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Arbuscular mycorrhizas (AM) are the most common symbiotic associations between a plant’s root compartment and fungi. They
provide nutritional benefit (mostly inorganic phosphate [Pi]), leading to improved growth, and nonnutritional benefits,
including defense responses to environmental cues throughout the host plant, which, in return, delivers carbohydrates to the
symbiont. However, how transcriptional and metabolic changes occurring in leaves of AM plants differ from those induced by Pi
fertilization is poorly understood. We investigated systemic changes in the leaves of mycorrhized Medicago truncatula in
conditions with no improved Pi status and compared them with those induced by high-Pi treatment in nonmycorrhized
plants. Microarray-based genome-wide profiling indicated up-regulation by mycorrhization of genes involved in flavonoid,
terpenoid, jasmonic acid (JA), and abscisic acid (ABA) biosynthesis as well as enhanced expression of MYC2, the master
regulator of JA-dependent responses. Accordingly, total anthocyanins and flavonoids increased, and most flavonoid species
were enriched in AM leaves. Both the AM and Pi treatments corepressed iron homeostasis genes, resulting in lower levels of
available iron in leaves. In addition, higher levels of cytokinins were found in leaves of AM- and Pi-treated plants, whereas the
level of ABA was increased specifically in AM leaves. Foliar treatment of nonmycorrhized plants with either ABA or JA induced
the up-regulation of MYC2, but only JA also induced the up-regulation of flavonoid and terpenoid biosynthetic genes. Based on
these results, we propose that mycorrhization and Pi fertilization share cytokinin-mediated improved shoot growth, whereas
enhanced ABA biosynthesis and JA-regulated flavonoid and terpenoid biosynthesis in leaves are specific to mycorrhization.

Arbuscular mycorrhizal (AM) fungi colonize the root
system of over 80% of land plants through the develop-
ment of an extensive hyphal network. AM fungi pre-
dominantly belong to the phylum Glomeromycota
(Gehrig et al., 1996; Schussler et al., 2001). They enhance
water uptake and mineral nutrition (mostly inorganic
phosphate [Pi]) of the host plant, which, in return, pro-
vides photosynthates to the fungus through hyphal
structures called arbuscules (Baier et al., 2010; Doidy et al.,
2012). Themajor advantage to plants is enhanced biomass
production in a Pi-limiting environment (Rooney et al.,
2009; Adolfsson et al., 2015), although some studies
reported a lack of positive effects on biomass or Pi status
in AM plants (Smith et al., 2011; Schweiger et al., 2014b).
Moreover, AM fungi provide nonnutritional benefits to
the host, including resistance against pathogens and pests
as well as tolerance to abiotic stress (Nadeem et al., 2014).

These benefits make mycorrhization an attractive alter-
native to the use of costly fertilizers and harmful pesti-
cides, which are incompatible with environmentally and
economically sustainable development.

Phosphorous is a critical element for plant growth. Pi
is the form taken up by the plant from the soil, where it
can be poorly available owing to its low concentration
and/or to its low solubility when bound to iron, alu-
minum, or calcium (Schachtman et al., 1998). This sit-
uation can be overcome by the interaction between the
plant’s root system andAM fungi, which accommodate
an effective pathway, alternative to the direct root-
epidermis uptake, by which soil Pi is absorbed in large
amounts by the fungus and delivered to root cortical
cells (Smith et al., 2011). However, some studies have
suggested that the contribution of the AM-related Pi
uptake pathway can be hidden due to the repression of
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direct uptake (Smith et al., 2004; Schnepf et al., 2008).
In these cases, subsequent changes in AM plants can-
not be attributed entirely to an improved Pi content.
During the beginning of the last decade, pioneer

transcriptomic studies revealed significant hints of the
molecular basis of changes induced in mycorrhized
roots. Changes were reported in the pathways related
to cell wall modification, protein degradation, plant
defense, and primary, secondary, and hormone me-
tabolism in mycorrhized roots of Medicago truncatula
(Journet et al., 2002; Liu et al., 2003; Hohnjec et al., 2005;
Siciliano et al., 2007; Schliemann et al., 2008), Oryza sativa
(Güimil et al., 2005), Lotus japonicas (Deguchi et al., 2007;
Guether et al., 2009), and tomato (Solanum lycopersicum;
Fiorilli et al., 2009; López-Ráez et al., 2010). The alterations
in various types of metabolism are important for the es-
tablishment of the symbiosis and/or of interest for either
of the partners, as exemplified below. Plant-synthesized
sugars are transported to roots and supplied to the fungal
symbiont. Flavonoids are thought to stimulate hyphal
growth and branching (Scervino et al., 2005). Similarly,
oxylipins regulate AM colonization and development
(Isayenkov et al., 2005; Stumpe et al., 2005; León Morcillo

et al., 2012). Finally, the coordinated action of auxins and
strigolactones impacts root architecture (Cheng et al.,
2013), whereas abscisic acid (ABA), jasmonic acid (JA),
and salicylic acid (SA) are well known for priming toler-
ance to biotic and abiotic stress (Luo et al., 2009; Song et al.,
2014).

Although AM symbiosis is restricted to the root, al-
terations also occur in the shoot, suggesting the existence
of signaling pathways responsible for the induction of
systemic responses throughout the plant (Cameron et al.,
2013). Hormones involved in plant growth (auxins,
cytokinins [CKs], and strigolactones) and in stress re-
sponses (ethylene, ABA, JA, and SA) are signals thought
tomediate alterations in the roots as well as in the shoots
of AM plants (Miransari et al., 2014).

M. truncatula is a well-established model plant for
legume genomics (Cook, 1999). It has been broadly used
for studies of transcriptomic, proteomic, and metab-
olomic changes induced by AM symbiosis in either roots
or leaves (Liu et al., 2007; Schliemann et al., 2008;
Abdallah et al., 2014; Schweiger et al., 2014b; Daher et al.,
2017). Previous microarray-based transcriptional analy-
ses in leaves of M. truncatula during AM symbiosis
revealed systemic induction of genes involved in plant
defense (Liu et al., 2007). Phenolic compounds such as
flavonoids and triterpenoids of the saponin type are
well-known major groups of secondary metabolites in
leaves ofM. truncatula (Gholami et al., 2014), but it is not
clear how their production is affected bymycorrhization.
Furthermore, AM-induced changes in secondary me-
tabolism that are not driven by improved Pi status have
not been investigated in M. truncatula.

In this study,weundertooka combinationofmicroarray-
based gene expression, metabolomic, and hormone
analyses in leaves of M. truncatula plants in symbiosis
with the AM fungus Rhizophagus irregularis and com-
pared the observed alterations with those in Pi-treated
nonmycorrhized plants. Using previously established
conditions (Adolfsson et al., 2015), we could distin-
guish the specific effects of mycorrhization (i.e. not
driven by Pi status) from those of Pi fertilization. We
show that changes in secondary metabolites in leaves
of AM plants correlate with the transcriptional regu-
lation of related biosynthetic pathways. These modi-
fications coincide with the specific modulation by
mycorrhization of ABA biosynthesis and JA-regulated
secondary metabolism. As common modifications of
mycorrhization and Pi fertilization in leaves, we found
the down-regulation of iron homeostasis genes and
enhanced production of CKs, resulting in improved
shoot growth.

RESULTS

Experimental Design to Dissect the Effects of
Mycorrhization and Pi Fertilization

In this work, we cultivated M. truncatula with fungal
inoculum (AM plants), mock inoculum (control plants),
ormock inoculum treatedwith 5mMPi (Pi plants) under
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previously established conditions (Adolfsson et al.,
2015). Representative photographs of control, AM-, and
Pi-treated plants are shown in Supplemental Figure S1
at 4 weeks post inoculation (wpi), when the degree of
mycorrhization and the arbuscular abundance in AM
plants were, on average, 72% and 51%, respectively
(Table I; Supplemental Table S1). At this age, the AM
symbiosis significantly increased shoot biomass as
compared with the control without affecting the con-
centration of total P (expressed per shoot dry weight;
Table I; Supplemental Table S1). In some experiments,
we also included 1 mM Pi; however, this concentration
appeared to be insufficient to induce a significantly
high total P concentration in the shoot, whereas the
biomass was only slightly higher than in control and
AM plants (Supplemental Table S1), making it inap-
propriate to assess the effect of Pi fertilization. In 5 mM

Pi-treated plants, the shoot total P concentration was
significantly higher than in the control and AM plants
(Table I; Supplemental Table S1), in agreement with our
previous observations (Adolfsson et al., 2015). We also
determined the concentration of soluble P (Pi) in shoots
as well as in leaves and found that it followed a similar
pattern to the total P (i.e. similar concentration in con-
trol and AM plants and significantly higher in the 5 mM

Pi-treated plants; Supplemental Table S1). These ex-
perimental conditions allowed us to distinguish the
specific effects of mycorrhization from those common
with Pi fertilization in shoots of M. truncatula.

