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Lignification of cell wall appositions is a conserved basal defense mechanism in the plant innate immune response. However,
the genetic pathway controlling defense-induced lignification remains unknown. Here, we demonstrate the Arabidopsis
thaliana SG2-type R2R3-MYB transcription factor MYB15 as a regulator of defense-induced lignification and basal immunity.
Loss of MYB15 reduces the content but not the composition of defense-induced lignin, whereas constitutive expression of
MYB15 increases lignin content independently of immune activation. Comparative transcriptional and metabolomics analyses
implicate MYB15 as necessary for the defense-induced synthesis of guaiacyl lignin and the basal synthesis of the coumarin
metabolite scopoletin. MYB15 directly binds to the secondary wall MYB-responsive element consensus sequence, which
encompasses the AC elements, to drive lignification. The myb715 and lignin biosynthetic mutants show increased
susceptibility to the bacterial pathogen Pseudomonas syringae, consistent with defense-induced lignin having a major role
in basal immunity. A scopoletin biosynthetic mutant also shows increased susceptibility independently of immune activation,
consistent with a role in preformed defense. Our results support a role for phenylalanine-derived small molecules in
preformed and inducible Arabidopsis defense, a role previously dominated by tryptophan-derived small molecules.
Understanding the regulatory network linking lignin biosynthesis to plant growth and defense will help lignin engineering
efforts to improve the production of biofuels and aromatic industrial products as well as increase disease resistance in energy

and agricultural crops.

INTRODUCTION

Lignin is essential for the structural integrity of the vascular cell
wall, providing mechanical support for plants to stand upright and
serving as a scaffold for long-distance water transport (Boerjan
et al., 2003); its role in vascular cell wall development may have
allowed land plants to dominate the terrestrial ecosystem (Weng
and Chapple, 2010). Lignin is also one of the most difficult bio-
polymers to degrade due to the nature and heterogeneity of its
linkages (Vanholme et al., 2010). Unfortunately, lignin makes plant
cell walls recalcitrant to conversion to fermentable sugars and
cellulose fibers for bioenergy uses and pulp/paper production,
respectively (Chen and Dixon, 2007; Dien et al., 2009; Novaes
et al., 2010). Because of its significant economic impact, lignin
biosynthesis is one of the most intensively studied subjects in
plant biochemistry, resulting in genetic, -omics, and systems-level
characterizations of the monolignol biosynthetic pathway in
Arabidopsis thaliana (Bonawitz and Chapple, 2010; Vanholme
et al., 2012), switchgrass (Panicum virgatum; Shen et al., 2013),
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and poplar (Populus trichocarpa; Shuford et al., 2012; Chen et al.,
2014).

Lignin may have also functioned as a defensive chemical barrier
against biotrophic pathogens in the first vascular plants (Raven,
1984). Defense-induced lignification is a conserved basal defense
mechanism in the plant immune response against (hemi)-
biotrophic pathogens in a wide range of plant species (Vance,
1980; Nicholson and Hammerschmidt, 1992; Siegrist et al., 1994;
Lange et al., 1995; Baayen et al., 1996; Smit and Dubery, 1997;
Menden et al., 2007; Bhuiyan et al., 2009) and has been used as
a biochemical marker of an activated immune response for
decades (Ride, 1975; Vance, 1980; Lawton and Lamb, 1987;
Robertsen, 1986; Lesney, 1989; Kishi-Kaboshi et al., 2010;
Adams-Phillips et al., 2010). Efforts to manipulate lignin content
and composition have primarily focused on the eleven enzymatic
steps of the monolignol biosynthetic pathway (Supplemental
Figure 1) (Boerjan et al., 2003; Li et al., 2008; Sattler et al., 2010;
Vanholme et al., 2013), in which monolignols are synthesized from
the amino acid L-phenylalanine, and then oxidatively polymerized
into p-hydroxyphenyl (H), guaiacyl (G), or syringl (S) units. While
genetic alterations in the monolignol pathway can impact plant
defense and growth, they do not distinguish between vascular cell
wall lignification and defense-induced lignification. Thus, it re-
mains unclear whether defense-induced lignification plays a sig-
nificant role in plant immunity, and if so, which component of
defense-induced lignin is important for successful defense
against (hemi)biotrophic pathogens.
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Plants have a multitiered pathogen recognition system. The first
layer involves the cell surface perception of conserved micro-
bial components (i.e., pathogen-/microbe-associated molecu-
lar patterns [MAMPs]) and pathogen-generated plant signal
molecules (damage-associated molecular patterns) by pattern
recognition receptors and the subsequent activation of pattern-
triggered immunity or basal immunity (Boller and Felix, 2009;
Zipfel, 2014). The second layer involves the perception of race-
specific pathogen effectors on the cell surface and in the cytosol
by resistance (R) proteins and the subsequent activation of ef-
fector-triggered immunity or R-mediated immunity (Jones and
Dangl, 2006). More importantly, the microbial elicitation of basal
or R-mediated immunity has been shown to activate the bio-
synthesis and deposition of lignin in cell wall appositions
(Robertsen, 1986; Lesney, 1989; Lee et al., 2001; Kishi-Kaboshi
et al., 2010; Adams-Phillips et al., 2010).

The monolignol pathway contributes to local resistance to
(hemi)biotrophic pathogens. For example, in wheat (Triticum
aestivum), transient downregulation of monolignol pathway
enzymes phenylalanine ammonia-lyase (PAL), caffeoyl-CoA
O-methyltransferase (CCoAOMT), caffeic acid O-methyltransferase
(COMT), and cinnamyl alcohol dehydrogenase (CAD), individually
and pairwise, by RNAi-mediated gene silencing led to decreased
basal immunity or penetration resistance to the virulent and
nonhost biotrophic fungal pathogens Blumeria graminis f. sp tritici
and Blumeria graminis f. sp hordei, respectively (Bhuiyan et al.,
2009). In addition, specific inhibition of the monolignol pathway
enzyme cinnamoyl-CoA reductase (CCR) led to repressed
R-mediated immunity to the biotrophic fungal pathogen Puccinia
graminis (Moerschbacher et al., 1990). In rice (Oryza sativa), CCR
may also contribute to R-mediated immunity against the hemi-
biotrophic fungal pathogen Magnaporthe grisea (Kawasaki et al.,
2006; Ono et al., 2001). In Arabidopsis and tobacco (Nicotiana
tabacum), loss or downregulation of PAL led to decreased basal
immunity to the hemibiotrophic bacterial pathogen Pseudomonas
syringae (Huang et al., 2010) and to the biotrophic viral pathogen
tobacco mosaic virus (Elkind et al., 1990; Pallas et al., 1996),
respectively. Because PAL is also involved in biosynthesis of the
defense signal molecule salicylic acid (SA), which mediates local
and systemic resistance to many (hemi)biotrophic pathogens
(Sticher et al., 1997), it remains unclear whether the reduced re-
sistance in PAL-deficient plants is due to significant reductions in
lignin, SA, or both.

The lignin polymer in angiosperm plants is typically composed
of G- and S-units with low to trace amounts of H units, whereas the
lignin from nonflowering vascular plants is mostly composed of G
units with minor amounts of H units (Vanholme et al., 2010). The
ratio of S- to G-units in lignin indicates the degree and nature of
polymeric cross-linking. S-rich lignin is less condensed, linked by
more labile ether bonds at the 4-hydroxyl position (Ferrer et al.,
2008), and thus more amenable to degradation. In contrast, G-rich
lignin is more cross-linked due to a greater proportion of biphenyl
and other carbon-carbon bonds and thus is more recalcitrant to
depolymerization than S-rich lignin. G-rich lignin should be
a better defensive barrier against pathogens but increases in
G-lignin content in Arabidopsis through genetic manipulation of
the monolignol pathway has led to a reduction, not increase, in
R-mediated immunity to the hemibiotrophic bacterial pathogen

P. syringae (Goujon et al., 2003; Quentin etal., 2009). Thus, therole
of G-rich lignin in basal immunity remains unknown. Defense-
induced lignin appears to have increased levels of H-units
compared with lignin found in vascular cell walls (Ride, 1975;
Hammerschmidt et al., 1985; Doster and Bostock, 1988; Robertsen
and Svalheim, 1990; Lange et al., 1995), but the functional relevance
for this is not known.

Recently, transcription factors have been used to manipulate
lignin content and composition of vascular cell walls in a variety of
plant species (Li et al., 2008; Sattler et al., 2010; Zhou et al., 2009;
Zhong and Ye, 2009; Scully et al., 2016). In Arabidopsis, at least
four subfamilies of R2R3-MYB transcription factors have been
shown to transactivate the promoters of monolignol pathway
genes, including MYB85, the SG3-type R2R3-MYBs MYB58 and
MYBG63, the SG13-type R2R3-MYBs MYB46 and MYB83, and
related MYBs MYB20, MYB42, and MYB43 (Newman et al., 2004;
Zhong et al., 2007, 2008; McCarthy et al., 2009: Zhou et al., 2009).
Of these, only the SG3-type R2R3-MYBs MYB58 and MYB63
have been shown to directly activate nearly all of the genes in the
monolignol pathway (Zhou et al., 2009). Overexpression of MYB58
or its co-ortholog MYB63 specifically activated the monolignol
pathway and lignin accumulation at the expense of biomass
production (Zhou et al., 2009). Conversely, dominant repression of
their functions reduced lignin content at the expense of upright
inflorescence development (Zhou et al., 2009). While the role of
SG3-type R2R3-MYBs in vascular cell wall lignification appears to
be conserved in dicot plants (Zhong and Ye, 2009), their role in
lignification in monocots appears unclear. MYB58/63 orthologs in
sorghum (Sorghum bicolor) and maize (Zea mays; e.g., SbMYB60
and ZmMYB19/Zm1) induced marginal increases in lignin content
(Scully et al., 2016) and reduced metabolic flux to the monolignol
pathway by activating the rival flavonoid biosynthetic pathway
(Franken et al., 1994). In addition, it is not known whether MYB58/
63 can regulate defense-induced lignification in Arabidopsis or
whether another gene pathway not yet described controls defense-
induced lignification in Arabidopsis and other plant species.

