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Abstract 
Technology has contributed to the advances on the 
genomic, transcriptomic, metabolomic and proteomic 
analyses of the plant-root-knot nematode (RKN) 
interaction. Holistic approaches to obtain expression 
profiles, such as cDNA libraries, differential display, q-PCR, 
microarray hybridization, massive sequencing, etc., have 
increased our knowledge on the molecular aspects of the 
interaction and have triggered the development of 
biotechnological tools to control this plague. An important 
limitation, however, has been the difficulty of cross-
comparative analysis of these data. The construction of a 
database, NEMATIC, compiling microarray data available 
in Arabidopsis of the interaction with plant endoparasitic 
nematodes facilitated the in silico analysis, but is not 
sufficient for the handling of "omic" information of different 
plant species. Omics combined with cell isolation 
techniques have shed some light on the heterogeneous 
expression signatures of nematode induced gall tissues, 
i.e., plant defences are specifically inhibited in giant cells 
within the gall aiding the nematode for a successful 
establishment. The natural resistance against RKNs varies 
from an early hypersensitive reaction before the 
establishment of the nematode, to the arrest of gall growth. 
The molecular bases of these mechanisms, not fully 
understood yet, could disclose powerful targets for the 
development of biotechnology based tools for nematode 
control. 

Introduction 
Plant parasitic nematodes (PPNs) constitute a major pest 
for crop plants worldwide, causing economic and yield 
losses estimated in $118 billion and 11%, respectively 
(McCarter et al., 2008). To these numbers, losses in non-
food crops including ornamentals, turf and forest trees 
should be added, increasing even further the global impact 
of these parasites on society and on the environment 
(McCarter et al., 2008). Root- knot nematodes (RKNs; 
Meloidogyne spp.) are sedentary endoparasites considered 
one of the most harmful group of PPNs as they can infect a 
wide range of plant species (Escobar et al., 2015). RKNs 
penetrate into the roots through the elongation zone and 
migrate intercellulary towards the root apex entering into 
the vascular cylinder where they establish and inducing a 
feeding site necessary for life cycle completion (Escobar et 

al., 2015). RKNs secretions interfere with the plant 
molecular pathways to differentiate specialized cell types 
into their feeding sites (Truong et al., 2015), called giant 
cells (GCs) as they are far larger than the surrounding cells 
in the vascular cylinder (Cabrera et al., 2015). During the 
development of the GCs, surrounding vascular cells divide 
profusely and cortical cells hypertrophy which, together 
with GC growth, lead to the formation of a knot or gall in 
the root that is the typical structure that characterizes the 
infection by these nematodes (Escobar et al., 2015). GCs 
inside the galls act as transfer cells that sink the nutrients 
from the plant to help the nematode complete its life cycle 
(Rodiuc et al., 2014). The differentiation of vascular cells 
in to h igh ly spec ia l ized GCs requi res mass ive 
transcriptional reprogramming to allow changes in the cell 
cycle machinery (de Almeida-Engler et al., 2015), lipid, 
carbohydrate and amino acid metabolisms (Brown et al., 
2015; Siddique and Grundler, 2015) or cell wall 
composition (Wieczorek, 2015) among others. 

In the last 10-15 years, technology has assisted the 
advances in the genomic, transcriptomic, metabolomic and 
proteomic analyses which have contributed to the huge 
increase in the research on the molecular aspects of the 
plant-RKNs interaction. Hence, studies based on different 
omics have tried to decipher those molecular pathways 
leading to the successful establishment of the nematode in 
the root and to GCs differentiation, as well as those 
pathways governing the plant resistance that lead to 
incompatible plant-RKN interactions. Expectations on the 
development of biotechnological tools based on this 
molecular knowledge to control this plague were, at least 
partly, the fundament of the research. A quick online search 
in the Pubmed library using the keyword "Meloidogyne" 
retrieves a higher number of publications with this word in 
the abstract within the last 15 years than in all the 20th 
century (1132 and 1041, respectively). Moreover, 246 of 
the publications since 2000 contain in the abstract the 
words "gene expression". These data reflect the intense 
research on this field in recent years which has resulted 
from the development of the omics techniques that might 
open a new horizon not only for the basic understanding of 
the plant-nematode interaction, but also to design effective 
and economically viable tools for its control. In this review 
we describe the main studies based on different omics 
analyses focusing mainly in those with relevant data on 
plant defence responses and resistance. 

Transcriptomic analyses of plant-RKN interactions 
cDNA libraries and differential display 
Differential screening of cDNA libraries from infected root 
tissue compared to the cDNA of uninfected roots has been 
broadly used to uncover those genes responsive to the 
infection of different plant species when microarrays or 
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massive sequencing techniques were not available (Figure 
1; Table S1). First attempts to achieve a global gene 
expression analysis were performed by Wilson et al., in 
1994 by constructing a cDNA library from RNA of 1-2 
months-old hand dissected GCs induced by M. incognita in 
tomato roots (Figure 1; Table S1). 58 cDNA clones were 
more abundant in GCs compared to the uninfected roots 
(Bird and Wilson, 1994; Wilson et al., 1994). Among them, 
some were not expressed in uninfected roots but in other 
parts of the plant, suggesting that the pathways interfered 
during GC maintenance were not necessarily specific for 
roots. Only 12 cDNA clones could be associated to a 
putative homolog using a Blast algorithm, including a 
putative MYB transcription factor (Bird and Wilson, 1994). 
More recently, several publications have confirmed the 
involvement of the MYB family in the regulation of the plant 
responses to different abiotic and biotic stresses (Ambawat 
et al., 2013) including plant-RKN interaction, with several 
MYB transcription factors resulting differentially regulated in 
different transcriptomic analyses (e.g. Jammes et al., 2005; 
Barcala et al., 2010; see next section). 

Based also on a cDNA library from 5 weeks-old M. 
incognita tomato galls, Van der Eycken et al. (1996), found 
a gene named LEMMI9, in addition to other genes such as 
those coding for two extensins. LEMMI9 encodes a late 
embryogenesis related protein whose induction was 
confirmed in GCs by in situ hybridization. It shows a high 
homology to cotton LEA14, a hydrophilic protein belonging 
to the late embryogenesis abundant (LEA) class of proteins 
that accumulate both during embryogenesis and in 
vegetative tissues under water stress (Dure, 1993), and 
whose function has been proposed to be ion sequestering 
during water deficit. Hence, it was proposed that the 
accumulation in GCs of LEMMI9 might be related to 
osmotic changes during their development and functioning 
(Van der Eycken et al., 1996). LEMMI9 promoter was also 
active in potato, and a nematode responsive cis-element 
was identified by deletions and EMSA analysis (Escobar et 
al., 1999). This gene was one of the firsts to be obtained 
from transcriptomic studies, and demonstrated to play a 
role in the plant-nematode interaction as evidenced by the 
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Figure 1. Different omics techniques used to decipher the molecular mechanisms underlying the interaction of Meloidogyne spp. with plants. The use of giant cells, galls 
and/or infected root tissues from dicotyledonous and monocotyledonous plant species are indicated. We acknowledge Prof. Dr. Godelieve Gheysen and Ji Hongli and 
Kamrun Nahar from Ghent University for kindly providing us with the pictures of galls and giant cells from rice.
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fact that its silencing in tomato hairy roots produced a 
decrease in nematode reproduction (Plovie et al., 2003). 

Most of the early attempts to disclose the gall/GC 
transcriptomes were made in well-developed GCs at 1-2 
months after infection, therefore retrieving no information 
on the establishment and early development of the GCs. 
The first cDNA library constructed from very early stages of 
the plant-nematode interaction during the penetration-
migration phase was performed using 12 hours post 
inoculation (hpi) nematode-resistant tomato root tips 
(carrying Mi-1 gene) infected with M. javanica (Lambert et 
al., 1999). Eight genes from the cDNA library were 
characterized, some of them associated with defence or 
stress responses, such as those encoding an ascorbate 
reductase or a peroxidase. However, these 8 genes were 
expressed in both the compatible and incompatible 
interaction (Lambert et al., 1999). This is in accordance 
with the production of reactive oxygen species (ROS) at 
the early stages, not only in the incompatible but also in the 
compatible interaction as confirmed experimentally (Melillo 
et al., 2011). However, the H2O2 levels were lower in the 
compatible than in the incompatible interaction, which 
suggests a role of ROS in nematode resistance. 
Accordingly, a cDNA library of M. incognita galls at 3 days 
post inoculation (dpi) in Medicago sativa roots revealed 6 
induced cDNAs. Two of them, an isoflavone-like protein 
and a metallothionein-like protein have a potential role in 
ROS scavenging (Potenza et al., 2001). In this respect, it 
was recently shown that the cyst nematode Heterodera 
schachtii stimulates the formation of ROS by an NADPH-
oxidase to modulate the distribution of dead cells and to 
allow the proper formation of their feeding site (Siddique et 
al., 2014). Differential display was also used to identify 
alterations of gene expression of A. thaliana root galls 
caused by M. incognita at early infection stages (2, 3, 4, 5 
and 7 dpi; Vercauteren et al., 2001). The differential 
expression of six genes was confirmed by DNA gel blot 
hybridization. A general defence mechanism operating 
during this compatible interaction was suggested because 
of the enhanced expression of genes encoding proteinase 
inhibitors and peroxidases, both described during other 
plant-pathogen interactions (e.g. Koiwa et al., 1997; Habib 
and Fazili, 2007). Interestingly, most of the induced genes 
were also localized by in situ hybridisation within the gall 
tissues, among them, two genes encoding a trypsin 
inhibitor and a peroxidase were expressed mainly in the 
endodermal cells surrounding the expanding GCs, which 
can be considered as part of a host wound reaction 
(Vercauteren et al., 2001). Their expression pattern in the 
outer layers of the galls, but not within the GCs, is in 
accordance, essentially, with the data obtained in a highly 
sensitive analysis performed later by combining microarray 
analysis with cell biology techniques. This analysis involved 
GCs isolation from the rest of the gall tissues in 
Arabidopsis, tomato and Medicago (Barcala et al., 2010; 
Damiani et al., 2012; Portillo et al., 2013). In general, it was 
observed that defence genes were repressed within the 
GCs, whereas defence responses were observed in the 
rest of the gall. 

As a result of a proteomic study (see next section), a cotton 
protein correlated with RKN resistance was identified. It 
was DE at 8 dpi when nematode development is arrested 
in the incompatible interaction (Callahan et al., 1997). 
Analysis with a specific antiserum recognized the 14 kDa 
protein and revealed a negative correlation between the 
presence of this protein in root tissues and root galling from 
a large group of RKN resistant breeding lines, and 
susceptible cultivars of cotton (Callahan et al., 2004). 
Additionally, it helped to identify a gene named MIC-3 
(Meloidogyne Induced Cotton3) from a cDNA library of 10 
dpi M. incognita galls that was induced in a nematode-
resistant line of cotton (Gossypium hirsutum; Zhang et al., 
2002) as compared to the expression in a susceptible line 
(Callahan et al., 1997; Zhang et al., 2002) corresponding to 
this protein. More recently, the authors demonstrated that 
the over-expression of the protein in a susceptible line 
reduces egg production by 60-75% compared to the non-
transgenic lines (Wubben et al., 2015). At least 15 MIC-like 
cDNAs are expressed in the roots of susceptible and 
resistant cotton lines (Wubben et al., 2008), differing in the 
timing of induction. In resistant lines their maximum 
expression occurs before the appearance of visible signs of 
resistance, while susceptible lines showed a delayed 
expression. This suggests that the MIC gene family is part 
of a root-specific defence response mechanism in cotton 
that operates independently from other known pathways 
such as gossypol biosynthesis, lipid peroxidation, and 
PR10 expression (Wubben et al., 2008). MIC-3 constitutes 
a clear example of how proteomic and transcriptomic 
studies could complement each other to assist the 
development of biotechnological tools based on 
modifications of the plant defence systems against the 
RKNs. 

Although some of the previously mentioned papers used 
root material enriched in GCs for the construction of the 
cDNA library, e.g. hand dissected galls, there was a serious 
technical difficulty to isolate the GCs from the rest of the 
gall where they were immersed. GCs are the nourishing 
cells and their differentiation and continuous maintenance 
is strictly necessary for the nematode to complete its life 
cycle (Hussey et al., 1989). It was not until 2003 when the 
first transcriptomic study from isolated GCs was carried out 
(Wang et al., 2003). In this work, 25 dpi GCs from tomato 
roots inoculated with M. javanica were isolated using a 
pressure probe system (Wang et al., 2001; 2003). The 
mRNA extracted was further used for differential display 
RT-PCR, finding that 73 genes were up-regulated and 8 
genes down-regulated (Wang et al., 2003). Many of those 
genes were classified into functional categories that reflect 
the high metabolic rate of the GCs more than the defence 
response or process related to the GCs development. 
These results were not surprising due to the age of the 
GCs, 25 dpi, when they are fully developed nourishing the 
nematode. However, the authors demonstrated the 
importance of GCs isolation preceding the transcriptomic 
analysis, as the fold change of the up- regulated genes 
was much lower using GC-enriched root segments than 
that from isolated GCs. This confirms the strong dilution 
effect of GC mRNAs when whole infected tissues are used 
(Wang et al., 2003). Later, 87 and 54 transcripts were 
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identified from a cDNA library of laser captured isolated 
GCs from tomato galls at 4 and 7 dpi respectively (Fosu-
Nyarko et al., 2009). It was suggested that the presence 
and initial movement of the nematode juveniles (J2s) 
between cells may activate defence and stress 
transduction pathways in the host root, as transcripts 
encoding pathogenesis-related proteins (e.g. TSI-1 and 
stress related proteins such as superoxide dismutases) 
were induced at 4 and 7 dpi as compared to uninfected 
cells surrounding the vascular cylinder (Fosu-Nyarko et al., 
2009). In contrast, most of the later transcriptomic analyses 
based on microarrays or massive sequencing combined 
with laser microdissection of GCs pointed to gene 
repression of these groups of genes within GCs, not only in 
Arabidopsis but in tomato and Medicago as well (Barcala et 
al., 2010; Daimiani et al., 2012; Portillo et al., 2013). 

