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Effects of fertilisation on amino acid mobilisation by a
plant-manipulating insect
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Abstract. 1. Phytophagous insects frequently manipulate their host-plant to improve
their immediate environment. This generally implies substantial modifications of host
metabolism, and sometimes an alteration of nitrogen allocation within the host-plant.
However, the outcome of plant manipulation on amino acid or protein content can be
modulated by environmental factors and host-plant traits.

2. It was investigated whether the pseudogall induced by the aphid Phloeomyzus
passerinii (Signoret) (Aphididae: Phloeomyzinae) in the bark of its host-plant affects
the amino acid content in bark tissues, and whether the strength of the modification is
modulated by the fertilisation regime and/or the resistance level of the host-plant. The
development of aphid colonies on a resistant and a susceptible poplar genotype, under
three fertilisation regimes, was studied. After the development of colonies, the free and
protein-bound amino acid content of the infested bark were quantified.

3. Fertilisation enhanced poplar growth and increased the free amino acid content of
bark tissues. Infestation also triggered accumulations of both free and protein-bound
amino acids in the feeding sites, but in the susceptible genotype only. The increase in
amino acid content was more pronounced when fertilisation was low, and fertilisation
did not enhance aphid development.

4. In conclusion, infestation by P. passerinii triggers an accumulation of amino acids,
but the effect is influenced by both the fertilisation regime and the resistance level of the
host-plant. This suggests that P. passerinii could affect the allocation of nutrients within
trees during outbreaks.

Key words. Aphid, gall, host resistance, Phloeomyzus passerinii, Popu-
lus× canadensis.

Introduction

Some phytophagous insects can alter plant tissues to their
own advantage. Plant manipulation can provide different ben-
efits, including protection against predators or environmental
constraints, and help phytophagous insects to cope with the
nutritional imbalance of plant tissues (Price et al., 1987; Stone
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& Schönrogge, 2003; Body et al., 2013). This can be achieved
through ‘simple’ host modifications such as leaf rolling, which
provides a shelter and more edible plant tissues for caterpil-
lars (Sandberg & Berenbaum, 1989; Fukui, 2001). However,
other species have evolved very sophisticated anatomical and
physiological plant manipulations, which have been well docu-
mented for gall-inducing insects (Stone & Schönrogge, 2003).
As a recent example, the leaf-galling phylloxera induces the for-
mation of stomata on the upper surface of grape leaves, thereby
facilitating the nutrient acquisition by the insects (Nabity et al.,
2013).

To achieve plant manipulation, gall-inducing insects gener-
ally have to alter both the primary and secondary metabolisms
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of their host-plant, with sometimes dramatic outcomes on the
allocation of nutrients, at the tissue or organ levels (Abra-
hamson & McCrea, 1986; Fay & Hartnett, 1991; Nyman &
Julkunen-Tiito, 2000). In particular, galls are well known for
sugar or starch accumulation, but can also concentrate nitrogen
compounds such as amino acids or proteins (Schönrogge et al.,
2000; Koyama et al., 2004; Schoonhoven et al., 2006; Suzuki
et al., 2009). This is generally regarded as a way to improve the
nutritional value of the host tissues (Price et al., 1987). How-
ever, accumulation of nitrogen compounds is not the rule, and it
has been hypothesised that galling insects manipulate the level
and composition of these compounds towards an optimum for
their fitness rather than to a maximum (Hartley & Lawton, 1992;
Gange & Nice, 1997; Hartley, 1998).

Environmental conditions and host genotype may hamper the
remodelling of plant tissues by gall-inducing insects, and in turn
affect the population dynamics of the insects on their host-plant
(Koricheva et al., 1998; Huberty & Denno, 2004; Dardeau et al.,
2015). For example, after fertiliser application the nitrogen
content in manipulated tissues can increase (Abrahamson &
McCrea, 1986) or remain unaffected (Abrahamson et al., 1988;
Hartley & Lawton, 1992; Gange & Nice, 1997). In addition,
increasing the nitrogen content in plants, through fertilisation or
other means, can reduce or enhance galling success, but can also
have no effect depending on the study system (Gange & Nice,
1997; Rossi & Stiling, 1998; McKinnon et al., 1999). These
complex environmental effects might be further modulated by
interactions with the host-plant genotype (Stiling & Rossi,
1996). Unravelling the impacts of a plant-manipulating insect
on the content of nitrogen compounds in its host-plant, and how
environment and host genotype modulates them, would give a
better understanding of the nature and plasticity of interactions
between the insects and their hosts. An in-depth analysis of
these interactions could ultimately provide new insights into
how gall-inducing pests can be managed.

