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Abstract 

Megaplatypus mutatus, a major poplar pest in South America, tunnels into the xylem, 
weakening trunks and reducing wood quality. Volatile organic compounds (VOCs) are 
key mediators of plant–insect interactions and may reflect genotype-specific defence 
strategies. This study analysed VOC profiles of young and adult Populus deltoides cv. 
Harvard and P. × canadensis cv. Conti 12 under natural M. mutatus infestation. Gas 
chromatography–mass spectrometry putatively annotated 31 VOCs, including green leaf 
volatiles (GLVs), pentyl leaf volatiles (PLVs), terpenes, alcohols, aromatics and phenolics, 
12 of which, to our knowledge, have not been previously reported in Populus VOC 
profiles. Harvard trees showed ~14.5-fold higher total VOC abundance than Conti trees. 
In Conti, constitutive VOC emissions remained stable regardless of infestation status or 
age. In contrast, under infestation, Harvard trees emitted10-fold higher constitutive VOCs 
than non-infested Harvard trees and ~52-fold higher than Conti, a pattern consistent with 
increased defensive activity. GLVs and PLVs relatively dominated both genotypes, 
although Harvard showed higher emissions. Terpenes were not detected in young Conti 
trees under our analytical conditions but were abundant and diverse in infested Harvard 
trees, which may indicate a stronger terpene-associated response in this clone. Several 
compounds were detected only under specific genotype–condition combinations in our 
dataset and therefore represent candidate volatiles for future behavioural and functional 
studies. These results are consistent with differences in VOC emission patterns between 
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genotypes and age classes, improve our understanding of putative chemical cues in the 
interaction between Populus and M. mutatus, and provide a basis for future work towards 
sustainable pest management strategies. 

Keywords: pest resistance; volatile organic compounds; ambrosia beetle; plant defence; 
plant herbivory 
 

1. Introduction 
The interaction between plants and insects is crucial to ecological and evolutionary 

dynamics. Although many interactions are mutually beneficial, such as pollination and 
zoochory, plants, due to their sessile nature, are vulnerable to negative interactions such 
as herbivory [1]. Volatile organic compounds (VOCs) have emerged as an adaptive trait 
in the evolutionary history of plants, playing significant roles in attracting pollinators, 
natural enemies, and seed dispersers, as well as in plant defence against herbivores and 
pathogens [1]. Comprising approximately 1% of plant secondary metabolites, VOCs 
primarily consist of lipophilic molecules with low molecular weight and high vapor 
pressure, allowing them to cross biological membranes and diffuse into the environment 
[2]. 

Among VOCs, the largest group of emitted compounds comprises terpenes, 
including monoterpenes, sesquiterpenes, and isoprene, the structural precursor of these 
compounds [3]. To date, approximately 40,000 terpenes have been identified in plants [4]. 
Some of these terpenes exhibit repellent or attractant activities for herbivores and other 
animals. Another group of VOCs, known as green leaf volatiles (GLVs), consists of 
compounds such as six-carbon aldehydes, alcohols, and their acyl esters, all derived from 
fatty acids via the lipoxygenase (LOX) pathway [5]. GLVs are primarily associated with 
defence against herbivory and, to a lesser extent, defence against pathogens [5]. These 
compounds are emitted immediately after damage [6], acting both as direct agents by 
deterring herbivores and pathogens, and as indirect agents by attracting natural enemies 
[5]. 

Pentyl leaf volatiles (PLVs), another group of VOCs that are co-emitted with GLVs, 
are also derived from LOX activity and share structural similarities [7]. Although their 
biological role is less clear, recent studies suggest they may contribute to tolerance against 
pests such as aphids and enhance pathogen resistance through oxylipin production [7,8]. 

Besides the action of individual VOCs, their simultaneous emission can generate 
synergistic effects [9]. VOCs may act constitutively or be induced under stress [1,10], and 
their type and rate of emission vary by species and even plant age [11–14]. 

In addition to their ecological significance, understanding the role of VOCs and their 
influence on agroecosystems, including forestry, is crucial for pest control. Harnessing 
this knowledge could enhance forest health and productivity while contributing to the 
sustainability and economic viability of regional economies. 

In the Argentinian Cuyo region, Populus spp. (Salicaceae) are central to forestry 
activities, serving as the main resource for the local wood industry. However, poplars are 
frequently attacked by their main pest, Megaplatypus mutatus (Chapuis) (Platypodidae; 
Coleoptera), leading to substantial economic losses [15]. This native South American 
ambrosia beetle is not only widespread in Argentina but is also found in Brazil, Uruguay, 
Paraguay, Venezuela, Bolivia, Peru, French Guiana, and even Italy [16]. Given its 
extensive distribution, there are concerns about its potential to become a global invader, 
particularly targeting Populus spp. [17]. 
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Unlike most ambrosia beetles, M. mutatus attacks living trees, boring horizontal 
xylem galleries that appear externally as holes with sawdust [17]. These galleries reduce 
usable wood volume by causing wind breakage and lowering the quality of timber 
destined for sawing or veneer production [15]. Males initiate the attack by excavating a 
short “nuptial” gallery to attract females for mating. This gallery is later extended to 
shelter their brood. The presence of these galleries and associated fungal communities 
impacts the wood, darkening the cavities. These communities include species such as the 
symbiotic ambrosia fungus Raffaelea spp. as well as Graphium basitruncatrum, Fusarium 
solani, F. oxysporum species complexes, and Coprinellus radians, among others, found in 
Populus deltoides [18]. Such diverse communities underscore the presence of complex 
multitrophic interactions [18]. The beetle usually prefers larger diameter trees, probably 
due to the greater space for brood development [19]. Differences in clone susceptibility 
are mainly attributed to trunk diameter, linked to growth rate, rather than to the genotype 
itself [19]. 

