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Abstract
Sheath rot is an emerging rice disease that causes severe yield losses worldwide. The main causal
agents are the toxin producers Sarocladium oryzae and Pseudomonas fuscovaginae. The fungus S.
oryzae produces helvolic acid and cerulenin and the bacterium P. fuscovaginae produces cyclic
lipopeptides. Helvolic acid and the lipopeptide, fuscopeptin, inhibit membrane-bound H+-ATPase pumps
in the rice plant. To manage rice sheath rot, a better understanding of the host response and virulence
strategies of the pathogens is required. This study investigated the interaction of the sheath rot
pathogens with their host and the role of their toxins herein. Japonica rice was inoculated with high- and
low-helvolic acid-producing S. oryzae isolates or with P. fuscovaginae wild type and fuscopeptin mutant
strains. During infection, cerulenin, helvolic acid and the  phytohormones abscisic acid, jasmonate, auxin
and salicylic acid were quanti�ed in the sheath. In addition, disease severity and grain yield parameters
were assessed. Rice plants responded to high-toxin-producing S. oryzae and P. fuscovaginae strains with
an increase in abscisic acid, jasmonate and auxin levels. We conclude that, for both pathogens, toxins
play a core role during sheath rot infection. S. oryzae and P. fuscovaginae interact with their host in a
similar way. This may explain why both sheath rot pathogens cause very similar symptoms despite their
different nature. 

Background
Rice sheath rot is an emerging disease that affects all rice growing areas worldwide. Different pathogens
have been associated with this disease and causal agents cannot be distinguished based on symptoms
(Cottyn et al. 1996; Bigirimana et al. 2015). High-yielding commercial rice varieties are very susceptible to
rice sheath rot. Furthermore, breeding for resistant varieties is di�cult because there are various sheath
rot pathogens and there is a lack of knowledge about their infection strategies (Bigirimana 2016;
Sakthivel 2001; Ayyadurai et al. 2005; Chauhan et al. 2017a; Mvuyekure et al. 2017). The main pathogens
associated with this disease are the fungus Sarocladium oryzae and the bacterium Pseudomonas
fuscovaginae. Also different Fusarium spp., such as Fusarium andiyazi, F. proliferatum, F. verticillioides
and F. fujikuroi can cause sheath rot symptoms (Bigirimana 2016; Wulff et al. 2010).  Both S. oryzae and
P. fuscovaginae are seed-borne which could explain the fast spreading of these pathogens (Batoko et al.
1997; Ayyadurai et al. 2005; Adorada et al. 2015). All sheath rot pathogens cause similar greyish-brown
necrotic lesions on the uppermost leaf sheath that encloses the youngest panicle. Depending on the
severity of the infection, diseased plants produce brown, sterile or empty seeds or form no panicle at all
(Bigirimana et al. 2015; Weeraratne et al. 2020).

The fungus S. oryzae was �rst described as Acrocylindrium oryzae in 1922 in Taiwan (Sawada 1922) and
has spread to at least 36 countries (CABI, 2020). Yield losses range from 20 % up to 85 % and are the
highest in hot and humid conditions (Sakthivel 2001; Panda and Mishra 2019). Cell wall degrading
enzymes and the toxins cerulenin and helvolic acid are the main virulence factors (Ayyadurai et al. 2005;
Nandakumar et al. 2007). Cerulenin, a hexaketide amide, inhibits fatty acid and polyketide biosynthesis in
other fungi and in plants (Omura 1976; Wenzel et al. 2011). The tetracyclic triterpenoid helvolic acid
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causes chlorosis on Poaceae (Tschen et al. 1997; Sakthivel et al. 2002). It captures free magnesium ions
(Mg2+) which are needed in chlorophyll biosynthesis, photosynthesis and carbohydrate transport (Tschen
et al. 1997; Sakthivel et al. 2002; Cakmak and Kirkby 2008; Farhat et al. 2016). We have shown before
that the S. oryzae population is very diverse in its toxigenicity and virulence with the most pathogenic
isolates producing the highest amounts of helvolic acid in the rice sheath. These virulent isolates were
closely related to each other and were found to be phenotypically stable. The less virulent isolates, on the
contrary, formed sectors in stressed conditions. Sectorization is a sign of phenotypic instability and was
found to affect helvolic acid production (Peeters et al. 2020).

The Gram-negative bacterium P. fuscovaginae causes sheath brown rot in rice plants. It was �rst reported
in 1976 in Japan and is able to cause a total yield loss (Tanii et al. 1976; Razak et al. 2009; Weeraratne et
al. 2020). Sheath brown rot has been reported in 35 countries (CABI, 2020) and is mostly associated with
cold and tropical highlands (Batoko et al. 1997; Bigirimana 2016). The phytotoxic cyclic lipopeptides
(also called lipodepsipeptides) syringotoxin, fuscopeptin A and fuscopeptin B are involved in the disease
development of P. fuscovaginae (Flamand et al. 1996; Batoko et al. 1997). Syringotoxin is a cyclic
lipopeptide with 9 amino acid residues that is also produced by P. syringae pv. syringae pathogenic on
citrus trees (Ballio et al. 1990; Flamand et al. 1996). Fuscopeptin A and B contain 19 amino acid residues
and are structurally very similar to the thoroughly studied P. syringae toxin, syringopeptin (Coraiola et al.
2008). The three toxins are produced concomitantly and work synergistically. A toxin mixture of
syringotoxin, fuscopeptin A and B triggers necrosis on the rice sheath and, since P. fuscovaginae is
pathogenic to all Poaceae, they are considered non-host-speci�c (Miyajima et al. 1983; Batoko et al.
1998). Due to their amphiphilic nature, the toxins act as surfactant and interact with biological
membranes thereby forming pores which cause leakage of protons, disrupting the proton gradient
(Batoko et al. 1998; Coraiola et al. 2008; Patel et al. 2014). Just like helvolic acid, fuscopeptin A and B
inhibit H+-ATPases. They interact directly with the proton pump and inactivate the catalytic centre (Batoko
et al. 1998). Moreover, they show antifungal activity, but not against S. oryzae (Ballio et al. 1996).

Pathogens often use toxins to suppress pathways that confer resistance or to manipulate essential
developmental or physiological processes. With this, they aim to facilitate host entry, colonization or
feeding. Because of their important role as signalling molecules in the �ne-tuning of biotic and abiotic
stress responses, phytohormones are often manipulated by pathogens (De Vleesschauwer et al. 2013;
Yang et al. 2013). Pathogens typically target the archetypal jasmonate (JA), salicylic acid (SA) and
ethylene (ET) dependent defence hormone pathways, which are important in the immune response f rice
(De Vleesschauwer et al. 2013; Yang et al. 2013; Patkar and Naqvi 2017). Also the biosynthesis and
signalling of abscisic acid (ABA), and the growth hormones cytokinin and auxin (AUX) are often affected
(Kazan and Lyons 2014; Ma and Ma 2016; Patkar and Naqvi 2017). ABA is widely studied for its role in
tolerance to abiotic stress, such as salinity, drought and cold. However, ABA also ful�ls a role in plant
immunity either alone or through a complicated network of antagonistic and synergistic interactions with
other hormone signalling pathways (De Vleesschauwer et al. 2010; Yang et al. 2013; Ku et al. 2018). The
main AUX in rice is indole acetic acid (IAA). Its role in plant defence is mostly antagonistic. Therefore,
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pathogens often increase IAA levels during infection by production and secretion of IAA or by stimulation
of the hosts IAA biosynthesis (De Vleesschauwer et al. 2013; Yang et al. 2013).

Sheath rot pathogens cause nearly identical symptoms on the sheath and the panicle. Since there is a
partial overlap in the mode of action of their toxins, we hypothesize that these toxins play a crucial role in
virulence and that both pathogens elicit similar phytohormone responses (Batoko et al. 1997, 1998;
Coraiola et al. 2008; Hoagland 2009). Previous research has shown the importance of fuscopeptin (Patel
et al. 2014; Weeraratne et al. 2020) and helvolic acid (Peeters et al. 2020) in symptom development by
resp. P. fuscovaginae and S. oryzae. Their mode of action has been thoroughly studied in vitro but the role
in the infection process and their production pro�le needs further investigation (Batoko et al. 1998;
Coraiola et al. 2008; Hoagland 2009). For adequate disease management, it is of crucial importance that
we understand the virulence strategies of the sheath rot pathogens and the host defence response (De
Vleesschauwer et al. 2013). In previous research, foliar application of SA did not reduce disease severity
or decrease the yield losses caused by S. oryzae infection (Chauhan et al. 2017b). Rice plants
overexpressing WRKY13 were more resistant to S. oryzae (Lilly and Subramanian 2019). This
transcription factor (TF) plays an important role in the JA-SA crosstalk and in the crosstalk between biotic
and abiotic stress  (Qiu et al. 2007; Xiao et al. 2013; De Vleesschauwer et al. 2014). A balanced nutrient
status and soil application of magnesium, copper, potassium and calcium could also reduce disease
incidence caused by S. oryzae (Tschen et al. 1997; Laha et al. 2016; Zhang et al. 2019). While studies on
the host immune response to S. oryzae are very limited, information about the host response and
resistance factors against P. fuscovaginae is completely lacking.

