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A Magnaporthe Chitinase Interacts with a Rice
Jacalin-Related Lectin to Promote Host Colonization®

Yijuan Han,*®< Linlin Song,** Changlin Peng,*< Xin Liu,*< Lihua Liu,® Yunhui Zhang,> Wenzong Wang,*<
Jie Zhou,** Shihua Wang,*< Daniel Ebbole,9? Zonghua Wang,**<? and Guo-dong Lu®<?3

“State Key Laboratory of Ecological Pest Control for Fujian and Taiwan Crops, Fujian Agriculture and Forestry
University, Fuzhou, 350002, China

PInstitute of Oceanography, Minjiang University, Fuzhou, 350108, China

“Key Laboratory of Biopesticide and Chemistry Biology, Ministry of Education, Fujian Agriculture and
Forestry University, Fuzhou, 350002, China

9Department of Plant Pathology and Microbiology, Texas A&M University, College Station, Texas 77843-2132

ORCID IDs: 0000-0003-4795-7929 (D.E.); 0000-0001-6325-9165 (G.L.).

The genome of rice blast fungus (Magnaporthe oryzae) encodes 15 glycoside hydrolase 18 family chitinases. In this study, we
characterized the function of an M. oryzae extracellular chitinase, MoChil, and its interaction with a host protein, OsMBL1, a
jacalin-related Mannose-Binding Lectin (MBL) in rice (Oryza sativa). Deletion of MoChil resulted in reduced aerial hyphal
formation and reduced virulence in rice by activating the expression of defense-responsive genes. We confirmed MoChil
interaction with rice OsMBL1 in vitro and in vivo. OsMBL1 was induced by pathogen-associated molecular patterns and
M. oryzae infection. Overexpression of OsMBL1 led to activation of rice defense-responsive genes and a chitin-induced
reactive oxygen species burst, thereby enhancing resistance to M. oryzae. Knockdown of OsMBL1 enhances susceptibility of
rice plants to M. oryzae. Furthermore, MoChil suppressed chitin-induced reactive oxygen species in rice cells and competed with
OsMBL1 for chitin binding. Taken together, our study reveals a mechanism in which MoChil targets a host lectin to suppress

rice immunity.

Plants are continuously exposed to pathogens and
have evolved defense mechanisms to protect them-
selves against pathogen attacks. Early events in plant
defense are initiated by pathogen-associated molecular
patterns (PAMPs), such as bacterial flagellin or pepti-
doglycan, and fungal chitin-derived oligomers (Dangl
and Jones, 2001; Desaki et al., 2006). Chitin, a linear
B-1,4-linked homopolymer of N-acetylglucosamine
(GlcNAc), is one of the key polysaccharide compo-
nents of fungal cell walls and serves as a PAMP to in-
duce immune responses in plant cells (Kuchitsu et al.,
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1993, 1997; Yamada et al., 1993; Kikuyama et al., 1997;
Tanabe et al., 2006; Trouvelot et al., 2014).

Plants have evolved pattern recognition receptors
(PRRs) to recognize PAMPs and initiate PAMP-
triggered immunity (PTI), leading to the reinforce-
ment of cell walls, the accumulation of reactive oxygen
species (ROS), and the activation of defense-related
genes (Dangl and Jones, 2001; Desaki et al., 2006). In
rice (Oryza sativa), the soluble chitin (GlcNAc)s-receptor
chitin elicitor binding protein (CEBiP) plays a major
role by recruiting the chitin elicitor receptor kinasel
(OsCERK1) in chitin-mediated PTI defense (Ito et al.,
1997; Shinya et al., 2010; Kouzai et al., 2014a, 2014b).
Nevertheless, pathogens secret a series of effector pro-
teins to target PRR or some key components in the PTI
pathway to suppress plant immunity. The removal of
PAMPs by pathogen effectors could also be part of a
virulence mechanism, since this can diminish immunity
responses. For example, the bacterium Pseudomonas
syringae secrets an alkaline protease AprA to cleave
flagellin to block defense signaling in plants (Pel et al.,
2014). Fungal core effectors, such as effector extracel-
lular protein 6, Secreted LysM Priotein 1 (Slpl), and
Colletotrichum higginsianum extracellular LysM protein
1, which contain LysM motifs, can suppress chitin-
mediated immunity (de Jonge et al., 2010; Mentlak
et al., 2012; Takahara et al., 2016).

Lectins, a group of proteins that encode at least one
noncatalytic carbohydrate-binding site, have diverse

1416 Plant Physiology®, April 2019, Vol. 179, pp. 1416-1430, www.plantphysiol.org © 2019 American Society of Plant Biologists. All Rights Reserved.


http://orcid.org/0000-0003-4795-7929
http://orcid.org/0000-0003-4795-7929
http://orcid.org/0000-0001-6325-9165
http://orcid.org/0000-0001-6325-9165
http://orcid.org/0000-0003-4795-7929
http://orcid.org/0000-0001-6325-9165
http://crossmark.crossref.org/dialog/?doi=10.1104/pp.18.01594&domain=pdf&date_stamp=2019-03-26
http://www.plantphysiol.org
mailto:lgd@fafu.edu.cn
http://www.plantphysiol.org/cgi/doi/10.1104/pp.18.01594

functions in plants and animals (Chrispeels and
Raikhel, 1991; Peumans and Van Damme, 1995;
Vandenborre et al., 2011). Plant jacalin-related lectins
(JRLs) specifically bind to Man or Gal (Peumans et al.,
2001), some of which are associated with host plant
innate immunity. For example, the pepper (Capsicum
annuum) Mannose-Binding Lectin (MBL) CaMBL1 is
involved in defense responses to microbial pathogens
(Hwang and Hwang, 2011). The rice JRL OsJAC1 con-
fers resistance against pathogens by its dirigent and
jacalin domain (Weidenbach et al., 2016). Wheat (Triti-
cum aestivum) TaJA1 (an OsJACI ortholog) and TaJRLL1
(jacalin-related lectin-like) are both induced by patho-
gen infection and lead to resistance against fungal dis-
eases (Xiang et al., 2011; Weidenbach et al., 2016; Han
et al., 2018), demonstrating the importance of JRLs in
plant immunity. However, it is unclear how JRLs in-
teract with fungal pathogens.

Chitinases are hydrolytic enzymes that catalyze the
degradation of the 1,4-8 bond in chitin, which subse-
quently leads to the release of N-acetylglucosamine
oligomers (Henrissat, 1991; Bussink et al., 2007;
Gortari and Hours, 2013). Glycoside hydrolase 18
(GH_18) chitinases are found in fungi and are associ-
ated with fungal development and autolysis (Sasaki
et al., 2002; Duo-Chuan, 2006; Seidl, 2008; Hartl et al.,
2012). Disruption of the chitinase 1 in Saccharomyces
cerevisiae leads to the failure of cell separation during
the cell division cycle (Kuranda and Robbins, 1991).
In Aspergillus nidulans, chitinase gene ChiB is induced
by carbon/energy deprivation and plays a role in hy-
phal autolysis. ChiB deletion mutants were defective in
germination and hyphal growth (Yamazaki et al., 2007).

Rice blast, caused by the filamentous fungus
M. oryzae, is one of the most devastating diseases of rice
(Ou, 1980; Dean et al., 2005). Rice blast disease has be-
come a model pathosystem to study fungal pathogen-
plant interactions because of the availability of genome
sequences and genetic engineering of M. oryzae and rice
(Valent, 1990; Ebbole, 2007). During the interaction
between these species, M. oryzae delivers effector pro-
teins to suppress host defense. To date, more than 10
different effectors have been identified, and at least five
avirulence effector proteins are known to have direct
rice target(s): AvrPik, AvrPita, Avr1-CO39, AvrPiz-t,
and AVR-Pii (Kanzaki et al., 2012; Park et al., 2012;
Cesari et al., 2013; Fujisaki et al., 2015; Singh et al., 2016).
Secreted LysM Proteinl (Slpl), a LysM effector, does
not attack rice proteins directly but competes with PRR
protein CEBiP for chitin to block chitin signaling
(Mentlak et al., 2012). In this study, we characterized
the roles of an M. oryzae chitinase, MoChil, and its in-
teraction with OsMBL1, a rice jacalin-related MBL.
Deletion of MoChil in M. oryzae leads to reduced in-
fection and was correlated with increased expression of
defense-related genes in rice.

