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Introduction

Strigolactones (SLs) are a relatively new class of plant hormones
that regulate numerous processes, such as symbiosis with benefi-
cial microorganisms (Akiyama et 4/, 2005), inhibition of bud
formation, shoot branching, tiller formation (Gomez-Roldan
et al., 2008; Umehara ez 4/, 2008) and root system architecture
(Lépez-Raez et al., 2017). Strigolactones have a strong connec-
tion to the rhizosphere with root-secreted SLs stimulating the
germination of parasitic weed seeds (Cook ez al., 1966). Under
inorganic phosphate deficiencies, plants increase their endogen-
ous levels of SLs (Yoneyama ez al., 2012; Xi ez al., 2015), which
are released into the rhizosphere to establish arbuscular mycor-
rhiza symbioses that provide the host plant with increased sup-
plies of phosphate and other nutrients (Akiyama ez al, 2005;

Kumar et al., 2015; Das et al., 2022).

The core SL biosynthetic pathway is well-conserved across the
plant kingdom, and the key enzymes have been characterized
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Summary

¢ Strigolactones (SLs) are carotenoid-derived phytohormones that regulate plant growth and
development. While root-secreted SLs are well-known to facilitate plant symbiosis with bene-
ficial microbes, the role of SLs in plant interactions with pathogenic microbes remains largely
unexplored.

e Using genetic and biochemical approaches, we demonstrate a negative role of SLs in rice
(Oryza sativa) defense against the blast fungus Pyricularia oryzae (syn. Magnaporthe oryzae).

¢ We found that SL biosynthesis and perception mutants, and wild-type (WT) plants after
chemical inhibition of SLs, were less susceptible to P. oryzae. Strigolactone deficiency also
resulted in a higher accumulation of jasmonates, soluble sugars and flavonoid phytoalexins in
rice leaves. Likewise, in response to P.oryzae infection, SL signaling was downregulated,
while jasmonate and sugar content increased markedly. The jar?7 mutant unable to synthesize
jasmonoyl-L-isoleucine, and the coi7-78 RNAI line perturbed in jasmonate signaling, both
accumulated lower levels of sugars. However, when WT seedlings were sprayed with glucose
or sucrose, jasmonate accumulation increased, suggesting a reciprocal positive interplay
between jasmonates and sugars. Finally, we showed that functional jasmonate signaling is
necessary for SL deficiency to induce rice defense against P. oryzae.

¢ We conclude that a reduction in rice SL content reduces P. oryzae susceptibility by activat-
ing jasmonate and sugar signaling pathways, and flavonoid phytoalexin accumulation.

from many plants, including Arabidopsis, rice and pea (Mashigu-
chi et al., 2021). Strigolactone synthesis starts in the plastid with
the conversion of all-#7ans-B-carotene into 9-cis-B-carotene by the
isomerase enzyme DWARF27 (D27) (Alder et al., 2012). Fol-
lowing this, the common precursor for SLs, carlactone, is formed
by two sequential reactions catalyzed by CAROTENOID CLEA-
VAGE DIOXYGENASE 7 (CCD7 or D17 or MAX3) and
CCD8 (D10 or MAX4) with the formation of an intermediate
product 9-cis-B-apo-10’-carotenal (Mashiguchi ez al., 2021). Car-
lactone is then transported to the cytosol, where specific cyto-
chrome P450 oxygenases such as MORE AXILLARY
GROWTHI1 (MAX1) and LATERAL BRANCHING OXI-
DOREDUCTASE (LBO) are responsible for various structural
modifications. The highest quantities of SLs are thought to be
produced in roots, and grafting experiments have confirmed
root-to-shoot transport (Kameoka & Kyozuka, 2018). The pre-
sence of SLs at very low concentrations in plants, especially in
leaves, and their structural diversity (> 30 natural SLs reported),
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as well as the instability of some structures, make these signaling
molecules challenging to detect and quantify. Like several other
plant hormones, SL signaling relies on the ubiquitin-mediated
proteasomal degradation of repressor proteins, involving a repres-
sor called D53 (Mashiguchi ez 4/, 2021). DWARF14 (D14), a
member of the a/B-fold hydrolase superfamily with dual func-
tions as a receptor and catalytic enzyme, plays a crucial role in SL
signaling (Seto ez al,, 2019) by physically interacting with SLs
and undergoing a conformational change enabling the recruit-
ment of D53 and the F-box protein MAX2, which results in the
formation of a signaling complex with Skp1-Cullin-F-box (SCF).
The resulting protein complex causes the polyubiquitination of
D53, which is then degraded (Machin ez al., 2020). The protea-
somal degradation of D53 allows transcriptional activation of
SL-responsive genes (Omoarelojie ez al., 2019).

Strigolactones play essential roles in plant tolerance to various
stresses. Among abiotic stresses, Arabidopsis mutants impaired in
SL biosynthesis or signaling are hypersensitive to drought and
salinity (Bu ez al., 2014; Ha et al., 2014), with addition of exo-
genous SLs alleviating the deleterious effects of these stresses
(N. Ma ez al, 2017; Wang er al, 2019; Sattar et al., 2022).
Among biotic stresses, recent studies have provided some evi-
dence that SLs are involved in plant—pathogen and plant—herbi-
vore interactions (Torres-Vera et al, 2014; Piisild et al., 2015;
Decker et al, 2017; Escudero Martinez et al, 2019; Lahari
et al., 2019; Xu et al., 2019; Li et al., 2020). However, the roles
of SLs in defenses against pathogens are highly variable depend-
ing on the plant species, organ of infection, stage of develop-
ment and type of pathogen. For example, SLs were shown to
enhance infection of the root-knot nematode Meloidogyne gra-
minicola in rice (Lahari er al, 2019), but reduce M. incognita
infection in tomato roots (Xu ez al., 2019), even though in both
cases SL signaling was induced in response to infection. Adding
rac-GR24, a synthetic SL, to the culture media of several fungal
root and leaf pathogens and endophytes resulted in effects ran-
ging from nothing to strong growth inhibitions (Steinkellner
et al., 2007; Dor ez al., 2011). In Arabidopsis, SL mutants were
found to be more susceptible to biotrophic pathogens, such as
Pseudomonas syringae DC3000 and Rbodococcus fascians than
necrotrophic pathogens (Stes et al., 2015; Kalliola ez al., 2020).
However, in tomato, the SL mutant Skcd8 displayed increased
susceptibility to necrotrophic leaf pathogens, including Bozryris
cinerea and Alternaria alternata (Torres-Vera et al., 2014). In
pea, the SL pathway did not affect the colonization of the soil-
borne oomycete Pythium irregulare at all (Blake ez al, 2016).
Hence, further studies are needed to unravel the role of SLs in
plant—pathogen interactions and determine the underlying
molecular mechanisms.

Plant hormones often interact with each other resulting in a fine-
tuning of plant responses to different environmental conditions.
This is true for SLs as well (Omoarelojie e al, 2019), and SL
mutants of rice (Lahari e 4/, 2019), tomato (Xu et 4/, 2019) and
Nicotiana attenuata (Li et al., 2020) were all shown to constitutively
accumulate jasmonic acid (JA) and its derivatives (collectively
known as jasmonates). Jasmonates are well-known to respond to
insect herbivores and necrotrophic pathogens (Wasternack &
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Strnad, 2018; Ruan et 4/, 2019). The biosynthesis of jasmonates
starts in the chloroplast with the release of o-linolenic acid from
membrane lipids. After several steps, cis-(+)-12-oxo-phytodienoic
acid (¢is-OPDA) is formed and transported from the chloroplast to
the peroxisome, where the remainder of the steps in JA formation
occur. Subsequently, JA is transported to the cytosol and further
modified or conjugated, forming various derivatives such as 12-
OH-JA, the 12-O-glucoside, jasmonoyl-L-isoleucine (JA-Ile), 12-
OH-JA-Ile and 12-COOH-JA-lle (Wasternack & Hause, 2013;
Guo ez al,, 2018; Ruan ez al, 2019). Although JA-Ile is considered
the most active form of jasmonates as perceived by the COI1 recep-
tor (Fonseca ez al., 2009), other JA derivatives such as cisOPDA,
12-OH-JA-Ile can also activate JA signaling (Monte et al, 2018;
Poudel ez al, 2019). Upon percepton of jasmonates, complexes
are formed between SCF-COIl and the JAZ (jasmonate-ZIM-
domain proteins) repressor proteins. Degradation of JAZs releases
the positive regulator MYC2, activating downstream JA responses
(Pauwels & Goossens, 2011). In rice, for example, the accumula-
tion of andfungal flavonoids, such as naringenin and sakuranetin,
is regulated by the MYC2-dependent JA signaling pathway (Ogawa
et al., 2017; Xu et al., 2021).