Here, we explore the role of the toxins cerulenin, helvolic acid and fuscopeptin in the interaction of S.
oryzae and P. fuscovaginae with rice. S. oryzae isolates that differ in their toxin production in vitro and in
planta (Peeters et al. 2020) were used to investigate how these compounds in�uence symptom
development, yield losses and the hormone balance of the rice plant. For P. fuscovaginae, a wild type
strain was compared with its fuscopeptin mutant (Patel et al. 2014; Weeraratne et al. 2020). At different
infection stages, toxin and phytohormone levels were measured to better understand the virulence
strategies of the sheath rot pathogens.

Results

Disease assessment, phytohormone and toxin levels during
Sarocladium oryzae infection
To study the interaction of S. oryzae with its host and the role of its toxins cerulenin and helvolic acid
herein, rice plants were inoculated with four isolates (Table 1) that were earlier shown to differ in virulence
and toxin production (Table S1; Peeters et al. 2020). The rice sheaths of the second youngest leaf,
enclosing the colonized grain, were collected at 4 hours after inoculation (0 days post inoculation ((DPI))
and 2 and 4 DPI. Although all isolates were able to cause long, brown necrotic lesions on the sheath
enclosing the young panicle, signi�cant differences were observed in the lesion size at 4 DPI (Fig 1).
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At 4 hours after infection, low amounts of helvolic acid were detected in rice sheaths inoculated with the
three most pathogenic isolates IBNG0008, BDNG0025 and RFNG41 (Fig 2a). During the �rst 48 hours,
their helvolic acid production increased. Isolate BDNG0025 showed the highest helvolic acid production
at every time point. The least pathogenic isolate RFNG30, on the contrary, produced trace amounts of
helvolic acid only at one replicate at 4 DPI, while further no helvolic acid could be measured at all (Fig
2a). Cerulenin was not detected at 4 hours after inoculation. At 2 and 4 DPI, high amounts of cerulenin
were measured in sheaths infected with IBNG0008, while BDNG0025 and RFNG41 showed a lower
production. At none of the stages of the infection process, cerulenin could be detected for the isolate with
the lowest virulence (RFNG30) (Fig. 2b).

In addition to the toxins, the levels of the phytohormones ABA, JA, IAA and SA were measured (Fig. 2c-f).
At 4 hours after inoculation (0 DPI), no changes in ABA concentration could be observed. At 2 DPI, ABA
levels were elevated in plants inoculated with the two most pathogenic isolates (IBNG0008 and
BDNG0025) and, by 4 DPI, ABA levels were further increased (Fig. 2c). Compared to the healthy control
plants, a ten-fold increase of ABA was measured for the virulent isolates (IBNG0008 and BDNG0025)
while ABA levels were only doubled in plants inoculated with RFNG41 and RFNG30 (Fig. 2c). JA, on the
other hand, showed a transient increase in response to all S. oryzae isolates. By 2 DPI, JA levels again
decreased in sheaths infected by isolates with low pathogenic potential (RFNG41 and RFNG30) and by 4
DPI, JA levels were still comparable to the concentration of JA in the healthy control plants. For the
virulent isolates IBNG0008 and BDNG0025, on the contrary, JA levels stayed elevated during the rest of
the infection (Fig. 2d). IAA levels were altered by S. oryzae in a similar pattern as ABA. At 4 hours after
inoculation, IAA levels were equal in all treatments. By 2 DPI, the virulent isolates (IBNG0008 and
BDNG0025) had caused an increase of IAA which stayed elevated. In less diseased plants, similar levels
as in the healthy control plants were measured at all sampling points (Fig. 2e). SA levels did not change
in response to S. oryzae infection, although a small, not signi�cant decrease of SA was observed at 4
hours after inoculation of IBNG0008 (Fig. 2f).

To further elucidate the correlation between the hormonal response, the toxin production and the
virulence, a wide selection of well characterized S. oryzae isolates was used (Table 1). Fig. 3 shows the
phytohormone levels in the rice sheaths of the second youngest leaf at 6 DPI. The corresponding
virulence data and toxin levels measured in the sheaths have been reported in previously published work
(Peeters et al. 2020) and the averages are listed in Table S1. In agreement with the results shown in Fig. 2,
ABA, JA and IAA levels were the most elevated in rice sheaths infected with IBNG0008 and BDNG0025.
Together with IBNG0009, to which phytohormone levels responded in a similar way, these isolates were
the most pathogenic (Fig. 3a-c, Table S1). All three isolates produced high levels of helvolic acid, while
their cerulenin production strongly differed. In agreement with Fig. 2, BDNG0025 produced signi�cantly
less cerulenin than IBNG0008 (Table S1). One isolate (BDNG0005) produced a similar amount of helvolic
acid as BDNG0025 but did not trigger ABA, JA or IAA (Fig. 3a-c, Table S1). It did however cause a small
but signi�cant decrease of SA compared to the healthy control plants and this isolate was the least
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virulent of all (Peeters et al. 2020). The isolate RFBG3 elevated levels of IAA while it caused only minor
symptoms and produced no cerulenin or helvolic acid (Fig. 3a-c, Table S1).

Disease assessment and phytohormone levels during Pseudomonas
fuscovaginae infection
Two wild type strains were used to study the phytohormone response to P. fuscovaginae infection. For
this, rice plants were injected with a bacterial solution and disease was evaluated by measuring the lesion
size around the inoculation point (Fig. 4). The strains were equally virulent and caused similar brown,
necrotic lesions on both the sheath and the stem of the rice plant (Fig. 4a).

At 4 hours after inoculation (0 DPI) and 2, 4 and 8 DPI, samples of the rice sheath around the junction
point were collected. Fig. 5 shows that the rice plants strongly responded to the inoculation method by
elevating ABA. The strongest increase was observed in the control plants which were inoculated with
saline solution (Fig. 5a). By 2 DPI, ABA levels had decreased in all conditions. A late response to both wild
type strains was observed at 8 DPI for both ABA and JA (Fig. 5a,b). IAA, on the other hand, showed a
small transient increase in response to P. fuscovaginae. At 2 DPI, the IAA increase had started and by 4
DPI, IAA levels had dropped again for MB194 while in UPB0736 infected plants, IAA was still elevated. By
8 DPI, IAA concentrations were equal to the healthy control plants (Fig 5c). SA did not respond to P.
fuscovaginae infection (Fig 5d).

The role of the lipopeptide fuscopeptin in these hormonal responses was investigated by inoculating the
rice plants with P. fuscovaginae wild type strain UPB0736 and its fuscopeptin mutant delta445.
Preliminary results (Fig. S1) showed a stronger response in the stem and lesions were larger on the third
youngest leaf sheath so the latter was used for disease evaluation and sampled for hormone
measurements. The results in Fig. 5c show a response of the rice plants to P. fuscovaginae at 2 DPI.
Therefore, disease was scored at 2, 4 and 8 DPI. At every time point, inoculation with the wild type strain
UPB0736 caused similar patterns of infection, while the fuscopeptin mutant strain delta445 was
signi�cantly less virulent (Fig. 6a).