In Argentina, observational reports indicate that cultivars such as Harvard (I-63/51) 
and Conti 12 are among the poplar clones considered comparatively more susceptible to 
M. mutatus in the Cuyo region, whereas some comparative trials in other clone panels 
have failed to detect significant differences in attack intensity among genotypes [20]. 

Poplar species are known to emit VOCs in response to herbivory. Numerous studies 
have investigated VOC emissions in Populus spp. associated with insect attacks, including 
attacks by coleopteran and other insect species e.g., [21–27]. Specifically, Lucia et al. [19] 
observed quantitative and qualitative differences in VOC emissions, particularly terpenes, 
between Conti 12 cv. trees attacked by M. mutatus and those that were not attacked. 

This study aimed to investigate the composition and variability of VOCs emitted in 
response to M. mutatus attacks in two of the most cultivated poplar clones in the Cuyo 
region. We hypothesise that Harvard and Conti clones differ in their VOC emissions 
(profile and quantity) given their different susceptibility to M. mutatus. This study follows 
FAO and International Poplar Commission recommendations to base poplar management 
on local research [28]. We characterized VOCs from Harvard and Conti 12 cultivars of 
different ages and infestation conditions, all grown in the same plantation, and identified 
several volatiles previously unreported in poplars. These findings provide insights for 
developing improved pest control strategies across ecological and physiological contexts. 

2. Results 
In the Conti poplars, 37 trees were infested, and 63 were non-infested, while among 

the Harvard poplars, 21 trees were infested, and 79 were non-infested. The binomial GLM 
analysis of poplar infestation (p-value = 0.01222; residual deviance/df = 1.18) indicated that 
Conti trees had 2.209 times higher odds of infestation than Harvard trees. A total of 31 
VOCs were putatively annotated and categorized into various groups described in Figure 
1. Under our analytical conditions, eight VOCs were detected only in Harvard samples 
and nine only in Conti samples, while 14 were shared between the two cultivars. Twelve 
of these compounds, to our knowledge, have not been previously reported in Populus 
VOC profiles (Figure 1). Sixteen VOCs were detected in infested Harvard trees and 13 in 
infested Conti trees. Adult non-infested Conti trees had 19 VOCs, while Harvard had 17. 
Young Conti trees exhibited 13 VOCs, and young Harvard trees had 14. Supplementary 
Table S1 presents the means and standard errors for each VOC, along with references to 
previous studies [19,21,22,25,26,29–36] where some of these VOCs have been previously 
reported in poplar species. 
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Figure 1. Putatively annotated VOCs detected in Populus cultivars, their assignment to chemical 
groups, and retention times (min). Coloured cells indicate that a given VOC was detected under our 
analytical conditions in the corresponding genotype × age × infestation class; white cells indicate no 
detection. Asterisks (*) denote putatively annotated compounds that, to our knowledge, have not 
been previously reported in Populus VOC profiles. GLV = green leaf volatile, and PLV = pentyl leaf 
volatile. 

GLMs showed that, across cultivars, total VOC abundances were approximately 14.5-
fold higher in Harvard than in Conti (Table 1). Constitutive VOCs (i.e., compounds de-
tected in all samples) included hexanal, 2-hexenal, 1-hexanol, 3-hexen-1-ol, 4-penten-2-ol, 
3,4-dimethylpentanol and benzaldehyde, 2 hydroxy. Altogether, these compounds were 
approximately 52-fold higher in infested Harvard trees than in infested Conti trees and 
10-fold higher than in Harvard non-infested trees (Table 1). 
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Table 1. Significant results from GLMs on the grouping of VOCs. 

 Sample Mean (ng mg−1) 95% CI p-Value 
% of Total 

VOCs 
total VOCs Conti 25.246 a [9.91, 64.32] <0.001  
 Harvard 365.409 b [143.42, 931]   

constitutive VOCs  Conti infested 13.98 a [3.94, 49.51]  98.06 % 
 Conti non-infested 29.2 a [11.94, 71.42]  94.99 % 
 Harvard non-infested 72.93 a [29.82, 178.39]  93.57 % 
 Harvard infested 729.38 b [205.87, 2584.14]  77.57 % 
total terpenes Conti infested 0.119 a [0.03, 0.7] <0.001 0.84 % 
 Conti adult non-infested 2.766 b [0.6, 13.0]  9 % 
 Harvard non-infested 4.674 b [1.6, 14.0]  6 % 
 Harvard infested 203.472 c [43.3, 957.1]  21.64 % 
GLVs Conti infested 11.82 a [2.42, 57.7] 0.021 82.91 % 
 Conti non-infested 19.39 a [6.32, 59.5]  63.08 % 
 Harvard non-infested 43.75 a [14.25, 134.31]  56.13 % 
 Harvard infested 679.84 b [139.16, 3321.36]  72.3 % 
PLVs Conti 10.681 a [2.7, 42.9] 0.009 42.31 % 
 Harvard 35.883 b [10.0, 128.4]  9.82 % 
GLVs + PLVs Conti infested 13.88 a [3.73, 51.67] 0.009 97.35 % 
 Conti non-infested 28.98 a [11.44, 73.39]  94.27 % 
 Harvard non-infested 72.35 a [28.67, 183.22]  92.83 % 
 Harvard infested 709.61 b [190.68, 2640.79]  75.46 % 

Mean values are semi-quantitative VOC abundances normalised to the internal standard and should 
be interpreted as relative comparisons among treatments rather than absolute concentration esti-
mates. CI = confidence interval. Means sharing letters are not statistically different from each other 
(Tukey’s HSD, p > 0.05). 

