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Editorial on the Research Topic

Elicitors, secret agents at the service of the plant kingdom
Due to their sessile lifestyle plants had to acquire skills enabling them to defend

themselves against a wide range of various stresses. At the very beginning of a successful

defense is the capability to perceive a given stressor that will lead to the mounting and

activation of defense responses (Jones and Dangl, 2006). The self/nonself perception in

plants in defence is tightly linked to the presence of the plants’ own innate immune

system (Sanabria et al., 2010). In this system, a first layer of immunity is based on the

perception of pathogen-associated molecular patterns (PAMPs) or microbe-associated

molecular patterns (MAMPs) and generally referred to as PAMP-triggered immunity

(PTI) (Couto and Zipfel, 2016).

An additional layer of defense is based on the ability of plants to being primed

(Mauch-Mani et al., 2017). In priming, elicitors derived from pathogens, beneficial

microorganisms, or in the form of various synthetic and natural compounds sensitize the

plant cells to react more rapidly or/and accurately to a future challenging infection. Most

of such so-called exogenous elicitors of plant defense responses are nonspecific and

fluctuate widely in their chemical nature including proteins, glycoproteins,

oligosaccharides, and lipids (Abdul Malik et al., 2020).

Since elicitors help to protect plants from diseases by triggering their immune system,

they also represent encouraging alternatives to pesticides and are in line with today’s

requirement for more sustainability in agriculture. Therefore, the current topic presents

various suggestions for promising candidates that could be integrated into a future low-

pesticide approaches to plant protection.

Until recently, the function of VirE3 of Agrobacterium in the plant hormone signal

transduction pathway for tumorigenesis was not known. In their contribution, Li et al.

show that Agrobacterium VirE3 can interact with Arabidopsis JAZ8 in cells, leading to a

repression of the transcription activity of VirE3 by JAZ8. The authors suggest that VirE3
frontiersin.org
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and JAZ8 may antagonistically modulate the SA/JA

mediated plant defense s ignal ing response during

Agrobacterium infection.

In the search for new elicitors, the sea might constitute a

good source. In this context, de Borba et al. report for that foliar

application of ulvan, a characterized water-soluble

polysaccharide from the green seaweed Ulva fasciata, induces

resistance in wheat against Zymoseptoria tritici, the causing

agent of Septoria tritici blotch (STB), that leads to high

economic losses. Ulvan treatment interestingly did not cause

substantial changes in the wheat metabolome suggesting only

low metabolic costs for this induced resistance.

Not only microbial pathogens but also nematodes are able to

cause damage to plants. Singh et al. show in their contribution

that ascorbate oxidation in rice, known to induce resistance

(Singh et al., 2020), enhances the phenylpropanoid-based

response to nematode infection and leads to a tolerance

phenotype in treated rice plants.

In their contribution, Nakamura et al. showed that effectors

can play different roles in host and non-host plants. The bacterial

strains Acidovorax avenae N1141 and K1 produce an effector

called protein rice HR cell death inducing-factor (RHIF). This

novel effector RHIFs performs in both establishing infection in

host plants and inducing ETI in non-host plants.

SOBIR1 (Suppressor Of BIR1) is a receptor-like kinase (Gao

et al., 2009) that associates with a plethora of pattern-recognition

receptors (PRRs) of the receptor-like protein (RLP) type at the

plasma membrane. Based on bimolecular fluorescence

complementation and affinity purification assays, Li et al.

established that NbRLP1 associates with NbSOBIR1. The

presented data support a model where NbRLP1 acts as a

positive regulator for plant PTI through its binding

with NbSOBIR1.

Pathogenic microbes release a body of effector proteins

which manipulate host immunity to successfully colonize the

plants. In this way, the Valsa mali effector VmEP1 is an essential

virulence factor for the establishment of apple Valsa canker (Li

et al.). Wang et al. present evidence for a mechanism by which a

V. mali effector protein targets the host pathogenesis-related

protein 10 to attenuate the host resistance.

The citrus disease Huanglongbing (HLB) caused by

Candidatus Liberibacter asiaticus seriously threatens citrus

production (Duan et al., 2009). Microbial Fermentation

Application (MFA), an elicitor program, is formulated with a

bacterial fermentation medium, yeast cell wall extract and a Cu

component has been shown to reduce infection rates in other

crops (Twamley et al.). Lally et al. show that MFA can stabilise

HLB infection and increase the expression of important defence

pathways in citrus under field conditions, including multiple PR

genes, lignin formation genes, ROS-related genes, hormone

synthases, and hormone regulators, providing therefore

important evidence where MFA may play an pivotal role as a
Frontiers in Plant Science
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plant elicitor in the battle against HLB in citrus but also in other

agronomically important crops.

Arabinogalactan proteins (AGPs) are cell wall resident

glycosylated proteins found in land plants, and which are

known to play a role in several plant biological functions.

Př erovská et al. have isolated an arabinogalactan protein-like

(AGP-like) enriched fraction from Ulva lactuca and assessed its

ability to protect oilseed rape (B. napus) cotyledons against

Leptosphaeria maculans, and to activate the host immune

responses. Preventive application of the Ulva AGP-like

enriched fraction on oilseed rape, followed by cotyledon

inoculation with L. maculans, significantly reduces the

progress of infection. The authors conclude that U. lactuca

AGP-like glycoproteins exhibit promising elicitor activity and

that plant eliciting properties of sea lettuce extract, might result

not only from an ulvan-originated eliciting proprieties, but also

be AGP-like originated.

Damage-associated molecular patterns (DAMPs) are danger

signals released from the damaged host tissue or present on the

surface of stressed cells (Bhat and Ryu, 2016). In their

contribution, Kim et al. investigate self-extracellular RNA

(eRNA) as a danger signal in plants. Their field experiments in

pepper against viral and bacterial pathogens demonstrate, that

self-eRNA can successfully trigger plant systemic immunity

without any growth penalty, suggesting the potential of eRNA

as a novel disease management agent against a wild range of

pathogenic microbes.
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Novel Effector RHIFs Identified From 
Acidovorax avenae Strains N1141 
and K1 Play Different Roles in Host 
and Non-host Plants
Minami Nakamura 1†, Machiko Kondo 2†, Aika Suzuki 1, Hiroyuki Hirai 2 and Fang-Sik Che 1,2,3*

1 Graduate School of Biosciences, Nagahama Institute of Bio-Science and Technology, Nagahama, Japan, 2 Department of 
Bio-Science, Nagahama Institute of Bio-Science and Technology, Nagahama, Japan, 3 Genome Editing Research Institute, 
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Plant pathogenic bacteria inject effectors into plant cells using type III secretion systems 
(T3SS) to evade plant immune systems and facilitate infection. In contrast, plants have 
evolved defense systems called effector-triggered immunity (ETI) that can detect such 
effectors during co-evolution with pathogens. The rice-avirulent strain N1141 of the 
bacterial pathogen Acidovorax avenae causes rice ETI, including hypersensitive response 
(HR) cell death in a T3SS-dependent manner, suggesting that strain N1141 expresses 
an ETI-inducing effector. By screening 6,200 transposon-tagged N1141 mutants based 
on their ability to induce HR cell death, we  identified 17 mutants lacking this ability. 
Sequence analysis and T3SS-mediated intracellular transport showed that a protein called 
rice HR cell death inducing factor (RHIF) is a candidate effector protein that causes HR 
cell death in rice. RHIF-disrupted N1141 lacks the ability to induce HR cell death, whereas 
RHIF expression in this mutant complemented this ability. In contrast, RHIF from rice-
virulent strain K1 functions as an ETI inducer in the non-host plant finger millet. Furthermore, 
inoculation of rice and finger millet with either RHIF-deficient N1141 or K1 strains showed 
that a deficiency of RHIF genes in both strains results in decreased infectivity toward each 
the host plants. Collectively, novel effector RHIFs identified from A. avenae strains N1141 
and K1 function in establishing infection in host plants and in ETI induction in non-host plants.

Keywords: pathogen effector, hypersensitive response cell death, effector-triggered immunity, symptom 
formation, p-loop NTPase, rice, finger millet

INTRODUCTION

Plant pathogens employ sophisticated strategies to both evade plant immune systems and 
facilitate infection. In particular, plant pathogenic bacteria utilize effector proteins injected into 
plant cells using type III secretion systems (T3SS) as a means to circumvent plant defense 
mechanisms (Hueck, 1998; Buttner, 2016; Dey et  al., 2019). When translocated into plant cells, 
these effectors alter various plant cell functions and promote successful infection by making 
the host more susceptible (Toruno et  al., 2016). To combat such effectors, plants have evolved 
intracellular sensing systems to detect pathogen effectors either directly or indirectly while 
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co-evolving with plant pathogens (Jones et al., 2016; Saur et al., 
2020). Plant recognition of bacterial effector proteins is the 
basis for effector-triggered immunity (ETI; Jones and Dangl, 
2006; Cui et al., 2015; Laflamme et al., 2020). Effector-triggered 
immunity is generally associated with strong immune responses, 
including hypersensitive response (HR) cell death which is 
one of the programmed cell death (Mur et  al., 2008; Balint-
Kurti, 2019; Bi and Zhou, 2021). Effector-triggered immunity 
induction is a critical determinant of host specificity of pathogenic 
bacteria because ETI is triggered by detecting molecules that 
pathogenic bacteria use to infect plants.

Several bacterial pathogen effectors have been demonstrated 
to adversely affect various host cellular processes. For example, 
Pseudomonas syringae HopX1 disrupts the jasmonate (JA) 
signaling by degrading the protein jasmonate zim domain (JAZ) 
(Gimenez-Ibanez et  al., 2014). Transcriptional activator-like 
effectors produced by the rice (Oryza sativa) pathogen 
Xanthomonas oryzae, namely, PthXo1 and AvrXa7, promote 
sugar efflux from host plant cells by inducing the expression 
of several genes that encode SWEET family sugar transporters 
(Streubel et  al., 2013; Macho, 2016). AvrRpt2, HopQ1, and 
AvrPtoB from P. syringae can sensitize host plant cells to the 
auxin, cytokinin, and abscisic acid signaling pathways, respectively, 
while AvrBs3 and AvrXccC from Xanthomonas campestris can 
induce several plant hormone signaling (Marois et  al., 2002; 
Torres-Zabala et  al., 2007; Cui et  al., 2013; Ho et  al., 2013; 
Hann et al., 2014). The P. syringae T3SS effector HopZ1 promotes 
infection by suppressing the isoflavone biosynthetic pathway 
(Zhou et  al., 2011) while the shikimate and phenylpropanoid 
pathways are upregulated by WtsE from Pantoea stewartii 
upregulates to promote pathogen virulence (Asselin et al., 2015).

Pathogen effectors are secreted by plant pathogenic bacteria 
as well as animal pathogenic bacteria. However, plant pathogenic 
bacteria secrete 20–40 effectors during infection compared with 
the handful of effectors that animal pathogenic bacteria inject 
into animal cells (Macho, 2016). Co-evolution between plants 
and plant pathogens over millions of years has resulted in 
plants expressing many immune receptors as well as toxins to 
defend against infection (Frantzeskakis et al., 2019; Vries et al., 
2020). Hence, plant pathogens employ a wide range of effectors 
to disable plant defenses, such as by nullifying toxins and 
disabling ETI induction (Block et al., 2013; Hurley et al., 2014). 
Individual effectors may employ diverse functional mechanisms, 
including yet unknown ones, in host vs. non-host plants.

Plant pathogen effectors are, in general, injected into plant 
cells using T3SS (Buttner, 2016). Type III secretion systems 
components are encoded by genes located in hrp (hypersensitive 
response and pathogenicity) gene clusters, and these genes 
within hrp operons are activated by two regulatory genes that 
are members of the OmpR family of two-component response 
regulators (Noel et  al., 2002). We  previously reported that the 
plant pathogen Acidovorax avenae possesses a 35-kb hrp gene 
cluster containing genes encoding T3SS components (Kondo 
et  al., 2012). Acidovorax avenae is a Gram-negative bacterium 
that causes brown striped symptoms on the leaf sheaths of 
infected plants (Kadota et  al., 1991). Acidovorax avenae has a 
wide host range among monocotyledonous plants, but individual 

strains of this pathogen infect only one or a few host species 
(Kadota et  al., 1996). For example, strains isolated from rice, 
including K1, can infect only rice plants (rice-virulent), while 
strain N1141 isolated from finger millet (Eleusine coracana) 
cannot infect rice, even after being inoculated into rice tissues 
(rice-avirulent; Kadota et al., 1996). We reported that inoculation 
of rice with the rice-avirulent strain N1141 of A. avenae caused 
ETI responses, including HR cell death, accompanied by loss 
of plasma membrane permeability, nuclear DNA fragmentation, 
and upregulation of ETI-related genes, including OsNAC4, 
which positively regulates HR cell death (Che et  al., 1999; 
Kaneda et  al., 2009). In contrast, the rice-virulent strain K1 
can suppress PAMP-triggered immunity (PTI) caused by N1141 
flagellin but cannot induce ETI responses in rice (Kawaguchi 
et  al., 2021). Interestingly, a T3SS-deleted N1141 mutant 
(NΔT3SS) did not cause ETI responses, while the T3SS-deleted 
K1 mutant (KΔT3SS) was defective in PTI suppression (Kondo 
et  al., 2012; Kawaguchi et  al., 2021). These results indicate 
that strains N1141 and K1 have multiple effectors with different 
functions in rice.

To determine how A. avenae effectors manipulate plant cell 
processes, we  began by identifying PTI-suppressing effectors 
expressed by strain K1. The screening of transposon-tagged 
mutants based on PTI suppression ability, sequence analysis, 
transcriptome analysis, and in silico prediction of T3SS-mediated 
secretion showed that A. avenae K1 suppression factor 1 (AKSF1) 
is a candidate PTI suppressor. AKSF1 protein translocation 
into rice cells is dependent on T3SS during infection; furthermore, 
an AKSF1-disruption mutant lost its ability to suppress PTI 
responses while AKSF1 expression in the AKSF1-disruption 
mutant rescues the loss of PTI suppression. When rice plants 
were inoculated with AKSF1-disruption mutants, disease 
symptom severity was reduced and bacterial growth was 
suppressed. These results indicate that AKSF1 is a novel effector 
that can suppress PTI in host rice plants (Kawaguchi et  al., 
2021). Interestingly, whole-genome sequencing of strain N1141 
revealed that it lacks AKSF1. Since the strict host specificity 
between A. avenae strains N1141 and K1 involves the T3SS-
secreted effectors, AKSF1 is not a determinant of host specificity. 
To elucidate the mechanism underlying host specificity, novel 
effector molecules involved in determining host specificity must 
be  identified.

In this study, we found that HR cell death was accompanied 
by the loss of plasma membrane integrity and nuclear DNA 
fragmentation in cultured rice cells and rice leaf sections 
following inoculation with strain N1141 in a T3SS-dependent 
manner. We screened transposon-tagged N1141 mutants based 
on their ability to induce HR cell death. Sequence analysis 
revealed that RHIF is a candidate ETI effector. RHIF gene 
disruption caused the loss of HR cell death induction ability 
while introduction of RHIF into an RHIF-deleted N1141 
mutant complemented the induction ability of HR cell death. 
RHIF transport into rice cells and localization studies using 
a CyaA–RHIF fusion showed that RHIF is secreted through 
T3SS and localizes to the cytoplasm of rice cells. Interestingly, 
K1 RHIF with 13 amino acid substitutions can induce ETI 
responses, including HR cell death, in the non-host plant 
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finger millet, but not in the host plant rice. Inoculation 
tests using RHIF-deficient strains N1141 and K1 on rice 
and finger millet showed that a deficiency of RHIF genes 
in strains N1141 and K1 results in decreased infectivity 
toward host plants. Our results therefore indicate that RHIFs 
isolated from strains N1141 and K1 are novel effectors that 
induce ETI in non-host plants and promote infection in 
host plants.

MATERIALS AND METHODS

Plants and Bacteria
Suspension cultures of rice cells (line Oc) were provided from 
NAIST. Cultures of rice cells were grown at 30°C under light 
irradiation (Baba et  al., 1986). The cells were diluted in fresh 
R2S medium (39.6  mm KNO3, 2.5  mm (NH4)2SO4, 1.0  mm 
MgSO4•7H2O, 1.0  mm CaCl2•2H2O, 1.7  mm NaH2PO4•2H2O, 
20.1 μm EDTA•2Na, 19.8 μm FeSO4•7H2O, 6.6 μm MnSO4•4H2O, 
7.7  μm ZnSO4•4H2O, 0.5  μm CuSO4•5H2O, 48.5  μm H3BO3, 
0.6 μm NaMoO4•2H2O, 1% [w/v] Murashige and Skoog Vitamin 
powder (Sigma-Aldrich, St. Louis, United  States), 18  μm 
2,4-dichlorophenoxyacetic acid, and 87.6  mm Sucrose) every 
week, and all experiments were performed 4 days after transfer. 
Acidovorax avenae N1141 (MAFF 301141), T3SS-deficient N1141 
strain (NΔT3SS), K1 (MAFF 301755), and T3SS-deficient K1 
strain (KΔT3SS) were used as previously described (Kadota 
et  al., 1996; Che et  al., 2000; Kondo et  al., 2017). Rice (O. 
sativa L. subsp. Kinmaze) was provided from NAIST. Finger 
millet (E. coracana) was purchased from TAKII & Co., Ltd. 
Rice and finger millet were grown for 3  weeks in a growth 
chamber with a 16  h  day (200 μE m−2  s−1 at 30°C) and 8  h 
night (28°C) cycle.

Cell Death Detection in Cultured Rice Cells
Cell death in cultured rice cells was detected by previously 
described method (Che et  al., 1999). Cultured rice cells were 
inoculated with each bacteria strain (108 cfu/ml), and incubated 
at 30°C for several periods. The cultured rice cells were 
transferred in 24-well tissue culture plates, the medium was 
removed, and then 0.05% Evans blue was added. 15  min later, 
cultured rice cells were washed three times with water, and 
the Evans blue dye in rice cells was extracted with extraction 
buffer (50% methanol and 1% SDS) for 12 h at room temperature. 
The amount of the extracted dye was estimated by measuring 
the absorbance at 595  nm.

Cell Death Detection in Leaf Sheath 
Sections
Leaf sheaths of the seedlings were cut into 100  μm section 
with a razor (FEATHER, Osaka, Japan). Plate stem sections 
were incubated at 30°C with each bacterial strain (109  cfu/
ml). The stem sections were stained with 0.1% Evans blue for 
15  min then washed extensively with distilled water to remove 
excess dye and observed by microscopy (Axioskop  2 plus, 
Carl Zeiss, Germany) used 40× objective lens.

TUNEL Staining
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end 
labeling (TUNEL) staining was performed by a previously 
described method (Che et al., 1999) with several modifications. 
Cultured cells were washed three times with phosphate buffered 
salts (PBS) (pH 7.4) and fixed in 4% (v/v) paraformaldehyde 
in PBS at 25°C overnight. The cells were washed three times 
with PBS and digested with proteinase K (10 μg/ml) containing 
10  mm Tris–HCl (pH 7.5) at 37°C for 30  min and washed 
three times with PBS. The cells were subjected to TUNEL for 
1  h at 37°C using a DeadEnd™ Fluorometric TUNEL System 
(Promega, Madison, WI, United  States). After washing with 
PBS, 4ʹ,6-diamidino-2-phynylindole was added to the cells 
(1 μg/ml) in 50 mm NaCl, 5 mm EDTA, and 10 mm Tris–HCl 
(pH 7.4). Stained cells were observed by the confocal laser 
scanning microscope (FV1000, OLYMPUS, Tokyo, Japan; 
OLYMPUS UPlanSApo 40× lens, scan speed 20 us/pixel, laser 
intensity 5%, HV 600  V, Gain 1×, Offset 0%, and pinhole 
diameter 300  μm). The number of TUNEL-positive nuclei and 
DAPI staining nuclei was determined by counting nuclei within 
20 individual fields. Each determination was done with at least 
100 nuclei in each of three independent experiments.

Generation of the Transposon-Tagged 
N1141 Mutant and Sequence Analysis the 
Transposon Insertion Site
To generate the transposon-tagged N1141 mutant, 
EZ-Tn5™<KAN-2>Tnp Transposome™ (EPICENTER, Lucigen, 
United  States) was electro-transformed into A. avenae N1141 
strain. Electroporation was performed using a Gene Pulser 
(Bio-Rad) under the conditions of voltage 1.7 kV/cm, capacitance 
25 μf, and cuvette resistance 200  Ω. In order to clarify the 
sequence of transposon – inserted site, DNA near the transposon 
was amplified by the Random Amplification of Transposon 
Ends (RATE) method using primer set (5ʹ- CGAACTTTT 
GCTGAGTTGAAGGACT -3ʹ and 5ʹ- GAGCAAGACGTTTCC 
CGTTGAATAT -3ʹ).

RNA Isolation and qRT-PCR
Total RNA was isolated from cultured rice cells using the 
RNeasy plant mini kit (Qiagen, Hilden, Germany) with DNase 
digestion. qRT-PCR was performed on Opticon2 instrument 
(Bio-Rad, Hercules, CA, United  States), using the GoTaq 
One-Step RT-qPCR kit (Promega) with the following OsNAC4-
specific primers (F: 5ʹ- TCCTGCCACCACCATTCTGAGATG 
-3ʹ and R: 5ʹ- TTGCAGAATCATGCTTGCCAG -3ʹ) and PAL-
specific primers (F: 5ʹ- ACATCGGCAAGCTCATGTTC -3ʹ and 
R: 5ʹ- CCCTTGAACCCGTAGTCCAA -3ʹ). The mRNA levels 
were normalized based on the reference gene, actin1 (F: 5ʹ- 
TCCATCTTGGCATCTCTCAG -3ʹ and R: 5ʹ- TGGCTTAG 
-CATTCTTGGGTC -3ʹ).

Generation of RHIF Mutants
DNA was isolated from each strain using a previously described 
protocol (Wilson, 1987). To generate RHIF-deletion mutants, 
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upstream and downstream regions of RHIF were PCR amplified 
using two sets of specific primers (F: 5ʹ- CAGGTCGACTCTAG 
AGATCGCCATCACCGGAGCCT -3ʹ and R: 5ʹ- GCTGTCATG 
CGGACATGATCCCCCGGAGCGTAC -3ʹ for the upstream 
region of RHIF; F: 5ʹ- GATCATGTCCGCATGACAGCCCA 
CGGCGATG -3ʹ and R: 5ʹ- CGGGGATCCTCTAGACGCTAT 
TACGGCGCCGTGGC -3ʹ for the downstream region of RHIF), 
respectively. Each amplified PCR products were diluted and 
mixed equally, and then, the mixed PCR products were 
re-amplified using the upstream region of RHIF F primer and 
the downstream region of RHIF R primer. The PCR product 
was cloned into pK18mobsacBTET linearized by XbaI using 
the In-fusion cloning kit (Takara Bio, Shiga, Japan), and the 
resulting plasmid was designated NΔRHIF/pK18mobsacBTET. 
The NΔRHIF/pK18mobsacBTET was electro-transformed into 
A. avenae N1141 strain. Electroporation was performed using 
a Gene Pulser (Bio-Rad; voltage 1.7  kV/cm, capacitance 25  μf, 
and cuvette resistance 200  Ω). The bacterial cells were plated 
on LB agar plates (containing 20  μg/ml of tetracycline) and 
incubated at 30°C for 48  h. For second crossing-over event, 
the provided bacterial strains were incubated in sucrose selection 
media (Pseudomonas F liquid medium containing 1% [w/v] 
Bacto Tryptone (Thermo Fisher Scientific, Waltham, 
United  States), 1% [w/v] Proteose Peptone No. 3 (Thermo 
Fisher Scientific), 0.15% [w/v] K2HPO4, 0.15% [w/v] MgSO, 
and 26% sucrose) at 30°C for 72  h.

To generate RHIF complementary N1141 mutant (NΔRHIFC), 
RHIF was PCR amplified using the upstream region of RHIF 
F primer and the downstream region of RHIF R primer. The 
PCR product was cloned into pK18mobsacBKm linearized by 
SpeI using the In-fusion cloning kit (Takara Bio, Shiga, Japan), 
and the resulting plasmid was designated NΔRHIFC/
pK18mobsacBKm. The NΔRHIFC/pK18mobsacBKm was electro-
transformed into NΔRHIF. The bacterial cells were plated on 
LB agar plates (containing 50  μg/ml of kanamycin) and 
incubated at 30°C for 48  h. For second crossing-over event, 
the bacterial strain was incubated in sucrose selection media 
(Pseudomonas F liquid medium containing 27% sucrose) at 
30°C for 72 h. RHIF-deletion K1 mutant (KΔRHIF) and RHIF 
complementary K1 mutant (KΔRHIFC) were generated in the 
same methods.

Adenylate Cyclase Translocation Assay
Promoter region of flaA (336 bp) containing additional 5ʹ-terminal 
XbaI site and 3ʹ-terminal HindIII site was PCR amplified from 
A. avenae N1141 genome using specific primer set 
(5ʹ-TCTAGAGGCGGAACTCCTGCG-3ʹ and 5ʹ-AAGCTTCAT
TGCAAATCTCCTGAAAAGAAC-3ʹ) and cloned into pGEM-T. 
The plasmid was digested by XbaI and HindIII and cloned 
into pBBR1Tp, and the generated plasmid was named flapro/
pBBR1Tp. CyaA was amplified with PCR using primer set 
(5ʹ-AAGCTTCAGCAATCGCATCAGGC-3ʹ and 5ʹ-GGTACCT 
CAGCTGTCATAGCCGGA-3ʹ) and cloned into pGEM-T. The 
plasmid was digested by HindIII and KpnI and cloned into 
flapro/pBBR1Tp, and the generated plasmid was named flapro-
CyaA/pBBR1TP. RHIF was PCR amplified from N1141 genome 
using specific primer set (5ʹ- AAGCTTATGTCCACTCCCCCTT 

CCCTGC -3ʹ and 5ʹ- AAGCTTTGCCCGCACCCCGAGC -3ʹ). 
The PCR product was cloned into flapro-CyaA/pBBR1TP 
linearized by HindIII using the In-fusion HD cloning kit (Takara 
Bio), and the generated plasmid, flapro-RHIF-CyaA/pBBR1TP, 
was transformed into N1141 or NΔT3SS by electroporation. 
Cultured rice cells were inoculated with 1.0  ×  108  cfu/ml of 
N1141 carrying RHIF-CyaA vector and incubated for 10  h at 
30°C. After incubation, cultured rice cells were washed three 
times with distilled water and resuspended in 200  μl distilled 
water. The cells were boiled for 5  min, smashed with zirconia 
beads using the Bead Smash 12(WAKENYAKU, Kyoto, Japan) 
at 5,000  rpm for 5  min, and then centrifuged at 1,500  ×  g 
for 10  min at 4°C. Concentration of cAMP in the supernatant 
was measured using the Cyclic AMP EIA Kit (Cayman Chemical, 
Ann Arbor, MI, United  States).

Protoplast Preparation and Gene 
Transformation
Protoplast preparation and gene transformation were performed 
as described by Takai et  al. (2007).

Inoculation Test
Inoculation of A. avenae to rice or finger millet was performed 
by previously described method (Kondo et  al., 2017), with the 
slightly modifications. The bacteria suspended in sterilized 
distilled water (1  ×  106  cfu/μl) were drop on the end of a 
needle in an amount of one microliter (106  cfu), and then 
the sheath of 3  weeks old seedlings was pricked at a point 
3  cm above the soil level. Inoculated seedlings were grown 
for 4  days in a growth chamber with a 16  h  day (200  μE 
m−2  s−1 at 30°C) and 8 h night (28°C) cycle. The pathogenicity 
of each strain was estimated by assessing the brown stripe 
development around the inoculation site.

The growth of each bacterial strain was evaluated by measuring 
the number of bacterial cells in whole plants. Three sets of 
randomly selected rice plants were harvested, rinsed thoroughly 
in 1% HClO, 70% ethanol, and sterile water, and homogenized 
in distilled water. Dilutions of the homogenate were plated 
into Pseudomonas F agar. After incubation at 30°C for 48  h, 
the number of colony-forming units was determined.

RESULTS

Rice ETI Induction by the Rice-Avirulent 
Acidovorax avenae Strain N1141
To identify ETI effectors, we  first attempted to characterize 
ETI responses induced by the rice-avirulent A. avenae strain 
N1141. The loss of plasma membrane integrity is an important 
feature of HR cell death. Evans blue staining, which is used 
to detect the loss of plasma membrane integrity, is typically 
used to quantify dead cells. Therefore, we  first examined rice 
HR cell death induced by strain N1141 using Evans blue staining.

When strain N1141 (108 cfu/ml) was incubated with cultured 
rice cells, cell death was detected 6  h post-inoculation, and 
the number of dead cells gradually increased until 12  h 
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post-inoculation. In contrast, inoculation with the rice-virulent 
strain K1 did not cause cell death in cultured rice cells until 
6  h post-inoculation (Figure  1A). Unlike wild-type strain K1, 
neither T3SS-deficient strain N1141 (NΔT3SS) nor T3SS-deficient 
strain K1 (KΔT3SS) could induce the death of cultured rice 
cells (Figure  1A).

Next, we  determined whether HR cell death induced by 
strain N1141 is also observed in rice leaf sheath sections. 
Staining rice leaf sheath sections with Evans blue showed that 
many stained cells were interspersed with unstained cells 6  h 

post-inoculation with strain N1141. In contrast, no stained 
cells were observed after inoculation with the virulent K1, 
KΔT3SS, or NΔT3SS strains (Figure  1B). Stained cells were 
not detected in the mock-inoculated sheath section (data not 
shown), which suggests that the loss of plasma membrane 
integrity observed in both cultured rice cells and rice sheath 
sections is induced by strain N1141, but not strain K1. Moreover, 
this induction is dependent on the T3SS of strain N1141.

Another important feature of HR cell death is nuclear DNA 
cleavage at specific chromosomal sites by DNA endonucleases 

A

C

B

D

FIGURE 1 | Rice hypersensitive response (HR) cell death induced by each strain of Acidovolax. avenae (A) Time course of HR cell death in cultured rice cells 
inoculated with N1141 wild type (solid square), NΔT3SS (open square), K1 wild type (solid circle), or KΔT3SS (open circle). Hypersensitive response cell death was 
detected by Evans blue staining. That time point values without letters indicate no statistical significance. (B) Induction of HR cell death in leaf sheath sections. Rice 
sheath cross-sections were inoculated with N1141, NΔT3SS, K1, and KΔT3SS, and 6 h after inoculation, Evans blue staining was performed. Bar represents 
100 μm. Left graph shows the percentage of dead cell in leaf sheath sections. Each determination was done with at least 100 cells in each experiment. (C) Terminal 
deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining of each strain-inoculated cultured rice cells. Upper photographs represent TUNEL 
staining cell images of cultured rice cells inoculated with N1141 wild type, NΔT3SS, K1 wild type, or KΔT3SS. Lower photographs represent DAPI staining cell 
images of cultured rice cells inoculated with N1141 wild type, NΔT3SS, K1 wild type, or KΔT3SS. Scale bar in photographs represents 10 μm. Lower graph 
represents percentage of TUNEL-positive nuclei in cultured rice cells inoculated with each strain. The percentage of TUNEL-positive nuclei was determined by 
counting nuclei within 10 individual fields. Each determination was done with at least 1,000 nuclei in each of three independent experiments. (D) OsNAC4 mRNA 
levels in cultured rice cells inoculated with N1141, NΔT3SS, K1, or KΔT3SS. The x-axis represents the fold change in mRNA levels relative to those in cultured cells 
prior to treatment. Error bars in all figures represent standard deviation of three independent experiments. Values followed by a different letter in figures were 
significantly different according to Tukey-Kramer test (p < 0.05).
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(Ryerson and Heath, 1996; Ootsubo et al., 2016). To determine 
whether DNA fragmentation is associated with the loss of 
plasma membrane integrity induced by strain N1141 and 
whether the T3SS of N1141 is involved in DNA fragmentation, 
TUNEL (McCabe et  al., 1997) was performed on cultured rice 
cells inoculated with either N1141, K1, or a T3SS-deficient 
strain. Terminal deoxynucleotidyl transferase-mediated dUTP 
nick-end labeling staining of cultured rice cells 6  h post-
inoculation revealed that many fluorescein-derived bright green 
fluorescence signals were observed in N1141-inoculated cultured 
rice cells. The positions of all bright green signals coincided 
with those of nuclei stained with 4ʹ,6-diamidino-2-phenylindole 
(DAPI; Figure  1C). Terminal deoxynucleotidyl transferase-
mediated dUTP nick-end labeling-positive nuclei were observed 
in 9% of N1141-inoculated cells. In contrast, the percentage 
of cultured rice cells inoculated with either K1, KΔT3SS, or 
NΔT3SS that showed TUNEL-positive nuclei was about 3%, 
lower than for N1141-inoculated cells (Figure  1C).

OsNAC4 is a plant-specific transcription factor that contains 
a consensus sequence called the NAC domain. We  previously 
reported that OsNAC4 positively regulates HR cell death in 
rice. We  therefore measured changes in OsNAC4 expression 
in cultured rice cells inoculated with either strain K1, KΔT3SS, 
or NΔT3SS using qRT-PCR. OsNAC4 transcription was detected 
6 h post-inoculation with N1141, but no induction of OsNAC4 
genes was observed in rice cells inoculated with either K1, 
KΔT3SS, or NΔT3SS (Figure  1D). Induction of OsNAC4 
expression during HR cell death indicates that OsNAC4 expression 
can act as a marker for ETI induction. Taken together, our 
results suggest that the HR cell death specifically induced by 
strain N1141 is caused by effector proteins secreted through 
its T3SS.

Identification of ETI Effector Genes From 
Strain N1141
To identify effector proteins that positively regulate HR cell 
death, a tagged transposon library was constructed for strain 
N1141. The workflow for high-throughput screening of the 
HR-inducing effector-encoding genes is described in 
Supplementary Figure S1. By screening 6,200 mutants according 
to this workflow, we  found that 17 transposon-tagged N1141 
mutants lost their ETI induction ability. Sequence analysis of 
transposon flanking regions using RATE polymerase chain 
reaction (Ducey and Dyer, 2002) revealed that the transposons 
were inserted into five unique genes, namely, NT1, NT2, NT3, 
NT4, and NT5.

Among the five genes, NT1, NT2, and NT3 are located 
within the Hrp cluster and encode HrpX, HrpD5, and HrcU, 
respectively. Additionally, NT4 encodes a proton channel-related 
protein. Since the T3SS machinery includes these four proteins, 
NT1–4 were not considered candidate effector genes because 
their deficiency would impair T3SS function. NT5, however, 
encodes an unrelated protein composed of 350 amino acids. 
A search of the GenBank/EMBL database for similar sequences 
identified a domain consisting of amino acid residues 22–198 
within this protein that shows 43% identity to the P-loop 

NTPase domain of O. sativa (rice) isopentenyl transferase10 
(Figure  2A).

If NT5 is an HR cell death inducible effector, then, it should 
be  translocated into plant cells during infection. Adenylate 
cyclase (CyaA) requires calmodulin for its activity. Since 
calmodulin is only present in eukaryotic cells, CyaA is only 
active in eukaryotic cells (Sory and Cornelis, 1994). Thus, 
accumulation of the CyaA product, cAMP, in inoculated plant 
tissues can be  used to measure type III effector delivery into 
plant cells (Casper-Lindley et  al., 2002; Schechter et  al., 2004). 
We  monitored the intracellular transport of NT5 using an 
NT5-CyaA hybrid protein. In order to do this, we  generated 
N1141 and NΔT3SS transformants that express NT5-CyaA. 
We extracted cAMP from cultured rice cells 9 h post-inoculation 
and measured its concentration using an enzyme immunoassay. 
High levels of cAMP (about 180  pmol/ml) were detected in 
cultured rice cells inoculated with N1141 expressing NT5-CyaA, 
whereas very small amounts of cAMP accumulation were 
observed in cells inoculated with NΔT3SS expressing NT5-CyaA 
(Figure  2B), suggesting that NT5 is transported into rice cells 
through the T3SS of strain N1141. Based on these data, 
we  concluded that NT5 is a candidate effector protein that 
causes HR cell death in rice. We  therefore named NT5 rice 
HR cell death inducing factor (RHIF).

Identification of RHIF as an ETI Effector 
in Rice
To determine whether RHIF functions as an effector that causes 
HR cell death in rice, we  generated an RHIF-deletion N1141 

A

B

FIGURE 2 | ETI effector candidate protein NT5 (RHIF). (A) Schematic 
drawing of NT5 (RHIF) structure. Gray box indicates the region that is 
homologous to the p-loop NTPase domain within rice isopentenyl 
transferase10. (B) Transport of NT5 (RHIF) from N1141 into rice cells. 
Cultured rice cells were inoculated with A. avenae N1141 strain and N∆T3SS 
carrying pBBR1Tp plasmid expressing the NT5 (RHIF)-CyaA fusion protein, 
and 12 h after inoculation, cAMP concentration was measured. Bars indicate 
the standard deviation of three independent experiments. Asterisk indicates 
significant difference (t-test, p < 0.05).
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mutant (NΔRHIF). We  also generated an RHIF-complement 
NΔRHIF mutant (reintroduction of RHIF into the genome of 
NΔRHIF: NΔRHIFC mutant) using homologous recombination. 
Cultured rice cells were inoculated with either strain N1141, 
NΔRHIF, NΔRHIFC, or NΔT3SS. Plasma membrane integrity 
was monitored by Evans blue staining. Clear cell death was 
induced in N1141-inoculated cultured cells 6 h post-inoculation, 
while no cell death was observed in cultured rice cells inoculated 
with NΔRHIF (Figure  3A). When cultured rice cells were 
inoculated with NΔRHIFC, which is the RHIF-complement 
NΔRHIF, cell death was induced to the same extent as that 
observed in N1141-inoculated cultured rice cells (Figure  3A). 
Similarly, Evans blue staining showed that cell death in rice 
leaf sheaths was induced by inoculation with NΔRHIFC, but 
not by NΔRHIF (Figure  3B).

We used a TUNEL assay to determine whether the DNA 
fragmentation observed during HR cell death was also induced 
by RHIF. Cultured rice cells were inoculated with N1141, 
NΔRHIF, NΔRHIFC, and NΔT3SS. Six hours post-inoculation, 
TUNEL was performed. The percentage of TUNEL-positive 
nuclei observed in N1141- and NΔRHIFC-inoculated cultured 
rice cells reached about 8%, while the percentage of TUNEL-
positive nuclei in the cultured rice cells inoculated with NΔRHIF 
and NΔT3SS was only about 3% (Figure  3C).

To clarify the involvement of RHIF in the induction of 
OsNAC4, which is an indicator of ETI induction, OsNAC4 
mRNAs were quantified in N1141-, NΔRHIF-, NΔRHIFC-, and 
NΔT3SS-inoculated cultured rice cells. The OsNAC4 expression 
level was about 100 times higher in cultured rice cells inoculated 
with either N1141 or NΔRHIFC than in cells inoculated with 
either NΔRHIF or NΔT3SS (Figure  3D).

It was reported that ETI and HR can sometimes be uncoupled 
(Chiang and Coaker 2015; Menna et  al. 2015). We  previously 
reported that OsPAL which is involved in plant secondary 
metabolism is T3SS-dependently induced by N1141 of A. avenae 
(Kondo et  al., 2012). To determine whether RHIF positively 
regulates ETI as well as HR cell death, OsPAL mRNA were 
quantified in N1141-, NΔRHIF-, NΔRHIFC-, and NΔT3SS-
inoculated cultured rice cells (Figure 3E). 6 h after inoculation, 
the expression level of OsPAL was about 30 times higher in 
cultured rice cells inoculated with either N1141 or NΔRHIFC 
than in cells before inoculation. In contrast, OsPAL expression 
level in NΔRHIF-inoculated cultured rice cells was lower than 
that in N1141-ioculated cultured rice cells, and no increase 
of OsPAL expression was observed in NΔT3SS-inoculated 
cultured rice cells. These results indicate that RHIF from N1141 
induces not only HR cell death but also ETI.

To determine whether HR cell death is triggered by RHIF 
transported into rice cells, we  constructed three plasmids, one 
of which contains the RHIF gene while the others contain 
either GUS as a negative control or OsNAC4 as a positive 
control. The individual plasmids were used to transform rice 
protoplasts. As shown in Figure  4A, approximately 80% of 
RHIF- and OsNAC4-expressing rice protoplasts were stained 
with Evans blue, while the proportion of dead cells in 
GUS-expressing rice protoplasts was significantly reduced. 
Because another important feature of rice HR cell death induced 

A

B

C

D

E

FIGURE 3 | Role of RHIF in induction of rice ETI. (A) Time course of HR cell 
death in cultured rice cells inoculated with N1141 (solid square), NΔT3SS 
(open square), NΔRHIF (solid triangle), or NΔRHIFC (open triangle). That time 
point values without letters indicate no statistical significance. (B) Percentage 
of dead cell in leaf sheath sections. Rice sheath cross-sections 6 h after 
treatment with N1141, NΔT3SS, NΔRHIF, and NΔRHIFC were monitored for 
dead cells using Evans blue staining. Each determination was done with at 
least 100 cells in each experiment. (C) Percentage of TUNEL-positive nuclei in 
cultured rice cells inoculated with N1141, NΔT3SS, NΔRHIF, and NΔRHIFC. 
The percentage of TUNEL-positive nuclei was determined by counting nuclei 
within 10 individual fields. Each determination was done with  

(Continued)
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by strain N1141 is nuclear DNA fragmentation (Che et  al., 
1999), TUNEL staining was attempted on rice cells expressing 
RHIF. Gold particles for bombardment were coated with a 
mixture of RHIF-expressing vector and DsRed-expressing vector 
before being bombarded into cultured rice cells. Six hours 
post-inoculation, the RHIF-expressing cultured rice cells (DsRed-
positive cells) exhibited fluorescein-derived bright green 
fluorescence of their nuclei, as detected by TUNEL (Figure 4B). 

Similar nuclear DNA fragmentation was also observed in 
OsNAC4-expressing cultured rice cells, while no fluorescein-
derived bright green fluorescence was found in GUS-expressing 
cultured rice cells, suggesting that ectopic expression of RHIF 
in rice cells causes nuclear DNA fragmentation. Based on the 
above results, we  concluded that HR cell death in rice is 
induced by RHIF transported from N1141 into rice cells.

Role of RHIF Derived From Strain K1 in ETI 
Induction
As mentioned above, strain N1141 causes rice ETI responses, 
but strain K1 does not. If strain K1 expresses RHIF, what 
role does K1-derived RHIF play in inducing ETI responses? 
Therefore, we  next attempted to identify the RHIF gene of 
strain K1. RHIF gene derived from strain K1 was amplified 
by PCR using strain K1 genomic DNA as a template, and the 
sequence of the amplified DNA fragment was determined. 
We found that the putative RHIF gene contains an open reading 
frame of 1,050  bp, located at the same chromosomal locus as 
the N1141-derived RHIF gene. The translated amino acid 
sequence revealed that the RHIF derived from strain K1 is 
also composed of 350 amino acids, with a difference of only 
13  residues compared with the N1141 ortholog (Figure  5A). 
Interestingly, all residues that differ between both RHIFs are 
present outside the P-loop NTPase domain (Figure  5A). Since 
strain K1 carries a different RHIF allele from that of strain 
N1141, we  named the N1141 allele NRHIF and the K1 
allele KRHIF.

To determine the role of KRHIF in ETI induction, 
we  generated a KRHIF-deletion K1 mutant (NΔRHIF) and a 
KRHIF complementation KΔRHIF mutant (reintroduction of 
KRHIF into the genome of KΔRHIF: KΔRHIFC). Cultured 
rice cells were inoculated with either strain K1, KΔRHIF, or 
KΔRHIFC, and cell death was monitored by Evans blue staining. 
Cell death in cultured rice cells was not induced not only by 
K1 but also by KΔRHIF or KΔRHIFC until 12 h post-inoculation 
(Figure 5B). When rice leaf sheaths were inoculated with either 
K1, KΔRHIF, or KΔRHIFC, we  did not detect cell death 
(Figure  5C). Moreover, we  could not detect nuclear DNA 
fragmentation in cultured rice cells inoculated with either K1, 
KΔRHIF, or KΔRHIFC (Figure  5D). Similarly, the expression 
level of OsNAC4 in cultured rice cells was not increased by 
inoculation with either KΔRHIF or KΔRHIFC (Figure  5E). 
Furthermore, when KRHIF was expressed in cultured rice cells, 
neither cell death nor nuclear DNA fragmentation was observed 
(Supplementary Figure S2). These results indicate that KRHIF 
does not function as an ETI-inducible effector in rice.

The host plants of strains K1 and N1141 are rice and finger 
millet, respectively. Therefore, we  next evaluated the effect of 
KRHIF on the non-host finger millet. Evans blue staining of 
finger millet leaf sheath sections inoculated with strain K1 
showed that cell death was induced in more than 60% of cells 
12  h post-inoculation. A reduction in dead cells was observed 
in sheath sections inoculated with either KΔT3SS or KΔRHIF 
(Figure  6). Cell death was induced to the same extent in 
finger millet leaf sheath sections at the same level by strain 

A

B

FIGURE 4 | HR cell death induction by RHIF. (A) Percentage of dead 
protoplasts induced by expression GUS, OsNAC4, and RHIF. HR cell death 
was detected by Evans blue staining. Error bars represent standard deviation 
of three independent experiments. Values followed by a different letter were 
significantly different according to Tukey-Kramer test (p < 0.05). (B) DNA 
fragmentation detected by TUNEL staining. GUS and DsRed (upper panels), 
NRHIF and DsRed (middle panels), and KRHIF and DsRed (lower panels) 
were co-expressed. The arrow indicates the TUNEL-positive nucleus.

FIGURE 3 | at least 1,000 nuclei in each of three independent experiments. 
(D) OsNAC4 mRNA levels in cultured rice cells inoculated with N1141, 
NΔT3SS, NΔRHIF, and NΔRHIFC. The x-axis represents the fold change in 
mRNA levels relative to those in cultured cells prior to treatment. (E) PAL mRNA 
levels in cultured rice cells inoculated with N1141, NΔT3SS, NΔRHIF, and 
NΔRHIFC. The x-axis represents the fold change in mRNA levels relative to 
those in cultured cells prior to treatment. Error bars in figures represent standard 
deviation of three independent experiments. Values followed by a different letter 
in figures were significantly different according to Tukey-Kramer test (p < 0.05).
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K1 and the KRHIF complementation mutant, KΔRHIFC 
(Figure 6), which suggests that KRHIF functions as an effector 
that induces cell death in finger millet.

Roles of NRHIF and KRHIF in Disease 
Formation in Rice and Finger Millet
To clarify the roles of NRHIF and KRHIF on disease formation 
in rice, rice plants were inoculated with either N1141, K1, 
NΔT3SS, KΔT3SS, NΔRHIF, KΔRHIF, NΔRHIFC, or KΔRHIFC 
using the needle injection method. Brown stripe symptoms in 
K1-inoculated rice appeared 2 days post-inoculation and gradually 
spread 4  days post-inoculation (Figures  7A,B). In contrast, 
when rice was inoculated with either N1141, NΔRHIF, NΔRHIFC, 
NΔT3SS, or KΔT3SS, no brown stripe symptoms appeared 
within 4  days post-inoculation (Figures  7A,B). Interestingly, 
inoculation with KΔRHIF reduced the severity of symptoms 

by about 50%; this reduction was restored by RHIF 
complementation (Figures  7A,B). The presence of inoculated 
bacteria was determined by measuring internal bacterial load. 
When wild-type K1 (1  ×  106  cfu) was inoculated into rice, 
the number of K1 cells reached 3  ×  107  cfu/plant 4  days post-
inoculation (Figure 7C). No remarkable increase in the numbers 
of KΔRHIF, KΔT3SS, and NΔRHIF cells was observed 4  days 
post-inoculation (Figure  7C). In contrast, the numbers of 
N1141, NΔT3SS, and NΔRHIFC in rice 4 days post-inoculation 
was lower than the number of inoculated bacterial cells. These 
observations, together with the lesion formation data, indicate 
that the absence of NRHIF genes increases the infectivity of 
strain N1141, and the absence of the KRHIF gene decreases 
the infectivity of strain K1 toward rice.

To determine the role of NRHIF and KRHIF in disease 
formation in finger millet, we  conducted a similar inoculation 
test on finger millet with N1141, K1, NΔT3SS, KΔT3SS, NΔRHIF, 

A

B C

D E

FIGURE 5 | Role of KRHIF in induction of rice ETI. (A) Schematic drawing of RHIFs. Gray box indicates the p-loop NTPase domain. Asterisks indicate non-
conserved amino acid residues. (B) Time course of HR cell death in cultured rice cells inoculated with N1141 (solid square), K1 (solid circle), KΔRHIF (solid rhomb), 
or KΔRHIFC (open rhomb). That time point values without letters indicate no statistical significance. (C) Percentage of dead cell in leaf sheath sections. Rice sheath 
cross-sections 6 h after treatment with N1141, K1, KΔRHIF and KΔRHIFC were monitored for dead cells by Evans blue staining. Each determination was done with 
at least 100 cells in each experiment. (D) Percentage of TUNEL-positive nuclei in cultured rice cells inoculated with N1141, K1, KΔRHIF, and KΔRHIFC. The 
percentage of TUNEL-positive nuclei was determined by counting nuclei within 10 individual fields. Each determination was done with at least 1,000 nuclei in each 
of three independent experiments. (E) OsNAC4 mRNA levels in cultured rice cells inoculated with N1141, K1, KΔRHIF, and KΔRHIFC. The x-axis represents the fold 
change in mRNA levels relative to those in cultured cells prior to treatment. Error bars in figures represent standard deviation of three independent experiments. 
Values followed by a different letter in figures were significantly different according to Tukey-Kramer test (p < 0.05).
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KΔRHIF, NΔRHIFC, and KΔRHIF. The brown stripe symptom 
in finger millet appeared 4  days post-inoculation with finger 
millet-virulent strain N1141. We  observed a 30% reduction in 
symptoms in finger millet inoculated with NΔRHIF while the 
symptoms observed in finger millet inoculated with the RHIF 
complementation strain, NΔRHIFC, were similar to those 
inoculated with wild-type strain N1141 (Figures  7D,E). When 
the number of each bacterial strain in plants was measured 
4  days post-inoculation, we  found that the number of N1141 
cells increased by about three times compared with the number 
of inoculated cells. In contrast, the number of bacteria decreased 
in finger millet inoculated with NΔRHIF, and NΔRHIFC 
proliferated in finger millet to the same level as wild-type N1141. 
Unexpectedly, RHIF-deficient strain K1 did not appear to proliferate 
in finger millet (Figure  7F). These results indicated that NRHIF 
deficiency decreases strain N1141’s infectivity toward finger millet.

DISCUSSION

In this study, we  demonstrate that NRHIF identified from the 
rice-avirulent strain N1141 of A. avenae is novel effector that 
induces ETI including HR cell death in rice. In contrast, KRHIF 
from rice-virulent strain K1 functions as an ETI inducer in 
the non-host plant finger millet. Finally, we show that inoculation 
of rice and finger millet with either RHIF-deficient N1141 or 
K1 strains showed that a deficiency of RHIF genes in both 
strains results in decreased infectivity toward each host plants. 
To clarify that NRHIF and KRHIF play different roles for 
each host plant, the NRHIF and KRHIF genes-swapping mutants 
are useful. Therefore, we  generate two swapping mutants; 
KRHIF/NΔRHIF strain in which KRHIF was introduced into 
NΔRHIF genome, NRHIF/KΔRHIF strain in which NRHIF was 
introduced into KΔRHIF genome. However, ETI induction 

ability and infectivity of each swapping mutant could not 
be  evaluated because poor growth of the mutants, decreased 
expression and instability of RHIFs were observed in each 
swapping mutants. We  conclude that NRHIF and KRHIF play 
different roles for each host or non-host plant from the collective 
of these experimental data.

The P-loop NTPase domain is common to both NRHIF 
and KRHIF. The P-loop NTPase domain is the most prevalent 
domain among bacterial and eukaryotic proteins (Leipe et  al., 
2003). While there is some variety in the enzyme-catalyzed 
reaction of the P-loop NTPase, the most common one is the 
hydrolysis of the β–γ phosphate bond of a bound nucleoside 
triphosphate (Arya and Acharya, 2018). The P-loop NTPase 
domain of NRHIF and KRHIF has high sequence homology 
with the P-loop NTPase domain of tRNA isopentenyltransferase 
that catalyzes the addition of the 5-carbon isopentenyl moiety 
to the exocyclic amine of adenine 37 located outside the 
anticodon using dimethylallyl pyrophosphate (DMAPP; Sakamoto 
et  al., 2006). Detailed studies have been conducted on the 
structure–activity relationship of the MiaA encoded tRNA 
isopentenyltransferase. Gln166, which is present in the P-loop 
of MiaA, is conservatively replaced by bulky charged residues, 
while Arg167 is strictly conserved between species (Soderberg 
and Poulter, 2001). Substitution of Arg167 with Ala resulted 
in a significant reduction in catalytic efficiency, with Km increased 
by 20 times for RNA and nearly 10 times for DMAPP compared 
to wild-type (Chimnaronk et  al., 2009). The conservation of 
Glu187 and Arg188 within the P-loop NTPase domain of RHIFs 
indicates that the P-loop NTPase domain of RHIF retains its 
enzymatic activity. The P-loop NTPase domain is involved in 
a variety of complex biological processes, including programmed 
cell death, disease, and immune responses in plants and animals 
through its own enzymatic activity (Leipe et al., 2004). NRHIF 
and KRHIF caused ETI responses, including HR cell death in 
non-host plants. The 13 amino acid differences between NRHIF 
and KRHIF are also located outside the P-loop NTPase. Therefore, 
it is highly likely that the pleiotropic effects, including ETI 
responses and the development of symptoms triggered by 
KRHIF and NRHIF in host and non-host plants, are caused 
by the enzymatic activity of their P-loop NTPase domain.

The functional dualities of KRHIF and NRHIF may be  due 
to the presence of specific R-like genes corresponding to KRHIF 
and NRHIF. Since there is an R-like protein corresponding to 
NRHIF in rice and a different R-like protein corresponding 
to KRHIF in finger millet, KRHIF and NRHIF induce different 
biological reactions in rice and finger millet. The specific 
correspondence between each RHIF and an appropriate R-like 
protein is likely defined by a 13 amino acid difference between 
the both RHIFs. Furthermore, these different amino acids also 
need to abolish the development of symptoms mediated by 
the P-loop NTPase activity of RHIF isolated from avirulent strains.

