
Mécanismes de défense des plantes 

Adachi, H., and Yoshioka, H. (2015). Kinase-mediated orchestration of NADPH oxidase in plant 

immunity. Brief Funct Genomics. 

Reactive oxygen species (ROS) are important signalling molecules, which participate in multiple 

physiological processes including immune response, development, cell elongation and hormonal 

signalling in plants. Plant NADPH oxidase, termed respiratory burst oxidase homologue 

(RBOH), is frequently studied as a main player for pathogen-responsive ROS burst. Our 

understanding of the activation mechanism of RBOH after pathogen recognition has increased in 

recent years. In this review, we focus on kinase-mediated regulatory mechanisms of RBOHs. 

Calcium-dependent protein kinases (CDPKs) are well known to activate RBOHs by direct 

phosphorylation. In addition to functions of CDPKs in plants, we also describe the involvement 

of receptor-like cytoplasmic kinases (RLCKs) and mitogen-activated protein kinases (MAPKs) in 

fine-tuning RBOH activity at the post-translational and transcriptional levels, respectively. 

Agudelo-Romero, P., Erban, A., Rego, C., Carbonell-Bejerano, P., Nascimento, T., Sousa, L., 

Martínez-Zapater, J.M., Kopka, J., and Fortes, A.M. (2015). Transcriptome and metabolome 

reprogramming in Vitis vinifera cv. Trincadeira berries upon infection with Botrytis cinerea. J. 

Exp. Bot. eru517. 

Vitis vinifera berries are sensitive towards infection by the necrotrophic pathogen Botrytis 

cinerea, leading to important economic losses worldwide. The combined analysis of the 

transcriptome and metabolome associated with fungal infection has not been performed 

previously in grapes or in another fleshy fruit. In an attempt to identify the molecular and 

metabolic mechanisms associated with the infection, peppercorn-sized fruits were infected in the 

field. Green and veraison berries were collected following infection for microarray analysis 

complemented with metabolic profiling of primary and other soluble metabolites and of volatile 

emissions. The results provided evidence of a reprogramming of carbohydrate and lipid 

metabolisms towards increased synthesis of secondary metabolites involved in plant defence, 

such as trans-resveratrol and gallic acid. This response was already activated in infected green 

berries with the putative involvement of jasmonic acid, ethylene, polyamines, and auxins, 

whereas salicylic acid did not seem to be involved. Genes encoding WRKY transcription factors, 

pathogenesis-related proteins, glutathione S-transferase, stilbene synthase, and phenylalanine 

ammonia-lyase were upregulated in infected berries. However, salicylic acid signalling was 

activated in healthy ripening berries along with the expression of proteins of the NBS-LRR 

superfamily and protein kinases, suggesting that the pathogen is able to shut down defences 

existing in healthy ripening berries. Furthermore, this study provided metabolic biomarkers of 

infection such as azelaic acid, a substance known to prime plant defence responses, arabitol, 

ribitol, 4-amino butanoic acid, 1-O-methyl- glucopyranoside, and several fatty acids that alone 

or in combination can be used to monitor Botrytis infection early in the vineyard. 

Ahuja, I., Dam, N.M. van, Winge, P., Trælnes, M., Heydarova, A., Rohloff, J., Langaas, M., and 

Bones, A.M. (2015). Plant defence responses in oilseed rape MINELESS plants after attack by 

the cabbage moth Mamestra brassicae. J. Exp. Bot. eru490. 

The Brassicaceae family is characterized by a unique defence mechanism known as the 

‘glucosinolate–myrosinase’ system. When insect herbivores attack plant tissues, glucosinolates 



are hydrolysed by the enzyme myrosinase (EC 3.2.1.147) into a variety of degradation products, 

which can deter further herbivory. This process has been described as ‘the mustard oil bomb’. 

Additionally, insect damage induces the production of glucosinolates, myrosinase, and other 

defences. Brassica napus seeds have been genetically modified to remove myrosinase-containing 

myrosin cells. These plants are termed MINELESS because they lack myrosin cells, the so-called 

toxic mustard oil mines. Here, we examined the interaction between B. napus wild-type and 

MINELESS plants and the larvae of the cabbage moth Mamestra brassicae. No-choice feeding 

experiments showed that M. brassicae larvae gained less weight and showed stunted growth 

when feeding on MINELESS plants compared to feeding on wild-type plants. M. brassicae 

feeding didn’t affect myrosinase activity in MINELESS plants, but did reduce it in wild-type 

seedlings. M. brassicae feeding increased the levels of indol-3-yl-methyl, 

1-methoxy-indol-3-yl-methyl, and total glucosinolates in both wild-type and MINELESS 

seedlings. M. brassicae feeding affected the levels of glucosinolate hydrolysis products in both 

wild-type and MINELESS plants. Transcriptional analysis showed that 494 and 159 genes were 

differentially regulated after M. brassicae feeding on wild-type and MINELESS seedlings, 

respectively. Taken together, the outcomes are very interesting in terms of analysing the role of 

myrosin cells and the glucosinolate–myrosinase defence system in response to a generalist 

cabbage moth, suggesting that similar studies with other generalist or specialist insect 

herbivores, including above- and below-ground herbivores, would be useful. 

Akter, S., Huang, J., Waszczak, C., Jacques, S., Gevaert, K., Van Breusegem, F., and Messens, J. 

(2015). Cysteines under ROS attack in plants: a proteomics view. J. Exp. Bot. 

Plants generate reactive oxygen species (ROS) as part of their metabolism and in response to 

various external stress factors, potentially causing significant damage to biomolecules and cell 

structures. During the course of evolution, plants have adapted to ROS toxicity, and use ROS as 

signalling messengers that activate defence responses. Cysteine (Cys) residues in proteins are 

one of the most sensitive targets for ROS-mediated post-translational modifications, and they 

have become key residues for ROS signalling studies. The reactivity of Cys residues towards 

ROS, and their ability to react to different oxidation states, allow them to appear at the 

crossroads of highly dynamic oxidative events. As such, a redox-active cysteine can be present as 

S-glutathionylated (-SSG), disulfide bonded (S-S), sulfenylated (-SOH), sulfinylated (-SO2H), and 

sulfonylated (-SO3H). The sulfenic acid (-SOH) form has been considered as part of ROS-sensing 

pathways, as it leads to further modifications which affect protein structure and function. Redox 

proteomic studies are required to understand how and why cysteines undergo oxidative 

post-translational modifications and to identify the ROS-sensor proteins. Here, we update current 

knowledge of cysteine reactivity with ROS. Further, we give an overview of proteomic techniques 

that have been applied to identify different redox-modified cysteines in plants. There is a 

particular focus on the identification of sulfenylated proteins, which have the potential to be 

involved in plant signal transduction. 

Alam, M.A., Hongpo, W., Hong, Z., and Ji, W.Q. (2014). Differential expression of resistance to 

powdery mildew at the early stage of development in wheat line N0308. Genet. Mol. Res. 13, 

4289–4301. 

Powdery mildew, caused by Blumeria graminis f. sp tritici (Bgt) is one of the devastating diseases 

of wheat and causes yield losses in temperate wheat growing regions. A wheat line, N0308 with 

resistance to powdery mildew was used in this study. A suppression subtractive hybridization 



cDNA library was constructed from the wheat leaves inoculated by Bgt at the two-leaf stage. The 

differentially expressed genes in response to Bgt infection in wheat were identified, and a total of 

175 positive clones from the library were sequenced, and 90 expressed sequence tags (ESTs) 

were subjected to clustering, BLAST alignment, functional annotation, and classification into 

different categories. By comparing the EST sequences among the SSH-cDNA libraries, we 

analyzed gene expression patterns of 7 ESTs associated with the resistance reaction of powdery 

mildew by using semi-quantitative reverse transcription-polymerase chain reaction. The 

expression of 5 genes (sulfatase, pathogenesis-related protein 17, betacarbonic anhydrase 2, 

thioredoxin h-like protein, and coronatine-insensitive) transcripts was induced, and the 

transcript levels of these genes were the highest at 72 h after Bgt infection, while those of 2 genes 

(violaxanthin de-epoxidase and gag-pol-polyprotein) were the highest level at 12 and 18 h 

post-infection, respectively. These findings suggest that these genes are induced at an early stage 

of infection and are transcriptionally activated for the host defense response. 

Alcázar, R., von Reth, M., Bautor, J., Chae, E., Weigel, D., Koornneef, M., and Parker, J.E. 

(2014). Analysis of a Plant Complex Resistance Gene Locus Underlying Immune-Related Hybrid 

Incompatibility and Its Occurrence in Nature. PLoS Genet 10, e1004848. 

In plants, naturally evolving disease resistance (R) genes can cause autoimmunity when 

combined with different genetic backgrounds. This phenomenon, called immune-related hybrid 

incompatibility (HI), leads to growth inhibition and fitness loss due to inappropriate activation of 

defense. HI likely reflects different evolutionary paths of immune-related genes in nature. We 

have examined the genetic architecture of a complex R locus present in a Central European 

accession (Ler) which underlies HI with Central Asian accessions of Arabidopsis. We show that 

expression of one gene (R3) within the Ler cluster of eight tandem R genes (R1–R8) controls the 

balance between growth and defense but that R3 needs at least one other co-acting member 

within the R locus to condition HI. We traced the R1–R8 haplotype to a local population of Ler 

relatives in Poland where it also underlies HI with Central Asian accessions. Occurrence of the 

incompatible haplotype in ∼30% of genetically diverse local individuals, suggests that it has not 

arisen recently and has been maintained through selection or drift. Co-occurrence in the same 

population of individuals containing different R genes that do not cause HI provides a basis for 

determining genetic and environmental forces influencing how plant immunity genes evolve and 

diversify. 

Ali, S., Magne, M., Chen, S., Côté, O., Stare, B.G., Obradovic, N., Jamshaid, L., Wang, X., 

Bélair, G., and Moffett, P. (2015b). Analysis of Putative Apoplastic Effectors from the 

Nematode, Globodera rostochiensis, and Identification of an Expansin-Like Protein That Can 

Induce and Suppress Host Defenses. PLoS ONE 10, e0115042. 

The potato cyst nematode, Globodera rostochiensis, is an important pest of potato. Like other 

pathogens, plant parasitic nematodes are presumed to employ effector proteins, secreted into the 

apoplast as well as the host cytoplasm, to alter plant cellular functions and successfully infect 

their hosts. We have generated a library of ORFs encoding putative G. rostochiensis putative 

apoplastic effectors in vectors for expression in planta. These clones were assessed for 

morphological and developmental effects on plants as well as their ability to induce or suppress 

plant defenses. Several CLAVATA3/ESR-like proteins induced developmental phenotypes, 

whereas predicted cell wall-modifying proteins induced necrosis and chlorosis, consistent with 

roles in cell fate alteration and tissue invasion, respectively. When directed to the apoplast with a 



signal peptide, two effectors, an ubiquitin extension protein (GrUBCEP12) and an expansin-like 

protein (GrEXPB2), suppressed defense responses including NB-LRR signaling induced in the 

cytoplasm. GrEXPB2 also elicited defense response in species- and sequence-specific manner. 

Our results are consistent with the scenario whereby potato cyst nematodes secrete effectors that 

modulate host cell fate and metabolism as well as modifying host cell walls. Furthermore, we 

show a novel role for an apoplastic expansin-like protein in suppressing intra-cellular defense 

responses. 

Alkan, N., Friedlander, G., Ment, D., Prusky, D., and Fluhr, R. (2015). Simultaneous 

transcriptome analysis of Colletotrichum gloeosporioides and tomato fruit pathosystem reveals 

novel fungal pathogenicity and fruit defense strategies. New Phytol 205, 801–815. 

The fungus Colletotrichum gloeosporioides breaches the fruit cuticle but remains quiescent until 

fruit ripening signals a switch to necrotrophy, culminating in devastating anthracnose disease. 

There is a need to understand the distinct fungal arms strategy and the simultaneous fruit 

response. 

Transcriptome analysis of fungal–fruit interactions was carried out concurrently in the 

appressoria, quiescent and necrotrophic stages. 

Conidia germinating on unripe fruit cuticle showed stage-specific transcription that was 

accompanied by massive fruit defense responses. The subsequent quiescent stage showed the 

development of dendritic-like structures and swollen hyphae within the fruit epidermis. The 

quiescent fungal transcriptome was characterized by activation of chromatin remodeling genes 

and unsuspected environmental alkalization. Fruit response was portrayed by continued highly 

integrated massive up-regulation of defense genes. During cuticle infection of green or ripe fruit, 

fungi recapitulate the same developmental stages but with differing quiescent time spans. The 

necrotrophic stage showed a dramatic shift in fungal metabolism and up-regulation of 

pathogenicity factors. Fruit response to necrotrophy showed activation of the salicylic acid 

pathway, climaxing in cell death. 

Transcriptome analysis of C. gloeosporioides infection of fruit reveals its distinct stage-specific 

lifestyle and the concurrent changing fruit response, deepening our perception of the unfolding 

fungal–fruit arms and defenses race. 

Antignani, V., Klocko, A.L., Bak, G., Chandrasekaran, S.D., Dunivin, T., and Nielsen, E. (2015). 

Recruitment of PLANT U-BOX13 and the PI4Kβ1/β2 Phosphatidylinositol-4 Kinases by the 

Small GTPase RabA4B Plays Important Roles during Salicylic Acid-Mediated Plant Defense 

Signaling in Arabidopsis. Plant Cell. 

Protection against microbial pathogens involves the activation of cellular immune responses in 

eukaryotes, and this cellular immunity likely involves changes in subcellular membrane 

trafficking. In eukaryotes, members of the Rab GTPase family of small monomeric regulatory 

GTPases play prominent roles in the regulation of membrane trafficking. We previously showed 

that RabA4B is recruited to vesicles that emerge from trans-Golgi network (TGN) compartments 

and regulates polarized membrane trafficking in plant cells. As part of this regulation, RabA4B 

recruits the closely related phosphatidylinositol 4-kinase (PI4K) PI4Kβ1 and PI4Kβ2 lipid 

kinases. Here, we identify a second Arabidopsis thaliana RabA4B-interacting protein, PLANT 

U-BOX13 (PUB13), which has recently been identified to play important roles in salicylic acid 



(SA)-mediated defense signaling. We show that PUB13 interacts with RabA4B through 

N-terminal domains and with phosphatidylinositol 4-phosphate (PI-4P) through a C-terminal 

armadillo domain. Furthermore, we demonstrate that a functional fluorescent PUB13 fusion 

protein (YFP-PUB13) localizes to TGN and Golgi compartments and that PUB13, PI4Kβ1, and 

PI4Kβ2 are negative regulators of SA-mediated induction of pathogenesis-related gene 

expression. Taken together, these results highlight a role for RabA4B and PI-4P in SA-dependent 

defense responses. 

Ao, Y., Li, Z., Feng, D., Xiong, F., Liu, J., Li, J.-F., Wang, M., Wang, J., Liu, B., and Wang, 

H.-B. (2014). OsCERK1 and OsRLCK176 play important roles in peptidoglycan and chitin 

signaling in rice innate immunity. Plant J. 80, 1072–1084. 

Microbe-associated molecular pattern (MAMP)-triggered immunity plays critical roles in the 

basal resistance defense response in plants. Chitin and peptidoglycan (PGN) are major 

molecular patterns for fungi and bacteria, respectively. Two rice (Oryza sativa) lysin 

motif-containing proteins, OsLYP4 and OsLYP6, function as receptors that sense bacterial PGN 

and fungal chitin. These membrane receptors, which lack intracellular kinase domains, likely 

contain another component for transmembrane immune signal transduction. Here, we 

demonstrate that the rice LysM receptor-like kinase OsCERK1, a key component of the chitin 

elicitor signaling pathway, also plays an important role in PGN-triggered immunity in rice. 

Silencing of OsCERK1 suppressed PGN-induced (and chitin-induced) immunity responses, 

including reactive oxygen species generation, defense gene expression, and callose deposition, 

indicating that OsCERK1 is essential for both PGN and chitin signaling initiated by OsLYP4 and 

OsLYP6. OsLYP4 associated with OsLYP6 and the rice chitin receptor chitin oligosaccharide 

elicitor-binding protein (CEBiP) in the absence of PGN or chitin, and treatment with PGN or 

chitin led to their disassociation in vivo. OsCERK1 associated with OsLYP4 or OsLYP6 when 

induced by PGN but it associated with OsLYP4, OsLYP6, or CEBiP under chitin treatment, 

suggesting the presence of different patterns of ligand-induced heterooligomeric receptor 

complexes. Furthermore, the receptor-like cytoplasmic kinase OsRLCK176 functions 

downstream of OsCERK1 in the PGN and chitin signaling pathways, suggesting that these 

MAMPs share overlapping intracellular signaling components. Therefore, OsCERK1 plays dual 

roles in PGN and chitin signaling in rice innate immunity and as an adaptor involved in signal 

transduction at the plasma membrane in conjunction with OsLYP4 and OsLYP6. 

Asai, S., Rallapalli, G., Piquerez, S.J.M., Caillaud, M.-C., Furzer, O.J., Ishaque, N., 

Wirthmueller, L., Fabro, G., Shirasu, K., and Jones, J.D.G. (2014). Expression profiling during 

arabidopsis/downy mildew interaction reveals a highly-expressed effector that attenuates 

responses to salicylic acid. PLoS Pathog. 10, e1004443. 

Plants have evolved strong innate immunity mechanisms, but successful pathogens evade or 

suppress plant immunity via effectors delivered into the plant cell. Hyaloperonospora 

arabidopsidis (Hpa) causes downy mildew on Arabidopsis thaliana, and a genome sequence is 

available for isolate Emoy2. Here, we exploit the availability of genome sequences for Hpa and 

Arabidopsis to measure gene-expression changes in both Hpa and Arabidopsis simultaneously 

during infection. Using a high-throughput cDNA tag sequencing method, we reveal expression 

patterns of Hpa predicted effectors and Arabidopsis genes in compatible and incompatible 

interactions, and promoter elements associated with Hpa genes expressed during infection. By 

resequencing Hpa isolate Waco9, we found it evades Arabidopsis resistance gene RPP1 through 



deletion of the cognate recognized effector ATR1. Arabidopsis salicylic acid (SA)-responsive 

genes including PR1 were activated not only at early time points in the incompatible interaction 

but also at late time points in the compatible interaction. By histochemical analysis, we found 

that Hpa suppresses SA-inducible PR1 expression, specifically in the haustoriated cells into 

which host-translocated effectors are delivered, but not in non-haustoriated adjacent cells. 

Finally, we found a highly-expressed Hpa effector candidate that suppresses responsiveness to 

SA. As this approach can be easily applied to host-pathogen interactions for which both host and 

pathogen genome sequences are available, this work opens the door towards transcriptome 

studies in infection biology that should help unravel pathogen infection strategies and the 

mechanisms by which host defense responses are overcome. 

Babu, S., Bidyarani, N., Chopra, P., Monga, D., Kumar, R., Prasanna, R., Kranthi, S., and 

Saxena, A.K. (2015). Evaluating microbe-plant interactions and varietal differences for 

enhancing biocontrol efficacy in root rot disease challenged cotton crop. Eur J Plant Pathol 1–18. 

The performance of cyanobacteria and Trichoderma based biocontrol formulations was 

evaluated in two cotton varieties (Gossypium hirsutum F1861 and Gossypium arboreum CISA 

310). Evaluation of mortality after 4 weeks revealed a significant reduction, particularly in G. 

hirsutum F1861, with values of 13 % (lower by 2 % over the Trichoderma commercial biocontrol 

agent). The percent mortality after drenching with the compost tea prepared using respective 

formulations, ranged from 28 to 75 % in G. arboreum CISA 310, with significantly lower values 

of 6–37.3 % in G. hirsutum. The Anabaena laxa RPAN8 formulation showed the lowest mortality. 

The activity of hydrolytic enzymes—β-1, 3 glucanase (EGase EC 3.2.1.39), β-1, 4 glucanase 

(EGase EC, 3.2.1.4) and chitosanase (EC 3.2.1.99) showed a significant enhancement in the 

inoculated treatments (T1–T6), with Calothrix sp. being among the top ranked treatments in both 

varieties. Comparison of DNA fingerprints (HIP-TG profiles) of rhizospheric soil DNA with 

those of corresponding pure cultures revealed a high degree of similarity, confirming the 

colonization of inoculated organisms. An amplicon of 1000 bp was observed in the soil 

metagenomic PCR-DNA profiles from both varieties, which confirmed the presence of an 

endoglucanase gene. Comparative analyses of responses of the two varieties revealed that 

Gossypium hirsutum F1861 showed higher values of hydrolytic enzymes and available N in soil. 

On the other hand, microbial inoculation elicited higher levels of chitosanase and defense 

enzyme activity in Gossypium arboreum CISA 310. This represents a first report illustrating the 

significance of varietal responses in cotton in relation to the efficacy of microbial biocontrol 

formulations and their establishment in the rhizosphere. 

Bakkeren, G., and Valent, B. (2014). Do pathogen effectors play peek-a-boo? Front. Plant Sci 5, 

731. 

Epigenetics is a burgeoning field of research and many organisms are found to regulate genes in 

a transient (“above genetics”) way due to (temporarily) decorating DNA or proteins that 

associate with DNA. This can change transcription of affected genes and since such DNA 

modifications are reversible, the expression potential over time and generations can therefore be 

extremely variable. This allows many organisms to readily adapt and experiment with changes to 

the environment they are living in or challenges they are facing, such as pathogens (Iwasaki and 

Paszkowski, 2014). This research topic deals mainly with epigenetic mechanisms of plant 

responses but in the field of plant pathology, recent experimental data illustrate the involvement 

of epigenetic changes in both plant host and their pathogens (e.g., Luna et al., 2012; Qutob et al., 



2013; Yu et al., 2013; Soyer et al., 2014). Indeed, pathogen pressure is very much an 

environmental cue that will induce epigenetic changes in plant hosts, but, in response, pathogens 

seem equipped to respond in kind [...]. 

Baldrich, P., Kakar, K., Siré, C., Moreno, A.B., Berger, A., García-Chapa, M., López-Moya, J.J., 

Riechmann, J.L., and San Segundo, B. (2014). Small RNA profiling reveals regulation of 

Arabidopsis miR168 and heterochromatic siRNA415 in response to fungal elicitors. BMC 

Genomics 15, 1083. 

BACKGROUND: Small RNAs (sRNAs), including small interfering RNAs (siRNAs) and 

microRNAs (miRNAs), have emerged as important regulators of eukaryotic gene expression. In 

plants, miRNAs play critical roles in development, nutrient homeostasis and abiotic stress 

responses. Accumulating evidence also reveals that sRNAs are involved in plant immunity. Most 

studies on pathogen-regulated sRNAs have been conducted in Arabidopsis plants infected with 

the bacterial pathogen Pseudomonas syringae, or treated with the flagelin-derived elicitor 

peptide flg22 from P. syringae. This work investigates sRNAs that are regulated by elicitors from 

the fungus Fusarium oxysporum in Arabidopsis. 

RESULTS: Microarray analysis revealed alterations on the accumulation of a set of sRNAs in 

response to elicitor treatment, including miRNAs and small RNA sequences derived from 

massively parallel signature sequencing. Among the elicitor-regulated miRNAs was miR168 

which regulates ARGONAUTE1, the core component of the RNA-induced silencing complex 

involved in miRNA functioning. Promoter analysis in transgenic Arabidopsis plants revealed 

transcriptional activation of MIR168 by fungal elicitors. Furthermore, transgenic plants 

expressing a GFP-miR168 sensor gene confirmed that the elicitor-induced miR168 is active. 

MiR823, targeting Chromomethylase3 (CMT3) involved in RNA-directed DNA methylation 

(RdDM) was also found to be regulated by fungal elicitors. In addition to known miRNAs, 

microarray analysis allowed the identification of an elicitor-inducible small RNA that was 

incorrectly annotated as a miRNA. Studies on Arabidopsis mutants impaired in small RNA 

biogenesis demonstrated that this sRNA, is a heterochromatic-siRNA (hc-siRNA) named as 

siRNA415. Hc-siRNAs are known to be involved in RNA-directed DNA methylation (RdDM). 

SiRNA415 is detected in several plant species. 

CONCLUSION: Results here presented support a transcriptional regulatory mechanism 

underlying MIR168 expression. This finding highlights the importance of miRNA functioning in 

adaptive processes of Arabidopsis plants to fungal infection. The results of this study also lay a 

foundation for the involvement of RdDM processes through the activity of siRNA415 and miR823 

in mediating regulation of immune responses in Arabidopsis plants. 

Balint-Kurti, P.J., and Holland, J.B. (2015). New insight into a complex plant-fungal pathogen 

interaction. Nat Genet 47, 101–103. 

The coevolution of plants and microbes has shaped plant mechanisms that detect and repel 

pathogens. A newly identified plant gene confers partial resistance to a fungal pathogen not by 

preventing initial infection but by limiting its spread through the plant. 

Banfield, M.J. (2015). Perturbation of host ubiquitin systems by plant pathogen/pest effector 

proteins. Cell Microbiol 17, 18–25. 



Microbial pathogens and pests of animals and plants secrete effector proteins into host cells, 

altering cellular physiology to the benefit of the invading parasite. Research in the past decade 

has delivered significant new insights into the molecular mechanisms of how these effector 

proteins function, with a particular focus on modulation of host immunity-related pathways. One 

host system that has emerged as a common target of effectors is the ubiquitination system in 

which substrate proteins are post-translationally modified by covalent conjugation with the small 

protein ubiquitin. This modification, typically via isopeptide bond formation through a lysine side 

chain of ubiquitin, can result in target degradation, relocalization, altered activity or affect 

protein–protein interactions. In this review, I focus primarily on how effector proteins from 

bacterial and filamentous pathogens of plants and pests perturb host ubiquitination pathways 

that ultimately include the 26S proteasome. The activities of these effectors, in how they affect 

ubiquitin pathways in plants, reveal how pathogens have evolved to identify and exploit 

weaknesses in this system that deliver increased pathogen fitness. 

Bar, M., and Avni, A. (2014). Endosomal trafficking and signaling in plant defense responses. 

Curr. Opin. Plant Biol. 22, 86–92. 

Plant defense responses are initiated by ligand-receptor recognition. The receptor may contain a 

motif for endocytosis and endocytosis is important for defense signaling in some cases. Recently, 

endosomal trafficking during defense has begun to be elucidated. In some cases, defense 

receptors are internalized into early endosomes, recycled back to the plasma membrane (PM) on 

recycling endosomes, and targeted for degradation via the late endosome pathway in an ESCRT 

dependent manner. Endosomal signaling has been proposed for several receptors. Defense 

receptors have been shown to reside on endosomes during the signaling time window. Increasing 

the endosomal presence of a receptor can cause a concomitant increase in signaling, while 

abolishing the formation of endosomes after the receptor has already been internalized can cause 

signaling attenuation. 

Barah, P., and Bones, A.M. (2014). Multidimensional approaches for studying plant defence 

against insects: from ecology to omics and synthetic biology. J. Exp. Bot. eru489. 

The biggest challenge for modern biology is to integrate multidisciplinary approaches towards 

understanding the organizational and functional complexity of biological systems at different 

hierarchies, starting from the subcellular molecular mechanisms (microscopic) to the functional 

interactions of ecological communities (macroscopic). The plant–insect interaction is a good 

model for this purpose with the availability of an enormous amount of information at the 

molecular and the ecosystem levels. Changing global climatic conditions are abruptly resetting 

plant–insect interactions. Integration of discretely located heterogeneous information from the 

ecosystem to genes and pathways will be an advantage to understand the complexity of 

plant–insect interactions. This review will present the recent developments in omics-based 

high-throughput experimental approaches, with particular emphasis on studying plant defence 

responses against insect attack. The review highlights the importance of using integrative systems 

approaches to study plant–insect interactions from the macroscopic to the microscopic level. We 

analyse the current efforts in generating, integrating and modelling multiomics data to 

understand plant–insect interaction at a systems level. As a future prospect, we highlight the 

growing interest in utilizing the synthetic biology platform for engineering insect-resistant plants. 

Beattie, G., Desveaux, D., and Kang, S. (2015). Focus on The Good, the Bad and the Unknown: 



Genomics-Enabled Discovery of Plant-Associated Microbial Processes and Diversity. MPMI 28, 

211–211. 

MPMI has played a leading role in disseminating new insights into plant-microbe interactions 

and promoting new approaches. Articles in this Focus Issue highlight the power of genomic 

studies in uncovering novel determinants of plant interactions with microbial symbionts (good), 

pathogens (bad), and complex microbial communities (unknown). Many articles also illustrate 

how genomics can support translational research by quickly advancing our knowledge of 

important microbes that have not been widely studied. Click on Next Article or Table of Contents 

above to view the articles in this Focus Issue. (From the mobile site, go to the MPMI March 2015 

issue.) 

Belkhadir, Y., Yang, L., Hetzel, J., Dangl, J.L., and Chory, J. (2014). The growth–defense pivot: 

crisis management in plants mediated by LRR-RK surface receptors. Trends in Biochemical 

Sciences 39, 447–456. 

Plants must adapt to their environment and require mechanisms for sensing their surroundings 

and responding appropriately. An expanded family of more than 200 leucine-rich repeat (LRR) 

receptor kinases (LRR-RKs) transduces fluctuating and often contradictory signals from the 

environment into changes in nuclear gene expression. Two LRR-RKs, BRASSINOSTEROID 

INSENSITIVE 1 (BRI1), a steroid receptor, and FLAGELLIN SENSITIVE 2 (FLS2), an innate 

immune receptor that recognizes bacterial flagellin, act cooperatively to partition necessary 

growth–defense trade-offs. BRI1 and FLS2 share common signaling components and slightly 

different activation mechanisms. BRI1 and FLS2 are paradigms for understanding the signaling 

mechanisms of LRR-containing receptors in plants. 

Bigeard, J., Colcombet, J., and Hirt, H. (2015). Signaling Mechanisms in Pattern-Triggered 

Immunity (PTI). Mol Plant. 

In nature, plants constantly have to face pathogen attacks. However, plant disease rarely occurs 

due to efficient immune systems possessed by the host plants. Pathogens are perceived by two 

different recognition systems that initiate the so-called pattern-triggered immunity (PTI) and 

effector-triggered immunity (ETI), both of which are accompanied by a set of induced defenses 

that usually repel pathogen attacks. Here we discuss the complex network of signaling pathways 

occurring during PTI, focusing on the involvement of mitogen-activated protein kinases. 

Boyle, P.C., and Martin, G.B. (2015). Greasy tactics in the plant-pathogen molecular arms race. 

J. Exp. Bot. 

The modification of proteins by the attachment of fatty acids is a targeting tactic involved in 

mechanisms of both plant immunity and bacterial pathogenesis. The plant plasma membrane 

(PM) is a key battleground in the war against disease-causing microbes. This membrane is 

armed with an array of sensor proteins that function as a surveillance system to detect invading 

pathogens. Several of these sensor proteins are directed to the plasma membrane through the 

covalent addition of fatty acids, a process termed fatty acylation. Phytopathogens secrete effector 

proteins into the plant cell to subvert these surveillance mechanisms, rendering the host 

susceptible to infection. The targeting of effectors to specific locales within plant cells, 

particularly the internal face of the host PM, is critical for their virulence function. Several 

bacterial effectors hijack the host fatty acylation machinery to be modified and directed to this 



contested locale. To find and fight these fatty acylated effectors the plant leverages lipid-modified 

intracellular sensors. This review provides examples featuring how fatty acylation is a battle 

tactic used by both combatants in the molecular arms race between plants and pathogens. Also 

highlighted is the exploitation of a specific form of host-mediated fatty acid modification, which 

appears to be exclusively employed by phytopathogenic effector proteins. 

Burow, M., Atwell, S., Francisco, M., Kerwin, R.E., Halkier, B.A., and Kliebenstein, D.J. (2015). 

The glucosinolate biosynthetic gene AOP2 mediates feed-back regulation of jasmonic acid 

signaling in Arabidopsis. Mol Plant. 

Survival in changing and challenging environments requires an organism to efficiently obtain 

and use its resources. Due to their sessile nature, it is particularly critical for plants to 

dynamically optimize their metabolism. In plant primary metabolism, metabolic fine-tuning 

involves feed-back mechanisms whereby the output of a pathway controls its input to generate a 

precise and robust response to environmental changes. By contrast, few studies have addressed 

the potential for feed-back regulation of secondary metabolism. In Arabidopsis, the accumulation 

of the defense compounds glucosinolates has previously been linked to genetic variation in the 

glucosinolate biosynthetic gene AOP2. AOP2 expression can increase the transcript levels of two 

known regulators (MYB28 and MYB29) of the pathway suggesting that AOP2 plays a role in 

positive feed-back regulation controlling glucosinolate biosynthesis. We generated mutants 

affecting AOP2, MYB28/29 or both. Transcriptome analysis of these mutants identified a so far 

unrecognized link between AOP2 and JA signaling independent of MYB28 and MYB29. Thus, 

AOP2 is part of a regulatory feed-back loop linking glucosinolate biosynthesis and JA signaling 

and thereby allows the glucosinolate pathway to influence JA sensitivity. The discovery of this 

regulatory feed-back loop provides insight into how plants optimize the use of resources for 

defensive metabolites. 

Cabanelas, D.G., Wright, L.P., Paetz, C., Onkokesung, N., Gershenzon, J., Concepción, M.R., 

and Phillips, M.A. (2015). The diversion of 2-C-methyl-D-erythritol-2,4-cyclodiphosphate from 

the 2-C-methyl-D-erythritol 4-phosphate pathway to hemiterpene glycosides mediates stress 

responses in Arabidopsis thaliana. Plant J n/a – n/a. 

2-C-Methyl-D-erythritol-2,4-cyclodiphosphate (MEcDP) is an intermediate of the 

plastid-localized 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway which supplies isoprenoid 

precursors for photosynthetic pigments, redox co-factor side chains, plant volatiles, and 

phytohormones. The Arabidopsis hds-3 mutant, defective in the 

1-hydroxy-2-methyl-2-(E)-butenyl-4-diphosphate synthase step of the MEP pathway, accumulates 

its substrate MEcDP as well as the free tetraol 2-C-methyl-D-erythritol (ME) and glucosylated 

ME metabolites, a metabolic diversion also occurring in wild type plants. MEcDP 

dephosphorylation to the free tetraol precedes glucosylation, a process which likely takes place 

in the cytosol. Other MEP pathway intermediates were not affected in hds-3. Isotopic labeling, 

dark treatment, and inhibitor studies indicate that a second pool of MEcDP metabolically 

isolated from the main pathway is the source of a signal which activates salicylic acid induced 

defense responses before its conversion to hemiterpene glycosides. The hds-3 mutant also showed 

enhanced resistance to the phloem-feeding aphid Brevicoryne brassicae due to its constitutively 

activated defense response. However, this MEcDP-mediated defense response is developmentally 

dependent and is repressed in emerging seedlings. MEcDP and ME exogenously applied to adult 

leaves mimics many of the gene induction effects seen in the hds-3 mutant. In conclusion, we have 



identified a metabolic shunt from the central MEP pathway that diverts MEcDP to hemiterpene 

glycosides via ME, a process linked to balancing plant responses to biotic stress. This article is 

protected by copyright. All rights reserved. 

Caillaud, M.-C., Wirthmueller, L., Sklenar, J., Findlay, K., Piquerez, S.J.M., Jones, A.M.E., 

Robatzek, S., Jones, J.D.G., and Faulkner, C. (2014). The Plasmodesmal Protein PDLP1 

Localises to Haustoria-Associated Membranes during Downy Mildew Infection and Regulates 

Callose Deposition. PLoS Pathog 10, e1004496. 

Author Summary Haustoria are specialised invasive structures that project from fungal or 

oomycete hyphae into host plant cells during infection, acting as sites for molecular exchange 

between host and pathogen. Haustoria are targets of plant defence responses, including the 

deposition of membranes and polysaccharides in an encasement structure that surrounds the 

haustorium. It is assumed that the encasement physically seals the haustorium off from the host 

cell. Here we have used cell biological and genetic approaches to reveal that the 

plasmodesmata-associated receptor-like protein PDLP1 plays a role in infection success of the 

Arabidopsis downy mildew pathogen, specifically in the development of the encasement. Using 

live cell imaging, we observed that PDLP1 relocates to the extra-haustorial membrane, and this 

is required for deposition of the polysaccharide callose in the encasement. This directly 

correlates pathogen success with the structure of the encasement, verifying the significance of the 

encasement in host defence. Further, our data pose the possibility that callose deposition at 

plasmodesmata and the haustorial encasement exploit similar mechanisms. Our findings shed 

light on plant defences at haustoria and how they inhibit pathogen success. 

Cambiagno, D.A., Lonez, C., Ruysschaert, J.-M., and Alvarez, M.E. (2015). The synthetic 

cationic lipid diC14 activates a sector of the Arabidopsis defense network requiring endogenous 

signaling components. Mol. Plant Pathol. 

Natural and synthetic elicitors have significantly contributed to the study of plant immunity. 

Pathogen-derived proteins and carbohydrates, that bind to immune receptors allowed fine 

dissection of some defense pathways. Lipids of different nature that act as defense elicitors have 

also been studied, but their specific effects have been less characterized, and their receptors have 

not been identified. In animal cells, nanoliposomes of the synthetic cationic lipid 

3-tetradecylamino-tert-butyl-N-tetradecylpropionamidine (diC14) activate the TLR4-dependent 

immune cascade. We here investigated if this lipid induces Arabidopsis defense responses. At the 

local level, diC14 activated early and late defense gene markers (FRK1, WRKY29, ICS1 and 

PR1) acting in a dose dependent manner. This lipid induced the salicylic acid (SA)-, but not 

jasmonic acid (JA)-, dependent pathway and protected plants against Pseudomonas syringae pv. 

tomato (Pst), but not Botrytis cinerea. diC14 was not toxic for plant or pathogen, and potentiated 

pathogen-induced callose deposition. At the systemic level, diC14 induced PR1 expression and 

conferred resistance against Pst. diC14-induced defense responses required the signaling protein 

EDS1 but not NDR1. Curiously, the lipid-induced defense genes expression were lower in 

fls2/efr/cerk1 triple mutant while still unchanged in the single mutants. The amidine headgroup 

and chain length were important for its activity. Given the robustness of the responses triggered 

by diC14, its specific action on a defense pathway and the requirement of well-known defense 

components, this synthetic lipid is emerging as a useful tool to investigate initial events involved 

in plant innate immunity. 



Cao, Y., Liang, Y., Tanaka, K., Nguyen, C.T., Jedrzejczak, R.P., Joachimiak, A., and Stacey, G. 

(2014). The kinase LYK5 is a major chitin receptor in Arabidopsis and forms a chitin-induced 

complex with related kinase CERK1. eLife Sciences e03766. 

Chitin is a fungal microbe-associated molecular pattern (MAMP) that is recognized in 

Arabidopsis by a lysin motif receptor kinase (LYK), AtCERK1. Previous research suggested that 

AtCERK1 is the major chitin receptor in plants and mediates chitin-induced signaling through 

homodimerization and phosphorylation. However, the reported chitin binding affinity of 

AtCERK1 is quite low, suggesting another receptor with high chitin binding affinity might be 

present. Here, we propose that AtLYK5 is the primary chitin receptor in Arabidopsis. Mutations 

in AtLYK5 resulted in a significant reduction in the plant chitin response. However, AtLYK5 

shares overlapping function with AtLYK4 and, therefore, only AtLYK4/AtLYK5-2 double mutants 

show a complete loss of chitin response. AtLYK5 interacts with AtCERK1 in a chitin-dependent 

manner. Chitin binding to AtLYK5 is indispensable for chitin-induced AtCERK1 phosphorylation. 

AtLYK5 binds chitin at a higher affinity than AtCERK1. The data suggest that AtLYK5 is the 

primary receptor for chitin to induce plant immunity.To Top 

Chitin is a fungal microbe-associated molecular pattern (MAMP) that is recognized in 

Arabidopsis by a lysin motif receptor kinase (LYK), AtCERK1. Previous research suggested that 

AtCERK1 is the major chitin receptor in plants and mediates chitin-induced signaling through 

homodimerization and phosphorylation. However, the reported chitin binding affinity of 

AtCERK1 is quite low, suggesting another receptor with high chitin binding affinity might be 

present. Here, we propose that AtLYK5 is the primary chitin receptor in Arabidopsis. Mutations 

in AtLYK5 resulted in a significant reduction in the plant chitin response. However, AtLYK5 

shares overlapping function with AtLYK4 and, therefore, only AtLYK4/AtLYK5-2 double mutants 

show a complete loss of chitin response. AtLYK5 interacts with AtCERK1 in a chitin-dependent 

manner. Chitin binding to AtLYK5 is indispensable for chitin-induced AtCERK1 phosphorylation. 

AtLYK5 binds chitin at a higher affinity than AtCERK1. The data suggest that AtLYK5 is the 

primary receptor for chitin to induce plant immunity. 

Carella, P., Wilson, D.C., and Cameron, R.K. (2015). Some things get better with age: 

differences in salicylic acid accumulation and defense signaling in young and mature 

Arabidopsis. Front. Plant Sci. 5, 775. 

In Arabidopsis, much of what we know about the phytohormone salicylic acid (SA) and its role in 

plant defense comes from experiments using young plants. We are interested in understanding 

why young plants are susceptible to virulent strains of Pseudomonas syringae, while mature 

plants exhibit a robust defense response known as age-related resistance (ARR). SA-mediated 

signaling is important for defense in young plants, however, ARR occurs independently of the 

defense regulators NPR1 and WHY1. Furthermore, intercellular SA accumulation is an 

important component of ARR, and intercellular washing fluids from ARR-competent plants 

exhibit antibacterial activity, suggesting that SA acts as an antimicrobial agent in the 

intercellular space. Young plants accumulate both intracellular and intercellular SA during 

PAMP- and effector-triggered immunity, however, virulent P. syringae promotes susceptibility by 

suppressing SA accumulation using the phytotoxin coronatine. Here we outline the hypothesis 

that mature, ARR-competent Arabidopsis alleviates coronatine-mediated suppression of SA 

accumulation. We also explore the role of SA in other mature-plant processes such as flowering 

and senescence, and discuss their potential impact on ARR. 



Cecchini, N.M., Jung, H.W., Engle, N., Tschaplinski, T.J., and Greenberg, J.T. (2014). ALD1 

regulates basal immune components and early inducible defense responses in Arabidopsis. 

MPMI. 

Robust immunity requires basal defense machinery to mediate timely responses and feedback 

cycles to amplify defenses against potentially spreading infections. AGD2-LIKE DEFENSE 

RESPONSE PROTEIN 1 (ALD1) is needed for the accumulation of the plant defense signal 

salicylic acid (SA) during the first hours after infection with the pathogen Pseudomonas syringae 

and is also up-regulated by infection and SA. ALD1 is an aminotransferase with multiple 

substrates and products in vitro. Pipecolic acid (Pip) is an ALD1-dependent bioactive product 

induced by P. syringae. Here we addressed roles of ALD1 in mediating defense amplification as 

well as the levels and responses of basal defense machinery. ALD1 needs immune components 

PAD4 and ICS1 (an SA synthesis enzyme) to confer disease resistance, possibly through a 

transcriptional amplification loop between them. Furthermore, ALD1 affects basal defense by 

controlling microbial-associated molecular pattern (MAMP) receptor levels and responsiveness. 

Vascular exudates from uninfected ALD1-overexpressing plants confer local immunity to wild 

type and ald1 mutants, yet are not enriched for Pip. We infer that in addition to affecting Pip 

accumulation, ALD1 produces a non-Pip metabolite(s) that plays a role(s) in immunity. Thus, 

distinct metabolite signals controlled by the same enzyme affect basal and early defenses versus 

later defense responses, respectively. 

Chaparro-Garcia, A., Schwizer, S., Sklenar, J., Yoshida, K., Bos, J.I.B., Schornack, S., Jones, 

A.M.E., Bozkurt, T.O., and Kamoun, S. (2014). Phytophthora infestans RXLR-WY effector 

AVR3a associates with a Dynamin-Related Protein involved in endocytosis of a plant pattern 

recognition receptor. bioRxiv 012963. 

Perception of pathogen associated molecular patterns (PAMPs) by cell surface localized pattern 

recognition receptors (PPRs), activates plant basal defense responses in a process known as 

PAMP/PRR–triggered immunity (PTI). In turn, pathogens deploy effector proteins that interfere 

with different steps in PTI signaling. However, our knowledge of PTI suppression by filamentous 

plant pathogens, i.e. fungi and oomycetes, remains fragmentary. Previous work revealed that 

BAK1/SERK3, a regulatory receptor of several PRRs, contributes to basal immunity against the 

Irish potato famine pathogen Phytophthora infestans. Moreover BAK1/SERK3 is required for the 

cell death induced by P. infestans elicitin INF1, a protein with characteristics of PAMPs. The P. 

infestans host-translocated RXLR-WY effector AVR3a is known to supress INF1-mediated 

defense by binding the E3 ligase CMPG1. In contrast, AVR3aKI-Y147del, a deletion mutant of 

the C-terminal tyrosine of AVR3a, fails to bind CMPG1 and suppress INF1 cell death. Here we 

studied the extent to which AVR3a and its variants perturb additional BAK1/SERK3 dependent 

PTI responses using the plant PRR FLAGELLIN SENSING 2 (FLS2). We found that all tested 

variants of AVR3a, including AVR3aKI-Y147del, suppress early defense responses triggered by 

the bacterial flagellin-derived peptide flg22 and reduce internalization of activated FLS2 from 

the plasma membrane without disturbing its nonactivated localization. Consistent with this effect 

of AVR3a on FLS2 endocytosis, we discovered that AVR3a associates with the Dynamin-Related 

Protein DRP2, a plant GTPase implicated in receptor-mediated endocytosis. Interestingly, DRP2 

is required for ligand-induced FLS2 internalization but does not affect internalization of the 

growth receptor BRASSINOSTEROID INSENSITIVE 1 (BRI1). Furthermore, overexpression of 

DRP2 suppressed accumulation of reactive oxygen species triggered by PAMP treatment. We 

conclude that AVR3a associates with a key cellular trafficking and membrane-remodeling 



complex involved in immune receptor-mediated endocytosis and signaling. AVR3a is a 

multifunctional effector that can suppress BAK1/SERK3 mediated immunity through at least two 

different pathways. 

Chen, Y.-L., Lee, C.-Y., Cheng, K.-T., Chang, W.-H., Huang, R.-N., Nam, H.G., and Chen, Y.-R. 

(2014b). Quantitative peptidomics study reveals that a wound-induced peptide from PR-1 

regulates immune signaling in tomato. Plant Cell 26, 4135–4148. 

Many important cell-to-cell communication events in multicellular organisms are mediated by 

peptides, but only a few peptides have been identified in plants. In an attempt to address the 

difficulties in identifying plant signaling peptides, we developed a novel peptidomics approach 

and used this approach to discover defense signaling peptides in plants. In addition to the 

canonical peptide systemin, several novel peptides were confidently identified in tomato 

(Solanum lycopersicum) and quantified to be induced by both wounding and methyl jasmonate 

(MeJA). A wounding or wounding plus MeJA-induced peptide derived from the 

pathogenesis-related protein 1 (PR-1) family was found to induce significant antipathogen and 

minor antiherbivore responses in tomato. This study highlights a role for PR-1 in immune 

signaling and suggests the potential application of plant endogenous peptides in efforts to defeat 

biological threats in crop production. As PR-1 is highly conserved across many organisms and 

the putative peptide from At-PR1 was also found to be bioactive in Arabidopsis thaliana, our 

results suggest that this peptide may be useful for enhancing resistance to stress in other plant 

species. 

Cheng, H., Li, H., Deng, Y., Xiao, J., Li, X., and Wang, S. (2015a). The 

WRKY45-2-WRKY13-WRKY42 Transcriptional Regulatory Cascade Is Required for Rice 

Resistance to Fungal Pathogen. Plant Physiol. 

Blast caused by fungal Magnaporthe oryzae is a devastating disease of rice worldwide, and this 

fungus also infects barley. At least 11 rice WRKY transcription factors have been reported to 

regulate rice response to M. oryzae either positively or negatively. However, the relationships of 

these WRKYs in the rice defense signaling pathway against M. oryzae are unknown. Previous 

studies have revealed that rice WRKY13 (as a transcriptional repressor) and WRKY45-2 enhance 

resistance to M. oryzae. Here we show that rice WRKY42, functioning as a transcriptional 

repressor, suppresses resistance to M. oryzae. WRKY42-RNA interference (RNAi) and 

WRKY42-overexpressing (oe) plants showed increased resistance and susceptibility to M. oryzae, 

accompanied by increased or reduced jasmonate acid (JA) content, respectively, compared with 

wild-type plants. JA pretreatment enhanced the resistance of WRKY42-oe plants to M. oryzae. 

WRKY13 directly suppressed WRKY42. WRKY45-2, functioning as a transcriptional activator, 

directly activated WRKY13. In addition, WRKY13 directly suppressed WRKY45-2 by feedback 

regulation. The WRKY13-RNAi WRKY45-2-oe and WRKY13-oe WRKY42-oe double transgenic 

lines showed increased susceptibility to M. oryzae compared with WRKY45-2-oe and 

WRKY13-oe plants, respectively. These results suggest that the three WRKYs form a sequential 

transcriptional regulatory cascade. WRKY42 may negatively regulate rice response to M. oryzae 

by suppressing JA signaling-related genes, and WRKY45-2 transcriptionally activates WRKY13, 

whose encoding protein in turn transcriptionally suppresses WRKY42 to regulate rice resistance 

to M. oryzae. 

Cheng, Y., Yao, J., Zhang, H., Huang, L., and Kang, Z. (2014). Cytological and molecular 



analysis of nonhost resistance in rice to wheat powdery mildew and leaf rust pathogens. 

Protoplasma 1–13. 

Cereal powdery mildews caused by Blumeria graminis and cereal rusts caused by Puccinia spp. 

are constant disease threats that limit the production of almost all important cereal crops. Rice is 

an intensively grown agricultural cereal that is atypical because of its immunity to all powdery 

mildew and rust fungi. We analyzed the nonhost interactions between rice and the wheat powdery 

mildew fungus B. graminis f. sp. tritici (Bgt) and the wheat leaf rust fungus Puccinia triticina 

(Ptr) to identify the basis of nonhost resistance (NHR) in rice against cereal powdery mildew and 

rust fungi at cytological and molecular levels. No visible symptoms were observed on rice leaves 

inoculated with Bgt or Ptr. Microscopic observations showed that both pathogens exhibited 

aberrant differentiation and significantly reduced penetration frequencies on rice compared to 

wheat. The development of Bgt and Ptr was also completely arrested at early infection stages in 

cases of successful penetration into rice leaves. Attempted infection of rice by Bgt and Ptr 

induced similar defense responses, including callose deposition, accumulation of reactive oxygen 

species, and hypersensitive response in rice epidermal and mesophyll cells, respectively. 

Furthermore, a set of defense-related genes were upregulated in rice against Bgt and Ptr 

infection. Rice is an excellent monocot model for genetic and molecular studies. Therefore, our 

results demonstrate that rice is a useful model to study the mechanisms of NHR to cereal 

powdery mildew and rust fungi, which provides useful information for the development of novel 

and durable strategies to control these important pathogens. 

Chung, E.-H., El-Kasmi, F., He, Y., Loehr, A., and Dangl, J.L. (2014). A Plant Phosphoswitch 

Platform Repeatedly Targeted by Type III Effector Proteins Regulates the Output of Both Tiers 

of Plant Immune Receptors. Cell Host & Microbe 16, 484–494. 

Plants detect microbes via two functionally interconnected tiers of immune receptors. Immune 

detection is suppressed by equally complex pathogen mechanisms. The small 

plasma-membrane-tethered protein RIN4 negatively regulates microbe-associated molecular 

pattern (MAMP)-triggered responses, which are derepressed upon bacterial flagellin perception. 

We demonstrate that recognition of the flagellin peptide MAMP flg22 triggers accumulation of 

RIN4 phosphorylated at serine 141 (pS141) that mediates derepression of several immune 

outputs. RIN4 is targeted by four bacterial type III effector proteins, delivered temporally after 

flagellin perception. Of these, AvrB acts with a host kinase to increase levels of RIN4 

phosphorylated at threonine 166 (pT166). RIN4 pT166 is epistatic to RIN4 pS141. Thus, AvrB 

contributes to virulence by enhancing “rerepression” of immune system outputs. Our results 

explain the evolution of independent effectors that antagonize accumulation of RIN4 pS141 and 

of a specific plant intracellular NLR protein, RPM1, which is activated by AvrB-mediated 

accumulation of RIN4 pT166. 

De Coninck, B., Timmermans, P., Vos, C., Cammue, B.P.A., and Kazan, K. (2014). What lies 

beneath: belowground defense strategies in plants. Trends Plant Sci. 

Diseases caused by soil-borne pathogens result worldwide in significant yield losses in 

economically important crops. In contrast to foliar diseases, relatively little is known about the 

nature of root defenses against these pathogens. This review summarizes the current knowledge 

on root infection strategies, root-specific preformed barriers, pathogen recognition, and defense 

signaling. Studies reviewed here suggest that many commonalities as well as differences exist in 



defense strategies employed by roots and foliar tissues during pathogen attack. Importantly, in 

addition to pathogens, plant roots interact with a plethora of non-pathogenic and symbiotic 

microorganisms. Therefore, a good understanding of how plant roots interact with the 

microbiome would be particularly important to engineer resistance to root pathogens without 

negatively altering root-beneficial microbe interactions. 

Costa, A., Barbaro, M.R., Sicilia, F., Preger, V., Krieger-Liszkay, A., Sparla, F., De Lorenzo, G., 

and Trost, P. (2015). AIR12, a b-type cytochrome of the plasma membrane of Arabidopsis 

thaliana is a negative regulator of resistance against Botrytis cinerea. Plant Science 233, 32–43. 

AIR12 (Auxin Induced in Root culture) is a single gene of Arabidopsis that codes for a 

mono-heme cytochrome b. Recombinant AIR12 from Arabidopsis accepted electrons from 

ascorbate or superoxide, and donated electrons to either monodehydroascorbate or oxygen. 

AIR12 was found associated in vivo to the plasma membrane. Though linked to the membrane by 

a glycophosphatidylinositol anchor, AIR12 is a hydrophilic and glycosylated protein predicted to 

be fully exposed to the apoplast. The expression pattern of AIR12 in Arabidopsis is 

developmentally regulated and correlated to sites of controlled cell separation (e.g. micropilar 

endosperm during germination, epidermal cells surrounding the emerging lateral root) and cells 

around wounds. Arabidopsis (Landsberg erecta-0) mutants with altered levels of AIR12 did not 

show any obvious phenotype. However, AIR12-overexpressing plants accumulated ROS 

(superoxide, hydrogen peroxide) and lipid peroxides in leaves, indicating that AIR12 may alter 

the redox state of the apoplast under particular conditions. On the other hand, AIR12-knock out 

plants displayed a strongly decreased susceptibility to Botrytis cinerea infection, which in turn 

induced AIR12 expression in susceptible wild type plants. Altogether, the results suggest that 

AIR12 plays a role in the regulation of the apoplastic redox state and in the response to 

necrotrophic pathogens. Possible relationships between these functions are discussed. 

Cui, H., Tsuda, K., and Parker, J.E. (2014). Effector-Triggered Immunity: From Pathogen 

Perception to Robust Defense. Annu Rev Plant Biol. 

In plant innate immunity, individual cells have the capacity to sense and respond to pathogen 

attack. Intracellular recognition mechanisms have evolved to intercept perturbations by pathogen 

virulence factors (effectors) early in host infection and convert it to rapid defense. One key to 

resistance success is a polymorphic family of intracellular nucleotide-binding/leucine-richrepeat 

(NLR) receptors that detect effector interference in different parts of the cell. Effector-activated 

NLRs connect, in various ways, to a conserved basal resistance network in order to 

transcriptionally boost defense programs. Effector-triggered immunity displays remarkable 

robustness against pathogen disturbance, in part by employing compensatory mechanisms within 

the defense network. Also, the mobility of some NLRs and coordination of resistance pathways 

across cell compartments provides flexibility to fine-tune immune outputs. Furthermore, a 

number of NLRs function close to the nuclear chromatin by balancing actions of 

defense-repressing and defense-activating transcription factors to program cells dynamically for 

effective disease resistance. 

Dadakova, K., Havelkova, M., Kurkova, B., Tlolkova, I., Kasparovsky, T., Zdrahal, Z., and 

Lochman, J. (2015). Proteome and transcript analysis of Vitis vinifera cell cultures subjected to 

Botrytis cinerea infection. Journal of Proteomics 119, 143–153. 