Soluble sugars such as glucose, fructose and sucrose are not
only the basic energy currency in plants, but also involved in reg-
ulating development. Recent studies have revealed that sugars
negatively regulate SL-mediated plant responses. For instance,
sucrose alleviates SL-mediated inhibition of axillary bud out-
growth in rose and pea (Bertheloot ez a/., 2020), and glucose was
shown to reduce SL-induced leaf senescence of rice and bamboo
(Tian et al, 2018; Takahashi er al, 2021). In rice seedlings,
sucrose inhibits the degradation of the repressor protein D53,
which results in the downregulation of SL-responsive genes, and
subsequently alleviates the SL-induced inhibition of tiller bud
formation (Patil e al., 2022). Soluble sugars also act as signaling
molecules in plant—pathogen interactions. For instance, sucrose
application was shown to induce several defense-related genes
and reduced Pyricularia oryzae (syn. Magnaporthe oryzae) infec-
tion in rice leaves (Gémez-Ariza et al, 2007; Tun et al., 2023).
However, whether SLs themselves have any influence on soluble
sugar content is not known.

Here, we investigated the role of SLs in rice defense against
the hemibiotrophic fungus P. oryzae, which causes a blast dis-
ease destroying up to 30% of rice yield world-wide (Dean
et al., 2012). First, we employed SL biosynthetic and signaling
mutants, and wild-type (WT) seedlings where SL formation was
inhibited and found increased resistance to P. oryzae. Next, we
showed that SL deficiency in rice leaves led to a remarkable
accumulation of jasmonates, soluble sugars and flavonoid phy-
toalexins. These results were corroborated by the downregula-
tion of SL signaling and induction of jasmonates and sugars
during infection of WT rice seedlings by P.oryzae. Direct
manipulation of both jasmonates and sugars revealed that these
two groups of metabolites exhibited reciprocal positive enhance-
ment with a remarkable accumulation of flavonoid phytoalexins.
Finally, we showed that an intact JA signaling pathway is
required for SL-deficiency to induce rice defense against
P. oryzae.
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Materials and Methods

Plant materials and growth conditions

Seeds of the SL biosynthetic mutant 470, the SL signaling
mutant 414 and their corresponding WT (Oryza sativa cv Shio-
kari) were kindly provided by Professor Mikio Nakazono,
Nagoya University, and Dr. Itsuro Takamure, Hokkaido Univer-
sity, Japan. The Tos/7-insertion mutant of jarl (NC0364;
http://tos.nias.affrc.go.jp/) was obtained from the Rice Genome
Resource Center in Japan (Miyao ez al., 2003). jarl is deficient in
JA-Ile production due to a mutation in the enzyme JA amido
synthetase (JAR) (Riemann ez 4/, 2008). The coz1-18 RNAI line
is compromised in JA response (Yang ez al., 2012). Both jar! and
coi1-18 lines were in the Nipponbare background. Seeds of the
WT O. sativa cv Nipponbare were supplied by the United States
Department of Agriculture (USDA, GSOR-100). Seeds of all
mutant and transgenic lines and WT Shiokari were multiplied at
the glasshouse facilities of Ghent University. For experiments,
seeds were germinated on moist filter papers placed in a Petri dish
at 30°C for 4-5d. Unless otherwise stated, rice seedlings were
then transplanted to PVC tubes containing sand and absorbent
polymer and fertilized as described previously (Lahari
et al., 2019).

Fungal inoculation and disease assessment

The virulent blast fungus Pyricularia oryzae (isolate VISMI;
Prof. Monica Hoéfte, Ghent University, Belgium) was originally
isolated from rice in Vietnam (Thuan ez a4/, 2006). The fungus
was cultured on a complete medium (CM) (Talbot et 4/, 1993)
at 28°C for 6-8d. Spores of 7-d-old fungal cultures were col-
lected and suspended in 0.2% (w/v) gelatin to a final concentra-
tion of 5x 10% spores ml~'. Two-week-old transplanted rice
seedlings were thoroughly sprayed with the spore suspension
using a compressor-powered airbrush gun (Badger Airbrush
model 150TM). Inoculated rice seedlings were then incubated
for 22 h in a dark chamber with >90% relative humidity and
25 =+ 5°C. The plants were then transferred to the glasshouse for
disease development and scored at 6 d post inoculation (dpi) by
counting the number of sporulating (ellipsoid to round lesion
with a gray center) and nonsporulating lesions on the second leaf
(De Vleesschauwer et al., 2006; Z. Ma ez al., 2017). Representa-
tive pictures of typical disease symptoms were taken at 6 dpi.
Unless otherwise stated, infection levels in all cases were deter-
mined using eight seedlings grown in separate pots. All infection
experiments were repeated twice. For the time point experiment,
the WT rice seedlings (cv Shiokari) were grown for 2 wk and
inoculated by the blast fungus P. oryzae VISMI1. Leaf samples
from both infected and uninfected control plants were collected
at 1, 3 and 6dpi always at the same time of the day (13:00-
14:00 h) to avoid diurnal variation. Each time, four biological
replicates per treatment were harvested, and each biological repli-
cate consisted of a pool of leaves of four to five seedlings grown
in separate pots. Samples were immediately frozen in liquid
nitrogen and stored at —80°C unitil further use.
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Treatment with SL inhibitor followed by P. oryzae
inoculation

The SL biosynthesis inhibitor TIS108 was purchased from Chir-
alix (Nijmegen, the Netherlands), and dissolved in absolute etha-
nol to make a 10 mM stock solution. The spray solution (3 pM)
was prepared in distilled water containing 0.02% (v/v) Tween
20. Two-week-old transplanted rice seedlings were thoroughly
sprayed with TIS108 until runoff. Similarly, the mock-treated
plants were sprayed with solvent only. One day after treatment,
leaf samples for chemical analyses were collected in five biological
replicates, each consisting of three to four individual seedlings,
always at the same time of the day (13:00-14:00 h) to avoid diur-
nal variation. In a separate experiment, one day after spraying
with TIS108 or control solution, rice seedlings were inoculated
with P. oryzae as described previously, to determine the infection
levels at 6 dpi. In another experiment, 2-week-old seedlings of JA
mutants and WT Nipponbare were treated with TIS108 or the
control solution (mock). Plants from both groups were inocu-
lated with P. oryzae, and infection levels were assessed at 6 dpi.

Treatment with the SL analog rac-GR24, methyl jasmonate
(MeJA) and soluble sugars

A series of experiments were conducted using 72c-GR24, MeJA
and soluble sugars, including the monosaccharide glucose and
disaccharide sucrose. Two-week-old transplanted WT seedlings
were sprayed with 0.1 and 5.0 uM 72c-GR24 (Chiralix), and the
mock seedlings were sprayed with the solvent (0.001% acetone)
only. After 1d, leaf samples were harvested in five biological
replicates, each consisting of three-to-four seedlings grown in
separate pots under the conditions described earlier. For other
experiments, germinated rice seedlings (two seedlings per pot)
were grown in 2 | Rosen Topfe (Poppelmann, Teku, Lohne, Ger-
many) containing glasshouse substrate (Klasmann-Deilmann,
Geeste, Germany) in a climate chamber (26°C : 24°C, day : night
temperature, 70% relative humidity, 12 h, day : night light cycle)
with periodical fertilization using Hoagland’s solution. Three-
week-old rice seedlings were thoroughly sprayed with 200 pM
MeJA solution containing 0.02% (v/v) Tween 20 in distilled
water until runoff. Mock-treated plants were sprayed with 0.02%
Tween 20. A separate spraying experiment was conducted using
soluble sugars. Glucose and sucrose (Sigma-Aldrich) were dis-
solved in distilled water containing 0.02% (v/v) Tween 20 in
final concentrations of 0.05 and 0.2 M, respectively. Glucose and
sucrose solutions were thoroughly sprayed onto rice shoots, and
mock-treated plants were sprayed with 0.02% Tween 20 in
water. Immediately after spraying, rice seedlings were covered by
polyethylene terephthalate bags (Toppits Bratschlauch, Minden,
Germany) that were opened from the top after 6 h. Leaf samples
were harvested 24 h after spraying in four biological replicates,
each consisting of four to six seedlings. Jasmonic acid mutants
and WT plants used for jasmonate and sugar quantification were
also grown under these conditions.

