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Abstract
Coumaroyl tyramine (CT) and coumaroyl tryptamine (CTr) are neutral hydroxycinnamic acid amides (HCAAs) that accumu-
late in plants in response to pathogen infection. In this study, we showed that inoculation of Pseudomonas syringae pv. tomato 
DC3000 (Pto) and Erwinia carotovora carotovora (ECC) increased the accumulation of CT in Arabidopsis thaliana leaves 
at 24 h post-inoculation. Both CT and CTr increased the accumulation of PATHOGENESIS-RELATED 1 (PR1) protein. 
However, CT and CTr had no significant effect on resistance to biotrophic pathogens in both compatible and incompatible 
plant–pathogen interactions. Nonetheless, our results revealed that CTr plays a critical role in increasing plant susceptibil-
ity to the necrotrophic pathogen ECC. Exogenous application of CT and CTr increased the induction of callose deposition 
in both the absence and presence of ECC. Increased callose deposition was detected in salicylic acid induction-deficient 
Arabidopsis mutant sid2 but to a lesser extent in ethylene signaling mutants, ein2-1 and etr1. Overall, our results suggest that 
ethylene signaling is related to CT and CTr-induced callose deposition and contributes to plant defense against pathogens, 
whereas salicylic acid is not required for this response.

Keywords  Hydroxycinnamic acid amides · Coumaroyl tyramine · Biotic stress · Plant innate immunity · Plant growth and 
development · Plant defense

Introduction

Plants are the major food source for all living organisms, 
including humans. However, the production of crops 
intended for human consumption is at risk because of the 
emergence of abiotic and biotic stresses, which decrease 
marketable crop yield and quality. A survey revealed that 
weeds are the foremost factor affecting crop yield, causing 
yield loss of 34%, followed by animal pests (18%) and patho-
gens (16%). Yield loss can be reduced by improving our 
understanding of the mechanisms involved in plant–patho-
gen interactions (Yudelman et al. 1998; Rosenzweig et al. 
2001; Oerke 2006). Plant innate immunity triggered by 
pathogen infection leads to activation of basal defense, char-
acterized by restricting pathogen growth, increase in cal-
lose deposition and activation of hypersensitive response. 
Plant resistance against pathogens is mostly associated 
with altered metabolism of phenolic compounds and rapid 
increase in the transcriptional activity of genes involved in 
the phenylpropanoid pathway.
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Hydroxycinnamic acid amides (HCAAs) are necessary 
for many plant processes, including plant defense, tuberi-
zation, flower development, sexual differentiation, senes-
cence, cell division and biotic and abiotic stress responses 
(Macoy et al. 2015a, b; Tamagnone et al., 1998, Bouchereau 
et al. 1999; Facchini et al. 2002; Luo et al. 2009; Bassard 
et al. 2010; Yogendra et al. 2014). HCAAs are a type of 
antimicrobial metabolite involved in plant defense against 
necrotrophic pathogens such as Alternaria brassicicola 
and Botrytis cinerea. In Arabidopsis, AGMATINE COU-
MAROYLTRANSFERASE (AtACT) promotes the bio-
synthesis of HCAAs, especially p‐coumaroylagmatine and 
feruloylagmatine (Li et al. 2018). CYCLIN-DEPENDENT 
KINASE8 (CDK8) is a kinase module component that 
positively regulates defense response in Arabidopsis, and 
binds with AtACT promoter that regulates the biosynthesis 
of HCAAs. The cdk8 mutant is resistant to B. cinerea but 
susceptible to A. brassicicola. CDK8 activates the expres-
sion of PLANT DEFENSIN 1.2 (PDF1.2) and interacts with 
MEDIATOR COMPLEX SUBUNIT 25 (MED25), which 
regulates jasmonic acid-mediated gene expression to activate 
plant defense (Zhu et al., 2014).

Coumaroyl tyramine (CT) and coumaroyl tryptamine 
(CTr) are synthesized from phenylalanine, tyrosine and 
tryptophan pathways (Sup. Fig. 1). CT is synthesized by 
the condensation of tyramine derived from tyrosine by the 
action of tyrosine decarboxylase (TyDC) while CTr is syn-
thesized through the condensation of tryptamine (derived 
from tryptophan by the action of tryptophan decarboxylase 
[TDC]) and coumaroyl-CoA (derived from the phenylpro-
panoid pathway). The phenylpropanoid pathway begins with 
the deamination of phenylalanine to form trans-cinnamic 
acid or cinnamate by phenylalanine ammonia-lyase (PAL) 
and is then catalyzed by 4-coumarate CoA ligase (4CL) 
which esterified various hydroxycinnamic acids and CoA 
(Macoy et al. 2015a, b; Hahlbrock et al. 1989, Schilmiller 
et  al., 2009). CT is synthesized by hydroxycinnamoyl-
CoA:tyramine N-(hydroxycinnamoyl) transferase (THT) 
via the condensation of p-coumaric acid CoA derivative 
(thioester p-coumaroyl-CoA) and amine tyramine (Von 
Roepenack-Lahaye et al. 2003).