Recognition of its corresponding effector by an R protein 
initiates a defense signaling cascade that results in ETI, including 
HR cell death (Arya and Acharya, 2018). Many R proteins 
expressed by plants belong to the nucleotide-binding and leucine-
rich repeat protein family (NB-LRR). The NB-LRR class of R 
proteins can be further divided into two groups based on whether 

FIGURE 6 | Role of KRHIF in induction of finger millet cell death. Finger millet 
sheath cross-sections were inoculated with K1, KΔT3SS, KΔRHIF, and 
KΔRHIFC, and 12 h after inoculation, Evans blue staining was performed. 
Scale bar represents 100 μm. Light graphs show the percentage of dead cell 
in leaf sheath sections of finger millet. Each determination was done with at 
least 100 cells in each experiment. Error bars represent standard deviation of 
three independent experiments. Values followed by a different letter were 
significantly different according to Tukey-Kramer test (p < 0.05).
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FIGURE 7 | Inoculation tests of N1141, NΔT3SS, NΔRHIF, NΔRHIFC, K1, KΔT3SS, KΔRHIF, and KΔRHIFC. (A) Photographs of rice inoculated with each strain. 
Each strain was inoculated into rice using the single-needle method, and symptoms were observed 4 days later. The arrow indicates the inoculation points. 

(Continued)
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they have a Toll/interleukin-1 receptor domain or a coiled-coil 
(CC) domain at their N-terminus (Collier and Moffett, 2009). 
Analysis of various plant genomes, including those of A. thaliana, 
O. sativa, Solanum tuberosum (potato), Brassica rapa (field 
mustard), and Brachypodium distachyon (purple false brome), 
has demonstrated that the NBS-LRR class of R proteins is among 
the largest gene families in Kingdom Plantae (Marone et  al., 
2013; Baggs et  al., 2017). The majority of R protein NBS-LRRs, 
such as A. thaliana RPS4 and tobacco N., belong to the apoptotic 
ATPase family of P-loop NTPases. The accumulation of RHIFs 
possessing a P-loop NTPase domain in plant cells perturbs signal 
transduction mediated by the R protein. Such perturbance 
mediated by the P-loop NTPase likely results in ETI induction 
and symptom development caused by RHIFs.

Motif analysis using PSORT and cNLS Mapper showed that 
NRHIF localizes mainly to the cytosol. When NRHIF-Venus was 
expressed in rice cells, Venus-derived yellow fluorescence was 
observed in both nucleus and cytosol. Since the predicted molecular 
mass of NRHIF-Venus is 65  kDa, it can diffuse to a limited 
extent into the nucleus without a nuclear localization signal (NLS). 
Since NRHIF lacks an NLS, these results suggest that NRHIF 
localizes mainly to the cytosol in rice cells. The presence of RHIFs 
in the cytoplasm is reasonable if the enzymatic addition of the 
5-carbon isopentenyl moiety to the extracellular amine of adenine 
37 by the RHIF P-loop NTPase domain is responsible for inducing 
HR cell death and the development of symptoms.

Pathogenic bacteria are known to secrete multiple effectors 
into plant cells during infection. These effectors are involved 
in inducing ETI, suppressing PTI, and establishing infection. 
We  previously reported that screening a library of transposon-
tagged A. avenae K1 strains based on suppression of flagellin-
triggered H2O2 generation showed that the suppression activity 
of 156 transposon-tagged K1 mutants was reduced to the same 
level as that of KΔT3SS. Moreover, sequence analysis of regions 
flanking the transposons revealed that they were inserted into 
68 different genes. In addition, multiple proteins were secreted 
by strains N1141 and K1 using their T3SS (Kondo et al., 2017; 
Kawaguchi et  al., 2021). The presence of multiple effectors in 
A. avenae strains N1141 and K1 raises the question of whether 
NRHIF and KRHIF are the only ETI-inducible effectors for 
rice and finger millet, respectively. ETI responses including 
HR cell death induction and OsNAC4 expression in NΔRHIF-
inoculated rice cells were reduced to almost the same extent 
as that in NΔT3SS-inoculated rice cells (Figures  3, 4). Similar 
results were observed in finger millet inoculated with either 
KΔRHIF or KΔT3SS (Figure 6). In addition, our screen employing 
6,200 transposon-tagged N1141 mutants covered almost all 
genes in the genome because the whole-genome sequence of 

strain N1141 indicates the presence of 4,787 open reading 
frames. Only RHIF has been identified as an ETI-inducible 
effector by our transposon-tagged N1141 mutant screen. Taken 
together, our results suggest that NRHIF is the major effector 
that causes the ETI responses in rice.

Inoculation tests on rice showed that the growth of strain 
N1141 was increased by NRHIF deficiency, and that growth was 
reduced by complementation of NRHIF in the NRHIF-deficient 
strain, to the same level as wild-type N1141. Such changes in 
bacterial growth indicate that NRHIF also functions as an 
ETI-inducible effector when infecting non-host plants. In contrast, 
KRHIF-deficient strain K1 did not affect bacterial growth in 
non-host finger millet. This may be  due to differences in the 
contribution of KRHIF and NRHIF to ETI induction in non-host 
plants. NRHIF was identified by comprehensive screening of 
transposon-tagged N1141 mutants while KRHIF was identified 
based on sequence homology with NRHIF. Therefore, it is unclear 
whether KRHIF expressed by strain K1 is the only effector involved 
in ETI induction of finger millet. Multiple effectors apart from 
KRHIF may be involved in recognizing strain K1 and ETI induction 
by finger millet. Identification of ETI inducers apart from KRHIF 
in strain K1 is important for elucidating the molecular mechanism 
underlying the narrow host range of A. avenae.
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FIGURE 7 | (B) Length of brown stripe symptoms in N1141 (solid square)-, NΔT3SS (open square)-, NΔRHIF (solid triangle)-, NΔRHIFC (open triangle)-, K1 (solid 
circle)-, KΔT3SS (open circle)-, KΔRHIF (solid diamond)-, and KΔRHIFC (open diamond)-inoculated rices. That time point values without letters indicate no statistical 
significance. (C) Number of bacterial cells in whole rice plants 4 days after inoculation. Error bars indicate the standard deviation of three independent experiments. 
(D) Photographs of finger millet inoculated with each strain. Bacterial strains were inoculated into finger millet using the single-needle method, and symptoms were 
observed 4 days later. The arrow indicates the inoculation points. (E) Length of brown stripe symptoms in N1141 (solid square)-, NΔT3SS (open square)-, NΔRHIF 
(solid triangle)-, NΔRHIFC (open triangle)-, K1 (solid circle)-, KΔT3SS (open circle)-, KΔRHIF (solid diamond)-, and KΔRHIFC (open diamond)-inoculated finger 
millets. That time point values without letters indicate no statistical significance. (F) Number of bacterial cells in whole finger millet plants 4 days after inoculation. 
Bars indicate standard deviation of three independent experiments. Error bars in figures represent standard deviation of three independent experiments. Values 
followed by a different letter in figures were significantly different according to Tukey-Kramer test (p < 0.05).
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Anticipating an increased ecological awareness, scientists have been exploring new 
strategies to reduce the use of chemical pesticides to control pests and diseases. 
Triggering the intrinsic plant defense system is one of the promising strategies to reduce 
yield loss by pathogenic organisms, such as nematodes. Ascorbate oxidase (AO) enzyme 
plays an important role in plant defense by regulating the apoplastic ascorbate/
dehydroascorbate (DHA) ratio via the ascorbate oxidation process. Ascorbate oxidation 
is known to induce systemic resistance in rice against parasitic root-knot nematodes 
(RKN). Here, we sought to evaluate if AO- or DHA-induced resistance (IR) against RKN 
M. graminicola involves activation of the phenylpropanoid pathway and whether this IR 
phenotype has potential effects on growth of rice seedlings under stressed and unstressed 
conditions. Our results show that AO/DHA-IR against these parasitic nematodes is 
dependent on activation of phenylalanine ammonia lyase (PAL). However, application of 
reduced ascorbic acid (AA) did not induce this response. Gene expression analysis via 
qRT-PCR showed that OsPAL2 and OsPAL4 are highly expressed in AO/DHA-sprayed 
nematode-infected roots and PAL-activity measurements confirmed that AO/DHA spraying 
triggers the plants for primed activation of this enzyme upon nematode infection. AO/
DHA-IR is not effective in plants sprayed with a chemical PAL inhibitor confirming that 
AO/DHA-induced resistance is dependent on PAL activity. Improved plant growth and 
low nematode infection in AO/DHA-sprayed plants was found to be correlated with an 
increase in shoot chlorophyll fluorescence (Fv/Fm), chlorophyll index (ChlIdx), and modified 
anthocyanin reflection index which were proven to be good above-ground parameters 
for nematode infestation. A detailed growth analysis confirmed the improved growth of 
AO/DHA-treated plants under nematode-infected conditions. Taken together, our results 
indicate that ascorbate oxidation enhances the phenylpropanoid-based response to 
nematode infection and leads to a tolerance phenotype in treated rice plants.

Keywords: tolerance, priming, phenotyping, Oryza sativa, Meloidogyne graminicola, phenylalanine ammonia lyase
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INTRODUCTION

Rice (Oryza sativa L.) is one of the world’s most valuable 
agricultural commodities, a staple food for half of the global 
population, and an important model plant for the study of 
the interaction between a monocotyledonous plant and plant 
parasitic nematodes at molecular and physiological level (De 
Waele and Elsen, 2007; Kyndt et al., 2014). Root-knot nematode 
(RKN) Meloidogyne graminicola is an obligate endo-parasitic 
root pathogen (Mantelin et al., 2017), with significant detrimental 
effects on rice (Bridge et  al., 2005; De Waele and Elsen, 2007). 
M. graminicola is dominant in rainfed and lowland (irrigated) 
rice, as well as in deep-water ecosystems (Prot and Rahman, 
1994). It is known to cause substantial yield losses in all the 
rice growing belts of southeast Asia (Rao and Biswas, 1973; 
Kumari et  al., 2016). An estimated yield loss caused by this 
nematode can be  up to 87% of production (Plowright and 
Bridge, 1990; Netscher, 1993). M. graminicola has a short life 
cycle when compared with other RKN species: 19–27  days at 
temperatures of 22–29°C (Bridge and Page, 1982). Its short 
life cycle and wide host range make this species difficult to 
control (De Waele and Elsen, 2007). The infective second-stage 
juvenile (J2) penetrates the rice root in the elongation zone, 
migrates to the vascular tissue, and forms a feeding site, 
consisting of 3–8 giant cells (Kyndt et  al., 2014). These giant 
cells function as a specialized sink, supplying nutrients to the 
nematode for its development and reproduction (Caillaud et al., 
2008). Female nematodes will develop within 14  days after 
infection, after which they start to lay eggs (Kyndt et al., 2014). 
The females lay hundreds of eggs in a protective gelatinous 
matrix, forming an egg mass. M. graminicola females lay eggs 
in the root cortex embedded in galls while in other RKN 
species egg masses are found on the root surface (Kyndt et  al., 
2014; Escobar et  al., 2015). Hyperplasia and hypertrophy of 
the surrounding cells lead to the development of root knots 
(galls) and hooked root tips, typical root symptoms induced 
by M. graminicola infection (Bridge et  al., 2005; Karssen et  al., 
2006; Karssen and Moens, 2006;  Kyndt et  al., 2014). This 
gall formation disturbs normal root physiological functions, 
such as water and nutrient transport, ultimately causing chlorosis 
and stunted growth and observable patchy growth in rice fields 
(Bridge and Page, 1982).

Induced resistance (IR) is an enhanced plant disease resistance 
phenotype in response to stimulation by a pathogen, insect 
herbivory, wounding, a beneficial microbe, or by exogenous 
application of natural or synthetic compounds (Conrath, 2006; 
Bektas and Eulgem, 2015; Conrath et  al., 2015). IR can work 
through direct activation of plant defense even without pathogen 
challenge and/or it can work via defense priming whereby 
some genes, enzymes, or pathways are only activated when 
the plant is challenged by a pathogen (De Kesel et  al., 2021). 
Upon this challenge, the plant effectively mounts a faster and/
or stronger defense response resulting in reduced disease and/
or stress tolerance (Mauch-Mani et al., 2017). However, potential 
changes in plant development and plant growth should 
be  monitored upon IR activation, as excessive activation of 
plant defense can have fitness costs (van Hulten et  al., 2006; 

Wu et  al., 2010; Koen et  al., 2014; Luna et  al., 2014, 2020; 
Cohen et  al., 2016; Yassin et  al., 2021).

Compounds, such as beta-aminobutyric acid (BABA; Ji et al., 
2015), thiamine (Huang et al., 2016), silicon (Zhan et al., 2018), 
methyl jasmonate (MeJA), ethephon (Eth), the salicylic acid 
(SA) analogue benzothiadiazole BTH (Nahar et  al., 2011), 
COS-OGA (Singh et al., 2019), and ascorbic acid (AA, vitamin 
C; Arrigoni et al., 1979; Al-Sayed and Thomason, 1988; Osman, 
1993; Hamada et  al., 2000; Osman et  al., 2013), are known 
to induce resistance against RKN. AA is a water-soluble 
compound and the most abundant antioxidant in plants (Smirnoff, 
2018; Foyer et  al., 2020). The redox status of total AA in the 
apoplast, regulated by ascorbate oxidase (AO; Pignocchi and 
Foyer, 2003; Foyer and Noctor, 2005; Fotopoulos and Kanellis, 
2013), is known to influence plant growth. This is mediated 
by effect on hormone pathways, antioxidant enzyme activities, 
mitogen-activated protein kinase (MAPK) activity, and calcium 
channels (Pignocchi and Foyer, 2003). AO catalyzes oxidation 
of AA to the unstable radical monodehydroascorbate (MDHA) 
and subsequently to DHA in the apoplast. DHA is then 
transported to the symplast and reduced back to AA through 
the symplastic AA–glutathione (AA–GSH) cycle (Horemans 
et  al., 2000), which includes among others dehydroascorbate 
reductases (Smirnoff, 2000; Smirnoff and Wheeler, 2000).

Secondary metabolites play an important role in plant defense 
against parasitic nematodes (Desmedt et  al., 2020). One of 
the best-known secondary metabolic pathways in plants is the 
phenylpropanoid pathway. Phenylpropanoids are derived from 
cinnamic acid, which is formed from phenylalanine (Vogt, 
2010). The phenylpropanoid pathway is constituted of a complex 
series of branching biochemical pathways. This plant-specific 
pathway produces a variety of compounds, including structural 
cell wall components (lignin, suberin, and other cell wall-
associated phenolics), antioxidants (flavonoids and anthocyanins), 
immunity signals (SA), and toxins (coumarins and 
furanocoumarins; Dixon et al., 2002; Vogt, 2010; Lefevere et al., 
2020). The first step in the phenylpropanoid pathway, where 
phenylalanine ammonia lyase (PAL) catalyzes the conversion 
of phenylalanine to trans-cinnamate, is important in the  
transition between primary and secondary metabolism 
(Hahlbrock and Scheel, 1989; Dixon and Paiva, 1995; Huang 
et  al., 2010; Vogt, 2010). The expression of the PAL gene 
responds to biotic and abiotic stresses, such as pathogens, UV 
irradiation, and low temperature (Dixon and Paiva, 1995; 
MacDonald and D’Cunha, 2007). PAL can be  induced by 
wounding and insect herbivory, pathogen infection, and abiotic 
stresses (Hahlbrock and Scheel, 1989; Dixon and Paiva, 1995), 
as well as by jasmonate (Taheri and Tarighi, 2010, 2011).

In previous research (Singh et  al., 2020b), we  have shown 
that ascorbate oxidation by exogenous application of AO induces 
rice defense against M. graminicola. The process involves systemic 
activation of the ethylene/jasmonate pathway coupled with high 
H2O2 accumulation upon nematode infection. We also confirmed 
that exogenous application of the product of AO, namely, DHA, 
gives a similar IR phenotype. This uncovered a previously 
unknown role for ascorbate oxidation in activation of systemic 
resistance pathways against nematodes. In this research, we sought 
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to evaluate whether IR induced by ascorbate oxidation involves 
activation of the phenylpropanoid pathway and whether this 
IR phenotype has plant growth effects. After confirmation of 
the DHA and AO-IR phenotype against RKN in rice, we analyzed 
the expression of OsPAL2 and OsPAL4 and quantified PAL 
activity in the shoots and roots of DHA/AO-treated plants, 
both under uninfected and nematode-infected conditions. Then, 
we  manipulated PAL levels by treating plants with the PAL 
inhibitor, L-2-aminooxy-3-phenylpropanoic acid (AOPP) and 
analyzed the susceptibility of rice plants to nematodes. To study 
the morphological and physiological consequences of the AO/DHA 
application, a state-of-the-art high-throughput sensor-to-plant 
phenotyping platform (automated phenotyping platform, APP) 
was used. We  used image analysis to quantify the changes in 
plant physiology of rice upon AO/DHA application, with and 
without nematode infection. Finally, the growth of AO- or 
DHA-treated rice plants was monitored to evaluate potential 
trade-off effects of the IR phenotype.

MATERIALS AND METHODS

Plant Material and Growth Conditions
Rice (Oryza sativa subsp. japonica) seeds of cultivar Nipponbare 
were provided by the US Department of Agriculture (GSOR-
100). Germination was set by placing seeds on wet filter paper 
in a petri dish, which was then incubated at 30°C for 4  days. 
Thereafter, the seedlings were transplanted in polyvinyl-chloride 
tubes (one seedling per tube) containing a mixture of sterilized 
fine sand and synthetic absorbent polymer (SAP) substrate 
(Nahar et  al., 2011; Huang et  al., 2016). Rice seedlings were 
further kept in a growth room at 26°C, 12 h/12 h light regime 
(150  μmol/m2s) and relative humidity of 70–75%. The plants 
were fertilized by giving 10  ml of Hoagland solution three 
times a week.

Plant Treatments
The following chemicals with respective concentrations were 
used as: reduced ascorbic acid (AA; Sigma-Aldrich, Missouri, 
United States) at 20 mM (Singh et al., 2020b), ascorbate oxidase 
(AO; Sigma-Aldrich, Missouri, United States) at 20 U/ml (Singh 
et  al., 2020b), dehydroascorbic acid (DHA, Sigma-Aldrich, 
Missouri, United States) at 20 mM (Singh et al., 2020b), methyl 
jasmonate (MeJA, Sigma-Aldrich) at 100  μM (Nahar et  al., 
2011), and AOPP, an inhibitor of PAL activity, at 100  μM (Ji 
et  al., 2015; Khanam et  al., 2018). These concentrations have 
been optimized in the previous publications with chemical 
concentrations tested for bio-efficacy and lack of phytotoxicity. 
AOPP was dissolved in 1  ml of EtOH before diluting further 
in water. All other chemicals were dissolved in water. To allow 
efficient uptake, all solutions were supplemented with 0.02% 
(v/v) of Tween20 (Nahar et al., 2011) and were then administered 
via foliar spraying using Fantasea spray bottles (Jojoli, 
Netherlands). This allows spraying a fine mist without clogging. 
In each experiment, 14-day-old plants were sprayed with 6.25 ml 
of solution until runoff. Foliar spraying was done 24  h prior 

to nematode or mock inoculation. Plants in the control group 
were mock sprayed with distilled water containing 0.02% (v/v) 
of Tween20.

Nematode Inoculation and Analysis of 
Nematode Infection
A pure culture of M. graminicola originating from the 
Philippines (kindly provided by Prof. D. De Waele, Catholic 
University, Leuven, Belgium) was maintained on O. sativa 
cv. Nipponbare plants grown in potting soil under conditions 
similar to the experimental plants, as described earlier. After 
3 months of infection, second-stage juveniles (J2) were extracted 
following the modified Baermann funnel method (Bridge 
et  al., 2005) and were used as inoculum. The roots of rice 
host plants were washed thoroughly under running water. 
The roots consisting of galls were finely chopped (5  mm). 
The M. graminicola J2 suspension was collected 48  h after 
the extraction and was concentrated using centrifugation for 
10  min at 1,500  rpm at room temperature. One day after 
treatment, 15-day-old plants were inoculated with approximately 
(≈)250  J2 of M. graminicola or mock inoculated with water. 
Plant susceptibility was evaluated at 14  days after inoculation 
(dai) by counting the number of galls. In addition, nematode 
reproduction was assessed by counting the number of egg-laying 
females (ELFs) per plant. To count the number of galls and 
ELFs, the plant roots were soaked in a boiling acid fuchsin 
solution for 3 min (0.8% acetic acid and 0.013% acid fuchsin; 
Nahar et  al., 2011). Roots were then rinsed with running 
tap water to remove excess acid fuchsin and destained in 
acid glycerol. Galls and ELFs were counted using a 
stereomicroscope. All nematode infection experiments were 
repeated at least twice, each time including eight plants per 
treatment. The experimental timeline for spraying, nematode 
inoculation, and evaluating nematode susceptibility is shown 
in Supplementary Figure  1A.

Evaluation of Physiological Effects of 
DHA- and AO-Induced Resistance
To evaluate direct activation and/or a primed defense response, 
we  set up a multifactorial experiment including eight groups 
of plants: (1) naïve plants uninfected (Ctrl), (2) naïve infected 
plants, (3) AA-sprayed uninfected, (4) AA-sprayed infected, 
(5) AO-sprayed uninfected, (6) AO-sprayed infected, (7) 
DHA-sprayed uninfected, and (8) DHA-sprayed infected plants. 
In all cases, 14-day-old plants were sprayed with chemicals 
or mock sprayed with water including 0.02% Tween20. Twenty-
four hours later, plants were either mock inoculated or inoculated 
with ≈250  J2 nematodes. Evaluation of different parameters 
(see below) was done at 3 dai. The experimental timeline for 
spraying, nematode inoculation, and evaluation of different 
parameters (sampling) is shown in Supplementary Figure  1B.

PAL-Activity Measurement
Four biological replicates per treatment were sampled, with 
each biological replicate containing samples/tissues from 4–5 

23

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Singh et al. Ascorbate Oxidation Induces Nematode Tolerance

Frontiers in Plant Science | www.frontiersin.org 4 August 2021 | Volume 12 | Article 713870

plants. Samples included galls, root tips (of uninfected plants), 
and complete shoots of infected or uninfected plants. After 
immediate freezing in liquid nitrogen (N2) and grinding PAL 
activity was measured according to Camacho-Cristóbal et  al. 
(2002). One hundred mg of each sample was dissolved in 
800  μl of 50  mm sodium phosphate buffer containing 2% 
(w/v) poly-vinylpolypyrrolidone, 2  mm EDTA, 
18  mm-mercaptoethanol, and 0.1% (v/v) Triton X-100. The 
homogenate was centrifuged at 8,000  rpm, at 4°C for 10  min. 
One hundred and thirty-five μl of reaction buffer was mixed 
with 50 μl of 5 mm of L-phenylalanine, and 20 μl of supernatant 
in separate tubes, after which absorbance was measured at 
290  nm. Subsequently, the sample was incubated for 30  min 
at 40°C in a water bath, after which 10  μl of hydrochloric 
acid was added and mixed for 10 min. PAL activity was assayed 
by measuring the formation of trans-cinnamic acid at 290 nm, 
where 1 unit (U) of PAL activity is the amount of enzyme 
that produced 1  nmol trans-cinnamic acid per hour. Negative 
control reactions had no L-phenylalanine as substrate.

qRT-PCR
RNA was extracted using the Plant RNeasy Plant Mini kit 
(Qiagen) following the manufacturer’s instructions. For each 
treatment, three biological replicates were sampled and analyzed, 
each consisting of a pool of root or shoot tissue of at least 
4–5 plants per treatment. qRT-PCR was performed and analyzed 
as described in Huang et al. (2015), using normalization based 
on three reference genes, OsEIF5C (LOC_Os11g21990), OsEXP 
(LOC_Os03g27010), and OsEXPNarcai (LOC_Os07g02340). 
Primer pairs for OsPAL2 and OsPAL4 are described in Tonnessen 
et al. (2015) and for the reference genes in Huang et al. (2015).

Spectral Phenotyping and Image Analysis
The morphological and physiological changes in rice leaves 
were monitored using an APP, which visualizes diverse 
physiological traits in real time, based on specific absorption, 
reflection, and fluorescence patterns in visible and near-infrared 
(NIR) wavelengths. The platform consists of a 3CCD 6 Mp—16 
bit camera mounted on a Cartesian coordinate robot, equipped 
with 12 optical interference filters (CropReporter, PhenoVation 
B.V., Wageningen, Netherlands). A total of five plants per 
treatment were monitored. The camera captured following 
images: RGB (red green blue) images, reflectance spectra to 
calculate the anthocyanin index and chlorophyll index (ChlIdx) 
and the minimal fluorescence, F0, and the maximum fluorescence, 
Fm. Images were processed via the “Data Analysis Software” 
program (PhenoVation B.V., Wageningen, Netherlands).

The modified anthocyanin reflectance index (mARI) was 
calculated using following formula (Gitelson et  al., 2009):

mARI
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The ChlIdx was determined using following formula 
(Gitelson et  al., 2009):
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where ρ550 is the reflectance in the first spectral band, which 
is maximally sensitive to anthocyanin content; ρ710 the reflectance 
in the second spectral band, which is maximally sensitive to 
chlorophyll content but not sensitive to anthocyanin content; 
and ρ770 the reflectance of the third spectral band, which 
compensates for leaf thickness and density.

The maximum quantum efficiency of photosystem II (Fv/Fm) 
was calculated using the formula of Baker (2008):

F F F F Fv m m m/ /= −( )0

Before measurement, the plants were placed in the dark 
for 30  min to allow for dark adaptation of the leaves to 
maximally oxidize primary quinone acceptor QA. The minimal 
(F0) and maximal fluorescence (Fm) were quantified based 
on the OJIP induction curve according to the manufacturers 
specifications (Björkman and Demmig, 1987).

Evaluation of Growth Parameters of 
Treated Plants Under Nematode-Infected 
and Uninfected Conditions
The assessment of plant growth rate upon application of a plant 
protection product is an essential element in its efficacy evaluation 
(Kalamarakis and Markellou, 2007). To evaluate the plant growth 
rate in response to AA, AO, or DHA treatment and this under 
unstressed or nematode-uninfected conditions, a multifactorial 
experiment with eight groups of plants (see above) was set up 
and evaluation was done at different time points. Seed germination 
and growth in SAP were performed as described above. The shoot 
height of the 14-days old plants was recorded, after which rice 
plants were sprayed with the respective chemicals or mock sprayed 
with water as explained above. One day (24 h) after the treatment, 
the rice plants were inoculated with M. graminicola J2s (Mg+) or 
mock inoculated with water (Mg−). To evaluate the shoot growth 
rate, shoot height was measured at three time points 18, 22, and 
26  days old on the same group of plants. To assess root growth, 
however, three independent groups of plants had to be  set-up for 
end-point evaluation of root length, each at another time point 
(18, 22, or 26  days old). This was required because the trauma 
by uprooting from the substrate causes plant damage, potentially 
preventing re-establishment and affecting the plant growth rate. 
For all experiments, eight plants were used per treatment and all 
experiments were three times independently repeated. The shoot 
height and root length was measured with a ruler, taking the 
distance between the soil surface and the root apical meristem 
or the longest leaf of the plant.

RESULTS

Foliar Spraying With AO and DHA Induces 
Systemic Resistance in Rice Roots 
Against M. graminicola Infection and 
Promotes Growth
Previously, we  evaluated the effect of the compounds (AA, 
AO, and DHA) on the number of galls and number of 
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nematodes and a significantly lower number of galls and 
nematodes was observed in rice plants sprayed with AO or 
with DHA, but not with AA (Singh et  al., 2020b). Here, 
the effect of foliar AA, AO, or DHA treatment on rice plants 
was independently confirmed by counting the number of 
galls and extended by counting the total number of egg-laying 
females (ELFs). Reproduction capacity of a nematode is 
indicated by the number of ELFs and resistant plants support 
low or no nematode reproduction (Cook, 1987; Roberts, 
2002). Foliar application of AO and DHA on rice plants 
significantly reduced the number of galls recorded at 14 days 
after inoculation (dai; 76 and 74% reduction, respectively; 
Figure 1A, Supplementary Figure 1C) when compared with 
mock-sprayed plants, confirming our previous results (Singh 
et  al., 2020b). Furthermore, spraying with AO and DHA 
also reduced the number of ELFs (87 and 80% reduction, 
respectively; Figure 1B, Supplementary Figure 1C). Spraying 
with AA did not cause any significant changes in the number 
of galls (Figure  1A) or ELFs (Figure  1B). Application of 
positive control methyl jasmonate (MeJA) also significantly 
reduced gall and ELF development, consistent with the data 
shown before (Nahar et  al., 2011; Verbeek et  al., 2019).

To evaluate potential fitness costs of this IR phenotype, 
different plant growth parameters were compared between AA/
AO/DHA-sprayed and mock-sprayed plants at the end of this 
experiment (14 dai). Foliar application of AO and DHA resulted 
in a significant increase (19 and 20%, respectively) in shoot 
height and root length (25 and 44%) and fresh root weight 
(34 and 49%) in comparison with that of mock-sprayed plants 
(Supplementary Figures  2A–D). No effect of AA on plant 
growth (shoot height, root length, and root weight) was observed 
(Supplementary Figure  2). These results reveal that AA, AO, 
and DHA pose no negative effects on plant growth and apparent 
morphology at 15  days after treatment. In fact, pre-treatment 
with 20  U/ml AO or 20  mm of DHA seemed to improve the 
shoot and root growth of plants compared to that of mock-
sprayed and AA-sprayed plants.

AO/DHA-Induced Resistance Against 
Nematodes Is Dependent on Activation 
of PAL
To investigate whether the low M. graminicola susceptibility 
in AO- and DHA-sprayed rice plants was due to alterations 
in the phenylpropanoid pathway, 14-day-old rice plants were 
sprayed with AO or DHA or mock-sprayed. After 24  h, a 
subset of plants was inoculated with nematodes (Mg+) while 
another subset was mock inoculated with water (Mg−). 
We  quantified the expression of OsPAL2 and OsPAL4 and 
measured the PAL activity at 3 days after inoculation, which 
corresponds with 4  days after spraying. Analyses were done 
on shoots of infected and non-infected plants as well as 
on galls versus root tips for uninfected plants. Our qRT-PCR 
analyses show that both OsPAL2 and OsPAL4 are significantly 
downregulated in the shoots of DHA-sprayed uninfected 
plants when compared with uninfected untreated plants 
(Figure  1C). However, in the root tissues, the expression 

of the OsPAL4 gene was significantly induced upon DHA 
spraying (Figure 1D). Interestingly in the nematode-induced 
galls, significantly higher expression levels of OsPAL2 and 
OsPAL4 genes were observed in both AO as well as 
DHA-sprayed plants when compared with mock-sprayed 
uninfected or infected plants (Figure  1D).

PAL-activity measurements confirmed its enzymatic activation. 
Data show significant increase (~32%) in PAL activity in the 
shoots of AO/DHA-sprayed plants when compared with mock-
sprayed plants, regardless of the infection (Figure 1E). Moreover, 
in galls of AO/DHA-sprayed plants, a significant increase in 
PAL activity was observed when compared with uninfected 
root tips of AO/DHA-sprayed plants (Figure  1F), suggesting 
that AO/DHA spraying triggers the plants for primed PAL 
activity in galls upon nematode infection.

To confirm the involvement of PAL activity in AO/
DHA-induced resistance, an independent infection experiment 
was carried out using foliar application of a chemical PAL 
inhibitor AOPP. When chemically blocking this enzyme, no 
significant differences were observed in number of galls 
(Figure  1G) or number of ELFs (Figure  1H), confirming 
previous observations (Ji et  al., 2015). Our data again show 
a significantly reduced number of galls (Figure  1G) and 
ELFs (Figure  1H) in AO/DHA-sprayed plants (reduction of 
50–70%) when compared with mock-sprayed (Ctrl) plants. 
Plants sprayed with AO or DHA combined with AOPP, 
however, show enhanced M. graminicola susceptibility, to a 
level of severity observed in mock-sprayed (Ctrl) plants, 
suggesting that AO/DHA-induced resistance is dependent 
on PAL activity.

Improved Growth and Low Nematode 
Infection in AO/DHA-Sprayed Plants Is 
Correlated With Increases in Shoot Fv/Fm, 
Chlidx, and mARI
A positive effect of AO/DHA on growth of rice shoots and 
roots, amid low nematode susceptibility was observed in 
Supplementary Figure  2. Therefore, in the next experiment, 
the physiological response of treated plants with or without 
nematode infection was monitored in detail. Using image-based 
assessments, we investigated the potential changes in chlorophyll 
fluorescence imaging (Fv/Fm), ChlIdx, and modified anthocyanin 
index (mARI). As done before, 14-day-old plants were sprayed 
and 1  day later, plants were either inoculated with nematodes 
or mock inoculated. Three days after inoculation, corresponding 
to 4 days after spraying, the leaves of the plants were monitored 
using APP. A significantly higher mARI value was generally 
observed in the shoots of nematode-infected plants when 
compared with uninfected plants, regardless of the treatment 
(Figure  2A). Our data further reveal significantly increased 
mARI values in DHA-sprayed plants upon nematode challenge, 
when compared with all other treatments (Figure 2A). Looking 
at the Fv/Fm, the values significantly decreased in shoots of 
nematode-infected plants when compared with shoots of 
uninfected plants, but only when plants were mock sprayed 
or sprayed with AA (Figure 2B). In contrary, the Fv/Fm values 
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FIGURE 1 | Foliar spraying with AO and DHA induces systemic resistance in rice roots against M. graminicola through activation of PAL. Fourteen-day-old wild-type 
Nipponbare rice plants were sprayed with 20 mm of AA, 20 ml/unit of AO, and 20 mm of DHA or mock sprayed (Ctrl). After 24 h, plants from each treatment were 
inoculated with ≈250 s-stage juveniles of M. graminicola per plant. Total number of (A) galls and (B) egg-laying females (ELF) at 14 dai. (C,D) relative expression levels of 
phenylalanine ammonia lyase genes in shoot and root tissue at 3dai (n = 3). (E,F) PAL enzyme activity in shoots or nematode-induced galls of infected and uninfected plants 
at 3 dai (n = 4). (G,H) total numbers of galls and ELFs in L-2-aminooxy-3-phenylpropanoic acid (AOPP)-sprayed plants with and without DHA or AO treatment. For 
nematode infection experiments (A,B, G,H), data represent mean ±SD (n = 8) and data were analyzed by student t-test at p ≤ 0.05. For C,D, gene expression levels were 
normalized using three internal reference genes OsEIF5C, OsEXP, and OsEXPNarcai. Data are shown as relative transcript levels in comparison with the control plants 
(expression level set at 1). In c and d asterisks indicate significant differential expression between AO-treated and control plants (REST-analysis; α = 0.05). For E,F, data were 
analyzed by one-way ANOVA followed by Tukey’s post-hoc test. Different letters indicate statistically different means at p ≤ 0.05.
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A

B

C

FIGURE 2 | Improved growth and reduced nematode infection in AO/DHA-sprayed plants is correlated with increases in shoot Fv mARI, Fv/Fm, and ChlIdx. The 
effect of AA (20 mm), AO (20 U/ml), and DHA (20 mm) on (A) modified anthocyanin reflectance index (mARI), (B) Fv/Fm, and (C) ChlIdx in rice leaves. Fourteen-day-
old wild-type Nipponbare rice plants were sprayed with 20 mm of AA, 20 ml/unit of AO, and 20 mm of DHA or mock sprayed (Ctrl). After 24 h, plants from each 
treatment were inoculated with ≈250 s-stage juveniles of M. graminicola per plant. Shoots of un/infected plants were monitored for their mARI, Fv/Fm, and ChlIdx 
values using an automated phenotyping platform (APP) at 3dai (n = 5). One-way ANOVA was applied for the statistical analysis (Tukey test, α = 0.05), and data are 
shown by box plots with median. Different letters indicate significant differences among the treatments.
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in the shoots of AO- or DHA-sprayed infected plants significantly 
increased when compared with the shoots of mock-sprayed 
or AA-sprayed plants (Figure  2B).

Confirming the lowered Fv/Fm, the data also show significantly 
lower values of ChlIdx in shoots of mock-sprayed infected 
plants when compared with uninfected plants (Figure  2C). 
Moreover, the ChlIdx values increased significantly in the shoots 
of AO/DHA-sprayed infected plants when compared to shoots 
of mock-sprayed uninfected plants. The strongest increase in 
ChlIdx and Fv/Fm values was observed in DHA-sprayed infected 
plants. Taken together, nematode infection in untreated plants 
is correlated with decreases in Fv/Fm and ChlIdx in rice shoot 
tissue. However, the low nematode infection in AO/DHA-sprayed 
plants is correlated with increases in Fv/Fm, ChlIdx, and mARI.

AO/DHA Enhances Root Growth and 
Induces Tolerance to Nematode Stress
Because an increased growth and reduced nematode susceptibility 
were observed in AO/DHA-sprayed plants, a possible induced 
tolerance phenomenon could also be  part of this mechanism. 
Accurate assessment of plant tolerance to nematodes requires 
comparative plant growth measurements on plants challenged 
with nematodes versus control plants (Roberts, 2002) and that 
is, why we  investigated the effect of exogenous applications 
of AA, AO, or DHA on rice growth under nematode-uninfected 
and infected conditions. Plants were measured just before 
spraying (14-days old) and then again measured at 18, 22, 
and 26  days old with (Mg+) or without (Mg−) to monitor 
their growth. A slight decrease (30%, not significant) in shoot 
height was observed in untreated infected (Mg+) plants compared 
with Ctrl (Mg−) at 18  days and 26  days (Figure  3A), which 
illustrates the mild negative effect of nematode infection on 
above-ground rice growth. However, this effect was negated 
when the plants were pre-sprayed with AO or DHA. Interestingly, 
under nematode infection (Mg+), significant increases in shoot 
height were observed in AO- or DHA-sprayed plants, when 
compared with untreated infected plants (Mg+) at 26  days 
(Figure  3A). The positive effect of AO/DHA on shoot height 
was observed as early as 4  days after spraying but was much 
stronger in nematode-infected plants (Mg+) than in uninoculated 
(Mg−) plants. The AO/DHA-treated plants had a significant 
increase in root length at 22 and 26  days, when compared 
with untreated or AA-sprayed plants, and this effect seemed 
magnified mainly under nematode-infected conditions 
(Figure  3B).

DISCUSSION

In our previous work, we  elucidated the role of ascorbate 
oxidation in rice defense against M. graminicola. In this study, 
we  show that AO/DHA-induced resistance in rice against Mg 
is correlated with activation of the phenylpropanoid pathway 
and leads to a tolerant plant phenotype. Apoplastic AO is a 
blue-copper oxidase that oxidizes AA to DHA (Pignocchi and 
Foyer, 2003; Foyer and Noctor, 2005; Fotopoulos and 

Kanellis, 2013; Venkatesh and Park, 2014). AO is involved in 
a number of signaling cascades (De Tullio et  al., 2013), where 
it influences both symplastic and apoplastic AA/DHA ratios, 
leading to effects on cell expansion and on the plant growth 
rate (Esaka et  al., 1992; Li et  al., 2017) as well as on stress 
tolerance (Miret and Müller, 2017). Although DHA and AO 
had clear effects on IR against nematodes, AA application did 
not activate such phenotype. This could be  related to the fact 
that AA preferentially crosses cellular membranes in the oxidized 
form – as previously described by (Horemans et al. 1997). 
However, our previous research confirmed that foliar AA 
application, at the same concentration and with the same 
application method as used in the current study, is taken up 
by the shoots (Singh et  al., 2020b). Noteworthy, this previous 
study also revealed that AA was not accumulating in the roots 
upon exogenous AA supply, while exogenous AO or DHA 
application did affect systemic changes in the AA levels as well 
as its redox state. These observations suggest that the oxidation 
state of AA would affect its transport in the plant. However, 
further research is needed to investigate this hypothesis.

An upregulation of PAL gene expression and increase in 
PAL activity was revealed upon application of AO or DHA, 
with a primed PAL activation in nematode-induced galls of 
AO/DHA-treated plants. While PAL-activity measurements 
confirmed enzymatic activation in the shoots of DHA-sprayed 
plants, its gene expression was negatively affected in this tissue. 
PAL is known to be  metabolically regulated through negative 
feedback on PAL transcription and enzyme activity by cinnamic 
acid (Blount et  al., 2000). This could indicate that the 
DHA-induced PAL activity leads to negative feedback control 
of PAL gene expression in shoot tissue. The phenylpropanoid 
pathway serves the production of an array of stress-responsive 
secondary metabolites, which includes SA, flavonoids – among 
which anthocyanins –, lignin, and hydroxycinnamic acids (Dixon 
et  al., 2002; Desmedt et  al., 2020; Yadav et  al., 2020). The 
significance of this pathway in plant defense and induced 
resistance was previously shown in other crops and against 
different pathogens. For example, defense priming with BABA 
was shown to improve soybean resistance against aphids through 
activation of the phenylpropanoid metabolism and callose 
deposition (Yao et  al., 2020). Similarly, PAL was shown to 
contribute to the resistance of black rice against Xanthomonas 
oryzae (Solekha et  al., 2020).

Induced resistance against nematodes seems generally 
correlated with activation of the phenylpropanoid pathway. For 
example in Singh et  al. (2019, 2020a), systemic activation of 
the phenylpropanoid pathway in response to application of 
COS-OGA in rice or AO in sugar beet was observed to 
be correlated with induced resistance to parasitic root-knot and 
cyst nematodes. Similarly, Huang et  al. (2016) showed that 
thiamine-induced resistance against M. graminicola in rice 
involved lignin deposition in plant roots, and this correlated 
with enhanced transcription of OsPAL1 and OsC4H, two genes 
involved in the phenylpropanoid pathway. In addition, OsPAL4 
is induced upon infection in the M. graminicola-resistant rice 
cultivar Vandana, while no differential expression was observed 
in susceptible cultivar Pusa (Kumari et  al., 2016). 
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A

B

FIGURE 3 | AO/DHA enhances root growth and induces tolerance to nematode stress. Effect of AA, AO/DHA on Nipponbare (A) shoots (B) root at three time 
points under uninfected and nematode-infected conditions. Fourteen-days-old rice plants were first measured for their shoot height and then foliar sprayed with AA, 
AO/DHA, and water as a negative control (Ctrl). One day later, a subset of the plants was inoculated with 250 nematodes per plant (Mg+) while a subset was mock 
inoculated (Mg−). Shoots and roots were measured at 18, 22, and 26 days. Data were analyzed by one-way ANOVA followed by Tukey’s post-hoc test. Different 
letters indicate statistically different means at each time point, p ≤ 0.05.
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Moreover, Khanam et  al. (2018) showed induction of OsPAL1 
and increased PAL activity in the resistant rice cultivar 
Manikpukha against rice stem nematode Ditylenchus angustus. 
Meta-analysis of transcriptome studies showed increased 
expression of OsPAL4 and several other family members during 
plant resistance to multiple pathogens (Tonnessen et  al., 2015). 
However, chemically blocking PAL by AOPP does not lead to 
differences in number of galls or number of females in untreated 
plants, confirming previous observations of Ji et  al. (2015). 
When chemically blocking this enzyme AO and DHA were 
no longer effective in IR and the plants were equally susceptible 
as the untreated control plants, showing that the phenylpropanoid 
pathway is involved in induced resistance against M. graminicola. 
Transcriptome analyses have shown that the phenylpropanoid 
pathway is generally suppressed in RKN-induced feeding sites 
in rice (Kyndt et al., 2012). Taken together, these data highlight 
the role of this pathway in nematode resistance. However, the 
complexity of the pathway makes it difficult to pinpoint which 
specific metabolite(s) is/are involved in nematode resistance. 
Based on the observation that blocking PAL does not enhance 
susceptibility, it is likely that different metabolites could even 
play opposite roles in plant susceptibility or defense. Our recent 
research revealed that temporary perturbation of the 
phenylpropanoid pathway leads to a general reprogramming of 
the plant defense metabolome, and broad-spectrum-induced 
resistance in tomato (Desmedt et al., 2021). Which metabolite(s) 
is/are responsible for this IR remains to be  elucidated.

In addition to directly activating the plant’s immune system, 
some IR stimuli can trigger priming of specific defense genes 
or pathways, a phenomenon which was also observed here in 
our research. Defense priming is an adaptive part of induced 
resistance, that is, marked by an enhanced activation of defense 
mechanisms upon pathogen attack. Upon initial stimulus 
perception – e.g., ascorbate oxidation – changes may occur 
in the plant at the physiological, transcriptional, metabolic, 
and epigenetic levels. This phase is called the priming phase 
and upon subsequent challenge, the plant effectively mounts 
a faster and/or stronger defense response, resulting in increased 
resistance and/or improved stress tolerance (Mauch-Mani et al., 
2017; De Kesel et al., 2021). Some IR stimuli have been shown 
to lead to fitness costs, and as argued by Martinez-Medina 
et  al. (2016), this should be  evaluated for every stimulus. Our 
data rather revealed a positive effect of AO and DHA on rice 
growth, with increased rice shoot and root growth. These results 
clearly illustrate how IR is not generally accompanied with 
fitness costs.

Flavonoids constitute a large class of phenylpropanoid-derived 
carbon-based metabolites present in all land plants. There are 
several flavonoid subgroups based on their structural properties, 
including the chalcones, flavones, flavonols, flavandiols, 
condensed tannins, isoflavonoids, and anthocyanins (Winkel-
Shirley, 2001; Erb and Kliebenstein, 2020). The spectral parameter 
mARI was found to be  a good proxy for anthocyanin content 
in monocots and dicots (Gitelson et  al., 2009). The mARI 
data suggest that anthocyanins are accumulating in leaves of 
AO/DHA-stimulated rice plants. A defense response in plants 
is often characterized by accumulation of foliar anthocyanins, 

which are produced as antioxidants (Steyn et  al., 2002; Gould 
and Lister, 2006) to cope with the plant’s reactive oxygen species 
ROS burst (Xu et  al., 2017). Anthocyanins are known to have 
ROS scavenging properties and hence protect the cells from 
oxidative damage (Landi et  al., 2015; Xu et  al., 2017). Our 
image-based mARI data showed that nematode infection causes 
accumulation of anthocyanins in the shoots, correlating with 
the reported above-ground oxidative response upon RKN 
infection (Kyndt et  al., 2017). Increased H2O2 levels were also 
previously reported upon AO treatment (Singh et  al., 2020b). 
DHA/AO-sprayed plants showed a primed defense response 
against nematodes correlated with potentiated mARI values. 
Next to that, our image-based data show that low nematode 
infection in AO/DHA-sprayed plants is correlated with increases 
in Fv/Fm and ChlIdx. Similarly, Fan et  al. (2020) showed that 
COS derivatives chitosan-thiadiazole-trifluorobutene (COSSZFB) 
activate induced resistance against M. incognita in cucumber 
and simultaneously improved plant growth through accumulation 
of photosynthetic pigments. Fv/Fm values are known to decrease 
along with the increasing effect of stresses (Rolfe and Scholes, 
2010; Gorbe and Calatayud, 2012). For example, Meng et  al. 
(2020) showed stronger reduction in Fv/Fm values in strawberry 
leaves with high infection of Botrytis cinerea similar to what 
we  observe in leaves of untreated, nematode-infected plants.

DHA/AO-IR against RKN in rice was previously shown to 
result in a primed jasmonate response, the major pathway 
involved in rice defense against RKN (Nahar et  al., 2011). 
Most likely, a systemic signaling cascade based on redox signals 
and/or DHA is activated upon foliar AO treatment. Likewise, 
a shoot-root signaling pathway, integrating ROS, and JA were 
shown to be  involved in tomato defense against RKN (Wang 
et al., 2019). Noteworthy, it is known that the phenylpropanoid 
pathway is positively regulated by JA (Pauwels et  al., 2008; 
Taheri and Tarighi, 2010).

The significant increases in chlorophyll fluorescence and 
growth of nematode-infected rice plants pre-sprayed with 
AO/DHA implies that ascorbate oxidation induces a tolerance 
mechanism. Plant tolerance is a phenotype where the negative 
effect of pathogens is low, and plant growth and yield are not 
negatively affected (Koch et  al., 2016). Tolerance to nematode 
stress involves compensation via the growth of new tissues, 
increased number of roots, and enhanced water and nutrient 
uptake (Franco and Evans, 1979; Trudgill and Cotes, 1983; 
Fatemy and Evans, 1986a,b; Miltner et  al., 1991). For example, 
Trudgill and Cotes (1983) showed that potato cultivars that 
are tolerant to cyst nematodes G. rostochiensis have a higher 
number of roots and increased root weight when under attack 
by nematodes. Similarly, Swain and Prasad (1988) showed 
increased chlorophyll content as a mechanism of tolerance of 
rice to M. graminícola. To confirm that these plants are really 
tolerant to nematode infestation, field trials in natural nematode-
infested soils will be  required.

Enhancing the natural tolerance/defense of plants toward 
different stress factors provides a durable approach for enhanced 
and sustainable crop production. Tolerance combined with 
resistance is preferred over tolerance alone because large 
healthy roots of tolerant, susceptible plants allow the nematode 
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population to increase (Roberts, 2002). Our research unveils 
that next to inducing resistance, ascorbate oxidation also 
positively affects plant tolerance to nematodes in rice. AO 
and DHA are therefore promising compounds to be  used in 
sustainable crop protection.
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The receptor-like kinase Suppressor of BIR1 (SOBIR1) binds various receptor-like
proteins (RLPs) that perceive microbe-associated molecular patterns (MAMPs) at the
plasma membrane, which is thought to activate plant pattern-triggered immunity (PTI)
against pathogen invasion. Despite its potentially crucial role, how SOBIR1 transmits
immune signaling to ultimately elicit PTI remains largely unresolved. Herein, we report
that a Nicotiana benthamiana gene NbRLP1, like NbSOBIR1, was highly induced
upon Phytophthora parasitica infection. Intriguingly, NbRLP1 is characterized as a
receptor-like protein localizing to the endoplasmic reticulum (ER) membrane rather
than the plasma membrane. Using bimolecular fluorescence complementation and
affinity purification assays, we established that NbRLP1 is likely to associate with
NbSOBIR1 through the contact between the ER and plasma membrane. We further
found that NbSOBIR1 at the plasma membrane partitions into mobile microdomains that
undergo frequent lateral movement and internalization. Remarkably, the dynamics of
NbSOBIR1 microdomain is coupled to the remodeling of the cortical ER network. When
NbSOBIR1 microdomains were induced by the P. parasitica MAMP ParA1, tobacco
cells overexpressing NbRLP1 accelerated NbSOBIR1 internalization. Overexpressing
NbRLP1 in tobacco further exaggerated the ParA1-induced necrosis. Together, these
findings have prompted us to propose that ER and the ER-localized NbRLP1 may play
a role in transmitting plant immune signals by regulating NbSOBIR1 internalization.

Keywords: ER, plasma membrane, microdomain, SOBIR1, pattern-triggered immunity, receptor-like protein,
microbe-associated molecular pattern, Phytophthora parasitica

INTRODUCTION

As a sessile organism, plants have evolved a series of defense mechanisms to protect themselves
against pathogens. Plant cells sense potential pathogens through the function of pattern recognition
receptors (PRRs) that recognize a wide range of microbe-associated molecular patterns (MAMPs)
to ultimately elicit pattern-triggered immunity (PTI) (Jones and Dangl, 2006; Dodds and Rathjen,
2010). The onset of PTI can rapidly activate a series of downstream plant defense responses,
including callose deposition, generation of reactive oxygen species (ROS), activation of mitogen-
activated protein kinase cascade, induction of defense genes, and in some cases cell death (Boller
and Felix, 2009; Yu et al., 2017).
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Plant PRRs are plasma membrane-localized transmembrane
protein receptors belonging to the family of receptor-like
kinases (RLKs) or receptor-like proteins (RLPs), which differ
in the presence or absence of intracellular kinase domains
(Zipfel, 2014). The emerging evidence suggests that plant
immune response is triggered upon the perception of MAMPs,
accompanied by the association of selected PRRs with additional
factors, such as BRI1-associated receptor kinase 1 (BAK1),
also known as somatic embryogenesis receptor-like kinase 3
(SERK3), and other members of the SERK family to form
multimeric kinase complex on the cell surface (Roux et al.,
2011; Albert et al., 2020). Moreover, PRRs of the RLP type are
known to constitutively form complexes with Suppressor of BIR1
(SOBIR1), an RLK containing a short leucine-rich repeat (LRR)
ectodomain (Liebrand et al., 2013).

SOBIR1 was originally identified in Arabidopsis thaliana as a
counterplayer of BAK1-interacting receptor-like kinase1 (BIR1)
(Gao et al., 2009). When overexpressed, SOBIR1 constitutively
activates cell death and plant immune responses. Recent
studies further demonstrated that SOBIR1 is indispensable for
PTI elicited by various MAMPs, including sclerotinia culture
filtrate elicitor 1 (SCFE1) from Sclerotinia sclerotiorum, Botrytis
cinerea endopolygalacturonase 1, Phytophthora elicitins, and
Phytophthora sojae XEG1, all of which are perceived by PRRs of
the LRR-RLP type (Zhang et al., 2013, 2014; Du et al., 2015; Wang
et al., 2018). Thus, SOBIR1 appears to function as a common
adaptor protein for various LRR-RLP PRRs and thus is thought
to play a central role in plant immunity.

Recent studies based on high-resolution microscopy
indicate that the immune and growth receptors form distinct
nanodomains on the plasma membrane and these organized
units potentially provide specificity for the downstream
signaling events in plants (Bücherl et al., 2017). Nonetheless,
how exactly the upstream perception event communicates
with intracellular components during plant immune signaling
remains largely unknown. Notably, a variety of organelles
are found in close proximity with the plasma membrane in
plant cells, such as the endoplasmic reticulum (ER). This
organelle occupies a large volume in the cell and exerts multiple
functions, including protein and lipid synthesis, calcium storage,
vesicular trafficking, as well as biogenesis of other organelles
(Phillips and Voeltz, 2016). Moreover, it is known to further
compartmentalize into sheets and tubules, along with a variety
of microdomains, to enable its versatile functions (English
et al., 2009). In Arabidopsis, the ER makes contact with the
plasma membrane through the ER–PM contact site (EPCS),
with synaptotagmin 1 (SYT1) and vesicle-associated protein 27
(VAP27) as tethers that mediate EPCS formation (Perez-Sancho
et al., 2016). The presence of membrane contact site (MCS)
defines a unique feature of eukaryotes. More and more pieces
of evidence have shown that MCS form transiently between two
membrane compartments, creating a bridge for interorganelle
communication, such as exchanges of metabolite, cellular stress
response, membrane dynamics, and signaling (Prinz et al., 2020).
However, to date, not much is known about the association
of cellular organelles with the PRRs and their role in plant
immune responses.

