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Abstract Arbuscular mycorrhizal symbiosis is a beneficial
association between plant roots and fungi that occurs in ap-
proximately 80 % of terrestrial plants and which confers dif-
ferent benefits including mineral nutrient acquisition and en-
hanced defense capacity. Although mycorrhizal colonization
takes place in roots, the symbiosis establishment has systemic
effects in other parts of the plant, in processes such as nutrient
translocation and systemic resistance. In order to understand
the transcriptional changes that occur in leaves of mycorrhizal
plants, we used RNA-seq technology to obtain the
transcriptomes of leaves from mycorrhizal and non-
mycorrhizal tomato plants (Solanum lycopersicum). Four
weeks after inoculation with the fungus Rhizophagus
irregularis, leaves from mycorrhizal and non-mycorrhizal to-
mato plants were used for transcriptome sequencing. Of the
21,113 genes expressed in tomato leaves, 742 genes displayed
differential expression between the mycorrhizal and non-
mycorrhizal conditions. Most of the transcriptional changes
occurred in the Bprotein,^ BRNA,^ Bsignaling,^ Btransport,^

Bbiotic and abiotic stresses,^ and Bhormone metabolism^ cat-
egories. Some transcriptional changes also occurred in P, N,
and sugar transporters, as would be expected for mycorrhizal
colonization. Finally, several differentially expressed genes
may be related to systemic defense priming, in agreement with
our demonstration that symbiotic plants exhibitedmycorrhiza-
induced resistance against the foliar pathogen Xanthomonas
campestris pv. vesicatoria. This is the first study to take on a
genome-wide analysis aimed at understanding the expression
changes in leaves of mycorrhiza-colonized plants. The results
will therefore be valuable to future analyses focused on spe-
cific genes, as well as detailed studies of the expression pro-
files of certain gene families.

Keywords Rhizophagus irregularis . Transcriptome
sequencing .Mycorrhiza-induced defense . RNA-seq
technology

Introduction

Arbuscular mycorrhizal symbiosis (AMS) is a mutualistic as-
sociation between plant roots and arbuscular mycorrhizal fun-
gi (AMF). In this mycorrhizal association, the primary benefit
for both symbionts is nutrient exchange (Smith and Read
2008). The fungus mainly supplies phosphorous, nitrogen,
and other mineral nutrients to the plant; in return, the plant
provides carbohydrates to the fungus (Smith and Read 2008).
In addition to facilitating host plant nutrient absorption, AMF
induce an increased resistance against biotic and abiotic stress-
es (Campos-Soriano et al. 2012; Hause and Fester 2005;
Kapoor et al. 2013; Pozo and Azcon-Aguilar 2007; Ruiz-
Lozano et al. 2006; Whipps 2004).

Molecular approaches have been applied to investigate sev-
eral processes involved in AMS, allowing the identification
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and characterization of many genes that are important for this
interaction. Examples of these roles include the following:
establishing the symbiosis in the root (Harrison 2012), nutri-
ent acquisition from the soil to the fungus and then to the root
(Govindarajulu et al. 2005; Javot et al. 2007), and an increased
resistance to root and foliar pathogens, as well as abiotic
stresses (Campos-Soriano et al. 2012; Kapoor et al. 2013;
Mora-Romero et al. 2015). In line with the occurrence of
mycorrhizal colonization in roots, the differential expression
of genes in roots of mycorrhizal vs. non-mycorrhizal plants (as
observed by microarray analysis) has been reported for
Medicago truncatula (Liu et al. 2007), Lotus japonicus
(Guether et al. 2009), tomato (Solanum lycopersicum) (Fiorilli
et al. 2009), and rice (Oryza sativa) (Güimil et al. 2005).

Several systemic effects on shoots have also been reported
in response to mycorrhizal colonization of roots, including an
increase in resistance to shoot pathogens and abiotic stresses
(Campos-Soriano et al. 2012; Mora-Romero et al. 2015;
Ouziad et al. 2006; Pozo et al. 2010). Interestingly, far fewer
studies have reported the differential expression of genes in
shoots of mycorrhizal plants. One such study inM. truncatula
identified 599 genes that were differentially expressed in the
shoots of plants colonized by the AMF Glomus intraradices,
consisting of 468 up-regulated and 131 down-regulated genes
(Liu et al. 2007). A significant number of the differentially
expressed genes were associated with defense responses,
which is consistent with the observed increase in resistance
ofM. truncatulamycorrhizal plants against a foliar pathogen.
Separately, 422 genes were reported as modulated in the
shoots of mycorrhiza-colonized tomato using a microarray
strategy, including 85 up-regulated and 337 down-regulated
genes (Fiorilli et al. 2009).

These two studies clearly demonstrate the ability of micro-
arrays to provide useful information on differentially
expressed genes. Nevertheless, microarrays are limited to the
annotated genes available at the moment, and thus, the results
from these studies are not comprehensive for all the transcrip-
tional changes induced by AMS in shoots.

This lack of coverage can be circumvented with next-
generation sequencing technologies. In this approach, RNA-
seq can be utilized with the tomato genome and transcriptome
sequence (The Tomato Genome Consortium 2012) to identify
other important genes involved in the systemic response of
plants following mycorrhizal colonization. Massive RNA se-
quencing presents other advantages in comparison to micro-
arrays, including the elimination of cross-hybridization arti-
facts frommicroarrays and the identification of a greater num-
ber of differentially expressed genes (Marioni et al. 2008; Xu
et al. 2013). Recently, RNA-seq technology was used to dem-
onstrate that AMS can induce changes in the expression of
genes related to tomato ripening (Zouari et al. 2014). Here, we
present the first study of the transcriptional changes that occur
in leaves of mycorrhizal tomato plants, which we have used to

investigate the systemic changes induced by AMS in shoots.
Furthermore, we report that leaves of colonized plants display
increased resistance in response to a foliar pathogen, consis-
tent with the altered regulation of genes related to biotic stress
occurring prior to pathogen infection.

Materials and Methods

Plant Growth and Tissue Collection

Mycorrhizal and non-mycorrhizal tomato plants
(S. lycopersicum var. Missouri) were generated. Seeds were
surface-sterilized in 70 % ethanol (5 min) and 5 % sodium
hypochlorite (30 min) and rinsed five times in sterile distilled
water. Seeds were planted in germination trays with a mix of
sterilized vermiculite/sand (3:1 v/v) and maintained at 25 °C.
Four 4-week-old tomato plants per treatment were
transplanted individually to 1-L pots with the same substrate.
One half of the plants were inoculated with 0.1 g of
Rhizophagus irregularis (previously G. intraradices) colo-
nized transformed carrot roots grown in M media (Chabot
et al. 1992) and maintained in a growth room with a 16:8-h
photoperiod (light/dark) at 25 °C (MYC treatment). Control
plants (non-MYC treatment) were inoculated with non-
mycorrhizal carrot roots and grown under the same
conditions.