Accumulation of various HCAAs has been reported in 
different plant species upon pathogen infection; for exam-
ple, coumaroyl and feruloyl putrescine in wheat (Sambor-
ski and Rohringer 1970); agmatine in barley upon powdery 
mildew infection (Smith and Best 1978); feruloyltyramines 
and feruloyloctopamines in wounded potato tubers (King 
and Calhoun 2005); THT gene in tomato challenged with 
Pseudomonas syringae pv. tomato DC3000 (Pto); p-cou-
maroyl tyramine, feruloyl tyramine, coumaroyldopamine and 
feruloyl dopamine in tomato inoculated with Pto (Zacares 
et al. 2007); coumaroyloctopamine, feruloyloctopamine, 
coumaroylnoradrenaline and feruloylnoradrenline after Pto 

infiltration in tomato (López-Gresa et al. 2011); feruloyl 
methyloctopamine, feruloyltyramine, coumaroyloctopamine 
and feruloyloctopamine in potato cell suspensions inoculated 
with Pto or Ralstonia solanacearum (Baker et al. 2008); and 
caffeoylputrescine and feruloylputrescine in tobacco inocu-
lated with Pto (Baker et al. 2005).

Several studies show that HCAAs are produced in 
response to different stresses (Martin-Tanguy et al. 1978; 
Back 2001; Facchini et al. 2002). However, the role of CT 
and CTr in plant innate immunity remains a controversy, 
and little is known about the mode of action of CT and CTr 
in plant defense. In this study, we analyzed the role and 
molecular mechanism of CT and CTr in plant defense in 
Arabidopsis. We show that CT and CTr mediate the condi-
tioning of induced plant defense by activating the expression 
of Pathogenesis Related 1 (PR1) as well as by enhancing 
callose deposition.

Materials and Methods

Plant Material

The Arabidopsis thaliana ecotype Columbia (Col-0) acces-
sion and flagellin sensitive 2 (fls2, Salk_141277), ethylene 
insensitive 2 (ein2-1, CS3071), ethylene response 1 (etr1-
2, CS72569) and salicylic acid induction-deficient 2 (sid2-
1, CS16438) mutants were obtained from the Arabidopsis 
Biological Resource Center (Columbus, OH). Seeds of 
Arabidopsis were sown in soil, and seedlings were grown 
for 15 days before being transplanted into bigger soil flats. 
Plants were grown for 6 weeks under short-day photoperiod 
(8 h light/16 h dark). Additionally, Col-0, etr1-2, ein2-1, fls2 
and sid2 mutants were used for callose staining experiments. 
After the appropriate treatment, leaves were harvested, fro-
zen in liquid nitrogen and stored at − 80 °C.

Liquid Chromatography–Tandem Mass 
Spectrometry (LC–MS/MS) Analysis

Samples were analyzed by LC–MS/MS. Briefly, leaf sam-
ples (500 mg fresh weight [FW]) were ground in liquid 
nitrogen using a mortar and pestle, and the powdered tis-
sue was added to 500 µL of 80% ethanol. The extracted 
samples were centrifuged at maximum speed in a tabletop 
centrifuge for 5 min, and the supernatant of each sam-
ple was filtered through a 0.22 µm polytetrafluoroeth-
ylene (PTFE) syringe filter. Then, 50 µL of the internal 
standard (4-isopropyl antipyrine in acetonitrile; 0.1 µg/
mL) was added to 50 µL of the filtered supernatant and 
3 µL of the mixture was injected into the Agilent 1260 
high performance liquid chromatography (HPLC) system 
(Agilent, Germany), equipped with an Agilent 6460 triple 



147Journal of Plant Biology (2022) 65:145–155	

1 3

quadrupole mass spectrometer (Agilent, Singapore) and an 
electrospray ionization (ESI) source. LC was performed 
using a Kinetex® C18 column (2.1 mm × 50 mm, 2.6 µm 
particle size; Phenomenex, Torrance, CA) at a flow rate 
of 0.3 mL/min. HPLC was performed using two mobile 
phases, including 0.1% aqueous formic acid (A) and 
acetonitrile (B), and samples were separated using the 
following gradient program: 30% B for 3 min, followed 
by a linear increase to 90% B after 0.5 min and held for 
0.5 min, and a decrease to 30% B within 0.5 min and held 
for 2.5 min. The total run time was 7 min, with a flow 
rate of 0.2 mL/min. ESI was performed in the positive 
ion mode using nitrogen, which acts as a nebulizing turbo 
spray and a curtain gas. Metabolites were detected using 
multiple reactions monitoring (MRM). Transitions of m/z 
307 → 147, 284 → 147 and 231 → 189 were used for CT, 
CTr and internal standard, respectively. The concentrations 
of metabolites in samples were determined on the basis of 
a calibration curve of the peak area ratio of the analyte to 
the internal standard. Calibration curves of CT and CTr 
were linear over the ranges studied, with r2 > 0.995.

Leaves of Col-0 plants were infiltrated with virulent 
Pto harboring empty vector and necrotrophic bacteria for 
Erwinia carotovora carotovora (ECC).

