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Disease resistance (R) genes encode nucleotide binding Leu-rich-repeat (NLR) proteins that confer resistance to specific
pathogens. Upon pathogen recognition they trigger a defense response that usually includes a so-called hypersensitive response
(HR), a rapid localized cell death at the site of pathogen infection. Intragenic recombination between two maize (Zea mays)
NLRs, Rp1-D and Rp1-dp2, resulted in the formation of a hybrid NLR, Rp1-D21, which confers an autoactive HR in the
absence of pathogen infection. From a previous quantitative trait loci and genome-wide association study, we identified genes
encoding two key enzymes in lignin biosynthesis, hydroxycinnamoyltransferase (HCT) and caffeoyl CoA O-methyltransferase
(CCoAOMT), adjacent to the nucleotide polymorphisms that were highly associated with variation in the severity of Rp1-D21-
induced HR. We have previously shown that the two maize HCT homologs suppress the HR conferred by Rp1-D21 in a
heterologous system, very likely through physical interaction. Here, we show, similarly, that CCoAOMT2 suppresses the HR
induced by either the full-length or by the N-terminal coiled-coil domain of Rp1-D21 also likely via physical interaction and
that the metabolic activity of CCoAOMT2 is unlikely to be necessary for its role in suppressing HR. We also demonstrate that
CCoAOMT2, HCTs, and Rp1 proteins can form in the same complexes. A model is derived to explain the roles of CCoAOMT
and HCT in Rp1-mediated defense resistance.

To protect against pathogen infection, plants have
evolved multiple sophisticated defense mechanisms.
One of the major mechanisms is mediated by resistance
(R) genes, which directly or indirectly recognize corre-
sponding pathogen-derived molecules called effectors
(Bent and Mackey, 2007). The interaction between R
genes and their cognate effectors usually triggers a
number of defense responses, including activation of
the hypersensitive response (HR), a rapid localized cell
death at the pathogen infection site, generation of re-
active oxygen species, induction of defense-related
gene expression, production of secondary metabolites
and antimicrobial compounds, and the lignification of
cell walls (Morel and Dangl, 1997; Heath, 2000; Mur
et al., 2008). The HR is thought to confine the pathogen,

preventing it spreading from the infected site and often
activates secondary metabolism and generates lignin or
lignin-like phenolic compounds (Lange et al., 1995;
Levine et al., 1996; Etalo et al., 2013).

In vascular plants, lignin is one of the most important
products of the phenylpropanoidmetabolic pathway. It
contributes about 30% of the organic carbon in the bi-
osphere, second after cellulose in abundance (Boerjan
et al., 2003). Lignin provides mechanical strength to
vascular tissues and protects plants from biotic stresses,
including pathogen attack (Lewis and Yamamoto, 1990;
Li et al., 2010). Lignin is mainly composed of three
subunits: p-hydroxyphenyl lignin (H monolignol),
guaiacyl lignin (G monolignol), and syringyl lignin
(S monolignol). The biosynthesis of the monolignols
starts with Phe, which is converted to cinnamic acid
catalyzed by Phe ammonia-lyase (Supplemental Fig. S1).
Cinnamic acid can be further converted to p-coumaroyl
CoA, the precursor of lignin (Boerjan et al., 2003).
p-Coumaroyl CoA is either converted to produce H
monolignol catalyzed by cinnamoyl-CoA reductase
and cinnamyl-alcohol dehydrogenase or G and S
monolignols catalyzed by different enzymes including
hydroxycinnamoyltransferase (HCT) and caffeoyl CoA
O-methyltransferase (CCoAOMT). HCT catalyzes the
reactions by converting coumaroyl CoA to coumaroyl
shikimate/quinate and also caffeoyl shikimate/quinate
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to caffeoyl CoA (Hoffmann et al., 2003). CCoAOMT
further catalyzes the reaction by methylating caffeoyl
CoA to feruloyl CoA. Together with caffeic/5-
hydroxyferulic acid O-methyltransferase, it is respon-
sible for the methylation of the monolignol precursors
(Ye et al., 1994; Zhong et al., 1998). Lignin is a tridi-
mensional phenolic heteropolymer mainly derived
from the oxidative polymerization of H, S, and G
monolignols with H2O2 (Boerjan et al., 2003). Many
important molecules associated with plant defense
are produced by phenylpropanoid pathway. These
include lignin itself as well as many phytoalexins,
phytoanticipins, and the hormone salicylic acid (SA;
Dixon et al., 2002). Not surprisingly, many genes en-
coding enzymes in the phenylpropanoid pathway
have been implicated in the plant defense response,
including Phe ammonia-lyase, cinnamoyl-CoA re-
ductase, cinnamyl-alcohol dehydrogenase, caffeic/5-
hydroxyferulic acid O-methyltransferase, HCT, and
CCoAOMT (Kawasaki et al., 2006; Bhuiyan et al., 2009;
Gallego-Giraldo et al., 2011b; Zhao and Dixon, 2014).
Most R genes are of the so-called NB-LRR (or NLR)

