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RESEARCH ARTICLE
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ABSTRACT

• The recent biological invasion of box tree moth Cydalima perspectalis on Buxus trees
has a major impact on European boxwood stands through severe defoliation. This can
hinder further regrowth and threaten survival of populations.

• In a mesocosm approach and controlled larval density over a 2-month period,
responses of B. sempervirens essential and specialized metabolites were characterized
using metabolomics, combining 1H–NMR and LC–MS/MS approaches. This is the first
metabolome depiction of major Buxus responses to boxwood moth invasion.

• Under severe predation, remaining green leaves accumulate free amino acids (with the
noticeable exception of proline). The leaf trans-4-hydroxystachydrine and stachydrine
reached 10–13% and 2–3% (DW), while root content was lower but also modulated by
predation level. Larval predation promoted triterpenoid and (steroidal) alkaloid syn-
thesis and diversification, while flavonoids did not seem to have a relevant role in
Buxus resistance.

• Our results reveal the concomitant responses of central and specialized metabolism, in
relation to severity of predation. They also confirm the potential of metabolic profiling
using 1H–NMR and LC–MS to detect re-orchestration of metabolism of native box-
wood after severe herbivorous predation by the invasive box-tree moth, and thus their
relevance for plant–insect relationships and ecometabolomics.

INTRODUCTION

Biological invasions can lead to rapid and brutal suppression of
native species (Brockerhoff & Liebhold 2017). A growing num-
ber of studies have reported that accidental or deliberate intro-
duction of non-native species leads to outbreaks of
populations. Such dramatic events are particularly described
for plant–insect relationships, whether in agricultural systems
or (semi)-natural forests (Kenis et al. 2009). In the latter,
extensive or total defoliation of the tree can kill the whole indi-
vidual and, at a larger scale, replace one species with another.
In this scenario, no control of an invasive pest can overwhelm
plant defences, which become ineffective in stopping or limit-
ing the pest attack (Davidson et al. 1999).

A typical recent example is that between the common Euro-
pean box (Buxus sempervirens L.) and the invasive box-tree moth
(Cydalima perspectalis, Lepidoptera: Crambidae; Walker 1859) in
Europe. This insect first arrived and established in Germany in
2006/2007 (Van der Straten & Muus 2010) via the boxwood
trade from Asia (Van der Straten & Muus 2010; Kenis
et al. 2013; Bras et al. 2019). This moth is a herbivore of box-
wood species (Leuthardt & Baur 2013), causing dramatic damage
to the common European boxwood, B. sempervirens, the Cauca-
sus B. colchica and rarer European species such as B. balearica
(Kenis et al. 2013). Those moths rapidly spread throughout
Europe, invading almost the entire European Buxus range and
ravaging both ornamental and wild European box species (Bras
et al. 2019). Moth fecundity is high, and individuals lay masses
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of eggs directly on box leaves, allowing efficient feeding by larvae.
After partial or entire defoliation, box can either grow back or
die if the defoliation is recurrent or the bark is consumed (Kenis
et al. 2013). Potential European natural enemies of this moth do
not significantly alter invasive moth population dynamics (Kenis
et al. 2013; Leuthardt & Baur 2013), and its impact may have sig-
nificant economic and ecological consequences in the long term
(Mitchell et al. 2018).
Buxus is an evergreen, slow-growing genus of small trees or a

tall understorey plant with morphological and physiological
plasticity (Letts et al. 2012). Buxus is cold- and drought-
tolerant and could be used to ensure soil stability and water
quality as it can grow on steep slopes. Invasion of Cydalima is
as an added threat to natural boxwood stands, which have
already undergone major declines (Di Domenico et al. 2012)
caused by other pests, such as the fungus Calonectria pseudona-
viculata (Mitchell et al. 2018).
Dynamics and consequences of plant–insect interactions on

both species survival and ecosystem processes are closely con-
trolled by specific traits of both partners. Survival of Buxus shrubs
and trees after moth invasion first depends on their resistance to
larval predation and second on re-sprouting ability following
severe or total defoliation. Plant immune responses combine
physical, constitutive and induced chemical traits to defend
against herbivores (Erb & Reymond 2019). The leaf cuticle of
Buxus is not an efficient barrier to larval grazing. Some chemical
defences of the Buxaceae have been described in traditional folk
medicine. Alkaloids are most important in Buxus species, with
more than 100 identified in this family (Devkota et al. 2008;
Zhang et al. 2015), including triterpenoid and steroid alkaloids
with antibacterial, antimalarial and anti-acetylcholinesterase
activity (Zhang et al. 2015; Szab�o et al. 2021a). More specifically,
B. sempervirens leaves contain at least 25 nor-triterpene alkaloids
(Szab�o et al. 2021b). Other specialized compounds in Buxus
leaves include flavonoids and phenolic acids (Bernal et al. 2013).
Nevertheless, further studies are necessary to elucidate the signifi-
cance and ecological functions of these compounds in defence
against herbivores. This is essential in the context of severe her-
bivory, which affects plant synthesis of specialized compounds,
resource allocation between above- and belowground parts and
its ability to regrow.
Metabolomics addresses questions related to plant responses

to their environment and is a valuable and powerful tool
(Barah & Bones 2015; Allwood et al. 2021; Anzano et al. 2022)
that can reveal complex mechanisms that occur during plant–
insect interactions; from recognition mechanisms between
insect and host, to systemic responses in plant tissues (Maag
et al. 2015; Dyer et al. 2018; Macel & Van Dam 2018). Compar-
ative descriptions of plant metabolomes with and without pests
have led to discovery of new active compounds in plant resis-
tance (Sanchez-Arcos et al. 2019; M€uller et al. 2024). Such
studies have revealed that plant resistance depends on many
chemicals rather than on a particular compound
(Lopez-Goldar et al. 2018). In this context, we used a strategy
where predation pressure was controlled to allow evaluation of
the extent of Buxus response.
Here, we employed a semi-controlled system that reduced

the chemical (both genetic and environmental) diversity of B.
sempervirens metabolic products and controlled Cydalima pre-
dation pressure over its 2-month life cycle. We then
characterized the metabolic shifts in leaves and roots using

multi-platform metabolomics. We combined targeted analysis
of free amino acids using liquid chromatography (LC), proton
nuclear magnetic resonance (1H–NMR) profiling for central
metabolism analysis, and LC coupled with tandem mass spec-
trometry (LC–MS/MS) fingerprinting to characterize special-
ized metabolites. Using a gradient of larval pressure, from no
to over-predation, we addressed the following questions
regarding expected changes in B. sempervirens: (i) are
nitrogen-containing compounds and other metabolites impli-
cated in modified resource allocation strategy after predation;
(ii) are specialized defence compounds differentially accumu-
lated; and (iii) are the metabolic modifications induced by
foliar predation controlled by intensity of predation pressure?