Col-0 leaves were pre-infiltrated with water, NaOH, CT 
solution and CTr solution, and then inoculated with Pto 
and ECC. Secondary metabolites were extracted from the 
inoculated Col-0 leaves with MgCl2, Pto and ECC and 
were collected at 6, 12, 18 and 24 h post-inoculation (hpi).

Chemical Synthesis of CT and CTr

CT was synthesized at room temperature from tyramine 
(100 mg, 0.73 mmol) in a solution containing dimethylfor-
mamide (DMF; 3 mL), 1-ethyl-3-(3-dimethylaminopropyl) 
carbodiimide (EDCI; 150 mg, 0.80 mmol), 4-dimethylami-
nopyridine (DMAP; 100 mg, 0.80 mmol) and coumaric acid 
(120 mg, 0.73 mmol). CTr was synthesized at room tempera-
ture from tryptamine (1.2 g, 7.3 mmol) in DMF (10 mL), 
EDCI (1.4 g, 7.3 mmol), DMAP (0.90 g, 7.3 mmol) and 
coumaric acid (1.0 g, 6.1 mmol). To each solution, aque-
ous ammonium chloride (NH4Cl) was added after 12 h 
and diluted with ethyl acetate (EtOAc). The organic layer 
was sequentially washed with NH4Cl, sodium bicarbonate 
(NaHCO3) and brine. The organic layer was then dried 
using magnesium sulfate (MgSO4), followed by filtration 
and evaporation. The residue was recrystallized with EtOAc, 
thus obtaining CT (140 mg, 65%) and CTr (1.3 g, 69%) as a 
white powder (Fig. 1).

To prepare 1 mL of 2 M CT and CTr, 56 mg each CT 
and CTr powder was dissolved in 0.2 mL of 10% sodium 
hydroxide (NaOH) and 0.8 mL of distilled water. The 2 M 
solutions of CT and CTr were serially diluted to prepare 20, 
2, and 0.2 mM concentrations of both.

Phenotypic and Western Blotting Analysis

Leaves of 6-week-old Col-0 plants were syringe-infiltrated 
with different concentrations of CT (20, 2, 0.2 mM), CTr 
(20, 2, 0.2 mM) or NaOH (0.2%, 0.02%, 0.002%; control). 

coumaric acid

EDCI, DMAP, DMF, 
12 h, Rt, 65%

EDCI, DMAP, DMF, 
12 h, Rt, 65%

coumaroyl tyramine

coumaroyl tryptaminecoumaric acid

Fig. 1   Chemical synthesis of CT and CTr. CT was synthesized at 
room temperature from tyramine (100 mg, 0.73 mmol) in a solution 
containing dimethylformamide (DMF; 3 mL), 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide (EDCI; 150  mg, 0.80  mmol), 4-dimeth-
ylaminopyridine (DMAP; 100  mg, 0.80  mmol) and coumaric acid 
(120  mg, 0.73  mmol). CTr was synthesized at room temperature 
from tryptamine (1.2  g, 7.3  mmol) in DMF (10  mL), EDCI (1.4  g, 
7.3  mmol), DMAP (0.90  g, 7.3  mmol) and coumaric acid (1.0  g, 

6.1 mmol). To each solution, aqueous ammonium chloride (NH4Cl) 
was added after 12  h and diluted with ethyl acetate (EtOAc). The 
organic layer was sequentially washed with NH4Cl, sodium bicar-
bonate (NaHCO3) and brine. The organic layer was then dried using 
magnesium sulfate (MgSO4), followed by filtration and evapora-
tion. The residue was recrystallized with EtOAc, thus obtaining CT 
(140 mg, 65%) and CTr (1.3 g, 69%) as a white powder
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Leaves were harvested at 0, 1, 2, 3, 4 and 5 days post-infil-
tration (dpi) and photographed.

Approximately 100 mg of leaf tissue was mixed in 100 
μL buffer (20 mM Tris–HCl [pH 7.5], 150 mM NaCl, 1 mM 
EDTA, 1% Triton X-100, 0.1% sodium dodecyl sulfate 
[SDS], 5 mM dithiothreitol [DTT], plant protease inhibitor 
cocktail), and the insoluble debris were pelleted by centrifu-
gation at 20,000 × g for 10 min at 4 °C. The protein samples 
were resolved by SDS–polyacrylamide gel electrophoresis 
(SDS-PAGE) (mini protean, Bio-Rad) on 12% acrylamide 
gels and transferred to polyvinylidene fluoride (PVDF) 
membrane (Millipore). The PR1 protein was detected using 
anti-PR1 serum (1:5,000 dilution; (Kliebenstein et al. 1999) 
using standard methods.