Overexpression of OsMBL1 in rice conferred resis-
tance against M. oryzae. This response was associated
with elevated expression of defense-related genes in the
PTI pathway. Furthermore, both MoChil and OsMBL1
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show affinity toward chitin and compete for chitin.
MoChil suppresses chitin-triggered ROS burst in rice,
while OsMBL1 interferes with this process by altering
the response time. Therefore, we hypothesized that the
interaction of OsMBL1 and MoChil is responsible for
the induction of defense responses by rice.

RESULTS
MoChil Is a Highly Conserved Chitinase from M. oryzae

The genome of M. oryzae contains 15 genes annotated
as GH_18 family chitinases (Supplemental Fig. S1).
Previously, we learned that different chitinases in this
family showed preferential expression in different
cell types, such as vegetative hyphae, conidium, germ
tube, and appressorium (Han et al., 2013). The deletion
of each chitinase gene did not result in a patho-
genic phenotype except for MoChil (Supplemental Fig.
S2). MoChil (MGG_08054) encodes a protein with
389 amino acid residues with an N-terminal signal
peptide and a GH_18 domain (Fig. 1A). Phylogenetic
analysis showed that MoChil is orthologous to a Usti-
lago maydis chitinase protein, UmCtsl (Fig. 1B, top),
which is known to degrade chitiooligosaccharides
(GlcNACc), and (GlcNAc)g into shorter chain oligomers
(Langner et al., 2015). Conserved catalytic active resi-
dues DXXDXE are found in the MoChil coding region
(Fig. 1C, bottom), suggesting that MoChil protein may
have similar chitinolytic activity.

MoChil Is an Extracellular Chitinase Released by
M. oryzae

To test secretion characteristics, the open reading
frame (ORF) of MoChil along with its 2-kb promoter
fragment was amplified and fused with green fluores-
cent protein (GFP)-6*His tag. The MoChil, omoter:
MoChil orp:GFP-6*His construct was transformed and
expressed in M. oryzae strain Guy11. This fusion protein
(70 kD) was harvested from supernatant fractions
of MoChil-GFP-6*His strain liquid cultures (Fig. 2A),
indicating that MoChil is an extracellular protein.
We also investigated the secretion feature of MoChil
by using a yeast trap secretion assay following the
method published previously (Lee et al., 2006). Two
versions of plasmids were constructed by fusing with
the yeast invertase (SUC2) gene lacking its own signal
peptide, one containing full-length coding region (re-
ferred to as FL-MoChil), the other containing the region
without signal peptide but with start code ATG (re-
ferred to as NS-MoChil). The secreted invertase cata-
lyzes the hydrolysis of sucrose into glucose and fructose
(Lee et al., 2006). Yeast colonies transformed with the
constructs containing the signal peptide (FL-MoChil-
SUC2) grew and turned red on glucose and sucrose
medium (Supplemental Fig. S3); however, the colonies
carrying the nonsignal peptide fusion protein (NS-
MoChi1-SUC2) did not grow well on the Suc medium,
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Figure 1. Bioinformatic analysis of MoChil. A,
Schematic diagram of MoChi1 protein containing
the GH_18 domain. B, Phylogeny of selective
fungal chitinases. A bootstrap neighbor-joining
phylogenetic tree was constructed based on full-
length amino acid sequences of S. cerevisiae,
U. maydis chitinase, and MoChi1 using MEGA6
with the default settings. The bootstrap values (%)
with 1,000 repeats are indicated at the nodes. The
protein organization on the right side was pre-
dicted by the Pfam database. aa, Amino acids.
C, The conserved sequence with catalytic residues
and active sites of S. cerevisiae chitinase 2
(ScCtS2p) and U. maydis chitinases Um10419
(UmCts1), Um06190 (UmCts2), and Um02758
(UmCts3) are provided for comparison.

L GH 18 =——2398aa
- UmCtst  ———— . —
50 ScCts2 —— I —
kil MoChi1 —H
UmCts3 +— -
UmCts2  ——
ScCts1 .
— | signal peptide Mlcr_1s [l cBM_19 sa:
DXXDXDXE
MoChil
UmCts3
ScCts2p
UmCtsl
UmCts2

confirming that the predicted signal peptide of
MoChil is functionally important for secretion of
invertase SUC2.

To verify whether MoChil has characteristics of a
chitinase, we performed chitin-binding and chitinolytic
activity assays. In the chitin-binding assay, after incu-
bating with insoluble cell wall polysaccharides,
SSB-MoChil-6*His recombinant protein specifically
coprecipitated with insoluble chitin beads (Chitin
magnetic beads, New England Biolabs), crab shell chi-
tin, chitosan, M. oryzae fungal cell wall, and M. oryzae

chitin (Fig. 2B, top P and S). MoChil did not, however,
precipitate with plant cell wall component cellulose and
completely remained in the supernatant fraction
(Fig. 2B, top, P and S). The control SSB-6*His protein
was not detected in the insoluble pellets following af-
finity precipitation (Fig. 2B, bottom, P) and remained in
the soluble fractions (Fig. 2B, bottom, S). These results
demonstrated that MoChil specifically binds to chitin.

4-Methylumbelliferyl-8-p-N,N’,N’-triacetyl-chitotriose
(MUC3) is a commercial fluorogenic substrate for chi-
tinases. Chitinolytic activity of MoChil was measured
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Figure 2. Chitinolytic features of MoChil. A, Secretion assay of MoChi1 fusion proteins from M. oryzae. M, Mycelia; S, su-
pernatants. B, Polysaccharide affinity precipitation assay for recombinant SSB-MoChi1-6*His protein. At top, 1073 umol of
MoChi1 coprecipitated with insoluble chitin magnetic beads, crab shell chitin, chitosan, fungal cell wall from M. oryzae
(Mo-FCW), and colloidal chitin from M. oryzae (Mo-chitin) in insoluble pellet (P) and supernatant (S) fractions. At bottom, mock
vector pSSBET coding SSB-6*His was used as the control. C, MoChi1 could degrade chitin in vitro. Short-chain fluorescent
substrate MUC3 was used for chitiolytic activity. The 4-muthylumbelliferone released by MoChi1 was then detected with ex-
citation wavelength of 360 nm and emission wavelength of 448 nm. Mock SSB-6*His protein and incubation buffer were used as
controls. The enzymatic activity is presented as relative fluorescence units.
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as relative fluorescence units of the fluorescent 4-
muthylumbelliferone enzymatically released from the
nonfluorescent MUC3. Compared with the SSB-6*His
protein and buffer that were used as controls, MoChil
actively degraded MUC3 with much higher fluorescent
intensity (Fig. 2C). Thus, MoChil is a chitinase secreted
by M. oryzae, which can degrade MUCS3 into shorter
chains.

MoChil Is Involved in M. oryzae Aerial Growth

First, we checked the sublocalization of MoChil in
M. oryzae with different stages. Most of the MoChil
proteins accumulated around the vegetative hyphal
septum (Supplemental Fig. S4). To examine the locali-
zation pattern of MoChil during fungal growth within
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rice cells, we engineered two strains that expressed the
MoChil:GFP fusion under a 1-kb promoter fragment
from M. oryzae effectors Pathogenicity on Weeping Love-
grass 2 (PWL2) and Biotrophy-Associated Secreted protein
4 (BAS4; PWL2,,,;MoChil:GFP and BAS4,,,:MoChil:
GFP, respectively), due to the poor fluorescence ob-
served by its promoter. PWL2 is an identified bio-
trophic interfacial complex-localized effector and is
known to be delivered into rice cells by M. oryzae during
rice infection (Khang et al., 2010). BAS4 was confirmed
to be a fungal biotrophy-associated secreted (BAS)
protein and presumed to be an apoplastic effector
(Khang et al., 2010). At 24 to 30 h post inoculation (hpi)
in rice leaf sheath cells, fluorescence was observed to
accumulate at the outline and the tip of invasive hyphae
under the control of PWL2 and BAS4 promoters, as
shown in Supplemental Figure S5. To investigate the
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Figure 3. Cell integrity and aerial growth measurements in AMochil. A, Schematic diagram of MoChiT gene replacement. WT,
Wild type. B, Southern-blot analysis of MoChiT deletion mutants. Sall-digested genomic DNAs were hybridized with the ORF
fragment of MoChiT (left). Apal-digested genomic DNAs were hybridized with HPH (right). Lanes 1, 2, and 4 present the MoChi1
deletion mutants AMochi1-1, AMochil-3, and AMochii-4, respectively; lane 3 presents wild-type strain Ku80. C and D, Colony
growth (C) and colony diameters (D) of wild-type Ku80, AMochil, and AMochi1/MoChil grown on mineral medium (MM)
supplemented with the cell perturbation substance Congo Red. Glucose or colloidal chitin was added as the main carbon source.
Congo Red (0.2 mg mL~") was added to both media. The cultures were inoculated at 28°C for 10 d before being photographed or
measured. Asterisks indicate significant differences against the wild type (*, P =< 0.05, one-way ANOVA). Means and = sp were
calculated from 10 independent replicates. E, Aerial hyphae diameter of wild-type Ku80, AMochil, and AMochi1/MoChiT on
medium supplemented with MM-Glucose, MM-Glucose-Congo Red, MM-chitin, or MM-chitin-Congo Red. Asterisks indicate
significant differences against the wild type (*, P =< 0.05 and **, P < 0.01, one-way ANOVA). Means and *sb were calculated
from 10 independent replicates. F, The cross section for aerial appearance of Ku80, AMoChi1, and AMochi1/MoChiT on agar