Regarding terpenes, Harvard showed seven detectable compounds, of which five 
were detected only in this genotype under our analytical conditions, whereas Conti 
showed three terpenes, with one detected only in Conti. In young Conti trees, terpene 
levels were not detected under our conditions. Among adult Conti trees, non-infested in-
dividuals showed ~23-fold higher terpene emissions than infested individuals. In Har-
vard, infested trees exhibited greater terpene abundance and diversity. Under infestation, 
Harvard showed ~44-fold higher total terpene levels than its healthy counterpart and 
~1710-fold higher levels compared to infested Conti (Table 1). 

GLVs and GLVs + PLVs were ~57-fold and ~51-fold higher, respectively, in infested 
Harvard trees compared to infested Conti trees. Similarly, GLVs and GLVs + PLVs were 
~16-fold and ~10-fold higher in infested Harvard trees compared to Harvard non-infested 
trees, respectively. When analysing PLVs alone, their levels were ~3.4-fold higher in Har-
vard than in Conti trees. LOX derivatives were the dominant compounds emitted across 
all sampling groups (Table 1). 

The hierarchical clustering analysis of GLVs produced a dendrogram (Figure 2) with 
two primary clusters at a Euclidean distance of 5.4. The upper cluster contained only 
adult-infested Harvard samples, whereas all other samples were grouped in the lower 
cluster. For terpenes, this analysis revealed two main clusters at a Euclidean distance of 
5.6. The upper cluster again comprised only adult-infested Harvard samples. In the lower 
cluster, two subgroups were distinguished: the upper subgroup included adult non-in-
fested Harvard samples, and the lower subgroup consisted of Conti samples (where ter-
penes were not detected in young Conti samples under our analytical conditions) and 
young non-infested Harvard samples. 



Stresses 2026, 6, 6 6 of 20 
 

https://doi.org/10.3390/stresses6010006 

 

Figure 2. Hierarchical clustering of volatile organic compound (VOC) profiles. The left panel shows 
the cluster analysis based on green leaf volatiles (GLVs) and the right panel on terpenes. For each 
treatment, the VOCs that contributed to the cluster are listed under the corresponding label. Den-
drograms were obtained from hierarchical cluster analysis of VOC emission profiles (mean normal-
ised peak areas per treatment) using Euclidean distance (horizontal axis). 

In the principal component analysis (PCA; Figure 3), the first two components ex-
plained 73.5% of the total variance (PC1: 43%, PC2: 30.5%). Eigenvalues and variable load-
ings for the main components are provided in Supplementary Tables S2 and S3. In the 
PC1–PC2 space, adult-infested Harvard trees were clearly separated from the other 
groups towards the positive side of both axes. Meanwhile, young non-infested trees, adult 
non-infested Harvard and adult-infested Conti trees clustered together on the negative 
side of PC1 axis. Adult non-infested Conti trees occupied a position in the second quad-
rant. This ordination indicates that VOC profiles differ jointly according to genotype, age 
and infestation status. 

The results of the individual compound analyses are presented in Table 2. Among 
GLVs, adult-infested Harvard samples had, on average, ~33-fold higher hexanal levels 
than the mean of the other treatment groups. Harvard trees exhibited 2-hexenal levels that 
were approximately 2.8 times higher than those in Conti, while young trees exhibited ap-
proximately 5-fold higher levels than adult trees. GLV 1-hexanol was ~10-fold higher in 
infested compared to non-infested trees. Another GLV, 2-hexen-1-ol, was ~2-fold higher 
in young than in adult non-infested trees. Under infestation, 3-hexen-1-ol was ~23-fold 
higher in Harvard compared to Conti, and ~21-fold higher than in Harvard non-infested 
samples. 2,4-hexadienal was detected only in adult Conti trees under our analytical con-
ditions and showed ~7-fold higher relative levels in infested than in non-infested individ-
uals. Finally, 4-hexen-3-one, 5-methyl was ~7-fold higher in adult-infested Conti trees than 
in young non-infested Conti trees. 
PLV 4-penten-2-ol was ~3-fold higher in Harvard than in Conti. The other PLV, 3,4-dime-
thylpentanol, was ~83-fold higher in infested Harvard trees than in their Conti counter-
parts and ~130-fold higher than in non-infested Harvard trees. 
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When analysing terpenes, copaene was ~5-fold higher in Harvard than in Conti. In Har-
vard, isoledene was ~32-fold higher in adult-infested compared to adult non-infested sam-
ples. In the same cultivar, calamenene was ~23-fold higher in adult-infested than in adult 
non-infested trees, and borneol levels were ~10-fold higher in infested than in non-in-
fested samples. 

 

Figure 3. PCA biplot of VOC profiles in Populus cultivars under M. mutatus infestation. Symbols 
represent the scores of young and adult trees under infested and non-infested conditions. Numbers 
at the end of each loading vector identify individual VOCs, as listed in the figure legend. 
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Table 2. Significant results from GLM on different VOCs. 