To reduce the effect of the inoculation procedure, samples were collected at 1 DPI, 2 DPI, 4 DPI and at 8
DPI (Fig. 6). At the �rst three sampling points (1, 2, 4 DPI), ABA levels were similar in all conditions. By 8
DPI, plants inoculated with UPB0736 showed elevated ABA levels while plants inoculated with the
fuscopeptin mutant delta445 did not show any ABA response (Fig. 6a). By 2 DPI, JA levels were slightly
elevated in response to both P. fuscovaginae strains. Only in plants inoculated with UPB0736,

 JA levels stayed elevated during the rest of the infection process (Fig. 6b). For IAA, on the other hand, an
early transient response to the wild type strain was observed. At 1 and 2 DPI, IAA levels in the wild type
infected plants were more than doubled compared to the healthy control plants and plants inoculated
with delta445 (Fig. c). By 8 DPI, SA levels were slightly elevated in UPB0736 infected plants but the levels
did not signi�cantly differ from the plants inoculated with delta445 (Fig. 6d).
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Yield losses
The yield losses, as a result of sheath rot infection, were investigated in rice plants that were inoculated
with isolates of S. oryzae and P. fuscovaginae that differed in virulence (Fig. 1, 5a). Disease severity and
various yield parameters were recorded at 6 and 8 weeks post inoculation (WPI) with respectively S.
oryzae and P. fuscovaginae. At 6 WPI, the infection by the pathogenic S. oryzae strain, IBNG0008, had
strongly advanced (average 842 ± 209 mm²). Also the infection by the less pathogenic isolate RFNG30
had further progressed (average 96 ± 53 mm²). According to the observed lesions on the rice sheath, P.
fuscovaginae infection did not seem to have advanced much in 8 weeks (UPB0736, average 213 ± 133
mm²; delta445, average 11 ± 10 mm²). However, inside the stem, the rice plants showed necrosis at 8 WPI
of  both P. fuscovaginae strains but also some healthy control plants, injected with sterile saline solution,
were necrotic inside.

Both sheath rot pathogens affected the yield (Fig. 7a). Plants infected with S. oryzae IBNG0008 produced
shorter panicles with less seeds, compared to healthy plants. RFNG30 infection also reduced panicle
length (Fig. 7b). The seeds produced by the plants infected with the IBNG0008 were signi�cantly more
open and more empty, compared to the control plants. Plants infected with the less pathogenic strain
RFNG30 produced as much seeds as healthy plants, but the seeds were more often open (Fig. 7a,c).
Plants inoculated with P. fuscovaginae wild type strain UPB0736 did not produce panicles at all (Fig.
7d,e). Inoculation with the fuscopeptin mutant delta445 also led to a signi�cant decrease in panicle and
seed production compared to the control plants (Fig. 7f).

Discussion
In this research, the interaction of the rice sheath rot pathogens S. oryzae and P. fuscovaginae with their
host was investigated. As both pathogens are toxin producers, we studied if their toxin production can be
held responsible for the observed physiological changes, for their virulence and for the yield losses they
cause. For this, isolates that differ in the in planta production of cerulenin, helvolic acid and fuscopeptin
were used.

ABA, JA and IAA levels during Sarocladium oryzae infection

This research revealed strong differences in the triggered host immune responses among the S. oryzae
isolates. Early during infection, a stress response through JA accumulation was observed for all isolates.
Only in plants infected by the most virulent isolates, JA levels stayed elevated during the rest of the
infection. Simultaneously, ABA and IAA levels increased too while for the less virulent isolates, all
phytohormone levels stayed unaltered from 2 DPI on. In previously published work, we showed that
helvolic acid levels at 6 DPI are correlated with S. oryzae virulence (Fig. S2) (Peeters et al. 2020). In this
study we measured high concentrations of ABA, JA and IAA in the lesions caused by these virulent
helvolic acid producers both at 4 DPI and at 6 DPI (Fig. S3). However, the less virulent isolate RFNG41
produced similar levels of helvolic acid but it did not trigger strong hormonal responses. This was also
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observed for the isolates BDNG0005 and CBS180.74 at 6 DPI which indicates that next to helvolic acid,
another compound is needed for virulence. Based on our results, cerulenin does not seem to be the
missing virulence factor as isolate BDNG0025 caused severe sheath rot symptoms but produced only
trace amounts of cerulenin. Moreover, the weakly pathogenic isolate RFRG2 produces high levels of
cerulenin but no helvolic acid and BDNG0005 produces signi�cant levels of both toxins but was the least
virulent isolate. We showed before that S. oryzae strains segregate in three phylogenetic groups and that
two of these groups (group 1 and 2) show sectorization, a process that affects helvolic acid production
(Peeters et al. 2020). All mentioned weakly pathogenic isolates belong to these instable groups. These
groups have recently been reclassi�ed as Sarocladium oryzae (corresponding to our group 1) and
Sarocladium attenuatum (corresponding to our group 2) (Ou et al. 2020; Table 1). The three isolates that
caused severe sheath rot symptoms and triggered strong IAA, ABA and JA responses, on the other hand,
belong to the third phylogenic group. This group was shown to be more stable (Peeters et al. 2020) and
has recently been proposed as a separate species, called Sarocladium sparsum (Ou et al. 2020; Table 1).
The fact that ABA-, JA- and IAA-accumulation was only observed in case of severe infection and that their
levels positively correlate with the lesion area (Fig. S2), indicates that these phytohormone responses are
no sign of disease resistance. They are rather susceptibility factors acting in favour of S. oryzae.

ABA, JA and IAA levels during Pseudomonas fuscovaginae infection

When plants were inoculated with P. fuscovaginae by injecting a bacterial solution, all conditions showed
a strong increase of ABA that was probably triggered by the wounding (Pieterse et al. 2012). As mock-
treated plants showed the strongest response, both P. fuscovaginae wild type strains seem to be able to
partially suppress this ABA stress response. Later during infection, ABA and JA levels increased and
reached by 8 DPI similar levels as observed already at 4 DPI during S. oryzae infection. While the
production pro�le of JA was rather variable, ABA accumulation was clearly delayed compared to S.
oryzae infection. Symptom development, however, started earlier, indicating that the postponement of the
ABA response could be a possible virulence strategy of P. fuscovaginae. Because of its role in pathogen-
induced stomatal closure, ABA is often targeted by pathogen effectors to facilitate host penetration. For
example, the P. syringae toxin coronatine forces stomatal opening by inhibiting ABA signalling (Hok et al.
2010). Moreover, our results show that in experiments where ABA reached higher levels, P. fuscovaginae
caused less symptoms. Although ABA is predominantly known as a repressor of plant immunity, it has
been reported to induce resistance against Cochliobolus miyabeanus in rice (De Vleesschauwer et al.
2010, 2013). The role of JA is less clear. In case of severe infection, we observed an earlier JA
accumulation and the JA levels at 8 DPI reached in both experiments similar levels, regardless the size of
the lesions. While both sheath rot pathogens triggered JA and ABA accumulation, IAA levels showed a
different pattern. Already early during infection, P. fuscovaginae caused a short, transient accumulation
of IAA. During more severe infections, the accumulation of IAA started earlier and reached higher levels.
This indicates that IAA possibly enhances the infection and acts as a sensitivity factor. Auxin is known to
promote susceptibility to various rice pathogens including Xanthomonas oryzae, Pyricularia oryzae and
to the syringopeptin producer, P. syringae (Kazan and Lyons 2014). These pathogens promote auxin
production by the plant and secrete auxin themselves, using it as a virulence factor (De Vleesschauwer et
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al. 2013). In the genome of P. fuscovaginae, a possible gene that encodes for tryptophan 2-
monooxygenase, an enzyme of the auxin anabolism, was found (Quibod et al. 2015). The measured IAA
could thus be at least partially of bacterial origin. The use of a fuscopeptin mutant con�rmed that the
observed phytohormone responses are correlated with the symptom development as this strain caused
signi�cantly smaller necrotic lesions (Patel et al. 2014; Weeraratne et al. 2019). Moreover, ABA nor JA
accumulated in plants that were inoculated with the fuscopeptin mutant and no transient IAA peak was
observed.

The interaction of rice with the sheath rot pathogens and their toxins

Except for small variations in the SA levels, no clear SA response was observed towards sheath rot
infection. The basal SA levels in the healthy control tissue varied between the pathogens. For S. oryzae,
the rice plants were inoculated in the axil of the second youngest leaf and the sheath of this leaf was
sampled. P. fuscovaginae, on the contrary, was injected into the lower parts of the plants. Consequently,
we sampled other sheath layers from the lower plant part, which could explain why lower SA levels were
measured in the P. fuscovaginae samples (Silverman et al. 1995).