AM Symbiosis Induces Systemic Transcriptional Changes
in Leaves Largely Different from Pi Fertilization

To advance our understanding of the molecular basis
of AM-improved shoot growth, we carried out a
microarray-based gene expression profiling in leaves
from control, AM-, and Pi-treated M. truncatula plants
at 4 wpi using a 60,000-feature oligonucleotide array.
We considered to be significantly regulated only those
genes showing a transcript ratio of treatment versus
control with a threshold of 2 (Student’s t test P value of
0.01 and false-positive error correction Q of 0.05), cal-
culated using the false discovery rate method of
Benjamin and Hochberg (1995). The RNA microarray
data set from leaves of AM plants exhibited 297 signif-
icantly regulated genes as compared with the leaves of

control plants (Fig. 1A). Among them, 183 genes were
up-regulated (Supplemental Table S2), while 114 were
down-regulated (Supplemental Table S3). A rough
analysis of these genes revealed 143 whose predicted
proteins are already annotated (http://plantgrn.noble.
org/LegumeIP; Li et al., 2012). Through in silico
searches in public databases using gene symbols (http://
www.genome.jp/) and primary accession numbers
(http://www.ncbi.nlm.nih.gov/unigene/) as well as
through EST BLAST searching (https://blast.ncbi.nlm.
nih.gov/Blast.cgi), we could assign amolecular function
to predicted proteins of an additional 68 genes differ-
entially regulated in AM leaves. A total of 86 genes en-
code proteins with either a yet uncharacterized function
or without a known homolog and, therefore, were listed
as unknown function/no homology. The most remark-
able changes amongAM-regulated geneswere observed
for those coding for a protein with unknown function
(76-fold up-regulated; Supplemental Table S2) and for a
vacuolar iron transporter/Nodulin-like protein (83-fold
down-regulated; Supplemental Table S3). Pi treatment
induced a significant transcript ratio (ratio. 2, P, 0.01,
Q , 0.05) for 401 genes (Fig. 1A): 141 genes were
up-regulated (Supplemental Table S4), whereas 260 genes
displayed decreased transcript levels (Supplemental Table
S5). The gene with the highest up-regulation (19-fold)
encodes a mannitol transporter, whereas the strongest
repressed (60-fold) was a Pi starvation-inducible gene.

When comparing gene expression profiles, 32 genes
were found to be regulated by both AM symbiosis and
Pi treatment, among which 21 were coregulated and
11 were conversely regulated (Fig. 1A; Supplemental
Table S6). In each case, this represents about 5% of the
total numbers of regulated genes in AM and Pi plants
(297 and 401, respectively), suggesting that only a mi-
nor proportion of genes (and pathways) are affected by
both treatments, whereas most genes (and pathways)
altered by AM symbiosis are different from those al-
tered by the Pi treatment.

Transcriptional Changes by AM Symbiosis and Pi
Fertilization Involve Diverse Biological Processes

To get an overview of the functional relevance of
transcriptional changes in leaves of AM and Pi plants,
we conducted a functional process enrichment analysis

Table I. Root mycorrhization, shoot dry weight, and total P concentration

Parameter Control AM Pi

Degree of mycorrhization (%) 0 72 6 7 0
Arbuscular abundance (%) 0 51 6 3 0
Shoot dry weight (g) 0.33 6 0.04 0.50 6 0.03* 0.60 6 0.13**
Shoot total P (mg P g21 dry weight ) 1.5 6 0.2 1.8 6 0.3 13.2 6 2.1***

M. truncatula plant material was harvested 4 wpi from control plants, plants infected with R. irregularis
(AM), or plants treated with 5 mM Pi (Pi). Values are averages 6 SD of three independent experiments, with
four to six plants used in each experiment. Asterisks indicate significant differences between treatments
and the control (one-way ANOVA, P , 0.05 [*], P , 0.01 [**], and P , 0.001 [***]; GraphPad Prism).
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through manual inspection and annotation of putative
proteins according to Journet et al. (2002). Fifteen
functional classes were identified within both sets of
AM- and Pi-regulated genes, with the class of unknown
function/no homology being the most represented (Fig.
1B). For genes coding for proteins with a known func-
tion, the most represented functional classes in AM
plants stand for secondary and hormone metabolism
(16.8%), gene expression and RNA metabolism (10.4%),
primary metabolism (5.4%), and defense and cell rescue
(6.4%). In leaves of Pi-treated plants, gene expression
and RNA metabolism (13.2%), secondary and hormone

metabolism (8.2%), membrane transport (3.7%), primary
metabolism (6.2%), and defense and cell rescue (6%) are
the most represented classes. Notably, shared classes
such as primary, secondary, and hormone metabo-
lism and defense and cell rescue were dominated by
up-regulated genes in AM and repressed genes in Pi-
treated plants (Fig. 1B).

To confirm the microarray results, we carried out a
quantitative reverse transcription (RT)-PCR analysis of
14 genes selected from various functional categories
using RNA samples from the same experiment as the
microarray as well as from an independent experiment

Figure 1. Overview of AM- and Pi-regulated genes inM. truncatula leaves. RNAs were extracted from leaves ofM. truncatula
plants inoculated with the fungus R. irregularis (AM) or fertilized with Pi. Significantly regulated genes have a transcript ratio
of at least 2 andQ, 0.05 as compared with control plants. A, Venn diagram of common and specific genes regulated by AM
and Pi treatments. B, Distribution of AM- and Pi-regulated genes into functional categories according to Journet et al. (2002).
Values to the right in red and blue represent the proportion of genes in each functional category for AM and Pi treatment,
respectively.
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(Supplemental Table S1). Overall, the results are in
good agreement with the microarray-based gene ex-
pression analysis (Supplemental Table S7).

AM Symbiosis and Pi Fertilization Differently Regulate
Genes Involved in the Biosynthesis of
Phenylpropanoid Derivatives

From the list of up- and down-regulated genes in AM
plants (Supplemental Tables S2 and S3), we selected
genes belonging to the samemetabolic pathway. One of
the most represented was phenylpropanoid biosyn-
thesis, with enzymes coded by 10 AM-up-regulated
genes (Table II). 4-Coumarate-CoA ligase5-like (4CL)
is involved in early steps of this pathway, whereas
dihydroflavonol reductase (DFR) and leucoanthocyanidin
dioxygenase (LDOX; also called anthocyanidin synthase)
are key enzymes in later steps of this pathway, yielding
anthocyanins (Gholami et al., 2014). The other seven
enzymes, namely caffeate 3-O-methyltransferase, iso-
flavonoid glycosyltransferase, isoflavonoid malonyl
transferase, isoliquiritigenin 29-O-methyltransferase,
also called chalcone O-methyltransferase (CHMT),
anthocyanidin 3-O-glucosyltransferase, anthocyanin
39-O-b-glucosyltransferase (39GT), and anthocyanin
5-aromatic acyltransferase, are implicated in the qualita-
tivemodification of phenylpropanoids (glycosylation and
methylation), resulting in anthocyanins, isoflavonoids,
flavones, and ferulates (Jaakola, 2013).

Among the genes of the phenylpropanoid biosynthetic
pathway found to be up-regulated by AM symbiosis, 4CL
and LDOX were significantly down-regulated by Pi
treatment (Table II). In addition, no change by mycorrh-
ization but down-regulation by Pi was observed for the
genes coding for cinnamoyl CoA reductase and cinnamyl
alcohol dehydrogenase, involved in early steps of the
phenylpropanoidpathway, andTRANSPARENTTESTA5/
chalcone isomerase, involved in flavonoid biosynthesis
(Supplemental Table S5; Gholami et al., 2014). In con-
trast, a gene coding for flavanol synthase/flavanone
3-hydroxylase, responsible for the biosynthesis offlavanols,
was specifically up-regulated by Pi (Supplemental
Table S4). TRANSPARENT TESTA GLABRA2 (Nesi
et al., 2001), which encodes a WRKY transcription factor
that influences the biosynthesis of proanthocyanidins
(PAs) and their derivatives, was specifically down-
regulated by AM symbiosis (Table II).

AM Symbiosis Up-Regulates Genes Involved in
Terpenoid Biosynthesis

Table II lists nine genes of the terpenoid biosynthesis
pathway that were found to be significantly up-regulated
by mycorrhization but not affected by Pi fertilization.
The 3-hydroxy-3-methylglutaryl-coenzyme A reductase
(HMG-CoA reductase) is a rate-controlling enzyme
catalyzing the conversion of HMG-CoA to mevalo-
nate, one of the first steps in terpenoid biosynthesis.
Other affected genes were TERPENE SYNTHASE1,

coding for a sesquiterpene synthase (Gomez et al.,
2005), and SQUALENE EPOXIDASE3, coding for an
enzyme helping in the first oxygenation step in sterol
biosynthesis (Chugh et al., 2003). b-Amyrin synthase
is committed to the first step in the biosynthesis of sap-
onins, which are glycosylated triterpenoids protecting
plants against pathogens and pests (Morita et al., 2000;
Suzuki et al., 2002; Thimmappa et al., 2014). In addition,
we found three genes for cytochromes P450: CYP76A61
and CYP93E2 (b-amyrin hydrolase), catalyzing the for-
mation of the nonhemolytic sapogenin soyasapogenol
B (Soya_B), and CYP72a67v2, which is a putative
b-amyrin oxidase (Fukushima et al., 2013). Finally,
UGT73K1 encodes a triterpene UDP-glucosyl trans-
ferase dedicated to linking a sugar moiety to the tri-
terpene aglycones hederagenin and soyasapogenols B
and E to produce saponins (Achnine et al., 2005).