VOC Samples Mean (ng mg−1) 95% CI p-Value 
hexanal Conti infested 9.47 a [1.6, 54.4] p-value(genotype/infestation) 
 Conti non-infested 15.92 a [4.6, 54.8] 0.023 
 Harvard non-infested 31.312 a [9.1, 107.9]  
 Harvard infested 624.2 b [108.5, 3589.8]  

2-hexenal Conti 3.01 a [1.3, 7.2] p-value(genotype) 
 Harvard 8.3 b [4.5, 15.5] 0.004 
 adult 2.27 a [0.89, 5.81] p-value(age) 
 young 11.01 b [6.28, 19.3] <0.001 
1-hexanol non-infested 1.24 a [0.5, 3.0] p-value(infestation) 
 infested 12.08 b [3.5, 41.5] 0.003 
4-penten-2-ol Harvard 32.7 a [8.5, 125.5] p-value(genotype) 
 Conti 9.8 b [2.3, 42.5] 0.011 
3,4-dimethylpentanol Harvard non-infested 0.07 a [0.03, 0.16] p-value(genotype/infestation) 
 Conti non-infested 0.08 a [0.04, 0.16] <0.001 
 Conti infested 0.11 a [0.05, 0.2]  
 Harvard infested 9.15 b [8.9, 9.3]  

benzaldehyde, 2 hydroxy Conti infested 0.16 a [0.03, 0.8] p-value(genotype/infestation) 
 Conti non-infested 0.26 a [0.09, 0.8] 0.004 
 Harvard non-infested 0.63 a [0.2, 1.9]  
 Harvard infested 19.78 b [4.1, 94.4]  

2,4-hexadienal Conti non-infested 0.006 a [0.004, 0.009] p-value(infestation) 
 Conti infested 0.041 b [0.037, 0.046] <0.001 
2-hexen-1-ol adult non-infested  0.03 a [0.03, 0.03] p-value(age/infestation) 
 young non-infested 0.06 b [0.06, 0.07] <0.001 
3-hexen-1-ol Conti non-infested 0.63 a [0.26, 1.54] p-value(genotype/infestation) 
 Conti infested 0.83 a [0.24, 2.92] 0.012 
 Harvard non-infested 0.91 a [0.36, 2.22]  
 Harvard infested 19.38 b [5.5, 68.1]  
     p-value(age/infestation) 
4-hexen-3-one,5-methyl Conti young non-infested 0.004 a [0.004, 0.004] <0.001 
 Conti adult-infested 0.027 b [0.026, 0.029]  

6-undecanol Conti 0.002 a [0.002, 0.002] p-value(genotype) 
 Harvard 0.021 b [0.020, 0.022] <0.001 
3-ethyl-4-methylpentanol Harvard adult non-infested 0.08 a [0.04, 0.17] p-value(genotype/infestation) 
 Harvard adult-infested 1.76 b [1.66, 1.88] <0.001 
copaene Conti 8.58 a [0.57, 128.39] p-value(genotype) 
 Harvard 43.12 b [3.06, 606.98] 0.04 
isoledene Harvard adult non-infested 0.01 a [0.01, 0.03] p-value(age/infestation) 
 Harvard adult-infested 0.32 b [0.30, 0.34] <0.001 
borneol non-infested 0.13 a [0.045, 0.391] p-value(infestation) 
 Infested 1.42 b [0.379, 5.297] 0.006 
calamenene Harvard adult non-infested 0.09 a [0.02, 0.41] p-value(age/infestation) 
 Harvard adult-infested 2.1 b [0.46, 9.6] 0.004 
5H-tetrazol-5-amine Conti 0.005 a [0.003, 0.007] p-value(genotype) 
 Harvard 0.044 b [0.035, 0.057] <0.001 
2-octen-1-ol young non-infested Conti  0.021 a [0.018, 0.024] p-value(genotype) 
 young non-infested Harvard 0.083 b [0.08, 0.087] <0.001 
azulene adult-infested 0.07 a [0.05, 0.09] p-value(age/inf) 
 adult non-infested 0.11 b [0.08, 0.14] 0.013 
naphthalene  Harvard adult non-infested 0.16 a [0.04, 0.74] p-value(age/inf) 
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 Harvard adult-infested 5.65 b [1.22, 26.14] 0.001 
Mean values are semi-quantitative VOC abundances normalised to the internal standard and should 
be interpreted as relative comparisons among treatments rather than absolute concentration esti-
mates. CI = confidence interval. Means sharing letters are not statistically different from each other 
(Tukey’s HSD, p > 0.05). 

Regarding alcohols, 6-undecanol was ~10-fold higher in Harvard than in Conti. 3-
ethyl-4-methylpentanol was ~22-fold higher in adult-infested compared to adult non-in-
fested trees. Detected in both genotypes, 2-octen-1-ol was ~4-fold higher in the young of 
Harvard than in Conti. Compound 5H-tetrazol-5-amine was ~9-fold higher in Harvard 
than in Conti. Among aromatic compounds, benzaldehyde, 2 hydroxy, showed a ~124-
fold increase in infested Harvard compared with infested Conti trees and was ~31-fold 
higher than in non-infested Harvard trees. Azulene was ~1.6-fold higher in adult non-
infested samples compared to adult-infested samples. Naphthalene was not detected in 
Conti samples under our analytical conditions, whereas in Harvard it was ~35-fold higher 
in adult-infested than in adult non-infested samples. 

3. Discussion 
The present study compared VOC profiles of two poplar clones grown in a commer-

cial plantation under natural M. mutatus infestation. Field infestation data showed that 
Conti trees had more than twice the odds of infestation compared to Harvard trees, indi-
cating a higher probability of infestation for Conti under the conditions studied. We then 
asked whether differences in semi-quantitative VOC blends—including putatively anno-
tated constitutive compounds, GLVs, PLVs, and terpenes—might help to explain the 
lower field infestation levels and apparent tolerance observed in Harvard, as well as the 
lower infestation in young trees. Since no behavioural or no-choice bioassays were per-
formed, any proposed roles of individual VOCs as attractants, repellents or resistance fac-
tors in the Populus–M. mutatus system remain hypothetical and are inferred from the lit-
erature rather than demonstrated directly. 