plugs with different treatments.
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potential roles of MoChil in M. oryzae, we replaced a
1.3-kb fragment of the MoCHI1 gene in strain Ku80 with
the Hygromycin Phosphotransferase (HPH) gene (Fig. 3A).
Three MoChil deletion mutants, AMochil-1, AMochil-3,
and AMochil-4, were verified by Southern blotting
(Fig. 3B). We complemented the deletion mutants with
the native promoter and ORF region of MoChil to
generate strain AMochil/MoChil. Deletion of MoChil
did not cause a strong defect in vegetative growth when
measured by colony diameter. Growth of AMochil
mutants appeared to be slightly slower (5%) on me-
dium with glucose or chitin as the sole carbon source
(Fig. 3, Cand D). A discernible resistance to the cell wall
perturbation agent Congo Red (Fig. 3, C and D) was
observed with the AMochil deletion mutants. There
was a more clear reduction in the amount of aerial hy-
phae produced in AMochil strains. The diameter of
AMochil aerial hyphae around the plug was smaller
than that of the control strains (Fig. 3, E and F). Taken
together, deletion of MoChil in M. oryzae caused defects
in aerial hyphal morphogenesis and conferred tolerance
to the cell wall perturbation agent Congo Red.
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MoChil 1Is Required for the Aggressiveness of M. oryzae

To determine whether MoChil contributes to patho-
genicity in M. oryzae, conidia and agar plugs of wild-
type Ku80, AMochil, and AMochil/MoChil strains were
inoculated on susceptible rice (CO39) leaves and barley
(Hordeum vulgare) leaves. The number and size of le-
sions on AMochil-infected leaves were smaller at 5 d
post inoculation than those observed in wild-type Ku80
and complementary strain infected leaves (Fig. 4, A and
B; Supplemental Fig. S6). The amount of fungal biomass
as determined by quantitative PCR of the M. oryzae
transposable element gene Pot2 showed a 4- to 5-fold
reduction in AMochil biomass relative to wild-type
Ku80 and complementary strain AMochil/MoChil in-
oculated rice leaves (Fig. 4C).

In order to identify how MoChil contributes to vir-
ulence, we examined lesion development of AMochil
mutants during growth in rice tissue. Penetration into
rice cells typically occurs by 24 hpi. In the AMochil
strain, the infection hyphae were generally restricted to
one cell (Fig. 4D, middle). At 24 hpi, the wild type and
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Figure 4. Pathogenicity of M. oryzae is compromised in the AMochiT mutant. A, Susceptible rice (CO39) was inoculated with
suspension spores of M. oryzae wild type (Ku80), AMochiT, and complemented AMochi1/MoChiT strains. B, Lesion number on
rice leaves caused by M. oryzae wild type (Ku80), AMochi1, and AMochil/MoChi1. C, Relative fungal growth as quantified by
quantitative PCR using MoPot2 DNA as the target representing fungal biomass in infected rice leaves. For B and C, the *sp of the
measurements is indicated by the error bars. Statistical significance against the wild type is indicated by asterisks (*, P= 0.05 and
**, P =0.01, one-way ANOVA). D, Observations of infectious structures of the MoChiT deletion mutant. The infectious hyphae
were observed at 24 and 48 hpi for Ku80 wild type, AMochi1, and AMochi1/MoChiT strains. The invasive hyphae are indicated
by white arrows. E, Dynamic expression of PALT, OsPBZ1, and OsWRKY71 in rice inoculated with M. oryzae. Leaves of 3-week-
old CO39 seedlings were sprayed with the spores of Ku80, AMochi1, and AMochi1/MoChil. A 0.02% (v/v) Tween 20 treatment
was used as the control. The transcriptional profiles of selected genes were normalized to the Ct value of OsActin. Statistical
differences against the wild-type strain at the same time points are indicated by asterisks (*, P < 0.05, one-way ANOVA). The bar

graphs show means * sp from three replicates.

1420

Plant Physiol. Vol. 179, 2019


http://www.plantphysiol.org/cgi/content/full/pp.18.01594/DC1

complemented mutant had similar amounts of growth
in planta (Fig. 4D, left and right). At 48 hpi, the colo-
nization of the wild type continued into adjacent cells
(Fig. 4D, bottom), but in contrast, colonization of the
AMochil rarely progressed further. Thus, MoChil ap-
pears to be important for colonization after the initial
infection of the rice cell.

Subsequently, to investigate if the reduced coloniza-
tion is caused by the increased levels of defense re-
sponses in the host, we examined transcriptional
changes of selected defense-responsive genes in rice
plants when they were inoculated with AMochil. The
expression of PAL1, OsPBZ1, and OsWRKY71 (Fig. 4E)
was up-regulated by 2- to 3-fold in AMochil-challenged
rice leaves at 24 hpi, compared with the Ku80 strain.

MoChil Interacts with the Rice JRL OsMBL1

To elucidate the molecular mechanism underlying
MoChil-mediated suppression of host immunity, we
screened the potential rice targets of MoChil by using a
yeast two-hybrid (Y2H) assay. With MoChil as the bait,
we identified a total of 18 putative rice interacting
proteins from the rice ¢cDNA library (Supplemental
Table S1). OsMBL1 showed the strongest interaction
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with MoChil in our Y2H screening; thus, we targeted
this protein for further investigation. The interac-
tion between MoChil and OsMBL1 was confirmed
in yeast on synthetic drop-out (SD)-selective plates
(SD/-Leu/-Trp/-His+X-a-gal; Fig. 5A) and vali-
dated by a coimmunoprecipitation (Co-IP) assay where
Hemagglutinin tagged (HA) MoChil and OsMBL1-GFP
were transiently expressed in Nicotiana benthamiana
leaves using the agroinfiltration method. OsMBL1-
GFP proteins were coimmunoprecipitated by HA-
MoChil (Fig. 5B). We also employed the bimolecular
fluorescence complementation (BiFC) assay using split
yellow fluorescent protein fragments nYFP and cYFP,
which were fused with MoChil (MoChil-nYFP) and
OsMBL1 (OsMBL1-cYFP), respectively, and transiently
expressed in rice protoplast cells. We observed that
the interacting MoChil-OsMBL1 proteins appeared
on cell membranes (Fig. 5C).

