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Striga species are parasitic weeds that seriously constrain the productivity of food staples, including cereals and legumes, in Sub-
Saharan Africa and Asia. In eastern and central Africa, Striga spp. infest as much as 40 million hectares of smallholder farmland
causing total crop failure during severe infestation. As the molecular mechanisms underlying resistance are yet to be elucidated,
we undertook a comparative metabolome study using the Striga-resistant rice (Oryza sativa) cultivar ‘Nipponbare’ and the
susceptible cultivar ‘Koshihikari’. We found that a number of metabolites accumulated preferentially in the Striga-resistant
cultivar upon Striga hermonthica infection. Most apparent was increased deposition of lignin, a phenylpropanoid polymer
mainly composed of p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) aromatic units, around the site of interaction in
Nipponbare. The increased deposition of lignin was accompanied by induction of the expression of corresponding enzyme-
encoding genes in the phenylpropanoid pathway. In addition, perturbing normal lignin composition by knocking down or
overexpressing the genes that regulate lignin composition, ie. p-COUMARATE 3-HYDROXYLASE or FERULATE 5-
HYDROXYLASE, enhanced susceptibility of Nipponbare to S. hermonthica infection. These results demonstrate that enhanced
lignin deposition and maintenance of the structural integrity of lignin polymers deposited at the infection site are crucial for

postattachment resistance against S. hermonthica.

Witchweeds (Striga spp.) are members of the Oro-
banchaceae family, which is composed of root parasites
and are among the most economically important par-
asitic plants for modern agriculture globally (Scholes
and Press, 2008). In Africa, five of the most economi-
cally important Striga species, i.e. Striga hermonthica,
Striga asiatica, Striga forbesii, Striga aspera, and Striga
gesnerioides, affect the production of sorghum (Sorghum
bicolor), finger millet (Eleusine coracana), maize (Zea
mays), sugarcane (Saccharum officinarum), and cowpea
(Vigna unguiculata), resulting in annual losses of over
1 billion USD in cereal productivity alone (Spallek et al.,
2013; Gobena et al., 2017). The development of resis-
tance in host species remains one of the most efficient
and cost-effective ways to control infestations of the
parasitic plants (Riches and Parker, 1995). Cultivars and
wild relatives of crop species, including sorghum and
rice (Oryza sativa), that show resistance to Striga spp.,

have been identified (Hess et al., 1992; Gurney et al,,
2006; Cissoko et al., 2011; Gobena et al., 2017). For ex-
ample, rice cultivars, IR47255-B-B-5-4, IR49255-B-B-5-2,
Nipponbare, and IR64 have been reported to be Striga-
resistant (Harahap et al., 1993; Gurney et al., 2006;
Yoshida and Shirasu, 2009). In Africa, the NEw RICe for
Africa (NERICA) cultivars, which were developed to
combine the high yielding characteristics of the Asian
rice species O. sativa (WAB56-104, WAB56-50, and
WAB181-18) with the local stress-resistance abilities of
the African species Oryza glaberrima (CG14; Jones et al.,
1997), have gained prominence. Eighteen interspecific
upland cultivars, named NERICA-1 to NERICA-18, are
available to rice farmers (Jamil et al.,, 2011). Some
NERICA cultivars (i.e. NERICA-1, NERICA-3, NER-
ICA-4, NERICA-12, and NERICA-17) have been
reported to have Striga resistance when screened
under laboratory conditions (Cissoko et al., 2011), and
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this resistance was confirmed when these cultivars
were exposed to S. hermonthica under field conditions
(Rodenburg et al., 2015).

The mechanisms of resistance to parasitic plants
vary depending on the host species and cultivars
(Saucet and Shirasu, 2016). Broadly speaking, two types
of resistance against the Orobanchaceae parasitic plants
have been reported (i.e. pre- and postattachment re-
sistance; Hess et al., 1992; Gurney et al., 2006; Yoshida
and Shirasu, 2009). Preattachment resistance involves
the production of lower levels of parasite germination
stimulants such as strigolactones by the host (Hess
et al., 1992; Matusova et al., 2005; Gobena et al., 2017).
On the other hand, postattachment resistance involves
strengthening of pre-existing and inducible mecha-
nisms that prevent vascular continuity with the parasite
after forming an invasive organ called an “haustorium”
(Swarbrick et al., 2008; Li and Timko, 2009; Yoshida
and Shirasu, 2009; Yoshida et al., 2016). For example,
the penetration of Orobanche minor into salicylic-
acid—treated red clover (Trifolium pretense) stops at the
lignified endodermis of the host root, preventing the
connection of host and parasite vasculature (Kusumoto
et al., 2007). In the case of sunflower (Helianthus sp.), a
cultivar resistant to Orobanche cumana shows enhanced
cell wall deposition at the infection site, thereby inhib-
iting parasite development by causing cellular disor-
ganization of the parasite (Labrousse et al., 2001).

Lignin is an abundant phenylpropanoid polymer
constituting the secondary cell wall of vascular plants.
The lignin polymer is synthesized via oxidative radi-
cal coupling of lignin monomers, mainly of the
three types of monolignols (i.e. p-coumaryl alcohol, con-
iferyl alcohol), and sinapyl alcohol, which constitute
p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S)
units in the lignin polymers, respectively; in addition,
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v-acylated lignin units arise from incorporation of y-p-
coumarylated monolignols during lignification, particu-
larly in grasses (Fig. 1). These lignin monomers, along
with many other specialized metabolites such as flavo-
noids, are derived from the phenylpropanoid pathway
(Fig. 1). Notably, the biosynthesis and deposition of lignin
or lignin-like phenolic polymers in cell walls can be in-
duced rapidly in response to biotic and abiotic stresses, as
well as to structural damage (Humphreys and Chapple,
2002; Cafio-Delgado et al., 2003). In particular, various
metabolic enzymes in the lignin biosynthesis pathway
are required for resistance against various pathogens.
For example, in wheat (Triticum monococcum), silencing
genes encoding the monolignol biosynthesis enzymes,
such as Phe ammonia-lyase (PAL), caffeic acid o-meth-
yltransferase (COMT), caffeoyl-CoA o-methyltransferase
(CCoAOMT), and cinnamyl alcohol dehydrogenase
(CAD), leads to susceptibility of leaf tissues to the fungal
pathogen Blumeria graminis f. sp. tritici, the causal agent of
powdery mildew disease (Bhuiyan et al., 2009). In
Arabidopsis (Arabidopsis thaliana), the reduced epidermal
fluorescence8 mutant, which is defective in the gene
encoding p-COUMARATE 3-HYDROXYLASE (or
p-COUMAROYL ESTER 3-HYDROXYLASE [C3'H])
required for the generation of G- and S-lignin poly-
mer units (but not H-units; Fig. 1), accumulates
H-enriched lignin polymers in cell walls, and shows
increased susceptibility to fungal attack (Franke et al.,
2002; Bonawitz et al., 2014). In some cases, however,
down-regulation of metabolic enzyme-encoding
genes in the phenylpropanoid pathway results in
resistance against pathogens. For example, in alfalfa
(Medicago sativa), down-regulation of the gene en-
coding hydroxycinnamoyl-CoA shikimate/quinate
hydroxycinnamoyl transferase results in the reduction
of lignin levels, constitutive defense responses, and
enhanced tolerance to the fungal pathogen Colleto-
trichum trifolii (Gallego-Giraldo et al., 2011). Similarly,
COMT and CCoAOMT antisense tobacco (Nicotiana
tabacum) lines are more resistant to Agrobacterium
tumefaciens infection as compared to the wild-type
plants (Maury et al., 2010). In yet another example,
sorghum lines with defective CAD and COMT genes
resulting in an altered lignin content and composition
(Oliver et al., 2005), are resistant to Fusarium spp.
(Funnell-Harris et al., 2010). From these examples, it is
possible that enforced alteration of lignin composition
may lead to the production of damage-associated mo-
lecular patterns, which could enhance resistance to
specific pathogen types. However, the impact of lignin
modification on the regulation of defense responses is
yet to be fully elucidated.