For the complementation experiment using rac-GR24, rice
seedlings of WT and SL mutants (410 and d14) were grown for
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2 wk in separate pots. Half of the seedlings from each line were
sprayed with 0.1 pM r2cGR24, and the remaining seedlings
were treated with 0.001% acetone in water as a mock. One day
after spraying, leaf samples were collected in three biological
replicates, each consisting of four-to-six seedlings. Immediately
after harvesting, all samples were frozen quickly in liquid nitro-
gen and stored at —80°C until further use. In a separate experi-
ment, WT, 410 and d14 seedlings were treated with 0.1 pM 7ac-
GR24 or solvent only as a mock treatment. After 1 d, all seedlings
were inoculated with the blast fungus P. oryzae (isolate VI5M1).
The development of sporulating and nonsporulating lesions were
observed at 6 dpi, as described eatlier.

Extraction and quantification of jasmonates and flavonoid
phytoalexins

Frozen rice leaves were ground manually in liquid nitrogen to a
fine powder. Approximately 40mg of fresh leaf tissue was
extracted with 1 ml of analytical grade methanol containing 40 ng
of Dg-JA (HPC Standards GmbH, Cunnersdorf, Germany), 8 ng
D¢-JA-Ile (HPC Standards GmbH) and 40 ng Ds-ABA (Toronto
Research Chemicals, Toronto, ON, Canada) as internal standards.
Then, the content was vortexed vigorously for 10's, incubated at
20°C for 30 min with continuous mild agitation and then centri-
fuged for 5 min at 13 000 g at 4°C. Approximately 950 pl of the
supernatant was transferred to a new microcentrifuge tube. The
extracts were directly analyzed using liquid chromatography-
tandem mass spectrometry (LC-MS/MS).

To quantify phytohormones, chromatography was performed
on an Agilent 1260 high-performance liquid chromatography
(HPLC) system (Agilent Technologies, Santa Clara, CA, USA)
coupled to a QTRAP 6500 tandem mass spectrometer (Sciex,
Darmstadt, Germany) equipped with a turbo spray ion source
operated in negative ionization mode. Hormones were separated
on a Zorbax Eclipse XDB-C18 column (1.8 pm, 50 mm X
4.6 mm) at 25°C, with two mobile phases consisting of 0.05%
(v/v) formic acid in MilliQ water and acetonitrile. The flow rate
and the elution profile were similar to the method described by
Ullah ez al. (2022) (Supporting Information Table S1). The par-
ent ion and selected fragment ions of jasmonates were analyzed
by multiple reaction monitoring (MRM) (Table S2). The col-
lected mass data were processed using the ANALYST 1.6 software
(Applied Biosystems, Darmstadt, Germany). The absolute con-
centrations of JA and JA-Ile were determined by comparison with
the internal standards Dg-JA and Dg-JA-Ile, respectively. Relative
concentrations of ¢z-OPDA and OH-JA were determined using
D¢-JA applying an experimental response factor of 1.0. Relative
levels of OH-JA-Ile and COOH-JA-Ile were quantified using
Dg-JA-lle, applying an experimental response factor of 1.0.

To quantify flavonoid phytoalexins, the 1260 HPLC-QTRAP
6500 mass spectrometer system equipped with a turbo spray ion
source was operated in positive ionization mode. Targeted meta-
bolites were separated using the Zorbax Eclipse XDB-C18 col-
umn at 25°C, with two mobile phases consisting of 0.05% (v/v)
formic acid in MilliQ water and acetonitrile as mobile phases A
and B, respectively. The flow rate was 1.0 ml min~' with a
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gradient over 12.0 min (Table S3). The parent ion and selected
fragment ions of naringenin, sakuranetin and the internal stan-
dard Dg-ABA were analyzed by MRM (Table S4). The collected
mass data were processed using the software MULTIQUANT 3.0.3
(Sciex). The concentrations of naringenin and sakuranetin were
determined by comparison with Ds-ABA, applying the experi-
mental response factors of 0.77 and 0.51, respectively.

Quantification of reactive oxygen species (ROS)

Hydrogen peroxide (H,O,) from leaf tissues was quantified using
Amplex® Red Hydrogen Peroxide Assay Kit (Invitrogen) follow-
ing the method described by Chakraborty et 4/ (2016) with some
modification. Briefly, 50 £ 2 mg of homogenized leaf tissue was
extracted in 500 pl sodium phosphate buffer (pH 7.4). Samples
were vigorously vortexed, and then incubated for 30 min at 20°C
with mild agitation. Following centrifugation for 5min at
12 000 gand 20°C, 300 pl of supernatant was transferred to a new
eppendorf tube, and samples were placed on ice until analysis. To
quantify H,O, concentration, 47 pl of the sodium phosphate buf-
fer, 50 pl of the Amplex Red Reagent Cocktail (horseradish perox-
idase and the Amplex Red Reagent) and 3 pl of fresh tissue extract
were added to each well of a flat bottom 96-well plate (Greiner
Bio-One, Frickenhausen, Germany) followed by a gentle mix
using the pipette. The plate was covered immediately with alumi-
num foil to protect the contents from light, gently shaken at room
temperature for 10 min and incubated for an addidonal 20 min
without shaking. Fluorescence of the product Resorufin was mea-
sured using 560 £ 10 nm excitation and 590 £+ 10 nm emission
filters using an Infinite 200 Fluorescence Microplate Reader
(Tecan, Maennendorf, Switzerland). All standards and samples
were run with two technical replicates. HO, concentrations were
calculated using a standard curve run on the same plate, including

appropriate blanks.

Sugar quantification using LC-MS/MS

To analyze soluble sugars, the methanol tissue extracts were diluted
1 : 10 in Milli-Q water containing '*C-glucose (Sigma-Aldrich)
and "’C-fructose (Toronto Research Chemicals) as internal stan-
dards with a concentration of 5 pgml™'. Sugars were analyzed
using an Agilent 1200 HPLC system equipped with an AP13200
tandem mass spectrometer. The HPLC was equipped with a
hydrophilic interaction liquid chromatography (HILIC) column
(apHera-NH2 Polymer; Supelco, Bellefonte, PA, USA), and chro-
matographic separation was performed using water and acetoni-
trile as mobile phases A and B, respectively, with a flow rate of
1.0 mI min~" (Table S5). The mass spectrometer equipped with a
turbo spray ion source was operated in the negative ionization
mode (Ullah ez 4/, 2022). Multiple reaction monitoring was used
to monitor selected parent ion to product ion formation for each
analyte (Table S6). Standards of sucrose (Sigma-Aldrich) and raffi-
nose (Fluka, Seelze, Germany) were used to prepare external stan-
dard curves. Data were acquired using the software ANALYST 1.6,
and quantification was performed using the software MULTIQUANT
3.0.3 (Sciex). The concentrations of glucose and fructose were
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determined relative to the internal standards of 13C-glucose and
'’C-fructose, respectively. The contents of sucrose and raffinose
were calculated based on external standard curves.

VIEESQVI

Research 831

Birkenfeld, Germany) following the manufacturer’s instructions,
except that an additional DNase treatment was included using a

Qiagen RNase-Free DNase Set as described by Ullah ez 4/ (2017).

Reverse transcription (RT) of 1 pg total RNA into ¢cDNA was
achieved by using SuperScript III reverse transcriptase (Invitrogen)
and 50 pmol Oligo (dT)12-18 Primer (Invitrogen) in a reaction
volume of 20 pl following the manufacturer’s instructions. RT-
qPCR reactions were performed in a 20 pl volume containing
10 pl Brilliant IIT Ultra-Fast SYBR Green QPCR Master Mix

RNA extraction, complementary DNA (cDNA) synthesis
and RT-gPCR

Total RNA was isolated from ¢. 50 mg of finely ground leaf tissues
using the Invitrap Spin Plant RNA Mini Kit (Stratec Biomedical,
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Fig. 1 Strigolactone (SL) deficiency in rice reduces infection by the leaf blast fungus Pyricularia oryzae. (a—e) Rice mutants in SL biosynthesis and
signaling were less susceptible to P. oryzae. Two-week-old transplanted rice seedlings were inoculated with the P. oryzae strain VT5M1 by spraying a
spore suspension, and the disease was scored at 6d post inoculation (dpi). (a) Representative photographs show blast disease symptoms on leaves of
wild-type (WT) Shiokari, the SL-biosynthetic mutant d70 and the SL-signaling mutant d74. Bars, 5 mm. Average number of (b) sporulating, (c) non-
sporulating and (d) total lesions on the second youngest leaf. Data were analyzed using a one-way ANOVA, followed by Tukey's multiple comparison
test with a 95% confidence interval. Different letters above box plots indicate groups that are significantly different (P <0.05). (e) Average length of
the second youngest leaf used for disease scoring. Data were analyzed using a one-way ANOVA (P=0.412, ns, nonsignificant). (f, g) Pretreatment
with the SL biosynthesis inhibitor TIS108 reduced P. oryzae infection in rice leaves. Two-week-old transplanted rice seedlings of WT Shiokari were
sprayed with TIS108 or with solvent only as a mock control. One day after spraying, seedlings were inoculated with the leaf blast fungus P. oryzae,
and the disease severity was scored at 6 dpi. Average number of (f) sporulating and (g) nonsporulating lesions on the second youngest leaf. Data
were analyzed using a two-tailed t-test (***, P<0.001; ns, nonsignificant). Each box (b—g) extends from the 25" to the 75" percentiles, and the
horizontal line inside the box represents the median. Whiskers were plotted down to the minimum and up to the maximum value, and all data points
are shown on the graph as open circles (n=8).
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(Agilent Technologies), 10 pmol forward and 10 pmol reverse pri-
mers, and template ¢cDNA. Reactions were performed using a
CFX Connect Real-Time PCR Detection System (Bio-Rad) using
a two-step amplification protocol (Lahari et 4/, 2019). Transcript
abundance was calculated from four biological replicates per treat-
ment, with each biological sample consisting of three technical
replicates, and was normalized to the abundance of the housekeep-
ing genes OsExp and OsActin. The gene-specific primer sequences
are provided in Table S7.