Bacterial Growth Assay

ECC was grown at 28 °C on King’s B (KB) medium (20 
peptone, 10 mL glycerol, 1.5 g MgSO4.7H2O, 1.5 g potas-
sium phosphate dibasic and 15 g agar) supplemented with 
the appropriate antibiotics for selection. Arabidopsis leaves 
were syringe-inoculated with ECC at 24 hpi with water, 
NaOH, CT and CTr. To perform syringe inoculation, the 
bacteria were scraped off a fresh plate, resuspended in ster-
ile 10 mM MgCl2 to a concentration of 105 colony-forming 
units (CFU) per mL and pressure-infiltrated into leaves with 
a needleless syringe. At 4 dpi, leaf discs were collected and 
homogenized in 10 mM MgCl2 using Qiagen Tissue Lyser 
II. After tissue grinding, the samples were thoroughly mixed 
and serially diluted. Samples were finally plated on solid KB 
medium supplemented with appropriate antibiotics. Plates 
were incubated at 28 °C, and the CFU value was determined 
after 2 days.

Callose Staining

To detect callose deposition, leaves of 4-week-old plants 
were syringe-infiltrated with 108 CFU/mL of Pto, 100 μM 
flg22 or 10 mM MgCl2 at 24 hpi with water, NaOH, CT 
and CTr. The leaves were collected at 15 hpi and stained 
with 0.1% methyl blue. The stained samples were mounted 
in 50% glycerol and examined using OPTIKA fluorescence 
microscope. Four leaves were prepared for each treatment. 
Representative views of these pictures were randomized, 
and the number of callose deposits was counted.

Results

CT and CTr Accumulation in Arabidopsis Leaves 
upon Pto and ECC Inoculation

Leaves of 6-week-old Arabidopsis plants were inocu-
lated with Pto and ECC. At 0, 6, 12, 18, and 24 hpi. CT 
and CTr extracted from infected leaves were analyzed by 
LC–MS/MS using chemically synthesized CT and CTr 
as standards. Approximately 48.6 and 57.7 ng/g FW of 
CT (Fig. 2A, Table 1A) and 12.76 and 20.03 ng/g FW of 
CTr (Fig. 2B, Table 1B) was detected in the extracts of 
Arabidopsis leaves infected with Pto and ECC, respec-
tively. The kinetics of HCAA accumulation showed that 
CT accumulation increased rapidly from 0–12 and 0–6 hpi 
in Pto- and ECC-inoculated leaves, respectively, whereas 
CTr accumulation increased rapidly from 12–24 hpi in 
Pto- and from 6–18 hpi, but decreased after 24 hpi in 
ECC-inoculated leaves.
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Fig. 2   Accumulation of CT and CTr in Arabidopsis leaves after 
bacterial infiltration. (A and B) Time-course analysis of CT (A) and 
CTr (B) accumulation (ng/g fresh weight) in Arabidopsis leaf tissue 
in response to (Pto) and (ECC) inoculation at 106 CFU/mL at 0, 6, 

12, 18, and 24 h post-inoculation (hpi). Untreated leaves and 10 mM 
MgCl2-infiltrated leaves served as controls. Data shown represent one 
of three independent replicates
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Effects of CT and CTr on Leaf Phenotype and PR1 
Protein Induction in Arabidopsis

Leaves of 6-week-old Arabidopsis plants were infiltrated 
with CT (20 mM and 2 mM) (Fig. 3B), CTr (20 mM and 
2 mM) (Fig. 3C) and NaOH (0.2% and 0.02%; control) 

(Fig. 3A). Leaves were harvested at 1, 2, 3, 4, and 5 dpi, and 
photographed. The leaves infiltrated with 20 mM CT and 
20 mM CTr in 0.2% NaOH were crumpled and sensitive. 
On the other hand, the leaves infiltrated with 2 mM CT or 
CTr in 0.02% NaOH and with 0.2 mM CT or CTr in 0.002% 
NaOH showed less severe phenotypes, and were chosen for 
the PR1 protein induction test.

The effects of CT and CTr were further explored by ana-
lyzing the level of PR1 protein after pathogen infection. Pro-
tein extracts of CT- and CTr-infiltrated leaves were resolved 
by SDS-PAGE, and the PR1 protein was immunodetected 
using anti-PR1 serum (1:5,000 dilutions). The PR1 protein 
was detected in leaves infiltrated with 2 mM CT (Fig. 4B) 
and 2 mM CTr (Fig. 4C) in 0.02% NaOH, but not in leaves 
infiltrated with 0.2 mM CT and CTr in 0.002% NaOH at 1, 2, 
3, 4 and 5 dpi, compared with the NaOH control (Fig. 4A). 
Thus, these data suggest that CT and CTr induce genetic 
resistance to pathogens by conditioning plant defense 
responses. Based on these results, we used 2 mM CT and 
CTr in 0.02% NaOH to perform bacterial growth and callose 
staining assays.

