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Phytohormones have long been hypothesized to play a key role in the interactions between
plant-manipulating organisms and their host–plants such as insect–plant interactions that lead to gall
or ‘green-islands’ induction. However, mechanistic understanding of how phytohormones operate in
these plant reconfigurations is lacking due to limited information on the molecular and biochemical phy-
tohormonal modulation following attack by plant-manipulating insects. In an attempt to fill this gap, the
present study provides an extensive characterization of how the leaf-miner Phyllonorycter blancardella
modulates the major phytohormones and the transcriptional activity of plant cells in leaves of Malus
domestica. We show here, that cytokinins strongly accumulate in mined tissues despite a weak expression
of plant cytokinin-related genes. Leaf-mining is also associated with enhanced biosynthesis of jasmonic
acid precursors but not the active form, a weak alteration of the salicylic acid pathway and a clear inhi-
bition of the abscisic acid pathway. Our study consolidates previous results suggesting that insects may
produce and deliver cytokinins to the plant as a strategy to manipulate the physiology of the leaf to create
a favorable nutritional environment. We also demonstrate that leaf-mining by P. blancardella leads to a
strong reprogramming of the plant phytohormonal balance associated with increased nutrient mobiliza-
tion, inhibition of leaf senescence and mitigation of plant direct and indirect defense.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Successful development of herbivorous insects and phy-
topathogenic microorganisms on a host plant relies on their ability
to counteract the plant immune response and to divert host–plant
resources to sustain their metabolic needs. Plant defenses are usu-
ally activated following detection of Pathogen, Herbivore or
Damage-Associated Molecular Patterns (PAMPs, HAMPs and
DAMPs respectively) by plant Pattern Recognition Receptors
(PRR) (Kazan and Lyons, 2014; Zhu et al., 2014; Zipfel, 2014).
Perception of such patterns leads to the activation of signaling
pathways that induce transcription factors and ultimately lead to
production of defense secondary metabolites and
Pathogenesis-Related (PR) proteins (Tsuda and Somssich, 2015).
However, sustained activation of plant defense also relies on
hormone-dependent signaling pathways. Jasmonic acid (JA) and
salicylic acid (SA) have long been known as major plant hormones
involved in fine-tuning of plant defenses, although many complex
interactions also involve other hormones, such as abscisic acid
(ABA) and cytokinins (CKs) (Robert-Seilaniantz et al., 2011; Erb
et al., 2012). To circumvent this plant defense activation process,
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pests and phytopathogenic microorganisms have evolved strate-
gies to interfere with plant signaling pathways either by using pro-
teinaceous effectors or by secreting phytohormones or
phytohormone analogs (Schultz, 2002; Schultz and Appel, 2004;
Kazan and Lyons, 2014; Harris et al., 2015; Guiguet et al., 2016;
Zhao et al., 2016).

Phytohormones play important roles in regulating plant devel-
opmental processes and signaling networks involved in plant
responses to a wide range of biotic and abiotic interactions (Bari
and Jones, 2009). As important regulators of the balance between
plant defense activation and growth, it is not surprising that phy-
tohormones have often been the target of phytophagous insects
over the course of evolution (Schultz and Appel, 2004; Erb et al.,
2012; Giron et al., 2013). Targeting phytohormonal balances may
help insects to invade a plant successfully by redirecting plant
development and/or by reprogramming the plant primary and sec-
ondary metabolism for their own benefit. In particular, CKs are key
players in the regulation of plant growth and development, but
also mediate plant responses to various environmental stresses
(Choi et al., 2011). Recent years have shown an increased interest
for CKs, highlighting their pivotal role in plant defense against
pathogens and insects and in the regulation of important processes
for the fate of pathogens or pests. This includes for example their
role in the delay of plant senescence and in the regulation of
source–sink relationships, in addition to their involvement in
mediating responses to external stress such as wounding (Body
et al., 2013; Giron et al., 2013; Schäfer et al., 2015a).

A large number of organisms such as insects, mites, nematodes,
molluscs, protists, bacteria, fungi and viruses are known to use
phytohormone-mediated mechanisms to take control of their
host–plants making phytohormones key orchestrators of
plant-biotic interactions (Chung et al., 2013; Giron et al., 2013;
Kästner et al., 2014; Favery et al., 2016). More specifically,
phytohormones play a key role in gall-induction and may even
have facilitated the evolution of insect galls (Bartlett and Connor,
2014; Tooker and Helms, 2014). They are also key players in the
interaction between leaf-miners and their host–plant with an intri-
cate involvement of insect bacterial symbionts sometimes impli-
cated (Connor and Taverner, 1997; Kaiser et al., 2010; Body et al.,
2013; Giron and Glevarec, 2014; Gutzwiller et al., 2015).
Leaf-mining and gall-inducing insects likely took advantage of
their intimate relationship with their host–plant to manipulate
their microenvironment, thus creating insect-generated shelters
that avoid plant defenses, buffer against seasonal variations of leaf
nutritional quality, and/or allow the insect to consume high nutri-
tious plant tissues leading to a higher feeding efficiency (Price
et al., 1987; Hespeinde, 1991; Connor and Taverner, 1997; Stone
and Schönrogge, 2003; Sinclair and Hughes, 2010; Body et al.,
2013; Giron et al., 2016). A mechanistic understanding of how
phytohormones operate in these plant reconfigurations is lacking
and requires, as a first step, the molecular and biochemical
characterization of the plant phytohormonal reconfiguration
following attack by plant-manipulating insects.

Phyllonorycter blancardella (Lepidoptera: Gracillariidae) is a
polyvoltine leaf-mining microlepidopteran of apple trees. This
insect interacts with its host–plant in a remarkable manner and
has evolved strategies for infesting apple trees probably by manip-
ulating fundamental elements of plant cell development. The larva
establishes and maintains a permanent ‘feeding area’ (the mine)
that constitutes the exclusive source of nutrients for its develop-
ment. The first three larval instars (L1–L2–L3) that feed on intersti-
tial fluids are fluid-feeders. During this period, larvae define the
outline of the mine by separating the two leaf integuments. The
last two instars (L4–L5) are tissue-feeders and consume the lower
and upper parenchyma (Body et al., 2015), resulting in the forma-
tion of feeding windows on a characteristic tentiform-shaped mine
(Pottinger and LeRoux, 1971; Djemai et al., 2000). As in other
leaf-miner systems, P. blancardella creates ‘green-islands’ around
mining caterpillars on yellow (but also green) leaves that provide
sugar-rich green tissues as well as creating an enhanced nutritional
microenvironment in an otherwise senescent context (Giron et al.,
2007; Body et al., 2013). Previous results established that
‘green-islands’ are characterized by similar or even greater levels
of CKs than non-senescing green leaves and that these phythor-
mones are likely to originate from microbial symbionts (Giron
et al., 2007; Kaiser et al., 2010; Body et al., 2013; Gutzwiller
et al., 2015). A strong correlation was found between the level of
an endosymbiotic bacteria, Wolbachia, the amount of CKs in the
mine and the intensity of the ‘green-islands’ phenotype (Kaiser
et al., 2010). Insects treated with antibiotics created mines that
contained significantly lower concentrations of CKs and failed to
induce green-islands. Analysis of larvae showed a high concentra-
tion of CKs in their salivary glands but only when Wolbachia was
present (Body et al., 2013). These results were obtained by using
a targeted enzyme-linked immunosorbent assay (ELISA), allowing
the characterization of a limited number of CKs (iP isopenteny-
ladenine; iPR N6-isopentenyladenosine; Z zeatin; ZR zeatin
riboside).