Previously, we demonstrated that tomato (Solanum
lycopersicum) SlSOBIR1 and SlSOBIR1-like are required for
the perception of the elicitin ParA1, a MAMP from the oomycete
pathogen Phytophthora parasitica, and for plant defense against
this pathogen (Peng et al., 2015). We documented that SlSOBIR1
is translocated from the plasma membrane to endosomes in
response to ParA1 treatment, which suggests that SlSOBIR1
endocytosis is coupled to the plant immune signaling. To
further tackle the function and regulation of SOBIR1, we took
the biochemical approach to look for SOBIR1-interacting
proteins. In this study, we report a novel RLP from Nicotiana
benthamiana, named NbRLP1 that encodes an unconventional
RLP protein residing within the ER membrane, but not
the plasma membrane. By using bimolecular fluorescence
complementation and tandem-affinity purification, we validated
the interaction between NbRLP1 and NbSOBIR1. In addition, we
observed that NbSOBIR1 formed microdomains on the plasma
membrane whose dynamics is coupled to the remodeling of the
ER. Further evidence supports that NbRLP1 downregulates the
number of NbSOBIR1 microdomains and promotes NbSOBIR1
internalization in the presence of ParA1 that triggers partitioning
of NbSOBIR1 into the microdomains. As overexpressing NbRLP1
exaggerated the ParA1-induced necrosis in plants, we propose
that ER and unconventional RLPs in the ER, such as NbRLP1,
are engaged in SOBIR1-mediated plant immunity through
mediating MAMP-induced SOBIR1 internalization.

RESULTS

Like NbSOBIR1, NbRLP1 Is Highly
Induced Upon Phytophthora parasitica
Infection
SlSOBIR1 is involved in PTI response to the P. parasitica MAMP
termed ParA1 (Peng et al., 2015). To identify proteins associated
with SlSOBIR1 during the process, we treated Nicotiana
benthamiana harboring SlSOBIR1-GFP with ParA1, followed
by immunoprecipitation with anti-GFP antibody. Among a
collection of putative SlSOBIR1-interacting proteins, we selected
one of the major candidates, NbS0003586g0006.1 [Niben.0.4.4.,
Sol genetic network (SGN1)] for further analysis. In contrast to
no signal in the control without reverse transcriptase, two major
transcripts were detected by reverse transcriptase-PCR reaction
(Figure 1A). One is a 2.91 Kb cDNA (GenBank Accession
number MW924093), which corresponds to the exact genomic
DNA sequence of NbRLP1, and the other shorter cDNA of 1.41
Kb lacks the putative intron sequence (MW924094), reflecting a
spliced form of NbRLP1 (Supplementary Table 1). We focused
on the 2.91-Kb gene, named NbRLP1 hereafter, that encodes a
969-amino acid protein with a characteristic of RLPs (Figure 1A).

Phylogenetic analysis of NbRLP1 and its homologs from
Solanaceae retrieved from the NCBI databases indicates that
XP_009784945 of Nicotiana sylvestris and XP_019244125 of
Nicotiana attenuata are close homologs of NbRLP1 (Figure 1B).
These genes along with AAC78592 (Hcr2-0A) and AAC78593

1http://solgenomics.net/
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FIGURE 1 | The expression of NbRLP1 is induced in response to infection by Phytophthora parasitica. (A) NbRLP1 is alternatively spliced. Reverse
transcriptase-polymerase chain reaction (RT-PCR) gave rise to two amplified products with respective length of 1.41 and 2.91 Kb (+ RT), which were not detected in
the absence of reverse transcriptase (-RT). The 2.91-Kb gene, named NbRLP1 (MW924093) encodes a 969-amino acid protein containing a signal peptide
(predicted by SignalP), an LRR domain (predicted by InterPro), and a transmembrane domain (predicted by TMHMM) as illustrated in the inset. (B) Phylogenetic

(Continued)
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FIGURE 1 | Continued
analysis of NbRLP1. Multiple sequence alignment of NbRLP1 and its homologs from Nicotiana and Solanum retrieved from the protein database of the National
Center for Biological information (NCBI) was performed by using ClustalX. The phylogenetic tree was constructed by employing the maximum likelihood method,
followed by bootstrap analysis with 1,000 pseudo-replicates. (C) The expression of the NbRLP1 and NbSOBIR1 is upregulated in response to P. parasitica infection.
At the indicated hours post P. parasitica zoospore inoculation of Nicotiana benthamiana, total RNAs were isolated and analyzed by quantitative reverse transcription
PCR (RT-PCR). Data are presented as fold-change relative to mock treatment of the same time point. Values are means (±SE) from three independent experiments.

(Hcr2-0B), two homologs of tomato disease resistance gene,
Cf-5 (Dixon et al., 1998), form a clade distinct from that
encompassing elicitor-inducible EILP of Nicotiana tabacum
(Takemoto et al., 2000). As well, these two clades are
distinguished from ELR of Solanum microdontum (QED40966),
an RLP involved in the recognition of Phytophthora elicitins
(Du et al., 2015).

To know whether NbRLP1 is induced by pathogen infection,
we infected N. benthamiana with P. parasitica zoospores
and performed quantitative RT-PCR, with the expression
level of elongation factor 1 alpha (NbEF1a) serving as an
internal control. The results showed that the expression of
NbRLP1, like NbSOBIR1, was largely induced 3 h post-
inoculation (hpi) and persists high expression through later
infection stage to at least 36 hpi (Figure 1C). Collectively,
these data imply a potential role of NbRLP1 for plant
defense responses.

NbRLP1 Is a Transmembrane Protein
Localized to the ER
To protect against pathogens, plant cells possess a variety of
transmembrane RLKs and RLPs on the plasma membranes,
many of which contain extracellular LRR domains to enable
ligand recognition. Intriguingly, when we analyzed NbRLP1
localization by the use of GFP fused to either amino- or carboxyl-
terminus of NbRLP1 for fluorescence microscopy, we observed a
distribution pattern of network and/or multiple puncta near the
cell cortex (Figure 2A). As it resembles the plant ER network, we
next examined cells coexpressing NbRLP1-GFP with the plasma
membrane marker AtACA8-mCherry (Figure 2B) or the ER
marker mCherry-KDEL (Figure 2C). The results showed that
NbRLP1-GFP localization is in large agreement with the luminal
ER protein mCherry-KDEL but not with the evenly distributed
AtACA8-mCherry signal of the plasma membrane. Thus, we
conclude that NbRLP1 is an unconventional RLP localizing to
the ER rather than the plasma membrane. Based on sequence
prediction results, NbRLP1 is likely to adapt the standard type
I transmembrane protein topology in the ER as depicted in
Figure 2D. The main moiety of this protein, containing LRR, is
in the ER lumen, and the protein also contains a single spanning
transmembrane helix and a short cytoplasmic tail.

NbRLP1 Interacts With NbSOBIR1
To consolidate the potential relationship between NbRLP1 and
NbSOBIR1, we first employed the bimolecular fluorescence
complementation (BiFC) assay, known to provide in situ
interacting information in planta. Our results indicate that

NbRLP1-Vn, but not Vn-NbRLP1, interacts with NbSOBIR1-
Vc in plants, thus showing Venus YFP fluorescence, in contrast
to no or dim signals of various negative controls (Figure 3A).
The fact that only Vn fused to NbRLP1 at the C-terminus
but not to N-terminus gave a positive BiFC signal, which is
consistent with the topological prediction of NbRLP1 in the ER
(Figure 2D). Since NbRLP1 is an ER protein and NbSOBIR1 is a
plasma membrane protein, we hypothesize that their interaction
most likely is achieved through close proximity between the
ER and plasma membrane. To know whether NbRLP1 may
partition into the previously characterized EPCS, NbRLP1-GFP
was coexpressed with the EPCS tether AtSYT1-mCherry. Indeed,
we observed that signals of the two proteins colocalized at the
cell periphery (Supplementary Figure 1). Thus, these results
imply that the ER-localized NbRLP1 might interact with the
plasma membrane-localized NbSOBIR1 protein in vivo, likely
at a position where cortical ER and the plasma membrane join
in physical proximity, such as the EPCS tethered by AtSYT1-
mCherry.

We next performed biochemical studies to further strengthen
the notion that NbRLP1 interacts with NbSOBIR1. To achieve
this, we generated an NbRLP1 harboring a TAP tag (an
S-tag followed by a protein A tag) at its C-terminus and
asked whether the fusion protein (termed NbRLP1-TAP) binds
NbSOBIR1-mCherry in detergent-solubilized plant extracts. To
unambiguously judge the interaction, we also tested whether
NbRLP1-TAP binds another plasma membrane protein AtACA8-
mCherry. Our results showed that NbSOBIR1-mCherry, but
not AtACA8-mCherry, was pulled down by NbRLP1-TAP,
examined by Western blotting using an antibody against
mCherry (Figure 3B) as well as mass spectrometry (not shown).
In contrast, NbSOBIR1 signal has never been detected in
the pulled-down fractions derived from TAP-alone expressing
samples, indicative of specificity. Intriguingly, Western blotting
data revealed two major forms of NbSOBIR1-mCherry with
a size difference of ∼8.5 kD in the inputs; however, only
NbSOBIR1-mCherry with the higher molecular weight was
pulled down by NbRLP1-TAP (Figure 3B). Notably, the
expression of NbRLP1-TAP but not TAP alone in plants
reduced the proportion of the larger molecular weight form
of NbSOBIR1 in the steady state (Figure 3C), implying
that NbRLP1-TAP not only binds to this unique form
of NbSOBIR1 but may further reduce its expression or
accelerate its turnover.

The BiFC data supports that the short tail of NbRLP1 fused
with Vn interacts with the cytoplasmic domain of NbSOBIR1
fused with Vc. To know the contribution of the N-terminal
LRR domain and the short C-terminal cytoplasmic tail of
NbRLP1 to its interaction with NbSOBIR1, we also prepared
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FIGURE 2 | NbRLP1-GFP resides in the endoplasmic reticulum (ER)
membrane. (A) Still images of NbRLP1-GFP or GFP-NbRLP1 taken from the
periphery or the center of the same Nicotiana benthamiana leaves by Zeiss
LSM880 confocal microscope. Scale bar, 5 µm. (B) Same as A, except that
NbRLP1-GFP and AtACA8-mCherry are coexpressed in plants and imaged.
Also shown are the corresponding merged images. (C) Same as B, except
that NbRLP1-GFP and mCherry-KDEL are coexpressed in plants and imaged.
(D) A scheme depicting NbRLP1 topology in the ER based on TMHMM.

different truncated versions of NbRLP1. Analysis by using the
biochemical pulled-down assay indicates NbRLP1-1C-TAP with
the short cytoplasmic tail removed still bound with NbSOBIR1
(Supplementary Figure 2A). In contrast, NbRLP1-1N-TAP,
having signal peptide but lacking the large LRR domain, is
bound to NbSOBIR1 with reduced affinity (Supplementary
Figure 2A). Although the NbRLP1 with cytoplasmic tail and a
transmembrane anchor seems to be sufficient for binding with
NbSOBIR1, the result implies that other proteins in the ER or
the plasma membrane may bridge or stabilize the interaction
between NbRLP1 and NbSOBIR1 (Supplementary Figure 2B).
Collectively, both in vivo and in vitro data support the notion that
the ER-localized NbRLP1 interacts with the plasma membrane-
localized NbSOBIR1.

NbSOBIR1 Is Partitioned Into a Dynamic
Microdomain on the Plasma Membrane
Having established that NbRLP1 interacts with NbSOBIR1, we
next explored the potential regulatory mechanism underlying
their interplay in planta. The observation of two major forms of
NbSOBIR1-mCherry, while only one form is capable of binding
with and being regulated by NbRLP1, prompted us to investigate
whether NbSOBIR1 may associate with distinct structures on the
plasma membrane. We thus performed confocal microscopy with
Airyscan to gain insights into NbSOBIR1-mCherry localization
on the plasma membrane. Interestingly, in addition to the
dispersed signal along the plasma membrane, NbSOBIR1-
mCherry was identified in several punctate structures, which
was not observed when another plasma membrane protein,
AtACA8-mCherry, was subjected to imaging by the Airyscan
microscopy (Figure 4A). Thereby, we suggest that a portion
of NbSOBIR1 is likely partitioned into microdomains on the
plasma membrane.

To further understand the nature of NbSOBIR1-mCherry
microdomains on the plasma membrane, we imaged these fine
structures using time-lapse microscopy with a time interval of
5 s. The results clearly showed that these plasma membrane
microdomains of NbSOBIR1 are mobile structures, although a
small portion of them appeared relatively more static (Figure 4B
and Supplementary Movie 1). Particle tracking analysis data
indicated that the NbSOBIR1-mCherry microdomains can move
laterally, showing an irregular pattern (Figure 4B). During the
course of our analysis, we also observed the disappearance
(Figure 4B, green circle) and emergence (Figure 4B, yellow
circle) of these microdomains on the plasma membrane. In
either case, it appears to involve a quick biogenesis and
turnover process, detected within the time interval of 5 s.
Considering SOBIR1 functions as an adaptor protein that
assembled together with various LRR-RLPs into a receptor
complex on the plasma membrane awaiting ligand binding,
partitioning of SOBIR1 into microdomains may serve as a
platform to facilitate such a process. Overall, these observations
have led us to hypothesize that the dynamics of these
microdomains of NbSOBIR1 is a regulated process and that
the microdomain structure may represent one of the functional
forms of NbSOBIR1.
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FIGURE 3 | NbRLP1 interacts with NbSOBIR1. (A) The carboxyl half of Venus protein (Vc) alone or fused to NbSOBIR1 was coexpressed with the amino half of
Venus (Vn) alone or fused to NbRLP1 as indicated on the Nicotiana benthamiana leaves. Images were taken by Zeiss LSM880 confocal microscope. Complemented
Venus fluorescence and differential interference contrast (DIC) images of the same area are shown. Scale bar, 40 µm. (B) N. benthamiana leaves expressing
NbSOBIR1-mCherry, AtACA8-mCherry, NbRLP1-TAP, or TAP as indicated were harvested and lyzed. The lysate (input) was subjected to pull-down by IgG
Sepharose as described in the Materials and Methods section. The input and the bound (pulled-down) fractions were subjected to SDS-PAGE followed by the
Western blot analysis with the use of anti-mCherry and PAP antibodies. (C) N. benthamiana leaves expressing NbSOBIR1-mCherry, NbRLP1-TAP, or TAP as
indicated were lyzed and NbSOBIR1-mCherry proteins in the lysate were subjected to SDS-PAGE followed by Western blot analysis with anti-mCherry antibody. The
ratio of the upper NbSOBIR1 band (with higher molecular mass) relative to the total NbSOBIR1 (combining both the upper and lower bands of NbSOBIR1) was
plotted and compared. Data from three experimental repeats are shown as means (± SD).
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FIGURE 4 | NbSOBIR1-mCherry forms microdomains in the plant plasma membrane. (A) Nicotiana benthamiana leaves expressing AtACA8-mCherry or
NbSOBIR1-mCherry were imaged at the periphery or center sections using Zeiss LSM880 confocal microscope with Airyscan. The box area in the image of the
periphery section was enlarged and displayed to show the microdomains of NbSOBIR1 that were not detectable on AtACA8-mCherry images. Scale bar, 5 µm.
(B) N. benthamiana leaves expressing NbSOBIR1-mCherry was subjected to time-lapse microscopy by Zeiss LSM880 confocal microscope with the Airyscan. The
total image acquisition length was 16 min with a time interval of 5 s (Supplementary Movie 1). Representative area was selected for particle tracking analysis using
the ImageJ, and the image of each time point is shown. Five microdomains, each circled by different colors were identified in the displayed image and their tracks are
shown in the right-most image.

ER Remodeling Is Coupled to the
Dynamics of NbSOBIR1 Microdomains
Given that the aforementioned NbSOBIR1-NbRLP1 interaction
depends on close proximity between the ER and the plasma
membrane, we further asked whether these NbSOBIR1
microdomains may have an association with the ER. The
eukaryotic ER is organized into a complicated network
containing various degrees of sheets and tubules (Shibata et al.,
2006; English et al., 2009). The highly dynamic ER disperses
throughout the entire cytoplasm and is thought to fine-tune
cell physiology to cope with environmental cues. When the
localization of NbRLP1-GFP was compared with NbSOBIR1-
mCherry, we noticed that NbSOBIR1-mCherry was either
associated with the edge of the ER sheets or surrounded by the
three-way junction of the ER tubules labeled with NbRLP1 at the
cell periphery (Figure 5A).

Employing time-lapse microscopy, we observed that ER
labeled by NbRLP1-GFP constantly undergoes morphological
remodeling (Figure 5B and Supplementary Movie 2). Most
importantly, the lateral movement of NbSOBIR1 microdomains
was correlated with the dynamic changes of the ER, as the
ER labeled with NbRLP1 always associated with the movement
of the NbSOBIR1 microdomains (Figure 5B, blue and white
circles, and Supplementary Movie 2). The correlation of the
NbSOBIR1 microdomains with the cortical ER suggests that
these microdomain structures are likely where NbSOBIR1
makes contact with NbRLP1 at the first place in their
native state. Intriguingly, we observed that NbSOBIR1-mCherry
microdomains diminished in the condition when a wave of ER
sheets transit through the cell cortex during ER remodeling
(Figure 5B, white box). In addition, we observed NbSOBIR1
microdomains originally surrounded by ER tubules disappeared
in the next time point with the same area being replaced with

ER sheets (Figure 5B, white and blue arrowheads). Collectively,
the evidence in which NbSOBIR1 microdomain dynamics is
correlated with ER remodeling raises an interesting possibility
that ER may contribute to NbSOBIR1-mediated endocytosis
and/or plant immunity.

NbRLP1 Overexpression Promotes
NbSOBIR1 Endocytosis Upon ParA1
Elicitin Treatment
In our previous paper, we have established that SlSOBIR1
endocytosis is triggered by the perception of an oomycete
MAMP termed, ParA1. If the NbSOBIR1 microdomain defines
a functional unit for the protein, we suspect that this structure
is likely responsive to ParA1. Accordingly, we treated the
NbSOBIR1-overexpressing plants with ParA1 to compare with
the treatment with MES buffer, followed by Airyscan confocal
microscopy to monitor the extent of NbSOBIR1 microdomain
formation on the plasma membrane. Our results clearly showed
that the number of NbSOBIR1 microdomain formed on
the plasma membrane increased significantly in the ParA1-
treated condition compared to the MES control, and the
quantification results based on a number of cells examined
further support the notion (Figure 6A). Remarkably, ParA1
treatment resulted in the formation of more NbSOBIR1-
mCherry microdomains of a larger size which appeared more
static (Figure 6A and Supplementary Movie 3). Time-lapse
microscopy experiments performed with N. benthamiana plants
coexpressing NbRLP1 identified that these larger NbSOBIR1-
mCherry puncta though relatively more static can become
diminished and/or disappear quickly (Figure 6B, blue and
yellow circles, and Supplementary Movie 4), representing the
occurrence of either endocytosis or diffusion upon ParA1
perception. While focusing on the focal plane containing
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FIGURE 5 | The NbSOBIR1 microdomains in the plasma membrane move as the cortical ER changes the morphology. (A) Nicotiana benthamiana leaves expressing
NbSOBIR1-mCherry and NbRLP1-GFP were subjected to confocal microscopy by Zeiss LSM880 with use of Airyscan. The periphery and center sections of the
epidermal cell of the same leaf were imaged, and the insets were enlarged to reveal the association between NbSOBIR1-mCherry and NbRLP1-GFP. Examples 1
and 2 show different degrees of ER tubules and sheets marked by NbRLP1-GFP to reveal how NbSOBIR1 microdomains are associated with the ER.
(B) N. benthamiana leaves expressing NbSOBIR1-mCherry and NbRLP1-GFP were subjected to time-lapse microscopy by Zeiss LSM880 confocal microscope with
use of Airyscan. The total image acquisition length was 16 min with a time interval of 5 s (Supplementary Movie 2). Representative area was selected for display by
time course. (Example 1) White box area, containing several NbSOBIR1 microdomains, represents movement of these structures after a quick remodeling of the ER
harboring high degree of sheets. Blue and white circles denote two NbSOBIR1 microdomains associated with ER tubules. (Example 2) Blue and white arrowheads
denote two NbSOBIR1 microdomains that are internalized from the cell surface as the ER transformed from tubules to sheets. Scale bar, 5 µm.

the ParA1-induced static NbSOBIR1 microdomains, time-lapse
microscopy revealed that these structures move inward from
the cell cortex, which supports that endocytosis of NbSOBIR1
occurs directly through the microdomain structures upon ParA1
perception (Supplementary Figure 3).

We further investigated the potential role of NbRLP1
for NbSOBIR1 endocytosis under ParA1 treatment based
on a condition we reported previously (Peng et al., 2015).

First, we asked whether coexpressing NbRLP1 and NbSOBIR1
affect NbSOBIR1 endocytosis in response to ParA1 treatment.
Compared to the control coexpressing GFP and NbSOBIR1-
mCherry, more intracellular vesicles harboring NbSOBIR1-
mCherry were observed on tobacco leaves coexpressing NbRLP1-
GFP and NbSOBIR1-mCherry in response to ParA1 treatment
(Figure 6C). Given that ParA1 treatment induced the formation
of NbSOBIR1 microdomains and that NbRLP1 overexpression
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FIGURE 6 | NbRLP1-GFP overexpression promotes NbSOBIR1-mCherry endocytosis upon ParA1 elicitin treatment. (A) Nicotiana benthamiana leaves expressing
NbSOBIR1-mCherry were infiltrated with MES buffer alone (control) or 0.3 µMParA1 in MES buffer. After 30 min, the leaves were subjected to microscopy, focusing
only on the periphery of the leaf epidermal cell, using the Zeiss LSM880 confocal microscope with an Airyscan. Representative images are shown on the left panel
with an outline of the cell, and the quantification data using the scatter plot is shown on the right. Statistics is carried out by the two-tailed student’s t-test and the.

(Continued)
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FIGURE 6 | Continued
p-value is displayed. (B) N. benthamiana leaves expressing NbSOBIR1-mCherry and NbRLP1-GFP were infiltrated with 0.3 µM ParA1 in MES buffer. After 30 min,
leaves were subjected to time-lapse microscopy using Zeiss LSM880 confocal microscope with Airyscan. The total image acquisition length was 16 min with a time
interval of 5 s (Supplementary Movie 4). Representative area was selected for display by time course, and the appearance and absence of each microdomain at
each displayed time point was summarized on the right. Blue and yellow circles mark two NbSOBIR1 microdomains with a larger size undergoing endocytosis
during the imaging time frame. Green, pink, and orange circles mark NbSOBIR1 microdomains with a larger size that remain static during the imaging time frame.
(C) N. benthamiana leaves expressing NbSOBIR1-mCherry and NbRLP1-GFP or GFP alone were infiltrated with 0.3 µM ParA1 in MES buffer. After 30 min, leaves
were subjected to microscopy with five Z stack for a total of 8.20 mm stack size using Zeiss LSM 510 confocal microscope. The maximal projection images are
shown. The number of internal NbSOBIR1-mCherry puncta was quantified as described in the Materials and Methods section and displayed using a scatter plot.
Statistical analysis was carried out with the two-tailed student’s t-test and the p-value is shown. (D) N. benthamiana leaves expressing NbSOBIR1-mCherry alone or
coexpressed with NbRLP1-GFP were subjected to microscopy using the Zeiss LSM880 confocal microscope with an Airyscan. Microdomain number was quantified
as described in the Materials and Methods section and shown as scatter plots. Statistics is carried out with the two-tailed student’s t-test and the p-value is
displayed. (E) N. benthamiana leaves expressing NbSOBIR1-mCherry alone or coexpressing with NbRLP1-GFP were treated with 0.3 µM ParA1. After 30 min,
leaves were subjected to microscopy by Zeiss LSM880 confocal microscope with the use of Airyscan. Microdomain number (left) was quantified as in (D). The same
leaves were subjected to Zeiss LSM880 confocal imaging and quantified for internal NbSOBIR1-mCherry foci number (right) as in (C). Statistics is carried out with
the two-tailed student’s t-test and the p-values are displayed. (F) N. benthamiana leaves expressing NbSOBIR1-mCherry alone or coexpressing with NbRLP1-GFP
were infiltrated with 0.3 µM ParA1. After 30 min, leaves were subjected to time-lapse microscopy by Zeiss LSM880 confocal microscope with the use of Airyscan.
The ParA1-induced microdomains were quantified if their size was bigger than 0.4 mm in diameter. A total of 10 cells for each treatment was quantified within an
imaging timeframe of 60 s and data are shown as percentage (number of mobile puncta/number of total puncta). Statistics is carried out with the two-tailed
student’s t-test and the p-value is displayed.

promoted ParA1-induced NbSOBIR1 endocytosis, it seems
plausible to predict that NbRLP1 overexpression may facilitate
NbSOBIR1 endocytosis, thereby reducing the number of
NbSOBIR1 microdomains on the plasma membrane. As shown
in Figure 6D, in the absence of ParA1, a condition when
fewer NbSOBIR1 microdomains were visualized, NbRLP1
overexpression caused a significant reduction in the number of
NbSOBIR1 microdomains present on the plasma membrane. In
the presence of ParA1, although overexpressing NbRLP1 did not
significantly reduce the number of NbSOBIR1 microdomains
on the plasma membrane (Figure 6E, left panel), it appears to
accelerate the mobility of NbSOBIR1 microdomains as reflected
by the higher percentage of mobile NbSOBIR1 puncta detected
on the plasma membrane (Figure 6F). Moreover, overexpressing
NbRLP1 led to the detection of more NbSOBIR1-mCherry-
labeled structures inside the plant cells, indicative of more active
NbSOBIR1 endocytosis (Figure 6E, right panel). Collectively,
these data have led us to propose that the ParA1 elicitin-inducible
NbSOBIR1 microdomain formed on the plasma membrane likely
represents an active unit of NbSOBIR1 for subsequent receptor-
mediated endocytosis and that NbRLP1 might act as a positive
regulator for NbSOBIR1 internalization.

Overexpressing NbRLP1 Exaggerated
the ParA1-Induced Necrosis in Plants
Our data have supported that the unconventional NbRLP1 in
ER underlies part of the regulatory network for NbSOBIR1,
the essential adaptor for various LRR-RLPs, and thus it
seems likely that NbRLP1 might contribute to the NbSOBIR1-
associated PTI. To explore this possibility, we analyzed the
effect of NbRLP1 overexpression on ParA1-induced necrosis,
a downstream output of plant immune response. Consistent
with our previous findings, ParA1 induced the formation of
necrotic lesions on N. benthamiana leaves at 24 h post-treatment
(Figure 7). NbRLP1 silencing under either NbRLP1 endogenous
or overexpressing conditions did not cause a significant change
for the ParA1-induced necrosis on N. benthamiana leaves when

compared to the control group. However, when ParA1 treatment
was carried out in the N. benthamiana plants overexpressing
NbRLP1-GFP, a condition when more NbSOBIR1 endocytic
vesicles were observed (Figure 6C), we observed that necrotic
lesions on N. benthamiana leaves were more exaggerated as
evaluated by ANOVA. Altogether, these results support that
NbRLP1 acting as a regulator lies within the repertoire of
NbSOBIR1-mediated PTI.

DISCUSSION

To combat pathogen infection, plants have evolved PRRs, which
detect MAMPs at the cell surface to elicit PTI. Studies in various
plant systems demonstrated that SOBIR1 plays a central role
in PTI involving various PRRs of the LRR-RLP type (Tang
et al., 2017; Domazakis et al., 2018). SOBIR1 moves from
the plasma membrane to endocytic vesicles via endocytosis in
response to MAMP treatment (Liebrand et al., 2013; Peng et al.,
2015). However, how exactly SOBIR1 functions in plant immune
response remains largely elusive.

Located at the outermost boundary of the cell as to
communicate with the environment, the plasma membrane
is known to be compartmentalized into subdomains, where
immune complexes may be formed even in the absence of
matching ligand, enabling rapid transmission and activation
of diverse immune responses (Jarsch et al., 2014; Somssich
et al., 2015; Bücherl et al., 2017). In this study, we report the
identification of dynamic microdomains of NbSOBIR1 on the
plasma membrane, which reinforces the important concept of
nano- and micro-domains in plant immune response.

We document in this study that the ParA1 elicitin treatment
induced both in the number and size of NbSOBIR1-labeled
microdomaind, formed on the plasma membrane (Figure 6A),
concomitant with the induction of NbSOBIR1 internalization,
reflecting that the protein forms clusters in response to
elicitin perception in N. benthamiana. The importance of
nano- and micro-domains for plant innate immunity has been
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FIGURE 7 | NbRLP1 overexpression exaggerated the ParA1-induced
necrosis on Nicotiana benthamiana leaves. N. benthamiana leaves that are
either silenced for NbRLP1 expression or overexpressing NbRLP1 are
infiltrated with 0.3 µM ParA1 or 10 mM MES (control) as indicated. After 24 h,
the development of cell death was analyzed based on the representative
necrosis index, defined by the percentage of necrosis area over the infiltrated
area. The experiment has been repeated four times with similar results, and
only one set of the experimental result is shown. Values are means (± SD) of
18 biological repeats. Different letters indicate significant differences based on
LSD (p < 0.01).

demonstrated in a number of recent studies. In the response of
rice (Oryza sativa) to chitin elicitor, microdomains are required
for the dynamics of the plasma membrane-anchored Rac/ROP
small GTPase Rac1 (a molecular switch in defense signaling) and
NADPH oxidase-encoding respiratory burst oxidase homologs
(RBOHs) (Nagano et al., 2016). As well, the immune receptor
FLS2 required for the perception of flg22 also localizes to the
plasma membrane nanodomains of Arabidopsis (Bücherl et al.,
2017). Consistently, NbSOBIR1 microdomain we discovered
here plays a crucial role in the PTI regulated through PRRs
of the RLP type.

Our findings uncovered NbRLP1 as a novel player in
underlying the network of NbSOBIR1-mediated PTI response,
which led to a yet unexplored area regarding the engagement
of ER during NbSOBIR1 endocytosis and/or plant immunity.
Using the in vivo BiFC assay and the in vitro pulled-down assay,
we document in this study that the plasma membrane-localized
NbSOBIR1 interacts with the ER-localized transmembrane
protein NbRLP1, whose LRR domain resides within the ER
lumen (Figure 3). This result also predicts that NbRLP1 and
NbSOBIR1 might interact via a close association between the ER
and the plasma membrane, such as EPCS or the ER-endosomes
interface (Dong et al., 2016). However, BiFC fluorescence may
emit artificially due to close proximity of target proteins, and
the assay results in the irreversible formation of fluorescent
proteins, thus limiting its applications to further explore the
dynamics and transient interactions between NbRLP1 and
NbSOBIR1 (Shyu and Hu, 2008). In addition, as reported by

Tao et al. (2019), the BiFC assay in plants has the tendency to
artificially induce membrane contact especially when involving
the overexpression of two proteins which might interact with
ER and plasma membrane interfaces. Thus, where exactly does
the interaction between NbRLP1 and NbSOBIR1 occur awaits
further investigation.

To compensate for this limitation, we studied the localization
and dynamics of NbRLP1 and NbSOBIR1 in plants by transient
overexpression followed by confocal microscopy. Remarkably,
our findings clearly uncovered that the dynamics of NbSOBIR1
microdomains on the plasma membrane, including its lateral
movement and downregulation via endocytosis, is regulated
through the remodeling of cortical ER underneath the plasma
membrane (Figures 4, 5). We suspect that the NbRLP1 and
NbSOBIR1 interaction may contribute to binding the two
compartments together to enable the coupled motility. However,
when we performed biochemical studies to learn about the
contribution of NbRLP1 domains to the NbRLP1-NbSOBIR1
complex formation, the data suggested that the interaction
between NbRLP1 and NbSOBIR1 might be bridged by other
yet undiscovered factors (Supplementary Figure 2). Further
evidence indicated that NbRLP1, devoid of its cytoplasmic
tail, showed slightly compromised activity to downregulate the
number of NbSOBIR1 microdomains on the plasma membrane
(Supplementary Figure 2C), despite its binding with NbSOBIR1.
These observations have prompted us to hypothesize that
the interaction between NbRLP1 and NbSOBIR1 is achieved
transiently and/or involves remodeling of a complicated protein
complex in order to regulate NbSOBIR1 endocytosis. Along this
line, understanding the exact composition of the NbRLP1 and
NbSOBIR1-associated complex would be necessary to know how
the ER contributes to NbSOBIR1-mediated PTI response and
NbSOBIR1 endocytosis.

The NbSOBIR1 microdomains in our studies showed an
interesting pattern of either abutting or surrounded by the ER
(Figure 5). In contrast to the flat ER sheets, the ER tubules are
highly curved structures, shaped by the evolutionarily conserved
reticulon family proteins that adopt a wedge-like topology in
the ER. The reticulons localized to the border of the ER sheets,
the ER tubules, and the three-way junction, all of which define
the areas of the ER membrane that are highly curved (Nziengui
et al., 2007). Intriguingly, these areas appear to be preferred
by the NbSOBIR1 microdomains on the plasma membrane
to associate with the ER. Recently, EPCSs marked by SYT1-
mCherry are identified at static ER tubules in plant (Ishikawa
et al., 2018). In Arabidopsis thaliana, AtSYT1 plays an essential
role in maintaining cell integrity and virus movement (Uchiyama
et al., 2014; Perez-Sancho et al., 2015). Notably, another plant
EPCS tether AtVAP27-1 has recently been shown to bind clathrin
and phosphoinositides in Arabidopsis and vap27-1/-3 mutant
showed endocytosis defects, thus raising the possibility that
endocytosis may occur at EPCS sites in plants (Stefano et al.,
2018). In non-plant systems, EPCSs have been reported to
get involved in diverse functions including lipid homeostasis,
calcium influx, signaling, and endocytosis (Wakana et al., 2015;
van der Burgh et al., 2019). Although the relationship between
EPCSs and plant PRRs has not been established, the changes
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of EPCS in space and time in response to pathogen infection
are definitely of great interest to be explored as a missing link
in plant immunity.

Given that NbSOBIR1 moves from the plasma membrane
to endocytic vesicles in response to the ParA1 elicitin (Peng
et al., 2015), it seems most likely that NbRLP1 might regulate
NbSOBIR1 endocytosis. Indeed, overexpressing of NbRLP1
in the absence of ParA1 treatment significantly reduced the
number of NbSOBIR1 microdomains on the plasma membrane
(Figure 6D). In the presence of ParA1, NbRLP1 overexpression
though showed no effect on the total number of NbSOBIR1
microdomains on the plasma membrane (Figure 6E, left)
significantly accelerated the mobility of the ParA1-induced
microdomains (Figure 6F) and ParA1-triggered NbSOBIR1
endocytosis (Figure 6E, right). The SOBIR1 is involved in PTI
elicited by various proteinaceous MAMPs. Whether NbRLP1
similarly regulates NbSOBIR1 endocytosis that is triggered by
other elicitors await further investigation. It would also be
interesting to know whether endocytosis of the corresponding
RLP-PRRs is regulated by NbRLP1 and exactly how endocytosis
regulation is accomplished in this scenario.

In this study, we detected on the immune blot, two forms of
NbSOBIR1 which differ in molecular weight of around ∼8.5 kD
(Figure 3B), implying post-translational protein modification on
NbSOBIR1. Interestingly, overexpression of NbRLP1 resulted in
the reduction of the higher molecular weight form of NbSOBIR1
that is also the form that binds NbRLP1 (Figure 3C). Our
hunch is that the NbSOBIR1 of greater molecular weight may
reside in the microdomains to mediate NbRLP1 interaction. Since
NbRLP1 overexpression reduced the NbSOBIR1 microdomain
on the plasma membrane (Figure 6D), through facilitating its
endocytosis, it seems plausible to predict that the reduction
in protein abundance is due to its endocytic turnover. It has
been reported that SOBIR1 when overexpressed constitutively
activates immune responses and is highly phosphorylated in
A. thaliana, likely through the kinase activity of SOBIR1 itself
and BAK1 (van der Burgh et al., 2019). However, using an
antibody specifically against phosphoserine failed to recognize
the NbSOBIR1 pulled down by NbRLP1-TAP (our unpublished
data). In addition, the larger NbSOBIR1 that binds NbRLP1 also
showed resistance to phosphatase treatment (our unpublished
data). Thus, this unique form of NbSOBIR1 does not seem to
represent a phosphorylated and activated form of this protein
kinase at least in N. benthamiana. It would be of great interest to
further identify the PTM and know whether it plays an important
regulatory role for MAMP perception and PTI response in plants.

As shown by phylogenetic analysis, NbRLP1 clustered with
two genes from N. sylvestris and N. attenuata, respectively. This
clade is distinct from that encompassing EILP from N. tabacum
(Takemoto et al., 2000) but closer to that containing two
Cf-5 homologs (Hcr2-0A and Hcr2-0B) from S. lycopersicum
(Dixon et al., 1998). Therefore, NbRLP1 appears not as an
ortholog of EILP. Regarding the plant defense response, we
document thatNbRLP1 overexpression enhanced ParA1-induced
necrosis (Figure 7). Although its silencing did not show a
profound effect on ParA1-induced necrosis, SOBIR1 endocytosis,
and plant resistance against P. parasitica (Supplementary

Figure 3), a previous report showed overexpressing a fragment
of NbRLP1 (termed NbEILP previously) in plants enhanced the
accumulation of Bamboo mosaic virus, whereas gene silencing
reduced its accumulation (Chen et al., 2017). Collectively, it
seems likely that this ER RLP actively participates in a variety
of host–pathogen interactions. It would be necessary to further
investigate the exact molecular function of NbRLP1 in the ER
in planta.

Overall, our studies on NbRLP1 and NbSOBIR1 have provided
many new insights into the tale of NbSOBIR1-mediated PTI.
The discovery of the NbSOBIR1 microdomain at the plasma
membrane and the control of its dynamics through the contact
with the ER not only advance our current knowledge on this
important adaptor protein but also reinforce the concept of
microdomain formation as an important platform during MAMP
perception. Though more needs to be learned from how SOBIR1
works in concert with various RLPs to achieve plant immunity, it
seems equally important to think beyond the plasma membrane
toward a potential role of ER either in transmitting plant
immunity signals or even in the organization of immune receptor
complex upon MAMP perception.

MATERIALS AND METHODS

Plant Growth and Pathogen Culture
Conditions
Nicotiana benthamiana was grown in a mixture of peat moss,
perlite, and vermiculite (4:1:1) at 28◦C under 12-h light/dark.
Phytophthora parasitica (isolate 94069) was cultured on 10% V8
juice agar [10% V8 juice (Campbell, NJ, United States), 0.02%
CaCO3, and 1.5% select agar (Thermo Fisher Scientific, Waltham,
MA, United States)] at 25◦C.

Cloning and Sequence Analysis of
NbRLP1
Total RNAs were isolated from N. benthamiana leaves using
the Plant Total RNA extraction kit (Viogene, New Taipei
City, Taiwan) followed by using Turbo-DNA-free kit (Thermo
Fisher Scientific, Waltham, MA, United States) to remove the
residual DNA. N. benthamiana complementary DNA (cDNA)
was prepared by using SuperScript III reverse transcriptase
(Thermo Fisher Scientific, Waltham, MA, United States). The
NbRLP1 was amplified by using NbRLP1_F1-3 and NbRLP1_R1-
2 primers (Supplementary Table 1), followed by cloning into
the pENTRTM/D-TOPOTM vector (Thermo Fisher Scientific,
Waltham, MA, United States) for sequencing and subsequent
subcloning. The signal peptide of NbRLP1 was predicted
by using Signal P-5.02. Positions of leucine-rich repeat and
transmembrane domain of NbRLP1 were predicted by InterPro3

and TMHMM Server v.2.04, respectively. Multiple sequence
alignment involved the use of Clustal X. Phylogenetic tree was
generated by the maximum likelihood algorithm implemented

2http://www.cbs.dtu.dk/services/SignalP/
3http://www.ebi.ac.uk/interpro/
4http://www.cbs.dtu.dk/services/TMHMM/
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in MEGA (v.10.0.5) with the default parameters. Nodal
support of the tree was estimated by bootstrapping with 1,000
pseudoreplicate data sets.

Gene Expression Levels in the Infected
Plants Quantified by qRT-PCR
At 0, 3, 6, 12, 24, 36, and 48 h after inoculation of
P. parasitica zoospores, total RNAs from the 7th and 8th leaves
of N. benthamiana were isolated and cDNA was synthesized
as described in the previous section. Quantitative PCR (qPCR)
was performed using the Power SYBR Green PCR Master Mix
(Thermo Fisher Scientific, Waltham, MA, United States) with
the primers listed in Supplementary Table 1 by using the
StepOnePlus real-time PCR system (Applied Biosystems, Foster
City, CA, United States). Raw data were normalized to the level
of NbEF1α (as an internal control) and displayed as a fold-
change relative to the transcript level of mock-treated plants of
the same time points.

Virus-Induced Gene Silencing
Virus-induced gene silencing (VIGS) experiments were
performed as described by Peng et al. (2015). Briefly, a
fragment of NbRLP1 amplified by PCR with primers listed
in Supplementary Table 1 was cloned into pTRV2 (pYL279)
by Gateway cloning (Thermo Fisher Scientific, Waltham,
MA, United States) to generate TRV2:NbRLP1, which was
transformed into Agrobacterium tumefaciens GV3101 strain.
After growth in Luria-Bertani (LB) broth amended with
rifampicin and kanamycin at 28◦C for 18 h, the bacteria were
diluted with induction medium (10 mM MES, pH 5.6, 10 mM
MgCl2, and 200 µM acetosyringone) to OD600 of 0.6, which
was then mixed with an equal volume of GV3101 bacteria
harboring TRV1 (pYL192). The mixture was infiltrated onto
leaves of 18-day-old N. benthamiana seedlings by the use of
1-mL syringes. Downregulation of gene expression was verified
by qRT-PCR at 21 days post-agroinfection.

ParA1 Purification and Assays of
ParA1-Induced Necrosis
Expression of His-tagged ParA1 in Escherichia coli and the
subsequent protein purification were performed as described by
Peng et al. (2015) and Hofzumahaus and Schallmey (2013) with
some modifications. Escherichia coli strain C43 (DE) harboring
pET-20b(+):ParA1 was grown in terrific broth (TB) [1.2%
tryptone, 2.4% yeast extract, 0.5% glycerol, and 1 M TB salts
(0.17 M KH2PO4 and 0.72 M K2HPO4)] at 37◦C. When OD600
reached 1.0, 0.4 mM isopropyl β- d-1-thiogalactopyranoside
(IPTG) was added and the bacteria culture was grown at
30◦C with constant shaking at 150 rpm. After 24 h, bacteria
were harvested and disrupted in a solution [50 mM potassium
phosphate buffer (pH 6.5), 500 mM NaCl, and 10 mM imidazole]
by the use of a high-pressure homogenizer (Avestin EF-C3,
Ottawa, ON, Canada) and His-tagged ParA1 recombinant
protein was purified with the use of Ni-NTA agarose according
to the protocol of the manufacturer (Qiagen, Hilden, Düsseldorf,
Germany). For the ParA1-induced necrosis assay, 0.3 µM

recombinant protein in 10 mM MES (pH 5.6) was infiltrated
onto leaves of 4.5-week-old N. benthamiana. After 24 h, the
respective areas of infiltration and necrotic lesion for each leaf
were measured by using the ImageJ software, and necrosis index
was calculated accordingly by dividing the necrosis area with the
infiltrated area.

Plasmid Construction
All plasmid constructs used in this study were made by
using the Gateway cloning system (Thermo Fisher Scientific,
Waltham, MA, United States). To generate the GFP-NbRLP1
construct, the nucleotide sequence of NbRLP1ORF in the pENTR
plasmid was first changed from T79C80C81A84 to A79G80T81T84,
which introduced a ScaI site, whereas maintaining the same
amino acid sequence. Then, a GFP-encoding DNA sequence
was inserted into the ScaI site, followed by amplification and
subcloning of the GFP-NbRLP1 fragment into the pK7WG2
vector (Karimi et al., 2002) by Gateway cloning to get
pK7WG2:GFP-NbRLP1. To generate the NbRLP1-1N construct,
a DNA fragment encompassing nucleotides 2,737–2,910 of
NbRLP1 ORF was amplified by PCR, which was then used to
replace NbRLP1 devoid of the signal peptide in pENTR:NbRLP1
and then to get pK7FWG2:NbRLP1-1N by Gateway cloning. To
generate the NbRLP1-GFP and NbRLP1-1C constructs, DNA
fragments corresponding to the full-length NbRLP1 ORF or
NbRLP1 lacking its cytoplasmic tail (with nucleotides 1–2805)
were amplified by PCR and cloned into pK7FWG2 to get
pK7FWG2:NbRLP1 and pK7FWG2:NbRLP1-1C, respectively. To
prepare the constructs for the BiFC experiments, fragments
of Venus N-terminal half (Vn) and Venus C-terminal half
(Vc) were amplified (Sung and Huh, 2007) using primers
listed in Supplementary Table 1 and cloned into pENTR-
NbRLP1 and pENTR-NbSOBIR1 to get pK7WG2:NbRLP1-Vn
and pK7WG2:NbSOBIR1-Vc, respectively. To get pK7WG2:Vn-
NbRLP1, Vn fragment was amplified to replace GFP in
pENTR:GFP-NbRLP1 followed by Gateway cloning. To get TAP-
tagged expression constructs, TAP sequence (Puig et al., 2001)
synthesized by Genomics (Xizhi, New Taipei City, Taiwan)
was first cloned to pENTR:NbRLP1, pENTR:NbRLP1-1N, and
pENTR:NbRLP1-1C, respectively, followed by Gateway cloning.
To prepare the AtSYT1-mCherry construct, the AtSYT1 amplified
from the cDNA of A. thaliana was cloned into p35S-C-mCherry
(Wu et al., 2011), followed by PCR amplification of the AtSYT1-
mCherry fragment and subcloned into pK7WG2. The sequences
for all primers are listed in Supplementary Table 1.

Confocal Imaging
For transient gene expression on N. benthamiana, the plasmid
constructs described in the section above were transformed
into Agrobacterium tumefaciens C58C1 for agroinfiltration as
described by Peng et al. (2015). In brief, A. tumefaciens strains
carrying constructs were cultured in LB broth amended with
corresponding antibiotic at 28◦C. After 18 h, the bacteria
cells were harvested by centrifugation, resuspended with MMA
(10 mM MES, pH 5.6, 10 mM MgCl2, 200 µM acetosyringone) to
OD600 of 0.2 for NbRLP1-GFP, 0.05 for NbSOBIR1-mCherry, and
0.2 for AtSYT1-mCherry, respectively. Bacteria were infiltrated
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onto the newly expanding leaves of 4-week-old N. benthamiana
seedlings by the use of 1-mL needleless syringes. To suppress
the silencing response, all treatments were coinfiltrated with
A. tumefaciens C58C1 harboring P19-expressing construct
(OD600of 0.1). For the BiFC experiments, A. tumefaciens C58C1
carrying pK7WG2:NbSOBIR1-Vc or pK7WG2:Vc was adjusted
to OD600 of 0.05 and those carrying pK7WG2:Vn-NbRLP1,
pK7WG2:NbRLP1-Vn, or pK7WG2:Vn were adjusted to OD600 of
0.2. Fluorescence signals were visualized using the Zeiss LSM 510
Meta confocal microscope, Zeiss LSM 880 confocal microscope,
or Leica Stellaris 8 confocal microscopy. The Zeiss LSM 880
confocal microscope with the Airyscan super resolution mode
was used for imaging microdomains on the plasma membrane.
GFP: excitation of 488 nm and emission from 500 to 550 nm;
mCherry: excitation of 543 nm and emission from 565 to 615 nm;
YFP: excitation of 514 nm and emission from 510 to 560 nm.

Quantification of NbSOBIR1
Microdomains and Endocytic Structures
To quantify NbSOBIR1 microdomains, we took still images
specifically focused on the plasma membrane section using
the Zeiss LSM880 with Airyscan mode. We used the ImageJ
freehand selection tool followed by the ROI manager tool to
define and calculate the area of the focused plasma membrane
region. We manually counted the number of microdomains
(usually ∼0.4–0.8 µm) using the multi-points tool of ImageJ.
The number of NbSOBIR1 puncta on plasma membrane was
calculated using the number of microdomains divided by the area
of the plasma membrane. To analyze the dynamics of NbSOBIR1
microdomains, we performed particle tracking analysis using
the ImageJ plugin Trackmate. We selected LoG detector tool
to analyze particle diameter and intensity with estimated blob
diameter of 0.8 µm and a threshold of 6.0. For analyses, we
selected HyperStack displayer as a viewer and the simple lack
tracker tool with the setting of linking max distance of 8 µm,
gap-closing max distance of 8 µm, and gap-closing frame
gap 2. To quantify endocytic structures, five z-stack images
beneath the plasma membrane, each with 2.05 µm overlapped,
were maximally projected to a final stack size of 8.20 µm.
We used ImageJ to define and calculate the selected ROI
area, followed by manually counting the number of endocytic
structures. The number of NbSOBIR1 endocytic vesicles was
calculated using the number of endocytic structures divided by
the volume of the stack.

TAP Purification
Agrobacterium tumefaciens C58C1 carrying pK7WG2:NbRLP1-
TAP, pK7WG2:NbRLP1-1N-TAP, or pK7WG2:NbRLP1-1C-
TAP (at a final OD600 of 0.2) was mixed with C58C1
harboring pK7WG2:NbSOBIR1-mCherry (at a final OD600 of
0.05) and infiltrated onto young expanding leaves of 4-week-
old N. benthamiana. After 46 h, 1.5 g leaves were ground
into fine powder in the presence of liquid nitrogen, followed
by resuspension in 3 mL GTEN buffer (10% glycerol, 25 mM
Tris–HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl, 10 mM
DTT, and 1.5% triton-X100) (Sacco et al., 2007) supplemented

with protease inhibitors cocktail (Roche Molecular Systems, NJ,
United States). After thawed, debris present in the mixture was
removed by a quick spin of 1,000 rpm for 1 min, followed
by another spin of 12,000 g for 10 min, both at 4◦C. The
resulting supernatant was collected and incubated with 100 µL
IgG SepharoseTM 6 FF at 4◦C with gentle rotation for 3 h. After
washing the beads four times with 10 ml GTEN buffer containing
1.25 mM PMSF, the bound proteins were eluted with 80 µL
MURB (50 mM sodium phosphate, 25 mM MES, pH 7.0, 1%
SDS, 3 M urea, and 5% β-mercaptoethanol) and boiled for 5 min.
Samples were subjected to SDS-PAGE followed by the Western
blot analysis with the use of PAP antibody (Jackson immune
research, PA, United States) or our homemade anti-mCherry
antibody (Wu et al., 2011). Signals on the blots were detected by
using the UVP ChemiDoc-It imager (Upland, CA, United States).

Inoculation of P. parasitica
For inoculation, zoospore suspension (2∗104 spores/mL)
prepared as described by Yan and Liou (2006), or water as
controls, was sprayed evenly on 5.5-week-old N. benthamiana
till run-off, and the inoculated plants were maintained at 28◦C
in the dark in a moisture chamber for the indicated periods of
time. Disease severity was scored, as follows, on a scale from 0
to 4, according to symptoms developed on the plants: 0, healthy,
no water-soaking lesions; 1, slight water-soaking, with less than
50% wilting leaves; 2, obvious water-soaking lesions, with more
than 50% wilting leaves; 3, severe water-soaking and wilting;
4, complete wilting along with the appearance of mycelia. The
disease severity index was calculated as [sum (number of plants
× disease index)])/[(total number of plants) × (maximal disease
index)]× 100.

Statistical Analysis
All experiments were repeated at least three times. The two-
tail student’s t-test was used for two-paired comparison, and the
p-value was displayed. Multiple comparison analysis testing was
carried out with ANOVA and LSD (p < 0.05).
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Supplementary Figure 1 | Colocalization of NbRLP1-GFP and AtSYT1-mCherry.
Nicotiana benthamiana leaves expressing NbRLP1-GFP and AtSYT1-mCherry
were imaged at the periphery sections using Leica Stellaris 8 confocal microscope.
Scale bar, 10 µm. The box area in the image of the periphery section is enlarged
to show the colocalization of NbRLP1-GFP and AtSYT1-mCherry signals.

Supplementary Figure 2 | C-terminus of NbRLP1 is sufficient for binding with
NbSOBIR1. (A) Nicotiana benthamiana leaves expressing NbSOBIR1-mCherry
and NbRLP1-TAP, NbRLP1-1N-TAP, NbRLP1-1C-TAP, or TAP as indicated were
harvested and lyzed. The lysate (input) was subjected to pull-down by IgG
Sepharose as described in the Materials and Methods section. The input and the
bound (pulled-down) fractions were subjected to SDS-PAGE followed by the
Western blot analysis with use of anti-mCherry or PAP antibodies. (B) A scheme
depicting the current model of how NbRLP1-Vn in the ER might interact with
NbSOBIR1-Vc on the plasma membrane. X, Y, and Z indicate putative proteins
that might bridge the NbSOBIR1–NbRLP1 interaction. (C) Deletion of the
C-terminus but not N-terminus of NbRLP1 showed slightly compromised activity
to downregulate the number of NbSOBIR1 microdomains on the plasma
membrane. N. benthamiana leaves expressing NbSOBIR1-mCherry alone or
coexpressing with NbRLP1-GFP, NbRLP1-1N-GFP or NbRLP1-1C-GFP were
subjected to microscopy by using the Zeiss LSM880 confocal microscope with
use of Airyscan. Microdomain number was quantified as described in the Materials
and Methods section and shown as scatter plots. Different letters indicate
significant differences based on LSD (p < 0.01).

Supplementary Figure 3 | Endocytosis occurs directly via the translocation of
NbSOBIR1 microdomains on the plasma membrane. Nicotiana benthamiana
leaves expressing NbSOBIR1-mCherry were infiltrated with 0.3 µM ParA1 in MES
buffer. After 30 min, leaves were subjected to time-lapse microscopy by focusing
on a few microdomains at the center of the cell using the Zeiss LSM880 confocal
microscope with an Airyscan. The total image acquisition length was 16 min with a
time interval of 5 s. Representative area was selected for display by time course.

Supplementary Figure 4 | NbRLP1 silencing did not show a profound effect on
SlSOBIR1 endocytosis or plant resistance against Phytophthora parasitica. (A)
SlSOBIR1-GFP was expressed on Nicotiana benthamiana leaves pre-silenced for
NbRLP1 expression (TRV-NbRLP1) or infected with TRV-GFP as the control.
Around 44 h post-agroinfiltration, the leaves were treated with 0.3 µM ParA1 in
MES buffer for 30 min, followed by microscopy with five Z stack for a total of 8.20
stack size using Zeiss LSM 510 confocal microscope. The maximal projection
images are shown. The number of internal NbSOBIR1-mCherry puncta was
quantified as described in the Materials and Methods section and displayed using
a scatter plot. Statistical analysis was carried out with the two-tailed student’s
t-test and the p-value is shown. (B) N. benthamiana silenced for NbRLP1
expression (TRV-NbRLP1) or treated as the control carrying TRV-GFP were
inoculated with zoospores of P. parasitica. At indicated hours post-inoculation
(hpi), the development of disease symptoms was examined and the disease
severity index was calculated as detailed in the Materials and methods section.
The experiment has been repeated three times with similar results, and only one
set of the experimental data is shown.