Plants were watered once per week with distilled water and
twice per week with a modified Hoagland’s solution contain-
ing the following: (Ca(NO3)2·4H2O, 2.5 mM; KNO3,
2.5 mM; MgSO4·7H2O, 1 mM; NaFe EDTA, 0.05 mM;
H3BO3, 10 μM; Na2MoO4·2H2O, 0.2 μM; ZnSO4·7H2O,
1 μM; MnCl2·4H2O, 2.0 μM; CuSO4·5H2O, 0.5 μM;
CoCl2·6H2O, 0.2 μM; HCL, 25 μM; MES buffer, 0.5 mM)
(Hoagland and Arnon 1950). Phosphate concentration of the
solution was adjusted to 0.05 mM by lowering the content of
KH2PO4 to favor mycorrhizal colonizat ion. The
Xanthomonas campestris infection experiment included a set
of MYC and non-MYC plants fertilized with 0.2 mM
KH2PO4 (Liu et al. 2007).

Plants were harvested 4 weeks after AMF inoculation, and
the fresh weight of shoots was measured. The shoot and one
half of the root system of each plant were immediately frozen
in liquid nitrogen and stored at −70 °C. All leaves pooled from
each plant were ground to a fine powder in liquid nitrogen.

The other half of each plant’s root systemwas fixed in 50%
(v/v) ethanol for 24 h, clarified for 2 days in 20 % (w/v) KOH,
and stained for 1 day in a solution containing trypan blue
0.05 % (w/v) (Phillips and Hayman 1970). Roots were main-
tained in lactoglycerol 1:1:1 (water/lactic acid/glycerol), and
the percentage of colonization was determined according to
the Bline intersection^method (Giovannetti and Mosse 1980).
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RNA Extraction and Sequencing

Total RNA from leaves of three biological replicates (individ-
ual plants) of MYC and non-MYC plants fertilized with
0.05 mM phosphate was obtained using TRIzol® reagent
(Ambion, Carlsbad, CA). Total RNAwas purified again with
an in-column purification step (Qiagen; Hilden, Germany).
The concentration of total RNA was estimated using a
NanoDrop 2000c Spectrometer (Thermo; USA), as well as
A260/280 and A260/230 ratios. RNA samples were sent to
the Unidad de Biotecnología Genómica (LANGEBIO,
CINVESTAV-IPN Irapuato, México) for sequencing. Before
processing, RNA quality was verified using the Agilent RNA
6000 Nano Kit. Six independent complementary DNA
(cDNA) libraries, corresponding to three MYC and three
non-MYC biological replicates, were constructed using the
TruSeq RNA Sample Preparation V2 (Illumina) according to
the manufacturer’s instructions. cDNA library quality and
fragment length were verified using an Agilent DNA 1000
Kit. Fragment length distributions were within the expected
range according to the CLC software, and the average read
length was 133 bp. The resulting cDNA libraries were se-
quenced in a paired-end system (2×150 bp) with the Illumina
MiSeq system. Samples were individually labeled for library
construction and were simultaneously run in one lane. The
raw sequences were deposited as a Sequence Read Archive
at the National Center for Biotechnology Information
[GenBank: PRJNA263841].

Bioinformatics Analyses

Sequences obtained for each of the six libraries were imported
and individually processed using the CLC Genomics Work-
bench, version 4.9 (CLC bio; Aarhus, Denmark). Sequencing
coverage was estimated according to the Lander–Waterman
statistics (Lander and Waterman 1988), by dividing the total
number of acquired sequence bases per condition by the num-
ber of reference bases. For quality filtering, a trimming step
was performed on raw reads with the following parameters:
Phred quality score ≥20, Q value ≤5 %, ambiguous nucleo-
tides ≤2, and read length ≥75 bp. High quality reads were then
mapped against the tomato reference transcriptome
BITAG2.4_cdna^ consisting of 34,725 protein-coding genes
(http://solgenomics.net/), using the following mapping
parameters: insertion cost=3, deletion cost=3, mismatch
cost=2, mismatches ≤2, minimum length fraction ≥0.9, and
minimum similarity fraction ≥0.8. The distance for paired
reads was set from 1 to 350 bp according to the size of the
libraries, which for CLC mapper must include the length of
the reads plus the distance between them. The number of
uniquely mapped reads per gene was used as expression
values and represented as unique gene reads (UGR). The
resulting UGR were subjected to normalization by the

Scaling method (Bolstad et al. 2003), which is part of the
CLC Genomics Workbench for removing the bias of
sequencing depth across samples. Resulting expression
values were then expressed as normalized UGR.
Differentially expressed genes (DEGs) were obtained by
Baggerly’s test (Baggerly et al. 2003), which is included in
the CLC Genomics Workbench, and multiple testing correc-
tions were performed by controlling the false discovery rate
(FDR) (Benjamini and Hochberg 1995) of p value. To be
considered as differentially expressed or mycorrhiza-regulat-
ed, genes had to have at least 10 UGR, an FDR ≤0.05, and a
Log 2 fold change (Log2FC) of ≥1 and ≤−1. To interpret the
results, the DEGs were arranged into two classes: Bup-DEG,^
genes that were up-regulated in MYC plants in comparison to
the expression in non-MYC plants and Bdown-DEG,^ genes
that were down-regulated in MYC plants in comparison to the
expression in non-MYC plants. A principal component anal-
ysis was performed on the DEGs of the three replicates from
each condition using the STATGRAPHICS Centurion XVI
software (version 16.1.03). This analysis indicated that bio-
logical replicates from each condition grouped together and
segregated from the other conditions (data not shown).

Functional Classification

All mycorrhiza-responsive genes were visualized using the
MAPMAN tool (software version 3.5.1) (Thimm et al. 2004;
Usadel et al. 2006). Lists of gene identifiers and DEGs
Log2FC values were imported into the MAPMAN software.
Mapping files were created using the Mercator tool (http://
mapman.gabipd.org/web/guest/mercator), which bins all
transcripts according to hierarchical ontologies. We used
default parameters and the ITAG2.4 tomato transcriptome
for annotation. Functional categories were tested for
significance using the Wilcoxon rank sum test included in
MAPMAN software, and significant (P<0.05) BINS were
displayed.

Validation by qPCR

The quantitative RT-PCR experiments were carried out on the
same RNA used for the RNA-seq procedure. All RNA sam-
ples were treated with the Turbo DNA-free™ kit (Ambion;
Austin, TX, USA) to remove any genomic DNA contaminant
before qRT-PCR analyses, according to the manufacturer’s
instructions. First-strand cDNA was synthesized from 1 μg
of total RNAwith the Superscript III reverse transcriptase kit
(Invitrogen), following the manufacturer’s instructions.