In Conti trees, both total and constitutive VOC abundances remained relatively stable 
across infestation status. Constitutive VOCs represented ~95–98% of total VOCs in Conti 
(infested and non-infested) and in non-infested Harvard, whereas this fraction was lower 
in infested Harvard (~78%; Table 1). This indicates that infestation in Harvard was accom-
panied by an increased contribution of non-constitutive VOCs, rather than a loss of the 
constitutive background. Additionally, Harvard trees not only showed higher total and 
constitutive semi-quantitative VOC abundances than Conti overall, but under infestation 
they also reached higher levels than non-infested trees of either cultivar. Similar increases 
in total VOC emissions after herbivore attack have been reported in other plant–insect 
systems e.g., [37–39], including Populus yunnanensis, where total VOC output correlates 
negatively with odour choice and oviposition [40]. These patterns point to genotype-de-
pendent differences in inducible VOC responses to M. mutatus, although their conse-
quences for attraction and infestation still need to be tested experimentally. 

In total, 31 VOCs were putatively annotated and assigned to GLVs, PLVs, terpenes, 
alcohols, aromatic compounds and phenolic compounds, cyclohexane derivatives, cyclic 
hydrocarbons and tetrazole derivatives (Figure 1). Patterns of detection and semi-quanti-
tative abundance across samples suggest that VOC blends are modulated by genotype, 
tree age and herbivory under our field conditions. 

Terpenes may contribute importantly to Harvard’s VOC response. Total terpene 
abundances were lowest in infested Conti adults, intermediate in Harvard non-infested 
trees (regardless of age) and in Conti non-infested adults, and highest in infested Harvard 
adults (Table 1). In addition, infested Harvard adults emitted a more diverse terpene 
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blend and a larger terpene proportion of total VOCs than Conti, and terpenes were not 
detected in young Conti trees under our analytical conditions. These patterns are con-
sistent with genotype- and age-related differences in terpene emission capacity, although 
alternative explanations such as insect-mediated suppression, genotype-specific induc-
tion thresholds, or analytical detection limits cannot be ruled out. 

Importantly, the percentage contribution of each VOC class (Table 1) indicates that 
infestation in Harvard involves not only higher absolute VOC output but also a marked 
compositional shift. In infested Harvard adults, terpenes accounted for ~22% of total 
VOCs, whereas they represented only ~0.8–9% in Conti and ~6% in non-infested Harvard, 
consistent with a strong induction of terpenes under attack. Although LOX-derived vola-
tiles (GLVs + PLVs) increased strongly in absolute abundance in infested Harvard, their 
percentage contribution to total VOCs was comparatively lower than in the other groups 
because infestation in Harvard was accompanied by an increase in non-LOX compounds 
(mostly terpenes). Interestingly, PLVs represented a larger fraction of total VOCs in Conti, 
reflecting a lower contribution of non-LOX compounds in this genotype. 

Cluster analysis reinforced these trends. Adult-infested Harvard trees formed a dis-
tinct group characterised by higher abundances of six terpenes, including linalool oxide 
and terpinolene, both reported as insecticidal or repellent in other systems [26,41,42]. 
Adult non-infested Harvard trees formed a second terpene-rich cluster and were the only 
group in which eucalyptol was detected, a compound that can disrupt insect behaviour 
and attract natural enemies [43–45]. Its lack of detection in infested samples could reflect 
changes in host metabolism, potentially including insect-mediated suppression [46,47], 
although detection limits or context-dependent induction cannot be excluded. Cubebene 
occurred only in non-infested adult Conti trees, in contrast with the presence of β-cu-
bebene in attacked Conti reported by Lucia et al. [19], possibly reflecting differences in 
insect genotype, environmental conditions, tree age or infestation intensity. Isoledene and 
calamenene, detected only in adult Harvard trees and elevated under infestation, agree 
with previous reports of release after mechanical damage and antifeedant activity [48–50] 
and may also reflect ontogenetic changes in terpene metabolism. Copaene abundances 
were higher in Harvard than in Conti, and borneol—reported to repel coleopterans and 
other insects [51,52] and previously associated with M. mutatus attraction together with 
copaene [19]—was elevated in infested samples. Overall, the net effect of these terpenes 
on the behaviour of M. mutatus is likely to be complex and will require targeted behav-
ioural and physiological studies. 

GLVs + PLVs derived from the LOX pathway dominated the VOC blend, whereas 
non-LOX VOCs contributed only minor fractions (Table 1). Overall, Conti was more 
strongly dominated by LOX derivatives and emitted fewer and less diverse non-LOX 
VOCs than Harvard. Across infestation statuses, Harvard consistently emitted more PLVs 
than Conti, and under infestation it showed higher GLV and GLV + PLV abundances than 
both non-infested Harvard and Conti at either age. This might indicate a stronger LOX-
related response to attacks. 

Several GLVs showed patterns consistent with defensive or signalling functions. 
Adult Harvard infested trees showed higher hexanal than any other group, and 2-hexenal 
was higher in Harvard than in Conti. Hexanal has reported to have antifungal activity 
[53,54] that could help limit fungal colonisation in gallery tissues. The higher levels of 1-
hexanol and 3-hexen-1-ol in infested samples might influence coleopteran behaviour as 
seen in related isomers [21,22,55]. 2,4-hexadienal, detected only in Conti, has been associ-
ated with mechanical damage and antifungal activity [56,57]. Together, these GLVs may 
contribute to the lower infestation levels and apparent tolerance observed in Harvard. 