Both JA and ABA accumulated during sheath rot infection but ABA seemed to adversely affect disease
resistance. The timing and pattern of IAA accumulation, on the other hand, differed between the sheath
rot pathogens. Together with JA, IAA seems to act as a susceptibility factor in sheath rot, regardless the
causal agent. The overlap in the mode of action of helvolic acid and fuscopeptin could possibly explain
why the sheath rot pathogens trigger partially similar disease responses and cause almost identical
symptoms. F. verticillioides and Cercospora beticola are also known to block H+-ATPases (Elmore and
Coaker 2011). F. verticillioides produces the amphiphilic toxin fumonisin B1 (FB1) which affects
membrane integrity and is produced by various Fusarium spp. including sheath rot pathogens (Abbas et
al. 1999; Kushiro et al. 2012; Xing et al. 2013; Asai and Shirasu 2015). The toxin beticolin, produced by C.
beticola, is a Mg2+ scavenger like helvolic acid (Gom et al. 1996). Interestingly, plants also accumulate
ABA and JA in response to F. verticillioides or C. beticola (Schmidt et al. 2008; Lanubile et al. 2014;
Vaughan et al. 2014, 2016). The synergistic action of ABA and JA is well described for the abiotic stress
response and in the defence against insect herbivory but has not often been observed in plant disease
responses (De Vleesschauwer et al. 2014; Nguyen et al. 2016). JA and ABA stimulate each other’s
biosynthesis and, in Arabidopsis thaliana, their signalling pathways act synergistically through MYC2.
The TF MYC2 is a master regulator of the JA/ABA defence response against pests and abiotic stress
(Kazan and Manners 2013; Nguyen et al. 2016). Moreover, MYC2 antagonizes the ERF-dependent JA/ET
defence response against necrotrophs (Pieterse et al. 2012; Nguyen et al. 2016). Resistance to C. beticola
in sugar beet and to F. verticillioides in maize has been attributed to the JA/ET signalling pathway while
the role of ABA is not well understood for these pathosystems (Schmidt et al. 2008; Lanubile et al. 2014;
Vaughan et al. 2014, 2016). Moreover, overexpression of WRKY13 in rice generates partial resistance
against S. oryzae (Lilly and Subramanian 2019) which, in high concentrations, blocks the JA-pathway
and the abiotic stress response (Qiu et al. 2007; Xiao et al. 2013; De Vleesschauwer et al. 2014).
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For both sheath rot pathogens, the molecular mechanisms underlying the infection process remain to be
elucidated and further research is needed to clarify the role of the phytohormones. Our results suggest
that ERF-dependent JA/ET pathway possibly regulates the defence response against S. oryzae while the
ABA/JA branch may provide resistance against P. fuscovaginae (Pieterse et al. 2009). It would be
interesting to measure ET during infection and to verify the effect of elevated ET levels on the disease
development of these pathogens. Moreover, the origin of the observed IAA accumulation during P.
fuscovaginae infection should be studied and also which extra virulence factors distinguish S. sparsum
from the less virulent groups.

Yield losses caused by sheath rot infection

Next to necrotic lesions on the sheath, S. oryzae and P. fuscovaginae are known to cause signi�cant yield
losses (Sakthivel 2001; Razak et al. 2009; Panda and Mishra 2019). This study showed that the most
virulent, toxin-producing isolates strongly affected seed production. The could possibly be attributed to
the blockage of the H+-ATPases by the toxins helvolic acid and fuscopeptin (Gachon et al. 1973;
Yoshimura 1978; Batoko et al. 1998). These enzymes play indispensable roles in phloem loading (Falhof
et al. 2016) and photosynthesis (Feng et al. 2016) which are important processes to maintain a proper
source/sink relationship (Kim et al. 2009a, b; Tamaki et al. 2015). Grain �lling strongly depends on the
transport of non-structural carbohydrates (NSC) towards sink organs through the phloem (Tamaki et al.
2015; Yu et al. 2015). Blockage of proton pumps prevents the export of assimilates to sink organs
(Elmore and Coaker 2011). Grain production is also directly affected by necrosis in the leaf sheath. This
causes a decrease of the carbon reserves in the rice straw (Wang et al. 2017; Zhang et al. 2019). In rice,
spikelet development and grain �lling are regulated by ABA, JA, IAA and ET (Kim et al. 2009a, b; Javid et
al. 2011; Tamaki et al. 2015). There is a positive crosstalk between JA and ABA biosynthesis and
signalling in the suppression of grain production, often with regard to abiotic stresses such as drought
(Yang 2001; Travaglia et al. 2007; Kim et al. 2009b). Kim et al. (2009a,b) reports both phytohormones
affecting the same grain yield parameters as observed in this study. Additionally, we showed that S.
oryzae infected plants produce signi�cantly more open grains. Altered JA levels are known to result in
empty seeds with open glumes (Li et al. 2018). None of the plants inoculated with the P. fuscovaginae
wild type strain produced panicles and, of the plants inoculated with the fuscopeptin mutant, only 17 %
did. This mutant still produces syringotoxin, which affects photosynthesis and phloem loading too (Mott
and Takemoto 1989; Batoko et al. 1998).

Conclusions
While both S. oryzae and P. fuscovaginae continue spreading and causing signi�cant yield losses, the
need for effective control measures is high. For this, it is of crucial importance to understand the mode of
action of the sheath rot pathogens. With this research, we provide information on the host immune
response and possible targeted hormonal pathways of sheath rot and sheath brown rot, paving the way
to controlling these diseases. This study shows that helvolic acid and fuscopeptin production strongly
relate to the hormonal response towards respectively S. oryzae and P. fuscovaginae and to their virulence.
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ABA and JA are positively correlated with S. oryzae virulence which suggests that the synergistic action
of JA/ET could possibly provide resistance against S. oryzae. As ABA seems to act as a resistance factor
against P. fuscovaginae, our results suggest that the JA/ET branch could possibly provide susceptibility.
This obviously needs further investigation. Furthermore, our research stresses the importance of taking
variability of the pathogen population into account when investigating virulence strategies and control
measures.

Material And Methods

Plant materials & growth conditions
All experiments were performed on 7 week-old plants of the japonica type rice (Oryza sativa) cv. Kitaake.
Seed germination and growth conditions were as described in Peeters et al. (2020). Brie�y, germinated
seedling were planted after 7 days in sterile potting soil (Structural; Snebbout, Kaprijke, Belgium) in
perforated plastic trays (22 x 15 x 6 cm). Each tray contained six plants and rice plants were grown for 6
weeks in a greenhouse at 28°C at 60% relative humidity (RH). The plants were watered 6 times a day with
a �ooding system and were weekly supplemented with 0.2% iron sulphate and 0.1% ammonium sulphate.

Fungal inoculation and disease rating
Table 1 lists the Sarocladium isolates that were used in this study. Their morphology, toxin production
and virulence on Kitaake rice plants have been described before (Peeters et al. 2020). Rice plants were
inoculated using the standard grain inoculum technique, following Sakthivel and Gnanamanickam
(1987). The preparation of the inoculum, the inoculation procedure and the conditions during incubation
are described in detail by Peeters et al. (2020). Brie�y, rice grains were autoclaved twice after soaking
them in water for 60 min. For each 4 g of rice grains, one plug (diameter = 5 mm) from the edge of a 14-
day-old fungal colony was added together with 1 mL of sterile distilled water. After 14 days of incubation
at 28 °C, one fully colonized grain was introduced in the junction point between the sheath of the second
youngest plant leaf and the stem. To maintain humidity, inoculation points were covered with moist
cotton and wrapped with Para�lm. Plants were incubated under growth chamber conditions (28 °C
day/28 °C night, 12/12 light regimen, and 85% relative humidity during the �rst 24 hrs, 65% relative
humidity during day 2 - 8). For each treatment, 20 plants (4 trays x 5 plants) or 25 plants (5 trays x 5
plants) were used and disease was evaluated after respectively 4 or 6 days of incubation by measuring
the lesion area (mm²) (Peeters et al. 2020).