The transcriptional regulation of lignification is a topic of great
interest because of its potential utility in developing low- or high-
lignin biomass feedstocks and disease-resistant crops. Here, we
show the SG2-type R2R3-MYB transcription factor MYB15 as
a novel regulator of inducible and preformed plant defense.
MYB15 is required for the defense-induced synthesis of G-rich
lignin and the constitutive synthesis of the coumarin metabolite
scopoletin, both of which contribute to disease resistance against
a hemibiotrophic bacterial pathogen.

RESULTS

MYB15 Is Necessary for Defense-Induced Lignification

Basal immunity has been shown to transcriptionally activate the
monolignol biosynthetic pathway in different plant species
(Lawton and Lamb, 1987; Kaku et al., 2006; Zipfel et al., 2006;
Denoux et al., 2008). To identify transcriptional regulators involved
in defense-induced lignification, we used the MAMP elicitor
flg22 —the bioactive epitope of bacterial flagellin (Gomez-Gomez
and Boller, 2000)—to transcriptionally activate the monolignol



pathway in Arabidopsis seedlings under the same conditions as
a previous transcriptomic profiling study (Denoux et al., 2008). We
then screened a collection of Arabidopsis mutants defective in
flg22-inducible transcription factors (Clay et al., 2009) using
phloroglucinol-HCI staining, which specifically detects con-
iferaldehyde end groups of G-lignin units (Clifford, 1974). Con-
sistent with a previous study (Adams-Phillips et al., 2010), flg22
induces uniform staining of cotyledons in wild-type plants but not
in the fls2 mutant (Figure 1A), which lacks the functional flg22
receptor (Gémez-Gémez and Boller, 2002). These results indicate
that the observed lignification is a consequence of flg22 per-
ception. We identified two loss-of-function T-DNA insertion
mutants of MYB15, myb15-1 and myb15-2 (Figure 1B), that are
impaired in the flg22-induced lignin response (Figure 1A). Con-
sistent with a previous study (Adams-Phillips et al., 2010), the
MAMP elicitor elf26, a bioactive epitope of bacterial EF-Tu (Kunze
etal., 2004), also induces lignification in wild-type plants but not in
the efr mutant (Supplemental Figure 2A), which lacks the func-
tional elf26 receptor (Zipfel et al., 2006). MYB15 is not only
transcriptionally upregulated in response to elf26 (Zipfel et al.,
2006), butthe myb 15 mutants are alsoimpaired in the elf26-induced
lignin response (Supplemental Figure 2A), demonstrating a con-
served requirement for MYB15 in lignification associated with basal
immunity. In addition to flg22 and elf26, MYB15 is reportedly up-
regulated 2.5-fold in response to the bacterial MAMP elicitor
harpinNg, (Liu et al., 2010).

To investigate whether MYB15 is sufficient to induce lignifi-
cation, we used the two-component glucocorticoid-inducible
system (Aoyama and Chua, 1997; McNellis et al., 1998) to
generate myb15-1 mutant plants that in the presence of the
glucocorticoid hormone dexamethasone (Dex) express a wild-
type copy of the MYB15 gene with a C-terminal fusion to 6x
c-Myc (DEX:MYB15-myc). In addition, we used the CaMV35S
promoter to generate myb15-1 mutant plants that constitu-
tively express the wild-type MYB15 gene (35S:MYB15). Both
induced and constitutive expression of MYB15 restored the
flg22-induced lignin response in the myb15-1 mutant to wild-
type levels (Figure 1D; Supplemental Figure 2A).

MYB15 is an SG2-type R2R3-MYB transcription factor, con-
taining a pair of highly conserved SG2 motifs in its C-terminal
region (Stracke et al., 2001) (Figure 1B; Supplemental Figure 3). Itis
reportedly expressed constitutively at low levels during both
vegetative and reproductive growths (Ding et al., 2009). Phy-
logenetic analysis and sequence alignment indicate MYB15 is
closely related to the SG3-type R2R3-MYB transcription factors
MYB58 and MYB63 (Supplemental Figures 3 and 4), which are
involved in vascular cell wall lignification (Zhou et al., 2009).
While MYB15 is transcriptionally upregulated in response to
flg22, MYB58 and MYBG63 are transcriptionally repressed or
largely unchanged, respectively, in a MYB15-independent
manner (Figure 1C). To confirm that SG3-type R2R3-MYBs do
not regulate defense-induced lignification, we isolated T-DNA
insertion mutants of MYB58 and MYB63 (Supplemental Figure
5A) and observed that the single mutants myb58 and myb63
and the double mutant myb58/63 are not impaired in the flg22-
induced lignin response (Figure 1A). These results indicate that
MYB15 mediates defense-induced lignification independently
of MYB58/63.
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Defense-Induced Lignification Contributes to Plant Growth

Perturbations in lignin biosynthesis often affect inflorescence
growth. For example, the inflorescence stems of monolignol
pathway mutants cse-2 and ccr1-6 reportedly are 37% and 34%
shorter, respectively, than the wild type, when grown under short-
day tolong-day conditions (Van Acker et al.,2013; Vanholme et al.,
2013). To investigate whether perturbations in the regulation of
lignin biosynthesis also affect plant growth, we compared the
inflorescence stem heights of SG2- and SG3-type R2R3-MYB
transcription factor mutants with those of the wild type and
monolignol pathway mutants when grown under day-neutral to
long-day conditions. While the myb58 and myb63 mutants have
slightly reduced inflorescence growths (4.6 % shorter than the wild
type) (Supplemental Figure 5A), the myb58/63 double mutant is
comparable to the monolignol pathway mutant cse-2 (23.1 and
28.3% shorter than the wild type, respectively) (Supplemental
Figure 5A). Similarly, the myb15-1 and myb15-2 mutants have
slightly reduced inflorescence growths (from 11.1 to 13.3%
shorter than the wild type) (Supplemental Figure 5A) and are
comparable to the monolignol pathway mutants pal7-3 and
ccr1-6 (16.7 and 13.9% shorter than the wild type, respectively)
(Supplemental Figure 5B). These results suggest that vascular cell
wall lignification and defense-induced lignification both contribute
to plant growth.

MYB15 Is Sufficient for flg22-Induced Lignification

As phloroglucinol-HCI staining revealed qualitative difference in
lignification between the wild type and myb 15 mutants, we further
measured lignin content in whole seedlings using the acetyl
bromide (AcBr) method (Moreira-Vilar et al., 2014). Mature wild-
type (Col-0 ecotype) inflorescence stems reportedly contain
145 to 200 mg of AcBr lignin per gram of dry cell wall residue
(g CWR) (Rohde et al., 2004; Van Acker et al., 2013). By contrast,
11-d-old wild-type seedlings contain 35.2 + 4.34 mg lignin per g
CWR (mean = sp of four independent experiments) (Figures 2A to
2D), which is 4-to 5.7-fold less lignin than stem tissues containing
fully lignified vascular cells. Consistent with our phloroglucinol-
HCI staining results, flg22 treatment slightly but significantly
increased the lignin content in wild-type plants (Figure 2A). Sur-
prisingly, loss and gain of MYB15 function reduced and increased
lignin content, respectively, independently of immune activation
(Figures 2B to 2D). The phloroglucinol-HCI staining method
appears not able to detect lignin accumulation in seedlings in
the absence of flg22 elicitation and thus should not be used
to qualitatively measure lignification in unelicited seedlings.
These results suggest that MYB15 is sufficient to activate lignin
biosynthesis.

Lignin monomer composition was evaluated by the de-
rivatization followed by reductive cleavage (DFRC) method (Lu
and Ralph, 1998), a procedure specific for B-O-4-linked lignin
units. Lignin in wild-type stems is composed of 291.7 =
152.8 umol G-units and 175.2 = 94.5 umol S units per g CWR
(mean = sp; Vargas et al., 2016), with the S-unit content increasing
from <6 to >26 mole percent during stem development (Meyer
et al., 1998). By contrast, lignin in 11-d-old wild-type seedlings is
composed of 0.69 * 0.27 umol G-units per g CWR (mean = sp of
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Figure 1. MYB15 Is Required for Defense-Induced Lignification.
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(A) Lignin analysis by phloroglucinol-HCI staining. Seven-day-old seedlings elicited with 1 uM flg22 for 48 h. Samples were stained at the same time, and

intensity of purple-red staining correlates with lignin content.

