate when grown on a plate without bacteria
(control). Bars marked with an asterisk differ significantly from the control (type
II ANOVA, n = 3, α = 0.05).

In a repeat experiment, a second toxin-producing S. oryzae
isolate (BDNG0025) was added to verify if the decline of the B.
cereus population could be correlated to helvolic acid as indi-
cated by the NMDS analysis and the dual plate assay (Fig. 2,
Tables 2 and 3). This isolate produces high levels of helvolic
acid but only low levels of cerulenin. The co-occurrence analy-
sis showed that, of the culturable fraction, Gram-positive, spore-
forming bacteria are the most affected by sheath rot infection. To
study the trends in this bacterial sub-community, we repeated
the experiment and heated the samples to kill non-spore form-
ing bacteria. The unheated bacterial suspension was spread
on two media, KB and R2A, and the heated suspension was
plated on KB, R2A and MYP agar plates. The latter was added
to confirm the B. cereus counts because this species shows a
unique morphology on MYP selective agar (Fricker, Reissbrodt
and Ehling-schulz 2008). It was confirmed statistically that both
the total counts and the B. cereus counts of the heated and non-
heated samples were the same on the different media, indicat-
ing that the results could be pooled for further analysis (Fig-
ure S4, Supporting Information). Figure 6 shows that the total
amount of bacteria was the same in healthy rice sheaths and
in the edge of lesions caused by the toxin-producing S. oryzae
isolate (IBNG0008) and that samples of both conditions did not
contain spores after heating. However, the samples did not con-
tain the same bacteria. For the healthy sheaths, the amount of B.
cereus colonies did not differ significantly from the total amount
of bacteria while in the IBNG0008-infected plants no B. cereus
was detected at all (Fig. 6A). The bacterial community of rice
sheaths infected by S. oryzae BDNG0025, which produces high
levels of helvolic acid and low levels of cerulenin, had a higher
density and contained mostly spore-forming bacteria but no B.
cereus (Fig. 6A and B). The densest populations were found in rice
sheaths infected by lowest toxin-producers (RFNG30 or RFNG4)
with B. cereus as the dominant species (Fig. 6A). The samples con-
tained the highest number of spore-forming bacteria too and
these were mostly B. cereus (Fig. 6B). Rice plants infected with
an S. oryzae isolate that produced high levels of cerulenin but
no helvolic acid (RFRG2), had a lower bacterial and spore den-
sity and contained mainly B. cereus and B. cereus spores (Fig. 6A
and B).

DISCUSSION

This study investigated how S. oryzae affects the rice cultur-
able bacterial endophyte community and with what interactions
this pathogen needs to cope during infection. We started with
characterizing the culturable bacterial endophytes in the edge
of sheath rot lesions at tillering stage. The bacterial endophyte
community of the healthy control plants was dominated by bac-
teria of the B. cereus group. The majority of the bacteria isolated
from sheath rot lesions were Gram-positive bacteria, belonging
to the genera Bacillus, Paenibacillus and Brevibacillus. Rice endo-
phyte communities at tillering stage have been reported to be
dominated by Bacillus spp. and shift to a community with mainly
Gram-negative bacteria after flowering (Mano et al. 2007; Ren
et al. 2015; Bertani et al. 2016). This indicates that the young age
of the plants in this study could explain why very few Gram-
negative bacteria were found. Next to growth stage (Mano et al.
2007; Yang et al. 2008; Bertani et al. 2016), other factors such as
soil type (Hardoim et al. 2012) and the environmental conditions
(Ren et al. 2015; Vacher et al. 2016; Venkatachalam et al. 2016)
influence the endophyte community explaining the variation
among studies.
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Peeters et al. 9

Figure 5. Counts (logCFU/cm) of the total culturable bacterial endophytes (A) and the Bacillus cereus population (B) in the edge of sheath rot lesions caused by S. oryzae

isolates and in the adjacent healthy sheath tissue (C). Rice plants cv Kitaake were inoculated with S. oryzae isolate IBNG0008 (dark blue), RFRG2 (orange), RFNG41 (dark

green) and RFNG30 (light green) and sheath tissue was collected after 8 days of incubation. As a control, plants were inoculated with a sterile rice grain (black). A
bacterial extract was plated on R2A and counted after 2 days of incubation (LOD = 1.2 CFU/cm). Bars show the mean counts ± SD, significant differences are marked
with an asterisk (type III ANOVA, n = 18, P < 0.05; ∗∗ , P < 0.01; ∗∗∗ , P < 0.001).