To identify the region of OsMBL1 that is important
for physical interaction with MoChil, we expressed
four truncated OsMBL1 proteins with a glutathione
S-transferase (GST) tag and performed GST pull-down
assay with MoChil-His protein. As a positive control,
we used full-length OsMBL1 to coimmunoprecipitate
with MoChil (Fig. 5D, lane 3). The version of the
OsMBL1 protein lacking 19 amino acids in the N
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Figure 5. OsMBL1 interacts with Mochi1 invitro and in vivo. A, Y2H assay between pBD-MoChil and pAD-OsMBL1. Yeast cells
were plated on SD/-Leu/-Trp and SD/-Leu/-Trp/-His + 5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside acid (X-a-gal). pBD-wt
and pAD-wt were used as positive controls by expressing wild-type fragment C of lambda cl repressor (aa 132-236). B, HA
agarose bases Co-IP assay indicating interaction between HA-MoChi1 and OsMBL1-GFP in N. benthamiana leaves. Mock GFP
was used as a negative control. HA-MoChi1 proteins were immunoprecipitated (IP) with anti-HA agarose beads. The GFP tagged
OsMBL1 (OsMBL1-GFP) was detected by antibody anti GFP in western blotting (WB). Top and middle images represent im-
munoblot detection with anti-HA and anti-GFP antibodies, respectively; bottom image shows Ponceau S staining for equal
loading. C, BiFC assay in rice protoplast cells. Top, Coexpression of MoChi1-nYFP with OsMBL1-cYFP; bottom, coexpression of
MoChi1-nYFP with mock c-YFP. Bars = 50 um. D, GST pull-down assay for the interaction of OsMBL1 and MoChiT1. Full-length
OsMBL1 (amino acids 1-145) and four truncated versions of OsMBL1 (A1, amino acids 20-145; A2, amino acids 1-80; A3, amino
acids 20-80; and A4, amino acids 80-145) fusion proteins were precipitated with Glutathione-Sepharose beads and assayed for
detecting the interaction with SSB-MoChi1-6*His proteins. GST was used as a negative control. An antibody against His was used

to detect SSB-MoChi1-6*His fusion proteins.
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terminus (A1) was able to bind to MoChil (Fig. 5D, lane
4); however, the version of the protein lacking the 66
amino acids in the C terminus (A2) failed to interact
with MoChil (Fig. 5D, lane 5). We deleted both the N
and C termini (A3), and no interaction was observed
(Fig. 5D, lane 6). The version with only the 66-amino
acid C terminus (A4) interacted with MoChil (Fig. 5D,
lane 7), indicating that the C-terminal region of
OsMBLL1 is critical for the interaction with MoChil.

Rice lectin Orysata, a homolog to OsMBL1, was pre-
dicted to contain four carbohydrate-binding sites
(GIHTISLIIDI) in its C terminus (Zhang et al., 2000),
which are also found in OsMBL1 (G!33T'34L135[D137),
When MoChil interacted with the C terminus of
OsMBL1, we hypothesize that this motif has an im-
portant role in the MoChil-OsMBL1 interaction. We
conducted site-directed mutagenesis experiments by
mutating these amino acid residues to Ala, and these
mutant proteins were then detected by His tag pull-
down assays. All mutants coimmunoprecipitated with
MoChil (Supplemental Fig. S7), indicating that the in-
teraction between MoChil and OsMBL1 was indepen-
dent of the carbohydrate-binding motif.

OsMBL1 Is Responsive to PAMPs and M. oryzae Infection

OsMBL1 is encoded with a jacalin-related Man-binding
lectin domain with six carbohydrate sites, one glycosyla-
tion site, and one glycosylphosphatidylinositol-
anchor site (Fig. 6A). To understand the roles of
OsMBL1 in rice, we first studied the expression profiles
of this gene against PAMPs and M. oryzae inocula-
tion. The expression of OsMBL1 had a 6-fold increase at
2 h after chitin treatment when compared with the
control (Fig. 6B). Flg22-activated OsMBL1 from as
early as 30 min into treatment and as late as 2 h ranged
from 2- to 5-fold (Fig. 6B). In addition, inoculation with
an M. oryzae spore suspension induced a 15-fold

Figure 6. Induction of OsMBL1 toward A

increase in OsMBL1 expression in rice seedlings at
24 hpi (Fig. 6C).

Overexpression of OsMBL1 Enhances Rice Resistance to
M. oryzae

Two independent transgenic rice lines over-
expressing OsMBL1 (OE17-4# and OE17-5#) were
tested for OsMBL1 expression and found to have ap-
proximately 300- and 350-fold higher levels of OsMBL1
transcripts than the untransformed control line Kitaake
(Fig. 7A). Overexpression of OsMBL1 activated some
representative hormone-responsive defense-related
genes. For example, compared with Kitaake, salicylic
acid (SA) responsive genes PAL1 (2.5-fold), OsSGT1
(4.5-fold), OsPBZ1 (4-fold), and OsWRKY45 (12-fold)
were transcriptionally up-regulated in OsMBLI-OE rice
plants (Supplemental Fig. S8). Transcription of the jas-
monic acid pathway gene OsAOS2 declined by 40%
compared with the wild type (Supplemental Fig. S8).
Transcription of the abscisic acid (ABA)-responsive
gene OsABA45 was induced by more than 30-fold in
OsMBL1-OE rice (Supplemental Fig. S8).

OsMBL1-OE plants exhibited enhanced resis-
tance against M. oryzae (Fig. 7B). Measurement of fun-
gal DNA by quantitative PCR was used to quantify
fungal colonization of the host tissue. There was a
10-fold reduction in fungal colonization of the host in
OsMBL1-OE plants (Fig. 7C). Three defense-related
genes, PAL1 (3-fold), MLO (2-fold), and NAC4 (2- to
3-fold), were activated in OsMBL1 overexpressed rice
at 24 hpi when inoculated with virulent M. oryzae
(Fig. 7D). To determine the function of OsMBL1 in PTI,
we measured the ROS burst in OsMBLI transgenic
rice and found that chitin-triggered ROS accumula-
tion occurred earlier and stronger in OsMBL1 over-
expression rice (OE-4 and OE-5) relative to control rice
(Fig. 7E).

Jacalin-like lectin domain

PAMPs and M. oryzae. A, Domain sche-
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matic diagram of OsMBL1. B, Induction
of OsMBL1 expression by PAMPs. Five-

day-old rice seedlings were immersed
in chitin (100 ug L") or flg22 (100 nm)
solution for the indicated periods.
C, Transcriptional profiles of OsMBL1
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Figure 7. Induction of defense-related genes in OsMBLT overexpression rice. A, OsMBL1 transcription levels in wild-type
Kitaake and OsMBL1-overexpressing rice lines. The values represent means = sp of three independent tests. Asterisks show
statistical significance between Kitaake and transgenic rice lines (**, P = 0.01, one-way ANOVA). B, Inoculation of parental
(Kitaake) and OsMBL1 overexpression lines with virulent M. oryzae strain Ku80. Images were taken 7 d after inoculation.
C, Quantitative PCR was performed for quantification of relative fungal growth on inoculated leaves [2(Ct-OsUbig-CtMoPot2) 5
10,000]. The values represent means * sp of five independent tests. Asterisk show statistical significance between Kitaake and
transgenic rice lines (*, P = 0.05, one-way ANOVA). D, Expression levels of selected defense-related genes in rice at 24 h after
inoculation with M. oryzae. The transcriptional change was calculated by quantitative PCR and normalized to OsActin. The
results represent means * sp from three independent tests. The significant differences against Kitaake are indicated by asterisks
(*, P = 0.05, one-way ANOVA). E, Chitin-induced ROS burst in OsMBL1 overexpression and Kitaake plants. Rice leaf discs
were treated with 8 nm chitin (GIcNAc)s and water. ROS were detected with a luminol-chemiluminescence assay. Error bars

represent the st (n = 3).

To validate the importance of OsMBL1 in rice innate
immunity, we generated OsMBL1 RNA interference
transgenic rice and used the punch inoculation method
to conduct a pathogen growth assay. As expected, the
lesion areas on OsMBL1-silenced rice leaves (osmbl1-3
and osmbl1-14) were larger than that on wild-type cv
Nipponbare rice (Supplemental Fig. S9).

MoChil Competes with OsMBL1 for Chitin Binding and
Suppresses Chitin-Induced ROS in Rice Cells

The oligosaccharides released by plant pathogens
can be recognized by host PRR to initiate defense re-
sponses. The glycosylphosphatidylinositol anchor was
predicted in the OsMBL1 C terminus, suggesting that
this protein may associate with the plasma membrane.
We hypothesized that OsMBL1 binds to oligosaccha-
rides and plays a role in chitin recognition. To assess
this idea, first we checked the subcellular localization of
OsMBL1. Transient expression of OsMBL1 with GFP in
N. benthamiana leaves showed that GFP-OsMBL1 ac-
cumulated at the plasma membrane (Fig. 8A). Similar
results were observed with red fluorescent protein
(RFP):OsMBL1 transgenic rice cells (Fig. 8B).

To determine whether OsMBL1 binds to chitin, the
purified GST-tagged OsMBL1 recombinant protein was

Plant Physiol. Vol. 179, 2019

incubated with different polysaccharides. OsMBL1 was
pulled down with insoluble chitin beads, crab shell
chitin, chitosan, fungal cell walls from M. oryzae, chitin
from M. oryzae, and cellulose (Fig. 8C, top, P), showing
that OsMBL1 could bind to M. oryzae cell walls and
chitin as well as cellulose. The residual unbound pro-
teins were found in the supernatants (Fig. 8C, top, S).
Mock GST protein was used as a control and was only
detected in the supernatant fraction after incubation
(Fig. 8C, bottom, P and S).