Previous reports demonstrated the existence of dif-
ferences in susceptibility between the rice cultivar
‘Koshihikari” and the rice cultivar ‘Nipponbare’, upon
infection by S. hermonthica. Nipponbare often prevents
S. hermonthica penetration to the endodermis or limits
its growth after vascular connection (Gurney et al.,
2006; Yoshida and Shirasu, 2009). Nipponbare is not
only resistant to parasitism by Striga spp. but has
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Figure 1. Overview of phenylpropanoid and monolignol biosynthetic pathways. The expression of the genes encoding the en-
zymes in bold was induced by S. hermonthica infection in rice roots. C4H, cinnamate 4-hydroxylase; PTAL, bifunctional Phe Tyr
ammonia-lyase; 4CL, 4-coumaroyl-CoA ligase; HCT, p-hydroxycinnamoyl-CoA:shikimate p-hydroxycinnamoyl transferase; CSE,
caffeoyl shikimate esterase; CCR, cinnamoyl-CoA reductase; PMT, p-coumaroyl-CoA: monolignol transferase; LAC, laccase;

PRX, peroxidase.

advantages as a model system including amenability to
genomic and functional analysis for molecular eluci-
dation of resistance mechanisms (Swarbrick et al., 2008;
Yoshida and Shirasu, 2009; Cui et al., 2018). It was
recently shown that Nipponbare resistance to S. her-
monthica involves a temporal coactivation of both
jasmonic-acid and salicylic-acid defense pathways
controlled by the transcriptional factor WRKY45
(Mutuku et al., 2015). Most of these defense responses
occur as early as 1 day postinfection (dpi) and peaking
at 3 dpi. Based on these findings, we reasoned that
products of the phenylpropanoid pathway such as
lignin, might have an important role in resistance
against S. hermonthica.

To investigate this hypothesis, we measured changes
in metabolites at the interface of host root-S. hermonthica
haustorium at an early time point. Our nontargeted
metabolome analysis suggested that lignin may play a
role in S. hermonthica resistance. Therefore, we con-
ducted detailed quantification and chemical analyses of
the lignins produced during the resistance response
against S. hermonthica by using a pyrolysis gas chro-
matography/mass spectrometry (pyrolysis-GCMS)
approach. We found that lignin-derived pyrolysis
products balanced with H-, G-, and S-type compounds
were more abundant in Nipponbare compared to
Koshihikari upon S. hermonthica infection. Furthermore,
perturbing the balance of H-, S-, and G-type lignin
polymer units by genetically modifying FERULATE 5-
HYDROXYLASE (F5H) and C3'H in rice significantly
increased host susceptibility to S. hermonthica. Together,
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these results demonstrate that deposition of lignin and
maintenance of its structural integrity are required for
resistance against S. hermonthica.

RESULTS

Changes in Metabolites of S. hermonthica-Infected Rice
Roots at Early Infection Stages

To understand the metabolomic changes underlying
Striga spp. resistance, we analyzed the metabolome of
S. hermonthica-infected rice roots by liquid chromatog-
raphy quadrupole time-of-flight mass spectrometry
(LC-QTOF-MS) at 4 dpi. The 4-d time point was chosen
because we previously found that most of attached S.
hermonthica formed xylem-xylem connections with
their host within 4 d; and that there is no apparent
phenotypic difference between resistant and suscepti-
ble cultivars at this time point (Yoshida and Shirasu,
2009). The susceptible rice cultivar ‘Koshihikari’ and
the resistant cultivar ‘Nipponbare” were infected with
S. hermonthica seeds that were pregerminated by treat-
ment with strigol. The infected rice tissues together
with S. hermonthica tissues were excised at 4 dpi
and their metabolites were extracted. As a control,
metabolites of noninfected rice roots and 4-d-old S.
hermonthica radicles were measured. Using principal
component analysis (PCA) of metabolites quantified by
nontargeted profiling using both negative and positive
ion modes of LC-QTOF-MS, we found that there were

Plant Physiol. Vol. 179, 2019



significant differences among the noninfected rice
control, S. hermonthica-infected rice roots, and S. her-
monthica radicles. The first component (PCA1) sepa-
rates metabolites in rice roots from those in
S. hermonthica radicles, while the second component
(PCAZ2) separates metabolites in S. hermonthica-infected
rice roots from those in noninfected rice roots and S.
hermonthica radicles (Fig. 2; Supplemental Fig. S1). Be-
tween the susceptible and resistant cultivars, differ-
ences were observed with or without S. hermonthica
infections.

As the metabolites that showed different ac-
cumulation patterns between the susceptible and re-
sistant cultivars could contribute to the resistance
mechanisms, we determined the Striga-infected and
noninfected rice metabolite structures using a rice
metabolome database (Yang et al., 2014). Annotation
suggested that cell wall lignin-related compounds
were differentially accumulated in Nipponbare
after S. hermonthica infection. Moreover, following
S. hermonthica infection, phenolic acids were prefer-
entially accumulated in Nipponbare (Supplemental
Data Sets S1 and S2).