MATERIAL AND METHODS

Plant material and data analyses

To reduce natural variation in plant metabolism, we compared
closely related individuals growing in the same conditions. The
box trees were from the same Botanic place (La Ravoire F-
73490) and were free of chemical treatment. The mesocosm
experiment started in 2018, 4 April to 29 May 29, at the Uni-
versity Savoie Mont-Blanc campus in an isolated grassy area
(45°38030.000 N, 5°52002.700 E), with a similar clmate to nearby
natural box stands from which larvae were collected just before
the start of the experiment. A total of 32 box trees, about
30-cm high in 1 l pots were isolated in 1 m3 mesh cages
(insect-proof netting PE 22:30, 920 9 920; DIATEX,
Saint-Genis Laval, France) to prevent movement of larvae
between the trees. There were seven predation pressure values
with different numbers of caterpillars per box tree, with four
replicates each, and four controls without any larvae. A total of
1,437 caterpillars were used.

Predation pressure is the ratio of number of leaves needed
by all larvae to fulfil their development cycle over number of
available leaves. We used seven ranges [2.0; 1.0; 0.75; 0.5; 0.25;
0.13; 0.07] by precisely counting the number of leaves for each
tree and a mean of 25 leaves needed per month for its larval
cycle (see Ledru et al. 2022; Figure S1). Cages were only
watered by natural precipitation, regularly inspected, and
moths removed as soon as they hatched.

After approximately 2 months, remaining caterpillars were
removed and plants harvested, divided into roots, stems, senes-
cent leaves and intact green leaves without predation, air-dried
at room temperature for 48 h and each plant part weighed.
Roots and green leaves were then freeze-dried (Freeze dryer
YR05190; Kalstein, Paris, France) and further stored at �18 °C
prior to analysis. For each tree, freeze-dried plant material was
homogenized to a fine powder in a mill with 2-mm stainless
steel beads and vigorous shaking for 1 min (Retsch, Haan, Ger-
many). Each sample contained tissues from one plant, and four
biological replicates were made for each organ and herbivory
level. At high herbivory pressure (>0.75), the number of whole
green leaves without predation dramatically decreased (Fig. 1C,
D) but remained sufficient for analysis.

A linear mixed model was built to test the effect of larval
density on biomass of each plant part (Rpackage lmerTest;
Kuznetsova et al. 2017). Fixed effects were larval density (log
(x + 1) transformed) and plant part. The interaction between
larval density and plant part on biomass was also included, to

Plant Biology © 2024 The Author(s). Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands.2

Metabolic responses of Buxus sempervirens to Cydalima perspectalis Hay, Deborde, Dussarrat, Moing, Millery, Hoang, Touboul, Rey, Ledru, Ibanez, P�etriacq, Vanhaverbeke &

Gallet

 14388677, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/plb.13691 by C

ochrane France, W
iley O

nline L
ibrary on [22/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



test if the effect of larval density on biomass depends on the
plant part (analysis of covariance, ANCOVA). Random effects
were plant ID, since several measurements were made on each
plant (one for each biomass part). Distribution of model resid-
uals was visually checked and agreed with model assumptions
of normality and homoscedasticity.

Central metabolism analyses

Amino acid analyses
For each lyophilized green leaf sample, 100 � 2 mg DW was
used for Polar extraction in 0.5 ml ethanol and water (70/30,

v/v), by vortexing (Heidolph Top-mix 94323, Schwabach, Ger-
many) and sonication (Bransonic Ultrasonic cleaner 2510E–
DTH; Emerson, Saint-Louis, USA) for 10 min, followed by
5 min centrifugation at 20,000 g at room temperature. The
resulting supernatants were dried under vacuum (CentriVap
concentrator LABCONCO, Kansas City, USA), lyophilized
(freeze dryer: YR05190, Kalstein) separated in two aliquots of
about 20 mg (one for free amino acids the second for special-
ized metabolite determination) and weighed before storage at
�20 °C until chromatographic analysis.
For LC-UV-Fluo analysis, the 32 lyophilized polar extracts

were solubilized with norvaline (Nor, Agilent, Basel,

Fig. 1. Effect of predation by C. perspectalis on Buxus sempervirens saplings after 2 months. (A–C) Pictures of B. sempervirens shrubs after 2 months of pre-

dation at increasing larvae density (A) 0, (B) 0.13, (C) 0.5. Only three of the eight densities are shown. See text for further explanation of larvae density. (D)

Plant biomass (total and for each plant compartment, g�DW). Values are mean of four replicates and upper bars are SD of total biomass (sum of the four com-

partments). Percentage (white letters) in middle of each column refers to magnitude of the effect of predation (compared to pressure = 0) on biomass.

Plant Biology © 2024 The Author(s). Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands. 3

Hay, Deborde, Dussarrat, Moing, Millery, Hoang, Touboul, Rey, Ledru, Ibanez, P�etriacq, Vanhaverbeke & Gallet Metabolic responses of Buxus sempervirens to Cydalima

perspectalis

 14388677, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/plb.13691 by C

ochrane France, W
iley O

nline L
ibrary on [22/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Switzerland) in pure water (100 lM), as internal standard, to a
final concentration of extract of 20 mg�ml�1. Chromatographic
analysis used high-pressure liquid chromatography (HPLC)
(Agilent 1100; Agilent, Santa Clara, USA) with a guard car-
tridge and a C18 reverse phase column (Zorbax Eclipse– AAA
3.5 mm, 150 9 4.6 mm; Agilent Technologies) as previously
described (Henderson et al. 2000). Nineteen proteogenic
amino acids were detected and quantified: alanine (Ala), argi-
nine (Arg), asparagine (Asn), aspartate (Asp), glutamine (Gln),
glutamate (Glu), glycine (Gly), histidine (His), isoleucine (Ile),
leucine (Leu), lysine (Lys), methionine (Met), phenylalanine
(Phe), proline (Pro), serine (Ser), threonine (Thr), tryptophan
(Trp), tyrosine (Tyr), and valine (Val) along with three non–
amino acids: a-aminobutyric acid (a-ABA), citrulline (Cit),
and c-aminobutyric acid (GABA). Each response factor was
determined using a 100 lM standard mix for each compound
using ChemStation for LC 3D systems B01.03 (Agilent Tech-
nologies). Detection used UV at 338 nm for Asn and Nor. For
each amino acid, absolute concentration (in lM) was calculated
from UV or fluorescence chromatograms using Cabs =
(CNor 9 Aabs)/(ANor 9 CR), where Cabs is amino acid
absolute concentration, CNor norvaline concentration (lM),
Aabs absolute area for amino acid, ANor absolute area for nor-
valine, and CR ratio between area of amino acid and norvaline.
Amino acid data analysis used MetaboAnalyst 5.0 (https://

www.metaboanalyst.ca/, https://doi.org/10.1093/nar/gkab382,
RRID:SCR_015539). The data (23 absolute concentrations)
were first normalized (median normalization, cube root trans-
formation, and Pareto scaling) before multi- and univariate
statistical analyses. Principal components analysis (PCA) was
performed. Dendrograms were built with filtered data (variable
selection based on one-way ANOVAs for larvae density effect,
P < 0.05 after correction for false discovery rate (FDR)), using
Pearson distance and Ward’s linkage rule on means per larval
density for clustering.