Supplementary Table 1 | A list of primers used in this study and the sequence of
1.41- and 2.91-Kb NbRLP1.

Supplementary Movie 1 | Nicotiana benthamiana leaves expressing
NbSOBIR1-mCherry were subjected to time-lapse microscopy, focusing only on
the periphery of the leaf epidermal cell, using Zeiss LSM880 confocal microscope
with Airyscan. The total image acquisition length was 16 min with a time
interval of 5 s.

Supplementary Movie 2 | Nicotiana benthamiana leaves expressing
NbSOBIR1-mCherry and NbRLP1-GFP were subjected to time-lapse microscopy,
focusing only on the periphery of the leaf epidermal cell, using Zeiss LSM880
confocal microscope with Airyscan. The total image acquisition length was 16 min
with a time interval of 5 s.

Supplementary Movie 3 | Nicotiana benthamiana leaves expressing
NbSOBIR1-mCherry were treated with 0.3 µM ParA1 in MES buffer.

After 30 min, the leaves were subjected to microscopy, focusing only on the

periphery of the leaf epidermal cell, by Zeiss LSM880 confocal microscope with
use of Airyscan. The total image acquisition length was 16 min with a time
interval of 5 s.

Supplementary Movie 4 | Nicotiana benthamiana leaves expressing
NbSOBIR1-mCherry and NbRLP1-GFP were treated with 0.3 µM ParA1 in MES
buffer. After 30 min, the leaves were subjected to microscopy, focusing only on the
periphery of the leaf epidermal cell, by using Zeiss LSM880 confocal microscope
with Airyscan. The total image acquisition length was 16 min with a time
interval of 5 s.
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The Algal Polysaccharide Ulvan
Induces Resistance in Wheat Against
Zymoseptoria tritici Without Major
Alteration of Leaf Metabolome
Marlon C. de Borba1,2, Aline C. Velho1,3, Alessandra Maia-Grondard4,
Raymonde Baltenweck4, Maryline Magnin-Robert3, Béatrice Randoux3,
Maxime Holvoet2, Jean-Louis Hilbert2, Christophe Flahaut2, Philippe Reignault3,
Philippe Hugueney4, Marciel J. Stadnik1*† and Ali Siah2*†

1 Laboratory of Plant Pathology, Agricultural Science Center (UFSC-CCA), Federal University of Santa Catarina, Florianópolis,
Brazil, 2 Joint Research Unit N◦ 1158 BioEcoAgro, ULCO, INRAE, University of Lille, Université Liège, UPJV, University
of Artois, Lille, France, 3 Unité de Chimie Environnementale et Interactions sur le Vivant (EA 4492), Université du Littoral Côte
d’Opale, Calais, France, 4 INRAE, SVQV UMR-A1131, Université de Strasbourg, Colmar, France

This study aimed to examine the ability of ulvan, a water-soluble polysaccharide
from the green seaweed Ulva fasciata, to provide protection and induce resistance
in wheat against the hemibiotrophic fungus Zymoseptoria tritici. Matrix-assisted
laser desorption/ionization-time-of-flight-mass spectrometry (MALDI-TOF-MS) analysis
indicated that ulvan is mainly composed of unsaturated monosaccharides (rhamnose,
rhamnose-3-sulfate, and xylose) and numerous uronic acid residues. In the greenhouse,
foliar application of ulvan at 10 mg.ml−1 2 days before fungal inoculation reduced
disease severity and pycnidium density by 45 and 50%, respectively. Ulvan did not
exhibit any direct antifungal activity toward Z. tritici, neither in vitro nor in planta.
However, ulvan treatment significantly reduced substomatal colonization and pycnidium
formation within the mesophyll of treated leaves. Molecular assays revealed that ulvan
spraying elicits, but does not prime, the expression of genes involved in several wheat
defense pathways, including pathogenesis-related proteins (β-1,3-endoglucanase and
chitinase), reactive oxygen species metabolism (oxalate oxidase), and the octadecanoid
pathway (lipoxygenase and allene oxide synthase), while no upregulation was recorded
for gene markers of the phenylpropanoid pathway (phenylalanine ammonia-lyase
and chalcone synthase). Interestingly, the quantification of 83 metabolites from
major chemical families using ultra-high-performance liquid chromatography-mass
spectrometry (UHPLC-MS) in both non-infectious and infectious conditions showed
no substantial changes in wheat metabolome upon ulvan treatment, suggesting a low
metabolic cost associated with ulvan-induced resistance. Our findings provide evidence
that ulvan confers protection and triggers defense mechanisms in wheat against Z. tritici
without major modification of the plant physiology.

Keywords: septoria tritici blotch, green seaweed, induced resistance, MALDI-TOF-MS, gene expression, UHPLC-
MS, metabolomics
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INTRODUCTION

The Septoria tritici blotch, caused by the hemibiotrophic fungus
Zymoseptoria tritici, is one of the most devastating diseases
of wheat (Triticum aestivum L.) worldwide (Fones and Gurr,
2015). The reduction in the photosynthetic leaf area caused by
the disease can lead to yield losses of up to 50% or 5–10%
when integrated disease management is implemented (Fones
and Gurr, 2015). Currently, disease control mainly relies on
the use of conventional fungicides (Torriani et al., 2015) and
partially resistant cultivars (Ors et al., 2018). However, due
to the high genetic diversity and adaptability of Z. tritici, the
fungus frequently develops resistance to fungicides and often
overcomes host resistance, making it one of the most difficult
plant pathogens to control (Fones and Gurr, 2015; Torriani et al.,
2015). Hence, looking for complementary alternatives, such as
the use of plant resistance inducers from natural origin, has been
recognized as an eco-friendly strategy to control the STB disease,
thus contributing to safer food production.

The life cycle of Z. tritici is characterized by two distinct
stages, namely, biotrophic (or symptomless latent phase) and
necrotrophic phases (Steinberg, 2015). Leaf penetration occurs
most frequently by hyphae emerging from germinating and
surface-attached conidia that enter through stomata (Steinberg,
2015) or directly via the anticlinal and periclinal epidermal cells
(Siah et al., 2010a). During this asymptomatic period, the fungus
grows extremely slowly between the mesophyll cell layers of the
leaf (Keon et al., 2007; Rudd et al., 2015). The transition from
the biotrophic to the necrotrophic phase takes place suddenly
around 10–15 days after infection and coincides with a sharp
increase in fungal growth rate and biomass (Keon et al., 2007; Siah
et al., 2010a). This may be supported by the increased apoplastic
nutrient availability as a consequence of the loss of host cell-wall
integrity (Keon et al., 2007). Finally, the fungus produces asexual
spores in the dark-brown pycnidia formed under colonized
substomatal cavities (Siah et al., 2010a; Steinberg, 2015).

Ulvan is a water-soluble sulfated heteropolysaccharide
extracted from the cell walls of the green macroalgae Ulva
spp. and is composed mainly of rhamnose, xylose, glucose,
uronic acid, and sulfate (Paulert et al., 2009; de Freitas et al.,
2015). Ulvan is known to exhibit a broad spectrum of biological
activities, including stimulation of plant growth and defense
responses (Stadnik and de Freitas, 2014). For instance, when
applied onto bean leaves, ulvan is able to reduce the severity
of anthracnose (Paulert et al., 2009; de Freitas and Stadnik,
2012), rust (Delgado et al., 2013), and powdery mildew (Jaulneau
et al., 2011). In addition, it has shown promising results in the
resistance of wheat and barley against the powdery mildew
caused by Blumeria graminis (Paulert et al., 2010). However, the
potential of green algal polysaccharides for controlling STB in
wheat has never been examined.

The mode of action of the resistance inducers differs from
that of traditional pesticides because they do not directly target
the pathogen through antifungal activity, but they inhibit its
development indirectly via the induction of natural plant defense
mechanisms. The status of induced resistance in plants could be
related to a direct elicitation of defense responses (i.e., elicitor

effect), which occurs in the absence of infection, or to a plant
sensitized by a priming agent (i.e., priming effect). This, in
turn, results in the expression of earlier and/or stronger basal
defense mechanisms upon pathogen attacks (Walters et al.,
2005). Although not well understood yet, ulvan seems to induce
resistance through the elicitation of defense responses in dicot
plants (Cluzet et al., 2004; de Freitas and Stadnik, 2012) and
priming in monocot plants (Paulert et al., 2010).

Wheat defense mechanisms against Z. tritici are complexes. It
has been suggested that the upregulation of pathogenesis-related
(PR) proteins (β-1,3-glucanase, PR-2; chitinase, PR-3) (Adhikari
et al., 2007; Shetty et al., 2009) and reactive oxygen species (ROS)
metabolism (oxalate oxidase, OXO) (Shetty et al., 2007) plays
a major role in incompatible interactions, while induction of
phenylpropanoids (phenylalanine ammonia-lyase, PAL; chalcone
synthase, CHS) is sometimes observed in partially resistant wheat
cultivars (Ors et al., 2018). On the other hand, the expression
of genes involved in the octadecanoid pathway (lipoxygenase,
LOX; allene oxide synthase, AOS) seem to be downregulated
soon after fungal infection and further upregulated (Rudd et al.,
2015; Somai-Jemmali et al., 2017). Although not well explained,
the expression of these defense-related genes has been associated
with the induction of wheat resistance against Z. tritici after
the application of resistance inducers (Ors et al., 2019; Somai-
Jemmali et al., 2020).

Metabolomics is an emerging and powerful tool aiming at
the comprehensive analysis of low-molecular-weight metabolites.
Metabolomics has been used for an overview of plant status
after several biotic and abiotic stresses, particularly to decipher
host resistance or susceptibility following pathogen infection
(Rudd et al., 2015; Seybold et al., 2020). Knowing metabolic
profiles during plant resistance induction might allow a better
characterization of activated defense mechanisms. To date, little
is known about the wheat-induced resistance against Z. tritici
using natural inducers. Thus, the objective of this study was to
evaluate the potential of ulvan to protect wheat against Z. tritici
and determine its effect on plant gene expression and metabolic
profile during the biotrophic phase of the fungus life cycle.

MATERIALS AND METHODS

Biological Materials
Wheat plants (Triticum aestivum L.) of cv. Alixan, which are
susceptible to Z. tritici (Ors et al., 2018), were purchased from
Limagrain (Saint-Beauzire, France) and used in all experiments.
The aggressive monosporic strain of Z. tritici T02596 (Mejri et al.,
2018) was used in all wheat infection bioassays. The fungus was
grown on a potato dextrose agar (PDA) medium at 18◦C at a 12-
h photoperiod for 7 days. Then, Petri dishes were flooded with
10 ml of distilled water, and the spore suspension was filtered
two times to remove mycelial fragments. Spore concentration was
determined using a Malassez counting chamber (Paul Marienfeld,
Lauda-Königshofen, Germany) and adjusted as needed. Ulvan
was obtained as previously described by Paulert et al. (2009) from
the green seaweed Ulva fasciata and collected on August 2017
at the Barra da Lagoa beach in Florianópolis-SC, Brazil. Briefly,
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100 g of dried algae was autoclaved for 2 h at 110◦C in 1 L of
distilled water. The resulting aqueous solution was filtered and
the polysaccharide was precipitated two times with ethanol (3
v) at −20◦C: first for 24 h, and afterward for 48 h. The second
precipitate of ulvan was collected, dried, and kept at 5◦C until use.

Matrix-Assisted Laser
Desorption/Ionization-Time-of-Flight-
Mass Spectrometry
(MALDI-TOF-MS)
Matrix-assisted laser desorption/ionization-time-of-flight-mass
spectrometry (MALDI-TOF-MS) analysis was performed
using the AutoflexSpeedTM (Bruker, Berlin, Germany) mass
spectrometer running the Flexcontrol 3.4 software (Bruker).
The mass spectrometer was calibrated according to the
recommendations of the manufacturer. Mass spectra were
acquired in the negative linear-ion mode using the automatic
negative linear method of the manufacturer across a mass-
to-charge (m/z) ratio of 100–2,000 atomic mass unit. The
mass spectra correspond to mass signals summed from 2,000
laser shots in 100 shot steps performed randomly on different
areas of the spot. Ulvan was solubilized at 10 mg.ml−1 in
ultrapure (MQ) water, while 2,5-dihydroxybenzoic acid (DHB),
used as the MALDI matrix, was dissolved at 10 mg.ml−1 in
acetonitrile/water (3:7; v/v). One microliter of ulvan solution and
1 µl of DHB matrix solution were spotted together on a 384-well
polished steel MALDI plate. Samples were allowed to dry and
co-crystallize at room temperature before they were loaded into
the MALDI-TOF mass spectrometer.

In vitro Antifungal Activity of Ulvan on
Z. tritici
The direct antifungal effect of ulvan on Z. tritici was assessed
on both spore germination and mycelial growth. For the spore
germination assay, an aliquot of 200 µl of 1 × 104 spore ml−1 of
Z. tritici was spread on PDA plates amended or not with ulvan at
10 mg.ml−1. After a 1-day incubation period at 18◦C in the dark,
the percentage of spore germination was randomly determined
from 100 spores using a light microscope at 400× magnification
(Siah et al., 2010b). Regarding mycelial growth assay, an aliquot
of 5 µl of 1 × 105 spore ml−1 of the fungus was deposited on
the middle of Petri dishes containing PDA amended or not with
ulvan at 10 mg.ml−1. After an incubation period of 10 days at
18◦C in the dark, the fungal colony diameter was scored from two
perpendicular measurements using a caliper (Siah et al., 2010b).

Plant Growth, Treatment, and Inoculation
The wheat seeds of cv. Alixan were pre-germinated in plastic
boxes on moist filter paper in the dark under changing
temperature conditions, according to Siah et al. (2010a). Twelve
wheat germlings were transplanted to 3-L pots (15-cm diameter)
containing organic compost as the substrate (Gamm Vert,
France). Three pots of 12 plants (i.e., 36 plants) were used
as replicates for each condition. Plants were grown under
greenhouse conditions (18 ± 3◦C, 16 h of light, and a photon
flux density of 240 µmol.m−2.s−1) and irrigated according to

their water requirements. Three-week-old plants (the third leaf
fully expanded stage) were sprayed one time with distilled water
(control) or with ulvan solution (10 mg.ml−1), both amended
with 0.05% (v/v) polyoxyethylene-sorbitan monolaurate (Tween
20, Sigma-Aldrich, Saint Louis, MO, United States). A solution
volume of 30 ml was delivered per pot. Two days after treatment
(dat), plants were inoculated by spraying them with a 1 × 106

spore ml−1 suspension ofZ. tritici prepared in distilled water with
0.05% Tween 20 and kept under highly humid conditions (∼99%
humidity) for 3 days (Siah et al., 2010a). A spore suspension
volume of 30 ml was delivered per pot. Mock-inoculated plants
were used as control. Disease severity was assessed at 21 days
after inoculation (dai) by measuring the percentage of the third
leaf area with STB symptoms (chlorosis and necrosis). Pycnidium
density was scored on a scale from 0 to 5; with 0 = absence of
pycnidia, 1 = 1–19%, 2 = 20–39%, 3 = 40–59%, 4 = 60–79%, and
5 = 80–100% of necrotic leaf area bearing pycnidia, respectively.

In planta Cytological Assays
To assess fungal spore germination and epiphytic hyphal
growth (fungal development on the leaf surface), 4-cm third-
leaf segments were collected at 1 and 5 dai, respectively, and
then immediately immersed in a solution of 0.1% Calcofluor
(Fluorescence Brightener 28, Sigma-Aldrich, Saint-Quentin-
Fallavier, France) and 0.1 M of Tris-HCl buffer at pH 8.5
for 5 min. Then, leaf segments were washed for 2 min in
distilled water, superficially dried at room temperature, placed
on a glass slide, covered with a coper slip, and observed
microscopically (Eclipse 80i, Nikon, Champigny Sur Marne,
France) at 400× magnification under ultraviolet illumination
(emission: 365 nm; excitation: 440 nm). The percentage of
germinated spores and epiphytic hyphal growth were calculated
from 100 spores, which were chosen randomly on the leaf surface.
Four categories of germlings were recorded: non-germinated
spore (NGS), germinated spore with a short germ tube (GS-SGT),
germinated spore with a well-developed germ tube (GS-DGT),
and germinated spore with branched hyphae (GS-BH). Pictures
were taken with a digital camera (DXM1200C, Nikon) using
image capture software (Nis-Elements BR, Nikon).

To measure the colonization of the substomatal cavities, 4-cm
third-leaf segments were collected at 21 dai and then bleached in
a mixture of absolute ethanol and acetic acid (3:1; v/v) overnight.
The cleared leaves were rehydrated in distilled water for 4 h and
then fixed in lactoglycerol (lactic acid: glycerol: water; 1:1:1; v/v/v)
for 20 min. The fungal structures were stained by immersing
the leaf segments in 0.1% Trypan blue (Sigma-Aldrich, Saint
Quentin Fallavier, France) dissolved in lactophenol-ethanol (1:2;
v/v) at 50◦C for 20 min. After washing, the leaf segments were
fixed in lactoglycerol, placed on a glass slide, and then observed
microscopically at 400× magnification. The colonization of
the substomatal cavities was determined from 150 substomatal
cavities chosen randomly by assessing the following cytological
events: non-colonized stomata (NCS), colonized stomata but not
yet filled with a pycnidium (CS), and colonized stomata filled with
a pycnidium (P). Pictures were taken using the digital camera,
and image capture software is mentioned above.
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RNA and Metabolite Extraction
For both plant RNA and metabolite extractions, medial third-
leaf segments of approximately 200 mg were sampled at 2 and
7 dat from non-inoculated plants and at 7 dat (corresponding to
5 dai) from inoculated plants and then immediately snap-frozen
in liquid nitrogen. Samples collected for RNA extraction were
stored at−80◦C until analysis, and those harvested for metabolite
extraction were lyophilized and weighed.

Total RNA was extracted from 100 mg of frozen leaf samples
using the RNeasy Plant Mini Kit (Qiagen, Venlo, Netherlands).
Genomic DNA contaminating was removed using DNase RNase-
Free Set (Qiagen). The RNA obtained was suspended in 60 µL of
RNase-free water and quantified by measuring the absorbance at
260 nm (BioPhotometer, Eppendorf AG, Hamburg, Germany).

For metabolomic analysis, lyophilized leaf samples (i.e., 25–
30 mg) were homogenized in a bead mill (TissueLyser II, Qiagen).
Polar metabolites were extracted with 25 µl of methanol per mg
of dry weight containing 1 µg.ml−1 of apigenin and 5 µg.ml−1

of chloramphenicol (Sigma-Aldrich) as internal standards. After
vortexing two times for 30 s, the extract was sonicated for 10 min
in an ultrasound bath, and then centrifugated at 12,000 × g at
21◦C for 15 min. Finally, 150 µl of the supernatant was filtered
and transferred to a vial and analyzed by ultra-high-performance
liquid chromatography-mass spectrometry (UHPLC-MS).

Reverse Transcription-Quantitative PCR
(RT-qPCR) Analysis
Reverse transcription of total RNA was carried out using the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Waltham, MA, United States) according to the protocol provided
by the manufacturer. The PCR reactions were performed with
the obtained cDNA to amplify seven target genes: phenylalanine
ammonia-lyase (PAL), chalcone synthase (CHS), lipoxygenase
(LOX), allene oxide synthase (AOS), β-1,3-endoglucanase (PR-
2), chitinase 2 (PR-3), and oxalate oxidase (OXO) (Tayeh et al.,
2015; Ors et al., 2018) (Supplementary Table 1). The β-tubulin 4
(TUB) (Tayeh et al., 2013) and class A Apetala 2 (PetA) encoding
genes were used as housekeeping genes after preliminary assays.
Primer efficiencies were calculated by performing real-time PCR
on several dilutions of the cDNA samples (>90% of efficiency).
Reactions were performed in the real-time PCR detector C1000T
(Bio-Rad, Marnes-la-Coquette, France) using the following
thermal profile: a denaturation cycle for 3 min at 95◦C, followed
by an amplification and quantification cycle repeated 39 times
(10 s at 95◦C for annealing, 30 s at 60◦C for extension). Melting
curve assays were performed from 65 to 95◦C with 0.5◦C.s−1,
and melting peaks were visualized to check the specificity of each
amplification. The qPCR reaction was performed in duplicates
(two technical replicates) for each sample.

UHPLC-MS Analysis
Metabolomic analyses were performed using a Dionex
Ultimate 3000 UHPLC system (Thermo Fisher Scientific,
Waltham, MA, United States). The chromatographic
separations were performed on a Nucleodur C18 HTec column
(150 mm× 2 mm, 1.8-µm particle size; Macherey-Nagel, Düren,

Germany) maintained at 30◦C. The mobile phase consisted of
acetonitrile/formic acid (0.1%, v/v, eluant A) and water/formic
acid (0.1%, v/v, eluant B) at a flow rate of 0.3 ml min−1. The
gradient elution was programmed as follows: 0–1 min, 95%
B; 1–2 min, 95–85% B; 2–7 min, 85–0% B; 7–9 min, 100% A.
The sample volume injected was 1 µl. The UHPLC system was
coupled to an Exactive Orbitrap mass spectrometer (Thermo
Fisher Scientific), equipped with an electrospray ionization
(ESI) source operating in positive mode. Parameters were set
at 300◦C for the ion transfer capillary temperature and 2,500
V for the needle voltages. Nebulization with nitrogen sheath
gas and auxiliary gas was maintained at 60 and 15 arbitrary
units, respectively. The spectra were acquired within the mass-
to-charge ratio (m/z) ranging from 100 to 1,000 atomic mass
unit, using a resolution of 50,000 at m/z 200 atomic mass unit.
The system was calibrated internally using dibutyl-phthalate as
the lock mass at m/z 279.1591, giving a mass accuracy lower
than 1 ppm. The instruments were controlled using the Xcalibur
software (Thermo Fisher Scientific).

Metabolites were sought based on the calculated m/z of
the corresponding pseudo-molecular ion [M + H]+ from
a list of metabolites of interest using a suspect screening
approach (Krauss et al., 2010; Flamini et al., 2013). The
previous wheat metabolome characterizations were used for
a detailed analysis of the metabolites of interest in specific
chemical families such as benzoxazinoids (de Bruijn et al., 2016),
flavonoids (Wojakowska et al., 2013), and hydroxycinnamic acid
amides (Li et al., 2018). Putative metabolite identifications were
proposed based on expertized analysis of the corresponding
mass spectra and comparison with published literature. Further
information was retrieved from the Kyoto Encyclopedia of
Genes and Genomes (KEGG1) and PubChem2 databases. Relative
quantification of the selected metabolites was performed using
the Xcalibur software. For some metabolites, identity was
confirmed with the corresponding standard provided by Sigma-
Aldrich (France). Liquid chromatography-mass spectrometry
(LC-MS) grade methanol and acetonitrile were purchased from
Roth Sochiel (France); water was provided by a Millipore water
purification system. Apigenin and chloramphenicol were used as
internal standards.

Experimental Design and Statistical
Analyses
The in vitro microscopic assays were conducted in a completely
randomized design with five replications, each composed of
one Petri dish. All experiments performed in planta in the
greenhouse, including protection efficacy, cytological, gene
expression, and metabolomic analyses, were carried out in
a factorial completely randomized design with two factors:
treatment (water or ulvan) and inoculation (Z. tritici or mock-
inoculated plants). Three replications (pots), each composed of
three plants, were used for each condition.

After verification of the variance homogeneity of the
data sets, data were subjected to ANOVA. Comparisons

1http://www.genome.ad.jp/kegg/
2http://pubchem.ncbi.nlm.nih.gov
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between data obtained for disease severity, pycnidium density,
and all assessed in planta cytological events, as well as for
in vitro spore germination and mycelial growth assays, were
carried out with Student’s t-test at a significance level of
P ≤ 0.05. For gene expression analysis, the relative levels
of each gene expression normalized to the housekeeping
genes TUB and PetA were represented, at each time point,
as Log10 relative expression compared to water-treated
control plants (expression value in the control fixed at 1) in
both non-infectious and infectious contexts. To assess the
effect of the fungus alone on gene expression, water-treated
non-inoculated plants were compared with water-treated
inoculated ones. Comparisons between data obtained in
non-infectious and infectious contexts were performed
with the Wilcoxon–Mann–Whitney and Kruskal–Wallis
tests at P ≤ 0.05, respectively. Regarding metabolomic
analysis, pairwise comparisons were performed using
Tukey’s honest significant difference method followed by
a false discovery rate (FDR) correction, with FDR < 0.05.
Heatmaps were performed using the package ComplexHeatmap
(Gu et al., 2016) after Log2 transformation data. Principal
component analysis (PCA) was constructed in the package
vegan (Oksanen et al., 2019). The statistical analyses were
performed using the software R version 3.5.1 (R Core
Team, 2018). All experiments were repeated three times
and the values presented in this study are the average of the
three experiments.

RESULTS

The Algal Polysaccharide Ulvan Mainly
Encompasses Unsaturated
Monosaccharides and Numerous Uronic
Acid Residues
The molecular heterogeneity of ulvan oligosaccharides (m/z < to
2,000 atomic mass unit) was assessed by a linear negative
MALDI-TOF-MS analysis (Figure 1 and Supplementary
Table 2). The most intense [M-H]− mass signals were
assigned to three series (in black, blue, and green) of ulvan
monosaccharide composition. The main series (in black)
of ulvan oligosaccharides is composed of one unsaturation
(1, where unsaturation can be located either on Rha3S,
Rha, or HexA), one Rha3S, one Xyl, one Rha, and several
hexuronic acid residues ranging from one to at least
eight. Two oligosaccharide substructures (in green) were
composed of two unsaturation (1)2, Rha3S, Xyl, Rha, and
(HexA)0−1 residues, and two other minor substructures were
composed of Rha, Xyl, Rha, and (HexA)0−1 residues (in
blue) (Figure 1).

Ulvan Protects Wheat Against Z. tritici
and Reduces Both Host Colonization and
Fungal Sporulation
The protection efficacy of ulvan in wheat against Z. tritici
was evaluated in the greenhouse by spraying wheat plants of

cv. Alixan with the fungus 2 days before inoculation. The
first STB disease symptoms (chlorotic blotches and necrotic
spots) appeared at 14 and 16 dai on the water- and ulvan-
treated leaves, respectively. At 21 dai, the percentage of
necrotic leaf area and index of pycnidium coverage reached
41% and 3.1 in control plants, respectively. Ulvan spraying
significantly reduced disease severity by 45% (Figure 2A) and
pycnidium density by 50% (Figure 2B) when compared to
the control. Histopathological staining using Trypan blue at
21 dai revealed that the rates of non-colonized substomatal
cavities were 55% higher in ulvan-treated leaves in comparison
with water-treated ones (Figures 2C, 4E,F). Likewise, plants
treated with ulvan showed a significant reduction in 51%
in pycnidium formation when compared with the control
(Figures 2C, 4G,H).

Ulvan Did Not Display Any Direct
Antifungal Activity Toward Z. tritici
Spores and Mycelium
The direct antifungal effect of ulvan on Z. tritici was assessed
both in vitro and in planta. In vitro assays highlighted that
the percentage of germinated spores did not significantly differ
among the PDA plates amended (66%) or not (68%) with
ulvan at 10 mg.ml−1 (Figure 3A). A similar pattern was
observed for mycelial growth since no significant effect was
observed between fungal colony diameters scored in PDA
plates supplemented (8.7 mm) or not (8.1 mm) with ulvan at
10 mg.ml−1 (Figure 3B).

The effect of ulvan on the in planta epiphytic growth of
Z. tritici was investigated by staining the fungus with Calcofluor.
At 1 dai, the percentage of germinated spores over the leaf surface
of water-treated plants was 59%. No significant effect of ulvan
treatment on the in planta spore germination was observed when
compared with the control (Figures 3C, 4A,B). At 5 dai, the
percentage of non-germinated spores (NGS), germinated spores
with a short germ tube (GS-SGT), germinated spores with a
well-developed germ tube (GS-DGT), and germinated spores
with branched hyphae (GS-BH) were 14.1, 22.5, 27.1, and 37.7%
in water-treated plants, respectively. Likewise, ulvan spraying
did not significantly impact the fungal epiphytic development
in planta when compared to the control (Figures 3D, 4C,D).

Ulvan Elicits but Does Not Prime the
Expression of Targeted Defense Genes
The relative expression of the seven genes involved in wheat
defense reactions—namely, phenylalanine ammonia-lyase (PAL),
chalcone synthase (CHS), lipoxygenase (LOX), allene oxide
synthase (AOS), β-1,3-endoglucanase (PR-2), chitinase 2 (PR-
3), and oxalate oxidase (OXO)—were analyzed using RT-qPCR
in water- (control) and ulvan-treated plants prior to and after
infection with Z. tritici. In non-inoculated conditions, at 2 dat,
ulvan increased the expression of PR-2, PR-3, and OXO by
8.9-, 2.3-, and 2.9-fold compared with the control, respectively
(Figures 5E–G). The expression of these three genes remained
higher in ulvan-treated non-inoculated plants at 7 dat, i.e., 7.5-,
2.7-, and 4.6-fold for PR-2, PR-3, and OXO, respectively. In
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FIGURE 1 | Negative linear matrix-assisted laser desorption/ionization-time-of-flight-mass spectrometry (MALDI-TOF-MS) of ulvan (second precipitate). All
mentioned m/z ratios correspond to [M-H] − ions. Note that the m/z * correspond to m/z of the 2,5-dihydroxybenzoic acid (DHB) matrix negative ions. Rhamnose
(Rha); Rhamnose-3-sulfate (Rha3S); Xylose (Xyl); Hexuronic acid (HexA); Unsaturation of monosaccharides are depicted as (1).

FIGURE 2 | Septoria tritici blotch severity (A), pycnidium density (B), and colonization of substomatal cavities (C) on the third leaves of the wheat (cv. Alixan) plants
pre-sprayed with water (control) or ulvan (10 mg.ml−1) and evaluated at 21 days after inoculation with Zymoseptoria tritici. Plants were inoculated 2 days after
treatment. Letters indicate significant differences according to Student’s t-test at P ≤ 0.05. Bars represent the standard deviations of the mean. W, water; U, Ulvan;
NCS, non-colonized stomata; CS, colonized stomata but not yet filled with a pycnidium; P, colonized stomata filled with a pycnidium. Scale bar = 100 µm (B) and 10
µm (C).

addition, an upregulation of LOX and AOS with 7.5-fold was
also observed in ulvan-treated non-inoculated plants at 7 dat
(Figures 5C,D). When compared to non-inoculated plants in
absence of ulvan pretreatment, the inoculation with Z. tritici
induced an upregulation of AOS, PR-2, PR-3, and OXO by 3.0-,
12.0-, 2.5-, and 24.4-fold at 5 dai, respectively (Figures 5D–
G). On the other hand, pretreatment with ulvan repressed
the expression of CHS by 0.3-fold in infected plants at 5 dai
(Figure 5B). No significant modulation of PAL, PR-2, PR-3, AOS,

LOX, and OXO was observed in ulvan-treated inoculated plants
compared to inoculated control ones (Figures 5A,C–G).

Ulvan Did Not Alter Wheat Metabolome
in Both Non-infectious and Infectious
Contexts
To quantify relative amounts of a total of 83 compounds in wheat
leaves sprayed or not with ulvan, UHPLC-MS was performed
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FIGURE 3 | Rates of spore germination (A) and mycelial growth (B) of Zymoseptoria tritici assessed in vitro at 1 and 10 days of incubation, respectively, on potato
dextrose agar medium amended with water (control) or ulvan (10 mg.ml−1), and spore germination (C) and epiphytic hyphal growth (D) of Z. tritici examined
in planta at 1 and 5 days after inoculation, respectively, on the third leaves of the wheat plants (cv. Alixan) pre-treated with water (control) or ulvan (10 mg.ml−1) 2
days before fungal inoculation. ns, not significant when compared to the control according to Student’s t-test at P ≤ 0.05. NGS, non-germinated spore; GS-SGT,
germinated spore with a short germ tube; GS-DGT, germinated spore with a well-developed germ tube; GS-BH, germinated spore with branched hyphae.

(Supplementary Figure 1 and Supplementary Table 3). The
selected metabolites were grouped into 10 chemical families,
i.e., amines, amino acids, benzoxazinoids, carboxylic acids,
coumarins, flavonoids, hormones, hydroxycinnamic acid amides,
sugars, and terpenoids. The PCA analysis of metabolite amounts
resulted in different groups according to sampling time after
ulvan treatment, i.e., 2 and 7 dat and between non-inoculated and
inoculated plants at 5 dai, where the first and second component
explained 23.8% and 18% of the variation, respectively, totalizing
41.8% of variations (Figure 6).

Differential analysis was then performed to identify the
potential impact of different treatments on the selected
metabolites (Figure 7). When comparing treatments in
non-inoculated conditions, ulvan did not significantly
change the levels of these metabolites, with the exception
of spermidine that was significantly downregulated (≤0.55-
fold) at 2 dat (Figures 7A,B and Supplementary Table 4).
When compared to non-inoculated plants, the infection of
Z. tritici upregulated the levels of six metabolites at 5 dai
(≥3.3-fold); namely, methylpipecolic acid (amines), valylvaline
(amino acids), DIM2BOA (benzoxazinoids), caffeoylagmatine,
caffeoylputrescine, and sinapoylagmatine (hydroxycinnamic
acid amides) (Figures 7C,D and Supplementary Table 4). On
the other hand, pretreatment with ulvan did not significantly
change the levels of the studied metabolites in inoculated plants
at 5 dai when compared with water-treated inoculated controls
(Figure 7E and Supplementary Table 4).

DISCUSSION

Research to develop eco-friendly plant protection compounds
without negative impacts on the environment and human health
and fitting with the concept of sustainable agriculture is strongly
encouraged nowadays. In this study, we report for the first
time the potential of ulvan, a sulfated heteropolysaccharide

isolated from the green macroalgae Ulva fasciata, for conferring
significant protection to wheat against Z. tritici, a major fungal
pathogen in this crop. This finding agrees with previous studies
that demonstrated the ability of ulvan to enhance plant resistance
against phytopathogens (Stadnik and de Freitas, 2014).

Our results showed that ulvan did not affect neither spore
germination nor mycelial or hyphal growth of Z. tritici in
both in vitro and in planta assays, thus corroborating previous
works where no direct antifungal effect of ulvan toward
distinct pathogens including fungi, yeast, and bacteria has
been reported (Paulert et al., 2007, 2009; de Freitas and
Stadnik, 2012). In contrast, we found that ulvan spraying
significantly reduced the colonization of substomatal cavities
in wheat leaves; more specifically, the rate of substomatal
cavities bearing pycnidia, indicating that the protection
conferred by ulvan treatment is associated with the specific
defense responses of the plant rather than direct antifungal
effects on the pathogen. Consequently, we analyzed the
monosaccharide composition of ulvan and performed
dedicated gene expression and metabolomic assays to
explore the molecular basis of ulvan-induced resistance in
the wheat-Z. tritici pathosystem.

The MALDI-TOF-MS analysis indicated that ulvan is
mainly composed of unsaturated monosaccharides (rhamnose,
rhamnose-3-sulfate, and xylose) and numerous uronic acid
residues. Rhamnose is a major monosaccharide component
of ulvan (Paulert et al., 2009; de Freitas et al., 2015) and is
also present in rhamnogalacturonans (Pettolino et al., 2012)
and rhamnolipids (Varnier et al., 2009), while uronic acids
participate in the composition of polysaccharides in most life
forms (Pettolino et al., 2012). Molecules containing rhamnose
or uronic acids are known to trigger plant defense responses
against pathogens (Varnier et al., 2009; de Freitas et al., 2015).
As evidenced by Jaulneau et al. (2010), our work reinforces
the proposition that ulvan recognition by the plant may be
associated with rhamnose and/or uronic acid residues. However,
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FIGURE 4 | Illustration of spore germination (A,B), epiphytic hyphal growth
(C,D), colonization of substomatal cavities (E,F), and pycnidium formation
(G,H) of Zymoseptoria tritici on wheat leaves (cv. Alixan) pre-treated with
water (control) or ulvan (10 mg.ml−1) and assessed at 1, 5, and 21 days after
inoculation, respectively. Plants were inoculated 2 days after treatment. Fungal
structures were stained with Calcofluor (A–D) and Trypan blue (E–H) and
visualized under fluorescence microscopy and light microscopy, respectively.
GS, germinated spore; GS-BH, germinated spore with branched hyphae;
NCS, non-colonized stomata; CS, colonized stomata but not yet filled with a
pycnidium; P, colonized stomata filled with a pycnidium; Py, pycnidiospores.
Scale bar = 10 µm.

the signaling mechanisms underlying their perception remain to
be further determined.

Molecular investigations revealed that ulvan induced several
plant defense-related genes in non-inoculated wheat plants,
including genes encoding for PR proteins (PR-2 and PR-3), ROS
metabolism (OXO), and the octadecanoid-based pathway (LOX
and AOS). Interestingly, some of these genes such as PR-2, PR-3,
and OXO were upregulated at both 2 and 7 dat, suggesting the
eliciting effect of ulvan on wheat plants. The ability of ulvan to
elicit the expression of plant defense genes has been previously
observed in Medicago truncatula (Cluzet et al., 2004). In wheat,
the application of extracts from another seaweed, such as the
Ascophyllum nodosum-based product Dalgin Active R©, has been
reported to elicit PR-2 and LOX (Somai-Jemmali et al., 2020).

As a consequence of this enhanced basal resistance, plants may
have more success in defending themselves against further fungal
attacks. Indeed, it has been suggested that an upregulation of
PR-2 and PR-3 genes, encoding for glucanase and chitinase
enzymes, respectively, could reduce Z. tritici colonization by
their known role in digesting β-glucans and chitin of the fungal
cell wall, respectively (Shetty et al., 2009; Ors et al., 2019;
Somai-Jemmali et al., 2020). In our case, we did not observe
a significant upregulation of these targeted genes upon ulvan
treatment in infected conditions. Therefore, taken together, our
results indicate that the defense mechanisms triggered by ulvan
in wheat against Z. tritici are more likely associated with an
eliciting effect rather than with a priming effect. Accordingly,
the eliciting effect of ulvan on glucanase activity was also
reported in non-inoculated bean plants, even in those resistant to
the hemibiotrophic fungus Colletotrichum lindemuthianum (de
Freitas and Stadnik, 2012). On the other hand, using a system of
suspension-cultured wheat cells, Paulert et al. (2010) concluded
that ulvan have the priming effect because they did not elicit the
production of hydrogen peroxide alone. Indeed, ulvan-pretreated
wheat cells exhibited a stronger chitin-elicited oxidative burst
response than the non-pretreated cells. Hence, looking at the
earlier times of fungal infection to elucidate if ulvan also has a
priming effect on wheat plants will be an exciting challenge for
future research.

Wheat infection by Z. tritici upregulated the expression of
AOS, PR-2, PR-3, and OXO genes at 5 dai independently of ulvan
pre-treatment. This response may be associated with the basal
defense reactions triggered by the plant in an attempt to defend
itself against the pathogen, as evidenced by Ors et al. (2018).
However, we cannot exclude the possibility that the fungus has
invested efforts in activating specific plant defense responses such
as OXO to support further colonization and disease development
as well. This is because OXO is responsible for the conversion
of oxalic acid and oxygen (O2) into carbon dioxide (CO2) and
hydrogen peroxide (H2O2). Although H2O2 can be harmful to
Z. tritici throughout its life cycle, this fungus can tolerate high
levels of H2O2 (Shetty et al., 2007) and use it to induce host
cell collapse mainly at the transition to the necrotrophic phase
and reproduction (Keon et al., 2007). Alternatively, the high
expression ofOXO observed in our study may be the consequence
of stress-related responses due to fungal infection rather than an
efficient defense mechanism. Indeed, large-scale activation of the
ROS metabolism has been observed after infection of Z. tritici
in susceptible cultivars (Keon et al., 2007; Rudd et al., 2015; Ors
et al., 2018).

Pre-treatment of ulvan downregulated the expression of
CHS at 5 dai, and no modulation of PAL was observed at
this time point. This result indicates that the biosynthesis of
phenylpropanoids is probably not involved in the induction of
plant resistance conferred by ulvan in wheat. Accordingly, no
significant upregulation of flavonoids or coumarins was observed
in our metabolomic analysis. The activation of PAL and CHS
genes has been involved with the basal resistance of wheat
(Adhikari et al., 2007; Ors et al., 2018) and after induction by the
application of inducers, but mainly in resistant genotypes (Ors
et al., 2019). Similarly, no induction of PAL was observed after
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FIGURE 5 | Relative expression of phenylalanine ammonia-lyase (PAL; A), chalcone synthase (CHS; B), lipoxygenase (LOX; C), allene oxide synthase (AOS; D),
β-1,3-endoglucanase (PR-2; E), chitinase 2 (PR-3; F), and oxalate oxidase (OXO; G) in wheat plants (cv. Alixan) at 2 and 7 days after treatment (dat) with ulvan, with
7 dat corresponding to 5 days after inoculation (dai) with Zymoseptoria tritici (Zt). The relative expression was calculated as Log10 fold change compared to
water-sprayed non-inoculated (control) plants at each time point. The expression value of the control was fixed at 1. Asterisks and letters indicate significant
differences according to the Wilcoxon–Mann–Whitney and Kruskal–Wallis tests at P ≤ 0.05, respectively. ns, not significant when compared to the control. Plants
were inoculated 2 days after treatment. ni, non-inoculated; i, inoculated.
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FIGURE 6 | Principal component analysis (PCA) of global wheat leaf metabolite levels at 2 and 7 days after treatment (dat) with ulvan, with 7 dat corresponding to 5
days after inoculation (dai) with Zymoseptoria tritici (Zt). Plants were inoculated 2 days after treatment.

treatment with the Dalgin Active R© inducer in susceptible plants
(Somai-Jemmali et al., 2020), suggesting that the activation of
the phenylpropanoid pathway in bread wheat may be a cultivar-
and/or elicitor-dependent response.

Targeted UHPLC-MS analyses were carried out to quantify
the relative amounts of the 83 leaf metabolites belonging to
major chemical families. Consistent with previous findings,
infection by Z. tritici resulted in the accumulation of significant
amounts of hydroxycinnamic acid amides (HCAAs) defense
compounds (Seybold et al., 2020). Interestingly, the accumulation
of a derivative of pipecolic acid, identified as methylpipecolic
acid, was highly stimulated upon infection by Z. tritici.
Lysine metabolism to pipecolic acid derivatives has been
shown to be an important activator of defense reactions in
several plant species (Hartmann and Zeier, 2018). In contrast,
these metabolomic analyses did not reveal substantial changes
in the leaf metabolome following ulvan treatment in both

non-infected and infected conditions. Indeed, ulvan spraying did
not significantly change the levels of the studied metabolites,
with the exception of a slight downregulation of spermidine
at 2 dat. As the analyzed metabolites were extracted with
methanol, we cannot exclude that ulvan treatment may impact
methanol-insoluble compounds, such as polymers involved in the
reinforcement of cell walls. Altogether, our results suggest that
ulvan treatment does not induce major changes in a selection
of important leaf metabolites belonging to various chemical
families. This observation reinforces the interest in ulvan as
a plant health promoter, as the ulvan-conferred protection
in wheat does not seem to be associated with important
metabolic costs.

The induction of defense responses might be energetically
costly for the plant (Walters and Heil, 2007). Such expenses are
normally associated with increased demands for nitrogen and
carbon skeletons that are provided by the primary metabolic
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FIGURE 7 | Heatmap of metabolite fold changes in wheat leaves at 2 (A) and 7 (B–E) days after treatment (dat) with ulvan, with 7 dat corresponding to 5 days after
inoculation (dai) with Zymoseptoria tritici (Zt). Upregulated and downregulated metabolite Log2 fold changes are indicated by red and blue colors, respectively.
Metabolites were grouped according to their chemical family as amines (A), amino acids (AA), benzoxazinoids (BZ), carboxylic acids (CA), coumarins (C), flavonoids
(F), hormones (H), hydroxycinnamic acid amides (HCAAs), sugars (S), and terpenoids (T). Pairwise comparisons were performed using Tukey’s honest significant
difference method followed by a false discovery rate (FDR) correction, with FDR < 0.05. For FDR ≥ 0.05, Log2 fold changes were set to 0. W, water; U, ulvan; W +
Zt, Water + inoculation with Zt; U + Zt, Ulvan + inoculation with Zt.
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pathways, such as carbohydrates and amino acids (Bolton, 2009).
Our metabolic findings are in agreement with Cluzet et al.
(2004), who highlighted that ulvan treatment-induced resistance
in Medicago truncatula against Colletotrichum trifolii infection
did not alter plant primary metabolism.

In summary, our study reports for the first time the potential
of ulvan to protect wheat against Z. tritici. The displayed
protection efficacy relies on plant resistance induction since ulvan
did not exbibit any direct antifungal effect toward the pathogen
in both in vitro and in planta conditions. Gene expression
analysis indicated that ulvan induces resistance in wheat against
Z. tritici via an eliciting effect rather than a priming effect and
that this eliciting effect in wheat relies on the induction of
PR protein synthesis, ROS metabolism, and octadecanoids, but
do not on the phenylpropanoids. Interestingly, there was no
evidence for major alteration in the wheat leaf metabolome upon
ulvan treatment during the biotrophic phase of fungal infection,
suggesting low plant metabolic and fitness costs associated with
ulvan-induced resistance.
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Supplementary Figure 1 | Heatmap of global wheat leaf metabolite levels at 2
and 7 days after treatment (dat) with ulvan, with 7 dat corresponding to 5 days
after inoculation (dai) with Zymoseptoria tritici (Zt). Log10 mean peak area of the
indicated metabolites is given by shades of red or blue colors according to the
scale bar. Metabolites were grouped according to their chemical family as amines
(A), amino acids (AA), benzoxazinoids (BZ), carboxylic acids (CA), coumarins (C),
flavonoids (F), hormones (H), hydroxycinnamic acid amides (Hcaas), sugars (S),
and terpenoids (T). W, water; U, ulvan; W + Zt, Water + inoculation with Zt; U + Zt,
Ulvan + inoculation with Zt.

Supplementary Table 1 | Primer sequences, GenBank accession numbers and
corresponding references for genes studied in the quantitative
reverse-transcription polymerase chain reaction (RT-qPCR) assays.

Supplementary Table 2 | Monosaccharide composition of ulvan and related
average theoretical molecular mass.

Supplementary Table 3 | List of the 83 metabolites detected in wheat leaves (cv.
Alixan) with ultra-high-performance liquid chromatography-mass spectrometry
(UHPLC-MS), using a suspect screening strategy – targeted metabolomic
approach.

Supplementary Table 4 | Changes in metabolite levels in wheat leaves at 2 and 7
days after treatment (dat) with ulvan, with 7 dat corresponding to 5 days after
inoculation (dai) with Zymoseptoria tritici.
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To successfully colonize the plants, the pathogenic microbes secrete a mass of
effector proteins which manipulate host immunity. Apple valsa canker is a destructive
disease caused by the weakly parasitic fungus Valsa mali. A previous study indicated
that the V. mali effector protein 1 (VmEP1) is an essential virulence factor. However,
the pathogenic mechanism of VmEP1 in V. mali remains poorly understood. In this
study, we found that the apple (Malus domestica) pathogenesis-related 10 proteins
(MdPR10) are the virulence target of VmEP1 using a yeast two-hybrid screening. By
bimolecular fluorescence (BiFC) and coimmunoprecipitation (Co-IP), we confirmed that
the VmEP1 interacts with MdPR10 in vivo. Silencing of MdPR10 notably enhanced the
V. mali infection, and overexpression of MdPR10 markedly reduced its infection, which
corroborates its positive role in plant immunity against V. mali. Furthermore, we showed
that the co-expression of VmEP1 with MdPR10 compromised the MdPR10-mediated
resistance to V. mali. Taken together, our results revealed a mechanism by which a
V. mali effector protein suppresses the host immune responses by interfering with the
MdPR10-mediated resistance to V. mali during the infection.

Keywords: defense response, Valsa mali, PR10, plant immunity, callose deposition

INTRODUCTION

The plants rely mainly on an innate complicated defense system to systematically counteract
pathogen invasion. For successful infection and colonization in the hosts, the virulent pathogens
deploy abundant effector proteins (EPs) which play a diverse number of roles in pathogenicity of
the plant cells to modulate the plant immunity (Uhse and Djamei, 2018). The ascomycete Valsa
mali has been reported to produce 193 secretory proteins with unknown functions, 101 of which
are V. mali-specific (Li et al., 2015). These EPs are divided into two classes based on their function,
inducing cell death elicitors, such as VmE02 (Nie et al., 2019) and VmHEP1 (Zhang et al., 2019),
and the cell death suppressors, such as VmEP1 (Li et al., 2015) and VmPxE1 (Zhang M. et al.,
2018). Among them, a deletion mutant of VmEP1 (VM1G_02400), which is a virulence factor of
V. mali, showed a significantly reduction of virulence on the apple twigs and leaves (Li et al., 2015).
However, how VmEP1 manipulates the host immunity is still not clear.
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Several EPs have been reported to suppress the host immunity
by targeting the positive regulators of immunity (Jwa and Hwang,
2017; Qi et al., 2019; Tang et al., 2020; Yang et al., 2020, 2021;
Ai et al., 2021). For example, Pseudomonas syringae effector
HopAI1 suppresses the PAMP-induced plants immunity (Zhang
et al., 2007) by targeting the mitogen-activated protein kinase
(MAPK), which plays roles in both the basal defense and
interactions involving the R-gene-mediated resistance (Pedley
and Martin, 2005). Conserved fungal effector NIS1, from
Magnaporthe oryzae, suppresses the plants immunity by targeting
PRR-associated kinases BAK1 and BIK1, which are positive
regulators in the immune signaling pathway (Irieda et al., 2019;
van der Burgh et al., 2019). In addition, many positive regulators
targeted by the EPs have been reported. However, it remains
unclear whether V. mali effector VmEP1 also targets the positive
factors of immunity to suppress host immunity.

Pathogenesis-related (PR) proteins, which are key to the
defense of plants, are able to enhance the disease resistance
against both the biotrophic and necrotrophic phytopathogens
(Honee, 1999; Jiang et al., 2015; Dai et al., 2016; Wu et al., 2016).
Based on the protein sequence similarities, enzymatic activities,
or other biological features, PR proteins are grouped into 17
families (Sels et al., 2008; Kim et al., 2014). Some, such as PR2,
PR3, PR4, PR5, PR10, and PR12, possess significant antimicrobial
activity (Loon and Strien, 1999; Chadha and Das, 2006; Sels
et al., 2008; Taheri and Tarighi, 2010), and some can activate
the systemic acquired resistance (SAR) pathway in the plants to
defend against the phytopathogens (Ahuja et al., 2012; Navarova
et al., 2012; Ali et al., 2017). Therefore, quite a few PR proteins are
considered to be positive regulators of plant immunity. For this,
the PR proteins can frequently be targeted by pathogen effectors.
For example, the barley PR17 proteins are targeted by effector
CSEP0055 from powdery mildew (Zhang et al., 2012), and wheat
PR1 proteins are targeted by SnTox3 from Parastagonospora
nodorum (Breen et al., 2016). Nonetheless, whether other PR
proteins are targeted by pathogen effectors is largely unknown.

The pathogenesis-related 10 (PR10) proteins play diverse roles
in the plant developmental processes, secondary metabolism, and
antimicrobial activity (Choi et al., 2012). The PR10 genes can
be activated by the biotic stresses, such as microbial attacks,
fungal elicitors, or wounding stresses, as well as abiotic stresses,
such as salt and drought (Choi et al., 2012). In particularly, it
has been shown that PR10 from apple (Malus domestica) was
activated when exposed to the pathogens, such as viruses and
fungi (Pühringer et al., 2000; Poupard et al., 2003; Chevalier et al.,
2008; Liu et al., 2021), acibenzolar-S-methyl (ASM) (Ziadil et al.,
2001), ethephon, and wounding (Poupard et al., 2003), indicating
that in apple, PR10 plays an important role in response to the
biotic and abiotic stresses.

In this study, we showed that apple PR10 (MdPR10) was
targeted by VmEP1, a virulence-essential EP from V. mali
(Li et al., 2015). The transient expression of MdPR10 in
apple induced callose deposition and enhanced resistance to
V. mali, whereas gene silencing of MdPR10 in apple leaves
enhanced sensitivity to V. mali, indicating that MdPR10
positively contributes to apple immunity and disease resistance,
but it is unclear whether it plays a regulatory role, or directly

contribute to it. We further found that the transient expression of
VmEP1 compromised MdPR10-induced callose deposition and
attenuated MdPR10-mediated resistance to V. mali. Our results
highlight a mechanism in which a V. mali effector promoted
pathogen infection by targeting a PR10 protein which positively
contributes to the apple immunity.

MATERIALS AND METHODS

Microbe and Plant Growth Conditions
The wild-type strain of V. mali 03-8 and Sclerotinia sclerotiorum
were obtained from the Laboratory of Integrated Management
of Plant Disease in the College of Plant Protection, Northwest
A&F University, Shaanxi, Yangling, China (Wu et al., 2018). Valsa
mali, S. sclerotiorum, and Phytophthora capsici were cultured on
potato dextrose agar (PDA) at 25◦C. Agrobacterium tumefaciens
strains were routinely cultured on a yeast-extract and peptone
(YEP) medium at 28◦C and Escherichia coli strains DH5α were
cultured on a Luria-Bertani medium (LB) at 37◦C.

The tissue-cultured plantlets of apple (M. domestica “Gala 3”)
were grown on a Murashige and Skoog (MS) agar medium
containing 0.3 mg/L 6-benzyl aminopurine (6-BA) and 0.2 mg/L
indoleacetic acid (IAA) (Sun et al., 2018). They were cultured
under conditions of 25◦C, 60 µmol/m2/s, and a 14 h photoperiod.
Nicotiana benthamiana were grown in a greenhouse under a 16 h
25◦C:8 h 22◦C, high light intensity:darkness regime.

Infection Assays on Leaves
Valsa mali and S. sclerotiorum were cultured on PDA for
2 days. The agar disks containing mycelium of V. mali or S.
sclerotiorum were taken from the edge of a growing colony. The
stab inoculation method was used on the infiltrated leaves of
apple and N. benthamiana (Wu et al., 2018). The inoculated
samples were incubated at 25◦C for 36 h. The size of lesions on
apple and N. benthamiana were measured by Image J software
and the crossing method, respectively. The apple leaves were then
collected to measure the biomass of V. mali. All the treatments
were performed on at least 30 apple leaves or 10 N. benthamiana
leaves, and all the experiments were repeated three times.

Valsa mali biomass was measured using a quantitative
polymerase chain reaction (qPCR) with V. mali-specific
glyceraldehyde-3-phosphate dehydrogenase (G6PDH) primers
(Yin et al., 2013) related to the apple elongation factor 1 alpha
gene (EF-1a) (Yin et al., 2016) at 36 h post infiltration (hpi).
Genomic DNA was isolated using a Super Plant Genomic DNA
Kit (Polysaccharides and Polyphenolics-rich) (Tiangen, Beijing,
China) from 0.5 g apple leaves that included all the infected tissue
and healthy tissue without petioles. Quantification of V. mali
biomass assay was performed three times, and each experiment
with three replicates.

