
Plasma Membrane Microdomains Are Essential for
Rac1-RbohB/H-Mediated Immunity in Rice

Minoru Nagano,a,b,1 Toshiki Ishikawa,b Masayuki Fujiwara,a,c Yoichiro Fukao,a,d Yoji Kawano,a,e

Maki Kawai-Yamada,b and Ko Shimamotoa,2

aGraduate School of Biological Sciences, Nara Institute of Science and Technology, 8916-5 Takayama, Ikoma, Nara 630-0192, Japan
bGraduate School of Science and Engineering, Saitama University, 255 Shimo-okubo, Sakuraku, Saitama 338-8570, Japan
c Institute for Advanced Biosciences, Keio University, 246-2 Mizukami, Kakuganji, Tsuruoka, Yamagata 997-0052, Japan
dDepartment of Bioinformatics, Ritsumeikan University, Kusatsu, Shiga 525-8577, Japan
e Shanghai Center for Plant Stress Biology, Shanghai 201602, P.R. China

Numerous plant defense-related proteins are thought to congregate in plasma membrane microdomains, which consist
mainly of sphingolipids and sterols. However, the extent to which microdomains contribute to defense responses in plants is
unclear. To elucidate the relationship between microdomains and innate immunity in rice (Oryza sativa), we established lines
in which the levels of sphingolipids containing 2-hydroxy fatty acids were decreased by knocking down two genes encoding
fatty acid 2-hydroxylases (FAH1 and FAH2) and demonstrated that microdomains were less abundant in these lines. By testing
these lines in a pathogen infection assay, we revealed that microdomains play an important role in the resistance to rice blast
fungus infection. To illuminate the mechanism by which microdomains regulate immunity, we evaluated changes in protein
composition, revealing that microdomains are required for the dynamics of the Rac/ROP small GTPase Rac1 and respiratory
burst oxidase homologs (Rbohs) in response to chitin elicitor. Furthermore, FAHs are essential for the production of reactive
oxygen species (ROS) after chitin treatment. Together with the observation that RbohB, a defense-related NADPH oxidase
that interacts with Rac1, is localized in microdomains, our data indicate that microdomains are required for chitin-induced
immunity through ROS signaling mediated by the Rac1-RbohB pathway.

INTRODUCTION

Plants have developed sophisticated immune systems to protect
themselves from pathogen attack (Dodds and Rathjen, 2010). The
first layer of defense responses is initiated by the detection of
microbe-associated molecular patterns (MAMPs) by host pattern
recognition receptors. This immune system is termed MAMP-
triggered immunity (MTI) and leads to the generation of reactive
oxygen species (ROS), calcium influx, and biosynthesis of
phytoalexins (Boller and Felix, 2009). The second layer is effector-
triggered immunity (ETI), which is induced by the perception of
pathogen effectors by resistance (R) proteins (Cui et al., 2015). In
both immune systems, the plasma membrane (PM) is important
because it is the first point of contact between plant cells and
pathogens.Manyproteins thatarecrucial for immunityare therefore
associated with the PM, including most pattern recognition re-
ceptors in MTI and several R proteins such as RPM1 and Pit in ETI
(Antolín-Lloveraetal., 2012;Gaoetal.,2011;Kawanoetal.,2010). In
rice (Oryza sativa), theRac/ROPsmallGproteinRac1,whichactsas
a molecular switch in defense signaling, is anchored to the PM by
lipidmodification, and respiratoryburst oxidasehomologs (Rbohs),

which are plant NADPH oxidases that produce ROS, span the PM
with six transmembrane domains (Kawano and Shimamoto, 2013;
Kawano et al., 2014a; Marino et al., 2012). Effective regulation of
PM-localized proteins is thus necessary for an early response to
pathogen infection in plants.
Recent reports have suggested that specific proteins localize

in PM microdomains (or membrane rafts), which are small, het-
erogeneous, liquid-ordered (Lo) domains composed mainly of
sphingolipids and sterols, unlike the surrounding liquid-disordered
(Ld) membrane composed of unsaturated glycerolipids (Mongrand
et al., 2010; Simon-Plas et al., 2011). Plant PM microdomains
contain a large number of proteins, including defense-related
proteins (Mongrand et al., 2004; Morel et al., 2006; Kierszniowska
et al., 2009). In addition, various specific proteins such as receptor-
like kinases and dynamin-related proteins accumulate in micro-
domains after elicitation by, for example, chitin, cryptogein, and
flagellin (Fujiwara et al., 2009; Stanislas et al., 2009; Keinath et al.,
2010). Therefore, while PM microdomains are considered likely to
be important for innate immunity in plants, it remains unknown
whether they are actually necessary for the regulation of innate
immunity. In other words, the biological significance of the exis-
tence of defense-related proteins in PM microdomains is unclear.
Sphingolipids are a large family of lipids that are ubiquitously

present in eukaryotes and enriched in PM microdomains (Cacas
et al., 2012). In plants, ceramide (Cer) is composed of a long-chain
base (LCB) and a fatty acid, and the addition of various head
groups including sugars or phosphates to Cers generates
complex sphingolipids such as glucosylceramide (GlcCer) and
glycosylinositolphosphoceramide (GIPC) (Supplemental Figure
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1). Of the hundreds of sphingolipid species that exist in plants as
a result of such modifications, many possess 2-hydroxy fatty
acids (2-HFAs), containing a hydroxylated C-2 position (Markham
et al., 2013) (Supplemental Figure 1A). 2-HFA contributes to the
rigid binding of sphingolipids through hydrogen bonding between
hydroxy groups in artificial membranes (Pascher and Sundell,
1977; Löfgren and Pascher, 1977), and sphingolipids containing
2-HFAs (2-hydroxy sphingolipids) reduce the lateral mobility of
adipocyte membranes (Guo et al., 2010). Therefore, it is possible
that 2-hydroxysphingolipidscontribute to theorderedstructureof
PM microdomains.

We have shown that 2-hydroxylation of sphingolipid fatty acids
in Arabidopsis thaliana is performed by the enzyme fatty acid
2-hydroxylase (FAH) (Nagano et al., 2009, 2012a). Both Arabidopsis
FAHs (At-FAH1 and At-FAH2) are localized to the endoplasmic re-
ticulum (ER) membrane, and decreasing their levels affects the re-
sponse to biotic and abiotic stresses (Nagano et al., 2009, 2012a;
Königet al., 2012). Thus,wehypothesized that FAHcouldbeauseful
tool to modify PM microdomains and illuminate the relationship
between PM microdomains and innate immunity in plants.

In this study, we first confirmed the effect of 2-hydroxy
sphingolipids on the formation of PMmicrodomains in vivo, using
rice lines in which 2-hydroxy sphingolipids were decreased by
knockdown of endogenous FAH homologs. We then demon-
strated the importance of PMmicrodomains in disease resistance
to rice blast fungus. Furthermore, analyses of defense-related PM
microdomain proteins suggested a mechanism by which PM
microdomains regulate rice innate immunity.

RESULTS

Os-FAH1 and Os-FAH2 Catalyze the 2-Hydroxylation of
Sphingolipid Fatty Acids

Rice possesses two FAH homologs (Os-FAH1 and Os-FAH2),
which are highly similar to their Arabidopsis counterparts (Nagano
et al., 2012b). However, since it is unknown whether rice
FAHs function as sphingolipid fatty acid 2-hydroxylases, we first
characterized these Os-FAHs. Experiments with RFP-fused
Os-FAH1 and Os-FAH2 revealed that both proteins colocalized
with an ER-associated CFP reporter (Supplemental Figure 2).
We generated transgenic FAH1/FAH2 double-knockdown lines
(OsFAH1/2-KD) using an RNA interference (RNAi) system and
confirmed that they grew more slowly than the wild type in sus-
pensioncellsand lookedsmaller inplants (Supplemental Figure3).