Quantitative RT-PCR reactions were performed in triplicate
for each of the three biological replicates, using a Rotor Gene-
Q Real time PCR system (Qiagen). PCR reactions were run in
a total reaction volume of 10 μL, which included 5 μL of
SYBR Green master mix (Qiagen, cat. no. 204074), 200 nM
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of each primer, and 50 ng of cDNA. The PCR program in-
cluded a preheating step at 95 °C (5 min), followed by 40
cycles of a 95 °C (5 s) and another step of at 60 °C (10 s).
Dissociation curves were performed at the end of each run.

The genes glyceraldehyde-3-phosphate dehydrogenase and
60S ribosomal protein were used for normalization. The set of
primers used in this work are listed in Supplementary Table 1.
PCR efficiency was determined from standard curves con-
structed from serial dilutions of cDNA (from 1 to 100 ng)
taken from non-MYC samples. The comparative threshold
cycle method 2−ΔΔCt was used as the analysis method for
the relative RNA expression, as previously described (Salvioli
et al. 2012).

Infection with X. campestris pv. vesicatoria

Bacteria were grown in nutritive agar and resuspended in 4 L
of sterilized water at a final concentration of 1.6×105 CFU/
mL for use in the dipping infection assays. Four weeks after
mycorrhizal inoculation, shoots ofMYC and non-MYC plants
fertilized with 0.05 mM PO4 and 0.20 mM PO4 were infected
with X. campestris pv. vesicatoria. Plants were surfaced-
rubbed to induce slight trichome damage, and shoots were
submerged in the bacterial suspension. Pots were individually
placed in plastic bags and maintained at 28 °C for 24 h and
then transferred to 25 °C, where bags were perforated to allow
gas exchange. Finally, the total number of lesions per square
centimeter of leaf was counted 10 days after infection.

Statistical Analysis

X. campestris pv. vesicatoria infection experiments were an-
alyzed using a completely randomized design. Multifactorial
ANOVAwas calculated using SAS system 9.0 (Windows ver-
sion 6.2.9200). Comparisons of means were made using
Tukey’s test at a 95 % confidence level.

Results

Mycorrhizal Colonization

To investigate changes in gene expression induced by AMS in
tomato leaves, 4-week-old plants were inoculated with in vitro
cultured carrot roots colonized by the AMF Rhizophagus
irregularis (MYC condition); control plants were inoculated
with the corresponding non-mycorrhizal carrot roots (non-
MYC condition). Mycorrhizal colonization was 84.48 %±12
4 weeks post-inoculation, whereas no fungal colonization was
observed in non-MYC plants. RNA from shoots of these
plants was then purified and sequenced.

Bioinformatics Analysis of RNA-seq Data

After trimming and applying quality filters, high-quality reads
ranged from 813,704 to 1,084,964 reads for individually se-
quenced libraries. Overall, approximately 76 % of the reads
mapped to one specific locus of the reference transcriptome
and were used for subsequent analysis. Of sequenced reads,
88.3 %mapped as proper pair reads, whereas the other 11.7 %
mapped as single (broken) reads and were also included in the
analysis (Table 1). It is possible that some of the non-matching
reads (24 % of the total high-quality reads) corresponded to
sequences that map tomore than one locus and were discarded
by the program before further analysis or as a sequencing
error.

Taking into account the overall number of reads in the three
biological replicates per condition (MYC and non-MYC) and
the average read length, the overall coverage in the MYC
condition was 5.7X. In contrast, the overall coverage in the
non-MYC condition was 6X.

Differentially Expressed Genes

The published tomato transcriptome includes 34,725 genes,
which is composed of both experimentally and theoretically

Table 1 Read numbers obtained during the bioinformatics analysis

Sample replicates Total reads per sample (raw data) Quality filter Mapping to the reference transcriptome

Reads after trim step Total matching reads Proper pairs Broken reads Non-matching reads

Non-MYC 1 931,518 923,153 699,958 620,582 79,376 223,195

Non-MYC 2 1,095,022 1,084,964 821,502 727,920 93,582 263,462

Non-MYC 3 903,842 896,728 694,667 606,730 87,937 202,061

MYC 1 973,020 964,384 732,180 648,924 83,256 232,204

MYC 2 820,798 813,704 608,237 536,642 71,595 205,467

MYC 3 1,017,126 1,007,876 758,493 669,912 88,581 249,383

A quality filter (trim step) was applied on raw reads to obtain high-quality reads, which were mapped back to the reference transcriptome
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described genes (The Tomato Genome Consortium 2012). In
the present work, we found 21,113 genes expressed in tomato
leaves, including both MYC and non-MYC samples.

DEGs were identified by comparing their expression levels
under MYC and non-MYC conditions, using the CLC Geno-
micsWorkbench. This resulted in the identification of 742 loci
as MYC-responsive genes.

Among the 742 DEGs, 506 were up-DEG, and 236 were
down-DEG (Supplementary Table 2). Regulation of expres-
sion of most of the differential genes in AMS was modest, in
that 41 % of the MYC-regulated genes showed an increase in
expression that was only 2- to 3-fold (Log2FC 1.0 to 1.57),
while 25 % of the genes presented a Log2FC between −1.0
and −1.57. These two expression groups represent more than
60 % of the DEG genes presented in this work. Less than 5 %
of the genes increased their expression by 7-fold or more
(Log2FC ≥2.8), and only 0.1 % drastically decreased their
expression in response to AMS (Log2FC ≤−2.8) (Fig. 1).

As stated in the BMaterials and Methods^ section, only
those genes with at least 10 UGR were considered for the
differential expression analysis. This strategy increased the
stringency of the analysis by eliminating genes with a low
expression. Nevertheless, the genes that were only expressed
in theMYC condition (IND, or completely induced) but not in
the non-MYC condition, and vice versa (REP, or completely
repressed), were inevitably discarded by this analysis despite
the fact that they passed the FDR ≤0.05 and Log2FC ≥1 and
≤−1 filters. A total of 58 genes were completely induced, and
31 were completely repressed. Since it is possible that some of
these discarded genes have biological relevance, they are pre-
sented in Supplementary Table 3.

Functional Categorization of Differentially Expressed
Genes

Analyses of the 742 myc-responsive genes, including annota-
tion and functional classification, were performed with the
MAPMAN software (Table 2, Supplementary Table 2). This

program sorted 23 genes into more than one category,
resulting in 768 outputs after categorization (Table 2). Genes
that were categorized more than once are presented in Supple-
mentary Table 4. MAPMAN classified the MYC-responsive
genes in 26 out of the 35 functional categories (Table 2). The
six categories containing the highest number of DEGs (ex-
cluding Bnot-assigned or unknown^ and Bmiscellaneous
enzyme^) include the following: Bprotein^ with 126 genes,
Bsignaling^ with 91 genes, BRNA^with 80 genes, Btransport^
with 42 genes, Bbiotic and abiotic stress^ with 34 genes, and
Bhormone metabolism^ with 32 genes. Differentially
expressed genes in these six categories represent approximate-
ly 53 % of the total MYC-responsive genes identified in this
work. The remaining genes were distributed among the other
20 categories, including not-assigned or unknown with 161
genes (approximately comprising 21 % of all DEG) and mis-
cellaneous enzymes with 54 DEGs (Table 2).