class of proteins, which carry an NB-ARC (nucleotide
binding, APAF-1, certain R proteins, and CED-4) do-
main and a Leu-rich-repeat (LRR) domain (Ellis et al.,
2000; Dangl and Jones, 2001). Based on their N-terminal
secondary structure, plant NLRs can be further divided
into twomajor classes: One class, which is found in both
monocots and dicots, carries a putative coiled-coil (CC)
domain (CC-NB-LRR; CNL hereafter), and the other is
dicot specific, which carries a Toll-IL 1 receptor (TIR)
domain. The maize (Zea mays) R gene Rp1-D confers
resistance to specific races of Puccinia sorghi, the causal
agent of common rust, and encodes a typical CNL (Hu
et al., 1996). The locus containing Rp1-D, Rp1, is com-
plex and many haplotypes have been characterized
(Smith et al., 2004). In the Rp1-D haplotype, nine NLR
paralogs were identified, Rp1-dp1 to Rp1-dp8, with un-
known function, and also Rp1-D itself (Sun et al., 2001).
The high nucleotide sequence similarity among differ-
ent Rp1 paralogs leads to occasional misalignments
between homologous chromosomes during meiosis
and consequent unequal crossing-over and intragenic
recombination. Rp1-D21 is a chimeric gene derived
from intragenic recombination between Rp1-D and
Rp1-dp2 (Sun et al., 2001; Smith et al., 2010). Rp1-D21
causes an autoactive HR lesion phenotype in the ab-
sence of pathogen infection. Several other hallmarks of
the pathogen-induced defense response are also asso-
ciated with Rp1-D21-mediated HR phenotype in maize,
including high accumulation of H2O2 and increased
expression of defense-related genes (Chintamanani
et al., 2010). The Rp1-D21 HR lesion phenotype is
influenced by light, temperature, and genetic back-
ground (Chintamanani et al., 2010; Negeri et al., 2013).
We used Rp1-D21 as a tool to investigate the genetic

basis of the control of HR by crossing a line carrying it
into several mapping populations to identify loci,
pathways, and genes associated with modulation of the
HR strength (Chintamanani et al., 2010; Chaikam et al.,

2011; Olukolu et al., 2013, 2014). One of the populations
used, called the nested association mapping (NAM)
population, is an extremely large and powerful map-
ping population that allows the mapping of quantita-
tive trait loci (QTL) with high precision (McMullen
et al., 2009). Using the NAM population (Olukolu et al.,
2014), we identified single nucleotide polymorphism
(SNP) markers highly associated with variation in the
HR phenotype at 44 loci. Because the markers were
mapped with extremely high resolution, we were able
to tentatively identify candidate genes at the associated
loci, which might underlie variation in the HR pheno-
type. Two genes encoding homologs of enzymes in the
lignin biosynthesis pathway, HCT and CCoAOMT,
were identified among these candidate genes. We fur-
thermore showed that expression of both of these genes
was highly induced by the defense response mediated
by Rp1-D21 and that the products of two HCT candi-
date genes suppressed Rp1-D21-induced HR, very
likely through physical interaction (Wang et al., 2015c).

In this study, we validate the role of CCoAOMT, the
enzyme catalyzing the step immediately downstream of
the HCT-catalyzed step in the lignin biosynthesis path-
way, in modulating Rp1-D21-induced HR. We show
that coexpression of CCoAOMT with Rp1-D21 in Nico-
tiana benthamiana suppresses Rp1-D21-induced HR and
that themetabolic activity of CCoAOMT is unlikely to be
necessary for its role in suppressing HR. Furthermore,
we show that CCoAOMT physically associates with
HCT and Rp1 proteins in a coimmunoprecipitation (Co-
IP) assay, suggesting that CCoAOMT, HCT, and Rp1
proteins might form complexes in vivo. We discuss the
roles of CCoAOMT and HCT in modulating the defense
response and derive models for NLR protein function.

RESULTS

CCoAOMT2 Suppress Rp1-D21-Induced HR in
N. benthamiana

From previous genome-wide associate study (GWAS)
analysis in maize, we identified 44 SNPs associated
with variation in Rp1-D21-induced HR (Olukolu et al.,
2014) using the NAM population (McMullen et al.,
2009). Furthermore, we demonstrated that two maize
proteins homologous to HCT, termed HCT1806 and
HCT4918, which were encoded by genes on chromo-
some 1, adjacent to the most highly associated SNP
identified in the study, suppress Rp1-D21-induced HR
via physical interaction (Wang et al., 2015c). An asso-
ciated SNP on chromosome 9 is within a gene encod-
ing a CCoAOMT homolog (GRMZM2G099363), the
enzyme that catalyzes the step downstream of the
HCT-catalyzed step in the lignin biosynthesis path-
way (Supplemental Fig. S1).

UsingArabidopsis (Arabidopsis thaliana) AtCCoAOMT1
as a query to search themaize genomedatabase,we found
that there are two closely CCoAOMT homologs in maize,
GRMZM2G127948 and GRMZM2G099363, named
CCoAOMT1 and CCoAOMT2 (Vélez-Bermúdez et al.,
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2015), respectively (Fig. 1), which are 93.1% similar at
the amino acid level (Supplemental Fig. S2). CCoAOMT2
is the candidate gene on chromosome 9 associated with
Rp1-D21-induced HR. Phylogenetic analysis showed
that these two CCoAOMT homologs are closely related
to other monocot CCoAOMTs, which together form a
monocot-specific branch of the CCoAOMTs phyloge-
netic tree (Fig. 1).