To examine the involvement of Os-FAHs in the 2-hydroxylation of
sphingolipid fatty acids, we analyzed the sphingolipids containing
2-HFAs or non-hydroxy fatty acids (NFAs) with 20, 22, or 24 carbons
(GlcCers, GIPCs, and Cers) (Supplemental Figure 1), extracted from
whole cells ofwild-typeandOsFAH1/2-KDsuspension cells, by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) (Figure 1;
SupplementalFigures4and5).GlcCerscontaining2-HFAs (hGlcCers)
clearly decreased inOsFAH1/2-KD lines comparedwith thewild type
(Figure 1A), whereas GlcCers containing NFAs (nGlcCers) were not
detectedbecauseof their lowamounts in rice.Bycontrast, theamount
of GIPCs containing 2-HFAs (hGIPCs) did not decrease in OsFAH1/
2-KD3 due to increasing amounts of h24:0 (Figure 1B; Supplemental

Figures 4A and 5B). However, the ratio of hGIPCs to total GIPCs
decreased significantly in both OsFAH1/2-KD lines because GIPCs
containingNFAs(nGIPCs) increased(Figure1B;SupplementalFigures
4Band5B). Theamount ofCers containing2-HFAs (hCers)was lower
in OsFAH1/2-KD lines than in the wild type, whereas the amount of
Cers containing NFAs (nCers) was equal (Figure 1C). Thus, although
the h24:0 level in total sphingolipids was not altered (Supplemental
Figure 5D), total 2-hydroxy sphingolipids decreased markedly in
OsFAH1/2-KDlines (Figure1D).Bycontrast, totalsphingolipidcontent
in OsFAH1/2-KD lines was maintained at the same level as in the
wild type because sphingolipids containing NFAs (non-hydroxy
sphingolipids) increased (Figures 1D and 1E). These results indicate
thatOsFAHs2-hydroxylatesphingolipidfattyacids inrice.Ontheother
hand, theamountof sterols,whichareothermajorcomponentsofPM
microdomains, was similar in whole cells (Figure 1F).

2-Hydroxy Sphingolipids Build PM Microdomains

To elucidate whether 2-hydroxy sphingolipids are involved in the
formation of PMmicrodomains in rice, we analyzed the sphingolipid
and sterol level of the detergent-resistant membrane (DRM), which
has often been used in analyses of lipids and proteins in micro-
domains,althoughtheymayincludeartifacts introducedbydetergent
treatment (Lingwood and Simons, 2007; Takahashi et al., 2013). PM
was isolated from wild-type and OsFAH1/2-KD suspension cells by
a two-phase partition system, and the DRM fraction was purified by
OptiPrepdensitygradientcentrifugationafterTritonX-100 treatment.
The amounts of both 2-hydroxy sphingolipids and non-hydroxy
sphingolipids were significantly lower in the DRMof OsFAH1/2-KD1
than of the wild type (Figures 2A to 2D; Supplemental Figure 6), and
sterolcontentalsodecreased inDRMsofOsFAH1/2-KD1(Figure2E).
By contrast, non-hydroxy sphingolipid content in PM of OsFAH1/
2-KD decreased less than in DRM (Supplemental Figures 7 and 8),
and the ratioofDRM toPMdecreased inOsFAH1/2-KD1 (Figure2F).
These results suggest that the amount of DRMextracted fromPM is
lower in OsFAH1/2-KD1.
To further examine the effects of 2-hydroxy sphingolipids on the

organization of PM microdomains, we visualized the PM phase of
OsFAH1/2-KD1 in vivo using di-4-ANEPPDHQ, a dye that can dis-
tinguish between Lo and Ld phases in living cells (Owen et al., 2011).
When we stained protoplasts from rice suspension cells with di-4-
ANEPPDHQ, excited them at 488 nm, and simultaneously measured
the emission ratio of Lo fluorescence (500 to 550 nm) to Ld fluores-
cence(650to750nm)byconfocal laserscanningmicroscopy(CLSM),
thewild-typePMwasmoreordered thanendomembranes (Figure3A,
left).However, thePMphaseinOsFAH1/2-KD1wassignificantlymore
disordered than in thewild type (Figures 3A and 3B).We investigated
the PMphase in greater detail by total internal reflection fluorescence
microscopy (TIRFM), a technique that is capable of detecting the
fluorescence and dynamics of individual PM protein molecules
(Fujimotoet al., 2007).Asshown inFigures3Cand3D,a largenumber
of highly ordered puncta with a diameter of 2466 94 nm (n= 75) was
observed in the PM of wild-type cells, whereas the heterogeneity of
PMorder inOsFAH1/2-KDwasstrikingly lower.PMmicrodomainsare
highly ordered structures in the PM (Mongrand et al., 2010; Simon-
Plas et al., 2011), suggesting that the highly ordered puncta observed
in this study corresponded to PM microdomains. Together with the
results of DRM lipid analysis, these data indicate that 2-hydroxy
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sphingolipids play a key role in the formation of PMmicrodomains in
rice cells.

Os-FAHs Contribute to Resistance to Rice Blast
Fungus Infection

The above data indicated that sphingolipid- and sterol-dependent PM
microdomains are constitutively reduced in OsFAH1/2-KD rice lines.
We therefore used these knockdown lines to investigate the physio-
logical role of PM microdomains in innate immunity by conducting
a pathogen infection assay in OsFAH1/2-KD rice plants. When we
inoculated similarly sized leaves ofwild-type andOsFAH1/2-KDplants
with compatible rice blast fungus (Magnaporthe oryzae strain 2403-1,

race007.0), lesionlengthinOsFAH1/2-KDlineswassignificantlygreater
than in thewild type,andfungalgrowthwasgreater than in thewild type
(Figure 4). This result suggests that PM microdomains produced by
OsFAHs participate in theMTI pathway in rice. On the other hand, the
salicylic acid (SA) level in OsFAH1/2-KD was similar to that in the wild
type (Supplemental Figure 9), although theSAcontent increased in the
Arabidopsis fah1 fah2mutants described by König et al. (2012).

Numerous Defense-Related Proteins Are Decreased in
OsFAH1/2-KD DRMs

To determine how Os-FAHs regulate innate immunity through PM
microdomains in rice,wesearched forPMmicrodomainproteins that

Figure 1. Sphingolipid and Sterol Content in OsFAH1/2-KD Lines.

Total lipidswere extracted fromwild-type andOsFAH1/2-KDsuspension cells, and the indicated lipidswere quantifiedbyLC-MS/MS.Data aremeans6 SD

(n = 4). Asterisks indicate significant differences compared with the wild type (Student’s t test; *P < 0.05, **P < 0.01).
(A) to (D)Amounts of each sphingolipid class ([A], GlcCer; [B], GIPC; [C], Cer; [D], total sphingolipid) are shown for 2-HFA- (“h” prefix) andNFA-containing
(“n”) types; no GlcCer-containing NFA was detected in this study. For GIPC, the ratio of hGIPC to total GIPC is also shown.
(E) Total sphingolipid content, comprising both 2-hydroxy sphingolipids and non-hydroxy sphingolipids.
(F) Amount of total sterols.
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are decreased in OsFAH1/2-KD cells by comparative proteome
analysis of the DRM fractions of wild-type and OsFAH1/2-KD1
suspension cells. When total proteins of each DRM fraction were
analyzedbyLC-MS/MS,314proteinsweredetected inwild-typeand
253 in OsFAH1/2-KD1 suspension cells (Supplemental Data Sets

1 and 2). By comparing the amounts of these proteins using the
exponentially modified protein abundance index, which provides
approximate relative quantitation of proteins in a mixture based on
peptide matches in a database search result (Ishihama et al., 2005),
we obtained 182 proteins whose abundance in OsFAH1/2-KD1was

Figure 2. Lipid Analysis in the DRM Fractions of OsFAH1/2-KD1.

(A) to (D)Amounts of each sphingolipid class ([A], GlcCer; [B], GIPC; [C], Cer; [D], total sphingolipid) inDRMs extracted fromPMofwild-type andOsFAH1/
2-KD1 suspension cells are shown for 2-HFA- and NFA-containing types. Data are means6 SD (n = 4). Asterisks indicate significant differences compared
with the wild type (Student’s t test; *P < 0.05, **P < 0.01).
(E) Amount of total sterols in DRMs extracted from PM of wild-type and OsFAH1/2-KD1 suspension cells. Data are means6 SD (n = 4). Asterisk indicates
a significant difference compared with the wild type (Student’s t test; *P < 0.05).
(F) Amounts of PM and DRM and the ratio of DRM to PM in the wild type and OsFAH1/2-KD. Each amount indicates the sum of GlcCers and GIPCs.
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<50% of that in the wild type (wild type > KD proteins; Table 1;
Supplemental Data Set 3). This group included proteins such as
transporters, cytoskeleton components, and membrane traffic-
relatedproteins (Table1;SupplementalDataSet3). Inagreementwith
thefinding thatOsFAH1/2-KDplantsweremore susceptible than the
wild type to rice blast fungus, 35 candidates for defense-related
proteinsappeared in thewild type>KDgroup, including receptor-like
kinases, leucine-rich repeat-containing proteins, chaperones,
Rac/ROP small GTPases, NADPH oxidases, Pti-like kinases,
harpin-induced 1 domain-containing proteins, and calcium-
dependent protein kinases (Table 1). These proteins may
therefore be important for PM microdomain-mediated disease
resistance.