The PLVs 4-penten-2-ol and 3,4-dimethylpentanol may influence fungal communi-
ties, as related pentanol isomers show antifungal activity [58]. In our data, 4-penten-2-ol 
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was higher in Harvard than in Conti, and 3,4-dimethylpentanol increased with infestation 
only in Harvard, indicating genotype-dependent PLV induction, although any defensive 
role is still speculative. 

Among the remaining VOCs, benzamide, 2-benzylsulfonyl-4,6-dinitro, detected only 
in young Harvard trees, and related benzamide derivatives can affect insect growth [59–
61], suggesting a defensive role. Naphthalene, a fumigant, was not detected in Conti but 
increased in infested adult Harvard trees, as seen in P. nigra under attack [26]. Benzalde-
hyde, 2-hydroxy increased in infested Harvard trees; although benzoids are insect repel-
lents [62,63], their role in poplar remains debated [64]. Azulene was higher in non-infested 
samples and may help limit opportunistic microbial infections [65,66]. Additional VOCs 
with insecticidal, deterrent, or antifungal properties—for example, aromatic and phenolic 
compounds, some alcohols, and cyclohexane- and tetrazole-derived compounds 
[21,22,25–27,36,64,67–77]—were mainly detected in young or non-infested trees, or 
showed higher abundances in Harvard than Conti, indicating possible roles in early de-
fence or fungal interactions. 

From a multivariate perspective, the PCA indicates that infestation reshapes the VOC 
bouquet more strongly in Harvard than in Conti. Infested adult Harvard trees were asso-
ciated with higher abundances of several VOC classes (mainly terpenes, GLVs/PLVs and 
aromatics), whereas infested adult Conti trees clustered close to young/non-infested indi-
viduals, suggesting only modest infestation-related shifts. Adult non-infested Conti trees 
occupied an intermediate position, without the marked terpene enrichment seen in in-
fested Harvard adults. Overall, these patterns are consistent with Harvard undergoing a 
stronger reconfiguration of its VOC blend upon infestation, while Conti shows a compar-
atively weaker response. 

Growing evidence underscores the importance of VOC blends in plant–insect inter-
actions [9]. The lower field infestation in Harvard compared with Conti may partly reflect 
differences in their VOC mixtures against M. mutatus. In other species, combinations of 
GLVs and terpenes can trigger defence metabolism, modulate herbivore warning systems 
and influence host choice or repellence [78,79]. In our study, infested adult Harvard trees 
emitted VOC blends relatively richer in terpenes and LOX derivatives than Conti, which 
could strengthen defensive signalling or alter beetle attraction. Moreover, VOC-mediated 
interactions between neighbouring plants, described in other systems [80,81], might also 
occur between closely planted Conti and Harvard trees, modifying their emission profiles 
and apparent susceptibility. Both possibilities merit further investigation and will require 
behavioural and no-choice assays. 

In summary, this study revealed genotype- and age-dependent differences in semi-
quantitative VOC profiles in the bark surrounding M. mutatus galleries in Harvard and 
Conti. Most of the VOCs putatively annotated here have previously been associated with 
defence-related processes in poplars or other plant species, suggesting that they may con-
tribute to the response to M. mutatus. Harvard trees, particularly adults, tended to show 
a stronger VOC-based response to infestation than Conti, in line with their lower field 
infestation levels. These patterns are correlative and based on two clones, and VOCs are 
likely to act together with other traits (e.g., cell wall architecture, tissue density, immune 
perception and signalling). VOC profiles should therefore be regarded as one component 
of a broader defence phenotype rather than the sole determinant of susceptibility or re-
sistance. Moreover, we cannot rule out that some VOCs were released from other tissues. 

The VOCs that, to our knowledge, have not been previously reported in poplar pro-
files provide additional candidates for defence and signalling roles in plant–herbivore in-
teractions, especially given their links to biotic stress in other systems. Particular attention 
should be paid to VOCs detected only under specific conditions or enriched in adult trees. 
In our data, compounds such as linalool oxide, terpinolene, isoledene, calamenene, 
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hexanal, 3,4-dimethylpentanol, 3-hexen-1-ol, benzaldehyde, 2-hydroxy, 3-ethyl-4-
methylpentanol and naphthalene were especially abundant in adult Harvard trees under 
infestation and therefore represent promising candidates for induced defence or signal-
ling roles. Meanwhile, eucalyptol, 2-hexenal, 2-hexen-1-ol, 2-octen-1-oland azulene were 
more prominent in non-attacked or young trees and may reflect anticipatory or ontoge-
netically programmed defences. Clarifying whether these VOCs or their blends causally 
affect M. mutatus attraction or performance will require experiments targeting key biosyn-
thetic or signalling pathways, together with behavioural and no-choice assays across a 
broader panel of poplar clones. In the longer term, if some of these candidates prove to be 
effective deterrents or modulators of insect behaviour, enhancing their production 
through breeding, genetic engineering or silvicultural practices could support improved 
trapping schemes and cultivar selection for integrated pest management. 

4. Materials and Methods 
4.1. Plant Material and Experimental Design 

The experiment was conducted in a commercial poplar plantation located in 
Tunuyán (33°34′00″ S, 69°01′00″ W), Mendoza, Argentina, on 16 March 2021, which coin-
cides with the second peak of M. mutatus adult flight activity for mating. Samples were 
taken between 10:00 and 12:00 h. The plantation consisted of Populus deltoides cv. Harvard 
I63/15 and P. × canadensis cv. Conti 12, hereafter referred to as Harvard and Conti, respec-
tively. The sampled plots are depicted in Figure 4. Trees within each plot were numbered, 
and a subset was randomly selected using computer-generated random numbers. To 
avoid edge effects and potential mixing of genotypes, we left a buffer zone of at least two 
unsampled trees between sampled trees and plot borders, as well as between adjacent 
rows of Conti and Harvard. 