To explore whether CCoAOMT might be associated
with variation in the severity of Rp1-D21-induced HR,
we employed Agrobacterium tumefaciens-mediated
transient expression in N. benthamiana. This system has
been widely used for the functional analysis of HR
mediated by NLRs from both monocots and dicots
(Leister et al., 2005; van Ooijen et al., 2008; Slootweg
et al., 2010; Tameling et al., 2010; Bai et al., 2012; Qi
et al., 2012). We have recently shown that this is an
appropriate system for the functional analysis of HR
modulated by Rp1-D21 and its regulators (Wang and
Balint-Kurti, 2015; Wang et al., 2015c, 2015d). When
Rp1-D21:HA (Rp1-D21 fused with a 33 hemagglutinin
tag at the C terminus) was transiently coexpressed with
GUS:EGFP (a GUS gene fused with enhanced GFP at
the C terminus), an obvious HR phenotype was ob-
served at 3 d post infiltration, similar to our previous
observation (Wang and Balint-Kurti, 2015; Wang et al.,
2015c, 2015d). Also as previously observed, no HR was
observed when HCT1806:EGFP and Rp1-D21:HAwere
transiently coexpressed (Fig. 2A; Wang et al., 2015c).
Transient coexpression of CCoAOMT2:EGFP but not
CCoAOMT1:EGFP with Rp1-D21:HA suppressed Rp1-
D21-induced HR (Fig. 2A). Consistent with our visual
observations, coexpression of CCoAOMT2:EGFP or
HCT1806:EGFP with Rp1-D21:HA significantly re-
duced ion leakage levels compared to coexpression of

the GUS:EGFP control or CCoAOMT1:EGFP with Rp1-
D21:HA (Fig. 2B). Western-blot results showed that
coexpression of CCoAOMT2 did not change the ex-
pression level of Rp1-D21, compared to coexpression of
GUS:EGFP or CCoAOMT1:EGFP. All the EGFP-tagged
proteins were expressed at substantial and broadly
comparable levels (Fig. 2C).

CCoAOMT2 Suppresses Rp1-D21-Induced HR More Than
That Induced by Other Autoactive NLRs

To determine whether CCoAOMT2 could also sup-
press HR induced by other NLR proteins, we coex-
pressed it with Arabidopsis RPM1(D505V) and barley
(Hordeum vulgare)MLA10(D502V), two autoactive CNL
proteins that confer an HR phenotype when transiently
expressed in N. benthamiana (Gao et al., 2011; Bai et al.,
2012). Similar to our findings with HCT1806, we found
that CCoAOMT2 and CCoAOMT1 did not have obvi-
ous roles in suppressing either RPM1(D505V)- or
MLA10(D502V)-induced HR (Supplemental Fig. S3).

Mutation in the Conserved Amino Acid Required for
CCoAOMT Activity Does Not Affect Its Suppression of
Rp1-D21-Induced HR

In tobacco CCoAOMT, the substitution of Arg with
Thr at position 220 (R220T) results in the total loss of
its enzymatic activity (Hoffmann et al., 2001). We
found that R220 is conserved among different plant
CCoAOMTs (Fig. 3A). To investigate whether the en-
zymatic activity of maize CCoAOMT2 is important for
suppressing Rp1-D21-induced HR, we generated the
corresponding mutation in the maize CCoAOMT2:

Figure 1. Phylogenetic analysis of CCoAOMTs
from diverse plant species. The two maize
CCoAOMTs (CCoAOMT1 and CCoAOMT2)
are indicated in black boxes. At, Arabidopsis;
Bd, Brachypodium distachyon; Cc, Coffea
canephora; Gm, Glycine max; Mt, Medicago
truncatula; Nt, Nicotiana tabacum; Os,Oryza
sativa; Pt, Populus trichocarpa; Pv, Panicum
virgatum; Sb, Sorghum bicolor; Sl, Solanum
lycopersicum; Tu, Triticum urartu. All gene
names starting with GRMZM are derived from
maize.
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CCoAOMT2(R244T). When coexpressed with Rp1-
D21, it still suppressed Rp1-D21-induced HR (Fig.
3B). Based on these data, we speculate that the enzy-
matic activity of CCoAOMT2 is not required for its
function in regulating Rp1-D21-induced HR.

CCoAOMT2 Physically Interacts with Rp1

Since CCoAOMT2 suppressed Rp1-D21-induced HR,
we wanted to test whether there was a physical associ-
ation between CCoAOMT2 and Rp1 proteins. We have
found that, when fused with HA tag, Rp1-dp2 has
higher expression level than Rp1-D21 and Rp1-D
(Wang et al., 2015d). Thus, we chose Rp1-dp2:HA to
test the interaction between CCoAOMT and Rp1 pro-
teins. We performed a Co-IP assay by coexpression of
Rp1-dp2:HA and CCoAOMT:EGFP and found that
CCoAOMT2 coimmunoprecipitated with Rp1-dp2 (Fig.
4). However,wedidnot observe coimmunoprecipitation

between CCoAOMT1 and Rp1-dp2 (Fig. 4). Consistent
with our previous results, HCT1806 also interacted with
Rp1-dp2 (Fig. 4; Wang et al., 2015c).

CCoAOMT2 Suppress CCD21-Induced HR through
Physical Association

Rp1-D21 contains three major domains: an N-terminal
CC domain that we termed CCD21, a middle NB-ARC
domain, and a C-terminal LRR domain. We have
shown that CCD21, but not the NB-ARC or LRR domain,
conferred autoactive HR when fused with EGFP (Wang
et al., 2015d). We have also shown that HCT1806/4918
interact with CCD21 to suppress CCD21:EGFP-inducedHR
(Wang et al., 2015c). To determine whether CCoAOMT
can inhibit CCD21-induced HR, we coexpressed CCD21:
EGFP and CCoAOMT in N. benthamiana and found that
CCoAOMT2, but not CCoAOMT1, suppressed CCD21-
induced HR, which was similar to the coexpression of
CCD21:EGFP and HCT1806 (Fig. 5A). Consistent with the
phenotypic data, we found that CCoAOMT2 and
HCT1806, physically associated with CCD21 as detected
by Co-IP assays (Fig. 5). However, CCoAOMT1 had no
or very weak interaction with CCD21 (Fig. 5).