The LysM effector Slpl from M. oryzae is a competi-
tive inhibitor of the chitin receptor CEBiP and sup-
presses chitin-triggered immunity in rice (Mentlak
et al.,, 2012). We reasoned that MoChil may have a
similar effect toward OsMBL1 in chitin-binding activi-
ties. To test this hypothesis, a competitive binding assay
was used to investigate whether MoChil competed
with OsMBL1. Recombinant proteins SSB-MoChil-
6*His and GST-OsMBL1, 10~* and 10~> umol, respec-
tively (Supplemental Fig. S10), were used for binding to
100-uL chitin beads (Chitin magentic beads, New
England Biolabs). Purified recombinant GST-OsMBL1
protein (1075 umol) was inoculated with titrating
amounts of SSB-MoChil-6*His proteins prior to bind-
ing to chitin beads. We observed a negative correlation
between the amounts of MoChil added and the amount
of OsMBL1 pulled down with the chitin beads (Fig. 9A),

1423


http://www.plantphysiol.org/cgi/content/full/pp.18.01594/DC1
http://www.plantphysiol.org/cgi/content/full/pp.18.01594/DC1

Magnaporthe Chitinase and Its Rice Target

A

Figure 8. OsMBL1 binds to chitin. A, Subcellular localization of OsMBL1-GFP transiently expressed in N. benthamiana leaves.
Green fluorescence is shown in the left image (GFP). The middle image (FM4-64) shows plasma membrane stained with the
membrane-binding lipophilic styryl dye FM4-64. The merged image of two fluorescence signals is shown at right. B, Subcellular
localization of RFP-OsMBL1 in transgenic rice. Red fluorescence is shown in the middle image (RFP). The merged image of bright-
field and red fluorescence signals is shown at bottom. C, OsMBL1 chitin-binding assay. At top, P represents GST-OsMBL1
coprecipitated with the insoluble polysaccharides chitin magnetic beads, crab shell chitin, chitosan, fungal cell wall from
M. oryzae (Mo-FCW), chitin from M. oryzae (Mo-chitin), and cellulose, and S represents supernatant fractions. At bottom, for
P and S, mock GST protein was used as a control and only stayed in supernatants. GST-tagged proteins were detected with
immunoblotting by using anti-GST antibody.

suggesting that MoChil competed with OsMBL1 to
bind with the chitin bead. In parallel, we also intro-
duced OsMBL1 as a competitor in the chitin pull-down
assay and found that excess OsMBL1 disrupts the in-
teraction between MoChil and chitin beads (Fig. 9B).
These data demonstrated that MoChil and OsMBL1
compete with each other for chitin binding.

Given the ability of both MoChil and OsMBL1 to
bind to chitin, we hypothesized that MoChil is
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involved in disrupting chitin-induced perception in the
rice cell or suppresses OsMBL1 from binding chitin. We
tested whether MoChil suppresses the chitin-induced
ROS burst in rice suspension cells. In the presence of
8 nm chitin (GlcNAc)g, rice cells released ROS. Upon
incubation with the SSB-MoChil-6*His recombinant
protein, we observed 28% suppression of ROS in the
rice cells within 14 min after chitin treatment (Fig. 9C)
compared with chitin alone. We also noticed that the
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Figure 9. Competition between OsMBL1 and MoChi1 in the binding of chitin. A, Purified recombinant OsMBL1 (10~> wmol) was
mixed with various amounts of MoChi1 (from 0, 107> to 102 umol) prior to the addition of chitin beads (100 uL). B, Recom-
binant SSB-MoChi1-6*His proteins (10~% wmol) were incubated with OsMBL1 in the presence of increasing amounts (from 0,
107> to 1072 wmol) prior to the addition of chitin beads (100 L for each). After further incubation, insoluble chitin beads were
rinsed and collected for SDS-PAGE followed by immunoblots. Recombinant GST-OsMBL1 proteins (43 kDa) and SSB-MoChi1-
6*His (73kDa) proteins were detected by anti-GST and anti-His antibodies, respectively. C, Influence of MoChi1 and OsMBL1 on
chitin-triggered ROS burst in rice suspension cells. Production of ROS after induction with 8 nm (GIcNAc)s was measured in the
absence or presence of MoChi1 or OsMBL1. The experiment was performed three times with similar results. The values represent
means * st of three independent tests.
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GST-OsMBL1 recombinant protein caused a rapid in-
duction of ROS in rice (Fig. 9C). Furthermore, coincu-
bation of OsMBL1 and MoChil with chitin caused an
earlier but lower level of induction of ROS burst
(Fig. 9C), indicating that OsMBL1 may affect MoChil-
mediated suppression of ROS burst in rice cells by al-
tering the response time.

DISCUSSION

Chitinases have been subjected to research for many
decades, being involved in many biological processes.
In this study, we set out to investigate the roles of chi-
tinase in M. oryzae during the colonization in rice cells.
Our results provide evidence that M. oryzae secrets
the chitinase MoChil to suppress the chitin-induced
ROS burst in rice cells and that this is an important
strategy for disease development. MoChil is secreted
by M. oryzae and accumulates on the outer layer of in-
vasive hyphae at plant infection. The pattern of MoChil
localization in living rice cells is different from the
biotrophic interfacial complex-localized effectors (for
example PWL2 and AvrPiz-t) delivered into plant cells
(Khang et al., 2010), but rather is like the localization of
apoplastic effectors BAS4 or Slpl, which have been
reported to accumulate at the outline of invasive hy-
phae (Khang et al., 2010; Mentlak et al., 2012; Giraldo
et al., 2013).

Being a chitinase, MoChil binds and hydrolyzes
chitin into smaller pieces. So far, no clear evidence has
shown what source of chitinase generates active chitin
as a PAMP or hydrolyzes the active form of chitin
into the inactive form. Some plant chitinases are
reported to digest fungal cell walls for defense and act
as pathogenesis-related (PR) proteins (Grover, 2012;
Rawat et al., 2017). In contrast, fungal chitinase could
degrade a certain degree of polymers of chitin to pre-
vent it from being recognized by the plant. MoChil
shares a conserved catalytic motif with U. maydis chi-
tinases UmCtsl and UmCts2, both of which have ac-
tivity toward short-chain chitooligosaccharide (GlcNAc),
and (GIcNAc)q (Langner et al., 2015).

Microbes produce chitinases to promote nutrient
acquisition as well as growth and virulence. ChiB1, a
class V chitinase from Penicillium chrysogenum, is asso-
ciated with cell wall integrity and pellet formation
(Kamerewerd et al., 2011). In this study, a lower density
of aerial hyphae around an attached agar plug was
observed for the AMochil mutant (Fig. 3F). The PcChiB1
deletion mutants and wild type strains can both grow
with colloidal chitin as the only carbon source
(Kamerewerd et al., 2011). Evidence reported here in-
dicates that glycoside hydrolase 18 (GH_18) family
chitinases in M. oryzae may have redundancy for nu-
trient acquisition, since AMochil mutants used colloidal
chitin as well as Glc for growth without obvious
differences.

Fungal pathogens have strategies for protection
against host innate immunity during infection. The main
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strategy is to release fungal proteins to target PRR
or key components in the plant immunity signaling
pathway. In M. oryzae, the well studied effectors and
rice targets are mostly found with avirulence effectors
(Avr). AvrPiz-t activates immunity mediated by resis-
tance gene Piz-t in rice but without direct physical
interaction. AvrPiz-t targets several rice proteins, in-
cluding E3 ligases, transcription factors, and nucleo-
porin, to suppress rice immunity (Park et al., 2012, 2016;
Wang et al., 2016; Tang et al., 2017).Another Avr ef-
fector from rice blast fungus AVR-Pii that indirectly
recognizes rice resistance gene Pii specifically inhibits
nicotinamide adenine dinucleotide phosphate (NADP)-
malic enzyme?2 to diminish the oxidative burst in rice
and establish virulence of M. oryzae (Singh et al., 2016).