A previous study compared the pathobiome of healthy and
sheath rot diseased plants in field conditions. They found a
minor increase in diversity in plants infected by Sarocladium
(Musonerimana et al. 2020). In this study, we found that the bac-
terial endophyte community in the edge of lesions of the two
most virulent isolates had a similar Shannon index as the ones
of the healthy sheath tissue. Identification of the isolated bacte-
ria revealed that the communities strongly differed in structure
at the species level. Lesions caused by the least virulent isolates
harbored a more diverse bacterial endophyte community. It has
been reported before that symptomless colonization of plants
by pathogens results in a more diverse bacterial community.
Like in the uninfected rice endosphere, the rhizosphere of unin-
fected avocado roots was reported to be colonized by a few pre-
dominant species. When avocado plants were infected with Phy-
tophthora cinnamomi but did not show symptoms yet, the rhizo-
sphere harbored a more diverse community with a very distinct
structure (Yang, Crowley and Menge 2001). Moreover, Reiter et al.

(2002) reported a more variable endophyte community in Pecto-
bacterium carotovorum-infected but healthy potato plants com-
pared to control plants. As a great portion of the isolated bacte-
ria could protect potato plants from this pathogen, they suggest
that the diverse endophyte community contributes to disease
resistance (Reiter et al. 2002).

We found an enrichment of the B. cereus complex, the Bacillus
megaterium complex, Brevibacillus nitrificans and Paenibacillus fav-
isporus in the edge of the lesions of the least virulent, non-toxin
producing S. oryzae isolate. These species co-occurred signifi-
cantly with this S. oryzae isolate and they were eliminated by the
virulent, helvolic acid-producing S. oryzae isolate. Co-culturing
of the B. megaterium, B. nitrificans and P. favisporus isolates with
Sarocladium showed that none of the S. oryzae isolates affected
their growth (Table S8, Supporting Information). Moreover, some
of the S. oryzae isolates showed a reduced growth rate in the
presence of B. megaterium and P. favisporus isolates but these bac-
teria did not proliferate on the hypha or cause any damage. The
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Figure 6. Counts (logCFU/cm) of the total culturable bacterial endophytes and the Bacillus cereus population in the edge of sheath rot lesions caused by S. oryzae isolates

before (A) and after (B) heat treatment of the bacterial solution. Rice plants cv Kitaake were inoculated with S. oryzae isolate IBNG0008 (dark blue), BDNG0025 (light
blue), RFRG2 (orange), RFNG41 (dark green) and RFNG30 (light green) and sheath tissue was collected after 8 days of incubation. As a control, plants were inoculated
with a sterile rice grain (black). A bacterial extract was plated on KB, R2A and MYP agar and counted after 2 days of incubation (LOD = 1.3 CFU/cm). Counts of the three

media were pooled and bars show the mean ± SD, significant differences are marked with an asterisk (Wilcoxon rank-sum test or two-sample t-test, 18 ≤ n ≤ 27, P <