(B) Schematic representation of the MYB15 gene (top) and protein (bottom). Gray boxes indicate exons; triangles, positions of T-DNA insertions; thick black
line, the corresponding transcript region amplified by qPCR in (D); dashed lines, the corresponding T-DNA insertion sites.

(C) gPCR analysis of MYB15, MYB58, and MYBG63 transcripts in 9-d-old seedlings elicited with water or 1 uM flg22 for 3 h. Expression values are normalized
to that of e/F4A1 housekeeping gene and relative to those of water-treated wild-type sample. Data represent mean =+ sp of four replicates of 10 to
15 seedlings each. Different letters denote statistically significant differences (P < 0.05, two-tailed t test).

(D) Lignin analysis of two independent DEX:MYB15 lines by phloroglucinol-HCl staining. Seven-day-old seedlings elicited with 20 uM Dex and/or 1 uM flg22

for 72 h. Samples were stained at the same time.

two separate experiments) with trace amounts of S- and H-units
detected in only some of the samples (Figures 2E and 2F).
Consistent with our AcBr lignin results, flg22 treatment increased
overall lignin content to >2.3 += 0.03 umol per g CWR (Figure 2E),
with the S-unit content increasing to 26.7 mole percent (Figure 2F).
Similarly, MYB15 overexpression increased overall lignin content
t01.17 = 0.21 umol per g CWR (Figure 2E), with the S-unit content
increasing to 7 mole percent (Figure 2F). Consistent with the
phloroglucinol-HClI staining results (Supplemental Figure 2D), the
combination of flg22 treatment and MYB15 overexpression ad-
ditively increased overall lignin content to 7.21 = 0.18 umol of
lignin per g CWR (Figure 2E), with the S-unit content increasing to
38.6 mole percent (Figure 2F). Together, these results lend further
support to the sufficiency of MYB15 to activate lignification.
Upon flg22 elicitation, myb15 mutants have reduced G- and
S-lignin content compared with wild-type plants (Figure 2E),
consistent with the AcBr lignin results in unelicited plants (Figures

2B and 2C). We could not confirm that the myb15 mutants have
reduced lignin content compared with wild-type plants in the
absence of immune activation (Figure 2E), possibly for the reason
that the low lignin amounts present in unelicited seedlings are near
the limit of detection with this method.

MYB15 Activates Genes Involved in the Biosynthesis of
G-Lignin, but Not S-Lignin

OurDFRCrresults indicate that defense-induced ligninin seedlings
contains a greater percentage of S-units than vascular lignin
(Figure 2F). However, the percentage of S-units in myb 15 mutants
is unchanged upon immune activation compared with wild-type
plants (Figure 2F), suggesting that MYB15 is not responsible for
the mole percent increase in S-units in defense-induced lignin.
Lignin monomer composition is dictated by the expression
of the monolignol pathway gene ferulate-5-hydroxylase (F5H)
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(A) to (D) Lignin analysis by AcBr method. Data represent the mean = sp of six ([A] and [B]), three (C), and eight (D) replicates of 30 to 45 seedlings each.
Different letters denote statistically significant differences (P < 0.05, two-tailed t test). Experiments were repeated once or twice, producing similar results.

(A) Nine-day-old seedlings elicited with water or 2 uM flg22 for 48 h.
(B) and (D) Unelicited 10-d-old seedlings.
(C) Nine-day-old seedlings treated with water or 20 uM Dex for 48 h.

(E) and (F) Lignin analysis by DFRC method. Nine-day-old seedlings elicited with water or 2 uM flg22 for 48 h. Data represent the mean =+ sp of three replicates
of 30 to 45 seedlings each. Different letters denote statistically significant differences (P < 0.05, two-tailed t test).

(Meyer et al., 1998), which is involved in the branch of the mon-
olignol pathway that generates the S-units. Upregulation of F5H
activity diverts flux away from G-lignin biosynthesis toward
S-lignin (Supplemental Figure 1), resulting in lignin with higher S/G
molar ratios. To determine whether MYB15 activates F5H ex-
pression, we measured F5H transcript levels in the wild type,
myb15 mutants, and MYB15-overexpressing lines by gPCR.
Consistent with our lignin analysis, all 11 genes in the monolignol

pathway, including F5H, are upregulated in wild-type seedlings in
response to 1 uM flg22 for 3 h (Figures 3A and 3B). F5H transcript
levels are also similarly regulated in flg22-elicited myb15-1 and
myb15-2 mutants (Figures 3B and 3C) and in unelicited MYB15-
overexpressing lines (Figures 3B and 3D). By contrast, the ex-
pression of all other monolignol pathway genes are significantly
reduced in flg22-elicited myb 15 mutants (Figures 3B and 3C) and
increased in unelicited MYB15-overexpresssing lines compared
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with the wild type (Figures 3B and 3D). Interestingly, MYB58 also
activates all monolignol pathway genes except F5H in the
developing stem (Zhou et al., 2009), lending further support that
SG2-type and SG3-type R2R3-MYBs are functionally related.
Together with our lignin analysis, these findings indicate that
MYB15 mediates defense-induced synthesis of G-lignin, but not
S-lignin.

In the developing stem, F5H is activated by MYB103 tran-
scription factor (Ohman et al., 2013). However, MYB103 and its
close homologs MYB67 and MYB26 (Supplemental Figure 4)
are not upregulated in wild-type seedlings in response to flg22
treatment (Denoux et al., 2008; data not shown). Thus, the gene
pathway regulating defense-induced synthesis of S-lignin re-
mains unknown.

MYB15 Binds to Gene Promoters Required for
G-Lignin Biosynthesis

MYB15 reportedly binds to type IIG [(T/C)ACC(A/T)A(A/C)C] Myb
recognition sequences in electrophoretic mobility shift assays
(Romero et al., 1998; Agarwal et al., 2006). This recognition se-
quence encompasses the 7-bp secondary wall MYB-responsive
element (SMRE) [ACCA/T)A(A/C)(T/C)] that is recognized by
SG13-type R2R3-MYBs to drive secondary cell wall biosynthesis
(Zhong and Ye, 2012). This SMRE consensus sequence in turn
encompasses the three AC elements, AC-I (ACCTACC), AC-II
(ACCAACC), and AC-IIl (ACCTAAC), that are present in nearly all
monolignol pathway gene promoters except the COMT gene
promoter (Supplemental Table 1) (Raes et al., 2003). In addition to
the AC elements, three SMREs, SMRE-1 (ACCAAAT), SMRE-2
(ACCAACT), and SMRE-3 (ACCAAAC), are present in the majority
of monolignol pathway gene promoters including the COMT gene
promoter, which contains a single SMRE-1.

To determine whether MYB15 directly binds to AC/SMRE-
containing regions of monolignol pathway gene promoters,
we performed chromatin immunoprecipitation (ChIP) on 4-h
mock- and Dex-treated myb15-1/DEX:MYB15-myc seedlings
using antibodies specific to myc (Supplemental Figure 6). After
immunoprecipitation, PCR was used to amplify AC/SMRE-
containing regions within 1000 bp upstream of the translational
start site of all 11 genes in the monolignol pathway and the
scopoletin biosynthetic gene F6’H1. MYB15 binds strongly
(>10-fold enrichment) to the AC-II/llland SMRE-2/3-containing
regions (Supplemental Table 1) of the PAL71 and C4H gene
promoters (Figure 4) and the SMRE-1-containing region of the
COMT gene promoter (Figure 4). By comparison, MYB15 binds
weakly (1.5- to 10-fold enrichment) to the AC-I/Il and SMRE-1/
2-containing regions (Supplemental Table 1) of the HCT,
CCoAOMT1, CSE, and CAD5 gene promoters (Figure 4).
MYB15 did not bind to the AC-I/II/lll and SMRE-3-containing
regions ofthe4CL1,C3H,CCR1,and F5H promoters (Figure 4),
nor did it bind to the SMRE-1-containing region of the F6’H1
promoter (Figure 4). These results are consistent with the
proposed role of AC elements as the common cis-regulatory
elements driving the coordinated expression of G-lignin bio-
synthesisinvascularcells (Hatton et al., 1995; Raes et al.,2003)
and suggest that SMREs may also contribute to the tran-
scriptional regulation of lignin biosynthesis.

MYB15-Dependent Synthesis of G-Lignin Contributes to
Basal Immunity

To evaluate whether MYB15 and other specific regulators of lignin
biosynthesis contribute to Arabidopsis basal immunity, we
challenged myb15, myb58, and myb63 mutants with the virulent
bacterial pathogen P. syringae pv tomato DC3000 (Pto DC3000).
Whole seedlings and adult leaves of myb15 mutants, but not
myb58 and myb63, are both more susceptible to Pto DC3000
infection (Figure 5A). Their immune-deficient phenotypes are
comparable to the fls2 mutant lacking the functional flg22 receptor
(Figure 5A). Consistent with MYB15’s role in basal disease re-
sistance against a bacterial pathogen, Dex-induced expression of
MYB15 restores basal resistance in myb15-1 seedlings and adult
leaves to wild-type levels (Figure 5B).