Statistical analyses

Statistical analyses were performed using GRAPHPAD PRrisM v.9.5.1
and R-statistical package R 4.2.2. First, the normality and variance
of each dataset were checked using Shapiro—Wilk and Levene tests,
respectively. Whenever necessary, data were transformed using
square root or log;o to fulfill the assumptions for parametric tests.
Normally distributed data were then analyzed by analysis of var-
iance (ANOVA) or two-tailed Student’s #tests. In the case of
ANOVA, Tukey’s multiple comparisons post hoc test was per-
formed. Statistical significances of #test and ANOVA (¥, P<0.05;
**, P<0.01; ***, P<0.001) are provided in respective figures or
figure legends. Statistical results of two-way ANOVAs are pro-
vided in Tables S8-S13. The schematic model (Fig. 9) was created
using BIORENDER (https://app.biorender.com).

Results

SL biosynthetic and signaling mutants are less susceptible
to P. oryzae

To investigate whether SLs are involved in regulating rice suscept-
ibility to the blast fungus P. oryzae, we conducted an infection
experiment using the SL biosynthetic mutant 410, the SL percep-
tion mutant 414 and their corresponding WT line (cv Shiokari).
Both 410 and 414 mutants were found to be less susceptible to the
blast fungus P. oryzae VI5M1 than the WT (Fig. 1a). To estimate
the disease severity on these lines, we categorized different lesion
types on the second leaf from the top, as described previously (De
Vleesschauwer et al, 2006; Z. Ma et al, 2017). The number of
sporulating lesions, characterized by an ellipsoid to round shape
with a gray center, was significantly higher on WT leaves than on
the mutants (Fig. 1b). On the contrary, nonsporulating lesion
numbers were slightdy higher on the mutants (Fig. 1c). Total
lesion numbers, dominated by the sporulating lesions, were also
significantly higher on WT plants (Fig. 1d). While ¢. 90% of the
total lesions contained spores on WT, only 55-60% of lesions
developed into sporulating lesions in both 410 and 4714 mutants
(Fig. S1). The average length of the second youngest leaf did not
vary between the mutants and WT plants at the time of fungal
infection (Fig. le). Taken together, reduced susceptibility of the
rice d10 and 414 mutants to P. oryzae suggests that the loss-of-
function of SLs contributes to reduced blast severity in leaves.

To further determine the effect of SL deficiency on rice sus-
ceptibility against P. oryzae, we treated 2-wk-old WT rice seed-
lings (cv Shiokari) with TIS108, an inhibitor of SL biosynthesis

New Phytologist (2024) 241: 827-844
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Fig. 2 Strigolactone (SL) deficiency induces jasmonate accumulation in
rice leaves. (a—d) Increased accumulation of jasmonates in SL
biosynthetic (d70) and SL signaling (d74) mutants. Shoots of
transplanted 2-week-old rice seedlings were harvested in five biological
replicates, each consisting of a pool of three-to-four seedlings grown
in separate pots. Hormone levels were measured using a triple quadru-
pole mass spectrometer. Data were analyzed using a one-way ANOVA,
followed by Tukey's multiple comparison test with a 95% confidence
interval. Different letters above box plots indicate groups that are sig-
nificantly different (P<0.05). Each box extends from the 25" to the
75" percentiles, and the horizontal line inside the box represents the
median. Whiskers were plotted down to the minimum and up to the
maximum value, and all data points are shown on the graph as open
circles (n=5). (e-h) Enhanced accumulation of jasmonates in wild-type
(WT) (cv Shiokari) rice seedlings after treatment with the SL biosynth-
esis inhibitor TIS108. Two-week-old rice seedlings were treated with

3 uM TIS108 or solvent only as control (mock), and leaf samples were
harvested after 24 h in five biological replicates, each consisting of a
pool of three-to-four seedlings grown in separate pots. Jasmonate data
were analyzed using a two-tailed t-test (**, P<0.01). Data are pre-
sented as the mean & SE, and all data points are shown on the graph
as open circles (n=>5). cis-OPDA, cis-(+)-12-oxo-phytodienoic acid;
COOH-JA-lle, 12-carboxy-jasmonoyl-isoleucine; JA, jasmonic acid; JA-
lle, jasmonoyl-isoleucine.
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(Ito er al., 2011), or with solvent only as a control (mock). One
day after spraying, both mock and SL-inhibited seedlings were
inoculated with P. oryzae VI5M1, and disease development was
recorded 6d after fungal inoculation. TIS108-treated leaves
showed a significantly lower number of sporulating lesions by «.
50% than the mock control (Fig. 1f). A few nonsporulating
lesions were also found on both mock- and TIS108-treated seed-
lings, but the numbers were not statistically different (Fig. 1g).
TIS108 had no direct toxic effects on P. oryzae (Fig. S2). These
results further validate that the loss-of-function of SLs in rice
leaves reduced the blast severity caused by the fungus P. oryzae.

Loss-of-function of SLs promotes jasmonate and sugar
accumulation in rice leaves

Previously, we reported that several rice SL mutants accumulate
elevated levels of jasmonates in their roots compared with WT
plants (Lahari et af, 2019). To determine whether the leaves of
these mutants also accumulate higher levels of jasmonates, we
analyzed the concentrations of JA metabolites in the leaves of
2-week-old rice seedlings. Concentrations of cis-(+)-12-oxo-
phytodienoic acid (¢isOPDA), a precursor of JA, were signifi-
cantly higher in the SL biosynthetic mutant 410 than in the WT
(Fig. 2a). Content of JA was significantly higher in the leaves of
both 410 and 414 than in the WT leaves (Fig. 2b). Similarly,
levels of jasmonoyl-L-isoleucine (JA-Ile) and 12-carboxy-jasmo-
noyl-isoleucine (COOH-JA-Ile) were significantly higher in both
SL biosynthetic and signaling mutants than in WT (Fig. 2¢,d).
Next, we quantified jasmonate content in leaves of the WT Shio-
kari with or without the application of the SL biosynthetic inhi-
bitor TIS108. Inhibition of SL biosynthesis resulted in increased
accumulation of ¢i-OPDA, JA, JA-Ile and COOH-JA-Ile
(Fig. 2e-h). We also treated WT rice seedlings with the synthetic
SL 7ac-GR24, at low and high concentrations. One day after
treatment, levels of jasmonates, especially the most active form
JA-Ile, decreased significantly in leaves compared to the control
(Fig. S3). Furthermore, exogenous rac-GR24 restored the basal
levels of JA and JA-Ile in the SL biosynthetic mutant 470, while
the SL signaling mutant 414 was not responsive (Fig. S4).
Together, our data indicate that SLs negatively regulate the accu-
mulation of jasmonates in rice leaves.