Gray mold caused by Botrytis cinerea is one of the most important diseases of grapevine 

resulting in significant reductions in yield and fruit quality. In order to examine the molecular 

mechanisms that characterize the interaction between B. cinerea and the host plant, the 

grapevine cytoplasmic proteome was analyzed by two-dimensional polyacrylamide gel 

electrophoresis. The interaction between Vitis vinifera cv. Gamay cells and B. cinerea was 

characterized by the increase in spot abundance of 30 proteins, of which 21 were successfully 

identified. The majority of these proteins were related to defence and stress responses and to cell 

wall modifications. Some of the modulated proteins have been previously found to be affected by 

other pathogens when they infect V. vinifera but interestingly, the proteins related to cell wall 

modification that were influenced by B. cinerea have not been shown to be modulated by any 

other pathogen studied to date. Transcript analysis using the quantitative real time polymerase 

chain reaction additionally revealed the up-regulation of several acidic, probably extracellular, 

chitinases. The results indicate that cell wall strengthening, accumulation of PR proteins and 

excretion of lytic enzymes are likely to be important mechanisms in the defence of grapevine 

against B. cinerea. 

Biological significance 

Although gray mold caused by Botrytis cinerea is one of the most important diseases of 

grapevine, little information is available about proteomic changes in this pathosystem. These 

results suggest that cell wall strengthening, accumulation of PR proteins and excretion of lytic 

enzymes are important molecular mechanisms in the defence of grapevine against B. cinerea. 

Surprisingly, the proteins related to cell wall modification that were modulated by B. cinerea 

have not been shown to be affected by any other pathogen studied to date. 

Davies, L.J., Brown, C.R., and Elling, A.A. (2015). Calcium is involved in the R Mc1 

(blb)-mediated hypersensitive response against Meloidogyne chitwoodi in potato. Plant Cell Rep. 

34, 167–177. 

KEY MESSAGE: Functional characterization of the Columbia root-knot nematode resistance 

gene R Mc1 ( blb ) in potato revealed the R gene-mediated resistance is dependent on a 

hypersensitive response and involves calcium. The resistance (R) gene R Mc1(blb) confers 

resistance against the plant-parasitic nematode, Meloidogyne chitwoodi. Avirulent and virulent 

nematodes were used to functionally characterize the R Mc1(blb)-mediated resistance 

mechanism in potato (Solanum tuberosum). Histological observations indicated a hypersensitive 

response (HR) occurred during avirulent nematode infection. This was confirmed by quantifying 

reactive oxygen species activity in response to avirulent and virulent M. chitwoodi. To gain an 

insight into the signal transduction pathways mediating the R Mc1(blb)-induced HR, chemical 

inhibitors were utilized. Inhibiting Ca(2+) channels caused a significant reduction in electrolyte 

leakage, an indicator of cell death. Labeling with a Ca(2+)-sensitive dye revealed high Ca(2+) 

levels in the root cells surrounding avirulent nematodes. Furthermore, the calcium-dependent 

protein kinase (CDPK), StCDPK4 had a higher transcript level in R Mc1(blb) potato roots 

infected with avirulent nematodes in comparison to roots infected with virulent M. chitwoodi. The 

results of this study indicate Ca(2+) plays a role in the R Mc1(blb)-mediated resistance against 

M. chitwoodi in potato. 

Degrave, A., Siamer, S., Boureau, T., and Barny, M.-A. (2015). The AvrE superfamily: Ancestral 

type III effectors involved in suppression of PAMP-triggered immunity. Mol. Plant Pathol. 



The AvrE superfamily of type III effectors (T3Es) is widespread among type III-dependent 

phytobacteria and plays a crucial role during bacterial pathogenesis. Members of the AvrE 

superfamily are core effectors vertically inherited indicating an ancestral acquisition of these 

effectors in bacterial plant pathogens. AvrE-T3Es significantly contribute to virulence by 

suppressing PAMP-triggered immunity. They inhibit salicylic acid-mediated plant defenses, 

interfere with vesicular trafficking and promote bacterial growth in planta. AvrE-T3Es elicit cell 

death in both host and non-host plants independently of any known plant resistance protein 

suggesting an original interaction with the plant immune system. Recent studies in yeast indicate 

that they activate protein phosphatase 2A and inhibit serine palmitoyl transferase, the first 

enzyme of the sphingolipid biosynthesis pathway. In this review we will describe the current 

picture that emerges from studies of the different members of this fascinating large family. 

Dey, S., Wenig, M., Langen, G., Sharma, S., Kugler, K.G., Knappe, C., Hause, B., Bichlmeier, 

M., Babaeizad, V., Imani, J., et al. (2014). Bacteria-triggered systemic immunity in barley is 

associated with WRKY and ETHYLENE RESPONSIVE FACTORs but not with salicylic acid. 

Plant Physiol. 166, 2133–2151. 

Leaf-to-leaf systemic immune signaling known as systemic acquired resistance is poorly 

understood in monocotyledonous plants. Here, we characterize systemic immunity in barley 

(Hordeum vulgare) triggered after primary leaf infection with either Pseudomonas syringae 

pathovar japonica (Psj) or Xanthomonas translucens pathovar cerealis (Xtc). Both pathogens 

induced resistance in systemic, uninfected leaves against a subsequent challenge infection with 

Xtc. In contrast to systemic acquired resistance in Arabidopsis (Arabidopsis thaliana), systemic 

immunity in barley was not associated with NONEXPRESSOR OF PATHOGENESIS-RELATED 

GENES1 or the local or systemic accumulation of salicylic acid. Instead, we documented a 

moderate local but not systemic induction of abscisic acid after infection of leaves with Psj. In 

contrast to salicylic acid or its functional analog benzothiadiazole, local applications of the 

jasmonic acid methyl ester or abscisic acid triggered systemic immunity to Xtc. RNA sequencing 

analysis of local and systemic transcript accumulation revealed unique gene expression changes 

in response to both Psj and Xtc and a clear separation of local from systemic responses. The 

systemic response appeared relatively modest, and quantitative reverse transcription-polymerase 

chain reaction associated systemic immunity with the local and systemic induction of two WRKY 

and two ETHYLENE RESPONSIVE FACTOR (ERF)-like transcription factors. Systemic 

immunity against Xtc was further associated with transcriptional changes after a 

secondary/systemic Xtc challenge infection; these changes were dependent on the primary 

treatment. Taken together, bacteria-induced systemic immunity in barley may be mediated in part 

by WRKY and ERF-like transcription factors, possibly facilitating transcriptional 

reprogramming to potentiate immunity. 

Dickman, M.B., and de Figueiredo, P. (2013). Death be not proud--cell death control in plant 

fungal interactions. PLoS Pathog. 9, e1003542. 

 

Djami-Tchatchou, A.T., Maake, M.P., Piater, L.A., and Dubery, I.A. (2015). 

Isonitrosoacetophenone Drives Transcriptional Reprogramming in Nicotiana tabacum Cells in 

Support of Innate Immunity and Defense. PLoS ONE 10, e0117377. 



Plants respond to various stress stimuli by activating broad-spectrum defense responses both 

locally as well as systemically. As such, identification of expressed genes represents an important 

step towards understanding inducible defense responses and assists in designing appropriate 

intervention strategies for disease management. Genes differentially expressed in tobacco cell 

suspensions following elicitation with isonitrosoacetophenone (INAP) were identified using 

mRNA differential display and pyro-sequencing. Sequencing data produced 14579 reads, which 

resulted in 198 contigs and 1758 singletons. Following BLAST analyses, several inducible plant 

defense genes of interest were identified and classified into functional categories including signal 

transduction, transcription activation, transcription and protein synthesis, protein degradation 

and ubiquitination, stress-responsive, defense-related, metabolism and energy, regulation, 

transportation, cytoskeleton and cell wall-related. Quantitative PCR was used to investigate the 

expression of 17 selected target genes within these categories. Results indicate that INAP has a 

sensitising or priming effect through activation of salicylic acid-, jasmonic acid- and ethylene 

pathways that result in an altered transcriptome, with the expression of genes involved in 

perception of pathogens and associated cellular re-programming in support of defense. 

Furthermore, infection assays with the pathogen Pseudomonas syringae pv. tabaci confirmed the 

establishment of a functional anti-microbial environment in planta. 

Dong, X., Jiang, Z., Peng, Y.-L., and Zhang, Z. (2015). Revealing Shared and Distinct Gene 

Network Organization in Arabidopsis Immune Responses by Integrative Analysis. Plant Physiol. 

Pattern-triggered immunity (PTI) and effector-triggered immunity (ETI) are two main plant 

immune responses to counter pathogen invasion. Genome-wide gene network organizing 

principles leading to quantitative differences between PTI and ETI have remained elusive. We 

combined an advanced machine learning method and modular network analysis to systematically 

characterize the organizing principles of Arabidopsis PTI and ETI at three network resolutions. 

At the single network node/edge level, we ranked genes and gene interactions based on their 

ability to distinguish immune response from normal growth and successfully identified many 

immune-related genes associated with PTI and ETI. Topological analysis revealed that the top 

ranked gene interactions tend to link network modules. At the subnetwork level, we identified a 

subnetwork shared by PTI and ETI encompassing 1,159 genes and 1,289 interactions. This 

subnetwork is enriched in interactions linking network modules and is also a hotspot of attack by 

pathogen effectors. The subnetwork likely represents a core component in the coordination of 

multiple biological processes to favor defense over development. Finally, we constructed 

modular network models for PTI and ETI to explain the quantitative differences in the global 

network architecture. Our results indicate that the defense modules in ETI are organized into 

relatively independent structures, explaining the robustness of ETI to genetic mutations and 

effector attacks. Taken together, the multiscale comparisons of PTI and ETI provide a systems 

biology perspective on plant immunity and emphasize coordination among network modules to 

establish a robust immune response. 

Du, J., Verzaux, E., Chaparro-Garcia, A., Bijsterbosch, G., Keizer, L.C.P., Zhou, J., Liebrand, 

T.W.H., Xie, C., Govers, F., Robatzek, S., et al. (2015a). Elicitin recognition confers enhanced 

resistance to Phytophthora infestans in potato. Nature Plants 1, 15034. 

Potato late blight, caused by the destructive Irish famine pathogen Phytophthora infestans, is a 

major threat to global food security1,2. All late blight resistance genes identified to date belong 

to the coiled-coil, nucleotide-binding, leucine-rich repeat class of intracellular immune 



receptors3. However, virulent races of the pathogen quickly evolved to evade recognition by 

these cytoplasmic immune receptors4. Here we demonstrate that the receptor-like protein ELR 

(elicitin response) from the wild potato Solanum microdontum mediates extracellular recognition 

of the elicitin domain, a molecular pattern that is conserved in Phytophthora species. ELR 

associates with the immune co-receptor BAK1/SERK3 and mediates broad-spectrum recognition 

of elicitin proteins from several Phytophthora species, including four diverse elicitins from P. 

infestans. Transfer of ELR into cultivated potato resulted in enhanced resistance to P. infestans. 

Pyramiding cell surface pattern recognition receptors with intracellular immune receptors could 

maximize the potential of generating a broader and potentially more durable resistance to this 

devastating plant pathogen. 

Du, Y., Berg, J., Govers, F., and Bouwmeester, K. (2015b). Immune activation mediated by the 

late blight resistance protein R1 requires nuclear localization of R1 and the effector AVR1. New 

Phytol n/a – n/a. 

* Resistance against oomycete pathogens is mainly governed by intracellular nucleotide-binding 

leucine-rich repeat (NLR) receptors that recognize matching avirulence (AVR) proteins from the 

pathogen, RXLR effectors that are delivered inside host cells. Detailed molecular understanding 

of how and where NLR proteins and RXLR effectors interact is essential to inform the deployment 

of durable resistance (R) genes. 

* Fluorescent tags, nuclear localization signals (NLSs) and nuclear export signals (NESs) were 

exploited to determine the subcellular localization of the potato late blight protein R1 and the 

Phytophthora infestans RXLR effector AVR1, and to target these proteins to the nucleus or 

cytoplasm. 

* Microscopic imaging revealed that both R1 and AVR1 occurred in the nucleus and cytoplasm, 

and were in close proximity. Transient expression of NLS- or NES-tagged R1 and AVR1 in 

Nicotiana benthamiana showed that activation of the R1-mediated hypersensitive response and 

resistance required localization of the R1/AVR1 pair in the nucleus. However, AVR1-mediated 

suppression of cell death in the absence of R1 was dependent on localization of AVR1 in the 

cytoplasm. Balanced nucleocytoplasmic partitioning of AVR1 seems to be a prerequisite. 

* Our results show that R1-mediated immunity is activated inside the nucleus with AVR1 in close 

proximity and suggest that nucleocytoplasmic transport of R1 and AVR1 is tightly regulated. 

Duran-Flores, D., and Heil, M. (2014). Damaged-self recognition in common bean (Phaseolus 

vulgaris) shows taxonomic specificity and triggers signaling via reactive oxygen species (ROS). 

Front Plant Sci 5, 585. 

Plants require reliable mechanisms to detect injury. Danger signals or "damage-associated 

molecular patterns" (DAMPs) are released from stressed host cells and allow injury detection 

independently of enemy-derived molecules. We studied the response of common bean (Phaseolus 

vulgaris) to the application of leaf homogenate as a source of DAMPs and measured the 

production of reactive oxygen species (ROS) as an early response and the secretion of extrafloral 

nectar (EFN) as a jasmonic acid (JA)-dependent late response. We observed a strong taxonomic 

signal in the response to different leaf homogenates. ROS formation and EFN secretion were 

highly correlated and responded most strongly to leaf homogenates produced using the same 

cultivar or closely related accessions, less to a distantly related cultivar of common bean or each 



of the two congeneric species, P. lunatus and P. coccineus, and not at all to homogenates 

prepared from species in different genera, not even when using other Fabaceae. Interestingly, 

leaf homogenates also reduced the infection by the bacterial pathogen, Pseudomonas syringae, 

when they were applied directly before challenging, although the same homogenates exhibited no 

direct in vitro inhibitory effect in the bacterium. We conclude that ROS signaling is associated to 

the induction of EFN secretion and that the specific blend of DAMPs that are released from 

damaged cells allows the plant to distinguish the "damaged-self" from the damaged "non-self." 

The very early responses of plants to DAMPs can trigger resistance to both, herbivores and 

pathogens, which should be adaptive because injury facilitates infection, independently of its 

causal reason. 

Dutta, A., Chan, S.H.P., Pauli, N.T., and Raina, R. (2015). HYPERSENSITIVE 

RESPONSE-LIKE LESIONS 1 codes for AtPPT1 and regulates accumulation of ROS and 

defense against bacterial pathogen Pseudomonas syringae in Arabidopsis thalaina. Antioxid. 

Redox Signal. 

Plants employ both basal and resistance gene (R gene)-mediated defenses in response to 

pathogens. Reactive oxygen species (ROS) are widely reported to play a central role in both basal 

and R gene-mediated defense; however, the nature of ROS has been less well established for 

basal defense. Additionally, spatial distribution of redox moieties and mechanisms of plant 

responses during basal defense are poorly understood. We investigated redox signaling in 

<i>Arabidopsis thaliana</i> in response to virulent bacterial pathogen, focusing on the role of the 

mitochondria in balancing energy demands against generation of physiologically relevant ROS. 

Results: Positional cloning of an Arabidopsis lesion mimic mutant identified a polyprenyl 

transferase involved in the biosynthesis of Coenzyme Q10 (CoQ), that lead to novel insights into 

physiological ROS levels and their role in basal resistance. Gain- and loss-of-function studies 

identified Coenzyme Q10 redox state to be a key determinant of ROS levels. These Coenzyme 

Q10 redox state-mediated ROS levels had a direct bearing on both response against pathogen and 

ability to thrive in high oxidative stress environments. <i>Innovations</i>:We demonstrate that 

Coenzyme Q10 redox state generates a ROS threshold for a successful basal resistance response. 

Perturbation of the Coenzyme Q10 redox state has the potential to disrupt the plant defense 

responses against bacterial pathogen. <i>Conclusions</i>: Coenzyme Q10 redox state is a key 

regulator of Arabidopsis basal resistance against bacterial pathogen. 

Ek-Ramos, M.J., Avila, J., Nelson Dittrich, A.C., Su, D., Gray, J.W., and Devarenne, T.P. (2014). 

The Tomato Cell Death Suppressor Adi3 Is Restricted to the Endosomal System in Response to 

the Pseudomonas syringae Effector Protein AvrPto. PLoS ONE 9, e110807. 

The tomato (Solanum lycopersicum) AGC protein kinase Adi3 functions as a suppressor of cell 

death and was first identified as an interactor with the tomato resistance protein Pto and the 

Pseudomonas syringae effector protein AvrPto. Models predict that loss of Adi3 cell death 

suppression (CDS) activity during Pto/AvrPto interaction leads to the cell death associated with 

the resistance response initiated from this interaction. Nuclear localization is required for Adi3 

CDS. Prevention of nuclear accumulation eliminates Adi3 CDS and induces cell death by 

localizing Adi3 to intracellular punctate membrane structures. Here we use several markers of 

the endomembrane system to show that the punctate membrane structures to which non-nuclear 

Adi3 is localized are endosomal in nature. Wild-type Adi3 also localizes in these punctate 

endosomal structures. This was confirmed by the use of endosomal trafficking inhibitors, which 



were capable of trapping wild-type Adi3 in endosomal-like structures similar to the non-nuclear 

Adi3. This suggests Adi3 may traffic through the cell using the endomembrane system. 

Additionally, Adi3 was no longer found in the nucleus but was visualized in these punctate 

endosomal-like membranes during the cell death induced by the Pto/AvrPto interaction. 

Therefore we propose that inhibiting nuclear import and constraining Adi3 to the endosomal 

system in response to AvrPto is a mechanism to initiate the cell death associated with resistance. 

Fan, J.W., Hu, C.L., Zhang, L.N., Li, Z.L., Zhao, F.K., and Wang, S.H. (2014). Jasmonic Acid 

Mediates Tomato’s Response to Root Knot Nematodes. J Plant Growth Regul 1–10. 

Jasmonates such as jasmonic acid (JA) are plant-signaling compounds that induce resistance to 

a broad range of herbivores. JA-dependent defenses are known to reduce the growth and 

survivorship of many insects. How plants coordinate fluctuating growth-defense dynamics is not 

well understood with regard to the role of JA in resistance to tomato root knot nematodes (RKN). 

To better understand JA-mediated nematode resistance, the average root nodules per hill were 

compared among CM(WT), JA biosynthetic mutant (spr2), 35S::prosystemin(35S::PS), indicating 

that in the mutant line 35S::PS, JA overexpressed transgenic tomato, the proteinase inhibitor II 

(PI-II) translation level gradually increased with time after inoculation with RKN. This was 

accompanied by the production of phytohormones such as JA to enclose the invading nematodes 

at the initial site of infection, and then inhibit nematode multiplication and spread. The JA 

synthesis mutant, spr2, could not induce high expression of PI-II in the leaf while the root system 

was susceptible to nematodes. Exogenous JA on the shoots of spr2 can induce a strong systemic 

defense response in the roots, as exemplified by a major up-regulation of phospholipase A2 

(PLA2) and PI-II, indicating that methyl jasmonate (MeJA) had a positive impact on spr2 

survivorship. The expression profiles of 14 systemin/JA-related genes were evaluated by 

quantitative real-time PCR profiling, which revealed that the corresponding genes participate 

directly or indirectly in tomato plants after vaccination with RKN. The results indicated that the 

observed effects of both endogenous and exogenous JA on RKN resistance were involved in the 

JA pathway. 

Fang, X., Chen, J., Dai, L., Ma, H., Zhang, H., Yang, J., Wang, F., and Yan, C. (2015). Proteomic 

dissection of plant responses to various pathogens. Proteomics. 

During their growth and development, plants are vulnerable to the effects of a variety of 

pathogens. Proteomics technology plays an important role in research studies of plant defense 

mechanisms by mining the expression changes of proteins in response to various biotic stresses. 

This review article provides a comprehensive overview of the latest developments in international 

proteomic research on plant biotic stress. It summarizes the methods commonly used in plant 

proteomic research to investigate biotic stress, analyze the protein responses of plants in adverse 

conditions and reviews the applications of proteomics combined with transgenic technology in 

plant protection. This article is protected by copyright. All rights reserved. 

Faoro, F., and Gozzo, F. (2015). Is modulating virus virulence by induced systemic resistance 

realistic? Plant Sci. 234, 1–13. 

Induction of plant resistance, either achieved by chemicals (systemic acquired resistance, SAR) 

or by rhizobacteria (induced systemic resistance, ISR) is a possible and/or complementary 

alternative to manage virus infections in crops. SAR mechanisms operating against viruses are 



diverse, depending on the pathosystem, and may inhibit virus replication as well as cell-to-cell 

and long-distance movement. Inhibition is often mediated by salicylic acid with the involvement 

of alternative oxidase and reactive oxygen species. However, salicylate may also stimulate a 

separate downstream pathway, leading to the induction of an additional mechanism, based on 

RNA-dependent RNA polymerase 1-mediated RNA silencing. Thus, SAR and RNA silencing would 

closely cooperate in the defence against virus infection. Despite tremendous recent progress in 

the knowledge of SAR mechanisms, only a few compounds, including benzothiadiazole and 

chitosan have been shown to reduce the severity of systemic virus disease in controlled 

environment and, more modestly, in open field. Finally, ISR induction, has proved to be a 

promising strategy to control virus disease, particularly by seed bacterization with a mixture of 

plant growth-promoting rhizobacteria. However, the use of any of these treatments should be 

integrated with cultivation practices that reduce vector pressure by the use of insecticides, or by 

Bt crops. 

Feng, B., Liu, C., de Oliveira, M.V.V., Intorne, A.C., Li, B., Babilonia, K., de Souza Filho, G.A., 

Shan, L., and He, P. (2015). Protein Poly(ADP-ribosyl)ation Regulates Arabidopsis Immune 

Gene Expression and Defense Responses. PLoS Genet. 11, e1004936. 

Perception of microbe-associated molecular patterns (MAMPs) elicits transcriptional 

reprogramming in hosts and activates defense to pathogen attacks. The molecular mechanisms 

underlying plant pattern-triggered immunity remain elusive. A genetic screen identified 

Arabidopsis poly(ADP-ribose) glycohydrolase 1 (atparg1) mutant with elevated immune gene 

expression upon multiple MAMP and pathogen treatments. Poly(ADP-ribose) glycohydrolase 

(PARG) is predicted to remove poly(ADP-ribose) polymers on acceptor proteins modified by 

poly(ADP-ribose) polymerases (PARPs) with three PARPs and two PARGs in Arabidopsis 

genome. AtPARP1 and AtPARP2 possess poly(ADP-ribose) polymerase activity, and the activity 

of AtPARP2 was enhanced by MAMP treatment. AtPARG1, but not AtPARG2, carries 

glycohydrolase activity in vivo and in vitro. Importantly, mutation (G450R) in atparg1 blocks its 

activity and the corresponding residue is highly conserved and essential for human HsPARG 

activity. Consistently, mutant atparp1atparp2 plants exhibited compromised immune gene 

activation and enhanced susceptibility to pathogen infections. Our study indicates that protein 

poly(ADP-ribosyl)ation plays critical roles in plant immune gene expression and defense to 

pathogen attacks. 

Fernández-Calvino, L., Osorio, S., Hernández, M.L., Hamada, I.B., Toro, F.J. del, Donaire, L., 

Yu, A., Bustos, R., Fernie, A.R., Martínez-Rivas, J.M., et al. (2014). Virus-Induced Alterations in 

Primary Metabolism Modulate Susceptibility to Tobacco rattle virus in Arabidopsis. Plant 

Physiol. 166, 1821–1838. 

During compatible virus infections, plants respond by reprogramming gene expression and 

metabolite content. While gene expression studies are profuse, our knowledge of the metabolic 

changes that occur in the presence of the virus is limited. Here, we combine gene expression and 

metabolite profiling in Arabidopsis (Arabidopsis thaliana) infected with Tobacco rattle virus 

(TRV) in order to investigate the influence of primary metabolism on virus infection. Our results 

revealed that primary metabolism is reconfigured in many ways during TRV infection, as 

reflected by significant changes in the levels of sugars and amino acids. Multivariate data 

analysis revealed that these alterations were particularly conspicuous at the time points of 

maximal accumulation of TRV, although infection time was the dominant source of variance 



during the process. Furthermore, TRV caused changes in lipid and fatty acid composition in 

infected leaves. We found that several Arabidopsis mutants deficient in branched-chain amino 

acid catabolism or fatty acid metabolism possessed altered susceptibility to TRV. Finally, we 

showed that increments in the putrescine content in TRV-infected plants correlated with 

enhanced tolerance to freezing stress in TRV-infected plants and that impairment of putrescine 

biosynthesis promoted virus multiplication. Our results thus provide an interesting overview for a 

better understanding of the relationship between primary metabolism and virus infection. 

Fernández-Calvino, L., Guzmán-Benito, I., Del Toro, F.J., Donaire, L., Castro-Sanz, A.B., 

Ruíz-Ferrer, V., and Llave, C. (2015). Activation of senescence-associated dark-inducible genes 

during infection contributes to enhance susceptibility to plant viruses. Mol. Plant Pathol. 

Virus infections in plants cause changes in host gene expression that are common to other 

environmental stresses. In this work, we found extensive overlapping in the transcriptional 

responses between Arabidopsis thaliana plants infected with Tobacco rattle virus (TRV) and 

plants undergoing senescence. This is exemplified by the up-regulation during infection of 

several senescence-associated Dark-inducible genes, which includes AtDIN1 (Senescence 1, 

SEN1), AtDIN6 (Asparagine synthetase 1, AtASN1) and AtDIN11. DIN1, DIN6 and DIN11 

homologues were also activated in Nicotiana benthamiana in response to TRV and Potato virus 

X (PVX) infection. Reduced TRV levels in RNAi lines targeting AtDIN11 indicate that DIN11 is 

an important modulator of susceptibility to TRV in Arabidopsis. Furthermore, low accumulation 

of TRV in Arabidopsis protoplasts from RNAi lines suggests that AtDIN11 supports virus 

multiplication in this species. The effect of DIN6 on virus accumulation was negligible in 

Arabidopsis, perhaps due to gene or functional redundancy. However, TRV-induced silencing of 

NbASN, the DIN6 homologue in N. benthamiana, compromises TRV and PVX accumulation in 

systemic leaves. Interestingly, NbASN inactivation correlates with the appearance of 

morphological defects in infected leaves. We found that DIN6 and DIN11 regulate virus 

multiplication in a step prior to the activation of plant defence responses. We hypothesize about 

the possible roles of DIN6 and DIN11 during virus infections. 

Fitzgerald, T.L., Powell, J.J., Schneebeli, K., Hsia, M.M., Gardiner, D.M., Bragg, J.N., McIntyre, 

C.L., Manners, J.M., Ayliffe, M., Watt, M., et al. (2015). Brachypodium as an emerging model 

for cereal-pathogen interactions. Ann. Bot. 115, 717–731. 

BACKGROUND: Cereal diseases cause tens of billions of dollars of losses annually and have 

devastating humanitarian consequences in the developing world. Increased understanding of the 

molecular basis of cereal host-pathogen interactions should facilitate development of novel 

resistance strategies. However, achieving this in most cereals can be challenging due to large 

and complex genomes, long generation times and large plant size, as well as quarantine and 

intellectual property issues that may constrain the development and use of community resources. 

Brachypodium distachyon (brachypodium) with its small, diploid and sequenced genome, short 

generation time, high transformability and rapidly expanding community resources is emerging 

as a tractable cereal model. 

SCOPE: Recent research reviewed here has demonstrated that brachypodium is either 

susceptible or partially susceptible to many of the major cereal pathogens. Thus, the study of 

brachypodium-pathogen interactions appears to hold great potential to improve understanding of 

cereal disease resistance, and to guide approaches to enhance this resistance. This paper reviews 



brachypodium experimental pathosystems for the study of fungal, bacterial and viral cereal 

pathogens; the current status of the use of brachypodium for functional analysis of cereal disease 

resistance; and comparative genomic approaches undertaken using brachypodium to assist 

characterization of cereal resistance genes. Additionally, it explores future prospects for 

brachypodium as a model to study cereal-pathogen interactions. 

CONCLUSIONS: The study of brachypodium-pathogen interactions appears to be a productive 

strategy for understanding mechanisms of disease resistance in cereal species. Knowledge 

obtained from this model interaction has strong potential to be exploited for crop improvement. 

Furniss, J.J., and Spoel, S.H. (2015). Cullin-RING ubiquitin ligases in salicylic acid-mediated 

plant immune signaling. Front. Plant Sci. 154. 

Plant immune responses against biotrophic pathogens are regulated by the signaling hormone 

salicylic acid (SA). SA establishes immunity by regulating a variety of cellular processes, 

including programmed cell death (PCD) to isolate and kill invading pathogens, and development 

of systemic acquired resistance (SAR) which provides long-lasting, broad-spectrum resistance 

throughout the plant. Central to these processes is post-translational modification of 

SA-regulated signaling proteins by ubiquitination, i.e., the covalent addition of small ubiquitin 

proteins. Emerging evidence indicates SA-induced protein ubiquitination is largely orchestrated 

by Cullin-RING ligases (CRLs), which recruit specific substrates for ubiquitination using 

interchangeable adaptors. Ligation of ubiquitin chains interlinked at lysine 48 leads to substrate 

degradation by the 26S proteasome. Here we discuss how CRL-mediated degradation of both 

nucleotide-binding/leucine-rich repeat domain containing immune receptors and SA-induced 

transcription regulators are critical for functional PCD and SAR responses, respectively. By 

placing these recent findings in context of knowledge gained in other eukaryotic model species, 

we highlight potential alternative roles for processive ubiquitination in regulating the activity of 

SA-mediated immune responses. 

Gamir, J., Sánchez-Bel, P., and Flors, V. (2014). Molecular and physiological stages of priming: 

how plants prepare for environmental challenges. Plant Cell Rep. 33, 1935–1949. 

Being sessile organisms, plants must respond to various challenges in the environment. The 

priming process consists of three clear stages. The first stage includes all the cellular changes in 

the absence of the challenge so-called pre-challenge priming stage. These changes are expected 

to be rather subtle, affecting the preparation of the plant to properly manage subsequent 

responses to pathogens with no major fitness costs. Most of the research that has been conducted 

at this stage has been dedicated to the study of changes in gene expression and protein 

phosphorylation. However, the metabolic changes that occur during the pre-challenge priming 

stage are poorly understood. The second stage affects the early to late stages of the defence 

response, which occurs after the interaction with a pathogen has been established. Most studies 

involving priming are dedicated to the molecular events that take place during this stage. Most 

studies have shown that defence priming is strongly hormonally regulated; however, there is also 

evidence of the involvement of phenolic derivative compounds and many other secondary 

metabolites, leading to stronger and faster plant responses. The third priming phase ranges from 

long lasting defence priming to trans-generational acquired resistance. Long-term metabolic 

transitions, that occur in the offspring of primed plants, remain to be elucidated. Here we review 

existing information in the literature that relates to the metabolic changes that occur during all 



three defence priming stages and highlight the metabolic transitions that are associated with the 

stimulation of priming and the characteristics of the pathogens whenever possible. 

Gao, Q., Zhu, S., Kachroo, P., and Kachroo, A. (2015). Signal regulators of systemic acquired 

resistance. Front. Plant Sci. 6, 228. 

Salicylic acid (SA) is an important phytohormone that plays a vital role in a number of 
physiological responses, including plant defense. The last two decades have witnessed a 
number of breakthroughs related to biosynthesis, transport, perception and signaling 
mediated by SA. These findings demonstrate that SA plays a crictical role in both local and 
systemic defense responses. Systemic acquired resistance (SAR) is one such SA-dependent 
response. SAR is a long distance signaling mechanism that provides broad spectrum and 
long-lasting resistance to secondary infections throughout the plant. This unique feature makes 
SAR a highly desirable trait in crop production. This review summarizes the recent advances in 
the role of SA in SAR and discusses its relationship to other SAR inducers. 

Garcia-Ruiz, H., Carbonell, A., Hoyer, J.S., Fahlgren, N., Gilbert, K.B., Takeda, A., 

Giampetruzzi, A., Garcia Ruiz, M.T., McGinn, M.G., Lowery, N., et al. (2015). Roles and 

Programming of Arabidopsis ARGONAUTE Proteins during Turnip Mosaic Virus Infection. 

PLoS Pathog. 11, e1004755. 

In eukaryotes, ARGONAUTE proteins (AGOs) associate with microRNAs (miRNAs), short 

interfering RNAs (siRNAs), and other classes of small RNAs to regulate target RNA or target 

loci. Viral infection in plants induces a potent and highly specific antiviral RNA silencing 

response characterized by the formation of virus-derived siRNAs. Arabidopsis thaliana has ten 

AGO genes of which AGO1, AGO2, and AGO7 have been shown to play roles in antiviral 

defense. A genetic analysis was used to identify and characterize the roles of AGO proteins in 

antiviral defense against Turnip mosaic virus (TuMV) in Arabidopsis. AGO1, AGO2 and AGO10 

promoted anti-TuMV defense in a modular way in various organs, with AGO2 providing a 

prominent antiviral role in leaves. AGO5, AGO7 and AGO10 had minor effects in leaves. AGO1 

and AGO10 had overlapping antiviral functions in inflorescence tissues after systemic movement 

of the virus, although the roles of AGO1 and AGO10 accounted for only a minor amount of the 

overall antiviral activity. By combining AGO protein immunoprecipitation with high-throughput 

sequencing of associated small RNAs, AGO2, AGO10, and to a lesser extent AGO1 were shown 

to associate with siRNAs derived from silencing suppressor (HC-Pro)-deficient TuMV-AS9, but 

not with siRNAs derived from wild-type TuMV. Co-immunoprecipitation and small RNA 

sequencing revealed that viral siRNAs broadly associated with wild-type HC-Pro during TuMV 

infection. These results support the hypothesis that suppression of antiviral silencing during 

TuMV infection, at least in part, occurs through sequestration of virus-derived siRNAs away from 

antiviral AGO proteins by HC-Pro. These findings indicate that distinct AGO proteins function 

as antiviral modules, and provide a molecular explanation for the silencing suppressor activity of 

HC-Pro. 

Gijzen, M., Ishmael, C., and Shrestha, S.D. (2014). Epigenetic control of effectors in plant 

pathogens. Front. Plant Sci. 5, 638. 

Plant pathogens display impressive versatility in adapting to host immune systems. Pathogen 

effector proteins facilitate disease but can become avirulence (Avr) factors when the host 

acquires discrete recognition capabilities that trigger immunity. The mechanisms that lead to 



changes to pathogen Avr factors that enable escape from host immunity are diverse, and include 

epigenetic switches that allow for reuse or recycling of effectors. This perspective outlines 

possibilities of how epigenetic control of Avr effector gene expression may have arisen and 

persisted in filamentous plant pathogens, and how it presents special problems for diagnosis and 

detection of specific pathogen strains or pathotypes. 

Gill, U.S., Lee, S., and Mysore, K.S. (2015). Host versus nonhost resistance: Distinct wars with 

similar arsenals. Phytopathology. 

Plants face several challenges by bacterial, fungal, oomycete and viral pathogens during their 

life cycle. In order to defend against these biotic stresses, plants possess a dynamic, innate, 

natural immune system that efficiently detects potential pathogens and initiates a resistance 

response in the form of basal resistance and/or resistance (R)-gene-mediated defense, which is 

often associated with a hypersensitive response. Depending upon the nature of plant-pathogen 

interactions, plants generally have two main defense mechanisms, host resistance and nonhost 

resistance. Host resistance is generally controlled by single R genes and less durable compared 

to nonhost resistance. In contrast, nonhost resistance is believed to be a multi-gene trait and 

more durable. In this review, we describe the mechanisms of host and nonhost resistance against 

fungal and bacterial plant pathogens. In addition, we also attempt to compare host and nonhost 

resistance responses to identify similarities and differences, and their practical applications in 

crop improvement. 

Gourion, B., Berrabah, F., Ratet, P., and Stacey, G. Rhizobium–legume symbioses: the crucial 

role of plant immunity. Trends in Plant Science 0. 

New research results have significantly revised our understanding of the rhizobium–legume 

infection process. For example, Nod factors (NFs), previously thought to be absolutely essential 

for this symbiosis, were shown to be dispensable under particular conditions. Similarly, an NF 

receptor, previously considered to be solely involved in symbiosis, was shown to function during 

plant pathogen infections. Indeed, there is a growing realization that plant innate immunity is a 

crucial component in the establishment and maintenance of symbiosis. We review here the 

factors involved in the suppression of plant immunity during rhizobium–legume symbiosis, and 

we attempt to place this information into context with the most recent and sometimes surprising 

research results. 

Granum, E., Pérez-Bueno, M.L., Calderón, C.E., Ramos, C., Vicente, A. de, Cazorla, F.M., and 

Barón, M. (2015). Metabolic responses of avocado plants to stress induced by Rosellinia necatrix 

analysed by fluorescence and thermal imaging. Eur J Plant Pathol 1–8. 

One of the most important soilborne diseases affecting avocado (Persea americana Mill.) crops 

is white root rot, caused by the fungus Rosellinia necatrix. In this study we investigated the 

metabolic responses elicited by white root rot in the aerial part of the plant with special focus on 

the potential applications of imaging technique (including chlorophyll fluorescence (Chl-F), 

blue-green fluorescence and thermography) in early detection of the disease on leaves. The 

results show that leaf metabolism was significantly affected by the infection only when symptoms 

started to appear, which was probably related to the loss of root functionality. However, changes 

in some Chl-F parameters provided early indications of stress even prior to the development of 

symptoms. We suggest that the combinatorial analysis of several Chl-F parameters could be used 



as a method for early detection of stress related to white root rot, and might prove useful as a 

general indicator of biotic and abiotic stress in avocado plants. 

Griebel, T., Maekawa, T., and Parker, J.E. (2014). NOD-like receptor cooperativity in 

effector-triggered immunity. Trends Immunol. 35, 562–570. 

Intracellular nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) are basic 

elements of innate immunity in plants and animals. Whereas animal NLRs react to conserved 

microbe- or damage-associated molecular patterns, plant NLRs intercept the actions of diverse 

pathogen virulence factors (effectors). In this review, we discuss recent genetic and molecular 

evidence for functional NLR pairs, and discuss the significance of NLR self-association and 

heteromeric NLR assemblies in the triggering of downstream signaling pathways. We highlight 

the versatility and impact of cooperating NLR pairs that combine pathogen sensing with the 

initiation of defense signaling in both plant and animal immunity. We propose that different NLR 

receptor molecular configurations provide opportunities for fine-tuning resistance pathways and 

enhancing the host's pathogen recognition spectrum to keep pace with rapidly evolving microbial 

populations. 

Guy, E., Lautier, M., Chabannes, M., Roux, B., Lauber, E., Arlat, M., and Noël, L.D. (2013). 

xopAC-triggered Immunity against Xanthomonas Depends on Arabidopsis Receptor-Like 

Cytoplasmic Kinase Genes PBL2 and RIPK. PLoS ONE 8, e73469. 

Xanthomonas campestris pv. campestris (Xcc) colonizes the vascular system of Brassicaceae and 

ultimately causes black rot. In susceptible Arabidopsis plants, XopAC type III effector inhibits by 

uridylylation positive regulators of the PAMP-triggered immunity such as the receptor-like 

cytoplasmic kinases (RLCK) BIK1 and PBL1. In the resistant ecotype Col-0, xopAC is a major 

avirulence gene of Xcc. In this study, we show that both the RLCK interaction domain and the 

uridylyl transferase domain of XopAC are required for avirulence. Furthermore, xopAC can also 

confer avirulence to both the vascular pathogen Ralstonia solanacearum and the 

mesophyll-colonizing pathogen Pseudomonas syringae indicating that xopAC-specified 

effector-triggered immunity is not specific to the vascular system. In planta, XopAC-YFP fusions 

are localized at the plasma membrane suggesting that XopAC might interact with 

membrane-localized proteins. Eight RLCK of subfamily VII predicted to be localized at the 

plasma membrane and interacting with XopAC in yeast two-hybrid assays have been isolated. 

Within this subfamily, PBL2 and RIPK RLCK genes but not BIK1 are important for 

xopAC-specified effector-triggered immunity and Arabidopsis resistance to Xcc. 

Hao, D.C., Chen, S.L., Osbourn, A., Kontogianni, V.G., Liu, L.W., and Jordán, M.J. (2015). 

Temporal transcriptome changes induced by methyl jasmonate in Salvia sclarea. Gene 558, 

41–53. 

Salvia sclarea is a traditional medicinal and aromatic plant that grows in Europe and produces 

various economically important compounds, including phenylpropanoid derivatives and 

terpenoids. Methyl jasmonate (MeJA) is commonly used to elicit plant stress responses. However, 

how MeJA enhances production of secondary metabolites in S. sclarea is not well understood. 

We performed a genome-wide analysis of temporal gene expression in S. sclarea leaves and 

roots. The transcriptome profiles 0, 10 and 26h after MeJA treatment were analyzed by Illumina 

RNA-Seq. A total of 16,142 isogenes (average length 866bp; N50 1035bp) were obtained by de 



novo assembly of 35,757,567 raw sequencing reads. When these sequencing reads were mapped 

onto the assembled Unigenes, 3236, 2792 and 798 Unigenes were found to be expressed 

differentially between 0 and 10h, 0 and 26h, and 10 and 26h, respectively. These included many 

secondary metabolite biosynthesis, stress and defense-related genes. A qRT-PCR analysis 

confirmed the expression profiles of selected differentially expressed genes (DEGs) revealed by 

RNA-Seq data, and also extended our analysis of differential gene expression to 73h. Our 

investigations revealed temporal differences in the responses of S. sclarea to MeJA treatment. 

MeJA treatment induced the expression of a large number of genes involved in phenylpropanoid 

biosynthesis, especially between 0 and 10h, and 0 and 26h. Additionally, many genes encoding 

transcription factors, cytochrome P450s, glycosyltransferases, methyltransferases and 

transporters were shown to respond to MeJA elicitation. DEGs related to structural molecule 

activity and cell death showed a significant temporal variation. A chromatographic analysis of 

metabolites at 26h, 73h and six days after MeJA treatment indicated that these transcriptomic 

changes precede MeJA-induced changes in secondary metabolite content. This study sheds light 

on the molecular mechanisms of MeJA elicitation and is helpful in understanding how exogenous 

MeJA treatment mediates extensive plant transcriptome reprogramming/remodeling. Our results 

can be utilized to characterize genes related to secondary metabolism and their regulation, and 

in breeding S. sclarea for desirable chemotypes. 

Harfouche, L., Haichar, F. el Z., and Achouak, W. (2014). Small regulatory RNAs and the 

fine-tuning of plant–bacteria interactions. New Phytol n/a – n/a. 

Small regulatory RNAs (sRNAs) play a key role in many physiological and adaptive responses in 

bacteria. Faced with rapidly changing environments, it is more advantageous for bacteria to use 

sRNA-mediated responses than regulation by protein transcriptional factors, as sRNAs act at the 

post-transcriptional level and require less energy and time for their synthesis and turnover. The 

use of RNA deep sequencing has provided hundreds of sRNA candidates in different bacterial 

species that interact with plants. Here, we review the most recent results for the involvement of 

bacterial sRNAs in beneficial as well as deleterious plant–bacteria interactions. We describe the 

current view for the role of sRNAs, which are suggested to improve competition for both niches 

and resources in plant-interacting bacteria. These sRNAs also help plant-associated bacteria 

individually adapt to the rapidly changing conditions to which they are exposed, during different 

stages of this interaction. 

Hashimoto, M., Komatsu, K., Iwai, R., Keima, T., Maejima, K., Shiraishi, T., Ishikawa, K., 

Yoshida, T., Kitazawa, Y., Okano, Y., et al. (2015). Cell Death Triggered by a Putative 

Amphipathic Helix of Radish mosaic virus Helicase Protein is Tightly Correlated with Host 

Membrane Modification. MPMI. 

Systemic necrosis is one of the most severe symptoms caused by plant RNA viruses. Recently, 

systemic necrosis has been suggested to have similar features to a defense response referred to as 

the ?hypersensitive response? (HR), a form of programmed cell death. In virus-infected plant 

cells, host intracellular membrane structures are changed dramatically for more efficient viral 

replication. However, little is known about whether this replication-associated membrane 

modification is the cause of the symptoms. In this study, we identified an amino-terminal 

amphipathic helix of the helicase (Hel), encoded by radish mosaic virus (RaMV; genus 

Comovirus) as an elicitor of cell death in RaMV-infected plants. Cell death caused by the 

amphipathic helix had features similar to HR, such as SGT1-dependence. Mutational analyses 



and inhibitor assays using cerulenin demonstrated that the amphipathic helix-induced cell death 

was tightly correlated with dramatic alterations in ER membrane structures. Furthermore, the 

cell death-inducing activity of the amphipathic helix was conserved in cowpea mosaic virus 

(genus Comovirus) and tobacco ringspot virus (genus Nepovirus), both of which are classified in 

the family Secoviridae. Together, these results indicate that ER membrane modification 

associated with viral intracellular replication may be recognized to prime defense responses 

against plant viruses. 

He, Q., McLellan, H., Boevink, P.C., Sadanandom, A., Xie, C., Birch, P.R.J., and Tian, Z. 

(2015). U-box E3 ubiquitin ligase PUB17 acts in the nucleus to promote specific immune 

pathways triggered by Phytophthora infestans. J. Exp. Bot. erv128. 

Ubiquitination regulates many processes in plants, including immunity. The E3 ubiquitin ligase 

PUB17 is a positive regulator of programmed cell death (PCD) triggered by resistance proteins 

CF4/9 in tomato. Its role in immunity to the potato late blight pathogen, Phytophthora infestans, 

was investigated here. Silencing StPUB17 in potato by RNAi and NbPUB17 in Nicotiana 

benthamiana by virus-induced gene silencing (VIGS) each enhanced P. infestans leaf 

colonization. PAMP-triggered immunity (PTI) transcriptional responses activated by flg22, and 

CF4/Avr4-mediated PCD were attenuated by silencing PUB17. However, silencing PUB17 did 

not compromise PCD triggered by P. infestans PAMP INF1, or co-expression of R3a/AVR3a, 

demonstrating that not all PTI- and PCD-associated responses require PUB17. PUB17 localizes 

to the plant nucleus and especially in the nucleolus. Transient over-expression of a 

dominant-negative StPUB17V314I,V316I mutant, which retained nucleolar localization, 

suppressed CF4-mediated cell death and enhanced P. infestans colonization. Exclusion of the 

StPUB17V314I,V316I mutant from the nucleus abolished its dominant-negative activity, 

demonstrating that StPUB17 functions in the nucleus. PUB17 is a positive regulator of immunity 

to late blight that acts in the nucleus to promote specific PTI and PCD pathways. 

Herranz, M., Navarro, J., Sommen, E., and Pallas, V. (2015). Comparative analysis among the 

small RNA populations of source, sink and conductive tissues in two different plant-virus 

pathosystems. BMC Genomics 16, 117. 

BACKGROUND: In plants, RNA silencing plays a fundamental role as defence mechanism 

against viruses. During last years deep-sequencing technology has allowed to analyze the sRNA 

profile of a large variety of virus-infected tissues. Nevertheless, the majority of these studies have 

been restricted to a unique tissue and no comparative analysis between phloem and source/sink 

tissues has been conducted. In the present work, we compared the sRNA populations of source, 

sink and conductive (phloem) tissues in two different plant virus pathosystems. We chose two 

cucurbit species infected with two viruses very different in genome organization and replication 

strategy; Melon necrotic spot virus (MNSV) and Prunus necrotic ringspot virus (PNRSV). 

RESULTS: Our findings showed, in both systems, an increase of the 21-nt total sRNAs together 

with a decrease of those with a size of 24-nt in all the infected tissues, except for the phloem 

where the ratio of 21/24-nt sRNA species remained constant. Comparing the vsRNAs, both 

PNRSV- and MNSV-infected plants share the same vsRNA size distribution in all the analyzed 

tissues. Similar accumulation levels of sense and antisense vsRNAs were observed in both 

systems except for roots that showed a prevalence of (+) vsRNAs in both pathosystems. 

Additionally, the presence of overrepresented discrete sites along the viral genome, hot spots, 



were identified and validated by stem-loop RT-PCR. Despite that in PNRSV-infected plants the 

presence of vsRNAs was scarce both viruses modulated the host sRNA profile. 

CONCLUSIONS: We compare for the first time the sRNA profile of four different tissues, 

including source, sink and conductive (phloem) tissues, in two plant-virus pathosystems. Our 

results indicate that antiviral silencing machinery in melon and cucumber acts mainly through 

DCL4. Upon infection, the total sRNA pattern in phloem remains unchanged in contrast to the 

rest of the analyzed tissues indicating a certain tissue-tropism to this polulation. Independently of 

the accumulation level of the vsRNAs both viruses were able to modulate the host sRNA pattern. 

Herrera-Vásquez, A., Salinas, P., and Holuigue, L. (2015). Salicylic acid and reactive oxygen 

species interplay in the transcriptional control of defense genes expression. Front. Plant Sci. 171. 

It is well established that salicylic acid (SA) plays a critical role in the transcriptional 

reprograming that occurs during the plant defense response against biotic and abiotic stress. In 

the course of the defense response, the transcription of different sets of defense genes is 

controlled in a spatio-temporal manner via SA-mediated mechanisms. Interestingly, different 

lines of evidence indicate that SA interplays with reactive oxygen species (ROS) and glutathione 

(GSH) in stressed plants. In this review we focus on the evidence that links SA, ROS, and GSH 

signals to the transcriptional control of defense genes. We discuss how redox modifications of 

regulators and co-regulators involved in SA-mediated transcriptional responses control the 

temporal patterns of gene expression in response to stress. Finally, we examine how these redox 

sensors are coordinated with the dynamics of cellular redox changes occurring in the defense 

response to biotic and abiotic stress. 

Holton, N., Nekrasov, V., Ronald, P.C., and Zipfel, C. (2015). The Phylogenetically-Related 

Pattern Recognition Receptors EFR and XA21 Recruit Similar Immune Signaling Components in 

Monocots and Dicots. PLoS Pathog 11, e1004602. 

Pests and diseases cause significant agricultural losses. Plants recognize pathogen-derived 

molecules via plasma membrane-localized immune receptors (called pattern recognition 

receptors or PRRs), resulting in pathogen resistance. In recent years, the transfer of PRRs across 

plant species has emerged as a promising biotechnological approach to improve crop disease 

resistance. Successful transfers of PRRs suggest that immune signaling components are 

conserved across plant species. In this study, we demonstrate that the PRR XA21 from the 

monocot plant rice is functional in the dicot plant Arabidopsis thaliana (Arabidopsis) and that it 

confers quantitatively enhanced resistance to bacteria. Furthermore, we show that the rice XA21 

and the Arabidopsis EFR, which are evolutionary-distant but phylogenetically closely related, 

recruit similar signaling components for their function, revealing an overall conservation of 

immune pathways across monocots and dicots. These findings demonstrate evolutionary 

conservation of downstream signaling from PRRs and indicate that transfer of PRRs is possible 

between different plant families, but also between monocots and dicots. 

Huang, P.-Y., and Zimmerli, L. (2014). Enhancing crop innate immunity: new promising trends. 

Front Plant Sci 5, 624. 

Plants are constantly exposed to potentially pathogenic microbes present in their surrounding 

environment. Due to the activation of the pattern-triggered immunity (PTI) response that largely 

relies on accurate detection of pathogen- or microbe-associated molecular patterns by 



pattern-recognition receptors (PRRs), plants are resistant to the majority of potential pathogens. 

However, adapted pathogens may avoid recognition or repress plant PTI and resulting diseases 

significantly affect crop yield worldwide. PTI provides protection against a wide range of 

pathogens. Reinforcement of PTI through genetic engineering may thus generate crops with 

broad-spectrum field resistance. In this review, new approaches based on fundamental 

discoveries in PTI to improve crop immunity are discussed. Notably, we highlight recent studies 

describing the interfamily transfer of PRRs or key regulators of PTI signaling. 

Huh, S.U., Lee, G.-J., Jung, J.H., Kim, Y., Kim, Y.J., and Paek, K.-H. (2015). Capsicum annuum 

transcription factor WRKYa positively regulates defense response upon TMV infection and is a 

substrate of CaMK1 and CaMK2. Sci Rep 5, 7981. 

Plants are constantly exposed to pathogens and environmental stresses. To minimize damage 

caused by these potentially harmful factors, plants respond by massive transcriptional 

reprogramming of various stress-related genes via major transcription factor families. One of the 

transcription factor families, WRKY, plays an important role in diverse stress response of plants 

and is often useful to generate genetically engineered crop plants. In this study, we carried out 

functional characterization of CaWRKYa encoding group I WRKY member, which is induced 

during hypersensitive response (HR) in hot pepper (Capsicum annuum) upon Tobacco mosaic 

virus (TMV) infection. CaWRKYa was involved in L-mediated resistance via transcriptional 

reprogramming of pathogenesis-related (PR) gene expression and affected HR upon TMV-P0 

infection. CaWRKYa acts as a positive regulator of this defense system and could bind to the 

W-box of diverse PR genes promoters. Furthermore, we found Capsicum annuum 

mitogen-activated protein kinase 1 (CaMK1) and 2 (CaMK2) interacted with CaWRKYa and 

phosphorylated the SP clusters but not the MAPK docking (D)-domain of CaWRKYa. Thus, these 

results demonstrated that CaWRKYa was regulated by CaMK1 and CaMK2 at the 

posttranslational level in hot pepper. 

Ibraheem, F., Gaffoor, I., Tan, Q., Shyu, C.-R., and Chopra, S. (2015). A Sorghum MYB 

Transcription Factor Induces 3-Deoxyanthocyanidins and Enhances Resistance against Leaf 

Blights in Maize. Molecules 20, 2388–2404. 

Sorghum responds to the ingress of the fungal pathogen Colletotrichum sublineolum through the 

biosynthesis of 3-deoxyanthocyanidin phytoalexins at the site of primary infection. Biosynthesis 

of 3-deoxyanthocyanidins in sorghum requires a MYB transcription factor encoded by yellow 

seed1 (y1), an orthologue of the maize gene pericarp color1 (p1). Maize lines with a functional 

p1 and flavonoid structural genes do not produce foliar  3-deoxyanthocyanidins in response to 

fungal ingress. To perform a comparative metabolic analysis of sorghum and maize 

3-deoxyanthocyanidin biosynthetic pathways, we developed transgenic maize lines expressing the 

sorghum y1 gene. In maize, the y1 transgene phenocopied p1-regulated pigment accumulation in 

the pericarp and cob glumes. LC-MS profiling of fungus-challenged Y1-maize leaves showed 

induction of 3-deoxyanthocyanidins, specifically luteolinidin. Y1-maize plants also induced 

constitutive and higher levels of flavonoids in leaves. In response to Colletotrichum graminicola, 

Y1-maize showed a resistance response. 

Iglesias-García, R., Rubiales, D., and Fondevilla, S. (2014). Penetration resistance to Erysiphe 

pisi in pea mediated by er1 gene is associated with protein cross-linking but not with callose 

apposition or hypersensitive response. Euphytica 201, 381–387. 



Powdery mildew caused by Erysiphe pisi DC is an important pea disease which causes high yield 

and quality losses. The most efficient way to control this disease is the use of resistant cultivars. 

Three genes of resistance are known so far in pea, namely er1, er2 and Er3. The most widely 

deployed gene in pea cultivars worldwide is er1. Resistance conferred by er1 is complete and 

considered to be durable, being recently demonstrated that er1 is in fact a member of the mlo 

gene family. Resistance is caused by colony abortion albeit the responsible cellular mechanisms 

causing this colony abortion are not known. In this study, the presence of different mechanisms 

related with colony abortion, such as callose apposition, protein cross-linking and hypersensitive 

response was quantified in a resistant pea er1 line compared to a susceptible check. Our 

histological studies showed that protein cross-linking, plays a determinant role in the penetration 

resistance conferred by er1, whereas callose apposition or hypersensitive response played little 

role. 

Ishikawa, K., Yamaguchi, K., Sakamoto, K., Yoshimura, S., Inoue, K., Tsuge, S., Kojima, C., 

and Kawasaki, T. (2014). Bacterial effector modulation of host E3 ligase activity suppresses 

PAMP-triggered immunity in rice. Nat Commun 5. 

Pathogen effector proteins are delivered to host cells to suppress plant immunity. However, the 

mechanisms by which effector proteins function are largely unknown. Here we show that 

expression of XopPXoo, an effector of rice pathogen Xanthomonas oryzae pv. oryzae, in rice 

strongly suppresses peptidoglycan (PGN)- and chitin-triggered immunity and resistance to X. 

oryzae. XopPXoo targets OsPUB44, a rice ubiquitin E3 ligase with a unique U-box domain. We 

find that XopPXoo directly interacts with the OsPUB44 U-box domain and inhibits ligase 

activity. Two amino-acid residues specific for the OsPUB44 U-box domain are identified, which 

are responsible for the interaction with XopPXoo. Silencing of OsPUB44 suppresses PGN- and 

chitin-triggered immunity and X. oryzae resistance, indicating that OsPUB44 positively regulates 

immune responses. Thus, it is likely that XopPXoo suppresses immune responses by directly 

interacting with and inhibiting a positive regulator of plant immunity. 