AM Symbiosis Activates Genes Involved in Lipid and
Hormone Biosynthesis

AM symbiosis up-regulated the expression of two
lipid biosynthetic genes, namely DIACYLGLYCEROL
ACYLTRANSFERASE (DGAT), which helps in the
processing of diacylglycerol (DAG) to triacylglycerol,
and TRIACYLGLYCEROL LIPASE, dedicated to the
conversion back to DAG (Table II). In contrast, two
genes coding for GDSL-motif esterase/lipase acting as
lipid hydrolases were found to be down-regulated in
AM leaves. Pi treatment also up-regulated DGAT but
did not significantly alter any other gene involved in
lipid metabolism.

We also observed an increase in transcripts of genes
involved in the biosynthesis of JA and other oxylipins,
including the JA precursor 12-oxo-phytodienoic acid
(OPDA). Genes encoding 9- and 13-lipoxygenases (9-
LOXs and 13-LOXs, depending onwhere the oxygenation
takes place), allene oxide synthase (AOS) and allene oxide
cyclase (AOC), which successively convert the a-linolenic
acid to OPDA, were all found to be up-regulated in leaves
of AM plants. Besides this, theMYC2 gene, known as a
key positive regulator of JA signaling (Kazan and
Manners, 2013), and two genes encoding jasmonate
zim-domain (JAZ) proteins, acting as negative regu-
lators of JA signaling, also were up-regulated (Table
II). Furthermore, the gene coding for the homeobox-
Leu zipper ATHB-7 as well as two isoforms of zeaxanthin
epoxidases and 9-cis-epoxy-carotenoid dioxygenase,
involved in ABA biosynthesis (Xiong and Zhu, 2003),
were found to be up-regulated. Taken together, these
results highlight the activation inAM leaves of oxylipin/
JA- and ABA-regulated pathways, also known to pro-
mote systemic defense mechanisms in mycorrhized
roots (Cameron et al., 2013). In addition, one gene coding
for cytokinin-O-glucosyltransferase was up-regulated in
AM leaves (Table II). Auxin- and ethylene-related genes
were found to be either up- or down-regulated. In con-
trast to mycorrhization, Pi fertilization down-regulated
the expression of MYC2 and one LOX gene and did not
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significantly alter any other genes involved in hormone
biosynthesis or signaling (Table II).

AM Symbiosis and Pi Fertilization Down-Regulate Genes
Involved in Iron Homeostasis

Iron (Fe) is an essential mineral nutrient for plants
and serves as a cofactor for enzymes involved in
respiration, chlorophyll biosynthesis, and chloroplast
development (Nishio et al., 1985; Kobayashi and
Nishizawa, 2012). However, excess free Fe(II) is toxic
for cells due to the formation of hydroxyl radicals,
causing deleterious effects to cellular constituents (Orino
et al., 2001). Well-known Fe homeostasis genes were
found to be down-regulated in leaves of both AM- and
Pi-treated plants (Table II). These include genes coding
for FERRITIN1 (FER1), FER2, and FER3, which serve in
the storage of Fe (Arosio et al., 2009), and two vacuolar
iron transporters (VITs) whose Arabidopsis (Arabidopsis
thaliana) counterpart promotes the influx of Fe into
vacuoles (Kim et al., 2006).

AM Symbiosis and Pi Fertilization Decrease Total Iron,
Whereas AM Specifically Increases Flavonoid and
Anthocyanin Contents

Because Fe homeostasis genes were down-regulated
by AM and Pi, we assumed that leaf Fe content was
altered by these treatments. To verify this hypothesis,
we used the Ferrozine-based assay (Stookey, 1970) and
determined available Fe(II) and Fe(III), two stable and
interconvertible forms of Fe. As expected, both Fe(II)
and Fe(III) levels were lower in AM and Pi plants as
compared with control plants (Fig. 2A), suggesting that
the down-regulation of Fe homeostasis genes might be
the consequence of the reduction in available Fe.

Next, we verified whether transcriptional changes of
phenylpropanoid-related genes impacted flavonoid
and anthocyanin contents in leaves. As expected, both
contents were increased significantly in AM plants,
while those of Pi-treated plants were unchanged com-
pared with control plants (Fig. 2, B and C), in line with
the up-regulation by mycorrhization of genes involved
in flavonoid and anthocyanin biosynthesis (Table II).

AM Symbiosis Regulates the Levels of Phenylpropanoid,
Lipids, and Terpenoid Metabolites

To get information about metabolite changes in AM
leaves as compared with 5 mM Pi-treated and control
leaves, we carried out an untargeted metabolomic
analysis at 4 wpi. With the purpose of testing our ex-
perimental setup for this type of analysis, we also in-
cluded in this experiment plants treated with 1 mM Pi,
knowing that they display nonsignificantly different P
concentrations in leaves from control and AM plants
(Supplemental Table S1). From the metabolite profile
(Supplemental Table S8), an orthogonal partial leastT
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squares discriminant analysis (OPLS-DA; Trygg and
Wold, 2002) was performed, and individual compari-
son was performed between the control and the AM or
the two Pi treatments (Supplemental Fig. S2A). Indeed,
no valid statistical models could discriminate between
the profiles of control and 1 mM Pi treatment. The SUS
(Shared and Unique Structures) plot (see “Materials
andMethods”) between the two valid statistical models
was used to select similar metabolite trends between
5 mM Pi-treated and AM leaves. Student’s t test was
performed between control 3 5 mM Pi and control 3
AM plants, and multiple testing correction was per-
formed according to Benjamin and Hochberg (1995;
Supplemental Table S9). Metabolites displaying signif-
icant differences (Q , 0.05) are listed in Table III. We
discovered that major changes in leaves from AM
plants comparedwith control plants fell mainly into the
categories of phenylpropanoid derivatives (flavonoids
and other phenylpropanoids), carotenoid derivatives,
glycerolipids, saponin-type terpenoids, and glucoside
conjugates.

Among flavonoids, the levels of proanthodelphini-
din, a luteolin derivative, and the isoflavonoid fro-
mosin-7-O-glucoside-699-O-malonate were increased
in AM leaves, contrasting with the decreased levels of
prenylchalcone and an apigenin glucoside. Further-
more, the levels of other phenylpropanoid-conjugated
forms either decreased (ferulates) or increased (gly-
cosylates) in AM plants, whereas two ferulates also
decreased in Pi-treated plants.

Blumenol B malonylglucoside, dihydroxyphaseic acid-
like, and tributyrin glucoside decreased in leaves of AM
plants. Surprisingly, a metabolite tentatively annotated as
dihydroxy blumenol glucoside (Supplemental Fig. S3)
decreased about 30,000-fold in AM plants. Galactolipids
(mono and diacyl forms) were enhanced in AM plants,
whereas the saponin derivatives and several glucoside
conjugates responded in different ways in AM plants. No
saponins or glucoside conjugateswere affected in leaves of
Pi-treated plants, but 2-benzyl succinate was found to be
down-regulated.

AM Symbiosis and Pi Fertilization Stimulate the
Production of CKs, Whereas AM Specifically Stimulates
ABA Production

The plant hormones CKs and auxins are the main
players in leaf development and nutrient allocation
(Spíchal, 2012; Vanstraelen and Benková, 2012), whereas
SA, JAs, and ABA are well known for their roles in plant
responses to biotic and abiotic stresses (Rivas-San Vicente
and Plasencia, 2011; Finkelstein, 2013; Yan et al., 2013).
Therefore, we expected that the influence of AM symbi-
osis on host metabolism also would be reflected in the
hormonal composition and levels when compared with
control plants. Highly sensitive methods utilizing mass
spectrometry were used for the detection of compounds
from CKs, auxins, JAs, ABA, and SA families (Novák
et al., 2012; Svačinová et al., 2012; Floková et al., 2014).

Figure 2. Quantification of available Fe, total flavonoids, and antho-
cyanins in M. truncatula leaves. A, Content of (Fe)II and Fe(III). B, Total
flavonoids expressed as quercetin equivalent (QE). C, Total anthocyanins
expressed as cyanindin 3-O-glucoside equivalent (C3-O-G). Bars repre-
sent means 6 SD from four plants. Asterisks indicate significant differ-
ences between treatments and the control (one-way ANOVA, P , 0.05
[*], P , 0.01 [**], and P , 0.001 [***]; GraphPad Prism). DW, Dry
weight; FW, fresh weight.
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Thirty compounds from targeted plant hormone
families were detected (Supplemental Table S10),
quantified, and statistically evaluated in leaf samples
from the control, AM-, and Pi-fertilized plants. A prin-
cipal component analysis (PCA) plot shows clear sep-
aration of all groups and clustering of samples of the

same group (Fig. 3A). From OPLS-DA S-plots, hormones
with the highest correlation and covariance were selected
(top right corner and bottom left corner of the S-plot;
Supplemental Fig. S4). When comparing AM treatment
versus control, cytokinin species (dihydrozeatin [DHZ],
trans-zeatin riboside [tZR], trans-zeatin 9-glucoside