Even though in the last decade researchers preferred 
holistic transcriptomic techniques such as microarrays and 
high throughput sequencing analyses, cDNA libraries have 
been used in other studies when no microarray chips were 
available, i.e. in the interactions of M. arenaria with Arachis 
hypogaea and M. javanica with Glycine max (Tirumalaraju 
et al., 2011; de Sa et al., 2012). cDNA libraries from 
resistant and susceptible peanut lines confirmed the higher 
number of genes related to stress categories in the 
resistant line than in the susceptible one, although both of 
them presented genes from this category. The resistant 
cultivar (NemaTAM)-specific transcripts included those 
encoding putative PR proteins, patatin-like proteins and 
universal stress proteins (USP). The expression of most 
PR proteins is contingent upon pathogen infection and is 
mediated through salicylic acid (SA), jasmonic acid (JA) 
and ethylene signal transduction pathways (Tirumalaraju et 
al., 2011). In contrast, the number of genes related to 
transcriptional regulation was higher in the susceptible than 
in the resistant lines, probably reflecting an intense 
reprogramming needed for GC establishment (Tirumalaraju 
et al., 2011). 

Microarrays 
The first studies reporting DNA microarrays for the study of 
the plant- Meloidogyne interaction constituted a prologue 
for a veritable explosion of analyses based on this 
technique (Figure 1; Table S1). The sequencing of the 
Arabidopsis genome coupled to the valuable information 
from other research fields, made this plant a suitable 
system to study the transcriptional profiles of galls and 
GCs. The first study was centred in the regulation of 
membrane transporters in Arabidopsis roots infected with 
M. incognita at 1, 2 and 4 weeks post inoculation (wpi; 
Hammes et al., 2005). Using the GeneChip® Arabidopsis 
ATH1 Genome Array from Affymetrix, the authors focused 
their study in the expression of the 805 membrane-proteins 
represented in the chip (Hammes et al., 2005). 50 
transporters including members of 19 of the approximately 
80 transporter gene families identified in Arabidopsis 
showed differential expression at 1, 2 and 4 wpi in whole 
infected roots compared to the uninfected control (Hammes 
et al., 2005). Some of them were specifically expressed in 
the galls and not in the rest of the root, as demonstrated by 
qPCR analysis and GUS assays. Consistent with the role 

of GCs as transfer cells to feed the nematode (Cabrera et 
al., 2014a; Rodiuc et al., 2014), an up- regulation of auxin, 
amino acid and sucrose transporters was observed 
(Hammes et al., 2005). The second microarray study 
reported for RKNs was a full time-course along different 
infection stages, from establishment to maturation (7, 14 
and 21 dpi) using CATMA microarrays representing 22089 
Arabidopsis genes (Jammes et al., 2005). A total of 3373 
genes were differentially expressed (DE) at some of the 
selected infection times, increasing greatly the number of 
genes found DE in the galls as compared to those found in 
the previous cDNA library screens. Such a number of DE 
genes indicated a vast molecular reprogramming of the 
cells forming the gall, including the GCs. The number of 
genes up and down- regulated were similar (1606 and 
1742, respectively), highlighting the importance of gene 
repression in the compatible interaction (Jammes et al., 
2005). Moreover, the number of repressed genes related to 
plant defence was remarkable, suggesting a necessity for 
the down- regulation of defence pathways in the gall for a 
proper establishment during the compatible interaction 
(Jammes et al., 2005). The gene repression in galls was 
further confirmed in later microarray analysis of galls from 
Arabidopsis infected with M. incognita (Fuller et al., 2007) 
where two-thirds of the 259 DE were down-regulated. 
Those repressed genes were mainly classified in the 
response to abiotic or biotic stresses (Fuller et al., 2007). 

The first transcriptome combining cell isolation techniques 
and DNA-microarrays was performed with RNA extracted 
from GCs at 3 dpi isolated by laser capture micro-
dissection from frozen sections of hand dissected 
Arabidopsis-M. javanica galls (Barcala et al., 2010). It 
detected 1161 DE genes, of which 851 were down-
regulated and 310 were up-regulated. Consistently, most of 
the stress related genes were down-regulated in GCs. 
Hence, a distinctive feature of the GCs transcriptome was 
the general down-regulation of genes classified in the 
secondary metabolism and stress groups. In particular, 
most genes involved in the phenylpropanoid pathway, 
typically part of a defence mechanism against pathogen 
attack, including PAL1, PAL2, 4CL3 and CAD (Dixon et al., 
2002) were down-regulated. Furthermore, many WRKY, 
MYB, AP2/EREBP and bZIP transcription factor family 
members, induced by biotic or abiotic stresses (Bakshi and 
Oelmüller, 2014; Mizoi et al., 2012; Liu, et al., 2015) were 
down-regulated in GCs, but not in the transcriptome of 
whole galls. However, defence and PRP genes directly or 
indirectly regulated by SA and JA were not DE in 3 dpi GCs 
(Barcala et al., 2010). The study by Barcala et al. (2010) 
allowed comparison of the GC transcriptome to that of the 
whole gall at the same developmental stage (3 dpi), 
revealing that their transcriptional profiles are different, with 
only 120 shared genes out of a total of 1161 DE in GCs. A 
group of distinctive stress and defence related genes were 
clearly induced in galls, mainly related to biotic stress and 
secondary metabolism. In contrast, most genes of those 
categories were repressed in GCs. This study also 
confirmed the high dilution of GC mRNAs when the whole 
gall is analysed, as the fold changes of the common DE 
genes were much higher in GCs than in galls. Therefore, it 
served to characterize the transcriptional changes 
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associated to GCs formation, which were proved to be 
distinct to that of the rest of gall tissues (Barcala et al., 
2010). 

Vast amount of transcriptomic data for the plant-nematode 
interaction was generated in the last 10 years. However, 
that quantity of data was not directly translated into a gain 
of knowledge about gene functions or metabolic pathways 
within the feeding sites, neither to the development of 
genetic tools for biotechnological nematode control. One 
reason for this lag was the difficulty of cross-comparative 
analysis of these data. A first attempt to overcome this 
limitation was the construction of a database called 
NEMATIC (Nematode-Arabidopsis Transcriptomic 
Interactive Compendium) that includes most of the 
transcriptomic data generated in Arabidopsis related to 
feeding sites induced by endoparasitic nematodes 
(Cabrera et al., 2014b). This tool was designed for the 
selection of putative target genes, for the development of 
biotechnological tools and to contribute to the basic 
knowledge of the plant-nematode interaction. NEMATIC is 
completed with transcriptomic data from several biological 
processes: plant biotic and abiotic interactions, hormonal 
regulation, specific transcriptomes for different root cell 
types, etc. (Cabrera et al., 2014b). It allows to compare 
lists of genes commonly or distinctly regulated throughout 
gall development or in syncytia (induced by cyst 
nematodes), and/or GCs (Table 1; Table S2). A direct 
example is the use of NEMATIC for the comparison of all 
stress- related genes contained in Mapman (Thimm et al., 
2004) across all the GC and gall transcriptomes compiled 
in the tool. Applying this filter, a list of 200 genes related to 
stress/disease resistance that were DE at some of the 
developmental stages of GCs or galls was retrieved (Table 
S2). From a biotechnological point of view, the most 
interesting defence-related genes are those down-
regulated at the early stages of GCs or gall development (3 
and 7 dpi). By adding these criteria, the number of genes in 
the list was reduced to 88 (Table 1). Some of them (Table 
1) are strongly down-regulated, as KTI1, involved in cell 
death modulation during plant-pathogen interactions (Li et 
al., 2008), or PR1, a typical gene induced by different 
pathogens and a marker for the systemic acquired 
resistance (Asai et al., 2014). Other highly down-regulated 
genes are PR4, a pathogenesis-related protein that 
participates in the resistance to Fusarium head blight 
disease in wheat (Zhuang et al., 2012), and SPX1, a Pi-
dependent inhibitor of PHR1 and a master regulator of Pi 
starvation responses (Puga et al., 2014). Other genes 
obtained in this selection that have been already related 
with disease resistance are HSP90 (Takahashi et al., 
2003), TGA1, a redox-controlled regulator of systemic 
acquired resistance (Fobert and Després, 2005), or HS1, 
induced by exposure to SA and JA and with antimicrobial 
and antifungal activity (Park et al., 2007). Several disease 
resistance proteins (AT1G58170, AT2G21100, AT4G19920, 
AT5G40910, AT5G51630), pathogenesis related proteins 
(AT4G25780, AT4G33720, AT4G36010, AT5G40020) and 
germin- l ike prote ins (AT1G10460, AT1G18980, 
AT3G05950, AT3G62020, AT4G14630, AT5G39100, 
AT5G39150, AT5G39180) are also down regulated in GCs 
and galls at early and medium stages of development 

(Table 1). This list of 88 stress and resistance related 
genes is an example of the vast information that 
transcriptomics produced in the last decade and the 
usefulness of tools like NEMATIC, which allows easy cross 
comparison through several databases and transcriptomes. 
Genes listed in Table 1 could be useful for basic studies 
and for biotechnology based strategies for the RKN control. 

Microarray based transcriptomic has been successfully 
applied not only in Arabidopsis but also in the crop model 
tomato (Solanum lycopersicum; Figure 1; Table S1). 
Pathogenesis-related genes, as defensins, were DE in 
galls induced by M. javanica in tomato roots (Bar-Or et al., 
2005). The up-regulation of HIN1 (harpin-induced gene 1), 
induced by bacterial harpins (a class of virulent/avirulent 
proteins) in tomato and potato, was suggested as a 
putative virulence/avirulence mechanism in the RKN-
tomato interaction (Bar-Or et al., 2005). Differences 
between the compatible and the incompatible interaction 
was studied in more detail using microarray technology 
with resistant and susceptible tomato plants infected with 
M. incognita (Mi-susceptible) and M. hapla (Mi- resistant; 
Schaff et al., 2007). During a time course study at 12, 36 
and 72 hpi and 2 wpi, they found 58 genes that exhibited 
differential regulation in resistant roots compared to 
uninfected roots (Schaff et al., 2007). 31 genes were 
induced in the incompatible interaction, encoding proteins 
such as a glycosyltransferase, a peroxidase, and an 
ethylene-responsive protein that were not DE in the 
susceptible plants at 12 to 36 hpi. In absence of 
nematodes, the same glycosyltransferase corresponded to 
the only gene which was induced in the transcriptome from 
resistant (Mi-1/Mi-1) Motelle as compared to the 
susceptible (Mi-) Moneymaker cultivar. Furthermore, the 
silencing of this gene restored the susceptibility to 
nematodes in the resistant cultivar Motelle, suggesting that 
this gene participates in the resistance mechanism. A 
similar approach, but focusing in the roles of JA and SA, 
was used by Bhattarai et al., 2008. RNA was extracted 
from root tips infected at 24 hpi. in cultivar Motelle 
(resistant) and cultivar Moneymaker (susceptible). After 
microarray hybridisation, resistant root tips presented twice 
as many DE genes than the susceptible line (1497 and 
750, respectively). Several genes involved in JA 
biosynthesis and genes regulated by JA were expressed in 
both compatible and incompatible interactions, inferring 
that the JA signalling pathway had a role in basal defence 
but not in Mi-1-mediated resistance to RKNs (Bhattarai et 
al., 2008). Two of the transcription factors found, 
SlWRKY72a and SlWRKY72b, were up-regulated in 
resistant but not in susceptible roots after RKN infection 
(Bhattarai et al., 2010). The silencing of these genes in 
resistant plants allowed the infestation by RKN in contrast 
to non-transgenic resistant plants, showing that 
SlWRKY72a and SlWRKY72b are required for nematode 
resistance in Motelle (Bhattarai et al., 2010). Furthermore, 
their silencing in susceptible Moneymaker plants increased 
nematode reproduction, indicating that they have a role in 
the basal defence response of the plant as well (Bhattarai 
et al., 2010). 
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Table 1. List of genes from the stress Mapman category that appear as down- regulated at early and/or medium stages (3 and 7 dpi) of giant cells (GCs) 
and gall development in the compatible interaction between Arabidopsis thaliana and Meloidogyne javanica or M. incognita. M values for each gene in 
each of the experiments (Jammes et al., 2005; Barcala et al., 2010) are indicated. "- -" indicates "Non-differentially expressed".