Pyrolysis-GCMS Analysis of Cell Wall Components in
S. hermonthica-Infected Rice Roots

To further investigate the differences in cell wall
composition between S. hermonthica-infected resistant
and susceptible rice cultivars, rice root samples were
subjected to pyrolysis-GCMS analysis. S. hermonthica
tissues were carefully removed from rice roots and only
the infection sites were excised and subjected to solvent
extraction followed by pyrolysis-GCMS analysis on the
cell wall residues (CWRs). The pyrolysis-derived com-
pounds were identified by comparing their mass
spectra with those of 128 compounds previously iden-
tified in various cell wall pyrolysates as described in
Ralph and Hatfield (1991). Among the previously
assigned compounds, 73 compounds were successfully
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annotated. Each of the 73 identified compounds was
classified into either lignin-derived compounds,
carbohydrate-derived compounds or others, and
lignin-derived compounds were further subclassified
into H-, G-, or S-type lignin-derived compounds as
described in Faix et al. (1990, 1991; Ralph and Hatfield
(1991; Table 1; Supplemental Data Set S3). The area
values of the total ion current spectra were determined
to estimate the relative amounts of the corresponding
compounds. As previously shown, pyrolysis-GCMS
analyses of grasses detect large amounts of 4-vinylphenol
and 4-vinylguaiacol, which seem to arise mostly from
p-coumarates and ferulates abundant in grass cell walls,
respectively (del Rio et al., 2012; Moghaddam et al,,
2017). Therefore, total lignin amount was estimated
by summing up area values of lignin-derived com-
pounds except for 4-vinylphenol, 4-vinylguaiacol, and
the analogous 2,6-dimethoxy-4-vinylphenol (4-vinyl-
syringol). In addition, total carbohydrate amount was
estimated by summing up the area of 18 peaks of
carbohydrate-derived compounds.

Koshihikari root samples released higher levels of
total lignin- and carbohydrate-derived compounds
compared to those from Nipponbare roots before
S. hermonthica infection, but there were no apparent
changes in the abundance of both total lignin- and
carbohydrate-derived compounds in the Koshihikari
root pyrograms after infection. In contrast, Nipponbare
root samples released significantly higher levels of both
total lignin- and carbohydrate-derived compounds
upon S. hermonthica infection (Fig. 3; Supplemental
Data Set S3). In Nipponbare and Koshihikari rice roots,
three compounds, i.e. 2,3-dihydro-5-methylfuran-2-
one, 4-hydroxy-5,6-dihydro-(2H)-pyran-2-one, and 1,6-
anhydro-gB-p-glucopyranose, accounted for >70% of
all carbohydrate-derived compounds, with 4-hydroxy-
5,6-dihydro-(2H)-pyran-2-one accounting for close to
half (Supplemental Data Set S3). The contents of these
three compounds, all of which are supposed to be de-
rived mainly from cellulose (Vermerris et al., 2010; Lu
et al.,, 2016), changed upon S. hermonthica infection in

4 o Infected Ko
i Infected Nb @

Figure 2. Untargeted profiling using LC-Q-TOF-
MS negative ion mode of control, S. hermonthica-
infected rice, and that of S. hermonthica radicles at
4 dpi of germination by strigol. Data represents
three biological replications of pools of rice roots
obtained as described in the “Materials and
Methods.” Nb, Nipponbare; Ko, Koshihikari.

Non-infected Nb

®

PCA2 19.7%

Non-infected Ko

Striga radicles

PCA1 54.6%
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Role of Lignin in Resistance to S. hermonthica
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Figure 3. Lignin and carbohydrate contents in rice roots under control
conditions or infected with S. hermonthica at 4 dpi as estimated by
pyrolysis-GCMS. Total lignin amount was calculated by summing up
area values in each pyrogram of lignin-derived compounds except for 4-
vinylphenol, 4-vinyl-guaiacol, and the analogous 2,6-dimethoxy-4-
vinylphenol (4-vinylsyringol), whereas total carbohydrate amount was
determined by summing up the area of 18 peaks derived from carbo-
hydrates as listed in Supplemental Data Set S3. Values represent
mean * SE. Asterisks (*) indicate statistically significant differences
(Student’s ttest, P< 0.05) between control and S. hermonthica-infected
plants. Nb, Nipponbare; Ko, Koshihikari.

Nipponbare but not in Koshihikari (Supplemental Data
Set S3).

Many of the lignin-derived compounds identified in
the pyrograms of Nipponbare roots increased upon S.
hermonthica infection, whereas, only a few significantly
increased in the pyrograms of Koshihikari roots (Ta-
ble 1). Among the 20 G-lignin-derived compounds
detected in this study, only acetovanillone was released
atlower levels from S. hermonthica-infected Nipponbare
roots compared to the control roots with a fold
change (FC) = 0.9. The levels of all other compounds
were higher in S. hermonthica-infected Nipponbare
root pyrograms compared to those in the control non-
infected root pyrograms, with cis-coniferyl alcohol
(FC =15.2) and transconiferyl alcohol (FC = 10.6) having
the largest change (Table 1). Most of the S-lignin—derived
compounds also increased after Striga infection; 16
out of 22 compounds showed significantly higher
amounts in infected samples compared to the nonin-
fected control in Nipponbare, while only 2 of 22
compounds showed significant changes in the Striga-
susceptible cultivar Koshihikari. The products that
increased the most were cis- and transsinapyl alcohol
(FC = 8.6 and 6.8, respectively), which represent core
lignin products arising from pyrolysis of the S-type
lignin polymers (Table 1; Supplemental Data Set S3).
The levels of the H-lignin-derived compounds (i.e.
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phenol, the sum of 4-methylphenol, p-cresol, 3-
methylphenol and m-cresol, 4-ethylphenol, and 4-
hydroxybenzoic acid methyl ester) were also signifi-
cantly higher in Nipponbare (Student’s t test, P < 0.05)
after S. hermonthica infection (Table 1). In addition,
catechol, 3-methoxycatechol, and 4-methoxycatechol
largely increased by 119-fold, 4-fold, and 18-fold, re-
spectively, in Nipponbare (Table 1). In contrast, such
changes were not apparent in Koshihikari (Table 1;
Supplemental Data Set S3). Taken together, total
amounts of pyrolysis products from each lignin type
(i.e. H, G, S, and others) show significant changes in
rice roots upon S. hermonthica infection in the resistant
cultivar Nipponbare (Table 2). The proportional
changes in lignin composition were estimated by the
ratio between each one of the product types (H, G, and
S) and the sum of all the product types identified in
this study; it should be noted that H-units could be
substantially overestimated because some of the
H-lignin marker products (such as phenol) can be re-
leased not only from H-lignins but also from cell wall
proteins, especially from their Tyr residues, upon py-
rolysis (Ralph and Hatfield, 1991; Li et al., 2012). The
proportions of H- and G-lignin—derived pyrolysis
products did not show significant difference, whereas
S-lignin—derived pyrolysis products increased signifi-
cantly in Nipponbare (Student’s f test, P < 0.05;
Table 2; Supplemental Data Set S3). Accordingly, the
S/G ratio also showed significant changes in Nip-
ponbare after Striga-infection but not in Koshihikari
although the proportion of G-lignin derived products
slightly increased in Koshihikari (Table 2).