1H NMR-based metabolomics profiling
NMR-based metabolomic analyses of B. sempervirens green leaf
and root samples were performed at the Bordeaux Metabolome
Facility of MetaboHUB. Extraction and 1H-NMR metabolomic
profiling of semi-polar extracts was performed as described in
Deborde et al. (2019). Lyophilized leaf and root powders
(24 � 1 mg DW) were extracted with deuterated solvents
(50/50 v/v MeOD/deuterated phosphate buffer pH 6.0), and
(trimethylsilyl)propionic–2,2,3,3–d4 acid sodium salt (TSP) was
used for chemical shift calibration. 1H-NMR spectra were
recorded at 500.162 MHz on a Bruker Avance III spectrometer
(Bruker, Wissembourg, France) and using an ATMA broadband
inverse 5-mm z-gradient probe flushed with nitrogen gas, at
300 K. A single-pulse sequence with presaturation (zgpr) was
used. To optimize NMR conditions, automated tuning and
matching, locking, shimming (topshim) and 90 ° hard pulse cal-
ibration (pulsecal) were carried out for each sample. The same
dedicated receiver gain was used for all extracts of the same
organ. 64 scans of 128 k data points each were acquired with a
90 ° pulse angle, a 7,000 Hz spectral width, a 9.35 s acquisition
time, and a 10.64 s recycle delay. Each bucket was designated
according to its central chemical shift value, in ppm. This
resulted in 455 and 384 normalized (constant sum normaliza-
tion, CSN) buckets with a signal-to-noise ratio (SNR) > 10 for
the leaf dataset and the root dataset, respectively.

The confidence level of metabolite identification followed
Sumner et al. (2007). 1H-NMR peak assignments were based
on chemical shifts, signal multiplicities, intensity ratios, com-
parison with NMR spectra of chemical standards (in-house
database, dbrefMeOD@500) and chemical shift values from the
BMRB database (BioMagResBank, www.bmrb.wisc.edu, RRID:
SCR_002296) and literature. In addition, 1-D selective gradient
experiments (COSY, NOESY, TOCSY), 1-D 13C experiments
and 2-D experiments, 1H-1H homonuclear correlated spectros-
copy (COSY, TOCSY), 1H-13C heteronuclear single-quantum
correlation (HSQC NUS) and 1H-13C heteronuclear multiple
bond correlation (HMBC NUS) experiments were performed
on selected samples to assist in annotation of ambiguous sig-
nals. One quantitative NMR spectrum of leaf extract (herbivory
pressure 1) was acquired, with a 1-D single pulse sequence, a
90° pulse angle, a 14 ppm spectral width, 4.68 s acquisition
time, 15 s recovery delay and 64 scans to quantify the major
quaternary-ammonium metabolites. TSP was used as internal
calibration standard. The correction factors for quantification
of compounds from the NMR spectra with presaturation were
then calculated for each specific compound and their content
expressed in mmol�g�1 DW used for extraction or as percent-
age (m/m) DW. Apodisation (LB 0.2 Hz), zero-filling (X2) and
Fourier transformation of Free Induction Decay, phasing,
chemical shift calibration and local baseline correction were
carried out with the NMRProcFlow web tool, www.
nmrprocflow. Org, RRID:SCR_022777). Each spectral region
of interest was determined manually with either intelligent
bucketing (De Meyer et al. 2008) or variable size bucketing
modules of NMRProcFlow.

The NMR data and metadata have been deposited in the
recherche.data.gouv.fr repository (https://doi.org/10.57745/
HX6NZL) for representative extracts of B. sempervirens root
and leaf.

The NMR data analysis was performed using MetaboAnalyst
5.0. The CSN data (455 and 384 buckets, for leaves and roots,
respectively) were first normalized (median normalization, cube
root transformation, and Pareto scaling) before multi- and uni-
variate statistical analyses. PCA was performed. Dendrograms and
corresponding heatmaps were built using Pearson distance and
Ward’s linkage rule for clustering of filtered data (variable filtra-
tion based on one-way ANOVA for larvae density effect, P < 0.01
and 0.05 for leaves and roots, respectively, with FDR correction)
using means per larval density to highlight significant trends.

Specialized metabolite LC–MS/MS-based analyses

To further assess specialized metabolites, we performed apolar
(ethyl acetate (EtOAc)) extractions on green leaf lyophilized
powder in addition to the polar extracts (also used for free
amino acid determination). Similarly, 32 other lyophilized sam-
ples of green leaves were weighed (5 � 2 mg DW) and extracted
with 0.5 ml 100% EtOAc to obtain apolar extracts, dried under
vacuum (CentriVap concentrator LABCONCO) precisely
weighed before storage at �20 °C until LC–MS/MS analysis.

Each dried apolar extract was solubilized in 300 ll 100%
EtOH (2.5 mg�ml�1 DW), and a 50 ll aliquot transferred into
a vial for LC–MS/MS analysis. The remaining solutions were
dried and stored at �20 °C until targeted analyses. LC–MS/MS
experiments on polar and apolar extracts were performed with
a 1260 Prime HPLC (Agilent Technologies, Waldbronn,
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Germany) coupled with an Agilent 6540 Q–ToF tandem mass
spectrometer. LC separation was achieved on an Accucore RP–
MS column (100 9 2.1 mm, 2.6 lm; Thermo Scientific, Les
Ulis, France) with a mobile phase consisting of H2O/formic
acid (99.9/0.1 v/v) (A) – acetonitrile/formic acid (99.9/0.1)
(B). The column oven was set at 45 °C. Compounds were
eluted at a flow rate of 0.4 ml�min�1 with a gradient from 5%
to 100% B in 20 min, then 100% B for 3 min. The injection
volume was fixed at 5 ll for all analyses. Mass spectra were
recorded in electrospray positive ionization mode with the fol-
lowing parameters: gas temperature 325 °C, drying gas flow
rate 10 l�min�1, nebuliser pressure 30 psi, sheath gas tempera-
ture 350°C, sheath gas flow rate 10 l�min�1, capillary voltage
3,500 V, nozzle voltage 500 V, fragmentor voltage 130 V,
skimmer voltage 45 V, octopole 1 RF voltage 750 V. Internal
calibration was achieved with purine and hexakis (1H, 1H, 3H
tetrafluoropropoxy)phosphazene (m/z 121.0509 and m/z
922.0098), providing mass accuracy >5 ppm. The
data-dependent MS/MS events were acquired for the five most
intense ions detected by full-MS, in the m/z range 100–1,700,
above an absolute threshold of 1,000 counts. Selected precursor
ions were fragmented at a fixed collision energy of 30 eV and
with an isolation window of 1.3 amu. The mass range for
MS/MS analysis was set as m/z 50–1,500.