M value

Gene ID
GC 
3dpi

Gall 
3dpi

Gall 
7dpi Description

At1g04430 -- -- -1,07 dehydration-responsive protein-related
At1g05850 -1,48 -- -- POM1: Encodes an endo chitinase-like protein AtCTL1.  
At1g10460 -0,99 -- -- GLP7: germin-like protein (GLP7)
At1g11960 -- -- -0,98 early-responsive to dehydration protein-related
At1g13930 -1,79 -- -1,18 Involved in response to salt stress.
At1g18980 -- -- -0,71 germin-like protein, putative
At1g20440 -- -- -2,45 COR47: Belongs to the dehydrin protein family
At1g21080 -- -- -0,91 DNAJ heat shock N-terminal domain-containing protein
At1g23120 -2,63 -- -- major latex protein-related
At1g30360 -- -- -1,61 ERD4 (early-responsive to dehydration 4)
At1g31850 -1,67 -- -- dehydration-responsive protein, putative
At1g35260 -2,63 -- -- MLP165 (MLP-LIKE PROTEIN 165)
At1g52560 -1,54 -- -- 26.5 kDa class I small heat shock protein-like
At1g58170 -1,55 -- -- disease resistance-responsive protein-related
At1g64140 -- -- -1,11 loricrin-related
At1g65390 -1,39 -- -- ATPP2-A5 (ARABIDOPSIS THALIANA PHLOEM PROTEIN 2 A5)
At1g70850 -2,52 -- -0,79 MLP34 (MLP-LIKE PROTEIN 34)
At1g70880 -- -2,62 -- Bet v I allergen family protein
At1g70890 -1,79 -- -- MLP43 | MLP43 (MLP-LIKE PROTEIN 43)
At1g72500 -- -- -0,71 inter-alpha-trypsin inhibitor heavy chain-related

At1g73260 -3,05 -- -- KTI1: Encodes a trypsin inhibitor involved in modulating programmed cell death in plant-pathogen 
interactions.

At1g73330 -- -- -1,17 DR4: encodes a plant-specific protease inhibitor-like protein
At1g75030 -1,17 -- -- TLP-3: encodes a PR5-like protein

At1g76180 -- -- -1,85 ERD14: Encodes a dehydrin protein whose expression is induced early on in response to dehydration 
stress.

At1g77260 -2,15 -- -- dehydration-responsive protein-related
At1g78040 -1,23 -- -- pollen Ole e 1 allergen and extensin family protein
At2g01520 -2,09 -- -- MLP328 (MLP-LIKE PROTEIN 328); copper ion binding
At2g01530 -1,42 -- -- MLP329 (MLP-LIKE PROTEIN 329); copper ion binding
At2g14610 -4,07 -- -- PR1: PR1 gene expression is induced in response to a variety of pathogens.

At2g15970 -1,53 -- -1,59 COR413-PM1: encodes an alpha form of a protein similar to the cold acclimation protein WCOR413 in 
wheat.

At2g19990 -- -- -0,75 PR-1-like protein homolog differentially expressed in resistant cultivars by powdery mildew infection.
At2g21100 -1,13 -- -- disease resistance-responsive protein-related
At2g21620 -1,87 -- -- RD2: Encodes gene that is induced in response to dessication
At2g24550 -- -- -0,83 unknown protein
At2g33790 -- -2,26 -- AGP30: pollen Ole e 1 allergen protein
At2g39200 -- -- -0,88 MLO12: homolog of the barley mildew resistance locus o (MLO) protein.
At2g45130 -- -- -0,69 ATSPX3, SPX3 | SPX3 (SPX DOMAIN GENE 3)
At2g47770 -- -- -0,89 TSPO: Encodes a membrane-bound protein designated AtTSPO
At3g01420 -- -- -1,97 DOX1: Encodes an alpha-dioxygenase involved in protection against oxidative stress and cell death.
At3g04720 -4,15 -- -- PR4: Encodes a protein similar to the antifungal chitin-binding protein hevein from rubber tree latex.
At3g05880 -2,12 -- -1,32 RCI2A: Induced by low temperatures, dehydration and salt stress and ABA.
At3g05950 -1,23 -- 1,22 germin-like protein, putative
At3g10985 -1,82 -1,14 -1,59 SAG20: A senescence-associated gene induced in response to a fungal protein that causes necrosis.
At3g17020 -0,88 -- -- universal stress protein (USP) family protein
At3g17210 -1,21 -- -- HS1: Encodes a heat stable protein with antimicrobial and antifungal activity.
At3g23300 -1,41 -- -- dehydration-responsive protein-related 
At3g28940 -1,92 -- -- avirulence induced gene (AIG) protein, putative
At3g44670 -1,32 -- -- ATP binding / nucleoside-triphosphatase/ nucleotide binding / protein binding / transmembrane receptor
At3g47540 -1,40 -1,02 0,69 chitinase, putative
At3g48450 -2,29 -- 1,00 nitrate-responsive NOI protein, putative
At3g50460 -0,97 -- -- HR2: Homolog of RPW8
At3g50970 -- -- -2,05 LTI30: Belongs to the dehydrin protein family
At3g59930 -4,03 -- -- Encodes a defensin-like (DEFL) family protein.
At3g62020 -- -1,10 -- GLP10: germin-like protein (GLP10)
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The first microarray study performed with RNA extracted 
from isolated GCs induced by M. javanica in a model crop, 
tomato (S. lycopersicum) was carried out by laser capture 
microdissection of 3 and 7 dpi GCs (Portillo et al., 2013). 
The transcriptomes of the isolated GCs were compared 
with that of the complete galls at 1, 3, 7 and 14 dpi, 
showing a higher repression state in 3 dpi GCs (86% of the 
DE genes) than at 7 dpi when the GCs are already well 
developed (56% of the DE genes). This repression trend in 
GCs at early developing stages was already observed in 
Arabidopsis (Barcala et al., 2010). Moreover, genes down-
regulated in early developing GCs were robustly conserved 
between Arabidopsis and tomato (Portillo et al., 2014). The 
phenylpropanoid pathway was significantly over-
represented among the repressed genes in both tomato 
and Arabidopsis GCs, particularly genes involved in lignin 
biosynthesis, such as those coding for a group of 
peroxidases, together with genes from a biotic stress 
subcategory encoding protease inhibitors (Portillo et al., 
2013). Infection tests with a tomato line overexpressing the 
TPX-1 peroxidase, highly repressed in GCs from 
Arabidopsis and tomato, showed a 35% of reduction in the 

number of galls formed. In contrast, a remarkable induction 
(above nine-fold) was observed for this peroxidase during 
the incompatible interaction with a resistant cultivar 
carrying the Mi-1 gene, S. lycopersicum cv Motelle (Mi-1/
Mi-1) as compared to the susceptible near-isogenic line S. 
lycopersicum cv Moneymaker (Portillo et al., 2013). 
Transcriptomic studies during the plant-nematode 
interaction have been also performed on a model plant for 
legume genetics, Medicago truncatula (Damiani et al., 
2012) challenged with M. incognita. Laser microdissected 
GCs were compared with laser microdissected 
neighbouring cells in 7 dpi galls from Medicago using 
Affymetrix GeneChip®_Medicago genome (Damiani et al., 
2012). 36% of the down-regulated genes and 78% of those 
up-regulated in GCs were not expressed in neighbouring 
cells, reinforcing the importance of the genomic studies 
which focus specifically in the feeding cells (Damiani et al., 
2012). Medicago GCs also showed down-regulation of 
secondary metabolism and defence related genes as 
compared to the neighbouring cells, similar to that 
occurring in Arabidopsis and tomato (Barcala et al., 2010; 
Portillo et al., 2013). All these data demonstrate that the 
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At3g62190 -1,39 -- -- DNAJ heat shock N-terminal domain-containing protein
At4g09940 -1,43 -- -- avirulence induced gene (AIG1) family protein
At4g11650 -2,99 -- -- OSM34: osmotin-like protein
At4g14630 -- -- -1,90 GLP9: germin-like protein
At4g19920 -- -1,16 -- disease resistance protein (TIR class), putative
At4g22214 -- -1,27 -- Encodes a defensin-like (DEFL) family protein.
At4g23680 -1,41 -- -- major latex protein-related
At4g24190 -0,77 -- -- SHD: an ortholog of GRP94, involved in regulation of meristem size and organization.
At4g25780 -- -- -0,81 pathogenesis-related protein, putative
At4g28240 -1,19 -- -0,68 wound-responsive protein-related
At4g28480 -1,13 -- -- DNAJ heat shock family protein
At4g30650 -2,85 -- -- low temperature and salt responsive protein, putative
At4g33300 -- -- -0,74 ADR1-L1 (ADR1-like 1); ATP binding / protein binding
At4g33720 -0,80 -- -- pathogenesis-related protein, putative
At4g36010 -- -- -0,82 pathogenesis-related thaumatin family protein
At4g36040 -- -- -0,68 J11: DNAJ heat shock N-terminal domain-containing protein (J11)
At5g20150 -3,40 -- -- ATSPX1, SPX1 | SPX1 (SPX DOMAIN GENE 1)
At5g33355 -- -1,05 -- Encodes a defensin-like (DEFL) family protein.
At5g39100 -- -1,40 -- GLP6: germin-like protein (GLP6)
At5g39150 -2,33 -1,51 -- germin-like protein, putative
At5g39180 -1,77 -1,46 -- germin-like protein, putative
At5g39730 -1,81 -- -- avirulence induced gene (AIG) protein-related
At5g40020 -- -1,77 -- pathogenesis-related thaumatin family protein
At5g40910 -1,18 -- -- disease resistance protein (TIR-NBS-LRR class), putative

At5g45050 -1,59 -- -- TTR1: Encodes a member of WRKY Transcription Factor that confers resistance to tobacco ringspot 
nepovirus.

At5g45490 -- -- -1,14 disease resistance protein-related
At5g49910 -1,25 -- -- cpHsc70-2: Stromal heat shock protein involved in protein import into chloroplast.
At5g51630 -1,25 -- -- disease resistance protein (TIR-NBS-LRR class), putative
At5g52060 -- -- -1,05 BAG1: A member of Arabidopsis BAG proteins, plant homologs of mammalian regulators of apoptosis.
At5g52640 -- -- -0,99 HSP90.1: Encodes a cytosolic heat shock protein AtHSP90.1.
At5g54855 -1,19 -- -- pollen Ole e 1 allergen and extensin family protein
At5g64890 -- -- -0,81 PROPEP2 (Elicitor peptide 2 precursor)
At5g64930 -0,81 -- -- CPR5: Regulator of expression of pathogenesis-related (PR) genes.
At5g65210 -- -- -0,79 TGA1: Encodes TGA1, a redox-controlled regulator of systemic acquired resistance.
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down-regulation of stress-defence related genes is a 
hallmark of GCs during the compatible interaction. 

Microarray technology has been successfully used as well 
with other species for which genomic information is scarce. 
Some examples are Glycine max infected with M. incognita 
during a compatible interaction (Ibrahim et al., 2011). At 12 
dpi, six of seven members of the lipoxygenase (LOX) gene 
family were up-regulated as compared to non-infected 
plants. LOX genes are essential for the biosynthesis of 
oxylipins, which have an important function in the plant 
defence response against wounding and pathogen attack. 
Interestingly, some members have been recently reported 
to have significant roles during plant-nematode 
interactions. LOX4 has a key role controlling plant defence 
in Arabidopsis when infected with M. javanica and H. 
schachtii, as proved by the fact that loss-of-function 
mutants were more susceptible to nematodes than control 
plants, and showed increased levels of JA and transcripts 
from the defence related genes encoding allene oxide 
synthase, allene oxide cyclase, ethylene-responsive 
transcription factor 4 and phenylalanine ammonia lyase 
(AOS, AOC2, ERF4, PAL1) (Ozalvo et al., 2014). Genes 
encoding PR proteins were induced at 12 dpi in soybean 
galls formed by M. incognita after microarray analysis with 
Affymetrix Soybean GeneChip containing 37,500 probe 
sets (Ibrahim et al., 2011). Additionally, although its precise 
role on the plant-nematode interaction is not yet known, it 
has been reported that SA induced the expression of PR-1 
and SA treatment of tomato plants inoculated with M. 
incognita enhanced the synthesis of PR-1, which resulted 
in a significant increase in resistance to the nematode 
(Nandi et al., 2003). 

Interestingly, the Rk locus from cowpea (Vigna unguiculata) 
confers resistance against several species of RKNs, but 
the mechanism of resistance is substantially different to 
that of the characterized Mi-1 gene in tomato (Williamson, 
1999; Mantelin et al., 2013). Rk confers a delayed but 
strong resistance mechanism without a hypersensitive 
reaction-mediated cell death process, which allows 
nematode development but blocks reproduction. Gene 
ontology based functional categorization of genes DE in 
RK plants, as compared to a susceptible nearly isogenic 
line, revealed that the typical defence response was 
partially suppressed in resistant roots, even at 9 dpi, 
allowing nematode juvenile development. However, 
differences in ROS concentrations, induction of toxins and 
other defence related genes seem to play a role in this 
unique resistance mechanism (Das et al., 2010). Another 
example of transcriptome analysis on a non-model species 
is that of Solanum torvum, used worldwide as rootstock for 
eggplant cultivation because of its vigour and resistance/
tolerance to bacterial, fungal wilts and RKNs. The 
transcr iptome was obtained by combining 454 
pyrosequencing and microarray technology and it was 
compared to that of the phylogenetically-related nematode-
susceptible eggplant species S. melongena. The 
expression profiling of S. torvum challenged with M. 
incognita points to sesquiterpenoids and chitinases as 
major effectors of nematode resistance. In addition, 16 
transcripts of S. torvum were annotated as disease 

resistance genes (R genes) and only one of these induced 
transcripts has a validated counterpart in eggplant, pointing 
to major sequence divergence and/or lack of counterparts 
in eggplants for this group of induced S. torvum candidate 
R genes (Bagnaresi et al., 2013). 