CCoAOMT2 Physically Associates with HCT1806/4918

Since CCoAOMT2 and HCT1806/4918 suppressed
CCD21-induced HR via physical interaction (Fig. 5;
Wang et al., 2015c), we tested whether CCoAOMT
could physically interact with both HCTs. We per-
formed Co-IP experiments by coexpressing EGFP-
tagged CCoAOMT and HA-tagged HCT and found
CCoAOMT2 interacted strongly with both HCT1806
andHCT4918 (Fig. 6). However, CCoAOMT1 had no or
very weak interaction with both HCTs (Fig. 6).

CCoAOMT2, HCT1806/4918, and Rp1 Proteins
Form Complexes

To test whether CCoAOMT2, HCT1806/4918, and
CCD21 could form complexes incorporating all three
proteins, we performed Co-IP experiments by coex-
pression of EGFP-tagged CCoAOMT,HA-taggedHCT,
and Myc-tagged CCD21 in N. benthamiana. We found
that CCoAOMT2, but not CCoAOMT1 and GUS con-
trol, interacted strongly with both HCT1806/4918 and
CCD21 in the same complex(es) (Fig. 7).

Alternate Alleles of CCoAOMT2

In our previous study using the NAM population
(Olukolu et al., 2014), we identified a QTL allelic series
at the CCoAOMT2 locus with different alleles from the
26 NAM parents conferring different strengths of effect
on HR. Among these, the QTL alleles from the lines
NC350 andM37Whad among the strongest suppressive

Figure 2. Investigating the function of maize CCoAOMT homologs in
Rp1-D21-induced HR. A, The CCoAOMT homologs were transiently
coexpressed with Rp1-D21 into N. benthamiana. The representative
leaf was photographed at 3 d after inoculation (left), and the same leaf
was cleared by ethanol (right). B, Ion leakage conductivity (average 6
SE, n. 5) wasmeasured at 60 h after coexpression of GUS,HCT1806, or
CCoAOMT homologs with Rp1-D21. Significant differences (P, 0.05;
t test) between samples are indicated by different letters (a and b). C, Total
protein was extracted from agroinfiltrated leaves at 30 hpi. Anti-HAwas
used to detect the expression of Rp1-D21, and anti-GFP was used to
detect the expression of GUS, HCT1806, or CCoAOMThomologs. Equal
loading of protein samples was shown by Ponceau S staining.
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effects compared to the B73 allele, while the effect of the
B97 allele was similar to the effect of the B73 allele. We
cloned and sequenced the CCoAOMT2 alleles from
these three lines. The predicted amino acid sequences for
the fourCCoAOMT2 alleles are 94 to 98% similarwith all
the difference occurring in a small patch (Patch 1 in
Supplemental Fig. S2) close to the N terminus.

The HR-suppressive activities of the B73 and NC350
CCoAOMT2 alleles were compared using the N. ben-
thamiana transient expression system. They suppressed
Rp1-D21-induced HR indistinguishably on a visual
level (Supplemental Fig. S4A). However, the NC350
CCoAOMT2 allele had a significantly higher sup-
pressive effect on ion leakage (Supplemental Fig. S4B).
All the HA- and EGFP-tagged proteins were ex-
pressed at substantial and broadly comparable levels
(Supplemental Fig. S4C).

DISCUSSION

From previous GWAS analysis, we identified two
SNP loci that were highly associated with variation in
the severity of HR induced by Rp1-D21 (Olukolu et al.,
2014) and were adjacent to or within genes encoding
enzymes, HCT and CCoAOMT, involved in lignin

biosynthesis pathway. We have previously shown
that two HCT homologs that are encoded by genes
adjacent to the HR-associated SNP on chromosome
1 (HCT1806 and HCT4918) suppress Rp1-D21-
induced HR through physical interaction, while
other HCT homologs, encoded by genes distant from
any associated SNPs, confer no or weak suppression
(Wang et al., 2015c). Here, we provide strong evidence
that CCoAOMT2, encoded by a gene encompassing an
HR-associated SNP on chromosome 9, also suppresses
Rp1-D21-induced HR through physical interaction.
Importantly, CCoAOMT1, encoded by a gene on
chromosome 6 distant from any HR-associated SNP,
does not have obvious suppressive effect, even though
it has very high similaritywith CCoAOMT2. Consistent
with the data, we have shown that the transcript levels
of HCT1806, HCT4918, and CCoAOMT2, but not
CCoAOMT1, are increased in the maize lines contain-
ing Rp1-D21mutant compared to its isogenic wild-type
lines (Wang et al., 2015c).