Expression of Lignin Biosynthesis Genes Increases upon
S. hermonthica Infection

To investigate whether the lignin-related metabolite
changes are under transcriptional regulation, we ex-
amined the expression of genes encoding major en-
zymes in the lignin biosynthesis pathway (Fig. 1), i.e.
Phe ammonia lyasel (OsPALI; Cass et al.,, 2015), 4-
coumaroyl-CoA ligase3 (Os4CL3; Guietal., 2011), F5H1
(OsF5H1; Takeda et al., 2017), cinnamyl alcohol dehy-
drogenase2 (OsCAD2; Zhang et al., 2006), and caffeic
acid o-methyltransferasel (OsCOMT1; Koshiba et al,,
2013) by quantitative reverse transcription PCR (RT-
qPCR; Supplemental Table S1). The OsPALI expression
was induced at 1 dpi and increased 6-fold to reach the
maximum expression levels at 3 dpi in Nipponbare
(Fig. 4A). The expression of Os4CL3 increased specifi-
cally in Nipponbare from 1 dpi reaching 5-fold com-
pared to the noninfected control plants at 3 dpi (Fig. 4B)
as was the case with OsF5H1 expression, which was
induced at 1 dpi and increased to more than 2-fold at 3
dpi (Fig. 4C). The expression of OsCAD2 was induced
with maximum expression levels at 3 dpi (Fig. 4D).
OsCOMT1 expression was induced in S. hermonthica-
infected roots of Nipponbare at 3 dpi before reducing
to the basal levels at 7 dpi. In S. hermonthica-infected
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Table 2. Pyrolysis-GCMS-derived rough estimation of lignin composition in the root infection sites of the resistant cultivar ‘Nipponbare” and the
susceptible cultivar Koshihikari” in control and S. hermonthica-infected plants

Data are calculated by sum of integral peaks from each lignin-type product listed in Table 1 (excluding 4-vinylphenol, 4-phenolguaiacol, and 2,6-
dimethoxyl-4-vinylphenol, which can be derived from cell-wall-bound cinnamates). Means = sk (se) of three biological replications (each of which
contained a pool of two to five plants) are shown. Values in parentheses are percentage to the total of H + G + S products. H-products may include
phenols originated from cell wall proteins (see text). Student’s t test: *P < 0.05, **P < 0.01; comparing control and Striga-infected plants.

Lignin Nipponbare Koshihikari
Polymer o o
Unit Control Striga-infected Control Striga-infected

H 1,724,625 * 33,128 2,837,829 = 137,589** 2,132,501 = 260,861 2,317,594 = 139,525
(%) (42.8 = 0.4) (36.0 = 1.9 (40.4 = 1.9 (37.9 £ 0.2)
G 1,336,152 = 21,558 2,743,496 = 275,218* 1,798,957 = 312,049 144,959 = 117,937
(%) (33.1 = 0.3) (34.4 = 0.7) (33.4 = 0.5) (35.1 = 0.4)*
S 971,234 = 8,196 2,361,291 = 270,431* 1,425,754 = 293,902 1,650,304 = 137,044
(%) (24.1 = 0.4) (29.6 = 1.2)* (26.2 = 1.4) (26.9 = 0.5)
S/G 0.73 = 0.02 0.86 = 0.02** 0.78 £ 0.03 0.77 = 0.02

roots of Koshihikari, its expression appeared to be
suppressed compared to the healthy control plants
(Fig. 4E). These results suggest that genes in the lignin
biosynthesis pathway are up-regulated at an early time
point after S. hermonthica infection, especially in the
resistant cultivar. This is consistent with the findings of
the metabolite and cell wall analyses, which showed
that lignin and its associated phenolics accumulate in
the resistant cultivar as early as 4 dpi.

Lignin Is Deposited at the Interface between the Host and
S. hermonthica

To analyze the localization of lignin accumulation
upon S. hermonthica infection, lignin staining was per-
formed on the roots of Koshihikari and Nipponbare 4 d
after S. hermonthica infection. The phloroglucinol-HCl
staining, which primarily reacts with the cinnamalde-
hyde end-units in lignin polymers, revealed the pres-
ence of lignin inside the vasculature of intact or
S. hermonthica-infected rice roots of both cultivars
(Fig. 5). The innermost cell layers (which include cells
around the metaxylem) in both Nipponbare and
Koshihikari showed strong staining, whereas the en-
dodermal cells were mostly unstained (Fig. 5). How-
ever, a clear distinction between the two rice cultivars
was the observation that a stronger staining intensity
was often detected at the S. hermonthica invasion site in
Nipponbare (Fig. 5). Such lignin staining was restricted
to the apoplastic region of a few cells surrounding
S. hermonthica haustoria (Fig. 5). This strongly supports
our contention that resistance against S. hermonthica
correlates with the local accumulation of lignin at the
site of infection.

The Composition of Tissue Lignin Determines Host
Resistance against S. hermonthica

Evidence for the role of soluble phenolics, lignin,
and lignin composition in plant defense has been