The objective of the present study is to provide an extensive
characterization of how the leaf-miner P. blancardella modulates
the plant CK profile in leaves of Malus domestica and how this
might interfere with the plant global hormonal balance. Major
phytohormones and transcriptional activity of plant cells in con-
tact with P. blancardella were monitored and compared to that of
control unmined leaf tissues. We expected that CK-biosynthetic
genes would reflect the complex molecular interplay between
the leaf-miner, the host–plant and the insect-associated endosym-
bionts and a global increase of CK levels (besides already character-
ized CK compounds). Here, we report an important transcriptional
and biochemical reprogramming in the mined area reflecting the
intimate relationship between the insect and its host–plant.
Because of CKs involvement in gall induction by bacteria and
insects, and more generally in plant interactions with various bio-
tic invaders, our results are likely to be relevant for other
plant-associated organisms.
2. Methods

2.1. Biological material

The experiments were conducted on M. domestica (Borkh. 1803)
(Rosaceae) apple-tree leaves (‘Elstar’ cultivar) naturally infected by
the spotted tentiform leaf-miner, P. blancardella (Fabricius, 1781)
(Lepidoptera: Gracillariidae). This leaf-miner species is a poly-
voltine microlepidopteran widely distributed in Europe
(Pottinger and LeRoux, 1971).

L4-mined (only one mine per leaf) and unmined (an adjacent
neighboring leaf) green leaves were simultaneously collected in
the field between 08:00 a.m. and 09:00 a.m. in autumn
(November) on M. domestica apple-trees, in a biologically managed
orchard in Thilouze, France (47�1403500 North, 0�3404300 East). Leaf
tissues were dissected on site and immediately frozen in liquid
nitrogen. Leaf-miner insects and frass were removed from the mine.
Back in the laboratory, samples were stored at �80 �C until further
analysis. Prior to chemical and gene expression analyses, insect spe-
cies and infection status (presence of Wolbachia symbionts) of larvae
removed from field leaf samples were checked according to the pro-
tocol developed for this species by Kaiser et al. (2010).

In order to study the phytohormone concentrations and the
gene expression pattern of leaf tissues, mined areas (M) were dis-
sected on ice following the exact outline of the mine. Ipsilateral
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tissues (leaf tissues on the same side of the main vein as the mine:
U1), and contralateral tissues (leaf tissues on the opposite side of
the main vein and of the mine: U2) were also dissected (Giron
et al. 2007). Adjacent unmined leaves were used as a control (C).
Each leaf sample was ground with a mortar and a pestle in liquid
nitrogen after lyophilization (Bioblock Scientific Alpha 1–4 LD plus
lyophilizator).

2.2. Phytohormones analysis

Phytohormones were analyzed following the protocol described
in Schäfer et al. (2015a): http://www.bio-protocol.org/e1167, and
in Nakamura et al. (2013). In brief, for each sample (n = 14 for each
area: M, U1, U2 and C), 30 mg of plant tissues were extracted in
acidified aqueous methanol extraction buffer (750 ml MeOH,
200 ml ddH2O, 50 ml HCOOH (Schäfer et al., 2015a). Isotopically
labeled standards were added to each sample for quantification
(1 ng [2H5]-trans-zeatin; 0.1 ng [2H5]-trans-zeatin riboside; 4 ng
[2H5]-trans-zeatin-O-glucoside riboside; 0.2 ng [2H6]-N6-isopente
nyladenosine (all Olchemin); 40 ng 9,10-[2H2]-9,10-dihydrojasm
onic acid; 40 ng [2H4]-salicylic acid (Sigma–Aldrich); 40 ng
[2H6]-abscisic acid (Santa Cruz Biotechnology); and 8 ng
jasmonoyl-[13C6]-isoleucine). This extraction was followed by
two solid-phase extraction (SPE) steps, which resulted in two frac-
tions from the second SPE (HR-XC) step: (a) methanol eluate; and
(b) 0.35 N NH4OH in 60% MeOH eluate. Fraction (a) was analyzed
for salicylic acid (SA), abscisic acid (ABA), jasmonic acid (JA),
11/12-hydroxy-jasmonic acid (OH-JA), jasmonoyl-isoleucine
(JA-Ile), 12-hydroxy-jasmonoyl-isoleucine (OH-JA-Ile), and
12-carboxyjasmonoyl-isoleucin (COOH-JA-Ile) by LC–MS/MS (API
5000 mass spectrometer, Applied Biosystems, Darmstadt,
Germany) in negative ionization mode and multiple reaction mode
(MRM) as described in Nakamura et al. (2013). The following
MRMs were added to the method: m/z 225 ? 59 [collision energy
(CE) �24 V; declustering potential (DP) �35 V] for OH-JA; m/z
338 ? 130 (CE �30 V; DP �50 V) for OH-JA-Ile; and m/z
352 ? 130 (CE �30 V; DP �50 V) for COOH-JA-Ile. Fraction (b)
was analyzed for cytokinins by LC–MS/MS (API 5000 mass spec-
trometer) in positive ionization mode and MRM mode according
to Schäfer et al. (2015a). Phytohormones were quantified relative
to the signal of their corresponding internal standard. For quantifi-
cation of OH-JA, 9,10-[2H2]-9,10-dihydrojasmonic acid was used as
the internal standard applying a response factor of 1.0; for quan-
tification of OH-JA-Ile and COOH-JA-Ile, jasmonoyl-[13C6]-
isoleucine was used as the internal standard applying a response
factor of 1.0. Cis isomers of cytokinins were quantified using the
signal of the respective trans isomer standard and applying a
response factor of 1.0.