Evidence in this study shows that MoChil has a role
in rice blast disease by suppressing defense gene ex-
pression (Fig. 4) and chitin-triggered ROS production
in rice. Regarding its enzymatic activity, first, MoChil
may digest chitin and prevent it from being recognized
by PRRs. Second, MoChil interacts with rice proteins
and compromises host innate immunity. We chose
the second method for further study due to the avail-
ability of a rice cDNA library. A rice JRL, OsMBL1,
was screened out and shown to interact with MoChil
(Fig. 5, A-C). OsMBL1 expression was increased in re-
sponse to PAMPs and M. oryzae treatments (Fig. 6, B
and C). OsMBL1-OE plants show enhanced resistance
to M. oryzae by induction of defense gene expression
(Fig. 7). The ROS burst plays important roles in disease
resistance (Bailey-Serres and Mittler, 2006; Pitzschke
et al., 2006). We found that OsMBLI-OE plants accu-
mulated ROS rapidly and highly after chitin treatment
(Fig. 7). These results suggest that OsMBL1 may posi-
tively regulate rice disease resistance against M. oryzae.

Being a lectin, OsMBL1 binds to the cell wall of M.
oryzae and chitin as well as to MoChil (Fig. 8C). The
association of OsMBL1 with carbohydrates may play
roles in recognition of pathogen cell wall fragments.
Previous research shows that multiple PRR proteins in
rice cells are implicated in recognition of chitin. CEBiP,
a major receptor of chitin (GlcNAc)g, is essential for
chitin defense in rice innate immunity (Ito et al., 1997;
Shinya et al., 2010; Kouzai et al., 2014a). Gene silencing
of CEBIiP leads to decreases in resistance to fungal dis-
ease by weakening chitin-triggered defense responses
in rice (Kaku et al., 2006; Kishimoto et al., 2010). CEBiP
interacts with OsCERK1 to initiate chitin-mediated sig-
naling pathways (Shimizu et al.,, 2010; Kouzai et al.,
2014b). LysM proteins OsLYP4 and OsLYP6 also rec-
ognize chitin (GlcNAc)s and act as an additional ma-
chinery for chitin perception (Liu et al., 2012). In our
study, one role of OsMBL1 is likely to perceive and bind
chitin as OsLYP4/6 does, and this perception complex
should be further investigated.

Evidence reported here indicates that MoChil and
OsMBL1 compete for chitin. These two proteins influ-
ence chitin-triggered ROS generation in different ways.
SSB-MoChil-6*His recombinant proteins were capable
of suppressing chitin-triggered ROS production in rice
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cells. Application of GST-OsMBL1 recombinant pro-
teins caused rapid induction of ROS (Fig. 9C), which is
consistent with the results found in OsMBL1-OE rice
plants. Therefore, it is likely that the interaction of
OsMBL1 and MoChil leads to earlier defense response
in rice.

Based on the rice CEBiP-mediated PTI signaling
pathway described by Kawano et al. (2014), we propose
a potential model for MoChil and OsMBL1 during the
M. oryzae-rice interaction (Fig. 10). OsMBL1, a JRL that
perceives chitin, might be an additional receptor
for chitin recognition. Elevated expression of OsMBL1
led to enhanced resistance against M. oryzae by acti-
vating defense-related genes and ROS burst in rice.
The chitinase MoChil interacts with OsMBL1 and is
required for full virulence by suppressing rice defense-
related genes. MoChil could have two ways to disturb
plant defense, by degrading chitin oligomers to sup-
press PTI or by sequestering chitin fragments from
rice recognition. On the other hand, OsMBL1 inter-
acts with MoChil to inhibit MoChil chitin binding
and potentially prevents longer chitin oligomers from
being hydrolyzed by MoChil. Increasing amounts of
OsMBL1 were accumulated on the plasma membrane
and possibly bind more chitin oligomers to trigger
PTI defense responses. Additionally, OsMBL1 was in-
duced by plant hormones. OsMBL1 has roles in mod-
erating SA and ABA pathways by positively regulating
SA- and ABA-responsive genes, which may lead to
enhanced resistance or tolerance to biotic and abiotic
stresses.

While this article was being revised, another study
was published identifying and characterizing MoChil/
MoChial (Yang et al., 2019). This work confirms our
finding that MoChil is a catalytically active chitinase

Figure 10. Roles of OsMBL1 in PTl and

phytohormone pathways. MoChil hy- @.MOCh”
drolyzes chitin and suppresses rice im- .
munity by competing with OsMBL1 for chitin
chitin binding. OsMBL1 works upstream .

of the PTI pathway and could also par-
ticipate in hormone cross talk in rice
by positively regulating SA and ABA
pathways. CEBiP, Chitin elicitor bind-
ing protein; OsABA45, ABA-responsive
gene45; OsAOS2, allene oxide syn- v
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NAC transcript factor4; OsPAL1, Phe
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and that the cell wall is altered in the MoChil mutant.
The defect in aggressiveness of MoChil mutants
was also confirmed. The study by Yang et al. (2019)
identified a rice tricopeptide-repeat protein, OsTPR1,
as an interacting protein with MoChil protein and
demonstrated that OsTRP1 was membrane localized
and interacted with apoplastic MoChil. In our model
shown in Figure 10, we propose that a protein may
interact with OsMBL1 to contribute to defense. It
would be of some interest to determine if OsMBL1 in-
teracts with OsTPR1. As noted, our preliminary Y2H
analysis of OsMBL1 has identified some interacting
partners, and additional partners, such as TPR1, may be
found. Alternatively, OsMBL1 and OsTPR1 may act
as independent sensors of MoChil to contribute to
defense.

MATERIALS AND METHODS
Growth of Strains and Plants

The bacterial strains, Escherichia coli and Agrobacterium tumefaciens strain
GV3101, were grown in Luria-Bertani medium at 37°C and 28°C, respectively.
Magnaporthe oryzae isolates were grown in starch yeast extract medium for
hyphal development at 28°C. Conidia were produced by growing cultures on
rice bran medium (4% [w/v] rice polish and 1.5% [w/v] agar, pH 6) for 5 d in
the dark followed by exposure to a 12-h light/dark cycle for a further 2 d at 25°C
(Chen et al., 2008). To carry out plant inoculation assays, conidia were har-
vested from plate cultures and suspended at a concentration of 1 X 10° spores
mL~' in 0.2% (v/v) Tween 20.

Varieties of rice (Oryza sativa) were grown in a growth chamber at 28°C
during the daytime and 26°C at night with 16 h of light and 8 h of darkness. The
early-flowing japonica Kitaake seeds were used for transformation (Hiei and
Komari, 2008) to generate transgenic plants overexpressing OsMBL1 under
the control of the 35S promoter (Chen et al., 2009). Nicotiana benthamiana and
barley (Hordeum vulgare ‘Golden Promise’) were grown in a growth chamber at
22°C with 16 h of light and 8 h of darkness.
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Structure and Phylogenetic Analysis

Domain organization of M. oryzae GH_18 chitinases was predicted using
NCBI conserved domains reserch (https:/ /www.ncbinlm.nih.gov/Structure/
cdd/wrpsb.cgi?). The neighborjoining tree was generated using MEGA6.0
(Tamura et al., 2013) with default parameters based on multiple alignments by
ClustalW. The alignment of the chitinase proteins from M. oryzae, Saccharomyces
cerevisiae, and Ustilago maydis was performed using the online alignment tool
PRALINE (www.ibi.vu.nl/programs/pralinewww/). The FastTree phylo-
genic tree of chitinases was generated with default parameters based on mul-
tiple alignment by Mafft (Mafft-linsi-anysymbol; Liu et al., 2011).

Plasmid DNA Construction

For prokaryotic expression, the coding region of MoChil without the signal
peptide was amplified from cDNA of M. oryzae strain Guy11 and then cloned
into vector pSSBE1, which harbored a single-strain DNA-binding protein tag
and a 6*His tag. OsMBL1 was constructed into the GST-tagged vector pEGX-KG
as well as site-mutated fragments (A133G, A134T, A135L, A137D, 3Muts, and
4Muts). All these constructs were transformed and expressed in E. coli strain
Rosetta (DE3).

For MoChil secretion from M. oryzae, the MoChil promoter and entire ORF
region was amplified. The amplified fragment was fused with GFP-6*His by
PCR and then cloned into the pKNT vector.

For MoChil cellular localization in M. oryzae vegetative hyphae, the pro-
moter and coding region of MoChil was amplified and fused with GFP in the
PKNTG vector. For localization at plant infection, the MoChil ORF-GFP region
was fused with a 1-kb promoter fragment of PWL2 and BAS4.