The data files were converted from .d standard data format
(Agilent Technologies) to .mzXML format using MSConvert
software (ProteoWizard package 3.0; https://doi.org/10.1038/nbt.
2377, RRID:SCR_012056). All .mzXML values were processed
using MZmine 2.53 as described by Olivon et al. (2017). Mass
detection was performed with an MS1 noise level of 1,000 and an
MS/MS noise level of 500. The ADAP chromatogram builder was
employed with a minimum group size of 4 scans, group intensity
threshold of 3,000, minimum highest intensity of 8,000 and m/z
tolerance of 0.08 (or 20 ppm). Deconvolution was performed
with the ADAP wavelet algorithm with the following settings:
SNR threshold = 10, minimum feature height = 5,000, coeffi-
cient/area threshold = 10, peak duration range 0.00–0.4 min and
tR wavelet range 0.00–0.1 min. MS/MS scans were paired using a
m/z tolerance range of 0.01 Da and tR tolerance range of
0.4 min. Isotopologs were grouped using the isotopic peak grou-
per algorithm with a m/z tolerance of 0.08 (or 20 ppm) and a tR
tolerance of 0.2 min. Peaks were filtered using a feature list row
filter, keeping only peaks with MS/MS scans. Peak alignment was
performed using the join aligner with a m/z tolerance of 0.008
(or 20 ppm), a weight for m/z at 75, a retention time tolerance of
0.2 min and weight for tR at 25. The MGF file and the metadata
were generated using the export/submit to GNPS option (RRID:
SCR_019012).

First, to test effect of larval density on number of polar and
non-polar features, a linear mixed model was built (Rpackages
lmerTest and emmeans; Lenth 2022)). Fixed effects correspond
to larval density (log(x + 1) transformed) and to feature type
(polar or non-polar). The interaction between larval density
and feature type on feature abundance was included to test
whether the effect of larval density on abundance depends on
polarity (ANCOVA). Random effects corresponded to plant ID
since two extracts are made from each plant. The distribution
of the model residuals agreed with model assumptions of nor-
mality and homoscedasticity (visual check).

Molecular networks were calculated and visualized using
MetGem 1.3 (https://doi.org/10.1021/acs.analchem.8b03099).

MS/MS spectra were window-filtered by choosing only the top
six peaks in the �50 Da window throughout the spectrum. All
fragment ions in the �17 Da range around the precursor m/z
were removed. The m/z tolerance windows used to find the
matching peaks were set to 0.02 Da, and cosine scores (mini-
mal cosine score 0.7) were kept in consideration for spectra
sharing at least two matching peaks. MS/MS data annotations
were performed in two steps: a search of standards (m/z error
at 0.02 Da) and a search of analogues (�200 Da). Only results
with cosine scores >0.9 and 0.7 were considered for standards
and analogues, respectively.
Figures for molecular networks were generated using Met-

Gem export function and ChemDraw Professional 16.0 (Perki-
nElmer, Waltham, MA, USA) https://doi.org/10.5281/zenodo.
8263903.
The LC–MS/MS quantification data were analysed using

MetaboAnalyst 5.0. The data (1,606 and 1,311 m/z features for
both extracts, respectively) were first normalized (median nor-
malization, cube root transformation, and Pareto scaling) before
multi- and univariate statistical analyses. A PCA was conducted
for polar and apolar data separately to obtain an overview of the
data. Clustering dendrograms (distance measure using Pearson’s
correlation, and clustering using Ward algorithm) and corre-
sponding heatmaps were built with filtered data (variable filtra-
tion based on one-way ANOVAs for larvae density effect, P < 0.01
with FDR correction) using means per larvae density to highlight
significant trends. We adopted sparse Partial Least Square Dis-
criminant Analysis (sPLS–DA) as a supervised method for pre-
dictive and descriptive modelling with discriminative variable
selection (https://bmcbioinformatics.biomedcentral.com/articles/
10.1186/1471-2105-12-253). The 100 most relevant variables
selected by the sPLS–DA for the first latent variable (LV1, load-
ings values) were collected for both LC/MS–MS datasets and
added to the 100 most significant variables according to the
one-way ANOVA for larval density effect (P < 0.01 FDR cor-
rected). After removing redundant variables between the LC–
MS/MS data sets, a list of 208 relevant features was obtained.

RESULTS

Larvae predation affects box aspect and biomass

As expected, a visual observation of B. sempervirens shrubs
revealed drastic effects of larvae occurrence on the aerial part
(Fig. 1A–C). Biomass comparisons confirmed that leaf predation
had deleterious effects on above- and belowground biomass, with
increasing impacts according to larval density (Fig. 1D). The bio-
mass of green leaves drastically decreased (P < 0.0001), and
senescent leaves outnumbered green leaves for densities >0.5. Lar-
val density also significantly decreased stem (P < 0.0001) and
root (P = 0.011) biomass and increased senescent leaf
(P < 0.0001) biomass. The negative effect of larval density was
stronger for green leaves than for roots or stems (P < 0.0001 in
both cases) and similar between roots and stems (P = 0.51).

Larvae predation modifies the amino acid profile of green
leaves

For metabolites of central metabolic pathways, we first scored
free amino acids in green leaves because of their central role in
development of both boxwood and larvae. In the absence of
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larvae, 19 amino acids or relatives were detected, Pro being
most abundant (41 lmol�g�1 DW), followed by Ala, Asn,
GABA, Trp, Val, Ser (1–8 lmol�g�1 DW). PCA revealed a pro-
gressive shift in amino acid profiles according to larvae density,
mainly on PC1 axis (66.2% of total variance; Fig. 2A). This
trend was confirmed by univariate analyses and clustering
analysis, showing that the content of 14 amino acids varied sig-
nificantly across density treatments (Fig. 2B). Leaf content of
Pro slightly increased between the 0 and 0.25 larval pressure
but decreased at further larval densities. In contrast, concentra-
tions of other amino acids, including Asn, increased in
response to predation. As a result, the total amino acid concen-
tration (sum of the 19 amino acids) increased by a factor of 3.6
between plants without larvae and plants with a larval pressure
of 2.0 (Figure S2). Both PCA and heatmap highlighted the den-
sity treatment 0.5 as the critical point where nitrogen metabo-
lism changed drastically.