In addition, we used the Wilcoxon rank sum test to select
genes in functional categories or sub-categories that show
consistent expression changes, which could be indicative of
a given response. The significant functional categories identi-
fied by this test are shown in Fig. 2. The majority of the
subcategories identified by the Wilcoxon test contained either
up- or down-regulated genes.

Genes Involved in Posttranslational Regulation

Except for the not-assigned or unknown category, the pro-
tein category BIN 29 includes the highest number of MYC-
responsive genes which were significant by the Wilcoxon
test. In this category, 86 genes were up-DEG and 40 genes
were down-DEG (Table 2, Supplementary Table 2). Two
subcategories were mainly represented: Bprotein posttransla-
tional modifications^ (BIN 29.4; 53 genes) and Bprotein
degradation^ (BIN 29.5; 57 genes). Posttranslational modi-
fication of proteins has been proposed as one of the main
regulatory mechanisms that could modulate responses such
as defense priming in leaves of mycorrhizal plants (Pozo and
Azcon-Aguilar 2007). Notably, within the Bprotein post-
translational modifications subcategory^ (BIN 29.4), differ-
ent kinase-like genes displayed a MYC-regulated expres-
sion. Twenty such genes were annotated as Breceptor-like
cytoplasmic kinase VII,^ including 14 up-DEG and six
down-DEG genes (Supplementary Table 2). Receptor ki-
nases are key enzymes that regulate diverse and important
biological processes. Additionally, a group of 13 phospha-
tases was identified as MYC-responsive in this subcategory,
indicating roles for protein phosphorylation and dephosphor-
ylation mechanisms in leaves of mycorrhizal plants. Thirty-
five of the 57 genes listed in the protein degradation subcat-
egory were ubiquitin-related, possibly reflecting the impor-
tance of ubiquitin degradation mechanisms in leaves of my-
corrhizal plants.
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Genes Involved in RNA Processing and Transcription
Regulation

The RNA category (BIN 27) was also abundantly represented
by MYC-responsive genes. Among the 80 DEGs listed in this
category, seven genes were categorized with RNA processing
roles (BIN 27.1), whereas 71 (89 %) were related to transcrip-
tion regulation (BIN 27.3 and subsequent levels). Twenty-
eight different types of transcription factors were MYC-
regulated (Fig. 3). The two most numerous groups of genes
in this subcategory were as follows: the WRKY transcription
factors (BIN 27.3.32) with seven MYC-responsive genes, all
of which were up-DEG, and the MYB transcription factors
(BIN 27.3.25) with three up-DEG and four down-DEG genes.
Other identified MYC-regulated transcription factors include
ethylene-responsive transcription factors (AP2/EREBP,

APETALA2/ethylene-responsive element-binding protein
family; BIN 27.3.3), which composed one up-DEG and four
down-DEG genes, and basic helix-loop-helix (bHLH) tran-
scription factors (BIN 27.3.6), with six DEGs (comprising
four up-DEG and two down-DEG genes) (Fig. 3, Supplemen-
tary Table 2). The three genes categorized in BIN 27.3.35 and
annotated as bZIP transcription factors exhibited statistical
significance, according to the Wilcoxon test (Fig. 2), suggest-
ing that they may have a coordinated response regarding my-
corrhizal colonization.

Genes Involved in Signaling

The signaling category (BIN 30) contains 91 genes that were
MYC-responsive. Forty-seven such genes (approximately
52 % of the genes in this category) were identified as

Table 2 Mycorrhizal-responsive genes grouped into functional categories according to the MAPMAN software program

BIN Category Total no. of
genes per category

% of total mycorrhiza-
responsive genes

No. of
up-DEG

No. of
down-DEG

35 Not assigned or unknown 161 20.99 95 66

29 Protein 126 16.43 86 40

30 Signaling 91 11.86 70 21

27 RNA 80 10.43 46 34

26 Miscellaneous enzyme families 54 7.04 37 17

34 Transport 42 5.48 38 4

20 Biotic/abiotic stress 34 4.43 28 6

17 Hormone metabolism 32 4.17 24 8

31 Cell 25 3.26 19 6

16 Secondary metabolism 21 2.74 17 4

33 Development 21 2.74 15 6

11 Lipid metabolism 19 2.48 17 2

10 Cell wall 18 2.35 11 7

28 DNA 9 1.04 1 8

13 Amino acid metabolism 7 0.91 6 1

2 Major CHO metabolism 5 0.65 2 3

23 Nucleotide metabolism 4 0.52 1 3

1 Photosynthesis 3 0.39 2 1

3 Minor CHO metabolism 3 0.39 3 0

4 Glycolysis 2 0.26 2 0

8 Tricarboxylic acid (TCA cycle)/org. transformation 2 0.26 1 1

15 Metal handling 2 0.26 0 2

18 Co-factor and vitamin metabolism 2 0.26 2 0

19 Tetrapyrrole synthesis 2 0.26 2 0

22 Polyamine metabolism 2 0.26 2 0

7 Oxidative pentose phosphate (OPP) 1 0.13 1 0

Total 768 100.00 528 240

No DEGs were identified in the following nine software categories: 5 (fermentation), 6 (gluconeogenesis/glycolate cycle), 9 (mitocondrial electron
transporter), 12 (N metabolism), 14 (S assimilation), 21 (redox), 24 (biodegradation of xenobiotics), 25 (C1 metabolism), and 32 (microRNAs, natural
antisense)

Up-DEG up-regulated genes, Down-DEG down-regulated genes
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different receptor kinases including DUF26 receptor kinases
(20 genes) and receptor kinases with a leucine-rich repeat XI
(23 genes) (Supplementary Table 2). Notably, 19 genes re-
lated to calcium signaling were MYC-responsive, including
17 up-DEG genes. This category also contained 10 genes
involved in sugar and nutrient physiology (four up-DEG and
six down-DEG) and seven genes that were classified as G-
proteins (six up-DEG and one down-DEG genes). Subcate-
gories 30.2.11 (signaling.receptor kinases.leucine-rich repeat
XI) and 30.2.17 (signaling.receptor kinases.DUF 26), con-
taining 19 and 18 genes, respectively, were significant ac-
cording to the Wilcoxon test (Fig. 2).