Table III. List of metabolites increased or decreased in leaves of AM- and Pi-treated plants compared with controls

m/z Retention Time Metabolite Class AM Versus Control Q Pi Versus Control Q

min
Flavonoids
355.1 1.848 Prenylchalcone 21.89 0.000 21.17 0.442
353.1 1.909 Prenylchalcone 21.93 0.000 21.21 0.383
613.2 1.249 Proanthodelphinidin 2.09 0.027 1.35 0.725
575.2 3.030 Fromosin-7-O-glucoside-699-O-malonate 1.35 0.026 1.20 0.554
575.2 3.181 Fromosin-7-O-glucoside-699-O-malonate 1.23 0.027 1.16 0.561
649.3 3.394 Apigenin glucuronic glucoside 23.23 0.026 22.41 0.205
991.2 3.598 Luteolin glucuronic 5OH-coniferyl alcohol 1.59 0.028 1.37 0.776

Other phenylpropanoids
344.1 2.702 Coumaroyl-glucoside 1.55 0.028 1.58 0.117
439.2 2.797 19-O-Benzyl-L-rhamnopyranosyl 1.35 0.039 1.12 0.762
439.2 3.050 19-O-Benzyl-L-rhamnopyranosyl 21.53 0.026 21.18 0.115
476.2 3.450 N-Feruloyltyramine glucoside 21.59 0.008 21.15 0.130
353.1 3.174 Ferulic acid-GlcA 20.70 0.011 21.71 0.012
445.1 3.174 Ferulic acid-GlyA-glycerol 21.69 0.011 21.74 0.012
314.1 3.451 N-Feruloyltyramine 21.57 0.022 21.17 0.113
314.1 3.940 N-Feruloyltyramine 21.70 0.009 21.17 0.352
561.2 3.170 Dilignol glucoside 1.21 0.020 1.33 0.227

Carotenoid derivatives and lipids
433.2 4.298 Dihydroxy blumenol glucoside 230,090 0.000 1.28 0.332
465.2 4.198 Blumenol B malonylglucoside 22.17 0.001 21.97 0.101
285.2 3.566 Dihydroxyphaseic acid-like 23.07 0.028 22.30 0.117
487.2 3.479 Tributyrin glucoside (triacylglycerol) 23.11 0.028 21.95 0.131
537.3 6.021 MGMG (18:3) 1.97 0.027 1.79 0.306
799.5 7.715 MGDG (36:5) 1.40 0.042 1.38 0.401

Saponins
1383.6 4.420 Medicagenic acid derived 1.29 0.044 1.43 0.115
1385.6 4.088 Zhanic acid derived 1.38 0.031 1.23 0.612
1564.7 4.098 3-Glc-Glc-Glc, 23-Ara, 28-Ara-Rha-Xyl

zhanic acid
1.73 0.005 1.33 0.621

1254.6 4.192 Hederagenin derived 21.37 0.009 1.04 0.630
953.5 4.225 Oleanolic acid derived 21.48 0.014 21.05 0.437
957.5 4.690 dHex-Hex-HexA-Hederagenin 22.13 0.011 21.49 0.101
1117.5 4.732 Hederagenin derived 22.27 0.022 21.55 0.323
999.5 5.200 Soya_B derived 22.46 0.024 21.54 0.115
1029.5 5.202 Soya_B derived 22.24 0.045 21.47 0.115
867.5 5.203 Soya_B derived 22.54 0.025 21.66 0.115
1011.5 5.218 Soya_B derived 22.12 0.037 21.48 0.118
1029.5 5.447 Soya_B derived 22.37 0.041 21.69 0.115
1131.6 5.235 Sophoradiol derived 22.34 0.032 21.45 0.182

Glucoside conjugates
342.1 1.599 6-(a-D-Glucosaminyl)-1D-myoinositol 1.19 0.032 1.05 0.721
289.2 3.747 1-O-Hexyl-D-glucitol 1.23 0.006 1.33 0.127
361.1 1.821 Syringaldazine 1.39 0.020 1.21 0.700
267.2 3.116 1-O-Hexyl-D-Mannitol 21.26 0.028 1.00 0.628
223.2 2.916 2-Benzyl-2-hydroxybutanedioate 21.38 0.000 1.10 0.428
317.1 2.676 Glc-L-rhodinose 21.36 0.014 21.28 0.205
207.1 3.181 2-Benzylsuccinate 21.72 0.089 21.36 0.023

Values marked in boldface represent significant alterations presented as metabolite ratios in AM or Pi plants versus controls (Q , 0.05). Positive
and negative ratios indicate increased and decreased levels, respectively. The values presented are based on peak area normalized against leaf fresh
weight and are means of seven to eight plants. m/z is the mass-to-charge ratio of the molecular ion. Complete data sets of metabolites are presented
in Supplemental Tables S8 and S9.
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[tZ9G], dihydrozeatin 9-glucoside [DHZ9G], trans-
zeatin [tZ], and dihydrozeatin riboside [DHZR]) and
ABA (increased concentrations in AM) and SA and JA-
Ile (decreased concentrations in AM) can be selected
(Supplemental Fig. S4A). When comparing Pi treatment
versus control, tZR and DHZ9G (increased concentra-
tions in Pi) and SA and JA-Ile (decreased concentrations
in Pi) can be selected (Supplemental Fig. S4B). Further
statistical analysis of selected metabolites with ANOVA
followed by Fisher’s LSD test for multiple comparisons
highlights that ABA and the CK metabolite DHZ were
increased specifically in AM leaves, whereas the other
hormone species were altered similarly by mycorrhiza-
tion and Pi fertilization (Fig. 3B).

JA But Not ABA Application Activates Genes Involved in
Flavonoid and Terpenoid Biosynthesis

The up-regulation of genes involved in ABA bio-
synthesis (Table II) coincidedwith the enhanced level of
ABA specifically in leaves of AM plants (Fig. 3B). Based
on the up-regulation of genes involved in JA biosyn-
thesis (Table II), we also expected an enhanced level for
this hormone in AMplants. Since thiswas not confirmed
by our measurements (Fig. 3B), we hypothesized that
JAs might have increased initially in AM leaves and,

thereafter,were transported towarddistal tissues such as
roots, resulting in a reduced steady-state level of JAs in
leaves. Alternatively, increased JAs could be present in
leaves in forms not detectable by the method used.
Furthermore, genes involved inABA and JA signaling as
well as genes involved in phenylpropanoid and terpe-
noid biosynthesis were up-regulated specifically in
leaves of AM plants (Table II).

To investigate whether increased ABA and JA levels
in leaves can affect secondarymetabolism, we analyzed
the expression of involved genes in nonmycorrhized
plants whose leaves were treated with either methyl
jasmonate (MeJA) or ABA at two concentrations. After
24 h of treatment at the higher concentrations (1 mM

MeJA and 100 mM ABA), the expression of ATHB-7,
used as a positive control for ABA-responsive genes,
was indeed enhanced significantly in leaves by ABA
but not byMeJA application as comparedwith leaves of
control-treated plants (Fig. 4). The expression ofMYC2,
the master regulator of JA signaling, was significantly
and similarly enhanced by 1mMMeJA and 100 mMABA.
The expression of AM-regulated genes involved in JA
biosynthesis (AOS) and signaling (JAZ/MTR_5g013530),
in the production offlavonoids (LDOX and 39GT), and in
the biosynthesis of saponin-type terpenoids (UGT73K1)
was significantly up-regulated by MeJA but not by ABA

Figure 3. Quantification of hormones in M.
truncatula leaves. A, PCA score plot (explained
varianceR2 = 0.722 and predicted varianceQ2 =
0.0801; ellipse, Hotelling’s T2 [95%]). B,
Content of cytokinin species (tZR, trans-zeatin
riboside; tZ9G, trans-zeatin 9-glucoside; DHZ,
dihydrozeatin;DHZ9G, dihydrozeatin 9-glucoside)
and the stress-related hormones JA-Ile, ABA, and
SA. Bars represent means 6 SD from six plants.
Asterisks indicate significant differences be-
tween treatments and the control (one-way
ANOVA, P , 0.05 [*], P , 0.01 [**], and P ,
0.001 [***]; GraphPad Prism). FW, Fresh
weight.
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treatment of leaves. Interestingly, expression of the
CHMT gene, which is involved in the methylation of
isoflavonoids, was not found to be altered by eitherMeJA
or ABA application. This observation, together with the
fact that the expression of this gene was found to be
up-regulated by AM symbiosis (Table II), suggests that
factors other than ABA and JAs may be involved in iso-
flavonoid production. The lower concentrations of hor-
mones (100mMMeJA and 10mMABA)were not sufficient
in our conditions to significantly alter the expression of
the aboveAM-regulated genes (Supplemental Table S11).
The insignificant expression change of MYC2 by the
lower concentration of MeJA could be explained by the
fact that this is an early JA-induced gene (Ding et al., 2011;
An et al., 2016), so that its expression levels may be down
again at 24 h after the application of MeJA. Taken to-
gether, these data suggest that the treatment of leaves
fromnonmycorrhized plantswith 1mMMeJA can induce
a similar pattern of alterations in JA biosynthesis and
signaling pathways as well as flavonoid and terpenoid
biosynthesis to that in AM plants, most likely viaMYC2-
regulated pathways. Although treatment with 100 mM

ABA up-regulates MYC2 expression, this does not acti-
vate either the JA pathways or the biosynthesis of flavo-
noids and terpenoids in leaves.