High throughput sequencing 
In the last years, the development of high throughput 
sequencing techniques opened a new field for the 
transcriptomic analyses of the RKN- plant interaction 
(Figure 1). Interesting examples are those from monocots 
as Oryza sativa (Kyndt et al., 2012a; 2014; Ji et al., 2013). 
Consistently with the findings described in previously 
discussed microarray experiments, the galls induced by M. 
graminicola in rice roots at 3 dpi showed down-regulation 
of genes related to biotic stresses and to the 
phenylpropanoids pathway, responsible for the 
biosynthesis of different metabolites, such as lignin 
precursors, flavonoids and hydroxycinnamic acid esters 
and SA (Kyndt et al., 2012). However, genes related to 
metabolic processes such as protein and sucrose 
biosynthesis, were up-regulated (Kyndt et al., 2012a). The 
sequencing of the mRNAs obtained from laser captured 
microdissected isolated GCs from M. graminicola galls in 
rice showed the same tendency, with the defence and 
secondary metabolism related genes being strongly down-
regulated (Ji et al., 2013). Moreover, the gene regulation 
trend in GCs was almost the same at 7 and 14 dpi. 
However, genes related with epigenomic changes as those 
coding for AGO or DCL proteins, showed up-regulation at 7 
dpi but not at 14 dpi (Ji et al., 2013). 

In order to achieve novel insights into incompatible 
interactions, comprehensive gene expression profiling was 
also obtained by pyrosequencing (Beneventi et al., 2013). 
Transcriptomic studies in soybean lines resistant to specific 
strains and races of RKNs identified DE transcripts for 
several members of the lipid transfer protein (LTPs) family. 
For instance, PR-14, an important player in the general 
plant stress response, was induced only in the 
incompatible interaction whereas PR-1, PR-2 and PR-5 
protein families showed increased expression in the 
compatible interaction. The data also suggest a key role of 
glycosyltransferases, auxins and components of gibberellin 
related genes in the resistance reaction. In addition, some 
overlaps between salt stress responses and this particular 
interaction were also observed, such as the induction of 
annexins and of negative regulators of JA signalling (JAZ/
TIFY). A complex model integrating putative crosstalk 
mechanisms between plant hormones, mainly gibberellins 
and auxins, which can be crucial to modulate the levels of 
ROS in the resistance reaction to nematode invasion, has 
been proposed (Beneventi et al., 2013). 

Recently, high throughput sequencing has also been used 
to study the transcriptome of the interaction between M. 
javanica and tomato hairy roots (Iberkleid et al., 2015). This 
is one of the few experiments in which the transcriptome of 
a wild type plant is compared with a transgenic plant 
overexpressing a nematode-secreted protein. Local 
transcriptional changes were monitored in tomato hairy root 
lines with constitutive expression of the M. javanica fatty 
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acid- and retinol-binding protein (Mj-FAR-1), compared with 
control roots without inoculation and after 2, 5 and 15 dpi 
(Iberkleid et al., 2015). Mj-FAR-1 is involved in nematode 
development and reproduction in tomato roots and plants 
over-expressing Mj-FAR-1 showed increased susceptibility 
to the infection by M. javanica (Iberkleid et al., 2013). A 
total of 3970 genes were DE in over-expressing and control 
lines (2069 up-regulated and 2205 down-regulated), further 
confirming the down-regulation of the phenylpropanoids 
and secondary metabolism pathways (Iberkleid et al., 
2015), which might facilitate nematode infection. 

mRNA high throughput sequencing was also used to 
unravel the mechanism of nematode resistance by 
sequencing the transcriptome of roots from M. sativa 
susceptible and resistant lines at 10 dpi after infection with 
M. incognita (Postnikova et al., 2015). Most of the genes 
DE were unique to either resistant or compatible cultivars, 
including a high number of R genes (36 and 121, 
respectively). These results suggest that the presence of R 
genes in the susceptible interaction may be part of a 
general or passive defence reaction while those DE in the 
incompatible interaction may be responsible for the 
resistance (Postnikova et al., 2015). Moreover, they 
corroborate as well the significant repression of plant 
defences in the susceptible line but not in the resistant one 
(Postnikova et al., 2015). 

Small RNAs (sRNAs) DE in the systemic response of the 
plants to RKN have been also analysed by high throughput 
sequencing (Zhao et al., 2015). Sequencing of sRNAs was 
performed on tomato phloem tissue after RKN inoculation 
in WT and spr2 (suppressor of prosystemin-mediated 
response 2, JA-deficient). Interestingly, a negative 
correlation was observed between miR319 and its target 
TCP4 in leaf, stem, and root under RKN stress, implying 
that the miR319/TCP4 module is involved in the systemic 
defensive response (Zhao et al., 2015). Reverse genetics 
also demonstrated that the miR319/TCP4 module affected 
JA synthetic genes and the endogenous JA level in leaves, 
thereby mediating RKN resistance (Zhao et al., 2015). 

Other approaches and tools 
Apart from the holistic techniques previously described, 
other molecular tools have been used to study gene 
expression during gall formation. This is the case for real-
time quantitative PCR (qPCR) to measure specific 
transcripts, GUS reporter lines or promoter trap lines to 
check promoter activity in feeding sites, or in situ RT-PCR, 
which have been successfully used and reported in many 
articles to show the regulation of genes or to validate those 
results obtained by holistic studies. In this section, due to 
the vast amount of publications related to the plant- RKN 
interaction using these techniques, we will only discuss 
some of those which describe the regulation of defence- or 
stress- related groups or families of genes. One of the 
pioneer analysis using genomic tools to uncover the 
regulation of gene expression from a holistic point of view 
was the large-scale screening of 1472 Arabidopsis 
promoter tag lines, harbouring a promoter-less GUS gene, 
challenged with cyst or with RKNs (Barthels et al., 1997). 
From this screen, the line Att0001 (Arabidopsis thaliana tag 

0001) with GUS expression was clearly activated in galls 
and GCs (Barthels et al., 1997) was selected. Further 
Southern analysis and inverse-PCR were used to identify 
the promoter of the gene WRKY23, as the tagged locus 
and its induction by nematodes was confirmed by the same 
expression pattern of a pWRKY23::GUS line under RKN 
infection (Grunewald et al., 2008). Grunewald et al. (2008) 
hypothesised that the induction of WRKY23 in the feeding 
cells could led to a reduction in the plant basal defences. 
The GUS expression in Att0728, another line showing 
distinct induction in galls, has been shown to be driven by 
the promoter of the transcription factor JAZ1/TIFY10A 
(Grunewald et al., 2009), a negative regulator of JA-
responsive genes (Thines et al., 2007). 

Hormone mediated systemic defence against RKNs has 
been broadly studied in rice infested with M. graminicola 
(Nahar et al., 2011; Kyndt et al., 2012b; Nahar et al., 2013). 
Defence induced genes, as shown by qPCR, were found to 
be down-regulated in infected roots at early stages of 
development, while they were mostly up-regulated in 
infected roots under treatment with the systemic defence-
inducing compounds JA and ethephon (ethylene), 
indicating the ability of the nematodes to supress the 
defence pathways (Nahar et al., 2011). This suppression 
was further confirmed by qPCR at 3 dpi, as general 
defence genes (OsPR10 and OsPR1a), as well as 
OsPAL1, OsPR1b, the JA carboxyl methyl transferase gene 
(OsJMT1) and ethylene biosynthesis and signalling genes 
(OsAC07 and OsEIN2a) were down-regulated in shoots of 
infected plants while the PR genes were up- regulated in 
roots (Kyndt et al., 2012b). Accordingly, in Arabidopsis 
plants infected with M. incognita, the genes PR1, PR2, 
PR3 and PR5 were induced in roots while PR1 to PR5 
were down-regulated in leaves (Hamamouch et al., 2011). 
Similar results were found in tomato, although PR genes 
were described as being down-regulated in roots in 
addition to shoots, but a strong up-regulation of PR genes 
was found in the shoots of resistant tomato genotypes 
(Molinari et al., 2014). 

Genome-wide analysis of the HSP20 gene family in 
soybean after M. incognita infection revealed six 
responsive GmHSP20 genes by qRT-PCR (Lopes-Caitar et 
al., 2013). Some of them were down-regulated in a 
susceptible line but up- regulated in the resistant genotype. 
The proteins encoded by these genes are promising 
targets for developing crop varieties that are better adapted 
to biotic and abiotic stresses. QPCR analysis has also 
pointed to the down-regulation of thionins, peptides 
involved in plant defence, in galls induced by M. 
graminicola at early and medium stages of development (Ji 
et al., 2015). Addtionally, the expression of six PAL genes 
related to the phenylpropanoids pathway, in three maize 
genotypes that were good, moderate, and poor hosts for M. 
incognita showed that ZmPAL4 was most strongly 
expressed in the most-resistant maize line (Starr et al., 
2014), suggesting a role for this pathway in the defence 
against the RKNs as previously commented. 

The above compilation represents only a brief selection of 
the successful use of techniques as qPCR and GUS 
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reporter lines to study the defence mechanisms of the 
plants against the root-knot nematodes. There are a 
multitude of studies, however, which are based on the use 
of these techniques to decipher the expression of individual 
genes that could be related with the plant- nematode 
interaction. 

Proteomic and Metabolomic analyses on plant-RKN 
interaction 
Proteomic and metabolomic profiles of plants infected with 
RKN are very scarce as compared to the literature 
regarding transcriptomic studies. Moreover, traditional 
model plants as tomato and Arabidopsis have not been 
used for this purpose, which somehow limits the possibility 
to combine the data with the genomic information available 
in different databases to gain further molecular knowledge 
of the interaction. One of the first proteomic studies was 
made in a Medicago sativa cultivar resistant to M. 
incognita, Moapa 69, which lacks the typical hypersensitive 
response identified in tomato and tobacco (Potenza et al, 
1996). Differences in J2 behaviour between the susceptible 
and resistant cultivars first appeared 48 to 72 hours after 
infection, coinciding with the entry of J2 into the vascular 
cylinder of the susceptible line Lahontan. Bidimensional 
electrophoresis (2D electrophoresis) of translation products 
of RNA from infected roots of both cultivars revealed no 
specific transcript variation in the resistant cultivar as 
compared to that of the susceptible one and to a general 
mechanical wounding response (Potenza et al., 1996). In 
contrast, another pioneer study was performed via one-and 
two dimensional polyacrylamide gel electrophoresis 
(PAGE) on a resistant cotton line that also showed 
nematode development arrest soon after infection 
(Callahan et al.,1997). From this study, a highly abundant 
protein that temporally correlated with the resistance 
response was detected and later identified as MIC-3 
(Meloidogyne Induced Cotton3) whose over-expression 
reduces egg production by 60-75% (Wubben et al., 2015). 

Franco et al. (2010) studied the proteome of resistant 
cotton and coffee cultivars after M. paranaensis and M. 
incognita infection using 2D electrophoresis. They found 4 
up and 5 down-regulated proteins in cotton infected roots 
at 6 dpi, and 13 up and 2 down-regulated at 10 dpi together 
with 7 induced / 3 repressed proteins at 6 dpi in coffee 
(Franco et al., 2010). Two of those proteins from coffee and 
one from cotton were identified as a chitinase, a 
pathogenesis related protein and a quinone reductase 2, 
respectively, all related to disease resistance (Franco et al., 
2010). In this respect, overexpression of quinone 
reductases in Arabidopsis caused hypersensitive reaction 
to necrotrophic fungi (Heyno et al., 2013). Likewise, when 
comparing a highly resistant and a slightly resistant 
cowpea line at 3, 6 and 9 dpi after challenging both with M. 
incognita, significant differential expression profiles were 
observed. Interestingly, 13 unique proteins were identified 
in the highly resistant cultivar compared to the slightly 
resistant line (Villeth et al., 2015). Several of the induced 
proteins are associated to the oxidative stress responses in 
the highly resistant cultivar, including a multicatalytic 
endopeptidase complex (proteasome), hydroxyacid 
oxidase, gamma-type carbonic anhydrase family protein, 

ferredoxin-NADP reductase isozyme 2, and glutathione S-
transferase (Villeth et al., 2015). Some of them, like the 
hydroxyacid oxidase and the gamma-type carbonic 
anhydrase, probably participate in the hypersensitive 
response of the highly resistant cultivar. The authors also 
found resistance related proteins such as patatin or the 
resistance associated protein RPP13 (Villeth et al., 2015). 
At later stages of development (35-40 dpi), 2D 
electrophoresis has been also used to unravel the 
proteome of the tripartite interaction M. artiellia-Fusarium 
oxysporum, in fungus resistant cultivars of Cicer arietinum 
(chickpea) (Palomares-Rius et al., 2011). One of the 
cultivars lost the resistance to F. oxysporum after M. 
artiellia interaction. Class I quitinases were significantly 
induced in the cultivar maintaining F. oxysporum (Foc-5) 
resistance after M. artiellia infection. This differential 
response could thus be interpreted as a key determinant of 
the maintenance of Foc-5-resistance after infection with 
both pathogens. Additionally, a class III peroxidase and a R 
protein of the NBS-LRR class increased 5.5-fold and 4 fold, 
respectively in the cultivar that lost the F. oxysporum 
resistance, after Meloidogyne artiellia infection compared 
with the control, but did not change after infection by either 
pathogen alone. The class III peroxidase and catalase level 
changes reinforce the idea that redox perturbation is 
associated with the chickpea response to M. artiella 
infection. 