Jackrel, S.L., and Wootton, J.T. (2015). Cascading effects of induced terrestrial plant defences on 

aquatic and terrestrial ecosystem function. Proc. Biol. Sci. 282. 

Herbivores induce plants to undergo diverse processes that minimize costs to the plant, such as 

producing defences to deter herbivory or reallocating limited resources to inaccessible portions 

of the plant. Yet most plant tissue is consumed by decomposers, not herbivores, and these 

defensive processes aimed to deter herbivores may alter plant tissue even after detachment from 

the plant. All consumers value nutrients, but plants also require these nutrients for primary 

functions and defensive processes. We experimentally simulated herbivory with and without 

nutrient additions on red alder (Alnus rubra), which supplies the majority of leaf litter for many 

rivers in western North America. Simulated herbivory induced a defence response with cascading 

effects: terrestrial herbivores and aquatic decomposers fed less on leaves from stressed trees. 

This effect was context dependent: leaves from fertilized-only trees decomposed most rapidly 

while leaves from fertilized trees receiving the herbivory treatment decomposed least, suggesting 

plants funnelled a nutritionally valuable resource into enhanced defence. One component of the 

defence response was a decrease in leaf nitrogen leading to elevated carbon : nitrogen. Aquatic 

decomposers prefer leaves naturally low in C : N and this altered nutrient profile largely 

explains the lower rate of aquatic decomposition. Furthermore, terrestrial soil decomposers were 

unaffected by either treatment but did show a preference for local and nitrogen-rich leaves. Our 



study illustrates the ecological implications of terrestrial herbivory and these findings 

demonstrate that the effects of selection caused by terrestrial herbivory in one ecosystem can 

indirectly shape the structure of other ecosystems through ecological fluxes across boundaries. 

Jaouannet, M., Rodriguez, P.A., Thorpe, P., Lenoir, C.J.G., MacLeod, R., Escudero-Martinez, C., 

and Bos, J.I.B. (2014). Plant immunity in plant-aphid interactions. Front Plant Sci 5, 663. 

Aphids are economically important pests that cause extensive feeding damage and transmit 

viruses. While some species have a broad host range and cause damage to a variety of crops, 

others are restricted to only closely related plant species. While probing and feeding aphids 

secrete saliva, containing effectors, into their hosts to manipulate host cell processes and 

promote infestation. Aphid effector discovery studies pointed out parallels between infection and 

infestation strategies of plant pathogens and aphids. Interestingly, resistance to some aphid 

species is known to involve plant resistance proteins with a typical NB-LRR domain structure. 

Whether these resistance proteins indeed recognize aphid effectors to trigger ETI remains to be 

elucidated. In addition, it was recently shown that unknown aphid derived elicitors can initiate 

reactive oxygen species (ROS) production and callose deposition and that these responses were 

dependent on BAK1 (BRASSINOSTERIOD INSENSITIVE 1-ASSOCIATED RECEPTOR KINASE 

1) which is a key component of the plant immune system. In addition, BAK-1 contributes to 

non-host resistance to aphids pointing to another parallel between plant-pathogen and - aphid 

interactions. Understanding the role of plant immunity and non-host resistance to aphids is 

essential to generate durable and sustainable aphid control strategies. Although insect behavior 

plays a role in host selection and non-host resistance, an important observation is that aphids 

interact with non-host plants by probing the leaf surface, but are unable to feed or establish 

colonization. Therefore, we hypothesize that aphids interact with non-host plants at the 

molecular level, but are potentially not successful in suppressing plant defenses and/or releasing 

nutrients. 

Jelenska, J., Kang, Y., and Greenberg, J.T. (2014). Plant pathogenic bacteria target the actin 

microfilament network involved in the trafficking of disease defense components. Bioarchitecture 

0. 

Cells of infected organisms transport disease defense-related molecules along actin filaments to 

deliver them to their sites of action to combat the pathogen. To accomadate higher demand for 

intracellular traffic, plant F-actin density increases transiently during infection or treatment of 

Arabidopsis with pathogen-associated molecules. Many animal and plant pathogens interfere 

with actin polymerization and depolymerization to avoid immune responses. Pseudomonas 

syringae, a plant extracellular pathogen, injects HopW1 effector into host cells to disrupt the 

actin cytoskeleton and reduce vesicle movement in order to elude defense responses. In some 

Arabidopsis accessions, however, HopW1 is recognized and causes resistance via an 

actin-independent mechanism. HopW1 targets isoform 7 of vegetative actin (ACT7) that is 

regulated by phytohormones and environmental factors. We hypothesize that dynamic changes of 

ACT7 filaments are involved in plant immunity. 

Ji, H., Gheysen, G., Ullah, C., Verbeek, R., Shang, C., De Vleesschauwer, D., Höfte, M., and 

Kyndt, T. (2015a). The role of thionins in rice defence against root pathogens. Molecular Plant 

Pathology n/a – n/a. 



Thionins are antimicrobial peptides that are involved in plant defence. Here, we present an 

in-depth analysis of the role of rice thionin genes in defence responses against two root 

pathogens: the root-knot nematode Meloidogyne graminicola and the oomycete Pythium 

graminicola. The expression of rice thionin genes was observed to be differently regulated by 

defence-related hormones, while all analyzed genes were consistently down-regulated in 

Meloidogyne graminicola-induced galls, at least until 7 days post inoculation (dpi). Transgenic 

lines of Oryza sativa cv. Nipponbare overproducing OsTHI7 reveal decreased susceptibility to 

M. graminicola infection and Pythium graminicola colonization. Taken together, these results 

demonstrate the role of rice thionin genes in rice defence against two of the most damaging root 

pathogens attacking rice. 

Jin, W., and Wu, F. (2015). Characterization of miRNAs associated with Botrytis cinerea 

infection of tomato leaves. BMC Plant Biology 15, 1. 

Botrytis cinerea Pers. Fr. is an important pathogen causing stem rot in tomatoes grown indoors 

for extended periods. MicroRNAs (miRNAs) have been reported as gene expression regulators 

related to several stress responses and B. cinerea infection in tomato. However, the function of 

miRNAs in the resistance to B. cinerea remains unclear. 

Jung, S.-J., Lee, H.G., and Seo, P.J. (2014). Membrane-triggered plant immunity. Plant Signal 

Behav 9, e29729. 

Plants have evolved sophisticated defense mechanisms to resist pathogen invasion. Upon the 

pathogen recognition, the host plants activate a variety of signal transduction pathways, and one 

of representative defense responses is systemic acquired resistance (SAR) that provides strong 

immunity against secondary infections in systemic tissues. Accumulating evidence has 

demonstrated that modulation of membrane composition contributes to establishing SAR and 

disease resistance in Arabidopsis, but underlying molecular mechanisms remain to be elucidated. 

Here, we show that a membrane-bound transcription factor (MTF) is associated with plant 

responses to pathogen attack. The MTF is responsive to microbe-associated molecular pattern 

(MAMP)-triggered membrane rigidification at the levels of transcription and proteolytic 

processing. The processed nuclear transcription factor possibly regulates pathogen resistance by 

directly regulating PATHOGENESIS-RELATED (PR) genes. Taken together, our results suggest 

that pathogenic microorganisms trigger changes in physico-chemical properties of cellular 

membrane in plants, and the MTF conveys the membrane information to the nucleus to ensure 

prompt establishment of plant immunity. 

Kalunke, R.M., Tundo, S., Benedetti, M., Cervone, F., De Lorenzo, G., and D’Ovidio, R. (2015). 

An update on polygalacturonase-inhibiting protein (PGIP), a leucine-rich repeat protein that 

protects crop plants against pathogens. Front. Plant Sci 6, 146. 

Polygalacturonase inhibiting proteins (PGIPs) are cell wall proteins that inhibit the 

pectin-depolymerizing activity of polygalacturonases secreted by microbial pathogens and 

insects. These ubiquitous inhibitors have a leucine-rich repeat structure that is strongly 

conserved in monocot and dicot plants. Previous reviews have summarized the importance of 

PGIP in plant defense and the structural basis of PG-PGIP interaction; here we update the 

current knowledge about PGIPs with the recent findings on the composition and evolution of 

pgip gene families, with a special emphasis on legume and cereal crops. We also update the 



information about the inhibition properties of single pgip gene products against microbial PGs 

and the results, including field tests, showing the capacity of PGIP to protect crop plants against 

fungal, oomycetes and bacterial pathogens. 

Kammerhofer, N., Radakovic, Z., Regis, J.M.A., Dobrev, P., Vankova, R., Grundler, F.M.W., 

Siddique, S., Hofmann, J., and Wieczorek, K. (2015). Role of stress-related hormones in plant 

defence during early infection of the cyst nematode Heterodera schachtii in Arabidopsis. New 

Phytol n/a – n/a. 

* Heterodera schachtii, a plant-parasitic cyst nematode, invades host roots and induces a 

specific syncytial feeding structure, from which it withdraws all required nutrients, causing 

severe yield losses. The system H. schachtii–Arabidopsis is an excellent research model for 

investigating plant defence mechanisms. Such responses are suppressed in well-established 

syncytia, whereas they are induced during early parasitism. However, the mechanisms by which 

the defence responses are modulated and the role of phytohormones are largely unknown. 

* The aim of this study was to elucidate the role of hormone-based defence responses at the onset 

of nematode infection. First, concentrations of main phytohormones were quantified and the 

expression of several hormone-related genes was analysed using quantitative real-time 

(qRT)-PCR or GeneChip. Further, the effects of individual hormones were evaluated via 

nematode attraction and infection assays using plants with altered endogenous hormone 

concentrations. 

* Our results suggest a pivotal and positive role for ethylene during nematode attraction, 

whereas jasmonic acid triggers early defence responses against H. schachtii. Salicylic acid 

seems to be a negative regulator during later syncytium and female development. 

* We conclude that nematodes are able to impose specific changes in hormone pools, thus 

modulating hormone-based defence and signal transduction in strict dependence on their 

parasitism stage. 

Kang, S., Yang, F., Li, L., Chen, H., Chen, S., and Zhang, J. (2015a). The Arabidopsis 

Transcription Factor BES1 Is a Direct Substrate of MPK6 and Regulates Immunity. Plant 

Physiol. 

Pathogen-associated molecular patterns (PAMPs) are recognized by plant pattern-recognition 

receptors (PRRs) to activate PAMP-triggered immunity (PTI). Mitogen-activated protein kinases 

(MAPKs), as well as other cytoplasmic kinases, integrate upstream immune signals, and in turn 

dissect PTI signaling via different substrates to regulate defense responses. However, only a few 

direct substrates of these signaling kinases have been identified. Here we show that PAMP 

perception enhances phosphorylation of BES1 (BRI1-EMS suppressor 1), a transcription factor 

involved in brassinosteroid (BR) signaling pathway, through pathogen-induced MAPKs in 

Arabidopsis. BES1 interacts with MPK6 (MAP kinase 6), and is phosphorylated by MPK6. bes1 

loss-of-function mutants display compromised resistance to bacterial pathogen Pseudomonas 

syringae pv. tomato DC3000. BES1SSAA (BES1 S286A/S137A double mutation) impairs 

PAMP-induced phosphorylation and fails to restore bacterial resistance in bes1 mutant, 

indicating a positive role of BES1 phosphorylation in plant immunity. BES1 is phosphorylated by 

glycogen synthase kinase-3 (GSK3)-like kinase BIN2 (BR insensitive 2), a negative regulator of 

BR signaling. BR perception inhibits BIN2 activity, allowing dephosphorylation of BES1 to 



regulate plant development. However, BES1SSAA does not affect BR-mediated plant growth, 

suggesting differential residue requirements for the modulation of BES1 phosphorylation in PTI 

and BR signaling. Our study identifies BES1 as a novel direct substrate of MPK6 in PTI 

signaling. This finding reveals MAPK-mediated BES1 phosphorylation as another BES1 

modulation mechanism in plant cell signaling, in addition to GSK3-like kinase-mediated BES1 

phosphorylation and F box protein-mediated BES1 degradation. 

Katsuragi, Y., Takai, R., Furukawa, T., Hirai, H., Morimoto, T., Katayama, T., Murakami, T., 

and Che, F.-S. (2015). CD2-1, the C-terminal region of flagellin, modulates the induction of 

immune responses in rice. Mol. Plant Microbe Interact. 

Flagellin from the rice avirulent N1141 strain of Acidovorax avenae, functions as a 

pathogen-associated molecular pattern (PAMP) and induces PAMP-triggered immunity (PTI) in 

rice. To study the recognition mechanism of flagellin in rice, we attempted to define the region(s) 

of the flagellin protein required to activate the PTI response. Based on domain classification, we 

produced four fragments of N1141 flagellin: N-terminal D0, D1 and D2 domains (ND0-2), 

N-terminal D2, D3, and C-terminal D2 domains (ND2-CD2), C-terminal D2, D1, and D0 

domains (CD2-0), and C-terminal D2 and D1 domains (CD2-1). The C-terminal CD2-1 and 

CD2-0 fragments induced PTI responses in cultured rice cells. Synthetic flg22, which is sufficient 

to produce the flagellin response in Arabidopsis, and the N-terminal flagellin fragments 

containing flg22 region elicited very weak immune responses in rice. OsFLS2, the rice ortholog 

of AtFLS2 which mediates flg22 recognition, was not involved in CD2-0 or CD2-1 recognition in 

rice. In addition, CD2-0 triggered resistance to coinfection with pathogenic bacteria. Taken 

together, these data suggest that rice mainly recognizes flagellin CD2-1 by a receptor distinct 

from OsFLS2, and that this epitope recognition leads to PTI responses. 

Kautz, S., Trisel, J.A., and Ballhorn, D.J. (2014). Jasmonic Acid enhances plant cyanogenesis 

and resistance to herbivory in lima bean. J. Chem. Ecol. 40, 1186–1196. 

Jasmonic acid (JA) is a natural plant hormone ubiquitously distributed in plants and centrally 

involved in the induction of direct and indirect plant defenses. Defenses up-regulated by this 

hormone include trichomes-a direct, mechanical defense-and alkaloids-a direct chemical 

defense-as well as two indirect chemical defenses: volatile organic compounds (VOCs) and 

extrafloral nectar (EFN). Plant cyanogenesis-the release of toxic hydrogen cyanide (HCN) from 

preformed cyanogenic precursors in fruits, leaves, and seeds of many plants-is recognized as a 

direct, constitutive plant defensive trait, and is among the most widely distributed of all direct 

chemical plant defenses. The cyanogenic system in plants is composed of three parameters: The 

cyanogenic potential (HCNp; concentration of cyanogenic precursors), β-glucosidase activity, 

and cyanogenic capacity (HCNc; release of gaseous hydrogen cyanide). Here, we demonstrated 

that experimental application of aqueous solutions of JA ranging from 0.001 to 1.0 mmol L(-1), 

as well as insect herbivory significantly enhanced HCNc via the induction of β-glucosidase 

activity in wild lima bean (Phaseolus lunatus L.). In choice feeding trials with JA induced and 

damaged leaves, adult Mexican bean beetles-natural herbivores of lima bean-rejected leaves 

with enhanced β-glucosidase activity and HCNc. Our findings suggest that jasmonic acid plays a 

critical role in regulating activity of β-glucosidases, which determines the rate of cyanogenesis, 

and thus mediates direct plant defense against herbivores. 

Kawano, Y., Kaneko-Kawano, T., and Shimamoto, K. (2014). Rho family GTPase-dependent 



immunity in plants and animals. Front. Plant Sci. 5, 522. 

In plants, sophisticated forms of immune systems have developed to cope with a variety of 

pathogens. Accumulating evidence indicates that Rac (also known as Rop), a member of the Rho 

family of small GTPases, is a key regulator of immunity in plants and animals. Like other small 

GTPases, Rac/Rop GTPases function as a molecular switch downstream of immune receptors by 

cycling between GDP-bound inactive and GTP-bound active forms in cells. Rac/Rop GTPases 

trigger various immune responses, thereby resulting in enhanced disease resistance to pathogens. 

In this review, we highlight recent studies that have contributed to our current understanding of 

the Rac/Rop family GTPases and the upstream and downstream proteins involved in plant 

immunity. We also compare the features of effector-triggered immunity between plants and 

animals, and discuss the in vivo monitoring of Rac/Rop activation. 

Kemen, A.C., Agler, M.T., and Kemen, E. (2015). Host-microbe and microbe-microbe 

interactions in the evolution of obligate plant parasitism. New Phytol. 

I. II. III. IV. V. VI. VII. VIII. References SUMMARY: Research on obligate biotrophic plant 

parasites, which reproduce only on living hosts, has revealed a broad diversity of filamentous 

microbes that have independently acquired complex morphological structures, such as haustoria. 

Genome studies have also demonstrated a concerted loss of genes for metabolism and lytic 

enzymes, and gain of diversity of genes coding for effectors involved in host defense suppression. 

So far, these traits converge in all known obligate biotrophic parasites, but unexpected genome 

plasticity remains. This plasticity is manifested as transposable element (TE)-driven increases in 

genome size, observed to be associated with the diversification of virulence genes under selection 

pressure. Genome expansion could result from the governing of the pathogen response to 

ecological selection pressures, such as host or nutrient availability, or to microbial interactions, 

such as competition, hyperparasitism and beneficial cooperations. Expansion is balanced by 

alternating sexual and asexual cycles, as well as selfing and outcrossing, which operate to 

control transposon activity in populations. In turn, the prevalence of these balancing mechanisms 

seems to be correlated with external biotic factors, suggesting a complex, interconnected 

evolutionary network in host-pathogen-microbe interactions. Therefore, the next phase of 

obligate biotrophic pathogen research will need to uncover how this network, including 

multitrophic interactions, shapes the evolution and diversity of pathogens. 

Kim, N.H., and Hwang, B.K. (2015b). Pepper aldehyde dehydrogenase CaALDH1 interacts with 

Xanthomonas effector AvrBsT and promotes effector-triggered cell death and defence responses. 

J. Exp. Bot. erv147. 

 

Kim, D.S., Kim, N.H., and Hwang, B.K. (2015a). GLYCINE-RICH RNA-BINDING PROTEIN1 

interacts with RECEPTOR-LIKE CYTOPLASMIC PROTEIN KINASE1 and suppresses cell 

death and defense responses in pepper (Capsicum annuum). New Phytol 205, 786–800. 

* Plants use a variety of innate immune regulators to trigger cell death and defense responses 

against pathogen attack. 

* We identified pepper (Capsicum annuum) GLYCINE-RICH RNA-BINDING PROTEIN1 

(CaGRP1) as a RECEPTOR-LIKE CYTOPLASMIC PROTEIN KINASE1 (CaPIK1)-interacting 



partner, based on bimolecular fluorescence complementation and coimmunoprecipitation 

analyses as well as gene silencing and transient expression analysis. 

* CaGRP1 contains an N-terminal RNA recognition motif and a glycine-rich region at the 

C-terminus. The CaGRP1 protein had DNA- and RNA-binding activity in vitro. CaGRP1 

interacted with CaPIK1 in planta. CaGRP1 and CaGRP1–CaPIK1 complexes were localized to 

the nucleus in plant cells. CaPIK1 phosphorylated CaGRP1 in vitro and in planta. Transient 

coexpression of CaGRP1 with CaPIK1 suppressed the CaPIK1-triggered cell death response, 

accompanied by a reduced CaPIK1-triggered reactive oxygen species (ROS) burst. The RNA 

recognition motif region of CaGRP1 was responsible for the nuclear localization of CaGRP1 as 

well as the suppression of the CaPIK1-triggered cell death response. CaGRP1 silencing in 

pepper conferred enhanced resistance to Xanthomonas campestris pv vesicatoria (Xcv) infection; 

however, CaPIK1-silenced plants were more susceptible to Xcv. 

* CaGRP1 interacts with CaPIK1 and negatively regulates CaPIK1-triggered cell death and 

defense responses by suppressing ROS accumulation. 

Kim, D.S., Kim, N.H., and Hwang, B.K. (2015b). The Capsicum annuum class IV chitinase 

ChitIV interacts with receptor-like cytoplasmic protein kinase PIK1 to accelerate PIK1-triggered 

cell death and defence responses. J. Exp. Bot. erv001. 

The pepper receptor-like cytoplasmic protein kinase, CaPIK1, which mediates signalling of plant 

cell death and defence responses was previously identified. Here, the identification of a class IV 

chitinase, CaChitIV, from pepper plants (Capsicum annuum), which interacts with CaPIK1 and 

promotes CaPIK1-triggered cell death and defence responses, is reported. CaChitIV contains a 

signal peptide, chitin-binding domain, and glycol hydrolase domain. CaChitIV expression was 

up-regulated by Xanthomonas campestris pv. vesicatoria (Xcv) infection. Notably, avirulent Xcv 

infection rapidly induced CaChitIV expression in pepper leaves. Bimolecular fluorescence 

complementation and co-immunoprecipitation revealed that CaPIK1 interacts with CaChitIV in 

planta, and that the CaPIK1–CaChitIV complex is localized mainly in the cytoplasm and plasma 

membrane. CaChitIV is also localized in the endoplasmic reticulum. Transient co-expression of 

CaChitIV with CaPIK1 enhanced CaPIK1-triggered cell death response and reactive oxygen 

species (ROS) and nitric oxide (NO) bursts. Co-silencing of both CaChitIV and CaPIK1 in 

pepper plants conferred enhanced susceptibility to Xcv infection, which was accompanied by a 

reduced induction of cell death response, ROS and NO bursts, and defence response genes. 

Ectopic expression of CaPIK1 in Arabidopsis enhanced basal resistance to Hyaloperonospora 

arabidopsidis infection. Together, the results suggest that CaChitIV positively regulates 

CaPIK1-triggered cell death and defence responses through its interaction with CaPIK1. 

Kushwaha, N., Sahu, P.P., Prasad, M., and Chakraborty, S. (2015). Chilli leaf curl virus infection 

highlights the differential expression of genes involved in protein homeostasis and defense in 

resistant chilli plants. Appl. Microbiol. Biotechnol. 

Geminiviruses have evolved with tremendous potential of recombination and possess the ability 

to manipulate several cellular processes of hosts. Chilli leaf curl virus (ChiLCV) is a monopartite 

Begomovirus (family Geminiviridae) which has emerged as a serious threat to chilli production 

worldwide. To date, development of resistant chilli varieties through conventional plant breeding 

techniques remains the major antiviral strategy. To explore the potential resistance factors in 



Capsicum annuum var. Punjab Lal, we performed a transcriptome analysis in ChiLCV-infected 

plants by exploiting the advantage of sensitivity and efficiency of suppression subtractive 

hybridization (SSH). Out of 480 clones screened, 231 unique expressed sequence tags (ESTs) 

involved in different cellular and physiological processes were identified. An interactome 

network of ChiLCV responsive differentially expressed genes revealed an array of proteins 

involved in key cellular processes including transcription, replication, photosynthesis, and 

defense. A comparative study of gene expression between resistant and susceptible chilli plants 

revealed upregulation of several defense-related genes such as nucleotide-binding site 

leucine-rich repeat (NBS-LRR) domain containing protein, lipid transfer protein, thionin, 

polyphenol oxidase, and other proteins like ATP/ADP transporter in the ChiLCV-resistant 

variety. Taken together, the present study provides novel insights into the transcriptomics of 

ChiLCV-resistant chilli plants. 

Laloi, C., and Havaux, M. (2015). Key players of singlet oxygen-induced cell death in plants. 

Front. Plant Sci. 6, 39. 

The production of reactive oxygen species (ROS) is an unavoidable consequence of oxygenic 

photosynthesis. Singlet oxygen (1O2) is a highly reactive species to which has been attributed a 

major destructive role during the execution of ROS-induced cell death in photosynthetic tissues 

exposed to excess light. The study of the specific biological activity of 1O2 in plants has been 

hindered by its high reactivity and short lifetime, the concurrent production of other ROS under 

photooxidative stress, and limited in vivo detection methods. However, during the last 15 years, 

the isolation and characterization of two 1O2-overproducing mutants in Arabidopsis thaliana, flu 

and ch1, has allowed the identification of genetically controlled 1O2 cell death pathways and a 

1O2 acclimation pathway that are triggered at sub-cytotoxic concentrations of 1O2. The study of 

flu has revealed the control of cell death by the plastid proteins EXECUTER (EX)1 and EX2. In 

ch1, oxidized derivatives of β-carotene, such as β-cyclocitral and dihydroactinidiolide, have been 

identified as important upstream messengers in the 1O2 signaling pathway that leads to stress 

acclimation. In both the flu and ch1 mutants, phytohormones act as important promoters or 

inhibitors of cell death. In particular, jasmonate has emerged as a key player in the decision 

between acclimation and cell death in response to 1O2. Although the flu and ch1 mutants show 

many similarities, especially regarding their gene expression profiles, key differences, such as 

EXECUTER-independent cell death in ch1, have also been observed and will need further 

investigation to be fully understood. 

Larrieu, A., Champion, A., Legrand, J., Lavenus, J., Mast, D., Brunoud, G., Oh, J., Guyomarc’h, 

S., Pizot, M., Farmer, E.E., et al. (2015). A fluorescent hormone biosensor reveals the dynamics 

of jasmonate signalling in plants. Nat Commun 6. 

Activated forms of jasmonic acid (JA) are central signals coordinating plant responses to 

stresses, yet tools to analyse their spatial and temporal distribution are lacking. Here we 

describe a JA perception biosensor termed Jas9-VENUS that allows the quantification of 

dynamic changes in JA distribution in response to stress with high spatiotemporal sensitivity. We 

show that Jas9-VENUS abundance is dependent on bioactive JA isoforms, the COI1 co-receptor, 

a functional Jas motif and proteasome activity. We demonstrate the utility of Jas9-VENUS to 

analyse responses to JA in planta at a cellular scale, both quantitatively and dynamically. This 

included using Jas9-VENUS to determine the cotyledon-to-root JA signal velocities on wounding, 

revealing two distinct phases of JA activity in the root. Our results demonstrate the value of 



developing quantitative sensors such as Jas9-VENUS to provide high-resolution spatiotemporal 

data about hormone distribution in response to plant abiotic and biotic stresses. 

Lassowskat, I., Böttcher, C., Eschen-Lippold, L., Scheel, D., and Lee, J. (2014). Sustained 

mitogen-activated protein kinase activation reprograms defense metabolism and phosphoprotein 

profile in Arabidopsis thaliana. Arabidopsis Thaliana 5, 554. 

Mitogen-activated protein kinases (MAPKs) target a variety of protein substrates to regulate 

cellular signaling processes in eukaryotes. In plants, the number of identified MAPK substrates 

that control plant defense responses is still limited. Here, we generated transgenic Arabidopsis 

thaliana plants with an inducible system to simulate in vivo activation of two stress-activated 

MAPKs, MPK3, and MPK6. Metabolome analysis revealed that this artificial MPK3/6 activation 

(without any exposure to pathogens or other stresses) is sufficient to drive the production of 

major defense-related metabolites, including various camalexin, indole glucosinolate and 

agmatine derivatives. An accompanying (phospho)proteome analysis led to detection of hundreds 

of potential phosphoproteins downstream of MPK3/6 activation. Besides known MAPK 

substrates, many candidates on this list possess typical MAPK-targeted phosphosites and in 

many cases, the corresponding phosphopeptides were detected by mass spectrometry. Notably, 

several of these putative phosphoproteins have been reported to be associated with the 

biosynthesis of antimicrobial defense substances (e.g., WRKY transcription factors and proteins 

encoded by the genes from the “PEN” pathway required for penetration resistance to 

filamentous pathogens). Thus, this work provides an inventory of candidate phosphoproteins, 

including putative direct MAPK substrates, for future analysis of MAPK-mediated defense 

control. (Proteomics data are available with the identifier PXD001252 via ProteomeXchange, 

http://proteomecentral.proteomexchange.org). 

Lee, H.Y., Byeon, Y., Tan, D.-X., Reiter, R.J., and Back, K. (2015). Arabidopsis serotonin 

N-acetyltransferase knockout mutant plants exhibit decreased melatonin and salicylic acid levels 

resulting in susceptibility to an avirulent pathogen. J. Pineal Res. 

Serotonin N-acetyltransferase (SNAT) is the penultimate enzyme in the melatonin biosynthesis 

pathway in plants. We examined the effects of SNAT gene inactivation in two Arabidopsis T-DNA 

insertion mutant lines. After inoculation with the avirulent pathogen Pseudomonas syringe pv. 

tomato DC3000 harboring the elicitor avrRpt2 (Pst-avrRpt2), melatonin levels in the snat 

knockout mutant lines were 50% less than in wild-type Arabidopsis Col-0 plants. The snat 

knockout mutant lines exhibited susceptibility to pathogen infection that coincided with decreased 

induction of defense genes including PR1, ICS1, and PDF1.2. Because melatonin acts upstream 

of salicylic acid (SA) synthesis, the reduced melatonin levels in the snat mutant lines led to 

decreased SA levels compared to wild-type, suggesting that the increased pathogen susceptibility 

of the snat mutant lines could be attributed to decreased SA levels and subsequent attenuation of 

defense gene induction. Exogenous melatonin treatment failed to induce defense gene expression 

in nahG Arabidopsis plants, but restored the induction of defense gene expression in the snat 

mutant lines. In addition, melatonin caused translocation of NPR1 (nonexpressor of PR1) protein 

from the cytoplasm into the nucleus indicating that melatonin-elicited pathogen resistance in 

response to avirulent pathogen attack is SA-dependent in Arabidopsis. This article is protected by 

copyright. All rights reserved. 

Lehmann, S., Serrano, M., L’Haridon, F., Tjamos, S.E., and Metraux, J.-P. Reactive oxygen 



species and plant resistance to fungal pathogens. Phytochemistry. 

Reactive oxygen species (ROS) have been studied for their role in plant development as well as in 

plant immunity. ROS were consistently observed to accumulate in the plant after the perception 

of pathogens and microbes and over the years, ROS were postulated to be an integral part of the 

defence response of the plant. In this article we will focus on recent findings about ROS involved 

in the interaction of plants with pathogenic fungi. We will describe the ways to detect ROS, their 

modes of action and their importance in relation to resistance to fungal pathogens. In addition 

we include some results from works focussing on the fungal interactor and from studies 

investigating roots during pathogen attack. 

Lewis, J.D., Wilton, M., Mott, G.. A., Lu, W., Hassan, J.A., Guttman, D.S., and Desveaux, D. 

(2014). Immunomodulation by the Pseudomonas syringae HopZ Type III Effector Family in 

Arabidopsis. PLoS ONE 9, e116152. 

Pseudomonas syringae employs a type III secretion system to inject 20–30 different type III 

effector (T3SE) proteins into plant host cells. A major role of T3SEs is to suppress plant immune 

responses and promote bacterial infection. The YopJ/HopZ acetyltransferases are a superfamily 

of T3SEs found in both plant and animal pathogenic bacteria. In P. syringae, this superfamily 

includes the evolutionarily diverse HopZ1, HopZ2 and HopZ3 alleles. To investigate the roles of 

the HopZ family in immunomodulation, we generated dexamethasone-inducible T3SE transgenic 

lines of Arabidopsis for HopZ family members and characterized them for immune suppression 

phenotypes. We show that all of the HopZ family members can actively suppress various facets of 

Arabidopsis immunity in a catalytic residue-dependent manner. HopZ family members can 

differentially suppress the activation of mitogen-activated protein (MAP) kinase cascades or the 

production of reactive oxygen species, whereas all members can promote the growth of 

non-virulent P. syringae. Localization studies show that four of the HopZ family members 

containing predicted myristoylation sites are localized to the vicinity of the plasma membrane 

while HopZ3 which lacks the myristoylation site is at least partially nuclear localized, suggesting 

diversification of immunosuppressive mechanisms. Overall, we demonstrate that despite 

significant evolutionary diversification, all HopZ family members can suppress immunity in 

Arabidopsis. 

Li, B., Gaudinier, A., Tang, M., Taylor-Teeples, M., Nham, N.T., Ghaffari, C., Benson, D.S., 

Steinmann, M., Gray, J.A., Brady, S.M., et al. (2014a). Promoter-Based Integration in Plant 

Defense Regulation. Plant Physiol. 166, 1803–1820. 

A key unanswered question in plant biology is how a plant regulates metabolism to maximize 

performance across an array of biotic and abiotic environmental stresses. In this study, we 

addressed the potential breadth of transcriptional regulation that can alter accumulation of the 

defensive glucosinolate metabolites in Arabidopsis (Arabidopsis thaliana). A systematic yeast 

one-hybrid study was used to identify hundreds of unique potential regulatory interactions with a 

nearly complete complement of 21 promoters for the aliphatic glucosinolate pathway. 

Conducting high-throughput phenotypic validation, we showed that >75% of tested transcription 

factor (TF) mutants significantly altered the accumulation of the defensive glucosinolates. These 

glucosinolate phenotypes were conditional upon the environment and tissue type, suggesting that 

these TFs may allow the plant to tune its defenses to the local environment. Furthermore, the 

pattern of TF/promoter interactions could partially explain mutant phenotypes. This work shows 



that defense chemistry within Arabidopsis has a highly intricate transcriptional regulatory system 

that may allow for the optimization of defense metabolite accumulation across a broad array of 

environments. 

Li, B., Jiang, S., Yu, X., Cheng, C., Chen, S., Cheng, Y., Yuan, J.S., Jiang, D., He, P., and Shan, 

L. (2015a). Phosphorylation of Trihelix Transcriptional Repressor ASR3 by MAP KINASE4 

Negatively Regulates Arabidopsis Immunity. Plant Cell tpc.114.134809. 

Proper control of immune-related gene expression is crucial for the host to launch an effective 

defense response. Perception of microbe-associated molecular patterns (MAMPs) induces rapid 

and profound transcriptional reprogramming via unclear mechanisms. Here, we show that ASR3 

(ARABIDOPSIS SH4-RELATED3) functions as a transcriptional repressor and plays a negative 

role in regulating pattern-triggered immunity (PTI) in Arabidopsis thaliana. ASR3 belongs to a 

plant-specific trihelix transcription factor family for which functional studies are lacking. MAMP 

treatments induce rapid phosphorylation of ASR3 at threonine 189 via MPK4, a 

mitogen-activated protein kinase that negatively regulates PTI responses downstream of multiple 

MAMP receptors. ASR3 possesses transcriptional repressor activity via its ERF-associated 

amphiphilic repression motifs and negatively regulates a large subset of flg22-induced genes. 

Phosphorylation of ASR3 by MPK4 enhances its DNA binding activity to suppress gene 

expression. Importantly, the asr3 mutant shows enhanced disease resistance to virulent bacterial 

pathogen infection, whereas transgenic plants overexpressing the wild-type or phospho-mimetic 

form of ASR3 exhibit compromised PTI responses. Our studies reveal a function of the trihelix 

transcription factors in plant innate immunity and provide evidence that ASR3 functions as a 

transcriptional repressor regulated by MAMP-activated MPK4 to fine-tune plant immune gene 

expression. 

Epigenetics is receiving growing attention in the plant science community. Epigenetic 

modifications are thought to play a particularly important role in fluctuating environments. It is 

hypothesized that epigenetics contributes to plant phenotypic plasticity because epigenetic 

modifications, in contrast to DNA sequence variation, are more likely to be reversible. The 

population of decrease in DNA methylation 1-2 (ddm1-2)-derived epigenetic recombinant inbred 

lines (epiRILs) in Arabidopsis thaliana is well suited for studying this hypothesis, as DNA 

methylation differences are maximized and DNA sequence variation is minimized. Here, we 

report on the extensive heritable epigenetic variation in plant growth and morphology in neutral 

and saline conditions detected among the epiRILs. Plant performance, in terms of branching and 

leaf area, was both reduced and enhanced by different quantitative trait loci (QTLs) in the 

ddm1-2 inherited epigenotypes. The variation in plasticity associated significantly with certain 

genomic regions in which the ddm1-2 inherited epigenotypes caused an increased sensitivity to 

environmental changes, probably due to impaired genetic regulation in the epiRILs. Many of the 

QTLs for morphology and plasticity overlapped, suggesting major pleiotropic effects. These 

findings indicate that epigenetics contributes substantially to variation in plant growth, 

morphology, and plasticity, especially under stress conditions. 

Li, C., He, X., Luo, X., Xu, L., Liu, L., Min, L., Jin, L., Zhu, L., and Zhang, X. (2014b). Cotton 

WRKY1 mediates the plant defense-to-development transition during infection of cotton by 

Verticillium dahliae by activating JASMONATE ZIM-DOMAIN1 expression. Plant Physiol. 

166, 2179–2194. 



Plants have evolved an elaborate signaling network to ensure an appropriate level of immune 

response to meet the differing demands of developmental processes. Previous research has 

demonstrated that DELLA proteins physically interact with JASMONATE ZIM-DOMAIN1 

(JAZ1) and dynamically regulate the interaction of the gibberellin (GA) and jasmonate (JA) 

signaling pathways. However, whether and how the JAZ1-DELLA regulatory node is regulated at 

the transcriptional level in plants under normal growth conditions or during pathogen infection 

is not known. Here, we demonstrate multiple functions of cotton (Gossypium barbadense) 

GbWRKY1 in the plant defense response and during development. Although GbWRKY1 

expression is induced rapidly by methyl jasmonate and infection by Verticillium dahliae, our 

results show that GbWRKY1 is a negative regulator of the JA-mediated defense response and 

plant resistance to the pathogens Botrytis cinerea and V. dahliae. Under normal growth 

conditions, GbWRKY1-overexpressing lines displayed GA-associated phenotypes, including 

organ elongation and early flowering, coupled with the down-regulation of the putative targets of 

DELLA. We show that the GA-related phenotypes of GbWRKY1-overexpressing plants depend on 

the constitutive expression of Gossypium hirsutum GhJAZ1. We also show that GhJAZ1 can be 

transactivated by GbWRKY1 through TGAC core sequences, and the adjacent sequences of this 

binding site are essential for binding specificity and affinity to GbWRKY1, as revealed by 

dual-luciferase reporter assays and electrophoretic mobility shift assays. In summary, our data 

suggest that GbWRKY1 is a critical regulator mediating the plant defense-to-development 

transition during V. dahliae infection by activating JAZ1 expression. 

Li, F., Cheng, C., Cui, F., de Oliveira, M.V.V., Yu, X., Meng, X., Intorne, A.C., Babilonia, K., 

Li, M., Li, B., et al. (2014c). Modulation of RNA Polymerase II Phosphorylation Downstream of 

Pathogen Perception Orchestrates Plant Immunity. Cell Host & Microbe 16, 748–758. 

Perception of microbe-associated molecular patterns (MAMPs) elicits host transcriptional 

reprogramming as part of the immune response. Although pathogen perception is well studied, 

the signaling networks orchestrating immune gene expression remain less clear. In a genetic 

screen for components involved in the early immune gene transcription reprogramming, we 

identified Arabidopsis RNA polymerase II C-terminal domain (CTD) phosphatase-like 3 (CPL3) 

as a negative regulator of immune gene expression. MAMP perception induced rapid and 

transient cyclin-dependent kinase C (CDKC)-mediated phosphorylation of Arabidopsis CTD. The 

CDKCs, which are in turn phosphorylated and activated by a canonical MAP kinase (MAPK) 

cascade, represent a point of signaling convergence downstream of multiple immune receptors. 

CPL3 directly dephosphorylated CTD to counteract MAPK-mediated CDKC regulation. Thus, 

modulation of the phosphorylation dynamics of eukaryotic RNA polymerase II transcription 

machinery by MAPKs, CTD kinases, and phosphatases constitutes an essential mechanism for 

rapid orchestration of host immune gene expression and defense upon pathogen attacks. 

Li, W., Wang, F., Wang, J., Fan, F., Zhu, J., Yang, J., Liu, F., and Zhong, W. (2015c). 

Overexpressing CYP71Z2 Enhances Resistance to Bacterial Blight by Suppressing Auxin 

Biosynthesis in Rice. PLoS ONE 10, e0119867. 

BACKGROUND: The hormone auxin plays an important role not only in the growth and 

development of rice, but also in its defense responses. We've previously shown that the P450 gene 

CYP71Z2 enhances disease resistance to pathogens through regulation of phytoalexin 

biosynthesis in rice, though it remains unclear if auxin is involved in this process or not. 



METHODOLOGY AND PRINCIPAL FINDINGS: The expression of CYP71Z2 was induced by 

Xanthomonas oryzae pv. oryzae (Xoo) inoculation was analyzed by qRT-PCR, with GUS 

histochemical staining showing that CYP71Z2 expression was limited to roots, blades and nodes. 

Overexpression of CYP71Z2 in rice durably and stably increased resistance to Xoo, though no 

significant difference in disease resistance was detected between CYP71Z2-RNA interference 

(RNAi) rice and wild-type. Moreover, IAA concentration was determined using the 

HPLC/electrospray ionization/tandem mass spectrometry system. The accumulation of IAA was 

significantly reduced in CYP71Z2-overexpressing rice regardless of whether plants were 

inoculated or not, whereas it was unaffected in CYP71Z2-RNAi rice. Furthermore, the expression 

of genes related to IAA, expansin and SA/JA signaling pathways was suppressed in 

CYP71Z2-overexpressing rice with or without inoculation. 

CONCLUSIONS AND SIGNIFICANCE: These results suggest that CYP71Z2-mediated 

resistance to Xoo may be via suppression of IAA signaling in rice. Our studies also provide 

comprehensive insight into molecular mechanism of resistance to Xoo mediated by IAA in rice. 

Moreover, an available approach for understanding the P450 gene functions in interaction 

between rice and pathogens has been provided. 

Li, X., Huang, L., Zhang, Y., Ouyang, Z., Hong, Y., Zhang, H., Li, D., and Song, F. (2014d). 

Tomato SR/CAMTA transcription factors SlSR1 and SlSR3L negatively regulate disease 

resistance response and SlSR1L positively modulates drought stress tolerance. BMC Plant 

Biology 14, 286. 

The SR/CAMTA proteins represent a small family of transcription activators that play important 

roles in plant responses to biotic and abiotic stresses. Seven SlSR/CAMTA genes were identified 

in tomato as tomato counterparts of SR/CAMTA; however, the involvement of SlSRs/CAMTAs in 

biotic and abiotic stress responses is not clear. In this study, we performed functional analysis of 

the SlSR/CAMTA family for their possible functions in defense response against pathogens and 

tolerance to drought stress. 

Liao, Y., Tian, M., Zhang, H., Li, X., Wang, Y., Xia, X., Zhou, J., Zhou, Y., Yu, J., Shi, K., et al. 

(2015). Salicylic acid binding of mitochondrial alpha-ketoglutarate dehydrogenase E2 affects 

mitochondrial oxidative phosphorylation and electron transport chain components and plays a 

role in basal defense against tobacco mosaic virus in tomato. New Phytol 205, 1296–1307. 

* Salicylic acid (SA) plays a critical role in plant defense against pathogen invasion. SA-induced 

viral defense in plants is distinct from the pathways mediating bacterial and fungal defense and 

involves a specific pathway mediated by mitochondria; however, the underlying mechanisms 

remain largely unknown. 

* The SA-binding activity of the recombinant tomato (Solanum lycopersicum) 

alpha-ketoglutarate dehydrogenase (Slα-kGDH) E2 subunit of the tricarboxylic acid (TCA) cycle 

was characterized. The biological role of this binding in plant defenses against tobacco mosaic 

virus (TMV) was further investigated via Slα-kGDH E2 silencing and transient overexpression in 

plants. 

* Slα-kGDH E2 was found to bind SA in two independent assays. SA treatment, as well as 

Slα-kGDH E2 silencing, increased resistance to TMV. SA did not further enhance TMV defense 

in Slα-kGDH E2-silenced tomato plants but did reduce TMV susceptibility in Nicotiana 



benthamiana plants transiently overexpressing Slα-kGDH E2. Furthermore, Slα-kGDH 

E2-silencing-induced TMV resistance was fully blocked by bongkrekic acid application and 

alternative oxidase 1a silencing. 

* These results indicated that binding by Slα-kGDH E2 of SA acts upstream of and affects the 

mitochondrial electron transport chain, which plays an important role in basal defense against 

TMV. The findings of this study help to elucidate the mechanisms of SA-induced viral defense. 

Lim, C.W., Lim, S., Baek, W., Han, S.-W., and Lee, S.C. (2015). Expression and Functional 

Roles of the Pepper Pathogen-Induced bZIP Transcription Factor, CabZIP2, in Enhanced Disease 

Resistance to Bacterial Pathogen Infection. Mol. Plant Microbe Interact. 

A pepper bZIP transcription factor gene, CabZIP2, was isolated from pepper leaves infected with 

an a virulent strain of Xanthomonas campestris pv. vesicatoria (Xcv). Transient expression 

analysis of the CabZIP2-GFP fusion protein in Nicotiana benthamiana revealed that the 

CabZIP2 protein is localized in the cytoplasm as well as the nucleus. The acidic domain in the 

N-terminal region of CabZIP2 that is fused to the GAL4 DNA-binding domain is required to 

activate the transcription of reporter genes in yeast. Transcription of CabZIP2 is induced in 

pepper plants inoculated with virulent or avirulent strains of Xcv. The CabZIP2 gene is also 

induced by defense-related hormones such as salicylic acid, methyl jasmonate, and ethylene. To 

elucidate the in vivo function of the CabZIP2 gene in plant defense, virus-induced gene silencing 

(VIGS) in pepper and overexpression in Arabidopsis were used. CabZIP2-silenced pepper plants 

were susceptible to infection by the virulent strain of Xcv, which was accompanied by reduced 

expression of defense-related genes such as CaBPR1 and CaAMP1. CabZIP2 overexpression 

(OX) in transgenic Arabidopsis plants conferred enhanced resistance to Pseudomonas syringae 

pv. tomato DC3000. Together, these results suggest that CabZIP2 is involved in bacterial disease 

resistance. 

Lionetti, V., and Métraux, J.-P. (2014). Plant cell wall in pathogenesis, parasitism and symbiosis. 

Front. Plant Sci 5, 612. 

 

Liu, J., Park, C.H., He, F., Nagano, M., Wang, M., Bellizzi, M., Zhang, K., Zeng, X., Liu, W., 

Ning, Y., et al. (2015a). The RhoGAP SPIN6 Associates with SPL11 and OsRac1 and Negatively 

Regulates Programmed Cell Death and Innate Immunity in Rice. PLoS Pathog 11, e1004629. 

Rice diseases are the major threat for stable rice production and food security worldwide. Deep 

understanding of the disease resistance pathway in rice is essential for effective control of the 

diseases. Although rice contains many E3 ubiquitin ligases, the function of their substrates in 

immune responses is still not fully understood. We previously characterized U-box E3 ligase 

SPL11 in rice that is involved in the regulation of cell death, immune responses, and flowering. 

However, how SPL11 interacts with its substrates to control cell death and immunity is not clear. 

In this study, we found that the SPL11 interacts with SPIN6, ubiquitinates, and degrades the 

protein via the 26S proteasome pathway. Both the Spin6 RNAi and mutant plants show enhanced 

resistance to rice pathogens and activate defense gene expression and ROS generation. 

Importantly, we found that SPIN6 is the RhoGAP of the small GTPase OsRac1, which is a key 

component in rice immunity. Our study provides further insights into the relationship between 

SPIN6 and its interacting proteins SPL11 and OsRac1, and its function in the control of cell 



death and immunity in rice. 

Liu, P., Zhang, H., Yu, B., Xiong, L., and Xia, Y. (2015b). Proteomic identification of early 

salicylate- and flg22-responsive redox-sensitive proteins in Arabidopsis. Sci. Rep. 5. 

Accumulation of reactive oxygen species (ROS) is one of the early defense responses against 

pathogen infection in plants. The mechanism about the initial and direct regulation of the defense 

signaling pathway by ROS remains elusive. Perturbation of cellular redox homeostasis by ROS is 

believed to alter functions of redox-sensitive proteins through their oxidative modifications. Here 

we report an OxiTRAQ-based proteomic study in identifying proteins whose cysteines underwent 

oxidative modifications in Arabidopsis cells during the early response to salicylate or flg22, two 

defense pathway elicitors that are known to disturb cellular redox homeostasis. Among the 

salicylate- and/or flg22-responsive redox-sensitive proteins are those involved in transcriptional 

regulation, chromatin remodeling, RNA processing, post-translational modifications, and 

nucleocytoplasmic shuttling. The identification of the salicylate-/flg22-responsive redox-sensitive 

proteins provides a foundation from which further study can be conducted toward understanding 

biological significance of their oxidative modifications during the plant defense response. 

Lopez, J.A., Sun, Y., Blair, P.B., and Mukhtar, M.S. TCP three-way handshake: linking 

developmental processes with plant immunity. Trends in Plant Science. 

The TCP gene family encodes plant-specific transcription factors involved in growth and 

development. Equally important are the interactions between TCP factors and other pathways 

extending far beyond development, as they have been found to regulate a variety of hormonal 

pathways and signaling cascades. Recent advances reveal that TCP factors are targets of 

pathogenic effectors and are likely to play a vital role in plant immunity. Our focus is on 

reviewing the involvement of TCP in known pathways and shedding light on other linkages in the 

nexus of plant immunity centered around TCP factors with an emphasis on the convergence of 

effectors, interconnected hormonal networks, utility of the circadian clock, and the potential 

mechanisms by which pathogen defense may occur. 

Louis, J., and Shah, J. (2014). Plant defence against aphids: The PAD4 signalling nexus. J. Exp. 

Bot. eru454. 

In Arabidopsis thaliana, PHYTOALEXIN DEFICIENT 4 (PAD4) functions as a key player in 

modulating defence against the phloem sap-feeding aphid Myzus persicae (Sülzer), more 

commonly known as the green peach aphid (GPA), an important pest of a wide variety of plants. 

PAD4 controls antibiosis and antixenosis against the GPA. In addition, PAD4 deters aphid 

feeding from sieve elements on Arabidopsis. In the past few years, substantial progress has been 

made in dissecting the role of PAD4 and its interaction with other signalling components in 

limiting aphid infestation. Several key genes/mechanisms involved in providing aphid 

resistance/susceptibility in Arabidopsis regulate the aphid infestation-stimulated expression of 

PAD4. Together, PAD4 and its interacting signalling partners provide a critical barrier to 

curtail GPA colonization of Arabidopsis. 

Lozano-Durán, R., and Robatzek, S. (2015). 14-3-3 proteins in plant-pathogen interactions. 

MPMI. 

14-3-3 proteins define a eukaryotic-specific protein family with a general role in signal 



transduction. Primarily, 14-3-3 proteins act as phospho-sensors, binding phosphorylated client 

proteins and modulating their functions. Since phosphorylation regulates a plethora of different 

physiological responses in plants, 14-3-3 proteins play roles in multiple signalling pathways, 

including those controlling metabolism, hormone signalling, cell division, and responses to 

abiotic and biotic stimuli. Increasing evidence supports a prominent role of 14-3-3 proteins in 

regulating plant immunity against pathogens at various levels. In this review, potential links 

between 14-3-3 function and the regulation of plant-pathogen interactions are discussed, with a 

special focus on the regulation of 14-3-3s in response to pathogen perception, interactions 

between 14-3-3s and defence-related proteins, and 14-3-3s as targets of pathogen effectors. 

Lozano-Durán, R., and Zipfel, C. (2015). Trade-off between growth and immunity: role of 

brassinosteroids. Trends in Plant Science 20, 12–19. 

A balance between growth and immunity exists in plants. Recently, the growth-promoting 

hormones brassinosteroids (BR) have emerged as crucial regulators of the growth-immunity 

trade-off, although the molecular mechanisms underlying this role remained unclear. New 

evidence obtained from the model plant Arabidopsis thaliana points at an indirect crosstalk 

between BR signaling and immunity, mediated by the transcription factors BZR1 and HBI1, 

which suppress immunity upon BR perception. The core transcriptional cascade formed by BZR1 

and HBI1 seems to act as a regulatory hub on which multiple signaling inputs impinge, ensuring 

effective fine-tuning of the trade-off between growth and immunity in a timely and cost-efficient 

manner. 

Lozano-Torres, J.L., Wilbers, R.H.P., Warmerdam, S., Finkers-Tomczak, A., Diaz-Granados, A., 

van Schaik, C.C., Helder, J., Bakker, J., Goverse, A., Schots, A., et al. (2014). Apoplastic Venom 

Allergen-like Proteins of Cyst Nematodes Modulate the Activation of Basal Plant Innate 

Immunity by Cell Surface Receptors. PLoS Pathog 10, e1004569. 

Plant-parasitic nematodes have a major impact on global food security, as they reduce the 

annual yield of food crops by approximately 10 percent. For decades, the application of 

non-selective toxic chemicals to infested soils controlled outbreaks of plant-parasitic nematodes. 

The recent bans on most of these chemicals has redirected attention towards a wider use of basal, 

broad-spectrum immunity to nematodes in crop cultivars. However, it is currently not known if 

this most ancient layer of immunity affects host invasion by plant-parasitic nematodes at all. 

Basal immunity in plants relies on the detection of molecular patterns uniquely associated with 

infections in the apoplast by surface-localized receptors. Here, we demonstrate that venom 

allergen-like proteins in secretions of soil-borne cyst nematodes suppress immune responses 

mediated by surface-localized pattern recognition receptors. Migratory stages of cyst nematodes 

most likely deliver venom allergen-like proteins together with a range of plant cell 

wall-degrading enzymes into the apoplast of host cells. We therefore conclude that these 

nematodes most likely secrete venom allergen-like proteins to modulate host responses triggered 

by the release of immunogenic fragments of damaged plant cell walls. 

Lu, F., Wang, H., Wang, S., Jiang, W., Shan, C., Li, B., Yang, J., Zhang, S., and Sun, W. 

(2015a). Enhancement of innate immune system in monocot rice by transferring the 

dicotyledonous elongation factor Tu receptor EFR. J. Integr. Plant Biol. n/a – n/a. 

The elongation factor Tu (EF-Tu) receptor (EFR) in cruciferous plants specifically recognizes 



the N-terminal acetylated elf18 region of bacterial EF-Tu and thereby activates plant immunity. 

It has been demonstrated that Arabidopsis EFR confers broad-spectrum bacterial resistance in 

the EFR transgenic solanaceous plants. Here, the transgenic rice plants (Oryza sativa L. ssp. 

japonica cv. Zhonghua 17) and cell cultures with constitutive expression of AtEFR were 

developed to investigate whether AtEFR senses EF-Tu and thus enhances bacterial resistance in 

the monocot plants. We demonstrated that the Xanthomonas oryzae-derived elf18 peptide 

induced oxidative burst and mitogen-activated protein kinase activation in the AtEFR transgenic 

rice cells and plants, respectively. Pathogenesis-related genes, such as OsPBZ1, were 

upregulated dramatically in transgenic rice plant and cell lines in response to elf18 stimulation. 

Importantly, pretreatment with elf18 triggered strong resistance to X. oryzae pv. oryzae in the 

transgenic plants, which was largely dependent on the AtEFR expression level. These plants also 

exhibited enhanced resistance to rice bacterial brown stripe, but not to rice fungal blast. 

Collectively, the results indicate that the rice plants with heterologous expression of AtEFR 

recognize bacterial EF-Tu and exhibit enhanced broad-spectrum bacterial disease resistance and 

that pattern recognition receptor-mediated immunity may be manipulated across the two plant 

classes, dicots and monocots. 

Lu, J., Robert, C.A.M., Riemann, M., Cosme, M., Mène-Saffrané, L., Massana, J., Stout, M.J., 

Lou, Y., Gershenzon, J., and Erb, M. (2015b). Induced Jasmonate Signaling Leads to Contrasting 

Effects on Root Damage and Herbivore Performance. Plant Physiol. 167, 1100–1116. 

Induced defenses play a key role in plant resistance against leaf feeders. However, very little is 

known about the signals that are involved in defending plants against root feeders and how they 

are influenced by abiotic factors. We investigated these aspects for the interaction between rice 

(Oryza sativa) and two root-feeding insects: the generalist cucumber beetle (Diabrotica balteata) 

and the more specialized rice water weevil (Lissorhoptrus oryzophilus). Rice plants responded to 

root attack by increasing the production of jasmonic acid (JA) and abscisic acid, whereas in 

contrast to in herbivore-attacked leaves, salicylic acid and ethylene levels remained unchanged. 