0.05; ∗∗, P < 0.01; ∗∗∗ , P < 0.001) or with different letters (type II ANOVA or Dunn test, posthoc Bonferroni, 18 ≤ n ≤ 27).
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enrichment can thus not be attributed to direct interactions with
S. oryzae but is probably the result of indirect effects such as facil-
itation through the mobilization of nutrients towards the infec-
tion site and the release of cell content. This improves the con-
ditions in the otherwise nutrient-poor environment, attracting
and stimulating endophytes (Reiter et al. 2002) and epiphytes.
This could also explain the enrichment of B. cereus since this bac-
terium grows well in sucrose-rich conditions such as in seeds,
where it is found as the dominant species (Okunishi et al. 2005).
However, B. cereus seems to interact directly with S. oryzae. All
S. oryzae isolates showed impaired growth and, to a greater or
lesser extent, hyphal lysis. The bacterium was strongly inhibited
when co-cultured with helvolic acid-producing S. oryzae isolates
while the S. oryzae isolate that produces no toxins did not affect
B. cereus growth. Moreover, B. cereus colonized the hypha, caus-
ing severe damage. B. cereus produces various cell wall degrad-
ing enzymes such as chitinases, proteases and β-1,3-glucanases
(Pleban, Chernin and Chet 1997; Singh et al. 2014). It had been
shown to affect mycelial growth of various fungi such as Fusar-
ium oxysporum and Macrophomina phaseolina (Singh et al. 2014), to
inhibit Fusarium oxysporum f. sp. meloni spore germination and to
protect cotton plants against Rhizoctonia solani (Pleban, Chernin
and Chet 1997). Scanning electron microscopy showed Bacilli
proliferating on fungal mycelium and destructing hypha (Singh
et al. 2014).

Since S. oryzae is a slow grower (Bigirimana et al. 2015), it is not
able to flee from antagonist so instead of avoiding competition,
they need a defence mechanism (Gloer 1995). The production of
helvolic acid seems to be effective in preventing B. cereus from
causing damage as, in the presence of all helvolic acid produc-
ers, we observed inhibition zones and the bacterium was elim-
inated in the rice sheath. Cerulenin also seems to play a role
in the interaction with the bacterial endophyte community. The
virulent S. oryzae isolates, both produce high levels of helvolic
acid which is correlated with their virulence (Peeters et al. 2020)
but their cerulenin production varies. In rice sheaths infected
by the helvolic acid-producer that makes only small amounts of
cerulenin, spore-formers other than B. cereus were found. This
illustrates the effect of the S. oryzae toxins on the community
structure by creating a niche for toxin-resistant species with
each having their characteristics such as antibiotic production,
phytotoxicity or plant growth promotion.

Based on the fact that S. oryzae belongs to a genus that com-
prises mainly endophytes and opportunistic pathogens, we pro-
pose the idea that S. oryzae originates from an endophytic ances-
tor (Yeh and Kirschner 2014; Liu 2017; Anjos et al. 2020). The
results of this study show that the production of antimicrobial
compounds generates a competitive advantage to S. oryzae dur-
ing the interaction with the host endophytes. Pathogens that are
not able to withstand negative biotic interaction are predicted
to have a reduced colonization success and virulence too. The
production of antibiotics and other defence mechanisms against
microbes is an important trait of pathogens that could be the tar-
get of control measures. Moreover, these traits should be taken
into account in the search for biocontrol measures. The diversity
of the pathogen population should be considered and its inter-
action with the pathobiome should be understood. In the case of
S. oryzae, we advise to include various S. oryzae isolates and char-
acterize their toxin production in vitro and in planta since these
toxins determine the outcome of the interaction with the can-
didate biocontrol organisms. Moreover, the stability of the toxin
production is determined by the phenotypic stability which is
on its turn related to the phylogeny (Peeters et al. 2020). It is thus
important to define to which group the used S. oryzae isolate

belongs. A recent study even appointed these three lineages as
three distinct species, namely S. sparsum (Group 3), S. attenuatum
(Group 2) and S. oryzae (Group 1; Table 1; Ou, Lin and Chen 2020)
which could indicate that these S. oryzae lineages differ in many
more characteristics, stressing the need for exhaustive charac-
terization of the isolates used for research. As these species are
closely related and all cause rice sheath rot, we propose to clas-
sify them in the S. oryzae species complex.

Preliminary results indicate that S. oryzae isolates that lack
toxin production are impaired in their colonization. This should
be confirmed in future research. Moreover, the helvolic acid pro-
duction of endophytes should be studied during host coloniza-
tion to verify if they produce the toxin in planta and if they do,
why the toxin has no phytotoxic effect in this case. It would also
be interesting to investigate if the diverse endophyte community
attributes to the increased resistance.
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