Genes Involved in Transport Processes

The transport category (BIN 34) contains 42 genes that were
differentially expressed in leaves of mycorrhizal plants, in-
cluding 38 up-DEG and four down-DEG genes. Two of these
transport genes were annotated as ABC transporters and mul-
tidrug resistance systems. Five sugar transporters were listed
as MYC-responsive genes, all of which were up-DEG (Sup-
plementary Table 2). Four amino acid transporter genes were
MYC-responsive and were all up-DEG. Two ammonium
transporter genes were up-DEG, as well as two calcium trans-
porter genes. Two MYC-responsive peptide and oligopeptide

Genes
Log2 

FC
Genes

Log2 

FC

cell wall.cellulose synthesis.cellulose synthase 10.2.1 2 - 2

cell wall.degradation 10.6 - 3 3

lipid metabolism 11 17 2 19

HM.auxin.induced-regulated-responsive-activated 17.2.3 7 - 7

HM.jasmonate.synthesis-degradation 17.7.1 2 - 2

HM.jasmonate.signal transduction 17.7.2 3 - 3

misc.oxidases - copper, flavone etc. 26.7 4 - 4

misc.peroxidases 26.12 2 - 2

misc.GDSL-motif lipase 26.28 - 3 3

RNA.RT.bZIP transcription factor family 27.3.35 - 3 3

DNA.synthesis/chromatin structure.histone 28.1.3 - 6 6

protein.degradation.aspartate protease 29.5.4 4 - 4

signalling.receptor kinases.leucine rich repeat XI 30.2.11 19 4 23

signalling.receptor kinases.DUF 26 30.2.17 18 2 20

transport 34 39 4 42
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transporter genes were up-DEG, and one was down-DEG
(Supplementary Table 2). The transport category was statisti-
cally significant, as determined by the Wilcoxon test (Fig. 2).

Genes Involved in Abiotic and Biotic Stresses

The Babiotic and biotic stress^ category (BIN 20) contains 34
genes that were identified as MYC-responsive, 18 of which
were related to biotic stress and 16 to abiotic stress (Supple-
mentary Table 2). Notably, the jasmonate ZIP-domain pro-
teins solyc03g122190.2.1 and solyc12g009220.1.1 were
strongly up-DEG (displaying 10- and 7.8-fold changes, re-
spectively; BIN 20.1.3) (Supplementary Table 2). Eight
nucleotide-binding site leucine-rich repeat (NBS-LRR) resis-
tance proteins were also listed in this category (BIN 20.1);
only one such gene was down-DEG, whereas the rest were
up-DEG. One chitinase gene classified in this category was
up-DEG. The abiotic stress subcategory (BIN 20.2 and sub-
levels) contains 16 genes, including seven related to heat
stress and three related to drought and salt stress.

Genes Involved in Hormone Metabolism

The hormone metabolism category (BIN 17) contains 32
genes that were MYC-responsive, 24 of which were up-
DEG (75%). Nine genes in the auxin metabolism subcategory
(BIN 17.2) were differentially expressed and were all up-
DEG. One gene was associated with auxin signal transduction
(solyc02g088010.2.1, BIN 17.2.2), one gene was involved in
the release of active indole-3-acetic acid from conjugates (BIN
17.2.1), and eight genes were classified as being either in-
duced by, regulated by, or responsive to auxins (Supplemen-
tary Table 2). One cytokinin dehydrogenase (BIN 17.4.1) was
up-DEG and categorized as a MYC-responsive gene. The
subcategory with the highest number of genes within the hor-
mone metabolism category contains 15 genes and is related to
the hormone ethylene. Eleven of these genes are related to
ethylene signal transduction (BIN 17.5.2), including five up-
DEG and six down-DEG genes. Regarding the synthesis and/
or degradation of ethylene (BIN 17.5.1), four genes were an-
notated as MYC-responsive, all of which were up-DEG. In
BIN 17.7, a group of five genes related to the metabolism and
signal transduction of the hormone jasmonic acid was notably
up-DEG (Supplementary Table 2). Three subcategories within
the hormone metabolism category were statistically signifi-
cant, as determined by the Wilcoxon test (Fig. 2), indicating
their potential relevance in the mycorrhizal response.

Other Processes Regulated by Mycorrhizal Colonization

The six categories described above comprise 405 genes,
representing approximately 53 % of the MYC-responsive
genes identified in this work. The remaining genes were

classified within the 20 additional categories. Some of these
latter categories include the Bcell^ category (BIN 31); 14 of
the 25 genes are involved in cell organization (BIN 31.1), 11
of which were up-DEG. The second largest subcategory in the
cell category was Bvesicle transport^ (BIN 31.4); notably, all
five genes listed in this group were up-DEG (Supplementary
Table 2). In the Bsecondary metabolism^ category (BIN 16),
21 genes were myc-responsive. Fifteen genes in this category
were related to phenylpropanoid metabolism (BIN 16.2);
eight of these genes were related to lignin biosynthesis (BIN
16.2.1), including seven up-DEG and one down-DEG. Three
genes related to flavonoid metabolism (BIN 16.8) were also
listed as mycorrhizal-responsive, and three other genes were
related to isoprenoid metabolism (BIN 16.1). In the Blipid
metabolism^ category (BIN 11), 19 genes were identified as
mycorrhizal-responsive; several genes in this group are in-
volved in different types of lipid degradation (9), fatty acid
synthesis and elongation (2), and phospholipid synthesis (2)
(Supplementary Table 2).

Three genes associated with the Bphotosynthesis^ category
(BIN 1) are mycorrhizal-responsive; two of these genes have
roles in the light reactions, whereas the other gene was related
to the Calvin cycle. The ten categories with the lowest number
ofMYC-responsive genes contain less than 25 genes (Supple-
mentary Table 2).

Validation of Sequencing Results by qPCR

A subset of genes was randomly selected for validation by
quantitative RT-PCR, using RNA from biological samples
employed for the sequencing analysis. Primers for the selected
sequences were designed to specifically amplify gene family
sequences (Supplementary Table 1). The glyceraldehyde-3-
phosphate dehydrogenase (Solyc04g009030.2.1) gene and the
60S ribosomal protein L21-like protein (Solyc10g078960.1.1)
gene were used as normalizers. Eighty percent (12 out of 15) of
the genes examined by qPCR displayed the same expression
trend as observed in the RNA-seq experiment (Table 3).

Mycorrhizal Tomato Leaves Display Induced Resistance
Against X. campestris pv. vesicatoria.