2.3. Microarray analysis

For gene expression, five different leaves were pooled for each
biological replicate and two biological replicates per treatment
were used and analyzed together. Mined tissues were obtained
similarly to the procedure described above and compared to
unmined ipsilateral tissues. Total RNAs were extracted from
50 mg of frozen plant tissues ground in liquid nitrogen using
Nucleospin� RNA Mini Kit (Macherey–Nagel, Düren, Germany).
mRNAs were amplified, labelled and cohybridized according to
the protocol of Celton et al. (2014). In brief, aRNAs were produced
with Message AmpII aRNA amplification kit (Ambion) from 200 ng
of total RNA. Then, 5 lg of each aRNA was retrotranscribed and
labelled with either Cyanine-3 or Cyanine-5 fluorescent dye
(Interchim, Montluçon, France). Labelled samples were combined
as 30 pmol for each dye and cohybridized to the NimbleGen
microarray AryANE v1.0 containing 126,022 M. domestica
sense-antisense gene pairs, as described in Celton et al. (2014).
Deva software (NimbleGen) was used to extract pair-data files
from the scanned images, obtained using the MS200 microarray
scanner (Roche NimbleGen). Expression for each gene was worked
out as the mean and standard error of two biological replicates
hybridized on two independent arrays with fluorochrome reversal
(dye switch). Intensity data were extracted using R (v.2.13.0). Data
were normalized with the Lowess method, and differential expres-
sion analyses were carried out using the lmFit function and the
Bayes moderated t test using the R package LIMMA (Smyth,
2005) from the bioconductor project. To estimate gene expression
levels, the normalized expression values were corrected from back-
ground. Genes were considered differentially expressed if the t-test
P-values of the paired sample were below 1%

2.4. Data analysis

Annotation of M. domestica transcriptome was performed by
blasting all sequences from the mRNA consensus version 1.0 avail-
able in the Genome Database for Rosaceae (http://www.rosaceae.
org/) against the Uniprot database (BLASTx). Functional annotation
was performed with HmmerScan against Pfam A and B (Finn et al.,
2014) after predicting putative protein sequences with
Transdecoder (http://transdecoder.sourceforge.net/). Programs
were run in the multithreaded or Message Passing Interface
(MPI) mode when possible using the high-performance computing
centre of the French Centre Val de Loire region (CCSC) of Orléans,
France. Results were next integrated in a MySQL database with
Trinotate (http://trinotate.sourceforge.net/). Gene Ontology terms
were then browsed inside R to get genes associated with hormonal
pathways. Hypergeometric testing was performed using the ‘phy-
per’ function with custom scripts.

2.5. Statistical analyses

Statistical analyses were performed using R version 2.13.0.
Phytohormone concentrations were analyzed using Kruskal–
Wallis tests as data were not normally distributed. Where signifi-
cant effects were observed, post hoc comparisons were performed
using Mann–Whitney post hoc tests with Bonferroni correction.
3. Results

3.1. Cytokinins accumulate in mined-tissues

Only 8 compounds were present in significant amounts in our
leaf samples (Fig. 1A). We found an increase (Kruskal–Wallis test,
P < 0.05) in tZ (trans-zeatin), tZR (trans-zeatin riboside), tZROG
(trans-zeatin-O-glucoside riboside) and DZR (dihydrozeatin ribo-
side is a combination of ‘‘tDZR’’ and ‘‘cDZR’’) in mined-leaf material
when compared to unmined or control leaf tissues (Fig. 1A), but no
difference (Kruskal–Wallis test, P > 0.05) in the amount of iPR
(N6-isopentenyladenosine-50-diphosphate), cZR (cis-zeatin ribo-
side) and cZROG (cis-zeatin-O-glucoside riboside) between the dif-
ferent leaves. tZR and DZR were approximately 3 times more
concentrated in the mine, tZ was found to be 6 times more concen-
trated in mined tissues and tZROG 12 times more concentrated.
tZROG is not an active form of a CK, but is considered a storage
form that can be activated by b-glucosidases (Mok et al., 2000).
We also detected unknown forms of CKs (both at MRM 354/222
in positive mode in LC–MS analysis; high resolution mass spec-
trometry showed m/z of 354.1774 for the [M+H]+ ion, correspond-
ing to a molecular formula of C15H23O5N5 for the two unknown
compounds) that seem to be specific to the mined tissues; these
were 400 times more abundant in mined areas than in unmined
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Fig. 1. Changes in cytokinin (CK) levels and metabolism in apple tree mined tissues vs unmined tissues. (A) Levels of isopentenyladenosine (iPR), trans-zeatin (tZ), trans-
zeatin riboside (tZR), dihydrozeatin riboside (DZR), trans-zeatin riboside O-glucoside (tZROG), cis-zeatin (cZ), cis-zeatin riboside (cZR) and unknown cytokinin forms in mined
(M) and unmined plant tissues (unmined ipsilateral tissues U1, unmined contralateral tissues U2 and control tissues C). Statistical differences among means are shown by
different letters (a, b, c). (B) Overview of the differentially expressed CK metabolism-related genes (adapted from Spíchal, 2012) in response to P. blancardella. Only genes with
significantly different expression levels (P < 0.05) are shown. Ratios of expression levels of target transcript in mined and unmined areas are represented by a blue to orange
palette, blue colors reflecting higher expression in the unmined area and orange colors higher expression in the mined area. See Supplemental Table 2 for a complete list of
CK-related genes and ratio values. (1) Phosphatase; (2) 50-ribonucleotide phosphohydrolase; (3) adenosine nucleosidase; (4) CK phosphoribohydrolase ‘lonely guy’; (5) purine
nucleoside phosphorylase; (6) adenosine kinase; (7) adenine phosphoribosyltransferase; (8) N-glucosyl transferase; (9) cytokinin hydroxylase; (10) cytokinin dehydrogenase;
(11) zeatin-O-glucosyltransferase either trans-zeatin specific or cis-zeatin specific; (12) b-glucosidase; (13) zeatin reductase; (14) zeatin isomerase. IPRDP, N6-
isopentenyladenosine-50-diphosphate; IPRTP, N6-isopentenyladenosine-50-triphosphate; iPRMP, N6-isopentenyladenosine-50-monophosphate; iPR, N6-isopenteny-
ladenosine; iP7G, N6-isopentenyladenosine-7-glucoside; iP9G, N6-isopentenyladenosine-9-glucoside, and the equivalents for tZ (trans-zeatin), DZ (dihydrozeatin) and cZ
(cis-zeatin); tZOG, trans-zeatin-O-glucoside; tZROG, trans-zeatin-O-glucoside riboside and the equivalents for DZ and cZ; tZOX, trans-zeatin-O-xyloside; cZOX, cis-zeatin-O-
xyloside; color code: light gray, compounds not measured; black, compounds measured but not detected; black bold, compounds detected with no significant change
between tissues; orange bold, compounds accumulated in the mined zone/genes overexpressed in the mine; blue, compounds with lower level in the mined zone/genes
underexpressed in the mine.
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tissue (43 ng/g DW vs <1 ng/g DW in unmined and control zones).
Amounts of sample available were not sufficient for a detailed
structure elucidation.
3.2. Plant transcriptome reveals a general reprogramming in the
mined zone