PM Microdomains Are Required for the Localization and
Specific Movement of Os-Rac1 and Os-Rbohs in the PM

Our proteome analysis revealed that Os-Rac1 is among the
defense-related proteins that are enriched in PMmicrodomains
(Table 1). Os-Rac1 plays a central role in rice innate immunity by
upregulating various downstream components such as Rbohs

(Kawano and Shimamoto, 2013; Kawano et al., 2014a). We found
that two Rbohs (Os-RbohH and Os-RbohI) were also much less
abundant in DRMs of OsFAH1/2-KD1 than the wild type (Table 1),
suggesting that PM microdomains regulate innate immunity
through the Rac1-Rboh-mediated pathway in rice. In a previous
study, we found that myc-OsRac1 overexpressed in rice sus-
pension cells shifted to the DRM fraction from the detergent-
solublemembrane (non-DRM) fractionof thePMafter treatment
with chitin elicitor, a major component of the fungal cell wall
that functions as a MAMP (Fujiwara et al., 2009). We there-
fore assessed the importance of PM microdomains for the
localization and dynamics of Os-Rac1 andOs-Rbohs in response
to chitin.
After the PMwas extracted fromwild-type andOsFAH1/2-KD1

suspension cells treated with chitin for 0, 10, or 30 min, DRM and
non-DRM fractions were separated by OptiPrep density gradient
centrifugation; DRMs existed in fractions 2 and 3 and non-DRMs
in fractions 4 to 8 (Figure 5A). As shown in Figure 4B, endoge-
nous Os-Rac1 appeared predominantly in the non-DRM fraction
but also in the DRM fraction of wild-type cells before chitin
treatment, as detected bya-OsRac1 antibody. Like overexpressed

Figure 3. Observation of Membrane Order of OsFAH1/2-KD1.

(A)Membraneorder inwild-type andOsFAH1/2-KD1suspensioncellswasvisualizedbydi-4-ANEPPDHQ.StainedprotoplastswereobservedbyCLSM. In
the ratio images, eight colors from red to blue represent the observed range of Lo/Ld ratios. Bars = 3 mm.
(B)Quantification of normalizedLo/Ld emission ratios of PM.Dataaremeans6 SD (n=20). Asterisks indicate a significant differencecomparedwith thewild
type (Student’s t test; **P < 0.01).
(C)PMorder in riceprotoplasts fromwild-typeandOsFAH1/2-KD1suspensioncells stainedbydi-4-ANEPPDHQandobservedbyTIRFM.Eight colors from
red to blue represent the observed range of Lo/Ld ratios. Arrowheads indicate highly ordered puncta. Bars = 3 mm.
(D)Quantification of normalized Lo/Ld emission ratios of puncta. Data aremeans6 SD (n= 20). Asterisks indicate a significant difference comparedwith the
wild type (Student’s t test; **P < 0.01).
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Os-Rac1, endogenous Os-Rac1 also switched dramatically to the
DRM fraction of wild-type PMs after chitin treatment for 10min and
returned to normal levels in the DRM fraction after 30 min (Figure
5B). By contrast, noOs-Rac1was detected in DRM fractions of the
OsFAH1/2-KD1 line even after chitin treatment (Figure 5B). In-
terestingly, a similar result was obtained when Os-Rbohs were
detected by ana-StRbohB antibody (Figure 5B). The accumulation
of rice plasma membrane intrinsic protein 1s (Os-PIP1s), an
aquaporin that localizes to PMmicrodomains (Hachez et al., 2013),
was confirmed only in the DRM fraction of the wild type, whereas
clathrinheavychain(CHC),which isconsiderednot to localizetoPM
microdomains (Li et al., 2012), was detected not only in the non-
DRM fraction but also in the DRM fraction of both the wild type and
OsFAH1/2-KD1 (Figure 5B). In addition, levels of both proteins
gradually decreased during chitin treatment (Figure 5B). These
results indicate that Os-Rac1 and Os-Rbohs are specific PM mi-
crodomain proteins that respond to chitin elicitor and that PM
microdomains are necessary for their localization and dynamics in
the PM. Moreover, Os-RACK1 and Os-HSP70, which interact with
Os-Rac1 (Thaoet al., 2007;Nakashimaet al., 2008), andOs-flotillin,
a PM microdomain protein (Li et al., 2012), were detected in only
DRMfractionof thewild type (SupplementalFigure10).Ontheother
hand,Os-CEBiP, a chitin receptor, was present inmost fractions of

both the wild type and OsFAH1/2-KD1 and declined with chitin
treatment (Figure 5B; Supplemental Figure 10).
To explore the significance of Os-FAHs in the localization of

Os-Rac1, we fractionated rice suspension cells into soluble, mi-
crosomal, and microsomal DRM-like fractions (Supplemental
Figure 11) and examined the intracellular localization of Os-Rac1.
As shown in Figure 6A, Os-Rac1 accumulated mainly in the mi-
crosomal DRM-like fraction of thewild type, and not in the soluble
fraction.However,Os-Rac1wasdetected in thesoluble fractionof
the OsFAH1/2-KD1 line and decreased in the microsomal DRM-
like fraction. Similar to the result in Figure 5B,Os-PIP1sweremost
abundant in themicrosomal DRM-like fraction of thewild type and
were undetectable in any fractions of the OsFAH1/2-KD1 line
(Figure 6A). Quantitative real-time PCR (qRT-PCR) showed that
the expression of Os-Rac1was normal in OsFAH1/2-KD1 (Figure
6B). Moreover, when YFP Venus-OsRac1 was expressed in
protoplasts isolated from wild-type and the OsFAH1/2-KD sus-
pension cells, the fluorescence patterns were divided into two
types—only PM and PM, cytosol, and nucleus—as described by
Chen et al. (2010a) (Figure 6C). However, the ratio of cytosol-
localized to PM-localized Os-Rac1 in OsFAH1/2-KD1 was higher
than in the wild type (Figure 6D). These data indicate that the
membrane localization of Os-Rac1 is dependent on Os-FAHs.

Figure 4. Infection Assay for Rice Blast Fungus in OsFAH1/2-KD Plants.

(A) Infection of wild-type and OsFAH1/2-KD plants with a compatible strain of rice blast fungus (race007.0). Bars = 3 mm.
(B) Lesion length at 6 d postinfection in leaves of wild-type and OsFAH1/2-KD plants infected by the blast fungus. Data are means6 SD (n$ 38). Asterisks
indicate significant differences compared with the wild type (Student’s t test; *P < 0.05, **P < 0.01).
(C)Relative growth ofM. oryzae on susceptible rice cultivars. Data aremeans6 SD (n = 6). Asterisks indicate significant differences compared with the wild
type (Student’s t test; *P < 0.05, **P < 0.01).
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Os-FAHs Are Involved in ROS Production after
Chitin Treatment

Os-Rac1 interactswith theN-terminalEF-handmotif ofOs-RbohB,
leading to an increase in ROS production (Wong et al., 2007;
Oda et al., 2010; Kosami et al., 2014). To understand whether
PM microdomains are necessary for ROS production mediated
by the Rac1-Rboh pathway, we measured ROS production in
OsFAH1/2-KD using the L-012 reagent. As shown in Figures 6E
and 6F, wild-type suspension cells produced ROS in abun-
dance after treatment with chitin elicitor, whereas ROS produc-
tion in OsFAH1/2-KD cells was suppressed. This result indicates
that Os-FAHs are crucial for ROS production in response to

chitin treatment. Taken together with immunoblot analysis of the
DRMfraction (Figure5B), thesedatasuggest that the localization
of Os-Rac1 and Os-Rbohs to PM microdomains is essential for
the production of ROS in response to chitin signaling.