Soluble sugars are known to antagonize the functions of SLs in
different plants, including rice (Barbier er al, 2015; Wang
et al., 2020; Patil e al., 2022). Whether SLs also have a similar
negative effect on sugar concentrations is not known. Because
soluble sugars were shown to promote rice defense against
P. oryzae (Gémez-Ariza er al., 2007; Tun er al., 2023), we
hypothesized that enhanced resistance due to SL deficiency could
also be linked to sugar content. Therefore, we quantified soluble
sugar concentrations in the rice SL mutants using LC-MS/MS
and compared them with the WT Shiokari. The levels of the
monosaccharides glucose and fructose were similar in both
mutants and WT seedlings (Fig. 3a). By contrast, both SL bio-
synthetic and signaling mutants accumulated significantly higher
amounts of the disaccharide sucrose and the trisaccharide raffi-

nose than WT plants (Fig. 3a). To further validate the negative
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Fig. 3 Strigolactone (SL) deficiency increases soluble sugar content in
rice leaves. (a) Levels of soluble sugars in SL biosynthetic (d70) and
SL signaling (d74) mutants. Leaves of 2-wk-old rice seedlings were
harvested in five biological replicates, each consisting of a pool of
three-to-four seedlings grown in separate pots. Concentrations of
soluble sugars were determined using a triple quadrupole mass
spectrometer. Data were analyzed using a one-way ANOVA, followed
by Tukey's multiple comparisons test with a 95% confidence interval.
Different letters above box plots indicate groups that are significantly
different (P<0.05). Each box extends from the 25" to the 75™
percentiles, and the horizontal line inside the box represents the
median. Whiskers were plotted down to the minimum and up to the
maximum value, and all data points are shown on the graph as open
circles (n=5). (b) Accumulation of sugars in the leaves of rice
seedlings after treatment with the SL-biosynthetic inhibitor TIS108.
Two-week-old wild-type (WT) (cv Shiokari) rice seedlings were
sprayed with TIS108 in aqueous solution with 0.001% ethanol and
0.02% Tween 20 or with ethanol and Tween 20 only as a mock
control. Leaf samples were harvested after 24 h of treatment in five
biological replicates, each consisting of a pool of three-to-four seed-
lings grown in separate pots. Data were analyzed using a two-tailed
t-test (**, P<0.01; ns, nonsignificant). Data are presented using bar
plots as the mean + SE, and all data points are shown on the graph
as open circles (n=5).
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consequence of SLs on soluble sugar concentrations, we inhibited
the SL biosynthesis in WT Shiokari using TIS108. The soluble
sugar concentrations were analyzed after 24 h of treatment. Con-
centrations of both glucose and fructose did not change in
TIS108-treated rice seedlings (Fig. 3b). However, we found a sig-
nificant increase in sucrose and raffinose content in rice leaves
treated with TIS108 (Fig. 3b). By contrast, rice seedlings treated
with 72¢-GR24 exhibited significantly reduced leaf sugar concen-
trations, including those of glucose, fructose and sucrose
(Fig. S5). Taken together, analyses of SL mutants, WT seedlings
after treatment with the SL inhibitor TIS108 and SL analogue
rac-GR24 suggest that inhibition of the SL signaling pathway
induces the accumulation of soluble sugars and jasmonates.
Reactive oxygen species play dual roles during compatible
interactions between rice and the blast fungus P. oryzae (Kou
et al, 2019). During the early stages of infection by virulent
P. oryzae, transient ROS accumulation is necessary for appressor-
ium formation and penetration. At the same time, the host-
derived ROS needs to be neutralized by the fungus at the later
stages of infection to circumvent rice defense (Kou ez al., 2019).
To investigate whether ROS concentrations differ in SL-mutants
during the commencement of P. oryzae infection, we quantified
the content of H,O, using the Amplex Red assay. Levels of

New
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H,0, were found to be similar in WT plants and in SL biosyn-
thetic and signaling 4-mutants (Fig. S6a). We also quantified
ROS content in the leaves of WT seedlings after treatment with
TIS108 and compared them with the untreated control. Levels of
H,0, did not change after treatment with the SL inhibitor
(Fig. S6b). Furthermore, we treated WT rice seedlings with 7ac-
GR24 and quantified ROS content after 24 h. Reactive oxygen
species concentrations did not change after treatment with
0.1 uM GR24, while a decrease in ROS content was observed in
seedlings treated with a 50-fold higher dose of rac-GR24
(Fig. S7). These results suggest that elevated defense in SL
mutants and TIS108-treated WT plants against P. oryzae is unli-
kely to be associated with oxidative stress in rice leaves.

Levels of jasmonates and soluble sugars increase in
P. oryzae-infected leaves with downregulation of the SL
signaling pathway

In order to determine the temporal changes in jasmonate content
in leaves after infection by the blast fungus . oryzae, a time-course
experiment was conducted using the WT rice culdvar Shiokari.
Concentrations of jasmonates did not change 1d after P. oryzae
inoculation (Fig. 4). At 3 dpi, cisOPDA, a precursor of JA,

[ Control [] P. oryzae-infected

COOH-JA-lle

JA-lle

ok *ok ok

Fig. 4 Induction of jasmonates in rice leaves
in response to Pyricularia oryzae infection.
Two-week-old rice seedlings were inoculated
with the fungus P. oryzae, and the control
seedlings were sprayed with solvent (0.2%
gelatin in water) only. Leaf samples were
harvested at 1, 3 and 6 d post inoculation
(dpi) in four biological replicates, each
consisting of a pool of four-to-five seedlings
** grown in separate pots. Concentrations of (a)
cis-OPDA, (b) JA, (c) OH-JA, (d) JA-lle, (e)
COOH-JA-lle, and (f) OH-JA-Ile were

determined using a triple quadrupole mass
spectrometer Jasmonate data were analyzed
using a two-way ANOVA, followed by
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two-way ANOVA for the levels of jasmonic
acid (JA) metabolites are provided in
Supporting Information Table S8.
Significantly different comparisons between
control vs infected levels at each time point
are displayed on graphs using asterisks (**,
P<0.01; *** P<0.001). Data are presented
as the mean + SE, and all data points are
shown on the graph as open circles (n=4).
cis-OPDA, cis-(+)-12-oxo-phytodienoic acid;
COOH-JA-lle, 12-carboxy-JA-lle; JA,
jasmonic acid; JA-lle, jasmonoyl-isoleucine;
OH-JA, hydroxy-JA; OH-JA-lle, 12-hydroxy-
JA-lle.

* %k * %k %k

© 2023 The Authors
New Phytologist © 2023 New Phytologist Foundation

85U8017 SUOWILLIOD @A 111D 3]qe! [dde au A peuienob ae sspiie YO ‘8sn Jo Sa|nJ oy Akeid]7aU1|UO /8|1 UO (SUO N PUOD-PUB-SWBI W00 A8 | I Afe.q 1 |BulU0//:SdnY) SUORIPUOD pue swie 1 8y &8s *[£202/2T/zz] Uo Ariqiaulluo Ae|im AB0j0o3 eoiweyd zz€ IdIN Ad #Ge6T ydu/TTTT 0T/I0p/uoo Ao 1M Aelq pul uoyduy/sdny woly pepeojumod ‘Z ‘+20z ‘LET869YT



New
Phytologist

Research™ 83

: !SGQVI

increased ¢ 16-fold after fungal infection compared with control
leaves, while a seven-fold increase was found at 6 dpi (Fig. 4a).
Similarly, JA levels were two- to three-fold higher in P. oryzae
infected leaves than in the corresponding controls at 3 and 6 dpi
(Fig. 4b). A sustained accumulation of OH-JA was found at 3 and
6 dpi (Fig. 4¢). JA-Ile, considered the most bioactive metabolite in
the jasmonate pathway (Fonseca ez 4/, 2009), was also induced at
levels up to 30-fold in response to infection by the blast fungus at
3 and 6 dpi (Fig. 4d). Similarly, concentrations of the JA-Ile deri-
vatives, including COOH-JA-Ile and OH-JA-Ile, were signifi-
cantly higher in P. oryzae-colonized rice leaves at 3 and 6 dpi than
in the corresponding controls (Fig. 4e,f). The marked accumula-
tion of jasmonates, including a JA precursor, active forms and

—
()
[=2

1.2+

0.8+

0.4+

catabolites, suggests that rice seedlings induce the JA biosynthetic
pathway in their leaves in response to P. oryzae infection.

quantified
P. oryzae-infected and corresponding control leaves. Levels of the
monosaccharides, including glucose and fructose, increased
remarkably after fungal colonization at 3 and 6 dpi (Fig. 5a). The
content of the disaccharide sucrose was slightly higher in