 

Figure 4. Sampling site and plot layout. Google Maps image of the commercial poplar plantation in 
Tunuyán, Mendoza, Argentina. Dashed lines delineate the four sampling plots corresponding to 
adult and young trees of Populus deltoides cv. Harvard and P. × canadensis cv. Conti 12. 

M. mutatus infestation was assessed in adult trees (trunk diameter ≥ 15 cm, according 
to Marquina et al. [20] in both poplar genotypes, as insects were not found in trees with 
smaller diameters (young trees). A total of 100 randomly selected trees from each cultivar 
(Conti and Harvard) were visually inspected for infestation. Trees were categorized as 
infested if one or more tunnel entrances of the insect were present on the main trunk and 
as non-infested if no such entrances were found (Figure 5). Host preference was analysed 
using a binomial GLM (α = 0.05) with a logit link function. 
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Figure 5. (a) Infestation of Populus deltoides cv. Harvard by Megaplatypus mutatus, with conspicuous 
exudates visible along the trunks. (b,c) Adult M. mutatus emerging from their internal galleries, 
illustrating active beetle exit behaviour. (d,e) Close-up views of gallery entrance holes and the asso-
ciated exudation characteristic of the Harvard cultivar’s response to attack. 

4.2. Chemical Analysis 

Wood bark samples were collected from the trunks of poplar trees at a height of 1.2 
m using a metal hollow punch (1 cm in diameter) for chemical analysis [19]. This VOC 
sampling strategy characterises the local microenvironment directly affected by M. muta-
tus rather than whole-tree emissions. For each combination of cultivar, age category 
(young and adult) and infestation condition (infested and non-infested), two bark samples 
were taken. 

Volatile compounds were then extracted using solid-phase microextraction (SPME), 
a method well-suited for analysing VOCs in plant tissues described by Cara et al. [82]. 
Immediately after grinding, 1 g of bark powder was rapidly transferred to amber vials 
containing 7 mL of saturated NaCl solution (25% w/v) to minimise volatilization and pho-
todegradation and to increase ionic strength, thereby enhancing the partitioning of VOCs 
into the headspace and onto the SPME fibre. Although this procedure was designed to 
reduce losses of very volatile compounds as much as possible, partial loss of the lightest 
VOCs during sample handling cannot be completely excluded. An aliquot of 10 µL of 4-
methyl-2-pentanone (Sigma-Aldrich, Chromasolv for HPLC, St. Louis, MO, USA) was 
added as an internal standard and used to normalise VOC peak areas, allowing semi-
quantitative comparisons among samples rather than absolute quantification. Moreover, 
compounds detected in some samples but not in others may still be present, but fall below 
our detection and/or quantification limits. The vials were then immediately and hermeti-
cally sealed with polypropylene hole caps and PTFE/silicone septa (Supelco, Bellefonte, 
PA, USA). The samples were equilibrated for 10 min in a temperature-controlled vial ag-
itator tray (25 °C, ~900 rpm). Next, an SPME fibre (PDMS/DVB/CAR 50/30 µm; Supelco, 
Bellefonte, PA, USA) was manually inserted into the sealed vial through the septum and 
exposed to the aqueous samples for 30 min at 25 °C. After sampling, the SPME device was 
immediately inserted into the GC-MS system for splitless injection and thermally de-
sorbed for 4 min at 250 °C. The splitter, set to 10 mL min−1, was then opened for an addi-
tional 4 min. Fibres were thermally conditioned according to the manufacturer’s recom-
mendations before their initial use. Additionally, before each sampling procedure, the fi-
bres were reconditioned for 10 min in the GC injection port at 250 °C. This reconditioning 
ensured no peaks in blank runs and provided a good balance between chromatography 
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runs and extraction procedures. The column used was a Phenomenex Zebron ZB-WAX 
Plus (30 m × 0.32 mm ID × 0.25 µm). The temperature program started at 35 °C, increasing 
to 70 °C at a rate of 3 °C min−1 after 5 min, held for 2 min, and then raised to 165 °C at 2 °C 
min−1 with a final hold of 1 min. The helium carrier gas flow was maintained at a constant 
rate of 1 mL min−1, with the injector and interface temperatures set at 240 °C and 200 °C, 
respectively. GC-MS analysis was performed using a PerkinElmer Clarus 500 model (Shel-
ton, CA, USA). The total analytical cycle time was optimized to 67 min. Each sample was 
analysed in triplicate. 

In line with current metabolomics reporting standards [83], the VOCs reported here 
are MSI level 2 (putatively annotated compounds), rather than level 1 identifications. An-
notations were based on comparison of EI mass spectra (70 eV) with entries in the NIST 
2005 [84] library and on their retention times under our chromatographic conditions. Li-
brary search results were inspected manually, and peaks were annotated only when the 
top NIST candidate showed forward and reverse match factors ≥ 800 and a fragmentation 
pattern consistent with the library spectrum, without obvious signs of co-elution. When 
several candidates had similarly high match factors and indistinguishable spectra, no spe-
cific structure was assigned, and the peak was either reported only at a generic/class level 
or not included in the VOC list. Only peaks that fulfilled all of the following criteria were 
assigned a putative identity: (i) clear baseline separation from neighbouring peaks; (ii) EI 
spectra without obvious signs of co-elution and with NIST match factors ≥ 800; and (iii) 
integrated peak areas above 1.0 × 108 (minimum area threshold used for peak integration). 
Since our method did not distinguish structural or stereoisomers, compounds are re-
ported using generic names. 