The JA response was decoupled from flooding and remained constant over different soil moisture 

levels. Exogenous application of methyl JA to the roots markedly decreased the performance of 

both root herbivores, whereas abscisic acid and the ethylene precursor 

1-aminocyclopropane-1-carboxylic acid did not have any effect. JA-deficient antisense 

13-lipoxygenase (asLOX) and mutant allene oxide cyclase hebiba plants lost more root biomass 

under attack from both root herbivores. Surprisingly, herbivore weight gain was decreased 

markedly in asLOX but not hebiba mutant plants, despite the higher root biomass removal. This 

effect was correlated with a herbivore-induced reduction of sucrose pools in asLOX roots. Taken 

together, our experiments show that jasmonates are induced signals that protect rice roots from 

herbivores under varying abiotic conditions and that boosting jasmonate responses can strongly 

enhance rice resistance against root pests. Furthermore, we show that a rice 13-lipoxygenase 

regulates root primary metabolites and specifically improves root herbivore growth. 

Machado, R.A.R., Arce, C.C.M., Ferrieri, A.P., Baldwin, I.T., and Erb, M. (2015). 

Jasmonate-dependent depletion of soluble sugars compromises plant resistance to Manduca sexta. 

New Phytol n/a – n/a. 

* Jasmonates regulate plant secondary metabolism and herbivore resistance. How they influence 

primary metabolites and how this may affect herbivore growth and performance are not well 

understood. 



* We profiled sugars and starch of jasmonate biosynthesis-deficient and jasmonate-insensitive 

Nicotiana attenuata plants and manipulated leaf carbohydrates through genetic engineering and in 

vitro complementation to assess how jasmonate-dependent sugar accumulation affects the growth 

of Manduca sexta caterpillars. 

* We found that jasmonates reduce the constitutive and herbivore-induced concentration of 

glucose and fructose in the leaves across different developmental stages. Diurnal, 

jasmonate-dependent inhibition of invertase activity was identified as a likely mechanism for this 

phenomenon. Contrary to our expectation, both in planta and in vitro approaches showed that the 

lower sugar concentrations led to increased M. sexta growth. As a consequence, 

jasmonate-dependent depletion of sugars rendered N. attenuata plants more susceptible to M. 

sexta attack. 

* In conclusion, jasmonates are important regulators of leaf carbohydrate accumulation and this 

determines herbivore growth. Jasmonate-dependent resistance is reduced rather than enhanced 

through the suppression of glucose and fructose concentrations, which may contribute to the 

evolution of divergent resistance strategies of plants in nature. 

Mai, V.C., Drzewiecka, K., Jeleń, H., Narożna, D., Rucińska-Sobkowiak, R., Kęsy, J., 

Floryszak-Wieczorek, J., Gabryś, B., and Morkunas, I. (2014). Differential induction of Pisum 

sativum defense signaling molecules in response to pea aphid infestation. Plant Sci. 221-222, 

1–12. 

This study demonstrates the sequence of enhanced generation of signal molecules such as 

phytohormones, i.e. jasmonic acid (JA), ethylene (ET), salicylic acid (SA), and a relatively stable 

free radical, nitric oxide (NO), in response of Pisum sativum L. cv. Cysterski seedling leaves to 

the infestation of pea aphid Acyrthosiphon pisum (Harris) at a varied population size. In time 

from 0 to 96h after A. pisum infestation these signal molecules accumulated transiently. 

Moreover, the convergence of these signaling pathways occurred. JA and its methyl derivative 

MeJA reached the first maximum of generation at 24th hour of infestation. An increase in ET and 

NO generation was observed at 48th hour of infestation. The increase in SA, JA/MeJA and ET 

concentrations in aphid-infested leaves occurred from the 72nd to 96th hour. In parallel, an 

increase was demonstrated for the activities of enzymes engaged in the biosynthesis of SA, such 

as phenylalanine ammonia-lyase (PAL) and benzoic acid 2-hydroxylase (BA2H). Additionally, a 

considerable post-infestation accumulation of transcripts for PAL was observed. An increase in 

the activity of lipoxygenase (LOX), an important enzyme in the biosynthesis of JA was noted. This 

complex signaling network may contribute to the coordinated regulation of gene expression 

leading to specific defence responses. 

Maiti, S., Patro, S., Pal, A., and Dey, N. (2014). Identification of a novel salicylic acid inducible 

endogenous plant promoter regulating expression of CYR1, a CC-NB-LRR type candidate 

disease resistance gene in Vigna mungo. Plant Cell Tiss Organ Cult 120, 489–505. 

In the present study, the upstream regulatory region of CYR1, a CC-NBS-LRR type candidate 

disease resistance gene of Vigna mungo has been characterized. PLACE and PlantCARE search 

revealed presence of some biotic and abiotic stress responsive cis-elements namely, 

wound/pathogen inducible W-box, salicylic acid (SA) inducible TCA element, sugar inducible 

pyrimidine box abscisic acid/drought responsive MYB etc. in this upstream region. The 877 bp 



long upstream/putative-promoter region (Cyr1P) was segmented into six different fragments, 

Cyr1P1-Cyr1P6 and coupled with GUS-reporter gene. Their ability to express the GUS in 

different plants like tobacco, spinach, onion and Vigna, individually were investigated both 

transiently and transgenetically. Among these, Cyr1P4 (−572 to +1) and Cyr1P5 (−472 to +1) 

showed capability to drive expression of GUS in all above plant systems. EMSA and site directed 

mutagenesis study confirmed effective binding of tobacco nuclear factors to the regulatory region 

1 (−673 to −573, RR1) and 2 (−472 to −371, RR2) of Cyr1P promoter. Histochemical and 

biochemical GUS assay of transgenic tobacco tissues expressing GUS under the control of 

Cyr1P4 and Cyr1P5 promoter fragments demonstrated that they are near-constitutive type of 

promoters. The expression level of GUS driven by Cyr1P4 and Cyr1P5 promoter was enhanced 

in presence of exogenous SA and NaCl. The inducible R gene promoters like Cyr1P4 and Cyr1P5 

may become powerful tools in developing MYMIV-resistance in susceptible Vigna and use of 

such promoters coupled with R genes could strengthen our understanding regarding the 

molecular events of plant pathogen interaction. 

Martel, C., Zhurov, V., Navarro, M., Martinez, M., Cazaux, M., Auger, P., Migeon, A., 

Santamaria, M.E., Wybouw, N., Diaz, I., et al. (2015). Tomato Whole Genome Transcriptional 

Response to Tetranychus urticae Identifies Divergence of Spider Mite-Induced Responses 

Between Tomato and Arabidopsis. Mol. Plant Microbe Interact. 28, 343–361. 

The two-spotted spider mite Tetranychus urticae is one of the most significant mite pests in 

agriculture, feeding on more than 1,100 plant hosts, including model plants Arabidopsis thaliana 

and tomato, Solanum lycopersicum. Here, we describe timecourse tomato transcriptional 

responses to spider mite feeding and compare them with Arabidopsis in order to determine 

conserved and divergent defense responses to this pest. To refine the involvement of jasmonic 

acid (JA) in mite-induced responses and to improve tomato Gene Ontology annotations, we 

analyzed transcriptional changes in the tomato JA-signaling mutant defenseless1 (def-1) upon JA 

treatment and spider mite herbivory. Overlay of differentially expressed genes (DEG) identified 

in def-1 onto those from the timecourse experiment established that JA controls expression of the 

majority of genes differentially regulated by herbivory. Comparison of defense responses 

between tomato and Arabidopsis highlighted 96 orthologous genes (of 2,133 DEG) that were 

recruited for defense against spider mites in both species. These genes, involved in biosynthesis 

of JA, phenylpropanoids, flavonoids, and terpenoids, represent the conserved core of induced 

defenses. The remaining tomato DEG support the establishment of tomato-specific defenses, 

indicating profound divergence of spider mite-induced responses between tomato and 

Arabidopsis. 

Maruta, N., Trusov, Y., Brenyah, E., Parekh, U., and Botella, J.R. (2015). Membrane-Localized 

Extra-Large G-Proteins and Gβγ of the Heterotrimeric G Proteins Form Functional Complexes 

Engaged in Plant Immunity in Arabidopsis. Plant Physiol. pp.114.255703. 

In animals, heterotrimeric G proteins, comprising Gα, Gβ and Gγ subunits, are molecular 

switches whose function tightly depends on Gα and Gβγ interaction. Intriguingly, in Arabidopsis 

thaliana, multiple defense responses involve Gβγ, but not Gα. We report here that the Gβγ dimer 

directly partners with extra-large G-proteins (XLGs) to mediate plant immunity. Arabidopsis 

mutants deficient in XLGs, Gβ and Gγ are similarly compromised in several pathogen defense 

responses, including disease development and production of reactive oxygen species. Genetic 

analysis of double, triple and quadruple mutants confirmed that XLGs and Gβγ functionally 



interact in the same defense signaling pathways. In addition, mutations in XLG2 suppressed the 

seedling lethal and cell death phenotypes of bir1 mutants in an identical way as reported for 

agb1 mutants. Yeast-three-hybrid and bimolecular fluorescent complementation assays revealed 

that XLG2 physically interacts with all three possible Gβγ dimers at the plasma membrane. 

Phylogenetic analysis indicated a close relationship between XLGs and plant Gα subunits, 

placing the divergence point at the dawn of land plant evolution. Based on these findings we 

conclude that XLGs form functional complexes with Gβγ dimers, although the mechanism of 

action of these complexes, including activation/deactivation, must be radically different form the 

one used by the canonical Gα subunit and are not likely to share the same receptors. 

Accordingly, XLGs expand the repertoire of heterotrimeric G proteins in plants, and reveal a 

higher level of diversity in heterotrimeric G protein signaling. 

Matern, S., Peskan-Berghoefer, T., Gromes, R., Kiesel, R.V., and Rausch, T. (2015). Imposed 

glutathione-mediated redox switch modulates the tobacco wound-induced protein kinase and 

salicylic acid-induced protein kinase activation state and impacts on defence against 

Pseudomonas syringae. J. Exp. Bot. eru546. 

The role of the redox-active tripeptide glutathione in plant defence against pathogens has been 

studied extensively; however, the impact of changes in cellular glutathione redox potential on 

signalling processes during defence reactions has remained elusive. This study explored the 

impact of elevated glutathione content on the cytosolic redox potential and on early defence 

signalling at the level of mitogen-activated protein kinases (MAPKs), as well as on subsequent 

defence reactions, including changes in salicylic acid (SA) content, pathogenesis-related gene 

expression, callose depositions, and the hypersensitive response. Wild-type (WT) Nicotiana 

tabacum L. and transgenic high-glutathione lines (HGL) were transformed with the 

cytosol-targeted sensor GRX1-roGFP2 to monitor the cytosolic redox state. Surprisingly, HGLs 

displayed an oxidative shift in their cytosolic redox potential and an activation of the tobacco 

MAPKs wound-induced protein kinase (WIPK) and SA-induced protein kinase (SIPK). This 

activation occurred in the absence of any change in free SA content, but was accompanied by 

constitutively increased expression of several defence genes. Similarly, rapid activation of 

MAPKs could be induced in WT tobacco by exposure to either reduced or oxidized glutathione. 

When HGL plants were challenged with adapted or non-adapted Pseudomonas syringae 

pathovars, the cytosolic redox shift was further amplified and the defence response was markedly 

increased, showing a priming effect for SA and callose; however, the initial and transient 

hyperactivation of MAPK signalling was attenuated in HGLs. The results suggest that, in 

tobacco, MAPK and SA signalling may operate independently, both possibly being modulated by 

the glutathione redox potential. Possible mechanisms for redox-mediated MAPK activation are 

discussed. 

Matschi, S., Hake, K., Herde, M., Hause, B., and Romeis, T. (2015). The Calcium-Dependent 

Protein Kinase CPK28 Regulates Development by Inducing Growth Phase-Specific, Spatially 

Restricted Alterations in Jasmonic Acid Levels Independent of Defense Responses in 

Arabidopsis. Plant Cell tpc.15.00024. 

Phytohormones play an important role in development and stress adaptations in plants, and 

several interacting hormonal pathways have been suggested to accomplish fine-tuning of stress 

responses at the expense of growth. This work describes the role played by the 

CALCIUM-DEPENDENT PROTEIN KINASE CPK28 in balancing phytohormone-mediated 



development in Arabidopsis thaliana, specifically during generative growth. cpk28 mutants 

exhibit growth reduction solely as adult plants, coinciding with altered balance of the 

phytohormones jasmonic acid (JA) and gibberellic acid (GA). JA-dependent gene expression and 

the levels of several JA metabolites were elevated in a growth phase-dependent manner in cpk28, 

and accumulation of JA metabolites was confined locally to the central rosette tissue. No elevated 

resistance toward herbivores or necrotrophic pathogens was detected for cpk28 plants, either on 

the whole-plant level or specifically within the tissue displaying elevated JA levels. Abolishment 

of JA biosynthesis or JA signaling led to a full reversion of the cpk28 growth phenotype, while 

modification of GA signaling did not. Our data identify CPK28 as a growth phase-dependent key 

negative regulator of distinct processes: While in seedlings, CPK28 regulates reactive oxygen 

species-mediated defense signaling; in adult plants, CPK28 confers developmental processes by 

the tissue-specific balance of JA and GA without affecting JA-mediated defense responses. 

Phyllotaxy describes the geometric arrangement of leaves and is important for plant productivity. 

Auxin is well known to regulate phyllotactic patterns via PIN1-dependent auxin polar transport, 

and studies of maize (Zea mays) aberrant phyllotaxy1 (abph1) mutants suggest the importance of 

auxin and cytokinin signaling for control of phyllotaxy. However, whether additional regulators 

control these patterns is poorly understood. Here, we report a new dominant maize mutant, 

Aberrant phyllotaxy2 (Abph2), in which the shoot meristems are enlarged and the phyllotactic 

pattern switches from alternate to decussate. Map-based cloning revealed that the Abph2 

mutation was caused by transposition of a glutaredoxin gene, MALE STERILE CONVERTED 

ANTHER1 (MSCA1), which gained an altered expression pattern in Abph2 mutant embryos. 

msca1 loss-of-function mutants have reduced meristem size and revealed a novel function of 

glutaredoxins in meristem growth. In addition, MSCA1 interacts with a TGA transcription factor, 

FASCIATED EAR4, suggesting a novel regulatory module for regulating shoot meristem size. 

Melvin, P., Prabhu, S.A., Veena, M., Shailasree, S., Petersen, M., Mundy, J., Shetty, S.H., and 

Kini, K.R. (2015). The pearl millet mitogen-activated protein kinase PgMPK4 is involved in 

responses to downy mildew infection and in jasmonic- and salicylic acid-mediated defense. Plant 

Mol. Biol. 87, 287–302. 

Plant mitogen-activated protein kinases (MPKs) transduce signals required for the induction of 

immunity triggered by host recognition of pathogen-associated molecular patterns. We isolated a 

full-length cDNA of a group B MPK (PgMPK4) from pearl millet. Autophosphorylation assay of 

recombinant PgMPK4 produced in Escherichia coli confirmed it as a kinase. Differential 

accumulation of PgMPK4 mRNA and kinase activity was observed between pearl millet cultivars 

852B and IP18292 in response to inoculation with the downy mildew oomycete pathogen 

Sclerospora graminicola. This increased accumulation of PgMPK4 mRNA, kinase activity as well 

as nuclear-localization of PgMPK protein(s) was only detected in the S. graminicola resistant 

cultivar IP18292 with a ~tenfold peak at 9 h post inoculation. In the susceptible cultivar 852B, 

PgMPK4 mRNA and immuno-detectable nuclear PgMPK could be induced by application of the 

chemical elicitor β-amino butyric acid, the non-pathogenic bacteria Pseudomonas fluorescens, 

or by the phytohormones jasmonic acid (JA) or salicylic acid (SA). Furthermore, kinase inhibitor 

treatments indicated that PgMPK4 is involved in the JA- and SA-mediated expression of three 

defense genes, lipoxygenase, catalase 3 and polygalacturonase-inhibitor protein. These findings 

indicate that PgMPK/s contribute to pearl millet defense against the downy mildew pathogen by 

activating the expression of defense proteins. 



Minina, E.A., Bozhkov, P.V., and Hofius, D. (2014). Autophagy as initiator or executioner of cell 

death. Trends in Plant Science 19, 692–697. 

Autophagy plays multiple, often antagonistic roles in plants. In particular, cytoprotective 

functions of autophagy are well balanced by cell death functions to compensate for the absence 

of apoptosis culminating in phagocytic clearance of dead cells. If autophagy is indeed required 

for plant programmed cell death (PCD), then what place does it occupy in the PCD pathways? 

Recent studies have examined the effects of impaired autophagy on pathogen-induced 

hypersensitive response (HR) and developmental PCD. While HR death was efficiently 

suppressed, inhibition of autophagy induced a switch from vacuolar PCD essential for 

development to necrosis. We therefore propose a dual role for autophagy in plant PCD: as an 

effector of HR PCD lying upstream of the ‘point-of-no-return’, and also as a downstream 

mechanism for clearance of terminally differentiated cells during developmental PCD. 

Miyata, K., Kozaki, T., Kouzai, Y., Ozawa, K., Ishii, K., Asamizu, E., Okabe, Y., Umehara, Y., 

Miyamoto, A., Kobae, Y., et al. (2014). The Bifunctional Plant Receptor, OsCERK1, Regulates 

Both Chitin-Triggered Immunity and Arbuscular Mycorrhizal Symbiosis in Rice. Plant Cell 

Physiol 55, 1864–1872. 

Plants are constantly exposed to threats from pathogenic microbes and thus developed an innate 

immune system to protect themselves. On the other hand, many plants also have the ability to 

establish endosymbiosis with beneficial microbes such as arbuscular mycorrhizal (AM) fungi or 

rhizobial bacteria, which improves the growth of host plants. How plants evolved these systems 

managing such opposite plant–microbe interactions is unclear. We show here that knockout (KO) 

mutants of OsCERK1, a rice receptor kinase essential for chitin signaling, were impaired not 

only for chitin-triggered defense responses but also for AM symbiosis, indicating the 

bifunctionality of OsCERK1 in defense and symbiosis. On the other hand, a KO mutant of 

OsCEBiP, which forms a receptor complex with OsCERK1 and is essential for chitin-triggered 

immunity, established mycorrhizal symbiosis normally. Therefore, OsCERK1 but not 

chitin-triggered immunity is required for AM symbiosis. Furthermore, experiments with chimeric 

receptors showed that the kinase domains of OsCERK1 and homologs from non-leguminous, 

mycorrhizal plants could trigger nodulation signaling in legume–rhizobium interactions as the 

kinase domain of Nod factor receptor1 (NFR1), which is essential for triggering the nodulation 

program in leguminous plants, did. Because leguminous plants are believed to have developed 

the rhizobial symbiosis on the basis of AM symbiosis, our results suggest that the symbiotic 

function of ancestral CERK1 in AM symbiosis enabled the molecular evolution to leguminous 

NFR1 and resulted in the establishment of legume–rhizobia symbiosis. These results also suggest 

that OsCERK1 and homologs serve as a molecular switch that activates defense or symbiotic 

responses depending on the infecting microbes. 

Monaghan, J., Matschi, S., Shorinola, O., Rovenich, H., Matei, A., Segonzac, C., Malinovsky, 

F.G., Rathjen, J.P., MacLean, D., Romeis, T., et al. (2014). The Calcium-Dependent Protein 

Kinase CPK28 Buffers Plant Immunity and Regulates BIK1 Turnover. Cell Host & Microbe 16, 

605–615. 

Plant perception of pathogen-associated molecular patterns (PAMPs) triggers a phosphorylation 

relay leading to PAMP-triggered immunity (PTI). Despite increasing knowledge of PTI 

signaling, how immune homeostasis is maintained remains largely unknown. Here we describe a 



forward-genetic screen to identify loci involved in PTI and characterize the Arabidopsis 

calcium-dependent protein kinase CPK28 as a negative regulator of immune signaling. Genetic 

analyses demonstrate that CPK28 attenuates PAMP-triggered immune responses and 

antibacterial immunity. CPK28 interacts with and phosphorylates the 

plasma-membrane-associated cytoplasmic kinase BIK1, an important convergent substrate of 

multiple pattern recognition receptor (PRR) complexes. We find that BIK1 is rate limiting in PTI 

signaling and that it is continuously turned over to maintain cellular homeostasis. We further 

show that CPK28 contributes to BIK1 turnover. Our results suggest a negative regulatory 

mechanism that continually buffers immune signaling by controlling the turnover of this key 

signaling kinase. 

Mott, G.A., Middleton, M.A., Desveaux, D., and Guttman, D.S. (2014). Peptides and small 

molecules of the plant-pathogen apoplastic arena. Front. Plant Sci. 5, 677. 

Plants reside within an environment rich in potential pathogens. Survival in the presence of such 

threats requires both effective perception of, and appropriate responses to, pathogenic attack. 

While plants lack an adaptive immune system, they have a highly developed and responsive 

innate immune system able to detect and inhibit the growth of the vast majority of potential 

pathogens. Many of the critical interactions that characterize the relationship between plants and 

pathogens are played out in the intercellular apoplastic space. The initial perception of pathogen 

invasion is often achieved through specific plant receptor-like kinases that recognize conserved 

molecular patterns presented by the pathogen or respond to the molecular debris caused by 

cellular damage. The perception of either microbial or damage signals by these receptors 

initiates a response that includes the production of peptides and small molecules to enhance 

cellular integrity and inhibit pathogen growth. In this review, we discuss the roles of apoplastic 

peptides and small molecules in modulating plant-pathogen interactions. 

Munch, D., Teh, O.-K., Malinovsky, F.G., Liu, Q., Vetukuri, R.R., El Kasmi, F., Brodersen, P., 

Hara-Nishimura, I., Dangl, J.L., Petersen, M., et al. (2015). Retromer Contributes to 

Immunity-Associated Cell Death in Arabidopsis. Plant Cell. 

Membrane trafficking is required during plant immune responses, but its contribution to the 

hypersensitive response (HR), a form of programmed cell death (PCD) associated with 

effector-triggered immunity, is not well understood. HR is induced by nucleotide 

binding-leucine-rich repeat (NB-LRR) immune receptors and can involve vacuole-mediated 

processes, including autophagy. We previously isolated lazarus (laz) suppressors of 

autoimmunity-triggered PCD in the Arabidopsis thaliana mutant accelerated cell death11 

(acd11) and demonstrated that the cell death phenotype is due to ectopic activation of the LAZ5 

NB-LRR. We report here that laz4 is mutated in one of three VACUOLAR PROTEIN SORTING35 

(VPS35) genes. We verify that LAZ4/VPS35B is part of the retromer complex, which functions in 

endosomal protein sorting and vacuolar trafficking. We show that VPS35B acts in an endosomal 

trafficking pathway and plays a role in LAZ5-dependent acd11 cell death. Furthermore, we find 

that VPS35 homologs contribute to certain forms of NB-LRR protein-mediated autoimmunity as 

well as pathogen-triggered HR. Finally, we demonstrate that retromer deficiency causes defects 

in late endocytic/lytic compartments and impairs autophagy-associated vacuolar processes. Our 

findings indicate important roles of retromer-mediated trafficking during the HR; these may 

include endosomal sorting of immune components and targeting of vacuolar cargo. 



Mur, L. a. J., Hauck, B., Winters, A., Heald, J., Lloyd, A.J., Chakraborty, U., and Chakraborty, B. 

(2015). The development of tea blister caused by Exobasidium vexans in tea (Camellia sinensis) 

correlates with the reduced accumulation of some antimicrobial metabolites and the defence 

signals salicylic and jasmonic acids. Plant Pathol n/a – n/a. 

Blister blight (causal agent, Exobasidium vexans) is an economically devastating disease of tea 

(Camellia sinensis). To determine what metabolite changes occur with tea blister that could be 

linked to disease progression, metabolomic approaches were used on E. vexans infected tea from 

a Darjeeling (India) plantation. Samples were classified according to disease phenotypes; i.e. 

either healthy or at one of three stages of disease progression. Initial metabolite fingerprinting 

using Fourier transform infrared (FTIR) spectroscopy indicated that metabolite changes could be 

related to disease stage. Electrospray-ionization mass spectrometry (ESI-MS) highlighted 

caffeine and flavonoid metabolism changes as disease progressed. High-performance liquid 

chromatography (HPLC) with online photodiode array detection and electrospray 

ionization-tandem mass spectrometry (HPLC-DAD-ESI/MSn) was used to characterize the 

caffeine, flavan-3-ol, flavone and flavonol profiles. There were increases in quercetin and 

kaempferol glucosides, kaempferol triglycosides and some catechin-class antioxidants, but also 

substantial reductions in apigenin and myricetin glycosides and, particularly, caffeine as disease 

progressed. The content of important defence hormones, salicylic acid and jasmonic acid, was 

also reduced in blister blight diseased samples. Thus, E. vexans infections perturb defence 

signalling and reduce many potentially antimicrobial compounds, such as caffeine, to aid disease 

progression. 

Naseem, M., Srivastava, M., and Dandekar, T. (2014). Stem-cell-triggered immunity safeguards 

cytokinin enriched plant shoot apexes from pathogen infection. Front Plant Sci 5, 588. 

Intricate mechanisms discriminate between friends and foes in plants. Plant organs deploy 

overlapping and distinct protection strategies. Despite vulnerability to a plethora of pathogens, 

the growing tips of plants grow bacteria free. The shoot apical meristem (SAM) is among three 

stem cells niches, a self-renewable reservoir for the future organogenesis of leaf, stem, and 

flowers. How plants safeguard this high value growth target from infections was not known until 

now. Recent reports find the stem cell secreted 12-amino acid peptide CLV3p (CLAVATA3 

peptide) is perceived by FLS2 (FLAGELLIN SENSING 2) receptor and activates the 

transcription of immunity and defense marker genes. No infection in the SAM of wild type plants 

and bacterial infection in clv3 and fls2 mutants illustrate this natural protection against 

infections. Cytokinins (CKs) are enriched in the SAM and regulate meristem activities by their 

involvement in stem cell signaling networks. Auxin mediates plant susceptibility to pathogen 

infections while CKs boost plant immunity. Here, in addition to the stem-cell-triggered immunity 

we also highlight a potential link between CK signaling and CLV3p mediated immune response 

in the SAM. 

Nathalie Leborgne-Castel, and Bouhidel, K. (2014). Plasma membrane protein trafficking in 

plant–microbe interactions: a plant cell point of view. Front. Plant Sci. 5, 735. 

In order to ensure their physiological and cellular functions, plasma membrane (PM) proteins 

must be properly conveyed from their site of synthesis, i.e., the endoplasmic reticulum, to their 

final destination, the PM, through the secretory pathway. PM protein homeostasis also relies on 

recycling and/or degradation, two processes that are initiated by endocytosis. Vesicular 



membrane trafficking events to and from the PM have been shown to be altered when plant cells 

are exposed to mutualistic or pathogenic microbes. In this review, we will describe the fine-tune 

regulation of such alterations, and their consequence in PM protein activity. We will consider the 

formation of intracellular perimicrobial compartments, the PM protein trafficking machinery of 

the host, and the delivery or retrieval of signaling and transport proteins such as 

pattern-recognition receptors, producers of reactive oxygen species, and sugar transporters. 

Nie, S., Yue, H., Zhou, J., and Xing, D. (2015). Mitochondrial-Derived Reactive Oxygen Species 

Play a Vital Role in the Salicylic Acid Signaling Pathway in Arabidopsis thaliana. PLoS ONE 10, 

e0119853. 

Plant mitochondria constitute a major source of ROS and are proposed to act as signaling 

organelles in the orchestration of defense response. At present, the signals generated and then 

integrated by mitochondria are still limited. Here, fluorescence techniques were used to monitor 

the events of mitochondria in vivo, as well as the induction of mitochondrial signaling by a 

natural defensive signal chemical salicylic acid (SA). An inhibition of respiration was observed 

in isolated mitochondria subjected to SA. The cytochrome reductase activity analysis in isolated 

mitochondria demonstrated that SA might act directly on the complex III in the respiration chain 

by inhibiting the activity. With this alteration, a quick burst of mitochondrial ROS (mtROS) was 

stimulated. SA-induced mtROS caused mitochondrial morphology transition in leaf tissue or 

protoplasts expressing mitochondria-GFP (43C5) and depolarization of membrane potential. 

However, the application of AsA, an H2O2 scavenger, significantly prevented both events, 

indicating that both of them are attributable to ROS accumulation. In parallel, SA-induced 

mtROS up-regulated AOX1a transcript abundance and this induction was correlated with the 

disease resistance, whereas AsA-pretreatment interdicted this effect. It is concluded that 

mitochondria play an essential role in the signaling pathway of SA-induced ROS generation, 

which possibly provided new insight into the SA-mediated biological processes, including plant 

defense response. 

Oblessuc, P.R., Francisco, C., and Melotto, M. (2015). The Co-4 locus on chromosome Pv08 

contains a unique cluster of 18 COK-4 genes and is regulated by immune response in common 

bean. Theor. Appl. Genet. 

KEY MESSAGE: The common bean locus Co - 4, traditionally referred to as an 

anthracnose-resistant gene, contains a cluster of predicted receptor-like kinases (COK-4 and 

CrRLK1-like), and at least two of these kinases are co-regulated with the plant's basal immunity. 

Genetic resistance to anthracnose, caused by the fungus Colletotrichum lindemuthianum (Sacc. 

and Magnus) Briosi and Cavara, is conferred by major loci throughout the Phaseolus vulgaris 

genome, named Co. The complex Co-4 locus was previously reported to have several copies of 

the COK-4 gene that is predicted to code for a receptor-like kinase (RLK). In general, plant 

RLKs are involved in pathogen perception and signal transduction; however, the molecular 

function of COK-4 remains elusive. Using newly identified molecular markers (PvTA25 and 

PvSNPCOK-4), the SAS13 marker, COK-4 sequences and phylogeny, and the recently released 

bean genome sequence, we determined the most probable boundaries of the Co-4 locus: a 

325-Kbp region on chromosome Pv08. Out of the 49 predicted transcripts in that region, 24 

encode for putative RLKs (including 18 COK-4 copies) with high similarity to members of the 

Catharanthus roseus RLK1-like (CrRLK1L) protein family from different plant species, including 

the well-described FERONIA (FER) and ANXUR. We also determined that two RLK-coding 



genes in the Co-4 locus (COK-4-3 and FER-like) are transcriptionally regulated when bean 

plants are challenged with the flg22 peptide, a commonly used elicitor of plant immunity, or the 

bacterium Pseudomonas syringae pv. phaseolicola, the causal agent of halo blight. While 

COK-4-3 is activated during immune response, FER-like is downregulated suggesting that these 

genes could play a role in plant responses to biotic stress. These results highlight the importance 

of dissecting the regulation and molecular function of individual genes within each locus, 

traditionally referred to as resistance gene based on genetic segregation analysis. 

Ohtsu, M., Shibata, Y., Ojika, M., Tamura, K., Hara-Nishimura, I., Mori, H., Kawakita, K., and 

Takemoto, D. (2014). Nucleoporin 75 Is Involved in the Ethylene-Mediated Production of 

Phytoalexin for the Resistance of Nicotiana benthamiana to Phytophthora infestans. MPMI 27, 

1318–1330. 

Mature Nicotiana benthamiana shows stable resistance to the oomycete pathogen Phytophthora 

infestans. Induction of phytoalexin (capsidiol) production is essential for the resistance, which is 

upregulated via a mitogen-activated protein kinase (MAPK) cascade (NbMEK2-WIPK/SIPK) 

followed by ethylene signaling. In this study, NbNup75 (encodes a nuclear pore protein 

Nucleoporin75) was identified as an essential gene for resistance of N. benthamiana to P. 

infestans. In NbNup75-silenced plants, initial events of elicitor-induced responses such as 

phosphorylation of MAPK and expression of defense-related genes were not affected, whereas 

induction of later defense responses such as capsidiol production and cell death induction was 

suppressed or delayed. Ethylene production induced by either INF1 or NbMEK2 was reduced in 

NbNup75-silenced plants, whereas the expression of NbEAS (a gene for capsidiol biosynthesis) 

induced by ethylene was not affected, indicating that Nup75 is required for the induction of 

ethylene production but not for ethylene signaling. Given that nuclear accumulation of polyA 

RNA was increased in NbNup75-silenced plants, efficient export of mRNA from nuclei via 

nuclear pores would be important for the timely upregulation of defense responses. Collectively, 

Nup75 is involved in the induction of a later stage of defense responses, including the 

ethylene-mediated production of phytoalexin for the resistance of N. benthamiana to P. infestans. 

Oome, S., Raaymakers, T.M., Cabral, A., Samwel, S., Böhm, H., Albert, I., Nürnberger, T., and 

Ackerveken, G.V. den (2014). Nep1-like proteins from three kingdoms of life act as a 

microbe-associated molecular pattern in Arabidopsis. PNAS 111, 16955–16960. 

Necrosis and ethylene-inducing peptide 1 (Nep1)-like proteins (NLPs) are secreted by a wide 

range of plant-associated microorganisms. They are best known for their cytotoxicity in dicot 

plants that leads to the induction of rapid tissue necrosis and plant immune responses. The 

biotrophic downy mildew pathogen Hyaloperonospora arabidopsidis encodes 10 different 

noncytotoxic NLPs (HaNLPs) that do not cause necrosis. We discovered that these noncytotoxic 

NLPs, however, act as potent activators of the plant immune system in Arabidopsis thaliana. 

Ectopic expression of HaNLP3 in Arabidopsis triggered resistance to H. arabidopsidis, activated 

the expression of a large set of defense-related genes, and caused a reduction of plant growth 

that is typically associated with strongly enhanced immunity. N- and C-terminal deletions of 

HaNLP3, as well as amino acid substitutions, pinpointed to a small central region of the protein 

that is required to trigger immunity, indicating the protein acts as a microbe-associated 

molecular pattern (MAMP). This was confirmed in experiments with a synthetic peptide of 24 aa, 

derived from the central part of HaNLP3 and corresponding to a conserved region in type 1 

NLPs that induces ethylene production, a well-known MAMP response. Strikingly, corresponding 



24-aa peptides of fungal and bacterial type 1 NLPs were also able to trigger immunity in 

Arabidopsis. The widespread phylogenetic distribution of type 1 NLPs makes this protein family 

(to our knowledge) the first proteinaceous MAMP identified in three different kingdoms of life. 

Ouyang, S., Park, G., Atamian, H.S., Han, C.S., Stajich, J.E., Kaloshian, I., and Borkovich, K.A. 

(2014). MicroRNAs suppress NB domain genes in tomato that confer resistance to Fusarium 

oxysporum. PLoS Pathog. 10, e1004464. 

MicroRNAs (miRNAs) suppress the transcriptional and post-transcriptional expression of genes 

in plants. Several miRNA families target genes encoding nucleotide-binding site-leucine-rich 

repeat (NB-LRR) plant innate immune receptors. The fungus Fusarium oxysporum f. sp. 

lycopersici causes vascular wilt disease in tomato. We explored a role for miRNAs in tomato 

defense against F. oxysporum using comparative miRNA profiling of susceptible (Moneymaker) 

and resistant (Motelle) tomato cultivars. slmiR482f and slmiR5300 were repressed during 

infection of Motelle with F. oxysporum. Two predicted mRNA targets each of slmiR482f and 

slmiR5300 exhibited increased expression in Motelle and the ability of these four targets to be 

regulated by the miRNAs was confirmed by co-expression in Nicotiana benthamiana. Silencing of 

the targets in the resistant Motelle cultivar revealed a role in fungal resistance for all four genes. 

All four targets encode proteins with full or partial nucleotide-binding (NB) domains. One 

slmiR5300 target corresponds to tm-2, a susceptible allele of the Tomato Mosaic Virus resistance 

gene, supporting functions in immunity to a fungal pathogen. The observation that none of the 

targets correspond to I-2, the only known resistance (R) gene for F. oxysporum in tomato, 

supports roles for additional R genes in the immune response. Taken together, our findings 

suggest that Moneymaker is highly susceptible because its potential resistance is insufficiently 

expressed due to the action of miRNAs. 

Paudel, J.R., and Bede, J.C. (2015). Ethylene Signaling Modulates Herbivore-Induced Defense 

Responses in the Model Legume, Medicago truncatula. Mol. Plant Microbe Interact. 

Effector(s) in the labial saliva (LS) of generalist Noctuid caterpillars activate plant signaling 

pathways to modulate jasmonate-dependent defense responses; however, the exact mechanisms 

involved have yet to be elucidated. A potential candidate in this phytohormone interplay is the 

ethylene signaling pathway. We compared the biochemical and molecular responses of the model 

legume Medicago truncatula and the ethylene-insensitive skl mutant to herbivory by 4th instar 

Spodoptera exigua (Hübner) caterpillars with intact or impaired LS secretions. Rapidly, cellular 

oxidative stress increases after herbivory as evidenced by changes in oxidized-to-reduced 

ascorbate and glutathione ratios. The caterpillar-specific increase in glutathione ratio and 

LS-specific increase in ascorbate ratio are alleviated in the skl mutant indicating that ethylene 

signalling is required. Ten hr post-herbivory, markers of the jasmonate and jasmonate/ethylene 

pathways are differentially expressed; MtVSP is induced and MtHEL repressed in a caterpillar 

LS- and ethylene-independent manner. In contrast, expression of the classic marker of the 

systemic acquired resistance pathway, MtPR1, is caterpillar LS-dependent and requires ethylene 

signalling. Caterpillar LS further suppresses the induction of jasmonate-related trypsin inhibitor 

activity in an ethylene-dependent manner. Findings suggest that ethylene is involved in the 

caterpillar LS-dependent, salicylic acid/NPR1-mediated attenuation of jasmonate-dependent 

induced responses. 

Peng, K.-C., Wang, C.-W., Wu, C.-H., Huang, C.-T., and Liou, R.-F. (2015). Tomato 



SOBIR1/EVR homologs are involved in elicitin perception and plant defense against the 

oomycete pathogen Phytophthora parasitica. Mol. Plant Microbe Interact. 

During host-pathogen interactions, pattern recognition receptors form complexes with proteins 

such as receptor-like kinases to elicit pathogen-associated molecular pattern (PAMP)-triggered 

immunity (PTI), an evolutionarily conserved plant defense program. However, little is known 

about the components of the receptor complex, as are the molecular events leading to PTI 

induced by oomycete Phytophthora pathogen. Here, we demonstrate that tomato (Solanum 

lycopersicum) SlSOBIR1 and SlSOBIR1-like are involved in defense responses to Phytophthora 

parasitica. Silencing of SlSOBIR1 and SlSOBIR1-like enhanced susceptibility to P. parasitica in 

tomato. Callose deposition, reactive oxygen species production, and PTI marker gene expression 

were compromised in SlSOBIR1- and SlSOBIR1-like-silenced plants. Interestingly, P. parasitica 

infection and elicitin (ParA1) treatment induced the re-localization of SlSOBIR1 from the plasma 

membrane to endosomal compartments, and silencing of NbSOBIR1 compromised 

ParA1-mediated cell death on N. benthamiana. Moreover, the SlSOBIR1 kinase domain is 

indispensable for ParA1 to trigger SlSOBIR1 internalization and plant cell death. Taken 

together, these results support the participation of solanaceous SOBIR1/EVR homologs in the 

perception of elicitins, and indicate their important roles in plant basal defense against oomycete 

pathogens. 

Perez, I.B., and Brown, P.J. (2014). The role of ROS signaling in cross-tolerance: from model to 

crop. Front. Plant Sci. 5, 754. 

Field trials were conducted using 4-year-old horse chestnut (Aesculus hippocastanum L.) to 

assess the efficacy of potassium and silicon phosphite as plant protection agents against the 

bacterial pathogen Pseudomonas syringae pv. aesculi (Pae) the causal agent of Pseudomonas 

bleeding canker of horse chestnut. Phosphites were applied preventatively, i.e. before Pae 

inoculation of trees, and curatively, i.e. after Pae inoculation of trees, and, as both a foliar spray 

(FS) and root drench (RD). Application of both phosphite forms induced positive effects on plant 

vitality (increased leaf chlorophyll content, leaf chlorophyll fluorescence (Fv/Fm)), enhanced 

defensive enzyme activity (β-1,3-glucanase, peroxidase) and reduced Pae lesion size, the main 

proxy of Pae success or aggressiveness. Preventative rather than curative phosphite application 

resulted in greater reductions in Pae severity. Little significance of mode of application (FS, RD) 

and phosphite anion (potassium, silicon) was demonstrated indicating both phosphites can be 

foliar applied or root drenched with similar degrees of resulting Pae control. Significant 

reductions in Pae severity recorded in this study gave credence to the potential of phosphites as 

an alternative or compliment to conventional bactericides for Pae control. 

Petrov, V., Hille, J., Mueller-Roeber, B., and Gechev, T.S. (2015). ROS-mediated abiotic 

stress-induced programmed cell death in plants. Front Plant Sci 6, 69. 

During the course of their ontogenesis plants are continuously exposed to a large variety of 

abiotic stress factors which can damage tissues and jeopardize the survival of the organism 

unless properly countered. While animals can simply escape and thus evade stressors, plants as 

sessile organisms have developed complex strategies to withstand them. When the intensity of a 

detrimental factor is high, one of the defense programs employed by plants is the induction of 

programmed cell death (PCD). This is an active, genetically controlled process which is initiated 

to isolate and remove damaged tissues thereby ensuring the survival of the organism. The 



mechanism of PCD induction usually includes an increase in the levels of reactive oxygen species 

(ROS) which are utilized as mediators of the stress signal. Abiotic stress-induced PCD is not only 

a process of fundamental biological importance, but also of considerable interest to agricultural 

practice as it has the potential to significantly influence crop yield. Therefore, numerous 

scientific enterprises have focused on elucidating the mechanisms leading to and controlling 

PCD in response to adverse conditions in plants. This knowledge may help develop novel 

strategies to obtain more resilient crop varieties with improved tolerance and enhanced 

productivity. The aim of the present review is to summarize the recent advances in research on 

ROS-induced PCD related to abiotic stress and the role of the organelles in the process. 

Petutschnig, E.K., Stolze, M., Lipka, U., Kopischke, M., Horlacher, J., Valerius, O., Rozhon, W., 

Gust, A.A., Kemmerling, B., Poppenberger, B., et al. (2014). A novel Arabidopsis CHITIN 

ELICITOR RECEPTOR KINASE 1 (CERK1) mutant with enhanced pathogen-induced cell 

death and altered receptor processing. New Phytol 204, 955–967. 

* Plants detect pathogens by sensing microbe-associated molecular patterns (MAMPs) through 

pattern recognition receptors. Pattern recognition receptor complexes also have roles in cell death 

control, but the underlying mechanisms are poorly understood. Here, we report isolation of 

cerk1-4, a novel mutant allele of the Arabidopsis chitin receptor CERK1 with enhanced defense 

responses. 

* We identified cerk1-4 in a forward genetic screen with barley powdery mildew and 

consequently characterized it by pathogen assays, mutant crosses and analysis of defense 

pathways. CERK1 and CERK1-4 proteins were analyzed biochemically. 

* The cerk1-4 mutation causes an amino acid exchange in the CERK1 ectodomain. Mutant plants 

maintain chitin signaling capacity but exhibit hyper-inducible salicylic acid concentrations and 

deregulated cell death upon pathogen challenge. In contrast to chitin signaling, the cerk1-4 

phenotype does not require kinase activity and is conferred by the N-terminal part of the receptor. 

CERK1 undergoes ectodomain shedding, a well-known process in animal cell surface proteins. 

Wild-type plants contain the full-length CERK1 receptor protein as well as a soluble form of the 

CERK1 ectodomain, whereas cerk1-4 plants lack the N-terminal shedding product. 

* Our work suggests that CERK1 may have a chitin-independent role in cell death control and is 

the first report of ectodomain shedding in plants. 

Piasecka, A., Jedrzejczak-Rey, N., and Bednarek, P. (2015). Secondary metabolites in plant 

innate immunity: conserved function of divergent chemicals. New Phytol n/a – n/a. 

Plant secondary metabolites carry out numerous functions in interactions between plants and a 

broad range of other organisms. Experimental evidence strongly supports the indispensable 

contribution of many constitutive and pathogen-inducible phytochemicals to plant innate 

immunity. Extensive studies on model plant species, particularly Arabidopsis thaliana, have 

brought significant advances in our understanding of the molecular mechanisms underpinning 

pathogen-triggered biosynthesis and activation of defensive secondary metabolites. However, 

despite the proven significance of secondary metabolites in plant response to pathogenic 

microorganisms, little is known about the precise mechanisms underlying their contribution to 

plant immunity. This insufficiency concerns information on the dynamics of cellular and 

subcellular localization of defensive phytochemicals during the encounters with microbial 



pathogens and precise knowledge on their mode of action. As many secondary metabolites are 

characterized by their in vitro antimicrobial activity, these compounds were commonly 

considered to function in plant defense as in planta antibiotics. Strikingly, recent experimental 

evidence suggests that at least some of these compounds alternatively may be involved in 

controlling several immune responses that are evolutionarily conserved in the plant kingdom, 

including callose deposition and programmed cell death. 

Pieterse, C.M.J., Pierik, R., and Van Wees, S.C.M. (2014). Different shades of JAZ during plant 

growth and defense. New Phytol 204, 261–264. 

 

Piisilä, M., Keceli, M.A., Brader, G., Jakobson, L., Jõesaar, I., Sipari, N., Kollist, H., Palva, E.T., 

and Kariola, T. (2015). The F-box protein MAX2 contributes to resistance to bacterial 

phytopathogens in Arabidopsis thaliana. BMC Plant Biology 15, 53. 

The Arabidopsis thaliana F-box protein MORE AXILLARY GROWTH2 (MAX2) has previously 

been characterized for its role in plant development. MAX2 appears essential for the perception 

of the newly characterized phytohormone strigolactone, a negative regulator of polar auxin 

transport in Arabidopsis. 

Piofczyk, T., Jeena, G., and Pecinka, A. Arabidopsis thaliana natural variation reveals 

connections between UV radiation stress and plant pathogen-like defense responses. Plant 

Physiology and Biochemistry. 

UV radiation is a ubiquitous component of solar radiation that affects plant growth and 

development. Here we studied growth related traits of 345 Arabidopsis thaliana accessions in 

response to UV radiation stress. We analyzed the genetic basis of this natural variation by 

genome-wide association studies, which suggested a specific candidate genomic region. 

RNA-sequencing of three sensitive and three resistant accessions combined with mutant analysis 

revealed five large effect genes. Mutations in PHE AMMONIA LYASE 1 (PAL1) and putative 

kinase At1g76360 rendered Arabidopsis hypersensitive to UV stress, while loss of function from 

putative methyltransferase At4g22530, NOVEL PLANT SNARE 12 (NPSN12) and defense gene 

ACTIVATED DISEASE RESISTANCE 2 (ADR2) conferred higher UV stress resistance. Three 

sensitive accessions showed strong ADR2 transcriptional activation, accumulation of salicylic 

acid (SA) and dwarf growth upon UV stress, while these phenotypes were much less affected in 

resistant plants. The phenotype of sensitive accessions resembles autoimmune reactions due to 

overexpression of defense related genes, and suggests that natural variation in response to UV 

radiation stress is driven by pathogen-like responses in Arabidopsis. 

Planchamp, C., Glauser, G., and Mauch-Mani, B. (2015). Root inoculation with Pseudomonas 

putida KT2440 induces transcriptional and metabolic changes and systemic resistance in maize 

plants. Pseudomonas Putida 5, 719. 

Pseudomonas putida KT2440 (KT2440) rhizobacteria colonize a wide range of plants. They have 

been extensively studied for their capacity to adhere to maize seeds, to tolerate toxic secondary 

metabolites produced by maize roots and to be attracted by maize roots. However, the response 

of maize plants to KT2440 colonization has not been investigated yet. Maize roots were 

inoculated with KT2440 and the local (roots) and systemic (leaves) early plant responses were 



investigated. The colonization behavior of KT2440 following application to maize seedlings was 

investigated and transcriptional analysis of stress- and defense-related genes as well as 

metabolite profiling of local and systemic maize tissues of KT2440-inoculated were performed. 

The local and systemic responses differed and more pronounced changes were observed in roots 

compared to leaves. Early in the interaction roots responded via jasmonic acid- and abscisic 

acid-dependent signaling. Interestingly, during later steps, the salicylic acid pathway was 

suppressed. Metabolite profiling revealed the importance of plant phospholipids in 

KT2440-maize interactions. An additional important maize secondary metabolite, a form of 

benzoxazinone, was also found to be differently abundant in roots 3 days after KT2440 

inoculation. However, the transcriptional and metabolic changes observed in bacterized plants 

early during the interaction were minor and became even less pronounced with time, indicating 

an accommodation state of the plant to the presence of KT2440. Since the maize plants reacted to 

the presence of KT2440 in the rhizosphere, we also investigated the ability of these bacteria to 

trigger induced systemic resistance (ISR) against the maize anthracnose fungus Colletotrichum 

graminicola. The observed resistance was expressed as strongly reduced leaf necrosis and fungal 

growth in infected bacterized plants compared to non-bacterized controls, showing the potential 

of KT2440 to act as resistance inducers. 

Plaza, S., Weber, J., Pajonk, S., Thomas, J., Talke, I.N., Schellenberg, M., Pradervand, S., Burla, 

B., Geisler, M., Martinoia, E., et al. (2015). Wounding of Arabidopsis halleri leaves enhances 

cadmium accumulation that acts as a defense against herbivory. Biometals. 

Approximately 0.2 % of all angiosperms are classified as metal hyperaccumulators based on 

their extraordinarily high leaf metal contents, for example >1 % zinc, >0.1 % nickel or >0.01 % 

cadmium (Cd) in dry biomass. So far, metal hyperaccumulation has been considered to be a 

taxon-wide, constitutively expressed trait, the extent of which depends solely on available metal 

concentrations in the soil. Here we show that in the facultative metallophyte Arabidopsis halleri, 

both insect herbivory and mechanical wounding of leaves trigger an increase specifically in leaf 

Cd accumulation. Moreover, the Cd concentrations accumulated in leaves can serve as an 

elemental defense against herbivory by larvae of the Brassicaceae specialist small white (Pieris 

rapae), thus allowing the plant to take advantage of this non-essential trace element and toxin. 

Metal homeostasis genes are overrepresented in the systemic transcriptional response of roots to 

the wounding of leaves in A. halleri, supporting that leaf Cd accumulation is preceded by 

systemic signaling events. A similar, but quantitatively less pronounced transcriptional response 

was observed in A. thaliana, suggesting that the systemically regulated modulation of metal 

homeostasis in response to leaf wounding also occurs in non-hyperaccumulator plants. This is 

the first report of an environmental stimulus influencing metal hyperaccumulation. 

Plett, J.M., Tisserant, E., Brun, A., Morin, E., Grigoriev, I.V., Kuo, A., Martin, F., and Kohler, A. 

(2014). The Mutualist Laccaria bicolor Expresses a Core Gene Regulon During the Colonization 

of Diverse Host Plants and a Variable Regulon to Counteract Host-Specific Defenses. MPMI 28, 

261–273. 

The coordinated transcriptomic responses of both mutualistic ectomycorrhizal (ECM) fungi and 

their hosts during the establishment of symbiosis are not well-understood. This study 

characterizes the transcriptomic alterations of the ECM fungus Laccaria bicolor during different 

colonization stages on two hosts (Populus trichocarpa and Pseudotsuga menziesii) and compares 

this to the transcriptomic variations of P. trichocarpa across the same timepoints. A large 



number of L. bicolor genes (≥8,000) were significantly regulated at the transcriptional level in at 

least one stage of colonization. From our data, we identify 1,249 genes that we hypothesize is the 

‘core’ gene regulon necessary for the mutualistic interaction between L. bicolor and its host 

plants. We further identify a group of 1,210 genes that are regulated in a host-specific manner. 

This variable regulon encodes a number of genes coding for proteases and xenobiotic efflux 

transporters that we hypothesize act to counter chemical-based defenses simultaneously activated 

at the transcriptomic level in P. trichocarpa. The transcriptional response of the host plant P. 

trichocarpa consisted of differential waves of gene regulation related to signaling perception and 

transduction, defense response, and the induction of nutrient transfer in P. trichocarpa tissues. 

This study, therefore, gives fresh insight into the shifting transcriptomic landscape in both the 

colonizing fungus and its host and the different strategies employed by both partners in 

orchestrating a mutualistic interaction. 

Poueymiro, M., Cazalé, A.C., François, J.M., Parrou, J.L., Peeters, N., and Genin, S. (2014). A 

Ralstonia solanacearum Type III Effector Directs the Production of the Plant Signal Metabolite 

Trehalose-6-Phosphate. mBio 5, e02065–14. 

The plant pathogen Ralstonia solanacearum possesses two genes encoding a 

trehalose-6-phosphate synthase (TPS), an enzyme of the trehalose biosynthetic pathway. One of 

these genes, named ripTPS, was found to encode a protein with an additional N-terminal domain 

which directs its translocation into host plant cells through the type 3 secretion system. RipTPS is 

a conserved effector in the R. solanacearum species complex, and homologues were also detected 

in other bacterial plant pathogens. Functional analysis of RipTPS demonstrated that this type 3 

effector synthesizes trehalose-6-phosphate and identified residues essential for this enzymatic 

activity. Although trehalose-6-phosphate is a key signal molecule in plants that regulates sugar 

status and carbon assimilation, the disruption of ripTPS did not alter the virulence of R. 

solanacearum on plants. However, heterologous expression assays showed that this effector 

specifically elicits a hypersensitive-like response on tobacco that is independent of its enzymatic 

activity and is triggered by the C-terminal half of the protein. Recognition of this effector by the 

plant immune system is suggestive of a role during the infectious process. 

IMPORTANCE Ralstonia solanacearum, the causal agent of bacterial wilt disease, infects more 

than two hundred plant species, including economically important crops. The type III secretion 

system plays a major role in the pathogenicity of this bacterium, and approximately 70 effector 

proteins have been shown to be translocated into host plant cells. This study provides the first 

description of a type III effector endowed with a trehalose-6-phosphate synthase enzymatic 

activity and illustrates a new mechanism by which the bacteria may manipulate the plant 

metabolism upon infection. In recent years, trehalose-6-phosphate has emerged as an essential 

signal molecule in plants, connecting plant metabolism and development. The finding that a 

bacterial pathogen could induce the production of trehalose-6-phosphate in plant cells further 

highlights the importance of this metabolite in multiple aspects of the molecular physiology of 

plants. 

Prabhu, S.A., Wagenknecht, M., Melvin, P., Gnanesh Kumar, B.S., Veena, M., Shailasree, S., 

Moerschbacher, B.M., and Kini, K.R. (2015). Immuno-affinity purification of PglPGIP1, a 

polygalacturonase-inhibitor protein from pearl millet: studies on its inhibition of fungal 

polygalacturonases and role in resistance against the downy mildew pathogen. Mol. Biol. Rep. 



Polygalacturonase-inhibitor proteins (PGIPs) are important plant defense proteins which 

modulate the activity of microbial polygalacturonases (PGs) leading to elicitor accumulation. 

Very few studies have been carried out towards understanding the role of PGIPs in monocot host 

defense. Hence, present study was taken up to characterize a native PGIP from pearl millet and 

understand its role in resistance against downy mildew. A native glycosylated PGIP (PglPGIP1) 

of ~43 kDa and pI 5.9 was immunopurified from pearl millet. Comparative inhibition studies 

involving PglPGIP1 and its non-glycosylated form (rPglPGIP1; recombinant pearl millet PGIP 

produced in Escherichia coli) against two PGs, PG-II isoform from Aspergillus niger (AnPGII) 

and PG-III isoform from Fusarium moniliforme, showed both PGIPs to inhibit only AnPGII. The 

protein glycosylation was found to impact only the pH and temperature stability of PGIP, with 

the native form showing relatively higher stability to pH and temperature changes. Temporal 

accumulation of both PglPGIP1 protein (western blot and ELISA) and transcripts (real time 

PCR) in resistant and susceptible pearl millet cultivars showed significant Sclerospora 

graminicola-induced accumulation only in the incompatible interaction. Further, confocal PGIP 

immunolocalization results showed a very intense immuno-decoration with highest fluorescent 

intensities observed at the outer epidermal layer and vascular bundles in resistant cultivar only. 

This is the first native PGIP isolated from millets and the results indicate a role for PglPGIP1 in 

host defense. This could further be exploited in devising pearl millet cultivars with better 

pathogen resistance. 

Rahfeld, P., Haeger, W., Kirsch, R., Pauls, G., Becker, T., Schulze, E., Wielsch, N., Wang, D., 

Groth, M., Brandt, W., et al. (2015). Glandular β-glucosidases in juvenile Chrysomelina leaf 

beetles support the evolution of a host-plant-dependent chemical defense. Insect Biochem. Mol. 

Biol. 58C, 28–38. 