Next, we soluble sugar concentrations in

P. oryzae-infected plants at 3 dpi, while the basal levels were
maintained at 1 and 6 dpi (Fig. 5a). The levels of raffinose, a tri-
saccharide, increased significantly in P. oryzae-infected plants at 3
and 6 dpi compared to controls (Fig. 5a). These results suggest
that rice seedlings increase soluble sugar and jasmonate levels in
response to P. oryzae infection.
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Fig.5 Changes in soluble sugar content and
transcripts of strigolactone (SL) genes in
response to Pyricularia oryzae infection. (a)
Accumulation of soluble sugars and (b)
downregulation of the SL genes in rice leaves
after P. oryzae infection. Samples from both
fungal-infected and control leaves were
harvested at 1, 3 and 6 d post inoculation
(dpi) in four biological replicates, each
consisting of a pool of four-to-five seedlings 2
grown in separate pots. Soluble sugar
concentrations were quantified using a triple
quadrupole mass spectrometer. Relative
transcripts of the SL biosynthetic (d27 and
d10) and signaling (d74) genes were
determined using RT-qPCR and normalized to
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the transcript levels of the housekeeping
genes OsExp and OsActin. Data were
analyzed using a two-way ANOVA, followed
by Tukey's multiple comparison test with a
95% confidence interval. Statistical details of a
two-way ANOVA for the levels of sugar
metabolites and SL gene transcripts are
provided in Supporting Information Tables S9
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To determine whether the SL pathway is altered in rice leaves
inoculated with the blast fungus P. oryzae, we analyzed transcripts
of two SL biosynthetic genes (427, 410) and one signaling gene
(d14) over the course of infection. The relative expression of 427
was found to be slightly lower in P. oryzae-infected leaves than in
control leaves at 1 dpi, and significantly lower transcripts were
found on subsequent days of infection at 3 and 6 dpi than in the
corresponding controls (Fig. 5b). Similarly, a significant downre-
gulation of the biosynthetic gene 410 was found after fungal
infection at 3 and 6 dpi (Fig. 5b). Downregulation of the SL sig-
naling gene 414 was already found in P. oryzae-infected leaves at
the earlier time points 1 and 3 dpi (Fig. 5b). Taken together,
P. oryzae infection in rice leaves resulted in the rapid downregula-
tion of the SL signaling pathway followed by concomitant accu-
mulation of jasmonates and soluble sugars.

—
(3)
~
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SLs negatively regulate flavonoid phytoalexin accumulation
in rice leaves

Rice is known to accumulate several classes of phytoalexins,
including some classes of flavonoids. Previous studies have shown
that the flavanone sakuranetin, a methoxy derivative of narin-
genin whose accumulation is regulated by JA signaling, is an
effective antimicrobial metabolite against P. oryzae (Miyamoto
et al., 2016; Ogawa et al., 2017). We asked whether SLs also reg-
ulate flavanone levels in rice leaves. First, we quantified the accu-
mulation of naringenin and sakuranetin in rice leaves infected by
P. oryzae. In response to blast infection, these antimicrobial meta-
bolites were induced remarkably up to 535-fold at 3 dpi
(Fig. 6a). Then, we quantified the levels of flavonoid phytoalexins
in the leaves of SL mutants. The SL biosynthetic mutant 410 and
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Fig. 6 Strigolactones (SLs) negatively regulate the accumulation of flavonoid phytoalexins in rice leaves. (a) Naringenin and sakuranetin levels were
induced in rice leaves in response to infection by the blast fungus Pyricularia oryzae. Leaf samples from fungus-infected and control plants were harvested
at 1, 3 and 6 d post inoculation (dpi) in four biological replicates, each consisting of a pool of four-to-five seedlings grown in separate pots. Flavonoid levels
were determined using a triple quadrupole mass spectrometer, and data were analyzed using a two-way ANOVA, followed by Tukey's multiple comparison
test with a 95% confidence interval. Significantly different comparisons between control vs infected levels at each time point are displayed on graphs using
asterisks (***, P<0.001). Statistical details of a two-way ANOVA for the levels of flavonoid metabolites are provided in Supporting Information Table S11.
Data are presented as the mean =+ SE, and all data points are shown on the graph as open circles (n =4). (b) The accumulation of flavonoid phytoalexins
increased in SL biosynthetic (d70) and SL signaling (d74) mutants. Shoots of transplanted 2-wk-old rice seedlings were harvested in five biological repli-
cates, each consisting of a pool of three-to-four seedlings grown in separate pots. Data were analyzed using a one-way ANOVA, followed by Tukey's test
with a 95% confidence interval. Different letters above bars indicate groups that are significantly different (P <0.05). (c) Wild-type rice seedlings treated
with the SL biosynthesis inhibitor TIS108 induced the accumulation of flavonoid phytoalexins. Shoots of TIS108-treated rice seedlings were harvested in
five biological replicates, each consisting of a pool of three-to-four seedlings grown in separate pots. Flavonoid data were analyzed using a two-tailed ¢-test
(**, P<0.01). (d) Levels of flavonoid phytoalexins were reduced in rice seedlings treated with the SL analogue rac-GR24. Shoots of GR24-treated rice seed-
lings were harvested in five biological replicates, each consisting of a pool of three-to-four seedlings grown in separate pots. Flavonoid data were analyzed
using a one-way ANOVA, followed by Tukey's test with a 95% confidence interval. Different letters above bars indicate groups that are significantly differ-
ent (P<0.05). Data (b—e) are presented as the mean =+ SE, and all data points are shown on the graph as open circles (n =4-5). (e, f) Accumulation of flavo-
noid phytoalexins increased in the leaves of rice seedlings treated with MeJA and soluble sugars. Shoots of MeJA- and sugar-treated rice seedlings were
harvested 1 d after respective chemical treatment in four biological replicates (n =4), each consisting of a pool of four to six seedlings. MeJA-treated data
were analyzed using a two-tailed t-test (*, P <0.05; **, P<0.01). Sugar-treated data were analyzed using a one-way ANOVA, followed by Tukey's test
with a 95% confidence interval. Different letters above bars (e) indicate groups that are significantly different (P <0.05). Data (f) are presented as scatter

plots shown by the open circles, and solid lines represent mean =+ SE (n = 4). All data points are shown on the graph as circles.

the signaling mutant 414 both accumulated increased levels of
naringenin and sakuranetin compared to the WT (Fig. 6b). Simi-
larly, when WT seedlings were treated with the SL biosynthesis
inhibitor TIS108, flavonoid phytoalexins accumulated in higher
amounts than in untreated control seedlings (Fig. 6¢). By con-
trast, WT seedlings treated with the SL analog r2c-GR24 showed
reduced levels of naringenin and sakuranetin (Fig. 6d). Since SL-
deficient plants increased the levels of both jasmonates and solu-
ble sugars, we quantified the concentrations of flavonoid phytoa-
lexins after treatment with MeJA and soluble sugars. Both JA and
sugar treatment significantly enhanced the accumulation of nar-
ingenin and sakuranetin (Fig. Ge,f). Collectively, these results
suggest that SLs negatively regulate flavonoid phytoalexins, while
jasmonate and soluble sugars increase flavonoid accumulation in
rice leaves.

Jasmonate and sugar signaling pathways interact positively

in rice

It is now evident that jasmonates and sugars both induce flavonoid
phytoalexins in rice. Concomitant accumulation of higher levels of
sugars and jasmonates in SL-deficient rice seedlings as well as in
WT plants after P. oryzae infection raised the question of whether
JA signaling is directly connected to sugar accumulation and vice
versa. To address this question, we quantified sugar accumulation
in the jarl mutant and the co7/-18 RNAI line. jarI encodes JAR1,
an ATP-dependent JA-amido synthetase, which catalyzes the conju-
gation of isoleucine to JA, resulting in the formation of JA-Ile
(Riemann et al, 2008). JA-Ile is considered the most active JA
metabolite perceived by the COIl receptor, resulting in down-
stream JA signaling (Riemann ez a/., 2008), while co71-18 is defec-
tive in JA response (Yang er al, 2012). Concentrations of glucose
and fructose were significantly lower in jarl and coil-18 lines than
in the WT Nipponbare (Fig. 7a). However, the levels of sucrose
and raffinose did not change in these lines (Fig. 7a). We also mea-
sured JA metabolites in these lines. Levels of ¢i-OPDA and JA

© 2023 The Authors
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were similar in mutant and WT leaves (Fig. S8). JA-Ile and OH-
JA-Ile concentrations were extremely low in the jar! mutant in
comparison with both WT and coi/-18 RNAI plants, which both
accumulated comparable amounts of JA-Ile (Fig. S8). In a separate
experiment, we compared sugar concentrations in WT seedlings
(cv Shiokari) with and without MeJA treatment. After 24 h, the
exogenous MeJA was readily converted to different forms of JA
metabolites, including JA and JA-Ile (Fig. S9). Increased JA meta-
bolites also enhanced total soluble sugar content, which is domi-
nated by sucrose (Fig. S10), indicating a positive role of JA
signaling in sugar accumulation.

To determine whether soluble sugars affect jasmonate accumula-
tion, we treated 2-wk-old WT rice seedlings (cv Nipponbare) sepa-
rately using glucose and sucrose. Leaf samples were collected after
24 h, and JA metabolites were analyzed using LC-MS/MS. Appli-
cation of glucose or sucrose significantly induced the accumulation
of the jasmonates measured (cis-OPDA, JA, JA-Ile, and OH-JA-
Ile) in most cases, except for sucrose with ci-OPDA and JA
(Fig. 7b). Levels of JA-Ile and OH-JA-Ile increased substantially
after treatment with both glucose and sucrose in comparison with
control seedlings (Fig. 7b). These findings suggest that sugar and

jasmonate signaling pathways interact positively in rice.