Plasmid Construction
All the constructs were cloned by homologous recombination
with 15–20 bp of vector sequences at the 5′ terminus of
each primer using a ClonExpress II One Step Cloning Kit
(Vazyme Biotech, Nanjing, China). The VmEP1 (lacking the
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signal peptide-encoding region) was cloned from the cDNA
of V. mali using gene-specific primers and was inserted
into PICH86988, resulting in PICH86988-HA-VmEP1 used
to perform a co-immunoprecipitation (Co-IP) assay. MdPR10
and NbPR10, without terminator codons, were ligated into
pCAMBIA1302 between the Nco1 and Spe1 sites, resulting
in pCAMBIA1302-MdPR10-GFP and pCAMBIA1302-NbPR10-
GFP for a Co-IP assay and a transient expression assay. The
VmEP1 and MdPR10 amplified fragments were cloned into nYFP
or cYFP, resulting in nYFP-MdPR10 and cYFP-VmEP1 used for
carrying out a bimolecular fluorescence complementation (BiFC)
assay. Individual colonies of each construct were tested by PCR
and verified by sequencing. For yeast two-hybrid (Y2H) assays,
VmEP1 fragment without signal peptide-encoding region was
cloned into the pKGBKT7 vector using the EcoR1 and BamH1
sites to form the bait plasmid BD-VmEP1. MdPR10 was cloned
into the pGADT7 vector using the EcoR1 and BamH1 sites
to form the AD-MdPR10 plasmid. Loss-of-function MdPR10
plasmid was produced by cloning the reverse partially specific
sequences of gene MdPR10 into pFGC5941, carrying the NcoI
and BamHI digestion sites and resulting in pFGC5941-MdPR10
to produce siRNA (hpRNAi-MdPR10) (Zhang Q. et al., 2018).
The constructs used for virus-induced gene silencing (VIGS)
in N. benthamiana were generated in the tobacco rattle virus
2 (TRV2) vector (Liu et al., 2002) using the N. benthamiana
cDNA library for gene fragment amplification. All the constructs
were validated by sequencing in Sangon (Sangon Biotech,
Shanghai, China). All the primers used above are listed in
Supplementary Table 1.

Transient Expression in Nicotiana
benthamiana and Malus domestica
The constructs were transformed into Agrobacterium strain
GV3101 (pSoup-P19) by electric shock transformation. GV3101
(pSoup-P19) containing plasmids were grown in YEP medium
supplemented with appropriated antibiotics at 28◦C for 16–18 h
until optical density (OD)600 = 0.8. The bacterial cells were
harvested and resuspended in the infiltration buffer (10 mM
MES, 10 mM MgCl2, and 200 µM acetosyringone), adjusted
to the required OD600, and incubated for 3 h before use. The
plasmids were infiltrated into 4-week-old N. benthamiana leaves
by injection; each plasmid was infiltrated into more than five N.
benthamiana plants (∼20 leaves). For co-expression of multiple
constructs, the Agrobacterium suspensions carrying the different
constructs were thoroughly mixed before infiltration.

The transient expression on the apple leaves was performed
as previously reported (Zhang Q. et al., 2018), with slight
improvements. Agrobacterium suspensions used for transient
expression in apple were used to prepare 50 ml, and the
processing method was as described above. The pCAMBIA1302
constructs and pFGC5941 constructs were infiltrated into the
leaves of 5-week-old tissue-cultured plantlets under a vacuum of
100 kPa for 10 min, and the infiltrated plantlets were returned to
the MS medium and cultured in a growth cabinet. The infiltrated
plantlets of overexpression and gene silencing were used for the
experiments after 2 and 7 days of culture, respectively. Each

plasmid was infiltrated into more than the eight apple plantlets
(∼40 leaves).

Yeast Two-Hybrid Assay
A Y2H system was performed to screen for VmEP1-interacting
proteins (Ito et al., 2001). The cDNA library was constructed
into the prey vector pGADT7 using mRNA isolated from the
junction of diseased (infected by V. mali wild type strain
03-8) and healthy twigs. The recombinant BD-VmEP1 and
pGADT7-cDNA libraries were co-transformed into yeast strain
AH109 using the lithium acetate method according to the Yeast
Protocols Handbook (Clontech, United States). To verify the
interaction between VmEP1 and MdPR10, BD-VmEP1 and AD-
MdPR10 were co-transformed into the yeast strain AH109.
The yeast transformants were cultured on synthetic dropout
medium lacking leucine, tryptothan, and medium lacking
leucine, tryptophan, and histidine (SD/-Leu-Trp-His), and the
positive colonies were transferred to synthetic dropout medium
lacking leucine, tryptophan, and histidine and containing X-
α-Gal (SD/-Leu-Trp-His + X-α-Gal) for confirmation of the
interaction. The yeast transformation and interaction tests were
performed following the instructions in the Yeast Protocols
Handbook (Clontech, United States).

Tobacco Rattle Virus-Based
Virus-Induced Gene Silencing in
Nicotiana benthamiana
Virus-induced gene silencing (VIGS) in plant was performed
as previously described (Lu et al., 2003). A 300-bp sequence of
NbPR10, predicted by sol genomics network (SGN) VIGS tool1,
was amplified and cloned into pBinary TRV2 vectors between
the BamH1 and EcoR1 sites in the antisense orientation. A TRV2
construct expressing green fluorescent protein (GFP) served as
a control. The primers used for PCR amplification are listed
in Supplementary Table 1. The two largest leaves of four-
leaf-stage N. benthamiana plants were pressure-infiltrated with
GV3101 A. tumefaciens strains containing a mixture of TRV1
(OD600 = 0.4) and the VIGS construct or GFP control of each
target protein at OD600 = 0.5. The plants were used for assays
or check gene-silencing levels by real-time quantitative PCR
(qRT-PCR) 3 weeks later. A. tumefaciens transient expressions
in combination with P. capsici infection were carried out as
described previously described.

RNA Extraction and Reverse
Transcription-Quantitative Polymerase
Chain Reaction
The samples were collected and ground in liquid nitrogen. For
each sample, the total RNA was extracted using an EasyPure R©

Plant RNA Kit (cat. ER301, Transgen, Beijing, China) following
the instructions of manufacturer, and genomic DNA was freed
by treatment with DNAse 1. A NanoDrop spectrophotometer
(ND-1000, Wilmington, DE, United States) was used to quantify
RNA. cDNA was synthesized using MultiScribeTM Reverse

1https://vigs.solgenomics.net/
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Transcriptase (Thermo Fisher Scientific, MA, United States).
The qRT-PCR was performed using a Roche LightCycler R©

96 SW1.1 Real-Time PCR System (Roche, IN, United States)
with 2 × RealStar Green Power Mixture (GeneStar, Beijing,
China). The EF-1a from Malus was used as an endogenous
reference gene (Yin et al., 2016). The relative transcript level
of each gene was calculated by the 2−11CT method (Livak and
Schmittgen, 2001). All the treatments were performed in the
three replicates, and all the experiments were repeated three
times. The data from the three replicates were used to calculate
the means and SDs. A statistical analysis was performed using
Student’s t-test implemented by SPSS software (IBM Corp.,
Armonk, NY, United States) (P < 0.05). The PCR was performed
under the following conditions: 95◦C (10 min), 40 cycles at
95◦C (15 s), 60◦C (30 s), and 72◦C (30 s), followed by a
melting curve step, 95◦C (15 s), 60◦C (60 s), and 95◦C (15 s).
The gene-specific primers used for the qRT-PCR are listed in
Supplementary Table 1.

The heterologous expression of VmEP1 was verified by semi-
quantitative PCR (the primers are shown in the Supplementary
Table 1). cDNA products measuring 2 µl served as templates
and were amplified with 2xTaq Plus MasterMix (Dye) (CWBIO,
China), and in the presence of the specific primers for VmEP1.
The gene-specific primers used for RT-PCR are listed in
Supplementary Table 1. The reactions were carried out using a
Life Technologies ProFlex PCR System (United States). The PCR
was performed under the following conditions: 95◦C (3 min); 30
cycles at 95◦C (30 s), 58◦C (30 s), and 72◦C (30 s); 72◦C (2 min);
4◦C holding. The PCR products were loaded onto 1% agarose
gels with Gel Green (COFIT R© Bioscience, China). Images of the
agarose gels were acquired with a G:BOX F3 Gel Documentation
System (Syngene, MD, United States).

Immunoprecipitation
The protein fusions were overexpressed in N. benthamiana
using Agrobacterium-mediated transient expression. The leaf
samples were collected at 48 hpi. The proteins were extracted
using native lysis buffer (50 mM Tris–HCl pH 7.5, 150 mM
NaCl, 1 mM EDTA, 0.5% NP-40, 1 × protease inhibitor
mixture) with protease inhibitor mixture and 1 mM PMSF.
To immunoprecipitated GFP-tagged MdPR10 or NbPR10, the
protein extracts were incubated with GFP-Trap R©_A magnetic
beads (Chromotec) for 2 h on a rotator at 4◦C. The resulting
samples were analyzed by immunoblotting. The samples were
loaded onto a 10% sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS-PAGE) gel run with 1 × SDS running
buffer for 30 min at 10 mA and 2 h at 15 mA. The gels were
blotted onto a nitrocellulose membrane for 2 h at 65 V, then
stained with Ponceau solution to show loading and transfer.
The membranes were blocked in 5% milk in 1 × TBST [TBS
(50 mM Tris–HCl, 150 mM NaCl, and pH 7.4) with Tween-20
0.1% (vol/vol)] for 1 h before the addition of primary antibodies
overnight: either a monoclonal GFP antibody raised in mouse
at 1:1,000 dilution (cat. AF0159; Beyotime) or a monoclonal
hemagglutinin (HA) antibody raised in mouse at 1:1,000 (cat.
no. 26183; Abcam). The membrane was washed with 1 × TBST
(0.1% Tween 20) three times for 10 min each before the addition

of the secondary antibody at 1:8,000 dilution with goat anti-
mouse lgG-HRP antibody (cat. A0216; Beyotime) for 1 h. ECL
Western Blotting Substrate (cat. PE0030; Beijing Solarbio Science
and Technology, Beijing, China) was used according to the
instructions of manufacturer.

Callose Staining
Callose deposition of N. benthamiana and apple leaves were
stained with aniline blue as described (Adam and Somerville,
1996) and observed using a fluorescence microscope. Callose
accumulation was quantified using Image J software and
data were analyzed by Student’s t-test or Tukey’s multiple
comparisons test.

Confocal Fluorescence Microscopy
The patches of N. benthamiana leaves were imaged 48 h after
agro-infiltration using an Olympus FV3000 laser scanning
microscope (Olympus Corporation, Tokyo, Japan). The
GFP and yellow fluorescent protein (YFP) were imaged at
excitation/emission wavelengths of 488 and 561 nm, respectively.

RESULTS

Transient Expression of a Valsa mali
Effector Protein 1 in Plant Enhances
Susceptibility to Pathogens
The VmEP1 was previously demonstrated to contribute to
V. mali full virulence (Li et al., 2015). As an approach to
illustrate this, VmEP1 lacking the signal peptide was transiently
expressed in the apple leaves followed by inoculation with
V. mali. As a result, the average number of lesions in the
leaves expressing VmEP1 increased by ∼49% when compared
with those expressing GFP control (Figures 1A,B). The relative
biomass of V. mali in the apple leaves expressing VmEP1
was about 1.3 times that of the control (Figure 1C). The
expression of VmEP1 was determined by semiquantitative RT-
PCR (Figure 1D). These results indicated that the transient
expression of VmEP1 in the apple leaves enhanced the host
susceptibility to V. mali.

We also tested whether VmEP1 could facilitate the infection
of other phytopathogens. For this, the VmEP1 was transiently
expressed in the model plant N. benthamiana prior to inoculation
with P. capsici and S. sclerotiorum. As shown (Supplementary
Figures 1A–D), the average lesion diameters caused by P. capsica
and S. sclerotiorum in the leaves expressing VmEP1 were∼19 and
∼14% higher than those expressing the GFP control, respectively.
These results indicated that VmEP1 could enhance the plant
susceptibility to both oomycetes (P. capsici) and fungi (V. mali
and S. sclerotiorum).

A Valsa mali Effector Protein 1 Interacts
With Apple (Malus domestica)
Pathogenesis-Related Protein 10
To clarify the underlying virulence mechanism of VmEP1,
we aimed to find those host components that it targets.
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FIGURE 1 | The transient expression of Valsa mali effector protein 1 (VmEP1) in apple facilitates V. mali infection. (A) Representative disease symptoms of the apple
leave overexpressing VmEP1 at 36 hpi of V. mali. Bars = 5 mm. (B) The average lesion diameter of apple leaves in which VmEP1 is overexpression was evaluated at
36 hpi of V. mali. (C) V. mali biomass was measured with qPCR at 36 hpi of V. mali. The relative V. mali biomasses were normalized to the mean of the wild-type.
(D) A semiquantitative RT-PCR analysis to assess the expression of VmEP1. (A–D) EV, pCAMBIA1302 empty vector; OE-VmEP1, apple leaves overexpressing
VmEP1. Mean ± SD; n > 10; ∗∗P < 0.01; Student’s t-test.

For this, we adopted the Y2H assay approach to screen the
candidate targets using VmEP1 as bait. MdPR10 was one of
the candidate proteins screened by Y2H assay (Figure 2A).
To validate the VmEP1-MdPR10 interaction, a reciprocal BiFC
assay was first performed. It showed that VmEP1 interacted
with MdPR10 in vivo (Figure 2). To further confirm their
interaction, we performed a Co-IP assay in N. benthamiana. As
shown in Figure 2C, a specific signal for VmEP1-HA was clearly
observed in the MdPR10-GFP immunoprecipitated (Figure 2C),
indicating that VmEP1 interacted with MdPR10 in the plants.

Since VmEP1 also facilitates pathogen infection in N.
benthamiana, we analyzed the homologous sequence of
MdPR10 in N. benthamiana (Supplementary Figure 2A)
and tested whether it interacted with VmEP1 similarly. As
expected, the BiFC and Co-IP assays showed that the yellow
fluorescence and a specific signal for VmEP1 were observed
(Supplementary Figures 2B,C), indicating that the VmEP1
also interacted with N. benthamiana PR10 (NbPR10). In
addition, we tested the interaction between an empty vector
cYFP and nYFP. The yellow fluorescence was not detected

(Supplementary Figure 3), indicating the results observed were
all positive results.

Apple (Malus domestica)
Pathogenesis-Related Protein 10
Positively Contributes to Plant Immunity
To investigate the role of MdPR10 during phytopathogen
infection, we infiltrated A. tumefaciens cells carrying an MdPR10
fusion construct in the apple leaves, followed by inoculation
with V. mali. The average lesion diameter of apple leaves
expressing MdPR10 was ∼43% smaller than that of the control
(Figures 3A,B). Moreover, the relative biomass of V. mali in
the apple leaves expressing MdPR10 was ∼0.6 times that of the
control (Figure 3C). The qRT-PCR results showed that the gene
expression level of MdPR10 increased significantly (Figure 3D)
and immunoblot analysis of MdPR10-GFP indicated MdPR10
was successfully expressed (Figure 3E). We also inoculated the
apple leaves with Colletotrichum gloeosporioides. The results
showed that the lesion diameter on the apple leaves expressing
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FIGURE 2 | Interaction between VmEP1 and Malus domestica pathogenesis-related 10 protein (MdPR10) in vitro and vivo. (A) The positive yeast clones were
cultured on SD-4 + X-α-Gal with ladder concentration of yeast suspension (10−1, 10−2, and 10−3) for further confirmation. (B) Bimolecular fluorescence
complementation showed that VmEP1 interacted with MdPR10 in the leaf cells of N. benthamiana. VmEP1-cYFP and MdPR10-nYFP were co-expressed in N.
benthamiana by agroinfiltration. The yellow fluorescence was observed 48–72 h post infiltration (Bars = 20 µm). (C) In vivo Co-IP assay of HA: VmEP1 (without the
signal peptide sequence) and green fluorescent protein (GFP)-MdPR10. Both the genes were expressed in N. benthamiana leaves using agro-infection. The input
experiment was performed by western blot with the HA antibody and GFP antibody to confirm the expression of the two proteins. The mixed proteins were blended
with GFP-trap agarose beads. The final eluent was analyzed by immunoblot using the above-mentioned antibodies to detect VmEP1 and MdPR10. This assay was
repeated three times.

MdPR10 decreased (Supplementary Figure 4). To expound on
these results, we further silenced MdPR10 in the apple leaves
by Agrobacterium-mediated transient expression and inoculated
the leaves with V. mali. The average lesion diameter of the
apple leaves silencing MdPR10 was ∼25% higher than that of
the control (Figures 3F,G). The relative biomass of V. mali in
the apple leaves silencing MdPR10 was ∼1.27 times that of the
control (Figure 3H). The qRT-PCR analysis showed that the
transcript levels of MdPR10 were reduced by ∼50% (Figure 3L).
Figure 3M illustrates a schematic diagram of the construction of
the MdPR10 silencing vector. These results collectively suggested
that MdPR10 positively contributed to the apple immunity and
disease resistance.

To further confirm the above results, we transiently
expressed MdPR10 in N. benthamiana and inoculated with
P. capsici. The average lesion diameter of N. benthamiana
leaves expressing MdPR10 was ∼32% smaller than that of
the control (Supplementary Figures 5A,B). Furthermore, we
silenced NbPR10 in N. benthamiana by VIGS and inoculated
P. capsici. It showed that the average lesion diameter of N.
benthamiana leaves silencing NbPR10 was∼29% larger than that
of the control (Supplementary Figures 5C,D). The silencing
efficiency of NbPR10 was tested by qRT-PCR, and the result
showed that the NbPR10 expression level was reduced by
∼80% (Supplementary Figure 4E). These results indicated
that NbPR10 positively contributed to the plant immunity and
disease resistance as well.

To address if the PR10 is a virulence target of VmEP1, VmEP1
deletion mutants (Li et al., 2015) were inoculated on the apple
leaves silencing MdPR10. The average lesion diameter of the
VmEP1 deletion mutants was ∼14% higher than that of the
control (Figures 3I,J). The relative biomass of V. mali in the
apple leaves silencing MdPR10 was significantly greater than that
of the control (Figure 3L). These results suggested that PR10
was a functional target for VmEP1. The relative lesion diameter
growth rate of V. mali (∼25%) was higher than that of the
VmEP1 deletion mutants (∼15%), indicating PR10 was essential
for VmEP1 virulence function. These results indicated that the
PR10 was a functional target for VmEP1.

A Valsa mali Effector Protein 1
Suppresses Apple (Malus domestica)
Pathogenesis-Related 10 Proteins- and
Pathogen-Associated Molecular
Pattern-Triggered Callose Deposition
We detected the callose deposition by staining with aniline blue
after transient expression of MdPR10. The results showed that
the accumulation of callose was much greater in the apple leaves
expressing MdPR10 than that of the empty vector (Figure 4).
However, the callose deposition in the apple leaves co-expressing
MdPR10 and VmEP1 was clearly attenuated, compared with the
experimental group expressing MdPR10 alone (Figure 4). To
validate these results, we detected the transcript level of MdCalS5,
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FIGURE 3 | Apple (Malus domestica) pathogenesis-related protein 10 positively contributes apple resistance to V. mali. (A) Representative disease symptoms of the
apple leaves transiently expressing MdPR10 at 36 h after inoculation of V. mali. Bars = 5 mm. (B) The average lesion diameter in the apple leaves in which MdPR10
is transiently expressed was evaluated at 36 hpi of V. mali. (C) The mRNA level of MdPR10 in the apple leaves, as revealed by reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) 2 days after infiltration of OE-MdPR10. (D) V. mali biomass was measured with qPCR at 36 hpi. (A–D) EV, pCAMBIA1302
empty vector; OE-MdPR10, the apple leaves overexpressing MdPR10. (E) Immunoblot analysis of proteins in apple transiently expressing GFP control and MdPR10
fused with GFP tag. (F) Representative disease symptoms of the apple leaves in which MdPR10 is silenced at 36 hpi of V. mali. Bars = 5 mm. (G) The average lesion
diameter in the apple leaves in which MdPR10 is silenced was evaluated at 36 hpi of V. mali. (H) V. mali biomass was measured with qPCR at 36 hpi of V. mali.
Relative V. mali biomasses were normalized to the mean of the wild-type. (I) Representative disease symptoms of the apple leaves silencing MdPR10 after
inoculation of VmEP1 deletion mutants of V. mali. Bars = 5 mm. (J) The average lesion diameter in the apple leaves in which MdPR10 is silenced was evaluated at
36 h after the inoculation of VmEP1 deletion mutants of V. mali. (K) The V. mali biomass was measured with qPCR at 36 hpi of the VmEP1 deletion mutants of V.
mali. The relative V. mali biomasses were normalized to the mean of the wild-type. (L) Silence efficiency detection of MdPR10 in apple leaves by RT-qPCR 5 days
after the infiltration of hpRNAi-MdPR10. (M) Schematic of the constructs used to silence MdPR10. hpRNAi-MdPR10 were cloned into the pFGC5941 binary vector.
In panels (E–L) EV, pFGC5941 empty vector; hpRNAi-MdPR10, apple leaves in which MdPR10 is silenced. In panels (B,F,J) mean ± SD; n > 10; ∗P < 0.05,
∗∗P < 0.01; Student’s t-test. In panels (C,D,G,H) mean ± SD; n = 3; ∗∗P < 0.01; Student’s t-test. The genome DNA of the apple leaves was extracted and the
relative V. mali biomass was estimated by DNA-based quantitative PCR (qPCR). These experiments were repeated three times with similar results.
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FIGURE 4 | A Valsa mali effector protein 1 suppresses MdPR10-mediated callose deposition. (A) Aniline blue staining with leaves at 48 h after expression of
MdPR10 or co-expression of MdPR10 and VmEP1 in the apple leaves. Bars = 100 µm. The expression of EV as control. Bars = 50 µm. (B) Quantification of the
callose deposition in apple leaf tissues, as determined by ImageJ software. Mean ± SD; n > 10; a, b, and c indicate t-test P < 0.05; Duncan’s multiple range test.
(C) The mRNA level of MdCalS5 in the apple plantlets, as revealed by qRT-PCR 2 days after infiltration of OE-MdPR10. The transcript levels were analyzed by
qRT-PCR and normalized to that in the EV using the EF-1α gene as an internal reference. Mean ± SD; n = 3; a, b, and c indicate t-test P < 0.05; Duncan’s multiple
range test. These experiments were repeated three times with similar results. Panels (A–C) EV, pCAMBIA1302 empty vector.

a key enzyme for callose synthesis (Xie et al., 2012), by qRT-
PCR. It showed that the expression level of MdCalS5 in the
apple leaves expressing MdPR10 was about two times higher
than the control expressing the empty vector alone. Additionally,
the co-expression of MdPR10 and VmEP1 attenuated the
transcript level of MdCalS5 by ∼34% compared with the apple
leaves expressing MdPR10 (Figure 4C). These results indicated
MdPR10 triggered callose deposition, and VmEP1 inhibited the
response mediated by MdPR10.

To verify whether the expression of VmEP1 affected the
pathogen-associated molecular pattern (PAMP)-triggered callose
accumulation, we examined the callose deposition in N.
benthamiana leaves after treatment with INF1 elicitin (Kamoun
et al., 1997), a PAMP of Phytophthora infestans (Kamoun et al.,
1998). The result showed that VmEP1 significantly suppressed
the callose deposition induced by INF1 (Supplementary
Figure 6). Together, these results indicated that VmEP1 could
effectively inhibit the accumulation of callose in the plants.

A Valsa mali Effector Protein 1
Compromises Apple (Malus domestica)
Pathogenesis-Related 10
Proteins-Mediated Resistance
Since VmEP1 attenuated the accumulation of callose induced
by MdPR10, we speculated that VmEP1 might affect the
resistance of MdPR10 to phytopathogens. To test this hypothesis,

MdPR10 and VmEP1 were transiently co-expressed in apple.
A V. mali inoculation assay showed that the average lesion
diameter of the apple leaves co-expressing VmEP1 and MdPR10
was similar with that of the control, and was about 43%
higher than the average lesion diameter of the apple leaves
expressing MdPR10 (Figures 5A,B). These results indicated
that the function of MdPR10 to suppress the infection of
V. mali was weakened by VmEP1. The changed trend of
relative V. mali biomass was consistent with the average
lesion diameter (Figure 5C). Immunoblot analysis showed
that MdPR10 successfully expressed (Figure 5D). These results
showed that VmEP1 promoted infection of phytopathogens by
inhibiting the callose deposition induced by MdPR10.

DISCUSSION

To resist the biotic and abiotic stress, the plants initiate a series of
immune responses, such as reactive oxygen species (ROS) bursts,
biosynthesis of phytohormones, the expression of a large number
of defense-related genes, and callose deposition. The callose
deposition at the cell wall is an early defense response (Jones and
Dangl, 2006; Schwessinger and Ronald, 2012), which is associated
with cell death (Han and Hwang, 2017). In Arabidopsis, the
measuring callose deposition has become a popular model system
to quantify the plant immunity activity (Luna et al., 2011), since
pathogen invasion could be slowed by the cell walls thickened by
the deposition of callose (Nishimura et al., 2003).
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FIGURE 5 | A Valsa mali effector protein 1 attenuates the MdPR10-mediated resistance to V. mali. (A) Representative disease symptoms of the apple leaves
overexpressing the genes at 36 hpi of V. mali. Bars = 5 mm. (B) The average lesion diameter in the apple leaves in which genes overexpression was evaluated at 36
hpi of V. mali. Means ± SDs; n > 15; a and b indicate t-test P < 0.05; Duncan’s multiple range test. (C) V. mali biomass was measured with qPCR at 36 hpi of V.
mali. The relative V. mali biomasses were normalized to the mean of the control. Means ± SDs; n = 3; a and b indicate t-test P < 0.05; Duncan’s multiple range test.
The genome DNA of apple leaves was extracted and the relative V. mali biomass was estimated by DNA-based quantitative PCR (qPCR). These experiments were
repeated three times with similar results. (D) Immunoblot analysis of the expressed proteins were performed with anti-GFP antibody. CBB staining (bottom) was used
as a loading control.

From the previous studies, we knew that the overexpression
of CaPR10 and PpPR10 can induce the callose deposition (Choi
et al., 2012; Castro et al., 2016), PR10 of Malus sieversii is
upregulated after infection with a 15-fold higher increase than
the control (Liu et al., 2021), and the transient expression of
PR10 enhances the resistance to phytopathogens, such as PR-
10 from Panax ginseng C. A. Meyer (Pulla et al., 2010), Zea
mays (Xie et al., 2010), and strawberry (Fragaria x ananassa)
(Besbes et al., 2019). This means the PR10 proteins, one of the
pathogenesis-related groups, may contribute to plant resistance
by inducing the callose deposition. In this study, we found
that the overexpression of MdPR10 induced callose deposition
in the apple leaves (Figure 4) and enhanced the resistance of
apple leaves to V. mali (Figures 3A–C). Our experimental results
confirmed the previous studies, but the mechanism of immune
activation of PR10 is still unclear.

Conversely, to successfully invade and colonize their host
plants, the phytopathogenic bacteria, fungi, and oomycetes can
secret diverse groups of EPs to inhibit the callose deposition,
such as PsCRN63 from Phytophthora sojae (Li et al., 2016),
PSTha5a23 from Puccinia striiformis f. sp. tritici (Cheng
et al., 2017), and Cce1 from Ustilago maydis (Seitner et al.,
2018). In our study, we found that the EP VmEP1 could
not only inhibit the accumulation of callose (Figure 4 and
Supplementary Figure 6), but also promote the infection of V.
mali (Figure 1 and Supplementary Figure 1) by interaction with

MdPR10 (Figure 2). The phytophthora effectors can affect the
various aspects of the host plant immune systems to manipulate
the host immunity, such as plant cell proteases, phytohormones,
RNAs, the MAPK pathway, catalase, the ubiquitin proteasome
pathway, the endoplasmic reticulum, nucleotide binding leucine-
rich repeat (NB-LRR) proteins, and the cell membrane (Wang
and Jiao, 2019). It has also been reported that PR10 interacting
with effector CSEP0064/BEC1054, secreted by the fungal
pathogen Blumeria graminis, may modulate the antimicrobial
activity of these defense-related polypeptides (Dodds et al.,
2019). Hence, we speculate that VmEP1 disturbs the host plant
immune systems by interacting and interfering with MdPR10.
However, it is still unknown how the effectors manipulate
the function of PR10 proteins to interfere in the host plant
immune response. Interestingly, the overexpression of PR10 can
activate a plant defense response, which is increased by its
interaction with leucine-rich repeat (LRR1) proteins (Choi et al.,
2012). Therefore, we put forward a hypothesis that VmEP1 and
LRR1 may competitively interact with PR10, resulting in the
weakening or disappearance of the interaction between LRR1
and PR10. Of course, this hypothesis needs to be verified by
further research.

In summary, this study helps illustrate the mechanism of
how VmEP1 aids infection of V. mali. MdPR10 was identified
as a target of VmEP1 and a mediator of the defense response
of the plants to inhibit the infection of phytopathogens. For
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successful colonization, V. mali secretes effector VmEP1 to
disturb MdPR10 resistance to V. mali. The discovery of MdPR10-
enhanced resistance to V. mali will provide a new guidance
for breeders to engineer the disease-resistant plants. Further
studies are needed to explain how VmEP1 interferes in the
function of MdPR10.
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Agrobacterium tumefaciens can cause crown gall tumors by transferring both an
oncogenic piece of DNA (T-DNA) and several effector proteins into a wide range of host
plants. For the translocated effector VirE3 multiple functions have been reported. It acts
as a transcription factor in the nucleus binding to the Arabidopsis thaliana pBrp TFIIB-
like protein to activate the expression of VBF, an F-box protein involved in degradation
of the VirE2 and VIP1 proteins, facilitating Agrobacterium-mediated transformation. Also
VirE3 has been found at the plasma membrane, where it could interact with VirE2. Here,
we identified AtJAZ8 in a yeast two-hybrid screening with VirE3 as a bait and confirmed
the interaction by pull-down and bimolecular fluorescence complementation assays.
We also found that the deletion of virE3 reduced Agrobacterium virulence in a root
tumor assay. Overexpression of virE3 in Arabidopsis enhanced tumorigenesis, whereas
overexpression of AtJAZ8 in Arabidopsis significantly decreased the numbers of tumors
formed. Further experiments demonstrated that AtJAZ8 inhibited the activity of VirE3 as
a plant transcriptional regulator, and overexpression of AtJAZ8 in Arabidopsis activated
AtPR1 gene expression while it repressed the expression of AtPDF1.2. Conversely,
overexpression of virE3 in Arabidopsis suppressed the expression of AtPR1 whereas
activated the expression of AtPDF1.2. Our results proposed a novel mechanism of
counter defense signaling pathways used by Agrobacterium, suggesting that VirE3 and
JAZ8 may antagonistically modulate the salicylic acid/jasmonic acid (SA/JA)-mediated
plant defense signaling response during Agrobacterium infection.

Keywords: Agrobacterium tumefaciens, Arabidopsis thaliana, VirE3, JAZ8, jasmonates

INTRODUCTION

The plant pathogen Agrobacterium tumefaciens, a soil-borne gram negative bacterium, provokes
crown gall disease in dicotyledonous plant species, which is characterized by neoplastic growth
at infection sites (McCullen and Binns, 2006; Guo et al., 2019). During infection, Agrobacterium
transfers a single-stranded DNA segment from its tumor-inducing (Ti) plasmid, the T-DNA, into
the plant cell, where it integrates into the chromosomes (Beijersbergen and Hooykaas, 1993; Gelvin,
2000, 2003, 2021; Citovsky et al., 2007; Guo et al., 2019). Expression of the oncogenic genes located
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on T-DNA in transformed plant cells promotes uncontrolled cell
proliferation and results in the formation of crown gall tumors
(Nester et al., 1984). Under laboratory conditions, Agrobacterium
is also able to transform non-plant organisms, such as the yeast
Saccharomyces cerevisiae and fungi (Bundock and Hooykaas,
1996; Piers et al., 1996; de Groot et al., 1998). By taking
advantage of this unique ability of interkingdom gene transfer,
Agrobacterium has been widely used in creating transgenic plants
and fungi for research and biotechnology through a method
known as the Agrobacterium-mediated transformation (AMT).

Besides the T-region, the virulence (vir) region in the Ti
plasmid embraces a series of genes that are essential for AMT,
which facilitate T-DNA processing, delivery, and integration into
host cell nucleus. Within Agrobacterium, the virulence protein
VirD2, in conjunction with VirD1, recognizes and generates
nicks in the border sequence surrounding the T-DNA region,
releasing the T-strand from the Ti plasmid (Yanofsky et al.,
1986; Herrera-Estrella et al., 1988). VirD2 remains covalently
attached to the 5′ end of the T-strand in Agrobacterium,
and then the VirD2–T-strand complex is delivered into host
cells through a type IV secretion system (T4SS) composed
of 11 VirB proteins and VirD4 (Young and Nester, 1988;
Christie et al., 2005; Li and Christie, 2018). In host cells, the
nuclear localization signal (NLS) of the VirD2 protein pilots
the T-strand to the nucleus (Howard et al., 1992; Shurvinton
et al., 1992; Tinland et al., 1992; Rossi et al., 1993). In
addition, some of the virulence proteins, nowadays referred
to as effector proteins, including VirE2, VirE3, VirD5, and
VirF are directly translocated into host cells via the T4SS
independent of the T-strand (Vergunst, 2000; Schrammeijer,
2003). VirE2 is a single-strand DNA binding protein which
is supposed to coat the T-strand in the host cytoplasm to
form a T-complex, protecting the T-strand from degradation
by host nucleases (Citovsky et al., 1989; Gelvin, 1998; Abu-
Arish et al., 2004). VirE2 can interact with VIP1, a host bZIP
transcription factor, which relocalizes from the cytoplasm to the
nucleus to activate defense-related genes upon Agrobacterium
infection (Tzfira, 2001; Djamei et al., 2007). It has been reported
that VIP1 assists in the nuclear entry of the T-complex and
facilitates transformation (Tzfira, 2001; Li et al., 2005; Djamei
et al., 2007). However, the importance of VIP in AMT is
controversial, as no difference in transformation susceptibility
between wild-type and vip1-1 mutant was observed, and a
recent report pointed out that VIP1 and its homologs are
not required for AMT (Shi et al., 2014; Lapham et al., 2018).
The VirF protein is a host–range factor (Melchers et al.,
1990; Jarchow et al., 1991) and contains an F-box motif by
which it interacts with plant Arabidopsis Skp1–like (ASK1)
to form an Skp1–Cullin–F-box (SCF) E3 ubiquitin ligase
in the host cell (Jarchow et al., 1991; Schrammeijer et al.,
2001). The SCFvirF is thought to use the host ubiquitin-26S
proteasome system to promote proteolysis of VirE2, VIP1,
and some other host proteins in nucleus (Tzfira et al., 2004;
Zaltsman et al., 2012; García-Cano et al., 2018). Degradation
of VirE2 and VIP1 uncoats the T-complex and thus, may
enable integration of T-DNA into the host genome (Tzfira
et al., 2004). In addition, proteasomal degradation of Arabidopsis

transcription factor VIP1 and VFP4 may dampen the defense
response of the host cells (Djamei et al., 2007; García-Cano
et al., 2018). Some plant species like Arabidopsis, encode an
endogenous F-box protein “VBF,” which can functionally replace
VirF, and therefore, do not require VirF for transformation
(Zaltsman et al., 2010).

VirE3 is another translocated effector that has been shown
to interact with VirE2 and bind to plant importin-a, possibly
acting as an “adapter” molecule between VirE2 and importin-a
to assist the nuclear import of the T-complex, thereby mimicking
the function of VIP1 (Lacroix et al., 2004). More recently, an
interaction between VirE3 and VirE2 was found to take place at
the plasma membrane, suggesting that VirE3 may be involved in
the early stage of T-complex formation (Li et al., 2018). Besides,
VirE3 can act as a transcriptional activator in the nucleus to
modulate the plant gene expression profile through interaction
with pBrp, a plant specific general transcription factor belonging
to the TFIIB family (García-Rodríguez et al., 2006). One of the
genes strongly induced by VirE3 was pointed out to be the
gene encoding VBF, thus explaining why simultaneous deletion
of virF and virE3 results in a much stronger deficiency of
tumorigenicity than observed in the single mutant (Niu et al.,
2015). Another gene highly induced by VirE3 was NIMIN1,
which operates as a negative regulator by binding to NPR1 and
reduces salicylic acid (SA)-mediated PR1 gene expression and
attenuates the defense response (Weigel et al., 2005; Niu et al.,
2015). Here, we found that Agrobacterium VirE3 can interact with
Arabidopsis JAZ8 and that overexpression of virE3 promotes
tumor formation, whereas JAZ8 overexpression makes roots
recalcitrant to tumorigenesis by Agrobacterium. JAZ proteins are
best known as repressors of the jasmonate response, which recruit
general corepressors to prevent the transcriptional activity of
MYC transcription factors (Pauwels and Goossens, 2011; Howe
et al., 2018). We found that the activity of VirE3 as a plant
transcription regulator was repressed by JAZ8. The jasmonic
acid (JA)-regulated PDF1.2 gene expression was elevated in the
virE3-overexpressor plant line, but the SA-mediated PR1 gene
expression was reduced in the virE3-overexpressor plant line.
Our results suggest the VirE3 and JAZ8 may antagonistically
modulate each other’s activity, and that Agrobacterium uses
VirE3 to shift the plant defense response during AMT from
SA signaling to JA signaling, which is less deleterious for
biotrophic pathogens.

MATERIALS AND METHODS

Plasmid Constructs
Supplementary Tables 1–3 list the primer sequences, plasmids,
and strains used in this study, respectively. The JAZ8 coding
sequence was amplified by PCR using cDNA of Col-0 Arabidopsis
thaliana with the primer set JAZ8-1302-F and JAZ8-1302-
R. The PCR fragment was inserted into pCAMBIA1302
by homologous recombination, yielding JAZ8 overexpression
construct JAZ8-1302. The JAZ8 sequence was amplified by PCR
on plasmid JAZ8-1302 using primers listed in Supplementary
Table 1 for JAZ8-pAS2.1, JAZ8-ZIM-pAS2.1, JAZ8NT-pAS2.1,

Frontiers in Plant Science | www.frontiersin.org 2 November 2021 | Volume 12 | Article 68553378

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-685533 November 15, 2021 Time: 13:50 # 3

Li et al. VirE3 Interacts With JAZ8 in Arabidopsis

JAZ8CT-pAS2.1, JAZ8-pMAL-c5X, JAZ8-cYFP, and pRT101-
JAZ8 constructs. The PCR fragments were digested and inserted
into pAS2.1, pMAL-c5X, pRTL2-HAYC, and pRT101, yielding
corresponding constructs.

The virE3 coding sequence was amplified by PCR on
plasmid pRT101-VirE3 (Niu et al., 2015) using primers listed in
Supplementary Table 1 for virE3-pACT, virE3-pGEX6P-1, and
virE3-nYFP constructs. The resulting PCR fragment was digested
and inserted into the pACT2, pGEX-6P-1, and pRTL2-EEYN
vector, yielding corresponding constructs. All constructs were
verified by sequencing.

Plant Materials, Growth Conditions, and
Plant Transformation
The genetic background of ecotype Col-0 was used as wild type
Arabidopsis thaliana. JAZ8-1302 (pCAMBIA1302) construct and
1,302 empty vector were used for Arabidopsis transformation. All
plasmids used in this work are listed in Supplementary Table 2.
The construct JAZ8-1302 and the empty vector 1,302 (used
as control) were introduced into GV3101 by electroporation.
Arabidopsis were transformed using the floral dip method
(Clough and Bent, 1998) and grown at 21◦C in a growth chamber
(16-h light/8-h dark, 2,500 lux). Seeds from the dipped plants
were harvested and planted on MS medium containing 30 mg
L−1 hygromycin. The transgenic plants were verified by PCR
of Hph gene. The positive seedlings were transferred to soil
and grown until new seeds could be harvested. The TAM-virE3
transgenic plant lines used in this study were from Niu et al.
(2015).

Yeast Two-Hybrid Assays
The truncated VirE3 (pASE31C) without autoactivation
activity was used as a bait in yeast two-hybrid screening
(García-Rodríguez et al., 2006). The Arabidopsis cDNA library
representing 5.7 × 105 primary transformants was generated
by Zhou (Zhou et al., 2017). The bait plasmid pASE31C and
Arabidopsis cDNA library was cotransformed into yeast strain
PJ69-4A using the PEG-lithium acetate method (Gietz et al.,
1992; James et al., 1996). Full-length JAZ8 (AT1G30135), JAZ8NT
(aa 1–101), JAZ8CT (aa 101–127), and JAZ8-ZIM (aa 13–101)
were cloned in pAS2.1 (acc. No. U30497). The corresponding
vectors were cotransformed with empty pACT2 (acc. No.
U29899) and pACT2-VirE3, respectively, to yeast strain PJ69-4A.
Empty pAS2.1 and pACT2 were used as negative control. Yeast
two-hybrid assays were conducted by the cotransformation of
bait and prey plasmids into yeast strain PJ69-4A as described
by Zhou (Zhou et al., 2017). Transformants were allowed to
grow for 4 days at 28◦C on synthetic defined (SD)-glucose plates
lacking leucine, tryptophan, and histidine (-LWH). Then cells
were incubated overnight in liquid SD–LWH medium and 4 µl
of 100-fold dilutions were spotted on SD-LWH plate to grow for
4 days at 28◦C. The experiments were repeated three times.

In vitro Pull-Down Assay
The JAZ8 coding sequence was cloned into pMAL-c5X through
NdeI and BamHI sites for fusion with MBP tag. Full-length CDS

of virE3 was cloned into pGEX6P-1 through BamHI and SalI
sites for fusion with GST tag. Constructs JAZ8-pMAL-c5X and
virE3-PGEX6P were transformed into E. coli strain BL21 (DE3)
pLysS, separately and screened by 20 µg/ml chloramphenicol
and 100 µg/ml carbenicillin. Protein expression of MBP-JAZ8
and GST-VirE3 were induced by 1 mM IPTG. The MBP-
fusion proteins and GST-fusion proteins were extracted and
immobilized onto MBP and GST agarose beads. For pull-
down assays, proteins attached to the beads were subsequently
examined by SDS-PAGE and detected with anti-MBP and
anti-GST antibody, respectively. Detection was performed by
incubating the blots in 8 ml western lighting reagent and then
exposure to X-ray films.

Bimolecular Fluorescence
Complementation Assays
virE3 was fused with the N-terminal part of the improved yellow
fluorescent protein (YFP) in pRTL2-EEYN to produce VirE3-
nYFP. JAZ8 was fused with the C-terminal part of YFP in
pRTL2-HAYC to produce JAZ8-cYFP (Bracha-Drori et al., 2004).
VirE3-nYFP was transiently cotransformed with JAZ8-cYFP into
the Arabidopsis leaf protoplast. Images of transfected protoplasts
were acquired with a Leica DM IRBE confocal laser scanning
microscope equipped an excitation at 514 nm and a band mission
was detected at 530–600 nm. Microscopic images were analyzed
using Image J software.

Agrobacterium-Mediated Arabidopsis
Root Tumor Assay
The Agrobacterium tumorigenic strain LBA 1010 (WT) and LBA
2564 (-virE3) were used for tumorigenesis assays on Arabidopsis
Col-0 wild-type, JAZ8-OE, and virE3-OE plant lines. Arabidopsis
root tumor assay was carried out as described previously with
minor modifications (Valvekens et al., 1988; Czako et al., 1993).
In brief, Arabidopsis seeds of Col-0, JAZ8-OE, and virE3-OE
plant lines, respectively, were sterilized and incubated in liquid B5
medium at 4◦C for 2 days. Then, the seeds in liquid B5 medium
were incubated on a shaker (120 rpm) in growth room (21◦C,
16 h light/8hrs dark, 2,000 lux) for 10 days. The root segments
pooled from 10-day-old plant of Col-0, JAZ8-OE, and virE3-OE
plants, respectively, were incubated with Agrobacterium LBA1010
and LBA2564 (OD620 = 0.2) for 2 min. The infected roots
were cut into 4 mm (named explants) and dried on sterile
filter paper, transferred to B5 agar plants containing 100 µM
acetosyringone for cocultivation for 2 days in the growth room
(25◦C, 2,000 lux). After cocultivation, root explants were washed
with liquid B5 and then transferred to B5 plates supplemented
with 100 µg/ml timentin for 3 weeks until calli/tumors were
formed. The percentage of roots that form tumors was calculated
by counting tumors on 100 to 120 explants. Three independent
replicates of 100 to 120 explants were used for each line.

Arabidopsis Leaf Protoplast Transient
Expression Assay
Plasmid VBF-promoter-GUS was obtained by inserting the
promoter sequence of VBF (857bp) into plasmid GUSXX
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(Niu et al., 2015). Full length of virE3 and JAZ8 were inserted
into plasmid pRT101. Plasmids carrying VBF-promoter-GUS
and plasmids expressing VirE3 and/or JAZ8 were cotransformed
into Arabidopsis Col-0 leaf protoplasts by polyethylene-glycol-
mediated transformation as previously described (Schirawski
et al., 2000). Cotransformation of pRT101 with GUSXX plasmids
was used as control (Töpfer et al., 1987). Protoplasts were
incubated at 25◦C for 16 h and harvested by centrifugation. The
GUS activity assays were performed as described (Niu et al.,
2015). Relative expression levels of virE3, AtJAZ8, AtPR1, and
AtPDF1.2 were measured.

Illumina mRNA-Seq Library Preparation
and Sequencing
Arabidopsis seeds harvested from three independent JAZ8-OE
and 1,302 plant lines were grown vertically on MS plates.
RNA isolated from 10-day-old seedlings were used for Illumina
sequencing. Illumina mRNA-seq libraries were generated and
sequenced by Majorbio Cloud Platform1. The resulting libraries
were checked and quantified. The libraries were multiplexed,
clustered, and sequenced on an Illumina HiSeq 2000. Sequence
reads of low quality and reads containing adaptor sequences
were removed. To validate the RNA-seq results, total RNA
was extracted from three independent JAZ8-OE and 1,302
plant lines using the same protocol for RNA-seq. cDNA was
generated from total RNA. qRT-PCR was performed by Universal
SYBR Green Master mix according to the manufacturer’s
instructions. The relative amount of gene expression level was
calculated using 2−11Ct method. EF1a (At5G09810) was used as
the reference gene.

Quantification of AtPR1 and AtPDF1.2 in
Agrobacterium Infected Seedlings
Arabidopsis seeds of Col-0, JAZ8-OE, and VirE3-OE were
sterilized and incubated in liquid B5 medium at 4◦C for 2 days.
Then, the seeds in liquid B5 medium were incubated on a
shaker (120 rpm) in growth room (21◦C, 16-h light/8-h dark,
2,000 lux) for 10 days. Agrobacterium strains LBA1100 and
LBA2564 were preadjusted to OD600 = 0.2. Seedlings of the
Col-0, JAZ8-OE, and virE3-OE were infected by Agrobacterium
strains LBA1100 and LBA2564 for 2 min. The infected seedlings
were taken out and immediately frozen in liquid nitrogen
at different time points. RNA was extracted for qRT-PCR
analysis. Quantitative RT-PCR analysis was carried out using
Bio-Rad iCycler iQ5. The first strand of cDNA was synthesized
by HiScript R© III RT SuperMix for qPCR (+ gDNA wiper)
kit. Specific primers were designed for AtPR1, AtPDF1.2, and
EF1a reference gene by primer 5. The primers are listed
in Supplementary Table 1. The qRT-PCR reactions were as
follows: 95◦C 30 s; 95◦C 10 s, 60◦C 30 s, followed by 40
cycles. Relative expression levels of AtPR1 and AtPDF1.2 were
calculated by 2−11CT methods. All dates are collected from three
biological replicates.

1http://login.majorbio.com/login

Statistical Analysis
The data were analyzed by Excel and SPSS software, and
Duncan’s new complex range method was used to compare the
differences among the treatments. P value < 0.05 was considered
to be significant.

RESULTS

VirE3 Interacts With JAZ8
Early publications reported that VirE3 was bound with pBrp
to facilitate AMT through modulating gene expression profiles
in the host cell (García-Rodríguez et al., 2006). To gain
further insight into the function of VirE3 within the host cells
during Agrobacterium infection, we used the yeast two-hybrid
system (Y2H) to screen for interactors of VirE3. Due to the
transcriptional activation activity of the full-length VirE3 in
yeast strain PJ69-4A, the truncated VirE3 (pASE31C) without
autoactivation activity (García-Rodríguez et al., 2006) was used
as a bait and an Arabidopsis cDNA library (Zhou et al., 2017)
was used as a prey. Five colonies were found to grow on
minimal medium without histidine. Recovered prey plasmids
were retransformed with pASE31C into yeast strain PJ69-4A,
and only two of these plasmids could grow on selective medium.
From these candidate VirE3 interactors, only one cDNA sequence
was in frame with the GAL4 activation domain and encoded the
JAZ8 protein (AT1G30135). Our Y2H screening thus identified
the Jasmonate ZIM-domain protein JAZ8 as a positive interactor
of VirE3. To investigate which domain of JAZ8 was responsible
for interaction with VirE3, we divided JAZ8 into N-terminal
(JAZ8NT), ZIM domain containing (JAZ8-ZIM), and C-terminal
fragments (JAZ8CT). JAZ8NT contained an EAR and a ZIM
domain, whereas the JAZ8-ZIM and JAZ8CT only contained the
ZIM domain and Jas domain, respectively (Figure 1A). We then
cloned the full-length VirE3 into the activation domain (AD)
and the different truncated versions of JAZ8 into the binding
domain (BD) to verify the interaction in the Y2H system. We
found that JAZ8, JAZ8NT, and JAZ8-ZIM interacted with VirE3
but not JAZ8CT. These results indicate that the ZIM domain
of JAZ8 is responsible for the interaction between VirE3 and
JAZ8 (Figure 1B). We further applied pull-down assays to verify
the interaction between VirE3 and JAZ8 in vitro. GST-tagged
VirE3 and maltose binding protein (MBP)-fused JAZ8 (MBP-
JAZ8) were heterologously expressed in E. coli BL21 (DE3) cells
and MBP-pull-down assays were performed using two fusion
proteins. MBP-JAZ8 resin was incubated with GST-VirE3 and
then separated on SDS-PAGE for immunoblotting with anti-
GST antibody. As shown in Figure 1C, the negative control
(MBP resin) was unable to pull-down GST-VirE3, whereas the
GST-VirE3 was efficiently precipitated by MBP-JAZ8, indicating
that VirE3 can physically interact with JAZ8 in vitro. We next
used bimolecular fluorescence complementation (BiFC) assays
to verify the interaction of VirE3 and JAZ8 proteins in planta.
VirE3 was fused with the N-terminal part of the improved YFP in
pRTL2-EEYN to produce VirE3-nYFP, and JAZ8 was fused with
the C-terminal part of YFP in pRTL2-EEYN to produce JAZ8-
cYFP. VirE3-nYFP was transiently coexpressed with JAZ8-cYFP
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FIGURE 1 | VirE3 interacts with AtJAZ8 in vivo and in vitro. (A) Schematic representation of JAZ8 constructs used for yeast two-hybrid assay. Numbers represent
amino acid positions in full-length JAZ8. (B) Yeast two-hybrid assay. Full length of JAZ8 and the truncated fragments of JAZ8NT (aa 1–101), JAZ8CT (aa 101–127),
JAZ8-ZIM (aa 13–101) were cloned into pAS2.1 (BD). The virE3 was cloned into pACT2 (AD). The indicated prey and bait constructs were cotransformed into yeast
strain PJ69-4A. The transformants were first screened on synthetic defined (SD) medium minus tryptophan and leucine (SD/-Trp-Leu) and the positive yeast cells
were subcultured on SD medium minus tryptophan, leucine and histidine at 30◦C for 4 days. pAS2.1 and pACT2 were used as the negative control.
(C) Maltose-binding protein (MBP) pulldown assay. The MBP pull-down proteins were detected by Western blotting (WB) using anti-GST or anti-MBP antibody. MBP
alone was used as the negative control. Input, protein samples without pull-down were analyzed by Western blotting. (D) Bimolecular fluorescence complementation
(BIFC) assay. The constructs 35S::VirE3-nYFP and 35S::AtJAZ8-cYFP were transiently co-transformed into Arabidopsis protoplast and the transformed cells were
observed under a confocal microscope. 35S::nYFP and 35S:: cYFP were used as negative control.
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in Arabidopsis protoplasts. We found that co-expression of
VirE3-nYFP with JAZ8-cYFP resulted in strong YFP fluorescence
in the nucleus of Arabidopsis mesophyll protoplasts (Figure 1D),
whereas no YFP fluorescence was detected in negative controls
(VirE3-nYFP coexpressed with cYFP or nYFP coexpressed with
cYFP-JAZ8). Taken together, the Y2H assays, pull-down assays,
and BiFC assays consistently demonstrate that VirE3 interacts
with JAZ8 protein in vitro and in vivo.

Effects of VirE3 and JAZ8 on
Agrobacterium-Mediated Arabidopsis
Root Tumorigenesis
It has been reported that VirE3 plays a role in tumorigenesis;
however, mutation of virE3 led to hardly any attenuation
in tumor formation on the stems of six plant species
including Nicotiana glauca, Nicotiana tabacum, Helianthus
annuus, Lycopersicon esculentum, Kalanchoe tubiflora, and
Kalanchoe daigramontiana (García-Rodríguez et al., 2006). To
better understand the role of VirE3 in tumorigenesis, the
Agrobacterium wild-type strain (LBA1010) and a virE3 deletion
strain (LBA2564) were compared in more quantitative root
transformation assays on Arabidopsis Col-0. As shown in
Figure 2A, the virE3 mutant developed a lower number of
tumors compared with LBA1010 (average 32 versus 39% of
inoculated roots showing tumors). Analysis by the Student’s
t-test confirmed that tumorigenesis of LBA1010 and LBA2564
on Arabidopsis Col-0 was significantly different. To determine
whether overexpression of virE3 in Arabidopsis could increase
susceptibility to Agrobacterium infection, we used a transgenic
line of Arabidopsis that expresses the virE3 coding sequence
under the control of the tamoxifen-inducible promoter (Niu
et al., 2015). After induction by tamoxifen (Figure 2C) the
roots of virE3-OE line1 were transformed by LBA1010 and
LBA2564 and the fractions of roots that formed tumors
were calculated. As shown in Figure 2B, the virE3-OE line1
was much more susceptible to Agrobacterium LBA1010 and
LBA2564 infection with tumors forming in 52 and 41% of the
inoculated roots for wild type and virE3 mutant, respectively.
Apparently, increasing the amount of VirE3 can enhance tumor
formation even by the wild type Agrobacterium strain. The
difference in tumorigenesis between LBA1010 and LBA2564
on virE3-OE line1 was statistically significant, suggesting that
translocated VirE3 from LBA1010 also still contributes to
tumor formation.