Os-RbohB and Os-RbohH Are Major Defense-Related
NADPH Oxidases Localized to PM Microdomains

The rice genome encodes nine Rbohs (RbohA-RbohI), and our
proteome analysis showed that Os-RbohH and Os-RbohI were
present in PM microdomains of suspension cells (Table 1).
Os-RbohHandOs-RbohIshareahighdegreeofsequence identity
with Os-RbohB and potato (Solanum tuberosum) St-RbohB

Table 1. Candidate Defense-Related Proteins That Are More Abundant in the Wild Type Than in OsFAH1/2-KD1 DRMs

Accession No. Protein

emPAI Score

Ratio (WT/KD)WT KD

Receptor gi|13324792 Putative receptor kinase 1.72 0.73 2.36
gi|29367569 Putative receptor protein kinase 0.77 0.18 4.28
gi|218199769 Cysteine-rich receptor-like protein kinase 10-like 0.27 – –

gi|46805208 Putative protein kinase Xa21 0.09 – –

gi|38345533 Putative leucine-rich repeat receptor-like protein kinase
family

0.13 – –

gi|125559260 Putative receptor-like protein kinase 4 0.05 – –

gi|215769298 Receptor-like protein kinase family 0.05 – –

gi|222623298 Putative serine/threonine kinase 0.10 – –

gi|218200640 LRR receptor-like serine/threonine-protein kinase 0.19 – –

gi|15128407 Putative receptor-like protein kinase 0.05 – –

gi|22748334 Putative leucine-rich repeat transmembrane protein
kinase

0.11 – –

gi|53792169 Putative atypical receptor-like kinase MARK 0.04 – –

LRR-containing protein gi|77552838 Leucine-rich repeat family protein, expressed 1.28 0.42 3.05
gi|108863916 Leucine-rich repeat family protein, expressed 1.15 – –

gi|77551698 Leucine-rich repeat family protein, expressed 0.05 – –

gi|77548313 Leucine-rich repeat family protein, putative, expressed 0.24 – –

gi|108707660 Leucine-rich repeat family protein, expressed 0.19 – –

Chaperone gi|115456247 Similar to non-cell-autonomous heat shock cognate
protein 70

0.29 – –

gi|115486793 Heat shock protein 70 0.29 – –

gi|115452223 Similar to HSP70 0.22 – –

gi|115464027 Similar to HSP70 precursor 0.10 – –

Small GTPase gi|115464861 Small GTP-binding protein (OsRac2) 0.80 0.34 2.35
gi|115448617 Small GTP-binding protein (OsRac3) 0.34 – –

gi|215678674 RAC-ROP-like G-protein (OsRac1) 0.56 – –

NADPH oxidase gi|77556657 Respiratory burst oxidase, putative, expressed (OsRbohH) 1.25 0.04 31.3
gi|108864453 Respiratory burst oxidase protein D, putative, expressed

(OsRbohI)
0.19 0.07 2.71

Pti-like kinase gi|115456539 Similar to Pti1 kinase-like protein 1.61 0.30 5.34
gi|115441637 Similar to Pti1 kinase-like protein 0.42 – –

Harpin-induced 1 protein gi|115487442 Harpin-induced 1 domain containing protein 0.96 – –

gi|77552873 Harpin-induced protein 1 containing protein, expressed 0.76 – –

CDPK gi|115472353 Calcium-dependent protein kinase, isoform 2 (CDPK2) 0.44 0.13 3.39
gi|115456103 Similar to calcium-dependent protein kinase 0.13 0.06 2.17

Others gi|115489172 Thaumatin, pathogenesis-related family protein 0.34 – –

gi|115467902 Similar to resistant protein candidate 0.17 0.08 2.13
gi|311893433 Resistant protein 0.02 – –

Experiments were repeated twice, and the proteins present at a level in the wild type more than double the level in OsFAH1/2-KD1 in both experiments
are shown. The exponentially modified protein abundance index (emPAI) score indicates the score in a second set of experiments. LRR, leucine-rich
repeat; WT, wild type.
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(Supplemental Figure 12), which interact specifically with GTP-
boundOsRac1 (Wonget al., 2007).Os-RbohHandOs-RbohIwere
alsohighly expressed in suspensioncells,whereas theexpression
of Os-RbohB was higher in leaves, but lower in suspension cells
(Figure 7A; Supplemental Figure 13A). These findings imply that
Os-RbohHandOs-RbohI arePMmicrodomain-localizingNADPH
oxidases activated by Os-Rac1 in rice suspension cells.

Toprove this,wefirst tested the interactionbetweenOs-RbohH/I
and Os-Rac1 by a yeast two-hybrid assay. As demonstrated
byWong et al. (2007), Os-RbohB interacted with constitutively
active (CA)-OsRac1 but not with dominant negative (DN)-OsRac1
(Figure 7B), as did both Os-RbohH and Os-RbohI. By contrast,
weak interactions between Os-RbohH/I and WT-OsRac1 were
detected unlike Os-RbohB (Figure 7B; Supplemental Figure 13B).
These results suggest that Os-RbohH and Os-RbohI interact
with Os-Rac1 but that the intensity of the interaction is weaker
than that between Os-RbohB and Os-Rac1.

Next, we investigated the effect of Os-RbohH on ROS pro-
duction in the defense response in rice suspension cells be-
cause the amounts of protein andmRNAofOs-RbohHweremuch
higher than those of Os-RbohI (Figure 7A, Table 1; Supplemental
Figure 13A). We produced OsRbohH-knockdown (OsRbohH-KD)
suspension cell lines using an RNAi system and ascertained that
Os-RbohH expression decreased in these lines (Supplemental
Figure 14A). However, ROS production in three OsRbohH-KD

lineswas equal to that in thewild type bothwith andwithout chitin
treatment (Supplemental Figures 14B and 14C). To explain this
unexpected result, we examined the expression of other Os-
Rbohsand found thatOs-RbohBwasabnormally expressed in the
OsRbohH-KD lines (Supplemental Figures 14D and 14E). We
therefore also produced Os-RbohB and Os-RbohH double
knockdown (OsRbohB/H-KD) suspension cell lines using RNAi
and found that expression of both Os-RbohB and Os-RbohH
decreased (Figure 7C). Immunoblot analysis confirmed that the
OsRbohs were undetectable with an a-StRbohB antibody in
DRMs of these OsRbohB/H-KD lines (Figure 7D). In addition, the
OsRbohB/H-KD lines produced less ROS than the wild type after
chitin treatment (Figures 7E and 7F). These findings indicate
that Os-RbohB and Os-RbohH are the major chitin-responsive
NADPH oxidases in rice PM microdomains.
To test the relationship between Os-RbohB/H and rice in-

nate immunity, we generated OsRbohB-knockdown plants
(OsRbohB-KD; Figure 8A) because Os-RbohB was highly
expressed in rice leaves and the expression of Os-RbohH was
low (Figure 7A; Supplemental Figure 13A). When plants were
infected with compatible rice blast fungus (race 007.0), lesion
length in OsRbohB-KD was greater than in the wild type, with
more extensive fungal growth (Figures 8B to 8D), suggesting
that Os-RbohB is essential for resistance to rice blast fungus.
In summary, we conclude that 2-hydroxy sphingolipid-rich PM
microdomains play an essential role in chitin-triggered immunity
by stimulating ROS production through the Rac1-RbohB/H
pathway (Figure 9).

DISCUSSION

Importance of PM Microdomain Organization by 2-Hydroxy
Sphingolipids in Rice Cells

In artificial model membranes, sphingolipids and sterols display
self-associative behavior, leading to their selective lateral
segregation in the membrane or the microdomain concept
(Lingwood and Simons, 2010). In plants, lipid analyses confirm
the accumulation of sphingolipids, especially GlcCers and
GIPCs, and sterols in PM microdomains (Lefebvre et al., 2007;
Laloi et al., 2007; Cacas et al., 2016). In addition, depletion of
sterols by treatment with agents such as MbCD and filipin has
a severe effect not only on formation of PM microdomains, but
also on microdomain protein composition and physiological
functions including pollen tube tip growth and abscisic acid
signaling (Rocheet al., 2008;Kierszniowskaet al., 2009; Liuet al.,
2009; Demir et al., 2013). However, evidence of a relation-
ship between sphingolipids and PM microdomain formation in
plant cells is sparse. In this study, we revealed that 2-hydroxy
sphingolipids are essential for the formation of PM micro-
domains in rice cells.
2-HFAs are major and specific fatty acid components of plant

sphingolipids. For example, over 90% of complex sphingolipids
in Arabidopsis possess 2-HFAs (Markham and Jaworski, 2007),
and hGlcCers and hGIPCs are abundant in rice, which unlike
Arabidopsis also contains nGIPCs. In this study, double knock-
down of Os-FAH1 and Os-FAH2 led to a decrease in 2-hydroxy

Figure 5. Dynamics of Os-Rac1 and Os-Rbohs in OsFAH1/2-KD1.