The CCoAOMT2 allele from NC350 suppresses
Rp1-D21-induced HR more strongly than the B73 al-
lele in the N. benthamiana transient expression system
(Supplemental Fig. S4), which is consistent with the
differential allelic effects we detected previously

Figure 3. Mutation in the conserved resi-
dues required for CCoAOMTactivity did not
affect the suppressive role of CCoAOMT2 on
Rp1-D21-inducedHR. A,Multiple sequence
alignment of plant CCoAOMTs. The con-
served Arg (R) residue is boxed. B, The HR
phenotypes resulting from transient coex-
pression of CCoAOMT2 and its mutant de-
rivative with Rp1-D21. C, Total protein was
extracted from agroinfiltrated leaves at 30
hpi. Anti-HA was used to detect the expres-
sion of Rp1-D21, and anti-GFP was used to
detect the expression of CCoAOMT homo-
logs or GUS. Equal loading of protein sam-
ples was shown by Ponceau S staining.
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(Olukolu et al., 2014). The alleles are 94 to 98% sim-
ilar at the amino acid level with the only polymor-
phisms occurring close to the N terminus (Patch 1 in
Supplemental Fig. S2). Therefore, this region would
appear to be responsible for the differential effects on
HR.
Many genes in the phenylpropanoid pathway, in-

cluding HCT and CCoAOMT, have been implicated
in the plant defense response. Knocking down the
expression of HCT in both Arabidopsis and alfalfa
(Medicago sativa) leads to a dwarf phenotype, with
constitutive activation of defense responses, including
increased PR gene expression and elevated SA levels
(Hoffmann et al., 2004; Li et al., 2010; Gallego-Giraldo
et al., 2011a, 2011b). HCT-down-regulated alfalfa also
enhances disease resistance to the fungus Colletotrichum
trifolii, the causal agent of alfalfa anthracnose (Gallego-
Giraldo et al., 2011b). In parsley (Petroselinum crispum)
suspension cells, the enzymatic activity of CCoAOMT
rapidly increased after fungal elicitor treatment (Pak-
usch et al., 1989). Down-regulation of CCoAOMT in N.
benthamiana results in higher susceptibility to Pseudomo-
nas syringae pv tabaci (Senthil-Kumar andMysore, 2010),
and silencing of CCoAOMT in wheat (Triticum aestivum)

compromises the defense against powdery mildew
(Bhuiyan et al., 2009). An Arabidopsis CCoAOMT mu-
tant line displayed increased disease symptoms (Senthil-
Kumar et al., 2010). CCoAOMT was also identified as a
candidate gene in resistance tomaize southern leaf blight
from the NAM-GWAS analysis (Kump et al., 2011; Bian
et al., 2014), suggesting a possible association between
disease resistance and HR in this case.

In maize, many genes involved in phenylpropanoid
pathway were upregulated in a near-isogenic line re-
sistance line after being infected by Fusarium grami-
nearum (Ye et al., 2013). In addition, the levels of SA and
three phenols (caffeic acid, coumaric acid, and ferulic
acid) are higher in a line resistant to F. graminearum
compared to their levels in a near-isogenic line with
lower resistance (Ye et al., 2013). Pantoea stewartii ssp.
Stewartii (Pnss) is a bacterial pathogen that causes
Stewart’s wilt leaf blight in maize. WtsE is a functional
type III effector secreted from Pnss. Delivering WtsE
into the cells of maize seedling leaves by an Escherichia
coli system induces disease-like cell death symptoms in
leaves of susceptible maize seedlings and elicits nu-
merous plant responses, including the induced ex-
pression of genes in the phenylpropanoid pathway and
enhanced accumulation of coumaroyl tyramine (Ham
et al., 2006, 2009; Asselin et al., 2015). Interestingly,
HCT1806, HCT4918, and the two CCoAOMT homo-
logs are also induced in leaves expressing WtsE
(Asselin et al., 2015). Consistent with these results, we
found that the presence of Rp1-D21 induced expression
of nearly all genes in lignin biosynthesis pathway, the
hyperaccumulation of some metabolites (p-coumaroyl
quinate and p-coumaroyl shikimate) catalyzed by
HCT, and increased lignin levels (Wang et al., 2015c).
These data indicate that the phenylpropanoid/lignin
biosynthesis pathway plays pivotal roles in Rp1-
D21-mediated HR and plant disease resistance.

HCT belongs to the BAHD family of plant acyl-CoA-
dependent acyltransferases, which possess a conserved
HxxxD motif (Burhenne et al., 2003; Ma et al., 2005;
D’Auria, 2006). The residue His (H) in the HxxxD motif
is important for the enzymatic activity of HCT, and
mutation of this amino acid greatly reduces its catalytic
activity (Lallemand et al., 2012; Walker et al., 2013). We
have shown that mutations at this conserved H residue
in HCT1806/4918 did not reduce their ability to sup-
press Rp1-D21-induced HR (Wang et al., 2015c). In
CCoAOMT, the conserved amino acid Arg is also im-
portant for its enzymatic activity (Hoffmann et al.,
2001). A mutation in the maize CCoAOMT2(R244T)
also has no obvious effect on the ability of CCoAOMT2
to inhibit Rp1-D21-induced HR when the genes are
transiently coexpressed inN. benthamiana (Fig. 3). These
data suggest that the catalytic activity of neither
HCT1806/4918 nor CCoAOMT is required for regu-
lating the function of Rp1-D21.