The woolly poplar aphid, Phloeomyzus passerinii (Signoret)
(Aphididae: Phloeomyzinae), is a Palaearctic species living in
bark crevices of poplar trunks and is considered the most dam-
aging pest of poplar plantations in the Mediterranean Basin
and the Near East, (Arzone & Vidano, 1984; Blackman &
Eastop, 1994; Sadeghi et al., 2007). Outbreaks are usually trig-
gered on large trees in fertile plots. During these heavy infes-
tations, colonies develop on the whole trunk and induce bark
necroses, delays in bud breaking, tree growth reduction, and,
sometimes, extensive tree mortality (Arzone & Vidano, 1984).
The origin of symptoms and processes leading to tree death
are still unknown, but they are probably related to the feeding
strategy of the aphid and its potential impacts on the alloca-
tion of nutrients within the host-tree (Dardeau et al., 2014a).
Phloeomyzus passerinii induces in the cortical tissues of sus-
ceptible hosts the formation of a well-structured pseudogall,
which enhances insect development and host acceptance (Dard-
eau et al., 2014a,b). Conversely, in a resistant poplar genotype,
pseudogall formation is hampered, and the benefits of pseudo-
gall induction for both aphid development and feeding behaviour
were less obvious (Dardeau et al., 2014a,b). While in the suscep-
tible host genotype lignification was restricted to localised parts
of the pseudogall, in the resistant genotype lignification was

more intense and occurred throughout the pseudogall, which
was consequently disorganised (Dardeau et al., 2014a). Aphid
infestation affects starch reserves in the pseudogall and the sur-
rounding tissues, especially in the susceptible host genotype
(Dardeau et al., 2014a). We expect that the successful estab-
lishment of P. passerinii on a susceptible host also affects the
content of nitrogen compounds in the bark tissues. We also
suppose that this process is impaired in resistant host geno-
types. Considering the prevalence of P. passerinii outbreaks in
fertile poplar stands, we further hypothesise that fertilisation
may have an additive or a synergistic effect on the concen-
trations of nitrogen compounds in bark tissues and on aphid
development.

Here we present the results of an experiment testing these
hypotheses. More specifically, our objectives were (i) to test
if P. passerinii modifies amino acid content in the bark where
pseudogalls are induced, (ii) to investigate the effect of fertili-
sation on the amino acid content of infested bark tissues and on
aphid development, (iii) to assess if host resistance can modu-
late both the effect of fertilisation and the amino acid content of
bark tissues. For this, we compared the development of woolly
poplar aphid colonies on stem cuttings of both a resistant and
a susceptible poplar genotype under three fertilisation regimes.
After the development of colonies, concentrations of free and
protein-bound amino acid in the infested bark tissues were
quantified by gas chromatograph-mass spectrometry (GC-MS)
analyses.

Materials and methods

Plants and insects

Stem cuttings of two Populus× canadensis Moench. hybrids,
I-214 and I-45/51, were obtained in January 2012 from the
experimental nursery of Guéméné Penfao (France). For each
genotype, stem cuttings were obtained by vegetative multipli-
cation from the same mother plant, and were, therefore, clonal
material. Previous experiments and field observations have indi-
cated that I-214 is highly susceptible to P. passerinii, whereas
I-45/51 lengthens aphid development and reduces its fecundity
(Pointeau et al., 2011, 2013).

Aphids originated from a colony established in October
2008 from an apterous parthenogenetic aphid collected in
Reboursin (France). This clonal colony belonged to the most
common haplotype that has so far been identified in France
(S. Pointeau et al., unpublished from combined analyses of
three mitochondrial DNA fragments, Cytochrome oxidase I and
II, and Cytochrome b). The colony was maintained under the
breeding conditions described by Pointeau et al. (2011), in a
climate controlled chamber (21± 1 ∘C, 70± 10% RH and LD
16:8 h photoperiod), on I-214 stem cuttings which provide an
optimal rearing host for this aphid.