(A) Schematic image of OptiPrep gradient density centrifugation. Each
gradient was separated into eight fractions from top (1) to bottom (8).
Fractions 2 and 3 contain DRMs and fractions 4 to 8 contain the non-DRM
fraction.
(B) ImmunoblotanalysisofOs-Rac1,Os-Rbohs,Os-CEBiP,Os-PIP1s,and
Os-CHC after treatment with chitin for 0, 10, or 30 min.
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Figure 6. Intracellular Localization of Os-Rac1 and Production of ROS in the OsFAH1/2-KD.

(A) Immunoblot analysis of Rac1, PIP1s, and tubulin in wild-type and OsFAH1/2-KD1 suspension cells. S, M, and D indicate soluble, microsomal, and
microsomal DRM-like fractions, respectively.
(B) qRT-PCR of Rac1, PIP1;1, PIP1;2, and PIP1;3 in wild-type and OsFAH1/2-KD1 suspension cells.
(C) Subcellular localization of Venus-OsRac1 in rice protoplasts extracted from the wild type and OsFAH1/2-KD1. The upper row for each cell type
exemplifies localizationmainly at thePM, and the lower rowexemplifies localizationmainly in the cytosol andnucleus.mCherrywasused as a cytosolic and
nuclear marker. BF, bright field. Bars = 5 mm.
(D)Ratio of thefluorescence intensity of thecytosol to that of thePM.Dataaremeans6 SD (n$18). Asterisks indicate a significant differencecomparedwith
the wild type (Student’s t test; **P < 0.01).
(E) Example of ROS detection in rice suspension cells by L-012 reagent.
(F)QuantificationofROSproduction inOsFAH1/2-KDsuspensioncells. Intensity of eachwellwasmeasuredby ImageJsoftware (http://rsbweb.nih.gov/ij/).
Data are means 6 SD (n = 4). Asterisks indicate significant differences compared with the wild type (Student’s t test; **P < 0.01).
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sphingolipids and an increase in non-hydroxy sphingolipids in
cells. However, the levels of not only 2-hydroxy sphingolipids but
also non-hydroxy sphingolipids and sterols decreased inDRMsof
OsFAH1/2-KD cells. Because DRMs include sphingolipid- and
sterol-enriched PM microdomains (Cacas et al., 2012), these
results suggest that the decrease in 2-hydroxy sphingolipids by
knockdown of Os-FAHs decreased the amount of DRMs, and
especially PM microdomains. We also found that rice PIP1s,
members of a family of PM microdomain proteins (Hachez et al.,
2013), were not present in the DRM fraction of OsFAH1/2-KD,
although Os-CHC, which does not localize in PM microdomains
(Li et al., 2012), was detected, supporting the idea that PM

microdomains would decrease in the DRM fraction of OsFAH1/
2-KD. In addition, in vivo visualization of PM order using di-4-
ANEPPDHQ demonstrated that the heterogeneity of the rice cell
PM was lower in OsFAH1/2-KD1 than in the wild type. Further-
more, Cacas et al. (2016) recently confirmed the enrichment of
hGIPCs in DRMs of tobacco (Nicotiana tabacum) cells. Therefore,
hydroxyl groups in 2-hydroxy sphingolipids are likely to be im-
portant for the organization of PM microdomains in rice cells.
Hydroxyl groups in sphingolipid fatty acids bind strongly to each
other through hydrogen bonds (Pascher and Sundell, 1977;
Löfgren and Pascher, 1977; Boggs et al., 1988), and hydroxyl
groups are also largely present in LCBs of sphingolipids as

Figure 7. Analysis of Os-RbohB and Os-RbohH.

(A) Expression of Os-RbohB, Os-RbohH, and Os-RbohI in rice leaves (L) and suspension cells (S) was analyzed by qRT-PCR.
(B) Interaction of Os-Rbohs with Os-Rac1 in the yeast two-hybrid system. Yeast cells containing bait and prey constructs were tested for binding on
minimummediumwithout histidine. The images display the growth of yeast diluted atOD600 = 0.5 after 3 d of incubation at 30°C. Bait and prey vectorswere
pVP16andpBTM116, respectively.CA,constitutivelyactive;DN,dominantnegative.ThecombinationofpVP16-CA-OsRac1andpBTM116-PAKCRIBwas
used as a positive control (PC), and the combination of empty vectors was used as a vector control (VC).
(C) Transcriptional analysis of RbohB and RbohH in OsRbohB/H-KD suspension cells by qRT-PCR.
(D) Immunoblot analysis of Os-Rbohs in DRMs extracted fromwild-type andOsRbohB/H-KD suspension cells. AnSDS-PAGE gel stainedwithCoomassie
blue (CBB) was used to visualize protein loading.
(E) Example of ROS detection in OsRbohB/H-KD suspension cells by L-012 reagent.
(F)Quantification of ROSproduction inOsRbohB/H-KD suspension cells. Intensity of each well wasmeasured by ImageJ software (http://rsbweb.nih.gov/ij/).
Data are means 6 SD (n = 4). Asterisks indicate significant differences compared with the wild type (Student’s t test; **P < 0.01).
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dihydroxy (d18:0, d18:1, and d18:2) or trihydroxy LCBs (t18:0 and
t18:1), and in sterols (Cacas et al., 2012). Thus, hydroxyl groups in
2-hydroxy sphingolipids may be required for the association of
other sphingolipids and sterols, contributing to the rigidity of PM
microdomains.

Our proteome analysis also demonstrated that cytoskeletal
components such as tubulin and actin largely decreased in the
DRM fraction of OsFAH1/2-KD (Table 1). Szymanski et al. (2015)
recently demonstrated that actin filaments are related to the
formation and dynamics of microdomains and that micro-
tubules regulate the amounts of microdomain proteins by ob-
servation of microdomain marker proteins such as Remorin1.2
duringdeletionof actin filaments ormicrotubules. Therefore, the
proper organization of PM microdomains would need not only
lipids such as sphingolipids but also proteins, especially cy-
toskeleton. It will be interesting to examine the association
between sphingolipids and the cytoskeleton in the formation of
microdomains. In addition, cell wall could restrict the dynamics
of PM proteins (Martiniere et al., 2012), suggesting that the cell
wall is also involved in the organization of PMmicrodomains via
PM proteins. Because we visualized PM microdomains of

protoplasts in this study, the effect of the cell wall on the for-
mation of PM microdomains remains unexplored. To address
this, it will be necessary to observe microdomains in rice cells
with a cell wall.
Observation of PMmicrodomain proteins by immunoelectron

microscopy or stimulated emission-depletion microscopy has
shown that the diameter of PM microdomains in plant cells is
<100 nm (Raffaele et al., 2009; Li et al., 2012; Demir et al., 2013).
In this study, PM microdomains themselves were observed as
highly ordered puncta by the combination of di-4-ANEPPDHQ
and TIRFM and were ;250 nm in diameter. This may be be-
cause the high background in the surrounding membrane
stained by di-4-ANEPPDHQ obscures the boundaries of
puncta. Alternatively, actual PM microdomains may be larger
than the clusters of PM microdomain proteins that they en-
compass. TIRFM is a very efficient microscopic technique
that enables detailed observation of the PM and the simul-
taneous detection of two fluorescence emission wave-
lengths. However, improved microscopy or technology may
be needed to observe PM microdomains more clearly using
di-4-ANEPPDHQ.

Figure 8. Infection Assay for Rice Blast Fungus in OsRbohB-KD Plants.