CT and CTr Induce Callose Deposition

Callose is a β-glucan polymer that strengthens the plant 
cell wall and increases resistance against pathogen attack 
(Thordal-Christensen 2003; Nuernberger and Lipka 2005). 
Here, we conducted a callose response assay to test the 
involvement of CT and CTr in callose deposition. Arabi-
dopsis leaves were syringe-infiltrated with water, 0.02% 
NaOH, 2 mM CT and 2 mM CTr at 24 h before inoculation 
with virulent bacteria Pto and exogenous bacterial peptide 
flg22. Leaves infiltrated with water and NaOH served as con-
trols. Methyl blue staining revealed callose deposition on 

Table 1   Accumulation of CT and CTr in Arabidopsis leaves after 
bacterial infiltration

(A and B) Time-course analysis of CT (A) and CTr (B) accumulation 
(ng/g fresh weight) in Arabidopsis leaf tissue in response to (Pto) and 
(ECC) inoculation at 106 CFU/mL at 0, 6, 12, 18, and 24 h post-inoc-
ulation (hpi). Untreated leaves and 10  mM MgCl2-infiltrated leaves 
served as controls. Data shown represent one of three independent 
replicates

(A)

Hours post-
inoculation 
(hpi)

ng CT/g FW

MgCl2 Pto ECC

0 10.77 14.45 19.2
6 6.39 34.01 57.7
12 4.68 48.6 48.6
18 7.75 11.12 11.12
24 4.1 6.8 6.81

(B)

Hours post 
inoculation 
(hpi)

ng CTr/g FW

MgCl2 Pto ECC

0 4.29 4.23 3.59
6 2.71 2.77 3.26
12 3.64 4.9 4.07
18 3.72 8.2 20.03
24 2.87 12.76 9.23

0.2% 

0.02% 

dpi 1 2 3 4 5

NaOH

0.002% 

CT

dpi

20mM 

2mM 

1 2 3 4 5

0.2mM  

CTr

dpi

20mM

2mM

1 2 3 4 5

0.2mM  

B CA

Fig. 3   Phenotypic analysis of Arabidopsis leaves infiltrated with 
CT, CTr and NaOH (control). (A–C) Photographs of leaves infil-
trated with different concentrations of NaOH (A), CT (B) and CTr 
(C). Leaves of 6-week-old Arabidopsis plants were used for infiltra-

tion, and harvested and photographed at 1, 2, 3, 4 and 5 days post-
infiltration (dpi). Leaves infiltrated with 20 mM CT or CTr were more 
crumpled than control leaves. The data shown represent one of three 
independent replicates
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the surface of leaves infiltrated with CT and CTr (Fig. 5C, 
D) but not on leaves infiltrated with water and NaOH (con-
trols) (Figs. 5A, B; 6A). These results suggest that CT and 
CTr are involved in papillae formation upon pathogen infec-
tion. Leaves subsequently inoculated with Pto (Fig. 5G, 
H) showed an increase in the number of callose deposits, 
suggesting that CT and CTr accumulation plays an impor-
tant role in cell wall fortification upon pathogen infection 
(Fig. 6B). Moreover, the infiltration of flg22, a 22-amino 
acid peptide derived from the highly conserved amino ter-
minus of flagellin, showed increased callose deposition 
in pre-infiltrated CT and CTr leaves (Fig. 6C). However, 
callose deposition in fls2, a mutant lacking the functional 
Flg22 receptor encoded by the FLS2 gene, was similar to 
that observed in Col-0 (Fig. 6A, C), demonstrating that the 
appearance of fluorescent deposits was not a consequence 
of microbe-associated molecular pattern (MAMP) percep-
tion and subsequent callose synthesis (Gómez-Gómez and 
Boller 2000).

A previous study showed that pathogen-induced accu-
mulation of ethylene (ET) is necessary for HCAA syn-
thesis, whereas salicylic acid (SA) is not required for this 
activity (Zacares et al. 2007). Therefore, we hypothesized 

that the ET or SA signaling pathway is involved in CT and 
CTr- induced callose deposition. To test this hypothesis, 
we examined the callose deposition in ethylene signal-
ing mutants (etr1-2 and ein2-1) and SA induction-defi-
cient mutant (sid2). The results showed that both etr1-2 
and ein2-1, but not sid2, were impaired in CT- and CTr-
induced callose deposition (Fig.  6C). ET Response 1 
(ETR1) is an ET receptor, and ET Insensitive 2 (EIN2) is 
a membrane protein required for ET perception and sign-
aling (Schaller and Bleecker 1995; Alonso et al. 1999). 
Thus, these data suggest that the accumulation of CT and 
CTr occurs upstream of ET biosynthesis.

Previously, Rigano et al. revealed that earlier expression 
of the PR1 gene precedes enhanced callose deposition upon 
infection of Nicotiana benthamiana leaves with the mutant 
bacterium (Rigano et al. 2007). Additionally, Liu and col-
leagues showed that both SA- and ET-dependent pathways 
are necessary for resistance to Colletotrichum higginsianum, 
and are associated with the induction of PR1 expression in 
intact Arabidopsis plants (Liu et al. 2007). Overall, these 
results suggest that the expression of PR1 leads to CT- and 
CTr-induced callose deposition, which is preceded by the 
activation of the ET signaling pathway but not that of the 
SA signaling pathway.