Larvae predation modifies relative content of central
metabolites in green leaves and roots

To increase understanding of the response of central metabo-
lism to herbivory, central metabolites were profiled for both
green leaves and roots using 1H–NMR (Fig. 3, Figure S3A, B).
In green leaves, the dataset of 455 buckets comprised 20 identi-
fied metabolites (Table S1) and a range of unknown com-
pounds. The identified compounds included organic (citric,
formic, fumaric, malic, quinic) acids, soluble carbohydrates
(glucose, sucrose), a polyol (inositol), and amino acids (Ala,
Asn, Asp, Ile, Leu, Pro, Tyr, Val). For Pro quantification, there
is good overlap between Pro absolute quantification by LC–UV
(Figure S2) and relative quantification by 1H–NMR (Fig. 4).
Less common than amino acids, betaines or Quaternary
Ammonium Compounds (QAC), i.e. N-containing com-
pounds characterized by a quaternary ammonium (stachydrine
or Pro-betaine, trans-4-hydroxystachydrine, choline and trigo-
nelline) were also annotated (Figure S4) and quantified in one
leaf sample under herbivory pressure 1.0. Trans-4-
hydroxystachydrine was quantified from its characteristic
methyl group (3 H) at 3.14 ppm, stachydrine from its charac-
teristic methyl group (3 H) at 3.13 ppm, choline from its char-
acteristic methyl group (9 H) at 3.21 ppm, and trigonelline
from its characteristic methyl group (3 H) at 4.45 ppm. NMR
quantification revealed trans-4-hydroxystachydrine as the most
abundant QAC in leaf samples (14% DW), followed by stachy-
drine (3% DW), choline (0.2% DW) and trigonelline (0.1%
DW). The content of trans-4-hydroxystachydrine and stachy-
drine were calculated with correction factors for the whole
dataset. Trans-4-hydroxystachydrine reached a maximum of
10–13% DW and stachydrine 2–3% DW in leaves under her-
bivory pressures 1.0 or 2.0. In roots, the 1H–NMR dataset of
384 buckets comprised 22 identified metabolites and a range
of unknown compounds (Figure S4, Table S1). Metabolites
included organic (formic, fumaric, malic, succinic) acids, solu-
ble carbohydrates (glucose, fructose, trehalose and sucrose),
amino acids (Ala, Asn, Asp, Pro, Tyr) and QAC metabolites
(stachydrine, trans-4-hydroxystachydrine, choline and trigo-
nelline). Trans-4-hydroxystachydrine reached a maximum of
1.2% DW and stachydrine of 2% DW in roots without
herbivory.

For leaves, the PCA of 1H–NMR profiles (Fig. 3A) revealed a
clear compositional shift along PC1 (76% of total variance).
Samples clustered into two groups: 0 to 0.25 larvae density on
the negative side, and 0.75 to 2.0 larval density on the positive
side of PC1. Samples of 0.5 larval density had an intermediate
position. Discrimination of root sample groups was weaker
according to a PCA of 1H–NMR profiles, with a marked sepa-
ration only between the highest and lowest larval densities
(Figure S5A).

Univariate and clustering analyses confirmed that increasing
larval density significantly modified the relative content of 342
buckets for leaves (Fig. 3B) and 141 buckets for roots
(Figure S5B). For Pro, sucrose and glucose, the trend of a slight
increase observed in relative foliar content under the lowest
predation pressure rapidly reversed above the 0.5 predation
level, and final content decreased 4-, 7- and 12-fold compared
to controls, respectively (Fig. 4). A similar decrease in root rela-
tive content was observed for these metabolites (Fig. 4). Con-
versely, the QAC stachydrine, trans-4-hydroxystachydrine and

Fig. 2. PCA and clustering analysis of free amino acid content (LC-UV) in

green leaves of Buxus sempervirens at eight larvae densities, from dark blue

(0) to orange (2). (A) PCA plot for the first two components (PC1 and PC2)

showing changes in 19 amino acids in 32 leaf samples. Ellipses represent

95% confidence interval. (B) Heatmap of a double clustering analysis for 14

amino acids whose concentrations vary significantly (ANOVA, P < 0.05, FDR

corrected) across eight larvae density treatments. Each row represents an

amino acid and each column a larvae density. The map was constructed

using Pearson distance and Ward’s linkage rule on means per larval density

and after Pareto scaling. Higher than average (mean centred) values are in

red, lower values are in blue.
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choline accumulated under the highest predation pressure by a
factor 2 to 3 in green leaves, without marked trends in roots
(Fig. 4).

Specialized metabolites are also affected by larvae occurrence

To capture most B. sempervirens specialized metabolites, we
deployed LC/MS–MS of polar and apolar extracts. Without
predation polar extracts yielded more features than apolar ones
(n = 1,564 vs n = 1,308 ; Figure S6). Features in apolar extracts
were highest (n = 1,346) with 0.75 predation, representing a
slight (+3%) but significant increase compared to the control.

The PCA (Figure 5A, B) revealed gradual shifts in spe-
cialized metabolites both for polar and apolar extracts
along PC1 (respectively, 56.5% and 57.6% of total vari-
ance). A total of 1,004 and 972 features, respectively,
from polar and apolar extracts responded significantly to
predation pressure (Fig. 5C, D). For polar extracts
(Fig. 5C), clear shifts in metabolism appeared as larval
density increased, with a decisive split at the 0.5 level.
The last column (2.0 predation) revealed exacerbated dif-
ferences that could be attributed to drastic changes
caused by plant collapse. The pattern from analysis of
apolar extracts was quite similar (Fig. 5D).

Fig. 3. PCA and clustering analysis of 1H-NMR data in green leaves of Buxus sempervirens plants (central metabolism) with eight larvae densities, coloured

from dark blue (0) to orange (2) and comparison of relative abundance of selected biomarkers. (A) PCA plot for the first two components (PC1 and PC2), based

on 455 buckets in 32 leaf samples. (B) Heatmap of double clustering analysis for the 342 buckets whose concentrations vary significantly (ANOVA, P < 0.01, FDR

corrected) across the eight ldensity treatments. Each row represents a bucket (with corresponding metabolite name when annotated) and each column a larval

density. The map was constructed using Pearson-correlation distance and Ward’s linkage rule on means per larval density and after Pareto scaling. Higher than

average (mean-centred) values are in red, lower values are in blue. Unk = unknown.

Plant Biology © 2024 The Author(s). Plant Biology published by John Wiley & Sons Ltd on behalf of German Society for Plant Sciences, Royal Botanical Society of the Netherlands. 7

Hay, Deborde, Dussarrat, Moing, Millery, Hoang, Touboul, Rey, Ledru, Ibanez, P�etriacq, Vanhaverbeke & Gallet Metabolic responses of Buxus sempervirens to Cydalima

perspectalis

 14388677, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/plb.13691 by C

ochrane France, W
iley O

nline L
ibrary on [22/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



(Steroidal) alkaloids are prominent biomarkers of box
predation

To gain insights into the chemistry, the 100 most predic-
tive variables selected by the sPLS–DA (first component)
and the 100 most significant variables from both extracts
(ANOVA, P < 7.5 9 10�7 apolar, 1.8 9 10�7 polar, FDR
corrected) were collected and merged, yielding a total of

400 variables to annotate. After removing redundant rele-
vant variables among the 400 of the two extract types,
208 relevant features (with m/z–tR couple) was obtained
(Table S2). Molecular networks were only surveyed for
relevant variables using ANOVA and sPLS–DA. The pro-
posed molecular formula (Metlin) was further confirmed
from databases (ChEBI, RRID:SCR_002088; DNP, https://
www.chemnetbase.com/) and literature.