(A) Transcriptional analysis of Os-RbohB in OsRbohB-KD plants by qRT-PCR.
(B) Infection of wild-type and OsRbohB-KD plants with a compatible strain of rice blast fungus (race007.0). Bars = 3 mm.
(C) Lesion length at 6 d postinfection in leaves of wild-type and OsRbohB-KD plants infected by the blast fungus. Data are means6 SD (n$ 30). Asterisks
indicate significant differences compared with the wild type (Student’s t test; **P < 0.01).
(D)Relative growth ofM. oryzae on susceptible rice cultivars. Data aremeans6 SD (n = 6). Asterisks indicate significant differences compared with the wild
type (Student’s t test; **P < 0.01).
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Role of PM Microdomains in the Rac1-RbohB/H-Mediated
MTI Pathway

Although PM microdomains are considered to play an important
role in innate immunity in plants, their specific contribution has
remained unclear. In this study, we demonstrated that suscep-
tibility to compatible blast fungus infectionwas higher inOsFAH1/
2-KD than in the wild type.Whereas PMmicrodomains, which are
mainly formed byGlcCers andGIPCs in sphingolipids, decreased
in OsFAH1/2-KD as described above, the hCer content also
decreased, although the nCer content was not affected in whole
cells. nCershavebeen reported to functionassignalingmolecules
that promote programmed cell death, whereas hCers do not
(Townley et al., 2005), implying that the decrease in hCers
has little effect on the high sensitivity to rice blast fungus of
OsFAH1/2-KD. In addition, OsFAH1/2-KD exhibited a dwarf
phenotype; we used similarly sized leaves to the wild type
during the infection assay to prevent an influence of the dif-
ference in growth. Therefore, the results of the infection assay
ofOsFAH1/2-KDsuggest that PMmicrodomains play a key role
in innate immunity in rice.

Focusing on Os-Rac1 and Os-Rbohs among the defense-
relatedPMmicrodomainproteins identifiedbyproteomeanalysis,
we found that the decrease in PMmicrodomains diminished their
localization to DRMs in response to chitin elicitor. In addition, the
OsFAH1/2-KD lines displayed low ROS production. We further
demonstrated that OsRbohB andOsRbohHare chitin-responsive
NADPHoxidases that interactwithOs-Rac1and thatOs-RbohB is
essential for resistance to rice blast fungus. These findings in-
dicate that PMmicrodomains are essential for chitin-inducedMTI
through ROS signaling mediated by Os-Rac1 and Os-RbohB/H.

Os-Rac1 plays a critical role in defense responses induced by
variousMAMPs, includingchitin elicitor (KawanoandShimamoto,
2013; Kawano et al., 2014a). After chitin is recognized by
Os-CEBiP, which localizes to the extracellular side of the PM,
Os-Rac1 is converted from the GDP to the GTP form by the
guanine nucleotide exchange factor Os-RacGEF1, which is
phosphorylated by Os-CERK1, a coreceptor of chitin (Kaku et al.,
2006; Shimizu et al., 2010; Akamatsu et al., 2013). In this study,we
provided evidence that endogenous Os-Rac1 is transiently lo-
calized to PM microdomains at an early stage of the chitin re-
sponse. Os-Rac1 belongs to the type II Rac/ROP subgroup,
whose members are attached to the PM by palmitoylation of
a conserved GC-CG box (Lavy et al., 2002; Levental et al., 2010).
Palmitoylation plays a key role in targeting proteins to PM mi-
crodomains (Levental et al., 2010). Arabidopsis ROP6, a type I
ROPpossessingaCaaLboxmotif, is primarily geranylgeranylated
and, when activated, accumulates in DRMs with transient
palmitoylation (Sorek et al., 2007, 2010). In addition, mammalian
Rac1 is palmitoylated at C178, a modification that is essential for
targeting to rafts and actin cytoskeleton remodeling (Navarro-
Lérida et al., 2012), and present in not only rafts but also non-rafts,
where Rac1 is predominantly inactivated (Moissoglu et al., 2014).
Activation of Os-Rac1 occurs within 3 min after chitin treatment
(Akamatsu et al., 2013), suggesting that GTP-bound Os-Rac1 is
localized to PM microdomains, since Os-Rac1 had accumulated
in the DRM fraction by 10 min of chitin treatment. We therefore
propose that the localization of Os-Rac1 to PM microdomains,
possibly through palmitoylation, is necessary for its function,
similar to other small GTPases. By contrast, Os-Rac1 was ac-
cumulated in the “DRM-like” fraction inFigure 6A,which is crudely
extracted frommicrosomes as shown in Supplemental Figure 11,
without chitin treatment. Because theDRM fraction in Figure 5B is
carefully extracted from the PM, the behavior of Os-Rac1 on PM
microdomains can be interpreted in Figure 5Bmore correctly than
in Figure 6A.
We also demonstrated that Os-RbohB and Os-RbohH display

similar dynamics to Os-Rac1 in PMmicrodomains in response to
chitin. OsRbohB acts downstream of Os-Rac1 through a direct
interaction of its N-terminal EF-hand motif with GTP-bound
Os-Rac1 (Wong et al., 2007; Oda et al., 2010; Kosami et al., 2014),
and, as shown in this study, Os-RbohH is also involved in Rac1-
mediated immunity. Proteome analyses have identified Rbohs in
DRMs of tobacco, Arabidopsis and rice (Morel et al., 2006;
Kierszniowska et al., 2009; Fujiwara et al., 2009), and ROS pro-
duction by Rbohs in pollen tube tips is dependent on PM mi-
crodomains in Picea meyeri (Liu et al., 2009). Recent reports also
showed that the dynamics of AtRbohD are regulated by PM mi-
crodomains (Hao et al., 2014). At-RbohD has been shown to play
an important role in innate immunity in Arabidopsis (Kadota et al.,
2015) and belongs to same clade with Os-RbohB and Os-RbohH
(Supplemental Figure 11A). Taken together with the data that
OsRbohB contributes to resistance to rice blast fungus infection,
simultaneous localization of Os-Rac1 and Os-RbohB/H to PM
microdomains in response to chitin is likely to be necessary for the
activation of Os-RbohB/H by activated Os-Rac1. Bioimaging
analysis to observe the dynamics and colocalization of Os-Rac1
and Os-RbohB/H is needed. On the other hand, the amount of
Os-Rbohs in non-DRM fraction of OsFAH1/2-KD without chitin

Figure 9. Model of the Relationship among 2-Hydroxy Sphingolipids, PM
Microdomains, and Innate Immunity in Rice.

Os-FAH1 and Os-FAH2, which are localized in the ER membrane, syn-
thesize 2-hydroxy sphingolipids, which contribute to the organization of
PM microdomains. After chitin treatment, Os-Rac1 and Os-RbohB/H
assemble in microdomains, where Os-RbohB/H are activated by their
interaction with GTP-bound Os-Rac1. This promotes the generation of
ROS, leading to resistance to rice blast fungus infection.
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treatment was lower than in the wild type, suggesting that the
decrease in 2-hydroxy sphingolipidsmay also affect the secretion
pathway of PM proteins, in which sphingolipids are involved
(Luttgeharm et al., 2016). Future work should examine the re-
lationshipamong2-hydroxysphingolipids, secretionofOs-Rbohs
and ROS production.

We have previously proposed that rice Rac1 participates in
a large protein network, termed the defensome, including HSP70,
HSP90, the cochaperone Hop/Sti1a, the scaffold protein RACK1,
and the lignin biosynthesis enzyme CCR1 (Kawasaki et al., 2006;
Thao et al., 2007; Nakashima et al., 2008; Chen et al., 2010b).
Fujiwara et al. (2009) demonstrated that RACK1 shifts to the DRM
fraction in response to chitin treatment, similar to Rac1. In this
study,we also demonstrate thatHSP70 aswell asRACK1 localize
to PM microdomains. Therefore, a number of other defensome
proteins may localize to PM microdomains with Rac1. It will be
important to establish whether and how PM microdomains are
related to the formation of the defensome network. It will also be
interesting to examine the correlation between PMmicrodomains
and the ETI pathway because rice Rac1 is regulated by the ETI-
associated protein Pit, which is localized to thePM (Kawano et al.,
2010, 2014b). We cannot rule out the possibility that PM micro-
domains could pleiotropically affect plant innate immunity since
ourproteomeanalysis detecteda largenumberofdefense-related
proteins in addition to Rac1 and Rbohs. Therefore, it will be
necessary to investigate the role of other microdomain proteins in
rice innate immunity.