To determine whether defense-induced lignification contrib-
utes to basal immunity, we performed lignin analysis and bacterial
infection assays on lignin biosynthetic mutants. In the stem, the
loss of PAL1, CSE, or CCR1 all result in reductions in overall lignin
content (Jones et al., 2001; Rohde et al., 2004; Vanholme et al.,
2013) but with differential effects on the S/G molar ratio. Namely,
the S/G molar ratio is wild-type in the pal7-3 mutant (Rohde et al.,
2004), increased in the cse-2 mutant (mainly due to a reduction in
G-units; Vanholme et al., 2013), and decreased in the ccr1-6
mutant (mainly due toadecrease in S-units; Van Ackeretal.,2013).
By contrast, the fah1-2 mutant, deficient in F5H activity and
S-lignin, accumulates wild-type levels of total lignin, with all flux
to S-lignin redirected to G-lignin (Meyer et al., 1998). Consistent
with the reported G-lignin content, the pal7-3 and cse-2, but not
the ccr1-6 and fah1-2, display reduced flg22-induced lignin re-
sponses by phloroglucinol-HCI staining (Figure 5C). In addition,
seedlings and adult leaves of pal7-3, cse-2, and ccr1-6 mutants
are more susceptible to Pto DC3000 infection than wild-type
plants (Figure 5D). Since CCR1 catalyzes the first specific step in
the synthesis of monolignols (Supplemental Figure 1), this finding
supports a general role for defense-induced lignification in basal
immunity.

Our lignin composition analysis indicated that defense-induced
synthesis of S-lignin occurs independently of MYB15 (Figure 2E).
To determine which major component of defense-induced lignin,
G or S, contributes to basal immunity against a hemibiotroph, we
performed bacterial infection assays on S-lignin mutants fah7-2
(f5 h) and omt1-2 (comt) and found they have a wild-type level of
resistance to Pto DC3000 (Figure 5D), providing genetic evidence
that S-lignin does not contribute to basal immunity. Together, our
results support a specific role of MYB15-dependent G-lignin
biosynthesis in basal immunity.

MYB15 Activates Synthesis of Soluble Phenolics
Independently of Immune Activation

The monolignol pathway also underpins the synthesis of anumber
of defense-inducible soluble phenolics such as the hydroxycin-
namic acid esters (HCAEs), hydroxycinnamic acid amides
(HCAAs), and coumarins (Supplemental Figure 1). AACT1, F6’H1,
and UGT84A1-4 catalyze the first specific steps in branch path-
ways synthesizing HCAAs, the coumarin scopoletin and HCAEs,
respectively (Lim et al., 2001; Kai et al., 2008; Muroi et al., 2009;
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Figure 3. MYB15 Activates Genes Involved in the Biosynthesis of G-Lignin, Not S-Lignin.

(A) Table of monolignol and branch pathway genes transcriptionally activated in response to fig22 elicitation. Nine-day-old wild-type seedlings elicited with
water or 1 uM flg22 for 3 h. Expression values are normalized to that of e/F4A1 housekeeping gene and relative to those of water-treated wild-type sample.
Data represent mean of four replicates of 10 to 15 seedlings each. P value determined by two-tailed t test.

(B) Heat map of relative gene expression levels of monolignol and branch pathway genes in (C) and (D).
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Figure 4. MYB15 Binds to Promoters of Monolignol Pathway Genes.

(A) ChIP was performed on 8-d-old myb15-1 seedlings containing DEX:MYB15-myc transgene and pretreated with mock solution (M) or 20 uM Dex (D) for
4 h. PCR analysis was performed on nuclear extracts prior to incubation with myc antibody (input) and after ChIP, using primers flanking regions containing
AC-like cis-elements (listed in Supplemental Table 2).

(B) Fold enrichment was determined by calculating the ratio of PCR product intensities in ChIP D/M to Input D/M. The mean fold enrichment of two
independent immunoprecipitation experiments is reported to the left of the graph.

(C) Schematic representations of monolignol pathway gene promoters with the amplified regions represented by black bars. Numbers indicate nucleotide
positions upstream of the translational start site.

Supplemental Figure 1). To investigate whether their synthesis is (Figures 3A and 3B). Loss of MYB15 function decreases flg22-
also regulated by MYB15, we measured AACT1, F6’H1, and induced expression of UGT84A1 and F6°’H1 (Figures 3B and 3C),
UGT84A1 transcript levels in wild-type, myb15 mutant, and whereas overexpression of MYB15 increases unelicited expres-
MYB15-overexpressing plants by gPCR. Consistent with previous sion of AACT1, UGT84A1, and F6°H1 (Figures 3B and 3D). These
transcriptomic study (Denoux et al., 2008), all three genes are results suggest that MYB15 also transcriptionally activates the
upregulated in wild-type seedlingsinresponseto 1 uMflg22 for3h production of HCAEs, HCAAs, and coumarins.

Figure 3. (continued).

(C) gPCR analysis of monolignol and branch pathway genes in 9-d-old seedlings elicited with 1 uM flg22 for 3 h. Expression values are normalized to that of
elF4A1 housekeeping gene and relative to those of flg22-treated wild-type sample. Data represent mean = sp of four replicates of 10 to 15 seedlings each.
Asterisks denote statistically significant differences from the wild type (P < 0.05, two-tailed t test; false discovery rate < 0.05).

(D) gPCR analysis of monolignol and branch pathway genes in unelicited 9-d-old seedlings. Expression values are normalized to that of elF4A1
housekeeping gene and relative to those of wild-type sample. Data represent mean = sp of four replicates of 10 to 15 seedlings each. Asterisks denote
statistically significant differences from the wild type (P < 0.05, two-tailed t test; false discovery rate < 0.05). qPCR experiments were repeated once,
producing similar results.
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Figure 5. MYB15-Dependent Synthesis of G-Lignin Contributes to Basal Resistance against the Virulent Bacterial Pathogen P. syringae.

(A), (B), and (D) Pathogen infection assays in 10-d-old seedlings (left) and 5-week-old leaves (right). Bacteria were extracted from untreated plants ([A] and
[C]) and from plants treated with 20 uM Dex for 6 h prior to surface-inoculation with Pto DC3000 (B). Data represent the mean = sp of five ([A], left; [B], left; [D],
left), four ([D], right), and three ([Al, right; [B], right) replicates. Different letters denote statistically significant differences (P < 0.05, two-tailed t test). FW, fresh

weight. Experiments were repeated once or twice, producing similar results.

(C) Lignin analysis by phloroglucinol-HCI staining of 9-d-old seedlings elicited with 1 uM flg22 for 48 h.

To confirm MYB15’s role in the production of defense-inducible
soluble phenolics, we measured their abundance in wild-type,
myb15 mutant, and MYB15-overexpressing plants by un-
targeted liquid chromatography-tandem mass spectrometry
(LC-MS/MS). The major defense-inducible HCAAs in Arabi-
dopsis are p-coumaroylagmatine (C1), feruloylagmatine (C2),
p-coumaroylputrescine (C3), and feruloylputrescine (C4)
(Supplemental Figure 1); their combined accumulation is cor-
related with increased resistance to the necrotrophic fungus
Alternaria brassicicola (Muroi et al., 2009). Consistent with
flg22-activated expression of AACT1 in wild-type and myb15
mutants (Figures 3A and 3B), the levels of HCAAs coumar-
oylagmatine, feruloylagmatine, and coumaroylputrescine are
increased in wild-type seedlings in response to 1 uM flg22 for
24 h (Figure 6B; Supplemental Figure 7) and unchanged or

increased in myb15 mutants (Figure 6B; Supplemental Figure
7). These findings indicate that defense-induced HCAA bio-
synthesis is independent of MYB15.

The major coumarins in Arabidopsis are scopoletin (D1) and its
glucoside (D2) (Supplemental Figure 1) (Kai et al., 2006). Contrary
to previous metabolomics study on flg22-elicited cell cultures
(Schenke et al., 2011) and flg22-activated expression of F6’H1
(Figures 3A and 3B), the levels of scopoletin and its glucoside
conjugate (D2; Supplemental Figure 1) are unchanged in flg22-
elicited wild-type seedlings (Figure 6B; Supplemental Figure 7).
However, scopoletin levels are reduced in flg22-elicited myb15
mutants compared with elicited wild-type and unelicited
myb15 plants (Figure 6B; Supplemental Figure 7). Conversely,
MYB15 overexpression increases the synthesis and accumulation
of scopoletin and its glucoside independently ofimmune activation
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Figure 6. MYB15 Increases the Synthesis of Soluble Phenolics Independently of flg22.

(A) Table of soluble phenolics detected in 10-d-old wild-type seedlings by LC-MS/MS and whose identities were inferred from accurate m/z meas-
urements of high-resolution mass spectrometry data and confirmed by their absence in biosynthetic mutants f6°h1, fah1-2, and aact1-1. RT, retention

time.

(B) Heat map of relative abundances of soluble phenolics in 10-d-old seedlings elicited with water or 1 uM flg22 for 3 h. Data representing mean = sp of five
replicates can be found in Supplemental Figure 7.
(C) HPLC-FLD analysis of total scopoletin in 9-d-old seedlings, either unelicited (left) or treated with 20 uM Dex for 24 h (right). Data represents the mean =+ sp
of four replicates of 10 to 15 seedlings each. Different letters denote statistically significant differences (P < 0.05, two-tailed t test).