Eighteen myc-responsive genes from this study were catego-
rized in the Bbiotic stress^ subcategory (BIN 20.1) (Supple-
mentary Table 2), suggesting that mycorrhiza-colonized
plants may be able to activate a resistance mechanism prior
to a potential pathogen attack. To test whether mycorrhizal
plants can manifest resistance to a foliar pathogen, non-
mycorrhizal and mycorrhiza-colonized tomato plants fertil-
ized with Hoagland’s solution containing 0.05 mM phosphate
were challenged with the foliar pathogen X. campestris pv.
vesicatoria. To investigate whether the induction of resistance
could be due to mycorrhizal colonization and not phosphate
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nutritional status, mycorrhizal and non-mycorrhizal plants fer-
tilized with 0.20mM phosphate were obtained and challenged
with the pathogen. Colonization percentage and shoot and
root growth were determined right before X. campestris pv.
vesicatoria infection, as well as 10 days after infection. Al-
though an increase in shoot growth was observed for plants
fertilized with 0.2 mM phosphate, no differences in coloniza-
tion percentage were found between the two plants in either
fertilizing regime (Table 4). WhenMYC and non-MYC toma-
to plants were challenged with X. campestris pv. vesicatoria,
mycorrhizal plants displayed fewer necrotic lesions/per leaf
area than non-mycorrhizal plants, for both 0.05 and
0.20 mM phosphate fertilization conditions (Table 5). This

indicates that mycorrhizal colonization triggers a priming state
that prepares the plant for an increased resistance response,
which occurs irrespective of the phosphate nutritional status.
These findings suggest a role for the differential regulation of
some biotic stress genes (and possibly other DEGs identified
in this work) in preparing the plants for a faster and stronger
response to a subsequent pathogen attack.

Discussion

Mycorrhizal colonization induces important changes in plant
roots, many of which are necessary to physically

Table 4 Colonization percentage
and fresh weight (g) growth in
R. irregularis mycorrhizal and
non-mycorrhizal tomato plants

Factor Level Fresh weight (g) Colonization percentage in mycorrhizal plants

Shoot Root 0.05 PO4 0.20 PO4

Mycorrhiza + Ri 5.30 a 2.28 a 84.48±12 85.06±9

– Ri 5.89 a 2.40 a

Phosphate (PO4) 0.05 4.95 b 2.40 a

0.20 6.24 a 2.28 a

Plants were fertilized with Hoagland’s solution containing low (0.05mM) and normal (0.20 mM) phosphate, and
results were analyzed by a multifactorial ANOVA. Reported results are the means of four biological replicates per
level. A similar letter indicates no significant difference in levels according to Tukey’s test. ± Standard deviation
is indicated

+Ri mycorrhizal plants, − Ri non-mycorrhizal plants, PO4 phosphate nutrition level in micromolar

Table 3 Validation of RNA-seq
results by quantitative PCR ID Gene Log2FC

RNA-seq q-PCR

Solyc03g116890.2.1 WRKY transcription factor 2 4.41 2.92

Solyc03g122190.2.1 Jasmonate ZIM domain 2 3.33 1.22

Solyc10g076480.1.1 Ammonium transporter (ch10) 3.12 2.36

Solyc03g122340.2.1 Lipoxygenase (ch03) 2.63 1.36

Solyc07g049530.2.1 1-Aminocyclopropane-1-carboxylate oxidase 1.98 1.98

Solyc06g068990.2.1 Mitogen-activated protein kinase −0.37 −0.36
Solyc03g045070.1.1 Ammonium transporter (Ch03) −0.76 −0.54
Solyc06g051860.1.1 Inorganic phosphate transporter 6 −2.55 −0.69
Solyc02g069060.2.1 Phloem lectin IND 1.40

Solyc08g029000.2.1 Lipoxygenase (Myc ch8) IND 5.63

Solyc04g081860.2.1 Peroxidase NE NE

Solyc06g051850.1.1 Inorganic phosphate transporter 6 (PT4) NE NE

Solyc08g062620.2.1 TP53-regulated inhibitor of apoptosis 1 3.04 0.38a

Solyc02g062000.2.1 RUN and FYVE domain-containing protein 1 1.20 0.23a

Solyc05g050340.2.1 WRKY transcription factor 6 0.86 1.11a

Glyceraldehyde-3-phosphate dehydrogenase and 60S ribosomal protein were used for normalization. Genes with
a Log2FC value ≥1 were considered as up-regulated, whereas genes with a value ≤−1 were considered down-
regulated

Ind completely induced gene in mycorrhizal plants, NE gene with no expression in leaves and used as negative
control for q-PCR
aNo validated gene expression
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accommodate the fungal symbiont within this organ. Several
studies have reported on the extensive transcriptional modu-
lation that occurs in mycorrhizal roots in different plant–AMF
systems (Fiorilli et al. 2009; Guether et al. 2009; Güimil et al.
2005; Liu et al. 2007). Massive transcriptional modulation has
also been reported in shoots, with the use of high-throughput
transcriptional profiling analysis by microarrays (Fiorilli et al.
2009; Liu et al. 2007), and more recently in fruit tissue by
RNA-seq (Zouari et al. 2014).

Here, we report the first massive transcriptome sequencing
of leaves from mycorrhizal tomato plants. This methodology
has generated 742MYC-responsive genes, which represents a
greater number of regulated genes than described in similar
studies using microarrays. As a comparison, 599 genes were
differentially expressed in leaves ofM. truncatulamycorrhizal
plants (Liu et al. 2007), while 422 genes were identified from
shoots of mycorrhiza-colonized tomato (Fiorilli et al. 2009).
Recently, the RNA-seq approach was used to obtain the toma-
to fruit transcriptome, which yielded 713 DEG (Zouari et al.
2014), similar to our results.

We used theMiSeq (Ilumina) sequencer, and the number of
reads obtained was not as abundant as that normally obtained
by other sequencers such as the HiSeq. However, taking into
account the overall high-quality reads of all the biological
replicates per condition, acceptable coverages were obtained:
5.7X for MYC samples and 6X for non-MYC samples. Fur-
thermore, using three biological replicates per condition rein-
forces our results, since replication has a better impact on the
RNA-seq outcome than the depth (Liu et al. 2014). We had
defined stringent criteria in order to increase the certainty of
our results regarding differential expressed genes, even
though this could have resulted in the omission of actual dif-
ferential genes, particularly DEGs with low expression. Nev-
ertheless, a deeper sequencing analysis will be needed in order
to complement this set of genes. The mycorrhiza-responsive
genes identified in this work thus represent a base for further

investigations into how aerial plant parts respond to mycor-
rhizal colonization.

Transport of Nutrients

Mycorrhizal colonization is known to increase the absorption
of P and N in plants (Smith and Read 2008). Although mineral
nutrient uptake primarily happens in the roots, minerals must
also reach other plant organs (Smith et al. 2011). Pi loading
from root cells to the xylem vessels, and its transfer from roots
to shoots, is regulated by AtPHO1 in Arabidopsis and
OsPHO1;2 in rice (Secco et al. 2010). Here, we report an up-
DEG gene (solyc02g088230.2.1) in the Btransport.phosphate^
subcategory (Supplementary Table 2) that is annotated as a
xenotropic and polytropic retrovirus receptor. Interestingly, this
gene is also annotated as a PHO1-predicted protein when
searched against the GenBank database using the BLAST pro-
gram (100 % identity). This gene may therefore have a role in
favoring phosphate movement in shoots of mycorrhizal plants.
Translocation of phosphate from roots to shoots is required for
shoot growth, and the regulation of this process may impact
plant productivity (Secco et al. 2010). Therefore, a more de-
tailed characterization of this myc-responsive gene may help
understand some of the benefits that this mycorrhizal symbiosis
confers to plants.