For the yeast secretion assay, the full length of the MoChil coding region with
or without the predicted signal peptide was cloned into the pYST2 vector.

For Co-IP assays, the coding sequences of MoChil and OsMBL1 were am-
plified and inserted into the pEarly Gate 201 and ImpGWB505 vectors, re-
spectively, by Gateway cloning. The vectors were then transformed into A.
tumefaciens GV3101 strain.

For the BiFC assay, the coding sequence of MoChil was cloned into pA7-
nYFP, which harbors split N terminus of YFP (n-YFP). OsMBL1 was inserted
into pA7-cYFP and fused with the C terminus of YFP (c-YFP).

To generate OsMBL1 overexpression rice, the coding region of OsMBL1 was
cloned into the plant binary vector pCXDR (Chen et al., 2009). The OsMBL1
RNAI construct was made in pTCK303 (Wang et al., 2004). The region between
247 and 435 bp after the ATG start codon in the OsMBL1 coding sequence was
cloned into the vector.

M. orzyae Secretion Assay

M. oryzae strains were grown in liquid minimal medium (6g/L NaNOj3,
0.52g/L KCl, 0.52g/L MgSOy, 1.52g/L KH,POy, 0.5% [w/v] biotin pH6.5) that
contained 0.1% (m/v) crab chitin as a carbon source and incubated at 28°C and
100 rpm for 4 d. The liquid was centrifuged at 4°C and 1,500g for 10 min, and the
pellets were discarded. The harvested supernatants were filtered through a
0.45-um membrane and then concentrated by using an Amicon ultracentrifugal
filter 30k device. Total proteins were precipitated by 2 volumes of cold acetone
at —20°C for 2 h and centrifuged at 4°C and 10,000g for 15 min. The pellets were
washed by acetone and suspended in SDS-loading buffer for western blotting.

MoChil Chitinase Activity

Chitinase activity was assayed as previously described (Thompson et al.,
2001) using the fluorogenic substrate MUC3 (Santa Cruz) with modifications.
Briefly, 300 L of sodium phosphate buffer (200 mm, pH 6.5) was mixed with
substrate and incubated at 37°C for 15 min. The reaction was started by adding
70 pL of the protein extraction containing recombinant SSB-MoChil-6*His
protein. After overnight incubation at 37°C, the reaction was terminated by
adding 100 uL of 3 M NaCO;. The fluorescence of 4-methylumbelliferone re-
leased by the chitinase activity was monitored using a Spectroflurometer FS5
(Edinburgh Instruments) with an excitation wavelength of 360 nm and an
emission wavelength of 448 nm.

M. oryzae Cell Wall and Chitin Preparation

M. oryzae cell wall isolation was performed as previously described (Mitchell
and Taylor, 1969). Colloidal chitin was prepared as described (Kang et al., 1999)
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with modifications. Briefly, 5 g of ground M. oryzae cell wall was dissolved in
50 mL of cold concentrated hydrochloric acid with stirring at 4°C overnight.
The chitin solution was filtered through filter paper and precipitated by adding
an ice-cold 15% (v/v) ethanol-water solution. The chitin colloidal suspension
was stirred at 4°C overnight and collected by centrifugation (5,000¢ for 5 min
at room temperature). Chitin pellets were then rinsed with distilled water until
the pH of the suspension was 7.

Chitin-Binding Assay

This assay was performed as described (de Jonge et al., 2010; Liu et al., 2012)
with modifications. In brief, insoluble chitin polysaccharides (commercial chitin
beads, 20 mg of crab shell chitin, chitosan, M. oryzae cell wall, M. oryzae chitin,
and cellulose) were incubated with MoChil or OsMBL1 recombinant proteins
in binding buffer (20 mm Tris-HCl, pH 8, 1 mm EDTA, 500 mm NaCl, 0.05%
[v/v] Triton X-100, 2 mm DTT, 1 mm phenylmethylsulfonyl fluoride [PMSF],
and 50 mg mL~! Roche complete protease inhibitor cocktail [Roche Diagnos-
tics]) at 4°C overnight with end-over-end rotation. The protein tag SSB-His
and GST were used as mock controls. For the competition assay, OsMBL1 or
MoChil recombinant proteins were incubated with the competitor prior to
chitin beads. The insoluble pellets were washed five times with binding buffer
and then harvested for SDS-PAGE followed by western blotting. The presence
of selective recombinant proteins in pellets or supernatant fractions was
detected by anti-His or anti-GST antibodies (Abmart).

Y2H Assay

The HybriZAP-2.1 two-hybrid libraries system (Agilent) was used to screen
MoChil-interacting rice proteins. The coding region of MoChil without the
signal peptide was cloned unframed into the bait vector pBD-GAL4 Cam by
Sacl/Kpnl sites. The constructed pBD-MoChil plasmid DNA and pAD-GAL4
rice library were cotransformed into yeast strain YGR2. Candidate clones
were grown on the SD/-His/-Leu/-Trp medium, which was supplemented
with  5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside acid (X-a-gal) for
B-galactosidase assays for further confirmation according to the manufacturer’s
protocol (Agilent).

Pull-Down Assays

Pull-down assays were performed following the instructions from the
manufacturer. In the GST-pull down assay, E. coli strain Rosetta (DE3) carrying
OsMBL1-GST was grown in a shaking incubator at 37°C and 200 rpm to
ODgq = 0.6 before isopropyl B-p-thiogalactoside treatment. The proteins were
then induced with 0.1 mm isopropyl B-p-thiogalactoside and shaken at 16°C
and 200 rpm for 14 h. The cells were collected and resuspended with lysis buffer
(20 mm KH,PO,-K,HPO, and 300 mm NaCl supplemented with 0.1 mm PMSF
and 50 mg mL~! Roche complete protease inhibitor cocktail) and sonicated on
ice. The mixture was centrifuged at 14,000g at 4°C for 45 min. The supernatant
was then transferred and incubated with Glutathione-Sepharose beads (GE
Life) at 4°C overnight and washed with lysis buffer. The supernatant containing
expressed SSB-MoChil-6*His protein was added to GST-OsMBL1-precipitated
Glutathione-Sepharose 4B beads and incubated at 4°C for another 4 h with
gentle end-over-end mixing. After five to six washes with lysis buffer, the beads
were collected for SDS-PAGE and western-blotting analysis. SSB-MoChil-
6*His recombinant proteins were detected by anti-His antibody.

In the His tag pull-down assay, total proteins containing SSB-MoChil-6*His
were incubated with Ni-NTA beads (Qiagen) at 4°C with end-over-end mixing
for 6 to 8 h. After five to six washes with lysis buffer, Ni-NTA beads bound with
MoChil-His were further incubated with GST-OsMBL1 extracts for another 6 to
8hat 4°C. The beads were washed with lysis buffer and subsequently collected
for SDS-PAGE and western blotting. MoChil and OsMBL1 recombinant pro-
teins were detected with anti-His and anti-GST antibodies, respectively.

MoChil Gene Replacement and Complementation

The MoChil gene was replaced by split marker HPH as described (Chen
et al., 2008). An 800-bp fragment upstream of the MoChil ORF was amplified
and fused with an N-terminal HPH fragment. Then, a 927-bp fragment
downstream of the MoChil ORF was amplified and fused with a C-terminal
HPH fragment. These PCR fragments were then transformed into protoplast
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cells of wild-type strain Ku80. Hygromycin B-resistant colonies were picked up
and replacement verified by PCR amplifications.

The complementation of MoChil was performed by constructing a 1-kb
upstream fragment of the native promoter and MoChil ORF region into the
PKNTG vector and then transformed into protoplast cells of the MoChil de-
letion strain. The neomycin-resistant transformants were screened and verified
by PCR amplifications.

PAMPs and M. oryzae Inoculation

Rice seeds were surface sterilized and germinated on one-half-strength
Murashige and Skoog medium at 25°C under 16-h-light/8-h-darkness condi-
tions for 5 d. PAMP treatment was performed as previously described (Tanabe
et al., 2006; Park et al., 2012) with modifications. Briefly, the 5-d-old rice seed-
lings were immersed in N-acetylchitohexaose (100 ug mL~!) and flg22 (100 nm).
Sterilized water was used as a control. Rice leaves were collected at desired time
points for quantitative PCR.