A total of 63,011 putative genes were analyzed by microarray to
compare their expression levels in mined and unmined areas. We
found 2684 and 1396 genes, respectively, that were significantly
(P < 0.05) more or less expressed in the mined zone (Fig. 2). Gene
set enrichment was tested (hypergeometric distribution) on Gene
Ontology (GO) terms to determine biological processes that were
significantly affected during infection by P. blancardella. The term
‘response to chitin’ (GO:0010200) was enriched with genes with
higher expression levels in the mined area (Table 1). The
up-regulated gene list was also enriched with terms related to ‘lig-
nin biosynthetic process’ (GO:0009809) and ‘isoprenoid biosyn-
thetic process’ (GO:0008299), as well as terms related to
hormonal regulation (JA, GO:0009611; brassinosteroid,
GO:0010268; ethylene GO:0009873), that may suggest an
increased activation of the plant defense system in the presence
of the leaf-mining insect (Bari and Jones 2009). Seven genes having
homologies with a quinone oxidoreductase-like protein of
Arabidopsis (At1g23740) were found in the top 50 most expressed
genes in the mined area, together with 4 genes homologous to a
Fig. 2. Volcano plot. Overview of differentially expressed genes in apple tree leaves wit
(mined vs unmined) are plotted against �log10 of P-values of the significance test. Blue
(ratio < 0) and genes more expressed in the mined area (ratio > 0), with color intensities
significance threshold.
probable aldo–keto reductase from soybean (Supplemental
Table 1). The significance of this apparent enrichment in reductase
expression remains to be determined. Of the genes with lower
expression levels in the mined zone, 28 were markedly related to
‘photosynthesis’ (GO:0015979) and 6 to sucrose ‘biosynthetic pro-
cesses’ (GO:0005986). Similar to the list of genes more highly
expressed in the mined zone, terms related to hormonal regulation
were also found to be enriched in the unmined area (CKs,
GO:0009691; ABA, GO:0009688). This global overview highlights
important alterations of the plant transcriptional program when
P. blancardella is present.
3.3. Expression of CK-related genes contrasts with CK accumulation
patterns

A list of 219 genes was constructed by querying GO annotations
with the term ‘cytokinin’. Expression levels that differed signifi-
cantly between mined and unmined leaf areas were observed for
only 22 genes (Supplemental Table 2). We found an overall weaker
expression of genes related to activation of CKs. Indeed, 6 CK phos-
phoribohydrolases ‘lonely guy’ genes (enzyme in Fig. 1B), which
encode enzymes converting iPRMP (N6-isopentenyladenosine-50-
monophosphate), tZRMP (trans-zeatin riboside-50-monophosphate),
DZRMP (dihydrozeatin riboside-50-monophosphate) and cZRMP
(cis-zeatin riboside-50-monophosphate) into their active forms iP,
tZ, DZ (dihydrozeatin) and cZ (cis-zeatin), respectively, were less
h mined and unmined areas. For each gene in apple tree genome, expression ratios
and orange dots, respectively, indicate genes more expressed in the unmined area

related to the amplitude of fold change. The horizontal line corresponds to the 0.05
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expressed in mined tissues. One gene encoding a CK hydroxylase
(enzyme in Fig. 1B), which catalyzes an early step in the biosynthe-
sis of tZ, was strongly expressed in the mined zone, but genes encod-
ing enzymes involved in subsequent steps were less expressed in
mined tissues, as mentioned above. In contrast, we found a higher
expression of genes related to CK interconversion/degradation in
the mined area. For example, 2 genes with homologies to a gene
encoding adenine phosphoribosyltransferase (enzyme in Fig. 1B)
and 1 gene encoding adenosine kinase (enzyme in Fig. 1B) were
more expressed in the mined area (Fig. 1B). Finally, 2 genes encoding
cytokinin dehydrogenases (enzyme in Fig. 1B) involved in CK
degradation were also up-regulated in the mined area. While we
detected a very high amount of tZROG in the mine, genes related
to CK inactivation processes were not differentially expressed.
Overall, the analysis of CK-related gene expression in M. domestica
did not reveal a clear pattern of regulation in mined tissues, con-
trasting with the strong accumulation of CK forms in the mined area.
Additionally, genes related to the CK signaling pathway did not show
a clear contrasted gene expression profile. On a one hand, apple
genes corresponding to the Arabidopsis B-type response regulator
ARR11 (MDP0000320381) and the A-type response regulator ARR9
(MDP0000226231) were down-regulated in the mined area. On
the other hand, apple genes corresponding to the Arabidopsis
B-type response regulator ARR18 (MDP0000202657), the A-type
response regulator ARR3 (MDP0000328874) and the cytokinin
response factor CRF4 (MDP0000854039) were more expressed in
the mined area.

3.4. Leaf-mining is associated with biosynthesis of JA precursors but
not the active JA-Ile form

A list of 396 genes was constructed by querying GO annotations
with ‘jasmonic acid mediated signaling’ and ‘oxylipin biosynthetic
process’ terms. Seventy-eight genes out of 396 displayed expres-
sion levels that differed significantly between the two areas.
According to our transcriptomic data, most of the steps leading
to the formation of JA are likely to be activated in the mined area
(Fig. 3). In fact, the GO term ‘Response to wounding’
(GO:0009611) was significantly enriched with genes having higher
expression level in the mined area (hypergeometric, P = 6.15e�09)
(Table 1). This started with higher (P < 0.05) expression of several
apparent lipid-related genes in this tissue (Supplemental
Table 3), such as those encoding a triacylglycerol lipase
(MDP0000157538) and various phospholipases (enzymes in
Fig. 3: A1-Ib2, MDP0000286937; A1-Ic3, MDP0000674122; C4,
MDP0000126791; A1-lc1, MDP0000674141; D-b1, MDP0000
216575) that may act together to allow the release of a-linolenic
acid, the first intermediate in JA biosynthesis, from chloroplastic
phospholipids. In addition, a palmitoyl-monogalactosyldiacylgly
cerol delta-7 desaturase (MDP0000779630, Supplemental
Table 3) had one of the highest expression ratios. This enzyme is
involved in the release of dinor-12-oxo-phytodienoic acid
(dinor-OPDA, the C16 derivative of OPDA) during wounding in
Arabidopsis (Buseman et al., 2006). The conversion of a-linolenic
acid to JA requires 6 steps (Fig. 3), of which we found genes for four
that were more expressed in the mined area compared to control
leaves, including allene oxide synthase (AOS, enzyme in Fig. 3),
allene oxide cyclase (AOC, enzyme in Fig. 3); 12-oxo-phy
todienoic acid reductase (OPR, enzyme in Fig. 3), and ketoacyl
coA thiolase (enzyme in Fig. 3). The two remaining steps are cat-
alyzed by a lipoxygenase chloroplastic 13-LOX (enzyme in Fig. 3)
and a 4-coumarate CoA like ligase (enzyme in Fig. 3). We found
that homologous genes putatively encoding these enzymes dis-
played contrasted expressions. However, the apple gene displaying
the strongest homology with a 13-LOX [enzyme in Fig. 3:
MDP0000874800, 75 % identity (e-value = 0) with O24371 from
Solanum tuberosum] was more expressed in the mined area, sug-
gesting that synthesis of 13-hydroperoxylinolenic acid is possible.
It has been shown in potato that different 13-LOX genes had speci-
fic expression patterns (Vancanneyt, 1996), which could explain
the different behavior observed here for apple. A putative gene
encoding an enzyme for the step requiring 4-coumarate CoA
ligase-like activity (enzyme in Fig. 3) also showed this contrast-
ing behavior. A 4-coumarate CoA ligase-like 7 was encoded by a
probably duplicated gene in apple located on chromosome 11,
MDP0000267064 and MDP0000277093, both of them being more
expressed in the unmined area (Supplemental Table 3). By con-
trast, 4-coumarate CoA ligase like 5 and 9, respectively encoded
by MDP0000716496 and MDP0000289629 (enzyme in Fig. 3),
were both more expressed in the mined area. These 4 genes
had high identity with Arabidopsis genes (>60% identity,
e-value = 0) and could display specificities regarding their regula-
tion profiles.