DISCUSSION

As compared with the knowledge available about
transcriptomic and metabolomic changes in roots of
mycorrhized M. truncatula plants, little attention has
been paid to corresponding alterations occurring in
shoots, their underlying cellular pathways, as well as

their interconnections. In this study, we investigated
the transcriptional regulation of the genome and met-
abolic changes in shoots of AM plants with similar P
status to control plants and compared them with those
induced by treatment with high Pi (5 mM) using a pre-
viously established experimental system (Adolfsson
et al., 2015). Our choice of concentration for the Pi treat-
ment arose from similar studies in legumes comparing
control, AM, and Pi treatments. Schliemann et al. (2008)
followed the kinetics of the accumulation of primary and
secondary metabolites inM. truncatula and found distinct
profiles for AM, nonmycorrhized, and 13.3 mM Pi-treated
roots. Grunwald et al. (2009) studied transcriptional
changes in control, AM- (three Glomus spp.), and Pi-
fertilized (1.3mM)M. truncatula roots containing 6-fold
more Pi than the control. Hence, we assumed that
fertilization with 5 mM Pi, yielding 7-fold more Pi than
in control and AM plants, was an appropriate treat-
ment in our experimental conditions to distinguish the
AM-specific changes from those shared with Pi fertil-
ization in M. truncatula leaves.

The microarray-based gene expression analysis revealed
a minor overlap of transcriptional changes in leaves of
AM- and Pi-fertilized plants (21 out of 297 genes; i.e.
approximately 7%). A low overlap between AM- and
high-Pi-induced gene expression also was reported for
M. truncatula roots (4%; Hohnjec et al., 2005). This,
together with our observations, strengthens the view
that systemic transcriptional responses in leaves and
roots of AM plants are largely due to mycorrhization
and not shared with Pi fertilization. In line with the
transcriptional pattern, OPLS-DA of the metabolomic
analysis showed largely distinct metabolite profiles for
AM- and Pi-treated plants (Supplemental Fig. S2A). Of

Figure 4. Relative expression of genes involved in flavonoid biosynthesis in leaves of nonmycorrhized M. truncatula plants in
response to 100 mM ABA and 1 mM MeJA treatments. Total RNA was isolated after 24 h of treatment, and changes in transcript
abundance were determined by quantitative RT-PCR analysis. The relative expression ofMtATHB-7 (MTR_8g026960),MtMYC2
(MTR_8g067280), MtAOS (MTR_4g068550), MtJAZ (MTR_5g013530), MtLDOX (MTR_3g070860), Mt39GT (MTR_5g016660),
MtUGT73K1 (MTR_4g031800), andMtCHMT (MTR_7g011990) genes was calculated as 22DCq and normalized usingMtTef-1a
as an internal reference gene. Bars represent means 6 SD from six plants. Asterisks indicate significant differences between
treatments and the control (one-way ANOVA, P , 0.05 [*], P , 0.01 [**], and P , 0.001 [***]; GraphPad Prism).
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the secondary metabolites that were significantly dif-
ferent in AM leaves as compared with control leaves,
only two out of 41 were altered in a similar manner in
the Pi treatment (Table III). Some discordance observed
between transcriptomic and metabolomic results could
be explained by posttranslational modifications regu-
lating the activity of enzymes aswell asmetabolitefluxes
(Fernie and Stitt, 2012). A previous metabolomics study
on Plantago major leaves under mycorrhization with R.
irregularis (Schweiger et al., 2014a) found 40% of the AM
metabolites (mostly primary metabolites) in Pi-treated
plants, which was explained on the basis of similar Pi
concentrations in leaves of the two treatments.

AM Symbiosis Regulates Flavonoid/Anthocyanin and
Terpenoid Biosynthesis

The RNAmicroarray data sets fromAM leaves revealed
the up-regulation of several transcripts involved in the
biosynthesis of phenylpropanoid derivatives, especially

flavonoids including anthocyanins (Table II; Fig. 5A).
Determination of the total anthocyanin and flavonoid
contents also suggests an increase in the biosynthesis
of phenolic metabolites compared with the control
(Fig. 2, B and C).

Previous studies have shown changes in transcript
levels of flavonoid biosynthetic genes in roots of M.
truncatula infected with AM fungi (Wulf et al., 2003; Liu
et al., 2007). In roots, flavonoids are believed to stimu-
late fungal spore germination and hyphal growth and
branching (Scervino et al., 2005). In our study, we ob-
served one luteolin glucoside and proanthodelphinidin
(a subset of PAs) increased in leaves of mycorrhized
plants, while prenylchalcone and an apigenin glucoside
decreased (Fig. 5A; Table III). Similarly, an improve-
ment of luteolin-7-O-glucoside was observed in shoots
of mycorrhized willow (Salix purpurea; Aliferis et al.,
2015).

The glycosylation of flavonoids is important for their
stability and solubility during transport and storage

Figure 5. Scheme summarizing transcriptional
regulation and metabolite changes. A, The
phenylpropanoid biosynthetic pathway. B, The
terpenoid and apocarotenoid biosynthetic path-
way. Names of metabolites and their derivatives
are written in black, whereas those of the en-
zymes involved are written in blue. Plus (+) and
minus (2) in front of AM and/or Pi indicate in-
crease or decrease, respectively, in expression of
the corresponding genes or in metabolite levels.
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into the vacuole (Jiang et al., 2008; Plaza et al., 2014).
The conversion of anthocyanidin to anthocyanin is
driven by glycosyltransferases, whose expression was
found to be stimulated in leaves during AM symbiosis
(Table II; Fig. 5A). Anthocyanins are known to protect
plants from excess light and prevent oxidative stress;
similarly, PAs, which are also antioxidants, are involved
in plant protection against insects and pathogens
(Mouradov and Spangenberg, 2014).

A significant number of genes from the terpenoid
biosynthesis pathway were found to be up-regulated
by mycorrhization (Fig. 5B). Although we observed an
overall decrease in terpenoids, a glycosylated zhanic
acid derivative was increased significantly in AM
leaves compared with controls. This could be explained
based on the reduction in hederagenin derivative,
which might have favored zhanic acid production, a
parallel branch in the terpenoid biosynthetic pathway
(Fig. 5B). All these changes could reflect the notion that
terpenoids have a wide range of basic functions in
growth and also are involved in defense against abiotic
and biotic stress (Tholl, 2015).

ABA is the most studied member of plant apocar-
otenoids, which are cleavage products from a C40 carote-
noid precursor. The hormone and microarray analyses
indicate correlation between the increasedABA levels and
the up-regulation of related biosynthetic genes in leaves of
AM plants (Fig. 5B). This does not exclude the possibility
proposed by Cameron et al. (2013) that ABA synthesized
in mycorrhized roots is transported and may act as a
long-distance signal for defense responses in leaves.
Furthermore, the metabolomic analysis indicates
significant decreases in the apocarotenoids blume-
nol B malonyl glucoside and dihydroxyphaseic acid-
like in leaves of AM plants. Intriguingly, a dihydroxy
blumenol glucoside almost completely disappeared in
AM leaves (Table III). Cyclic C13 cyclohexenone-/
a-inono- (e.g. blumenol) glucosides as well as yellow
linear C14 mycorradicines have been associated with the
establishment of mycorrhiza in roots (Floss et al., 2008;
Schliemann et al., 2008) and are suggested to play a role
in arbuscule turnover (Walter et al., 2010). BothABA and
blumenol are derived from all-trans-lycopene (for re-
view, see Hou et al., 2016). The strong reduction of the
dihydroxy blumenol glucoside in mycorrhized leaves
could be due to either competing biosynthesis with ABA
(Fig. 5B) or the long-distance transport to mycorrhized
roots.

AM Symbiosis and Pi Fertilization Modulate
Iron Homeostasis

Well-known Fe homeostasis genes such asVIT, FER1,
FER2, and FER3 were remarkably down-regulated by
AM symbiosis and Pi treatment (Table II). Repression of
these genes correlated with the observed decrease of
both Fe(II) and Fe(III) (Fig. 2A). It is worthy of note that
an excess of available Fe(II) is toxic for cells due to the
formation of hydroxyl radicals (Orino et al., 2001). To

prevent this, cells orchestrate strategies to regulate Fe
homeostasis by means of either oxidation of Fe(II) to
Fe(III), the nontoxic form of Fe, chelation, sequestration
by ferritins in plastids, or its transport into vacuoles
through VIT (Arnaud et al., 2006; Ravet et al., 2009).

Pi acts as a strong chelator of Fe(II) (Rasmussen and
Toftlund, 1986), so that a reduced available Fe content
in leaves of Pi-treated plants was expected. Flavonoids
also are well known as Fe chelators (Mira et al., 2002;
Takeda, 2006). Hence, it is tempting to speculate that
increased levels of flavonoids/anthocyanins/PAs in
AM leaves favor Fe binding, thereby resulting in the
down-regulation of Fe homeostasis genes. Because AM
symbiosis also enhances flavonoid biosynthesis in the
root (Harrison and Dixon, 1994; Larose et al., 2002), it is
possible that flavonoids also modulate Fe homeostasis
in this tissue, although contradictory results about the
effect of mycorrhization on root Fe status were reported
(Jin et al., 2014).