Plant-feeding insects are spread across the entire plant kingdom. Because they chew externally 

on leaves, leaf beetle of the subtribe Chrysomelina sensu stricto are constantly exposed to 

life-threatening predators and parasitoids. To counter these pressures, the juveniles repel their 

enemies by displaying glandular secretions that contain defensive compounds. These repellents 

can be produced either de novo (iridoids) or by using plant-derived precursors. The autonomous 

production of iridoids pre-dates the evolution of phytochemical-based defense strategies. Both 

strategies include hydrolysis of the secreted non-toxic glycosides in the defensive exudates. By 

combining in vitro as well as in vivo experiments, we show that iridoid de novo producing as well 

as sequestering species rely on secreted β-glucosidases to cleave the pre-toxins. Our 

phylogenetic analyses support a common origin of chrysomeline β-glucosidases. The kinetic 

parameters of these β-glucosidases demonstrated substrate selectivity which reflects the 

adaptation of Chrysomelina sensu stricto to the chemistry of their hosts during the course of 

evolution. However, the functional studies also showed that the broad substrate selectivity allows 

building a chemical defense, which is dependent on the host plant, but does not lead to an 

"evolutionary dead end". 

Rai, M., and Agarkar, G. (2014). Plant–fungal interactions: What triggers the fungi to switch 

among lifestyles? Critical Reviews in Microbiology 1–11. 

Abstract Up till now various plant–fungal interactions have been extensively studied in the form 

of mycorrhizal, parasitic or endophytic lifestyles. Many of those interactions are beneficial to the 

host plants and a few are detrimental. Several investigations have pointed towards the 

interconversion of one fungal lifestyle into another while interact the plant system meaning 



endophyte may become parasite or vice versa. In such case, it is necessary to realize whether 

these different lifestyles are interconnected at some points either by physiological, biochemical or 

molecular routes and to identify the factors that trigger the change in fungal lifestyle, which is 

entirely different than earlier one and affects the host plant significantly. This review highlights 

the possible mechanisms of switching among the lifestyles of fungi based on recent findings and 

discusses the factors affecting plant fungal interactions. It also underlines the need for studying 

this important facet of plant–fungal interactions in depth which may in future help to fetch more 

advantages and to avoid the severe consequences in agriculture and other related fields. 

Ranf, S., Eschen-Lippold, L., Fröhlich, K., Westphal, L., Scheel, D., and Lee, J. (2014). 

Microbe-associated molecular pattern-induced calcium signaling requires the receptor-like 

cytoplasmic kinases, PBL1 and BIK1. BMC Plant Biol. 14, 374. 

BackgroundPlant perception of conserved microbe-derived or damage-derived molecules 

(so-called microbe- or damage-associated molecular patterns, MAMPs or DAMPs, respectively) 

triggers cellular signaling cascades to initiate counteracting defence responses. Using 

MAMP-induced rise in cellular calcium levels as one of the earliest biochemical readouts, we 

initiated a genetic screen for components involved in early MAMP signaling in Arabidopsis 

thaliana.ResultsWe characterize here the ¿changed calcium elevation 5¿ (cce5) mutant, where 

five allelic cce5 mutants were isolated. They all show reduced calcium levels after elicitation with 

peptides representing bacteria-derived MAMPs (flg22 and elf18) and endogenous DAMP 

(AtPep1), but a normal response to chitin octamers. Mapping, sequencing of the mutated locus 

and complementation studies revealed CCE5 to encode the receptor-like cytoplasmic kinase 

(RLCK), avr P ph B s ensitive 1 -like 1 (PBL1). Kinase activities of PBL1 derived from three of 

the cce5 alleles are abrogated in vivo. Validation with T-DNA mutants revealed that, besides 

PBL1, another RLCK, Botrytis-induced kinase 1 (BIK1), is also required for 

MAMP/DAMP-induced calcium elevations.ConclusionsHence, PBL1 and BIK1 (but not two 

related RLCKs, PBS1 and PBL2) are required for MAMP/DAMP-induced calcium signaling. It 

remains to be investigated if the many other RLCKs encoded in the Arabidopsis genome affect 

early calcium signal transduction ¿ perhaps in dependence on the type of MAMP/DAMP ligands. 

A future challenge would be to identify the substrates of these various RLCKs, in order to 

elucidate their signaling role between the receptor complexes at the plasma membrane and 

downstream cellular signaling components. 

Rather, I.A., Awasthi, P., Mahajan, V., Bedi, Y.S., Vishwakarma, R.A., and Gandhi, S.G. (2015). 

Molecular cloning and functional characterization of an antifungal PR-5 protein from Ocimum 

basilicum. Gene 558, 143–151. 

Pathogenesis-related (PR) proteins are involved in biotic and abiotic stress responses of plants 

and are grouped into 17 families (PR-1 to PR-17). PR-5 family includes proteins related to 

thaumatin and osmotin, with several members possessing antimicrobial properties. In this study, 

a PR-5 gene showing a high degree of homology with osmotin-like protein was isolated from 

sweet basil (Ocimum basilicum L.). A complete open reading frame consisting of 675 nucleotides, 

coding for a precursor protein, was obtained by PCR amplification. Based on sequence 

comparisons with tobacco osmotin and other osmotin-like proteins (OLPs), this protein was 

named ObOLP. The predicted mature protein is 225 amino acids in length and contains 16 

cysteine residues that may potentially form eight disulfide bonds, a signature common to most 

PR-5 proteins. Among the various abiotic stress treatments tested, including high salt, 



mechanical wounding and exogenous phytohormone/elicitor treatments; methyl jasmonate 

(MeJA) and mechanical wounding significantly induced the expression of ObOLP gene. The 

coding sequence of ObOLP was cloned and expressed in a bacterial host resulting in a 25kDa 

recombinant-HIS tagged protein, displaying antifungal activity. The ObOLP protein sequence 

appears to contain an N-terminal signal peptide with signatures of secretory pathway. Further, 

our experimental data shows that ObOLP expression is regulated transcriptionally and in silico 

analysis suggests that it may be post-transcriptionally and post-translationally regulated through 

microRNAs and post-translational protein modifications, respectively. This study appears to be 

the first report of isolation and characterization of osmotin-like protein gene from O. basilicum. 

Reiner, T., Hoefle, C., Huesmann, C., Ménesi, D., Fehér, A., and Hückelhoven, R. (2014). The 

Arabidopsis ROP-activated receptor-like cytoplasmic kinase RLCK VI_A3 is involved in control 

of basal resistance to powdery mildew and trichome branching. Plant Cell Rep 34, 457–468. 

Key message The Arabidopsis receptor-like cytoplasmic kinase AtRLCK VI_A3 is activated by 

AtROPs and is involved in trichome branching and pathogen interaction. Abstract Receptor-like 

cytoplasmic kinases (RLCKs) belong to the large superfamily of receptor-like kinases, which are 

involved in a variety of cellular processes like plant growth, development and immune responses. 

Recent studies suggest that RLCKs of the VI_A subfamily are possible downstream effectors of 

the small monomeric G proteins of the plant-specific Rho family, called ‘Rho of plants’ 

(RAC/ROPs). Here, we describe Arabidopsis thaliana AtRLCK VI_A3 as a molecular interactor 

of AtROPs. In Arabidopsis epidermal cells, transient co-expression of plasma membrane located 

constitutively activated (CA) AtROP4 or CA AtROP6 resulting in the recruitment of green 

fluorescent protein-tagged AtRLCK VI_A3 to the cell periphery. Intrinsic kinase activity of 

AtRLCK VI_A3 was enhanced in the presence of CA AtROP6 in vitro and further suggested a 

functional interaction between the proteins. In the interaction of the biotrophic powdery mildew 

fungus Erysiphe cruciferarum (E. cruciferarum) and its host plant Arabidopsis, Atrlck VI_A3 

mutant lines supported enhanced fungal reproduction. Furthermore Atrlck VI_A3 mutant lines 

showed slightly reduced size and an increase in trichome branch number compared to wild-type 

plants. In summary, our data suggest a role of the AtROP-regulated AtRLCK VI_A3 in basal 

resistance to E. cruciferarum as well as in plant growth and cellular differentiation during 

trichome morphogenesis. Results are discussed in the context of literature suggesting a function 

of RAC/ROPs in both resistance and susceptibility to pathogen infection. 

Reitz, M.U., Gifford, M.L., and Schäfer, P. (2015). Hormone activities and the cell cycle 

machinery in immunity-triggered growth inhibition. J. Exp. Bot. erv106. 

Biotic stress and diseases caused by pathogen attack pose threats in crop production and 

significantly reduce crop yields. Enhancing immunity against pathogens is therefore of 

outstanding importance in crop breeding. However, this must be balanced, as immune activation 

inhibits plant growth. This immunity-coupled growth trade-off does not support resistance but is 

postulated to reflect the reallocation of resources to drive immunity. There is, however, 

increasing evidence that growth–immunity trade-offs are based on the reconfiguration of 

hormone pathways, shared by growth and immunity signalling. Studies in roots revealed the role 

of hormones in orchestrating growth across different cell types, with some hormones showing a 

defined cell type-specific activity. This is apparently highly relevant for the regulation of the cell 

cycle machinery and might be part of the growth–immunity cross-talk. Since plants are 

constantly exposed to Immuno-activating microbes under agricultural conditions, the transition 



from a growth to an immunity operating mode can significantly reduce crop yield and can 

conflict our efforts to generate next-generation crops with improved yield under climate change 

conditions. By focusing on roots, we outline the current knowledge of hormone signalling on the 

cell cycle machinery to explain growth trade-offs induced by immunity. By referring to abiotic 

stress studies, we further introduce how root cell type-specific hormone activities might 

contribute to growth under immunity and discuss the feasibility of uncoupling the 

growth–immunity cross-talk. 

Ried, M.K., Antolín-Llovera, M., and Parniske, M. (2014). Spontaneous symbiotic 

reprogramming of plant roots triggered by receptor-like kinases. eLife Sciences 3, e03891. 

Symbiosis Receptor-like Kinase (SYMRK) is indispensable for the development of 

phosphate-acquiring arbuscular mycorrhiza (AM) as well as nitrogen-fixing root nodule 

symbiosis, but the mechanisms that discriminate between the two distinct symbiotic 

developmental fates have been enigmatic. In this study, we show that upon ectopic expression, the 

receptor-like kinase genes Nod Factor Receptor 1 (NFR1), NFR5, and SYMRK initiate 

spontaneous nodule organogenesis and nodulation-related gene expression in the absence of 

rhizobia. Furthermore, overexpressed NFR1 or NFR5 associated with endogenous SYMRK in 

roots of the legume Lotus japonicus. Epistasis tests revealed that the dominant active SYMRK 

allele initiates signalling independently of either the NFR1 or NFR5 gene and upstream of a set 

of genes required for the generation or decoding of calcium-spiking in both symbioses. Only 

SYMRK but not NFR overexpression triggered the expression of AM-related genes, indicating 

that the receptors play a key role in the decision between AM- or root nodule 

symbiosis-development.DOI: http://dx.doi.org/10.7554/eLife.03891.001View Full TextTo Top 

Symbiosis Receptor-like Kinase (SYMRK) is indispensable for the development of 

phosphate-acquiring arbuscular mycorrhiza (AM) as well as nitrogen-fixing root nodule 

symbiosis, but the mechanisms that discriminate between the two distinct symbiotic 

developmental fates have been enigmatic. In this study, we show that upon ectopic expression, the 

receptor-like kinase genes Nod Factor Receptor 1 (NFR1), NFR5, and SYMRK initiate 

spontaneous nodule organogenesis and nodulation-related gene expression in the absence of 

rhizobia. Furthermore, overexpressed NFR1 or NFR5 associated with endogenous SYMRK in 

roots of the legume Lotus japonicus. Epistasis tests revealed that the dominant active SYMRK 

allele initiates signalling independently of either the NFR1 or NFR5 gene and upstream of a set 

of genes required for the generation or decoding of calcium-spiking in both symbioses. Only 

SYMRK but not NFR overexpression triggered the expression of AM-related genes, indicating 

that the receptors play a key role in the decision between AM- or root nodule 

symbiosis-development. 

Like all plants, crop plants need nutrients such as nitrogen and phosphate to grow. Often these 

essential elements are in short supply, and so millions of tons of fertiliser are applied to 

agricultural land each year to maintain crop yields. Another way for plants to gain access to 

scarce nutrients is to form symbiotic relationships with microorganisms that live in the soil. 

Plants pass on carbon-containing compounds—such as sugars—to the microbes and, in return, 

certain fungi provide minerals—such as phosphates—to the plants. Some plants called legumes 

(such as peas, beans, and clovers) can also form relationships with bacteria that convert nitrogen 

from the air into ammonia, which the plants then use to make molecules such as DNA and 

proteins. 



To establish these symbiotic relationships with plants, nitrogen-fixing bacteria release chemical 

signals that are recognized via receptor proteins, called NFR1 and NFR5, found on the surface of 

the plant root cells. These signals trigger a cascade of events that ultimately lead to the plant 

forming an organ called ‘root nodule’ to house and nourish the nitrogen-fixing bacteria. A 

similar signalling mechanism is thought to take place during the establishment of symbiotic 

relationships between plants and certain soil fungi. 

A plant protein called Symbiosis Receptor-like Kinase (or SYMRK for short) that is also located 

on the root cell surface is required for both bacteria–plant and fungi–plant associations to occur. 

However, the exact role of this protein in these processes was unclear. Ried et al. have now 

investigated this by taking advantage of a property of cell surface receptor proteins: if some of 

these proteins are made in excessive amounts they activate their signalling cascades even when 

the initial signal is not present. 

Ried et al. engineered plants called Lotus japonicus to produce high levels of SYMRK, NFR1, or 

NFR5. Each of these changes was sufficient to trigger the plants to develop root nodules in the 

absence of microbes. Genes associated with the activation of the signalling cascade involved the 

formation of root nodules were also switched on when each of the three proteins was produced in 

large amounts. In contrast, only an excess of SYMRK could activate genes related to fungi–plant 

associations. Ried et al. also found that, while SYMRK can function in the absence of the NFRs, 

NFR1 and NFR5 need each other to function. These data suggest that the receptor proteins play 

a key role in the decision between the establishment of an association with a bacterium or a 

fungus. 

As an excess of symbiotic receptors caused plants to form symbiotic structures, Ried et al. 

propose that this strategy could be used to persuade plants that usually do not form symbioses 

with nitrogen-fixing bacteria to do so. If this is possible, it might lead us to engineer crop plants 

to form symbiotic interactions with nitrogen-fixing bacteria; this would help increase crop yields 

and enable crops to be grown in nitrogen-poor environments without the addition of extra 

fertiliser. 

Rodas-Junco, B.A., Muñoz-Sánchez, J.A., Vázquez-Flota, F., and Hernández-Sotomayor, S.M.T. 

(2015). Salicylic-acid elicited phospholipase D responses in Capsicum chinense cell cultures. 

Plant Physiol. Biochem. 90, 32–37. 

The plant response to different stress types can occur through stimulus recognition and the 

subsequent signal transduction through second messengers that send information to the 

regulation of metabolism and the expression of defense genes. The phospholipidic signaling 

pathway forms part of the plant response to several phytoregulators, such as salicylic acid (SA), 

which has been widely used to stimulate secondary metabolite production in cell cultures. In this 

work, we studied the effects of SA treatment on [(32)-P]Pi phospholipid turnover and 

phospholipase D (PLD) activity using cultured Capsicum chinense cells. In cultured cells, the 

PIP2 turnover showed changes after SA treatment, while the most abundant phospholipids (PLs), 

such as phosphatidylcholine (PC), did not show changes during the temporal course. SA 

treatment significantly increased phosphatidic acid (PA) turnover over time compared to control 

cells. The PA accumulation in cells treated with 1-butanol showed a decrease in messengers; at 

the same time, there was a 1.5-fold increase in phosphatidylbutanol. These results suggest that 

the participation of the PLD pathway is a source of PA production, and the activation of this 



mechanism may be important in the cell responses to SA treatment. 

Rodriguez, L., Gonzalez-Guzman, M., Diaz, M., Rodrigues, A., Izquierdo-Garcia, A.C., 

Peirats-Llobet, M., Fernandez, M.A., Antoni, R., Fernandez, D., Marquez, J.A., et al. (2014). 

C2-Domain Abscisic Acid-Related Proteins Mediate the Interaction of PYR/PYL/RCAR 

Abscisic Acid Receptors with the Plasma Membrane and Regulate Abscisic Acid Sensitivity in 

Arabidopsis. Plant Cell tpc.114.129973. 

Membrane-delimited abscisic acid (ABA) signal transduction plays a critical role in early ABA 

signaling, but the molecular mechanisms linking core signaling components to the plasma 

membrane are unclear. We show that transient calcium-dependent interactions of PYR/PYL ABA 

receptors with membranes are mediated through a 10-member family of C2-domain ABA-related 

(CAR) proteins in Arabidopsis thaliana. Specifically, we found that PYL4 interacted in an 

ABA-independent manner with CAR1 in both the plasma membrane and nucleus of plant cells. 

CAR1 belongs to a plant-specific gene family encoding CAR1 to CAR10 proteins, and 

bimolecular fluorescence complementation and coimmunoprecipitation assays showed that 

PYL4-CAR1 as well as other PYR/PYL-CAR pairs interacted in plant cells. The crystal structure 

of CAR4 was solved, which revealed that, in addition to a classical calcium-dependent lipid 

binding C2 domain, a specific CAR signature is likely responsible for the interaction with 

PYR/PYL receptors and their recruitment to phospholipid vesicles. This interaction is relevant for 

PYR/PYL function and ABA signaling, since different car triple mutants affected in CAR1, CAR4, 

CAR5, and CAR9 genes showed reduced sensitivity to ABA in seedling establishment and root 

growth assays. In summary, we identified PYR/PYL-interacting partners that mediate a transient 

Ca2+-dependent interaction with phospholipid vesicles, which affects PYR/PYL subcellular 

localization and positively regulates ABA signaling. 

Roos, J., Bejai, S., Mozūraitis, R., and Dixelius, C. (2015). Susceptibility to Verticillium 

longisporum is linked to monoterpene production by TPS23/27 in Arabidopsis. Plant J 81, 

572–585. 

The fungus Verticillium longisporum is a soil-borne plant pathogen of increasing economic 

importance, and information on plant responses to it is limited. To identify the genes and 

components involved in the early stages of infection, transcripts in roots of V. 

longisporum-challenged Arabidopsis Col-0 and the susceptible NON-RACE SPECIFIC DISEASE 

RESISTANCE 1 (ndr1-1) mutant were compared using ATH1 gene chips. The analysis revealed 

altered transcript levels of several terpene biosynthesis genes, including the monoterpene 

synthase TPS23/27. When transgenic 35S:TPS23/27 and TPS23/27-amiRNA plants were 

monitored the over-expresser line showed enhanced fungal colonization whereas the silenced 

genotype was indistinguishable from Col-0. Transcript analysis of terpene biosynthesis genes 

suggested that only the TPS23/27 pathway is affected in the two transgenic genotypes. To confirm 

changes in monoterpene production, emitted volatiles were determined using solid-phase 

microextraction and gas chromatography–mass spectrometry. Levels of all identified TPS23/27 

monoterpene products were significantly altered in the transgenic plants. A stimulatory effect on 

conidial germination and hyphal growth of V. longisporum was also seen in co-cultivation with 

35S:TPS23/27 plants and upon exposure to 1,8-cineole, the main product of TPS23/27. Methyl 

jasmonate treatments of myc2-1 and myc2-2 mutants and analysis of TPS23/27:uidA in the 

myc2-2 background suggested a dependence on jasmonic acid mediated by the transcription 

factor MYC2. Taken together, our results show that TPS23/27-produced monoterpenes stimulate 



germination and subsequent invasion of V. longisporum in Arabidopsis roots. 

Rossi, F.R., Marina, M., and Pieckenstain, F.L. (2014). Role of Arginine decarboxylase (ADC) in 

Arabidopsis thaliana defence against the pathogenic bacterium Pseudomonas viridiflava. Plant 

Biol (Stuttg). 

Polyamine biosynthesis starts with putrescine production through the decarboxylation of 

arginine or ornithine. In Arabidopsis thaliana, putrescine is synthesised exclusively by arginine 

decarboxylase (ADC), which exists as two isoforms (ADC1 and 2) that are differentially 

regulated by abiotic stimuli, but their role in defence against pathogens has not been studied in 

depth. This work analysed the participation of ADC in Arabidopsis defence against Pseudomonas 

viridiflava. ADC activity and expression, polyamine levels and bacterial resistance were 

analysed in null mutants of each ADC isoform. In non-infected wild-type (WT) plants, ADC2 

expression was much higher than ADC1. Analysis of adc mutants demonstrated that ADC2 

contributes to a much higher extent than ADC1 to basal ADC activity and putrescine 

biosynthesis. In addition, adc2 mutants showed increased basal expression of salicylic acid- and 

jasmonic acid-dependent PR genes. Bacterial infection induced putrescine accumulation and 

ADC1 expression in WT plants, but pathogen-induced putrescine accumulation was blocked in 

adc1 mutants. Results suggest a specific participation of ADC1 in defence, although basal 

resistance was not decreased by dysfunction of either of the two ADC genes. In addition, and as 

opposed to WT plants, bacterial infection increased ADC2 expression and ADC activity in adc1 

mutants, which could counterbalance the lack of ADC1. Results demonstrate a major 

contribution of ADC2 to total ADC activity and the specific induction of ADC1 in response to 

infection. A certain degree of functional redundancy between the two isoforms in relation to their 

contribution to basal resistance is also evident. 

Rudd, J., Kanyuka, K., Hassani-Pak, K., Derbyshire, M., Andongabo, A., Devonshire, J., 

Lysenko, A., Saqi, M., Desai, N., Powers, S., et al. (2015). Transcriptome and metabolite 

profiling the infection cycle of Zymoseptoria tritici on wheat (Triticum aestivum) reveals a 

biphasic interaction with plant immunity involving differential pathogen chromosomal 

contributions, and a variation on the hemibiotrophic lifestyle definition. Plant Physiol. 

The "hemibiotrophic" fungus Zymoseptoria tritici causes Septoria tritici blotch disease of wheat 

(Triticum aestivum). Pathogen reproduction on wheat occurs without cell penetration, suggesting 

dynamic and intimate intercellular communication occurs between fungus and plant throughout 

the disease cycle. We used deep RNA sequencing and metabolomics to investigate the physiology 

of plant and pathogen throughout an asexual reproductive cycle of Z. tritici on wheat leaves. 

Over 3,000 pathogen genes, >7,000 wheat genes and >300 metabolites were differentially 

regulated. Intriguingly, individual fungal chromosomes contributed unequally to the overall gene 

expression changes. Early transcriptional down regulation of putative host defense genes was 

detected in inoculated leaves. There was little evidence for fungal nutrient acquisition from the 

plant throughout symptomless colonization by Z. tritici, which may instead be utilizing lipid and 

fatty acid stores for growth. However the fungus then subsequently manipulated specific plant 

carbohydrates, including fructan metabolites, during the switch to necrotrophic growth and 

reproduction. This switch coincided with increased expression of jasmonic acid (JA) biosynthesis 

genes and large scale activation of other plant "defense" responses. Fungal genes encoding 

putative secondary metabolite clusters and secreted effector proteins were identified with distinct 

infection phase-specific expression patterns, although functional analysis suggested many have 



overlapping / redundant functions in virulence. The pathogenic lifestyle of Z. tritici on wheat 

revealed through this study, involving initial defense suppression by a slow growing extracellular 

and nutritionally limited pathogen, followed by defense (hyper-) activation during reproduction, 

reveals a subtle modification on the conceptual definition of hemibiotrophic plant infection. 

Sahoo, D.K., Raha, S., Hall, J.T., and Maiti, I.B. (2014). Overexpression of the Synthetic 

Chimeric Native-T-phylloplanin-GFP Genes Optimized for Monocot and Dicot Plants Renders 

Enhanced Resistance to Blue Mold Disease in Tobacco (N. tabacum L.). The Scientific World 

Journal 2014, e601314. 

To enhance the natural plant resistance and to evaluate the antimicrobial properties of 

phylloplanin against blue mold, we have expressed a synthetic chimeric native-phylloplanin-GFP 

protein fusion in transgenic Nicotiana tabacum cv. KY14, a cultivar that is highly susceptible to 

infection by Peronospora tabacina. The coding sequence of the tobacco phylloplanin gene along 

with its native signal peptide was fused with GFP at the carboxy terminus. The synthetic chimeric 

gene (native-phylloplanin-GFP) was placed between the modified Mirabilis mosaic virus 

full-length transcript promoter with duplicated enhancer domains and the terminator sequence 

from the rbcSE9 gene. The chimeric gene, expressed in transgenic tobacco, was stably inherited 

in successive plant generations as shown by molecular characterization, GFP quantification, and 

confocal fluorescent microscopy. Transgenic plants were morphologically similar to wild-type 

plants and showed no deleterious effects due to transgene expression. Blue mold-sensitivity 

assays of tobacco lines were performed by applying P. tabacina sporangia to the upper leaf 

surface. Transgenic lines expressing the fused synthetic native-phyllopanin-GFP gene in the leaf 

apoplast showed resistance to infection. Our results demonstrate that in vivo expression of a 

synthetic fused native-phylloplanin-GFP gene in plants can potentially achieve natural 

protection against microbial plant pathogens, including P. tabacina in tobacco. 

Sánchez-Vallet, A., Mesters, J.R., and Thomma, B.P.H.J. (2014). The battle for chitin recognition 

in plant-microbe interactions. FEMS Microbiology Reviews fuu003. 

Fungal cell walls play dynamic functions in interaction of fungi with their surroundings. In 

pathogenic fungi, the cell wall is the first structure to make physical contact with host cells. An 

important structural component of fungal cell walls is chitin, a well-known elicitor of immune 

responses in plants. Research into chitin perception has sparked since the chitin receptor from 

rice was cloned nearly a decade ago. Considering the widespread nature of chitin perception in 

plants, pathogens evidently evolved strategies to overcome detection, including alterations in the 

composition of cell walls, modification of their carbohydrate chains and secretion of effectors to 

provide cell wall protection or target host immune responses. Also non-pathogenic fungi contain 

chitin in their cell walls and are recipients of immune responses. Intriguingly, various mutualists 

employ chitin-derived signaling molecules to prepare their hosts for the mutualistic relationship. 

Research on the various types of interactions has revealed different molecular components that 

play crucial roles and, moreover, that various chitin-binding proteins contain dissimilar 

chitin-binding domains across species that differ in affinity and specificity. Considering the 

various strategies from microbes and hosts focused on chitin recognition, it is evident that this 

carbohydrate plays a central role in plant–fungus interactions. 

Santos, F., Peñaflor, M.F.G.V., Paré, P.W., Sanches, P.A., Kamiya, A.C., Tonelli, M., Nardi, C., 

and Bento, J.M.S. (2014). A novel interaction between plant-beneficial rhizobacteria and roots: 



colonization induces corn resistance against the root herbivore Diabrotica speciosa. PLoS ONE 9, 

e113280. 

A number of soil-borne microorganisms, such as mycorrhizal fungi and rhizobacteria, establish 

mutualistic interactions with plants, which can indirectly affect other organisms. Knowledge of 

the plant-mediated effects of mutualistic microorganisms is limited to aboveground insects, 

whereas there is little understanding of what role beneficial soil bacteria may play in plant 

defense against root herbivory. Here, we establish that colonization by the beneficial 

rhizobacterium Azospirillum brasilense affects the host selection and performance of the insect 

Diabrotica speciosa. Root larvae preferentially orient toward the roots of non-inoculated plants 

versus inoculated roots and gain less weight when feeding on inoculated plants. As inoculation 

by A. brasilense induces higher emissions of (E)-β-caryophyllene compared with non-inoculated 

plants, it is plausible that the non-preference of D. speciosa for inoculated plants is related to 

this sesquiterpene, which is well known to mediate belowground insect-plant interactions. To the 

best of our knowledge, this is the first study showing that a beneficial rhizobacterium inoculant 

indirectly alters belowground plant-insect interactions. The role of A. brasilense as part of an 

integrative pest management (IPM) program for the protection of corn against the South 

American corn rootworm, D. speciosa, is considered. 

Saunders, D.G.O. (2015). Hitchhiker’s guide to multi-dimensional plant pathology. New Phytol 

205, 1028–1033. 

Filamentous pathogens pose a substantial threat to global food security. One central question in 

plant pathology is how pathogens cause infection and manage to evade or suppress plant 

immunity to promote disease. With many technological advances over the past decade, including 

DNA sequencing technology, an array of new tools has become embedded within the toolbox of 

next-generation plant pathologists. By employing a multidisciplinary approach plant pathologists 

can fully leverage these technical advances to answer key questions in plant pathology, aimed at 

achieving global food security. This review discusses the impact of: cell biology and genetics on 

progressing our understanding of infection structure formation on the leaf surface; biochemical 

and molecular analysis to study how pathogens subdue plant immunity and manipulate plant 

processes through effectors; genomics and DNA sequencing technologies on all areas of plant 

pathology; and new forms of collaboration on accelerating exploitation of big data. As we 

embark on the next phase in plant pathology, the integration of systems biology promises to 

provide a holistic perspective of plant–pathogen interactions from big data and only once we 

fully appreciate these complexities can we design truly sustainable solutions to preserve our 

resources. 

Scalschi, L., Sanmartín, M., Camañes, G., Troncho, P., Sánchez-Serrano, J.J., García-Agustín, P., 

and Vicedo, B. (2015). Silencing of OPR3 in tomato reveals the role of OPDA in callose 

deposition during the activation of defense responses against Botrytis cinerea. Plant J 81, 

304–315. 

Cis-(+)-12-oxo-phytodienoic acid (OPDA) is likely to play signaling roles in plant defense that 

do not depend on its further conversion to the phytohormone jasmonic acid. To elucidate the role 

of OPDA in Solanum lycopersicum (tomato) plant defense, we have silenced the 

12-oxophytodienoate reductase 3 (OPR3) gene. Two independent transgenic tomato lines 

(SiOPR3-1 and SiOPR3-2) showed significantly reduced OPR3 expression upon infection with 



the necrotrophic pathogen Botrytis cinerea. Moreover, SiOPR3 plants are more susceptible to 

this pathogen, and this susceptibility is accompanied by a significant decrease in OPDA levels 

and by the production of JA-Ile being almost abolished. OPR3 silencing also leads to a major 

reduction in the expression of other genes of the jasmonic acid (JA) synthesis and signaling 

pathways after infection. These results confirm that in tomato plants, as in Arabidopsis, OPR3 

determines OPDA availability for JA biosynthesis. In addition, we show that an intact JA 

biosynthetic pathway is required for proper callose deposition, as its pathogen-induced 

accumulation is reduced in SiOPR3 plants. Interestingly, OPDA, but not JA, treatment restored 

basal resistance to B. cinerea and induced callose deposition in SiOPR3-1 and SiOPR3-2 

transgenic plants. These results provide clear evidence that OPDA by itself plays a major role in 

the basal defense of tomato plants against this necrotrophic pathogen. 

Schenk, S.T., and Schikora, A. (2014). AHL-priming functions via oxylipin and salicylic acid. 

Front Plant Sci 5, 784. 

Collaborative action between the host plant and associated bacteria is crucial for the 

establishment of an efficient interaction. In bacteria, the synchronized behavior of a population is 

often achieved by a density-dependent communication called quorum sensing. This behavior is 

based on signaling molecules, which influence bacterial gene expression. N-acyl homoserine 

lactones (AHLs) are such molecules in many Gram-negative bacteria. Moreover, some AHLs are 

responsible for the beneficial effect of bacteria on plants, for example the long chain 

N-3-oxo-tetradecanoyl-L-homoserine lactone (oxo-C14-HSL) can prime Arabidopsis and barley 

plants for an enhanced defense. This AHL-induced resistance phenomenon, named AHL-priming, 

was observed in several independent laboratories during the last two decades. Very recently, the 

mechanism of priming with oxo-C14-HSL was shown to depend on an oxylipin and salicylic acid 

(SA). SA is a key element in plant defense, it accumulates during different plant resistance 

responses and is the base of systemic acquired resistance. In addition, SA itself can prime plants 

for an enhanced resistance against pathogen attack. On the other side, oxylipins, including 

jasmonic acid (JA) and related metabolites, are lipid-derived signaling compounds. Especially 

the oxidized fatty acid derivative cis-OPDA, which is the precursor of JA, is a newly described 

player in plant defense. Unlike the antagonistic effect of SA and JA in plant-microbe interactions, 

the recently described pathway functions through a synergistic effect of oxylipins and SA, and is 

independent of the JA signaling cascade. Interestingly, the oxo-C14-HSL-induced oxylipin/SA 

signaling pathway induces stomata defense responses and cell wall strengthening thus prevents 

pathogen invasion. In this review, we summarize the findings on AHL-priming and the related 

signaling cascade. In addition, we discuss the potential of AHL-induced resistance in new 

strategies of plant protection. 

Schlaeppi, K., and Bulgarelli, D. (2014). The Plant Microbiome at Work. MPMI 28, 212–217. 

Plants host distinct microbial communities on and inside their tissues designated the plant 

microbiota. Microbial community profiling enabled the description of the phylogenetic structure 

of the plant microbiota to an unprecedented depth, whereas functional insights are largely 

derived from experiments using individual microorganisms. The binary interplay between 

isolated members of the plant microbiota and host plants ranges from mutualistic to 

commensalistic and pathogenic relationships. However, how entire microbial communities 

capable of executing both growth-promoting and growth-compromising activities interfere with 

plant fitness remains largely unknown. Ultimately, unravelling the net result of microbial 



activities encoded in the extended plant genome—the plant microbiome—will be key to 

understanding and exploiting the full yield potential of a crop plant. In this perspective, we 

summarize first achievements of plant-microbiome research, we discuss future research 

directions, and we provide ideas for the translation of basic science to application to capitalize 

on the plant microbiome at work. 

Serrano, I., Gu, Y., Qi, D., Dubiella, U., and Innes, R.W. (2014). The Arabidopsis EDR1 Protein 

Kinase Negatively Regulates the ATL1 E3 Ubiquitin Ligase to Suppress Cell Death. Plant Cell 

26, 4532–4546. 

Loss-of-function mutations in the Arabidopsis thaliana ENHANCED DISEASE RESISTANCE1 

(EDR1) gene confer enhanced programmed cell death under a variety of abiotic and biotic stress 

conditions. All edr1 mutant phenotypes can be suppressed by missense mutations in the KEEP 

ON GOING gene, which encodes a trans-Golgi network/early endosome (TGN/EE)-localized E3 

ubiquitin ligase. Here, we report that EDR1 interacts with a second E3 ubiquitin ligase, 

ARABIDOPSIS TOXICOS EN LEVADURA1 (ATL1), and negatively regulates its activity. 

Overexpression of ATL1 in transgenic Arabidopsis induced severe growth inhibition and patches 

of cell death, while transient overexpression in Nicotiana benthamiana leaves induced cell death 

and tissue collapse. The E3 ligase activity of ATL1 was required for both of these processes. 

Importantly, we found that ATL1 interacts with EDR1 on TGN/EE vesicles and that EDR1 

suppresses ATL1-mediated cell death in N. benthamiana and Arabidopsis. Lastly, knockdown of 

ATL1 expression suppressed cell death phenotypes associated with the edr1 mutant and made 

Arabidopsis hypersusceptible to powdery mildew infection. Taken together, our data indicate that 

ATL1 is a positive regulator of programmed cell death and EDR1 negatively regulates ATL1 

activity at the TGN/EE and thus controls stress responses initiated by ATL1-mediated 

ubiquitination events. 

Plant architecture is determined by meristems that initiate leaves during vegetative development 

and flowers during reproductive development. Maize (Zea mays) inflorescences are patterned by 

a series of branching events, culminating in floral meristems that produce sexual organs. The 

maize fuzzy tassel (fzt) mutant has striking inflorescence defects with indeterminate meristems, 

fasciation, and alterations in sex determination. fzt plants have dramatically reduced plant height 

and shorter, narrower leaves with leaf polarity and phase change defects. We positionally cloned 

fzt and discovered that it contains a mutation in a dicer-like1 homolog, a key enzyme required for 

microRNA (miRNA) biogenesis. miRNAs are small noncoding RNAs that reduce target mRNA 

levels and are key regulators of plant development and physiology. Small RNA sequencing 

analysis showed that most miRNAs are moderately reduced in fzt plants and a few miRNAs are 

dramatically reduced. Some aspects of the fzt phenotype can be explained by reduced levels of 

known miRNAs, including miRNAs that influence meristem determinacy, phase change, and leaf 

polarity. miRNAs responsible for other aspects of the fzt phenotype are unknown and likely to be 

those miRNAs most severely reduced in fzt mutants. The fzt mutation provides a tool to link 

specific miRNAs and targets to discrete phenotypes and developmental roles. 

Seybold, H., Trempel, F., Ranf, S., Scheel, D., Romeis, T., and Lee, J. (2014). Ca2+ signalling in 

plant immune response: from pattern recognition receptors to Ca2+ decoding mechanisms. New 

Phytol 204, 782–790. 

Ca2+ is a ubiquitous second messenger for cellular signalling in various stresses and 



developmental processes. Here, we summarize current developments in the roles of Ca2+ during 

plant immunity responses. We discuss the early perception events preceding and necessary for 

triggering cellular Ca2+ fluxes, the potential Ca2+-permeable channels, the decoding of Ca2+ 

signals predominantly via Ca2+-dependent phosphorylation events and transcriptional 

reprogramming. To highlight the complexity of the cellular signal network, we briefly touch on 

the interplay between Ca2+-dependent signalling and selected major signalling mechanisms – 

with special emphasis on reactive oxygen species at local and systemic levels. 

Sham, A., Al-Azzawi, A., Al-Ameri, S., Al-Mahmoud, B., Awwad, F., Al-Rawashdeh, A., Iratni, 

R., and AbuQamar, S. (2014). Transcriptome Analysis Reveals Genes Commonly Induced by 

Botrytis cinerea Infection, Cold, Drought and Oxidative Stresses in Arabidopsis. PLoS ONE 9, 

e113718. 

Signaling pathways controlling biotic and abiotic stress responses may interact synergistically or 

antagonistically. To identify the similarities and differences among responses to diverse stresses, 

we analyzed previously published microarray data on the transcriptomic responses of 

Arabidopsis to infection with Botrytis cinerea (a biotic stress), and to cold, drought, and 

oxidative stresses (abiotic stresses). Our analyses showed that at early stages after B. cinerea 

inoculation, 1498 genes were up-regulated (B. cinerea up-regulated genes; BUGs) and 1138 

genes were down-regulated (B. cinerea down-regulated genes; BDGs). We showed a unique 

program of gene expression was activated in response each biotic and abiotic stress, but that 

some genes were similarly induced or repressed by all of the tested stresses. Of the identified 

BUGs, 25%, 6% and 12% were also induced by cold, drought and oxidative stress, respectively; 

whereas 33%, 7% and 5.5% of the BDGs were also down-regulated by the same abiotic stresses. 

Coexpression and protein-protein interaction network analyses revealed a dynamic range in the 

expression levels of genes encoding regulatory proteins. Analysis of gene expression in response 

to electrophilic oxylipins suggested that these compounds are involved in mediating responses to 

B. cinerea infection and abiotic stress through TGA transcription factors. Our results suggest an 

overlap among genes involved in the responses to biotic and abiotic stresses in Arabidopsis. 

Changes in the transcript levels of genes encoding components of the cyclopentenone signaling 

pathway in response to biotic and abiotic stresses suggest that the oxylipin signal transduction 

pathway plays a role in plant defense. Identifying genes that are commonly expressed in response 

to environmental stresses, and further analyzing the functions of their encoded products, will 

increase our understanding of the plant stress response. This information could identify targets 

for genetic modification to improve plant resistance to multiple stresses. 

Shimizu, T., Yaegashi, H., Ito, T., and Kanematsu, S. (2015). Systemic RNA interference is not 

triggered by locally-induced RNA interference in a plant pathogenic fungus, Rosellinia necatrix. 

Fungal Genet. Biol. 

The white root rot fungus, Rosellinia necatrix, damages a wide range of fruit trees. R. necatrix is 

known to host a variety of mycoviruses, and several of these have potential as biological control 

agents. RNA interference (RNAi) is a fungal defense mechanism against viral infection, and it is 

therefore important to understand the RNAi amplification and transmission systems in R. 

necatrix for effective use of mycoviruses in disease control. In this study, we describe an 

intriguing RNAi signal transmission phenomenon in R. necatrix. In R. necatrix transformants 

with autonomously replicating vectors carrying a hairpin structure to induce RNAi, the gene 

silencing effect was distributed locally and unevenly, based on the vector distribution. This 



indicates that R. necatrix has no mechanism to propagate silencing signals systemically, unlike 

Caenorhabditis elegans and Arabidopsis thaliana. Furthermore, the expression of 

RNA-dependent RNA polymerase homologs was not upregulated during RNAi induction, 

suggesting that silencing signals are not amplified at sufficient levels to induce systemic RNAi in 

R. necatrix. Our results also suggest that, in addition to hairpin-induced RNAi, there is either a 5' 

transitive RNAi or quelling-like gene silencing system in R. necatrix. This is the first study 

demonstrating that systemic RNAi is not induced by local RNAi in fungi. 

Sinha, R., Kumar, D., Datta, R., Hazra, S., Bhattacharyya, D., Mazumdar, A.B., Mukhopadhyay, 

R., Sultana, A., and Chattopadhyay, S. (2014). Integrated transcriptomic and proteomic analysis 

of Arabidopsis thaliana exposed to glutathione unravels its role in plant defense. Plant Cell Tiss 

Organ Cult 120, 975–988. 

The role of glutathione (GSH) in plant defense has long been known in addition to its substantial 

role in stress tolerance and antioxidant signalling. In this study, molecular analysis of GSH fed 

Arabidopsis thaliana, exhibiting enhanced GSH content and stress tolerance potential, was 

performed to explore the intricate position of GSH in the plant defense signaling network. 

Microarray data revealed the differential regulation of 653 transcripts of which 379 were 

upregulated and 274 were downregulated by 2-fold or more (p < 0.05). Gene enrichment and 

KEGG database analysis identified glucosinolate (GLS), a plant defense compound, and 

tryptophan biosynthetic pathways as specifically enriched by GSH. Interestingly, upregulation of 

genes related to biosynthesis was also observed under enhanced GSH condition. Functional 

annotation noted upregulation of biotic stress related and ethylene (ET)-related genes like 

1-aminocyclopropane carboxylate synthase 2 at transcript level. These data were supported by 

the up-accumulation of ACC oxidase at proteomics level signifying the interplay between GSH 

and ET in defense signaling pathway. Differential expression of salicylic acid (SA)-mediated 

signaling genes direct the involvement of GSH with SA. Our proteomic analysis also identified 

the upregulation of stress and defense related proteins. The effect of GSH on GLS biosynthetic 

pathways as observed here might be an important information linking GSH to GLS mediated 

defense. Together, this investigation reveals the association of GSH with tryptophan, lignin and 

GLS in addition to SA and ET, in plant defense. 

Smith, J.M., Leslie, M.E., Robinson, S.J., Korasick, D.A., Zhang, T., Backues, S.K., Cornish, 

P.V., Koo, A.J., Bednarek, S.Y., and Heese, A. (2014). Loss of Arabidopsis thaliana 

Dynamin-Related Protein 2B Reveals Separation of Innate Immune Signaling Pathways. PLoS 

Pathog 10, e1004578. 

Plants have developed effective mechanisms for protection against pathogens including bacteria, 

but if a plant is unable to induce defenses, pathogenic bacteria invade and colonize the host, 

which can lead to reduced yield and nutritional quality of crops. An important aspect of 

engineering durable crop resistance against bacteria is elucidating and manipulating resistance 

pathways in the model plant Arabidopsis thaliana. The plant receptor FLAGELLIN SENSING 2 

(FLS2) recognizes the bacterial protein flagellin to initiate host defense responses contributing to 

immunity. Here, we identify Dynamin-Related Protein 2B (DRP2B), previously implicated in 

membrane trafficking in plants, as a novel component of defense responses against flagellin and 

bacterial Pseudomonas syringae strains in Arabidopsis thaliana. More specifically, DRP2B 

functioned in the first line of defense against bacteria, namely in pattern-triggered immunity. We 

also demonstrated that DRP2B has different roles in three distinct branches of the 



flg22-signaling network that could be separated by their genetic requirement for the NADPH 

oxidase RbohD. In drp2b mutant plants, impaired ligand-induced endocytosis of FLS2 may 

contribute in part to the non-canonical combination of immune defects. Our findings highlight 

the importance of a functional vesicular trafficking network for plant immune responses and 

effective immunity against bacteria. 

Sreekanta, S., Bethke, G., Hatsugai, N., Tsuda, K., Thao, A., Wang, L., Katagiri, F., and 

Glazebrook, J. (2015). The receptor-like cytoplasmic kinase PCRK1 contributes to 

pattern-triggered immunity against Pseudomonas syringae in Arabidopsis thaliana. New Phytol 

n/a – n/a. 

In this paper we describe PATTERN-TRIGGERED IMMUNITY (PTI) COMPROMISED 

RECEPTOR-LIKE CYTOPLASMIC KINASE 1 (PCRK1) of Arabidopsis thaliana, an RLCK that 

is important for defense against the pathogen Pseudomonas syringae pv. maculicola ES4326 

(Pma ES4326). We examined defense responses such as bacterial growth, production of reactive 

oxygen species (ROS) and callose deposition in pcrk1 mutant plants to determine the role of 

PCRK1 during pathogen infection. Expression of PCRK1 was induced following pathogen 

infection. Pathogen growth was significantly higher in pcrk1 mutant lines than in wild-type 

Col-0. Mutant pcrk1 plants showed reduced pattern-triggered immunity (PTI) against Pma 

ES4326 after pretreatment with peptides derived from flagellin (flg22), elongation factor-Tu 

(elf18), or an endogenous protein (pep1). Deposition of callose was reduced in pcrk1 plants, 

indicating a role of PCRK1 in activation of early immune responses. A PCRK1 transgene 

containing a mutation in a conserved lysine residue important for phosphorylation activity of 

kinases (K118E) failed to complement a pcrk1 mutant for the Pma ES4326 growth phenotype. 

Our study shows that PCRK1 plays an important role during PTI and that a conserved lysine 

residue in the putative kinase domain is important for PCRK1 function. 

Stam, R., Mantelin, S., McLellan, H., and Thilliez, G. (2014). The role of effectors in nonhost 

resistance to filamentous plant pathogens. Front Plant Sci 5, 582. 

In nature, most plants are resistant to a wide range of phytopathogens. However, mechanisms 

contributing to this so-called nonhost resistance (NHR) are poorly understood. Besides 

constitutive defenses, plants have developed two layers of inducible defense systems. Plant innate 

immunity relies on recognition of conserved pathogen-associated molecular patterns (PAMPs). 

In compatible interactions, pathogenicity effector molecules secreted by the invader can suppress 

host defense responses and facilitate the infection process. Additionally, plants have evolved 

pathogen-specific resistance mechanisms based on recognition of these effectors, which causes 

secondary defense responses. The current effector-driven hypothesis is that NHR in plants that 

are distantly related to the host plant is triggered by PAMP recognition that cannot be efficiently 

suppressed by the pathogen, whereas in more closely related species, nonhost recognition of 

effectors would play a crucial role. In this review we give an overview of current knowledge of 

the role of effector molecules in host and NHR and place these findings in the context of the 

model. We focus on examples from filamentous pathogens (fungi and oomycetes), discuss their 

implications for the field of plant-pathogen interactions and relevance in plant breeding 

strategies for development of durable resistance in crops. 

Steinbrenner, A.D., Goritschnig, S., and Staskawicz, B.J. (2015). Recognition and Activation 

Domains Contribute to Allele-Specific Responses of an Arabidopsis NLR Receptor to an 



Oomycete Effector Protein. PLoS Pathog 11, e1004665. 

Plants defend themselves against pathogens using specific multi-domain immune receptors, 

which are able to recognize secreted “effector” proteins from the pathogen, and thus activate an 

immune response. Variants of the Arabidopsis immune receptor RPP1 recognize different alleles 

of the oomycete effector ATR1 through direct association. RPP1 and ATR1 alleles from different 

ecotypes and strains show a spectrum of recognition phenotypes, reflecting coevolution by the 

plant and pathogen to evade and re-establish immunity. In this work, we identified mutations in 

an unrecognized ATR1 allele that lead to allele-specific recognition by RPP1. Using chimeric 

constructs of the immune receptor, in which domains were swapped between two alleles, we were 

able to determine domains contributing to allele-specific activation. Our data point to the 

involvement of two domains in specific activation of immune receptors—one to associate with the 

effector, and one to sensitize the receptor and facilitate activation. We suggest that these domains 

must cooperate to efficiently and specifically recognize pathogen effectors. As NLRs confer 

pathogen resistance in many crop species, characterizing specificity domains involved in effector 

recognition will inform future efforts to breed or engineer disease resistant varieties. 

Stork, W., Kim, J.-G., and Mudgett, M.B. (2014). Functional Analysis of Plant Defense 

Suppression and Activation by the Xanthomonas Core Type III Effector XopX. MPMI 28, 

180–194. 

Many phytopathogenic type III secretion effector proteins (T3Es) have been shown to target and 

suppress plant immune signaling but perturbation of the plant immune system by T3Es can also 

elicit a plant response. XopX is a “core” Xanthomonas T3E that contributes to growth and 

symptom development during Xanthomonas euvesicatoria infection of tomato but its functional 

role is undefined. We tested the effect of XopX on several aspects of plant immune signaling. 

XopX promoted ethylene production and plant cell death (PCD) during X. euvesicatoria infection 

of susceptible tomato and in transient expression assays in Nicotiana benthamiana, which is 

consistent with its requirement for the development of X. euvesicatoria-induced disease 

symptoms. Additionally, although XopX suppressed flagellin-induced reactive oxygen species, it 

promoted the accumulation of pattern-triggered immunity (PTI) gene transcripts. Surprisingly, 

XopX coexpression with other PCD elicitors resulted in delayed PCD, suggesting antagonism 

between XopX-dependent PCD and other PCD pathways. However, we found no evidence that 

XopX contributed to the suppression of effector-triggered immunity during X. 

euvesicatoria–tomato interactions, suggesting that XopX's primary virulence role is to modulate 

PTI. These results highlight the dual role of a core Xanthomonas T3E in simultaneously 

suppressing and activating plant defense responses. 

Subramanyam, S., Sardesai, N., Minocha, S.C., Zheng, C., Shukle, R.H., and Williams, C.E. 

(2015). Hessian fly larval feeding triggers enhanced polyamine levels in susceptible but not 

resistant wheat. BMC Plant Biol. 15, 3. 

Hessian fly (Mayetiola destructor), a member of the gall midge family, is one of the most 

destructive pests of wheat (Triticum aestivum) worldwide. Probing of wheat plants by the larvae 

results in either an incompatible (avirulent larvae, resistant plant) or a compatible (virulent 

larvae, susceptible plant) interaction. Virulent larvae induce the formation of a nutritive tissue, 

resembling the inside surface of a gall, in susceptible wheat. These nutritive cells are a rich 

source of proteins and sugars that sustain the developing virulent Hessian fly larvae. In addition, 



on susceptible wheat, larvae trigger a significant increase in levels of amino acids including 

proline and glutamic acid, which are precursors for the biosynthesis of ornithine and arginine 

that in turn enter the pathway for polyamine biosynthesis.ResultsFollowing Hessian fly larval 

attack, transcript abundance in susceptible wheat increased for several genes involved in 

polyamine biosynthesis, leading to higher levels of the free polyamines, putrescine, spermidine 

and spermine. A concurrent increase in polyamine levels occurred in the virulent larvae despite a 

decrease in abundance of Mdes-odc (ornithine decarboxylase) transcript encoding a key enzyme 

in insect putrescine biosynthesis. In contrast, resistant wheat and avirulent Hessian fly larvae did 

not exhibit significant changes in transcript abundance of genes involved in polyamine 

biosynthesis or in free polyamine levels.ConclusionsThe major findings from this study are: (i) 

although polyamines contribute to defense in some plant-pathogen interactions, their production 

is induced in susceptible wheat during interactions with Hessian fly larvae without contributing 

to defense, and (ii) due to low abundance of transcripts encoding the rate-limiting ornithine 

decarboxylase enzyme in the larval polyamine pathway the source of polyamines found in 

virulent larvae is plausibly wheat-derived. The activation of the host polyamine biosynthesis 

pathway during compatible wheat-Hessian fly interactions is consistent with a model wherein the 

virulent larvae usurp the polyamine biosynthesis machinery of the susceptible plant to acquire 

nutrients required for their own growth and development. 

Sugio, A., Dubreuil, G., Giron, D., and Simon, J.-C. (2014). Plant–insect interactions under 

bacterial influence: ecological implications and underlying mechanisms. J. Exp. Bot. eru435. 

Plants and insects have been co-existing for more than 400 million years, leading to intimate and 

complex relationships. Throughout their own evolutionary history, plants and insects have also 

established intricate and very diverse relationships with microbial associates. Studies in recent 

years have revealed plant- or insect-associated microbes to be instrumental in plant–insect 

interactions, with important implications for plant defences and plant utilization by insects. 

Microbial communities associated with plants are rich in diversity, and their structure greatly 

differs between below- and above-ground levels. Microbial communities associated with insect 

herbivores generally present a lower diversity and can reside in different body parts of their 

hosts including bacteriocytes, haemolymph, gut, and salivary glands. Acquisition of microbial 

communities by vertical or horizontal transmission and possible genetic exchanges through 

lateral transfer could strongly impact on the host insect or plant fitness by conferring adaptations 

to new habitats. Recent developments in sequencing technologies and molecular tools have 

dramatically enhanced opportunities to characterize the microbial diversity associated with 

plants and insects and have unveiled some of the mechanisms by which symbionts modulate 

plant–insect interactions. Here, we focus on the diversity and ecological consequences of 

bacterial communities associated with plants and herbivorous insects. We also highlight the 

known mechanisms by which these microbes interfere with plant–insect interactions. Revealing 

such mechanisms in model systems under controlled environments but also in more natural 

ecological settings will help us to understand the evolution of complex multitrophic interactions 

in which plants, herbivorous insects, and micro-organisms are inserted. 

Swain, S., Singh, N., and Nandi, A.K. (2015). Identification of plant defence regulators through 

transcriptional profiling of Arabidopsis thaliana cdd1 mutant. J. Biosci. 40, 137–146. 

A sustainable balance between defence and growth is essential for optimal fitness under 

pathogen stress. Plants activate immune response at the cost of normal metabolic requirements. 



Thus, plants that constitutively activate defence are deprived of growth. Arabidopsis thaliana 

mutant constitutive defence without defect in growth and development1 (cdd1) is an exception. 

The cdd1 mutant is constitutive for salicylic acid accumulation, signalling, and defence against 

biotrophic and hemibiotrophic pathogens, without having much impact on growth. Thus, cdd1 

offers an ideal genetic background to identify novel regulators of plant defence. Here we report 

the differential gene expression profile between cdd1 and wild-type plants as obtained by 

microarray hybridization. Expression of several defence-related genes also supports constitutive 

activation of defence in cdd1. We screened T-DNA insertion mutant lines of selected genes, for 

resistance against virulent bacterial pathogen Pseudomonas syringae pv. tomato DC3000 (Pst 

DC3000). Through bacterial resistance, callose deposition and pathogenesis-associated 

expression analyses, we identified four novel regulators of plant defence. Resistance levels in the 

mutants suggest that At2g19810 and [rom] At5g05790 are positive regulators, whereas 

At1g61370 and At3g42790 are negative regulators of plant defence against bacterial pathogens. 

Szechyńska-Hebda, M., Wąsek, I., Gołębiowska, G., Dubas, E., Żur, I., and Wędzony, M. (2015). 

Photosynthesis-dependent physiological and genetic crosstalk between cold acclimation and 

cold-induced resistance to fungal pathogens in triticale (Triticosecale Wittm.). Journal of Plant 

Physiology 177, 30–43. 

The breeding for resistance against fungal pathogens in winter triticale (Triticosecale Wittm.) 

continues to be hindered by a complexity of the resistance mechanisms, strong interaction with 

environmental conditions, and dependence on the plant genotype. We showed, that temperature 

below 4 °C induced the plant genotype-dependent resistance against the fungal pathogen 

Microdochium nivale. The mechanism involved, at least, the adjustment of the reactions in the 

PSII proximity and photoprotection, followed by an improvement of the growth and development. 

The genotypes capable to develop the cold-induced resistance, showed a higher maximum 

quantum yield of PSII and a more efficient integration of the primary photochemistry of light 

reactions with the dark reactions. Moreover, induction of the photoprotective mechanism, 

involving at least the peroxidases scavenging hydrogen peroxide, was observed for such 

genotypes. Adjustment of the photosynthesis and stress acclimation has enabled fast plant growth 

and avoidance of the developmental stages sensitive to fungal infection. The same mechanisms 

allowed the quick regrow of plants during the post-disease period. In contrast, genotypes that 

were unable to develop resistance despite cold hardening had less flexible balancing of the 

photoprotection and photoinhibition processes. Traits related to: photosynthesis-dependent 

cold-acclimation and cold-induced resistance; biomass accumulation and growth; as well as 

protection system involving peroxidases; were integrated also at a genetic level. Analysing 95 

lines of the mapping population SaKa3006 × Modus we determined region on chromosomes 5B 

and 7R shared within all tested traits. Moreover, similar expression pattern of a set of the genes 

related to PSII was determined with the metaanalysis of the multiple microarray experiments. 