Plant Physiol. Vol. 179, 2019

obtained from the analysis of transgenic plants and
mutants with varying lignin contents and composition
(Bhuiyan et al., 2009; Funnell-Harris et al., 2010; Maury
et al., 2010; Gallego-Giraldo et al., 2011). To determine
the role of lignin in rice resistance against S. hermonthica,
we used transgenic Nipponbare in which C3'H is
down-regulated by RNA interference (OsC3'H-kd;
Takeda et al., 2018). As C3'H provides entry into the
main lignin biosynthetic pathway leading to the for-
mation of G- and S-type monolignols but not H-type
monolignol (Fig. 1), the disruption of C3'H in various
plants results in increased incorporation of H-units at
the expense of the normally dominant G- and/or
S-units in lignins produced in major vegetative tissues
(Abdulrazzak et al., 2006; Ralph et al., 2006; Bonawitz
et al., 2014; Takeda et al., 2018). Consistently, our nu-
clear magnetic resonance (NMR) and thioacidolysis
analyses on the roots of OsC3'H-kd showed that
the relative proportion of H-units in lignin increased 6-
fold and was accompanied by a 3-fold reduction of
G-units compared to the wild-type plants. No signifi-
cant change was observed in S-units (Supplemental Fig.
S2, A and B). Also, in OsC3'H-kd roots, a reduction in
total lignin content as determined by the thioglycolic
lignin assay was observed (Supplemental Fig. S2C),
which is consistent with findings reported in Arabi-
dopsis where disruption of C3'H reduces the amount of
lignin in root cell walls (Abdulrazzak et al., 2006;
Takeda et al., 2018). In contrast to the case in stem
cell walls (Takeda et al., 2018), root cell walls from
both OsC3'H-kd and wild-type rice did not have de-
tectable levels of tricin, a flavonoid, which is integrated
as a major component of grass lignins (Supplemental
Fig. S2A; Lan et al.,, 2015). We infected the roots of
OsC3'H-kd transgenic and wild-type plants with ger-
minated S. hermonthica seedlings and quantified the
S. hermonthica survival rate by measuring the number
of S. hermonthica plants that produced at least six
leaves (Fig. 6). At 50 d after infection, ~3% of S.
hermonthica survived on the wild-type plants. In
OsC3'H-kd plants infected with S. hermonthica, there
was a 4-fold increase in survival rate (Fig. 6, A and C),
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Figure 4. Striga infection induces the expression of phenylpropanoid
pathway genes. Expression of OsPALT (A), Os4CL3 (B), OsF5H1 (C),
OsCAD2 (D), and OsCOMT (E) in the Striga-infected roots of Nippon-
bare (closed circles) and Koshihikari (closed triangles) at 0, 1, 3, and 7
dpi. Three biological and three technical replicates each containing a
pool of roots from at least five plants were analyzed. Values represent
mean * SE. Gene expression was normalized using Oscyclophilin.
Letters indicate statistically significant differences (Student’s t test, P <
0.05) from O dpi. Asterisks (*) indicate statistically significant differences
(Student’s t test, P < 0.05) among rice cultivars. Nb, Nipponbare; Ko,
Koshihikari.

showing enhanced susceptibility of OsC3'H-kd plants
toward S. hermonthica.

We also performed infection experiments using
transgenic Nipponbare carrying small interference
RNA targeting rice FSH (OsF5H-kd) or the modified
rice polyubiquitinl promoter-driven F5H coding se-
quence (OsF5H-OX; Takeda et al., 2017; Cui et al., 2018);
F5H is one of the key enzymes mediating the synthesis
of S-lignin (Fig. 1). OsF5H-kd roots accumulate less S-
and more G-lignin polymers (S/G ratio, 4:6, based on
NMR), whereas OsF5H-OX roots accumulates more S-
and fewer G-lignin polymers (S/G ratio, 7:3, based on
NMR) compared to the wild-type plants (S5/G ratio, 5:5,
based on NMR); no differences were found in either
total lignin or H-lignin between the transgenics and
the wild-type plants (Cui et al, 2018). After one
month, infection to either OsF5H-kd or OsF5H-OX
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plants increased S. hermonthica survival rates 2-fold
compared to those infecting the wild-type plants
(Fig. 6, B and D). S. hermonthica on transgenic plants
showed a growth rate similar to those on the wild-type
plants as indicated by the number of leaves (Fig. 6, C
and D). Collectively, these results demonstrate that
disruption of lignin composition balanced with H-, G-,
and S-units increases host susceptibility to S. her-
monthica infection. Thus, the maintenance of the struc-
tural integrity of tissue lignin is important in providing
an appropriate defensive layer against the parasite.

DISCUSSION

The rice cultivar Nipponbare shows resistance to S.
hermonthica parasitism, but the underlying mechanisms
for its resistance are unknown. In this study, we in-
vestigated the metabolomic differences between sus-
ceptible and resistant cultivars using nontargeted liquid
chromatography-mass spectrometry and pyrolysis-
GCMS analyses. We found that resistance against S.
hermonthica is associated with an increase in lignin de-
position at the site of interaction. Consistently, the
phenylpropanoid pathway genes in Nipponbare are
induced at earlier time points, starting at 1 dpi with a
peak at 3 dpi, before returning to the basal levels by 7
dpi (Fig. 4). Because lignification is not only caused by
infection (Verhage et al., 2010) but also by wounding
(Becerra-Moreno et al., 2015), it is possible that the early
induction of the phenylpropanoid pathway character-
ized by induction of metabolic pathway genes in Nip-
ponbare is due to the damage caused by S. hermonthica,
as host cell wall degradation precedes S. hermonthica
penetration (Yoshida and Shirasu, 2009). The expres-
sion of some of the phenylpropanoid pathway genes
reduces to basal levels by 7 dpi, perhaps because the
wounding site is sealed by this time point after lignin
deposition.