Plant cultivation and growth monitoring

Cultivation and infestation were performed in a greenhouse
(INRA Orléans, France), where the temperature was controlled

© 2015 The Royal Entomological Society, Ecological Entomology, 40, 814–822



816 France Dardeau et al.

(20± 2 ∘C). The experiment was performed with 144 stem
cuttings (30 cm long), 72 for each poplar genotype. The stem
cuttings were kept at 5 ∘C until they were planted in February
2012 in 12-l pots filled with quartz sand and under tap water
irrigation. Irrigation was automated, and soil water content was
maintained at a field capacity throughout the experiment. Six
weeks after planting, when cuttings were rooted, a modified
Hoagland’s nutrient solution was manually applied to each stem
cutting. The macroelements contained in the nutrient solution
were (in mM) 268 NH4NO3, 77 K2HPO4, 37 CaCl2, and 31
MgSO4. The microelements were (in μM) 4834 H3BO3, 951
MnSO4, 80 ZnSO4, 33 CuSO4, 11 Na2MoO4, and 14 FeSO4.
This fertilisation was applied during 1 month; thereafter, the
stem cuttings were separated into three fertilisation treatments,
with 24 stem cuttings of each genotype per treatment. For the
optimal treatment (O), the above-mentioned nutrient solution
was applied to each stem cutting until the end of the experiment.
For the intermediate (I) and low (L) treatments, half and quarter
of the macroelements provided in the optimal treatment were
applied, respectively, to each stem cutting until the end of the
experiment. A similar amount of microelements was applied to
the three treatments. Once the different fertilisation treatments
were applied, plant growth was monitored monthly with basal
stem diameter and height of the newly formed shoot. Stem
cuttings were checked weekly for stem borers on buds and
aphids and whiteflies on leaves. These pests were mechanically
removed when detected. At the end of the experiment, the num-
ber of lateral shoots was counted on seven stems per modality.

Aphid infestation and monitoring

Two months after the beginning of the different fertilisation
treatments, 18 stem cuttings per modality were infested with
aphids. Three apterous parthenogenetic females were placed
at mid-height on the stem cuttings under a gelatin capsule
for 48 h. The establishment of aphids was then checked, and
new infestations were performed when necessary. Once three
females were established, the gelatin capsule was removed,
and colony growth was monitored for 6 weeks according to the
protocol described by Pointeau et al. (2011). Briefly, every week
a picture was taken of the two opposite sides of the infested
stem cuttings. The colony surface areas were then estimated
using ImageJ 1.40 (National Institutes of Health). For each
stem cutting, the two opposite areas were summed. To prevent
contamination of non-infested controls, colony development on
infested stem cuttings was restricted to the lignified section of
the cutting by applying glue at the base and the top.

Amino acid extraction and analysis

At the end of infestation monitoring, bark samples were
collected to measure concentrations of both protein-bound and
free amino acids. Samples were collected on seven randomly
selected infested stem cuttings and five controls for each fer-
tilisation treatment and genotype, respectively. Samples were
collected with a chisel from the suber to the cambial area
and immediately frozen in liquid nitrogen. They were then

lyophilised for 48 h, hand-ground to a fine powder using a
mortar and pestle under liquid nitrogen and weighted. Amino
acid concentrations were analysed by derivatisation using an
EZ:faast amino acid analysis kit (Phenomenex Ltd, Aschaffen-
burg, Germany) and subsequent quantification via a GC-MS
system composed of an AutoSystem XL GC coupled to a
TurboMass mass spectrometer (Perkin-Elmer, Courtaboeuf,
France). The protocol for this fast and cost-effective method
was adapted from Morehouse et al. (2013).

For the free amino acid analysis, some samples had to be
pooled owing to their small size and low concentration of amino
acids. Ground plant tissues (85 mg) were suspended in 950 μl of
a mixture of 25% acetonitrile and 0.01 M HCl (1 : 3, v : v) and
centrifugated at 1000 g for 2 min. For protein-bound amino acids
prior to derivatisation, 70 mg were suspended in 700 μl of 4 M
methanesulfonic acid in a glass tube. The air in the tube was
replaced with nitrogen gas and the tube was sealed. Tubes were
heated for 2 h at 150 ∘C. Once cooled, the pH of the solution
was adjusted to 1.5 by adding 1 M sodium carbonate. The
solution was transferred to a 1.5-ml Eppendorf tube, vortexed,
and centrifugated at 1000 g for 2 min. Norvaline was used as
an internal standard. Supernatant samples (500 μl) were then
subjected to derivatisation, concentrated under a stream of
nitrogen gas, and injected immediately into the GC-MS system.