Comparable results for peroxidases, involving APXs and GPXs and followed by PRXs, indicated 

a similar function during cold acclimation and defense responses. These data provide a new 

insight into the cross talk between cold acclimation and cold-induced resistance in triticale, 

indicating a key role of photosynthesis-related processes. 

Takatsuji, H. (2014). Development of disease-resistant rice using regulatory components of 

induced disease resistance. Front. Plant Sci. 5, 630. 

Infectious diseases cause huge crop losses annually. In response to pathogen attacks, plants 



activate defense systems that are mediated through various signaling pathways. The salicylic 

acid (SA) signaling pathway is the most powerful of these pathways. Several regulatory 

components of the SA signaling pathway have been identified, and are potential targets for 

genetic manipulation of plants’ disease resistance. However, the resistance associated with these 

regulatory components is often accompanied by fitness costs; that is, negative effects on plant 

growth and crop yield. Chemical defense inducers, such as benzothiadiazole and probenazole, 

act on the SA pathway and induce strong resistance to various pathogens without major fitness 

costs, owing to their ‘priming effect.’ Studies on how benzothiadiazole induces disease resistance 

in rice have identified WRKY45, a key transcription factor in the branched SA pathway, and 

OsNPR1/NH1. Rice plants overexpressing WRKY45 were extremely resistant to rice blast disease 

caused by the fungus Magnaporthe oryzae and bacterial leaf blight disease caused by 

Xanthomonas oryzae pv. oryzae (Xoo), the two major rice diseases. Disease resistance is often 

accompanied by fitness costs; however, WRKY45 overexpression imposed relatively small fitness 

costs on rice because of its priming effect. This priming effect was similar to that of chemical 

defense inducers, although the fitness costs were amplified by some environmental factors. 

WRKY45 is degraded by the ubiquitin–proteasome system, and the dual role of this degradation 

partly explains the priming effect. The synergistic interaction between SA and cytokinin signaling 

that activates WRKY45 also likely contributes to the priming effect. With a main focus on these 

studies, I review the current knowledge of SA-pathway-dependent defense in rice by comparing it 

with that in Arabidopsis, and discuss potential strategies to develop disease-resistant rice using 

signaling components. 

Tateda, C., Zhang, Z., Shrestha, J., Jelenska, J., Chinchilla, D., and Greenberg, J.T. (2014). 

Salicylic acid regulates Arabidopsis microbial pattern receptor kinase levels and signaling. Plant 

Cell 26, 4171–4187. 

In Arabidopsis thaliana, responses to pathogen-associated molecular patterns (PAMPs) are 

mediated by cell surface pattern recognition receptors (PRRs) and include the accumulation of 

reactive oxygen species, callose deposition in the cell wall, and the generation of the signal 

molecule salicylic acid (SA). SA acts in a positive feedback loop with ACCELERATED CELL 

DEATH6 (ACD6), a membrane protein that contributes to immunity. This work shows that PRRs 

associate with and are part of the ACD6/SA feedback loop. ACD6 positively regulates the 

abundance of several PRRs and affects the responsiveness of plants to two PAMPs. SA 

accumulation also causes increased levels of PRRs and potentiates the responsiveness of plants 

to PAMPs. Finally, SA induces PRR- and ACD6-dependent signaling to induce callose deposition 

independent of the presence of PAMPs. This PAMP-independent effect of SA causes a transient 

reduction of PRRs and ACD6-dependent reduced responsiveness to PAMPs. Thus, SA has a 

dynamic effect on the regulation and function of PRRs. Within a few hours, SA signaling 

promotes defenses and downregulates PRRs, whereas later (within 24 to 48 h) SA signaling 

upregulates PRRs, and plants are rendered more responsive to PAMPs. These results implicate 

multiple modes of signaling for PRRs in response to PAMPs and SA. 

Trauer-Kizilelma, U., and Hilker, M. (2015). Impact of transgenerational immune priming on the 

defence of insect eggs against parasitism. Dev. Comp. Immunol. 

Insects are known to prime the immune state of their offspring. However, although the beginning 

of insect life, the egg stage, is often greatly endangered by parasitism, no knowledge is available 

regarding whether transgenerational immune priming improves the immune responses of insect 



eggs to actual parasitoid attacks. Our study revealed suppression of the development of 

parasitoids in transgenerationally immune-primed Manduca sexta eggs and reduced emergence 

rates of parasitoids from these eggs. The higher defence efficiency of immune-primed M. sexta 

eggs against parasitoids was in agreement with the increased antibacterial activity and 

phenoloxidase activity of these eggs in response to parasitism compared to the eggs of control 

parents. Our study showed that immunochallenged insect parents could enable their offspring 

already in the egg stage to defend more efficiently against parasitic invaders. We discuss whether 

M. sexta benefits from transgenerational immune priming of eggs by limiting the population 

growth of egg parasitoids. 

Tsuda, K., and Somssich, I.E. (2015). Transcriptional networks in plant immunity. New Phytol. 

I. II. III. IV. V. References SUMMARY: Next to numerous abiotic stresses, plants are constantly 

exposed to a variety of pathogens within their environment. Thus, their ability to survive and 

prosper during the course of evolution was strongly dependent on adapting efficient strategies to 

perceive and to respond to such potential threats. It is therefore not surprising that modern 

plants have a highly sophisticated immune repertoire consisting of diverse signal perception and 

intracellular signaling pathways. This signaling network is intricate and deeply interconnected, 

probably reflecting the diverse lifestyles and infection strategies used by the multitude of 

invading phytopathogens. Moreover it allows signal communication between developmental and 

defense programs thereby ensuring that plant growth and fitness are not significantly retarded. 

How plants integrate and prioritize the incoming signals and how this information is transduced 

to enable appropriate immune responses is currently a major research area. An important 

finding has been that pathogen-triggered cellular responses involve massive transcriptional 

reprogramming within the host. Additional key observations emerging from such studies are that 

transcription factors (TFs) are often sites of signal convergence and that signal-regulated TFs 

act in concert with other context-specific TFs and transcriptional co-regulators to establish 

sensory transcription regulatory networks required for plant immunity. 

Ulferts, S., Delventhal, R., Splivallo, R., Karlovsky, P., and Schaffrath, U. (2015). Abscisic acid 

negatively interferes with basal defence of barley against Magnaporthe oryzae. BMC Plant Biol. 

15, 7. 

BackgroundPlant hormones are well known regulators which balance plant responses to abiotic 

and biotic stresses. We investigated the role of abscisic acid (ABA) in resistance of barley 

(Hordeum vulgare L.) against the plant pathogenic fungus Magnaporthe 

oryzae.ResultsExogenous application of ABA prior to inoculation with M. oryzae led to more 

disease symptoms on barley leaves. This result contrasted the finding that ABA application 

enhances resistance of barley against the powdery mildew fungus. Microscopic analysis 

identified diminished penetration resistance as cause for enhanced susceptibility. Consistently, 

the barley mutant Az34, impaired in ABA biosynthesis, was less susceptible to infection by M. 

oryzae and displayed elevated penetration resistance as compared to the isogenic wild type 

cultivar Steptoe. Chemical complementation of Az34 mutant plants by exogenous application of 

ABA re-established disease severity to the wild type level. The role of ABA in susceptibility of 

barley against M. oryzae was corroborated by showing that ABA application led to increased 

disease severity in all barley cultivars under investigation except for the most susceptible cultivar 

Pallas. Interestingly, endogenous ABA concentrations did not significantly change after infection 

of barley with M. oryzae.ConclusionOur results revealed that elevated ABA levels led to a higher 



disease severity on barley leaves to M. oryzae. This supports earlier reports on the role of ABA in 

enhancing susceptibility of rice to the same pathogen and thereby demonstrates a host 

plant-independent function of this phytohormone in pathogenicity of monocotyledonous plants 

against M. oryzae. 

Üstün, S., and Börnke, F. (2014). Interactions of Xanthomonas type-III effector proteins with the 

plant ubiquitin and ubiquitin-like pathways. Xanthomonas 5, 736. 

In eukaryotes, regulated protein turnover is required during many cellular processes, including 

defense against pathogens. Ubiquitination and degradation of ubiquitinated proteins via the 

ubiquitin–proteasome system (UPS) is the main pathway for the turnover of intracellular proteins 

in eukaryotes. The extensive utilization of the UPS in host cells makes it an ideal pivot for the 

manipulation of cellular processes by pathogens. Like many other Gram-negative bacteria, 

Xanthomonas species secrete a suite of type-III effector proteins (T3Es) into their host cells to 

promote virulence. Some of these T3Es exploit the plant UPS to interfere with immunity. This 

review summarizes T3E examples from the genus Xanthomonas with a proven or suggested 

interaction with the host UPS or UPS-like systems and also discusses the apparent paradox that 

arises from the presence of T3Es that inhibit the UPS in general while others rely on its activity 

for their function. 

Velivelli, S.L.S., Lojan, P., Cranenbrouck, S., Dupré de Boulois, H., Suarez, J.P., Declerck, S., 

Franco, J., and Doyle Prestwich, B. (2015). The induction of Ethylene response factor 3 (ERF3) 

in potato as a result of co-inoculation with Pseudomonas sp. R41805 and Rhizophagus irregularis 

MUCL 41833 - a possible role in plant defence. Plant Signal Behav 0. 

Colonization of plant rhizosphere/roots by beneficial microorganisms (e.g. plant growth 

promoting rhizobacteria - PGPR, arbuscular mycorrhizal fungi - AMF) confers broad-spectrum 

resistance to virulent pathogens and is known as induced systemic resistance (ISR) and 

mycorrhizal-induced resistance (MIR). ISR or MIR, an indirect mechanism for biocontrol, 

involves complex signaling networks that are regulated by several plant hormones, the most 

important of which are salicylic acid (SA), jasmonic acid (JA) and ethylene (ET). In the present 

study, we investigated if inoculation of potato plantlets with an AMF (Rhizophagus irregularis 

MUCL 41833) and a PGPR (Pseudomonas sp. R41805) either alone or in combination, could 

elicit host defence response genes in the presence or absence of Rhizoctonia Solani EC-1, a 

major potato pathogen. RT-qPCR revealed the significant expression of ethylene response factor 

3 (EFR3) in mycorrhized potato plantlets inoculated with Pseudomonas sp. R41805 and also in 

mycorrhized potato plantlets inoculated with Pseudomonas sp. R41805 and challenged with R. 

solani. The significance of ethylene response factors (ERFs) in pathogen defence has been well 

documented in the literature. The results of the present study suggest that the dual inoculation of 

potato with PGPR and AMF may play a part in the activation of plant systemic defense systems 

via ERF3. 

Veluchamy, S., and Panthee, D.R. (2015). Differential expression analysis of a select list of genes 

in susceptible and resistant heirloom tomatoes with respect to Pseudomonas syringae pv. tomato. 

Eur J Plant Pathol 1–11. 

Bacterial speck disease of tomato, caused by Pseudomonas syringae pv. tomato (Pst) is one of the 

most devastating diseases of tomato in the world. To investigate plant responses activated during 



plant-pathogen interaction, we studied the expression analysis of selected defense-response genes 

and the microbe or pathogen associated molecular patterns (MAMP or PAMP) triggered 

immunity (PTI) marker genes in heirloom tomatoes challenged with virulent Pst DC3000. 

Transcript levels of the defense response genes, including SlPR1a (pathogenesis related 

proteins), SlPR-Q′b (β-1,3-glucanase), SlGST (Glutathione S-transferase) and peroxidase were 

up-regulated in the resistant cultivars Orange Strawberry and Amishpaste. The PTI marker genes 

SlPTI5 (encode a pathogen-inducible ethylene response element-binding protein-like 

transcription factor) and SlFLS2 (a leucine rich-repeat receptor like kinase) were strongly 

up-regulated in the incompatible reaction to resistant cultivar Orange Strawberry. On the other 

hand, transcripts from all tested genes were down-regulated in the compatible interaction in 

susceptible cultivars Yellow Pear and Brandywine. The induction of defense response and PTI 

marker genes occurred in the early infection process at 3 days post-inoculation (dpi) and 

consistent with lower levels of disease severity in resistant cultivars was observed than in 

susceptible cultivars. Our results contribute to the body of information on bacterial speck disease 

resistance in an economically important crop tomato. 

De Vleesschauwer, D., Xu, J., and Höfte, M. (2014). Making sense of hormone-mediated defense 

networking: from rice to Arabidopsis. Front Plant Sci 5, 611. 

Phytohormones are not only essential for plant growth and development but also play central 

roles in triggering the plant immune signaling network. Historically, research aimed at 

elucidating the defense-associated role of hormones has tended to focus on the use of 

experimentally tractable dicot plants such as Arabidopsis thaliana. Emerging from these studies 

is a picture whereby complex crosstalk and induced hormonal changes mold plant health and 

disease, with outcomes largely dependent on the lifestyle and infection strategy of invading 

pathogens. However, recent studies in monocot plants are starting to provide additional 

important insights into the immune-regulatory roles of hormones, often revealing unique 

complexities. In this review, we address the latest discoveries dealing with hormone-mediated 

immunity in rice, one of the most important food crops and an excellent model for molecular 

genetic studies in monocots. Moreover, we highlight interactions between hormone signaling, 

rice defense and pathogen virulence, and discuss the differences and similarities with findings in 

Arabidopsis. Finally, we present a model for hormone defense networking in rice and describe 

how detailed knowledge of hormone crosstalk mechanisms can be used for engineering durable 

rice disease resistance. 

Wang, J., Qu, B., Dou, S., Li, L., Yin, D., Pang, Z., Zhou, Z., Tian, M., Liu, G., Xie, Q., et al. 

(2015a). The E3 ligase OsPUB15 interacts with the receptor-like kinase PID2 and regulates plant 

cell death and innate immunity. BMC Plant Biology 15, 49. 

Rice blast disease is one of the most destructive diseases of rice worldwide. We previously cloned 

the rice blast resistance gene Pid2, which encodes a transmembrane receptor-like kinase 

containing an extracellular B-lectin domain and an intracellular serine/threonine kinase domain. 

However, little is known about Pid2-mediated signaling. 

Wang, S., Gu, Y., Zebell, S.G., Anderson, L.K., Wang, W., Mohan, R., and Dong, X. (2014a). A 

Noncanonical Role for the CKI-RB-E2F Cell-Cycle Signaling Pathway in Plant 

Effector-Triggered Immunity. Cell Host & Microbe 16, 787–794. 



Effector-triggered immunity (ETI), the major host defense mechanism in plants, is often 

associated with programmed cell death (PCD). Plants lack close homologs of caspases, the key 

mediators of PCD in animals. So although the NB-LRR receptors involved in ETI are well 

studied, how they activate PCD and confer disease resistance remains elusive. We show that the 

Arabidopsis nuclear envelope protein, CPR5, negatively regulates ETI and the associated PCD 

through a physical interaction with cyclin-dependent kinase inhibitors (CKIs). Upon ETI 

induction, CKIs are released from CPR5 to cause overactivation of another core cell-cycle 

regulator, E2F. In cki and e2f mutants, ETI responses induced by both TIR-NB-LRR and 

CC-NB-LRR classes of immune receptors are compromised. We further show that E2F is 

deregulated during ETI, probably through CKI-mediated hyperphosphorylation of 

retinoblastoma-related 1 (RBR1). This study demonstrates that canonical cell-cycle regulators 

also play important noncanonical roles in plant immunity. 

Wang, Y., Bouwmeester, K., Beseh, P., Shan, W., and Govers, F. (2014c). Phenotypic Analyses 

of Arabidopsis T-DNA Insertion Lines and Expression Profiling Reveal That Multiple L-Type 

Lectin Receptor Kinases Are Involved in Plant Immunity. MPMI 27, 1390–1402. 

L-type lectin receptor kinases (LecRK) are membrane-spanning receptor-like kinases with 

putative roles in biotic and abiotic stress responses and in plant development. In Arabidopsis, 45 

LecRK were identified but their functions are largely unknown. Here, a systematic functional 

analysis was carried out by evaluating phenotypic changes of Arabidopsis LecRK T-DNA 

insertion lines in plant development and upon exposure to various external stimuli. None of the 

LecRK T-DNA insertion lines showed clear developmental changes, either under normal 

conditions or upon abiotic stress treatment. However, many of the T-DNA insertion lines showed 

altered resistance to Phytophthora brassicae, Phytophthora capsici, Pseudomonas syringae, or 

Alternaria brassicicola. One mutant defective in LecRK-V.5 expression was compromised in 

resistance to two Phytophthora spp. but showed enhanced resistance to Pseudomonas syringae. 

LecRK-V.5 overexpression confirmed its dual role in resistance and susceptibility depending on 

the pathogen. Combined analysis of these phenotypic data and LecRK expression profiles 

retrieved from public datasets revealed that LecRK which are hardly induced upon infection or 

even suppressed are also involved in pathogen resistance. Computed coexpression analysis 

revealed that LecRK with similar function displayed diverse expression patterns. Because LecRK 

are widespread in plants, the results presented here provide invaluable information for exploring 

the potential of LecRK as novel sources of resistance in crops. 

Wang, Z., Wang, Y., Hong, X., Hu, D., Liu, C., Yang, J., Li, Y., Huang, Y., Feng, Y., Gong, H., 

et al. (2014d). Functional inactivation of UDP-N-acetylglucosamine pyrophosphorylase 1 

(UAP1) induces early leaf senescence and defence responses in rice. J. Exp. Bot. eru456. 

Plant leaf senescence and defence responses are important biological processes, but the 

molecular mechanisms involved are not well understood. This study identified a new rice mutant, 

spotted leaf 29 (spl29). The SPL29 gene was identified by map-based cloning, and SPL29 was 

confirmed as UDP-N-acetylglucosamine pyrophosphorylase 1 (UAP1) by enzymatic analysis. 

The mutant spl29 lacks UAP activity. The biological phenotypes for which UAP is responsible 

have not previously been reported in plants. The spl29 mutant displayed early leaf senescence, 

confirmed by chlorophyll loss and photosystem II decline as physiological indicators, chloroplast 

degradation as a cellular characteristic, and both upregulation of senescence transcription 

factors and senescence-associated genes, and downregulation of photosynthesis-related genes, as 



molecular evidence. Defence responses were induced in the spl29 mutant, shown by enhanced 

resistance to bacterial blight inoculation and upregulation of defence response genes. Reactive 

oxygen species, including O2 – and H2O2, accumulated in spl29 plants; there was also increased 

malondialdehyde content. Enhanced superoxide dismutase activity combined with normal 

catalase activity in spl29 could be responsible for H2O2 accumulation. The plant hormones 

jasmonic acid and abscisic acid also accumulated in spl29 plants. ROS and plant hormones 

probably play important roles in early leaf senescence and defence responses in the spl29 

mutant. Based on these findings, it is suggested that UAP1 is involved in regulating leaf 

senescence and defence responses in rice. 

Wilson, D.C., Carella, P., and Cameron, R.K. (2014). Intercellular salicylic acid accumulation 

during compatible and incompatible Arabidopsis-Pseudomonas syringae interactions. Plant 

Signaling & Behavior 9, e29362. 

The phytohormone salicylic acid (SA) plays an important role in several disease resistance 

responses. During the Age-Related Resistance (ARR) response that occurs in mature Arabidopsis 

responding to Pseudomonas syringae pv tomato (Pst), SA accumulates in the intercellular space 

where it may act as an antimicrobial agent. Recently we measured intracellular and intercellular 

SA levels in young, ARR-incompetent plants responding to virulent and avirulent strains of Pst to 

determine if intercellular SA accumulation is a component of additional defense responses to Pst. 

In young plants virulent Pst suppressed both intra- and intercellular SA accumulation in a 

coronatine-dependent manner. In contrast, high levels of intra- and intercellular SA accumulated 

in response to avirulent Pst. Our results support the idea that SA accumulation in the 

intercellular space is an important component of multiple defense responses. Future research 

will include understanding how mature plants counteract the effects of coronatine during the 

ARR response. 

Wittulsky, S., Pellegrin, C., Giannakopoulou, A., and Böni, R. (2015). A snapshot of molecular 

plant–microbe interaction research. New Phytol 205, 468–471. 

 

Wituszyńska, W., Szechyńska-Hebda, M., Sobczak, M., Rusaczonek, A., Kozłowska-Makulska, 

A., Witoń, D., and Karpiński, S. (2015). LESION SIMULATING DISEASE 1 and ENHANCED 

DISEASE SUSCEPTIBILITY 1 differentially regulate UV-C-induced photooxidative stress 

signalling and programmed cell death in Arabidopsis thaliana. Plant Cell Environ 38, 315–330. 

As obligate photoautotrophs, plants are inevitably exposed to ultraviolet (UV) radiation. Because 

of stratospheric ozone depletion, UV has become more and more dangerous to the biosphere. 

Therefore, it is important to understand UV perception and signal transduction in plants. In the 

present study, we show that LESION SIMULATING DISEASE 1 (LSD1) and ENHANCED 

DISEASE SUSCEPTIBILITY 1 (EDS1) are antagonistic regulators of UV-C-induced 

programmed cell death (PCD) in Arabidopsis thaliana. This regulatory dependence is manifested 

by a complex deregulation of photosynthesis, reactive oxygen species homeostasis, antioxidative 

enzyme activity and UV-responsive genes expression. We also prove that a UV-C radiation 

episode triggers apoptotic-like morphological changes within the mesophyll cells. Interestingly, 

chloroplasts are the first organelles that show features of UV-C-induced damage, which may 

indicate their primary role in PCD development. Moreover, we show that Arabidopsis Bax 



inhibitor 1 (AtBI1), which has been described as a negative regulator of plant PCD, is involved 

in LSD1-dependent cell death in response to UV-C. Our results imply that LSD1 and EDS1 

regulate processes extinguishing excessive energy, reactive oxygen species formation and 

subsequent PCD in response to different stresses related to impaired electron transport. 

Wrzaczek, M., Vainonen, J.P., Stael, S., Tsiatsiani, L., Help‐Rinta‐Rahko, H., Gauthier, A., 

Kaufholdt, D., Bollhöner, B., Lamminmäki, A., Staes, A., et al. (2014). GRIM REAPER peptide 

binds to receptor kinase PRK5 to trigger cell death in Arabidopsis. The EMBO Journal 

e201488582. 

Recognition of extracellular peptides by plasma membrane‐localized receptor proteins is 

commonly used in signal transduction. In plants, very little is known about how extracellular 

peptides are processed and activated in order to allow recognition by receptors. Here, we show 

that induction of cell death in planta by a secreted plant protein GRIM REAPER (GRI) is 

dependent on the activity of the type II metacaspase METACASPASE‐9. GRI is cleaved by 

METACASPASE‐9 in vitro resulting in the release of an 11 amino acid peptide. This peptide 

bound in vivo to the extracellular domain of the plasma membrane‐localized, atypical 

leucine‐rich repeat receptor‐like kinase POLLEN‐SPECIFIC RECEPTOR‐LIKE KINASE 5 

(PRK5) and was sufficient to induce oxidative stress/ROS‐dependent cell death. This shows a 

signaling pathway in plants from processing and activation of an extracellular protein to 

recognition by its receptor. 

Synopsis : In plants, ROS‐induced cell death requires Metacaspase‐9‐mediated processing of 

secreted protein GRIM REAPER to produce the peptide ligand for PRK5. Secreted protein GRIM 

REAPER is processed by Metacaspase‐9, resulting in a small peptide.The peptide binds to the 

extracellular domain of the leucine‐rich repeat receptor‐like protein kinase PRK5.PRK5 has no 

kinase activity, but acts as a peptide receptor in vivo.Metacaspase‐9 and PRK5 are required for 

cell death induction by GRIM REAPER. 

Wu, C., Avila, C.A., and Goggin, F.L. (2014). The ethylene response factor Pti5 contributes to 

potato aphid resistance in tomato independent of ethylene signalling. J. Exp. Bot. eru472. 

Ethylene response factors (ERFs) comprise a large family of transcription factors that regulate 

numerous biological processes including growth, development, and response to environmental 

stresses. Here, we report that Pti5, an ERF in tomato [Solanum lycopersicum (Linnaeus)] was 

transcriptionally upregulated in response to the potato aphid Macrosiphum euphorbiae 

(Thomas), and contributed to plant defences that limited the population growth of this 

phloem-feeding insect. Virus-induced gene silencing of Pti5 enhanced aphid population growth 

on tomato, both on an aphid-susceptible cultivar and on a near-isogenic genotype that carried 

the Mi-1.2 resistance (R) gene. These results indicate that Pti5 contributes to basal resistance in 

susceptible plants and also can synergize with other R gene-mediated defences to limit aphid 

survival and reproduction. Although Pti5 contains the ERF motif, induction of this gene by 

aphids was independent of ethylene, since the ACC deaminase (ACD) transgene, which inhibits 

ethylene synthesis, did not diminish the responsiveness of Pti5 to aphid infestation. Furthermore, 

experiments with inhibitors of ethylene synthesis revealed that Pti5 and ethylene have distinctly 

different roles in plant responses to aphids. Whereas Pti5 contributed to antibiotic plant defences 

that limited aphid survival and reproduction on both resistant (Mi-1.2+) and susceptible 

(Mi-1.2–) genotypes, ethylene signalling promoted aphid infestation on susceptible plants but 



contributed to antixenotic defences that deterred the early stages of aphid host selection on 

resistant plants. These findings suggest that the antixenotic defences that inhibit aphid settling 

and the antibiotic defences that depress fecundity and promote mortality are regulated through 

different signalling pathways. 

Wu, J., Kou, Y., Bao, J., Li, Y., Tang, M., Zhu, X., Ponaya, A., Xiao, G., Li, J., Li, C., et al. 

(2015). Comparative genomics identifies the Magnaporthe oryzae avirulence effector AvrPi9 that 

triggers Pi9-mediated blast resistance in rice. New Phytol n/a – n/a. 

We identified the Magnaporthe oryzae avirulence effector AvrPi9 cognate to rice blast resistance 

gene Pi9 by comparative genomics of requisite strains derived from a sequential planting method. 

AvrPi9 encodes a small secreted protein that appears to localize in the biotrophic interfacial 

complex and is translocated to the host cell during rice infection. AvrPi9 forms a tandem gene 

array with its paralogue proximal to centromeric region of chromosome 7. AvrPi9 is expressed 

highly at early stages during initiation of blast disease. Virulent isolate strains contain Mg-SINE 

within the AvrPi9 coding sequence. Loss of AvrPi9 did not lead to any discernible defects during 

growth or pathogenesis in M. oryzae. This study reiterates the role of diverse transposable 

elements as off-switch agents in acquisition of gain-of-virulence in the rice blast fungus. The 

prevalence of AvrPi9 correlates well with the avirulence pathotype in diverse blast isolates from 

the Philippines and China, thus supporting the broad-spectrum resistance conferred by Pi9 in 

different rice growing areas. Our results revealed that Pi9 and Piz-t at the Pi2/9 locus activate 

race specific resistance by recognizing sequence-unrelated AvrPi9 and AvrPiz-t genes, 

respectively. 

Wyrsch, I., Domínguez-Ferreras, A., Geldner, N., and Boller, T. (2015). Tissue-specific 

FLAGELLIN-SENSING 2 (FLS2) expression in roots restores immune responses in Arabidopsis 

fls2 mutants. New Phytol n/a – n/a. 

The flagellin receptor of Arabidopsis, At-FLAGELLIN SENSING 2 (FLS2), has become a model 

for mechanistic and functional studies on plant immune receptors. Responses to flagellin or its 

active epitope flagellin 22 (flg22) have been extensively studied in Arabidopsis leaves. However, 

the perception of microbe-associated molecular patterns (MAMPs) and the immune responses in 

roots are poorly understood. Here, we show that isolated root tissue is able to induce 

pattern-triggered immunity (PTI) responses upon flg22 perception, in contrast to elf18 (the active 

epitope of elongation factor thermo unstable (EF-Tu)). Making use of fls2 mutant plants and 

tissue-specific promoters, we generated transgenic Arabidopsis lines expressing FLS2 only in 

certain root tissues. This allowed us to study the spatial requirements for flg22 responses in the 

root. Remarkably, the intensity of the immune responses did not always correlate with the 

expression level of the FLS2 receptor, but depended on the expressing tissue, supporting the idea 

that MAMP perception and sensitivity in different tissues contribute to a proper balance of 

defense responses according to the expected exposure to elicitors. In summary, we conclude that 

each investigated root tissue is able to perceive flg22 if FLS2 is present and that tissue identity is 

a major element of MAMP perception in roots. 

Xia, Y., Petti, C., Williams, M.A., and DeBolt, S. (2014). Experimental approaches to study plant 

cell walls during plant-microbe interactions. Front. Plant Sci 5, 540. 

Plant cell walls provide physical strength, regulate the passage of bio-molecules, and act as the 



first barrier of defense against biotic and abiotic stress. In addition to providing structural 

integrity, plant cell walls serve an important function in connecting cells to their extracellular 

environment by sensing and transducing signals to activate cellular responses, such as those that 

occur during pathogen infection. This mini review will summarize current experimental 

approaches used to study cell wall functions during plant-pathogen interactions. Focus will be 

paid to cell imaging, spectroscopic analyses, and metabolic profiling techniques. 

Xu, R.-Q., Blanvillain, S., Feng, J.-X., Jiang, B.-L., Li, X.-Z., Wei, H.-Y., Kroj, T., Lauber, E., 

Roby, D., Chen, B., et al. (2008). AvrACXcc8004, a Type III Effector with a Leucine-Rich 

Repeat Domain from Xanthomonas campestris Pathovar campestris Confers Avirulence in 

Vascular Tissues of Arabidopsis thaliana Ecotype Col-0. J. Bacteriol. 190, 343–355. 

Xanthomonas campestris pathovar campestris causes black rot, a vascular disease on 

cruciferous plants, including Arabidopsis thaliana. The gene XC1553 from X. campestris pv. 

campestris strain 8004 encodes a protein containing leucine-rich repeats (LRRs) and appears to 

be restricted to strains of X. campestris pv. campestris. LRRs are found in a number of type 

III-secreted effectors in plant and animal pathogens. These prompted us to investigate the role of 

the XC1553 gene in the interaction between X. campestris pv. campestris and A. thaliana. 

Translocation assays using the hypersensitive-reaction-inducing domain of X. campestris pv. 

campestris AvrBs1 as a reporter revealed that XC1553 is a type III effector. Infiltration of 

Arabidopsis leaf mesophyll with bacterial suspensions showed no differences between the 

wild-type strain and an XC1553 gene mutant; both strains induced disease symptoms on Kashmir 

and Col-0 ecotypes. However, a clear difference was observed when bacteria were introduced 

into the vascular system by piercing the central vein of leaves. In this case, the wild-type strain 

8004 caused disease on the Kashmir ecotype, but not on ecotype Col-0; the XC1553 gene mutant 

became virulent on the Col-0 ecotype and still induced disease on the Kashmir ecotype. 

Altogether, these data show that the XC1553 gene, which was renamed avrACXcc8004, functions 

as an avirulence gene whose product seems to be recognized in vascular tissues. 

Yamazaki, A., and Hayashi, M. (2015). Building the interaction interfaces: host responses upon 

infection with microorganisms. Current Opinion in Plant Biology 23, 132–139. 

Research fields of plant symbiosis and plant immunity were relatively ignorant with each other 

until a little while ago. Recently, however, increasing intercommunications between those two 

fields have begun to provide novel aspects and knowledge for understanding relationships 

between plants and microorganisms. Here, we review recent reports on plant–microbe 

interactions, focusing on the infection processes, in order to elucidate plant cellular responses 

that are triggered by both symbionts and pathogens. Highlighting the core elements of host 

responses over biotic interactions will provide insights into general mechanisms of 

plant–microbe interactions. 

Yang, C.-L., Liang, S., Wang, H.-Y., Han, L.-B., Wang, F.-X., Cheng, H.-Q., Wu, X.-M., Qu, 

Z.-L., Wu, J.-H., and Xia, G.-X. (2014). Cotton Major Latex Protein 28 Functions as a Positive 

Regulator of the Ethylene Responsive Factor 6 in Defense against Verticillium dahliae. Mol 

Plant. 

In this study, we identified a defense-related major latex protein (MLP) from upland cotton 

(designated GhMLP28) and investigated its functional mechanism. GhMLP28 transcripts were 



ubiquitously present in cotton plants, with higher accumulation in the root. Expression of the 

GhMLP28 gene was induced by Verticillium dahliae inoculation and was responsive to defense 

signaling molecules, including ethylene, jasmonic acid, and salicylic acid. Knockdown of 

GhMLP28 expression by virus-induced gene silencing resulted in increased susceptibility of 

cotton plants to V. dahliae infection, while ectopic overexpression of GhMLP28 in tobacco 

improved the disease tolerance of the transgenic plants. Further analysis revealed that 

GhMLP28 interacted with cotton ethylene response factor 6 (GhERF6) and facilitated the 

binding of GhERF6 to GCC-box element. Transient expression assay demonstrated that 

GhMLP28 enhanced the transcription factor activity of GhERF6, which led to the augmented 

expression of some GCC-box genes. GhMLP28 proteins were located in both the nucleus and 

cytoplasm and their nuclear distribution was dependent on the presence of GhERF6. 

Collectively, these results demonstrate that GhMLP28 acts as a positive regulator of GhERF6, 

and synergetic actions of the two proteins may contribute substantially to protection against V. 

dahliae infection in cotton plants. 

Yang, L., Mu, X., Liu, C., Cai, J., Shi, K., Zhu, W., and Yang, Q. (2015a). Overexpression of 

potato miR482e enhanced plant sensitivity to Verticillium dahliae infection. J Integr Plant Biol. 

Verticillium wilt of potato is caused by the fungus pathogen Verticillium dahlia (V. dahliae). 

Present small RNA sequencing data revealed that miR482 was in response to V. dahliae 

infection, but the function in potato is elusive. Here, we characterized potato miR482 family and 

its putative role resistance to Verticillium wilt. Members of potato miR482 superfamily are 

variable in sequence, but all variants target a class of disease resistance proteins with nucleotide 

binding site (NBS) and leucine-rich repeat (LRR) motifs. When potato plantlets were infected 

with V. dahliae, the expression level of miR482e was down-regulated, and that of several 

NBS-LRR targets of miR482e were up-regulated. Transgenic potato plantlets overexpressing 

miR482e showed hypersensitive to V. dahliae infection. Using small RNA and degradome 

datasets, we validated that miR482e targets mRNAs of NBS-LRR disease resistance proteins and 

triggers the production of ta-siRNAs, most of which target mRNAs of defense-related proteins. 

Thus, the hypersensitivity of transgenic potato could be explained by enhanced miR482e and 

miR482e-derived ta-siRNA mediated silencing on NBS-LRR disease resistance proteins. It is 

speculated that miR482-mediated silencing cascade mechanism is involved in regulating potato 

resistance against V. dahliae infection and could be a counter defense action of plant in response 

to pathogen infection. 

Zechmann, B. (2014). Compartment-specific importance of glutathione during abiotic and biotic 

stress. Front. Plant Sci. 5, 566. 

The tripeptide thiol glutathione (γ-L-glutamyl-L-cysteinyl-glycine) is the most important sulfur 

containing antioxidant in plants and essential for plant defense against abiotic and biotic stress 

conditions. It is involved in the detoxification of reactive oxygen species (ROS), redox signaling, 

the modulation of defense gene expression, and the regulation of enzymatic activities. Even 

though changes in glutathione contents are well documented in plants and its roles in plant 

defense are well established, still too little is known about its compartment-specific importance 

during abiotic and biotic stress conditions. Due to technical advances in the visualization of 

glutathione and the redox state through microscopical methods some progress was made in the 

last few years in studying the importance of subcellular glutathione contents during stress 

conditions in plants. This review summarizes the data available on compartment-specific 



importance of glutathione in the protection against abiotic and biotic stress conditions such as 

high light stress, exposure to cadmium, drought, and pathogen attack (Pseudomonas, Botrytis, 

tobacco mosaic virus). The data will be discussed in connection with the subcellular 

accumulation of ROS during these conditions and glutathione synthesis which are both highly 

compartment specific (e.g., glutathione synthesis takes place in chloroplasts and the cytosol). 

Thus this review will reveal the compartment-specific importance of glutathione during abiotic 

and biotic stress conditions. 

Zeilmaker, T., Ludwig, N.R., Elberse, J., Seidl, M.F., Berke, L., Van Doorn, A., Schuurink, R.C., 

Snel, B., and Van den Ackerveken, G. (2015). DOWNY MILDEW RESISTANT 6 and 

DMR6-LIKE OXYGENASE 1 are partially redundant but distinct suppressors of immunity in 

Arabidopsis. Plant J 81, 210–222. 

Arabidopsis downy mildew resistant 6 (dmr6) mutants have lost their susceptibility to the downy 

mildew Hyaloperonospora arabidopsidis. Here we show that dmr6 is also resistant to the 

bacterium Pseudomonas syringae and the oomycete Phytophthora capsici. Resistance is 

accompanied by enhanced defense gene expression and elevated salicylic acid levels. The 

suppressive effect of the DMR6 oxygenase was confirmed in transgenic Arabidopsis lines 

overexpressing DMR6 that show enhanced susceptibility to H. arabidopsidis, P. capsici, and P. 

syringae. Phylogenetic analysis of the superfamily of 2-oxoglutarate Fe(II)-dependent 

oxygenases revealed a subgroup of DMR6-LIKE OXYGENASEs (DLOs). Within Arabidopsis, 

DMR6 is most closely related to DLO1 and DLO2. Overexpression of DLO1 and DLO2 in the 

dmr6 mutant restored the susceptibility to downy mildew indicating that DLOs negatively affect 

defense, similar to DMR6. DLO1, but not DLO2, is co-expressed with DMR6, showing strong 

activation during pathogen attack and following salicylic acid treatment. DMR6 and DLO1 differ 

in their spatial expression pattern in downy mildew-infected Arabidopsis leaves; DMR6 is mostly 

expressed in cells that are in contact with hyphae and haustoria of H. arabidopsidis, while DLO1 

is expressed mainly in the vascular tissues near infection sites. Strikingly, the dmr6-3_dlo1 

double mutant, that is completely resistant to H. arabidopsidis, showed a strong growth 

reduction that was associated with high levels of salicylic acid. We conclude that DMR6 and 

DLO1 redundantly suppress plant immunity, but also have distinct activities based on their 

differential localization of expression. 

Zhang, F., Huang, L.-Y., Zhang, F., Ali, J., Cruz, C., Zhuo, D.-L., Du, Z.-L., Li, Z.-K., and Zhou, 

Y.-L. (2015a). Comparative transcriptome profiling of a rice line carrying Xa39 and its parents 

triggered by Xanthomonas oryzae pv. oryzae provides novel insights into the broad-spectrum 

hypersensitive response. BMC Genomics 16, 111. 

BACKGROUND: Bacterial blight, caused by Xanthomonas oryzae pv. oryzae (Xoo), is a 

devastating rice disease worldwide. Xa39 is a resistance (R) gene with a broad-spectrum 

hypersensitive response (BSHR) to Xoo. Nevertheless, the molecular mechanisms of resistance 

mediated by Xa39 remain unclear. In this study, the transcriptome profiling of a rice line 

carrying Xa39 and its parents at the early stage of Xoo infection were investigated. 

RESULTS: A rice introgression line H471 carrying Xa39 exhibited a typical local hypersensitive 

response phenotype, accompanied by programmed cell death after inoculation with the Xoo 

Philippines' race 9b. Transcriptome profiling of H471 and its parents at 1 and 2 days 

post-inoculation was performed using RNA sequencing. In total, 306 differentially expressed 



genes (DEGs) were identified in H471 compared with its recurrent parent Huang-Hua-Zhan 

after inoculation with Xoo. Among them, 121 (39.5%) genes, with functional enrichments that 

were related to defense response, protein amino acid phosphorylation, and apoptosis, were found 

to be constitutively expressed. The other 185 (60.5%) genes, with GO terms that belonged to 

defense response, were significantly responsive to Xoo infection in H471. Ten up-regulated and 

12 down-regulated genes encoding intracellular immune receptors were identified in H471 

compared with Huang-Hua-Zhan. LOC_Os11g37759, which was located in the fine-mapping 

region harboring Xa39, is a Xa39 candidate gene. The putative BSHR-related co-regulatory 

networks were constructed using 33 DEGs from four functional groups, including gibberellic 

acid receptors and brassinosteroid regulators, which were differentially co-expressed with 

LOC_Os11g37759 in infected H471. Our results indicated that there might be cross-talk between 

the Xa39-mediated signal transduction cascades and the GA/BR signaling pathway, and that the 

defense mechanism was related to diverse kinases, transcription factors, post-translational 

regulation, and R genes. 

CONCLUSIONS: The present study provides the comprehensive transcriptome profile of a rice 

introgression line carrying Xa39 and its parents, and identifies a set of DEGs involved in BSHR 

mediated by Xa39. These data provide novel insights into the regulatory networks of plant 

disease resistance mediated by R genes, and the identified DEGs will serve as candidates for 

Xa39 cloning and for further understanding the molecular mechanism of BSHR. 

Zhang, P.-J., Huang, F., Zhang, J.-M., Wei, J.-N., and Lu, Y.-B. (2015b). The mealybug 

Phenacoccus solenopsis suppresses plant defense responses by manipulating JA-SA crosstalk. 

Sci. Rep. 5. 

Induced plant defenses against herbivores are modulated by jasmonic acid-, salicylic acid-, and 

ethylene-signaling pathways. Although there is evidence that some pathogens suppress plant 

defenses by interfering with the crosstalk between different signaling pathways, such evidence is 

scarce for herbivores. Here, we demonstrate that the mealybug Phenacoccus solenopsis 

suppresses the induced defenses in tomato. We found that exogenous JA, but not SA, significantly 

decreased mealybug feeding time and reduced nymphal performance. In addition, constitutive 

activation of JA signaling in 35s::prosys plants reduced mealybug survival. These data indicate 

that the JA signaling pathway plays a key role in mediating the defense responses against P. 

solenopsis. We also found that mealybug feeding decreased JA production and JA-dependent 

defense gene expression, but increased SA accumulation and SA-dependent gene expression. In 

SA-deficient plants, mealybug feeding did not suppress but activated JA accumulation, indicating 

that the suppression of JA-regulated defenses depends on the SA signaling pathway. Mealybugs 

benefit from suppression of JA-regulated defenses by exhibiting enhanced nymphal performance. 

These findings confirm that P. solenopsis manipulates plants for its own benefits by modulating 

the JA-SA crosstalk and thereby suppressing induced defenses. 

Zhang, Q., Sun, T., and Zhang, Y. (2015c). ER Quality Control Components UGGT and STT3a 

Are Required for Activation of Defense Responses in Bir1-1. PLoS ONE 10, e0120245. 

The receptor-like kinase SUPPRESSOR OF BIR1, 1 (SOBIR1) functions as a critical regulator in 

plant immunity. It is required for activation of cell death and defense responses in Arabidopsis 

bak1-interacting receptor-like kinase 1,1 (bir1-1) mutant plants. Here we report that the ER 

quality control component UDP-glucose:glycoprotein glucosyltransferase (UGGT) is required 



for the biogenesis of SOBIR1 and mutations in UGGT suppress the spontaneous cell death and 

constitutive defense responses in bir1-1. Loss of function of STT3a, which encodes a subunit of 

the oligosaccharyltransferase complex, also suppresses the autoimmune phenotype in bir1-1. 

However, it has no effect on the accumulation of SOBIR1, suggesting that additional signaling 

components other than SOBIR1 may be regulated by ER quality control. Our study provides clear 

evidence that ER quality control play critical roles in regulating defense activation in bir1-1. 

Zhang, X., Wu, Q., Cui, S., Ren, J., Qian, W., Yang, Y., He, S., Chu, J., Sun, X., Yan, C., et al. 

(2015d). Hijacking of the jasmonate pathway by the mycotoxin fumonisin B1 (FB1) to initiate 

programmed cell death in Arabidopsis is modulated by RGLG3 and RGLG4. J. Exp. Bot. erv068. 

The mycotoxin fumonisin B1 (FB1) is a strong inducer of programmed cell death (PCD) in 

plants, but its underlying mechanism remains unclear. Here, we describe two ubiquitin ligases, 

RING DOMAIN LIGASE3 (RGLG3) and RGLG4, which control FB1-triggered PCD by 

modulating the jasmonate (JA) signalling pathway in Arabidopsis thaliana. RGLG3 and RGLG4 

transcription was sensitive to FB1. Arabidopsis FB1 sensitivity was suppressed by loss of 

function of RGLG3 and RGLG4 and was increased by their overexpression. Thus RGLG3 and 

RGLG4 have coordinated and positive roles in FB1-elicited PCD. Mutated JA perception by coi1 

disrupted the RGLG3- and RGLG4-related response to FB1 and interfered with their roles in cell 

death. Although FB1 induced JA-responsive defence genes, it repressed growth-related, as well 

as JA biosynthesis-related, genes. Consistently, FB1 application reduced JA content in wild-type 

plants. Furthermore, exogenously applied salicylic acid additively suppressed JA signalling with 

FB1 treatment, suggesting that FB1-induced salicylic acid inhibits the JA pathway during this 

process. All of these effects were attenuated in rglg3 rglg4 plants. Altogether, these data suggest 

that the JA pathway is hijacked by the toxin FB1 to elicit PCD, which is coordinated by 

Arabidopsis RGLG3 and RGLG4. 

Zhang, Y., Li, Z.-X., Yu, X.-D., Fan, J., Pickett, J.A., Jones, H.D., Zhou, J.-J., Birkett, M.A., 

Caulfield, J., Napier, J.A., et al. (2015e). Molecular characterization of two isoforms of a farnesyl 

pyrophosphate synthase gene in wheat and their roles in sesquiterpene synthesis and inducible 

defence against aphid infestation. New Phytol. 

Aphids are important pests of wheat (Triticum aestivum) that affect crop production globally. 

Herbivore-induced emission of sesquiterpenes can repel pests, and farnesyl pyrophosphate 

synthase (FPS) is a key enzyme involved in sesquiterpene biosynthesis. However, fps orthologues 

in wheat and their functional roles in sesquiterpene synthesis and defence against aphid 

infestation are unknown. Here, two fps isoforms, Tafps1 and Tafps2, were identified in wheat. 

Quantitative real-time polymerase chain reaction (qRT-PCR) and in vitro catalytic activity 

analyses were conducted to investigate expression patterns and activity. Heterologous expression 

of these isoforms in Arabidopsis thaliana, virus-induced gene silencing (VIGS) in wheat and 

aphid behavioural assays were performed to understand the functional roles of these two 

isoforms. We demonstrated that Tafps1 and Tafps2 played different roles in induced responses to 

aphid infestation and in sesquiterpene synthesis. Heterologous expression in A. thaliana resulted 

in repulsion of the peach aphid (Myzus persicae). Wheat plants with these two isoforms 

transiently silenced were significantly attractive to grain aphid (Sitobion avenae). Our results 

provide new insights into induced defence against aphid herbivory in wheat, in particular, the 

different roles of the two Tafps isoforms in both sesquiterpene biosynthesis and defence against 

aphid infestation. 



Zhao, J. (2015). Phospholipase D and phosphatidic acid in plant defence response: from 

protein-protein and lipid-protein interactions to hormone signalling. J. Exp. Bot. 

Phospholipase Ds (PLDs) and PLD-derived phosphatidic acids (PAs) play vital roles in plant 

hormonal and environmental responses and various cellular dynamics. Recent studies have 

further expanded the functions of PLDs and PAs into plant-microbe interaction. The molecular 

diversities and redundant functions make PLD-PA an important signalling complex regulating 

lipid metabolism, cytoskeleton dynamics, vesicle trafficking, and hormonal signalling in plant 

defence through protein-protein and protein-lipid interactions or hormone signalling. Different 

PLD-PA signalling complexes and their targets have emerged as fast-growing research topics for 

understanding their numerous but not yet established roles in modifying pathogen perception, 

signal transduction, and downstream defence responses. Meanwhile, advanced lipidomics tools 

have allowed researchers to reveal further the mechanisms of PLD-PA signalling complexes in 

regulating lipid metabolism and signalling, and their impacts on jasmonic acid/oxylipins, 

salicylic acid, and other hormone signalling pathways that essentially mediate plant defence 

responses. This review attempts to summarize the progress made in spatial and temporal 

PLD/PA signalling as well as PLD/PA-mediated modification of plant defence. It presents an 

in-depth discussion on the functions and potential mechanisms of PLD-PA complexes in 

regulating actin filament/microtubule cytoskeleton, vesicle trafficking, and hormonal signalling, 

and in influencing lipid metabolism-derived metabolites as critical signalling components in 

plant defence responses. The discussion puts PLD-PA in a broader context in order to guide 

future research. 

Zhao, T., Rui, L., Li, J., Nishimura, M.T., Vogel, J.P., Liu, N., Liu, S., Zhao, Y., Dangl, J.L., and 

Tang, D. (2015). A Truncated NLR Protein, TIR-NBS2, Is Required for Activated Defense 

Responses in the exo70B1 Mutant. PLoS Genet 11, e1004945. 

Secretory pathways play an important role in the plant immune response by delivering 

antimicrobial compounds and metabolites to the site of infection. The evolutionarily conserved 

exocyst complex is involved in exocytosis, the final step in the secretory pathway. We showed that 

loss of the function of EXO70B1, a subunit of exocyst complex, results in activated defense 

responses, and enhanced resistance to a range of pathogens. We found that EXO70B1 associates 

with the SNARE complex protein SNAP33, which is involved in focal secretion of defense-related 

proteins. Enhanced disease resistance and cell death in the exo70B1 mutant are dependent on 

TIR-NBS2 (TN2), an atypical intracellular immune receptor-like protein that lacks leucine-rich 

repeats. TN2 physically associates with EXO70B1, and TN2 transcripts accumulate at much 

higher levels in the exo70B1 mutant. These data are consistent with a model where activation of 

a receptor pathway containing TIR-NBS2 is responsible for activated defense responses and cell 

death in exo70B1. Our data further suggest that this, and possibly other, exocyst components 

could be targets of effectors that are guarded by immune receptors. 

Zhong, X., Xi, L., Lian, Q., Luo, X., Wu, Z., Seng, S., Yuan, X., and Yi, M. (2015). The NPR1 

homolog GhNPR1 plays an important role in the defense response of Gladiolus hybridus. Plant 

Cell Rep. 

KEY MESSAGE: GhNPR1 shares similar functions as Arabidopsis NPR1 . Silencing of GhNPR1 

in Gladiolus results in an enhanced susceptibility to Curvularia gladioli. We propose that 

GhNPR1 plays important roles in plant immunity. Gladiolus plants and corms are susceptible to 



various types of pathogens including fungi, bacteria and viruses. Understanding the innate 

defense mechanism in Gladiolus is a prerequisite for the development of new protection 

strategies. The non-expressor of pathogenesis-related gene 1 (NPR1) and bzip transcription 

factor TGA2 play a key role in regulating salicylic acid (SA)-mediated systemic acquired 

resistance (SAR). In this study, the homologous genes, GhNPR1 and GhTGA2, were isolated from 

Gladiolus and functionally characterized. Expression of GhNPR1 exhibited a 3.8-fold increase in 

Gladiolus leaves following salicylic acid treatment. A 1332 bp fragment of the GhNPR1 promoter 

from Gladiolus hybridus was identified. Inducibility of the GhNPR1 promoter by SA was 

demonstrated using transient expression assays in the leaves of Nicotiana benthamiana. The 

GhNPR1 protein is located in the nucleus and cytomembrane. GhNPR1 interacts with GhTGA2, 

as observed using the bimolecular fluorescence complementation system. Overexpression of 

GhNPR1 in an Arabidopsis npr1 mutant can restore its basal resistance to Pseudomonas 

syringae pv. tomato DC3000. Silencing of GhNPR1, using a tobacco rattle virus-based silencing 

vector, resulted in an enhanced susceptibility to Curvularia gladioli. In conclusion, these results 

suggest that GhNPR1 plays a pivotal role in the SA-dependent systemic acquired resistance in 

Gladiolus. 

Zhu, Y., Schluttenhoffer, C.M., Wang, P., Fu, F., Thimmapuram, J., Zhu, J.-K., Lee, S.Y., Yun, 

D.-J., and Mengiste, T. (2014). CYCLIN-DEPENDENT KINASE8 differentially regulates plant 

immunity to fungal pathogens through kinase-dependent and -independent functions in 

Arabidopsis. Plant Cell 26, 4149–4170. 

CYCLIN-DEPENDENT KINASE8 (CDK8) is a widely studied component of eukaryotic Mediator 

complexes. However, the biological and molecular functions of plant CDK8 are not well 

understood. Here, we provide evidence for regulatory functions of Arabidopsis thaliana CDK8 in 

defense and demonstrate its functional and molecular interactions with other Mediator and 

non-Mediator subunits. The cdk8 mutant exhibits enhanced resistance to Botrytis cinerea but 

susceptibility to Alternaria brassicicola. The contributions of CDK8 to the transcriptional 

activation of defensin gene PDF1.2 and its interaction with MEDIATOR COMPLEX 

SUBUNIT25 (MED25) implicate CDK8 in jasmonate-mediated defense. Moreover, CDK8 

associates with the promoter of AGMATINE COUMAROYLTRANSFERASE to promote its 

transcription and regulate the biosynthesis of the defense-active secondary metabolites 

hydroxycinnamic acid amides. CDK8 also interacts with the transcription factor WAX 

INDUCER1, implying its additional role in cuticle development. In addition, overlapping 

functions of CDK8 with MED12 and MED13 and interactions between CDK8 and C-type cyclins 

suggest the conserved configuration of the plant Mediator kinase module. In summary, while 

CDK8's positive transcriptional regulation of target genes and its phosphorylation activities 

underpin its defense functions, the impaired defense responses in the mutant are masked by its 

altered cuticle, resulting in specific resistance to B. cinerea. 

Zorzatto, C., Machado, J.P.B., Lopes, K.V.G., Nascimento, K.J.T., Pereira, W.A., Brustolini, 

O.J.B., Reis, P.A.B., Calil, I.P., Deguchi, M., Sachetto-Martins, G., et al. (2015). NIK1-mediated 

translation suppression functions as a plant antiviral immunity mechanism. Nature advance 

online publication. 

Plants and plant pathogens are subject to continuous co-evolutionary pressure for dominance, 

and the outcomes of these interactions can substantially impact agriculture and food security. In 

virus–plant interactions, one of the major mechanisms for plant antiviral immunity relies on RNA 



silencing, which is often suppressed by co-evolving virus suppressors, thus enhancing viral 

pathogenicity in susceptible hosts. In addition, plants use the nucleotide-binding and leucine-rich 

repeat (NB-LRR) domain-containing resistance proteins, which recognize viral effectors to 

activate effector-triggered immunity in a defence mechanism similar to that employed in 

non-viral infections. Unlike most eukaryotic organisms, plants are not known to activate 

mechanisms of host global translation suppression to fight viruses. Here we demonstrate in 

Arabidopsis that the constitutive activation of NIK1, a leucine-rich repeat receptor-like kinase 

(LRR-RLK) identified as a virulence target of the begomovirus nuclear shuttle protein (NSP), 

leads to global translation suppression and translocation of the downstream component RPL10 

to the nucleus, where it interacts with a newly identified MYB-like protein, L10-INTERACTING 

MYB DOMAIN-CONTAINING PROTEIN (LIMYB), to downregulate translational machinery 

genes fully. LIMYB overexpression represses ribosomal protein genes at the transcriptional level, 

resulting in protein synthesis inhibition, decreased viral messenger RNA association with 

polysome fractions and enhanced tolerance to begomovirus. By contrast, the loss of LIMYB 

function releases the repression of translation-related genes and increases susceptibility to virus 

infection. Therefore, LIMYB links immune receptor LRR-RLK activation to global translation 

suppression as an antiviral immunity strategy in plants. 

Zuluaga, A.P., Vega-Arreguín, J.C., Fei, Z., Matas, A.J., Patev, S., Fry, W.E., and Rose, J.K.C. 

(2015). Analysis of the Tomato Leaf Transcriptome During Successive Hemibiotrophic Stages of 

a Compatible Interaction with the Oomycete Pathogen Phytophthora infestans. Molecular Plant 

Pathology n/a – n/a. 