The activity of NLR resistance genes must be finely
controlled. On the one hand, activation of the defense
pathway needs to be rapid in order for it to be effective
against pathogen infection. On the other, inappropriate

Figure 4. Investigating the interactions between Rp1-dp2 and CCoAOMT
by Co-IP assay. EGFP- and 33HA-tagged constructs were transiently
coexpressed in N. benthamiana and samples were collected at 30 hpi
for Co-IP assay. Protein extracts were immunoprecipitated (IP) by anti-
GFP (a-GFP) microbeads and detected (immunblotted [IB]) by anti-
GFP and anti-HA (a-HA) antibodies.
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activation can result in severe stunting and loss of fitness
(Negeri et al., 2013). The precise control of NLR activation
has been investigated in several systems.While the precise
details vary in each case, there are several general features;
NLR proteins are held in an inactive state by a delicate
combination of self-inhibitory intra- and intermolecular
interactions, including homomer formation and interac-
tions with other NLRs or other cofactors, including so-
called “guardees” (see below). In a wild-type situation,
specific pathogen-derived effectors disturb this balance
and activate the NLR, leading to HR and the defense re-
sponse. After activation, it is crucial that the HR area is
contained in a small region, sufficient to confer resistance
to pathogen but not large enough to cause significant
damage to the host. Autophagy is involved in restricting
the spread of HR (Liu et al., 2005). We have shown that
levels of mRNAs encoding HCT1806/4918 and
CCoAOMT2 are up-regulated in lines carrying Rp1-D21
compared to isogenic wild-type lines (Wang et al., 2015c),
presumably by the HR. After HR activation, the pre-
sumably increased levels of both HCTs and CCoAOMT2
would be expected to produce substantial reservoirs of
these proteins, which may serve to inhibit further Rp1
activation and to contain the spread of the HR.

Effector molecules are secreted by the pathogen to
facilitate infection and pathogenesis. Effectors often
interact with and disrupt the function of specific plant
proteins involved in the defense response. Some NLRs
detect effectors by direct physical binding, while others

detect them indirectly via other host cofactors targeted
by pathogens (Van der Biezen and Jones, 1998;
DeYoung and Innes, 2006). In the later case, the NLR
resistance protein “guards” the virulence target (the
guardee) of the pathogen and a defense response is
activatedwhen the structure of the guardee is disrupted
by the effector detected by the NLR. An elaboration of
this guard model is the decoy model (van der Hoorn
and Kamoun, 2008), under which the guardee loses its
original biochemical function and is employed by the
plant solely as a means to monitor the presence of the
pathogen, in other words as a bait.

Many likely guardee proteins that modulate the in-
nate immunity mediated by NLRs through physical
interaction have been identified, and we have recently
summarized these interactions (Wang et al., 2015c).
RIN4 is an important regulator of plant basal immunity
in Arabidopsis and is targeted by at least four different
bacterial effectors (Chung et al., 2014). In contrast, the
sameNLR can also interact with different host cofactors
targeted by different pathogen effectors. In Arabi-
dopsis, the NLR ZAR1 is required for the recognition of
the HopZ1a effector from P. syringae (Lewis et al., 2010).
ZAR1 is activated upon acetylation of the pseudokinase
ZED1, by HopZ1a (Lewis et al., 2013). Recently, it was
reported that ZAR1 is also important for the recognition
of the effector AvrAC from Xanthomonas campestris pv
campestris (Wang et al., 2015a). ZAR1 interacts with
another host protein RKS1, a pseudokinase closely

Figure 5. Investigating the function of CCoAOMT
in CCD21-induced HR. A, CCoAOMT2 but not
CCoAOMT1 suppressed CCD21-induced HR in
N. benthamiana. CCD21:EGFP was transiently
coexpressed with EGFP-tagged CCoAOMT1,
CCoAOMT2, HCT1806, or GUS, and a repre-
sentative HR picture was taken at 2 d after
inoculation. B, Investigating the interactions
between CCD21 and CCoAOMT and HCT1806
by Co-IP assay. EGFP- and 33HA-tagged
constructs were transiently coexpressed in N.
benthamiana, and samples were collected at
30 hpi for Co-IP assay. Protein extracts were
immunoprecipitated (IP) by anti-GFP (a-GFP)
microbeads and detected (immunblotted [IB])
by anti-GFP and anti-HA (a-HA) antibodies.
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related to ZED1. However, neither ZAR1 nor RKS1, but
the receptor-like cytoplasmic kinase PBL2, is the sub-
strate of AvrAC. AvrAC can uridylylate PBL2, and the
uridylylated PBL2 interacts with RKS1. Thus, ZAR1 is
indirectly activated by AvrAC-uridylalated PBL2, with
RKS1 as an intermediary protein (Wang et al., 2015a). In
both cases, ZED1 and PBL2 are thought to be the decoys
of ZAR1 for recognition of their cognate pathogen ef-
fectors since their absence does not significantly alter the
virulence effects of HopZ1a and AvrAC, respectively.
We have previously identified HCT1806/4918 as

negative regulators of Rp1-D21, likely via direct inter-
action with Rp1-D21 (Wang et al., 2015c). In this study,
we provide evidence that CCoAOMT, the enzyme
downstream of HCT in the lignin biosynthesis pathway,
is also a negative regulator of Rp1-D21. CCoAOMT2
interacts with both HCT1806 and HCT4918, suggesting
that they might work as a complex in regulating the
activity of Rp1 proteins. We also show that CCoAOMT2
interacts with both full-length Rp1-dp2 and with CCD21
and that CCoAOMT2, HCT1806/4918, and CCD21 can
form the same complex comprising all three proteins
(Figs. 4–7), further suggesting that CCoAOMT2 and
HCT1806/4918 can modulate the activity of Rp1
through physical interaction.
Rp1-D confers resistance to maize common rust

caused by P. sorghi (Hu et al., 1996). However, the ef-
fector that elicits the response associated with Rp1-D
has not been identified. We previously derived
models to elucidate the self-activation/repression of
Rp1 proteins (Wang et al., 2015c, 2015d). In a sup-
pressed state, Rp1 proteins are held in an inactive state
through the intramolecular interaction of different do-
mains and the interaction between different Rp1 pro-
teins (Wang et al., 2015d). The data presented here
support an elaboration of this model (Fig. 8) in which