In this report, we established OsFAH1/2-KD lines in which PM
microdomains are constitutively decreased and were able to re-
veal the importance of PM microdomains in chitin-induced im-
munity because these lines could be used in physiological
experiments. In addition, we showed that PMmicrodomains may
be important for growth. Further studiesusingOsFAH1/2-KD lines
will deepen our understanding of the significance of PM micro-
domains in plants.

METHODS

Plant Materials

Rice (Oryzasativa japonicaKinmaze)wasusedas thewild type.Togenerate
constructs for the RNAi system, cDNA fragments of the 39 untranslated
region of Os-FAH1/2 or Os-RbohB/H (primer sets are described in
Supplemental Table 1) were introduced into the pANDA vector (Miki and
Shimamoto, 2004). Agrobacterium tumefaciens-mediated transformation
of rice calli was performed according to a published method (Hiei et al.,
1994). Plants were regenerated from transformed calli selected by hy-
gromycin resistance. Rice plants were cultivated at 27°C under short-day
conditions (10 h light/14 h dark) with sodium lamps (200 mmol m22 s21).

Intracellular Localization

Constructs encoding TagRFP, enhancedGFP, or Venus fused to either the
C or N terminus of Os-FAH1, Os-FAH2, and Os-Rac1 (primer sets are
described in Supplemental Table 1) were prepared using the Gateway
system (Invitrogen). OsFAH1-TagRFP, OsFAH2-TagRFP, OsFAH2-EGFP,
and Venus-OsRac1 expression was driven by the CaMV 35S promoter.
Protoplast isolation from rice suspension cultures and protoplast trans-
formation were performed according to Chen et al. (2010a). After in-
cubation for 12 to 18 h at 30°C, the protoplastswere examinedwith a Leica

TCS-SP5 microscope. A 488- and 514-nm argon laser were used for the
excitation of GFP and YFP, respectively. A 543-nm H2/Ne laser was also
used for RFP. Emission signals were detected using a 500/15-nm filter for
GFP, a 515/30-nm filter for YFP, and a 590/70-nm filter for RFP.

Preparation of Sphingolipids and Sterols

Total lipidswere extracted from rice cells (300mg freshweight) and treated
with methylamine to remove glycerolipids, as described by Markham
et al. (2006). An internal standard mixture was added during extraction,
consisting of d18:1-c12:0 Cer (0.1 nmol for nCer), d18:1-h12:0 Cer
(0.1 nmol for hCer), d18:1-c12:0 GlcCer (1 nmol for GlcCer), d17:1-c12:0
sphingosyl phosphatidylethanolamine (2 nmol for GIPC), b-cholestanol
(50 nmol for free sterol [FS]), and cholestanol glucoside (15 nmol for steryl
glucoside [SG]). Standard sphingolipidswere purchased formAvanti Polar
Lipids, and b-cholestanol was obtained from Sigma-Aldrich. Glucoside
derivatives of b-cholestanol and other sterols were synthesized as de-
scribed previously (Iga et al., 2005; Wewer et al., 2011). Alkali-treated lipid
extract was dried, resuspended in 1 mL tetrahydrofuran (THF)/methanol/
water (2:1:2, v/v/v) containing 0.1% formic acid, and used for LC-MS/MS
analyses of sphingolipids and SG. FS was analyzed by LC-MS/MS after
picolinyl esterification according to Honda et al. (2008).

LC-MS/MS Analysis of Sphingolipids and Sterols

Sphingolipids and sterols were quantified using an LCMS-8030 system
(Shimadzu). Analytical conditions described for Arabidopsis thaliana by
Markham and Jaworski (2007) and Nagano et al. (2014) were optimized for
rice sphingolipid species. Chromatographic separation was performed
using an XR-ODSII column (Shimadzu; 2.2 mm, 2.0 mm ID, 75 mm) held at
40°C with binary elution gradients consisting of THF/methanol/10 mM
ammonium formate (3:2:5) containing 0.1% (v/v) formic acid as solvent A
and THF/methanol/10mM ammonium formate (7:2:1) containing 0.1% (v/v)
formic acid as solvent B at a flow rate of 200 mL/min. Each lipid class (Cer,
GlcCer, GIPC, SG, and FS) was analyzed separately using solvent con-
centrationgradients,applied linearlyover15min,as follows:30to100%Bfor
Cer,GlcCer,FS, andSG;10 to70%BforGIPC.Afterelution, thecolumnwas
washedwith100%solventB for1minandreequilibratedwiththeappropriate
starting solvent for 3 min before the next run.

Lipid species were detected by multiple-reaction monitoring of the
transitions of precursor ions [M+H]+ to main product ions. Major com-
ponentsof ricesphingolipidscontaining fatty acidswithC20,C22, andC24
carbon length (Watanabe and Imai, 2011) were targeted. To compensate
for differences in the MS responses of endogenous sphingolipid species
and the internal standards added to samples, sphingolipid classes were
fractionated from riceandMS response factors of each internal standard to
endogenous species were determined on the basis of their LCB content
according toMarkham and Jaworski (2007). GIPC content is shown as the
total of four subclasses with different sugar moieties (Supplemental Data
Set 4).MS response factors for FSs andglucosideswere determined using
commercially available standards. The m/z values of multiple-reaction
monitoring transitions and collision energy were optimized for each
compound. Detailed MS/MS parameters for targeted species are listed in
Supplemental Data Set 4. The other general conditions were as follows:
capillary voltage, 4.5 kV; desolvation gas flow, 10L/min; nebulizer gas flow,
0.2 L/min; conversion diode voltage, 6 kV; source temperature, 300°C; and
collision gas flow, 230 kPa.

Staining with Di-4-ANEPPDHQ and Imaging of Membrane Order

Protoplastswere treatedat 10minwith10mMdi-4-ANEPPDHQ (Molecular
Probes) dissolved in a medium at 10 min and excited with a 488-nm argon
laser. For observation by CLSM (Leica TCS-SP5), Lo and Ld images were
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obtained by measuring fluorescence at 500 to 550 nm and 650 to 750 nm,
respectively, in a modification of the methods described by Owen et al.
(2011). For observation by TIRFM (Olympus TIRFM), the fluorescence
emission spectra were separated with a 565LP dichroic mirror and filtered
through either a 500/550 (Lo) or a 641.5/708.5 (Ld) filter with a Dual View
filter system (Olympus). A calibration of di-4-ANEPPDHQ was performed
according to the procedure described by Owen et al. (2011).

Extraction of PM and DRM

PM was purified from rice suspension cells using the two-phase partition
method (Uemura et al., 1995). DRMswere extracted from thePM fraction in
a modification of the methods described by Fujiwara et al. (2009). Briefly,
the PM fractions were treated with Triton X-100 to a detergent:PM protein
ratio of 15:1, and the mixture was shaken for 30 min at 4°C. The sample
wasdilutedwithOptiPrep solution to afinal concentrationof 52%OptiPrep
(w/w), overlaidwith40, 35, and5%OptiPrep inTEDbuffer (50mMTris-HCl,
pH 7.5, 3 mM EDTA, and 1 mM DTT; w/w), and centrifuged for 16 h at
150,000g at 4°C in a Swi40Ti rotor (Beckman). DRM fractions were re-
covered above the 5 and 35% interface (Figure 5A), diluted 10 times with
TED buffer and centrifuged for 2 h at 200,000g. The final pellets were
suspended in TED buffer. Non-DRM fractions were recovered from 35, 40,
and 52% OptiPrep fractions (fractions 4 to 8 in Figure 5A).

Peptide Preparation for MS/MS Analysis

DRMswereseparatedusingaready-made12.5%(w/v)SDS-polyacrylamide
gel (DRC)andstainedusingFlamingo(Bio-Rad).Thegel lanewascut into four
slices of equal length. Each gel band was washed twice with HPLC-grade
water containing 60% (v/v) acetonitrile (Kanto Chemical)/50mMammonium
bicarbonate, and incubated successively in 10mMDTT/50mM ammonium
bicarbonate for 45 min at 56°C and 55 mM iodoacetamide/50 mM ammo-
nium bicarbonate for 30 min at room temperature. The incubated gel slices
werewashedtwicewithHPLC-gradewatercontaining60%(v/v) acetonitrile/
50 mM ammonium bicarbonate and dried in a vacuum concentrator. The
dried slices were next treated with 2 mL of 10 ng/mL trypsin (MS grade gold;
Promega)/50 mM ammonium bicarbonate and incubated at 37°C for 16 h.
The digested peptides were recovered to a new tube. The gel was then
treated twice with 20 mL of 0.2% (v/v) formic acid (Wako)/50% (v/v) ace-
tonitrile, and the three peptide extractswere pooled. The extractswere dried
in a vacuum concentrator and dissolved in 0.1% (v/v) formic acid/5% (v/v)
acetonitrile. The solution was filtered with an Ultrafree-MS Centrifugal Filter
(PVDF 0.45 mm; Millipore) to avoid contamination with gel pieces.