As we found that VirE3 can interact with JAZ8, we
further investigated the role of JAZ8 in tumor formation
by Agrobacterium. To this end, transgenic plant lines that
constitutively expressed the JAZ8 coding sequence under
the CaMV 35S promoter were generated. Two independent
T1 transgenic lines, designated JAZ8-OE1 and JAZ8-OE2,
both showed about ninefold higher levels of JAZ8 transcript
accumulation in their roots compared with Col-0 wild type by
qRT-PCR analysis. The roots of JAZ8-OE line1 were transformed
by LBA1010 and LBA2564 and the fraction of roots on which
tumors were formed was calculated. Interestingly, we found
that on JAZ8-OE line1 much less tumors were formed by our

FIGURE 2 | Efficiency of Agrobacterium-mediated root transformation in virE3
and JAZ8 overexpressor lines (virE3-TAM and JAZ8-OE lines) as compared
with wild-type plants (Col-0) by Agrobacterium strain LBA1010 and virE3
deletion mutant LBA2564. (A) Tumors developed on root explants. Root
segments of Columbia, virE3-TAM1 and JAZ8-OE1 lines were infected with
tumorigenic Agrobacterium strain LBA1010 and its virE3 deletion mutant
LBA2564. The root segments were photographed and scored 30 days after
infection. (B) Quantification of the tumorigenicity showed in panel (A). Error
bars in B indicate SEM. Differences in tumorigenicity indicated by different
letters are statistically significant (P values < 0.05) and by the same letter are
not statistically significant. (C) Gene expression analysis of JAZ8 and virE3 in
transgenic over-expressor plant lines.

wild type strain LBA1010 than on Arabidopsis Col-0 (27 versus
39% of inoculated roots showing tumors, statistically significant).
When the virE3 mutant LBA2564 was used for inoculation
of the JAZ8-OE roots, the fraction of roots forming tumors
was even lower with tumorigenesis seen on only about 22% of
the roots (Figure 2B). Our results indicate that JAZ8 counters
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Agrobacterium virulence, whereas VirE3 enhances Agrobacterium
tumorigenicity on Arabidopsis roots.

JAZ8 Reduces Activity of VirE3 as a
Transcriptional Activator
VirE3 can act as a plant transcription factor which activates genes
such as Arabidopsis VBF, which are needed for tumorigenesis
(Niu et al., 2015). JAZ8 belongs to the plant-specific TIFY
family of transcriptional regulators that repress JA-regulated
defense responses by binding to MYC transcription factors
(Shyu et al., 2012). To find out whether JAZ8 could reduce
the transcriptional activity of VirE3, the effect of JAZ8 on the
VirE3-dependent activation of VBF (At1G56250) promoter was
investigated in a protoplast transactivation assay. The 857 bp
of VBF promoter was fused to the GUS reporter, and the full
length of virE3 or JAZ8 coding sequences wase cloned into
the pRT101 plasmid, in which virE3 or JAZ8 was expressed
from the CaMV 35S promoter. Arabidopsis protoplasts were
cotransformed with the VBF-promoter-GUS reporter plasmid
and at the same time with the effector plasmid pRT101-VirE3
and/or pRT101-JAZ8. First we measured whether the JAZ8 and
virE3 construct were expressed in Arabidopsis protoplasts by RT-
PCR. As shown in Figure 3B, the mRNA expression level of
JAZ8 was around 30-fold higher in protoplasts transformed with
plasmid pRT101-JAZ8 and also in protoplasts transformed by
pRT101-JAZ8 together with pRT101-VirE3 compared with that
in Col-0 protoplasts. The mRNA expression of virE3 was also
confirmed by RT-PCR analysis in protoplasts transformed with
plasmid pRT101-VirE3 and plasmids pRT101-VirE3 together
with pRT101-JAZ8 (Figure 3C). These results indicate that the
mRNAs of both genes are indeed expressed in the transformed
protoplasts and that the expression of the JAZ8 gene does
not negatively affect the expression of virE3 and vice versa.
Subsequently, we tested the effect of JAZ8 and VirE3 on the
activity of the VBF promoter. As shown in Figure 3A, expression
of JAZ8 alone barely affected the activity of the VBF promoter,
whereas VirE3, as expected, activated the VBF promoter by
approximately threefold. In contrast, co-expression of VirE3
and JAZ8 together led to a twofold reduced activity of the
VBF promoter as compared with that in the presence of VirE3
alone. As JAZ8 is known to affect the JA response and promote
the SA defense response, we also tested whether VirE3 could
affect these defense responses. To this end, we measured the
mRNA levels of PR1 (SA response) and PDF1.2 (JA response)
in the same transformed protoplasts. Interestingly, we found
that the expression level of PR1 was reduced in protoplasts
transformed with pRT101-VirE3 and elevated in protoplasts
transformed with pRT101-JAZ8. Reversely, the expression level
of PDF1.2 was elevated in protoplasts transformed with pRT101-
VirE3 and decreased in protoplasts transformed with pRT101-
JAZ8 (Figure 3B). In summary, our results indicate that JAZ8
can repress the transcriptional activity of VirE3 on activating
the expression of VBF. Also overexpression of VirE3 reduced
PR1 gene expression and elevated PDF1.2 expression, whereas
overexpression of JAZ8 elevated PR1 gene expression and
reduced PR1 expression.

FIGURE 3 | Protoplast expression analysis of the promoters of At1G56250
(VBF ) and the gene expression analysis of PR1, PDF1.2, JAZ8, and virE3.
(A) JAZ8 inhibits VirE3-dependent activation of the At1G56250 (VBF ) (857 bp)
promoters in Arabidopsis protoplasts. (B) qPCR analysis of the expression
level of PR1, PDF1.2, JAZ8 in protoplasts transfected with corresponding
plasmids. (C) RT-PCR analysis of the expression of virE3 in protoplast
transformed with corresponding plasmids.

Effect of JAZ8 Overexpression on the
Arabidopsis Transcriptome
As a transcriptional repressor of the jasmonate downstream
signaling pathway, JAZ8 most likely affects plant susceptibility
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to Agrobacterium by regulating the expression of plant defense
responsive genes that interfere with the Agrobacterium infection.
To investigate the role of JAZ8 on the transcription of
defense responsive genes, we carried out transcriptome profiling
by comparing AtJAZ8 overexpressor lines with control lines
using RNA-seq analysis. Total RNA samples extracted from
seedlings were analyzed for gene expression using RNA-seq.
Using DESeq to calculate differentially expressed genes (DEGs),
we identified a total of 696 genes that were either up- or
down-regulated (FDR < 0.001 and log2FC > 2) in JAZ8-OE
plant lines compared with the control lines (Supplementary
Table 1). Raw data have been deposited in the NCBI
SRA database (BioProject accession number: PRJNA719307).
To validate the RNA-seq results, six DEGs from AtJAZ8
overexpressor plants were randomly selected for analysis by
quantitative RT-PCR. As shown in Figure 4A, the results
obtained from qRT-PCR analysis are in general agreement
with the RNA-seq results. We then used GO annotation
(TAIR10) to assign genes to functional categories and performed
function enrichment analysis on the DEGs. The 428 genes
upregulated in the JAZ8-OE line were enriched for genes
implicated in regulation of SA metabolic process, regulation
of defense response to bacterium, regulation of plant-type
hypersensitive response, and also defense response (Figure 4B).
By contrast, the 268 genes downregulated in the JAZ8-OE line
were enriched for genes related to defense response, immune
system process, response to JA, etc. (Figure 4C). Our results
suggest that JAZ8 generally affects genes involved in plant
defense responses. Interestingly, we found that the expression
level of pathogenesis-related gene 1 (AtPR1) in JAZ8-OE was
around five times (5.48) higher than in control lines, indicating
JAZ8 may activate the SA-mediated signaling pathway against
Agrobacterium infection.

JAZ8 Antagonizes VirE3 on Expression
of AtPR1
We have shown that the percentage of root tumors was
highly decreased in JAZ8-OE lines and increased in virE3-
OE lines. To investigate the plant defense genes responsible
for Agrobacterium mediated root tumorigenesis, the expression
level of Arabidopsis pathogenesis-related GENE 1 (AtPR1) and
Arabidopsis PLANT DEFENSIN 1.2(AtPDF1.2) were measured
by qRT-PCR in wild type Col-0, JAZ8-OE, and virE3-OE plant
lines infected by Agrobacterium strains LBA1100 (wild-type)
and LBA2564 (virE3 deletion mutant) at different time points.
To compare the gene expression level at different time points
infected by two Agrobacterium strains LBA1100 and LBA2564,
we normalized the expression level of AtPR1 and AtPDF1.2
to the Col-0 at 0 h before infection by qRT-PCR analysis. As
shown in Figure 5A, 24 h after Agrobacterium infection, the
expression level of AtPR1 was significantly reduced in virE3-
OE plant line compared with that in Col-0 and JAZ8-OE
plant line, whereas the expression level of AtPR1 gene was the
highest in the JAZ8-OE plant line. Our results showed that
VirE3 inhibits the expression of AtPR1 gene and JAZ8 promotes
AtPR1 gene expression probably by repressing the JA-responsive

FIGURE 4 | Transcript profiling of AtJAZ8 overexpressor plants. (A) Validation
of the RNA-Seq data by quantitative RT-PCR. Six differential expression genes
in AtJAZ8 overexpressor plants compared with control plant lines in the
RNA-seq experiment were selected for validation by qRT-PCR. (B) GO term
enrichment for 428 upregulated genes using Database for Annotation and
Visualization. (C) GO term enrichment for 268 downregulated genes using
Database for Annotation and Visualization.

defense pathway. The expression pattern of AtPR1 in plant lines
was negatively well correlated with the root tumorigenicity by
Agrobacterium. On the contrary, after Agrobacterium infection,
the expression level of AtPDF1.2 was highest in virE3-OE plant
line and lowest in JAZ8-OE plant line, indicating VirE3 might
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FIGURE 5 | Quantification of AtPR1 and AtPDF1.2 gene expression level in Col-0, virE3-OE and JAZ8-OE1 lines after infection with Agrobacterium LBA1010 and
LBA2564 at different time points. (A) qRT-PCR analysis of AtPR1 gene expression pattern. (B) qRT-PCR analysis of AtPDF1.2 gene expression pattern. EF1a was
used as internal control for data normalization. The expression level of PR1 and PDF1.2 in the wild-type Col-0 at 0 h was set to 1.0, and error bars represent SEM of
three independent biological replicates. The expression values of PR1 and PDF1.2 in virE3-OE and JAZ8-OE lines were compared to the control Col-0 at each
corresponding condition. Differences indicated by different letters are statistically significant (P values < 0.05) and by the same letter are not statistically significant.
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activate the JA-induced signaling pathway by repressing AtPR1
gene expression (Figure 5B). Our results showed that JAZ8
may antagonize VirE3 on activating the expression of AtPR1
gene, which in turn attenuates Agrobacterium tumorigenesis on
Arabidopsis root.

DISCUSSION

Agrobacterium delivers several virulence proteins, including
VirD2, VirE2, VirE3, VirF, and VirD5 to plant cell for successful
T-DNA integration and tumorigenesis (Lacroix and Citovsky,
2019). One of the translocated effector proteins, VirE3, is
highly conserved among different Agrobacterium and rhizobia
species, suggesting that VirE3 may play an important role
during AMT. However, it was reported that VirE3 was not
essential for AMT by octopine strains and a virE3 mutation
did not significantly affect tumor formation on the stems of
several plant species, and its contribution to tumorigenesis
could only be seen in virE3 virF double mutants (García-
Rodríguez et al., 2006). A recent report showed that VirE3
is required for full virulence of the agropine/succinamopine
strain EHA105, which does not have a close homolog of
octopine Ti virF. Deletion of virE3 resulted in a decreased
transformation efficiency in the transient transformation assays
of Nicotiana benthamiana leaves (Li et al., 2018, 2020). In
contrast, another report showed constitutive overexpression of
virE2 or virE3 under CaMV 35S promoter in Arabidopsis-
induced plant defense responses and conferred resistance to
Agrobacterium infection (Duan et al., 2018). Our results showed
that VirE3 is required for tumorigenesis of oncogenic wild
type Agrobacterium LBA1010. Deletion of virE3 attenuated
Agrobacterium virulence in root tumor assay, whereas transient
overexpression of virE3 enhanced Agrobacterium tumorigenesis
(Figure 2A). The different results reported may be due to the
different methods used for the transformation or to the different
plant species or Agrobacterium strains used.

Upon attack by pathogens, plants possess highly sophisticated
mechanisms to induce the expression of defense genes to
restrict pathogen invasion. The phytohormones SA and JA, as
key signaling molecules, play important roles in regulating the
activation of the induced defense responses. Silencing of SA
biosynthetic and signaling genes in N. benthamiana increases
susceptibility to crown gall disease (Yuan et al., 2007; Anand
et al., 2008). One of the crucial effects of SA in plant defense
is to activate the expression of pathogenesis related genes
such as PR1, resulting in both local and systemic acquired
resistance to the pathogens. However, Agrobacterium has evolved
strategies to dampen this host defense response. It has been
reported that infection by Agrobacterium decreases the level
of free SA in roots, leading to reduced PR1 gene expression
and a diminished systemic-acquired resistance (SAR) (Gaspar
et al., 2004). Otherwise it has been reported that Agrobacterium
infection triggers the activation of mitogen-activated protein
kinase (MAPK) MPK3, which phosphorylates the transcription
factor VIP1, leading to its relocalization from the cytoplasm
to the nucleus, and also in the of induction of stress-related

genes. This can indirectly lead to increased PR1 gene expression
(Djamei et al., 2007). However, the translocated effector VirE3
was shown to induce the expression of NIMIN1 (Niu et al.,
2015). The NIMIN1 protein binds to NPR1/NIM1 and prevents
the induction of PR1 and SAR (Niu et al., 2015). It has
been shown that exogenous application of SA also affects
Agrobacterium itself and inhibits induction of its virulence
genes, and thus decreases its infectivity (Yuan et al., 2007).
A recent publication revealed that SA is used by Agrobacterium
to turn down the expression of its virulence genes late in
infection. To this end Agrobacterium expresses the hydrolase
SghA to liberate plant SA from the storage form, SA-glucoside
(Wang et al., 2019).

Our new results showed that VirE3 enhances Agrobacterium
tumorigenesis by reducing PR1 defense gene expression at the
early stage (Figure 5A). Using yeast two-hybrid screening, we
found that VirE3 can interact with Jasmonate ZIM domain
(JAZ) repressor JAZ8 via its ZIM domain. JAZ proteins are
suppressors of JA-induced transcriptional response, reducing
the transcription of JA-responsive genes such as PDF1.2. Our
results are in line with this and show that JAZ8 suppresses the
JA-dependent defense response as seen by the downregulation
of PDF1.2, and promotes the SA-dependent response as seen
by enhanced PR1 gene expression with increased levels of
JAZ8 expression (Figure 5B). JAZ8-OE in turn attenuates
Agrobacterium tumorigenesis as shown in Figure 2B. We found
that the effector proteinVirE3 binds to and thereby counteracts
the activity of JAZ8 and thus promotes tumorigenesis by
Agrobacterium. In the presence of VirE3, the expression of JA-
defense genes is increased and the expression level of SA-defense
genes decreased.

In conclusion, our data shown herein revealed that the effector
protein VirE3 is required for the full virulence of Agrobacterium
by counteracting the transcriptional repressor activity of JAZ8,
thus promoting the JA defense response and diminishing the SA
defense response. Such a strategy is not uncommon for plant
pathogenic bacteria. Plant pathogenic Pseudomonas syringae
bacteria secrete coronatine, a jasmonate mimic, to enhance the JA
defense response. Other strains may deliver Hop effector proteins
via a Type3 secretion system such as HopZ1 that bind to and
modify JAZ proteins leading to their destruction (Jiang et al.,
2013). Whether Agrobacterium VirE3 binding to JAZ8 similarly
leads to its degradation requires further study.
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Huanglongbing (HLB) is considered the most destructive disease in Citrus production 
and threatens the future of the industry. Microbial-derived defense elicitors have gained 
recognition for their role in plant defense priming. This work assessed a 5% (V/V) microbial 
fermentation application (MFA) and its role in the elicitation of defense responses in 
HLB-infected Citrus sinensis trees following a foliar application with a pump sprayer. Using 
a PCR detection method, HLB infection levels were monitored in healthy and infected 
trees for 20 months. Nutrient analysis assessed N, P, K, Ca, Mg, Mn, Zn, Fe, B, and Cu 
concentrations in the trees. MFA significantly increased Cu concentrations in treated trees 
and resulted in the stabilization of disease index (DI) in infected trees. Initial real-time qPCR 
analysis of defense-associated genes showed a significant increase in pathogenesis-
related protein 2 (PR2) and phenylalanine ammonia lyase (PAL) gene expression in healthy 
and HLB-infected trees in response to MFA. Gene expression of PR2 and PAL peaked 
6 h post-microbial fermentation application during an 8-h sampling period. A transcriptomic 
assessment using GeneChip microarray of the hour 6 samples revealed differential 
expression of 565 genes when MFA was applied to healthy trees and 909 genes when 
applied infected citrus trees when compared to their respective controls. There were 403 
uniquely differentially expressed genes in response to MFA following an intersectional 
analysis of both healthy and infected citrus trees. The transcriptomic analysis revealed 
that several genes associated with plant development, growth, and defense were 
upregulated in response to MFA, including multiple PR genes, lignin formation genes, 
ROS-related genes, hormone synthases, and hormone regulators. This study provides 
further evidence that MFA may play an important role as a plant elicitor in an integrated 
pest management strategy in citrus and other agronomically important crops.
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INTRODUCTION

Huanglongbing (HLB) is a phloem-limited bacterial disease 
that infects citrus trees of all kinds, caused by Candidatus 
liberibacter (Jagoueix et  al., 1996; Hansen et  al., 2008; Duan 
et  al., 2009). It is delivered to the phloem tissue by the Asian 
citrus psyllid vector and slowly kills trees over a period of 
several years (Bové, 2006). HLB has devastated the citrus 
industry in the United  States, resulting in severe economic 
deterioration in affected regions (Dala-Paula et  al., 2019; 
Singerman and Rogers, 2020). Efforts to control and manage 
HLB have been unsuccessful leading to yearly declines in citrus 
production. In areas where the disease is not broadly prevalent, 
management strategies include scouting and destroying infected 
trees. Aggressive management strategies are recommended for 
highly infected areas including the use of insecticides, 
antimicrobials, thermotherapy, antibiotics, and novel therapeutic 
agents (Davis et al., 2000; Bové, 2006; Das et al., 2014; Gardner 
et  al., 2020). However, effective treatment and a commercially 
viable cure for the disease have not been found. Defense elicitors 
in crops have been under investigation as possible solutions 
to alleviate symptoms of various agronomic diseases. Elicitors 
upregulate the expression of defense proteins that in turn 
activate both systemic and local defense responses in treated 
plants (Montesano et al., 2003). In situations where this activity 
is observed, the reduction of diseases results in healthier plants 
and higher yielding crops. In multiple studies, HLB has been 
observed to interrupt the normal biochemical pathways in 
citrus. In Citrus limon, HLB infection facilitated the 
downregulation of catalases, chitinases, lectin-related proteins, 
and miraculin-like proteins (Nwugo et al., 2013). These metabolic 
changes ultimately lead to increased bacterial spread and 
susceptibility to other problematic pathogens. Among its 
repertoire of virulence tools, HLB encodes a salicylic acid 
hydroxylase, which degrades the plant hormone salicylic acid 
(Li et al., 2017). HLB also contains peroxiredoxins that increase 
oxidative stress tolerance, leading to increased HLB fitness in 
planta (Jain et  al., 2015, 2018). The routine activation of a 
plants defense in response to an elicitor could perhaps reduce 
the success of HLB in citrus.

Microbial fermentation application (MFA), a previously 
described elicitor program, is formulated with a bacterial 
fermentation media, yeast cell wall extract, and a Cu component. 
It has been shown to reduce powdery mildew infection in 
wheat (Twamley et  al., 2019). The authors also concluded that 
MFA upregulated pathogenesis-related protein 1 (PR 1), 
pathogenesis-related protein 4 (PR 4), pathogenesis-related 
protein 5 (PR 5), and pathogenesis-related protein 9 (PR 9) 
gene expression (Twamley et  al., 2019). Upregulation of PR1 
is an indicator of increased systemic acquired resistance (SAR) 
in plants (Ryals et  al., 1996) and influences salicylic acid 
accumulation at the site of infection by various pathogens. 
The expression of PR1 increases plant tolerance to fungal, 
oomycete, and bacterial pathogenic challenges (Alexander et al., 
1993; Jirage et  al., 1999; Zhang et  al., 1999). PR5 are a group 
of thaumatin-like proteins that are also associated with SAR 
and general defense responses. These are induced in response 

to various fungal and bacterial challenges (Li et  al., 2015b; 
Chen et  al., 2017). Peroxidases, such as PR9, are also widely 
involved in plant defense (Kawano, 2003) and have been 
observed in response to bacterial and fungal pathogen infections 
or exposure.

In this study, MFA was investigated for its potential role 
in activating citrus defenses against HLB. The previous research 
in wheat and soybean demonstrates that microbial fermentation 
products increase the expression of defense networks and aid 
in the improvement of crop quality parameters or can reduce 
the burden of disease (Twamley et  al., 2019; Schulman et  al., 
2021; Twamley et  al., 2021). If the upregulation of a systemic 
defense network can be  achieved in a similar way in citrus, 
HLB might be suppressed using the MFA program. Additionally, 
MFA may affect the plant tissue Cu concentration, as a further 
mechanism for the restriction of HLB population. To this end, 
citrus gene expression, nutrient composition, and assessment 
of routine use of MFA on HLB infection levels quantified by 
PCR in a field study over the course of 20 months were 
examined. This experiment monitored four treatment groups 
consisting of an uninfected control, infected trees, uninfected 
trees with MFA treatment, and infected trees with MFA treatment. 
Citrus petiole samples were observed routinely throughout the 
trial to determine the level of HLB infection and how it 
progressed in response to each treatment. Leaf tissue nutrient 
analysis was conducted to determine whether nutrient 
concentrations were influenced in each treatment group. Gene 
expression of PR2 and phenylalanine ammonia lyase (PAL) 
was assessed to determine the impact of MFA on defense 
gene expression between 0 and 8 h post-MFA treatment. Samples 
from the hour 6 time point were used for a transcriptomic 
assessment using microarray.

MATERIALS AND METHODS

Microbial Fermentation Application
Microbial fermentation application as previously described by 
Twamley et  al. (2019) was a applied as a 5% (V/V) suspension 
in water for this experiment. MFA contains co-products from 
bacterial and yeast fermentation processes. Applications were 
made once monthly to the foliar portion of each tree using 
a handheld pressurized pump sprayer, for the duration of the 
experiment. The MFA used in this study was supplied by 
Alltech Crop Science, KY, United  States.

Field Trial Design
The field trial was conducted for 20 months in a privately 
owned citrus grove in central Florida (Haines City, FL, 
United  States; latitude 28.14297 and longitude −81.69818). A 
total of 64 Citrus sinensis trees were planted in four rows over 
a 2-acre trial site. To minimize the risk of HLB infection, all 
the trees were contained in individual plastic protective covers. 
The trees were split into four groups for the study and were 
randomly assigned across the four rows. Several trees were 
removed from the trial due to hurricane damage and unsuccessful 
infection grafting. The remaining trees were divided across 
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four experimental groups, which included: HLB negative trees 
(referred to herein as control) n = 11, HLB positive trees (referred 
to herein as infected) n = 17, HLB positive trees with monthly 
treatments of MFA (referred to herein as MFA + infection) 
n = 20, and HLB negative trees with monthly treatments of 
MFA (referred to herein as MFA) n = 12. HLB positive groups 
were infected by grafting HLB positive bud wood onto healthy 
citrus trees. Grafting was achieved by sourcing infected bud 
wood from highly symptomatic mature C. sinensis trees, which 
were obtained from a mature symptomatic tree from the same 
grove. Bud wood of a length of 6–8 cm was shaped with a 
longitudinal cut which was compatible with a cut in the receiving 
trees. Grafts were firmly secured with 2-cm-wide plastic wrap. 
HLB infection levels were monitored at 0, 3, 4, 6, 8, and 
20 months by PCR to determine infection progression and to 
ensure negative groups remained uninfected. After the grafts 
were established monthly, applications of a 5% (V/V) MFA 
treatment were applied to healthy and infected citrus trees. 
Simultaneously water was applied to a control and the infected 
control groups. All treatments were applied as a foliar spray 
and were delivered by pump pressurized equipment, and each 
treatment was applied until the leaf surfaces were saturated. 
Each tree received approximately 200 ml of each treatment.

Tissue Sampling and RNA Extraction
After the 15th MFA treatment, samples were taken for qPCR 
analysis and gene transcriptomic analysis. This gave the trial 
and disease enough time to establish and receive routine doses 
of MFA before transcriptomic and nutrient analysis. Seven 
trees were randomly selected per treatment, and leaf tissue 
samples were harvested at 0, 2, 4, 6, and 8 h post-treatment 
application. In total, 6 leaves were randomly sampled from 
each of the selected trees for each time point. Leaves were 
sealed in plastic zip bags and frozen immediately on dry ice. 
Tissue samples were transported on dry ice and immediately 
stored at −80°C at their destination. Leaf tissue was ground 
to a fine powder under liquid nitrogen, and the frozen powdered 
tissue was then processed using an RNeasy Plant mini kit 
(Qiagen, Hilden, Germany) according to the manufacturer’s 
instructions. An on-column DNA digestion was conducted 
using the RNase-Free DNase kit (Qiagen, Hilden, Germany) 
to remove any DNA from the extracted RNA. Purified samples 
were eluted into a 1.5-ml tube and stored at −80°C until use. 
Sample quality was evaluated by both NanoDrop (Thermo 
Fisher Scientific, Waltham, MA, United  States) and 2100 
Bioanalyzer analysis (Agilent Technologies, Santa Clara, CA, 
United  States) according to the manufacturer’s instructions 
(Thermo Fisher Scientific, Waltham, MA, United States). Samples 
with a 230/260 and 260/280 ratio value lower than 2 were 
rejected and reprocessed. Samples with a RNA Integrity Number 
(RIN) values >7 were considered acceptable for 
downstream analysis.

RT-qPCR Gene Expression Analysis
A total RNA concentration of 2 μg was converted to cDNA 
using the High-Capacity cDNA Reverse Transcription Kit 

(Thermo Fisher Scientific, Waltham, MA, United  States) 
according to the manufacturer’s instructions. Following the 
reverse transcription step, the cDNA was diluted 1:20  in 
nuclease-free water. Target genes encoding for PAL (GenBank 
accession No. XM_006481430.3) F: 5′-TTGAACTGGGGAGTGA 
TGGC-3′; R: 5′-CCACTTTGACTTGGGCGTTG-3′ (this study 
designed with Primer 3) and PR2 (GenBank accession No. 
XM_015534320.2) FW-F: 5′-ACTTCGCTCAGTACCTTG 
TTC-3′; R: 5′-GGCAGTGGAAACCTTGATTTG-3′ (Dutt et al., 
2015) were considered with 18S (GenBank accession No. 
XR_003063242.1) F: 5′-GCTTAGGCCAAGGAAGTTTG-3′ R: 
5′-TCTATCCCCATCACGATGAA-3′ (Albrecht and Bowman, 
2012) as a house keeping gene for examining the relative 
gene expression of citrus-specific defense indicators.

Reactions were conducted at a volume of 20 μl with 10 μl 
Fast SYBR Green Master Mix (Thermo Fisher Scientific, Waltham, 
MA, United States), 0.1 μl F and 0.1 μl R primers at a concentration 
of 10 μM each, 8.8 μl of nuclease-free water, and 1 μl of cDNA 
template. The quantitative program started with a melt step 
at 95°C for 20 s and then cycled 40 times with an annealing 
temperature of 60°C for 30 s and a melting temperature at 
95°C for 3 s. Each plate was run with technical duplicates for 
each sample and a negative control for each target gene. Data 
were statistically analyzed as 2−(∆ct) data and converted to fold 
change values for presentation (Schmittgen and Livak, 2008). 
Fold change values were calculated with the equation 2−(∆∆ct) 
using the ratio of target gene to control gene. All qPCR analysis 
was performed on the Applied Biosystems 7500 Fast Real-Time 
PCR instrument.

Citrus Transcriptomic Analysis
Leaf samples collected at 6 h for the initial qPCR analysis were 
processed for transcriptomic analysis (n = 5), using microarray 
technology. The Affymetrix GeneChip hybridization protocol 
was used to generate transcriptomic data and was conducted 
according to the manufacturers protocol for the 3′ IVT PLUS 
Reagent Kit (Thermo Fisher Scientific, Waltham, MA, 
United  States). Briefly, RNA was isolated as described above 
and was processed for use with the Affymetrix Citrus genome 
GeneChip array. Total RNA was prepared to a total reaction 
concentration of 15 μg and used to generate first-strand and 
second-strand cDNA. Following this, cRNAs were labeled in 
the presence of biotinylated ribonucleotide analogues (3′ IVT 
Biotin Label); after purification and fragmentation, a total 
concentration of 15 μg of cRNAs was used in a hybridization 
mixture containing added hybridization controls. A total of 
200 μl of the mixture was hybridized on arrays for 16 h at 
45°C. Post-hybridization, GeneChips were washed and double-
stained using the Affymetrix GeneChip fluidics station 450. 
Chips were then scanned using the Affymetrix GeneChip 
scanner 2500. Data were exported as CEL files to the 
Transcriptome Analysis Console (TAC; Thermo Fisher Scientific, 
Waltham, MA, United States), and data were filtered to include 
only genes that were expressed to +2 or −2 fold change with 
a significance threshold of p ≤ 0.05 following analysis using 
the RMA model (Millenaar et  al., 2006). All data used for 
analysis are available in Supplementary File 1.
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Leaf Nutrient Analysis
Citrus leaves, 25–30 per tree, were randomly picked and 
placed in nitrogen-free tissue sampling bags at the time of 
the gene transcription analysis. Bags were transported and 
submitted to Central Florida Soil Laboratory (Bartow, FL, 
United  States). Citrus leaves were washed in 3% hydrochloric 
acid to remove surface residues and contaminants prior to 
processing. Samples were prepared using a dry ash method. 
ICP-OES analysis was used to quantify K, Ca, Mg, Cu, Mn, 
Zn, Fe, and B (Hansen et  al., 2013). N and P concentrations 
were assessed using a LECO instrument (St. Joseph, MI, 
United  States).

HLB Progression
Bacterial concentration tests were conducted by submitting 
leaf tissue samples to Southern Gardens Diagnostic Laboratory 
(Clewiston, FL, United  States). Every tree in the experiment 
was tested for HLB throughout the study. Once tress were 
HLB positive as confirmed by a PCR Ct value <33, leaf 
samples were taken at 0, 3, 4, 6, 8, and 20 months into the 
trial. Month 0 coincided with the first MFA treatment. Six 
leaves from each tree were sampled and pooled in plastic 
zip sealed bags and immediately frozen on dry ice. From 
each sample bag, 100 mg of petiole was randomly obtained 
from across the leaves and placed in extraction buffer. Samples 
were processed using an automated plant DNA isolation 
method using Qiagen plant DNA extraction reagents (Qiagen, 
Hilden, Germany). Assay conditions and primers were prepared 
according to (Li et  al., 2006). Ct values were reported as Ct 
per 10 ng μl−1 of petiole DNA. The disease index (DI %) was 
calculated as previously described by. In short, HLB disease 
severity was assigned a grade from 0 to 4, where 0 = Ct value 
≥36.0 (undetectable), 1 = 32.0 ≤ Ct value <36 (low HLB 
infection), 2 = 28 ≤ Ct value <32 (moderate HLB infection), 
3 = 24 ≤ Ct value <28 (high HLB infection), and 4 = Ct  
value <24 (very high HLB infection). Those values were 
converted to DI % using the formula described by Yang 
et  al. (2016). Changes in the distribution of disease severity 
of the infection were measured by examining the changes 
in the DI in individual trees during the period between 8 
and 20 months of the trial.

Statistical Analysis
Statistical testing for HLB concentrations, nutrient, mineral 
analysis, and qPCR was all computed using R (R-Core-Team, 
2020), with all data initially tested with a one-way ANOVA. 
Where significant differences were detected between groups 
(p < 0.05), the data were then subjected to a Tukey’s HSD test, 
and data achieving a p < 0.05 were accepted as significantly 
different. The distribution of the change of disease severity 
was compared with a Pearson’s Chi-squared test in JMP version 
16.0.0 (SAS, Cary, NC, United  States). Gene expression data 
were subjected to independent statistical validation using the 
TAC console as described in citrus transcriptome analysis 
section above. Any gene expression results with a value of 
p < 0.05 were considered significantly different where fold changes 
were greater than +2 or less than −2.

RESULTS

HLB Progression
Huanglongbing prevalence was monitored throughout the 
experimental period. Uninfected control and MFA trees had 
no detectable infections for the duration of the trial (Figure 1). 
The infected and MFA + infected groups showed a steady rise 
in HLB prevalence over the 6 months after graft inoculation 
(Figure 1A). A numeric difference was observed between both 
the infected and MFA + infected with the MFA-treated trees 
scoring a lower average DI rating of 13.3% at 20 months although 
this was not significant (p = 0.25; Figure  1B).

The ability of the MFA treatment to modulate the progression 
of the disease and propagation of the infective agent was 
evaluated during the last 12 months of the trial by following 
the severity of the infections (DI values) in individual trees. 
Significant changes were recorded in the progression of DI 
in disease challenged (infected) trees treated with MFA and 
untreated trees (Table 1). A smaller proportion of trees showed 
increases in the DI (p = 0.044), and greater proportion showed 
decreased DI (p = 0.008) in the MFA-treated group during 
this period.

Nutrient Analysis of Leaf Tissue Following 
MFA Treatment of Control and Infected 
Citrus sinensis
Leaf tissue mineral analysis results indicated that Cu 
concentrations were significantly higher in trees that received 
the MFA (Table  2). When compared to the control, both MFA 
(p = 0.0063) and MFA + infection (p = 0.0003) resulted in 
significantly higher leaf tissue Cu concentrations, and both were 
also greater when compared to the infected samples (MFA 
p = 0.0003 and MFA + infected p = 0.046). There was a lower Ca 
concentration in MFA + infected treatment when compared to 
the control trees (p = 0.0036). The results also indicated that 
Mg concentration was lower in the infected group when compared 
to the control (p = 0.009) and MFA group (p = 0.004). The 
concentrations of the remaining nutrients tested (N, P, K, Mn, 
Zn, Fe, and B) were unaltered as result of MFA or the HLB disease.

Gene Expression Analysis of Citrus 
sinensis in Response to MFA in Control 
and Infected Trees
RT-qPCR analysis of two citrus defense-associated genes was 
performed in a time point-based assessment (Figure  2). PR2 
gene expression increased in MFA and MFA + infected trees 
2 h after MFA treatment and remained significantly upregulated 
relatively to the untreated controls at all remaining time points 
(Figure  2A). The maximum expression level increase for PR2 
was observed 6 h after the MFA treatment was made, with 
increases of 5.4-fold (p = 0.001) and 5.9-fold (p = 0.001) in MFA 
and MFA + infected groups, respectively, when compared to 
the control.

Phenylalanine ammonia lyase expression levels were also 
significantly increased in MFA and MFA + infected trees 
(Figure  2B) 6 h post-application. MFA and MFA + infection 
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increased to 6.9-fold (p = 0.01) and 11.0-fold (p = 0.03), 
respectively, when compared to untreated controls. PAL 
expression remained high in the MFA + infected trees 8 h after 
application with a fold change of 5.4 (p = 0.02).

Transcriptomic Assessment of Control and 
Infected Trees in Response to MFA
As the highest expression levels for both defense genes following 
treatment with MFA were observed at 6 h (Figure  2), RNA 
samples from the control, infected, MFA and MFA + infected 
trees/groups were assessed via GeneChip microarray (n = 5). 
The results revealed 171 differentially expressed genes between 
the control and infected group. In both MFA-treated groups, 
a greater incidence of significantly differentially expressed genes 
was noted. Five hundred and sixty-five genes were differentially 
expressed between the control and MFA. Nine hundred and 
nine genes were differentially expressed between infected and 
MFA + infected groups (Figure  3A).

These results revealed a pattern of uniquely expressed genes 
in response to the MFA treatment in both infected and healthy 
citrus trees. Each group had uniquely expressed genes associated 
with their experimental conditions. The groups were assessed 
using the following comparisons: control vs. infected, control 
vs. MFA, and infected vs. MFA + infected. The control vs. 
infected group had 142 uniquely expressed genes between the 
groups representing 11.8% of the gene expression differences. 
Control vs. MFA had 139 genes that were unique to that 
group. The infected vs. MFA + infected contained 490 unique 
genes. There were 403 genes that were differentially expressed 
and were shared between the two groups MFA vs. MFA + infection 
and control vs. MFA, indicating a cluster of unique genes 
regulated by MFA (Figure  3B).

Principal component analysis (PCA) presented in Figure  3 
reveals clustering of distinct groupings of the MFA-treated 
trees, with MFA-treated clustering together and the untreated 
groups being completely distinct.

A B

FIGURE 1 | Huanglongbing (HLB) prevalence and disease progression in Citrus sinensis over the duration of the field investigation. (A) HLB infection as Ct of petiole 
DNA measurements was made in infected and uninfected citrus tissue for the duration of the trial. (B) Disease index over time. Data represent average disease index 
rating over time in each experimental group. Letters that are the same within each time point indicate no differences between groups. Error bars represent ± SEM.

TABLE 1 | Disease progression in trees during the period between 8 and 20 months of the trial as measured by changes in the severity of infection (DI) in individual 
trees.

Condition Treatment Number of trees showing increased severity  
of infection (change in DI > 0)

Number of trees showing decreased severity  
of infection (change in DI < 0)

Fraction Percent Fraction Percent

Unchallenged trees Control 1/11 9% 0/11 0%
MFA 0/12 0% 2/12 17%

Infected trees Infected 12/17a 71% 0/17a 0%
MFA + Infected 7/20b 35% 5/20b 25%

All trees No MFA Treatment 13/28a 46% 0/28a 0%
MFA Treated 7/32b 21% 7/32b 21%

Differences in superscripts (a, b) indicate the distribution of the change in disease severity (DI) differs between the MFA treated and untreated groups of trees (p < 0.05).
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Analysis of Control vs. Infected
The set of genes reported when the control was compared 
to the infected citrus samples revealed 171 differentially 
expressed genes, 150 of which were upregulated and 21 were 
downregulated in infected trees when compared to the control. 
The range of upregulation was recorded from 2 to 11.43 fold 
and −2 to −5.03 fold change for the downregulated genes. 
The top 10 upregulated and downregulated genes are presented 
in Table  3, and the full comparative set is available in 
Supplementary File 1. Among the known genes, there was 
a number that may reveal the impact of HLB on various 
citrus metabolic processes. Genes associated with early nodulin-
like protein 3-like gene, Kinesin-4-like, gibberellin regulated 
protein, probable polygalacturonase-like, trans-resveratrol di-O-
methyltransferase-like, and probable leucine-rich repeat 
receptor-like protein kinase At1g68400-like were all upregulated. 
Indicators of defense and stress responses such as peroxidase 
30-like, protein Aspartic protease in guard cell 1-like, 
hypersensitive-induced response protein 2-like, phenylalanine 
ammonia-lyase-like, and miraculin-like and thaumatin-like 
protein-like were also upregulated. Genes that may be involved 
in carbohydrate accumulation such as sucrose synthase 6-like, 

expansin-A4-like, extensin-2-like, and cellulose synthase-like 
protein G2-like were also upregulated. Among the 
downregulated genes were hormone-related genes like auxin-
responsive protein IAA29-like, brassinosteroid-regulated protein 
BRU1-like, and ethylene-responsive transcription factor 
ERF023-like. Fe(II) transport protein 3, chloroplastic-like, 
adenylate isopentenyltransferase 3, chloroplastic-like, xyloglucan 
endotransglucosylase/hydrolase protein 22-like, probable 
xyloglucan endotransglucosylase/hydrolase protein 23-like, 
ATC protein, and serine/threonine-protein phosphatase 6 
regulatory ankyrin repeat subunit C-like were also impacted. 
Several genes are currently unknown or were hypothetical 
proteins including the highest upregulated and downregulated 
genes (Table  3).

Analysis of Control vs. MFA
A comparison of gene expression in control citrus trees with 
MFA-treated citrus trees revealed 565 differentially expressed 
genes. 516 of these genes were upregulated, and 49 were 
downregulated. 2–56.5 fold changes were observed in the group 
of upregulated genes, and −2 to −3.8 fold change was noted 
in the downregulated group (Table  4 and the full comparative 

TABLE 2 | Leaf tissue nutrient analysis from Citrus sinensis after long-term MFA treatment.

% Ppm

Treatment N P K Ca Mg Mn Zn Fe B Cu

Control 3.22 ± 0.11a 0.18 ± 0.01a 1.98 ± 0.08a 3.76 ± 0.27a 0.28 ± 0.01a 39.80 ± 6.36a 41.80 ± 5.12a 88.40 ± 6.23a 168.00 ± 16.44a 9.8 ± 0.7a

Infected 2.98 ± 0.14a 0.16 ± 0.01a 1.84 ± 0.05a 3.22 ± 0.17ab 0.22 ± 0.01b 38.40 ± 5.10a 35.40 ± 0.07a 73.80 ± 7.17a 185.40 ± 16.26a 9.4 ± 0.3a

MFA 3.18 ± 0.09a 0.20 ± 0.01a 1.82 ± 0.07a 2.92 ± 0.15ab 0.29 ± 0.01a 48.00 ± 14.27a 44.80 ± 2.42a 86.00 ± 9.35a 162.80 ± 36.69a 32.4 ± 5.4b

MFA + Infected 3.04 ± 0.07a 0.19 ± 0.01a 2.00 ± 0.11a 2.44 ± 0.25b 0.25 ± 0.01ab 37.20 ± 9.90a 40.20 ± 4.82a 71.00 ± 5.37a 184.00 ± 15.37a 26.8 ± 6.69b

Data presented represent means of each treatment group for each mineral or nutrient tested. Letters that are the same within each column indicate no differences between groups 
(n = 5). Error is represented as ± SEM.

A B

FIGURE 2 | Impact of microbial fermentation application (MFA) on gene expression levels of defense genes in healthy and infected Citrus sinensis trees. Data 
represent gene expression of (A) beta-1,3-endoglucanase (PR2) and (B) phenylalanine ammonia lyase (PAL) over 5 time points 0, 2, 4, 6, and 8 h after MFA 
treatment (n = 7). Both treatments were normalized to their respective controls. MFA trees were normalized to control trees, and MFA + infected trees were 
normalized to the infected group. Letters that are the same within each time point indicate no differences between groups (p > 0.05). Error bars indicate ± SEM.
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set is available in Supplementary File 1). This comparison 
revealed that genes related to defense regulation 1-aminocy 
clopropane-1-carboxylate synthase 1-like, Laccase-7-like, 
O-methyltransferase homologue, blue copper protein-like, BAHD 
acyltransferase At5g47980-like, cytochrome P450 83B1-like, 
phenylalanine ammonia-lyase-like, chitinase CHI1, ethylene-
responsive transcription factor 1B-like, glucan endo-1,3-beta-
glucosidase, basic isoform-like, and peroxidase C3-like were 
influenced. Downregulated genes included auxin-induced protein 
22D-like, protein ECERIFERUM 1-like, regulator of chromosome 
condensation-like protein, purple acid phosphatase 8-like, 
expansin-A5-like, auxin-induced protein 22D-like, translocator 
protein homolog, and uncharacterized proteins and hypothetical 
proteins (Table  4).

Analysis of Infected vs. MFA + Infected
When gene expression in the infected trees was compared to 
the MFA + infected citrus trees, 909 differentially expressed genes 
were observed. 685 of these genes were upregulated, and 224 
were downregulated in MFA + infected samples. 2–43.2 fold 
changes were observed in the group of upregulated genes, and 
2 to −11.1 fold change was observed in the downregulated group. 
A sample of these genes is presented in Table  5, and the full 
comparative set is available in Supplementary File 1. The analysis 
revealed an upregulation in laccase-7-like, 1-aminocyclopropane-
1-carboxylate synthase 1-like, BAHD acyltransferase At5g47980-
like, blue copper protein-like, and genes associated with defense 
responses. This includes endochitinase 1-like, glucan endo-1,3-
beta-glucosidase, basic isoform-like, ethylene-induced esterase, 

A

B

C

D

E

FIGURE 3 | Summary of gene expression data from Citrus sinensis. (A) Number of significantly differentially expressed genes between different combinations of 
experimental groups. (B) Venn diagram displaying number of intersecting genes between healthy and HLB-infected Citrus sinensis following treatment with MFA. 
Venn diagram was generated by comparing gene expression sets. Venn diagram displays the common tally of genes that are impacted by the experimental 
conditions. Numbers represent significantly differentially expressed genes (p < 0.05), and percentages represent the percentage of the total tally. (Oliveros, 2007–
2015). Venny 2.1.0. https://bioinfogp.cnb.csic.es/tools/venny/. (C–E) Principal component analysis (PCA) plots indicating relationships between differentially 
expressed genes in MFA-treated samples and control treatments. Oval shapes indicate treatment grouping (control, infected, MFA, MFA + infected). A, C, D, and E 
graphs were generated by the TAC console.
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phenylalanine ammonia-lyase-like, and peroxidase 15-like proteins. 
There were also a number of unknown and uncharacterized 
genes upregulated. Among the most downregulated genes were 
chalcone synthase-related genes and homologues, a Protein 
ECERIFERUM 1-like, glycine-rich cell wall structural protein 
1-like and GDSL esterase/lipase EXL1-like, and putative copia-
like retrotransposon protein homologue (Table  5).

Common Upregulated Genes Shared by 
MFA-Treated Trees
There were 403 genes directly influenced by MFA, following 
the Venn analysis of intersecting genes between control vs. 
MFA and infected vs. MFA + infected (Figure  3). The genes 
uniquely responsive to the MFA treatment are highlighted here. 
Among the top upregulated genes in the two sample sets 
include Laccase-7-like which plays a role in lignin polymerization 
and anthocyanin degradation. The gene BAHD acyltransferase 
At5g47980-like was also upregulated in the two groups. BAHD 
acyltransferases are involved in the production of defense and 
anti-herbivory compounds. The blue copper protein-like  
gene, which is involved in redox reactions, was also highly 
upregulated in the two groups possibly reflective of the higher 
Cu concentrations in the MFA-treated trees.

Increased expression was recorded in several plant  
hormone response genes which may indicate the type of defense 
response induced by MFA. This included genes associated  
with ethylene concentration including ACC oxidase, 

1-aminocyclopropane-1-carboxylate synthase 1-like, ethylene-
responsive transcription factor 1A-like, and protein reversion-
to-ethylene sensitivity1-like. Abscisic acid-associated genes were 
among the groups of upregulated genes and included CYSTM1 
family protein A-like, exocyst complex component EXO70B1-
like, zeaxanthin epoxidase, chloroplastic-like, and threonine 
dehydratase biosynthetic chloroplastic-like protein. There were 
also several indole-3-acetic acid (IAA)-related genes downregulated 
in the leaf tissue in response to MFA which may have indicated 
a reduction in IAA production in the trees. These included a 
IAA-amino acid hydrolase ILR1-like 6-like, probable indole-3-
acetic acid-amido synthetase GH3.1-like, and a auxin-induced 
protein 22D-like.

Among the genes that were influenced, increased expression 
was observed in multiple PR genes such as PR2, PR4, and 
PR5; genes involved in the phenylpropanoid biosynthesis. These 
included shikimate O-hydroxycinnamoyltransferase-like, 
4-coumarate–CoA ligase-like 10-like, and feruloyl CoA ortho-
hydroxylase 1-like genes. Upregulated lignin-specific genes 
included caffeoyl-CoA O-methyltransferase-like, cinnamoyl-CoA 
reductase 1-like, and caffeic acid 3-O-methyltransferase-
like genes.

A number of genes associated with oxidative responses were 
also increased in response to MFA. This includes ROS regulators 
such as peroxidases. Genes associated with respiratory burst 
oxidase homolog protein D-like, cinnamate 4-hydroxylase CYP73, 
and peroxisomal membrane protein PMP22-like were also 

TABLE 3 | A sample of the differentially expressed genes in the control vs. infected groups.

Gene ID Description Fold change p

Upregulated

Cit.10009.1.S1_s_at Unknown 11.43 0.0281

Cit.15054.1.S1_at Hypothetical protein 11.07 0.0067
Cit.7276.1.S1_at Uncharacterized LOC102630205 10.49 0.0042
Cit.23470.1.S1_s_at Uncharacterized LOC102625551 9.73 0.0064
Cit.7727.1.S1_at Early nodulin-like protein 3-like 9.56 0.0020
Cit.20586.1.S1_at Unknown 8 0.0383
Cit.30043.1.S1_at Unnamed protein product homologue (Arabidopsis 

thaliana)
7.68 0.0104

Cit.7736.1.S1_at Unnamed protein homologue (Arabidopsis thaliana) 7.68 0.0104
Cit.29883.1.S1_a_at Kinesin-4-like 6.59 0.0097
Cit.681.1.S1_x_at Unknown 6.09 0.0203

Downregulated

Cit.13366.1.S1_at Chalcone synthase homologue (Cardamine amara) −5.03 0.0297
Cit.5973.1.S1_s_at Serine/threonine-protein phosphatase 6 regulatory 

ankyrin repeat subunit C-like
−4.67 0.0182

Cit.17562.1.S1_at Serine/threonine-protein phosphatase 6 regulatory 
ankyrin repeat subunit C-like

−3.93 0.0205

Cit.31451.1.S1_s_at ATC protein −3.34 0.0021
Cit.17724.1.S1_s_at Xyloglucan endotransglucosylase/hydrolase protein 

22-like
−2.76 0.0009

Cit.13424.1.S1_at Putative cytochrome P450 protein homologue 
(Arabidopsis thaliana)

−2.68 0.0026

Cit.9523.1.S1_s_at Translocator protein homolog −2.67 0.0354
Cit.18045.1.S1_s_at Ethylene-responsive transcription factor ERF023-like −2.65 0.0011
Cit.30513.1.S1_x_at Syringolide-induced protein 19-1-5 homologue 

(Glycine max)
−2.62 6.27E-06

Cit.9421.1.S1_s_at Probable xyloglucan endotransglucosylase/hydrolase 
protein 23-like

−2.6 5.70E-05
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upregulated. Several transcriptional activators increased in 
response to MFA. These included WRKY transcriptional factors, 
myb-related proteins, NAC domain-containing proteins, 
scarecrow-like protein 14-like, and transcription factor RAX2-
like. Genes associated with cell growth, cell remodeling, and 
cell structure were also upregulated. These included extensin, 
LOB domain-containing protein 11-like, receptor-like serine/
threonine-protein kinase SD1-8-like, QWRF motif-containing 
protein 8-like and metalloendoproteinase 1-like, probable 
galacturonosyltransferase-like 10-like, early nodulin-93-like, and 
alkaline/neutral invertase CINV2-like.

Genes associated with alkaloid biosynthesis were also 
upregulated in response to MFA. These included cannabidiolic 
acid synthase-like 2-like, anthranilate synthase component I-1, 
chloroplastic-like, tropinone reductase-like 1-like anthranilate 
N-methyltransferase-like, taxadien-5-alpha-ol 
O-acetyltransferase-like, and codeine O-demethylase-like. 
Transport genes were among a series of upregulated genes in 
the citrus trees in response to MFA. These are involved with 
ABC transporters and iron transport. Other genes 
(Supplementary File 1) are possibly involved in brassinosteroid 
biosynthesis, anthocyanin synthesis, lipase activity, senescence, 
elicitor and wound responses, ubiquidation, SAR, homeostasis, 
amino acid synthesis, endopeptidase inhibition, and 
energy metabolism.

DISCUSSION

This study examined the impact of a microbial preparation, 
MFA, against HLB in young citrus trees. The study assessed 
four experimental groups: control, infected, MFA treated, and 
MFA treated + infected. The results presented here indicate 
that MFA increased the transcriptional activity of citrus defense 
mechanisms, elevated Cu concentrations in citrus leaf tissue, 
and stabilized HLB infection in treated plants (Figure  1, 
Table  1).

Following monthly treatments of MFA over the experimental 
period (Figure  1), there was a consistent increase in disease 
severity over time in infected trees which is consistent with 
previous observations (Li et al., 2018). A DI reduction of 13.3% 
in MFA-treated trees was observed at 20 months, but this 
infection rate did not significantly deviate from the untreated 
infected group (Figure  1B). Monitoring of the distribution of 
change in DI revealed that MFA, when all trees and infected 
trees were considered, resulted in significant stabilization of 
disease progression in the MFA-treated groups (Table  1). PR2 
was significantly increased 2 h after MFA treatment (Figure 2A), 
and PAL was also significantly increased 6 h after treatment 
in response to MFA (Figure  2B). In addition to this, a 
transcriptomic assessment revealed an array of defense 
mechanisms that were upregulated in response to MFA. The 
previous work examined the impact of plant defense elicitors 
on HLB in a field evaluation. Li et  al. (2015a) and Li et  al. 
(2018) found a consistent reduction in disease severity when 
β-aminobutyric acid (BABA), benzothiadiazole (BTH), ascorbic 
acid (AA), and salicylic acid (SA) were applied to citrus. 
Induction of PR2 was observed after BABA and BTH applications, 
suggesting its implication in the defense against HLB.

The significant increases in Cu concentrations of citrus 
leaves following treatment with MFA (Table  2) observed in 
this study can be  attributed to the Cu in the application 
which significantly increased the mineral in healthy and infected 
trees to 32.4 and 26.8 ppm, respectively. Copper nutrition is 
critical in citrus development. Its deficiency is commonly 
associated with rapid growth in non-bearing trees following 
periods of high nitrogen fertilizer usage, and this leads to 
distorted leaf and twig growth and visual leaf chlorosis (Yruela, 

TABLE 4 | A sample of the differentially expressed genes in the control vs. MFA-
treated groups.