The differential regulation of ammonium transporters in the
roots of mycorrhizal plants has previously been reported for
several species (Kobae et al. 2010; Pérez-Tienda et al. 2014;
Breuillin-Sessomsa et al. 2015). In contrast, there is currently
no available information on the regulation of ammonium
transporters in leaves of mycorrhizal plants. Our RNA-seq
results indicate that two AMT are up-DEG in leaves of my-
corrhizal plants (Supplementary Table 2). These data suggest
that the nitrogen acquired by specific transporters in mycor-
rhizal roots is moved to the leaves by a regulated process,
which possibly utilizes a specific set of transporters.

Five sugar transporters, including one high-affinity glucose
transporter and four solute carrier family 2 transporters, were
identified as differentially expressed in this study. Notably, all
sugar transporters were up-DEG, which confirms the impor-
tance of sugar transport in shoots of mycorrhizal plants. Spe-
cifically, carbon assimilated into leaves (source cells) is
transported to the sink organs. Before its utilization as a source
of carbon and energy, sucrose must be hydrolyzed into glu-
cose and fructose by either an invertase or a sucrose synthase
(Fotopoulos 2005; Kruger 1990). In the present study, two up-
DEG invertases were identified as differentially expressed,
including the vacuolar invertase TIV1 (Solyc03g083910.2.1)
and the cell wall invertase LIN6 (solyc10g083290.1.1) (Sup-
plementary Table 2), which both cleave sucrose into hexoses.
The precise role of each gene in leaves within the context of
mycorrhizal symbiosis needs to be investigated in greater de-
tail. The entire transport category was statistically significant

Table 5 Mycorrhiza-induced resistance in mycorrhizal tomato plants

Factor Level Severity
(no. of lesions/cm2 on leaf)

Mycorrhiza + Ri 4.88 b

– Ri 7.50 a

Phosphate (PO4) 0.05 6.32 a

0.20 6.06 a

Severity of X. campestris pv. vesicatoria infection on tomato leaves esti-
mated as the number of lesions per square centimeter on leaf. Statistical
analysis per level of two factors: mycorrhiza and phosphate (PO4). Dif-
ferent letters indicate significant differences per level according to a mul-
tifactorial ANOVA and Tukey’s test (α=0.05). These results indicate that
induced resistance is related to mycorrhizal symbiosis and independent of
phosphate nutrition
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according to theWilcoxon test (Fig. 2). This strongly suggests
that these genes are relevant to how leaves respond to mycor-
rhizal colonization and are thus worthy of further study.

Modulators of the Resistance to Biotic Stress

In addition to their ability to increase mineral nutrient uptake,
mycorrhizal colonization is well known to provide plants with
resistance to abiotic and biotic stresses (Aroca et al. 2007;
Porcel et al. 2006; Whipps 2004). Regarding biotic stresses,
it has previously been documented that local and systemic
defense responses are triggered by AMS, in a mechanism
referred to as mycorrhiza-induced resistance (MIR) (Pozo
and Azcon-Aguilar 2007). Mycorrhizal colonization prepares
the plant for a faster and stronger response to a posterior path-
ogen attack through a mechanism known as priming, which
precedes the manifestation of resistance and occurs both lo-
cally and systemically (Jung et al. 2012).

In the present study, we used RNA-seq to detect 742 genes
that were differentially expressed in leaves of mycorrhizal
tomato plants, some of which may be candidates for modula-
tors of the systemic defense primingmechanism. Interestingly,
a great number of DEGs were involved in posttranslational
modification process (Supplementary Table 2). This is consis-
tent with the hypothesis that posttransductional and posttrans-
lational modifications mainly regulate the priming response
(Cartieaux et al. 2008; Verhagen et al. 2004). Thus, it is pos-
sible that key proteins are transcribed and accumulated in
plant tissues in an inactive form prior to any stress, which will
then be ready for modification in response to pathogen attack.
Upon attack, such Bactivated^ proteins would act by them-
selves or with other proteins to trigger an effective and rapid
defense response.

Specific transcription factors are likely to have a central
role in the regulation of the mycorrhiza-induced response in
leaves, as they are subject to discrete transcriptional regulation
and can amplify a cellular signal following specific stimuli.
Notably, 71 transcription factors were detected as MYC-
responsive genes in leaves of tomato mycorrhizal plants. Sev-
en WRKY transcription factors displayed differential expres-
sion in this study (Fig. 3) (Supplementary Table 2). These
transcription factors are activated as a final step in amplifica-
tion cascades induced by MPK genes, and they play a role in
plant immunity (Conrath 2011). The up-regulation of a
WRKY transcription factor in potato mycorrhizal roots was
previously reported in response to pathogen challenge (Gallou
et al. 2012), suggesting a role in the mechanism of systemic
priming. A relevant aim for future study could therefore be to
determine which transcription factors affected in leaves by
mycorrhizal colonization are related to the different
mycorrhizal-responsive pathways. Interestingly, three bZIP
transcription factors belonging to the BbZIP transcription fac-
tor family^ (BIN 27.3.35) were all down-regulated and

identified as statistically significant by the Wilcoxon test
(Fig. 2). This might indicate that coordinated negative regula-
tion of transcription factors is a response mechanism of the
leaves to mycorrhizal colonization in roots.

Ethylene has been implicated in plant defense responses
(van Loon et al. 2006), and it has been suggested to participate
in mycorrhizal priming (López-Ráez et al. 2010; Pozo et al.
2010); however, its roles are still not fully understood in these
processes. In the present study, ethylene-related genes were
identified as differentially expressed, confirming the impor-
tance of this plant hormone in the systemic response of plants
to mycorrhizal colonization. Among the MYC-responsive
ethylene-related genes, five ethylene-responsive transcription
factors and three 1-aminocyclopropane-1-carboxylate oxi-
dases (ACC oxidase) were identified in this study. The en-
zyme ACC oxidase is responsible for the final stage in the
production of ethylene by higher plants (Prescott and John
1996). We found that the Solyc07g049530.2.1 gene, which
shares 99 % identity with ACC-oxidase-1, was slightly up-
regulated in MYC plants. Previous work in tomato has shown
that ACC-oxidase-1 expression is barely detectable in green
leaves but accumulates transcripts in leaves during senescence
and in response to mechanical wounding (Barry et al. 1996;
Davies and Grierson 1989; John et al. 1995). Another MYC-
regulated (as well as up-regulated) gene that we identified was
solyc09g010020.2.1. Indeed, its presence was somewhat an-
ticipated in that it has been reported in libraries constructed
from leaves of cv. Micro-Tom from different sources, includ-
ing leaves treated with different pathogens such as tomato
mosaic virus, Pythium oligandrum, Fusarium oxysporum f.
sp. lycopersici, and Pseudomonas syringae pv. tomato, as well
as in leaves treated with salicylic acid and jasmonic acid (Aoki
et al. 2010). Although no increased expression of ACC oxi-
dase has been reported in response to pathogen attack in these
previous studies, our results suggest that these genes could be
involved in the mycorrhizal defense response.