Samples were separated on a ZB-AAA column
(10 m× 0.25 mm, Phenomenex Ltd) using helium as the carrier
gas at a constant flow of 1.1 ml min−1. The GC oven temperature
ramped from 110 to 320 ∘C at a rate of 30 ∘C min−1, with the
temperature at the injection port maintained at 250 ∘C. The MS
was maintained at a temperature of 200 ∘C at the electron impact
source and 310 ∘C at the inlet line. The scan range was 3.5 scans
per second. Under these conditions, 2-μl samples were injected
in the splitless mode (30 s). Purified amino acids were sourced
from Phenomenex and Sigma-Aldrich. Chromatograms were
analysed using the TurboMass software (version 5.4.2). While
the amino acids were well separated in standards, the elution did
not allow the separation of all amino acids in the samples, prob-
ably as a result of the contamination by other plant compounds.
Threonine was co-eluted with serine (Thr-Ser group), glutamate
with phenylalanine and cysteine (Glu-Phe-Cys group), and
arginine with aspartate and methionine (Arg-Asp-Met group).
Detectable quantities were found for all amino acids except
histidine.

For each sample, the total free and protein-bound amino acid
content was estimated by summing up all the amino acids
detected. Similarly, the total amino acid content was calculated
by summing free and protein-bound amino acid content of each
sample.

Statistical analysis

All tests were carried out with the statistical software R 2.11.0
(R Development Core Team, 2013). The effects of poplar geno-
type and fertilisation on plant growth parameters and aphid
colony development were assessed with repeated measures
analyses of variance (rm-anovas) using growth parameters
or colony surface area as dependent variables, time period as
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Fig. 1. Radial growth (mean±SE) of newly formed shoots from stem cuttings of two Populus× canadensis genotypes, I-214 and I-45/51, under three
fertilisation regimes (optimal, intermediate, and low, see text for further details). Stars indicate a significant fertilisation effect using an anova, with
***P< 0.001, **P< 0.01, and *P< 0.05.

within-subjects factor, and fertilisation as between-subjects fac-
tor. Subjects with missing values were discarded from these
analyses. When significant effects of dependent variables, or of
dependent variables× period interaction, were found, anovas
were performed across fertilisation regimes or between geno-
types, within time periods. A two-way anova was also per-
formed to test whether fertilisation and genotype affected the
number of lateral shoots. For the total amino acid content (free,
protein-bound, or the sum of free and protein-bound), the effect
of fertilisation and infestation were assessed with a two-way
anova. For the contents of individual amino acids, as data did
not met the requisite for homoscedasticity and normality, com-
parisons of medians were performed with non-parametric tests
including Wilcoxon’s rank-sum tests or Kruskal–Wallis tests,
followed by pairwise Wilcoxon’s rank sum tests with a Holm
correction for multiple comparisons. Permutational multivari-
ate anovas (permanova) using 1000 permutations (Anderson,
2001) were also computed to test the simultaneous responses of
free and protein-bound amino acid content to the poplar geno-
type, the fertilisation level, and infestation by P. passerinii, and
their interactions. To visualise similarities and differences in
amino acid patterns among fertilisation and infestation treat-
ments, a hierarchical clustering was performed with complete
linkage and Euclidean distances. For each genotype separately,
Pearson’s correlation tests were performed to estimate the rela-
tionship between the area of aphid colony on a stem cutting
and the amino acid content encountered in the bark. Data are
expressed as the means± standard error.

Results

Plant growth and insect development

Both the height and the basal diameter of the newly formed
shoots differed between the genotypes, I-214 stems being taller
(height for controls at the end of the experiment: 375± 3
vs. 298± 5 cm, F1,38 = 32.9, P< 0.001) and thicker (at the
end of the experiment: F1,42 = 7.9, P= 0.007) (Fig. 1). Fer-
tilisation also had a positive effect on the basal diameter,
which was significantly different 2 and 3 months after the
differentiation of fertilisation regimes for I-214 and I-45/51
respectively, and persisted between the two extreme treat-
ments until the end of the experiment (rm-anova, I-214:

Fig. 2. Surface area (mean±SE) of P. passerinii colonies on stem
cuttings of two Populus× canadensis genotypes, I-214 and I-45/51,
under three fertilisation regimes (O: optimum, I: intermediate, L: low,
see text for further details).

fertilisation, F2,70 = 8.43, P< 0.001; time period× fertilisation,
F8,280 = 25.82, P< 0.001; I-45/51: fertilisation, F2,63 = 2.44,
P= 0.096; time period× fertilisation, F8,252 = 8.25, P< 0.001)
(Fig. 1). Stem borers attacked some stem cuttings at ran-
dom and destroyed their apical shoot, impairing their apical
growth. As a result, no fertilisation effect was detected on stem
height for I-45/51 and only a small time× fertilisation effect
was detected for I-214 (rm-anova, fertilisation, F2,61 = 0.04,
P= 0.961; period× fertilisation, F8,244 = 2.9, P= 0.041). The
number of lateral shoots was not affected by genotype but fertil-
isation had a positive effect as a six-fold increase was observed
between the two extreme fertilisation regimes (L: 2.2± 0.8, I:
6.2± 1.4, O: 12.9± 1.8, F2,40 = 15.9, P< 0.001).

Colonies failed to develop on some stem cuttings, which
were thus discarded from the analyses, and the remaining
12–17 replications per modality were used for the statistical
tests. Aphid colony surface area was affected by the geno-
type from the second week after infestations until the end of
the experiment. At that time, colonies were approximately
five-folds larger on I-214 than on I-45/51 (F1,96 = 171.4,
P< 0.001) (Fig. 2). At the end of the monitoring, colonies
of some stem cuttings totally covered the lignified section.
No significant effect of fertilisation on colony growth was
observed in either genotype (rm-anova, I-214: fertilisation,
F2,44 = 2.02, P= 0.145; time period× fertilisation interaction,
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Fig. 3. Amino acid content in the bark of stem cuttings of two Populus× canadensis genotypes, I-214 and I-45/51, under three fertilisation regimes
(O: optimum, I: intermediate, L: low, see text for further details), infested (I-) or not (C-) by P. passerinii. Free (black filling) and protein-bound (white
filling) amino acid content are presented. The effect of fertilisation (F) and infestation (I) on the free (FAA), protein-bound (PAA) and total amino acid
content (TAA) have been assessed using a two-way anova, with ***P< 0.001, **P< 0.01, and *P< 0.05. Error bars represent the standard error for
total amino acid content.

Table 1. Results of the multivariate analyses by permanovas considering the effect of fertilisation at three different levels, infestation by Phloeomyzus
passerinii, and their combination on the free and protein-bound amino acid (AA) content of the bark of two poplar genotypes, I-214 (susceptible) and
I-45/51 (resistant).

I-214 I-45/51

Free AA Protein-bound AA Free AA Protein-bound AA

Sources of variations Pseudo-F P Pseudo-F P Pseudo-F P Pseudo-F P

Fertilisation (F) 6.16 0.001 0.78 NS 7.06 <0.001 2.99 0.020
Infestation (I) 11.50 <0.001 8.18 <0.001 0.88 NS 0.48 NS
F× I 2.38 0.041 2.10 NS 0.21 NS 0.68 NS

F8,176 = 1.75, P= 0.091; I-45/51: fertilisation, F2,32 = 2.44,
P= 0.104; time period× fertilisation interaction, F8,128 = 1.76,
P= 0.090) (Fig. 2).

Total amino acid content

Control stem cuttings of both genotypes, within the same
fertilisation regime, did not differ in their total amino acids
content (Fig. 3). However, compared with I-45/51, infested
I-214 exhibited higher amounts of free, protein-bound and total
amino acids than I-45/51, but only for the low fertilisation
regime (P= 0.004, 0.009, and 0.004, respectively).

Fertilisation affected the total content of free amino acids in
both genotypes (Fig. 3), and the total content of protein-bound
amino acids in I-45/51 only. Infestation increased both the total
free and protein-bound amino acid contents in I-214 but affected
none of them in I-45/51 (Fig. 3). For the free amino acids, the
magnitude of increase in I-214 of the total content was different
according to the fertilisation regime. The total free amino acids
content significantly increased between control and infested
stem cuttings by 3.6, 2.8, and 1.3 for the low, intermediate, and
optimal fertilisation treatments, respectively (Fig. 3). The total
amino acid content (i.e. free and protein-bound) in the bark of
I-214 was not affected by fertilisation but increased in the bark
of I-45/51 (Fig. 3). Infestation significantly increased the total
amino acid content in I-214 by 2.6 and 2.0 for low and optimal
fertilisation treatments, respectively (Fig. 3).