(D) HPLC-DAD analysis of sinapate esters in 9-d-old seedlings, either unelicited (left and center) or treated with 20 uM Dex for 24 h (right). Peak area values
are normalized to that of internal standard. Data represents the mean = sp of four replicates of 10 to 15 seedlings each. Different letters denote statistically
significant differences (P < 0.05, two-tailed t test). HPLC experiments were repeated at least once, producing similar results.
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(Figure 6B; Supplemental Figure 7). To confirm scopoletin bio-
synthesis is MYB15-dependent, we measured total scopoletin (free
and conjugated) levels in myb15 mutants, MYB15-over-
expressing lines, and inducible MYB15-expressing lines by
HPLC-DAD. Scopoletin amounts can vary in response to environ-
mental stresses (Kai et al., 2006). At basal levels, the myb15 mutant
accumulates significantly less total scopoletin than the wild type
(Figure 6C), consistent with our LC-MS/MS data on unelicited myb15
plants (Figure 6B; Supplemental Figure 7). In addition, MYB15 over-
expression and Dex-induced MYB15 expression increase accumu-
lation of total scopoletin in wild-type plants and myb15-1 plants,
respectively (Figure 6C). These findings indicate that MYB15 con-
tributes to scopoletin biosynthesis independently ofimmune activation.

The major defense-inducible HCAEs (or sinapate esters) in Ara-
bidopsis are 1-sinapoylglucose (B2/B3) and 1,2-disinapoylglucose
(B4) (Supplemental Figure 1) (Konig et al., 2014). The accumulation of
1-sinapoylglucose is correlated with increased resistance to the
hemibiotrophic fungus Verticillium longisporum (Konig et al., 2014).
Contrary to flg22-activated expression of UGT84A1 (Figures 3A
and 3B), flg22 elicitation reduces or has no effect on the levels of
1-sinapoylglucose and 1,2-disinapoylglucose, respectively, in wild-
type and myb 15 seedlings (Figure 6B; Supplemental Figure 7). Even
though sinapate ester levels are unchanged in elicited wild-type
and myb15 plants, MYB15-overexpressing lines overaccumulate
1-sinapoylglucose and 1,2-disinapoylglucose independently of
immune activation (Figure 6B; Supplemental Figure 7). To confirm
that sinapate ester biosynthesis is not MYB15-dependent, we
measured the levels of 1-sinapoylglucose and 1,2-disinapoylglucose
in myb15 mutants, MYB15-overexpressing lines, and inducible
MYB15-expressing lines by HPLC-DAD. The myb15 mutants ac-
cumulate slightly less to wild-type levels of 1-sinapoylglucose (Figure
6D) and highly variable levels of 1,2-disinapoylglucose (Figure 6D).
The variability in sinapate ester levels in myb 15 mutants rules out
MYB15 playing a significant role in the biosynthesis of defense-
inducible sinapate esters. These results are largely consistent with
the LC-MS/MS data onthe myb 15 mutants (Figure 6B; Supplemental
Figure 7). Also consistent with the LC-MS/MS data, MYB15 over-
expression increases the accumulation of 1-sinapoylglucose and
1,2-disinapoylglucose in wild-type plants (Figure 6D), while Dex-
induced MYB15 expression increases the accumulation of only
1-sinapoylglucose in myb15-1 mutant plants (Figure 6D). These
findings suggest that MYB15 does not contribute significantly to si-
napate ester biosynthesis, although it can activate their biosynthesis,
possibly by increasing flux to the monolignol pathway.

Scopoletin Contributes to Plant Defense Independently of
Immune Activation

To evaluate whether defense-inducible HCAAs and MYB15-
dependent scopoletin contribute to Arabidopsis defense, we per-
formed bacterialinfection assays ontheaact1-1 andf6’h1-1 mutants,
which are deficient in HCAAs and scopoletin, respectively (Kai et al.,
2008; Muroi et al., 2009). Seedlings and adult leaves of the aact1-1
mutant have a wild-type level of resistance to Pto DC3000 (Figures 7A
and 7B), indicating that HCAAs do not play a role in antibacterial
defense. By contrast, seedlings and adult leaves of the f6’h1 mutant
are more susceptible to Pto DC3000 infection compared with the
wild type (Figures 7A and 7B). lts immune-deficient phenotype is
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comparable to that of the myb15-17 mutant (Figures 7A and 7B).
This finding suggests that scopoletin contributes to antibacterial
defense (Figure 7C).

Unlike G-lignin, the soluble phenolic scopoletin can be used to
test for a direct role in the plant innate immune response, either as
defense-inducible antibacterial or signaling compound, by pre-
immunizing wild-type adult leaves a physiological amount of sco-
poletin prior to infection with Pto DC3000 and measuring scopoletin’s
protective effect in the presence or absence of flg22 elicitation.
Unelicited 4-week-old Arabidopsis leaves are reported to accumu-
late 0.072 nmol scopoletin and 6.87 nmol scopoletin glucoside per
gram fresh weight, or 0.002 nmol scopoletin and 0.21 nmol sco-
poletin glucoside per leaf (assuming the average 4-week-old leaf
weighs 30 mg). By contrast, leaves infected with the fungal pathogen
Fusarium oxysporum accumulate 0.68 nmol scopoletin and 16 nmol
scopoletin glucoside per gram fresh weight, or 0.02 nmol scopoletin
and 0.48 nmol scopoletin glucoside per leaf (Kai et al., 2006). In-
filtration of unelicited leaves with 0.05 nmol of scopoletin per leaf does
not alter the wild-type level of resistance compared with the solvent
control (Figure 7C, left). However, cotreatment of leaves with sco-
poletin and flg22 confers greater susceptibility to bacterial infection
than the solvent control, biosynthetically related phenolic ferulic acid,
and non-native coumarin umbelliferone (Figure 7C). Since scopoletin
and its glucoside do not accumulate in the plant in response to fig22
elicitation (Figure 6B; Supplemental Figure 7), our findings altogether
suggest that scopoletin contributes to antibacterial defense in-
dependently of immune activation (Figure 7D) and may even ad-
versely affect basal immunity.

MYB13 and MYB14 Do Not Regulate
Defense-Induced Lignification

In addition to MYB15, Arabidopsis contains two additional SG2-
type R2R3-MYBs, MYB14 and MYB13 (Stracke et al., 2001)
(Supplemental Figures 3 and 4). Of the three transcription factors,
only MYB15is upregulated more than 2-fold in wild-type seedlings
in response to 1 uM flg22 for 3 h (Figure 8A). In addition, MYB13
and MYB14 gene expressionis unaffected inmyb15 mutants inthe
presence or absence of flg22 elicitation (Figure 8B), suggesting
that MYB15 functions independently of MYB13 and MYB14.
Like myb15, the myb13 and myb14 T-DNA insertion mutants
(Supplemental Figure 8), have normal vegetative growths
(Supplemental Figure 5C) and slightly reduced inflorescence stem
growths (Supplemental Figures 5B and 5D). To determine the extent
of functional redundancy among the SG2-type R2R3-MYBs, we
generated double and triple mutants by intermutant crosses of the
single mutants. The myb13 and myb14 single mutants; the myb13
myb14 (myb13/14), myb14 myb15 (myb14/15), and myb13 myb15
(myb13/15) double mutants; and the myb13 myb14 myb15 (myb13/
14/15) triple mutant have normal vegetative growth and slightly
reduced inflorescence growth (Supplemental Figures 5C and 5D),
resembling the myb15 single mutant. In addition, the myb13 and
myb14 single mutants and the myb13/74 double mutant exhibit
a wild-type level of flg22-induced lignin response (Figure 8C) and
PALT1 gene expression (Figure 8D), indicating that defense-induced
lignification is not affected in these mutants. The myb13/15 and
myb14/15 double mutants and the myb13/14/15 triple mutant re-
semble the single myb15 mutant both in the flg22-induced lignin
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Figure 7. Scopoletin Contributes to Antibacterial Defense Independently of Immune Activation.

(A) to (C) Pathogen infection assays in 10-d-old seedlings (A) and 5-week-old leaves ([B] and [C]). Bacteria were extracted from plants surface-inoculated
with Pto DC3000 ([A] and [B]) and from leaves preinfiltrated with 0.1 nmol flg22 and 0.05 nmol soluble phenolic per leaf for 24 h prior to infiltration with Pto
DC3000 (C). Data represent the mean = sp of three (A), four (B), six ([C], left), and eight ([C], right) replicates. Different letters denote statistically significant
differences (P < 0.05, two-tailed t test). FW, fresh weight. Experiments were repeated once ([A] and [B]) or twice (C), producing similar results.

(D) Schematic of monolignol and branch pathways involved in preformed and inducible defenses against a bacterial pathogen (red).

response (data not shown) and PAL7 gene expression (Figure 8D).
Together, the results suggest that MYB13 and MYB14 do not
contribute significantly to defense-induced lignification.