The infection of plants by hemibiotrophic pathogens involves a complex and highly regulated 

transition from an initial biotrophic, asymptomatic stage to a later necrotrophic state, 

characterized by cell death. Little is known about how this transition is regulated, and there are 

conflicting views of the significance of the plant hormones jasmonic acid (JA) and salicylic acid 

(SA) in the different phases of infection. To provide a broad view of the hemibiotrophic infection 

process from the plant perspective, we surveyed the transcriptome of tomato (Solanum 

lycopersicum) during a compatible interaction with the hemibiotrophic oomycete P. infestans 

during three infection stages: biotrophic, the transition from biotrophy to necrotrophy and 

necrotrophic phase. Nearly 10,000 genes corresponding to proteins in approximately 400 

biochemical pathways showed differential transcript abundance during the three infection stages, 

revealing a major reorganization of the plant metabolism, including major changes in 

source-sink relations, as well as secondary metabolites. In addition, more than 100 putative 

resistance genes and pattern recognition receptors genes were induced and both jasmonic acid 

(JA) and salicylic acid (SA) levels and associated signaling pathways showed dynamic changes 

during the infection time course. The biotrophic phase was characterized by the induction of 

many defense systems, which were either evaded or suppressed by the pathogen. 

(2014a). [The role of peptidyl-prolyl-Cis/trans-isomerase Genes of Arabidopsis thaliana in plant 

defense during the course of Xanthomonas campestris infection]. Genetika 50, 157–166. 

Experimental data obtained in this study showed the involvement of A. thaliana immunophilin 

genes At2g16600, At4g33060, and At5g48570 in plant defense responses to the Xanthomonas 

campestris invasion. We found not only that the expression levels of these genes changed upon 

bacterial infection, but also that the plant's resistance to the pathogen was increased if the 

expression levels of the immunophilin genes were elevated in the host cells. 



Agut, B., Gamir, J., Jaques, J.A., and Flors, V. (2015). Tetranychus urticae-triggered responses 

promote genotype-dependent conspecific repellence or attractiveness in citrus. New Phytol. 

The citrus rootstocks sour orange and Cleopatra mandarin display differential resistance against 

Tetranychus urticae. Sour orange plants support reduced oviposition, growth rates and damage 

compared with Cleopatra mandarin plants. Jasmonic acid signalling and flavonoid accumulation 

have been revealed as key mechanisms for the enhanced resistance of sour orange plants. In this 

study, we observed that the release of T. urticae herbivore-induced plant volatiles (HIPVs) from 

sour orange plants has a marked repellent effect on conspecific mites associated with the 

production of the terpenes α-ocimene, α-farnesene, pinene and d-limonene, and the green leaf 

volatile 4-hydroxy-4-methyl-2-pentanone. By contrast, T. urticae HIPVs from Cleopatra 

mandarin plants promote conspecific mite attraction associated with an increase in 

(2-butoxyethoxy) ethanol, benzaldehyde and methyl salicylate levels. HIPVs released from sour 

orange plants following T. urticae infestation induce resistance in Cleopatra mandarin plants, 

thereby reducing oviposition rates and stimulating the oxylipin biosynthetic gene lipoxygenase2 

(LOX2). Cleopatra HIPVs do not affect the response to T. urticae of these rootstocks. We 

conclude that sour orange plants promote herbivore-induced resistance in Cleopatra mandarin 

plants and, despite the weak basal resistance of these rootstocks, herbivore resistance can be 

induced through the combination of HIPVs, such as α-ocimene and d-limonene. 

Almagro, L., Carbonell-Bejerano, P., Belchí-Navarro, S., Bru, R., Martínez-Zapater, J.M., 

Lijavetzky, D., and Pedreño, M.A. (2014). Dissecting the Transcriptional Response to Elicitors in 

Vitis vinifera Cells. PLoS ONE 9, e109777. 

The high effectiveness of cyclic oligosaccharides like cyclodextrins in the production of 

trans-resveratrol in Vitis vinifera cell cultures is enhanced in the presence of methyl jasmonate. 

In order to dissect the basis of the interactions among the elicitation responses triggered by these 

two compounds, a transcriptional analysis of grapevine cell cultures treated with cyclodextrins 

and methyl jasmonate separately or in combination was carried out. The results showed that the 

activation of genes encoding enzymes from phenylpropanoid and stilbene biosynthesis induced by 

cyclodextrins alone was partially enhanced in the presence of methyl jasmonate, which 

correlated with their effects on trans-resveratrol production. In addition, protein translation and 

cell cycle regulation were more highly repressed in cells treated with cyclodextrins than in those 

treated with methyl jasmonate, and this response was enhanced in the combined treatment. 

Ethylene signalling was activated by all treatments, while jasmonate signalling and salicylic acid 

conjugation were activated only in the presence of methyl jasmonate and cyclodextrins, 

respectively. Moreover, the combined treatment resulted in a crosstalk between the signalling 

cascades activated by cyclodextrins and methyl jasmonate, which, in turn, provoked the 

activation of additional regulatory pathways involving the up-regulation of MYB15, NAC and 

WRKY transcription factors, protein kinases and calcium signal transducers. All these results 

suggest that both elicitors cause an activation of the secondary metabolism in detriment of basic 

cell processes like the primary metabolism or cell division. Crosstalk between cyclodextrins and 

methyl jasmonate-induced signalling provokes an intensification of these responses resulting in a 

greater trans-resveratrol production. 

Carstens, M., McCrindle, T.K., Adams, N., Diener, A., Guzha, D.T., Murray, S.L., Parker, J.E., 

Denby, K.J., and Ingle, R.A. (2014). Increased resistance to biotrophic pathogens in the 

Arabidopsis constitutive induced resistance 1 mutant is EDS1 and PAD4-dependent and 



modulated by environmental temperature. PLoS ONE 9, e109853. 

The Arabidopsis constitutive induced resistance 1 (cir1) mutant displays salicylic acid 

(SA)-dependent constitutive expression of defence genes and enhanced resistance to biotrophic 

pathogens. To further characterise the role of CIR1 in plant immunity we conducted epistasis 

analyses with two key components of the SA-signalling branch of the defence network, 

ENHANCED DISEASE SUSCEPTIBILITY1 (EDS1) and PHYTOALEXIN DEFICIENT4 (PAD4). 

We demonstrate that the constitutive defence phenotypes of cir1 require both EDS1 and PAD4, 

indicating that CIR1 lies upstream of the EDS1-PAD4 regulatory node in the immune signalling 

network. In light of this finding we examined EDS1 expression in cir1 and observed increased 

protein, but not mRNA levels in this mutant, suggesting that CIR1 might act as a negative 

regulator of EDS1 via a post-transcriptional mechanism. Finally, as environmental temperature 

is known to influence the outcome of plant-pathogen interactions, we analysed cir1 plants grown 

at 18, 22 or 25°C. We found that susceptibility to Pseudomonas syringae pv. tomato (Pst) 

DC3000 is modulated by temperature in cir1. Greatest resistance to this pathogen (relative to 

PR-1:LUC control plants) was observed at 18°C, while at 25°C no difference in susceptibility 

between cir1 and control plants was apparent. The increase in resistance to Pst DC3000 at 18°C 

correlated with a stunted growth phenotype, suggesting that activation of defence responses may 

be enhanced at lower temperatures in the cir1 mutant. 

Cascone, P., Iodice, L., Maffei, M.E., Bossi, S., Arimura, G.-I., and Guerrieri, E. (2014). Tobacco 

overexpressing β-ocimene induces direct and indirect responses against aphids in receiver tomato 

plants. J. Plant Physiol. 173C, 28–32. 

In the last decade plant-to-plant communication has received an increasing attention, 

particularly for the role of Volatile Organic Compounds as possible elicitors of plant defense. 

The role of β-ocimene as an interspecific elicitor of plant defense has been recently assessed in 

multitrophic systems including different plant species (Solanaceae, Poaceae, legumes) and 

different pest species including chewer insects and phytophagous mites. Both chewer insects and 

phytophagous mites are known to elicit specific plant defensive pathways which are different (at 

least in part) from those elicited by sap feeders. The aim of this research was to fill this gap of 

knowledge and to assess the role of β-ocimene as an elicitor of plant defense against aphid pests, 

which are sap feeders. For this purpose we used as transgenic tobacco plant releasing an odour 

plume enriched in this compound as emitter and a tomato plant as receiver. We selected the 

aphid Macrosiphum euphorbiae and its natural enemy, the parasitoid Aphidius ervi, as the 

targets of plant induced defense. Tomato plant defense induced by β-ocimene was assessed by 

characterizing the aphid performance in terms of fixing behaviour, development and 

reproduction (direct plant defense) and the parasitoid performance in terms of attraction towards 

tomato plants (indirect plant defense). The characterization of tomato response to β-ocimene was 

completed by the identification of Volatile Organic Compounds as released by conditioned 

tomato plants. Tomato plants that were exposed to the volatiles of transgenic tobacco enriched in 

β-ocimene resulted in less suitable for the aphids in respect to control ones (direct defense). On 

tomato plants "elicited" by β-ocimene we recorded: a significant lower number of aphids settled; 

a significant lower number newborn nymphs; a significant lower weight of aphids feeding. In 

addition, tomato plants "elicited" by β-ocimene resulted became more attractive towards the 

parasitoid A. ervi than control ones. These results could be explained at least in part by 

examining the composition of the Volatile Organic Compounds released by tomato plants 

"elicited" by β-ocimene. Indeed, we found a significantly higher release of several compounds 



including methyl salicylate and cis-3-hexen-1-ol. These two compounds have been demonstrated 

to impair aphid development and reproduction and to be involved in the attraction of the aphid 

parasitoid A. ervi. By considering the ubiquity of β-ocimene and its ability to regulate the 

communication of plants belonging 30 to different species (if not families), we concluded that this 

compound is an ideal candidate for new 31 strategies of sustainable control of agricultural pests. 

Castelyn, H.D., Appelgryn, J.J., Mafa, M.S., Pretorius, Z.A., and Visser, B. (2014). Volatiles 

emitted by leaf rust infected wheat induce a defence response in exposed uninfected wheat 

seedlings. Australasian Plant Pathol. 44, 245–254. 

Volatile organic compounds emitted from plant tissues have been implicated to play many roles. 

Interplant signalling is an experimentally proven phenomenon whereby volatiles produced under 

stress conditions may diffuse to neighbouring plants to induce a response. The current project 

was undertaken to investigate a putative signalling event between leaf rust (Puccinia triticina 

Erikss.) infected and uninfected wheat (Triticum aestivum L.) using a continual air-flow system. 

Exposure to volatiles emitted by either infected resistant or susceptible plants decreased the 

percentage leaf area infected and pustule size in recipient plants after a subsequent infection with 

leaf rust, but in the case of infected resistant plants, the decrease in percentage leaf area infected 

was significant. The activation of a defence response was confirmed through a significant 

induction of β-1,3-glucanase activity at 8 h post volatile exposure in exposed resistant and 

susceptible seedlings, depending on the source of the volatiles. Increased PR1 gene expression 

supported the activation of the defence response. Emitted volatiles were captured by solid phase 

micro-extraction and identified by GC-MS. Based on their detection and the literature, ocimene 

from infected resistant seedlings and green leaf volatiles from infected susceptible seedlings are 

suggested as likely candidates for the inter-plant communication. 

Chakraborty, N., Chandra, S., and Acharya, K. (2015). Sublethal heavy metal stress stimulates 

innate immunity in tomato. ScientificWorldJournal 2015, 208649. 

Effect of sublethal heavy metal stress as plant biotic elicitor for triggering innate immunity in 

tomato plant was investigated. Copper in in vivo condition induced accumulation of defense 

enzymes like peroxidase (PO), polyphenol oxidase (PPO), phenylalanine ammonia-lyase (PAL), 

and β-1,3 glucanase along with higher accumulation of total phenol, antioxidative enzymes 

(catalase and ascorbate peroxidase), and total chlorophyll content. Furthermore, the treatment 

also induced nitric oxide (NO) production which was confirmed by realtime visualization of NO 

burst using a fluorescent probe 4,5-diaminofluorescein diacetate (DAF-2DA) and 

spectrophotometric analysis. The result suggested that the sublethal dose of heavy metal can 

induce an array of plant defense responses that lead to the improvement of innate immunity in 

plants. 

Figueiredo, A., Monteiro, F., and Sebastiana, M. (2014). Subtilisin-like proteases in 

plant–pathogen recognition and immune priming: a perspective. Front. Plant Sci. 5, 739. 

Subtilisin-like proteases (subtilases) are serine proteases that fulfill highly specific functions in 

plant development and signaling cascades. Over the last decades, it has been shown that several 

subtilases are specifically induced following pathogen infection and very recently an Arabidopsis 

subtilase (SBT3.3) was hypothesized to function as a receptor located in the plasma membrane 

activating downstream immune signaling processes. Despite their prevalence and potential 



relevance in the regulation of plant defense mechanisms and crop improvement, our current 

understanding of subtilase function is still very limited. In this perspective article, we overview 

the current status and highlight the involvement of subtilases in pathogen recognition and 

immune priming. 

Erb, M., Veyrat, N., Robert, C.A.M., Xu, H., Frey, M., Ton, J., and Turlings, T.C.J. (2015). 

Indole is an essential herbivore-induced volatile priming signal in maize. Nat Commun 6. 

Herbivore-induced volatile organic compounds prime non-attacked plant tissues to respond more 

strongly to subsequent attacks. However, the key volatiles that trigger this primed state remain 

largely unidentified. In maize, the release of the aromatic compound indole is herbivore-specific 

and occurs earlier than other induced responses. We therefore hypothesized that indole may be 

involved in airborne priming. Using indole-deficient mutants and synthetic indole dispensers, we 

show that herbivore-induced indole enhances the induction of defensive volatiles in neighbouring 

maize plants in a species-specific manner. Furthermore, the release of indole is essential for 

priming of mono- and homoterpenes in systemic leaves of attacked plants. Indole exposure 

markedly increases the herbivore-induced production of the stress hormones 

jasmonate-isoleucine conjugate and abscisic acid, which represents a likely mechanism for 

indole-dependent priming. These results demonstrate that indole functions as a rapid and potent 

aerial priming agent that prepares systemic tissues and neighbouring plants for incoming 

attacks. 

García, T., Gutiérrez, J., Veloso, J., Gago-Fuentes, R., and Díaz, J. (2015). Wounding induces 

local resistance but systemic susceptibility to Botrytis cinerea in pepper plants. Journal of Plant 

Physiology 176, 202–209. 

Cotyledon wounding in pepper caused the early generation of hydrogen peroxide both locally 

(cotyledons) and systemically (upper true leaves). However, 72 h later there is a different wound 

response between local and systemic organs, as shown by resistance to the pathogenic fungus 

Botrytis cinerea, that increased locally and decreased systemically. Signaling by ethylene and 

jasmonic acid was assessed by using two inhibitors: 1-methylcyclopropene (MCP, inhibitor of 

ethylene receptors) and ibuprofen (inhibitor of jasmonate biosynthesis). MCP did not affect the 

modulation of resistance levels to Botrytis by wounding, ruling out the involvement of ethylene 

signaling. Ibuprofen did not inhibit wound-induced resistance at the local level, but inhibited 

wound-induced systemic susceptibility. Moreover, changes of biochemical and structural 

defenses in response to wounding were studied. Peroxidase activity and the expression of a 

peroxidase gene (CAPO1) increased locally as a response to wounding, but no changes were 

observed systemically. Lignin deposition was induced in wounded cotyledons, but was repressed 

in systemic leaves of wounded plants, whereas soluble phenolics did not change locally and 

decreased systemically. The expression of two other genes involved in plant defense (CABPR1 

and CASC1) was also differentially regulated locally and systemically, pointing to a generalized 

increase in plant defenses at the local level and a systemic decrease as a response to wounding. 

Wound-induced defenses at the local level coincided with resistance to the necrotroph fungus B. 

cinerea, whereas depleted defenses in systemic leaves of wounded plants correlated to induced 

susceptibility against this pathogen. It may be that the local response acts as a sink of energy 

resources to mount a defense against pathogens, whereas in systemic organs the resources for 

defense are lower. 



Gonorazky, G., Ramirez, L., Abd-El-Haliem, A., Vossen, J.H., Lamattina, L., ten Have, A., 

Joosten, M.H.A.J., and Laxalt, A.M. (2014). The tomato phosphatidylinositol-phospholipase C2 

(SlPLC2) is required for defense gene induction by the fungal elicitor xylanase. J. Plant Physiol. 

171, 959–965. 

The tomato [Solanum lycopersicum (Sl)] phosphatidylinositol-phospholipase C (PI-PLC) gene 

family is composed of six members, named SlPLC1 to SlPLC6, differentially regulated upon 

pathogen attack. We have previously shown that the fungal elicitor xylanase rapidly induces 

nitric oxide (NO), which is required for PI-PLCs activity and downstream defense responses in 

tomato cell suspensions. Here, we show that all six SlPLC genes are expressed in tomato cell 

suspensions. Treatment of the cells with xylanase induces an early increase in SlPLC5 transcript 

levels, followed by a raise of the amount of SlPLC2 transcripts. The production of NO is required 

to augment SlPLC5 transcript levels in xylanase-treated tomato cells. Xylanase also induces 

SlPLC2 and SlPLC5 transcript levels in planta. We knocked-down the expression of SlPLC2 and 

SlPLC5 by virus-induced gene silencing. We found that SlPLC2 is required for xylanase-induced 

expression of the defense-related genes PR1 and HSR203J. 

Gully, K., Hander, T., Boller, T., and Bartels, S. (2015). Perception of Arabidopsis AtPep 

peptides, but not bacterial elicitors, accelerates starvation-induced senescence. At 6, 14. 

Members of the AtPep group of Arabidopsis endogenous peptides have frequently been reported 

to induce pattern-triggered immunity (PTI) and to increase resistance to diverse pathogens by 

amplifying the innate immune response. Here, we made the surprising observation that 

dark-induced leaf senescence was accelerated by the presence of Peps. Adult leaves as well as 

leaf discs of Col-0 wild type plants showed a Pep-triggered early onset of chlorophyll breakdown 

and leaf yellowing whereas pepr1 pepr2 double mutant plants were insensitive. In addition, this 

response was dependent on ethylene signaling and inhibited by the addition of cytokinins. 

Notably, addition of the bacterial elicitors flg22 or elf18, both potent inducers of PTI, did not 

provoke an early onset of leaf senescence. Continuous darkness leads to energy deprivation and 

starvation and therewith promotes leaf senescence. We found that continuous darkness also 

strongly induced PROPEP3 transcription. Moreover, Pep-perception led to a rapid induction of 

PAO, APG7, and APG8a, genes indispensable for chlorophyll degradation as well as autophagy, 

respectively, and all three hallmarks of starvation and senescence. Notably, addition of sucrose 

as a source of energy inhibited the Pep-triggered early onset of senescence. In conclusion, we 

report that Pep-perception accelerates dark/starvation-induced senescence via an early induction 

of chlorophyll degradation and autophagy. This represents a novel and unique characteristic of 

PEPR signaling, unrelated to PTI. 

Hann, C.T., Bequette, C.J., Dombrowski, J.E., and Stratmann, J.W. (2014). Methanol and ethanol 

modulate responses to danger- and microbe-associated molecular patterns. Front Plant Sci 5, 550. 

Methanol is a byproduct of cell wall modification, released through the action of pectin 

methylesterases (PMEs), which demethylesterify cell wall pectins. Plant PMEs play not only a 

role in developmental processes but also in responses to herbivory and infection by fungal or 

bacterial pathogens. Molecular mechanisms that explain how methanol affects plant defenses are 

poorly understood. Here we show that exogenously supplied methanol alone has weak effects on 

defense signaling in three dicot species, however, it profoundly alters signaling responses to 

danger- and microbe-associated molecular patterns (DAMPs, MAMPs) such as the alarm 



hormone systemin, the bacterial flagellum-derived flg22 peptide, and the fungal cell wall-derived 

oligosaccharide chitosan. In the presence of methanol the kinetics and amplitudes of 

DAMP/MAMP-induced MAP kinase (MAPK) activity and oxidative burst are altered in tobacco 

and tomato suspension-cultured cells, in Arabidopsis seedlings and tomato leaf tissue. As a 

possible consequence of altered DAMP/MAMP signaling, methanol suppressed the expression of 

the defense genes PR-1 and PI-1 in tomato. In cell cultures of the grass tall fescue (Festuca 

arundinacea, Poaceae, Monocots), methanol alone activates MAPKs and increases 

chitosan-induced MAPK activity, and in the darnel grass Lolium temulentum (Poaceae), it alters 

wound-induced MAPK signaling. We propose that methanol can be recognized by plants as a 

sign of the damaged self. In dicots, methanol functions as a DAMP-like alarm signal with little 

elicitor activity on its own, whereas it appears to function as an elicitor-active DAMP in monocot 

grasses. Ethanol had been implicated in plant stress responses, although the source of ethanol in 

plants is not well established. We found that it has a similar effect as methanol on responses to 

MAMPs and DAMPs. 

Hatmi, S., Gruau, C., Trotel-Aziz, P., Villaume, S., Rabenoelina, F., Baillieul, F., Eullaffroy, P., 

Clément, C., Ferchichi, A., and Aziz, A. (2014). Drought stress tolerance in grapevine involves 

activation of polyamine oxidation contributing to improved immune response and low 

susceptibility to Botrytis cinerea. J. Exp. Bot. eru436. 

Environmental factors including drought stress may modulate plant immune responses and 

resistance to pathogens. However, the relationship between mechanisms of drought tolerance 

and resistance to pathogens remained unknown. In this study, the effects of drought stress on 

polyamine (PA) homeostasis and immune responses were investigated in two grapevine 

genotypes differing in their drought tolerance; Chardonnay (CHR), as sensitive and Meski 

(MSK), as tolerant. Under drought conditions, MSK plants showed the lowest leaf water loss and 

reduction of photosynthetic efficiency, and expressed a lower level of NCED2, a gene involved in 

abscisic acid biosynthesis, compared with CHR plants. The improved drought tolerance in MSK 

was also coincident with the highest change in free PAs and up-regulation of the genes encoding 

arginine decarboxylase (ADC), copper amine-oxidase (CuAO), and PA-oxidases (PAO) and their 

corresponding enzyme activities. MSK plants also accumulated the highest level of amino acids, 

including Arg, Glu, Gln, Pro, and GABA, emphasizing the participation of PA-related amino acid 

homeostasis in drought tolerance. Importantly, drought-tolerant plants also exhibited enhanced 

phytoalexin accumulation and up-regulation of PR genes, especially PR-2 and Chit4c, compared 

with the sensitive plants. This is consistent with a lower susceptibility of MSK than CHR to 

Botrytis cinerea. Data suggest a possible connection between water stress tolerance and immune 

response in grapevine. Pharmacological experiments revealed that under drought conditions 

CuAO and PAO pathways were involved in the regulation of photosynthetic efficiency, and also 

of immune response and resistance of grapevine to a subsequent pathogen attack. These results 

open new views to improve our understanding of crosstalk between drought tolerance 

mechanisms and immune response. 

Kang, S.-H., Qu, F., and Morris, T.J. (2015b). A spectrum of HRT-dependent hypersensitive 

responses elicited by the 52 amino acid N-terminus of turnip crinkle virus capsid protein and its 

mutants. Virus Research 200, 30–34. 

The capsid protein (CP) of turnip crinkle virus (TCV) is the elicitor of hypersensitive response 

(HR) and resistance mediated by the resistance protein HRT in the Di-17 ecotype of Arabidopsis. 



Here we identified the N-terminal 52-amino-acid R domain of TCV CP as the elicitor of 

HRT-dependent HR in Nicotiana benthamiana. Mutating this domain at position 6 (R6A), but not 

at positions 8 (R8A) or 14 (G14A), abolished HR in N. benthamiana. However, on Di-17 

Arabidopsis leaves only R8A R domain elicited visible epidermal HR. When incorporated in 

infectious TCV RNAs, R8A and G14A mutations exerted dramatically different effects in Di-17 

plants, as R8A caused systemic cell death whereas G14A led to complete restriction of the mutant 

virus. This continual spectrum of HR and resistance responses elicited by various R domain 

mutants suggests that the CP–HRT interaction could be perturbed by conformational changes in 

the R domain of TCV CP. 

Kawagoe, Y., Shiraishi, S., Kondo, H., Yamamoto, S., Aoki, Y., and Suzuki, S. (2015). Cyclic 

lipopeptide iturin A structure-dependently induces defense response in Arabidopsis plants by 

activating SA and JA signaling pathways. Biochem. Biophys. Res. Commun. 

Iturin A is the most well studied antifungal cyclic lipopeptide produced by Bacillus species that 

are frequently utilized as biological control agents. Iturin A not only shows strong antifungal 

activity against phytopathogens but also induces defense response in plants, thereby reducing 

plant disease severity. Here we report the defense signaling pathways triggered by iturin A in 

Arabidopsis salicylic acid (SA) or jasmonic acid (JA)-insensitive mutants. Iturin A activated the 

transcription of defense genes PR1 and PDF1.2 through the SA and JA signaling pathways, 

respectively. The role of iturin A as an elicitor was dependent on the cyclization of the seven 

amino acids and/or the β-hydroxy fatty acid chain. The iturin A derivative peptide, 

NH2-(L-Asn)-(D-Tyr)-(D-Asn)-(L-Gln)-(L-Pro)-(D-Asn)-(L-Ser)-COOH, completely suppressed 

PR1 and PDF1.2 gene expression in wild Arabidopsis plants. The identification of target 

molecules binding to iturin A and its derivative peptide is expected to shed new light on defense 

response in plants through the SA and JA signaling pathways. 

Kim, N.H., and Hwang, B.K. (2015a). Pepper Heat Shock Protein 70a Interacts with the Type III 

Effector AvrBsT and Triggers Plant Cell Death and Immunity. Plant Physiol. 167, 307–322. 

Heat shock proteins (HSPs) function as molecular chaperones and are essential for the 

maintenance and/or restoration of protein homeostasis. The genus Xanthomonas type III effector 

protein AvrBsT induces hypersensitive cell death in pepper (Capsicum annuum). Here, we report 

the identification of the pepper CaHSP70a as an AvrBsT-interacting protein. Bimolecular 

fluorescence complementation and coimmunoprecipitation assays confirm the specific interaction 

between CaHSP70a and AvrBsT in planta. The CaHSP70a peptide-binding domain is essential 

for its interaction with AvrBsT. Heat stress (37°C) and Xanthomonas campestris pv vesicatoria 

(Xcv) infection distinctly induce CaHSP70a in pepper leaves. Cytoplasmic CaHSP70a proteins 

significantly accumulate in pepper leaves to induce the hypersensitive cell death response by Xcv 

(avrBsT) infection. Transient CaHSP70a overexpression induces hypersensitive cell death under 

heat stress, which is accompanied by strong induction of defense- and cell death-related genes. 

The CaHSP70a peptide-binding domain and ATPase-binding domain are required to trigger cell 

death under heat stress. Transient coexpression of CaHSP70a and avrBsT leads to cytoplasmic 

localization of the CaHSP70a-AvrBsT complex and significantly enhances avrBsT-triggered cell 

death in Nicotiana benthamiana. CaHSP70a silencing in pepper enhances Xcv growth but 

disrupts the reactive oxygen species burst and cell death response during Xcv infection. 

Expression of some defense marker genes is significantly reduced in CaHSP70a-silenced leaves, 

with lower levels of the defense hormones salicylic acid and jasmonic acid. Together, these 



results suggest that CaHSP70a interacts with the type III effector AvrBsT and is required for cell 

death and immunity in plants.  

Liang, X.Y., Yu, X., Dong, W., Guo, S., Xu, S., Wang, J., and Zhou, M. (2015). Two thiadiazole 

compounds promote rice defense against Xanthomonas oryzae pv. oryzae by suppressing the 

bacterium’s production of extracellular polysaccharides. Molecular Plant Pathology n/a – n/a. 

Thiazole, isothiazole, thiadiazole, and their derivatives are used to control various human, 

animal, and plant diseases. In addition to having direct anti-microbial and anti-fungal 

properties, these compounds are thought to induce host defenses, but the mechanism of defense 

induction remains poorly understood. This paper reports that the thiadiazoles of zinc thiazole 

and bismerthiazol induce H2O2 accumulation, up-regulation of defense-related genes, callose 

deposition, and hypersensitive response-like cell death in rice leaves infected with Xanthomonas 

oryaze pv. oryzae (Xoo) strain ZJ173 but not in non-infected leaves. These defense responses in 

Xoo-infected leaves were suppressed by exogenous application of catalase, which reduces H2O2 

accumulation. Application of extracellular polysaccharides (EPS) extracted from strain ZJ173 

significantly compromised rice defense against ZJ173 with or without thiadiazole treatment. The 

EPS-deficient Xoo mutant △gumH triggered a stronger defense than its parent, strain ZJ173. The 

thiadiazole treatments reduced EPS production by strain ZJ173 but not by the 

thiadiazole-resistant strain 2-1-1, which is thiadiazole-resistant in vivo but not in vitro; 

moreover, enhanced defense was not detected in thiadiazole-treated rice inoculated with 2-1-1. 

Based on these data, we infer that zinc thiazole and bismerthiazol promote rice defense against 

Xoo by inhibiting the production of bacterial EPS. 

Maksimov, I.V., Valeev, A.S., Cherepanova, E.A., and Burkhanova, G.F. (2014). [Effect of 

chitooligosaccharides with different degrees of acetylation on the activity of wheat 

pathogen-inducible anionic peroxidase]. Prikl. Biokhim. Mikrobiol. 50, 95–100. 

The effect of chitooligosaccharides (CHOSs) with a molecular weight of 5-10 kDa and a degree 

of acetylation (DA) of 65 and 13% at a concentration of 1.0 mg/L on the expression of the 

TC151917 gene, which encodes wheat anionic peroxidase, and the activity of "anionic" 

isoperoxidases in common wheat plants infected with Septoria nodorum Berk.--the causative 

agent of septoriosis. Treatment with CHOSs with a 65% DA and infection promoted the 

transcription of the anionic peroxidase gene and increased the enzymatic activity of the anionic 

peroxidase with an isoelectric point of 3.5 in soluble and ion-bound to cell walls protein fractions. 

Chitooligosaccharides with a 13% DA change these parameters to a lesser extent. These data 

suggest the importance of the degree of acetylation of CHOSs in the development of immune 

responses of wheat with the involvement of peroxidases. 

Menzel, T.R., Weldegergis, B.T., David, A., Boland, W., Gols, R., van Loon, J.J.A., and Dicke, 

M. (2014). Synergism in the effect of prior jasmonic acid application on herbivore-induced 

volatile emission by Lima bean plants: transcription of a monoterpene synthase gene and volatile 

emission. J. Exp. Bot. 65, 4821–4831. 

Jasmonic acid (JA) plays a central role in induced plant defence e.g. by regulating the 

biosynthesis of herbivore-induced plant volatiles that mediate the attraction of natural enemies of 

herbivores. Moreover, exogenous application of JA can be used to elicit plant defence responses 

similar to those induced by biting-chewing herbivores and mites that pierce cells and consume 



their contents. In the present study, we used Lima bean (Phaseolus lunatus) plants to explore how 

application of a low dose of JA followed by minor herbivory by spider mites (Tetranychus 

urticae) affects transcript levels of P. lunatus (E)-β-ocimene synthase (PlOS), emission of 

(E)-β-ocimene and nine other plant volatiles commonly associated with herbivory. Furthermore, 

we investigated the plant's phytohormonal response. Application of a low dose of JA increased 

PlOS transcript levels in a synergistic manner when followed by minor herbivory for both 

simultaneous and sequential infestation. Emission of (E)-β-ocimene was also increased, and only 

JA, but not SA, levels were affected by treatments. Projection to latent structures-discriminant 

analysis (PLS-DA) of other volatiles showed overlap between treatments. Thus, a low-dose JA 

application results in a synergistic effect on gene transcription and an increased emission of a 

volatile compound involved in indirect defence after herbivore infestation. 

Mesarich, C.H., Stergiopoulos, I., Beenen, H.G., Cordovez, V., Guo, Y., Jashni, M.K., Bradshaw, 

R.E., and de Wit, P.J.G.M. (2015). A conserved proline residue in Dothideomycete Avr4 effector 

proteins is required to trigger a Cf-4-dependent hypersensitive response. Molecular Plant 

Pathology n/a – n/a. 

CfAvr4, a chitin-binding effector protein produced by the Dothideomycete tomato pathogen 

Cladosporium fulvum, protects the cell wall of this fungus against hydrolysis by secreted host 

chitinases during infection. However, in the presence of the Cf-4 immune receptor of tomato, 

CfAvr4 triggers a hypersensitive response (HR), which renders the pathogen avirulent. Recently, 

several orthologs of CfAvr4 were identified from phylogenetically closely related species of 

Dothideomycete fungi. Of these, DsAvr4 from Dothistroma septosporum also triggers a 

Cf-4–dependent HR, but CaAvr4 and CbAvr4 from Cercospora apii and Cercospora beticola, 

respectively, do not. All, however, bind chitin. To identify the region(s) and specific amino acid 

residue(s) of CfAvr4 and DsAvr4 required to trigger a Cf-4–dependent HR, chimeric and mutant 

proteins, in which specific protein regions or single amino acid residues, respectively, had been 

exchanged between CfAvr4 and CaAvr4 or DsAvr4 and CbAvr4, were tested for their ability to 

trigger an HR in Nicotiana benthamiana plants transgenic for the Cf-4 immune receptor gene. 

Based on this approach, a single region common to CfAvr4 and DsAvr4 was determined to carry 

a conserved proline residue necessary for the elicitation of this HR. In support of this result, a 

Cf-4–dependent HR was triggered by mutant CaAvr4 and CbAvr4 proteins carrying an 

arginine-to-proline substitution at this position. This study provides the first step in deciphering 

how Avr4 orthologs from different Dothideomycete fungi trigger a Cf-4–dependent HR. 

Misra, R.C., Maiti, P., Chanotiya, C.S., Shanker, K., and Ghosh, S. (2014). Methyl 

jasmonate-elicited transcriptional responses and pentacyclic triterpene biosynthesis in sweet 

basil. Plant Physiol. 164, 1028–1044. 

Sweet basil (Ocimum basilicum) is well known for its diverse pharmacological properties and 

has been widely used in traditional medicine for the treatment of various ailments. Although a 

variety of secondary metabolites with potent biological activities are identified, our 

understanding of the biosynthetic pathways that produce them has remained largely incomplete. 

We studied transcriptional changes in sweet basil after methyl jasmonate (MeJA) treatment, 

which is considered an elicitor of secondary metabolites, and identified 388 candidate 

MeJA-responsive unique transcripts. Transcript analysis suggests that in addition to controlling 

its own biosynthesis and stress responses, MeJA up-regulates transcripts of the various 

secondary metabolic pathways, including terpenoids and phenylpropanoids/flavonoids. 



Furthermore, combined transcript and metabolite analysis revealed MeJA-induced biosynthesis 

of the medicinally important ursane-type and oleanane-type pentacyclic triterpenes. Two 

MeJA-responsive oxidosqualene cyclases (ObAS1 and ObAS2) that encode for 761- and 

765-amino acid proteins, respectively, were identified and characterized. Functional expressions 

of ObAS1 and ObAS2 in Saccharomyces cerevisiae led to the production of β-amyrin and 

α-amyrin, the direct precursors of oleanane-type and ursane-type pentacyclic triterpenes, 

respectively. ObAS1 was identified as a β-amyrin synthase, whereas ObAS2 was a mixed amyrin 

synthase that produced both α-amyrin and β-amyrin but had a product preference for α-amyrin. 

Moreover, transcript and metabolite analysis shed light on the spatiotemporal regulation of 

pentacyclic triterpene biosynthesis in sweet basil. Taken together, these results will be helpful in 

elucidating the secondary metabolic pathways of sweet basil and developing metabolic 

engineering strategies for enhanced production of pentacyclic triterpenes. 

Monjil, M.S., Nozawa, T., Shibata, Y., Takemoto, D., Ojika, M., and Kawakita, K. (2015). 

Methanol extract of mycelia from Phytophthora infestans-induced resistance in potato. C. R. 

Biol. 

Plants recognize certain microbial compounds as elicitors in their active defence mechanisms. It 

has been shown that a series of defence reactions are induced in potato plant cells after 

treatment with water-soluble hyphal wall components prepared from Phytophthora infestans. In 

this study, a methanol extract from mycelia of P. infestans (MEM), which contains lipophilic 

compounds, was used as another elicitor for the induction of the defence reactions in potato. 

MEM elicitor induced reactive oxygen species (ROS), especially O2(-) and H2O2 production, 

and nitric oxide (NO) generation in potato leaves and suspension-cultured cells. Hypersensitive 

cell death was detected in potato leaves within 6-8h after MEM elicitor treatment. The 

accumulation of phytoalexins was detected by MEM elicitor treatment in potato tubers. In potato 

suspension-cultured cells, several defence-related genes were induced by MEM elicitors, namely 

Strboh, Sthsr203J, StPVS3, StPR1, and StNR5, which regulate various defence-related functions. 

Enhanced resistance against P. infestans was found in MEM-treated potato plants. These results 

suggested that MEM elicitor is recognized by host and enhances defence activities to produce 

substances inhibitory to pathogens. 

Okada, K., Abe, H., and Arimura, G.-I. (2015). Jasmonates Induce Both Defense Responses and 

Communication in Monocotyledonous and Dicotyledonous Plants. Plant Cell Physiol. 56, 16–27. 

Jasmonic acid (JA) and its derivatives (jasmonates, JAs) are phytohormones with essential roles 

in plant defense against pathogenesis and herbivorous arthropods. Both the up- and 

down-regulation of defense responses are dependent on signaling pathways mediated by JAs as 

well as other stress hormones (e.g. salicylic acid), generally those involving the transcriptional 

and post-transcriptional regulation of transcription factors via protein modification and 

epigenetic regulation. In addition to the typical model plant Arabidopsis (a dicotyledon), 

advances in genetics research have made rice a model monocot in which innovative pest control 

traits can be introduced and whose JA signaling pathway can be studied. In this review, we 

introduce the dynamic functions of JAs in plant defense strategy using defensive substances (e.g. 

indole alkaloids and terpenoid phytoalexins) and airborne signals (e.g. green leaf volatiles and 

volatile terpenes) in response to biotrophic and necrotrophic pathogens as well as above-ground 

and below-ground herbivores. We then discuss the important issue of how the mutualism of 

herbivorous arthropods with viruses or bacteria can cause cross-talk between JA and other 



phytohormones to counter the defense systems. 

Pazzagli, L., Seidl-Seiboth, V., Barsottini, M., Vargas, W.A., Scala, A., and Mukherjee, P.K. 

(2014). Cerato-platanins: elicitors and effectors. Plant Sci. 228, 79–87. 

Cerato-platanins are an interesting group of small, secreted, cysteine-rich proteins that have 

been implicated in virulence of certain plant pathogenic fungi. The relatively recent discovery of 

these proteins in plant beneficial fungi like Trichoderma spp., and their positive role in induction 

of defense in plants against invading pathogens has raised the question as to whether these 

proteins are effectors or elicitor molecules. Here we present a comprehensive review on the 

occurrence of these conserved proteins across the fungal kingdom, their structure-function 

relationships, and their physiological roles in plant pathogenic and symbiotic fungi. We also 

discuss the usefulness of these proteins in evolving strategies for crop protection through a 

transgenic approach or direct application as elicitors. 

Piazza, A., Zimaro, T., Garavaglia, B.S., Ficarra, F.A., Thomas, L., Marondedze, C., Feil, R., 

Lunn, J.E., Gehring, C., Ottado, J., et al. (2015). The dual nature of trehalose in citrus canker 

disease: a virulence factor for Xanthomonas citri subsp. citri and a trigger for plant defence 

responses. J. Exp. Bot. erv095. 

Xanthomonas citri subsp. citri (Xcc) is a bacterial pathogen that causes citrus canker in 

susceptible Citrus spp. The Xcc genome contains genes encoding enzymes from three separate 

pathways of trehalose biosynthesis. Expression of genes encoding trehalose-6-phosphate 

synthase (otsA) and trehalose phosphatase (otsB) was highly induced during canker 

development, suggesting that the two-step pathway of trehalose biosynthesis via 

trehalose-6-phosphate has a function in pathogenesis. This pathway was eliminated from the 

bacterium by deletion of the otsA gene. The resulting XccΔotsA mutant produced less trehalose 

than the wild-type strain, was less resistant to salt and oxidative stresses, and was less able to 

colonize plant tissues. Gene expression and proteomic analyses of infected leaves showed that 

infection with XccΔotsA triggered only weak defence responses in the plant compared with 

infection with Xcc, and had less impact on the host plant’s metabolism than the wild-type strain. 

These results suggested that trehalose of bacterial origin, synthesized via the otsA–otsB pathway, 

in Xcc, plays a role in modifying the host plant’s metabolism to its own advantage but is also 

perceived by the plant as a sign of pathogen attack. Thus, trehalose biosynthesis has both positive 

and negative consequences for Xcc. On the one hand, it enables this bacterial pathogen to 

survive in the inhospitable environment of the leaf surface before infection and exploit the host 

plant’s resources after infection, but on the other hand, it is a tell-tale sign of the pathogen’s 

presence that triggers the plant to defend itself against infection. 

Ren, Q., Sun, Y., Guo, H., Wang, C., Li, C., and Ge, F. (2015). Elevated ozone induces jasmonic 

acid defense of tomato plants and reduces midgut proteinase activity in Helicoverpa armigera. 

Entomol Exp Appl 154, 188–198. 

As a consequence of membrane lipid peroxidation, foliar defense compounds are changed by 

elevated ozone (O3), which in turn affects the palatability and performance of insect herbivores. 

The induced defense of two tomato [Solanum esculentum L. (Solanaceae)] genotypes, namely 

jasmonic acid (JA) pathway-deficient mutant spr2 and its wild-type control, was studied in 

response to cotton bollworm, Helicoverpa armigera Hübner (Lepidoptera: Noctuidae), as well as 



the digestive adaptation of these insects under elevated O3 in open-top field chambers. Our data 

indicated that elevated O3 increased foliar JA and salicylic acid (SA) levels simultaneously and 

up-regulated proteinase inhibitors (PIs) and lipoxidase activities in wild-type plants, regardless 

of H. armigera infestation. In contrast, only the O3+H. armigera treatment increased free SA 

levels in spr2 plants, but did not affect JA level or PI activities. Additionally, the lower activity of 

midgut digestive enzymes, including active alkaline trypsin-like enzyme and chymotrypsin-like 

enzyme, was observed in the midgut of cotton bollworms after they consumed wild-type plants 

treated for 2 h with elevated O3. With temporary increases at 8 h, all four digestive enzymes of 

interest in the insect midgut dropped when they were fed with wild-type plants under elevated O3 

treatment. Increases in atmospheric O3 are thought to increase JA signaling and consequently 

reduce the activities of midgut digestive enzymes in H. armigera, therefore enhancing plant 

resistance against insect herbivores. 

Schuck, S., Kallenbach, M., Baldwin, I.T., and Bonaventure, G. (2014). The Nicotiana attenuata 

GLA1 lipase controls the accumulation of Phytophthora parasitica-induced oxylipins and 

defensive secondary metabolites. Plant Cell Environ. 37, 1703–1715. 

Nicotiana attenuata plants silenced in the expression of GLYCEROLIPASE A1 (ir-gla1 plants) 

are compromised in the herbivore- and wound-induced accumulation of jasmonic acid (JA). 

However, these plants accumulate wild-type (WT) levels of JA and divinyl-ethers during 

Phytophthora parasitica infection. By profiling oxylipin-enriched fractions with targeted and 

untargeted liquid chromatography-tandem time-of-flight mass spectrometry approaches, we 

demonstrate that the accumulation of 9-hydroxy-10E,12Z-octadecadienoic acid (9-OH-18:2) and 

additional C18 and C19 oxylipins is reduced by ca. 20-fold in P. parasitica-infected ir-gla1 

leaves compared with WT. This reduced accumulation of oxylipins was accompanied by a 

reduced accumulation of unsaturated free fatty acids and specific lysolipid species. Untargeted 

metabolic profiling of total leaf extracts showed that 87 metabolites accumulated differentially in 

leaves of P. parasitica-infected ir-gla1 plants with glycerolipids, hydroxylated-diterpene 

glycosides and phenylpropanoid derivatives accounting together for ca. 20% of these 87 

metabolites. Thus, P. parasitica-induced oxylipins may participate in the regulation of metabolic 

changes during infection. Together, the results demonstrate that GLA1 plays a distinct role in the 

production of oxylipins during biotic stress responses, supplying substrates for 9-OH-18:2 and 

additional C18 and C19 oxylipin formation during P. parasitica infection, whereas supplying 

substrates for the biogenesis of JA during herbivory and mechanical wounding. 

Singh, V., Banday, Z.Z., and Nandi, A.K. (2014). Exogenous application of histone demethylase 

inhibitor trans-2-phenylcyclopropylamine mimics FLD loss-of-function phenotype in terms of 

systemic acquired resistance in Arabidopsis thaliana. Plant Signal Behav 9, e29658. 

Plants often learn from previous infections to mount higher level of resistance during subsequent 

infections, a phenomenon referred to as systemic acquired resistance (SAR). During primary 

infection, mobile signals generated at the infection site subsequently move to the rest of plant to 

activate SAR. SAR activation is associated with alteration in the nucleosomal composition at the 

promoters of several defense-related genes. However, genetic regulations of such epigenetic 

modifications are largely obscure. Recently, we have demonstrated that Reduced Systemic 

immunity1/FLOWERING LOCUS D (RSI1; alias FLD) a homolog of human histone demethylase, 

is required for SAR development in Arabidopsis. Here, we report that exogenous application of a 

histone demethylase inhibitor trans-2-phenylcyclopropylamine (2-PCPA) mimics rsi1/fld 



loss-of-function phenotypes in terms of SAR and associated histone demethylation at the 

promoters of PR1, WRKY 29, and WRKY6 genes, and as well as flowering phenotypes. Our 

results suggest histone demethylase activity of FLD is important for controlling SAR activation. 

Su, Q., Oliver, K.M., Xie, W., Wu, Q., Wang, S., and Zhang, Y. (2015). The whitefly-associated 

facultative symbiont Hamiltonella defensa suppresses induced plant defences in tomato. Funct 

Ecol n/a – n/a. 

Maternally inherited bacterial symbionts are present in many, if not most, insect species. While 

there is rapidly accumulating evidence that facultative, heritable symbionts often protect insect 

hosts from natural enemies, there have been few clear examples where facultative symbionts 

mediate herbivore–plant interactions. 

The phloem-feeding whitefly, Bemisia tabaci, is a major agricultural pest that frequently 

harbours facultative symbionts, including Hamiltonella defensa. While H. defensa and other 

facultative symbionts have been shown to improve whitefly performance on particular food 

plants, no direct and specific roles for symbiont-mediated interactions with food plants have been 

identified. 

Here, we conducted a series of assays to determine whether infection with H. defensa improved 

whitefly performance on tomato (Solanum lycopersicum) and whether this benefit was associated 

with symbiont effects on induced plant defences. Finally, we tested whether impacts on induced 

defences involved in the modulation of a salivary factor. 

The downregulation of plant defences was associated with increased whitefly fecundity and 

survival. Feeding by H. defensa-infected whiteflies suppressed JA and JA-related 

anti-herbivore-induced defences in tomato relative to uninfected controls. That saliva-only 

treatments of damaged tomato leaves from H. defensa-infected whiteflies suppressed induced 

plant defences compared to saliva from uninfected controls, suggesting that elicitors in saliva 

were responsible. Characterization of the putative salivary factor(s) revealed they are likely 

small (< 3-kDa) and nonproteinaceous. 

Interestingly, suppression of defences was not observed in SA-deficient NahG plants, indicating 

that suppression of JA-regulated defences depends on the SA signalling pathway. This finding 

reveals an intriguing example of the crosstalk between SA and JA signalling pathways and 

suggests that infection with facultative symbionts can result in the manipulation of induced plant 

defences to the benefit of the insect host and heritable symbiont. 

Our results show that the bacterial symbiont H. defensa mediates whitefly–plant interactions by 

suppressing induced plant defences in tomato. This finding is among the first showing a direct 

role for facultative symbionts in mediating plant–herbivore interactions and demonstrates a 

novel tactic for insect herbivores to circumvent plant defences. Symbiont-mediated suppression of 

plant defences may enhance the deleterious effects of insect pests feeding on important crops. 

Tanaka, K., Taniguchi, S., Tamaoki, D., Yoshitomi, K., Akimitsu, K., and Gomi, K. (2014). 

Multiple roles of plant volatiles in jasmonate-induced defense response in rice. Plant Signal 

Behav 9, e29247. 

The plant hormone jasmonic acid (JA) has a crucial role in defense responses against pathogens 



in rice. We recently reported that some volatile compounds accumulate in response to JA 

treatment, and that the monoterpene linalool plays an important role in JA-induced resistance to 

rice bacterial blight caused by Xanthomonas oryzae pv oryzae (Xoo) in rice. One of the 

JA-responsive volatiles, (E,E)-2,4-heptadienal, has both antibacterial and antifungal activity 

against Xoo, and the rice fungal pathogen Magnaporthe oryzae. In addition, 

(E,E)-2,4-heptadienal was toxic to rice plants. These phenomena were not observed when 

linalool was treated. These results indicate that accumulation of the (E,E)-2,4-heptadienal in 

response to JA is a double-edged sword, but it is essential for survival against pathogen attacks 

in rice. 

(2014b). [Compartmentation of salicylate-induced proteins]. Prikl. Biokhim. Mikrobiol. 50, 

374–382. 

A key factor of immunity, salicylic acid (exogenous or accumulating under the action of 

biotrophic or semibiotrophic pathogens on plants), causes the formation of not only protective 

antipathogenic proteins but also many proteins, which enhance the resistance of host plant cells. 

Salicylate-induced proteins, which are encoded by nuclear genes and formed with cytoplasmic 

ribosomes, function in the cytosol or are transported into nuclei, vacuoles, plastids, 

mitochondria, and outside the plasmalemma. This review is focused on salicylate-induced 

proteins, which are not only delivered into different compartments but are also involved in their 

transmembrane transport. 

Wang, Z., Jia, C., Li, J., Huang, S., Xu, B., and Jin, Z. (2015d). Activation of salicylic acid 

metabolism and signal transduction can enhance resistance to Fusarium wilt in banana (Musa 

acuminata L. AAA group, cv. Cavendish). Funct. Integr. Genomics 15, 47–62. 

Fusarium wilt caused by the fungus Fusarium oxysporum f. sp. cubens (Foc) is the most serious 

disease that attacks banana plants. Salicylic acid (SA) can play a key role in plant-microbe 

interactions. Our study is the first to examine the role of SA in conferring resistance to Foc TR4 

in banana (Musa acuminata L. AAA group, cv. Cavendish), which is the greatest commercial 

importance cultivar in Musa. We used quantitative real-time reverse polymerase chain reaction 

(qRT-PCR) to analyze the expression profiles of 45 genes related to SA biosynthesis and 

downstream signaling pathways in a susceptible banana cultivar (cv. Cavendish) and a resistant 

banana cultivar (cv. Nongke No. 1) inoculated with Foc TR4. The expression of genes involved in 

SA biosynthesis and downstream signaling pathways was suppressed in a susceptible cultivar 

and activated in a resistant cultivar. The SA levels in each treatment arm were measured using 

high-performance liquid chromatography. SA levels were decreased in the susceptible cultivar 

and increased in the resistant cultivar. Finally, we examined the contribution of exogenous SA to 

Foc TR4 resistance in susceptible banana plants. The expression of genes involved in SA 

biosynthesis and signal transduction pathways as well as SA levels were significantly increased. 

The results suggest that one reason for banana susceptibility to Foc TR4 is that expression of 

genes involved in SA biosynthesis and SA levels are suppressed and that the induced resistance 

observed in banana against Foc TR4 might be a case of salicylic acid-dependent systemic 

acquired resistance. 

Zhang, Y., Zhang, Y., Qiu, D., Zeng, H., Guo, L., and Yang, X. (2015f). BcGs1, a glycoprotein 

from Botrytis cinerea, elicits defence response and improves disease resistance in host plants. 

Biochem. Biophys. Res. Commun. 



In this study, a necrosis-inducing protein was purified from the culture filtrate of the 

necrotrophic fungus Botrytis cinerea BC-98 strain. Secreted proteins were collected and 

fractionated by liquid chromatography. The fraction with the highest necrosis-inducing activity 

was further purified. A glycoprotein named BcGs1 was identified by 2D electrophoresis and mass 

spectrometry. The BcGs1 protein consisted of 672 amino acids with a theoretical molecular 

weight of 70.487 kDa. Functional domain analysis indicated that BcGs1 was a glucan 

1,4-alpha-glucosidase, a cell wall-degrading enzyme, with a Glyco_hydro_15 domain and a 

CBM20_glucoamylase domain. The BcGs1 protein caused necrotic lesions that mimicked a 

typical hypersensitive response and H2O2 production in tomato and tobacco leaves. 

BcGs1-treated plants exhibited resistance to B. cinerea, Pseudomonas syringae pv. tomato 

DC3000 and tobacco mosaic virus in systemic leaves. In addition, BcGs1 triggered elevation of 

the transcript levels of the defence-related genes PR-1a, TPK1b and Prosystemin. This is the first 

report of a Botrytis glucan 1,4-alpha-glucosidase triggering host plant immunity as an elicitor. 

These results lay a foundation for further study of the comprehensive interaction between plants 

and necrotrophic fungi. 

Xu, S., Zhou, W., Pottinger, S., and Baldwin, I.T. (2015). Herbivore associated elicitor-induced 

defences are highly specific among closely related Nicotiana species. BMC Plant Biol. 15, 2. 

BackgroundHerbivore-induced defence responses are often specific - different herbivores induce 

different defence responses in plants - and their specificity is largely mediated by chemical cues 

(herbivore-associated elicitors: HAEs) in insect oral or oviposition secretions. However, the 

specificity and the mechanisms of HAE-induced defence have not been investigated in the context 

of the evolutionary relationships among plant species. Here we compare the responses of six 

closely related Nicotiana species to a synthetic elicitor, N-linolenoyl-glutamic acid (C18:3-Glu) 

and HAE of two insect herbivores (the Solanaceae specialist Manduca sexta and generalist 

Spodoptera littoralis).ResultsHAE-induced defences are highly specific among closely related 

Nicotiana species at three perspectives. 1) A single Nicotiana species can elicit distinct responses 

to different HAEs. N. pauciflora elicited increased levels of JA and trypsin proteinase inhibitors 

(TPI) in response to C18:3-Glu and the oral secretions of M. sexta (OS Ms ) but not to oral 

secretions of S. littoralis (OS Sl ). In contrast, N. miersii only responded to OS Sl but not to the 

other two HAEs. The specific responses to different HAEs in Nicotiana species are likely due to 

the perception by the plant of each specific component of the HAE. 2) One HAE can induce 

different defence responses among closely related Nicotiana species. OS Ms and C18:3-Glu 

induced JA and TPI accumulations in N. linearis, N. attenuata, N. acuminata and N. pauciflora, 

but not in N. miersii and N. obtusifolia. 3) The effect of HAE-induced defences differ for the 

Solanaceae specialist M. sexta and the generalist S. littoralis. Among the four tested Nicotiana 

species, while the growth rate of M. sexta was only reduced by the induced defences elicited by 

C18:3-Glu; the growth rate of S. littoralis can be reduced by the induced defences elicited by all 

three HAEs. This is likely due to differences in the susceptibility of the specialist M. sexta and 

generalist S. littoralis to induced defences of their host.ConclusionsClosely related Nicotiana 

species elicit highly specific defence responses to herbivore associated elicitors and provide an 

ideal framework for investigating the molecular mechanisms and evolutionary divergence of 

induced resistance in plants. 

Ye, W., Adachi, Y., Munemasa, S., Nakamura, Y., Mori, I.C., and Murata, Y. (2015). Open 

Stomata 1 kinase is essential for yeast elicitor-induced stomatal closure in Arabidopsis. Plant Cell 

Physiol. 



We recently demonstrated that yeast elicitor (YEL)-induced stomatal closure requires a 

Ca(2+)-dependent kinase, CPK6. A Ca(2+)-independent kinase, Open Stomata 1 (OST1), is 

involved in stomatal closure induced by various stimuli including abscisic acid (ABA). In the 

present study, we investigated the role of OST1 in YEL-induced stomatal closure in Arabidopsis 

using a knock-out mutant, ost1-3, and a kinase-deficient mutant, ost1-2. Yeast elicitor did not 

induce stomatal closure or activation of guard cell S-type anion channels in the ost1 mutants 

unlike in wild-type plants. However, YEL did not increase OST1 kinase activity in wild-type 

guard cells. The YEL-induced stomatal closure and activation of S-type anion channels were also 

impaired in a gain-of-function mutant of a clade A type 2C protein phosphatase (ABA 

INSENSITIVE 1), abi1-1C. In the ost1 mutants like in the wild type, YEL induced H2O2 

accumulation, activation of nonselective Ca(2+)-permeable cation (ICa) channels and transient 

elevations in cytosolic free Ca(2+) concentration ([Ca(2+)]cyt) in guard cells. These results 

suggest that OST1 kinase is essential for stomatal closure and activation of S-type anion 

channels induced by YEL and that OST1 is not involved in H2O2 accumulation, ICa channel 

activation, or [Ca(2+)]cyt elevations in guard cells induced by YEL. 