Free amino acid composition

permanovas performed on all the free amino acids extracted
from both I-214 and I-45/51 indicated significant effects of
genotype (P= 0.005), genotype× infestation (P= 0.013), and
genotype× fertilisation (P= 0.026). Both fertilisation and infes-
tation acted differently depending on genotype. Consequently,
permanovas were performed for each genotype separately
(Table 1). Fertilisation affected the free amino acid content of
both genotypes. Infestation had a dramatic effect on the compo-
sition of free amino acids in I-214 but no effect was observed
in I-45/51. The effect of an infestation on the content of free
amino acids in I-214 was significantly modulated by fertili-
sation. The hierarchical clustering based on free amino acids
resulted in two distinct patterns depending on genotype (Fig. 4).
For I-45/51, samples were mostly clustered according to the
fertilisation regime, especially those from the low fertilisation
treatment, whereas, for I-214, samples were sharply clustered
according to the infestation treatment.

The controls of both genotypes did not differ in their free
amino acid content. In infested stem cuttings, however, the
content of free amino acids was frequently higher in I-214 than
in I-45/51. This was significant for leucine, lysine, tyrosine, and
the Thr-Ser, Arg-Asp-Met and Glu-Phe-Cys groups (P< 0.05 in
all cases).

Increased fertilisation induced an accumulation of some
amino acids in I-214 and of most of them in I-45/51 (Table 2).
Infestation also induced the accumulation of several amino
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Fig. 4. Hierarchical agglomerative clustering of free amino acid patterns in the bark of stem cuttings of two Populus× canadensis genotypes,
I-214 and I-45/51, under three fertilisation regimes (O: optimum, I: intermediate, L: low, see text for further details), infested (I) or not (C) by
P. passerinii, using complete-linkage agglomeration and Euclidean distances.

Table 2. Effects of fertilisation (F) at three different levels, and infestation (I) by P. passerinii, on the content of the different free and protein-bound
amino acids (AA) in the bark of two poplar genotypes, I-214 and I-45/51.

I-214 I-45/51

Free AA Protein-bound AA Free AA Protein-bound AA

Amino acids F I F I F I F I

Ala 0.001 NS NS NS <0.001 NS NS NS
Gly NS NS NS NS 0.049 NS NS NS
Val 0.013 NS NS 0.006 <0.001 NS NS NS
Leu NS 0.002 NS 0.002 <0.001 NS 0.013 NS
Ile NS NS NS 0.002 0.001 NS 0.008 NS
Thr Ser 0.009 <0.001 NS 0.011 0.004 NS 0.004 NS
Pro 0.035 0.048 NS NS 0.015 NS NS NS
Asn 0.006 NS NS NS 0.027 NS NS NS
Arg Asp Met NS 0.007 NS NS 0.004 NS NS NS

Glu Phe Cys NS <0.001 NS 0.006 0.013 NS 0.006 NS
Gln NS NS NS NS NS NS NS NS
Lys 0.023 NS NS <0.001 0.033 NS 0.034 NS

Tyr NS NS NS <0.001 NS NS 0.002 NS
Trp NS NS NS NS 0.017 NS NS NS

Underlined amino acids are essential amino acids for aphids in general.
Kruskal–Wallis tests were performed to assess the effect of fertilisation and Wilcoxon’s rank sum tests for the effect of infestation.
NS, not significant.

acids in I-214, particularly the Thr-Ser and Glu-Phe-Cys
groups.

Protein-bound amino acid composition

permanovas performed on all the protein-bound amino
acids extracted from both I-214 and I-45/51 indicated signifi-
cant effects of genotype (P= 0.008), fertilisation (P= 0.022),
and infestation (P= 0.023), and a significant interaction
between genotype and infestation (P= 0.022). Considering each

genotype separately (Table 1), fertilisation significantly changed
the protein-bound amino acid content in I-45/51 only. Infes-
tation had a dramatic effect on the protein-bound amino acids
content in I-214 but not in I-45/51.