In this respect, an antioxidant molecule involved in the 
cel lu lar redox homeostasis is g lutath ione and 
homoglutathione, (h)GSH. Its crucial role in plant signalling 
under biotic stress is well known (Dubreuil-Maurizi and 
Poinssot, 2012). The (h)GSH metabolism is modified in 
nematode-induced root galls as the (h)GSH content is 
significantly higher in galls than in roots at late infection 
stages. A detailed analysis of glutathione (GSH) and 
homoglutathione in galls, (hGSH), demonstrated the 
importance of these compounds for the success of M. 
incognita infection in Medicago truncatula. Moreover, the 
impairment of nematode development and reproduction in 
(h)GSH-depleted galls was linked to a modified carbon 
metabolism at the feeding site (Baldacci-Cresp et al., 
2012). Hence, a substantial modification of starch and γ-
aminobutyrate metabolism and of malate and glucose 
content in (h)GSH-depleted galls compared to control roots 
was detected by untargeted proton Nuclear Magnetic 
Resonance. Eighteen of the 37 quantified metabolites were 
related to sugar, organic acid and amino acid metabolism. 
GABA was specifically detected in (h)GSH-depleted galls 
(Baldacci-Cresp et al., 2012) and it is known to accumulate 
in the plant in response to abiotic and biotic stresses 
(Kinnersley and Turano, 2000). The reproduction of M. 
hapla in transgenic plants accumulating GABA is lower 
than in control plants (McLean et al., 2003). Although 
details regarding how (h)GSH content can modulate 
metabolism are still lacking, there is evidence suggesting 
that the control of the plant cell redox status through the 
modification of the (h)GSH content may be a key regulator 
of the GC potential to sustain nematode feeding. 
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Concluding Remarks 
Meloidogyne spp. is one of the most devastating 
pathogens for plants. Technology has contributed 
massively to the advances on genomic, transcriptomic, 
metabolomic and proteomic analyses of plant-Meloidogyne 
interactions, increasing the knowledge on the molecular 
aspects of the RKNs interaction in the last 10-15 years. 
Studies based on different omics tried to decipher the 
molecular pathways leading to the successfu l 
establishment of the nematode in the root and to GC 
differentiation, as well as those governing the plant 
resistance leading to incompatible plant-RKN interactions. 
Different holistic approaches to obtain gene expression 
profiles, such as cDNA libraries, differential display, q-PCR, 
hybridization of microarrays, massive sequencing etc., 
anticipated the development of biotechnological tools 
based on this molecular knowledge to control this plague. 
However, the vast amount of transcriptomic data for the 
plant-nematode interaction has not always correlated 
directly with an increase in the identification of genes 
functionality or metabolic pathways within the feeding sites, 
neither with an enhancement of genetic tools for 
biotechnological purposes leading to nematode control. 
One of the limitations has typically been the difficulty of 
cross- comparative analysis of these data. A first attempt to 
achieve this objective was the construction of a database, 
NEMATIC, compiling microarray data available in 
Arabidopsis for the interaction with plant endoparasitic 
nematodes. It also integrates transcriptomic data from 
several biological processes, plant biotic and abiotic 
interactions, hormonal regulation, specific transcriptomes 
for different root cell types, etc., but is not sufficient for the 
handling of "omic" information of different plant species, 
thus it should be expanded to other plant species. 

The main information obtained from the RKN interaction 
based on omics is that plant defence shut down at early 
infection stages within GCs should serve the nematode for 
its successful establishment and development. Omics 
combined with cell isolation techniques have also shed 
some light on the heterogeneous expression signatures of 
nematode induced gall tissues, showing contrasted 
expression profiles in the GCs compared to the rest of the 
tissues. The natural resistance gene Mi-1 and their 
homologues, are based in the generation of a typical 
hypersensitive reaction, modulating plant defence 
pathways before the establishment of the nematode. 
However, there are also other resistance modes in other 
crops that allow the arrest of gall formation at early stages 
of development without a typical hypersensitive reaction. 
Omics are contributing to increase the knowledge on the 
molecular bases of nematode resistance. This is an open 
field still to be fully uncovered that could help generating 
powerful targets to the development of biotechnology 
based tools for nematode control. 
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Table S1. Chronologically-ordered list of articles that made use of different "omics" techniques to study the molecular mechanisms altered during the plant-root-knot nematode 
interaction. The authors, techniques, type of interaction, nematode and plant species and the biological material studied in each article are indicated in different columns.

Year Reference Omics Type Techique Interaction Nematode Species Plant Species Biological material

1994 Wilson et al., Transcriptomic cDNA Library Susceptible M. incognita S. lycopersicum Hand dissected GCs from dark grown 2 months old 
galls Vs dark grown uninfected root segments

1996 Van der Eycken 
et al., Transcriptomic cDNA Library Susceptible M. incognita S. lycopersicum Hand dissected 5 weeks old galls Vs uninfected root 

segments

1996 Potenza et al., Proteomic Bidimensional 
electrophoresis

Susceptible/
Resistant M. incognita M. sativa 3 days post inoculation roots

1997 Callahan et al., Proteomic Bidimensional 
electrophoresis

Susceptible/
Resistant M. incognita G. hirsutum Infected roots at 8 days after inoculation

1999 Lambert et al., Transcriptomic cDNA Library Resistant M. javanica S. lycopersicum 12 hours infected root tips

2001 Potenza et al., Transcriptomic cDNA Library Susceptible M. incognita M. sativa 3 days old galls Vs uninfected root segments

2001  Vercauteren et 
al., Transcriptomic Differential display Susceptible M. incognita A. thaliana Hand dissected 2, 3, 4, 5 and 7 days post infection 

galls Vs uninfected root segments

2002 Zhang et al., Transcriptomic cDNA Library Resistant M. incognita G. hirsutum 10 days after infection galls

2003 Wang et al., Transcriptomic Differential display Susceptible M. javanica S. lycopersicum 25 days after inoculation GCs

2005 Bar-Or et al., Transcriptomic Microarray Susceptible M. javanica S. lycopersicum 5 and 10 days after inoculation galls

2005 Hammes et al., Transcriptomic Microarray Susceptible M. incognita A. thaliana Roots containing at least 10 galls at 1, 2 and 4 weeks 
after inoculation

2005 Jammes et al., Transcriptomic Microarray Susceptible M. incognita A. thaliana 7, 14 and 21 days after inoculation galls

2007 Fuller et a., Transcriptomic Microarray Susceptible M. incognita A. thaliana galls at 21 days after inoculation

2007 Schaff et al., Transcriptomic Microarray Susceptible/
Resistant

M. incognita/M. 
hapla S. lycopersicum

Root segments containing galls at 12, 36 and 72 
hours after inoculation and galls at 4 weeks after 
inoculation

2008 Bhattarai et al., Transcriptomic Microarray Susceptible/
Resistant

M. incognita/M. 
javanica S. lycopersicum 24 h after inoculation, 1 cm of the infected root tips

2009 Fosu-Nyarko et 
al., Transcriptomic cDNA Library Susceptible M. javanica S. lycopersicum GCs at 4 and 7 days post-infection

2010 Barcala et al., Transcriptomic Microarray Susceptible M. javanica A. thaliana Isolated GCs and galls at 3 days post-infection

2010 Das et al., Transcriptomic Microarray Susceptible/
Resistant M. incognita V. unguiculata Nematode infected root tissue at 3 and 9 days post-

inoculation

2010 Franco et al., Proteomic Bidimensional 
electrophoresis Resistant M. paranaensis/M. 

incognita
G. hirsutum and 
C. canephora

Roots were collected at 6 and 10 days after 
inoculation

2011 Ibrahim et al., Transcriptomic Microarray Susceptible M. incognita G. max Infected roots at 12 days after inoculation and 10 
weeks after inoculation

2011 Palomares-Rius 
et al., Proteomic Bidimensional 

electrophoresis Susceptible M. artiellia C. arietinum Root segments at 35 to 40 days after inoculation

2011 Tirumalaraju et 
al., Transcriptomic cDNA Library Susceptible/

Resistant M. arenaria A. hypogaea Infected roots at 12, 24, 48, and 72h post-inoculation

2012 Baldacci-Cresp 
et al., Metabolomic Susceptible M. incognita M. truncatula

2012 Damiani et al., Transcriptomic Microarray Susceptible M. incognita M. truncatula Isolated GCs and sourranding cells at 7dpi

2012 de Sa et al., Transcriptomic cDNA Library Resistant M. javanica G. max Infected roots at 6, 12, 24, 48, 96, 144 and 192 h post 
inoculation

2012 Kyndt et al., Transcriptomic mRNA sequencing Susceptible M. graminicola O. sativa Galls at 23 and 7 days after inoculation

2013 Bagnaresi et al., Transcriptomic Microarray Susceptible M. incognita S. torvum/S. 
melongena Infected roots at 14 days after inoculation

2013 Beneventi et al., Transcriptomic mRNA sequencing Resistant M. javanica G. max Root sections at 0, 6, 12 h, 1, 2, 4, 6 and 8 days post 
inoculation

2013 Ji et al., Transcriptomic mRNA sequencing Susceptible M. graminicola O. sativa Isolated GCs at 7 and 14 days after inoculation

2013 Portillo et al., Transcriptomic Microarray Susceptible M. javanica S. lycopersicum 3 and 7 days after infection isolated GCs and 1, 3, 7 
and 14 days after infection galls

2015 Iberkleid et al., Transcriptomic mRNA sequencing Susceptible M. javanica S. lycopersicum Infected roots at 2, 5 and 15 days after inoculation

2015 Postnikova et 
al., Transcriptomic mRNA sequencing Susceptible/

Resistant M. incognita M. sativa Infected roots at 10 days after inoculation

2015 Villeth et al., Proteomic Bidimensional 
electrophoresis Resistant M. incognita V. unguiculata Infected roots at 3, 6 and 9 days after inoculation

2015 Zhao et al. Transcriptomic mRNA sequencing Susceptible M. incognita S. lycopersicum tomato phloem tissue at 20 days post infection
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Table S2. List of 200 genes from the stress Mapman category differentially expressed during giant cell (GC) and gall development in the compatible interaction between Arabidopsis 
thaliana and Meloidogyne javanica or M. incognita. M values for each gene in each of the experiments (Jammes et al., 2005; Barcala et al., 2010) are indicated. NDE stands for 
"Non-differentially expressed".

M value

Gene ID GC 3dpi Gall 
3dpi

Gall 
7dpi

Gall 
14dpi Gall 21dpi Description

AT1G01170 NDE NDE 0.82 NDE NDE ozone-responsive stress-related protein, putative | chr1:73931-74737 REVERSE
AT1G04430 NDE NDE -1.07 NDE -1.06 dehydration-responsive protein-related | chr1:1198118-1201527 FORWARD

AT1G05850 -1.48 NDE NDE 1.12 0.89

POM1: Encodes an endo chitinase-like protein AtCTL1.  Essential for tolerance to heat, salt and drought 
stresses.  Also involved in root hair development, cell expansion and response to cytokinin.  Allelic  to 
erh2. 11 alleles described in Hauser (1995). Mutant is defective in acquired thermotolerance, appears 
semidwarf throughout its life cycle and has extra lateral branches. There are two EMS alleles. 
Expression of AtHSP101 is not affected in the mutants.

AT1G07400 NDE NDE NDE NDE -2.10 17.8 kDa class I heat shock protein (HSP17.8-CI) | chr1:2274943-2275758 FORWARD
AT1G09560 NDE NDE NDE -1.37 -0.94 GLP5: germin-like protein (GLP5)
AT1G10460 -0.99 NDE NDE NDE NDE GLP7: germin-like protein (GLP7)

AT1G11960 NDE NDE -0.98 -0.73 -0.68

FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; LOCATED 
IN: plasma membrane; EXPRESSED IN: 22 plant structures; EXPRESSED DURING: 13 growth stages; 
CONTAINS InterPro DOMAIN/s: Protein of unknown function DUF221 (InterPro:IPR003864); BEST 
Arabidopsis thaliana protein match is: early-responsive to dehydration protein-related / ERD protein-
related (TAIR:AT1G62320.1); Has 746 Blast hits to 706 proteins in 111 species: Archae - 0; Bacteria - 4; 
Metazoa - 131; Fungi - 370; Plants - 224; Viruses - 0; Other Eukaryotes - 17 (source: NCBI BLink). | 
chr1:4039711-4043880 REVERSE

AT1G12270 NDE NDE 0.89 NDE NDE Hop1: stress-inducible protein, putative | chr1:4172075-4174775 FORWARD
AT1G13930 -1.79 NDE -1.18 NDE NDE Involved in response to salt stress.  Knockout mutants are hypersensitive to salt stress.
AT1G18250 NDE NDE 1.13 1.36 1.83 ATLP-1: encodes a thaumatin-like protein
AT1G18980 NDE NDE -0.71 -0.98 NDE germin-like protein, putative | chr1:6557254-6558045 REVERSE

AT1G20440 NDE NDE -2.45 NDE -1.45

COR47: Belongs to the dehydrin protein family, which contains highly conserved stretches of 7-17 
residues that are repetitively scattered in their sequences, the K-, S-, Y- and lysine rich segments. Cold 
regulated gene, amino acid sequence homology with Group II LEA (late  embryogenesis abundant) 
proteins. Also responds to osmotic stress, ABA, dehydration and inhibits e.coli growth while 
overexpressed. COR47 and RAB18 double overexpressor plants are cold tolerant.