The antagonism between SL and jasmonate signaling
mediates rice defense against P. oryzae

Since 7ac-GR24 application decreased JA-lle content in WT
and the SL biosynthetic mutant 410, but not the signaling
mutant 414 (Fig. S4), we carried out an infection experiment
using the SL mutants and the corresponding WT (cv Shiokari)
after complementing with 72cGR24. Seedlings of each line
were treated with 74c-GR24 or solvent only (mock) 24 h before
P. oryzae inoculation. We found that pretreatment with rac-
GR24 enhanced blast infection on WT and 410 seedlings, as
shown by quantifying sporulating lesion formation (Fig. 8a).
However, the SL signaling mutant 44 was insensitive to rac-
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Fig. 7 Positive interplay between sugars and jasmonate signaling in rice. (a)
Concentrations of soluble sugars in rice mutants defective in jasmonoyl-.-
isoleucine (JA-lle) synthesis (jar7) and JA perception (coi7-18) compared
with the wild-type Nipponbare. Leaf samples were harvested from 3-wk-old
rice seedlings, and sugars were quantified using a triple quadrupole mass
spectrometer. Data were analyzed using a one-way ANOVA, followed by
Tukey's multiple comparison test with a 95% confidence interval. Different
letters above bars indicate groups that are significantly different (P <0.05).
Data are presented using bar plots as the mean + SE, and all data points are
shown on the graph as open circles (n=4). (b) Accumulation of jasmonates
in rice leaves after treatment with sugars. Three-week-old rice seedlings
were sprayed with glucose, sucrose or with solvent only as a mock control.
Leaf samples were harvested 24 h after treatment. Data are presented as
scatter plots shown by the open circles, and solid lines represent mean + SE
(n =4). Hormone data were analyzed using a one-way ANOVA, followed
by Tukey's multiple comparison test with a 95% confidence interval.
Different letters above scattered plots indicate groups that are significantly
different (P < 0.05). All data points are plotted as open circles (n=4).
cis-OPDA, cis-(+)-12-oxo-phytodienoic acid; OH-JA-lle, 12-hydroxy-JA-Ile;
JA, jasmonic acid; JA-lle, jasmonoyl-isoleucine; ns, nonsignificant.
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GR24, resulting in similar infection levels observed in the
untreated 414 plants (Fig. 8a,b). Next, we conducted another
infection assay using the jar! mutant, defective in JA-Ile accu-
mulation, the co7/-18 RNAI line, defective in jasmonate percep-
tion and the corresponding WT (cv Nipponbare). Half of the
seedlings of each line were also sprayed with the SL inhibitor
TIS108 24 h before P.oryzae inoculation. The WT seedlings
pretreated with TIS108 displayed enhanced resistance against
P. oryzae (Fig. 8c). The jarl mutant showed a higher number
of susceptible lesions than the WT plants, suggesting that JA-
Ile production is necessary for blast resistance in rice. Further-
more, the JA signaling-deficient coil-18 RNAI line was hyper-
sensitive to P. oryzae infection, with three times higher
numbers of sporulating lesions than the WT (Fig. 8c). How-
ever, pretreatment with TIS108 did not reduce the susceptibil-
ity of jarl and coil-18 mutants (Fig. 8c,d), suggesting that rice
defense against P. oryzae caused by attenuated SL signaling is
dependent on JA-Ile production and intact JA signaling.

Discussion

The carotenoid-derived SLs are well-known for their functions in
plant growth and development (Gomez-Roldan er al, 2008;
Umehara et al., 2008; Sun et al., 2014; Ueda & Kusaba, 2015;
Ravazzolo et al, 2021). However, the role of these hormones in
plant defense against pathogens, especially those causing foliar
diseases, is less understood. Here, we provide decisive evidence
that inhibition of SL biosynthesis and signaling enhances rice
defense against the leaf blast fungus P. oryzae through a higher
accumulation of soluble sugars, jasmonates and flavonoid phytoa-
lexins such as naringenin and sakuranetin. We also report a reci-
procal positive interplay between JA signaling and soluble sugar
concentrations in rice leaves.

The reciprocal positive interplay between soluble sugars
and jasmonates in rice

Soluble sugars, such as glucose, fructose, sucrose and raffinose,
are more than just energy sources in plants but are involved in
integrating environmental cues via osmotic adjustments, ROS
homeostasis and effects on hormones (Kanwar & Jha, 2019;
Saddhe ez al., 2021). Auxin, cytokinin, salicylic acid, abscisic acid
and ethylene signaling pathways are modulated by sugar-sensing
proteins such as hexokinases and sucrose transporters (Choudh-
ary et al., 2022). In the JA pathway, sugars regulate key signaling
genes such as MYC2. The current study showed that foliar treat-
ments with glucose or sucrose in rice enhance jasmonate accumu-
lation in leaves, indicating positive crosstalk between sugar and
JA signaling pathways. Reciprocally, we found a significant
increase in total soluble sugar content, predominantly sucrose, in
rice seedlings after MeJA treatment (Fig. S10). These findings are
supported by a recent study on ryegrass in which MeJA markedly
induced the LpSUCTI gene and increased sucrose content in
leaves (Meuriot ez al., 2022). Exogenous MeJA is readily con-
verted to various jasmonates, including the most active jasmonate

JA-Ile, thereby triggering the JA signaling pathway. However, the
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Fig. 8 Complementation experiments using the strigolactone (SL) analogue rac-GR24 and the SL biosynthetic inhibitor TIS108. (a, b) Pretreatment with rac-
GR24 increases rice susceptibility to Pyricularia oryzae in wild-type (WT) and SL biosynthetic mutant d70 but does not affect the signaling mutant d74.
Two-week-old transplanted rice seedlings of all lines were treated with rac-GR24 or with the mock control. (c, d) The SL biosynthetic inhibitor TIS108
reduces P. oryzae infection in WT (cv Nipponbare) but not in jar? mutant and coi7-78 RNAI lines. The mutant jar7 is defective in jasmonoyl--isoleucine (JA-
lle) biosynthesis, and the coi7-78 RNAI line has reduced jasmonate perception. Two-week-old transplanted rice seedlings of all lines were treated with
TIS108 or with the mock control. In both experiments, 1 d after chemical treatments, all seedlings were inoculated with the blast fungus P. oryzae, and the
disease was scored 6 d post inoculation (dpi). Infection levels were determined by counting the average number of sporulating (a, ¢) and nonsporulating (b,
d) lesions on the second youngest leaf. Data were analyzed using a two-way ANOVA, followed by Tukey's multiple comparisons test with a 95% confidence
interval. Statistical details of a two-way ANOVA are provided in Supporting Information Tables S12 and S13. Different letters above bars indicate significantly
different groups (P <0.05). Data are presented as the mean + SE, and all data points are shown on the graph as open circles (n =6-8). ns, nonsignificant.
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jarl mutant, which cannot synthesize JA-Ile (Riemann
et al., 2008), and coil- 18 silenced plants, which are perturbed in
jasmonate perception (Yang er al, 2012), both accumulated
lower levels of soluble sugars, mainly glucose and fructose
(Fig. 7a). The lack of a significant decline in sucrose may arise
from the faster growth of the JA mutants, which may be corre-
lated with a higher photosynthetic rate and thus higher sucrose
levels. Our results indicate a mutual positive interplay between
sugar and JA signaling pathways in rice, which may provide fit-
ness benefits under changing environmental conditions.

SLs antagonize the accumulation of soluble sugars,
jasmonates and flavonoid phytoalexins

Soluble sugars are known to suppress the function of SLs in differ-
ent plant species. For example, glucose inhibited SL-induced leaf
senescence in bamboo and rice (Tian et 2/, 2018; Takahashi
et al., 2021). Likewise, sucrose was found to suppress SL-mediated

© 2023 The Authors
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inhibition of axillary bud outgrowth in rose and pea (Bertheloot
et al., 2020) and tillering in rice (Patil ez al, 2022). In the current
study, we asked whether SLs modulate soluble sugar content in
rice using three different approaches: after exogenous application
of a synthetic SL, rac-GR24; after spraying with the SL inhibitor
TIS108; and using rice mutants perturbed in SL biosynthesis
(d10) and signaling (414). Treatment with r2¢-GR24 reduced
sugar concentrations in rice leaves, while the inhibitor TIS108
increased the levels of sucrose and raffinose compared to those in
mock-treated plants. Finally, enhanced sugar concentrations were
found in rice SL mutants compared with WT plants. These results
establish that SL signaling negatively affects sugar content in rice
shoots. However, Arabidopsis lines overexpressing MAX2, a central
component of the SL signaling cascade, accumulated higher solu-
ble sugar content compared with WT in response to drought and
salinity stresses (Wang er al, 2019). Moreover, max] and max2
mutants accumulated slightly lower levels of hexose sugars without
affecting sucrose and starch content (Li ez al, 2016). It appears
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that the outcome of SL-mediated sugar signaling is different in rice
and Arabidopsis.