Controls of both poplar genotypes did not differ in their
protein-bound amino acid composition. However, compared
with I-45/51, infested I-214 contained higher amounts of ala-
nine, glycine, valine, leucine, isoleucine, glutamine, lysine, tyro-
sine and Thr-Ser and Glu-Phe-Cys groups (P< 0.05 in all cases).

Fertilisation increased the content of several protein-bound
amino acids in I-45/51 but not in I-214 (Table 2). Infestation
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triggered, in I-214 only, dramatic increases in lysine and tyrosine
and, to a lesser extent, several other amino acids.

Relationships with colony development

The surface areas of aphid colonies on I-214 were correlated
with the free amino acid content (r = 0.73, P= 0.005), but
not significantly with the protein-bound amino acid content
(r = 0.43, P= 0.056). On I-45/51, the surface areas of aphid
colonies were correlated with the protein-bound amino acid
content (r = 0.67, P= 0.002), but not with the free amino acid
content (r = 0.32, P= 0.287). For both genotypes, the surface
area of colonies was correlated with the total amino acid
content (r = 0.62, P= 0.022 and r = 0.66, P= 0.015, for I-214
and I-45/51, respectively).

Discussion

Pseudogall initiation by P. passerinii triggers an accumulation
of protein-bound and free amino acids in the cortical tissues of
its host. A similar increase in free amino acid content has also
been reported in feeding sites of either phloem-feeding aphids
or gall-inducing insects (Sandström et al., 2000; Koyama et al.,
2004; Eleftherianos et al., 2006; Suzuki et al., 2009). This has
generally been interpreted as an improvement in the nutritional
value of host tissues, as amino acids are key nutrients for insects,
especially for aphids (Karley et al., 2002; Wilkinson & Douglas,
2002). Accumulation of protein and free amino acid may also
result from defensive reactions of the host-plant (Schoonhoven
et al., 2006). However, we found a positive correlation between
the surface areas of aphid colonies and the total free amino
acid content and a similar trend with the total protein-bound
amino acid content. Also, a previous study showed that both
nymphal development and host acceptance of P. passerinii
were enhanced on infested bark tissues, suggesting an improve-
ment in their nutritional value (Dardeau et al., 2014b). In other
plant–aphid interactions, plant manipulation increased specifi-
cally the amount of essential amino acid, i.e. amino acids which
are not synthesised de novo by the insect (Sandström et al.,
2000). In our system, the level of accumulation differed among
free amino acids, but an investigation with a better resolution
of individual amino acids would be necessary to assess whether
this preferential accumulation concerns mostly essential amino
acids. Furthermore, we have not assessed whether the amino
acid accumulation favoured the development of P. passerinii at
the individual level, and, for practical issues, we were not able
to specifically target the galled tissues. Therefore, although the
results suggest an adaptive manipulation of the aphid, we cannot
directly demonstrate that an infestation by P. passerinii improves
the nutritional value of the feeding substrate. A collection of
the ingested fluids using a stylectomy of the aphid mouthparts,
combined with fitness estimation on artificial media supple-
mented with various amounts of amino acids, might prove useful
to determine if the feeding substrate of P. passerinii is really
improved.

Protein-bound amino acids also accumulated after infestation.
Galls may accumulate proteins, different from those occurring

in natural, non-galled tissues (Schönrogge et al., 2000). Surpris-
ingly, the accumulation was especially pronounced for lysine
and tyrosine, suggesting an increase in peptides enriched with
these amino acids in the infested tissues. As already mentioned,
this may result from defensive reactions from the host. For
instance, hydroxyproline-rich glycoproteins occurring in cell
walls, enriched in lysine and tyrosine, can accumulate after
wounding or infection in plants (Mazau et al., 1988). However,
no deleterious effect was detected in our experiment. Con-
versely, the total protein-bound amino acid content correlated
positively with the surface area of aphid colonies on I-45/51,
with a similar trend on I-214, suggesting a benefit for the
insects. Aphids seem to have a limited ability to digest proteins
in general and are considered to rely mostly on free amino
acids for their nutritional requirements (Rahbé et al., 1995). In
these conditions, the observed correlations might be incidental.
Nevertheless, protein digestion can also occur in some cases,
providing supplemental amino acids to the aphids (Cristofoletti
et al., 2003; Pyati et al., 2011).