AT1G21080 NDE NDE -0.91 NDE NDE DNAJ heat shock N-terminal domain-containing protein | chr1:7378589-7382462 REVERSE
AT1G23120 -2.63 NDE NDE NDE -0.65 major latex protein-related / MLP-related | chr1:8198720-8199557 FORWARD
AT1G24020 3.24 2.57 NDE NDE NDE MLP423: Symbols: MLP423 | MLP423 (MLP-LIKE PROTEIN 423) | chr1:8500451-8501520 REVERSE

AT1G28290 NDE NDE 1.60 2.55 1.77
AGP31: Encodes an atypical arabinogalactan protein that is localized to the plasma membrange. 
AGP31 is highly expressed in flowers and vascular tissue and is repressed by jasmonic acid. AGP31 
may play a role in vascular tissue function during defense and development.

AT1G30360 NDE NDE -1.61 NDE -0.82 ERD4: Symbols: ERD4 | ERD4 (early-responsive to dehydration 4) | chr1:10715665-10718997 
FORWARD

AT1G31850 -1.67 NDE NDE NDE NDE dehydration-responsive protein, putative | chr1:11430222-11433699 FORWARD

AT1G32090 NDE NDE NDE -0.81 NDE early-responsive to dehydration protein-related / ERD protein-related | chr1:11540025-11544131 
REVERSE

AT1G35260 -2.63 NDE NDE NDE NDE MLP165: Symbols: MLP165 | MLP165 (MLP-LIKE PROTEIN 165) | chr1:12936849-12937787 
REVERSE

AT1G47540 NDE 1.84 NDE NDE NDE trypsin inhibitor, putative | chr1:17455533-17456156 REVERSE

AT1G48605 1.32 NDE NDE NDE NDE

ATHAL3B: Encodes a protein similar to yeast HAL3, which regulates the cell cycle and tolerance to salt 
stress through inhibition of the PPZ1 type-1 protein phosphatase. AtHAL3b mRNA levels are induced by 
salt stress.  HAL3B presumably encodes for phosphopantothenoylcysteine decarboxylase being 
involved in Coenzyme A biosynthesis as indicated by functional complementation of a double mutant 
hal3 aaBb.

AT1G52560 -1.54 NDE NDE NDE NDE 26.5 kDa class I small heat shock protein-like (HSP26.5-P) | chr1:19574760-19575866 REVERSE
AT1G54050 NDE NDE NDE 0.79 NDE 17.4 kDa class III heat shock protein (HSP17.4-CIII) | chr1:20179422-20180281 REVERSE
AT1G56300 NDE NDE NDE -1.18 -1.01 DNAJ heat shock N-terminal domain-containing protein | chr1:21078820-21080423 REVERSE

AT1G58170 -1.55 NDE NDE 1.41 0.70 disease resistance-responsive protein-related / dirigent protein-related | chr1:21536128-21536836 
FORWARD

AT1G59860 NDE NDE NDE NDE -1.22 17.6 kDa class I heat shock protein (HSP17.6A-CI) | chr1:22031413-22032132 FORWARD

AT1G64140 NDE NDE -1.11 NDE NDE

FUNCTIONS IN: molecular_function unknown; INVOLVED IN: biological_process unknown; 
EXPRESSED IN: sperm cell, male gametophyte, pollen tube; EXPRESSED DURING: L mature pollen 
stage, M germinated pollen stage; BEST Arabidopsis thaliana protein match is: loricrin-related 
(TAIR:AT5G64550.1); Has 2298 Blast hits to 1429 proteins in 121 species: Archae - 0; Bacteria - 42; 
Metazoa - 1626; Fungi - 29; Plants - 243; Viruses - 9; Other Eukaryotes - 349 (source: NCBI BLink). | 
chr1:23803793-23807159 REVERSE

AT1G64160 NDE NDE NDE NDE -1.02 DIR5: disease resistance-responsive family protein / dirigent family protein | chr1:23814010-23814839 
FORWARD

AT1G65280 NDE NDE NDE NDE 0.93 heat shock protein binding | chr1:24245296-24248762 FORWARD

AT1G65390 -1.39 NDE NDE NDE -0.70 PP2-A5: Symbols: ATPP2-A5 | ATPP2-A5 (ARABIDOPSIS THALIANA PHLOEM PROTEIN 2 A5); 
carbohydrate binding | chr1:24292478-24294631 FORWARD

AT1G69450 NDE NDE NDE -1.01 -1.05

LOCATED IN: endomembrane system, membrane; EXPRESSED IN: 23 plant structures; EXPRESSED 
DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Protein of unknown function DUF221 
(InterPro:IPR003864); BEST Arabidopsis thaliana protein match is: HYP1 (HYPOTHETICAL PROTEIN 
1) (TAIR:AT3G01100.1); Has 911 Blast hits to 825 proteins in 137 species: Archae - 0; Bacteria - 0; 
Metazoa - 152; Fungi - 442; Plants - 243; Viruses - 0; Other Eukaryotes - 74 (source: NCBI BLink). | 
chr1:26107120-26110148 REVERSE

AT1G70850 -2.52 NDE -0.79 NDE NDE MLP34: Symbols: MLP34 | MLP34 (MLP-LIKE PROTEIN 34) | chr1:26715183-26716829 REVERSE
AT1G70880 NDE -2.62 NDE NDE -0.72 Bet v I allergen family protein | chr1:26722881-26723778 REVERSE
AT1G70890 -1.79 NDE NDE NDE NDE MLP43: Symbols: MLP43 | MLP43 (MLP-LIKE PROTEIN 43) | chr1:26725626-26726544 REVERSE
AT1G72070 NDE NDE NDE -1.58 -1.15 DNAJ heat shock N-terminal domain-containing protein | chr1:27118621-27119708 REVERSE
AT1G72500 NDE NDE -0.71 0.90 NDE inter-alpha-trypsin inhibitor heavy chain-related | chr1:27295336-27298556 REVERSE
AT1G72860 NDE NDE NDE -0.79 NDE disease resistance protein (TIR-NBS-LRR class), putative | chr1:27416228-27420778 REVERSE
AT1G72920 NDE 1.21 NDE NDE NDE disease resistance protein (TIR-NBS class), putative | chr1:27437928-27439091 FORWARD
AT1G72940 NDE 1.88 NDE NDE NDE disease resistance protein (TIR-NBS class), putative | chr1:27442238-27443856 FORWARD
AT1G72950 NDE NDE NDE NDE -0.70 disease resistance protein (TIR-NBS class), putative | chr1:27444585-27445980 FORWARD

AT1G73260 -3.05 NDE NDE -2.09 -2.01 KTI1: Encodes a trypsin inhibitor involved in modulating programmed cell death in plant-pathogen 
interactions.

AT1G73325 NDE NDE NDE -0.67 -0.67 trypsin and protease inhibitor family protein / Kunitz family protein | chr1:27567518-27568186 
REVERSE

AT1G73330 NDE NDE -1.17 -0.71 NDE
DR4: encodes a plant-specific protease inhibitor-like protein whose transcript level in root disappears in 
response to progressive drought stress. The decrease in transcript level is independent from abscisic 
acid level.

AT1G73620 NDE NDE 0.80 0.68 0.85 thaumatin-like protein, putative / pathogenesis-related protein, putative | chr1:27681408-27683130 
FORWARD

AT1G74310 NDE NDE NDE NDE -0.64
HSP101: Encodes ClpB1, which belongs to the Casein lytic proteinase/heat shock protein 100 (Clp/
Hsp100) family.  Involved in refolding of proteins which form aggregates under heat stress. Also known 
as AtHsp101.  AtHsp101 is a cytosolic heat shock protein required for acclimation to high temperature.

AT1G75030 -1.17 NDE NDE NDE NDE TLP-3: encodes a PR5-like protein
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AT1G75800 NDE NDE NDE 0.82 NDE pathogenesis-related thaumatin family protein | chr1:28458782-28460854 FORWARD

AT1G75830 NDE NDE NDE NDE -0.80

LCR67: Predicted to encode a PR (pathogenesis-related) protein.  Belongs to the plant defensin (PDF) 
family with the following members: At1g75830/PDF1.1, At5g44420/PDF1.2a, At2g26020/PDF1.2b, 
At5g44430/PDF1.2c, At2g26010/PDF1.3, At1g19610/PDF1.4, At1g55010/PDF1.5, At2g02120/PDF2.1, 
At2g02100/PDF2.2, At2g02130/PDF2.3, At1g61070/PDF2.4, At5g63660/PDF2.5, At2g02140/PDF2.6, 
At5g38330/PDF3.1 and At4g30070/PDF3.2.

AT1G76180 NDE NDE -1.85 NDE -1.04

ERD14: Encodes a dehydrin protein whose expression is induced early on in response to dehydration 
stress. This gene's expression to cold occurs in two waves, with early induction occurring within 1 h and 
secondary induction occurring 5 h after the beginning of cold stress.  Expression is also induced in 
response to ABA but not in response to 2,4-D, BA, and GA3.  ERD14 protein is capable of binding Ca2+, 
especially when the protein is phosphorylated.

AT1G77260 -2.15 NDE NDE NDE NDE dehydration-responsive protein-related | chr1:29023772-29026957 REVERSE
AT1G78040 -1.23 NDE NDE NDE NDE pollen Ole e 1 allergen and extensin family protein | chr1:29345838-29347107 FORWARD

AT2G01520 -2.09 NDE NDE NDE NDE MLP328: Symbols: MLP328 | MLP328 (MLP-LIKE PROTEIN 328); copper ion binding | 
chr2:235925-237147 FORWARD

AT2G01530 -1.42 NDE NDE NDE NDE MLP329: Symbols: MLP329 | MLP329 (MLP-LIKE PROTEIN 329); copper ion binding | 
chr2:239705-240520 FORWARD

AT2G04030 NDE NDE 0.96 0.87 NDE
CR88: Encodes a chloroplast-targeted 90-kDa heat shock protein located in the stroma involved in red-
light mediated deetiolation response. Mutants are resistant to chlorate, have elongated hypocotyls in 
light, and affect the expression of NR2, CAB, and RBCS but NOT NR1 and NiR.

AT2G14080 NDE NDE NDE -0.69 NDE disease resistance protein (TIR-NBS-LRR class), putative | chr2:5925186-5929600 FORWARD

AT2G14610 -4.07 NDE NDE NDE NDE
PR1: PR1 gene expression is induced in response to a variety of pathogens. It is a useful molecular 
marker for the SAR response.  Though the Genbank record for the cDNA associated to this gene is 
called 'PR-1-like', the sequence  actually corresponds to PR1.  Expression of this gene is salicylic-acid 
responsive.

AT2G15970 -1.53 NDE -1.59 -0.90 -2.21
COR413-PM1: encodes an alpha form of a protein similar to the cold acclimation protein WCOR413 in 
wheat. Expression is induced by short-term cold-treatment, water deprivation, and abscisic acid 
treatment.

AT2G19970 NDE 2.36 NDE 0.68 0.86 pathogenesis-related protein, putative | chr2:8623730-8624476 REVERSE

AT2G19990 NDE NDE -0.75 -1.21 NDE

PR-1-LIKE: Encodes a PR-1-like protein homolog that is differentially expressed in resistant compared 
to susceptible cultivars by powdery mildew infection. The deduced amino acid sequence has 24 amino 
acids comprising the signal peptide and 140 amino acids of the mature peptide (15 kDa). Northern blot 
analysis showed accumulation of the corresponding mRNA 12 h after inoculation of resistant barley 
cultivars with Erysiphe graminis.  Though the Genbank record for the cDNA associated to this gene 
model is called 'PR-1', the sequence actually corresponds to PR-1-like.  Expression of this gene is not 
salicylic-acid responsive.

AT2G20142 NDE NDE NDE -1.16 -1.07 transmembrane receptor | chr2:8695374-8696643 FORWARD
AT2G20550 NDE NDE NDE 0.71 NDE DNAJ chaperone C-terminal domain-containing protein | chr2:8845802-8847309 REVERSE
AT2G20560 NDE NDE NDE NDE -0.98 DNAJ heat shock family protein | chr2:8848130-8850010 REVERSE

AT2G21100 -1.13 NDE NDE NDE NDE disease resistance-responsive protein-related / dirigent protein-related | chr2:9048131-9049404 
REVERSE

AT2G21620 -1.87 NDE NDE NDE NDE RD2: Encodes gene that is induced in response to dessication; mRNA expression is seen 10 and 24 hrs 
after start of dessication treatment.

AT2G24040 NDE NDE NDE -0.69 NDE hydrophobic protein, putative / low temperature and salt responsive protein, putative | 
chr2:10223945-10224630 FORWARD

AT2G24550 NDE NDE -0.83 NDE -1.18 unknown protein | chr2:10427856-10429222 REVERSE

AT2G26150 NDE NDE NDE NDE -1.38 HSFA2: member of Heat Stress Transcription Factor (Hsf) family. Involved in response to misfolded 
protein accumulation in the cytosol. Regulated by alternative splicing and non-sense-mediated decay.