2 mM CTr in 
0.02 % NaOH

PR1

1 2 3 4 5Days

Coomassie

C

1 2 3 4 5Days

0.02 % NaOH

PR1

Coomassie

A

2 mM CT in 
0.02 % NaOH

PR1

1 2 3 4 5Days

Coomassie

B

Fig. 4   Treatment with 2 mM CT or CTr in 0.02% NaOH induced PR1 
expression. Western blotting of leaves infiltrated with 0.02% NaOH 
(control) (A), CT (B) and CTr (C) at 1, 2, 3, 4, and 5 dpi. Leaves of 
6-week-old Arabidopsis plants were used in this experiment. The data 
shown represent one of three independent replicates
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Fig. 5   CT and CTr induce callose deposition upon pathogen infec-
tion. (A–L) Leaves of 5-week-old Col-0 plants were syringe-infil-
trated with Pto (OD600 = 0.2; 1,000-fold dilution) and 10  µm flg22 
at 24 hpi with water, 0.02% NaOH, 2 mM CT in 0.02% NaOH and 
2 mM CTr in 0.02% NaOH. All leaf samples were collected at 16 hpi, 
stained with 0.1% methyl blue in 150 mM K2HPO4, mounted in 50% 
glycerol and examined under a microscope. Leaves infiltrated with 
only water, 0.02% NaOH and 10 mM MgCl2 served as controls. Data 
shown represent one of three independent replicates
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Systemic acquired resistance (SAR) is a broad-spectrum 
resistance mechanism employed by plants against necrotiz-
ing pathogens. SAR is characterized by an increase in SA 
levels and the induction of PR1 expression. SA signaling is 
required for the manifestation of SAR (Nandi et al. 2004). 
Results showed that CT- and CTr-induced PR1 expression, 
but the induced callose response is not related to SA bio-
synthesis in plants.

CTr Induces Growth of ECC

Arabidopsis leaves were syringe-infiltrated with water, 
0.02% NaOH, 2 mM CT in 0.02% NaOH and 2 mM CTr in 
0.02% NaOH at 24 h before inoculation with ECC (a necro-
trophic pathogen), and disease progression was evaluated at 
4 dpi. The growth of ECC showed a notable increase with 
CTr treatment (4.83 log CFU/cm2) but not with CT treat-
ment (4.09 log CFU/cm2) compared with water (3.83 log 
CFU/cm2) and NaOH (3.89 log CFU/cm2) controls (Fig. 7). 
These results indicate that pathogen infection-induced 

CTr accumulation in plants promotes the growth of ECC, 
and plays a role in ECC resistance and necrotrophic 
susceptibility.

Treatment with 2 mM CT or CTr in 0.02% NaOH induced 
PR1 expression and increased callose deposition upon path-
ogen infection. Moreover, CT and CTr increase pathogen-
esis related symptoms in plants. However, CTr accumula-
tion induces necrotrophic susceptibility against ECC. These 
results showed that CT and CTr induce plant resistance to 
pathogens by activating plant defense responses but its 
resistance function is limited only against specific patho-
gens but not against necrotrophic pathogen specifically ECC.

Discussion

HCAAs are a diverse group of plant secondary metabolites 
derived from phenylalanine and tyrosine pathways, which 
comprise a benzene ring attached to a three-carbon side 
chain in cis or trans-configuration (C6–C3) via a double 

A B

C

Fig. 6   Callose deposition in CT- and CTr- treated leaves of fls2, sid2, 
ein2-1 and etr1 mutants. (A) mM CT in 0.02% NaOH and 2  mM 
CTr in 0.02% NaOH. (B) Leaves pre-infiltrated with water, 0.02% 
NaOH, 2 mM CT in 0.02% NaOH and 2 mM CTr in 0.02% NaOH 
was infected with Pto at 24 hpi. (C) Leaves pre-infiltrated with water, 
0.02% NaOH, 2  mM CT in 0.02% NaOH and 2  mM CTr in 0.02% 
NaOH were infiltrated with 10  µm flg22 at 24 hpi. The infiltrated 

leaves of Col-0, fls2, sid2, ein2-1 and etr1 plants were collected at 
16 hpi, stained with 0.1% methyl blue in 150 mM K2HPO4, mounted 
in 50% glycerol and examined under a microscope. Average callose 
counts in 2 mm/1.5 mm of stained leaves were recorded. Data shown 
represent one of three independent replicates. Significant differences 
in number of callose deposition were indicated with *P 0.05, **P 
0.01 or ***P 0.0001 by Tukey's test. Error bars represent SE
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bond. HCAAs are one of the major classes of phenylpro-
panoid metabolites and are found in various plant species 
(Herrmann and Nagel 1989). HCAAs are conjugated to 
polyamines (Tiburcio, Kaur-Sawhney et al. 1990; Martin‐
Tanguy 1997). Polyamines are associated with HCAAs, 
such as cinnamic acid, o-coumaric acid, m-coumaric acid, 
p-coumaric acid, caffeic acid, ferulic acid and sinapic acid, 
producing acylated polyamines, called polyamine conjugates 
(also known as HCAAs) (Martin-Tanguy 1985; El-Seedi 
et al. 2012). These are mostly esters, amides or glycosides 
that localize within the cytosol in subcellular compartments 
such as the vacuole or in the cell wall (Liu 2010).