Plant manipulation allows phytophagous insects to optimise
their immediate environment by protecting them from their
natural enemies, modifying the microclimate, enhancing the
nutritional value of their diet, and buffering seasonal variations
of the nutrient composition of their food source (Price et al.,
1987; Stone & Schönrogge, 2003; Pincebourde & Casas, 2006;
Kaiser et al., 2010). Environmental constraints still modulate
the intensity and outcome of host-manipulation in many sys-
tems (Abrahamson & McCrea, 1986; Rossi & Stiling, 1998;
McKinnon et al., 1999). Meta-analyses point to the direction
that environmental factors reducing host-plant vigour gen-
erally decrease manipulation success by gall-inducing insects
(Koricheva et al., 1998; Huberty & Denno, 2004). In our system,
the fertilisation level affected the content of free amino acids in
both plant genotypes and, to a limited extent, the architecture
and growth of plants. However, it did not significantly affect
the growth of aphid colonies, which only tended to be larger on
both genotypes when fertilisation increased. The range of fer-
tilisation regimes considered might also have been too narrow
to detect any influence of fertilisation in aphid development,
as suggested by the limited differences among stem cuttings
under different treatments. In addition, the manipulation of
amino acid content by the aphid, along with an accumulation
level depending on the fertilisation regime, may have possibly
blurred the effect of fertilisation on aphid development.

The increased amino acid accumulation in infested bark
tissues, while fertilisation decreased, suggests a relatively plastic
host manipulation by the insect. It could be also hypothesised
that the magnitude of the induced modifications depends on
the initial composition of host tissues. A reverse trend has
been found in different plant/gall-inducing insect systems, in
which direct or indirect fertilisation increased the nitrogen
content of control tissues but not in galled ones (Hartley &
Lawton, 1992; Gange & Nice, 1997). This was regarded as a
sign of down-regulation exerted by the insect to maintain the
nitrogen content at an optimal level. It could be hypothesised
that P. passerinii can trigger an up-regulation of the free
amino acid content, with an intensity relying on the initial
content of host tissues. Alternatively, the increasing number of
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lateral shoots produced by poplars in response to fertilisation
could have increased the competition among sinks within the
plant, thereby limiting the ability of pseudogalls to mobilise
amino acids. Several studies have demonstrated that natural
sinks like catkins or buds can compete with galls and thereby
impair galling success or insect survival (Larson & Whitham,
1991, 1997). Investigating how plant architecture affects the
development of aphid colonies would help in determining the
relative importance of these two phenomena.

Host genotype sharply affected the nitrogen content in infested
bark tissues as infestation increased the content of amino acids
in the susceptible I-214 genotype but did not result in sig-
nificant accumulation of amino acids in the resistant I-45/51
genotype. Consequently, infested I-214 tissues contained higher
concentrations of several free and protein-bound amino acids
than I-45/51. This supports the hypothesis that the prolonged
development and low fecundity exhibited by aphids on I-45/51
results from a low nutritional quality of bark tissues in this
resistant genotype (Pointeau et al., 2013; Dardeau et al., 2014b).
Behavioural investigations showing that host acceptance was
enhanced on infested bark tissues of I-45/51 have suggested
that biochemical modifications could upgrade the quality of the
feeding substrate (Dardeau et al., 2014b). However, resistance
mechanisms alter the pseudogall formation in this genotype and
impair colony development (Dardeau et al., 2014a,b). Conse-
quently, the relative amount of galled tissues in the bark could
have been lower in I-45/51 than in I-214, which resulted in unde-
tectable biochemical modifications. Further investigations are
needed to test whether alteration of pseudogall differentiation or
limitation of aphid population in this resistant genotype impeded
significant accumulations of amino acids in bark tissues.

The sharp increase in amino acid content in tissues infested by
P. passerinii raises the question of the impact of aphid outbreaks
on the allocation of nutrients within trees. Our study was
conducted on stem cuttings, whereas aphids are mostly found on
mature trees in field conditions. However, resistance studies on
stem cuttings have proven to be congruent to field investigations
performed on trees (Pointeau et al., 2011), and pseudogalls
observed in stem cuttings are similar to what can be found in
tree bark. We hypothesise that similar amino acid accumulations
are induced by P. passerinii under field conditions, and might,
therefore, affect the allocation of amino acids within host trees,
when their trunk is covered with aphid colonies. Studying the
nitrogen allocation in trees during outbreaks would give a further
insight on P. passerinii impacts on host physiology.
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