Increase of CKs May Promote Shoot Growth in AM- and
Pi-Treated Plants

CKs are well-known signaling molecules promoting
plant growth. Based on our data, increased levels of
CKs in leaves of AM- and Pi-fertilized plants were not
accompanied by transcriptional changes in CK biosyn-
thesis (Table II). This can be explained by the fact that
CKs also are synthesized in the root and translocated to
the shoot (Sakakibara, 2006). Themajor transport formof
CKs from root to shoot tissues is believed to be the
conjugated CK form tZR (Kudo et al., 2010), which was
found to be up-regulated in both AM- and Pi-fertilized
plants as compared with controls. This hypothesis is in
line with several studies reporting increased levels of
CKs in both roots and shoots of AM plants (Fusconi,
2014). In addition, another conjugated form, tZ9G, was
found to be up-regulated by both AM symbiosis and Pi
fertilization, whereas AM specifically increased the free
form DHZ (Fig. 3B).

We reported previously that AM- and Pi-fertilizedM.
truncatula plants had more and longer branches with
larger and thicker leaflets and that only AM plants had
a larger number of chloroplasts per cell section as
compared with control plants (Adolfsson et al., 2015).
CKs are known to promote cell division and branching
as well as to support the development of chloroplasts
(Cortleven and Schmülling, 2015). Hence, the observed
increase of most CK metabolites may be the factor in-
volved in remodeling the shoot architecture in AM and
Pi plants, whereas the specific increase in DHZ may
affect the chloroplast number.

JA Signaling May Play a Role in the AM-Induced
Flavonoid and Terpenoid Biosynthesis

AM symbiosis, in contrast to Pi fertilization, stimulated
the expression of genes involved in oxylipin biosynthesis
in leaves (e.g. 9- and 13-LOX, AOS, and AOC; Table II).
13-LOX isoforms,which share a strong similaritywith the
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chloroplast-localized AtLOX2, are dedicated to the bio-
synthesis of JA and its late precursor OPDA, while
9-LOXs are involved in the synthesis of JA-likemolecules.
Based on the observed AM-mediated transcriptional
stimulation of the JA biosynthetic pathway, an increased
content of JAs in AM leaves was expected. Instead, the
content of the active conjugate JA-Ile was significantly
lower in leaves of AM compared with control plants (Fig.
3B). It is reasonable to suggest that a transient increase
of JA level in AM leaves could be sufficient to activate
JA-responsive genes and downstream biosynthetic
pathways. Indeed, the 24-h MeJA treatment of leaves
of nonmycorrhized plants enhanced the expression of
genes involved in JA biosynthesis (AOS) and signaling
(MYC2 and JAZ/MTR_5g013530) as well as the expres-
sion of genes involved in flavonoid (LDOX and 39GT)
and terpenoid (UGT73K1) biosynthesis (Fig. 4), thus
mimicking the effects of mycorrhization (Table II).
The lower level of JA-Ile in leaves of AM plants may

be due to transport to distal tissues. Experimental evi-
dence in Arabidopsis revealed the movement of JAs from
wounded shoots toward roots, where they could affect
defense gene expression (Gasperini et al., 2015). Such a
long-distance transport of JAs has not yet been demon-
strated for mycorrhized plants such as M. truncatula.
Nevertheless, an increase in AM colonization was shown
upon repeated wounding of M. truncatula leaves (a con-
dition inducing JA biosynthesis) or following JA appli-
cation to the shoot (Landgraf et al., 2012). In addition,
many studies reported increases of JA levels in
mycorrized roots of M. truncatula, which were ac-
companied by the up-regulation of JA biosynthesis and
JA-induced responses, resulting in the establishment and
maintenance of arbuscular mycorrhizas (for review, see
Wasternack and Hause, 2013). Genes involved in JA bi-
osynthesis also were found to be up-regulated in leaves
of mycorrhized maize (Zea mays) plants (Gerlach et al.,
2015). The previous works together with our observa-
tions (Table II; Fig. 4) support enhanced JA biosynthesis
and signaling in both shoots and roots of mycorrhized
plants and may involve the long-distance transport of
JAs to ensure sufficient levels of root fungal colonization.
In Pi-treated plants, the lower JA-Ile content coincides
with the down-regulation of a few JA-responsive genes,
includingMYC2 (Table II). This suggests that high Pi also
affects JA signaling, but to lesser extent compared with
mycorrhization.
AM symbiosis, in contrast to Pi fertilization, enhanced

the level of ABA in leaves (Fig. 3B), in agreement with
the up-regulation of genes involved inABA biosynthesis
and response (Table II). It has been reported thatMYC2
functions as a transcriptional activator of ABA signaling
in Arabidopsis leaves under abiotic stress (Abe et al.,
2003; Takagi et al., 2016). The crosstalk between ABA
and JA has been shown to be regulated byMYC2 (Kazan
and Manners, 2013). The mechanism behind this may
involve the interaction between MYC2 and an ABA re-
ceptor in the presence of ABA, which could modify
transcription driven by MYC2 in JA signaling pathways
(Aleman et al., 2016). This could explain why, in our

study, the 24-h ABA treatment of leaves did not alter
the expression of AOS, JAZ/MTR_5g013530, or the JA-
regulated flavonoid and terpenoid biosynthetic genes,
despite the enhanced expression of MYC2 (Fig. 4).

Based on our data, we propose a model of interactive
pathways that modulate hormone levels, secondary me-
tabolism, oxidative/iron stress, and ultimately growth in
leaves of AM and Pi plants (Fig. 6). In this model, AM
symbiosis promotes growth directly by enhancing CK
levels and indirectly by stimulating MYC2-regulated JA
and ABA signaling pathways in leaves. The JA signaling
pathway for the biosynthesis of flavonoids, in turn, helps
to chelate free Fe, thus improving fitness in oxidative
stress. Possible ABA signaling pathways could be defense
mechanisms for stomatal closure, induction of reactive
oxygen species, and cellwall reinforcement during abiotic
and biotic stress (Cameron et al., 2013). Pi fertilization also
promotes growth via CKs and alleviates oxidative stress
by a direct binding of free Fe to Pi. The proposed model
contributes to enhanced functional insights into the AM
fungus-plant interaction as well as the Pi-plant interaction
at the shoot level and should be fully validated in future
studies.

The results of MeJA and ABA application on leaves
from nonmycorrhized plants (Fig. 4) demonstrate the role
of these hormones in regulating flavonoid/anthocyanin
production through MYC2-regulated pathways in M.
truncatula and are in line with previous findings in the

Figure 6. Proposed model of AM-regulated pathways in M. truncatula
leaves. Mycorrhization enhances the level of ABA and possibly tran-
siently the level of JA. Both JA and ABA activate the expression of the
transcription factor MYC2. Only the JA-mediated activation in turn
stimulates the expression of flavonoid-related genes. The resulting in-
crease in flavonoids (including anthocyanins and proanthocyanidins)
improves the scavenging of available iron. In Pi-fertilized plants, Pi binds
directly to iron. Both mycorrhization and Pi fertilization increase the
levels of CKs, which stimulate plant growth. Red and green colors in-
dicate increase and decrease, respectively.

Plant Physiol. Vol. 175, 2017 405

Transcriptomics and Metabolomics of AM Leaves



same and other plant species. Elicitor-induced tran-
scription factors or JA application resulted in the
reprogramming of secondary metabolism in M. trun-
catula (Naoumkina et al., 2008). In Arabidopsis, it has
been shown that MeJA enhances anthocyanin content
through the up-regulation of late biosynthetic genes
includingDFR and LDOX (Shan et al., 2009), a process
in which the transcription factor AtMYC2 is the key
regulator (Dombrecht et al., 2007). On the other hand,
experiments in tomato fruits revealed the induction of
early flavonoid biosynthesis genes in response to ABA
application (Mou et al., 2015). Another work reported
that ABA application on different organs of Vitis vinifera
affects differently the expression of genes involved in
different steps of flavonoid biosynthesis, which in-
creased significantly only in berries (Rattanakon et al.,
2016). In our study, although ABA treatment of leaves of
nonmycorrhized plants up-regulated the expression of
MYC2, it did not affect the expression of late flavonoid
biosynthetic genes (Figs. 4 and 5). However, we cannot
rule out the possibility that ABA produced in leaves of
mycorrhized plants may interact with AM-induced JA
pathways to regulate the expression of these genes.
Therefore, it is reasonable to propose thatMYC2 fromM.
truncatula might play a determinant role in the AM-
mediated regulation of flavonoid biosynthesis. Taken
together, AM-induced, JA- and ABA-regulated MYC2
expression and CK production are beneficial for the
growth and fitness of mycorrhized plants.

CONCLUSION

In this report, we show that AM symbiosis induces a
secondarymetabolism response in leaves ofM. truncatula,
mainly in phenylpropanoid and terpenoid biosynthesis.
These pathways also were affected by Pi treatment, al-
though some metabolites were altered in a converse man-
ner compared with mycorrhization. The AM-mediated
changes in leaves might have been triggered by MYC2 in
a JA- and ABA-dependent manner. The use of a multilevel
methodology, including transcriptomics, metabolomics,
and phytohormone analysis, provided an overview of the
changes in secondary and hormone metabolism occurring
in leaves during root colonization by AM fungi. Detailed
functional analyses usingmutants affected in the respective
biosynthetic pathways should further validate our hy-
potheses and might reveal additional factors involved in
the signaling and regulation of growth in shoots of AM
plants. Some of the identified regulated genes could serve
as possible markers for such metabolic changes as those
observed in our study.