Recent studies have revealed that SLs antagonize the JA signal-
ing pathway in the roots of rice (Lahari ez a/, 2019) and tomato
Xu et al, 2019), and the stems of Nicotiana attenuata (Li
et al., 2020). Given that soluble sugars and JA metabolites induce
each other, we anticipated that rice seedlings blocked in SL sig-
naling would display higher levels of jasmonates, and this was
confirmed for the 470 and 414 mutants and in plants sprayed
with the SL biosynthetic inhibitor TIS108 (Fig. 2). Application
of the SL analogue rac-GR24 decreased jasmonate content, espe-
cially JA-Ile. The negative effect of SLs on jasmonates was further
supported by the restoration of basal jasmonate levels in the
leaves of SL biosynthetic mutant 470 by rac-GR24 treatment
(Fig. S4). Previously, it was shown that r2c--GR24 also restored
the susceptibility of root-knot nematode infection in SL-deficient
lines, while the SL perception mutant 414 was unaffected (Lahari
et al., 2019). However, further investigation is necessary to deter-
mine how SL mutants and WT seedlings respond to specific
stereoisomers of GR24, as plants respond slightly differently to
GR24°°® and GR24“™°PS (Zheng e al., 2020).

Upon pathogen attack, flavonoids are often highly induced in
plants resulting in increased disease resistance (Liu et al, 20105
Miyamoto et al., 2016; Ullah et al., 2017; Forster et al., 2022).
As reported earlier and in the current study, levels of the flava-
none flavonoids naringenin and sakuranetin increased remarkably
in rice leaves in response to P. oryzae infection. Our study also
revealed a novel negative link between SLs and these phytoalex-
ins. Besides the simultaneous accumulation of jasmonates and
soluble sugars, SL-deficient plants constitutively increased their
levels of naringenin and sakuranetin. In separate experiments, we
also found that jasmonates and sugars increased naringenin and
sakuranetin levels in rice leaves (Fig. 6). In grapes, GR24 was
shown to inhibit the accumulation of anthocyanin (Ferrero
et al., 2018). We also found a similar effect of 72¢-GR24 on rice
flavonoid phytoalexins. By contrast, several genes involved in fla-
vonoid biosynthesis were downregulated in the arabidopsis 7ax1
mutant (Lazar & Goodman, 2000), indicating that SLs might
regulate certain classes of flavonoids in different ways in different
plant species. Further studies are necessary to unravel how SL sig-
naling is linked to phytoalexin accumulation in other plants.

SL deficiency enhances rice defense against P. oryzae via
jasmonates and sugars

The two most evolutionary conserved functions of SLs in plant bio-
tic interactions are to facilitate symbiosis with beneficial microbes
and trigger the germination of parasitic weed seeds. While the for-
mer is a positive trait for plant survival, the latter is a negative trait,
at least for the host of the parasite. Strigolactones also play disparate
roles in plant defense against different pathogens, which could be
due to various factors such as the plant species, developmental stage,
tissue specificity and the pathogen lifestyle (Dor ez al, 2011; Torres-
Vera et al., 2014; Lahari et al., 2019; Xu et al, 2019). In rice roots,
SLs promote infection by the root-knot nematode Meloidogyne gra-
minicola (Lahari et al., 2019). This obligate biotrophic pathogen
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manipulates root cell metabolism extensively and suppresses plant
defense during parasitism  (Mantelin ez 2/, 2017; Lahari
et al, 2019). One of the central research questions of the current
study was to determine the role of SLs in rice shoots against the
hemibiotrophic fungus P. oryzae, which causes blast disease at all
stages of rice growth and is considered to be one of the most destruc-
tive fungal plant pathogens in the world (Dean ¢t 4/, 2012). Infec-
tion experiments using a virulent strain (VI5M1) on seedlings of
both SL biosynthetic and signaling mutants (410 and 414, respec-
tively), clearly showed that SL mutants were less susceptible than the
corresponding WT Shiokari. Furthermore, WT seedlings that were
pretreated with the SL analog 72¢-GR24 enhanced P. oryzae suscept-
ibility. Blast susceptibility was also restored in the SL biosynthetic
mutant 10 when rac GR24 was applied before fungal inoculation.
However, the SL signaling mutant 474 was not responsive to 7ac-
GR24. By contrast, another study demonstrated that rice 477 and
d14 mutants were more susceptible than WT to P. oryzae (Nasir
et al., 2019). However, in this study, the WT plants appeared almost
immune to the fungal strain used for the infection experiment. To
confirm our observations, WT rice seedlings were pretreated with
the SL biosynthesis inhibitor TIS108 and subsequently infected by
the fungus. Here, we also observed reduced blast susceptibility in
SL-deficient rice seedlings.

In the same way that SLs influence resistance to P. oryzae infec-
tion in rice leaves, this hemibiotrophic fungus influenced SL
abundance over the time course of this compatible plant—patho-
gen interaction. For example, we showed that SL biosynthetic
and signaling genes were downregulated in P. oryzae-infected tis-
sues accompanied by an increase in the levels of soluble sugars
and jasmonates compared with the control. As discussed above,
induced sugars might be involved in defense signaling. For

Flavonoid
phytoalexins
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Fig.9 Schematic model depicts how strigolactones (SLs) suppress rice
defense against Pyricularia oryzae by inhibiting jasmonate, sugar and
flavonoid phytoalexin accumulation. Pyricularia oryzae infection in rice
leaves, as well as the chemical treatment and genetic mutants used here,
result in the downregulation of SL biosynthesis and signaling, which
markedly increases the accumulation of soluble sugars, jasmonates and
flavonoid phytoalexins including naringenin and sakuranetin. These known
antifungal flavonoids are also induced by both jasmonate and sugar
treatments. Activation of the jasmonate pathway increases defense
against the blast fungus. Green lines with arrowheads depict positive
relationships, and red lines with blunt ends represent inhibition or negative
relationships. The dashed line indicates a relationship supported by the
literature. cis-OPDA, cis-(+)-12-oxo-phytodienoic acid; JA, jasmonic acid;
JA-lle, jasmonyl-isoleucine.
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example, rice plants overexpressing the pathogenesis-related gene
PRms had higher sucrose accumulation and increased resistance
against P. oryzae (Gémez-Ariza et al., 2007). Exogenous sugar
application was also shown to reduce P. oryzae infection. In rice,
jasmonates are considered to be the major hormone triggering
antipathogen defenses, and JA biosynthesis and signaling genes
were induced in rice leaves infected by P. oryzae (Zhang
et al., 2018). While infection experiments with virulent P. oryzae
strains on several rice lines deficient in JA biosynthesis (e.g. aoc-
RNAi, opr7-RNAi and aoc) did not show greater P. oryzae infec-
tivity than on control rice lines (Yara ez al, 2008; Riemann
et al, 2013), exogenous treatments with MeJA (Zhang
et al., 2018) and JA (Wang ez al., 2021) strongly reduced P. ory-
zae infection. Our study has substantiated the role of JA signaling
and the bioactive JA-Ile in rice defense against the blast pathogen.
The jarl mutant and coil-18 RNAI lines were more susceptible
to P. oryzae than WT. Moreover, since SL deficiency was found
to increase jasmonate accumulation, we treated WT rice seedlings
with the SL inhibitor TIS108. This treatment not only increased
the levels of JA and other jasmonates, but also reduced blast
infection in WT plants, affirming that rice defense against the
blast fungus is dependent on JA signaling.

Conclusion

Our results show that rice seedlings respond to P. oryzae infection
by downregulating the SL signaling pathway, which results in
increased accumulation of soluble sugars, jasmonates and flavonoid
phytoalexins. Loss-of-function SL mutants also displayed increased
soluble sugar and jasmonate levels, and greater amounts of antimi-
crobial flavonoids resulting in increased resistance to the blast fun-
gus. Transgenic rice lines with attenuated JA-lIle production or
reduced JA signaling were more susceptible to the fungus, but this
could not be changed by inhibiting the SL pathway. We propose
that rice SL-deficiency-mediated defense against the blast fungus P.
oryzae functions via the JA signaling pathway, and that it is also
strongly linked to sugar signaling pathways (Fig. 9).
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Fig. S7 Concentrations of reactive oxygen species in rice
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GR24.
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