The apparent overall activation of JA biosynthesis was sup-
ported by the accumulation of JA derivatives in mined and
unmined leaf areas (Fig. 3). In particular, JA was present in high
amounts in the mined zone (20 ng/g DW) but undetectable in
unmined and control zones. Four JA derivatives (hydroxyjasmonic
acid OH-JA, jasmonoyl isoleucine JA-Ile, hydoxyjasmonoyl isoleu-
cine OH-JA-Ile, carboxylated jasmonic acid COOH-JA-Ile) also accu-
mulated in relatively large amounts in the mined area. The most
active form of JA is its conjugate to isoleucine, JA-Ile. Although
no Jasmonic acid amido transferase (JAR) gene was found to be dif-
ferentially expressed between the two zones, the large accumula-
tion of JA-Ile (48 ng/g DW in mined zone vs 7 ng/g DW in
unmined and control zones; JA-Ile-1 and JA-Ile-2 showed the exact
same patterns/levels and were combined as ‘JA-Ile’) demonstrates
the activation of the JA signaling pathway in the mined area.
Oxidized derivatives of JA-Ile (OH-JA-Ile and COOH-JA-Ile) are inac-
tive but also accumulated in the mined area, albeit to a lesser
extent (1 and 13 ng/g DW respectively) than JA-Ile. Hydroxylated
JA (OH-JA) (35 ng/g DW) was also found in a relatively higher
amount in the mined areas. This form was previously shown to
be inactive (Miersch et al., 2008). Recent results suggest that ami-
dohydrolases are involved in the generation of OH-JA, as a degrada-
tion product of JA-Ile (Widemann et al., 2013). Our transcriptomic
analysis revealed that 3 Malus genes (MDP0000454027,
MDP0000249564 and MDP0000491020) having more than 60%
identity with Arabidopsis IAA-amino acid hydrolase ILR1-like 6
(Q8VYX0) were significantly more expressed in the mined area
than in the unmined zone. In addition, we observed a putative sul-
fotransferase (MDP0000857608: enzyme in Fig. 3) that was
strongly expressed in the mined area. This gene may be required
to convert OH-JA into the sulfated form (HSO4-JA), which is also
inactive (Miersch et al., 2008). We were unable to obtain
HSO4-JA concentrations in mined leaves.

3.5. Leaf-mining induces weak modifications of the SA signaling
pathway

SA biosynthesis may either use phenylalanine or shikimate as
precursors (Chen et al., 2014). To determine a possible involve-
ment of this pathway in P. blancardella mined leaf areas, we ana-
lyzed the differential expression of 301 SA-related (with GO
annotations ‘salicylic acid biosynthetic process’ or ‘systemic
acquired resistance’) and 356 phenylpropanoid-related (with GO
annotations ‘cinnamic acid biosynthetic process’ or ‘phenyl-
propanoid biosynthetic process’) genes (Supplemental Tables 4
and 5). According to our transcriptomic data, expression level of
genes involved in the biosynthesis of the two intermediates t-cin-
namic acid and 3-deoxy-D-arabinoheptulosonate 7-phosphate
(DAHP) may be increased in the mined zone (Fig. 4). In particular,



Table 1
Hypergeometric testing of enrichment of GO terms related to biological processes.

GO term Search term Eff genomea Up-regulatedb P-value

GO:0010200 Response to chitin 263 48 3.06E�18
GO:0009809 Lignin biosynthetic process 182 34 6.97E�14
GO:0006032 Chitin catabolic process 80 21 1.61E�12
GO:0009813 Flavonoid biosynthetic process 169 26 3.54E�09
GO:0046148 Pigment biosynthetic process 27 10 5.68E�09
GO:0009611 Response to wounding 405 44 6.15E�09
GO:0010268 Brassinosteroid homeostasis 55 14 6.28E�09
GO:0016131 Brassinosteroid metabolic process 45 12 3.00E�08
GO:0009873 Ethylene mediated signaling pathway 418 42 1.21E�07
GO:0008299 Isoprenoid biosynthetic process 54 12 3.18E�07
GO:0000103 Sulfate assimilation 33 9 7.27E�07
GO:0000272 Polysaccharide catabolic process 108 16 3.27E�06
GO:0009825 Multidimensional cell growth 57 11 4.13E�06
GO:0009741 Response to brassinosteroid stimulus 77 13 4.20E�06
GO:0015936 Coenzyme A metabolic process 24 7 4.27E�06
GO:0043255 Regulation of carbohydrate biosynthetic process 18 6 5.30E�06
GO:0006730 One-carbon metabolic process 59 11 6.04E�06
GO:0016998 Cell wall macromolecule catabolic process 62 11 1.03E�05
GO:0009699 Phenylpropanoid biosynthetic process 35 8 1.17E�05

GO term Search term Eff genomea Down-regulatedc P-value

GO:0015979 Photosynthesis 219 28 7.13E�08
GO:0005986 Sucrose biosynthetic process 27 6 1.06E�04
GO:0035865 Cellular response to potassium ion 15 4 2.93E�04
GO:0009691 Cytokinin biosynthetic process 34 6 4.93E�04
GO:0009688 Abscisic acid biosynthetic process 25 5 5.23E�04
GO:0009143 Nucleoside triphosphate catabolic process 19 4 9.84E�04
GO:0022603 Regulation of anatomical structure morphogenesis 12 3 1.23E�03
GO:0030001 Metal ion transport 44 6 2.42E�03
GO:0010027 Thylakoid membrane organization 26 4 4.35E�03
GO:0040019 Positive regulation of embryonic development 10 2 7.39E�03
GO:0009851 Auxin biosynthetic process 19 3 7.62E�03
GO:0010189 Vitamin E biosynthetic process 30 4 8.18E�03
GO:0006561 Proline biosynthetic process 11 2 9.85E�03
GO:0007166 Cell surface receptor signaling pathway 11 2 9.85E�03
GO:0016123 Xanthophyll biosynthetic process 11 2 9.85E�03
GO:0007568 Aging 21 3 1.10E�02
GO:0009231 Riboflavin biosynthetic process 23 3 1.52E�02
GO:0055114 Oxidation–reduction process 23 3 1.52E�02
GO:0010089 Xylem development 35 4 1.56E�02
GO:0006546 Glycine catabolic process 13 2 1.60E�02
GO:0009773 Photosynthetic electron transport in photosystem I 13 2 1.60E�02