Table 1. Characteristics of the Sarocladium  isolates used in this study.
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    Phylogenic group/species
S. oryzae isolate Origin Peeters et al. 2020 1 Ou et al. 2020 2

IBNG 0008 Rice sheaths, Nigeria Group 3 S. sparsum

IBNG 0009 Rice sheaths, Nigeria Group 3 S. sparsum

BDNG 0025 Rice sheaths, Nigeria Group 3 S. sparsum

RFRG 2 Rice sheaths, Nigeria Group 1 S. oryzae

CBS 180.74 Rice, India Group 1 S. oryzae

RFNG 30 Rice sheaths, Rwanda Group 2 S. attenuatum

RFNG 122 Rice sheaths, Rwanda Group 2 S. attenuatum

RFBG 3 Rice sheaths, Rwanda Group 2 S. attenuatum

RFNG 41 Rice sheaths, Rwanda Group 2 S. attenuatum

BDNG 0005 Rice sheaths, Rwanda Group 2 S. attenuatum

1 Maximum-likelihood analysis based on ACT and ITS, 2 Based on Maximum-likelihood analysis with on ACT, ITS, LSU and TUB2 Ou
et al. (2020)  have proposed to reclassify S. oryzae in three species, which correspond with the 3 groups that were described by
Peeters et al. (2020)

Bacterial inoculation and disease rating
For the experiments with P. fuscovaginae, two wild type strain were used. The Australian isolate MB194
(a.k.a. DAR777800) and the wild type strain UPB0736 from Madagascar and its syringopeptin synthetase
mutant delta445 were provided by Vittorio Venturi (Patel et al. 2014). To prepare bacterial inoculum,
isolates were taken from the -80 °C collection, plated on King’s Medium B (KB) and incubated for 48 h at
28 °C. Following, one single bacterial colony was transferred to Luria-Bertani broth (LB) and shaken (150
rpm) for 20 h at 28 °C. After centrifuging the bacterial liquid culture (13,000 rpm, 2 min), the supernatant
was discarded. The pellet, containing the bacteria, was dissolved in sterile saline solution (0.85 % NaCl)
and diluted to an optical density of 0.1 at 620 nm. Bacteria were inoculated by injecting a bacterial
suspension in the main tiller of the plant. For this, a volume of 0.5–1 ml was injected with a 1 ml syringe
at 10 cm above the soil surface until droplets formed in the axil of the youngest leaf (Rott et al. 1991).
Control plants were injected with a sterile saline solution. First, the plants were incubated for 24 h at 85 %
relative humidity (RH) (28 °C, 12/12 light/dark). During the remaining incubation period, the RH was
lowered to 65 %. For each treatment, 25 plants (5 trays x 5 plants) were used and disease was evaluated
by measuring the lesion area after 2, 4 and 8 days of incubation (Peeters et al. 2020).

Toxin and phytohormone extraction and quanti�cation
At different time points during the pathogenicity tests with S. oryzae and P. fuscovaginae, described
above, samples were collected for phytohormone and toxin analysis. For this, 8 cm pieces of the sheath
of the main panicle, containing the inoculated area, were collected. Of each tray, �ve plants were pooled
in one sample, immediately immersed in liquid nitrogen and stored at -80 °C until further processed.
Extraction and quanti�cation of the toxins cerulenin and helvolic acid from the rice sheath was performed
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as described before (Peeters et al. 2020). The phytohormones ABA, JA, SA and IAA were extracted during
the same extraction procedure as the toxins. The analytical method has been validated by Haeck et al.
2018. Brie�y, before extraction, samples were ground using a tissue lyser and 100 mg of �ne powder was
extracted with cold modi�ed Bieleski solvent (methanol, ultrapure water and formic acid, 75:20:5, v:v:v).
Afterwards, supernatant was �ltered (30 kDa Amicon Ultra centrifugal �lter, Merck Millipore, Overijse,
Belgium) and the resulting �ltrate was reduced to dryness under N2 at 20 °C (Turbovap® evaporator).
After dissolving the dry �ltrate with reconstitution solvent (methanol/water (20:80 v/v) with 0.1 % formic
acid), instrumental analysis was immediately performed. For this, an ultra-high performance liquid
chromatography system, coupled to a quadrupole-orbitrap mass spectrometer was used.
Chromatographic separation was achieved on a Accela U-HPLC system (Thermo Fisher Scienti�c,
Erembodegem, Belgium), coupled to an Accela Autosampler and Degasser and equipped with a
Nucleodur C18 column (50 x 2 mm; 1.8 µm dp, Macherey-Nagel, Düren, Germany). Mass spectrometric
analysis was carried out using a Q-Exactive™ bench top HRMS (Thermo Fisher Scienti�c), equiped with a
heated electrospray ionization source. The positive ionization mode was used for the measurement of
IAA, helvolic acid and cerulenin; the negative ionisation mode for the measurement of ABA, JA and SA
(Table S2). The measurements were performed in targeted single ion monitoring (t-SIM) at a mass
resolving power of 70,000 full width at half maximum (FWHM).

Grain yield components quanti�cation
When 7 weeks old, rice plants were inoculated with S. oryzae or P. fuscovaginae as described above. For
S. oryzae, 25 plants (5 trays x 5 plants) were used per treatment and for P. fuscovaginae, 18 plants (3
trays x 6 plants) were used per treatment. The plants were incubated in growth chambers (65 % RH, 28 °C,
12/12 light/dark) for 6-8 weeks. When the main tillers of the healthy control plants had a yellow �ag leaf
and the last seed was fully �lled and ripened, panicles were harvested. For each panicle, the length was
measured and the open, empty and healthy seeds were counted.

Statistical analysis
The statistical analyses were performed in R-4.0.0 (R Core Team 2020) and SPSS 26.0 (IBM SPSS,
Armonk, NY, USA). 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). All statistic tests were performed with a �xed
signi�cance level of 0.05.

List Of Abbreviations
ABA - abscisic acid

AUX - auxin
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DPI - days post inoculation

ET - ethylene

FWHM - full width at half maximum

IAA - indole acetic acid

JA - jasmonate

KB - King’s Medium B

LN - Luria-Bertani broth

PM - plasma membrane

RH - relative humidity

SA - salicylic acid

TF - transcription factor

t-SIM - targeted single ion monitoring

WPI - weeks post inoculation

Declarations
Ethics approval and consent to participate

Not applicable

Consent for publication

Not applicable

Availability of data and material

The datasets used and/or analysed during the current study are available from the corresponding author
on reasonable request.

Competing interests

The authors declare that they have no competing interests.

Funding



Page 15/30

The project was funded by the Fund for Scienti�c Research-Flanders (FWO) (grant number G031317N)
and by the Special Research Fund of Ghent University (project GOA 01GB3013). The UHPLC-Q-
ExactiveTM MS equipment used for chemical analysis was �nancially supported by the Hercules
Foundation of the Flemish Government (AUGE/11/016).

Authors' contributions

Design of the research was made by M.H., K.A. and K.J.P.; the research was performed by K.J.P., data
were analysed, collected and interpreted by K.J.P.; writing - original draft preparation by K.J.P.; writing -
review and editing, K.J.P., M.A., K.D. K.A. and M.H.; funding acquisition and project administration by M.H.,
K.A., K.D. and overall supervision by M.H.. All authors have read and approved the manuscript.

Acknowledgements

We would want to thank the lab technicians Nadia Lemeire and Patrick De Wispelaere and dr. José Diana
Di Mavungu for the help in the lab. Also special thanks to the glasshouse responsible Stefan Vidts. We
also thank Vittorio Venturi (ICGEB, Trieste, Italy) for providing the P. fuscovaginae strains. Illustrations
were partially created with BioRender.com.

References
Abbas HK, Cartwright RD, Xie W, et al (1999) Mycotoxin production by Fusarium proliferatum isolates
from rice with Fusarium sheath rot disease. Mycopathologia 147:97–104.
https://doi.org/10.1023/A:1007147813326

Abramovitch RB, Martin GB (2004) Strategies used by bacterial pathogens to suppress plant defenses.
Curr Opin Plant Biol 7:356–364. https://doi.org/10.1016/j.pbi.2004.05.002

Adorada DL, Stodart BJ, Pangga IB, Ash GJ (2015) Implications of bacterial contaminated seed lots and
endophytic colonization by Pseudomonas fuscovaginae on rice establishment. Plant Pathol 64:43–50.
https://doi.org/10.1111/ppa.12243

Asai S, Shirasu K (2015) Plant cells under siege: Plant immune system versus pathogen effectors. Curr
Opin Plant Biol 28:1–8. https://doi.org/10.1016/j.pbi.2015.08.008

Ayyadurai N, Kirubakaran S, Srisha S, Sakthivel N (2005) Biological and molecular variability of
Sarocladium oryzae, the sheath rot pathogen of rice (Oryza sativa L.). Curr Microbiol 50:319–323.
https://doi.org/10.1007/s00284-005-4509-6

Ballio A, Bossa F, Camoni L, et al (1996) Structure of fuscopeptins, phytotoxic metabolites of
Pseudomonas fuscovaginae. FEBS Lett 381:213–216. https://doi.org/10.1016/0014-5793(96)00043-9

Ballio A, Bossa F, Collina A, et al (1990) Structure of syringotoxin, a bioactive metabolite of Pseudomonas
syringae pv. syringae. FEBS Lett 269:377–380. https://doi.org/10.1016/0014-5793(90)81197-V



Page 16/30

Bates D, Mächler M, Bolker BM, Walker SC (2015) Fitting linear mixed-effects models using lme4. J Stat
Softw 67:. https://doi.org/10.18637/jss.v067.i01