DISCUSSION

SG2-Type R2R3-MYBs in Phenylpropanoid Metabolism and
Basal Immunity

SG2-type R2R3-MYBs were first characterized by their activation
of PAL expression in response to various biotic stresses, including

wounding and microbial elicitors (Sugimoto et al., 2000; Maeda et al.,
2005). Later studies identified SG2 R2R3-MYBs as regulators of the
production of clade-specific, defense-inducible soluble phenolics
from the isoflavonoid and stilbenoid pathways in lotus (Lotus japo-
nicus) and grapevine (Vitis vinifera), respectively, in response to abiotic
stress (Shelton et al., 2012; Holl et al., 2013), as well as regulators of
cold stress-induced lignification in loquat (Xu et al., 2014). We show
MYB15 as necessary for defense-induced lignification. Consistent
with our findings, MYB15 reportedly activates the shikimate pathway
(Chen et al., 2006), which functions upstream of phenylpropanoid
metabolism. MYB15 also mediates harpin HrpNg,-induced resistance
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Figure 8. MYB15 Paralogs MYB13 and MYB14 Do Not Contribute to Defense-Induced Lignification.

(A) Table of SG2-type R2R3-MYB genes transcriptionally activated in response to flg22 elicitation. Nine-day-old wild-type seedlings elicited with water or
1 uM flg22 for 3 h. Expression values are normalized to that of e/F4A1 housekeeping gene and relative to those of water-treated wild-type sample. Data
represent mean of four replicates of 10 to 15 seedlings each. P value determined by two-tailed t test.

(B) gPCR analysis of MYB13 and MYB14 genes in 9-d-old seedlings elicited with water or 1 uM flg22 for 3 h. Expression values are normalized to that of
elF4A1 housekeeping gene and relative to those of water-treated wild-type sample. Data represent mean = sp of four replicates of 10 to 15 seedlings each.
Different letters denote statistically significant differences (P < 0.05, two-tailed t test).

(C) Lignin analysis by phloroglucinol-HCI staining. Nine-day-old seedlings elicited with 1 uM flg22 for 48 h.

(E) gPCR analysis of PAL1 gene in 9-d-old seedlings elicited with 1 uM flg22 for 3 h. Expression values are normalized to that of e/F4A1 housekeeping gene
and relative to those of wild-type sample. Data represent mean = sp of four replicates of 10 to 15 seedlings each. Different letters denote statistically

significant differences (P < 0.05, two-tailed t test).

to the phloem-feeding green peach aphid (Liu et al., 2010; Dong et al.,
2004), possibly by linking ethylene signaling (Dong et al., 2004; Yanhui
et al., 2006) to phenylpropanoid metabolism. Because HrpNFA is
secreted by the bacterial necrotrophic pathogen Erwinia amylovora,
necrotrophs may promote disease development by using MYB15
among others to divert plant defense responses such as phenyl-
propanoid metabolism toward (hemi)biotrophs. These studies sup-
port a universal role of SG2-type R2R3-MYBs in stress-induced
phenylpropanoid metabolism in seed plants.

Therole of SG2-type R2R3-MYBs in preformed plant defense is
less known. MYB15 is also necessary for basal expression of
scopoletin, a preformed defense mechanism that contributes
significantly to disease resistance against a biotrophic pathogen.
Interestingly, the MYB15 gene (At3g23250) is close to the map
position of the highest LOD-scoring quantitative trait loci (SCT3)
for scopoletin accumulation in Arabidopsis (Siwinska et al., 2014).
Scopoletin is also a preformed defense mechanism in tobacco,
contributing significantly to disease resistance against the ne-
crotrophic pathogen Alternaria alternata (Sun et al., 2014).

Although induced upon infection (~50 pg per gram of plant fresh
weight; Sun et al., 2014), scopoletin is also expressed basally
(~5 ng per gram of plant fresh weight; Sun et al., 2014) and thus
cannot be considered a phytoalexin (by definition, a plant-formed
antibiotic synthesized de novo after infection) (VanEtten et al.,
1994). It is not known whether SG2-type R2R3-MYBs in tobacco
are required for basal expression of scopoletin.

These studies suggest that SG2-type R2R3-MYBs are an in-
valuable resource for investigating preformed and inducible mech-
anisms of phenolic-based disease resistance in plants as well as the
evolution of regulatory pathways in plant secondary metabolism.

Possible Evolutionary Relationship between SG2-Type and
SG3-Type R2R3-MYBs

SG3-type R2R3-MYBs are involved in secondary cell wall for-
mation in a number of angiosperm species. Phylogenetic analysis
and sequence alignment suggest that SG2-type and SG3-type
R2R3-MYBs are most closely related to one another among the
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R2R3-MYB subgroups (Stracke et al., 2001; Supplemental Figure
4) and likely share a common evolutionary ancestor. The phe-
nylpropanoid pathway is hypothesized to have evolved concur-
rently with the adaptation of plants to terrestrial life and the
associated abiotic stresses (e.g., UV and drought) that accom-
pany that change of environment (Weng and Chapple, 2010). By
this logic, the regulation of stress-responsive pathways could
precede the regulation of vascular development. In support of this
hypothesis, MYB15 reportedly also reduces freezing tolerance
(Agarwal et al., 2006) and improves salt and drought tolerance by
enhancing abscisic acid sensitivity (Ding et al., 2009), although the
mechanism(s) underlying these abiotic stress responses and their
link(s) to phenylpropanoid metabolism remains unknown. Addi-
tional studies are needed to determine the ancestral function of the
SG2- and SG3-type R2R3-MYBs and their relationship to each
other.

Composition and Function of Defense-Induced Lignin

Arabidopsis has been the model system for studying the role of
tryptophan-derived small molecules in plant innate immunity
(Thomma et al., 1999; Bednarek et al., 2009; Clay et al., 2009;
Rajniak et al. 2015), but comparatively little is known about the role
of phenylalanine-derived small molecules and polymers in plant
immunity. Fundamentally, little is known about how defense-
induced lignin differs from its developmentally regulated coun-
terpart in composition and physical properties. Our chemical and
genetic data show that Arabidopsis defense-induced lignin is
predominantly comprised of G-units and that the G-unit content of
defense-induced lignin is mainly responsible for the MYB15-
mediated basal resistance to a hemibiotrophic pathogen.

G-units are commonly found in condensed forms of lignin (Yelle
etal., 2008). Ideally, for defense-induced lignin to be less prone to
degradation by microbial enzymes, the lignin structure should be
comprised of phenylcoumaran, resinol, and dibenzodioxocin
linkages. G-units can form the widest range of linkages due to
a methoxy group on the phenyl head, whereas S-units are steri-
cally hindered from making some of the more complex linkages
found in G-lignin (e.g., phenylcoumaran and dibenzodioxocin
linkages) due to the presence of a second methoxy group on the
phenyl head (Yelle et al., 2008).

Although H-lignin units are present in trace quantities in
unelicited and flg22-elicited Arabidopsis seedlings, they are the
major constituents of defense-induced lignin in spruce (Lange
etal., 1995), agymnosperm species. H-units form the simplest and
most flexible linkages. For this reason, it remains unclear whether
defense-induced lignin in gymnosperms would have the same
function as defense-induced lignin in angiosperms.

Regulatory Relationship between Branches of
Phenylpropanoid Metabolism

The scopoletin-deficient f6°’h1 mutant could contain additional
defects in the defense-induced synthesis of G-lignin or MYB15-
induced synthesis of soluble phenolics, which would account for
the discrepancy between the mutant and chemical data. This was
shown to be the case for the S-lignin-deficient fah7-2 mutant,
which is also affected in the synthesis of HCAEs and anthocyanins

(Anderson et al., 2015). Similarly, the f6’h1 mutant is also af-
fected in the synthesis of HCAEs 1-sinapoylglucose and 1,2-
disinapoylglucose in the absence of flg22 elicitation (Figure 6D),
whereas f6’h1 and the scopoletin transporter-deficient pdr9/
abcg37 mutant (Fourcroy et al., 2014) produce a wild-type level of
flg22-induced lignin response (Supplemental Figure 2B). Since
MYB15-induced synthesis of HCAEs is additionally affected in the
f6°’h1 mutant, it remains unclear whether scopoletin deficiency is
mainly responsible for the increased susceptibility observed inthe
f6’h1 mutant.

A recent quantitative trait loci mapping study for scopoletin
biosynthesis identified monolignol pathway genes HCT and
COMT as possible candidate regulators of scopoletin bio-
synthesis (Siwinska et al., 2014), lending further support to the
existence of a complex regulatory relationship between the
monolignol, HCAE, and scopoletin biosynthetic pathways.

Regulatory Relationship between Lignin, Growth,
and Defense

MYB15 and MYB58/63 are functionally related; that is, they both
activate lignin biosynthesis (Zhou et al., 2009; Figures 1 to 4) and
contribute to inflorescence growth (Supplemental Figure 5).
However, only MYB15 contributes to disease resistance to
a hemibiotrophic pathogen (Figure 5). These results suggest
afunctional distinction between defense-induced lignification and
vascular cell wall lignification.