HCAAs play an important role in plant adaptation to 
stress, owing to their antioxidant properties (Bouchereau 
et al. 1999). HCAAs are involved in resistance to cold stress 
and viral pathogens as well as in the induction of flower-
ing and reproduction (Martin‐Tanguy 1997). HCAAs are 
required for regulating intracellular polyamine concentra-
tions (Alcázar et al. 2006, 2010; Kuznetsov et al. 2006), 
and free polyamines have been observed to decrease during 
senescence (Ten Chen and Huei Kao 1991; Hurng and Kao 
1993).

Previously, Asselin et al. reported at least a 100-fold 
increase in the abundance of CT during plant–bacterial inter-
action using the Escherichia coli delivery system expressing 
Wtse (EcWtse) (Asselin et al., 2013). This study prompted 
us to further investigate the role of CT in the plant immune 
response and in plant–pathogen interactions, especially in 
compatible and incompatible interactions between Pto and 
Arabidopsis.

Our results revealed the accumulation of CT and CTr 
in Arabidopsis leaves upon Pto and ECC infiltration 

(Table 1). Previously, CT accumulation has been reported 
in Xanthomonas campestris-inoculated pepper (Capsicum 
annuum cv. Early Calwonder ECW 10R) leaves, Pto-inoc-
ulated tomato leaves, Colletotrichum graminicola-infected 
maize leaves and roots, Phytophthora infestans-infected 
potato leaves and WtsE (Newman et al. 2001; Zacares et al. 
2007; Balmer, et al. 2013; Yogendra 2014). However, only 
a few studies have investigated the accumulation of CTr. 
In addition to CT and CTr, other HCAAs including feru-
loylputrescine, p-coumaroyltyramine, N-feruloyltyramine, 
4-coumaroyl-3-hydroxyagmatine, feruloylagmatine, 4-cou-
maroylagmatine, terrestriamide and feruloylserotonin 
have been shown to accumulate upon pathogen infection 
(Yogendra et al. 2014). The gene encoding 4CL, which 
participates in the phenylpropanoid pathway, is activated 
by pathogen attack (Fritzemeier et al. 1987; Cuypers and 
Hahlbrock 1988). Similarly, PAL and TyDC are activated 
in potato cell suspension cultures treated with P. infestans 
(Schmidt et al. 1998), tyramine hydroxycinnamoyl trans-
ferase in potato inoculated with P. infestans (Schmidt et al. 
1999) and agmatine coumaroyl transferase (ACT) in Arabi-
dopsis inoculated with A. brassicicola (Muroi et al. 2009). 
Coumaroylagmatine exhibits an inhibitory effect on P. 
infestans, and the export of HCAAs corresponds to a reduc-
tion in fungal spore germination, suggesting that antimicro-
bial compound secretion in leaves enhances defense against 
pathogens (Dobritzsch et al. 2016). N‐feruloyl tyramine is a 
phytoalexin that exhibits antifungal activity, and its biosyn-
thesis is induced by wounding and pathogen attack in sola-
naceous plants (Macoy et al. 2015a; b; Zacares et al. 2007). 
Caffeic acid, rosmarinic acid, p-coumaric acid, chlorogenic 
acid, ferulic acid and cinnamic acid exhibit antioxidant and 
anti-inflammatory properties, and have been used to treat 
hyperlipidemia, diabetes and obesity-related health illnesses 
(Alam et al. 2016). Five HCAAs, as well as the crude Sco-
polia tangutica extract, displayed dose-dependent inhibitory 
effects on the M1 receptor, which lessens smooth muscle 
spasms (Zhang et al. 2016).

To identify specific compounds in the phenylpropanoid 
and tyrosine pathways that might play important roles in 
plant innate immunity, we investigated the accumulation of 
CT and CTr in Arabidopsis upon inoculation with various 
bacterial strains. Although the importance of these HCAAs 
in plants, we have only recently begun elucidating the 
molecular mechanism underlying their biosynthesis.

To the best of our knowledge, this is the first study in 
which specific HCAAs (CT and CTr) have been synthe-
sized and infiltrated into plants. In this study, we showed 
that exogenous CT and CTr induce PR1 expression in 
Arabidopsis. The PR1 gene is induced in response to vari-
ous pathogens and is therefore considered a molecular 
marker of SAR (Van Loon and Van Strien 1999; Ebrahim 
et al. 2011). Previous studies reported the pathogen-induced 

Fig. 7   Effect of CT and CTr on bacterial growth in Arabidopsis. 
Arabidopsis leaves pre-infiltrated with water, 0.02% NaOH, 2 mM CT 
in 0.02% NaOH and 2 mM CTr in 0.02% NaOH were inoculated with 
ECC (106 CFU/ml) at 24 hpi. The growth of ECC was analyzed at 4 
dpi. Data represent mean ± standard error of mean (SEM) of the four 
samples. Data shown represent one of three independent replicates
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accumulation of various HCAAs using metabolomics 
(Alcázar et al. 2010; López-Gresa et al. 2011; Ahuja et al. 
2012; Gunnaiah et al. 2012; Ishihara et al. 2012; Kostyn 
et al. 2012; Marti et al. 2013). Exogenous application of 
coumaroyl agmatine reduced antifungal activity in A. bras-
sicicola-inoculated Arabidopsis (Muroi et al. 2009). In vitro 
analysis showed that 100  µM coumaroyl noradrenaline 
reduced Pto (AvrRpm1) tenfold compared with the control 
(Von Roepenack-Lahaye et al. 2003). Additionally, CT did 
not inhibit the necrotrophic pathogen ECC. However, Ctr-
preinflitrated leaves inoculated with ECC showed increased 
bacterial growth. These data suggest that CTr but not CT 
accumulation enhanced necrotrophic pathogen virulence and 
plant susceptibility.