the suppressed state is maintained through inter-
action with other molecules, including CCoAOMT2
and HCT1806/HCT4918 (Wang et al., 2015c). Since
CCoAOMT2, HCT1806/HCT4918, and the lignin
pathway are important for the defense response, it is
reasonable to speculate that CCoAOMT2 or HCT1806/
HCT4918 might be effector targets and might be
guarded by Rp1 proteins. In both cases, other very
similar homologous genes are expressed that do not
have any apparent effect on Rp1-D21-induced HR, so it
is possible that HCT1806/4918 or CCoAOMT2 function
primarily as decoys, while the other homologous genes
provide the catalytic functions. In a wild type situation,
modification of CCoAOMT2 or HCT1806/4918 homo-
logs by a rust effector may be sufficient to trigger the
switch between the inactive and active states of the Rp1
proteins (Fig. 8). Without knowledge of the specific
pathogen effectors involved, we do not know whether
CCoAOMT2 or HCT1806/4918 is the direct target of
effectors. By analogy to the ZAR1-AvrAC example
stated above, we hypothesize that one might be the
direct target of pathogen effector while the other is the
adapter protein of Rp1.

A metabolon is defined as an assembly of cooperat-
ing enzymes existing as a complex within the cell often
associated with a structural complex. The complex is
held together through noncovalent interactions and
enables the efficient channeling of ametabolite between
two or more active sites, so-called “metabolic channel-
ing” in which processing of metabolic intermediates
occurs more quickly than would be expected in a ho-
mogeneous aqueous environment. The enzymes of the
Calvin and tricarboxylic acid cycles are among the best
characterized metabolons (Winkel, 2004; Jørgensen
et al., 2005). Metabolic channeling has been demon-
strated to occur in the plant phenylpropanoid pathway,

Figure 6. Investigating the interactions be-
tween HCT1806/4918 and CCoAOMTs by
Co-IP assay. EGFP- and 33HA-tagged con-
structs were transiently coexpressed in N.
benthamiana, and samples were collected at
30 hpi for Co-IP assay. Protein extracts were
immunoprecipitated (IP) by anti-GFP (a-GFP)
microbeads and detected (immunblotted [IB])
by anti-GFP and anti-HA (a-HA) antibodies.
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and the enzymes of the phenylpropanoid pathway are
thought to form such a metabolon, held in place by
close associations with membrane-integral cytochrome
P450 enzymes (Winkel, 2004; Jørgensen et al., 2005; Lee
et al., 2012). Of particular interest here is the suggestion
that HCT (also known as CST for hydroxycinnamoyl-
CoA:shikimate hydroxycinnamoyltransferase) and
CCoAOMT directly interact in this metabolon, as
would be expected of two enzymes catalyzing adjacent
steps in the pathway (Winkel, 2004; Jørgensen et al.,
2005). In this article, we provide direct evidence for
such an interaction. As discussed above, the phenyl-
propanoid pathway is of central importance to plant
defense. It is therefore not surprising that pathogen
effectors may target it and that, in turn, NLR resistance
proteins might guard specific components.

In summary, homologs of both CCoAOMT and HCT
(CCoAOMT2 and HCT1806/HCT4918, respectively),
which catalyze sequential steps in the lignin biosyn-
thesis pathway, were previously identified as candidate
genes for modulating the severity of HR induced by
Rp1-D21. With this study we have now validated the
roles of both as cofactors of Rp1 proteins, and we pro-
vide evidence that CCoAOMT2 forms complex(es) with
HCT1806/HCT4918 and Rp1 to regulate the activity of
Rp1 proteins. Though the protein interaction data were

Figure 8. Model for the suppression and activation of Rp1 proteins,
adapted from our previous study (Wang et al., 2015c). Rp1 proteins form
homo- and heteromers. The inhibited state of Rp1 proteins (left) is main-
tained through autoinhibitory intramolecular interaction between the CC
and NB-ARC domains and also through interactions between CCoAOMT/
HCT complex and the CC domain. In the activated state (right), pathogen
effectors modify CCoAOMT/HCT complex, disrupting the interaction be-
tween Rp1 proteins and CCoAOMT/HCT. This in turn disrupts the auto-
inhibitory intramolecular interactions; the interaction between the LRR
and NB-ARC domains is strengthened and the CC/NB-ARC interaction is
weakened, leading to activation and HR. Blue and pink triangles indicate
ADP and ATP, respectively. Arrows indicate intra- and intermolecular in-
teractions. The putative pathogen effector is labeled in red star.

Figure 7. Investigating the interactions
between CCD21, HCT and CCoAOMT by
Co-IP assay. EGFP-, Myc-, and 33HA-
tagged constructs were transiently coex-
pressed in N. benthamiana, and samples
were collected at 30 hpi for Co-IP assay.
Protein extracts were immunoprecipitated
(IP) by anti-GFP (a-GFP) microbeads and
detected (immunblotted [IB]) by a-GFP,
anti-Myc (a-Myc), and anti-HA (a-HA)
antibodies.
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obtained from transient expression in N. benthamiana,
we assume there are similar interactions in maize. We
hope in the future to verify these results in maize,
though these experiments are much more technically
challenging. These data form the basis for the continu-
ing investigation of the association between Rp1 and
other NLR proteins with these and other proteins of the
phenylpropanoid pathway metabolon.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Wild-type Nicotiana benthamiana plants were grown at 23°C with a cycle of
16 h light/8 h dark. Maize (Zea mays) line B73 harboring Rp1-D21was used for
isolating the cDNA of CCoAOMT1 and CCoAOMT2 homologous genes. The
maize seedlings were grown in constant 22°C with 12 h day/12 h dark.