Batoko H, Bouharmont J, Kinet JM, Maraite H (1997) Involvement of toxins produced by Pseudomonas
fuscovaginae in aetiology of rice bacterial sheath brown rot. J Phytopathol 145:525–531.
https://doi.org/10.1111/j.1439-0434.1997.tb00361.x

Batoko H, De Kerchove D’Exaerde A, Kinet JM, et al (1998) Modulation of plant plasma membrane H+-
ATPase by phytotoxic lipodepsipeptides produced by the plant pathogen Pseudomonas fuscovaginae.
Biochim Biophys Acta - Biomembr 1372:216–226. https://doi.org/10.1016/S0005-2736(98)00060-1

Bigirimana V, Hua G, Nyamangyoku O, Höfte M (2015) Rice Sheath Rot: an emerging ubiquitous
destructive disease complex. Front Plant Sci 6:1–28. https://doi.org/10.3389/fpls.2015.01066

Bigirimana VP (2016) Characterization of sheath rot pathogens from major rice-growing areas in
Rwanda. PhD thesis, Ghent University

Cakmak I, Kirkby EA (2008) Role of magnesium in carbon partitioning and alleviating photooxidative
damage. Physiol Plant 133:692–704. https://doi.org/10.1111/j.1399-3054.2007.01042.x

Chauhan RS, Yadav NK, Chauhan R (2017a) Management of sheath rot of rice caused by Sarocladium
oryzae Gams and Hawksworth. Ann Biol 33:108–112

Chauhan RS, Yadav NK, Saini AK (2017b) Disease incidence/severity and frequency of pathogens
(Sarocladium oryzae and Fusarium moniliforme) associated with sheath rot in commercial rice cultivars.
Ann Biol 33:98–100

Coraiola M, Paletti R, Fiore A, et al (2008) Fuscopeptins , antimicrobial lipodepsipeptides from
Pseudomonas fuscovaginae, are channel forming peptides active on biological and model membranes. J
Pept Sci 14:496–502. https://doi.org/10.1002/psc

Cottyn B, Cerez MT, Van Outryve MF, et al (1996) Bacterial diseases of rice. I. Pathogenic bacteria
associated with sheath rot complex and grain discoloration of rice in the Philippines. Plant Dis 80:429–
437

De Vleesschauwer D, Gheysen G, Höfte M (2013) Hormone defense networking in rice: Tales from a
different world. Trends Plant Sci 18:555–565. https://doi.org/10.1016/j.tplants.2013.07.002

De Vleesschauwer D, Xu J, Höfte M (2014) Making sense of hormone-mediated defense networking: from
rice to Arabidopsis. Front Plant Sci 5:1–15. https://doi.org/10.3389/fpls.2014.00611

De Vleesschauwer D, Yang Y, Vera Cruz C, Höfte M (2010) Abscisic acid-induced resistance against the
brown spot pathogen Cochliobolus miyabeanus in rice involves MAP Kinase-mediated repression of
ethylene signaling. Plant Physiol 152:2036–2052. https://doi.org/10.1104/pp.109.152702



Page 17/30

Dinno A (2017) dunn.test: dunn’s test of multiple comparisons using rank sums

Elmore JM, Coaker G (2011) The role of the plasma membrane H+-ATPase in plant–microbe interactions.
Mol Plant 4:416–427. https://doi.org/10.1093/mp/ssq083

Falhof J, Pedersen JT, Fuglsang AT, Palmgren M (2016) Plasma membrane H+-ATPase regulation in the
center of plant physiology. Mol Plant 9:323–337. https://doi.org/10.1016/j.molp.2015.11.002

Farhat N, Elkhouni A, Zorrig W, et al (2016) Effects of magnesium de�ciency on photosynthesis and
carbohydrate partitioning. Acta Physiol Plant 145–154. https://doi.org/10.1007/s11738-016-2165-z

Feng X, Jia Y, Cai P, et al (2016) Coassembly of photosystem II and ATPase as arti�cial chloroplast for
light-driven ATP synthesis. ACS Nano 10:556–561. https://doi.org/10.1021/acsnano.5b05579

Flamand MC, Pelsser S, Ewbank E, Maraite H (1996) Production of syringotoxin and other bioactive
peptides by Pseudomonas fuscovaginae. Physiol Mol Plant Pathol 48:217–231.
https://doi.org/10.1006/pmpp.1996.0019

Fox J, Weisberg S (2019) An R companion to applied regression, Third edition. Sage Publications.

Gachon P, Ziv E, Zahlten RN, et al (1973) A unique in vivo stimulation of labeled amino acid incorporation
into protein by fusidic acid in the rat. Biochem Pharmacol 27:2058–2061

Gom E, Gordon-weeks R, Simon-plas F (1996) Cercospora beticola toxins. Part XVII. The role of the
beticolin/Mg2+ complexes in their biological activity. Study of plasma membrane H+-ATPase, vacuolar
H+-ATPase, alkaline and acid phosphatases. Biochim Biophys Acta 1285:38–46.
https://doi.org/10.1086/331939

Hoagland R (2009) Phytotoxicity of microbial antibiotics helvolic and fusidic acids. Allelopath J 23:167–
174

Hok S, Attard A, Keller H (2010) Getting the most from the Host: How pathogens force plants to cooperate
in disease. Mol Plant-Microbe Interact 23:1253–1259. https://doi.org/10.1094/MPMI-04-10-0103

Javid MG, Sorooshzadeh A, Sanavy SAMM, et al (2011) Effects of the exogenous application of auxin
and cytokinin on carbohydrate accumulation in grains of rice under salt stress. Plant Growth Regul
65:305–313. https://doi.org/10.1007/s10725-011-9602-1

Kazan K, Lyons R (2014) Intervention of phytohormone pathways by pathogen effectors. Plant Cell
26:2285–2309. https://doi.org/10.1105/tpc.114.125419

Kazan K, Manners JM (2013) MYC2: The master in action. Mol Plant 6:686–703.
https://doi.org/10.1093/mp/sss128



Page 18/30

Kim EH, Kim YS, Park S-H, et al (2009a) Methyl jasmonate reduces grain yield by mediating stress signals
to alter spikelet development in rice. Plant Physiol 149:1751–1760.
https://doi.org/10.1104/pp.108.134684

Kim EH, Park S, Kim J (2009b) Methyl jasmonate triggers loss of grain yield under drought stress. Plant
Signal Behav 4:348–349. https://doi.org/10.4161/psb.4.4.8199

Ku Y, Sintaha M, Cheung M, Lam H (2018) Plant hormone signaling crosstalk between biotic and abiotic
stress responses. Int J Mol Sci 19:1–35. https://doi.org/10.3390/ijms19103206

Kushiro M, Saitoh H, Sugiura Y, et al (2012) Experimental infection of Fusarium proliferatum in Oryza
sativa plants; fumonisin B1production and survival rate in grains. Int J Food Microbiol 156:204–208.
https://doi.org/10.1016/j.ijfoodmicro.2012.03.021

Laha GS, Prasad V, Muthuraman P, et al (2016) Mineral nutrition for the management of rice diseases. Int
J Plant Prot 9:306–309. https://doi.org/10.15740/has/ijpp/9.1/306-309

Lanubile A, Ferrarini A, Maschietto V, et al (2014) Functional genomic analysis of constitutive and
inducible defense responses to Fusarium verticillioides infection in maize genotypes with contrasting ear
rot resistance. BMC Genom 15:1–16. https://doi.org/10.1186/1471-2164-15-710

Lenth R (2020) emmeans: estimated marginal means, aka least-squares means

Li X, Wang Y, Duan E, et al (2018) OPEN GLUME1: a key enzyme reducing the precursor of JA, participates
in carbohydrate transport of lodicules during anthesis in rice. Plant Cell Rep 37:329–346.
https://doi.org/10.1007/s00299-017-2232-y

Lilly JJ, Subramanian B (2019) Gene network mediated by WRKY13 to regulate resistance against sheath
infecting fungi in rice (Oryza sativa L.). Plant Sci 280:269–282.
https://doi.org/10.1016/j.plantsci.2018.12.017

Ma KW, Ma W (2016) Phytohormone pathways as targets of pathogens to facilitate infection. Plant Mol
Biol 91:713–725. https://doi.org/10.1007/s11103-016-0452-0

Miyajima K, Tanii A, Akita T (1983) Pseudomonas fuscovaginae sp. nov., nom. rev. Int J Syst Bacteriol
33:656–657