We also identified five mycorrhizal-responsive ethylene-
responsive element-binding proteins (EREBP) (Supplementa-
ry Table 2). EREB genes are differentially regulated in leaves
of mycorrhizal M. truncatula (Liu et al. 2007) and tomato
plants (Fiorilli et al. 2009), although their roles in the leaves
of colonized plants remain unknown.

In addition to helping to establish mycorrhizal symbiosis
and MIR, several oxylipins (including jasmonic acid and
some of its derivatives) participate during the onset of prim-
ing, which occurs before the manifestation of this resistance
(Campos-Soriano et al. 2012; Hao et al. 2012; Mora-Romero
et al. 2015). Our results are consistent with these reports, since
several genes related to the jasmonate biosynthetic and signal-
ing pathways were differentially expressed in leaves of my-
corrhizal tomato plants. Specifically, we found that two
jasmonate ZIM proteins and one lipoxygenase were up-DEG
(Supplementary Table 2).
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Regulation of lipoxygenase expression in roots has been
demonstrated during colonization with Glomus mosseae and
G. intraradices (López-Ráez et al. 2010). Furthermore, previ-
ous results from our group indicate a role for the oxylipin
pathway in common bean leaves during a priming state in-
duced by mycorrhizal symbiosis (Mora-Romero et al. 2015).

In the cur r en t s tudy, the l ipoxygenase gene
solyc08g029000.2.1 was found to be expressed in leaves of
tomato plants colonized with R. irregularis, but not in non-
colonized plants (Supplementary Table 3). In addition, the
gene was found to be statistically significant according to
the Wilcoxon test (subcategory 17.7.1) (Fig. 2). This gene
was listed as completely induced (IND) in the transcriptome
analysis; however, quantitative RT-PCR revealed a basal ex-
pression of this gene in non-mycorrhizal plants (Table 3). Al-
though qPCR did not confirm that this gene was completely
induced in the MYC condition, it did reveal that the gene is
highly differentially expressed (5.63-Log2FC; Table 3). This
tomato mycorrhiza-specific lipoxygenase gene shares 93–
100 % identity with lipoxygenases from Nicotiana tabacum,
Nicotiana attenuata, and Adelostemma gracillimum. The
lipoxygenase gene also shares high coverage with the recently
reported MYC-responsive POTLX-3 (Gallou et al. 2012) and
POTLX1 genes from Solanum tuberosum and LOX1 from
Capsicum annuum, which encodes a protein related to the 9-
LOX branch of the oxylipin pathway (Wasternack et al. 2006).
Additionally, this lipoxygenase gene shows similarity to
PvLOX2 from Phaseolus vulgaris. This novel tomato
mycorrhiza-induced lipoxygenase is more similar to tomato
LOXD than to LOXA. Although our identification of this gene
suggests that it could have a role in defense priming, further
studies are needed to functionally correlate the induction of its
expression with defense priming and MIR.

Our results suggest that the activation of signaling
pathways is important in the systemic response of plants
to mycorrhizal colonization, since a high number of DEGs
with this function (including receptor kinases and
calcium-related proteins) were up-DEG in mycorrhizal
plants. Kinases are important regulatory proteins, and
some have a leucine-rich repeat that mediates specific
protein–protein interactions (Jones and Jones 1997). Plant
receptor-like kinases function in diverse signaling path-
ways (including the perception of extracellular signals)
to control various processes in plant growth and develop-
ment, as well as responses to microbial signals in symbi-
osis and defense (Antolín-Llovera et al. 2012; De Smet
et al. 2009). Receptor kinase complex formation is the
initial step in several signaling pathways, such as
PAMP-triggered immunity (Antolín-Llovera et al. 2012).
It is therefore likely that processes such as priming and
MIR are mediated by some of these proteins in leaves of
mycorrhizal plants, including the activation of calcium
signaling pathways. The receptor-like kinase SYMRK is

one example of this type of protein, since mutants of the
corresponding gene were unable to establish symbiosis
with either bacterial or fungal symbionts (Stracke et al.
2002).

Eight NBS-LRR proteins were identified as differen-
tially expressed, seven of which were up-regulated. The
NBS-LRR proteins are proposed to function as receptors
that bind effector molecules secreted by pathogens. Alter-
natively, they can act as Bguard proteins^, where they
monitor the status of other plant proteins targeted by path-
ogen effectors (McHale et al. 2006). Some of these pro-
teins that act through signaling pathway networks may be
related to the defense priming mechanism in leaves of
mycorrhiza-colonized plants, where they could act as re-
ceptors of specific mycorrhizal root signals.

Our analysis of the DEGs in leaves of mycorrhizal tomato
plants (along with a review of the related literature) suggests
that a defense priming mechanism could take place in mycor-
rhizal plants, indicating that mycorrhizal tomato plants should
manifest MIR upon pathogen attack. In our study, we inocu-
lated mycorrhizal and non-mycorrhizal tomato plants with the
foliar pathogen X. campestris pv. vesicatoria and measured
the level of infection. The results show that colonized plants
display increased resistance in comparison to non-colonized
plants, therefore demonstrating MIR onset. These findings
also suggest that changes in gene expression in response to
mycorrhizal colonization preceding pathogen attack prepare
the plant against the pathogen in a more efficient way than in
non-mycorrhizal plants.

Specifically, we found that AMS induces important modi-
fications in processes including transcription regulation, nutri-
ent transport, and defense responses. We hypothesize the ex-
istence of a priming state that prepares leaves of mycorrhizal
plants for biotic (and possibly also abiotic) stress. This hy-
pothesis is consistent with the putative functions of many of
the DEGs identified in this study, as well as the evidence for
MIR against the pathogenX. campestris pv. vesicatoria. How-
ever, direct confirmation for the participation of some genes in
the transport or priming processes is still needed.

Finally, we have provided a list of DEGs that will enable
focusing on certain candidates in a more direct functional
analysis, which will help determine the actual players in these
processes.

Although it is possible that deeper sequencing studies will
reveal new mycorrhizal-responsive genes, this work provides
essential data upon which further investigations of the re-
sponses to mycorrhizal colonization in the aerial parts of
plants may be built.
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