Ko & '.“\"'“‘L'\

Control S. hermonthica-infected

Figure 5. Lignin is deposited at the interface between the host and S.
hermonthica. The localization of lignin detected by phloroglucinol-HClI
staining showing the presence of lignin inside the root cells of control
and S. hermonthica-infected rice roots of both Nipponbare and Koshi-
hikari. (Left and center) Bars = 100 um; (right) bars = 50 um. Nb,
Nipponbare; Ko, Koshihikari.
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Although there is evidence suggesting that lignin
produced during pathogen infection plays an impor-
tant role in resistance against various pathogens (Cafio-
Delgado et al., 2003; Gunnaiah et al., 2012; Mutuku and
Nose, 2012), little is known about its involvement in
monocot roots responding to infection by Striga spp.
Previous studies showed that Nipponbare induces
physical defense responses that impede S. hermonthica
ingression at the endodermis layer (Gurney et al., 2006;
Yoshida and Shirasu, 2009). Quantification of cell wall
constituents allowed us to determine the components
that possibly cause the physical barrier against S. her-
monthica infection. Indeed, the staining experiments
showed that deposition of lignin around the site of
the host-S. hermonthica interaction coincides with re-
sistance (Fig. 5). This increase in lignification around the
site of infection was corroborated by the pyrolysis-
GCMS analysis that showed a concomitant increase in
many of the lignin-derived pyrolysis products, espe-
cially in Nipponbare (Table 1; Fig. 3; Supplemental
Data Set S3). The estimation of lignin composition
by pyrolysis-GCMS suggested that there was an in-
crease in the proportions of S-lignin-derived products,
but not H- and G-lignin—derived products (Table 2).
S-lignins and related soluble metabolites are known to
contribute to resistance against fungal pathogen, as
shown in the Arabidopsis f6h mutant whose increased
susceptibility to Verticillium longisporum is linked to
its accumulation of more G-lignins at the expense of
S-lignins (Konig et al., 2014). In addition, the S. hermonthica-
infected roots of Nipponbare released higher levels of
carbohydrate-derived compounds compared to those
of control plants and infected roots of Koshihikari
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Figure 6. The composition of tissue lignin
determines host resistance. A and B, S. her-
monthica infection phenotypes of wild-type
Nipponbare. OsC3'H-kd, OsF5H-kd, and
OsF5H-OX rice plants. C and D, Effects of
inhibiting OsC3'H and OsF5H or over-
expression of OsF5H on host resistance
against S. hermonthica. Values represent
means * SE of the percentage of matured S.
hermonthica and their leaf numbers determined
as described in “Materials and Methods.”
Data are from two independent experi-
ments containing 13 wild-type and 14
mutant plants. Observations were made at
50 dpi. *Statistically significant difference
(Student’s t test, P < 0.05) from wild
type. **Statistically significant difference
(Student’s t test, P < 0.01) from wild type.
Bars = 2 mm. WT, wild type.
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(Fig. 3). As cell walls are rich in cellulosic and hemi-
cellulosic glucans (Pattathil et al., 2015), it was unsur-
prising that the contents of glucan-derived compounds,
such as 2,3-dihydro-5-methylfuran-2-one, 4-hydroxy-
5,6-dihydro-(2H)-pyran-2-one, and 1,6-anhydro-3-p-glu-
copyranose, increased upon infection. As Striga spp.
infection includes degradation of host cell walls, it is likely
that the incorporation of certain polysaccharides into the
cell wall complex may limit the ability of Striga spp. to
penetrate host root tissues after attachment.

The OsC3'H-kd plants (Takeda et al., 2018) showed
increased susceptibility when exposed to pregermi-
nated S. hermonthica (Fig. 6). This suggests that accu-
mulation of H-lignin at the expense of G lignin makes
rice more susceptible to S. hermonthica perhaps due to a
compromised ability to withstand attack by the hy-
drolytic enzymes of S. hermonthica. As OsC3'H-kd
plants also have lower levels of total lignin contents
(Supplemental Fig. S2), however, we cannot rule out the
possibility that the enhanced susceptibility to S. her-
monthica in OsC3'H-kd plants is also due to the im-
paired function of the lignin biosynthesis pathway.
Modulation of F5H activity did not change total lignin
levels in rice roots (Cui et al., 2018). However, deposi-
tion of cell walls rich in S-lignin, as is the case with
OsF5H-OX plants (Takeda et al., 2017), resulted in in-
creased susceptibility to S. hermonthica parasitism
(Fig. 6). Additionally, inhibiting accumulation of lignin
rich in S-units, as is the case with OsF5H-kd plants, also
resulted in increased susceptibility to S. hermonthica
parasitism (Fig. 6).

The susceptibility of C3'H- and F5H-modulated
plants to S. hermonthica parasitism may result from a
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redirection of carbon flux in rice roots, although the
manner in which this redirection affects susceptibility
to S. hermonthica parasitism is yet to be elucidated. The
modulation of lignin biosynthetic genes may affect
carbon flux between the monolignol/cinnamate and
flavonoid pathways. In particular, plants disrupted in
the early steps in the monolignol/cinnamate pathway
occasionally display overaccumulation of flavonoids
along with depletions in the amount of lignins and/or
their associated metabolites (Hoffmann et al., 2004;
Abdulrazzak et al., 2006; Vanholme et al., 2012; Takeda
et al., 2018). Indeed, Takeda et al. (2018) demonstrated
that OsC3'H-kd rice produced altered lignins enriched
with the flavonoid tricin units in culm tissues. Such
carbon flux redirections from the monolignol/cinna-
mate pathway to the flavonoid pathway, however, may
not be prominent in the rice root tissues tested in this
study, because flavonoid contents are typically very
low in roots compared to other aerial parts in rice (Dong
et al.,, 2014). In fact, our NMR failed to detect lignin-
integrated tricin units in root cell walls from both
OsC3'H-kd and wild-type rice (Supplemental Fig. S2).
Meanwhile, we conjecture that changes in the phenyl-
propanoid pathway resulting in altered cell wall bio-
chemistry affects the degree of incorporation of lignin
and other cell wall components. This might limit the
ability of cell walls to recognize or resist the spread of
pathogen-derived factors for the establishment of par-
asitism. For example, it was recently shown that in the
interaction between Phtheirospermum japonicum and the
susceptible host Arabidopsis, the movement of a
parasite-derived hormone modified both host root
morphology and fitness to allow for enhanced effi-
ciency of transfer of water and nutrients from the host
(Spallek et al., 2017). Taken together, our data suggest
that susceptibility to Striga spp. parasitism is enhanced
when plants do not elevate the accumulation of lignin,
as is the case in Koshihikari and OsC3'H-kd plants
(Figs. 3 and 5; Supplemental Fig. 5S2) when total lignin
levels are similar to those of wild-type Nipponbare
plants but F5H activity is modulated (Fig. 6; Cui et al.,
2018), and when lignin composition is altered in favor
of the accumulation of any of the three lignin units, H, S
and G, in rice roots, as is in the case in OsC3'H-kd,
OsF5H-kd, and OsF5H-OX plants tested in this study
(Fig. 6).