a Number of genes having this function in the genome.
b,c Number of genes having this function in the list of genes more highly expressed in the mined area and less expressed in the mined area respectively.
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4 genes encoding DAHP synthases (enzyme in Fig. 4) had log2
expression ratios > 1.6. The expression pattern for a putative cho-
rismate synthase (MDP0000244469: enzyme in Fig. 4), which
catalyzes one of the subsequent steps, had a similar expression
pattern, suggesting an overall activation of this biosynthetic
branch. However, this contrasted with the expression of a gene
encoding for a putative 3-dehydroquinate dehydratase
(MDP0000193646: enzyme in Fig. 4), which was more
expressed in the unmined area. There was no difference in
expression between mined and unmined leaf areas of a gene
encoding for a putative chorismate mutase, an enzyme important
for biosynthesis of isochorismate. While phenylalanine ammonia
lyase (PAL: enzyme in Fig. 4) encoding genes were strongly
expressed in the mined area, the genes putatively encoding
enzymes for the subsequent steps leading to SA were not differ-
entially expressed. However, it should be noted that some of
those steps are not clearly elucidated (Widhalm and Dudareva,
2015). In addition, many genes encoding enzymes located in
the downstream biosynthesis of plant-defensive flavonoids are
also more expressed in the mined area (see above; Table 1).
The up-regulation of PAL might therefore reflect more an
increased biosynthesis of phenylpropanoids and flavonoids (the
corresponding GO terms are significantly enriched, see above)
rather than that of SA.
The methyl ester derivative of SA, MeSA, corresponds to an
inactive form and its role as a mobile signal remains questionable
(Fu and Dong, 2013). According to expression patterns of SA
methyltransferase (enzyme ) and esterase (enzyme ), it seems
that the equilibrium between MeSA and SA is in favor of SA in
the mined area, as 4 genes encoding SA esterases (enzyme ) were
significantly more expressed in this zone (Fig. 4). Taken together,
these data are in favor of a stronger accumulation of SA in the
mined area. This was confirmed by monitoring accumulation of
SA in mined and unmined leaf area (Fig. 4). SA was indeed found
to accumulate in higher amounts in the mined zone (6550 ng/g
DW vs �4700 ng/g DW in unmined and control zones). However,
only 24 genes out of 306 related to SA mediated signaling were dif-
ferentially expressed, suggesting that modulation of this pathway
is likely to be limited. Among those genes, 3 genes thought to
encode glutaredoxins (MDP0000713715, MDP0000179654 and
MDP0000135807) may be involved in the regulation of redox
homeostasis and crosstalk with the jasmonate signaling pathway
(Ndamukong et al., 2007).

3.6. Mined zones are associated with lower ABA levels

A list of 411 genes was constructed by querying GO annotations
with ‘abscisic acid metabolism’ terms among which 34 evidenced
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Fig. 3. Changes in jasmonate levels and metabolism in apple tree mined tissues vs unmined tissues. (A) Levels of jasmonic acid (JA), jasmonoyl-isoleucine (JA-Ile), hydroxy-JA
(OH-JA), hydroxy-JA-isoleucine (OH-JA-Ile) and dicarboxy-JA-isoleucine (COOH-JA-Ile) in mined (M) and unmined plant tissues (unmined ipsilateral tissues U1, unmined
contralateral tissues U2 and control tissues C). Statistical differences among means are shown by different letters (a, b, c). (B) Overview of the differentially expressed JA
metabolism-related genes in response to P. blancardella. The same color criteria is used for ratios of gene expression levels (orange: overexpressed in mined tissues, blue:
downregulation in mined tissues; white: no significant change.) See Supplemental Table 3 for a complete list of JA-related genes and ratio values. (1) Phospholipase; (2)
lipoxygenase 6 (LOX6); (3) lipoxygenase chloroplastic (13-LOX); (4) allene oxide synthase (AOS); (5) allene oxide cyclase (AOC); (6) 12-oxophytodienoic acid reductase
(OPDA reductase); (7) 3-oxo-2-(2-(Z)-pentenyl)-cyclopentane-1-octanoic coA ligase (OPC8 CoA ligase); (8) 3-ketoacyl-CoA thiolase (KAT); (9) JA methyl transferase (JMT);
(10) cytochrome P450 hydroxylase (CYP94B3); (11) JA amido synthetase (JAR1); (12) sulfotransferase; (13) glucosylation; (14) amino acid hydrolase. 12-oxo-PDA, oxo-
phytodienoic acid; OPC8, 3-oxo-2-(2-(Z)-pentenyl)-cyclopentane-1-octanoic; JA, jasmonic acid; MeJA, methyljasmonate; JA-Ile, jasmonoyl-isoleucine; 12-OH-JA, 12-
hydroxy-JA; 12-OH-JA-Ile, 12-hydroxy-JA-isoleucine; 12-COOH-JA-Ile, 12-dicarboxy-JA-isoleucine; JA-Ile-Glc; O-glucosyl-JA-isoleucine; 12-HSO4-JA, 12-hydroxyjasmonic
acid sulfate; 12-OH-JA-Glc, 12-hydroxy-O-glucosyl-JA; 12-OH-JA-Ile-Glc, 12-hydroxy-O-glucosyl-JA-isoleucine; color code: see Fig. 1.
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Fig. 4. Changes in salicylic acid levels and metabolism in apple tree mined tissues vs unmined tissues. (A) Levels of salicylic acid (SA) in mined (M) and unmined plant tissues
(unmined ipsilateral tissues U1, unmined contralateral tissues U2 and control tissues C). Statistical differences between means are shown by different letters (a, b, c). (B)
Overview of the differentially expressed SA metabolism-related genes in response to P. blancardella. The same color criteria is used for ratios of gene expression levels
(orange: overexpressed in mined tissues, blue: downregulation in mined tissues; white: no significant change). See Supplemental Tables 4 and 5 for a complete list of SA-
related genes and ratio values. (1) 3-Deoxy-D-arabino-heptulosonate 7-phosphate synthase (DAHP synthase); (2) 3-dehydroquinate dehydratase; (3) chorismate synthase;
(4) Isochorismate synthase (ICS); (5) phenylalanine ammonia lyase (PAL); (6) SA methyltransferase; (7) SA esterase; color code: see Fig. 1.
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different expression levels between the two leaf tissues
(Supplemental Table 6). The biosynthesis of ABA appeared to be
markedly decreased in mined tissues as several biosynthetic genes
(zeaxanthin epoxidase (MDP0000142434–MDP0000189613:
enzyme in Fig. 5) and xanthoxin dehydrogenase (MDP000039
9796: enzyme in Fig. 5) were less expressed than in the unmined
area (Fig. 5). Moreover 3 apple genes (enzyme : MDP0000276663,
MDP0000192034, MDP0000326412) with strong homologies to
ABA 8-hydroxylases of Arabidopsis (70% identity) involved in the
oxidative degradation of ABA were significantly more expressed
in the mined area. Those results were consistent with our
measures of ABA concentration in mined and unmined leaf area
(Fig. 5). Indeed, ABA accumulates in lower amounts in the mined
zone (57 ng/g DW vs �91 ng/g DW in unmined and control zones).
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Fig. 5. Changes in abscisic acid levels and metabolism in apple tree mined tissues vs
unmined tissues. (A) Levels of abscisic acid (ABA) in mined (M) and unmined plant
tissues (unmined ipsilateral tissues U1, unmined contralateral tissues U2 and
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H. Zhang et al. / Journal of Insect Physiology 84 (2016) 114–127 123
4. Discussion

Biochemical and transcriptional changes in plant cells in
contact with P. blancardella larvae were monitored to better
understand how leaf-mining modulates the plant CK profile and
how this might interfere with the plant global hormonal balance.
Modulation of phytohormone levels is known to influence, either
positively or negatively, insect development and is therefore a
good indicator of the plant tissue physiological state (Erb et al.,
2012). Indeed, plant hormones are known to regulate key
processes related to plant development and responses to environ-
mental stresses (Santner and Estelle, 2009). They are also the
specific target of several phytophagous and phytopathogenic
organisms as a strategy to successfully invade the host–plant, to
modify or create new habitat structures and to obtain the nutrients
required to sustain their metabolic needs (Schultz and Appel, 2004;
Body et al., 2013; Bartlett and Connor, 2014; Tooker and Helms,
2014; Favery et al., 2016; Giron et al., 2016).