4.3. Data Analysis 

The sum of all putatively annotated VOCs was calculated as total VOCs and ex-
pressed as semi-quantitative values. VOCs detected in all samples were considered puta-
tive constitutive VOCs. In addition, total terpenes, GLVs and GLVs + PLVs were calcu-
lated. 

For each individual VOC and VOC sum, we fitted generalised linear models (GLMs) 
with alternative distributional assumptions: Gaussian (identity link function), lognormal 
(log link) and Gamma (log link). Model selection followed an information–theoretic ap-
proach: all competing models and their distributional assumptions were compared using 
Akaike’s Information Criterion (AIC), its small-sample correction (AICc) and the Bayesian 
Information Criterion (BIC), which quantify the trade-off between goodness of fit and 
model complexity. For each compound, we retained as the final model the candidate that 
achieved the best overall support (lowest information criteria) while satisfying diagnostic 
criteria. 

Model assumptions were evaluated using Dunn–Smyth residuals with the R package 
‘DHARMa’ v 0.4.6. For every candidate GLM, we assessed uniformity of residuals using 
Kolmogorov–Smirnov test, dispersion tests, and a Levene’s test to check homoscedastic-
ity. Only models with no evidence of major violations (all diagnostic p-values ≥ 0.05) were 
retained. All candidate GLMs that passed these diagnostic checks, together with their 
fixed-effects structure, error family, link function, information criteria (AIC, AICc, BIC) 
and diagnostic statistics, are reported in Supplementary Table S4, where the model re-
tained for inference for each VOC is highlighted. Confidence intervals were obtained from 
the fitted means and their standard errors. For Gaussian models with identity link, 95% 
confidence intervals were calculated directly on the original response scale (multiplying 
1.96 × SE). For lognormal and Gamma models with log link, we first computed the inter-
vals on the log (link) scale and then back-transformed them to the original scale, which 
results in asymmetric confidence intervals around the mean. 
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Inference on fixed effects was based on Type II Wald χ2 tests within the selected GLM 
for each compound. Where fixed effects or their interactions were significant (α = 0.05), 
post hoc multiple comparisons among factor levels were carried out using Tukey’s Honest 
Significant Difference procedure to control the family-wise error rate. We report the 
model-based mean abundances and their 95% confidence intervals, calculated from the 
fitted GLMs.” Several mean estimates show wide 95% confidence intervals, consistent 
with high inter-tree variability under natural field infestation. Therefore, although fold-
changes are reported for completeness, our interpretation focuses on consistent direc-
tional patterns and compositional shifts. 

In the main text and figures we focus on statistically supported and biologically rel-
evant patterns (in particular, compounds showing significant effects of infestation), while 
VOCs for which no fixed effects were significant are summarised in the text and fully 
documented in Supplementary Table S2. These analyses were conducted using R (version 
4.4.2) [85]. 

Chemical profiles of terpenes and GLVs were additionally examined by hierarchical 
cluster analysis (standardised data, Euclidean distance and average-linkage clustering). A 
principal component analysis (PCA) was performed on the matrix of VOC abundances to 
summarise multivariate patterns in emission profiles. The analysis was conducted in In-
foStat (Grupo InfoStat, FCA-UNC, Córdoba, Argentina) using the correlation matrix after 
standardising each variable to zero mean and unit variance. The resulting scores on the 
first two principal components (PC1 and PC2) were graphically displayed, using geno-
type, infestation condition and age as grouping criteria to facilitate the visual interpreta-
tion of group separation. Both analyses were conducted in InfoStat Software v. 2020 [86]. 

5. Conclusions 
This study provides new evidence of genotype- and age-dependent differences in 

semi-quantitative volatile organic compound (VOC) emissions in the bark tissues sur-
rounding M. mutatus galleries of Populus deltoides cv. Harvard and P. × canadensis cv. Conti 
12 growing in the same plantation under natural infestation. Harvard tended to show a 
stronger and more diversified VOC response to infestation than Conti, particularly 
through enhanced emissions of total VOCs, total terpenes, green leaf volatiles (GLVs) and 
pentyl leaf volatiles (PLVs), in patterns that are compatible with defensive and/or signal-
ling roles reported for these compounds in other systems, although their specific functions 
in the poplar—M. mutatus interaction remain to be demonstrated. In contrast, Conti dis-
played more stable, largely constitutive emissions and lower overall VOC diversity under 
our analytical conditions, suggesting a more limited VOC plasticity in response to attack. 
The novel VOCs putatively annotated here that, to our knowledge, have not been previ-
ously reported in poplar VOC profiles broaden the currently recognised chemical reper-
toire potentially involved in defence. Future research integrating behavioural and no-
choice assays with transcriptomic analyses will be essential for clarifying the regulatory 
mechanisms underlying these VOC responses and their ecological significance. This will 
allow us to assess their potential application in breeding programmes and integrated pest 
management strategies for sustainable poplar forestry. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/stresses6010006/s1, Table S1: Means and standard errors of 
putatively annotated VOCs and references to previous studies where some of these VOCs were 
identified in poplar species; Table S2: Eigenvalues of PCA; Table S3: Loadings (eigenvectors) PC1 y 
PC2 and Table S4: Candidate generalized linear models (GLMs) fitted to individual putatively an-
notated VOCs and VOC sums, with information criteria and diagnostic statistics. 
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