AT2G26660 NDE NDE NDE -0.78 NDE SPX2: Symbols: ATSPX2, SPX2 | SPX2 (SPX DOMAIN GENE 2) | chr2:11338932-11340950 
FORWARD

AT2G27140 NDE NDE 0.79 1.38 1.27 heat shock family protein | chr2:11598379-11599322 REVERSE
AT2G28790 NDE NDE 1.06 1.58 1.17 osmotin-like protein, putative | chr2:12354430-12355431 REVERSE

AT2G33790 NDE -2.26 NDE NDE NDE
AGP30: pollen Ole e 1 allergen protein containing 14.6% proline residues, similar to arabinogalactan 
protein (Daucus carota) GI:11322245, SP:Q03211 Pistil-specific extensin-like protein precursor (PELP) 
{Nicotiana tabacum}; contains Pfam profile PF01190: Pollen proteins Ole e I family

AT2G35795 NDE NDE 0.72 NDE NDE DNAJ heat shock N-terminal domain-containing protein | chr2:15042175-15043575 FORWARD

AT2G39200 NDE NDE -0.88 -0.73 -1.36

MLO12: A member of a large family of seven-transmembrane domain proteins specific to plants, 
homologs of the barley mildew resistance locus o (MLO) protein. The Arabidopsis genome contains 15 
genes encoding MLO proteins, with localization in plasma membrane. Phylogenetic analysis revealed 
four clades of closely-related AtMLO genes. ATMLO6 belongs to the clade IV, with AtMLO2, AtMLO3 
and AtMLO12. The gene is expressed during early seedling growth, in root tips and cotyledon vascular 
system, in floral organs (anthers and stigma), and in fruit abscission zone, as shown by GUS activity 
patterns. The expression of several phylogenetically closely-related AtMLO genes showed similar or 
overlapping tissue specificity and analogous responsiveness to external stimuli, suggesting functional 
redundancy, co-function, or antagonistic function(s).

AT2G40330 NDE NDE NDE -0.85 -0.74
PYL6: Encodes a member of the PYR (pyrabactin resistance  )/PYL(PYR1-like)/RCAR (regulatory 
components of ABA receptor) family proteins with 14 members.  PYR/PYL/RCAR family proteins 
function as abscisic acid sensors. Mediate ABA-dependent regulation of protein phosphatase 2Cs ABI1 
and ABI2.

AT2G41010 NDE NDE NDE -1.18 -0.89
CAMBP25: Encodes a novel calmodulin binding protein whose gene expression is induced by 
dehydration and ionic (salt) and non-ionic (mannitol) osmotic stress. Lines over-expressing this gene are 
more sensitive and anti-sense lines are more tolerant to osmotic stress, suggesting this gene may be a 
negative regulator of response to osmotic stress.

AT2G41430 1.09 NDE NDE NDE NDE

ERD15: Encodes hydrophilic protein lacking Cys residues that is expressed in response to drought 
stress, light stress and treatment with plant-growth-promoting rhizobacteria (Paenibacillus polymyxa), 
possibly revealing a connection between responses to biotic and abiotic stress. Also identified as a  CTC 
Interacting Domain (CID) protein in a yeast two hybrid screen using the PAB2 protein as bait. Contains 
PAM2 like domain which mediates interaction with PABC domain in PAB2.

AT2G42750 NDE NDE NDE NDE 0.65 DNAJ heat shock N-terminal domain-containing protein | chr2:17793307-17795680 FORWARD

AT2G43510 NDE NDE 0.91 -1.02 NDE TI1: Member of the defensin-like (DEFL) family. Encodes putative trypsin inhibitor protein which may 
function in defense against herbivory.

AT2G43530 NDE 2.53 NDE NDE NDE Encodes a defensin-like (DEFL) family protein.
AT2G43590 NDE NDE NDE -1.05 -0.75 chitinase, putative | chr2:18081331-18082767 REVERSE
AT2G43610 NDE NDE 2.03 0.68 0.63 glycoside hydrolase family 19 protein | chr2:18087840-18089224 REVERSE

AT2G44490 NDE NDE NDE NDE -1.05 PEN2: Encodes a glycosyl hydrolase that localizes to peroxisomes and acts as a component of an 
inducible preinvasion resistance mechanism. Required for mlo resistance.

AT2G45130 NDE NDE -0.69 -1.04 NDE SPX3: Symbols: ATSPX3, SPX3 | SPX3 (SPX DOMAIN GENE 3) | chr2:18606410-18607853 
FORWARD

AT2G47440 NDE NDE NDE -0.84 NDE DNAJ heat shock N-terminal domain-containing protein | chr2:19469719-19471886 FORWARD
AT2G47540 NDE NDE 0.95 NDE NDE pollen Ole e 1 allergen and extensin family protein | chr2:19505860-19506598 FORWARD
AT2G47710 NDE 1.14 NDE 0.71 0.71 universal stress protein (USP) family protein | chr2:19554834-19556065 REVERSE

AT2G47770 NDE NDE -0.89 -1.46 -1.43

TSPO: Encodes a membrane-bound protein designated AtTSPO (Arabidopsis thaliana TSPO-related). 
AtTSPO is related to the bacterial outer membrane tryptophan-rich sensory protein (TspO) and the 
mammalian mitochondrial 18 kDa Translocator Protein (18 kDa TSPO), members of the TspO/MBR 
domain-containing membrane proteins. Mainly detected in dry seeds, but can be induced in vegetative 
tissues by osmotic or salt stress or abscisic acid treatment. Located in endoplasmic reticulum and the 
Golgi stacks.

AT3G01420 NDE NDE -1.97 -1.76 -1.77
DOX1: Encodes an alpha-dioxygenase involved in protection against oxidative stress and cell death. 
Induced in response to Salicylic acid and oxidative stress.  Independent of NPR1 in  induction by 
salicylic acid.
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AT3G02840 NDE NDE NDE NDE -0.97 immediate-early fungal elicitor family protein | chr3:618409-619686 FORWARD
AT3G04210 NDE NDE NDE -1.01 NDE disease resistance protein (TIR-NBS class), putative | chr3:1105963-1108069 REVERSE

AT3G04720 -4.15 NDE NDE -1.91 -1.15 PR4: Encodes a protein similar to the antifungal chitin-binding protein hevein from rubber tree latex. 
mRNA levels increase in response to ethylene and turnip crinkle virus infection.

AT3G05880 -2.12 NDE -1.32 -1.81 -1.58 RCI2A: Induced by low temperatures, dehydration and salt stress and ABA. Encodes a small (54 amino 
acids), highly hydrophobic protein that bears two potential transmembrane domains.

AT3G05950 -1.23 NDE 1.22 -1.60 -1.70 germin-like protein, putative | chr3:1781067-1782007 REVERSE
AT3G06340 NDE NDE NDE -0.79 NDE DNAJ heat shock N-terminal domain-containing protein | chr3:1920207-1923311 REVERSE
AT3G07770 NDE NDE 0.70 NDE NDE Hsp89.1: ATP binding | chr3:2479548-2484194 FORWARD
AT3G09440 NDE NDE NDE 0.70 NDE heat shock cognate 70 kDa protein 3 (HSC70-3) (HSP70-3) | chr3:2903199-2905724 REVERSE

AT3G10985 -1.82 -1.14 -1.59 NDE -0.99 SAG20: A senescence-associated gene whose expression is induced in response to treatment with 
Nep1, a fungal protein that causes necrosis.

AT3G11660 NDE NDE NDE -1.17 NDE
NHL1: encodes a protein whose sequence is similar to tobacco hairpin-induced gene (HIN1) and 
Arabidopsis non-race specific disease resistance gene (NDR1). Expression of this gene is induced by 
cucumber mosaic virus. Localization of the gene product is similar to that of NHL3 (plasma membrane) 
but it is yet inconclusive.

AT3G12500 NDE 1.01 NDE NDE NDE HCHIB: encodes a basic chitinase involved in ethylene/jasmonic acid mediated signalling pathway 
during systemic acquired resistance based on expression analyses.

AT3G13650 NDE 1.64 NDE NDE NDE disease resistance response | chr3:4462892-4463872 FORWARD
AT3G17020 -0.88 NDE NDE NDE NDE universal stress protein (USP) family protein | chr3:5802536-5804157 REVERSE
AT3G17210 -1.21 NDE NDE NDE NDE HS1: Encodes a heat stable protein with antimicrobial and antifungal activity.
AT3G19690 NDE NDE NDE -1.59 -0.65 pathogenesis-related protein, putative | chr3:6842220-6842856 REVERSE
AT3G23190 NDE NDE NDE NDE -0.95 lesion inducing protein-related | chr3:8279289-8280912 FORWARD
AT3G23300 -1.41 NDE NDE NDE 0.94 dehydration-responsive protein-related | chr3:8333025-8336146 FORWARD

AT3G28940 -1.92 NDE NDE NDE NDE avirulence-responsive protein, putative / avirulence induced gene (AIG) protein, putative | 
chr3:10968100-10969387 REVERSE

AT3G44670 -1.32 NDE NDE NDE NDE ATP binding / nucleoside-triphosphatase/ nucleotide binding / protein binding / transmembrane receptor 
| chr3:16216950-16221617 FORWARD

AT3G46230 1.59 NDE NDE 1.95 NDE HSP17.4: member of the class I small heat-shock protein (sHSP) family, which accounts for the majority 
of sHSPs in maturing seeds

AT3G47540 -1.40 -1.02 0.69 1.21 1.07 chitinase, putative | chr3:17521029-17522269 FORWARD
AT3G48450 -2.29 NDE 1.00 1.85 1.18 nitrate-responsive NOI protein, putative | chr3:17944029-17944888 REVERSE
AT3G50460 -0.97 NDE NDE NDE NDE HR2: Homolog of RPW8

AT3G50970 NDE NDE -2.05 -1.88 -2.63
LTI30: Belongs to the dehydrin protein family, which contains highly conserved stretches of 7-17 
residues that are repetitively scattered in their sequences, the K-, S-, Y- and lysine rich segments.  LTI29 
and LTI30 double overexpressors confer freeze tolerance. Located in membranes. mRNA upregulated 
by water deprivation and abscisic acid.

AT3G52430 NDE NDE NDE NDE -0.70

PAD4: Encodes a lipase-like gene that is important for salicylic acid signaling and function in resistance 
(R) gene-mediated and basal plant disease resistance. PAD4 can interact directly with EDS1, another 
disease resistance signaling protein. Expressed at elevated level  in response to green peach aphid 
(GPA) feeding, and modulates the GPA feeding-induced leaf senescence through a mechanism that 
doesn't require camalexin synthesis and salicylic acid (SA) signaling. Required for the ssi2-dependent 
heightened  resistance to GPA.

AT3G54420 NDE NDE NDE NDE -0.90

EP3: encodes an EP3 chitinase that is expressed during somatic embryogenesis in 'nursing' cells 
surrounding the embryos but not in embryos themselves. The gene is also expressed in mature pollen 
and growing pollen tubes until they enter the receptive synergid, but not in endosperm and integuments 
as in carrot.  Post-embryonically, expression is found in hydathodes, stipules, root epidermis and 
emerging root hairs.

AT3G58020 NDE NDE NDE 0.68 NDE heat shock protein binding | chr3:21479480-21481349 FORWARD
AT3G59930 -4.03 NDE NDE NDE NDE Encodes a defensin-like (DEFL) family protein.
AT3G62020 NDE -1.10 NDE NDE NDE GLP10: germin-like protein (GLP10)
AT3G62190 -1.39 NDE NDE NDE NDE DNAJ heat shock N-terminal domain-containing protein | chr3:23021121-23023332 FORWARD
AT3G62730 NDE 1.12 NDE NDE NDE unknown protein | chr3:23207854-23209471 REVERSE

AT4G05420 NDE NDE 0.76 NDE NDE
DDB1A: Structurally similar to damaged DNA binding proteins.DDB1a is part of a 350 KDa nuclear 
localized DET1 protein complex. This complex may physically interact with histone tails and while bound 
to chromatin- repress transcription of genes involved in photomorphogenesis.

AT4G09940 -1.43 NDE NDE NDE NDE avirulence-responsive family protein / avirulence induced gene (AIG1) family protein | 
chr4:6231786-6233397 FORWARD

AT4G10270 3.46 3.59 NDE NDE NDE wound-responsive family protein | chr4:6374734-6375210 FORWARD

AT4G11190 NDE 1.37 NDE NDE NDE disease resistance-responsive family protein / dirigent family protein | chr4:6826677-6827383 
FORWARD

AT4G11230 NDE NDE NDE 0.70 NDE respiratory burst oxidase, putative / NADPH oxidase, putative | chr4:6840491-6845591 REVERSE
AT4G11340 NDE NDE NDE -0.77 NDE Toll-Interleukin-Resistance (TIR) domain-containing protein | chr4:6894208-6899130 REVERSE
AT4G11650 -2.99 NDE NDE NDE NDE OSM34: osmotin-like protein
AT4G12400 NDE NDE NDE NDE -0.91 Hop3: stress-inducible protein, putative | chr4:7338659-7341361 REVERSE
AT4G13235 NDE 1.46 0.80 0.89 1.18 EDA21: Encodes a defensin-like (DEFL) family protein.
AT4G13820 NDE NDE NDE 0.68 0.63 disease resistance family protein / LRR family protein | chr4:8007989-8010745 REVERSE
AT4G13830 NDE NDE NDE NDE 1.03 J20: DnaJ-like protein (J20); nuclear gene

AT4G14630 NDE NDE -1.90 -3.13 -2.87 GLP9: germin-like protein with N-terminal signal sequence that may target it to the vacuole, plasma 
membrane and/or outside the cell.