Gene ID Description Fold change p

Upregulated

Cit.17838.1.S1_at Uncharacterized 
LOC102619854

56.59 1.52E-05

Cit.3761.1.S1_x_at Uncharacterized 
LOC102619665

39.39 5.42E-07

Cit.1441.1.S1_at Acetyltransferase-like 
protein homologue 
(Arabidopsis thaliana)

33.12 3.13E-10

Cit.18037.1.S1_at 1-aminocyclopropane-1-
carboxylate synthase 
1-like

29.49 4E-11

Cit.2409.1.S1_s_at laccase-7-like 22.38 1.4E-12
Cit.17291.1.S1_at O-methyltransferase 

homologue (Populus 
balsamifera subsp. 
trichocarpa x Populus 
deltoides)

22.32 6.30E-09

Cit.17178.1.S1_x_at Unknown 21.27 1.53E-07
Cit.3377.1.S1_at Blue copper protein-like 20.96 6.6E-10
Cit.29411.1.S1_s_at BAHD acyltransferase 

At5g47980-like
20.23 1.56E-10

Cit.7362.1.S1_at Cytochrome P450 
83B1-like

19.53 7.3E-10

Downregulated

Cit.16432.1.S1_at Hypothetical protein −3.83 0.0002
Cit.9523.1.S1_s_at Translocator protein 

homolog
−3.48 0.0339

Cit.3534.1.S1_s_at Uncharacterized 
LOC102616771

−3.18 0.0153

Cit.21126.1.S1_s_at Auxin-induced protein 
22D-like

−3 5E-05

Cit.2093.1.S1_s_at Expansin-A5-like −2.66 0.0483
Cit.8231.1.S1_s_at Purple acid phosphatase 

8-like
−2.62 0.0022

Cit.29521.1.S1_x_at Regulator of 
chromosome 
condensation-like protein 
homolog (Arabidopsis 
thaliana)

−2.6 0.0009

Cit.29521.1.S1_at Regulator of 
chromosome 
condensation-like protein 
homolog (Arabidopsis 
thaliana)

−2.55 0.0014

Cit.38030.1.S1_at Protein ECERIFERUM 
1-like

−2.51 0.0006

Cit.17407.1.S1_at Auxin-induced protein 
22D-like

−2.46 6E-05
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2009; Hippler et al., 2017). Cu is poorly mobile in the phloem. 
Its application is recommended during periods of new vegetative 
growth (Marschner, 2012; Hippler et  al., 2017) and should 
be  regularly applied as foliar and ground fertilizer (Hippler 
et  al., 2018). Cu is an important cofactor for many enzymes 
such as superoxide dismutase, amino oxidase, laccase, blue 
copper protein, and plastocyanin, but it also plays an important 
role for the transcription of protein trafficking machinery and 
oxidative phosphorylation (Yruela, 2005, 2009). Applications 
that increase Cu uptake in citrus could therefore be  deemed 
valuable for agronomic purposes. Cu as a phytosanitary 
application has been used in the control of pathogens for 
many years (Russell, 2005; Hippler et al., 2017) and is considered 
a potent antimicrobial element (Vincent et  al., 2018). The Cu 
portion of MFA may have contributed to the stabilization of 
HLB DI. In an investigation into the impact of micronutrients 
on HLB in C. sinensis, Da Silva et  al. (2020) examined the 
use of copper hydroxide fertilizer on HLB in citrus. These 

authors reported that although leaf Cu concentrations reached 
20 ppm, there was no significant impact on HLB concentrations. 
The authors also reported that individual Cu fertilizer treatments 
helped mitigate the impact of HLB on starch metabolism a 
fundamental issue in trees infected with the disease. For this 
reason, MFA could potentially play a role in alleviating HLB 
symptoms by delivering higher Cu concentrations in infected 
citrus trees. However, the added elicitation of defense responses 
by MFA may have contributed to stabilization of disease 
progression. A previous investigation which compared CuSO4, 
MFA without CuSO4 and MFA reported that MFA had a 
significant impact on the induction of defense-related genes 
and on the control of powdery mildew in wheat (Twamley 
et  al., 2019). The evidence presented suggests that MFA as a 
combined formulation (fermentation media and CuSO4) gave 
the greatest control of disease and was the most effective at 
priming defense-related responses. This observation was further 
supported when MFA demonstrated greater antifungal activity 
against Zymoseptoria tritici compared to individual treatments 
of CuSO4 and MFA without CuSO4 at reduced concentrations 
in vitro (Twamley et  al., 2021). Twamley et  al. (2021) also 
indicated that MFA-treated plants resulted in grain yield and 
quality improvements in healthy MFA-treated plants. The 
authors suggest that this could be  a function of peptide or 
amino acid complexes that might have greater bioactive 
properties and that could help limit the oxidative damage 
caused by Cu in plants. This suggests that the microbial 
preparation with CuSO4 (MFA) possibly responds better than 
CuSO4 or the fermentation media in isolation. The formulation 
may have a unique synergistic mechanism as a combined 
product. This may suggest that in the current study, the total 
preparation is conferring the benefits observed in the data 
for citrus and not just the CuSO4 or fermentation media in 
isolation. However, a more comprehensive study should 
be  conducted to confirm this. Excessive Cu use will continue 
to be  regulated against due to its negative environmental 
impact. Issues such as accumulation and the selection of Cu 
resistant pathogens in the natural environment are of primary 
concern (Lamichhane et  al., 2018). Environmentally safe 
microbial preparations that can prime plant natural defenses 
may play a role in reducing the use of Cu as a phytosanitary  
application.

Transcriptomic analysis gives an insight into what cellular 
processes are dormant or active in response to either a disease, 
challenge, or a nutritional treatment. In the control vs. infected 
trees, there were several differentially expressed genes associated 
with HLB infection. In previous studies conducted in greenhouses, 
HLB infection significantly impacted between 604and 633 genes 
(245–589 upregulated and 22–350 downregulated; Kim et  al., 
2009; Mafra et  al., 2013; Fu et  al., 2016; Hu et  al., 2017). In 
the present study, HLB infection impacted a total of 171 genes 
(150 upregulated and 21 downregulated), in a field infection 
model. The most common issues associated with HLB are 
alterations in transcriptional processes related to defense, 
oxidative stress, carbohydrate metabolism, cell structure and 
organization, transcription factors, hormone signaling, and 
phloem blockage (Kim et  al., 2009; Albrecht and Bowman, 

TABLE 5 | A sample of the differentially expressed genes in the infected vs. 
MFA + infected groups.

Gene ID Description Fold change p

Upregulated

Cit.2409.1.S1_s_at Laccase-7-like 43.29 4.46E-14
Cit.1441.1.S1_at Unknown 43.23 1.43E-10
Cit.26572.1.S1_at Uncharacterized 

LOC102607820
37.15 2.50E-08

Cit.3761.1.S1_x_at Uncharacterized 
LOC102619665

32.54 3.29E-07

Cit.18037.1.S1_at 1-aminocyclopropane-1-
carboxylate synthase 
1-like

31.54 2.58E-11

Cit.29411.1.S1_s_at BAHD acyltransferase 
At5g47980-like

27.46 4.49E-11

Cit.26572.1.S1_s_at Uncharacterized 
LOC102607820

24.17 9.71E-09

Cit.17178.1.S1_x_at Unknown 22.58 1.72E-07
Cit.3377.1.S1_at Blue copper protein-like 21.58 3.80E-10
Cit.17838.1.S1_at Uncharacterized 

LOC102619854
21.44 9.41E-05

Downregulated

Cit.35493.1.S1_s_at Uncharacterized 
LOC102612783

−11.1 0.0364

Cit.21179.1.S1_at Chalcone synthase 2 
homologue (Citrus 
sinensis)

−7.53 0.0003

Cit.8600.1.S1_x_at Chalcone synthase 2 
homologue (Citrus 
sinensis)

−5.22 0.0007

Cit.19520.1.S1_s_at Chalcone synthase 2-like −4.7 0.001
Cit.38030.1.S1_at Protein ECERIFERUM 

1-like
−4.5 3.57E-05

Cit.30458.1.S1_s_at Chalcone synthase 2-like −3.97 0.0016
Cit.19520.1.S1_x_at Chalcone synthase 2-like −3.89 0.0014
Cit.34812.1.S1_s_at Glycine-rich cell wall 

structural protein 1-like
−3.8 0.0052

Cit.39287.1.S1_s_at GDSL esterase/lipase 
EXL1-like

−3.7 0.0037

Cit.27421.1.S1_at Putative copia-like 
retrotransposon protein 
homologue (Oryza sativa)

−3.52 0.0009
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2012; Mafra et  al., 2013; Martinelli et  al., 2013; Fu et  al., 
2016; Hu et  al., 2017). Each of these processes are believed 
to contribute to the rapid development of disease symptoms, 
ultimately leading to declining tree health and death. Similar 
patterns for many of the previously reported correlations (Table 3 
and Supplementary File 1) were observed in this study. 
Peroxidase, thaumatin-like protein, beta-galactosidase 1-like, 
hypersensitive-induced response protein 2-like, and elicitor-
induced gene product homologue were upregulated in response 
to HLB infection. These are indicators of defense and oxidative 
stress-related responses in citrus and have previously been 
associated with HLB infection (Kim et  al., 2009; Fu et  al., 
2016). Pathways associated with secondary metabolite 
biosynthesis were also upregulated, including multiple PAL 
genes, flavanone synthase genes, isoflavone 
4′-O-methyltransferase-like gene, (E)-beta-farnesene synthase, 
and a trans-resveratrol di-O-methyltransferase-like gene. 
Phenylpropanoids are both associated with defense and the 
syntheses of flavonoids and terpenes which both play a role 
in the attraction of pollinating insects, defense against herbivories, 
and in the establishment of disease resistance. Previous studies 
have indicated that HLB impacts phenylpropanoid and terpene 
synthesis (Albrecht and Bowman, 2012; Fu et  al., 2016; Hu 
et  al., 2017).

Genes involved with carbohydrate metabolism and cell wall 
modification were also significantly impacted. Early nodulin, 
extensins, probable polygalacturonase, sucrose synthase, xyloglucan 
endotransglucosylase/hydrolase, cellulose synthase, and 
pectinesterase inhibitor were included in the group of upregulated 
genes responding to HLB infection in this study. The previous 
work has identified transcriptomic signatures that demonstrate 
the impact of HLB on carbohydrate metabolism (Fu et al., 2016, 
Hu et al., 2017) where expansins, xyloglucan endotransglucosylase/
hydrolase proteins, cellulose synthesis, and pectinase-related genes 
were previously reported as differentially impacted in response 
to HLB. Genes involved in hormone signaling were also 
significantly impacted between control and HLB-infected trees; 
specifically, three gibberellin-regulated genes and a HVA22-like 
gene were upregulated in the HLB-infected tissue. Auxin-responsive 
protein, brassinosteroid-regulated gene, ethylene-induced esterase 
homologue, and an ethylene-responsive transcription factor were 
all downregulated. Phytohormones are believed to be  impacted 
due to the cellular processes that are distorted as a result of 
changes in cell growth and defense responses. Zheng and Zhao 
(2013) saw similar changes in phytohormone production including 
auxin-, ethylene-, and gibberellin-related genes which may play 
a role in the mediation of citrus responses to HLB.

Many of the genes impacted following MFA treatment are 
associated with a strong localized and systemic defense responses. 
These included direct defense genes and numerous genes involved 
in the regulation of biotic defense responses. The defense 
stimulatory response may have supported the 13.3% reduction 
in DI (Figure  1). Disease progression was also significantly 
stabilized (Table  1) in MFA-treated trees. The transcriptome 
analysis revealed an increase in many direct defense-related 
enzymes but also a series of pathways involved in secondary 
metabolite biosynthesis and the production of antimicrobial 

compounds (Tables 4 and 5, and Supplementary File 1). 
Microbial elicitors have been successful in the past in the 
induction of resistance to bacterial, fungal, and oomycete 
pathogens (Thakur and Sohal, 2013). MFA contains both bacterial 
and yeast fermentation media, and both components may play 
a role in initiating gene transcription responses and have benefited 
plants in the past (Wiesel et  al., 2014). The application of a 
yeast suspension to Arabidopsis saw the development of resistance 
to both Pseudomonas syringae and Botrytis cinerea infections 
(Raacke et  al., 2006). The study also uncovered the ability of 
the yeast application to stimulate the expression of several plant 
defense systems including SAR, detoxification, and the jasmonate/
ethylene pathways (Raacke et  al., 2006). Yeast cell wall extracts 
are also well-documented inducers of plant defense, observed 
to regulate plant stomatal closure and mediate ROS responses 
following their use in various plant models (Khokon et  al., 
2010; Wiesel et  al., 2014). A study that investigated ROS 
generation in rice in response to a N-acetylchitooligosaccharide 
demonstrated its role in plant defense elicitation (Kuchitsu et al., 
1995). In Arabidopsis, chitin elicitors also increased ROS 
generation while contributing to both fungal and bacterial 
suppression (Egusa et al., 2015). The benefits of bacterial derived 
elicitors for plants have also been reported. They trigger induced 
systemic resistance (ISR) in plants and have other secondary 
benefits to plant health (Choi and Klessig, 2016; Ek-Ramos 
et  al., 2019). ISR is understood to be  important in cell wall 
thickening or destruction of infected cells, which helps cut off 
nutrients and access to invading pathogens. This has been 
effective against a range of plant pathogens in greenhouse and 
field settings (Lugtenberg et  al., 2002; Aloo et  al., 2019).

Phenylpropanoids produce an array of secondary metabolites 
derived from intermediates of the shikimate pathway (Fraser 
and Chapple, 2011). They contribute to a plant’s response to 
biotic and abiotic stimuli. PAL catalyzes the non-oxidative 
deamination of phenylalanine to trans-cinnamate and directs 
carbon flow from the shikimate pathway to general 
phenylpropanoid biosynthesis (Vogt, 2010). Phenylpropanoids 
are also understood to be  involved in a plants overall defense 
strategy. They form preformed defenses, inducible defense 
responses, physical barriers and act as signaling molecules 
(Dixon et  al., 2002). They are also well documented in plants 
in response to pathogens and in the development of resistance 
to disease. This data provides evidence that MFA may result 
in the beneficial upregulation of the phenylpropanoid pathways, 
and several phenylalanine ammonia-lyase-like genes were 
upregulated and complimented with shikimate 
O-hydroxycinnamoyltransferase-like, 4-coumarate--CoA ligase-
like, and feruloyl CoA ortho-hydroxylase. There were significant 
increases in the lignin synthetic genes including caffeoyl-CoA 
O-methyltransferase-like, cinnamoyl-CoA reductase 1-like, and 
caffeic acid 3-O-methyltransferase-like which could be indicative 
of enhanced lignin formation. Laccase-7-like and blue copper 
protein was among the top  10 highest upregulated genes in 
healthy and infected trees where MFA was applied (Tables 4 
and 5). Laccases are multi-copper enzymes that catalyze substrate 
oxidation and that reduce molecular oxygen to water. Laccases 
are also involved in Cu-facilitated lignification of cell walls 
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contributing to defense, structure, and rigidity (Janusz et  al., 
2020). Xu et  al. (2019) indicated that citrus laccases respond 
to environmental stress and are involved in lignin synthesis, 
and Cu ions are bound in several sites in laccases by Type 1 
blue copper proteins (Printz et  al., 2016), making blue copper 
proteins essential in the formation and function of laccases. 
Based on the transcriptomic evidence provided in this study, 
MFA potentially may play a crucial role in the activation of 
the phenylpropanoid pathway and facilitates lignin formation 
in citrus cell walls.

In this study, several PR genes were upregulated by MFA, 
including chitinase, endochitinase, endo-1,3-beta-glucosidase, 
osmotin, peroxidases, and thaumatin-like proteins (PR2, PR3, 
PR5, PR8, and PR9). Plants produce several direct defense 
mechanisms when initially challenged by pathogens. The 
importance of PR gene expression in citrus biotic responses 
has previously been reported (Campos et  al., 2007) and 
highlights their role in pathogen defense responses. PR gene 
expression was expected to be upregulated as the data generated 
in the initial RT-qPCR experiment revealed significant 
upregulation of PR2 prior to microarray transcriptomic analysis 
(Figure  2).

Plant hormones are known to be  important in plant 
growth, development, and cell signaling. They are also 
understood to be  crucial in plant defense responses (Bari 
and Jones, 2009). In this study, there were several differentially 
expressed genes involved with plant hormone synthesis and 
regulation in response to MFA. This included genes associated 
with IAA, ethylene, and abscisic acid. There were also a 
small number of genes associated with brassinosteroids, 
salicylic acid, and jasmonic acid. Ethylene is produced from 
methionine by ACC synthase (ACS) and ACC oxidase (ACO) 
from its precursor 1-aminocyclopropane-1-carboxylic acid 
(ACC). The results presented herein revealed that 
S-adenosylmethionine synthase-like genes ACC synthase and 
a homologue were upregulated in response to MFA. Two 
ACC oxidases and ACC oxidase homologues were upregulated 
in response to MFA. Ethylene-responsive transcription factor-
like genes 1A (2), 1B (2), 5, and 113 were also upregulated 
in MFA-treated plants. These ethylene-responsive transcription 
factors bind to the GCC-box pathogenesis-related promoter 
responding to pathogens and increasing the expression of 
PR genes (Zhou et  al., 1997; Fujimoto et  al., 2000; Sakuma 
et  al., 2002).

CONCLUSION

This work provides evidence that MFA when applied to infected 
and healthy citrus trees increases Cu concentration, stabilizes 
HLB disease progression, and increases the expression of 
defense-related genes 2 h after its application in a field setting. 
Transcriptomic assessment revealed that MFA increased the 
expression of 565 genes in healthy citrus trees and 909 genes 
in HLB-infected trees. This included traits associated with 
plant growth, development, and defense. There are very few 
successful applications that can be  integrated into citrus 

production systems to help manage HLB. Provided herein are 
promising data suggesting a microbial preparation may help 
slow the progression of HLB in a field scenario. Further work 
is required to determine the mode of action of the application. 
Due to the limits in phytosanitary use of Cu, future work 
will address whether the efficacy of CuSO4 contained in MFA 
is enhanced by its microbe-derived fraction, thus allowing for 
a reduced Cu input in the environment. Work will also aim 
to determine the impact of MFA on mature HLB-infected 
citrus trees in multiyear studies. MFA may also play a role 
in the management of other problematic pathogens; future 
research will aim to determine whether MFA has a broader 
application in agronomy.
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Tereza Prěrovská 1, Barbora Jindrǐchová 2, Svatopluk Henke 3, Jean-Claude Yvin 4, 
Vincent Ferrieres 1, Lenka Burketová 2, Petra Lipovová 3† and Eric Nguema-Ona 4*†

1 Ecole Nationale Supérieure de Chimie de Rennes, CNRS, ISCR-UMR 6226, Univ Rennes, Rennes, France, 2 Laboratory of 
Pathological Plant Physiology, Institute of Experimental Botany of the Czech Academy of Sciences, Prague, Czechia, 
3 Department of Biochemistry and Microbiology, University of Chemistry and Technology Prague, Prague, Czechia, 4 Agro 
Innovation International TIMAC AGRO, Laboratoire de Nutrition Végétale, Pôle Stress Biotique, Saint Malo, France

Natural compounds isolated from macroalgae are promising, ecofriendly, and multifunctional 
bioinoculants, which have been tested and used in agriculture. Ulvans, for instance, one 
of the major polysaccharides present in Ulva spp. cell walls, have been tested for their 
plant growth-promoting properties as well as their ability to activate plant immune defense, 
on a large variety of crops. Recently, we  have characterized for the first time an 
arabinogalactan protein-like (AGP-like) from Ulva lactuca, which exhibits several features 
associated to land plant AGPs. In land plant, AGPs were shown to play a role in several 
plant biological functions, including cell morphogenesis, reproduction, and plant-microbe 
interactions. Thus, isolated AGP-like proteins may be good candidates for either the plant 
growth-promoting properties or the activation of plant immune defense. Here, we have 
isolated an AGP-like enriched fraction from Ulva lactuca and we have evaluated its ability 
to (i) protect oilseed rape (Brassica napus) cotyledons against Leptosphaeria maculans, 
and (ii) its ability to activate immune responses. Preventive application of the Ulva AGP-like 
enriched fraction on oilseed rape, followed by cotyledon inoculation with the fungal 
hemibiotroph L. maculans, resulted in a major reduction of infection propagation. The 
noticed reduction correlated with an accumulation of H2O2 in treated cotyledons and with 
the activation of SA and ET signaling pathways in oilseed rape cotyledons. In parallel, an 
ulvan was also isolated from Ulva lactuca. Preventive application of ulvan also enhanced 
plant resistance against L. maculans. Surprisingly, reduction of infection severity was only 
observed at high concentration of ulvan. Here, no such significant changes in gene 
expression and H2O2 production were observed. Together, this study indicates that 
U. lactuca AGP-like glycoproteins exhibit promising elicitor activity and that plant eliciting 
properties of Ulva extract, might result not only from an ulvan-originated eliciting activities, 
but also AGP-like originated.

Keywords: Arabinogalactan proteins, plant defense, elicitor, hemibiotrophic fungus, plant immunity, Ulva lactuca
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INTRODUCTION

The whole agricultural sector is facing the forthcoming challenges 
to keep up productivity with a growing global population (Ray 
et  al., 2013). Nowadays, high and continuous agricultural 
productivity is dependent on the use of chemical fertilizers 
and pesticides. Nevertheless, the excessive use of these compounds 
has adverse effects on human health and the environment 
(Carvalho, 2006). The recent progress in the use of either 
natural plant growth-promoting substances or microorganisms 
(also termed plant biostimulants) has allowed a reduction and 
optimized use of fertilizers. This combination of mineral nutrients 
and biostimulants allows a better nutrient use efficiency, a 
better crop tolerance against abiotic stresses, and indirectly, a 
better quality and an improved yield of the crops (Rouphael 
and Colla, 2020; du Jardin et al., 2020). Likewise, microorganisms/
organisms or natural substances were also tested and used in 
agriculture as agents able to interfere by different means with 
the occurrence of plant diseases caused by pathogens. Natural 
substances encompass various types of biomolecules, which 
can be  extracted from a vast number of plant species. Among 
these natural substances, plant elicitors are described as substances 
able to activate plant immune system, and further, to protect 
crop against various kind of pathogens and parasites both in 
conventional and organic agriculture (Wiesel et  al., 2014; 
Jamiolkowska, 2020).

Plants have indeed developed an efficient immune system 
described in the zig-zag model from Jones and Dangl (2006), 
which can be  triggered via (i) the perception of plant elicitors 
or pathogen/microbial/damage-associated molecular patterns 
(P/M/DAMPs) also known as pathogen-associated molecular 
pattern PAMP-triggered immunity (PTI) or (ii) specific pathogens’ 
effectors (effector-triggered immunity, ETI; Jones and Dangl, 
2006). In field conditions, the mobilization of PTI by plant 
defence elicitors could lead to a pesticide reduction. In PTI, 
the recognition of plant elicitors by cell surface pattern-
recognition receptors (PRRs) induces a series of early events, 
such as reactive oxygen species (ROS), nitric oxide production, 
and intracellular calcium influx. Then, intermediate events 
consist of activation of mitogen-activated protein kinases (MAPK) 
and phytohormone signaling (salicylic acid—SA, jasmonic 
acid—JA, and/or ethylene—ET; Bigeard et  al., 2015). These 
signaling cascades trigger the induction of defense genes leading 
to the production of various defense-related compounds such 
as pathogensis-related (PR) proteins (Van Loon et  al., 2006) 
or specialized antimicrobial compounds (Boller and Felix, 2009).

Many plant elicitors, also called PAMPs, which have been 
so far isolated and tested in both laboratory and field experiments, 
originated from microbes (MAMPs; e.g., flagellin; Zipfel et  al., 
2004), or plant themselves (DAMPs; oligogalacturonides; Hahn 
et  al., 1981; Benedetti et  al., 2015). A third category, called 
exogenous elicitors, which includes seaweed-based natural 
substances, was also reported to activate PTI. Interestingly, 
many macroalgae-based extracts were also reported to exhibit 
plant growth-promoting properties. Carrageenans are galactan-
based polysaccharides commonly found in red macroalgae and 
were reported to exhibit plant-eliciting properties (Mercier 

et  al., 2001). Laminarins, β-glucan-containing polysaccharides 
of brown macroalgae were also reported to exhibit plant-eliciting 
properties (Klarzynski et  al., 2000; Aziz et  al., 2003). Finally, 
ulvan polysaccharide, constitutive component of the cell walls 
of the green macroalgae Ulva genus was also reported to 
activate PTI (Cluzet et  al., 2004; Jaulneau et  al., 2010; Martin 
et  al., 2020; Borba et  al., 2021).

Ulva spp. belong to the class of Ulvophyceae, a group of 
green marine benthic algae, which dominates shallow marine 
environments and displays outstanding diversity regarding 
cytological and morphological characteristics (Wichard et  al., 
2015). Ulva spp. were shown to contain macro- and 
micronutrients, phytohormones, osmoprotectants, and other 
compounds with possible biological activities (Chbani et  al., 
2015; Shoubaky and Salem, 2016; Nabti et  al., 2017). The 
presence of these compounds may accounts for well documented, 
Ulva extract-dependent, plant-growth promoting properties 
(Gireesh et  al., 2011; Divya et  al., 2015; Castellanos-Barriga 
et al., 2017; Paulert et al., 2021; Shefer et al., 2022). In addition 
to ulvans, Ulva spp. was also reported to contain fibrillar 
cellulose, mannan, or xylan polysaccharides in their cell walls 
(Domozych et  al., 2012).

One class of proteins, the arabinogalactan proteins (AGPs), 
found in algal, moss, fern, and flowering plant cells walls and 
are strongly implicated in developmental processes (Lee et  al., 
2005; Nguema-Ona et  al., 2012; Bartels and Classen, 2017; 
Renzaglia et  al., 2017; Happ and Classen, 2019; Palacio-López 
et  al., 2019) as well as in interaction with microorganisms 
(Nguema-Ona et  al., 2013; Mareri et  al., 2019). AGPs are 
proteoglycans consisting of two distinct moieties, the carbohydrate 
and the protein domain. The carbohydrate component typically 
accounts for 90%–98% of an AGP by weight and is rich in 
arabinose and galactose residues. The protein moiety, accounting 
for less than 10% of an AGP by weight is hydroxyproline-rich 
(Showalter, 2001; Seifert and Roberts, 2007). However, there 
is a wide range of variability in the structure and composition 
of both the carbohydrate and the polypetide parts. Based on 
the amino acid sequence and composition, AGPs were initially 
categorized into classical AGPs [consisting of a P/Hyp-rich 
domain heavily O-glycosylated, a hydrophobic C-terminal (C-ter) 
domain required for anchorage to the plasma membrane, and 
a signal peptide sequence] and non-classical AGPs (sometimes 
N-glycosylated and lacking the C-ter domain; Nguema-Ona 
et  al., 2012). Non-classical AGPs also tend to be  less heavily 
glycosylated (Showalter, 2001; Ma et  al., 2018).

Although AGPs and AGP-like structures were reported to 
occur across the green and brown algae lineages, contrasting 
with the wealth of information available on land plant AGPs, 
much less is known about AGP occurrence, structure, and 
function in algae (Sørensen et  al., 2011; Hervé et  al., 2015; 
Palacio-López et  al., 2019). Using immunocytochemistry and 
Yariv reagent, the presence of AGPs was described in several 
green microalgae of the freshwater-originated Charophyta 
division, specifically in Desmidiaceae, Coleochaetacea, 
Mesotaeniacea, Zygnemataceae, Chlorokybaceae, and Peniaceae 
families (Domozych et al., 2007, 2009; Eder et al., 2008; Sørensen 
et  al., 2011; Palacio-López et  al., 2019; Pfeifer et  al., 2021). 
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Furthermore, AGPs were detected as well in the Charale order, 
representing the multicellular algae with stem-like and leaf-like 
structures (Domozych et  al., 2010). Within the Chlorophyta 
division, AGPs were also reported in Oedogoniaceae and 
Codiaceae families (Estevez et al., 2008, 2009; Fernández et al., 
2010, 2015). Very recently, AGP-like glycoproteins were isolated 
for the first time from Ulva lactuca (Přerovská et  al., 2021). 
In this study, Ulva AGP-like glycoproteins exhibited a contrasting 
reactivity with primary anti-AGP antibodies as well as with 
Yariv reagent when compared to AGP glycoproteins isolated 
from Solanum lycopersicum. While the amino acid analysis of 
the AGP-like glycoproteins purified by the β-d-glucosyl Yariv 
reagent showed a similarity between Ulva AGP-like glycoproteins 
and land plant AGPs, saccharide analysis revealed unique 
glycosylation of the Ulva lactuca AGP-like glycoproteins. 
Surprisingly, arabinose and galactose were not the most prevalent 
monosaccharides and the most outstanding was the presence 
of 3-O-methyl-hexose, which has never been described in the 
AGPs (Přerovská et  al., 2021). Nevertheless, methylation of 
AGP glycans was previously reported (Bartels et  al., 2017; 
Bartels and Classen, 2017; Happ and Classen, 2019; Temple 
et  al., 2019; Pfeifer et  al., 2020). Moreover, methylated 
glycoproteins and polysaccharides are widely distributed within 
algal cell walls (Ogawa et  al., 2001; Bollig et  al., 2007; Capek 
et  al., 2008; Levy-Ontman et  al., 2011; Staudacher, 2012; 
Mathieu-Rivet et  al., 2014; Mócsai et  al., 2019; Pfeifer and 
Classen 2020).

In the present study, an AGP-like enriched fraction from 
Ulva lactuca has been purified and chemically characterized. 
In order to find out if the Ulva AGP-like enriched fraction 
would exhibit plant eliciting properties, the fraction was tested 
for its ability to elicit the activation of PTI on oilseed rape 
(Brassica napus). Oilseed rape is widely grown in Europe, Canada, 
China, and Australia, and ranks second as oilseed production 
right after soybean (Neik et  al., 2020; Raboanatahiry et  al., 
2021). Oilseed rape is confronted by a plethora of pathogenic 
agents, including Plasmodiophora brassicae, Leptosphaeria 
maculans, Sclerotinia sclerotiorumm, Hyaloperonospora parasitica, 
and others (Becker et  al., 2017; Neik et  al., 2017, 2020). 
Leptosphaeria maculans is a hemibiotrophic fungal pathogen 
causing blackleg disease, also called phoma stem canker (Lipková 
et  al., 2021). The disease causes annually 10%–20% of yield 
losses (Van de Wouw and Howlett, 2020). The AGP-like enriched 
fraction was further tested for its ability to reduce the occurrence 
and the spread of blackleg disease on oilseed rape cotyledons. 
All along this work, the level of activation of PTI as well as 
the efficacy of the AGP-like enriched fraction was evaluated. 
In parallel, an ulvan was also isolated and its ability to both 
activate immune responses and to protect oilseed rape, was 
evaluated and compared to the AGP-like enriched fraction. Our 
results showed that the AGP-like enriched fraction was able 
to significantly activate PTI, and further, to protect the oilseed 
rape cotyledons from the occurrence and the spread of 
L. maculans. Interestingly, plants treated with the AGP-like 
enriched fraction showed a concentration-dependent reduction 
in the severity of L. maculans infection, while ulvan was effective 
only at the highest tested concentration. Likewise, the level of 

activation of PTI was more pronounced following the application 
of the AGP-like enriched fraction compared to the ulvan.

MATERIALS AND METHODS

Biological Materials
U. lactuca materials collected in Brittany (France) were 
purchased from the European Marine Biological Resource 
Center (EMBRC, Station Biologique de Roscoff; https://embrc-
france.obs-banyuls.fr) in 2017. U. lactuca was identified based 
on the sequence and phylogenetic analysis of rubisco large 
subunit (rbcL), internal transcribe spacer (ITS), and tufA 
(plastid elongation factor) genes according to Vieira et  al. 
(2016) and Lin et  al. (2012). The material used for further 
extractions and analyses was freeze-dried and ground to a 
fine powder in CryoMill.

B. napus cultivar Columbus plants were grown hydroponically 
in perlite nourished with Steiner’s nutrient solution (Steiner, 
1984) under controlled conditions (14/10 h, 22/20°C, day/night). 
For inoculation tests, gene expression tests and hydrogen 
peroxide detection cotyledon leaves were used.

The fungus L. maculans (anamorph Phoma lingam) isolate 
JN2 (Balesdent et  al., 2001) was cultivated on V8 solidified 
medium (20% V8 vegetable juice, Campbell, 3 g·L−1 CaCO3, 
and 15 g·L−1 agar, autoclaved). Sporulation cultures and conidia 
suspension were prepared according to Šašek et  al. (2012a). 
After harvesting, the spores were diluted to 108 spore·ml−1 
and stored at −20°C for a maximum of 6 months.

Ulvan Extraction
Based on Yaich et  al. (2013), 12.5 g of ground lyophilized 
U. lactuca was resuspended in 200 ml 50 mM HCl pH 2 and 
was incubated at 90°C for 3 h. After the extraction, the suspension 
was centrifuged for 10 min at 7,000 g at room temperature. 
The pH of the supernatant was adjusted to 3.5 by 1 M NaOH 
and precipitated overnight by three volumes of ethanol at 
4°C. The pellet was obtained by centrifugation for 10 min at 
7,000 g at 10°C, and the precipitate was washed three times 
by 50, 75, and 100% ethanol, centrifuged, dried, and lyophilized.

Preparation of AGP-Like Enriched Fraction
1 g of ground freeze-dried U. lactuca was extracted with 4 ml 
of extraction buffer: 50 mM 4-morpholineethanesulfonic acid 
(MES) buffer pH 6, 0.2 M CaCl2, and 1 mM phenylmethylsulfonyl 
fluoride (PMSF). The extractions mixture was incubated 24 h 
at 4°C using a rotary mixer. Extraction mixture was centrifuged 
at 22,000 g for 20 min at 4°C.

For purification, the column XK 16/40 (GE Healthcare, 
United  States) was fully packed by Q Sepharose® Fast Flow resin 
(GE Healthcare, United States). Subsequently, 50 ml of crude extract 
was 10 times diluted by 25 mM MES buffer pH 6 and left overnight 
at 4°C to precipitate. The AGP-like glycoproteins remained in the 
supernatant after the extract precipitation. The extract was then 
centrifuged, filtered by 0.45 μm, and loaded to the column by 
sample pump. The sample loading was followed by 200 ml 25 mM 
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MES buffer pH 6 column wash, followed by 100 ml buffer with 
0.2 M NaCl, and then step change to buffer with 0.5 M NaCl and 
after that linear gradient to 1.2 M NaCl on 150 ml. The next step 
was linear gradient 1.2–2 M NaCl in buffer on 50 ml. The column 
was reequilibrated by 200 ml wash with 2 M NaCl and 200 ml 
25 mM MES buffer pH 6. The flow rate was 2.5 ml∙min−1. Localization 
of AGP-like glycoprotein in collected fractions was done by western 
blot assay and control for the presence of ulvan was done by 
TBO assay. Positive fractions were pulled together, desalted by 
dialysis using 100 kDa MWCO dialysis tubing (Repligen, 
United  States) for 3 days against distilled water and lyophilized.

Sodium Dodecylsulfate-Polyacrylamide 
Gel Electrophoresis and Western Blot
Samples were mixed with Laemmli sample buffer with a reducing 
agent, boiled for 10 min and 4–25 μl were loaded on 4%–15% 
Mini-PROTEAN® TGX Stain-Free™ precast polyacrylamide 
gels (Bio-Rad, United  States). Gels were run at a constant 
current 200 V for approximately 35 min, and then they were 
stained by Pierce Silver Stain Kit (Thermo Fisher Scientific, 
United  States). Separated proteins were transferred to the 
nitrocellulose membrane via the Trans-Blot Turbo system (Bio-
Rad, United States), using the 10-min program for high molecular 
weight proteins, and were checked for the efficiency of transfer. 
The membrane was blocked with 5% low-fat milk in Tris-
buffered saline (TBS) with 0.05% Tween 20 (v/v; TBST) overnight 
at 4°C on a rocking platform. JIM16 primary antibody 
(PlantProbes, United  Kingdom) was used in 1:500 dilution in 
5% low-fat milk in TBST for 1.5 h at room temperature on 
a rocking platform 100 rpm. After washing with TBST three 
times for 20 min at room temperature on a rocking platform, 
blots were incubated with an anti-rat IgG secondary antibody 
(Sigma Aldrich, United States) coupled to horseradish peroxidase 
in dilution 1:10,000  in 5% low-fat milk in TBST for 1.5 h at 
room temperature on the rocking platform 100 rpm. After 
washing as described before, the membranes were developed 
in SuperSignal West Femto Maximum Sensitivity Substrate 
(Thermo Fisher Scientific, United  States) for 5 min at room 
temperature and the chemiluminescence was detected by 
ChemiDoc Imaging System (Bio-Rad, United  States).

FT-IR Analysis
FT-IR spectra (4,000–400 cm−1) were measured on Nicolet 6700 
FT-IR spectrometer (Thermo Fisher Scientific, United  States) 
using KBr tablets (transmission), 64 scans were accumulated 
with a spectral resolution of 2.0 cm−1. The spectra were smoothed, 
baseline-corrected and the normalization has been done in 
Omnic 8.0 (Thermo Fisher Scientific, United  States). Finally, 
the spectra were exported in ASCII format to Origin Pro software 
(Microcal Origin, United  States) for the preparation of graphs.

Determination of Sulfated Polysaccharides 
by Toluidine Blue O
Based on Hahn et  al. (2016), toluidine blue O (TBO) was 
dissolved in 20 mM maleic acid buffer pH 1 to a final 

concentration of 0.06 mmol·L−1. For measurement of calibration 
curves, ulvan (prepared according to the section “Ulvan 
Extraction”) and dextran sulfate in concentrations 0, 0.1, 0.25, 
0.5, 0.75, and 1 mg·ml−1 were used. About 100 μl of calibration 
or sample solutions were mixed with 900 μl of TBO reagent, 
and the absorbance was measured at 632 nm. For the blank 
measurement was used distilled water.

Determination of Protein Content by 
Bicinchoninic Acid Assay
Protein content was measured by Bicinchoninic Acid (BCA) 
Protein Macro Assay Kit (Serva, DE) according to the product 
manual. Briefly, for measurement of calibration line, the bovine 
serum albumin in concentrations 0, 0.025, 0.05, 0.1, 0.25, 0.5, 
0.75, and 1 mg·ml−1 was used. About 50 μl of standards or 
samples were mixed with 1 ml of BCA reagent. In blank 
measurement was used just distilled water. The solutions were 
incubated at 37°C for 30 min and absorbance was read at 562 nm.

Determination of Total Saccharide Content 
by Anthrone Assay
Based on Yemm and Willis (1954), anthrone reagent was 
prepared by dissolving 0.2 g of anthrone in a mixture of 5 ml 
of ethanol and 95 ml of 75% sulfuric acid on ice. For measurement 
of calibration line, glucose in concentrations 0, 0.01, 0.1, 1, 
10, and 100 μg∙ml−1 was used. The 100 μl of samples (0.1 mg∙ml−1) 
or calibration solutions were mixed with 500 μl of anthrone 
reagent on ice. Afterward, the mixture was incubated for 10 min 
at 100°C, chilled on ice, and the saccharide content was 
determined spectrophotometrically at 625 nm.

Determination of Uronic Acid Content
Based on Blumenkrantz and Asboe-Hansen (1973), galacturonic 
acid was used for measurement of the calibration line in 
concentrations 0, 40, 80, 120, 160, 200, and 240 μg∙ml−1. Samples 
(1 mg∙ml−1) and calibration solutions were diluted by distilled 
water 1:4 to final volume 500 μl and 3 ml of 12.5 mM sodium 
tetraborate decahydrate (0.478 g dissolved in 100 ml of 96% 
sulfuric acid) was added and the mixture was vortexed. The 
tubes were kept at 100°C for 5 min, chilled on ice and 50 μl 
of 0.15% (w/v) 3-hydroxybiphenyl in 0.5% NaOH was added. 
In the case of individual sample blank measurements, the use 
of 3-hydroxybiphenyl was omitted and only 0.5% NaOH was 
added. The solutions were vortexed and kept at room temperature 
for 30 min. The absorbance was measured at 520 nm. From 
the samples control solution of β-glucan (1 mg∙mL−1), as 
correction of neutral saccharide interference, was also subtracted.

Saccharide Composition Analysis by 
High-Performance Anion-Exchange 
Chromatography
1 mg of samples were dissolved in 1 ml of 1 M H2SO4 and 
were hydrolyzed for 8 h at 90°C. To neutralize the samples, 
300 mg of BaCO3 were added and incubated overnight on 
vortex. Samples were centrifuged at 10,000 g for 15 min, the 
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supernatants were filtrated, and pH was checked (Přerovská 
et  al., 2021). If needed, samples were further diluted to get 
within the calibration range of the following analysis.

The samples were analyzed using high-performance anion-
exchange chromatography (HPAEC) with pulsed amperometric 
detection (PAD) system Dionex DX-600 (Dionex, United States) 
with anion-exchange column CarboPac PA1, 2 mm × 250 mm 
(Thermo Fisher Scientific, United States) for the possible presence 
of about 20 saccharides and sugar alcohols (modified method 
according to Hardy et al., 1988; Přerovská et  al., 2021 and 
Nagel et  al., 2014). The Dionex ECD-50 detector (Dow, 
United  States) was switched to the PAD mode. The injection 
volume was 10 μl. The mobile phase flow rate was 0.25 ml∙min−1, 
and the column temperature was maintained at 25°C. The 
program starts at 0 min with a column in 100 mM NaOH, the 
NaOAc concentration is gradually increased to 240 mM during 
50 min while maintaining the NaOH concentration at 
100 mmol∙L−1. Then, within 0.5 min, there is a change to 100 mM 
NaOH/600 mM NaOAc and in such a way regeneration takes 
place until 55 min. Afterward, within 0.5 min, there is a smooth 
change to 200 mM NaOH regenerating the column until 58 min, 
and finally within 0.5 min there is another change to 100 mM 
NaOH causing reequilibration of the column until 65 min.

In vitro Antifungal Assay
Antifungal activity of AGP-like enriched fraction and ulvan 
was measured according to the method previously described 
by Jindřichová et  al. (2014). Briefly, GFP-tagged L. maculans 
(Šašek et  al., 2012b) was suspended into 5 × 104 spore∙ml−1 in 
a Gamborg B5 medium (Duchefa, Netherlands) supplemented 
with 0.3% sucrose and 10 mM MES pH 6.8. About 50 μl of 
conidia suspension was pipetted into black 96-well plate and 
then added 50 μl of test solutions (final concentration 0.01, 
0.05, and 0.1 mg∙ml−1). AGP-like enriched fraction and ulvan 
were dissolved in 10 mM MES pH 6.8. As a growth control, 
10 mM MES pH 6.8 was used. As positive control, 32 mM 
tebuconazole was used in form of commercial fungicide Horizon 
250 EW (Bayer CropScience AG, Germany). The covered and 
micropore tape sealed plate was cultivated at 26°C and in the 
dark. Relative fluorescence was measured using Infinite F200 
plate reader (TECAN, Switzerland) with filters for excitation 
485/20 nm and for emission 535/25 nm every 24 h for 5 days. 
Fluorescent values were averaged for each treatment and 
difference between 96 and 0 h of control treatment was set as 
100% of growth of L. maculans.

Plant Treatment
Cotyledons of 12-day-old plants were used for AGP-like 
enriched fraction and ulvan solutions treatment. Lyophilized 
extracts of AGP-like enriched fraction and ulvan were dissolved 
in distilled water. For dissolving, solutions were slightly 
heated in water bath. As negative control treatment with 
distilled water was used and as positive control 32 μM 
benzothiadiazole (BTH), a synthetic analogue of salicylic 
acid, in the form of the commercial preparation Bion 50WG 
(Syngenta, Zambia) was used in induced resistance test. For 

all experiments, 12 plants were used for each treatment. 
Cotyledons were treated by infiltration using a syringe without 
needle until full leaf saturation. The final concentrations of 
AGP-like enriched fraction and ulvan were 0.01, 0.02, 0.05, 
and 0.1 mg∙ml−1.

Induced Resistance Test
The 14-day-old plants were inoculated by conidia suspension 
of L. maculans in concentration 105 spore∙ml−1. Inoculation 
was performed by infiltration using needleless syringe until 
complete leaf saturation. Infected leaves were evaluated by 
image analysis using the APS Asses 2.0 software (APS Press, 
United  States). The lesion area relative to the cotyledon area 
was averaged for each treatment and compared to the control 
(water) treatment, representing 100%.

Determination of Hydrogen Peroxide
Based on Thordal-Christensen et  al. (1997), the presence of 
hydrogen peroxide was determined by the polymerization of 
3,3′-diaminobenzidine (DAB). DAB solution (1 mg∙ml−1 in 
10 mM Tris/HCl pH 7.8) was infiltrated into the cotyledons 
by vacuum infiltration. Infiltrated leaves were incubated for 
4 h in dark at room temperature. Afterward, the chlorophyll 
was removed by several washes with 96% ethanol. Before 
scanning, the leaves were rehydrated by consecutive 75, 50, 
25, and 0% ethanol washes. For longer storage were leaves 
kept in 50% glycerol. DAB forms a reddish–brown 
polymerization product in the presence of H2O2 and 
peroxidase (PX).

Gene Transcription Analysis
RNA was isolated 24 h after plant treatment with studied 
compounds using commercial kit Spectrum™ Plant Total RNA 
Kit (Sigma Aldrich, United  States). About 100 mg of plant 
material (10–12 disks with radius 6 mm) was used for isolation; 
four samples were collected from 12 plants. RNA was isolated 
according to the manufacturer manual and the concentration 
of isolated RNA was determined spectrophotometrically by 
NanoDrop  1000 (Thermo Scientific, United  States). Isolated 
RNA (2.5 μg) was treated with DNA-free™ DNA Removal Kit 
(Ambion, United  States) to remove possible contamination by 
genomic DNA. Isolated RNA was transcribed to cDNA via 
reverse transcription using M-MLV RNase H-point mutant 
(Promega, United  States) and anchored oligo dT21 primer 
(Metabion, Germany). The qPCR reaction contained the 
equivalent of 6.25 ng of RNA in LightCycler® 480 SYBR Green 
I  Master (Roche, Switzerland), in case of ACS2 and NCED3, 
RNA equivalent was 25 ng. The final volume of reaction was 
10 μl and was performed in a 96-well plate using LightCycler® 
480 (Roche, Switzerland). The PCR conditions were 95°C for 
10 min followed by 45 cycles of 95°C for 10 s, 55°C for 20 s, 
and 72°C for 20 s, followed by a melting curve analysis. Threshold 
cycles and melting curves were calculated using LightCycler®480 
software. Level of relative transcription was calculated with an 
efficiency correction and normalized to the reference gene 
Actin. A list of primers is shown in Supplementary Table S1.
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Statistical Analysis
The experiments were carried out in three independent biological 
replicates (i.e., three separate experiments not conducted in 
parallel at the same time). Data were analyzed using pair t-test 
or one-way ANOVA with post hoc Tukey test (p < 0.05). All 
statistical analysis were performed using GraphPad Prism 8  
software.

RESULTS

Preparation of AGP-Like Enriched Fraction 
and Its Characterization
Based on physicochemical properties of both, AGPs and ulvan, 
ion-exchange (IEX) chromatography was chosen for their 
separation. In order to get rid of ulvan, purification procedure 
was optimized. The effectivity of separation was established 
based on the separation of AGP-like glycoproteins localized 
by western blot, and ulvan, whose localization was determined 
by TBO assay. The best results were achieved using Q Sepharose® 
Fast Flow resin and 25 mM MES buffer pH 6 and for the 
elution gradient of 2 M NaCl was chosen. The combination 
of step and linear elution gradient proved to be  the most 
effective. Once the suitable protocol was found out, the 
purification was scaled up and the example chromatogram of 
chosen ion-exchange purification is presented in 
Supplementary Figure  1A.

The majority of proteins were localized within the peak 
containing AGP-like glycoproteins, represented by western blot 
positive fractions (Supplementary Figure S1B, lanes 6–8). On 
the other hand, the ulvan peak represented by TBO positive 
fractions contained almost no proteins 
(Supplementary Figure S1B, lane 9). The results of the western 
blot showed the presence of two high molecular weight AGP-like 
glycoproteins in JIM16 positive fractions. These fractions were 
collected and dialyzed against water for 3 days using a membrane 
with 100  kDa MWCO to desalt the sample and at the same 
time to remove low molecular weight compounds including 
the unwanted proteins. The dialyzed JIM16 positive fractions 
(AGP-like enriched fraction) were lyophilized afterwards and 
used for biological assays on plants.

Ulvan from U. lactuca was chosen as a control during the 
biological assays on plants, because of its well-documented 
elicitor activity. Ulvan from U. lactuca was prepared according 
to Yaich et  al. (2013) and the yield was approximately 18% 
(w/w). To check the result of ulvan extraction, the sample 
was analyzed by FT-IR analysis (Supplementary Figure  2).

The measured FT-IR spectrum corresponded well to the 
already measured spectra of ulvan in the literature and contained 
all the bands typical for ulvan structure (Robic et  al., 2009): 
the OH groups gave a signal at 3,420 cm−1, the uronic acids 
afforded expected signals at 1,634 and 1,428 cm−1, the sulfate 
groups absorbed at 1,258 and 1,225 cm−1, the glycosidic linkages 
absorbance band was at 1,138–1,127 cm−1, and the sugar-rings 
signals were assigned in the range of 110 and 990 cm−1 
(Supplementary Figure  2B). However, some differences were 
noticed since the maximum absorption band at 1,135 cm−1 

(1,055 cm−1 in Robic et  al., 2009), and a shoulder between 
1,220 and 1,130 cm−1 (not so significant in Robic et  al., 2009) 
were observed. Although the ulvan extraction was successful, 
spotted differences might be pointing out to the slightly different 
structure of ulvan or presence of contamination within the 
sample. The presence of the bands at 656 and 645 cm−1 in 
the FT-IR spectrum suggested contamination by inorganic 
sulfates or phosphates.

Ulvan and AGP-like enriched fraction used for biological 
tests on plants were characterized mainly in terms of their 
glycosylation, which is assumed to be responsible for the AGPs 
functionality in plant development and defense responses 
(Lopez-Hernandez et  al., 2020; Villa-Rivera et  al., 2021).

Firstly, all the samples were analyzed in terms of the total 
protein content and composition of AGP-like glycoproteins 
(Figure 1A). Even though almost no proteins and mainly smear 
typical for polysaccharides could be  seen in the case of the 
extracted ulvan (Figure  1A; lane 1), the presence of proteins 
confirms the contamination of extracted ulvan. The AGP-like 
enriched fraction contained a high amount of proteins with 
a molecular weight below 75  kDa (Figure  1A; lane 2). 
Surprisingly, even though the majority of the unwanted proteins 
had molecular weight below 75  kDa, they were not removed 
by 3-day 100  kDa MWCO dialysis at all. Nevertheless, the 
JIM16 antibody had a strong response with the sample after 

A B

FIGURE 1 | Protein characterization of arabinogalactan protein (AGP)-like 
enriched fraction (AGPs) and ulvan. Samples were analyzed using SDS-PAGE 
and silver staininig (A) and immunolabeling with anti-AGP JIM16 primary 
antibody, 10 s exposition time (B). (1) Ulvan; (2) AGPs. For the SDS-PAGE 
separation were used 4%–15% gradient precast polyacrylamide gels. 
Prestained Protein Ladder—Broad molecular weight (10–245 kDa, ab116028) 
was used.
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IEX purification (Figure 1B; lane 2). Besides, an almost invisible 
response could be  seen also in extracted ulvan (Figure  1B; 
lane 1). These findings further correspond to their 
spectrophotometric analysis of protein, total saccharide, and 
uronic acid content (Table  1).

The neutral saccharide composition differed greatly between 
the samples (Table  1B). Although the ulvan composition 
corresponded to the information present in the literature, 
surprising was the presence of unidentified monosaccharides 
(Yaich et al., 2013). One of these unidentified monosaccharides 
(retention time 3.15 min) was previously identified as 
3-O-methyl-hexose, possibly 3-O-methyl-galactose, which has 
never been described in ulvan structure and might originate 
from the contaminating proteins (Přerovská et  al., 2021). 
This saccharide was the most prevalent saccharide within 

AGP-like enriched fraction, followed by rhamnose, saccharide 
with retention time 4.63 min, saccharide with retention time 
min 3.92 min, and arabinose. The content of the remaining 
saccharides did not exceed 10%. Interestingly, the saccharide 
with retention time 3.92 min could be  found only in 
this sample.

Moreover, the composition of negatively charged 
monosaccharides was completely different too (Table  1C). 
Ulvan negatively charged monosaccharide composition is 
almost identical to the Ulva extract with the majority of 
negatively charged monosaccharide with retention time 
36.47 min. The data for Ulva extract were previously published 
in Přerovská et  al. (2021). After IEX purification of Ulva 
extract the amount of this unidentified negatively charged 
monosaccharide, glucuronic, and iduronic acid decreased, 
whereas a significant amount of negatively charged 
monosaccharide with retention time 25.15 min and galacturonic 
acid appeared in the sample.

For the simplification, the term AGP-like enriched fraction 
will be  in following text shortened to AGPs. It is a mixture 
of AGP-like glycoproteins and other proteins. However, low 
molecular weight compounds such as phytohormones and the 
vast majority of ulvans were removed from the sample during 
preparation. It is important to keep in mind that the structure 
and composition of U. lactuca AGP-like glycoproteins differ 
significantly from the AGPs of classical terrestrial plants (Seifert 
and Roberts, 2007; Přerovská et  al., 2021).

AGP-Like Enriched Fraction Protects 
Brassica napus Against Leptosphaeria 
maculans
The protection efficacy of five different concentrations of algal 
elicitors (AGPs or ulvan) in B. napus against L. maculans was 
assessed by infiltration of B. napus cotyledons 2 days prior to 
inoculation with the pathogen. Once the lesions have developed 
(11 days after inoculation), the cotyledons were scanned to 
evaluate the lesion area (Figure  2A).

The grey-brown areas represent the L. maculans lesions. 
From the images themselves it was obvious, that AGPs caused 
a significant reduction in disease progression in concentration-
dependent manner with concentration 1 mg·ml−1 being as 
effective as 32 μM benzothiadiazole (BTH), which was used 
as a positive control. BTH is a synthetic analog of salicylic 
acid able to induce SA-mediated stress response, which plays 
a major role in the defense against hemibiotrophic pathogens. 
Moreover, the lesion area was evaluated by image analysis, 
when the lesion area relative to the cotyledon area was averaged 
for each treatment and compared to the control treatment, 
expressed as 100%. Each treatment was represented by 12 
plants and the whole experiment was repeated three times 
(Figure  2B).

The concentration-dependent effect of AGPs on the reduction 
of L. maculans infection is even more profound from the graph 
(Figure  2B). As positive control was used treatment with BTH, 
which diminished infection propagation by 99%–92% compared 
to control plants. Even the second-lowest tested concentration 

TABLE 1 | The characterisation of samples.