Mott KA, Takemoto JY (1989) Syringomycin, a bacterial phytotoxin, closes stomata. Plant Physiol
90:1435–1439

Mvuyekure S, Sibiya J, Derera J, et al (2017) Genetic analysis of mechanisms associated with inheritance
of resistance to sheath rot of rice. Plant Breed 136:509–515. https://doi.org/10.1111/pbr.12492



Page 19/30

Nandakumar R, Babu S, Amutha G, et al (2007) Variation in toxin production among isolates of
Sarocladium oryzae, the rice sheath rot pathogen. Plant Pathol J 6:120–126

Nguyen D, Rieu I, Mariani C, van Dam NM (2016) How plants handle multiple stresses: hormonal
interactions underlying responses to abiotic stress and insect herbivory. Plant Mol Biol 91:727–740.
https://doi.org/10.1007/s11103-016-0481-8

Nühse TS, Bottrill AR, Jones AME, Peck SC (2007) Quantitative phosphoproteomic analysis of plasma
membrane proteins reveals regulatory mechanisms of plant innate immune responses. Plant J 931–940.
https://doi.org/10.1111/j.1365-313X.2007.03192.x

Omura S (1976) The antibiotic cerulenin, a novel tool for biochemistry as an inhibitor of fatty acid
synthesis. Bacteriol Rev 40:681–697

Ou JH, Lin GC, Chen CY (2020) Sarocladium species associated with rice in Taiwan. Mycol Prog 19:67–
80. https://doi.org/10.1007/s11557-019-01543-w

Panda KK, Mishra MK (2019) Studies on physiological characteristics of Sarocladium oryzae causing
sheath rot of rice. Int J Curr Microbiol App Sci 8:1767–1774

Patel HK, Matiuzzo M, Bertani I, et al (2014) Identi�cation of virulence associated loci in the emerging
broad host range plant pathogen Pseudomonas fuscovaginae. BMC Microbiol 14:1–13.
https://doi.org/10.1186/s12866-014-0274-7

Patkar RN, Naqvi NI (2017) Fungal manipulation of hormone-regulated plant defense. PLoS Pathog
13:10–14. https://doi.org/https://doi.org/ 10.1371/journal.ppat.1006334

Peeters KJ, Haeck A, Harinck L, Afolabi OO (2020) Morphological , pathogenic and toxigenic variability in
the rice sheath rot pathogen Sarocladium oryzae. Toxins 12:1–17.
https://doi.org/10.3390/toxins12020109

Petre B, Lorrain C, Saunders DGO, et al (2016) Rust fungal effectors mimic host transit peptides to
translocate into chloroplasts. Cell Microbiol 18:453–465. https://doi.org/10.1111/cmi.12530

Pieterse CMJ, Van der Does D, Zamioudis C, et al (2012) Hormonal Modulation of Plant Immunity. Annu
Rev Cell Dev Biol 28:489–521. https://doi.org/10.1146/annurev-cellbio-092910-154055

Qiu D, Xiao J, Ding X, et al (2007) OsWRKY13 mediates rice disease resistance by regulating defense-
related genes in salicylate- and jasmonate-dependent signaling. Mol Plant-Microbe Interact 20:492–499.
https://doi.org/10.1094/MPMI-20-5-0492

Quibod IL, Grande G, Oreiro EG, et al (2015) Rice-infecting Pseudomonas genomes are highly
accessorized and harbor multiple putative virulence mechanisms to cause sheath brown rot. PLoS One
1–25. https://doi.org/10.1371/journal.pone.0139256



Page 20/30

R Core Team (2020) R: a language and environment for statistical computing. Vienna, Austria

Ratnaweera P, Williams D, de Silva E, et al (2014) Helvolic acid, an antibacterial nortriterpenoid from a
fungal endophyte, Xylaria sp. of orchid Anoectochilus setaceus endemic to Sri Lanka. Mycology 5:23–28.
https://doi.org/10.1080/21501203.2014.892905

Razak AA, Zainudin NAIM, Sidiqe SNM, et al (2009) Sheath brown rot disease of rice caused by
Pseudomonas fuscovaginae in the peninsular Malaysia. J Plant Prot Res 49:244–249.
https://doi.org/10.2478/v10045-009-0037-x

Rott P, Honegger J, Notteghem J., Ranomenjanahary S (1991) Identi�cation of Pseudomonas
fuscovaginae with biochemical, serological and pathogenicity tests. Plant Dis 75:843–846

Sakthivel N (2001) Sheath rot disease of rice: current status and control strategies. In: Sreenivasaprasad
S, Johnson R (eds) Major Fungal Diseases of Rice: Recent Advances. Kluwer Academic Publishes,
Pondicherry University, pp 271–283

Sakthivel N, Amudha R, Muthukrishnan S (2002) Production of phytotoxic metabolites by Sarocladium
oryzae. Mycol Res 106:609–614. https://doi.org/10.1017/S0953756202005774

Sawada K (1922) Descriptive catalogue of the Formosan fungi II. Report of the Department of Agriculture
Government Research Institute of Formosa. 2:1–173

Schmidt K, P�ugmacher M, Klages S, et al (2008) Accumulation of the hormone abscisic acid (ABA) at
the infection site of the fungus Cercospora beticola supports the role of ABA as a repressor of plant
defence in sugar beet. Mol Plant Pathol 9:661–673. https://doi.org/10.1111/j.1364-3703.2008.00491.x

Serrano I, Audran C, Rivas S (2016) Chloroplasts at work during plant innate immunity. J Exp Bot
67:3845–3854. https://doi.org/10.1093/jxb/erw088

Shinohara C, Hasumi K, Endo A (1993) Inhibition of oxidized low-density lipoprotein metabolism in
macrophage J774 by helvolic acid. Biochim Biophys Acta 1167:303–306. https://doi.org/10.1016/0005-
2760(93)90233-Y

Silverman P, Seskar M, Kanter D, et al (1995) Salicylic acid in rice. Plant Physiol 108:633–639

Singmann H, Bolker B, Westfall J, et al (2020) afex: analysis of factorial experiments

Tamaki H, Reguera M, Abdel-Tawab YM, et al (2015) Targeting hormone-related pathways to improve
grain yield in rice: A chemical approach. PLoS One 10:1–20.
https://doi.org/10.1371/journal.pone.0131213

Tanaka N, Kinoshita T, Masukawa H (1969) Mechanism of inhibition of protein synthesis by fusidic acid
and related steroidal antibiotics. J Biochem 65:459–464.



Page 21/30

https://doi.org/10.1093/oxfordjournals.jbchem.a129034

Tanii A, Miyajima K, Akita T (1976) The sheath brown rot disease of rice plant and its causal bacterium,
Pseudomonas fuscovaginae. Ann Phytopathol Soc Japan 42:540–548

Travaglia C, Cohen AC, Reinoso H, et al (2007) Exogenous abscisic acid increases carbohydrate
accumulation and redistribution to the grains in wheat grown under �eld conditions of soil water
restriction. J Plant Growth Regul 26:285–289. https://doi.org/10.1007/s00344-007-9018-3

Tschen J, Chen L, Hsieh S, Wu T (1997) Isolation and phytotoxic effects of helvolic acid from plant
pathogenic fungus Sarocladium oryzae. Bot Bull Acad Sinica 38:251–256

Vaughan MM, Huffaker A, Schmelz EA, et al (2016) Interactive effects of elevated [CO2] and drought on
the maize phytochemical defense response against mycotoxigenic Fusarium verticillioides. PLoS One
11:1–24. https://doi.org/10.1371/journal.pone.0159270

Vaughan MM, Huffaker A, Schmelz EA, et al (2014) Effects of elevated [CO2] on maize defence against
mycotoxigenic Fusarium verticillioides. Plant Cell Environ 37:2691–2706.
https://doi.org/10.1111/pce.12337

von Daehne W, Godtfredsen WO, Rasmussen PR (1979) Structure-activity relationships in fusidic acid-
type antibiotics. Adv Appl Microbiol 25:95–146. https://doi.org/10.1016/S0065-2164(08)70148-5

Wang GQ, Hao SS, Gao B, et al (2017) Regulation of gene expression in the remobilization of carbon
reserves in rice stems during grain �lling. Plant Cell Physiol 58:1391–1404.
https://doi.org/10.1093/pcp/pcx072

Weeraratne N, Stodart BJ, Venturi V, et al (2020) Syringopeptin contributes to the virulence of
Pseudomonas fuscovaginae, based on sypA biosynthesis mutant analysis. Phytopathology 1–10.
https://doi.org/10.1094/phyto-07-19-0235-r