AT4G15740 NDE NDE NDE -1.54 -0.88 C2 domain-containing protein | chr4:8964745-8966318 REVERSE

AT4G15910 NDE NDE 2.39 1.28 NDE
DI21: encodes a gene whose transcript level in root and leaves increases to progressive drought stress. 
The transcript level is also affected by changes of endogenous or exogenous abscisic acid level. It 
appears to be a member of plant-specific gene family that includes late embryo-abundant and zinc- IAA-
induced proteins in other plants.

AT4G17910 NDE NDE NDE 0.84 0.93 transferase, transferring acyl groups | chr4:9951173-9953979 REVERSE
AT4G18030 NDE NDE NDE 0.97 NDE dehydration-responsive family protein | chr4:10012361-10015815 REVERSE
AT4G19810 NDE NDE NDE -1.01 -1.00 ChiC: glycosyl hydrolase family 18 protein | chr4:10763934-10765753 REVERSE
AT4G19920 NDE -1.16 NDE NDE -0.68 disease resistance protein (TIR class), putative | chr4:10797217-10798388 REVERSE
AT4G22214 NDE -1.27 NDE NDE NDE Encodes a defensin-like (DEFL) family protein.
AT4G22230 NDE 1.34 NDE NDE NDE Encodes a defensin-like (DEFL) family protein.
AT4G23670 NDE NDE NDE 0.90 NDE major latex protein-related / MLP-related | chr4:12332560-12333804 REVERSE
AT4G23680 -1.41 NDE NDE NDE NDE major latex protein-related / MLP-related | chr4:12336186-12337482 REVERSE

AT4G23690 NDE 1.41 NDE NDE NDE DIR6: disease resistance-responsive family protein / dirigent family protein | chr4:12338871-12339747 
REVERSE

AT4G24190 -0.77 NDE NDE NDE NDE

SHD: encodes an ortholog of GRP94, an ER-resident HSP90-like protein and is involved in regulation of 
meristem size and organization. Single and double mutant analyses suggest that SHD may be required 
for the correct folding and/or complex formation of CLV proteins. Lines carrying recessive mutations in 
this locus exhibits expanded shoot meristems, disorganized root meristems, and defective pollen tube 
elongation. Transcript is detected in all tissues examined and is not induced by heat.  Endoplasmin 
supports the protein secretory pathway and has a role in proliferating tissues.

AT4G25780 NDE NDE -0.81 NDE NDE pathogenesis-related protein, putative | chr4:13121068-13121955 FORWARD
AT4G25790 NDE NDE NDE 0.69 0.99 allergen V5/Tpx-1-related family protein | chr4:13122152-13123347 REVERSE
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AT4G27320 NDE NDE NDE -0.87 -0.93 PHOS34: Contains a universal stress protein domain. Protein is phosphorylated in response to 
Phytophthora infestans zoospores and xylanase.

AT4G28240 -1.19 NDE -0.68 NDE NDE wound-responsive protein-related | chr4:13997292-13998347 REVERSE
AT4G28480 -1.13 NDE NDE NDE NDE DNAJ heat shock family protein | chr4:14073042-14075271 FORWARD
AT4G29920 NDE NDE NDE 0.70 NDE heat shock protein-related | chr4:14632653-14635885 REVERSE

AT4G30650 -2.85 NDE NDE -1.07 -1.23 hydrophobic protein, putative / low temperature and salt responsive protein, putative | 
chr4:14954320-14954968 FORWARD

AT4G30660 NDE NDE NDE -0.94 -1.14 hydrophobic protein, putative / low temperature and salt responsive protein, putative | 
chr4:14955373-14956118 FORWARD

AT4G33300 NDE NDE -0.74 -0.73 -0.70 ADR1-L1: Symbols: ADR1-L1 | ADR1-L1 (ADR1-like 1); ATP binding / protein binding | 
chr4:16051051-16056526 REVERSE

AT4G33720 -0.80 NDE NDE NDE NDE pathogenesis-related protein, putative | chr4:16182752-16183533 FORWARD
AT4G33730 NDE NDE NDE 0.69 NDE pathogenesis-related protein, putative | chr4:16185098-16185616 FORWARD
AT4G36010 NDE NDE -0.82 NDE -0.79 pathogenesis-related thaumatin family protein | chr4:17039192-17041141 REVERSE

AT4G36040 NDE NDE -0.68 NDE NDE J11: DNAJ heat shock N-terminal domain-containing protein (J11) | chr4:17049171-17050274 
REVERSE

AT4G37910 NDE NDE 1.28 0.93 1.11 mtHsc70-1: Symbols: mtHsc70-1 | mtHsc70-1 (mitochondrial heat shock protein 70-1); ATP binding | 
chr4:17825080-17828180 REVERSE

AT4G38410 NDE NDE NDE NDE -1.43 dehydrin, putative | chr4:17980940-17981719 FORWARD
AT4G38660 NDE NDE NDE 0.72 0.88 thaumatin, putative | chr4:18066177-18068205 REVERSE

AT4G39640 NDE NDE NDE NDE -1.01
GGT1: The gene encodes a gamma-glutamyltransferase (AKA gamma-glutamyl transpeptidase, EC 
2.3.2.2) that is  located in  vascular tissues (predominantly phloem) of leaves and is involved in the 
degradation of glutathione. The encoded enzyme also mitigates oxidative stress by metabolizing GSSG 
(oxidized form of GSH - glutathione) in the apoplast.

AT5G06320 NDE NDE NDE NDE -0.90
NHL3: encodes a protein whose sequence is similar to tobacco hairpin-induced gene (HIN1) and 
Arabidopsis non-race specific disease resistance gene (NDR1). Expression of this gene is induced by 
cucumber mosaic virus, spermine and Pseudomonas syringae pv. tomato DC3000. The gene product is 
localized to the plasma membrane.

AT5G07220 NDE NDE NDE NDE -0.75
BAG3: A member of Arabidopsis BAG (Bcl-2-associated athanogene) proteins, plant homologs of 
mammalian regulators of apoptosis. Plant BAG proteins are multi-functional and remarkably similar to 
their animal counterparts, as they regulate apoptotic-like processes ranging from pathogen attack, to 
abiotic stress, to plant development.

AT5G09590 NDE NDE NDE 0.77 NDE MTHSC70-2: heat shock protein 70 (Hsc70-5); nuclear

AT5G09980 NDE NDE 1.33 NDE NDE PROPEP4: Symbols: PROPEP4 | PROPEP4 (Elicitor peptide 4 precursor) | chr5:3122731-3123964 
FORWARD

AT5G17970 1.72 NDE NDE NDE NDE disease resistance protein (TIR-NBS-LRR class), putative | chr5:5948999-5951619 REVERSE
AT5G18750 NDE NDE NDE 0.80 NDE DNAJ heat shock N-terminal domain-containing protein | chr5:6255177-6257932 FORWARD
AT5G20150 -3.40 NDE NDE -1.17 0.75 SPX1: Symbols: ATSPX1, SPX1 | SPX1 (SPX DOMAIN GENE 1) | chr5:6802372-6803625 FORWARD
AT5G20970 NDE NDE NDE 1.74 1.35 heat shock family protein | chr5:7122800-7124001 FORWARD
AT5G22690 NDE NDE NDE -0.84 -0.83 disease resistance protein (TIR-NBS-LRR class), putative | chr5:7541271-7545182 FORWARD
AT5G23400 2.14 NDE NDE NDE NDE disease resistance family protein / LRR family protein | chr5:7880335-7882634 FORWARD
AT5G24620 NDE NDE NDE 0.83 1.05 thaumatin-like protein, putative | chr5:8430768-8432414 FORWARD
AT5G33355 NDE -1.05 NDE NDE NDE Encodes a defensin-like (DEFL) family protein.
AT5G38350 NDE NDE NDE NDE -1.13 disease resistance protein (NBS-LRR class), putative | chr5:15328659-15331528 FORWARD
AT5G38950 NDE 1.12 NDE NDE NDE germin-like protein-related | chr5:15590693-15591050 FORWARD
AT5G39100 NDE -1.40 NDE NDE NDE GLP6: germin-like protein (GLP6)
AT5G39150 -2.33 -1.51 NDE NDE NDE germin-like protein, putative | chr5:15669898-15670808 REVERSE
AT5G39180 -1.77 -1.46 NDE NDE NDE germin-like protein, putative | chr5:15683464-15684353 REVERSE

AT5G39730 -1.81 NDE NDE NDE NDE avirulence-responsive protein-related / avirulence induced gene (AIG) protein-related | 
chr5:15901679-15902870 FORWARD

AT5G40020 NDE -1.77 NDE NDE NDE pathogenesis-related thaumatin family protein | chr5:16022753-16024316 REVERSE
AT5G40910 -1.18 NDE NDE NDE NDE disease resistance protein (TIR-NBS-LRR class), putative | chr5:16395507-16399129 FORWARD

AT5G42020 NDE NDE NDE 0.95 NDE BIP2: Luminal binding protein (BiP2) involved in polar nuclei fusion during proliferation of endosperm 
nuclei.

AT5G42050 NDE NDE NDE NDE 0.67

FUNCTIONS IN: molecular_function unknown; EXPRESSED IN: 22 plant structures; EXPRESSED 
DURING: 13 growth stages; CONTAINS InterPro DOMAIN/s: Development and cell death domain 
(InterPro:IPR013989), Kelch related (InterPro:IPR013089); BEST Arabidopsis thaliana protein match is: 
unknown protein (TAIR:AT3G27090.1); Has 5084 Blast hits to 2870 proteins in 85 species: Archae - 0; 
Bacteria - 24; Metazoa - 270; Fungi - 58; Plants - 157; Viruses - 8; Other Eukaryotes - 4567 (source: 
NCBI BLink). | chr5:16815489-16817301 FORWARD

AT5G45050 -1.59 NDE NDE NDE NDE TTR1: Encodes a member of WRKY Transcription Factor (Group II-e) that confers resistance to tobacco 
ringspot nepovirus.

AT5G45490 NDE NDE -1.14 -1.30 -1.85 disease resistance protein-related | chr5:18431003-18432397 FORWARD

AT5G47120 NDE NDE NDE NDE -0.78
BI1: Encodes BI-1, a homolog of mammalian Bax inhibitor 1.  Functions as an attenuator of biotic and 
abiotic types of cell death.  Bax-induced cell death can be downregulated by ectopically expressing AtBI 
in planta.

AT5G47130 NDE NDE NDE NDE -0.72 Bax inhibitor-1 family / BI-1 family | chr5:19141016-19142011 FORWARD
AT5G48030 NDE NDE 0.77 NDE NDE GFA2: encodes a mitochondrially targeted DNAJ protein involved in female gametophyte development.
AT5G49910 -1.25 NDE NDE NDE NDE cpHsc70-2: Stromal heat shock protein involved in protein import into chloroplast.
AT5G51440 NDE NDE NDE NDE -0.92 23.5 kDa mitochondrial small heat shock protein (HSP23.5-M) | chr5:20891163-20892211 FORWARD
AT5G51630 -1.25 NDE NDE NDE NDE disease resistance protein (TIR-NBS-LRR class), putative | chr5:20970030-20974916 FORWARD

AT5G52060 NDE NDE -1.05 NDE -0.88
BAG1: A member of Arabidopsis BAG (Bcl-2-associated athanogene) proteins, plant homologs of 
mammalian regulators of apoptosis. Plant BAG proteins are multi-functional and remarkably similar to 
their animal counterparts, as they regulate apoptotic-like processes ranging from pathogen attack, to 
abiotic stress, to plant development.

AT5G52640 NDE NDE -0.99 NDE -1.38 HSP90.1: Encodes a cytosolic heat shock protein AtHSP90.1.  AtHSP90.1 interacts with disease 
resistance signaling components SGT1b and RAR1 and is required for RPS2-mediated resistance.

AT5G54855 -1.19 NDE NDE NDE NDE pollen Ole e 1 allergen and extensin family protein | chr5:22282767-22284387 FORWARD

AT5G59720 2.36 NDE NDE NDE NDE HSP18.2: encodes a low molecular weight heat shock protein that contains the heat shock element in 
the promoter region. Expression is induced in response to heat shock.

AT5G60340 NDE NDE 0.83 NDE NDE AAK6: maoC-like dehydratase domain-containing protein | chr5:24273879-24275891 REVERSE

AT5G64890 NDE NDE -0.81 -1.99 -1.39 PROPEP2: Symbols: PROPEP2 | PROPEP2 (Elicitor peptide 2 precursor) | chr5:25934568-25935521 
FORWARD

AT5G64900 NDE NDE NDE -1.16 -1.09
PROPEP1: Encodes a putative 92-aa protein that is the precursor of AtPep1, a 23-aa peptide which 
activates transcription of the defensive gene defensin (PDF1.2) and activates the synthesis of H2O2, 
both being components of the innate immune response.

AT5G64930 -0.81 NDE NDE 0.89 0.78 CPR5: Regulator of expression of pathogenesis-related (PR) genes. Participates in signal transduction 
pathways involved in plant defense (systemic acquired resistance -SAR).

AT5G65210 NDE NDE -0.79 NDE NDE
TGA1: Encodes TGA1, a redox-controlled regulator of systemic acquired resistance.  TGA1 targets the 
activation sequence-1 (as-1) element of the promoter region of defense proteins. TGA1 are S-
nitrosylated.
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