A—Total content

AGPs Ulvan

Protein 0.346 ± 0.027 0.041 ± 0.004
Total saccharides 0.191 ± 0.027 0.276 ± 0.037
Uronic acids 0.082 ± 0.002 0.200 ± 0.010

B—Neutral monosaccharide composition
Retention time (min) AGPs Ulvan
2.93 1.4 ± 0.3 Traces Fucose
3.15 27.7 ± 2.3 6.8 ± 0.5 3-O-methyl-hexosea

3.42 15.7 ± 0.5 71.5 ± 2.8 Rhamnose
3.92 12.5 ± 0.3 n.d. -b

4.13 10.0 ± 0.8 Traces Arabinose
4.63 15.5 ± 0.1 0.8 ± 0.1 -b

4.83 4.5 ± 0.1 2.3 ± 0.2 Mannose
5.05 7.3 ± 0.1 9.8 ± 0.2 Galactose
5.07 1.8 ± 0.1 traces Glucose
5.27 3.8 ± 0.1 8.0 ± 0.5 Xylose

C—Negatively charged monosaccharide composition
Retention time (min) AGPs Ulvan
25.15 13.9 ± 0.9 n.d. -c

25.83 23.4 ± 0.3 n.d. Galacturonic acid
27.65 30.7 ± 0.8 33.4 ± 1.3 Glucuronic acid
33.90 3.7 ± 0.1 6.4 ± 0.2 Iduronic acid
36.47 28.4 ± 0.2 60.2 ± 1.9 -c

(A) Basic characterization of the samples by spectrophotometric methods. Protein, total 
saccharide, and uronic acid mass fraction of Ulva lactuca ulvan, and AGP-like enriched 
fraction. Protein content was measured by the Bicinchoninic Acid (BCA) method, total 
saccharide content by anthrone method, and uronic acid content by the 
3-hydroxybiphenyl method. Values in the table represent the mean ± SE (n = 9, collected 
from three independent experiments). (B) Neutral monosaccharide composition (mass 
% of total neutral saccharides) of Ulva lactuca ulvan, and AGP-like enriched fraction. 
Values in the table represent the mean ± SE (n = 9, collected from three independent 
experiments). (C) Negatively charged monosaccharide composition (mass % of total 
negatively charged monosaccharides) of Ulva lactuca ulvan, and AGP-like enriched 
fraction. Values in the table represent the mean ± SE (n = 4, collected from two 
independent experiments). 
aApproximate content, the concentration calculated with a coefficient of 3-O-methyl-
glucose.
bApproximate content, the concentration calculated with average coefficient of all 
standards.
cApproximate content, the concentration calculated with an average coefficient of all 
uronic acid standards. 
Traces: content < 0.5%; n.d., not detected.
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(0.02 mg·ml−1) led to a decrease in the relative area of lesions 
by 45%–30%. The pretreatment with the highest tested 
concentration (1 mg·ml−1) resulted in a major reduction of infection 
propagation by 94%–83%, which was almost as efficient as the 
use of commercial elicitor BTH. Unexpectedly, the ulvan 
pretreatment had much lower elicitor activity, when only the 
highest tested concentration caused a statistically significant drop 
in lesion relative area by 47%–15%. Besides, greater variability 
between individual biological repetitions could be  observed in 
the case of ulvan results, especially at higher concentrations.

AGP-Like Enriched Fraction Did Not 
Display Any Direct Antifungal Activity 
Against Leptosphaeria maculans
To exclude a direct antifungal effect of the tested compounds, 
the direct antifungal effect of AGPs and ulvan on L. maculans 
was examined in vitro. The assay showed that the relative 
fluorescence of growing mycelium of L. maculans did not 
significantly differ among the control and AGPs. Interestingly, 
ulvan in all tested concentrations improved L. maculans growth 
(Figure  3).

A

B

FIGURE 2 | Effect of algal elicitors on the progression of L. maculans infection in B. napus cotyledons. Cotyledons were treated with AGP-like enriched fraction 
(AGPs), ulvan extracted according to Yaich et al. (2013) (Ulvan), distilled water (negative control), and 32 μM BTH (benzothiadiazole, positive control) 2 days before 
inoculation with L. maculans. Symptoms of L. maculans infection on cotyledons of B. napus 11 days after inoculation (A). Disease symptoms were evaluated as a 
percentage of the lesion area to the leaf area 11 days after inoculation (B). The algal elicitors were tested in concentrations 0.01, 0.02, 0.05, 0.1, and 1 mg·ml−1. The 
graph presented data from three biological replicates. Statistically significant differences determined by the one-way ANOVA and Tukey post-hoc test (p < 0.05). 
Each column is presented as the mean ± SE (n = 72). Different letters indicate significant difference.

110

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
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AGP-Like Enriched Fraction Induced 
Production of H2O2 in Brassica napus 
Cotyledons
Hydrogen peroxide represents important ROS, which has 
been shown to participate in cell signaling regulation, 
differentiation, programmed cell death, cell wall formation, 
and stress responses to both abiotic and biotic factors (Huang 
et  al., 2019).

The formation of ROS is the first defense response of plants 
to biotic and abiotic stress and was suggested to play a pivotal 
role in the establishment of SAR with H2O2 as intra- and 
intercellular messenger (Barna et  al., 2012). Thus, the effect 
of AGPs from U. lactuca and extracted ulvan on the formation 
of H2O2 was examined (Figure  4A).

The infiltration of AGPs sample into the cotyledons of 
B. napus leads to the accumulation of H2O2 in a concentration-
dependent manner. Only weak accumulation of H2O2 was 
detected after treatment with ulvan regardless of the concentration 
used. In the case of water infiltration, H2O2 accumulation was 
not observed. To determine the origin of produced hydrogen 
peroxide, relative gene expression of two NADPH oxidases, 
also called respiratory burst oxidase homologues (RBOHs) was 
assessed (Figure 4B). Although RBOH family has more members, 
RBOH D and RBOH F are believed to be  the key players in 
the ROS production during the stress responses (Chapman 
et  al., 2019).

Treatment of B. napus cotyledons with AGPs and ulvan 
24 h prior measurement resulted in increased expression of 
RBOH F by 2.9- and 1.9-fold compared to control, respectively. 
In the case of RBOH D, the expression level remained unchanged.

AGP-Like Enriched Fraction Induced 
Expression of Plant Defense Genes
To further understand the mechanisms behind improved B. napus 
resistance to L. maculans infection, the effect of AGPs on the 

activation of signaling pathways was tested and compared to 
control and ulvan treatment. Marker genes linked to the 
individual signaling pathways were chosen and their changes 
in expression 24 h after elicitor infiltration were observed. 
Corresponding to the previous results of inoculation assay, the 
treatment with AGPs caused statistically significant changes of 
gene expression in the B. napus cotyledons (Figure  5).

The relative expression of the nine genes involved in B. napus 
defense reactions—namely, pathogenesis-related gene 1 (PR1), 
isochorismate synthase 1 (ICS1), phenylalanine ammonia-lyase 
(PAL), ACC synthase (ACS2), β-chitinase (βCHI), vegetative 
storage protein (VSP), allene oxide synthase (AOS), transcription 
factor responsive to desiccation 26 (RD26), and 
9-cis-epoxycarotenoid dioxygenase 3 (NCED3)—were analyzed 
using RT-qPCR in water- (Control), AGPs-, and ulvan-treated 
plants. The treatment with AGPs led to the activation of the 
salicylic acid signaling pathway based on increased expression 
of SA responsive gene PR1 (94.4-fold) as well as SA biosynthetic 
gene ICS1 (8.9-fold). Though, the biggest change in gene 
expression could be observed in the case of ACS2 (316.6-fold), 
pointing to strong activation of ethylene signaling pathway. 
Although the elevated level of βCHI expression (95.9-fold) 
indicates the involvement of the JA/ET signaling pathway, 
marker genes for jasmonic acid pathway AOS and VSP were 
downregulated by 0.4- and 0.2-fold, respectively. On contrary, 
ulvan in addition to the upregulation of βCHI (3.8-fold) also 
increased expression of VSP (2.6-fold), suggesting activation 
of JA/ET signaling pathway. Moreover, marker genes of abscisic 
acid pathway, RD26 and NCED3, were downregulated by both 
AGPs (0.6- and 0.6-fold) and ulvan (0.6- and 0.7-fold). The 
changes in expression of the other marker genes were not 
statistically significant. The results suggest an unusual synergistic 
role of SA and ET signaling pathways during the AGPs 
induced resistance.

DISCUSSION

Seaweed extracts are already used in agriculture for their 
growth-promoting activity and ability to enhance plant stress 
tolerance for decades (Battacharyya et  al., 2015). Although 
Ascophyllum nodosum products are the most commercially used 
(Sharma et al., 2014), Ulva sp. extracts have also high potential 
and have been the topic of various research papers (Dominguez 
and Loret, 2019). The most crucial challenge in seaweed 
biostimulant development is to choose the right extraction 
protocol, which will harvest all desired molecules with 
biostimulant activity. The protocol immensely affects the 
composition of final product and various protocols were 
established over the years. Although novel extraction technologies 
such as supercritical fluid extraction or microwave-assisted 
extraction are available, at the industrial level, the most common 
method is heating of algal biomass with potassium or sodium 
hydroxide solutions under pressure. Such harsh conditions can 
lead to the loss of some bioactive compounds plus result in 
uncontrolled fragmentation of polysaccharide chains, which 
consequently affect the biostimulant activity of the formulation 

FIGURE 3 | Antifungal effect of AGP-like enriched fraction (AGPs) and ulvan 
on L. maculans growth. Spores of L. maculans tagged with GFP were 
cultivated with different concentrations of AGPs and ulvan extracted 
according to Yaich et al. (2013) (Ulvan) for 96 h in a microtitre plate. The 
growth of mycelium was quantified as an increase in GFP fluorescence. The 
data are presented as the mean ± SE values (n = 6). Statistically significant 
differences determined by the t-test are marked either with an *p < 0.05 or 
**p < 0.01, all samples were compared to the control (10 mM MES pH 6.8).
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(El Boukhari et  al., 2020; Ali et  al., 2021). Our results show, 
that even mild buffer extraction yields high amounts of proteins 
and saccharides with biostimulant activity within our extract. 
The eliciting activity of seaweed extracts is mainly attributed 
to the sulfated polysaccharides presented in their cell walls 
(Stadnik and Freitas, 2014). Nevertheless, algae contain a 
tremendous number of other biomolecules with potential 

biostimulant activity and AGPs belong to them. AGPs play a 
crucial role in higher plant defense responses and plant-microbe 
interactions (Nguema-Ona et  al., 2013; Mareri et  al., 2019), 
and their presence was confirmed also in brown and green 
algae (Estevez et  al., 2009; Hervé et  al., 2015; Ma et  al., 2017; 
Přerovská et al., 2021). To test the ability of U. lactuca AGP-like 
glycoproteins to elicit defense responses and enhance stress 
resistance of higher plants, an AGP-like enriched sample 
containing approximately one-third of AGP-like glycoproteins 
was prepared by IEX chromatography. The ulvan extracted 
from U. lactuca was used for comparison. It activates plant 
immunity through the RBOH-dependent JA signaling pathway 
without inducing hypersensitive response (HR; Jaulneau et  al., 
2010; Freitas and Stadnik, 2015; Martin et  al., 2020).

Up to now, seven studies focusing on the effects of different 
Ulva spp. extracts on plant infections with pathogens were 
published. Most of the studies used identical extraction protocol 
based on Cluzet et  al. (2004), where dried Ulva material was 
autoclaved in distilled water, followed by ethanol precipitation. 
Some of the studies then call their product ulvan or some 
more generally as Ulva extract. In this study, ulvan was prepared 
according to Yaich et  al. (2013) and based on excellent review 
of ulvan extractions done by Kidgell et  al. (2019); our protocol 
should have high extraction yield, selectivity and low degradation. 
Only six studies also tried to analyze their products, mainly 
by means of spectrophotometric analyses, monosaccharide 
composition, and FT-IR analyses (Cluzet et  al., 2004; Paulert 
et  al., 2009, 2010; Jaulneau et  al., 2011; Hernández-Herrera 
et  al., 2014; Borba et  al., 2019). Ulvan is mainly composed of 
rhamnose and glucuronic acid with the main repeating 
disaccharide unit (→4)-β-d-GlcAp-(1 → 4)-α-l-Rhap-(1→, in 
which glucuronic acid can be  replaced to a certain extent by 
iduronic acid or xylose). Sulfation occurs mainly on C3 of the 
rhamnose and also C2 of the xylose or glucuronic acid (Lahaye 
and Robic, 2007; Kidgell et  al., 2019). Although our results of 
ulvan analyses agrees with previously published data, outstanding 
is the presence of 3-O-methyl-hexose and unidentified saccharides, 
which possibly comes from contaminating glycoproteins. The 
most intriguing is the nature of negatively charged monosaccharide 
with retention time 36.47 min. Nevertheless, based on the 
knowledge of ulvan composition and the separation principle 
of the HPAEC/PAD technique, its long elution time indicates 
a strongly polar nature suggesting that we  are dealing with a 
sulfated monosaccharide such as rhamnose-3-sulfate, which would 
correspond to its high content in ulvan (Templeton et  al., 2012; 
Yaich et al., 2013). The composition of AGP-like enriched samples 
differs greatly from ulvan containing greater variety of 
monosaccharides and even more unidentified ones including 
rhamnose-3-sulfate. If true, the origin of this sulfated 
monosaccharide in the sample purified by ion-exchange 
chromatography, which should not contain ulvan, remains 
unknown. However, the correlation between sulfation and salt 
tolerance was previously proven (Aquino et  al., 2011). Thus, 
the hypothetical presence of sulfated monosaccharide within 
AGP-like glycoproteins might be  an adaptation to the marine 
environment. The other unidentified negatively charged 
monosaccharide with retention time 25.15 min is most probably 

A

B

FIGURE 4 | Effect of algal elicitor treatment on accumulation of H2O2 and 
expression of respiratory burst oxidase homologues (RBOHs) in B. napus 
cotyledons. Accumulation of H2O2 in B. napus cotyledons (A). Cotyledons 
(12-day-old) were treated with AGP-like enriched fraction (AGPs), ulvan 
extracted according to Yaich et al. (2013) (Ulvan), and distilled water (Control) 
by infiltration, the algal elicitors were tested in concentrations 0.01, 0.1, and 
1 mg·ml−1. H2O2 was detected 24 h after treatment using 
3,3′-diaminobenzidine, the presence of H2O2 is represented by brown-red 
coloring. Expression of RBOHs in B. napus cotyledons (B). Cotyledons were 
treated with AGP-like enriched fraction (AGPs), ulvan (Ulvan), and distilled 
water (Control) by infiltration in 0.1 mg·ml−1 concentration. After 24 h, gene 
expressions of RBOH D and RBOH F were analyzed. Data from the 
representative experiment are shown. Relative expression was calculated with 
efficiency correction and normalization to actin. Data are plotted at the log10 
scale. Asterisks indicate statistically significant differences from control 
determined by the t-test **p < 0.01.
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4-O-methyl-glucuronic acid, which would be  in agreement with 
Pfeifer et  al. (2020), who found out that Zostera marina AGPs 
contained high amounts of glucuronic acid and terminal 
4-O-methyl-glucuronic acids, rare to land plant AGPs. 
We  hypothesize, that the presence of unusual, modified 

monosaccharides might play an important role in eliciting plant 
resistance against the pathogen. The presence of galacturonic 
acid is interesting since it has rarely been described as part of 
AGP glycans (Tan et  al., 2013). Though, high content of 
galacturonic acid and glucuronic acid was also identified in 

FIGURE 5 | Effect of algal elicitor treatment on activation of plant defense pathways in B. napus cotyledons. Cotyledons were treated with AGP-like enriched 
fraction (AGPs), ulvan extracted according to Yaich et al. (2013) (Ulvan) and distilled water (Control) by infiltration in 0.1 mg·mL−1 concentration. After 24 h, gene 
expressions of marker genes of salicylic acid pathway (PR1, ICS1, and PAL1), ethylene pathway (ACS2), ethylene/jasmonic acid pathway (βCHI), jasmonic acid (VSP 
and AOS), and abscisic acid (RD26, NCED3) were analyzed. Data from the representative experiment are shown. Relative expression was calculated with efficiency 
correction and normalization to actin. Data are plotted at the log10 scale. Asterisks indicate statistically significant differences from control determined by the t-test 
*p < 0.05 or **p < 0.01.
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AGP-like glycoproteins of Micrasterias denticulata (Eder et  al., 
2008), which pointed out to the unique glycosylation of algal 
AGP-like glycoproteins. The high content of uronic acids was 
proposed as a specific adaptation to the marine environment, 
thanks to their calcium-binding capacity and the ability of 
calcium ions to protect plants from harmful effects of salt stress 
(Lahaye and Epstein, 1969, 1971; Cramer et  al., 1985; Pfeifer 
et  al., 2020). The ion-binding capacity of AGPs can be  fine-
tuned according to environmental factors (Lamport and Várnai, 
2013; Pfeifer et  al., 2020). Moreover, the essential role of 
pH-dependent periplasmic AGP–Ca2+ capacitor in signaling and 
normal plant development was reported (Lamport and Várnai, 
2013; Lamport et  al., 2014, 2018; Mizukami et  al., 2016; Lopez-
Hernandez et al., 2020). Importantly, big differences in composition 
can be  found between the AGP-like enriched fraction prepared 
with the help of IEX chromatography and AGP-like glycoproteins 
obtained by Yariv precipitation from U. lactuca extract, whose 
composition was previously published (Přerovská et  al., 2021). 
The discrepancies are caused most probably due to the distinct 
content of individual AGP-like glycoproteins, or the presence 
of contaminating compounds based on different purifications. 
For instance, the IEX purified product contained more proteins 
other than AGP-like glycoproteins, and possibly a large fraction 
of them is glycosylated making the data difficult to interpret. 
Moreover, Yariv precipitated AGP-like glycoproteins are highly 
enriched in AGP-like glycoprotein with molecular weight 
approximately 20 kDa compared to AGP-like enriched fraction 
prepared by IEX chromatography. Nevertheless, the composition 
of Yariv precipitated AGP-like glycoproteins still differed greatly 
from data known from land plant AGPs. Most importantly, the 
use of Yariv reagent is not suitable for large scale purification, 
due to the cost of Yariv reagent and mainly due to extremely 
low yields of the purification (Přerovská et al., 2021). Our results 
showed that pretreatment of B. napus plants with AGPs significantly 
reduced the development of L. maculans symptoms on cotyledons. 
To reveal the mechanism of fungus retardation induced by AGPs 
treatment, the direct antimicrobial activity tests of the compounds 
were performed in axenic cultures in vitro. Neither AGPs nor 
ulvan had any effect on the growth of L. maculans in this 
study. Unfortunately, no similar data are available for comparison. 
However, in the case of ulvan, various data can be found showing 
either no direct antifungal effect toward different pathogens 
(Freitas and Stadnik, 2012) or even enhancing the germination 
of conidia of C. lindemuthianum (Paulert et  al., 2009). The 
latter corresponds to the enhanced growth of L. maculans, which 
can be  explained in the same way. Simply, the polysaccharide 
can serve as a carbon source for the fungus. Nevertheless, since 
the compounds studied did not show any direct antifungal effect, 
but at the same time were able to reduce the severity of 
L. maculans infection at a certain concentration, it can be assumed 
that the protection is due to their elicitor activity. In general, 
elicitors trigger numerous signaling events that lead to the 
activation of the defense. Among the earliest is the ROS production 
of superoxide, hydroxyl radical and hydrogen peroxide. The 
latter plays a central role in biotic stress, including oxidative 
burst, cross-linking of cell wall proteins, callose deposition, 
signaling, defense gene expression, and hypersensitive response 

often manifested by systemic acquired resistance (Freitas and 
Stadnik, 2015; Waszczak et  al., 2018). While AGPs caused a 
concentration-dependent production of H2O2, almost no H2O2 
was produced after treatment with ulvan. Similar H2O2 
accumulation was also found in B. napus cotyledons infiltrated 
with an oligosaccharide elicitor isolated from L. maculans mycelium 
(Kim et  al., 2013).

These results are consistent with gene expression analysis, 
as ROS can potentiate the production of SA and SA-mediated 
signaling, leading to the expression of SA-responsive defense 
genes such as PR1. These findings agree with the proposed 
mode of action of A. nodosum extract (Stella Maris®; Cook 
et  al., 2018). Moreover, the H2O2 produced could likely have 
direct antimicrobial activity, as the inhibitory effect of hydrogen 
peroxide on conidial germination and mycelial growth of 
L. maculans (Jindřichová et  al., 2011) has been described 
previously. It is noteworthy that H2O2 production could be partly 
caused by phytotoxicity of AGPs, as necrosis formed after 
treatment with a high concentration (10 mg·ml−1, data not 
shown). However, this fact is not a problem as even low 
concentrations lead to a significant reduction in the severity 
of infection without phytotoxic effects. Phytotoxicity phenomenon 
has already been described for other elicitors (Burketova et  al., 
2015; Trdá et  al., 2019). Several articles describing the effect 
of ulvan treatment on H2O2 production showed a different 
response depending on the plants used and the priming of 
ROS production (Paulert et  al., 2010; Abouraïcha et  al., 2015; 
Freitas and Stadnik, 2015). Although our results seem to 
contradict the findings of Freitas and Stadnik (2015), where 
ulvan treatment resulted in higher increase of H2O2 production 
in A. thaliana compared to our findings, they used ulvan from 
Ulva fasciata and a different extraction methodology. Ulvan 
composition is highly dependent on the source species, 
ecophysiology, extraction, and processing procedure, which 
causes diverse bioactivity profiles (Kidgell et al., 2019). In order 
to determine the origin of the hydrogen peroxide produced, 
the expression of two NADPH oxidases, also called respiratory 
burst oxidase homologs (RBOHs), was analyzed. RBOH D and 
RBOH F were chosen, since they are known to be  key players 
in stress responses in various plant pathosystems (Torres et al., 
2002; Morales et  al., 2016; Jasso-Robles et  al., 2020). Both 
AGPs and ulvan caused a significant increase in the expression 
of RBOH F, but not RBOH D. Although these two enzymes 
cooperate during ROS generation, they are thought to play 
different roles in the regulation of hypersensitive response. 
While RBOH D is responsible for most of the ROS production 
during effector-triggered immunity, RBOH F is thought to 
control cell death (Torres et  al., 2002). Moreover, a different 
expression pattern of these two NADPH oxidases has been 
demonstrated, with RBOH F being mainly expressed in leaves. 
Nevertheless, striking differences between their functions are 
evident in the literature depending on the pathosystem studied 
and even on the inoculation method, plant growth conditions 
or sampling time (Morales et  al., 2016). Moreover, NADPH 
oxidases are not the only sources of hydrogen peroxide during 
defense responses. Polyamine oxidases and cell wall peroxidases 
also contribute (Kámán-Tóth et al., 2019; Jasso-Robles et al., 2020).
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In addition to H2O2 accumulation, the treatment of plants 
with AGPs caused changes in defense genes transcription. The 
results suggest that increased resistance of B. napus against 
L. maculans elicited by AGPs is SA-dependent as indicated 
by elevated transcription of both SA-biosynthetic gene ICS1 
and SA-responsive gene PR1. Since the expression of PAL did 
not differ from the control, it is probable that SA is synthesized 
exclusively via the pathway regulated by ICS1. In addition to 
the salicylic acid signaling pathway, the AGPs induced also 
expression of βCHI gene involved in JA/ET signaling. On the 
other hand, the activation of AOS transcription, the biosynthetic 
gene for jasmonic acid, by AGPs, was not observed. This 
resembles the signaling situation reported by Šašek et al. (2012b) 
within B. napus infection with L. maculans who showed, that 
the main signaling pathways involved in this pathosystem are 
SA and ET signaling and that the transcription of the related 
genes was significantly increased 7 days after pathogen 
recognition. This is further supported by the strong transcription 
of ACS2, the ethylene-biosynthetic gene, elicited by AGPs 
treatment. Our findings indicate elicitation of both SA-dependent 
and ET-dependent signaling pathways. Nevertheless, the ever-
increasing discoveries of crosstalks in between the signaling 
pathways revealed the truly complex nature of plant responses 
(Bürger and Chory, 2019; Yang et  al., 2019), even in the plant 
B. napus (Nováková et al., 2014). Besides our results correspond 
to the results of Cluzet et al. (2004), who described the increased 
expression of CHI, PR1, and PR10 genes after treatments with 
various Ulva extracts. The activation of PR1 transcription was 
also reported in B. napus cotyledons after treatment with 
oligosaccharide elicitor isolated from L. maculans mycelium 
(Kim et al., 2013) and protein elicitor isolated from L. maculans 
cultivation medium (Nováková et al., 2016). The high production 
of hydrogen peroxide together with a strong induction of SA 
and ET signaling pathways explains significant inhibitory effects 
of AGPs on the infection development.

Surprisingly, ulvan caused almost no significant changes in 
gene expression except for slightly increased levels of βCHI 
and VSP, consistent with its known mode of action (Jaulneau 
et al., 2010; Hernández-Herrera et al., 2016; Ramkissoon et al., 
2017). Based on the results, the U. lactuca ulvan appeared to 
be efficient in the pathosystems studied at higher concentrations, 
which was further supported by an 80% decrease in L. maculans 
infection after treatment with a concentration of 10 mg·ml−1 
(Supplementary Figure  3). The variability in ulvan data may 
be  due to the viscous nature of the concentrated samples, 
which causes uneven infiltration.

In addition to the major defense signaling pathways regulated 
by SA, JA, and ET, B. napus plants responded to elicitor treatment 
with a decrease in genes related to ABA. Both the NCED3 
biosynthetic gene and the RD26 responsive gene were downregulated 
by both the AGPs and ulvan. This result is in accordance with 
previous findings of Jaulneau et al. (2010), who reported a transient 
decrease (2 days after treatment) in ABA-responsive genes in 
Medicago truncatula. On the other hand, Chen et al. (2013) found 
an increase in ABA in plants treated with a protein elicitor from 
oomycete Phytophthora boehmeriae, which lead to significant 
reduction of pathogen infection. These contrasting results indicate 

that the role of ABA in induced resistance by elicitors is not as 
straightforward as, e.g., the role of SA. The role of ABA in plant 
defense against pathogens is less defined and the data are less 
consistent compared with SA, JA, and ET signaling. Since ABA 
regulates stomata opening, it is suggested that ABA is an important 
phytohormone in protecting the host plant from pathogen 
penetration via the stomata. The possible positive role of ABA 
in the studied pathosystem B. napus—L. maculans was previously 
reported by Šašek et  al. (2012b). Similar to ABA, several elicitors 
of different origins induced stomata closure and ROS production 
in guard cells (Allègre et  al., 2009).

In conclusion, our study makes an important contribution to 
the understanding of the mechanisms behind the elicitor activity 
of U. lactuca extracts recently introduced in agriculture. In addition 
to the well-described polysaccharide ulvan, U. lactuca contains 
other compounds that elicit even stronger defenses against 
pathogens. We were able to prepare an AGP-like enriched fraction 
that efficiently induced resistance to the hemibiotrophic fungal 
pathogen L. maculans in cotyledons of B. napus. Examination 
of the signaling events revealed that the triggered defense 
mechanisms were regulated by H2O2, SA, and ET signaling. 
Proposed mechanisms of actions for both AGPs and ulvan are 
presented in the Figure  6. Since AGPs showed higher efficiency 
than ulvan, AGPs may have the potential to become a component 
of plant protection products in the future. Moreover, for their 
possible future application, our following research will be focused 
on increased penetration of AGPs to the plants, testing 

FIGURE 6 | Proposed mechanism of AGP-like enriched fraction (AGPs) and 
ulvan action based on transcription of signaling pathway marker genes. AGPs 
activate the salicylic acid signaling pathway via isochorismate synthase 1 and 
the ethylene signaling pathway via ACC synthase. Ulvan activates the 
ethylene signaling pathway based on gene expression of βCHI and probably 
also jasmonic acid signaling pathway based on VSP expression. Full arrows 
indicate proven involvement of the pathways, and dashed arrows indicate 
likely involvement of the pathways.
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oligosaccharides produced from AGPs, and assessing their effect 
also on other pathosystems including monocot plants, which differ 
in their defense signaling.
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Extracellular self-RNA: A danger 
elicitor in pepper induces 
immunity against bacterial and 
viral pathogens in the field
Doyeon Kim 1,2, Myoungjoo Riu 1,3, Sang-Keun Oh 3 and 
Choong-Min Ryu 1,2*
1 Molecular Phytobacteriology Laboratory, Infectious Disease Research Center, KRIBB, Daejeon, 
South Korea, 2 Department of Biosystems and Bioengineering, KRIBB School of Biotechnology, 
University of Science and Technology, Daejeon, South Korea, 3 Department of Applied Biology, 
College of Agriculture & Life Sciences, Chungnam National University, Daejeon, South Korea

Plants and animals serve as hosts for microbes. To protect themselves from 

microbe-induced damage, plants and animals need to differentiate self-

molecules/signals from non-self, microbe-derived molecules. Damage-

associated molecular patterns (DAMPs) are danger signals released from the 

damaged host tissue or present on the surface of stressed cells. Although a 

self-extracellular DNA has previously been shown to act as a DAMP in different 

plant species, the existence of a self-extracellular RNA (eRNA) as a danger 

signal in plants remains unknown. Here, we firstly evaluated the ability of a 

pepper self-eRNA to activate immunity against viral and bacterial pathogens 

under field conditions. Pepper leaves pre-infiltrated with self-eRNA exhibited 

reduced titer of the naturally occurring Tomato spotted wilt virus and 

diminished symptoms of Xanthomonas axonopodis pv. vesicatoria infection 

through eliciting defense priming of abscisic acid signaling. At the end of the 

growing season at 90 days after transplanting, pepper plants treated with 

self- and non-self-eRNAs showed no difference in fruit yield. Taken together, 

our discovery demonstrated that self-eRNA can successfully activate plant 

systemic immunity without any growth penalty, indicating its potential as 

a novel disease management agent against a broad range of pathogenic 

microbes.

KEYWORDS

DAMP, trade-off, self-eRNA, plant immunity, pepper

Introduction

Plants and animals serve as hosts for pathogenic microbes and suffer microbe-induced 
damage (Heil and Vega-Muñoz, 2019). In animals, the perception of and response to host-
derived (self) and pathogen-derived (non-self) molecules have been investigated for a long 
time (Schlee and Hartmann, 2016; Barbero et  al., 2021). By contrast, in plants, the 
perception of self- and non-self-signals and response to damage-associated molecular 
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patterns (DAMPs) have not received sufficient attention (Bhat and 
Ryu, 2016; Heil and Vega-Muñoz, 2019). In 2015, Mazzoleni and 
colleagues were the first to report the autotoxicity of self-
extracellular DNA (self-eDNA) as a mechanism of negative plant–
soil feedback (Mazzoleni et  al., 2015a). Further investigation 
revealed that the self-inhibition of growth was not limited to plant 
species, and was also observed to function in other organisms 
including bacteria, fungi, algae, protozoa, and insects in a 
concentration-dependent manner (Mazzoleni et al., 2015b). Such 
a profound discovery led plant scientists to identify the danger 
signals or DAMPs released from host tissues damaged/degraded 
by insect and microbial attacks (Duran-Flores and Heil, 2014; 
Barbero et al., 2016). A recent mechanistic and cell biology study 
revealed that non-self-eDNA penetrates root cells, leading to 
limited cell permeability, chloroplast dysfunction, and reactive 
oxygen species (ROS) generation, while self-eDNA maintains the 
intercellular space and triggers hypersensitive response and 
systemic acquired resistance (Chiusano et al., 2021). However, 
most of the previous studies focused on self-eDNA-induced plant 
autotoxicity rather than on plant immunity activation.

Recently, the application of self-eDNA in plants revealed the 
existence of self-eDNA-triggered immunity against microbial 
pathogens. Self-eDNA fragments shorter than 700 bp in size play 
a critical role in the indirect activation of plant immune system 
against bacterial pathogens through hydrogen peroxide (H2O2) 
and mitogen-activated plant kinase (MAPK) signaling (Duran-
Flores and Heil, 2018). 

Like DAMP signaling in animals, infiltration of Arabidopsis 
thaliana seedling leaves with single-stranded oligodeoxynucleotides 
(ssODNs) elicited defense response against Pseudomonas syringae 
pv. tomato (Pto) and Botrytis cinerea but not against Tobacco mosaic 
virus and inhibited growth via the BAK co-receptor and ROS 
generation (Toum et al., 2020). Besides plant self-eDNAs, a mixture 
of fragmented 100 μg/ml non-self-eDNAs derived from plant 
pathogenic fungi including Phytophthora capsici, Fusarium 
oxysporum, and Rhizoctonia solani reduced the mortality of pepper 
(Capsicum annuum L.) plants by up to 40% (Serrano-Jamaica et al., 
2020). Transcriptome analysis of tomato (Solanum lycopersicum L.) 
leaves treated with fragmented self-eDNA revealed the induction 
of plant immune-related genes including pathogenesis-related (PR) 
proteins, calcium-dependent protein kinase 1 (CPK1), heat shock 
transcription factors (HSFs), heat shock proteins (HSFs), receptor-
like kinases (RLKs), and ethylene-responsive factors (ERFs; 
Barbero et al., 2021). Although self-eDNA-induced plant immunity 
has been studied extensively, the topic of extracellular RNA 
(eRNA)-induced plant immunity has not been intensively 
exploited, with the exception of Arabidopsis leaf infiltration with a 
non-self-eRNA (bacterial rRNA), which activated plant resistance 
against Pseudomonas syringae pv. tomato (Lee et  al., 2016). 
Nonetheless, the role of self-eRNA in plant immunity remains 
largely unknown.

In line with our previous discovery of bacterial eRNA as a 
trigger of plant immunity, we  evaluated whether self-eRNAs 

activate resistance against microbial pathogens in pepper plants. 
Experiments were conducted under field conditions using pepper 
plants challenged with eRNAs derived from pepper (self-eRNA) 
and Nicotiana benthamiana (non-self-plant-eRNA), and those 
derived from virulent and avirulent pathogens. Considering the 
growth penalty caused by self-eDNA application, we measured 
plant growth and yield at the end of the growing season. 
Intriguingly, self-eRNA-induced immunity was enough to protect 
pepper plants against the naturally occurring Tomato spotted wilt 
virus (TSWV). To the best of our knowledge, this is the first report 
of self-eRNA-induced plant immunity against microbial 
pathogens under field conditions.

Materials and methods

Preparation of seedlings and bacteria

Pepper (Capsicum annuum L. cv. Bulkala) and Nicotiana 
benthamiana (Nb) seeds were sown on autoclaved soil-less potting 
medium (Punong Horticulture Nursery Medium Low; Punong 
Co. Ltd., Gyeongju, South Korea) containing zeolite, perlite, color 
dust, and lime (pH = 4.5 to 7.5). The seedlings of both plant species 
were cultivated for 6 weeks at 28°C under 12 h light/12 h dark cycle 
and approximately 7,000 lux light intensity using fluorescent 
lamps. Leaves of 6-week-old plants were harvested, immediately 
frozen in liquid nitrogen, and stored at −80°C until needed for 
RNA extraction.

Xanthomonas axonopodis pv. vesicatoria (Xav) and 
Pseudomonas syringae pv. tomato (Pto) were cultured at 30°C for 
48 h in plates containing Luria-Bertani (LB; Difco Laboratories, 
Detroit, MI, United  States) agar and King’s B (KB; Difco 
Laboratories) agar media, respectively. Cultures of Xav and Pto 
were centrifuged at 16,000 × g for 5 min. The supernatant was 
discarded and the pellet containing bacterial cells was used to 
perform subsequent experiments.

Preparation of plant and bacterial eRNAs

Total eRNAs were isolated from pepper cultivars Bulkala (for 
2020 field trial) and Asia Jumbo (for 2021 field trial), Nb plants, 
and bacterial pathogens (Xav and Pto) using TRIzol Reagent 
(Invitrogen, Carlsbad, CA, United  States), according to the 
standard protocol described previously (Lee et al., 2016).

To isolate bacterial eRNAs, the centrifuged Xav and Pto cells 
were mixed with TRIzol Reagent and incubated at room 
temperature (RT) for 5 min. Then, chloroform was added to each 
sample, and centrifugation was performed at 10,000 × g for 15 min 
at 4°C. Subsequently, the upper phase was transferred to a new 
tube, and nucleic acid was precipitated by adding isopropyl 
alcohol. The resultant bacterial RNA pellet was resuspended in 
nuclease-free water.
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To isolate plant eRNAs, the previously frozen leaves of 6-week-
old pepper and Nb seedlings were ground into a fine powder using 
a mortar and pestle. The powdered leaf tissue (100 mg) of each 
plant species was mixed with 1 ml of TRIzol Reagent and 
incubated at RT for 5 min. Plant eRNAs were isolated as 
described above.

The obtained bacterial and plant eRNAs were treated with 
RNase and diluted to a concentration of 100 ng/μl.

Field trials

Field trials were conducted in April to August and 2021 in 
Nonsan, Chungcheongnam-do, South Korea (36.23577°N, 
127.18946°E), where plants are occured by multiple viral 
diseases each year. All necessary permits were obtained from 
landowners to conduct these trials. Pepper seedlings were 
transplanted at a distance of 30 cm in furrows covered with 
black polyethylene film to prevent weed growth before 
transplanting. To test the induction of resistance under field 
conditions, leaves of 1-month-old pepper seedlings were 
infiltrated with 1 ml of 100 ng/μl plant and bacterial eRNAs. 
Leaves infiltrated with 1 ml of sterilized water were used as a 
negative control. Seedlings drenched with 1 mM 
benzothiadiazole (BTH; Bion 50 WG, Syngenta, Basel, 
Switzerland) served as a positive control. Plants roots were 
drenched with 50 mL of 1 mM BTH twice: first at 1 week prior 
to self-eRNA and non-self-eRNA infiltration, and again on the 
day of self-eRNA and non-self-eRNA infiltration. Each 
treatment was replicated four times in a completely 
randomized block design, with 12 plants per block in 2020 and 
9 plants per block in 2021.

Bacterial Pathogen Inoculation

Plants were challenged with Xav as described previously (Lee 
et al., 2017). Briefly, at one week after self-eRNA and non-self-
eRNA (Xav, Pto, and Nb) infiltration (which coincided with 2 -3 
weeks after field transplantation), two leaves per pepper seedling 
were infiltrated with 500 μL of Xav suspension (optical density 
(OD)600 = 0.01); overall, five plants per block in 2020 and six plants 
per block in 2021 were inoculated with Xav. One week after 
pathogen inoculation, disease severity on pepper leaves was 
scored on a scale of 0–5, as follows: 0, no symptom; 1, mild 
chlorosis; 2, chlorosis; 3, severe chlorosis and mild necrosis; 4, 
necrosis; 5, necrosis with cell death.

Diagnosis of naturally occurring viral 
diseases

To evaluate virus titers in field-grown plants, qRT-PCR 
was performed as described previously (Kong et al., 2018). 

Briefly, ten leaves per replication were randomly sampled 
90 days after plant and bacterial eRNA infiltration and BTH 
application, and immediately frozen in liquid nitrogen. Total 
eRNA was isolated from the frozen leaves using TRIzol 
Reagent (Molecular Research Inc., Cincinnati, OH, 
United States), according to the manufacturer’s instructions 
and as described in our previous study (Lee et al., 2017; Kong 
et al., 2018). First-strand cDNA was synthesized from 2 μg of 
DNase-treated total eRNA using oligo dT primers and 
Moloney murine leukemia virus reverse transcriptase 
(Enzynomics, Daejeon, Korea). Then, qRT-PCR was 
performed using the synthesized cDNA, iQ™ SYBR® Green 
Supermix (Bio-Rad Inc., Hercules, CA, United States), and 10 
pM primers under the following cycling conditions: initial 
polymerase activation for 10 min at 95°C, followed by 40 cycles 
of 30 s at 95°C, 60 s at 55°C, and 30 s at 72°C. Viral sequence-
specific primer pairs were used to identify Tomato yellow leaf 
curl virus (TYLCV; TYLCV-F: 5′-CGCCCGCCTC 
GAAGGTTC-3′; TYLCV-R: 5′-TCGTCGCTTGTTTGTG 
CCTTG-3′) and TSWV (TSWV-F: 5′-ATGTCTAAGGTTAAGC 
TCAC-3′; TSWV-R: 5′-TCAAGCAAGTTCTGCGAGTT-3′), 
as described previously (Kong et al., 2018). Gene transcript 
levels were normalized relative to that of the pepper ubiquitin 
(CaUBQ) gene, which was amplified using primers CaUBQ-F 
(5′-GCACAAGCACAAGAAGGTTAAG-3′) and CaUBQ-R 
(5′-GCACCACACTCAGCATTAGGA-3′). Relative transcript 
levels were calculated using the 2–ΔΔCT method. Standard error 
of means among replicates were calculated using JMP IN ver. 
4.0 (SAS Institute Inc., Cary, NC, United States) and Bio-Rad 
manager ver. 2.1 (Bio-Rad CFX Connect).

Expression Analysis of Defense-related 
genes

The expression of defense-related genes, including Defensin 
(CaDEF), Chitinase type 2 (CaCHI2), 9-Lipoxygenase (CaLOX1), 
and Pathogenesis-related 4 (CaPR4), was evaluated in pepper 
plants at the end of the growing season (i.e., at 90 days after RNA 
leaf-infiltration and before harvesting) by qRT-PCR. Pepper 
cDNA was prepared as described above, and qRT-PCR was 
performed using gene-specific primer pairs listed in  
Supplementary Table S1 (Huh et  al., 2015; Kong et  al., 2018), 
according to the same protocol as that used for virus quantification 
(described above).

Assessment of plant yield

To investigate whether plant and bacterial eRNAs influence 
plant growth, fruit number and weight per plant were recorded in 
plant and bacterial eRNA treatments and compared with the 
corresponding values obtained in water and BTH treatments. The 
commercially valued red pepper fruits were harvested twice from 
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mid- to end-August, which coincided with approximately 100 
days post-treatment. Fruit number per plant was recorded at each 
harvest. Total fruit weight per plant was also calculated at 
each harvest.

Direct Effect of Pepper eRNA on 
Xanthomonas axonopodis pv. vesicatoria’ 
Growth

Xav was cultured in LB agar at 30°C overnight. A single 
colony was then used to inoculate freshly prepared LB broth, 
and cultured in an incubator at 220 rpm and 30°C. 20 μl of 
pre-culture was added  to 180 μl of fresh full-strength, 10-fold 
diluted (0.1), and 100-fold diluted (0.01) LB broth into a 
96-well plate. To inoculate each medium with the same 
number of Xav cells, the bacterial cells were spun down by 
centrifugation at 8,000 rpm for 5 min at room temperature. 
The bacterial cell pellets were resuspended in full-strength, 
10-fold dilution, and 100-fold dilution treatments, and then 
transferred into a 96-well plate. Then, 100 ng/μl pepper self-
eRNA and Pto non-self-eRNA were used to inoculate each 
medium, which was pre-inoculated with Xav at (OD600 = 0.2). 
Polymyxin B (32 μg/ml), an antibiotic that kills Gram-negative 
bacteria, was used as a positive control. Treatment with Xav 
alone was used as a negative control. The growth of Xav was 
monitored for 45 h using Spark™ 10M multimode microplate 
reader (Tecan Trading AG, Switzerland).

Statistical analysis

The experimental datasets were subjected to ANOVA using 
JMP IN software. The statistical significance of differences among 
treatments was determined based on the F-value at p = 0.05. When 
a significant F-value was obtained for treatments, separation of 
means was accomplished using Fisher’s protected least significant 
difference (LSD) test at p = 0.05.

Results

Self- and non-self-eRNAs induce plant 
immunity under field conditions

The severity of bacterial spot disease on pepper seedlings 
treated with self-eRNA was 2.99, which was 1.4-fold lower than 
that on plants treated with water (negative control; disease 
severity = 4.06; Figure  1). Plants treated with non-self-eRNAs, 
including Xav and Pto eRNAs, showed no significant difference in 
disease severity compared with the control. However, plants 
treated with BTH exhibited a 2.2-fold reduction in disease severity 
compared with the control.

In control plants, the titer of naturally occurring TSWV and 
TYLCV was 0.062 and 0.18, respectively, as shown by qRT-PCR 
analysis. The titer of TSWV in self-eRNA-treated plants was 0.04, 
which was 1.6-fold lower than that in control plants (Figure 2A). 
Non-self-eRNA treatments did not show any difference relative to 
the control (Figure 2A). The titer of TYLCV showed no significant 
difference among treatments (Figure 2B).

Measurement of pepper fruit yield

Fruit number and weight showed no significant difference 
among the various treatments, except the BTH treatment 
(Figures 3A,B). The number and weight of fruits in BTH-treated 
plants were 12.91 per plant and 270.83 g, respectively, indicating a 
reduction by 7.12- and 10.00-fold compared with the control 
(Figures 3A,B).

Upregulation of Defense-related Genes 
by Self-eRNA Treatment

To investigate the mechanism of immune response 
activation in pepper by self-eRNA treatment, the expression 
of defense-related genes was examined. Relative expression 
levels of CaDEF and CaCHI2 in self-eRNA treated plants were 
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FIGURE 1

Activation of plant immunity in pepper plants treated with 
extracellular RNAs (eRNAs) and benzothiadiazole (BTH) under 
field conditions. Leaves of pepper plants were infiltrated with 
self-eRNA (derived from pepper plants) and non-self-bacterial 
eRNAs (OD600 = 0.01; derived from virulent pathogens, 
Xanthomonas axonopodis pv. vesicatoria [Xav] and Pseudomonas 
syringae pv. tomato [Pto]), and disease severity was determined 
at 7 days post-infiltration. Data represent mean ± standard error of 
mean (SEM). Different letters indicate statistically significant 
differences between eRNA/BTH and water (control) treatments 
(p = 0.05; least significant difference [LSD] test).
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increased by 1.43- and 1.42-fold, respectively, compared with 
the control (Figures  4A,B), while those of CaLOX1 and 
CaPR4 showed no significant differences relative to the 
control (Figures 4C,D). Both CaDEF and CaCHI2  are related 
to ABA and JA signaling (Hong et al., 2000; Hong and Hwang, 

2002; Do et  al., 2004), whereas CaPR4 and CaLOX1  
are known as SA and JA marker genes (Hwang and Hwang, 
2009; Hwang et  al., 2014). Together, these findings  
suggest that self-eRNA elicited pepper immunity through 
ABA signaling.
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Self-eRNA treatment induces plant immunity against the naturally occurring Tomato spotted wilt virus (TSWV) and Tomato yellow leaf curl virus 
(TYLCV). Induction of immunity against TSWV (A) and TYLCV (B) in pepper plants by pre-infiltration with self-eRNA (derived from pepper) and 
non-self-eRNA derived from N. benthamiana (Nb),  X. axonopodis pv. vesicatoria (Xav), and P. syringae pv. tomato (Pto). BTH treatment used as a 
positive control. The expression of immunity-related genes was evaluated by qRT-PCR at 90 days post-infiltration. The housekeeping gene 
CaUBQ was used as an internal reference. Data represent mean ± SEM. Different letters indicate statistically significant differences between control 
and other treatments (p = 0.05; LSD test).
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Effect of self- and non-self-eRNAs on pepper marketable yield. a, b Fruit number (A) and fruit weight (B) per plant treated with self-eRNA 
derived pepper and non-self-eRNA that including N. benthamiana (Nb),  X. axonopodis pv. vesicatoria (Xav), and P. syringae pv. tomato (Pto), 
1 mM BTH, and control. Fruit number and weight were measured in the second round of harvest at 80 and 90 days post-infiltration, 
respectively. Data represent mean ± SEM. Different letters indicate statistically significant differences between control and other treatments 
(p  = 0.05; LSD test).
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Direct Effect of Self-eRNA on Xanthomonas 
axonopodis pv. vesicatoria’ Growth

To evaluate the direct effect of self-eRNA on the growth of Xav, 
systemic translocation of the introduced self-eRNA was monitored. 
The OD600 of Xav amended with 100 ng/μl self-eRNA and non-self-
eRNA (Pto) was 0.37 and 0.35 respectively, while that of the 
polymyxin B treatment was 0.14 in full-strength LB (Figure 5 left 
panel). Bacterial growth in all treatments, except polymyxin B 
treatment, showed no significant difference compared with the 
control (Figure 5 left panel). In 10-fold diluted LB, the OD600 of self-
eRNA and non-self-eRNA was 0.29 and 0.30, respectively (Figure 5 

middle panel). In 100-fold diluted LB, no statistically significant 
differences were detected among the various treatments (Figure 5 
right panel). These results indicate that self-eRNA and non-self-
eRNA could not directly inhibit the growth of Xav.

Discussion

Our results confirmed the activation of plant systemic 
immunity by self-eRNA in field-grown pepper plants. Plant 
perception of nucleic acids (e.g., RNA and DNA) had not been 
intensively studied until 2015 (Mazzoleni et al., 2015a). In the field, 
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Induction of defense-related genes in pepper following self-eRNA treatment under field conditions. Quantifications of the expression of marker 
genes of the CaDEF (A), CaCHI2 (B), CaLOX1 (C), and CaPR4 (D). CaDEF related abscisic acid, salicylic acid, and jasmonic acid signaling pathways 
in plants. CaCHI2 related abscisic acid, ethylene, and jasmonic acid signaling pathways in plants. CaLOX1 related salicylic acid and ethylene 
signaling pathways in plants. CaPR4 related jasmonic acid signaling pathway in plants. Plants treated with self-eRNA and non-self-eRNA that 
including N. benthamiana (Nb), X. axonopodis pv. vesicatoria (Xav), and P. syringae pv. tomato (Pto), 1 mM BTH, and control. CaUBQ was used as a 
housekeeping gene for data normalization. Data represent mean ± SEM. Different letters indicate statistically significant differences between 
control and other treatments (p = 0.05; LSD test).
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self-eRNA clearly activated plant immunity against bacterial and 
viral pathogens (Figures 1, 2). The systemically translocated eRNA 
itself did not alter the bacterial pathogen growth (Figure  5) 
indicating that plants were protected by the activation of 
systemic immunity.

Compared with the autotoxicity induced in plants by self-eDNA 
application previously (Barbero et al., 2016; Duran-Flores and Heil, 
2018; Serrano-Jamaica et al., 2020; Toum et al., 2020), it is noteworthy 
that self-eRNA-induced plant immunity was not accompanied by 
any growth penalty (also referred to as the allocation fitness cost; 
Figure  3). We cannot explain why allocation fitness cost is not 
required in the field trial of self-eRNA, but we have two hypotheses. 
Firstly, we hypothesize that self-eRNA-elicited plant immunity is not 
dependent on ROS and SA-mediated PR protein activation, which 
are strongly induced by self-eDNA treatment (Duran-Flores & Heil, 
2018; Chiusano et al., 2021). Previous studies demonstrated that 
ROS and PR protein activation are related to the SA-dependent 
signaling pathway and result in a strong growth penalty (Clarke et al., 
2000; Heil et al., 2000; Noutoshi et al., 2005; Walters and Heil, 2007; 
Kouzai et al., 2018). In the current study and many previous studies, 
the application of BTH (also known as acibenzolar-S-methyl) 
significantly reduced plant growth (Clarke et al., 2000; Heil et al., 
2000; Noutoshi et al., 2005; Walters and Heil, 2007; Kouzai et al., 
2018). The mode of action of BTH (as an SA analog) on the 
allocation fitness cost and plant immunity induction demonstrates 
the induction of ROS and PR proteins (Miura et al., 2013; Huot et al., 
2014; Herrera-Vásquez et al., 2015; Kouzai et al., 2018; Poór, 2020). 
Secondly, we speculated that defense signaling can be activated 
independent of SA signaling, such as induced systemic resistance, by 
plant growth-promoting rhizobacteria (PGPR). Previous studies 

demonstrated that the application of PGPR and bacterial 
determinants on pepper and other plant species at the seedling stage 
successfully protected them from bacterial and viral pathogens and 
had no detrimental effect on plant growth; rather, plant growth was 
enhanced in many cases (Kong et al., 2018). Characterization of 
PGPR-mediated induced systemic resistance is mostly dependent on 
jasmonic acid (JA) and ethylene signaling rather than on SA 
signaling, which is activated by necrotizing pathogen-induced 
systemic acquired resistance (Van Der Ent et al., 2009; Beneduzi 
et al., 2012). Sufficient data are not yet available to determine whether 
JA and ethylene signaling mediate self-eRNA-induced plant 
immunity. Detailed mechanistic analysis of defense signaling by self-
eRNA treatment under controlled conditions will enable us to 
understand the relationship between plant immunity and growth.

Some other questions, such as how plants recognize self-
eRNA and which epitope of self-eRNA is perceived by plant 
receptors, remain unanswered. Despite RNA-sequencing and 
Arabidopsis mutant analysis, plant receptors potentially involved 
in the perception of non-self-eRNA have not been identified to 
date (Lee et al., 2016). However, in animal cells, the mechanism of 
self-eRNA perception has been proposed and confirmed (Schlee 
and Hartmann, 2016; Heil and Vega-Muñoz, 2019). For example, 
in the mammalian system, Toll-like receptors (3, 7, 8, and 10), 
RIG-like receptors, and protein kinase R (PKR) have been 
reported to function as mammalian RNA sensors (Alexopoulou 
et al., 2001; Kato et al., 2006; Mancuso et al., 2009; Mayo and Cole, 
2017; Heil and Vega-Muñoz, 2019). Further molecular and 
biochemical evaluation is needed to identify potential plant 
receptor(s) using Arabidopsis as a model plant species. It would 
be interesting to determine the eRNA epitope that directly binds 
to a plant receptor. Similar to the case study of non-self-eRNA in 
Arabidopsis, differential fractionation of eRNA could be conducted 
in pepper to identify the eRNA determinant by screening for the 
activation of plant immunity and the biochemical response, such 
as callose deposition, to microbe-associated molecular pattern 
(MAMP) recognition by self-eRNA (Lee et al., 2016). Based on the 
previous studies of pattern recognition, rRNA, tRNA, small RNA, 
and each fragmented product are good candidates for MAMPs. 
The self-eRNA, as an example of DAMP and MAMP, must 
be conserved within and variable between plant species.

ABA signaling is widely regarded as an important player in 
plant immunity as well as in critical abiotic stress responses 
(Lievens et al., 2017). ABA signaling is involved in plant defense 
against insect pests including thrips, which is a well-known vector 
of plant DNA viruses (Geminivirus) such as TSWV (Bedford 
et  al., 1994; Escobar-Bravo et  al., 2018; Guo et  al., 2020). We 
speculate that the lower level of TSWV in self-eRNA-pretreated 
pepper plants is the result of reduced virus-vector infestation 
through plant immune activation via ABA signaling (Figures 2, 
4A,B). Moreover, the long-lasting immune memory conferred by 
self-eRNA suggests its potential for field applications.

In conclusion, we report, for the first time, self-eRNA-induced 
plant immunity against bacterial and viral pathogens in pepper. 
Our results were obtained from field trials, indicating that 
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self-eRNA can potentially be applied to plants in the agricultural 
field in the near future. Moreover, self-eRNA-induced immune 
activation is advantageous, since it is not compromised by a 
growth penalty. However, the concept of self-eRNA-induced plant 
immunity is in its infancy, and intensive investigation is required 
to understand why and how plants manipulate the balance 
between immunity and growth.
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