Callose is a polysaccharide (β-1,3-glucan with β-1,6- 
branches) present in the cell walls of higher plants. Cal-
lose functions in various plant developmental processes and 
in response to several biotic and abiotic stresses. The cal-
lose biosynthetic enzyme, callose synthase, is degraded by 
β-1,3-glucanases. Callose deposition is induced by wound-
ing, pathogen infection, aluminum toxicity, abscisic acid 
(ABA) and other physiological stresses (McIntosh et al. 
2005; Burton et al. 2006). In this study, callose deposition 
was detected on the surface of Arabidopsis leaves infiltrated 
with CT and CTr, suggesting that the accumulation of both 
CT and CTr plays a key role in papillae formation upon 
pathogen infection.

The polyacromatice domain of suberin, a complex 
biopolymer located in the apoplast between the plasma-
lemma and primary cell wall (Graça 2010), is composed 
of HCAAs. Polymers exhibit antifungal, and antibacterial 
properties, and can induce cell wall thickening to suppress 
pathogen infection. HCAAs are effectively used in plant 
defense through the deposition of amide conjugates in the 
cell wall, thus reducing the penetration of fungal pathogens. 
Increased HCAA accumulation in the cell wall inhibits the 
proliferation of pathogens by reducing the cell wall digest-
ibility by hydrolytic enzymes of the pathogen (Grandmai-
son et al. 1993; Facchini 1998; von Röpenack et al. 1998; 
Yu et al. 2009). It has been shown that the synthesis and 
accumulation of HCAAs in the cell wall of potato tubers 
is the primary response to fungal attack (Clarke 1982). 
Four feruloyl amides, including N-cis-feruloyltyramine, 
N-cis-feruloyloctopamine, N-transferuloyltyramine and 
N-transferuloyloctopamine, were detected in potato infected 
by Streptomyces scabies, which causes potato scab (King 
and Calhoun 2005). Moreover, the integration of hydroxy-
cinnamate conjugates impairs the biodegradability of the 
plant cell wall (Liu 2010). A less permeable cell wall pre-
vents pathogens from obtaining plant nutrients and water. 
ET is required for the induction of THT expression and 
the accumulation of HCAAs in tomato infected with Pto 
(López-Gresa et al. 2011). HCAA accumulation increased 

in transgenic NahG tomato plants overexpressing a bacterial 
salicylic hydroxylase, and treatment with the ET biosynthe-
sis inhibitor, aminoethoxyvinilglycine, decreased the THT 
transcript level and lowered the HCAA amount, suggest-
ing that pathogen-induced increase in ET is necessary for 
HCAA biosynthesis; however, SA was not required for this 
response (Zacares et al. 2007). HCAAs were induced by 
ethylene-related gene, while the mutant failed to induce in 
Arabidopsis against the necrotrophic pathogen B. cinerea 
(Lloyd et al. 2011).

This study showed that CT- and CTr-induced callose 
deposition were not related to TTSS or pathogen-associated 
molecular pattern (PAMP)-triggered immunity (PTI) in 
Arabidopsis. A previous study revealed that earlier expres-
sion of the PR1 gene precedes enhanced callose deposition 
in N. benthamiana leaves inoculated with the mutant bac-
terium (Rigano et al. 2007). Both SA- and ET-dependent 
pathways were found to be necessary for resistance to C. 
higginsianum and were associated with induced expression 
of PR1 in intact Arabidopsis plants (Liu et al. 2007). These 
results suggest that PR1 expression induces CT- and CTr-
mediated callose deposition, which is preceded by the acti-
vation of the ET, but not the SA, signaling pathway.

Typically, plants employ SAR against a broad spectrum 
of pathogens. SAR is characterized by an early induction 
of SA biosynthesis (Métraux et al. 1990), followed by 
the activation of PR proteins including PR1 (Ward et al. 
1991). An exogenous supply of synthetic CT and CTr to 
Arabidopsis leaves induced PR1 expression, suggesting 
that CT and CTr accumulation upon pathogen infection is 
involved in conditioning the plant defense response and in 
the activation of various signaling pathways and defense 
response cascades. SA signaling is required for the mani-
festation of SAR (Nandi et al. 2004). Our results showed 
that CT and CTr-induced PR1 expression, but the induced 
callose deposition response is not related to SA biosyn-
thesis in plants.

Overall, in this study, we characterized the role of CT and 
CTr in the biotic stress response in Arabidopsis. Understand-
ing the biochemical and molecular activities of HCAAs in 
relation to plant defense is important. Additional studies are 
needed to further investigate the role of HCAAs in various 
aspects of plant biology, especially stress responses.
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