Previous studies revealed that P. blancardella is able to induce
increased cytokinin levels in mined tissues on both green and yel-
low leaves contributing to the creation of an enhanced nutritional
microenvironment (Giron et al., 2007; Kaiser et al., 2010; Body
et al., 2013). Plant-associated bacteria are known to use fascinating
molecular mechanisms that lead to the production of bacterial CKs
and the modulation of plant-borne CKs which ultimately result in
profound metabolic and morphological plant modifications
(Frugier et al., 2008: Stes et al., 2011; Giron and Glevarec, 2014).
Several lines of evidence suggest that insect bacterial symbionts
could be involved in the delivery of CKs to the plant in the P. blan-
cardella/apple tree interaction (Kaiser et al., 2010; Body et al.,
2013; Giron and Glevarec, 2014; Gutzwiller et al., 2015). It is note-
worthy that control of hormonal balance by various insects has
also been reported to be mediated by insect-associated bacteria
or viruses (Frago et al., 2012; Chung et al., 2013; Kazan and
Lyons, 2014).

Cytokinin content in the mined area of apple tree leaves was
significantly increased in comparison to unmined zones despite
an overall weaker expression of genes related to CK activation
and a higher expression level of genes involved in CK interconver-
sion and degradation. Our results suggest that CKs accumulated in
the mined area mostly originate from the insect itself rather than
being produced by the plant. Alternatively, they could potentially
be actively transported to the mined area from other parts of the
leaf/plant. Our transcriptomic data also suggest that the plant
molecular activity is acting to reduce the CK active pool in a possi-
ble attempt to regulate the flow of CKs provided by the bacteria–
insect interaction. This reveals a negative feedback on the plant
CK biosynthetic pathway in response to high CK levels and a
fine-tuned control of CK homeostasis by reducing the strong active
CK levels accumulated in the mine (Bhargava et al., 2013; Brenner
and Schmülling, 2012, 2015). Interestingly, a large amount of CK
O-glucoside reversible storage forms (tZROG) is accumulated in
the mine. It is interesting to note that a similar pattern has recently
been observed in another system where active CKs (iP, iPR and cZR)
as well as CK inactive forms (tZROG, cZROG, tZ7G trans-zea-
tin-7-glucoside) accumulate rapidly and to high levels upon
wounding and application of Manduca sexta oral secretions in
Nicotiana attenuata (Schäfer et al., 2015a). These O-glucoside forms
are considered to be resistant to degradation by CK oxidases (CKX)
enzymes and are regarded as a storage form of CK able to be
re-activated by b-glucosidases (Mok et al., 2000). Therefore the
strong level of tZROG in mined areas may contribute to maintain
insect-induced effects over the entire lifecycle of the insect
(40–50 days). Time course experiments will be required to
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characterize the phytohormone dynamics over the course of the
plant–insect interaction. Additionally, the identification of the
large fraction of unknown CKs accumulated in the mine may
help us determine whether they are insect- or endosymbiotic
bacteria-specific types of CKs (Giron and Glevarec, 2014).

Increased CK concentrations in the mine are expected to sustain
the activation of the corresponding signaling pathway in the plant.
However, increasing the content of CKs in mined tissues is also
likely to impact other signaling pathways. Indeed, much crosstalk
between phytohormones has been shown in plants, resulting in
the activation of appropriate plant defense mechanisms or in the
disruption of the plant anatomy and physiology leading to a favor-
able niche for the insect (Jaillais and Chory, 2010; Erb et al., 2012).
Other phytohormonal signaling pathways have been shown to be
impacted by the presence of P. blancardella. Leaf tissues infected
by P. blancardella were marked by a increased expression of genes
associated with the JA pathway, and, to a lesser extent, the SA
pathway. Leaf-mining was also associated with a repressed expres-
sion of genes of the ABA pathway. Antagonism between SA and JA
pathways, as well as SA and ABA are well established
(Robert-Seilaniantz et al., 2011; Pieterse et al., 2012). However,
crosstalk between JA and ABA pathways are less well understood
(Pieterse et al., 2012). Inhibition of the JA pathway by ABA after
infection by a fungal pathogen was reported (Anderson et al.,
2004) whereas JA was more recently found to positively regulate
expression of PYL4, the ABA receptor (Lackman et al., 2011). The
interplay between CK and ABA or JA is currently not fully under-
stood (O’Brien and Benková, 2013; Schäfer et al., 2015a). Recent
studies indicate the possible crosstalk between CKs and JA
(Schäfer et al., 2015a, 2015b). CKs accumulate rapidly upon
wounding with application of oral secretions of the grasshopper
Schistocerca gregata. Additionally, CK manipulation demonstrated
that CK concentrations in leaves and perception through
CHASE-domain containing HIS KINASE 2 (NaCHK2) and NaCHK3
were important for the accumulation of JA. Finally, methyl jas-
monate (MeJA) treatment was shown to affect herbivory-elicited
accumulation of CKs, by tending to increase tZROG levels. Hence,
the specific pattern of phytohormone accumulation in apple leaves
infected by P. blancardella might reveal new crosstalk or indirect
cascading effects between the corresponding pathways. Other sig-
naling pathways appear to be induced by P. blancardella. For exam-
ple two apple orthologs of Arabidopsis genes (ARR3:
MDP0000328874 and ARR18: MDP0000202657) and the cytokinin
response factor CRF4 (MDP0000854039) are overexpressed in
mined tissues. Expression of AtARR3 was shown to be induced
by the Pseudomonas bacterial effector HopQ, which contributes to
shutting down the basal immunity that is activated following
detection of microbial conserved patterns (Hann et al., 2013).
Whether the expression of these genes is dependent on
CK-signaling has to been investigated in future study (by a simple
CK treatment on apple leaves for example) and a deeper under-
standing of insect CK-mediated signaling, an area that has received
very little attention so far (but see Dervinis et al., 2010; Schäfer
et al., 2015a).