Downregulation or knockout of monolignol pathway genes
hydroxycinnamoyl CoA:shikimate hydroxycinnamoyl transferase
(HCT), p-coumaroyl shikimate 3’-hydroxylase (C3'H), caffeoyl
shikimate esterase (CSE), and CCR (Supplemental Figure 1) result
in severe defects in plant growth and development (Elkind et al.,
1990; Piqguemal etal., 1998; Pingon et al.,2001; Franke et al., 2002,
O’Connell et al., 2002; Hoffmann et al., 2004; Rohde et al., 2004;
Reddy et al., 2005; Leplé et al., 2007; Besseau et al., 2007; Liet al.,
2010; Zhou et al., 2010; Gallego-Giraldo et al., 2011a; Vanholme
et al., 2013). These growth defects were often accompanied
by constitutive defense responses and increased immunity
to (hemi)biotrophic pathogens (Gallego- Giraldo et al., 2011a;
Lee et al., 2011). High levels of SA can also repress plant growth
(Rivas-San Vicente and Plasencia, 2011) and are thought to be
responsible for the growth defects in HCT-downregulated
Arabidopsis plants (Gallego-Giraldo et al., 2011b). By contrast,
C3'H-defective Arabidopsis plants accumulate wild-type levels of
SA, and its growth defects are caused instead by stress-induced
transcriptional repression of growth-promoting genes by the
transcriptional coregulator Mediator (Bonawitz et al., 2014).
MYB15 also plays a role in the complex regulatory relationship
between lignin, growth, and defense, and further research is
needed to determine the extent of MYB15’s involvement, if any, in
the growth defects observed in lignin biosynthetic mutants.

METHODS

Plant Materials and Growth Conditions

For transcriptional and metabolomics analyses, surface-sterilized seeds of
Arabidopsis thaliana accession Columbia-0 (Col-0) were sown in 12-well
microtiter plates sealed with Micropore tape (3M), each well containing ~10
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to 15 seeds and 1 mL of filter-sterilized 1X Murashige and Skoog (MS;
Murashige and Skoog, 1962) media (pH 5.7-5.8) (4.43 g/L MS basal
medium with vitamins [Phytotechnology Laboratories], 0.05% MES hydrate,
and 0.5% sucrose). For lignin quantification and ChlP, seeds were sown in
6-well microtiter dishes, each well containing ~30 to 45 seeds and 3 mL of
MS media. Media were exchanged for fresh media on day 7. Microtiter plates
were placed on grid-like shelves over water trays on a Floralight cart, and
plants were grown under long-day conditions (16-h light [70-80 pE m—2 s~'
lightintensity], 21°C, and 60% humidity). For bacterial infection experiments,
Arabidopsis were grown on soil (Fafard Growing Mix 2; Sun Gro Horticulture)
under day-neutral conditions (12-h light [50, dawn/dusk, and 100, midday,
nEm™2s~lightintensity], 22°C day/18°C night, and 60% humidity) for 4 weeks.
For inflorescence growth experiments, plants (five per pot) were grown first
under day-neutral conditions (12-h light) for 4 weeks and then transferred to
long-day conditions (16-h light [100 pE m~2 s~ light intensity]) to allow the
development of a single tall inflorescent stem. The following homozygous Col-
0 T-DNA insertion lines and mutants were obtained from the Arabidopsis Bi-
ological Resource Center: aact?-1 (SALK_097380), ccr1-6 (GABI_622C01),
cse-2 (SALK_023077), f6°’h1-1 (SALK_132418), fah1-2/f5 h (CS6172), fls2
(SAIL_691_C4), myb13 (GABI_274B08), myb14 (SALK_018565), myb15-1
(SALK_151976), myb15-2 (SK2722), myb58 (GABI_532E09), myb63
(GABI_762D10), omt1-2/comt (SALK_135290), pal1-3 (SALK_096474),
pdr9/abcg37 (SALK_035704), and ugt84A1 (SALK_129336). The T-DNA
insertion in myb15-1 is after amino acid 173; the T-DNA insertion in
myb15-2 is in the R3-MYB domain after amino acid 87.

Plant Binary Vector Construction and Transformation

To generate the 35S:MYB15 DNA construct, the MYB15 coding sequence
was PCR-amplified from genomic DNA using the primers MYB15gXhoF
(5'-AACTCGAGACTATGTTGCCAATAATCAA-3’) and MYB15gXbaR (5'-
TTCCCGGGGAGCCCGGCTAAGAGATC-3') and subcloned into the
Xhol/Stul sites of pJIM19(Bar), a pBIN19 derivative that contains a BASTA
resistance marker and a MCS downstream of the 35SCaMV promoter. To
generate the DEX:MYB15 construct, the MYB15 coding sequence was
PCR-amplified using the primers MYB15gXhoF and MYB15gStuR (5'-
AAGGCCTGAGCCCGGCTAAGAGATC-3') and subcloned into the Xhol/
Stul sites of p TA7002 vector (Aoyama and Chua, 1997), modified to contain
six tandem copies of the c-Myc epitope downstream of the Stul site. The
35S8:MYB15 and DEX:MYB15 constructs were introduced into Arabidopsis
myb15-1 plants via the Agrobacterium tumefaciens-mediated floral dip
method (Clough and Bent, 1998), and transformants were selected on agar
media containing 15 ng/mL BASTA (glufosinate-ammonium; Riedel-de
Haen) or 15 ng/mL hygromycin B (Invitrogen), respectively.

Lignin Analysis by Phloroglucinol-HCI Staining

Lignin staining was performed as described previously (Adams-Phillips
et al., 2010) with some modifications. Briefly, 9-d-old seedlings in MS
media were elicited with 1 wM flg22 (QRLSTGSRINSAKDDAAGLQIA;
Genscript), 1 UM elf26 (ac-SKEKFERTKPHVNVGTIGHVDHGKTT; Gen-
script), or water for 48 or 72 h. Elicited plant tissues were then fixed with (3:1)
95% (v/v) ethanol to glacial acetic acid under brief vacuum and then on
a shaking platform with several changes of fixative for several hours until
tissues appeared slightly translucent. Fixative was then exchanged for
75% ethanol for 30 min, then 50% ethanol for 30 min, and then water
overnight to rehydrate seedlings. Seedlings were stained in phloroglucinol-
HCI solution (1% [w/v] phloroglucinol [Sigma-Aldrich] in 50% [v/v] con-
centrated HCI) for 5 min prior to being photographed.

Lignin Analysis by Acetyl Bromide Method

Microscale lignin quantification was performed as previously described
(Moreira-Vilar et al., 2014) with modifications. Briefly, 10-d-old Arabidopsis
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seedlings or 10-cm cuttings of mature rice leaves from 4-month-old plants
were snap-frozen in liquid nitrogen, lyophilized, and then homogenized,
using a 5-mm diameter stainless steel bead and a ball mill (25 Hz for 2 min).
Samples were extracted with the following solvents in an ultrasonic bath for
15 min each: 2X 1-mL methanol, 2 1X PBS containing 0.1% (v/v) Tween
20, 2X 1-mL 95% ethanol, 2 1-mL (1:1) chloroform to methanol, and 2x
1-mL acetone. After each extraction, samples were centrifuged at 16,000g
for 10 min and the supernatant discarded. The remaining CWR was dried at
50°C in a GeneVac EZ-2Plus (Genevac), homogenized in a ball mill with
10 to 15 1-mm zirconia beads for 10 min at 25 Hz, dissolved in 1.5 mL of
25% (v/v) acetyl bromide (Sigma-Aldrich) in glacial acetic acid, and heated
at 50°C for 2 h, with occasional shaking. Samples were cooled onice. The
sample (125 pL) was transferred to a centrifuge tube containing 250 pL of
(1:9) 5 M hydroxylamine HCI (Sigma-Aldrich) to 2 M NaOH and 500 pL of
glacial acetic acid. Five hundred microliters of the mix was transferred to
a 1-cm diameter glass cuvette for absorbance measurement at 280 nm.
Lignin content was calculated using the extinction coefficient 23.35 mg/cm/L
for Arabidopsis (Chang et al., 2008) using Beer’s law (A = ¢lc).

Lignin Analysis by DFRC Method

The DFRC lignin analysis was performed essentially as previously reported
(Lu and Ralph, 1998). Briefly, extractive-free cell wall samples were dissolved
in acetyl bromide/acetic acid solution, containing 4,4’-ethylidenebisphenol
as an internal standard. The reaction products were dried down using ni-
trogen gas, dissolved in dioxane/acetic acid/water (5/4/1, v/v/v), reacted with
Zn dust, purified with C-18 SPE columns (Supelco), and acetylated with
pyridine/acetic anhydride (2/3, v/v). The lignin derivatives were analyzed by
an Agilent 5977 Series gas chromatography-mass spectrometry system. The
quantification of coniferyl alcohol peracetate, sinapyl alcohol peracetate, and
4,4'-ethylidenebisphenol peracetate was based on peak integration of the
extracted ion chromatograms monitoring the m/z of 222, 252, and 256,
respectively. The response factors for G and S monolignol derivatives relative
to the internal standard were calibrated based on pure standards.

qPCR Analysis

Total RNA was extracted from snap-frozen 10-d-old seedlings using TRIzol
reagent (Invitrogen) according to the manufacturer’s instructions. Total
RNA (2.5 ng) was reverse-transcribed with 3.75 uM random hexamers
(Qiagen) and 20 units of ProtoScript Il (New England Biolabs) according to
the manufacturer’s instructions. The resulting cDNA:RNA hybrids were
treated with 10 units of DNase | (Roche) for 30 min at 37°C and purified on
PCR clean-up columns (Macherey-Nagel). qPCR was performed with Kapa
SYBR Fast qPCR master mix (Kapa Biosystems) and CFX96 real-time PCR
machine (Bio-Rad). The thermal cycling program was as follows: 95°C for
3min; 45 cycles of 95°C for 15 s and 53°C for 30 s; a cycle of 95°C for 1 min,
53°Cfor1min,and 70°C for 10 s; and 50 cycles of 0.5°C increments for 10 s.
Four biological replicates of control and experimental samples and three
technical replicates per biological replicate were performed on the same
96-well PCR plate. Average of the three Ct values per biological replicate
was converted to difference in Gt value relative to that of control sample.
The Pfaffl method (Pfaffl, 2001) and calculated primer efficiencies were
used to determine the relative fold induction of target gene transcript over
elF4A1 (AT3G13920) housekeeping gene transcript for each biological
replicate. Primer sequences and efficiencies are listed in Supplemental
Table 2.