LC-MS/MS Analysis and Database Searching

LC-MS/MS analysis was performed using an HTC-PAL/Paradigm MS4
system coupled to an LTQ Orbitrap XL (Thermo Scientific) mass spec-
trometer. Trypsin-digestedpeptideswere loadedon theL-column (100mm
internal diameter, 15 cm; CERI) using a Paradigm MS4 HPLC pump
(Michrome BioResources) and an HTC-PAL autosampler (CTC Analytics).
Buffers were 0.1% (v/v) acetic acid and 2% (v/v) acetonitrile in water
(Solvent A) and 0.1% (v/v) acetic acid and 90% (v/v) acetonitrile in water
(SolventB).A linear gradient from5 to45%bufferB,of 26minduration,was
applied, and peptides eluted from the L-column were introduced directly
into an LTQ Orbitrap XL mass spectrometer with a flow rate of 500 nL/min
and a spray voltage of 2.0 kV. All events for MS scan were controlled and
acquired by Xcalibur software version 2.0.7 (Thermo Scientific). The range
ofMSscanwasm/z 400 to 1500 and the top three peakswere subjected to
MS/MSanalysis.Obtainedspectrawerecomparedwithaproteindatabase
(NCBI, Taxonomy; Oryza sativa) using the MASCOT server (version 2.4).
The mascot search parameters were as follows: peptide tolerance at
10 ppm,MS/MS tolerance at60.5 D, peptide charge of 2+ or 3+, trypsin as
enzyme allowing up to one missed cleavage, carbamidomethylation on

cysteine as a fixedmodification, and oxidation onmethionine as a variable
modification.

Infection of Rice Plants with Rice Blast Fungus

Growthconditions for theblast fungus (Magnaportheoryzae; strain2403-1,
race007.0) and methods for punch inoculation of leaf blades have been
described previously (Thao et al., 2007). To measure M. oryzae growth,
DNA-based real-time PCR was performed according to the method de-
scribed by Kawano et al. (2010).

SA Analysis

SA was prepared using MTBE/methanol/water and quantified by LC-MS/
MS according to Ternes et al. (2011).

Chitin Treatment

Culturedricecellsweretreatedwith2mg/mLchitin (hexa-N-acetylchitohexaose;
IsoSep AB) and harvested at the indicated times after treatment.

Antibodies

a-OsRac1, a-RACK1, and a-flotillin antibody were described previously
(Lieberherr et al., 2005; Nakashima et al., 2008; Ishikawa et al., 2015).
a-StRbohB, a-OsCEBiP, and a-CHC antibodies were kindly provided by
Hirofumi Yoshioka (Nagoya University), Naoto Shibuya (Meiji University),
and Masaru Fujimoto (University of Tokyo), respectively. a-OsPIP1s,
a-tubulin, and a-HSP70 antibody were purchased from Cosmo Bio,
Calbiochem, and Funakoshi, respectively.

Cell Fractionation

Rice cells in suspension cultureswere harvested 4 d after subculturing and
homogenized in homogenizing medium (50 mM Tris-HCl, pH 7.5, 2 mM
EDTA, 150 mM NaCl, 5 mM MgCl2, 10% glycerol, and protease inhibitor
cocktail [Roche]). After centrifugation at 8000g at 4°C for 20 min, the su-
pernatant was ultracentrifuged at 100,000g for 1 h at 4°C and separated into
supernatant andpellet. This supernatantwas defined as the soluble fraction.
The pellet was further treated with 1% Triton X-100, incubated on ice for
30min,andcentrifugedat20,000g for20minat4°C.Thepelletwasrecovered
as the DRM-like fraction and the supernatant as the microsomal fraction.

ROS Measurement

Rice suspension cellswere subcultured for 4 d in freshmediumand placed
into white 96-well plates (Greiner Bio-one). L-012 (Wako Chemicals),
dissolved in culture medium to 500 mM, was added to each well, and after
a 2-h incubation the chemiluminescence was detected by LAS-4000 mini
luminescent image analyzer (Fujifilm). The intensity of each well was
measured by ImageJ (http://rsbweb.nih.gov/ij/), and the value was cal-
culated using the following formula: (intensity of each well – intensity of
background)/weight of suspension cells in each well.

Yeast Two-Hybrid Assay

For bait constructs, WT-, CA-, and DN-OsRac1 were subcloned into the
pBTM116 vector using the Gateway system (Invitrogen) as described by
Kawasaki et al. (2006). For prey constructs, sequences encoding the
N-terminal regions of Os-Rbohswere inserted into the pVP16 vector using
the Gateway system (Invitrogen). Combinations of bait and prey vectors
were introduced into Saccharomyces cerevisiae L40 cells. The bait/prey
interactionwas analyzedbasedon the requirement of His for yeast growth,
as described by Wong et al. (2007).

Microdomains: Essential in Rice Immunity 1979

http://rsbweb.nih.gov/ij/


qRT-PCR

Total RNA was extracted using the RNeasy Plant Mini Kit (Qiagen). cDNA
was synthesized from 1 mg total RNA using SuperScript II reverse tran-
scriptase (Invitrogen). qPCR reactions were performed with 7300 real-
time PCR system (Applied Biosystems) and the primer sets shown in
Supplemental Table 1.

Phylogenetic Analysis

Predicted amino acid sequences were aligned using the MUSCLE in
the MEGA program (Kumar et al., 2016). Based on these alignments
(Supplemental Data Set 5), a phylogenetic tree was generated using the
MaximumLikelihoodmethodwith theMEGAprogram, and the reliability of
the trees was tested by bootstrap with 1000 resamplings.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL
databases under the following accession numbers: Os-FAH1,
Os12g0628400; Os-FAH2, Os03g0780800; Os-Rac1, Os01g0229400;
Os-RbohA, NM_191558; Os-RbohB, Os01g0360200; Os-RbohC,
AK120905; Os-RbohD, AK072353; Os-RbohE, AK100241; Os-RbohF,
XM_482730; Os-RbohG, AK120739; Os-RbohH, Os12g0541300; Os-RbohI,
Os11g0537400; Os-PIP1;1, Os02g0666200; Os-PIP1;2, Os04g0559700;
Os-PIP1;3, Os02g0823100; St-RbohA, AB050660; and St-RbohB,
AB050661.

Supplemental Data

Supplemental Figure 1. Examples of sphingolipids in plants.

Supplemental Figure 2. Subcellular localization of Os-FAH1 and
Os-FAH2 in rice protoplasts.

Supplemental Figure 3. Establishment of OsFAH1/2-KD lines using
an RNAi system.

Supplemental Figure 4. GIPC content in whole cells of OsFAH1/2-KD
lines.

Supplemental Figure 5. Fatty acid content of sphingolipids in
OsFAH1/2-KD lines.

Supplemental Figure 6. GIPC content in DRM of OsFAH1/2-KD1.

Supplemental Figure 7. Sphingolipid content in PM of OsFAH1/2-KD
lines.

Supplemental Figure 8. GIPC content in PM of OsFAH1/2-KD1.

Supplemental Figure 9. SA content in OsFAH1/2-KD suspension
cells.

Supplemental Figure 10. Protein analysis of PM fractions.

Supplemental Figure 11. Flow chart of fractionation of rice suspen-
sion cells.

Supplemental Figure 12. Phylogenetic relationships and comparison
of Rboh proteins.

Supplemental Figure 13. Analysis of Os-Rbohs.

Supplemental Figure 14. Analysis of OsRbohH-KD lines.

Supplemental Data Set 1. Identification of DRM-associated proteins
in the wild type.

Supplemental Data Set 2. Identification of DRM-associated proteins
in OsFAH1/2-KD1.

Supplemental Data Set 3. Identification of DRM-associated proteins
for which wild type > KD.
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