Zhang, D.-W., Deng, X.-G., Fu, F.-Q., and Lin, H.-H. (2014). Induction of plant virus defense 

response by brassinosteroids and brassinosteroid signaling in Arabidopsis thaliana. Planta. 

MAIN CONCLUSION: Our study demonstrated that CMV resistance was upregulated by 

brassinosteroids (BRs) treatment, and BR signaling was needed for this BRs-induced CMV 

tolerance. Plant steroid hormones, brassinosteroids (BRs), play essential roles in variety of plant 

developmental processes and adaptation to various biotic and abiotic stresses. BR signal through 

plasma membrane-localized receptor and other components to modulate several transcription 

factors that modulate thousands of target genes including certain stress-responsive genes. To 

study the effects of BRs on plant virus defense and how BRs induce plant virus stress tolerance, 

we manipulated the BRs levels in Arabidopsis thaliana and found that BRs levels were positively 

correlated with the tolerance to Cucumber mosaic virus (CMV). We also showed that BRs 

treatment alleviated photosystem damage, enhanced antioxidant enzymes activity and induced 

defense-associated genes expression under CMV stress in Arabidopsis. To see whether BR 

signaling is essential for the plant virus defense response, we made use of BR signaling mutants 

(a weak allele of the BRs receptor mutant bri1-5 and constitutive BRs response mutant bes1-D). 

Compared with wild-type Arabidopsis plants, bri1-5 displayed reversed tolerance to CMV, but 

the resistance was enhanced in bes1-D. Together our results suggest that BRs can induce plant 

virus defense response through BR signaling. 

Aubert, Y., Widemann, E., Miesch, L., Pinot, F., and Heitz, T. (2015). CYP94-mediated 

jasmonoyl-isoleucine hormone oxidation shapes jasmonate profiles and attenuates defence 

responses to Botrytis cinerea infection. J. Exp. Bot. erv190. 

Induced resistance to the necrotrophic pathogen Botrytis cinerea depends on jasmonate 

metabolism and signalling in Arabidopsis. We have presented here extensive jasmonate profiling 

in this pathosystem and investigated the impact of the recently reported jasmonoyl-isoleucine 

(JA-Ile) catabolic pathway mediated by cytochrome P450 (CYP94) enzymes. Using a series of 

mutant and overexpressing (OE) plant lines, we showed that CYP94B3 and CYP94C1 are 

integral components of the fungus-induced jasmonate metabolic pathway and control the 

abundance of oxidized conjugated but also some unconjugated derivatives, such as sulfated 

12-HSO4-JA. Despite causing JA-Ile overaccumulation due to impaired oxidation, CYP94 



deficiency had negligible impacts on resistance, associated with enhanced JAZ repressor 

transcript levels. In contrast, plants overexpressing (OE) CYP94B3 or CYP94C1 were enriched 

in 12-OH-JA-Ile or 12-COOH-JA-Ile respectively. This shift towards oxidized JA-Ile derivatives 

was concomitant with strongly impaired defence gene induction and reduced disease resistance. 

CYP94B3-OE, but unexpectedly not CYP94C1-OE, plants displayed reduced JA-Ile levels 

compared with the wild type, suggesting that increased susceptibility in CYP94C1-OE plants may 

result from changes in the hormone oxidation ratio rather than absolute changes in JA-Ile levels. 

Consistently, while feeding JA-Ile to seedlings triggered strong induction of JA pathway genes, 

induction was largely reduced or abolished after feeding with the CYP94 products 12-OH-JA-Ile 

and 12-COOH-JA-Ile, respectively. This trend paralleled in vitro pull-down assays where 

12-COOH-JA-Ile was unable to promote COI1–JAZ9 co-receptor assembly. Our results highlight 

the dual function of CYP94B3/C1 in antimicrobial defence: by controlling hormone oxidation 

status for signal attenuation, these enzymes also define JA-Ile as a metabolic hub directing 

jasmonate profile complexity. 

Benedetti, M., Pontiggia, D., Raggi, S., Cheng, Z., Scaloni, F., Ferrari, S., Ausubel, F.M., 

Cervone, F., and De Lorenzo, G. (2015). Plant immunity triggered by engineered in vivo release 

of oligogalacturonides, damage-associated molecular patterns. Proc. Natl. Acad. Sci. U.S.A. 

Oligogalacturonides (OGs) are fragments of pectin that activate plant innate immunity by 

functioning as damage-associated molecular patterns (DAMPs). We set out to test the hypothesis 

that OGs are generated in planta by partial inhibition of pathogen-encoded polygalacturonases 

(PGs). A gene encoding a fungal PG was fused with a gene encoding a plant 

polygalacturonase-inhibiting protein (PGIP) and expressed in transgenic Arabidopsis plants. We 

show that expression of the PGIP-PG chimera results in the in vivo production of OGs that can 

be detected by mass spectrometric analysis. Transgenic plants expressing the chimera under 

control of a pathogen-inducible promoter are more resistant to the phytopathogens Botrytis 

cinerea, Pectobacterium carotovorum, and Pseudomonas syringae. These data provide strong 

evidence for the hypothesis that OGs released in vivo act as a DAMP signal to trigger plant 

immunity and suggest that controlled release of these molecules upon infection may be a valuable 

tool to protect plants against infectious diseases. On the other hand, elevated levels of expression 

of the chimera cause the accumulation of salicylic acid, reduced growth, and eventually lead to 

plant death, consistent with the current notion that trade-off occurs between growth and defense. 

Burra, D.D., Mühlenbock, P., and Andreasson, E. (2015). Salicylic and jasmonic acid pathways 

are necessary for defense against Dickeya solani as revealed by a novel method for Blackleg 

disease screening of in vitro grown potato. Plant Biol J 

Potato is major crop for food security in Europe and blackleg disease is increasingly causing 

losses in its yield and storage. Recently, one of the blackleg pathogens, Dickeya solani has been 

shown to be spreading in northern Europe and that it causes an aggressive disease development. 

Currently, identification of tolerant commercial potato varieties has proven unsuccessful; this is 

confounded by a complicated etiology of the disease and a strong environmental influence on 

disease development. There is a lack in availability of efficient testing systems. Here, we describe 

a system for quantification of blackleg symptoms on shoots of sterile in vitro potato plants, that 

saves time and space compared to greenhouse and existing field assays. We found no evidence 

for differences in infection between the described in vitro based screening method and existing 

green-house assays. This system facilitates efficient screening of blackleg disease response of 



potato plants independent of other microorganisms and variable environmental conditions. We 

therefore used the in vitro screening method to increase understanding of plant mechanisms 

involved in blackleg disease development by analyzing disease response of hormone (salicylic 

and jasmonic acid) related transgenic potato plants. We show that both jasmonic (JA) and 

salicylic acid (SA) pathways regulate tolerance against blackleg disease in potato, a result that is 

different from previous findings in Arabidopsis defense response to necrotrophic bacteria. We 

confirm this by showing induction of a SA marker, pathogenesis related protein 1 (StPR1) and a 

JA marker, lipoxygenase (StLOX) in Dickeya solani infected in vitro potato plants. We also 

observed that tubers of hormone related transgenic potato plants were more susceptible to soft 

rot compared to wild-type suggesting a role for SA and JA pathways in general tolerance to 

Dickeya disease. 

Catanzariti, A.-M., Lim, G.T.T., and Jones, D.A. (2015). The tomato I-3 gene: a novel gene for 

resistance to Fusarium wilt disease. New Phytol 

* Plant resistance proteins provide race-specific immunity through the recognition of pathogen 

effectors. The resistance genes I, I-2 and I-3 have been incorporated into cultivated tomato 

(Solanum lycopersicum) from wild tomato species to confer resistance against Fusarium 

oxysporum f. sp. lycopersici (Fol) races 1, 2 and 3, respectively. Although the Fol effectors 

corresponding to these resistance genes have all been identified, only the I-2 resistance gene has 

been isolated from tomato. 

* To isolate the I-3 resistance gene, we employed a map-based cloning approach and used 

transgenic complementation to test candidate genes for resistance to Fol race 3. 

* Here, we describe the fine mapping and sequencing of genes at the I-3 locus, which revealed a 

family of S-receptor-like kinase (SRLK) genes. Transgenic tomato lines were generated with 

three of these SRLK genes and one was found to confer Avr3-dependent resistance to Fol race 3, 

confirming it to be I-3. 

* The finding that I-3 encodes an SRLK reveals a new pathway for Fol resistance and a new 

class of resistance genes, of which Pi-d2 from rice is also a member. The identification of I-3 also 

allows the investigation of the complex effector–resistance protein interaction involving 

Avr1-mediated suppression of I-2- and I-3-dependent resistance in tomato. 

Dobón, A., Canet, J.V., García-Andrade, J., Angulo, C., Neumetzler, L., Persson, S., and Vera, P. 

(2015). Novel Disease Susceptibility Factors for Fungal Necrotrophic Pathogens in Arabidopsis. 

PLoS Pathog 11, e1004800. 

Diseases caused by pathogens affect most plants in their natural environment. Plants combat the 

majority of these intruders by activating elaborate immune responses, which typically result in a 

disease resistance response. Nevertheless, pathogens have typically evolved ways to bypass plant 

defenses, and susceptibility to pathogens re-appears. In addition to this occasional immune 

failure of the host, other immune-response independent processes allow further ingress of the 

invading pathogen, and contribute to plant pathogen susceptibility. We identified four 

transcription factors (TFs) that are required for effective disease resistance to fungal 

necrotrophs. These TFs regulate critical aspects of disease resistance/susceptibility to 

necrotrophs without interfering with immune signaling. Mutant plants defective in any of these 

four TFs commonly induce about 80 genes, with a substantial proportion encoding peptides with 



secretion signals that are described to act as local signals (peptide hormones) during cell-to-cell 

communication, and that function in the plant-specific paracrine/autocrine system. We further 

show that many of these peptide hormones affect disease susceptibility of the host to necrotrophs. 

Our findings have thus uncovered many new factors that underpin immune-response independent 

processes of plant disease susceptibility. 

Ferrieri, A.P., Appel, H.M., and Schultz, J.C. (2015). Plant Vascular Architecture Determines the 

Pattern of Herbivore-Induced Systemic Responses in Arabidopsis thaliana. PLoS ONE 10, 

e0123899. 

The induction of systemic responses in plants is associated with the connectivity between 

damaged and undamaged leaves, as determined by vascular architecture. Despite the widespread 

appreciation for studying variation in induced plant defense, few studies have characterized 

spatial variability of induction in the model species, Arabidopsis thaliana. Here we show that 

plant architecture generates fine scale spatial variation in the systemic induction of invertase and 

phenolic compounds. We examined whether the arrangement of leaves along the stem 

(phyllotaxy) produces predictable spatial patterns of cell-wall bound and soluble invertase 

activities, and downstream phenolic accumulation following feeding by the dietary specialist 

herbivore, Pieris rapae and the generalist, Spodoptera exigua. Responses were measured in 

leaves within and outside of the damaged orthostichy (leaves sharing direct vascular 

connections), and compared to those from plants where source-sink transport was disrupted by 

source leaf removal and by an insertional mutation in a sucrose transporter gene (suc2-1). 

Following herbivore damage to a single, middle-aged leaf, induction of cell-wall and soluble 

invertase was most pronounced in young and old leaves within the damaged orthostichy. The 

pattern of accumulation of phenolics was also predicted by these vascular connections and was, 

in part, dependent on the presence of source leaves and intact sucrose transporter function. 

Induction also occurred in leaves outside of the damaged orthostichy, suggesting that 

mechanisms may exist to overcome vascular constraints in this system. Our results demonstrate 

that systemic responses vary widely according to orthostichy, are often herbivore-specific, and 

partially rely on transport between source and sink leaves. We also provide evidence that 

patterns of induction are more integrated in A. thaliana than previously described. This work 

highlights the importance of plant vascular architecture in determining patterns of systemic 

induction, which is likely to be ecologically important to insect herbivores and plant pathogens. 

Gaderer, R., Lamdan, N., Frischmann, A., Sulyok, M., Krska, R., Horwitz, B.A., and 

Seidl-Seiboth, V. (2015). Sm2, a paralog of the Trichoderma cerato-platanin elicitor Sm1, is also 

highly important for plant protection conferred by the fungal-root interaction of Trichoderma 

with maize. BMC Microbiol. 15, 2. 

Background: The proteins Sm1 and Sm2 from the biocontrol fungus Trichoderma virens belong 

to the cerato-platanin protein family. Members of this family are small, secreted proteins that are 

abundantly produced by filamentous fungi with all types of life-styles. Some species of the fungal 

genus Trichoderma are considered as biocontrol fungi because they are mycoparasites and are 

also able to directly interact with plants, thereby stimulating plant defense responses. It was 

previously shown that the cerato-platanin protein Sm1 from T. virens - and to a lesser extent its 

homologue Epl1 from Trichoderma atroviride - induce plant defense responses. The plant 

protection potential of other members of the cerato-platanin protein family in Trichoderma, 

however, has not yet been investigated. Results: In order to analyze the function of the 



cerato-platanin protein Sm2, sm1 and sm2 knockout strains were generated and characterized. 

The effect of the lack of Sm1 and Sm2 in T. virens on inducing systemic resistance in maize 

seedlings, challenged with the plant pathogen Cochliobolus heterostrophus, was tested. These 

plant experiments were also performed with T. atroviride epl1 and epl2 knockout strains. In our 

plant-pathogen system T. virens was a more effective plant protectant than T. atroviride and the 

results with both Trichoderma species showed concordantly that the level of plant protection was 

more strongly reduced in plants treated with the sm2/epl2 knockout strains than with sm1/epl1 

knockout strains.ConclusionsAlthough the cerato-platanin genes sm1/epl1 are more abundantly 

expressed than sm2/epl2 during fungal growth, Sm2/Epl2 are, interestingly, more important than 

Sm1/Epl1 for the promotion of plant protection conferred by Trichoderma in the maize-C. 

heterostrophus pathosystem. 

Ghanbari, S., Ali Fakheri, B., Mahdinezhad, M., and Khedri, R. (2015). Systemic Acquired 

Resistance. Journal on New Biological Reports 4, 56–69. 

Systemic acquired resistance (SAR) is a mechanism of induced defense that confers long-lasting 

protection against a broad spectrum of microorganisms. SAR requires the signal molecule 

salicylic acid (SA) and is associated with accumulation of pathogenesis-related proteins, which 

are thought to contribute to resistance. Much progress has been made recently in elucidating the 

mechanism of SAR. SAR confers quantitative protection against a broad spectrum of 

microorganisms in a manner comparable to immunization in mammals, although the underlying 

mechanisms differ. Discussed here are the molecular events underlying SAR: the mechanisms 

involved in SAR, including lignification and other structural barriers, pathogenesis-related 

proteins and their expression, and the signals for SAR including salicylic acid. Recent findings on 

the biological role of system in, ethylene, and electrical signals are reviewed. 

Hao, J., Wu, W., Wang, Y., Yang, Z., Liu, Y., Lv, Y., Zhai, Y., Yang, J., Liang, Z., Huang, K., et 

al. (2015). Arabidopsis thaliana defense response to the ochratoxin A-producing strain 

(Aspergillus ochraceus 3.4412). Plant Cell Rep 34, 705–719. 

Key message: OTA-producing strain Aspergillus ochraceus induced necrotic lesions, ROS 

accumulation and defense responses in Arabidopsis. Primary metabolic and defense-related 

proteins changed in proteomics. Ascorbate–glutathione cycle and voltage-dependent 

anion-selective channel proteins fluctuated. 

Abstract: Mycotoxigenic fungi, as widespread contaminants by synthesizing mycotoxins in 

pre-/post-harvest infected plants and even stored commercial cereals, could usually induce 

plant–fungi defense responses. Notably, ochratoxin A (OTA) is a nephrotoxic, hepatotoxic, 

teratogenic, immunotoxic and phytotoxic mycotoxin. Herein, defense responses of model system 

Arabidopsis thaliana detached leaves to infection of Aspergillus ochraceus 3.4412, an OTA 

high-producing strain, were studied from physiological, proteomic and transcriptional 

perspectives. During the first 72 h after inoculation (hai), the newly formed hypersensitive 

responses-like lesions, decreased chlorophyll content, accumulated reactive oxygen species and 

upregulated defense genes expressions indicated the defense response was induced in the leaves 

with the possible earlier motivated jasmonic acid/ethylene signaling pathways and the later 

salicylic acid-related pathway. Moreover, proteomics using two-dimensional gel electrophoresis 

72 hai showed 16 spots with significantly changed abundance and 13 spots corresponding to 12 

unique proteins were successfully identified by MALDI-TOF/TOF MS/MS. Of these, six proteins 



were involved in basic metabolism and four in defense-related processes, which included 

glutathione-S-transferase F7, voltage-dependent anion-selective channel protein 3 (VDAC-3), 

osmotin-like protein OSM34 and blue copper-binding protein. Verified from proteomic and/or 

transcriptional perspectives, it is concluded that the primary metabolic pathways were 

suppressed with the ascorbate–glutathione cycle fluctuated in response to A. ochraceus and the 

modulation of VDACs suggested the possibility of structural damage and dysfunction of 

mitochondria in the process. Taken together, these findings exhibited a dynamic overview of the 

defense responses of A. thaliana to A. ochraceus and provided a better insight into the 

pathogen-resistance mechanisms in plants. 

Henry, E., Fung, N., Liu, J., Drakakaki, G., and Coaker, G. (2015). Beyond Glycolysis: GAPDHs 

Are Multi-functional Enzymes Involved in Regulation of ROS, Autophagy, and Plant Immune 

Responses. PLoS Genet. 11, e1005199. 

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is an important enzyme in energy 

metabolism with diverse cellular regulatory roles in vertebrates, but few reports have 

investigated the importance of plant GAPDH isoforms outside of their role in glycolysis. While 

animals possess one GAPDH isoform, plants possess multiple isoforms. In this study, cell 

biological and genetic approaches were used to investigate the role of GAPDHs during plant 

immune responses. Individual Arabidopsis GAPDH knockouts (KO lines) exhibited enhanced 

disease resistance phenotypes upon inoculation with the bacterial plant pathogen Pseudomonas 

syringae pv. tomato. KO lines exhibited accelerated programmed cell death and increased 

electrolyte leakage in response to effector triggered immunity. Furthermore, KO lines displayed 

increased basal ROS accumulation as visualized using the fluorescent probe H2DCFDA. The 

gapa1-2 and gapc1 KOs exhibited constitutive autophagy phenotypes in the absence of nutrient 

starvation. Due to the high sequence conservation between vertebrate and plant cytosolic 

GAPDH, our experiments focused on cytosolic GAPC1 cellular dynamics using a complemented 

GAPC1-GFP line. Confocal imaging coupled with an endocytic membrane marker (FM4-64) and 

endosomal trafficking inhibitors (BFA, Wortmannin) demonstrated cytosolic GAPC1 is localized 

to the plasma membrane and the endomembrane system, in addition to the cytosol and nucleus. 

After perception of bacterial flagellin, GAPC1 dynamically responded with a significant increase 

in size of fluorescent puncta and enhanced nuclear accumulation. Taken together, these results 

indicate that plant GAPDHs can affect multiple aspects of plant immunity in diverse sub-cellular 

compartments. 

Iberkleid, I., Sela, N., and Brown Miyara, S. (2015). Meloidogyne javanica fatty acid- and 

retinol-binding protein (Mj-FAR-1) regulates expression of lipid-, cell wall-, stress- and 

phenylpropanoid-related genes during nematode infection of tomato. BMC Genomics 16, 272. 

BACKGROUND: The secreted Meloidogyne javanica fatty acid- and retinol-binding (FAR) 

protein Mj-FAR-1 is involved in nematode development and reproduction in host tomato roots. 

To gain further insight into the role of Mj-FAR-1 in regulating disease development, local 

transcriptional changes were monitored in tomato hairy root lines with constitutive mj-far-1 

expression compared with control roots without inoculation, and 2, 5 and 15 days after 

inoculation (DAI), using mRNA sequencing analysis. 

RESULTS: Gene-expression profiling revealed a total of 3970 differentially expressed genes 

(DEGs) between the two lines. Among the DEGs, 1093, 1039, 1959, and 1328 genes were up- or 



downregulated 2-fold with false discovery rate < 0.001 in noninoculated roots, and roots 2, 5, 

and 15 DAI compared with control roots, respectively. Four main groups of genes that might be 

associated with Mj-FAR-1-mediated susceptibility were identified: 1) genes involved in biotic 

stress responses such as pathogen-defense mechanisms and hormone metabolism; 2) genes 

involved in phenylalanine and phenylpropanoid metabolism; 3) genes associated with cell wall 

synthesis, modification or degradation; and 4) genes associated with lipid metabolism. All of 

these genes were overrepresented among the DEGs. Studying the distances between the 

treatments, samples from noninoculated roots and roots at 2 DAI clustered predominantly 

according to the temporal dynamics related to nematode infection. However, at the later time 

points (5 and 15 DAI), samples clustered predominantly according to mj-far-1 overexpression, 

indicating that at these time points Mj-FAR-1 is more important in defining a common 

transcriptome. 

CONCLUSIONS: The presence of four groups of DEGs demonstrates a network of molecular 

events is mediated by Mj-FAR-1 that leads to highly complex manipulation of plant defense 

responses against nematode invasion. The results shed light on the in vivo role of secreted FAR 

proteins in parasitism, and add to the mounting evidence that secreted FAR proteins play a major 

role in nematode parasitism. 

JOHANSSON, O.N. (2015). Plant pathogen defense: Signalling, resistance and cell death. 

University og Gothenburg. Thèse 

Pathogenic microorganisms are present everywhere in nature and infect both animals and plants. 

Phytopathogenic microorganisms cause diseases on plants, and are responsible for crop loss 

amounting in the order billions of dollars annually. Plants have however co-evolved with these 

organisms and have consecutively been forced to develop mechanisms that prevent disease. The 

plant immune system unlike that of animals lack adaptive cells and rely on the innate immunity of 

each plant cell. There is however no doubt in the effectiveness of the plant immune system as 

most plants are healthy most of the time. The plant immune system consists of two main tiers of 

defense responses; the MAMP triggered immunity (MTI) and the Effector triggered immunity 

(ETI). MTI is triggered by recognition of microbe associated molecular patterns MAMPs. MTI 

strengthens the cell by producing antimicrobial substances, proteins and by fortifying the cell 

wall. This stops the majority of non-adapted microbes. A subset of microbes have adapted to 

these measures and evolved effector proteins that subdue the MTI responses. Again, plants have 

responded, by evolving resistance (R) proteins that recognize effector activity and mount the swift 

responses that are ETI. The plant responses during ETI are commonly termed the hypersensitive 

response (HR) and culminate in programmed cell death of the infected and sometimes 

surrounding cells. The thesis has approached the plant disease resistance response in four ways. 

The first focused on improving methods for quantifying the programmed cell death response 

during ETI (Paper I) and lipid analysis by chromatography (Paper II). These methods are then 

used in the following pappers. The second part focused on signalling during the HR. Signalling 

on gene regulation level (Paper III) and various parts of lipid metabolism (Paper IV, V and VI) 

during the HR was pursued. The main results from these studies include the high redundancy 

identified among Arabidopsis thaliana phospholipase D isoforms in producing the lipid 

phosphatidic acid, the identification and initial characterization of the enzyme (AGAP1) that is 

responsible for producing head group acylation of lipids in A. thaliana and the reported 

involvement of a chloroplast localized 13-lipoxygenase in initiating the HR related programmed 

cell death in A. thaliana. The third part of the thesis proposes a role in the HR in A.thaliana for 



two reactive molecules; indole acetonitrile (Paper VII) and sulforaphane (Paper VIII). Both 

compounds induce cell death when infiltrated into leaves and studies using mutants suggest that 

absence of these compounds result in a reduced cell death response. A redox related mechanism 

for these compounds is suggested. The fourth and final part of the thesis aimed to investigate if 

novel components could be identified in post penetration response against powdery mildew 

funguses. Much less is known on the relative dependence of MTI and ETI of this system, the 

results from Paper IX suggest that besides the known involvement of the protein EDS1, additional 

components are present. In conclusion, this thesis contributes with insight into different aspects 

of how lipid-, redox- and hormone signalling contributes to resistance and cell death in plants. 

Kamal, R., Gusain, Y.S., Kumar, V., and Sharma, A.K. (2015). Disease management through 

biological control agents: An eco-friendly and cost effective approach for sustainable 

agriculture-A Review. Agricultural Reviews 36, 37. 

Biological control is a mechanism in which the natural enemies to diminish the number of 

destructive organism, which could be in any form, small bacterium to large animals. This 

mechanism includes the use of predators, competitors, pathogens and compounds of biological 

origin. Plant pathogens are important factors that cause serious losses to agricultural products 

every year. Present review briefly focuses on the use of microorganisms as Biological Control 

Agents (BCAs) for reducing the plant diseases. These microorganisms can be act as both, less 

toxic and more flexible agent as compare to chemical pesticides. Biological controls lean to be 

highly specific and have different mode of action which includes, parasitism, predator, antibiosis, 

competition for site and nutrition, as well as by inducing the resistant in plants against pathogen, 

including Induced Systemic Resistance (ISR). However suitable management strategies are 

needed for the successful application of BCAs to sustainable agriculture. 

Klemptner, R.L., Sherwood, J.S., Tugizimana, F., Dubery, I.A., and Piater, L.A. (2014). 

Ergosterol, an orphan fungal microbe-associated molecular pattern (MAMP). Mol. Plant Pathol. 

15, 747–761. 

Fungal pathogens continue to pose a significant threat to crop production and food supply. The 

early stages of plant-fungus interactions are mostly mediated by microbe-associated molecular 

pattern (MAMP) molecules, perceived by plant pattern recognition receptors (PRRs). Currently, 

the identified fungal MAMP molecules include chitin, chitosan, β-glucans, elicitins and 

ergosterol. Although the molecular battles between host plants and infecting fungal 

phytopathogens have been studied extensively, many aspects still need to be investigated to 

obtain a holistic understanding of the intrinsic mechanisms, which is paramount in combating 

fungal plant diseases. Here, an overview is given of the most recent findings concerning an 

'orphan' fungal MAMP molecule, ergosterol, and we present what is currently known from a 

synopsis of different genes, proteins and metabolites found to play key roles in induced immune 

responses in plant-fungus interactions. Clearly, integrative investigations are still needed to 

provide a comprehensive systems-based understanding of the dynamics associated with 

molecular mechanisms in plant-ergosterol interactions and associated host responses.CHOIX 

Kushwaha, N., Singh, A.K., Basu, S., and Chakraborty, S. (2015). Differential response of 

diverse solanaceous hosts to tomato leaf curl New Delhi virus infection indicates coordinated 

action of NBS-LRR and RNAi-mediated host defense. Arch. Virol. 



Tomato leaf curl New Delhi virus (ToLCNDV) is a bipartite begomovirus (family Geminiviridae) 

that infects a wide range of plants. ToLCNDV has emerged as an important pathogen and a 

serious threat to tomato production in India. A comparative and molecular analysis of ToLCNDV 

pathogenesis was performed on diverse solanaceous hosts (Capsicum annuum, Nicotiana 

benthamiana, N. tabacum, and Solanum lycopersicum). N. benthamiana was found to be the most 

susceptible host, whereas C. annuum showed resistance against an isolate of ToLCNDV collected 

in New Delhi from tomato (GenBank accession no. U15015 and U15017). S. lycopersicum and N. 

tabacum developed conspicuous symptoms and allowed virus to accumulate to significantly high 

titers. The viral DNA level was concurrent with symptom severity. ToLCNDV-specific siRNA 

levels were directly proportional to the amount of viral DNA. To investigate the basis for the 

differences in response of these hosts to ToLCNDV, a comparative expression analysis of 

selected defense-related genes was carried out. The results indicated differences in expression 

levels of genes involved in the posttranscriptional gene silencing machinery (RDR6, AGO1 and 

SGS3) as well as basal host defense responses (nucleotide-binding site and leucine-rich repeat 

[NBS-LRR] proteins and lipid transfer protein [LTP]). Among these, expression of NBS-LRR 

genes was found to be significantly higher in C. annuum following ToLCNDV infection. Our 

analyses suggest that the expression of host defense responses determines the level of ToLCNDV 

accumulation and degree of symptom development. 

Lahrmann, U., Strehmel, N., Langen, G., Frerigmann, H., Leson, L., Ding, Y., Scheel, D., 

Herklotz, S., Hilbert, M., and Zuccaro, A. (2015). Mutualistic root endophytism is not associated 

with the reduction of saprotrophic traits and requires a noncompromised plant innate immunity. 

New Phytol 

* During a compatible interaction, the sebacinoid root-associated fungi Piriformospora indica 

and Sebacina vermifera induce modification of root morphology and enhance shoot growth in 

Arabidopsis thaliana. 

* The genomic traits common in these two fungi were investigated and compared with those of 

other root-associated fungi and saprotrophs. The transcriptional responses of the two sebacinoid 

fungi and of Arabidopsis roots to colonization at three different symbiotic stages were analyzed 

by custom-designed microarrays. 

* We identified key genomic features characteristic of sebacinoid fungi, such as expansions for 

gene families involved in hydrolytic activities, carbohydrate-binding and protein–protein 

interaction. Additionally, we show that colonization of Arabidopsis correlates with the induction 

of salicylic acid catabolism and accumulation of jasmonate and glucosinolates (GSLs). Genes 

involved in root developmental processes were specifically induced by S. vermifera at later 

stages during interaction. 

* Using different Arabidopsis indole-GSLs mutants and measurement of secondary metabolites, 

we demonstrate the importance of the indolic glucosinolate pathway in the growth restriction of 

P. indica and S. vermifera and we identify indole-phytoalexins and specifically indole-carboxylic 

acids derivatives as potential key players in the maintenance of a mutualistic interaction with 

root endophytes. 

Lee, H.-A., and Yeom, S.-I. (2015). Plant NB-LRR proteins: tightly regulated sensors in a 

complex manner. Briefings in Functional Genomics elv012 



As plants are sessile, they have evolved hundreds of resistance (R) genes to defend themselves 

against multiple pathogens. Most of plant R genes encode proteins with the nucleotide-binding 

and leucine-rich repeat (NB-LRR) domains that interact with pathogen effectors to induce 

defense responses. Recent findings describing R proteins structures, host interactors and 

transcriptional and posttranscriptional regulators have broadened our understanding of R gene 

activity regulation. Genome-wide analyses of NB-LRR genes are useful for identifying host and 

nonhost R genes and elucidating complex resistance mechanisms. This review provides an 

overview of the functions of identified NB-LRRs and intra- and intermolecular R gene regulators. 

Motion, G.B., Amaro, T.M.M.M., Kulagina, N., and Huitema, E. (2015). Nuclear processes 

associated with plant immunity and pathogen susceptibility. Briefings in Functional Genomics 

elv013. 

Plants are sessile organisms that have evolved exquisite and sophisticated mechanisms to adapt 

to their biotic and abiotic environment. Plants deploy receptors and vast signalling networks to 

detect, transmit and respond to a given biotic threat by inducing properly dosed defence 

responses. Genetic analyses and, more recently, next-generation -omics approaches have 

allowed unprecedented insights into the mechanisms that drive immunity. Similarly, functional 

genomics and the emergence of pathogen genomes have allowed reciprocal studies on the 

mechanisms governing pathogen virulence and host susceptibility, collectively allowing more 

comprehensive views on the processes that govern disease and resistance. Among others, the 

identification of secreted pathogen molecules (effectors) that modify immunity-associated 

processes has changed the plant–microbe interactions conceptual landscape. Effectors are now 

considered both important factors facilitating disease and novel probes, suited to study immunity 

in plants. In this review, we will describe the various mechanisms and processes that take place 

in the nucleus and help regulate immune responses in plants. Based on the premise that any 

process required for immunity could be targeted by pathogen effectors, we highlight and describe 

a number of functional assays that should help determine effector functions and their impact on 

immune-related processes. The identification of new effector functions that modify nuclear 

processes will help dissect nuclear signalling further and assist us in our bid to bolster immunity 

in crop plants. 

Lo Presti, L., Lanver, D., Schweizer, G., Tanaka, S., Liang, L., Tollot, M., Zuccaro, A., 

Reissmann, S., and Kahmann, R. (2015). Fungal Effectors and Plant Susceptibility. Annual 

Review of Plant Biology 66, 513–545. 

Plants can be colonized by fungi that have adopted highly diverse lifestyles, ranging from 

symbiotic to necrotrophic. Colonization is governed in all systems by hundreds of secreted fungal 

effector molecules. These effectors suppress plant defense responses and modulate plant 

physiology to accommodate fungal invaders and provide them with nutrients. Fungal effectors 

either function in the interaction zone between the fungal hyphae and host or are transferred to 

plant cells. This review describes the effector repertoires of 84 plant-colonizing fungi. We focus 

on the mechanisms that allow these fungal effectors to promote virulence or compatibility, 

discuss common plant nodes that are targeted by effectors, and provide recent insights into 

effector evolution. In addition, we address the issue of effector uptake in plant cells and highlight 

open questions and future challenges. 

Del Río, L.A. (2015). ROS and RNS in plant physiology: an overview. J. Exp. Bot. 



The production of reactive oxygen species (ROS) is the unavoidable consequence of aerobic life. 

ROS is a collective term that includes both oxygen radicals, like superoxide (O2.-) and hydroxyl ( 

(·) OH) radicals, and other non-radicals such as hydrogen peroxide (H2O2), singlet oxygen 

((1)O2 or (1)Δg), etc. In plants, ROS are produced in different cell compartments and are 

oxidizing species, particularly hydroxyl radicals and singlet oxygen, that can produce serious 

damage in biological systems (oxidative stress). However, plant cells also have an array of 

antioxidants which, normally, can scavenge the excess oxidants produced and so avoid 

deleterious effects on the plant cell bio-molecules. The concept of 'oxidative stress' was 

re-evaluated in recent years and the term 'oxidative signalling' was created. This means that ROS 

production, apart from being a potentially harmful process, is also an important component of 

the signalling network that plants use for their development and for responding to environmental 

challenges. It is known that ROS play an important role regulating numerous biological 

processes such as growth, development, response to biotic and environmental stresses, and 

programmed cell death. The term reactive nitrogen species (RNS) includes radicals like nitric 

oxide (NO (·) ) and nitric dioxide (NO2.), as well as non-radicals such as nitrous acid (HNO2) 

and dinitrogen tetroxide (N2O4), among others. RNS are also produced in plants although the 

generating systems have still not been fully characterized. Nitric oxide (NO (·) ) has an important 

function as a key signalling molecule in plant growth, development, and senescence, and RNS, 

like ROS, also play an important role as signalling molecules in the response to environmental 

(abiotic) stress. Similarly, NO (·) is a key mediator, in co-operation with ROS, in the defence 

response to pathogen attacks in plants. ROS and RNS have been demonstrated to have an 

increasingly important role in biology and medicine. 

Roossinck, M.J. (2015). A new look at plant viruses and their potential beneficial roles in crops. 

Molecular Plant Pathology 16, 331–333. 

No abstract is available for this article. 

Schwessinger, B., Bart, R., Krasileva, K.V., and Coaker, G. (2015). Focus issue on plant 

immunity: from model systems to crop species. Front Plant Sci 6, 195. 

No abstract is available for this article. 

Serra-Soriano, M., Navarro, J.A., Genoves, A., and Pallás, V. (2015). Comparative proteomic 

analysis of melon phloem exudates in response to viral infection. Journal of Proteomics. 

Phloem vasculature is the route that most plant viruses use to spread widely around the plant. In 

addition, phloem sap transports signals that trigger systemic defense responses to infection. We 

investigated the proteome-level changes that occur in phloem sap during virus infection using the 

2D-DIGE technique. Total proteins were extracted from phloem exudates of healthy and Melon 

necrotic spot virus infected melon plants and analyzed by 2D-DIGE. A total of 1046 spots were 

detected but only 25 had significant changes in abundance. After mass spectrometry, 19 different 

proteins corresponding to 22 spots were further identified (13 of them up-accumulated and 9 

down-accumulated). Most of them were involved in controlling redox balance and cell death. 

Only two of the differentially altered proteins had never been described to be present in the 

phloem before: a carboxylesterase and the fumarylacetoacetate hydrolase 1, both considered 

negative regulators of cell death. RT-PCR analysis of phloem sap RNAs revealed that the 

transcripts corresponding to some of the identified protein could be also loaded into the sieve 



elements. The impact of these proteins in the host response against viral infections and the 

potential involvement in regulating development, growth and stress response in melon plants is 

discussed. 

Biological significance 

Despite the importance of phloem as an integrative pathway for resource distribution, signaling 

and plant virus transport little is known about the modifications induced by these pathogens in 

phloem sap proteome. Only one previous study has actually examined the phloem sap proteome 

during viral infection using conventional two-dimensional electrophoresis. Since the major 

limitation of this technique has been its low sensitivity, the authors only identified five phloem 

proteins with altered abundance. To circumvent this issue we use two-dimensional difference 

in-gel electrophoresis (2D DIGE) technique, which combined with DeCyder Differential Analysis 

Software allows a more accurate and sensitive quantitative analysis than with conventional 2D 

PAGE. We identified 19 different proteins which accumulation in phloem sap was altered during 

a compatible plant virus infection including redox and hypersensitivity response-related proteins. 

Therefore, this work would help to understand the basic processes that occur in phloem during 

plant-virus interaction. 

Üstün, S., and Börnke, F. (2015). The Xanthomonas campestris Type III Effector XopJ 

Proteolytically Degrades Proteasome Subunit RPT6. Plant Physiol. 168, 107–119. 

Many animal and plant pathogenic bacteria inject type III effector (T3E) proteins into their 

eukaryotic host cells to suppress immunity. The Yersinia outer protein J (YopJ) family of T3Es is 

a widely distributed family of effector proteins found in both animal and plant pathogens, and its 

members are highly diversified in virulence functions. Some members have been shown to 

possess acetyltransferase activity; however, whether this is a general feature of YopJ family T3Es 

is currently unknown. The T3E Xanthomonas outer protein J (XopJ), a YopJ family effector from 

the plant pathogen Xanthomonas campestris pv vesicatoria, interacts with the proteasomal 

subunit Regulatory Particle AAA-ATPase6 (RPT6) in planta to suppress proteasome activity, 

resulting in the inhibition of salicylic acid-related immune responses. Here, we show that XopJ 

has protease activity to specifically degrade RPT6, leading to reduced proteasome activity in the 

cytoplasm as well as in the nucleus. Proteolytic degradation of RPT6 was dependent on the 

localization of XopJ to the plasma membrane as well as on its catalytic triad. Mutation of the 

Walker B motif of RPT6 prevented XopJ-mediated degradation of the protein but not XopJ 

interaction. This indicates that the interaction of RPT6 with XopJ is dependent on the 

ATP-binding activity of RPT6, but proteolytic cleavage additionally requires its ATPase activity. 

Inhibition of the proteasome impairs the proteasomal turnover of Nonexpressor of 

Pathogenesis-Related1 (NPR1), the master regulator of salicylic acid responses, leading to the 

accumulation of ubiquitinated NPR1, which likely interferes with the full induction of NPR1 

target genes. Our results show that YopJ family T3Es are not only highly diversified in virulence 

function but also appear to possess different biochemical activities. 

Wu, G., Liu, S., Zhao, Y., Wang, W., Kong, Z., and Tang, D. (2015a). ENHANCED DISEASE 

RESISTANCE4 Associates with CLATHRIN HEAVY CHAIN2 and Modulates Plant Immunity 

by Regulating Relocation of EDR1 in Arabidopsis. Plant Cell 27, 857–873. 

Obligate biotrophs, such as the powdery mildew pathogens, deliver effectors to the host cell and 



obtain nutrients from the infection site. The interface between the plant host and the biotrophic 

pathogen thus represents a major battleground for plant-pathogen interactions. Increasing 

evidence shows that cellular trafficking plays an important role in plant immunity. Here, we 

report that Arabidopsis thaliana ENHANCED DISEASE RESISTANCE4 (EDR4) plays a negative 

role in resistance to powdery mildew and that the enhanced disease resistance in edr4 mutants 

requires salicylic acid signaling. EDR4 mainly localizes to the plasma membrane and endosomal 

compartments. Genetic analyses show that EDR4 and EDR1 function in the same genetic 

pathway. EDR1 and EDR4 accumulate at the penetration site of powdery mildew infection, and 

EDR4 physically interacts with EDR1, recruiting EDR1 to the fungal penetration site. In 

addition, EDR4 interacts with CLATHRIN HEAVY CHAIN2 (CHC2), and edr4 mutants show 

reduced endocytosis rates. Taken together, our data indicate that EDR4 associates with CHC2 

and modulates plant immunity by regulating the relocation of EDR1 in Arabidopsis. 

Wu, J., Sun, Y., Zhao, Y., Zhang, J., Luo, L., Li, M., Wang, J., Yu, H., Liu, G., Yang, L., et al. 

(2015b). Deficient plastidic fatty acid synthesis triggers cell death by modulating mitochondrial 

reactive oxygen species. Cell Res. 

Programmed cell death (PCD) is of fundamental importance to development and defense in 

animals and plants. In plants, a well-recognized form of PCD is hypersensitive response (HR) 

triggered by pathogens, which involves the generation of reactive oxygen species (ROS) and 

other signaling molecules. While the mitochondrion is a master regulator of PCD in animals, the 

chloroplast is known to regulate PCD in plants. Arabidopsis Mosaic Death 1 (MOD1), an 

enoyl-acyl carrier protein (ACP) reductase essential for fatty acid biosynthesis in chloroplasts, 

negatively regulates PCD in Arabidopsis. Here we report that PCD in mod1 results from 

accumulated ROS and can be suppressed by mutations in mitochondrial complex I components, 

and that the suppression is confirmed by pharmaceutical inhibition of the complex I-generated 

ROS. We further show that intact mitochondria are required for full HR and optimum disease 

resistance to the Pseudomonas syringae bacteria. These findings strongly indicate that the ROS 

generated in the electron transport chain in mitochondria plays a key role in triggering plant 

PCD and highlight an important role of the communication between chloroplast and 

mitochondrion in the control of PCD in plants. 

Yang, Y.-X., Ahammed, G.J., Wu, C., Fan, S.-Y., and Zhou, Y.-H. (2015). Crosstalk among 

Jasmonate, Salicylate and Ethylene Signaling Pathways in Plant Disease and Immune Responses. 

Curr. Protein Pept. Sci. 

Phytohormone crosstalk is crucial for plant defenses against pathogens and insects in which 

salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) play key roles. These low molecular 

mass signals critically trigger and modulate plant resistance against biotrophic as well as 

necrotrophic pathogens through a complex signaling network that even involves participation of 

other hormones. Crosstalk among SA, JA and ET is mediated by different molecular players, 

considered as integral part of these cross-communicating signal transduction pathways. Recent 

progress has revealed that the positive versus negative interactions among those pathways 

ultimately enable a plant to fine-tune its defense against specific aggressors. On the other hand, 

pathogens have evolved strategies to manipulate the signaling network to their favour in order to 

intensify virulence on host plant. Here we review recent advances and current knowledge on the 

role of classical primary defense hormones SA, JA and ET as well as their synergistic and 

antagonistic interaction in plant disease and immune responses. Crosstalk with other hormones 



such as abscisic acid, auxin, brassinosteroids, cytokinins and melatonin were also discussed 

mainly in plant disease resistance. Besides our keen focus on hormonal crosstalk, this review 

also highlights potential implication of positive and negative regulatory interactions for 

developing an efficient disease management strategy through manipulation of hormone signaling 

in plant. 

Zhang, X.-C., Millet, Y.A., Cheng, Z., Bush, J., and Ausubel, F.M. (2015a). Jasmonate signalling 

in Arabidopsis involves SGT1b–HSP70–HSP90 chaperone complexes. Nature Plants 1, 15049. 

Plant hormones play pivotal roles in growth, development and stress responses. Although it is 

essential to our understanding of hormone signalling, how plants maintain a steady state level of 

hormone receptors is poorly understood. We show that mutation of the Arabidopsis thaliana 

co-chaperone SGT1b impairs responses to the plant hormones jasmonate, auxin and gibberellic 

acid, but not brassinolide and abscisic acid, and that SGT1b and its homologue SGT1a are 

involved in maintaining the steady state levels of the F-box proteins COI1 and TIR1, receptors 

for jasmonate and auxin, respectively. The association of SGT1b with COI1 is direct and is 

independent of the Arabidopsis SKP1 protein, ASK1. We further show that COI1 is a client 

protein of SGT1b–HSP70–HSP90 chaperone complexes and that the complexes function in 

hormone signalling by stabilizing the COI1 protein. This study extends the SGT1b–HSP90 client 

protein list and broadens the functional scope of SGT1b–HSP70–HSP90 chaperone complexes. 

Zheng, Y., Yang, Y., Liu, C., Chen, L., Sheng, J., and Shen, L. (2015). Inhibition of SlMPK1, 

SlMPK2, and SlMPK3 disrupts defense signaling pathways and enhances tomato fruit 

susceptibility to Botrytis cinerea. J. Agric. Food Chem. 

Mitogen-activated protein kinases (MAPKs) are major components of defense signaling 

pathways that transduce extracellular stimuli into intracellular responses in plants. Our previous 

study indicated that SlMPK1/2/3 were associated with nitric oxide-induced defense response in 

tomato fruit. In this study, we determine whether SlMPK1/2/3 influence tomato fruit's innate 

immunity, and whether plant hormones and reactive oxygen species (ROS) are involved in 

SlMPK1/2/3 defense signaling pathways. Treatment with 10 μM U0126 significantly inhibited the 

relative expression of SlMPK1, SlMPK2, and SlMPK3 (P < 0.05). U0126-treated fruit showed 

higher concentrations of auxin indole acetic acid (IAA), abscisic acid (ABA), and gibberellic acid 

(GA), but a lower concentration of methyl jasmonate (MeJA). The activities of defense enzymes, 

including β-1, 3-glucanases (GLU), chitinase (CHI), phenylalanine ammonia-lyase (PAL), and 

polyphenol oxidase (PPO) decreased after U0126 treatment. Meanwhile, H2O2 content 

increased and catalase (CAT), ascorbate peroxid. 

Zschiesche, W., Barth, O., Daniel, K., Böhme, S., Rausche, J., and Humbeck, K. (2015). The 

zinc-binding nuclear protein HIPP3 acts as an upstream regulator of the salicylate-dependent 

plant immunity pathway and of flowering time in Arabidopsis thaliana. New Phytol 

* Biotic and abiotic stress responses of plants are linked to developmental programs. Proteins 

involved in different signaling pathways are the molecular basis of this concerted interplay. In 

our study, we show that Arabidopsis thaliana HEAVY METAL-ASSOCIATED ISOPRENYLATED 

PLANT PROTEIN3 (HIPP3; At5g60800) acts as an upstream regulator of stress- and 

development-related regulatory networks. 

* Localization, metal-binding and stress-responsive gene expression of HIPP3 were analyzed via 



microscopy, protein and inductively coupled plasma (ICP)-MS analyses and quantitative 

real-time PCR. In addition, transcriptome and phenotype analyses of plants overexpressing 

HIPP3 were used to unravel its function. 

* Our data show that HIPP3 is a nuclear, zinc-binding protein. It is repressed during drought 

stress and abscisic acid (ABA) treatment and, similar to other pathogen-related genes, is induced 

after infection with Pseudomonas syringae pv. tomato. HIPP3 overexpression affects the 

regulation of > 400 genes. Strikingly, most of these genes are involved in pathogen response, 

especially in the salicylate pathway. In addition, many genes of abiotic stress responses and seed 

and flower development are affected by HIPP3 overexpression. Plants overexpressing HIPP3 

show delayed flowering. 

* We conclude that HIPP3 acts via its bound zinc as an upstream regulator of the 

salicylate-dependent pathway of pathogen response and is also involved in abiotic stress 

responses and seed and flower development. 

Zuluaga, A.P., Vega-Arreguín, J.C., Fei, Z., Ponnala, L., Lee, S.J., Matas, A.J., Patev, S., Fry, 

W.E., and Rose, J.K.C. (2015). Transcriptional Dynamics of Phytophthora infestans During 

Sequential Stages of Hemibiotrophic Infection of Tomato. Molecular Plant Pathology 

Hemibiotrophic plant pathogens, such as the oomycete Phytophthora infestans, employ a 

biphasic infection strategy, initially behaving as biotrophs where minimal symptoms are 

exhibited by the plant, and subsequently as necrotrophs, feeding on dead plant tissue. The 

regulation of this transition and the breadth of molecular mechanisms that modulate plant 

defenses are not well understood, although effector proteins secreted by the pathogen are thought 

to play a key role. We examined the transcriptional dynamics of P. infestans in a compatible 

interaction with its host tomato (Solanum lycopersicum), at three infection stages: biotrophy; the 

transition from biotrophy to necrotrophy; and necrotrophy. The expression data suggested a tight 

temporal regulation of many pathways associated with suppression of plant defense mechanisms 

and pathogenicity, including the induction of putative cytoplasmic and apoplastic effectors. 

Twelve of these were experimentally evaluated to determine their ability to suppress necrosis 

caused by the P. infestans necrosis-inducing protein PiNPP1.1 in Nicotiana benthamiana. Four 

effectors suppressed necrosis, suggesting that they might prolong the biotrophic phase. This 

study suggests that a complex regulation of effector expression modulates the outcome of the 

interaction. 

Lei, M., Lu, P., Jin, L., Wang, Y., Qin, J., Xu, X., Zhang, L., and Wang, Y. (2015). Complete 

Genome Sequence of Paenibacillus polymyxa CF05, a Strain of Plant Growth-Promoting 

Rhizobacterium with Elicitation of Induced Systemic Resistance. Genome Announc. 3, 

e00198–15 

Paenibacillus polymyxa CF05 is a Gram-positive rod-shaped bacterium isolated from the 

interior of an ancient tree, Cryptomeria fortunei, in China. This bacterium displays potent 

biocontrol effects against certain soil-borne diseases and the elicitation of induced systemic 

resistance in tomatoes. Here, we report the complete genome sequence of P. polymyxa CF05. 

Sarma, B.K., Yadav, S.K., Singh, S., and Singh, H.B. (2015). Microbial consortium-mediated 

plant defense against phytopathogens: Readdressing for enhancing efficacy. Soil Biology and 

Biochemistry. MD 



Microorganisms under natural habitats live in communities and some provides benefits to plant. 

Further, microbes when introduced to soil as consortium and interact with a host plant, partially 

mimic the natural soil conditions. The current research trend has therefore oriented towards 

investigating the role of small microbial consortia in promoting plant growth and health against 

various invading pathogens. This is a paradigm shift from the original investigations involving a 

single microbe. In the recent past, information on various mechanisms by which microbial 

consortia promoted plant growth and triggered defense responses in host plants during pathogen 

ingress have become available. It was also unveiled that microbes in small consortia enhance the 

defense signaling cascades leading to enhanced transcriptional activation of several metabolic 

pathways. However, an additive or synergistic effect is not achieved every time a microbial 

consortium is used. With progress in time a sizable understanding on microbial 

consortium-induced plant defense responses had been reached. Further generation of 

information on host's responses to pathogenic challenge in the presence of diverse microbial 

consortia at functional level is underway. In this review, we have presented the outcomes of small 

microbial consortia used so far to protect crop plants from various pathogens. We have also 

provided possible explanations for reduction in diseases when a microbial consortium was used, 

compared the effects of microbes when used alone as well as in consortium, possible 

shortcomings for not obtaining desired outcome from the introduced consortia, and provided the 

rationale for development of effective microbial consortia capable of inducing enhanced systemic 

resistance. Finally, we have suggested some potential biotechnological applications to sustain 

the effect of microbe-induced defense responses in host plants. 

Wang, H., Yang, X., Guo, L., Zeng, H., and Qiu, D. (2015a). PeBL1, a novel protein elicitor from 

Brevibacillus laterosporus strain A60, activates the defense responses and systemic resistance in 

Nicotiana benthamiana. Appl. Environ. Microbiol. AEM.03586–14 

In our study, we report the identification, characterization, and gene cloning of a novel protein 

elicitor (PeBL1) secreted from Brevibacillus laterosporus strain A60. Through a purification 

process consisting of ion exchange chromatography and HPLC, we isolated a protein that was 

identified by ESI-QTOF-MS/MS. The 351-bp PeBL1 gene produces a 12833 Da protein with 116 

amino acids that contains a 30-residue signal peptide. The PeBL1 protein was expressed in 

Escherichia coli. The recombinant protein can induce a typical hypersensitive response (HR) and 

systemic resistance in Nicotiana benthamiana as the endogenous protein. PeBL1-treated N. 

benthamiana exhibited a strong resistance to the infection of TMV-GFP and P. syringae pv. 

tabaci compared to control N. benthamiana. In addition, PeBL1 triggered a cascade of events 

that resulted in defense responses in plants, including reactive oxygen species (ROS) production, 

extracellular medium alkalization, phenolic compounds deposition and several defense-related 

genes. Real-time quantitative PCR analysis indicated that the known defense-related genes PR-1, 

PR-5, PDF1.2, NPR1 and PAL were up-regulated to varying degrees by PeBL1. This research 

not only provides insights into the mechanism by which beneficial bacteria activate plant 

systemic resistance but also sheds new light on a novel strategy for biocontrol using strain A60. 

Wang, K., Cao, S., Di, Y., Liao, Y., and Zheng, Y. (2015b). Effect of ethanol treatment on 

disease resistance against anthracnose rot in postharvest loquat fruit. Scientia Horticulturae 188, 

115–121 

The effect of ethanol treatment on disease resistance against anthracnose rot in postharvest 

loquat fruit and its possible mechanism were investigated. Our data implied that treatment of 



loquat fruit with ethanol at 300 μl/l significantly inhibited the anthracnose rot caused by 

Colletotrichum acutatum and maintained the overall quality. Ethanol treatment suppressed 

activities of catalase and ascorbate peroxidase while increased superoxide dismutase activity in 

C. acutatum-inoculated loquat fruit, thus resulting in a higher level of H2O2, which might serve 

as a crucial role to activate disease resistance. Meanwhile, the activities of defense-related 

enzymes including phenylalanine ammonia-lyase, peroxidase, polyphenol oxidase, chitinase and 

β-1,3-glucanase were significantly enhanced by the ethanol treatment. In addition, 300 μl/l 

ethanol exhibited an effective antifungal activity against spore germination and mycelial growth 

of C. acutatum in vitro. Therefore, these results suggest that ethanol can inhibit anthracnose rot 

in postharvest loquat fruit, possibly via inhibiting pathogen growth directly and inducing disease 

resistance indirectly. 

Zhang, Y.T., Zhang, Y.L., Chen, S.X., Yin, G.H., Yang, Z.Z., Lee, S., Liu, C.G., Zhao, D.D., Ma, 

Y.K., Song, F.Q., et al. (2015c). Proteomics of methyl jasmonate induced defense response in 

maize leaves against Asian corn borer. BMC Genomics 16, 224 

BACKGROUND: Jasmonic acid (JA) and methyl jasmonate (MeJA) regulate plant development, 

resistance to stress, and insect attack by inducing specific gene expression. However, little is 

known about the mechanism of plant defense against herbivore attack at a protein level. Using a 

high-resolution 2-D gel, we identified 62 MeJA-responsive proteins and measured protein 

expression level changes. 

RESULTS: Among these 62 proteins, 43 proteins levels were increased while 11 proteins were 

decreased. We also found eight proteins uniquely expressed in response to MeJA treatment. Data 

are available via ProteomeXchange with identifier PXD001793. The proteins identified in this 

study have important biological functions including photosynthesis and energy related proteins 

(38.4%), protein folding, degradation and regulated proteins (15.0%), stress and defense 

regulated proteins (11.7%), and redox-responsive proteins (8.3%). The expression levels of four 

important genes were determined by qRT-PCR analysis. The expression levels of these proteins 

did not correlate well with their translation levels. To test the defense functions of the 

differentially expressed proteins, expression vectors of four protein coding genes were 

constructed to express in-fusion proteins in E. coli. The expressed proteins were used to feed 

Ostrinia furnacalis, the Asian corn borer (ACB). Our results demonstrated that the recombinant 

proteins of pathogenesis-related protein 1 (PR1) and thioredoxin M-type, chloroplastic precursor 

(TRXM) showed the significant inhibition on the development of larvae and pupae. 

CONCLUSIONS: We found MeJA could not only induce plant defense mechanisms to insects, it 

also enhanced toxic protein production that potentially can be used for bio-control of ACB. 

 