Fig. 4. Comparison of selected leaf (L) and root (R) biomarkers that are significantly modulated by predation pressure. Mean � SD (n = 4) of content in

nmol�g�1 DW for 4-OH-stachydrine and stachydrine; and relative abundance of corresponding buckets for sucrose, glucose, choline and proline.
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For each feature, a combination of structural information
from Metlin (RRID:SCR_010500), molecular network (Met-
Gem) and public MS/MS databases GNPS (https://gnps.ucsd.
edu/ProteoSAFe/libraries.jsp, accessed 12 September 2023) and
MS–DIAL (http://prime.psc.riken.jp/compms/msdial/main.
html#MSP, accessed 12 September 2023) is proposed (see
Figure S7 for five examples of flavonoids). The compound exo-
(+)-cinmethylin (n°63, Table S2), a synthetic herbicide and
probable environmental contaminant, was discarded, thus

reducing the number of putative biomarkers of predation pres-
sure to 207.
Over half of the 207 discriminatory ions implicated in Buxus

response to predation could be assigned to ten different molec-
ular classes (Fig. 6, Table S2). Involvement of lipid and terpe-
noid metabolism is especially noticeable, as fatty acyls (six
occurrences), steroids (four), mono-, sesqui- and di-terpenoids
(1, 5, 6 respectively), triterpenoids (18), and a large number of
steroidal alkaloids (37) were annotated. Within the latter class,

Fig. 5. PCA and clustering analysis of LC–MS/MS data in green leaves of Buxus sempervirens (specialized metabolism) with eight larval densities from dark

blue (0) to orange (2). (A, B) PCA scores plot for first two components (PC1 and PC2) based on LC-MS data showing changes in metabolite features from polar

(A) and apolar (B) extracts (1605 and 1391, respectively) of 32 samples of B. sempervirens green leaves with different larval densities. (C, D) Heatmap of double

clustering analysis for 1004 and 972 features of polar (C) and apolar (D) extracts, respectively, whose concentrations vary significantly (ANOVA, P < 0.01, FDR

corrected) along the eight larval density treatments. Each row represents a metabolite signature and each column a larvae density. Number refers to bio-

markers listed in Table S2. The map was constructed using Pearson-correlation distance and Ward’s linkage rule on means per larval density and after Pareto

scaling. Higher than average (mean-centered) values are in red, lower values are in blue.
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34 metabolites were previously identified in Buxus, e.g. cyclo-
virobuxine D, buxmicrophylline, buxippine K, cyclobuxophyl-
line O, moenjodaramine. Twelve alkaloids from other
biosynthesis pathways also occurred, e.g. (benzyliso)quinoline
(derived from tyrosine) and quinolizidine (derived from
lysine) alkaloids. A dozen flavonoids (mainly quercetin deriva-
tives and methoxyflavones) and three cinnamic derivatives
were also found. In addition, four derivates of carnitine were
described.
The heatmap shows metabolic shifts under different preda-

tion pressures (Fig. 5C, D). As for central metabolism there
was a clear separation delineated for 0.5 predation. The modifi-
cations involved all classes of compounds, with emphasis in
heatmaps on triterpenoids and alkaloids, whether derived from
steroidal or other metabolic pathways. For instance, steroidal
alkaloids previously identified in Buxus (compounds 116, 120,
122, 163, 178) were overexpressed under high predation pres-
sure, while others (compounds 85, 86, 93, 94, 98, 108, 110,
132) were under-expressed. To confirm the existence of meta-
bolic clusters responding to herbivory pressure and facilitate
putative annotation of the most predictive features, we devel-
oped molecular networks for LC–MS/MS data of apolar and
polar extracts (Figs 7 and 8) using average values for low

predation (0–0.25) and high predation (0.5–2.0). Notably, sev-
eral clusters, developed based on spectral and thus structure
similarities, were mainly detected under high herbivory pres-
sure (Figs 7 and 8). A total of 48 ions occurring in both molec-
ular networks are part of a group of 87 recognized as
discriminant in box responses but remain unidentified. As
examples, cluster AE (2;4) centred on quinolizidine alkaloids,
and cluster PE (1;2) centred on indole alkaloids, with accumu-
lation of these substances under high predation. For steroidal
alkaloids, positive (AE (2;1), compound 122) or negative (AE
(2;1), compounds 85, 96) responses to predation were
observed. Flavonoids identified in clusters AE (3;3, compounds
105, 114) and PE (2;14, compounds 201, 207, 208) were more
abundant under low predation.

DISCUSSION

Larval predation disrupts central metabolism and induces
QAC accumulation in boxwood green leaves

Herbivory effects on plant metabolism have long been investi-
gated, underlining their importance (species identity, kind of
herbivore) and intensity of plant–insect interaction (Ali &

Fig. 6. Repartitioning of 207 most significant LC-MS-based biomarkers selected from Buxus sempervirens leaf polar and apolar extracts among different clas-

ses of central and specialized metabolisms. Data adapted from Table S2 using the following clustering: N-based compounds contain amino acid derivatives,

quaternary ammonium compounds and piperidines; fatty acyls include N-acyl amines; lipids contain steroids, hydroxysteroids and xanthophyll; sesquiterpe-

noids include hormone derivatives; alkaloids merge benzylisoquinoline, pyrrolizidine, quinolizidine, indole and quinoline alkaloids; cinnamic derivatives contain

phenylpropanoids, cinnamaldehydes and cinnamic acids. When appropriate, the same colour code as in Figs 7 and 8 is used.
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Agrawal 2012) for plant responses. For central metabolism,
both inhibition and enhancement of fundamental processes of
plant growth (e.g. photosynthesis and amino acid biosynthesis)
have been reported (Zhou et al. 2015 for a review) under her-
bivory. The moth–boxwood interaction is an example of a
chewing specialist herbivore feeding on a long-lived and slow-
growing plant not adapted to this new pest, despite its large
array of defences. Profiling of green leaves reveals consequences
of leaf consumption by larvae on central metabolism. Numer-
ous metabolites from different metabolic pathways contribute
to shifts in profiles under low predation pressure, followed by
major disruption at 0.5 predation pressure, which corresponds
to a resource availability of twice the required value.

The progressive decline in glucose and sucrose reflects a pos-
sible decrease in leaf photosynthesis. Similarly, photosynthesis
of Tsuga canadensis needles was negatively affected by attacks
by two insects (Adelges tsugae and Firoina externa; Wilson
et al. 2018). In carrot leaves (Daucus carota) submitted to the
carrot psyllid Bactericerica trigonica, amounts of photosynthetic
pigments decreased proportionally to the increase of nymph
density (Othmen et al. 2022). The abundance of fructose in
leaves can be explained by the specific fructan types (small inu-
lin fructoligosaccharides) described in box leaves (Van den
Ende et al. 2016) and associated with cold and drought
responses. Trehalose in roots could be a similar adaptation:
increased predation pressure on leaves caused a decrease in
sucrose in roots, which could reflect a collapse of translocation
of photosynthetic products to subterranean storage organs.