In fine, the prospective question is the endogenous
signal that stimulates ABA production. Such a chem-
ical switch could be reactive oxygen species, whose
inductive effect on ABA biosynthesis has been repor-
ted in leaves (Mittler et al., 2011). Further studies are
needed to decipher in detail the sequential steps in the
mycorrhiza-induced secondary and hormone meta-
bolic responses.

MATERIALS AND METHODS

Biological Material and Growth Conditions

We used the growth conditions and protocols described previously by
Adolfsson et al. (2015). Two-day-old Medicago truncatula ‘Jemalong J5’ seed-
lings that had germinated on agar plates were transplanted to soil consisting
of Agsorb (24/48 LVMGA; Oil-Dri) and 30% (v/v) inoculum or mock inoc-
ulum. The inoculum consisted of a mixture of Agsorb andAllium porum (leek)
roots either infected with the fungus Rhizophagus irregularis (syn. Glomus
intraradices; Redecker et al., 2013) BEG 141 (AM plants) or not infected (con-
trol plants). The plants were grown in a CLF PlantMaster chamber (Plant
Climatics) using a daily cycle of 16 h of light (400 mmol photons m22 s21) at
25°C and 8 h of dark at 19°C and a relative humidity of 40%. Plants were
watered once per week with a modified Long Ashton Nutrient Solution
(Medicago-LANS; Hewitt, 1966), containing twice the amount of nitrate and
no phosphate. Modified LANS medium supplemented with 5 mM NaH2PO4
was used for the Pi treatment, whichwas included to study the effects induced
by high Pi supply, resulting in significantly increased (7-fold) leaf P content as
compared with control and AM treatment (Table I). In some experiments,
1 mM Pi yielded nonsignificantly higher P levels than in control and AMplants
(Supplemental Table S1).

Assessment of Root Mycorrhization

Young roots of AM plants were placed in 10% (w/v) KOH and incubated
at 90°C for 45 min and thereafter incubated in black ink (90°C for 5 min;
Vierheilig et al., 1998). The roots were then washed with tap water, dried,
incubated in 8% (v/v) acetic acid at room temperature for 20 min, and finally
rinsed with water. Afterward, the roots were cut in 30 pieces, mounted be-
tween slide and coverslide with glycerol at a distance of 0.5 to 1 mm, and
analyzed with the Alphaphot-2 YS2 microscope (Nikon). The mycorrhizal
colonization and the arbuscule abundance were estimated at 4 wpi using the
formulas found on the Web page http://www2.dijon.inra.fr/mychintec
(Trouvelot et al., 1986). This method was used to estimate the quality of
plant-fungus symbiosis. In this study, plants were used at 4 weeks of age,
when the mycorrhization was at maximum.

Phosphorus Determination

Dry shoot or leaf material was ground with a mortar. Soluble Pi content was
measured after incubation in 1% (v/v) acetic acid at 42°C for 30 min. Total P (Pi
and organic P) was measured after oxidizing organic P to Pi by incubating
samples in an autoclave at 120°C for 1 hwith an oxidation solution described by
Valderrama (1981). Pi content was determined by colorimetric analysis using
ammonium molybdate (Ames, 1966) and recalculated as mg of P.

Hormone Treatments

M. truncatula seeds were scarified and sterilized as described above.
Sterilized seedswere sown on plates and transplanted into pots containing the
same soil mixture and grown under the same conditions as described for
nonmycorrhized plants. At the age of 4 wpi, plants were sprayed with either
MeJA (Sigma-Aldrich) at concentrations of 100 mM and 1 mM or with ABA
(Sigma-Aldrich) at concentrations of 10 and 100 mM in a solution also con-
taining 0.1% (v/v) Triton X-100 and 1% (v/v) ethanol. Control plants for both
hormone treatments were sprayed with a solution containing 0.1% (v/v)
Triton X-100 and 1% (v/v) ethanol. Approximately 10 mL of solution was
evenly sprayed over six plants. After spraying, pots were covered with lids.
The middle lobe of the latest fully developed leaf of six replicate plants was
harvested 24 h posttreatment and used for RNA extraction.

RNA Extraction

Formicroarray analyses, total RNAwas extracted from leaflets of the latest fully
developed leaf fromM. truncatula control,AM-, andPi-treated plants using the E.Z.
N.A. Plant RNA Kit Standard protocol following the manufacturer’s instructions
(Omega Bio-Tek). The quality of RNA preparations was verified using the Agilent
2200 Bioanalyzer (Agilent Technologies). Both aforementioned RNA extraction
and bioanalysis methods also were employed for experiments with ABA and
MeJA treatments.
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Microarray Analysis and Data Deposition

Total RNAs of control, Pi-, and AM-treated plants at 4 wpi were sent to the
affiliated with the Karolinska Institute in Stockholm. Three biological replicates
with one to two technical replicates per treatment were used. Total RNA was
used to synthesize cyanine 3 labeled using Low Input Quick Amp Labeling
according to the Agilent One-Color Gene Expression protocol. Labeled cRNA
was purified, fragmented, and hybridized on Agilent Medicago Oligoarrays
(8x60k) at 65°C under rotation in a hybridization oven. Array slides were
washedwith Gene ExpressionWash buffers prior to drying. Fluorescent signals
were measured with the G2505 C Micro Array Scanner (Agilent Technologies).
Hybridization, washing steps, staining, and scanning were performed
according to the manufacturer’s instructions. Scanned images were analyzed
with the Agilent Feature Extraction Software version 7.2. Resulting raw data
were normalized (75th quantile, median to baseline of all samples).

Microarraydata analysiswas performed usingAnalyst software (Genedata).
Raw data were normalized using the Lowess algorithm to identify regulated
genes. A threshold of 2 for transcript ratio in treatment versus control, P, 0.01
(Student’s t test), and Q , 0.05 (false discovery rate multiple-test correction
[Benjamin and Hochberg, 1995] as an indicator of false-positive significant
genes) were set as criteria for the selection of regulated genes in AM- and Pi-
fertilized plants as comparedwith control (nonmycorrhized) plants. The genes
following a common pattern of expression (up-regulated/down-regulated) were
grouped together. Further gene annotation was performed through the National
Center for Biotechnology Information database (https://blast.ncbi.nlm.nih.gov/
Blast.cgi). After the statistical analysis, when more than one significant probe sets
matched the same gene identifier, redundant probe sets were randomly removed
for simplicity. We did not observe opposite trends (both up- and down-regulation)
within significant redundant probe sets. Classification of candidate genes was
implemented according to Journet et al. (2002) and bymanual inspection. Common
features were determined with the Venny program (http://bioinfogp.cnb.csic.es/
tools/venny/index.html). The full data set is publicly available from the Gene
Expression Omnibus repository at the National Center for Biotechnology Infor-
mation (Barrett et al., 2007) with accession number GSE80610.

Quantitative RT-PCR

To confirm the microarray results, the expression levels of 13 selected genes
were investigated using quantitative RT-PCR. In addition, MtTef-1a, whose
expression was found to be constant in all treatments (control, Pi, and AM), was
used as a reference gene for normalization of expression data for the selected
genes. Sequences of primers designed using Primer 3 software (flypush.imgen.
bcm.tmc.edu/primer/primer3_www.cgi) are given in Supplemental Table S12.

Total RNA was used as a template to synthesize cDNA using the iScript
cDNA kit according to the manufacturer’s instructions (Bio-Rad Laboratories).
Next, cDNAs served as probes for quantitative PCR gene expression analysis
using the Perfecta SYBR Green SuperMix kit (Roxtm). Three to four biological
replicates and two technical replicates for each gene of interest were investi-
gated. The cycle threshold values of quantitative PCR were used to normalize
the expression levels of target genes with the expression level of the reference
gene fromM. truncatula (Kakar et al., 2008). The gene expression levels in leaves
of AM- and Pi-treated plants were compared with the control condition.

Determination of Available Fe

Fe was extracted according to Everett et al. (2014) as follows. Dried leaf
samples (20–60 mg) were soaked in 1 M HCl overnight at room temperature
under gentle shaking; extracted Fe is referred to as available Fe. Then, samples
were allowed to stand for 10 min, and the liquid phase was centrifuged at 400g
and filtered. For the determination of available Fe(II), 150mL of the sampleswas
mixed with 150 mL of the extraction solution. Fe(III) was determined after re-
duction to Fe(II) with 50% (v/v) hydroxylamine hydrochloride. Both reduced
and nonreduced samples were added to 2 mM Ferrozine in 50 mM potassium
acetate buffer (pH 5.5). For each sample, the background was determined in the
potassium acetate buffer and subtracted from the Ferrozine-based values.
Equivalent volumes of 1 M HCl and hydroxylamine hydrochloride in 1 M HCl
were used as blanks for nonreduced and reduced samples, respectively.