Conidia of M. oryzae strains were sprayed onto 3-week old rice seedlings.
Rice lines (CO39 and Kitaake and OsMBL1 overexpression T2 lines were used
for pathogenicity assays and for observation of infection with Guy11 (Ku80;
Villalba et al., 2008) and pMochil strains. The disease symptoms were allowed
to develop for 6 or 7 d (Talbot et al., 1993). For each of the three assays, 30 leaves
were harvested for DNA extraction. Three infection assays were performed,
and DNA was isolated from infected leaves. The quantification of fungal bio-
mass was determined by quantitative PCR (Park et al., 2012).

A. tumefaciens-Mediated Transient Expression in
N. benthamiana

A. tumefaciens-mediated transient expression was performed as described
(Ma et al., 2012) with modifications. Briefly, GV3101 strains carrying different
constructs were grown in Luria-Bertani broth and collected by centrifugation at
2,500¢ and 25°C for 5 min. The pellets were then resuspended with MMA buffer
(Murashige and Skoog medium without Gamborg B5 vitamins, 10 mm MES,
20% [w/v] sucrose, 10 mm MgCl,, and 200 uM acetosyringone, pH 5.7) to a final
culture density of ODgq of 1. For coexpression, we used 1:1 for all combina-
tions. The suspended culture was incubated for 2 to 4 h at 28°C before agro-
infiltration into the leaves of N. benthamiana. The leaves of N. benthamiana were
sprayed with water to keep moist prior to infiltration. The infiltrated plants
were kept at 20°C to 25°C and shielded from direct light.

Co-IP Assay

Leaves of N. benthamiana were coinfiltrated with A. tumefaciens carrying
MoChil-HA and OsMBL1-GFP. The infiltrated leaves were harvested after 2 d
and then ground to powder in liquid nitrogen. The powder was suspended in
lysis buffer (50 mm Tris-MES, pH 8, 10 mm EDTA, 500 mm sucrose, 1 mm MgCl,,
5 mm DTT, 1 mm PMSF, and 50 mg mL~! Roche complete protease inhibitor
cocktail [Roche Diagnostics]). Anti-HA agarose bead suspension (Thermo) was
added to the protein supernatants. The mixture was incubated at 4°C for 8 h
with constant end-over-end rotation. Then the beads were rinsed with washing
buffer (50 mm Tris-MES, pH 8, 10 mm EDTA, 500 mm sucrose, 1 mm MgCl,, and
5 mm DTT) until the Asg of the supernatant fraction was less than 0.01. Anti-HA
agarose mixtures were collected for western blotting following SDS-PAGE. HA-
MoChil and OsMBL1-GFP fusion proteins were detected by anti-HA and anti-
GFP antibodies, respectively, according to the manufacturer’s instruction
(Abmart).

BiFC Assay and Microscopy

Constructed vectors MoChil-nYFP and OsMBL1-cYFP were cotransformed
into rice protoplast cells as described (Chen et al., 2006). For OsMBL1-GFP
subcellular localization, A. tumefaciens carrying ImpGWB505-OsMBL1 was
infiltrated onto N. benthamiana leaves. Before microscopy, the infiltrated patches
were stained with FM4-64 (4 ug mL~1). For localization in transgenic rice, the
inner epidermal layer of leaf sheaths was peeled from RFP-OsMBLI1 rice
seedlings. Live cell imaging was performed by a Nikon Al confocal microscope
equipped with NIS-Elements Imaging Software. YFP was detected with exci-
tation at 488 nm and emission at 515 nm. OsMBL1-GFP protein was visualized
with excitation at 488 nm and emission at 525/40 nm. RFP-OsMBL1 and FM4-
64 were detected with excitation at 561 nm and emission at 607/36 nm.
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Quantitative PCR

Inoculated rice leaves were harvested at different time points and ground in
liquid nitrogen for RNA extraction with TRIzol (Invitrogen). The first strand of
cDNA was synthesized and used for quantitative PCR using an Eppendorf real-
time PCR detection system (Eppendorf Master cycle rep Real plex). Primer
sequences used in this study are listed in Supplemental Table S2.

ROS Measurements

For measurement of ROS burst in rice suspension cells, calli produced from
mature seeds of rice cv Nipponbare were used to establish suspension cells as
described (Ozawa and Komamine, 1989; Deshpande et al., 2012). Briefly, for
callus induction, sterile seeds were cultivated on N6D solid medium con-
taining 2 mg L~! 2,4-dichlorophenoxyacetic acid at 28°C under darkness for
30 d followed by their transfer into liquid N6D medium. The fragile calli were
allowed to grow in a rotary shaker at 25°C and 150 rpm for 3 to 4 months with
weekly subculture. Fine calli were filtered by medical gauze and harvested by
centrifugation at a low speed for 10 min. The culture was diluted with a new
fresh medium at 200 mg mL~! and incubated at 150 rpm and 25°C for a
further 2 to 3 h.

ROS detection was performed as described (Schwacke and Hager, 1992; Park
et al.,, 2012) with modifications. Aliquots (200 uL) of the rice cell suspension
were placed onto a 96-well ELISA PLATE (Costar 96 3590) and preincubated for
20 min before assays. Reaction mixtures (50 mm K3POy, 17 mm luminol, and
10 mg mL ™! horseradish peroxidase) were mixed with the suspension cells for
each treatment. Prior to the addition to rice cells, equivalent molar concentra-
tions of each recombinant protein (6 ug of MoChil, 3.528 ug of OsMBL1,
and 2.184 ug of MBP) were incubated and equilibrated with 8 nm chitin (hexa-
N-acetyl-chitohexaose, [GIcNAC]e) in buffer (50 mm Tris-HCl, pH 7, and
100 mm NaCl) for 2 h with constant shaking. The luminescence was measured
continuously for 20 min with a Centro XS3 LB 960 (Berthold Technologies).
Water was used as a control.

Measurement of the ROS burst in rice leaf discs was performed as described
(Park et al., 2012) with modifications. Leaf discs from 4-week-old rice plants
were cut with a mouse ear punch and preincubated in sterile distilled water
overnight. Three leaf discs for each sample were placed on a 96-well ELISA
PLATE (Costar 96 3590) containing 100 um luminol, 5 ug mL~! horseradish
peroxidase, and 8 nm (GIcNAC)e, or water as a control. After treatment, ROS
production in rice tissues was immediately monitored by luminescence assay
with Thermo Scientific Varioskan Flash Microplate Readers. Three replications
were performed for each sample and treatment. se values were calculated for
each treatment.

Accession Numbers

The sequences of rice genes used in this article can be found in the Rice
Genome Project Web site as follows: OsActin (LOC_Os03g50885), OsMBL1
(LOC_0Os01g24710), PAL1 (LOC_Os02g41630), OsNAC4 (LOC_Os07g04560),
OsWRKY45 (LOC_Os05g25770), OsWRKY71 (LOC_Os02g08440), OsSGT1
(LOC_Os01g43540), OsUbgi (LOC_Os03g13170), and OsPBZI (LOC_Os12g36880.1).
The sequences of M. oryzae chitinases can be found in GenBank as follows:
MoChil (MGG_08054), MGG_00086, MGG_07927, MGG_05533, MGG_01247,
MGG_11231, MGG_03599, MGG_01876, MGG_04073, MGG_04534, MGG_10336,
MGG_01336, MGG_17153, and MGG_08458.

Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1. Phylogeny of the M. oryzae GH_18 family.

Supplemental Figure S2. Pathogenicity of M. oryzae GH_18 chitinase mu-
tants on plants.

Supplemental Figure S3. Secretory feature of MoChil by yeast trap
analysis.

Supplemental Figure S4. Sublocalization of MoChil in M. oryzae.

Supplemental Figure S5. Sublocalization of MoChil in M. oryzae at plant
infection.

Supplemental Figure S6. AMochil pathogenicity on barley.
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Supplemental Figure S7. Carbohydrate-binding sites in the OsMBL1 C
terminus are not required for interaction with MoChil.

Supplemental Figure S8. Activation of representative defense-related
genes in OsMBL1-OE rice.

Supplemental Figure S9. RNA silencing of OsMBL1 enhanced susceptibil-
ity to M. oryzae.

Supplemental Figure $10. Chitin-binding kinetic analysis of OsMBL1 and
MoChil.

Supplemental Table S1. List of the MoChil-interacting rice proteins by
Y2H assay.

Supplemental Table S2. Primer sequences used in this article.
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