With the notable exception of Pro, most amino acids accu-
mulated in the remaining green leaves when the plant was

attacked, as previously shown for seedlings of T. canadensis
(Wilson et al. 2018). In contrast, Ossipov et al. (2014)
described a 2.0- to 5.2-fold decrease in four amino acids in
Betula pubescens leaves damaged by the moth Epirrita autum-
nata, during a 3-year survey. In wounded plants, Asn, a general
N-transporter was the dominant amino acid (Figure S2),
revealing acute re-organization of central metabolism. Simi-
larly, leaf Asn (and choline) accumulated in 3-year-old Quercus
ilex as soon as 1 day after wounding (Sardans et al. 2014). In
the myrmecophyte species Tococa quadrialata, M€uller
et al. (2022) found several genes involved in biosynthesis of
amino acids (e.g. genes of tryptophan pathway) were induced
by ant herbivory, but no clear pattern emerged for protein deg-
radation. In contrast, herbivore-induced shifts in free amino
acids have been attributed both to increasing biosynthesis and
enhanced proteolysis as a result of insect manipulation of plant
gene expression (Zhou et al. 2015). Proteolysis is caused by
early senescence of cells in attacked leaves in combination with
reduced phloem transport. Nitrogen in green leaves is essential
to support production of Buxus N-based defence metabolites
(i.e. alkaloids). In our study, when predation pressure exceeded
0.5 and reached outbreak density, the insects consumed a large
portion of the available N, and it is unlikely that the few
remaining green leaves could act as an efficient sink.
Between 0 and 0.5 predation pressure, Pro content tran-

siently increased in leaves, in agreement with its role in allevi-
ating environmental stresses (Liang et al. 2013) and plant
senescence (Szepesi & Sz}oll}osi 2018). When predation pres-
sure became acute, Pro content decreased in leaves (and
roots), while other N-containing metabolites, characterized by

Fig. 7. Molecular networking and details (bold coloured box) of the four clusters AE (1;2), (2;1), (2;4) and (3;3) for apolar extract (AE) of Buxus sempervirens,

based on 1391 features. Each node represents one feature and the pie chart inside each node refers to relative abundance of the feature. Dark blue nodes indi-

cate no or low predation (mean of four lowest predation pressures, from P = 0 to P = 0.25), and orange nodes indicate high predation (mean of four high pre-

dations P = 0.5 to P = 2). Nodes with significant biomarkers have black bold borders. Compound numbers refer to Table S2, some examples of structure of

the identified compounds are presented.
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quaternary amines (QACs), tend to accumulate: choline, car-
nitine, stachydrine and trans–4-hydroxystachydrine; the latter
two being proline-derived alkaloids. Among angiosperms, B.
sempervirens is a high accumulator of less common betaines,
trans-4-hydroxystachydrine and stachydrine (Blunden
et al. 2005). Under herbivory pressures 1.0 or 2.0, trans-4-
hydroxystachydrine (10–13% leaf DW) and stachydrine (2–
3% leaf DW) were much higher than previously reported, i.e.
trans-4-hydroxystachydrine 3.2% DW, stachydrine 0.4% DW
and trigonelline 0.001% DW (Blunden et al. 2005), but with-
out herbivory pressure trans-4-hydroxystachydrine (3.7% leaf
DW) and stachydrine (0.7% leaf DW) were similar. These
QACs share with Pro a protective role against abiotic stresses
as osmolytes implicated in drought protection (Slama
et al. 2015; Jawahar et al. 2019). In our experiment, Buxus
saplings were watered with natural precipitation, visually
monitored and did not suffer from direct drought stress.
However, larval damage to vascular tissues and bark of the
small saplings probably interrupted sap conduction and pro-
duced symptoms similar to those caused by water depletion
involving stomatal control (Lin et al. 2022). Inositol in leaves
and trehalose in roots are other clues for such water stress
experienced by Buxus saplings. Besides their protective func-
tion against abiotic stress, new insights into their roles in
plant immunity have been developed both for Pro (Zeier 2013)
and other QACs, especially in plant–insect interactions

(Ômura 2018). For instance, Pro might be responsible for the
feeding preference of gipsy moth (Lymantrai dispar) on black
poplar leaves, in which increased Pro content was induced.
Pro also triggers a phagostimulatory neurone in arctiid moth
caterpillars (Bernays et al. 2000). Various explanations have
been put forward to explain why Pro is favoured by insects,
one being that Pro might be an alternative to carbohydrates as
fuel for flight, at least in hymenopterans (Teulier et al. 2016).
Host selection and oviposition are key processes in specialist
insect–plant interactions, and oviposition stimulants include
Pro and QACs (Honda 1995; Nishida 2014; Ômura 2018).
For instance, stachydrine from Citrus unshiu leaves is both a
larval feeding and oviposition stimulant for swallowtail but-
terfly (Papilio xuthus; Murata et al. 2011). In contrast, stachy-
drine and 3–hydroxystachydrine isolated from Maerua edulis
have insecticide and anti-oviposition activity towards the cow-
pea bruchid Callosobrochus maculatus (Stevenson et al. 2018).
It is possible that Pro and/or QACs relative abundance repre-
sents an indication of the infestation intensity for boxwood
tree moth females. However, further investigations are needed
to identify whether Pro, stachydrine and related compounds
are involved in oviposition. Nevertheless, existing gaps in
complex plant responses to combined abiotic and biotic stress
(e.g. drought combined with insect predation) do not exclude
cross-involvement of Pro and related compounds (Leisner
et al. 2023).

Fig. 8. Molecular networking and details (bold coloured box) of six clusters PE (1;1/3 coloured boxes), (1;2), (2;2), (2;14) for polar extracts (PE), based on 1605

features. Each node represents one feature and the pie chart inside each node refers to relative abundance of the feature. Dark blue nodes indicate no or low

predation (mean of four lowest predation pressures from P = 0 to P = 0.25), and orange nodes indicate high predation (mean of four high predations P = 0.5

to P = 2). Nodes with significant biomarkers have bold borders. Compound numbers refer to Table S2, some examples of structure of the identified com-

pounds are presented.
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Larval predation promotes alkaloid synthesis and
diversification

Untargeted metabolomic approaches considering the natural
plasticity of Buxus specialized metabolites remain recent and
rare (Szab�o & Schmidt 2022). However, this genus and its
impressive cohort of bioactive alkaloids have been surveyed for
decades (Athar & Andersh 2008; Xiang et al. 2022) because of
their medicinal uses (Zhang et al. 2015). To our knowledge, no
attempt has been made before to link the relative scarcity of
predators and parasites that depend on B. sempervirens and the
richness of its specialized metabolites, especially alkaloids.