Our data show that the JA-Ile active form is produced in high
amounts in the mine, possibly as a result of the activation of the
JA pathway. This likely reflects the plant defense against the
leaf-miner, as physiological responses mediated by JA include seed
and flower development, and also defense activation after wound-
ing or during attacks by necrotrophic microorganisms and chewing
insects (Erb et al., 2012; Wasternack and Hause, 2013; Farmer
et al., 2014). In accordance with the presence of JA-Ile, we found
that the expression of many genes involved in the phenyl-
propanoid/flavonoid pathway were similarly increased in the
mined zone. Positive regulation of this pathway by jasmonates
has been established several times (De Geyter et al., 2012).
Increased production of jasmonates and phenylpropanoids was
also reported in leaves of a resistant coffee genotype during infes-
tation by the leaf-miner Leucoptera coffeella (Cardoso et al., 2014).
Whether such an activation of defense responses is required to
limit the spread of the mine remains to be determined. In another
leaf-mining insect, Liriomyza huidobrensis, the JA pathway was acti-
vated locally in the host plant Arabidopsis, while the production of
secondary metabolites was down-regulated (Zhang et al., 2012).
Similar results were found in P. blancardella, in which the insect
is able to mitigate phenylpropanoid biosynthesis (Glevarec et al.,
unpublished). Interestingly, another Liriomyza species, Liriomyza
sativae suppresses JA-dependent responses as observed by the
decrease in JA-related transcript expression, in contrast to overex-
pression of SA-related markers, in tomato (Kawazu et al., 2012). In
addition, MeJA treatments of tomato leaves reduced performance
of L. sativae. For P. blancardella, inactive forms of JA also accumu-
lates in the mined zone, which may reveal an attempt of the
leaf-miner to control the jasmonic flux through deactivation
processes. This would allow the leaf-miner to limit activation of
the downstream components that act as a negative feedback
against the insect. The observed activation of the biosynthesis of
phenolic compounds could also be a consequence of CK accumula-
tion of in the mined area. Positive and strong regulation of flavonol
synthase by CK (6-benzyladenine) was previously reported in roots
and shoots of Arabidopsis (Brenner and Schmülling 2012). As posi-
tive regulators of cambial development, CKs are also expected to
trigger the production of lignin precursors (Matsumoto-Kitano
et al., 2008; Brenner and Schmülling 2015). The significance of
phenolic compounds accumulation in the mine remains to be
determined.

Our results show a minor activation of the SA pathway (weak
accumulation of SA and few differentially expressed SA-related
genes). This weak activation might result from a combination of
(i) the possible perception of chitin oligomers known to trigger
the SA pathways and (ii) a higher activation of the JA pathway
which is able to negatively modulate the SA pathway
(Robert-Seilaniantz et al., 2011; Pieterse et al., 2012). The phyto-
hormone SA mediates resistance against biotrophic bioagressors,
but the triggering of the SA pathway by ‘stealthy’ insects such as
sap- and cell content-feeders is still debated (Robert-Seilaniantz
et al., 2011; Fu and Dong, 2013). For example, this pathway was
reported to be involved in Mi-1 mediated resistance of tomato to
the aphid Macrosiphum euphorbiae (Li et al., 2006). However, other
studies reported SA/JA-independent transcriptome changes in
response to other aphids, such as Myzus nicotianae on N. attenuata
and Myzus persicae on Arabidopsis (Voelckel et al., 2004; De Vos
et al., 2005). In fact, plant responses to sap- and cell content feeders
are likely to be very different, with aphids triggering specific and
strong reprogramming of the host metabolism (De Vos et al.,
2005). The apple tree transcriptomic responses to P. blancardella
resemble that of Arabidopsis responses to Frankliniella occidentalis,
a cell content feeder, which were characterized by the accumula-
tion of JA-related defenses and no activation of the SA pathway
(De Vos et al., 2005; Kawazu et al., 2012). However, our transcrip-
tomic data was obtained using older tissue-feeding instars. It is
very likely that younger fluid-feeding instars of P. blancardella
induce different plant responses, necessitating that the phytohor-
mone dynamics be characterized over the entire course of the
plant–insect interaction.

ABA has a pivotal role in protection against water loss in plants
under desiccation stress (Wasilewska et al., 2008; Erb et al., 2011).
ABA is also involved in plant responses to biotic stresses caused by
a wide range of plant pathogens with various effects depending not
only on pathogen lifestyles and overall infection biology (e.g.
necrotrophic vs biotrophic pathogens) but also on specialized fea-
tures of each interaction (Fan et al., 2009; Erb et al., 2012). More
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recently, ABA has been shown to play a role in plant resistance
against insect herbivores through a modulation of JA-driven
defense responses (Thaler and Bostock, 2004; Bodenhausen and
Reymond, 2007; Mondego et al., 2011; Erb et al., 2012). ABA also
plays a key role in senescence and abscission-promoting effects,
two processes of high importance for sessile organisms such as
leaf-mining and gall-inducing insects (Lim et al., 2007). P. blancar-
della induces a marked decrease of ABA levels in the mined area
due to the inhibition of the expression of several genes involved
in ABA synthesis. Several leaf-miners and gall-inducers induce leaf
abscission with, typically, a positive correlation between the den-
sity of insects and the probability of leaf abscission (Faeth et al.,
1981; Williams and Whitham, 1986; Kahn and Cornell, 1989;
Stiling and Simberloff, 1989; Hespeinde, 1991; Waddell et al.,
2001; Mazía et al., 2012). Abscission can be more frequent when
mines are clustered on one side of the midvein of a leaf rather than
when leaf-miners are on both sides of a leaf (Stiling et al., 1987).
Interestingly, several other Phyllonorycter species, such as
Phyllonorycter maestingella on beech and Phyllonorycter messaniella
on holm oak (Quercus ilex), show a lower abscission rate of
mined-leaves compared to unmined-leaves with leaf abscission
accounting for less than 3% of mortality (Pritchard and James,
1984a; Pritchard and James, 1984b). However, other studies show
induction of leaf abscission by a Phyllonorycter sp. leaf-mining
moth on Salix lasiolepis resulting in increased insect mortality
(Preszler and Price 1993) and an induced early leaf abscission by
the apple blotch leaf-miner Phyllonorycter crataegella (Maier
1983). Our results show that P. blancardella reduces ABA levels that
could contribute to non-senescing effects (‘green-islands’ being a
striking example) in synergy with insect-induced accumulation
of CKs. This could also favor the suppression of abscission during
the critical larval feeding stage. Future studies will require to
investigate whether leaf-mining by P. blancardella positively or
negatively impacts leaf abscission.

Our study demonstrates that leaf-mining by P. blancardella
leads to a strong reconfiguration of the plant phytohormonal bal-
ance associated with increased nutrient mobilization, inhibition
of leaf senescence and mitigation of plant direct and indirect
defense (Giron et al., 2007; Kaiser et al., 2010; Body et al., 2013).
Further research at the biochemical and molecular scales are nec-
essary to understand fully how phytohormones affect a plant’s
defensive response to endophytic herbivores, as most of our cur-
rent knowledge comes from ectophytic leaf-feeding or
sap-feeding insects. This will also allow us to gain a deeper under-
standing of the role played by phytohormones in insect-generated
extended phenotypes, the mechanisms underlying plant manipu-
lation, their origin, and their adaptive significance for insects.
Ultimately, this will lead to a more comprehensive knowledge on
the role of phytohormones in the evolution of plant–insect–micr
obe interactions.
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