Plasmid Construction

Rp1-D21, Rp1-dp2, and the CC domain of Rp1-D21 (CCD21) were constructed
into pGWB14 (with a 33HA epitope tag in the C terminus) as reported in our
previous study (Wang et al., 2015d). GUS:EGFP, CCD21:EGFP, HCT1806:EGFP,
HCT4918:HA, and HCT1806:HA were generated previously (Wang et al., 2015c,
2015d). CCD21:Myc was constructed by cloning CCD21 into pGWB617 (with
a Myc epitope tag in the C terminus). CCoAOMT1 and CCoAOMT2 genes
were amplified from cDNA by primers (CCoAOMT-B1, GGGGACAAGT-
TTGTACAAAAAAGCAGGCTCCATGGCCACCACGGCGACC; CCoAOMT-
B2, GGGGACCACTTTGTACAAGAAAGCTGGGTGCTTGACGCGGCGGC-
AGAG) and cloned into pDONR207 vector by BP reactions. After sequencing, they
were transferred into pSITEII-N1-EGFPvector (Martin et al., 2009) by LR reactions.

Site-Directed Mutagenesis

Overlapping extension PCR primer (GTCGCCGACGGGGAGCTGGCA-
GATCTCGACGGTGTCGTCGGC) was designed for generating the site-
directed mutation: CCoAOMT2(R244T). The site-directed mutation was
cloned into pDONR207 vector by BP reactions and verified by sequencing. Then
it was moved to Gateway vector pSITEII-N1-EGFP by LR reactions.

Sequence Alignment and Phylogenetic Analysis

CCoAOMT amino acids sequences from different plant species were aligned
byClustalW (www.ebi.ac.uk) and edited by BioEdit software. The phylogenetic
tree was constructed with the MEGA 6.0 software (Tamura et al., 2013). The
specific algorithms used for tree building was neighbor-joining according to
previous studies (Wang et al., 2011, 2015b).

Agrobacterium tumefaciens-Mediated Transient Expression

A. tumefaciens strain GV3101 (pMP90) transformed with binary vector con-
structs was grown at 28°C overnight in 10 mL of L-broth medium supple-
mented with appropriate antibiotics. The detailed procedures were performed
according to our previous studies (Wang et al., 2015c, 2015d). Unless otherwise
indicated, all the experiments were repeated three times with substantially
similar results.

Ion Leakage Measurement

Ion leakage was measured according to previous studies (Wang and Balint-
Kurti, 2015; Wang et al., 2015c). Briefly, at least five leaf discs (1.2 cm diameter)
were collected from different plants and put in 4 mL of sterile water in a 15-mL
polypropylene tube. The samples were shaken at room temperature for 3 h, and
the conductivity (C1) was measured by a conductivity meter (model 4403;
Markson Science). Samples were then boiled for 15 min, and the total con-
ductivity (C2) was measured again. The ion leakage was calculated as C1/C2
ratio.

Protein Analysis

Three leaf discs (1.2 cm diameter) were collected from different single plants
at 30 h post inoculation (hpi) for protein expression analysis. The samples were
ground with prechilled plastic pestles in liquid nitrogen, and total protein was
extracted in 160 mL extraction buffer (20 mM Tris-HCl, pH 8.0, 150 mM NaCl,
10 mM DTT, 1 mM EDTA, pH 8.0, 0.1% SDS, 1% Triton X-100, 40 mM MG132,
and 13 plant protein protease inhibitor mixture [Sigma-Aldrich]). For the Co-IP
assay, EGFP-, Myc-, or 33HA-tagged constructs were transiently coexpressed
inN. benthamiana. Samples were collected at 30 hpi, and proteins were extracted
by grinding 0.8 g of leaf tissues in 2.4 mL extraction buffer (50 mM HEPES, pH
7.5, 50 mM NaCl, 4 mM DTT, 10 mM EDTA, pH 8.0, 0.5% Triton X-100, and 13
plant protein protease inhibitor mixture [Sigma-Aldrich]). The detailed proce-
dures for protein analysis were conducted according to our previous study
(Wang et al., 2015c, 2015d). HA detection was performed using a 1:350 dilution
of anti-HA-HRP (horseradish peroxidase) (catalog no. 12013819001; Roche).
Myc detection was performed using a 1:8,000 dilution of primary mouse
monoclonal anti-Myc (catalog no. 05-724; Millipore), followed by hybridization
with a 1:15,000 dilution of anti-mouse-HRP second antibody (catalog no.
A4426; Sigma-Aldrich). GFP detection was performed using a 1:8,000 dilution
of primary mouse monoclonal anti-GFP (catalog no. ab1218; Abcam), followed
by hybridization with a 1:15,000 dilution of anti-mouse-HRP second antibody.
The HRP signal was detected by ECL substrate kit (Supersignal West femto
chemiluminescent substrate; Thermo Scientific).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: nucleotide sequences: Rp1-
D21 (KF951062), Rp1-dp2 (KF951063), CCoAOMT2-NC350 (KX110046),
CCoAOMT2-M37W (KX110057), and CCoAOMT2-B97 (KX110056); protein se-
quences: Rp1-D21 (AIW65617) and Rp1-dp2 (AIW65618); and CCoAOMT2-
NC350 (AND78162), CCoAOMT2-M37W (AND80699), CCoAOMT2-B97
(AND80698).
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