ChIP

ChIP was performed as previously described by Fiil et al. (2008) and
Roccaro and Somssich (2011) with some modifications. Approximately
210 8-d-old seedlings were treated with mock solution (DMSO) or 20 uM
Dex for 4 h, rinsed twice with deionized water, immersed in 1% (v/v)
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formaldehyde solution, and vacuume-infiltrated for 10 min. After a 5-min
quenching step with 2 M glycine, seedlings were washed three times with
deionized water, vacuum-dried, and snap-frozen with liquid nitrogen.
Following frozen homogenization with a mortar and pestle, the homoge-
nate was filtered once through a 70-um mesh (Carolina Biological) and
a 0.45-um filter (EMD Millipore). Filtered homogenate was then washed
once in extraction buffer 2 prior to sucrose centrifugation. Following nu-
clear extraction, samples were sonicated in a Covaris S2 sonicator (Co-
varis) using 10% duty, 7% intensity, and 200 cycles per burst for a total time
of 12 min. Nuclei lysis and ChlP dilution buffers were made according to Fiil
etal. (2008). ChIP was performed using EZview Red Anti-c-Myc Affinity Gel
(Sigma-Aldrich) pretreated with 0.1% (w/v) nonfat milkin 1xX PBSand 0.1%
(w/v) sheared salmon sperm DNA (Invitrogen). Following de-cross-linking,
DNA samples were phenol-chloroform-extracted and diluted to a con-
centration of 40 ng/pL prior to PCR. Primer sequences are listed in
Supplemental Table 1. Two microliters of immunoprecipitated DNA and
2.5 uM MgCl, were used in ChlP-PCR with the exception of the CAD5p1
primers, which required 4 uM MgCl,. PCR conditions were as follows:
40 cycles, 94°C for 15 s, 53°C for 15 s, and 72°C for 15 s. PCR product
intensities were measured using NIH Imaged software. In cases where the
PCR product is undetectable, the number “10” was arbitrarily used in lieu of
“0” to calculate fold enrichment.

Extraction and LC-MS/MS Analysis of Soluble Phenolics

Ten-day-old seedlings were snap-frozen in liquid nitrogen, lyophilized,
weighed, and homogenized using a 5-mm stainless steel bead and a ball
mill (25 Hz for 4 min). The homogenate was then extracted with 1 mL of
methanol containing 1 pL of 20 pg/mL daidzein (internal standard; Sigma-
Aldrich) per milligram sample dry weight. The extract was sonicated for
30 min, centrifuged at 13,2009 for 15 min to remove supernatant, and then
the extraction was repeated with pure methanol. Combined supernatants
for each sample were then evaporated at ambient temperature in a GeneVac
EZ-2Plus, resuspended in 250 p.L of 50% methanol, and filtered using a 0.45
wm PVDF filter plate (EMD Millipore). Samples were separated by reversed-
phase chromatography on an Agilent 1290 UHPLC using a 1.7-um, 2.1 X
100-mm Kinetex C18 column (Phenomenex); volume injected was 5 uL. The
following 40-min gradient in 0.1% formic acid was used for metabolomics
analysis (percentages indicate acetonitrile concentration): 0 to 40 min, O to
100%. A coupled Agilent 6550A QTOF mass spectrometer was used to
collect MS datain positive ion mode (parameters: massrange, 100-1500m/z;
drying gas, 250°C, 14 L/min; nebulizer, 50 psig; capillary, 4000 V; fragmentor,
100 V; skimmer, 65 V; octupole 1 RF; Vpp, 570 V; 1000 ms per spectrum).
High-resolution mass spectrometry data were analyzed using the Agilent
MassHunter Qualitative Analysis program. Extracted ion chromatogram data
were derived from raw data files using MassHunter Qualitative software,
using a 25-ppm window centered on the exact m/z value with automated
integration of the peak area.

Extraction and HPLC-FLD Analysis of Total Scopoletin

Samples were lyophilized and homogenized as described above and
then extracted with 750 pL of methanol containing 1 pL of 20 ng/mL
4-methylumbelliferone (4-MeU; internal standard; Sigma-Aldrich) per
milligram sample dry weight. The extract was sonicated for 10 min,
centrifuged for 10 min at maximum speed to remove supernatant, and then
the extraction was repeated with pure methanol. The extracts were then
combined and evaporated using a GeneVac EZ-2Plus. To hydrolyze
scopoletin glycosides present in the samples to free scopoletin, extracts
were resuspended in 4 M HCl and heated at 80°C for 1 h. The samples were
then extracted twice with (1:1) cyclohexane to ethyl acetate. Sixty mi-
croliters of 0.2 N NaOAc (pH 5.5) was added to the combined organic
fractions, and samples were sonicated for 5 min, centrifuged for 5 min,
evaporated to 50 pL, resuspended in 200 p.L of 50% methanol, and filtered

using a 0.45-pm filter plate. Samples were separated by reversed-phase
chromatography onan Ultimate 3000 HPLC system (Dionex), using a4-pm,
3 X 150-mm Phenomenex Polar RP-80 column; volume injected was
20 pL. The following 25-min gradient in 0.1% formic acid was used for
HPLC analysis (percentages indicate acetonitrile concentration): 0 to 5 min,
4.5t09%;5to 15 min, 9t022.5%; 1510 23 min, 22.5t0 63%; 23 to 25 min,
63 to 90%. A coupled FLD-3100 detector (Dionex) collected fluorescent
data at 365/462 nm (excitation/emission) for scopoletin and 340/420 nm
(excitation/emission) for 4-MeU. A standard curve of scopoletin standards
(Sigma-Aldrich) and percent recovery (estimated by the quantification of
the internal standard 4-MeU) were used for absolute quantification of total
scopoletin amounts.

HPLC-DAD Analysis of 1-Sinapoylglucose and 1,2-Disinapoylglucose

Extraction is described in LC-MS/MS section above. Samples were
separated using the same system described above with the following
maodifications: 25-min gradient in 0.1% formic acid (percentages indicate
acetonitrile concentration): 0to 10 min, 9to 18%; 10to 20 min, 18to 36 % B;
20 to 22 min, 36 to 100%, 22 to 25 min at 100%. A coupled DAD-3000RS
diode array detector (Dionex) collected UV absorption spectra in the range
of 210 to 330 nm for identification and quantification of sinapate esters.
Integrated areas of 1-sinapoylglucose, 1,2-disinapoylglucose and daid-
zein (internal standard) peaks in the UV chromatographs at 330 nm were
used for relative quantification.

Bacterial Infection Assays

Pseudomonas syringae pv tomato DC3000 (Pto DC3000) was used for
bacterial infections. Pto DC3000 was grown in Luria-Bertani medium and
25 pg/mL rifampicin (Sigma-Aldrich) overnight, washed in sterile water twice,
and resuspended in water to the desired ODy,. Hydroponically grown 8-d-old
seedlings were pretreated with 1 wM flg22 or water for 6 h prior to treatment with
the bacterial inoculum (ODgy, = 0.001) for 24 h. Adult leaves of 5-week-old
plants were surface-inoculated with the bacterial inoculum (ODg,, = 0.002 or
108 colony-forming units [CFU)/cm? leaf area) in the presence of 0.0075%
Silwet L-77 (Phytotechnology Laboratories) for 15 s and incubated in 0.8% (w/v)
tissue culture agar plates for 3 to 4 d. Infected seedlings and leaves were
surface-sterilized in 70% ethanol for 10 s, washed in sterile water, and dried on
paper towels, and the bacteria were extracted into water, using an 8-mm
stainless steel bead and a ball mill 25 Hz for 3 min). Serial dilutions of the
extracted bacteria were plated on Luria-Bertani agar plates for CFU counting.
For the protection experiment, each leaf was preinfiltrated with ~100 pL so-
lution of 500 nM phenolic compounds and 1 .M flg22 for 24 h prior to infiltration
with the bacterial inoculum (ODgy, = 0.0002 or 10° CFU/cm? leaf area).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative or GenBank/EMBL databases under the following accession
numbers: OAP02219.1 (AtMYB15), OAP12852.1 (AtMYB13), NP_180676.1
(AtMYB14), KF767453 (EjMYB1 cDNA), AID56313 (Ej]MYB1), NP_001268132.1
(VWMYB14), AHA83524.1 (WMYB15), NP_173098.1 (AtMYB58), NP_178039.1
(AtMYB63), P20024.1 (ZmMYB19/Zm1), and XP_002452709.1 (SbMYB60).
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