gur recent study showed that lignin monomers and
lignin degradation products, particularly G- and S-type
phenolics bearing at least one methoxyl group on their
aromatic rings, serve as haustorium-inducing factors
for S. hermonthica. Perturbation of either G- or S-lignin
units in rice and Arabidopsis induces less haustorial
formation at the early infection stage (Cui et al., 2018).
Therefore, targeting lignin composition, i.e. by geneti-
cally inhibiting the biosynthesis of G- and S-lignins,
may provide the host a layer of preattachment resis-
tance against S. hermonthica. However, our current
findings with genetic and molecular analyses reveal an
anticipated role of the integrity of the lignin structure
for host postattachment resistance to S. hermonthica
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infection, and thus pose a new challenge for targeting
the host cell wall against Striga spp. infection.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Plant materials used and growth conditions were as reported in Yoshida and
Shirasu (2009) with a few changes. Briefly, Striga hermonthica seeds collected
from a field in Kano Nigeria were a kind gift by Dr. Alpha Kamaro of the In-
ternational Institute of Tropical Agriculture Kano. The wild-type rice seeds
(Oryza sativa japonica, ‘Nipponbare’, and “Koshihikari’) were obtained from the
National Institute of Biological Sciences (Tsukuba, Japan). Nipponbare OsC3'H-
kd, OsF5H-kd, and OsF5H-ox transgenic plants were derived from Takeda et al.
(2017, 2018. Rice seeds were dehusked and sterilized with 10% (v/v) com-
mercial bleach solution for 15 min and washed thoroughly with distilled water.
Surface-sterilized rice plants were grown on a petri dish with sterilized water
and then placed vertically in the rhizotron system to promote root extension for
infection at 16-h light/8-h dark cycles at 26°C for 1 week as described in
Mutuku et al. (2015). Briefly, one-week-old rice seedlings were transferred to
the rhizotrons (10-cm X 14-cm-square petri dish, filled with rockwool
[Nichiasu] onto which a 100-um nylon mesh was placed) and fertilized with
one-half-strength Murashige & Skoog medium. The rhizotrons were then kept
in growth chambers at a temperature cycle of 28°C/23°C for a 16-h-light/8-h-
dark cycle. After two weeks, the growing rice plants were inoculated with
pregerminated S. hermonthica seeds. The S. hermonthica seeds were precondi-
tioned by treating them with 10 nm of strigol (a gift from Dr. K. Mori; Hirayama
and Mori, 1999) for 2-6 h to synchronously induce germination and were
carefully placed next to roots of each rice plant. The rhizotrons containing in-
oculated plants were placed back into the growth chambers and incubated
under the same conditions until sampling.

Quantification of Postattachment Resistance

After 3 d of infection, S. hermonthica seedlings that formed haustoria were
counted under stereomicroscopy (Stemi 200-C; Zeiss) as the total number of S.
hermonthica. S. hermonthica plants producing at least six leaves were determined
under stereomicroscopy (Stemi 200-C; Zeiss) and marked as matured S. her-
monthica and used for quantification assays. The rate of successful S. hermonthica
infection was determined as a percentage of matured S. hermonthica against the
total number of S. hermonthica seedlings to avoid overestimation that was no-
ticed to occur when using the total number of S. hermonthica seeds instead of the
total number of attached S. hermonthica seeds (Mutuku et al., 2015).

Sampling

Sampling was done at4 dpi. Rice roots were cut ina manner to collect only the
host-S. hermonthica interaction sites, and were immediately transferred into
chilled 2 mL tubes with a steel top (Bristol-Myers Squibb) and frozen in liquid N
before storage at —80°C. These samples were processed for use in liquid
chromatography-mass spectrometry or pyrolysis-GCMS. Each biological rep-
licate contained a pool of two to five plants, from which at least four S.
hermonthica-infected roots were obtained.

Rice Root Staining for Lignin

Growth conditions of rice and germination of S. hermonthica seeds were
described in Cui et al. (2016), Mutuku et al. (2015), and Yoshida and Shirasu
(2009). All the processes were performed at 25°C under an 18-h/6-h light/dark
cycle. Surface-sterilized rice plants were germinated in water for 1 week and
transferred to a rhizotron followed by roots growing vertically for 1 week be-
fore infection. Germinated S. hermonthica seedlings after 24 h of strigol treat-
ment (Hirayama and Mori, 1999) were placed on the surface of the rice roots
1-4 cm above the root tips. At 4 dpi, root segments with attached haustoria were
excised, imbedded in 7% (w/v) agar, and sectioned by a vibratome (HM 650 V;
MICROM). Sections with 40-um thickness were stained in 1% (w/v) phloro-
glucinol solution containing 18% (v/v) HCl for 5 min and observed under a
light microscope (DMI 3000 B; Leica).
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Metabolites Extraction Method

The samples were mixed with 100 uL of 80% (v/v) MeOH containing 2.5 um
lidocaine and 10-camphor sulfonic acid per mg dry weight using a mixer mill
with zirconia beads for 7 min at 18 Hz and 4°C. After centrifugation for 10 min,
the supernatant was filtered using an HLB uElution plate (Waters).

LC-QTOF-MS Method

The extracts (1 uL) were analyzed using LC-QTOF-MS (LC, Waters Acquity
UPLC system; MS, Waters Xevo G2 Q-Tof). Analytical conditions were as fol-
lows LC: column, Acquity bridged ethyl hybrid C18 (1.7 um, 2.1 mm X 100 mm;
Waters); solvent system, solvent A (water including 0.1% [v/v] formic acid) and
solvent B (acetonitrile including 0.1% [v/v] formic acid); gradient program,
99.5% A/0.5% B at 0 min, 99.5% A/0.5% B at 0.1 min, 20% A /80% B at 10 min,
0.5% A/99.5% B at 10.1 min, 0.5% A/99.5% B at 12.0 min, 99.5% A/0.5% B at
12.1 min, and 99.5% A/0.5% B at 15.0 min; flow rate, 0.3 mL/min at 0 min,
0.3 mL/min at 10 min, 0.4 mL/min at 10.1 min, 0.4 min/min at 14.4 min, and
0.3 mL/min at 14.5 min; column temperature, 40°C; MS detection: capillary
voltage, +3.00 kV (positive)/ —2.75 kV (negative); cone voltage, 25.0 V, source
temperature, 120°C, desolvation temperature, 450°C, cone gas flow, 50 L/h;
desolvation gas flow, 800 L/h; collision energy, 6 V; mass range, m/z 50-1500;
scan duration, 0.1 s; interscan delay, 0.014 s; data acquisition, centroid mode;
polarity, positive/negative; Lockspray (Leu enkephalin): scan duration, 1.0 s;
and interscan delay, 0.1-s tandem mass spectrometry (MS/MS) data were ac-
quired in the ramp mode as the following analytical conditions: (1) MS: mass
range, m/z 50-1500; scan duration, 0.1 s; interscan delay, 0.014 s; data acqui-
sition, centroid mode; and (2) MS/MS: mass range, m/z 50-1500; scan duration,
0.02 s; interscan delay, 0.014 s; data acquisition, centroid mode; polarity, neg-
ative collision energy, ramped from 10 to 50 V. In this mode, MS/MS spectra of
the top 10 ions (>1000 counts) in an MS scan were automatically obtained. If the
ion intensity was <1000, MS/MS data acquisition was not performed, and was
moved to the next top-10 ions.

LC-QTOF-MS Analysis

Data acquisition was performed using the software MassLynx 4.1 (Waters).
Peaks of intensity <500 (noise level) were restored to 500. The peak intensity of
the internal standard (10-camphor sulfonic acid) was used for normalization.