Total Flavonoid and Anthocyanin Content Analyses

Frozen leaves (30–60 mg) were transferred to Eppendorf tubes and ground
using a pestle. After adding 1 mL of acidic methanol (3% [v/v] formic acid),

samples were homogenized, and the tubes were incubated at 4°C overnight
with continuous gentle shaking in the dark. Then, samples were centrifuged,
the supernatant was transferred into a 15-mL Falcon tube, and the pellet was
resuspended with 500 mL of acidic methanol twice and incubated for 10 min in
the dark to fully extract anthocyanins. Combined supernatants were mixed
with 1 mL of deionized water and 2 mL of chloroform. After centrifugation at
4,000g for 5 min, the upper organic phase enriched in anthocyanins was col-
lected. The experiments were carried out in four replicates. Total flavonoid
content was determined by the chloride colorimetric assay (Jia et al., 1999) and
expressed according to the standard curve of quercetin at an absorbance of
510 nm. Anthocyanin content was measured by reading the A530 with a spec-
trophotometer using the pH differential method (buffers of 0.025 M KCl [pH 1]
and 0.4 M sodium acetate [pH 4.5]). A standard curve of purified cyanidin 3-O-
glucoside chloride (Sigma-Aldrich), one of themajor anthocyanins inM. truncatula,
was used as a reference.

Metabolomic Analysis

Metaboliteswere extracted from20mgof leaves for each treatment in 1mLof
methanol, chloroform, and water (20:60:20, v/v) including internal standards
(Gullberg et al., 2004). A total of 200 mL of each sample was dried, dissolved in
20 mL of methanol, and then diluted with 20 mL of water.

The chromatographic separation was performed using an Agilent 1290 In-
finity UHPLC system, where 2 mL of shoot extract was injected onto an Acquity
UPLC HSS T3 column (2.1 3 50 mm, 1.8 mm C18) at 40°C. The gradient elution
wasA (water, 0.1% formic acid (v/v)) and B (75:25 acetonitrile:2-propanol, 0.1%
formic acid v/v) as follows: 0.1% to 10% B (v/v) over 2 min, B was increased to
99% (v/v) over 5 min, and then held at 99% (v/v) for 2 min, returning to 0.1%
(v/v) for 0.3 to 0.9 min; the flow rate was 0.5 mL min21. The compounds were
detected with an Agilent 6540 Q-TOF mass spectrometer equipped with an
electrospray ion source operating in positive ion mode. A reference inter-
face was connected for accurate mass measurements; the gas temperature
was set to 300°C, the drying gas flow to 8 L min21, and the nebulizer
pressure to 40 psig. The sheath gas temperature was set to 350°C and the
sheath gas flow to 11 L min21. The capillary voltage was set to 4,000 V and
the nozzle voltage was 0 V. The fragmentor voltage was 100 V, the skimmer
was 45 V, and the octopole RF (OCT 1 RF Vpp) was 750 V. The collision
energy was set to 0 V. The m/z range was 70 to 1,700, and data were col-
lected in centroid mode with an acquisition rate of four scans per second.
The tandem mass spectrometry (MS/MS) spectra were obtained in the
same conditions, with the collision energy from 10 to 40 V. The generated
mass files were processed using Profinder B.06.00 (Agilent Technologies)
using mass feature extraction and find-by-ion algorithms for peak detec-
tion. Mass Profiler Professional 12.5 (Agilent Technologies) was used to
compile the extracted data into a data table for statistical analysis. The
generated data were normalized against the internal standard and weight
of each sample (Supplemental Table S8).

The metabolites were identified by manual interpretation of the high mass
accuracy of fragments produced by MS/MS experiments and/or metabolite
and mass spectra library database search. The OPLS-DA (Trygg and Wold,
2002) were performed using SIMCA 13.0 software comparing control with AM
and Pi treatments. Valid statistical models consisted ofQ2$ 0.05 (Supplemental
Fig. S2A). The VIP plot (Variable Importance for the Projection) in a confidence
level of 95% was used to summarize how many variables explain the models.
Valid models discriminate control from AM or 5 mM Pi, and the SUS (Shared
and Unique Structures) plot (Wiklund et al., 2008) between them was used to
select metabolites with similar or unique trends under 5 mM Pi and AM con-
ditions. Based on the Q2, the comparison between control and 1 mM Pi did not
result in a validmodel. However, by selecting 17% of themetabolites (164 out of
988) on the basis of the VIP plot, a significant model was produced. The low
percentage of variable metabolites in the 1 mM Pi model (contrasting with 28%
for 5 mM Pi or 32% for AM) suggests minor changes in secondary metabolites
under such low-Pi concentration, which make it indistinguishable from the
control. Instead, the main changes under such low-Pi concentration might be in
the primary rather than in the secondary metabolites. In this case, techniques
other than liquid chromatography-mass spectrometry (LC-MS) could be more
appropriate.

The significant metabolites from the discriminant analyses as well as their
respective P (Student’s t test) andQ (false discovery ratemultiple-test correction
calculated according to Benjamin and Hochberg [1995]) values are listed in
Supplemental Table S9 for evaluation of the goodness of the results, and those
exhibiting significant changes in treatments versus control (Q , 0.05) are pre-
sented in Table III.
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Plant Hormone Analysis by Ultra-HPLC Tandem
Electrospray Mass Spectrometry

The extraction and purification of plant hormones were carried out in six
biological replicates. Samples were homogenized under liquid N2, and the
amount corresponding to 20 mg fresh weight of material per sample was used
for the analyses of CKs, JAs, ABA, and SA. The amount of sample corre-
sponding to 10 mg fresh weight was used for the analysis of auxins.

CKswere extracted inmodified Bieleski buffer (methanol:water:formic acid,
15:4:1, v/v/v) and then purified using two solid-phase extraction columns, a
C18 octadecylsilica-based column (500 mg of sorbent; Applied Separations)
and, after that, an Oasis MCX column (30 mg of mixed-mode sorbent with re-
versed-phase/cation-exchange properties; Waters; Dobrev and Kamínek,
2002). Auxins were extracted in 1 mL of cold 50 mM sodium phosphate buffer
(pH 7) containing 1% diethyldithiocarbamic acid sodium salt (w/v). After ex-
traction, samples were divided in half, using one-half for derivatization of labile
indole-3-pyruvic acid by 0.25 M cysteamine (pH 8). Both fractions of the extract
were purified by solid-phase extraction usingOasis HLB columns (30mgmL21;
Waters). JAs, ABA, and SA were extracted using an aqueous solution of
methanol (10% methanol:water, v/v) and purified using Oasis HLB columns
(30 mg mL21; Waters).

Levels of the CKs, auxins, and JAs together with SA and ABA were deter-
mined by the isotope dilution method using ultra-HPLC tandem electrospray
mass spectrometry with stable isotope-labeled internal standards used as a
reference (Novák et al., 2012; Svačinová et al., 2012; Floková et al., 2014).

The determined absolute concentrations of analytes (pmol g21 fresh weight)
were used to create a data set. The variables with more than 50% of missing
values (values below the limit of detection) were removed from the data set. The
variables containing up to 50% ofmissing valueswere replaced by two-thirds of
the minimum of a group. The data were treated and statistically evaluated by
SIMCA software (version 14; Umetrics). Pareto scaling and logarithmic trans-
formation were applied to all data variables. Multivariate statistical analysis
such as PCA and OPLS-DA were performed. Unsupervised PCA was used to
give a general overview and observe trends of the data structure. To discrim-
inate variables responsible for group separation, always two groups (control
versus AM or control versus Pi treated) were compared by supervised OPLS-
DA. AnOPLS-DA S-plot was used for visualization. It combines covariance (p1;
the farther the distance from zero, the higher the contribution to the difference
between two groups) and correlation (pcorr1; the farther the distance from zero,
the higher the reliability).

Statistics

All statistical analyses, except when stated, were conducted using one-way
ANOVA with Fisher’s LSD as a posterior test in GraphPad Prism 5 (GraphPad
Software). Student’s t test and multiple-test correction were conducted using
Mass Profiler Professional 13.0 (Agilent Technologies and Strand Life Sciences).
Supplemental Table S1 provides an experimental overview with the types of
analyses performed, conditions, and number of replicates.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Representative photographs of plants, which
were nonmycorrhized, infected with AM, or treated with 5 mM Pi at
4 wpi.

Supplemental Figure S2. OPLS-DA performed on a metabolomic data set
generated from the LC-MS analysis.

Supplemental Figure S3. MS/MS spectra for the Na adduct of the molec-
ular ion with m/z 433.2404, tentatively identified as dihydroxy blumenol
glucoside.

Supplemental Figure S4. OPLS-DA S-plots of the hormone data set gen-
erated from the LC-MS analysis.

Supplemental Table S1. Experimental overview.

Supplemental Table S2. List of AM up-regulated genes.

Supplemental Table S3. List of AM down-regulated genes.

Supplemental Table S4. List of Pi up-regulated genes.

Supplemental Table S5. List of Pi down-regulated genes.

Supplemental Table S6. Common significantly regulated genes by AM
and Pi treatment

Supplemental Table S7. Comparison of gene expression data from micro-
array analyses and quantitative RT-PCR.

Supplemental Table S8. Relative abundance of metabolites detected by
liquid chromatography-time of flight-mass spectrometry.

Supplemental Table S9. Annotation of metabolites.

Supplemental Table S10. Phytohormone levels detected by the ultra-
HPLC tandem electrospray mass spectrometry method.

Supplemental Table S11. Gene expression data from quantitative RT-PCR
following hormone application.

Supplemental Table S12. List of primer sequences used for quantitative
RT-PCR analysis.
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