Wenzel M, Patra M, Albrecht D, et al (2011) Proteomic signature of fatty acid biosynthesis inhibition
available for in vivo mechanism-of-action studies. Antimicrob Agents Chemother 55:2590–2596.
https://doi.org/10.1128/AAC.00078-11

Wulff EG, Sørensen JL, Lübeck M, et al (2010) Fusarium spp. associated with rice Bakanae: Ecology,
genetic diversity, pathogenicity and toxigenicity. Environ Microbiol 12:649–657.
https://doi.org/10.1111/j.1462-2920.2009.02105.x

Xiao J, Cheng H, Li X, et al (2013) Rice WRKY13 regulates cross talk between abiotic and biotic stress
signaling pathways by selective binding to different cis-elements. Plant Physiol 163:1868–1882.
https://doi.org/10.1104/pp.113.226019



Page 22/30

Xing F, Li Z, Sun A, Xing D (2013) Reactive oxygen species promote chloroplast dysfunction and salicylic
acid accumulation in fumonisin B1-induced cell death. FEBS Lett 587:2164–2172.
https://doi.org/10.1016/j.febslet.2013.05.034

Yang D, Yang Y, He Z (2013) Roles of plant hormones and their interplay in rice immunity. Mol Plant
6:675–685. https://doi.org/10.1093/mp/sst056

Yang J (2001) Hormonal changes in the grains of rice subjected to water stress during grain �lling. Plant
Physiol 127:315–323. https://doi.org/10.1104/pp.127.1.315

Yoshimura F (1978) Properties of membrane adenosine triphosphatase of the obligately anaerobic
bacterium Veillonella alcalescens. J Biochem 83:1231–1238

Yu SM, Lo SF, Ho THD (2015) Source-sink communication: regulated by hormone, nutrient, and stress
cross-signaling. Trends Plant Sci 20:844–857. https://doi.org/10.1016/j.tplants.2015.10.009

Zabala MDT, Littlejohn G, Jayaraman S, et al (2015) Chloroplasts play a central role in plant defence and
are targeted by pathogen effectors. Nat Plants 1:1–10. https://doi.org/10.1038/nplants.2015.74

Zhang J, Lu Z, Pan Y, et al (2019) Potassium de�ciency aggravates yield loss in rice by restricting the
translocation of non-structural carbohydrates under Sarocladium oryzae infection condition. Physiol
Plant. https://doi.org/10.1111/ppl.12896

 

Figures

Figure 1

Virulence of Sarocladium oryzae on Kitaake rice plants. When 7 weeks old, rice plants were inoculated in
the axil of the second youngest leaf by use of the standard grain inoculum technique (a). Disease was
evaluated at 4 days post inoculation (DPI) with S. oryzae isolates IBNG0008 (dark blue), BDNG0025 (light
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blue), RFNG41 (dark green) and RFNG30 (light green) (b). All boxplots show the median with the �rst and
third quartile, the whiskers show the minimum and maximum values. Outliers and extreme values are
represented by triangles. Boxplots marked with different letters are statistically different (ANOVA, n = 20, α
= 0.05).

Figure 2
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Phytohormone and toxin levels in the rice sheath during Sarocladium oryzae infection. When 7 weeks old,
Kitaake rice plants were inoculated with S. oryzae using the standard grain inoculum technique. The
levels of helvolic acid (a), cerulenin (b), abscisic acid (c), jasmonate (d), auxin (e) and salicylic acid (f)
were measured in sheath samples collected after 4 hours (0 days post inoculation (DPI)) and at 2 DPI
and 4 DPI. The four S. oryzae isolates are represented by dark blue (IBNG0008), light blue (BDNG0025),
dark green (RFNG41) and light green (RFNG30) boxplots and black boxplots show the results of healthy
control plants. All boxplots represent the median with the �rst and third quartile, the whiskers show the
minimum and maximum values. Boxplots marked with different letters are statistically different (ANOVA,
Dunn’s or Mood’s Median test, n = 4, α = 0.05).
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Figure 3

Phytohormone levels in sheath rot lesion caused by Sarocladium oryzae infection. When 7 weeks old, rice
plants were inoculated with various S. oryzae isolates using the standard grain inoculum technique.
Sheath samples were collected at 6 days post inoculation (DPI) and the levels of abscisic acid (a),
jasmonate (b), auxin (c) and salicylic acid (d) were measured. The four S. oryzae isolates that were
described above are represented by dark blue (IBNG0008), light blue (BDNG0025), dark green (RFNG41)
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and light green (RFNG30) boxplots; black boxplots show the results of the healthy control plants. All
boxplots represent the median with the �rst and third quartile, the whiskers show the minimum and
maximum values. Boxplots marked with different letters are statistically different (ANOVA, n = 5, α =
0.05).

Figure 4

Virulence of Pseudomonas fuscovaginae wild type strains on Kitaake rice plants. When 7 weeks old, rice
plants were inoculated with P. fuscovaginae. (a) Lesions on the rice sheath at 8 days post inoculation
(DPI). Rice plants were inoculated with bacterial solution and scored at 8 DPI (b). The purple boxplot
represents strain MB194 and the red boxplot represents UPB0736. All boxplots show the median with the
�rst and third quartile, the whiskers show the minimum and maximum values. Outliers and extreme
values are represented by triangles. The lesions did not differ signi�cantly (Wilcoxon rank sum test, n =
25, α = 0.05).
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Figure 5

Phytohormone levels in the rice sheath during infection of Pseudomonas fuscovaginae wild type strains.
When 7 weeks old, rice plants were inoculated with P. fuscovaginae by injecting a bacterial solution. The
levels of abscisic acid (a), jasmonate (b) auxin (c) and salicylic acid (d) were measured after 4 hours (0
days post inoculation (DPI)) and at 2 DPI, 4 DPI and 8 DPI. Purple boxplots represent strain MB194 and
red boxplots represent strain UPB0736. Black boxplots show the results of the healthy control. All
boxplots represent the median with the �rst and third quartile, the whiskers show the minimum and
maximum values. Boxplots marked with different letters are signi�cantly different (ANOVA or Dunn’s test,
n = 5, α = 0.05).
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Figure 6

Comparison of the Pseudomonas fuscovaginae wild type strain UPB0736 (red) and its fuscopeptin
mutant (orange). When 7 weeks old, Kitaake rice plants were inoculated with P. fuscovaginae by injecting
a bacterial solution. Disease was evaluated at 2, 4 and 8 days post inoculation (DPI) (a). The levels of
abscisic acid (b), jasmonate (c), auxin (d) and salicylic acid (e) were measured in sheath samples
collected at 1, 2, 4 and 8 DPI. Black boxplots show the results of the healthy control. All boxplots
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represent the median with the �rst and third quartile, the whiskers show the minimum and maximum
values. Boxplots marked different letters are signi�cantly different (Wilcoxon rank sum test, n = 25, α =
0.05 (a) or ANOVA, Dunn’s or Mood’s Median test, n = 5, α = 0.05 (b, c, d, e)).

Figure 7

Grain yield parameters of Sarocladium oryzae and Pseudomonas fuscovaginae infected plants. The
main tiller of 7 weeks old Kitaake rice plants was inoculated with S. oryzae or P. fuscovaginae. IBNG0008
is shown in dark blue, RFNG30 in light green and the healthy control, inoculated with a healthy rice grain,
in black. P. fuscovaginae wild type strain UPB0736 is shown in red, delta445 in orange and as a healthy
control, shown in black, a sterile saline solution was injected. (a) A fully ripened panicle, 6 or 8 weeks
after inoculation with respectively S. oryzae and P. fuscovaginae. (b) Boxplots represent the length of the
main panicle and (c) stacked bars show the average amount of open, empty and healthy seeds on the
main panicle of plants inoculated with S. oryzae. Yield parameters of plants inoculated with P.
fuscovaginae are represented by (d) stacked bars showing the proportion of the inoculated tillers forming
a panicle and dots represent the length of the main panicle (e) or the amount of seeds produced by the
main panicle of each sample (f). The boxplots show the median with the �rst and third quartile, the
whiskers show the minimum and maximum values. Outliers and extreme values are represented by
crosses. These data show the results of one experiment with 25 replicates (b-c) or 18 replicates (d-f).
Conditions that differ signi�cantly from healthy control plants are represented by asterisks (Mann
Whitney or Mood’s Median, n = 18 or n = 25, α = 0.05 (a-c, e-f). Asterisks mark conditions that in�uence
panicle formation signi�cantly (Logistic binary regression, n = 18 (d)).
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