Using polar and apolar extracts, we detected over 200 metab-
olites that are affected by foliar predation by box tree larvae.
The flavonoids in Buxus leaves, quercetin derivatives and meth-
oxyflavones (casticin and artemetin), are reduced under high
herbivory. Importance of phenolic metabolism in tree defence
is well known, with numerous phenylpropanoid derivates
(Populus, Quercus, Salix, Betula; L€amke & Unsicker 2018).
Buxus constitutive and induced defences depend on increased
lipid metabolism, which can be divided into two classes: terpe-
noids and steroidal alkaloids. The terpenoid class is mainly tri-
terpenoids and, to a lesser extent, by mono-, sesqui- and
diterpenoids. Two isomers of tocopherol (delta and gamma)
were also detected as putative biomarkers, and the roles of
alpha-tocopherol (vitamin E) in regulation of multiple induced
responses of birch leaves submitted to Epirrita autumnata her-
bivory was previously described Ossipov et al. (2014). Another
putative herbivory biomarker related to sterol pathways is apo-
13-zeaxanthinone, associated with rare red carotenoids in
Buxus leaves that offer protection from photoinhibitory condi-
tions during winter (Hormaetxe et al. 2005). Lipophilic com-
pounds (triterpenoids, sterols) have already been reported in
Betula pendula leaves, as a surface defence against larvae of
gypsy moth (Lymantria dispar) (Martemyanov et al. 2015). The
thick leaf cuticle of box might also be involved in such
defences.

Steroidal alkaloids are mainly synthesized by inclusion of
one or two N atoms into a preformed triterpenoid–steroidal
pregnane type structure (Athar & Andersh 2008; Xiang
et al. 2022). Ubiquitous in Buxus spp., they also occur mainly
in Solanaceae, Liliaceae and Apocynaceae, for which their bio-
logical activity has been documented (Bailly 2021). Some
respond positively to predation pressure (e.g. cycloxobuxoviri-
cine), while others do not (e.g. cyclovirobuxine D, buxippine
K). More classical alkaloid structures have been identified as
biomarkers of moth predation, such as apibaptifoline and bap-
tifoline (quinozilidine alkaloids).

Although our results reinforce the hypothesis of the defence
roles of the Buxus triterpenoids and alkaloids against insect
herbivory, no clear evidence of their repellence or direct toxic-
ity against natural pests exists, as is the case for other species
(Bailly 2021). Numerous biological activities have been
reported for Buxus extracts or molecules, including antiproto-
zoal (Althaus et al. 2014; Szab�o et al. 2021a,b), antioxidant and
enzyme inhibition (Orhan et al. 2012), cardioprotection (Xiang
et al. 2021) activity. Regarding boxwood moth larvae, some
adaptation mechanisms were proposed by Leuthardt
et al. (2013) who showed that larvae growing on Buxus leaves
can sequester some toxic alkaloids, while others are excreted.
The protective role of such sequestration mechanisms against

larvae predators (i.e. birds) has yet to be demonstrated. Simi-
larly, changes in the volatile profile of box were not investi-
gated here and remain as an open question, while it is tempting
to assume that the characteristic scent of Buxus, in part from 4-
mercapto-methylpentan-2-one (Tominaga & Dubourdieu
1997), could be an important driver of recognition and ovipo-
sition in such plant–insect interaction. Changes in plant chem-
istry must be considered in a multitrophic framework, because
direct and indirect chemical defences of Buxus are likely to be
modified (Gols 2014). For instance, because of the systemic
nature of the response, moth invasion can influence plant resis-
tance to other pathogens, like the fungus Calonectria pseudona-
viculata, another threat to Buxus spp. persistence in European
stands, or other herbivores. Our results on B. sempervirens
metabolome responses pave the way to discriminate between
resistant and susceptible trees in natural populations, as in
Quercus robur (Berti�c et al. 2021).

Central and specialized metabolism are equally influenced by
larval density

Our results were obtained on commercial Buxus saplings,
grown in a mesocosm experiment: this choice was justified by
the need to reduce natural genetic variability found in B. sem-
pervirens natural populations (Macel & Van Dam 2018), to
suppress the influence of soil and environmental parameters
and of biotic interactions (mycorrhizae, endophytes, parasites)
on the plant metabolome (Schweiger et al. 2014). Green leaves
that we compared are from shrubs that have undergone very
different stresses. We cannot exclude that the remaining green
leaves on the most defoliated trees remain because their initial
composition made them unpalatable to insects, which could be
an alternative explanation for the metabolic differences
observed. Having several increasing densities over the critical
level of 0.5 pressure reduces the potential importance of
this bias.
Under these conditions, we showed that responses of both

central and specialized metabolisms after 2 months of preda-
tion depend on predation intensity. The shift observed at 0.5
pressure represents the density of larvae where resource avail-
ability (= number of Buxus leaves) is twice the necessary
amount for larval development. Its redundancy as the critical
point for metabolism inflexion, whatever the metabolites, high-
lights the strong connections between central and more special-
ized biosynthetic pathways. The generalization of this result
obtained on a simplified single species interaction involving
small Buxus trees of commercial origin, to long-lived trees in
natural stand, must be viewed with caution.
Even if trees that have been completely defoliated and

look dead, some regrowth from the basal part was observed
in years following pest invasion in natural stands. The
resources needed to build new young twigs and shoots
come from the roots and the magnitude of soluble sugar
depletion in these organs is probably crucial for this
resprouting. The resistance of new shoots to further box-
wood moth attack remains to be considered, in light of
previous observations of an increase in tree defence com-
pounds in the growing season following severe defoliation.
This phenomenon, termed “delayed inducible resistance”,
seems to depend on tree species and foliage persistence
(reviewed by L€amke & Unsicker 2018).
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The link between insect density and plant response has rarely
been explored, especially using a metabolomics approach. In a
natural forested system, Ossipov et al. (2014) studied the effect
of three different densities of moth as estimated from field
visual observations (undamaged, slightly damaged, heavily
damaged), but their conclusions on metabolome changes along
this limited gradient remain broad.
At the ecosystem level, Belovsky & Slade (2000) demonstrated,

by manipulating grasshopper density in the field, that differential
herbivory rates have distinct impacts on soil parameters (N avail-
ability) through changes in plant litter quality. The magnitude of
long-term metabolome variations described here leave little
doubt of their ecological consequences. Early senescence of
numerous leaves and subsequent massive litterfall following box-
wood moth attack have been observed not only in our mesocosm
experiment on small saplings, but also in natural stands, causing
drastic disruptions compared to normal biogeochemical cycles.
The increase in concentrations of various metabolites highlighted
in this study should affect litter decomposition rates. Specialized
metabolites, especially those based on carbon, can slow biodegra-
dation rates, but little is known about natural biodegradation of
alkaloids (Chomel et al. 2016). Such adverse effects can be coun-
terbalanced by positive effects represented by the massive N
input via larval frass, silk and moult produced during moth
development (Hunter et al. 2012).
Overall, this comprehensive metabolomics study provides

the first metabolome depiction of major Buxus responses to
boxwood moth invasion. As a result, a wider diversity of B.
sempervirens should be investigated to explore functions of the
highlighted compounds, especially derivative alkaloids (trans-
4-hydroxystachydrine). Another exciting prospect could be
exploring the significance and potential functional redundancy
among the wide diversity of boxwood (steroidal) alkaloids.
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