In each record, the list of exact mass was obtained from the KNApSAcK
database (Oryza metabolites; Afendi et al., 2012) and Nakanishi et al. (1985),
Rank et al. (2004), Huang et al. (2010), Kim et al. (2010), Huang et al. (2013), Zou
etal. (2013), Yang et al. (2014), and Kusano et al. (2015). Values of m/z were set
as monoisotopic mass ([M+H]+ or [M-H]-), and searched for the value that the
references and KNApSAcK matched with a tolerance of 0.01 D. For 36 spe-
cialized metabolites (Yang et al., 2014), values of retention time and m/z were
searched for matches with a tolerance of 0.2 min and 0.01 D, respectively.

MS/MS

In MS/MS, an ion (precursor ion) is cleaved to many ions (product ions) by
collision energy. More-reliable chemical assignment was performed using
fragment pattern of reference. We compared MS/MS data in this project with
previously published MS/MS data (Yang et al., 2014) to obtain exact mass.

Pyrolysis-GCMS

The samples were ground into a fine powder by using an Automill (TK-AM?7;
Tokken) at 1,350 rpm for 5 min, washed with 100% methanol at 50°C for 5 min
three times, and then washed again with Milli-Q water (Millipore) at 50°C for
5 min three more times. They were then completely dried out using a vacuum
centrifuge (Sakuma Seisakusho) overnight. One mg of each sample powder was
suspended in 1 mL of 100% (v/v) ethanol and 40 uL of this suspension (40 ug)
was applied to the pyrolysis sheets. Pyrolysis-GCMS analysis was carried out
under the following conditions: The sample was pyrolyzed with a Curie Point
Pyrolyzer JPS-900 (automated model; Japan Analytical Industry) at 700°C
(>50°C/ms) for 10 s using helium as the carrier gas with a mean linear velocity
of 1 mL/min. The pyrolyzed sample was applied onto the column (ID 0.25 mm
X Length 60 m X Film 0.25 um; Agilent) fitted in an Agilent 6890A set without
the split. The temperature of GC was held at 40°C for 1 min to trap and focus
the volatile components, then programmed to a final temperature of 280°C at
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4°C/min. Eluting compounds were detected with a mass spectrometer (JMS-
AMSUN200, Benchtop QMS; JEOL), and the obtained mass spectrograms were
collected at between 10 and 66 min.

Thioglycolic Acid Lignin Assay, Thioacidolysis,
and 2D-NMR

Rice root CWR samples used for thioglycolic acid assay and thioacidolysis
were prepared as described in Cui et al. (2018). For 2D NMR analysis, CWRs
were further subjected to acetylation in a dimethyl sulfoxide/N-methyl-
imidazole/acetic anhydride system as described in Tobimatsu et al. (2013). The
obtained acetylated CWRs (~15 mg) were dissolved in 600 uL of chloroform-d
and subjected to NMR analysis. Thioglycolic acid lignin assay and thio-
acidolysis on CWRs were performed according to the methods described in
Lam et al. (2017). NMR spectra were acquired on an Avance III 800US spec-
trometer (Bruker Biospin) fitted with a cryogenically cooled 5-mm TCI gradient
probe. Adiabatic heteronuclear single quantum coherence NMR experiments
on acetylated CWRs were carried out using standard implementation
(hsqcetgpsp.3; Bruker Biospin) with parameters described in the literature
(Wagner et al., 2011), and data processing and analysis were as described in
Tobimatsu et al. (2013) and .

RNA Extraction, cDNA Synthesis, and qPCR

Root RNA extraction and DNasel treatment were performed as described in
Mutuku et al. (2015). Briefly, root RNA extraction and DNasel treatment used
the RNeasy Plant Mini Kit (Qiagen) and Qiagen DNasel solution following the
manufacturer’s instructions. The NanoDrop spectrophotometer (NanoDrop
Technologies) was used to measure RNA concentration and purity. The
ReverTra Ace qPCR Reverse Transcriptase kit (Toyobo) was used for first-
strand cDNA synthesis. Into 35 ng of total RNA, 5X RT buffer, RT enzyme
mix, and primer mix were added and incubated at 37°C for 15 min followed by
98°C for 5 min using the C1000 Thermal Cycler (Bio-Rad). The mixture was then
diluted 10 times and stored at —20°C until use. qPCR was performed using
Thunderbird SYBR qPCR mix (Toyobo). The reaction mixture of 20 uL total
contained 2 uL of template cDNA, 10 uL of SYBR qPCR mix, 0.04 uL of 50X
ROX Reference Dye (Thermo Fisher Scientific), 0.6 uL each of the forward and
reverse primers, and 6.76 uL of distilled autoclaved water. All qPCRs were
performed in three technical replicates, and three independent biological rep-
licates were analyzed. MX3000P (Stratagene) was used to perform qPCR and
the data were analyzed using the software MXPro QPCR 4.10d (Stratagene).
qPCR was performed in three segments. Segment 1 consisted of 15 min at 95°C
for one cycle, segment 2 consisted of 15 s at 95°C and 30 s at 60°C for 40 cycles,
and segment 3 consisted of 1 min at 95°C, 30 s at 55°C, and 30 s at 95°C for one
cycle. Data were obtained and transferred to the program Excel (Microsoft) for
further handling. Gene expression was normalized using OsCyclophilin
(Mutuku et al., 2015). Statistically significant induction was determined by
comparing gene expression at 1, 3, and 7 dpi with that at 0 dpi (uninfected
control). Supplemental Table S1 shows the description of target genes used in
this study and the primer pairs used for qPCR.

Data Analysis
Statistical analysis (Student’s  test) was done using GraphPad Prism version

7.0 (GraphPad Software; www.graphpad.com).

Accession Numbers

Accession numbers, sequences, and references have been given in
Supplemental Table S1.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Untargeted profiling using LC-Q-TOF-MS posi-
tive ion mode of control, S. hermonthica-infected rice, and that of S.
hermonthica radicles at 4 d after induction of germination by strigol.

Supplemental Figure S2. Lignin composition in the roots of Nipponbare
with reduced C3'H expression.
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Supplemental Table S1. The description of target genes used in this study
and the primer pairs used for RT-qPCR.

Supplemental Data Set S1. Untargeted profiling using LC-Q-TOF-MS neg-
ative ion mode of control, S. hermonthica-infected rice, and that of S.
hermonthica radicles at 4 d after induction of germination by strigol.

Supplemental Data Set S2. Untargeted profiling using LC-Q-TOF-MS pos-
itive ion mode of control, S. hermonthica-infected rice, and that of S.
hermonthica radicles at 4 d after induction of germination by strigol.

Supplemental Data Set S3. Lignin-derived, carbohydrate-derived, and
other compounds identified in pyrolysis-GCMS.
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