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d Naturéum – State Museum of Natural Sciences, Palais de Rumine, Place de la Riponne 6, 1005, Lausanne, Switzerland
e Department of Ecology and Evolution, University of Lausanne, 1015, Lausanne, Switzerland

A R T I C L E  I N F O

Keywords:
Chemotaxonomy
Flavonoids
Glacier refugia
Phylogeography
Phytochemical diversity

A B S T R A C T

Understanding how evolutionary history and ecological pressures shape plant chemical diversity is central to 
ecology and evolution, yet it remains unclear whether metabolomic data can reliably detect fine-scale, intra
specific divergence, particularly in morphologically cryptic taxa. While metabolomics has revealed broad pat
terns of chemical evolution across lineages, its power to resolve genetically structured variation within species is 
still underexplored. Here, we investigated the alpine Primula auricula complex, a morphologically uniform but 
genetically subdivided taxon distributed across the Alps. Using ultra-high-performance liquid chromatography 
coupled with mass spectrometry, we profiled the metabolomes of individuals sampled from 37 populations 
spanning three main genetic clades and an outlier group, previously identified through ddRADseq phylogeog
raphy. We found that metabolomic diversity carries a strong phylogenetic signal: each clade exhibited distinct 
chemical profiles, with exclusive or enriched metabolite superclasses such as carotenoids in one clade and 
phenylpropanoids in another. Outlier populations displayed reduced metabolomic richness, consistent with 
potential genetic drift or bottlenecks. While phylogenetic structure was the dominant driver of chemical vari
ation, climatic variables, particularly temperature and precipitation, modulated certain stress-related metabolite 
groups, such as octadecanoids. Our results demonstrate that metabolomic profiling can capture both historical 
divergence and ecological adaptation in cryptic alpine taxa. By linking chemical, genetic, and environmental 
variation, this study highlights metabolomics as a cost-effective and high-resolution approach to uncover cryptic 
diversity, refine taxonomy, and inform conservation strategies in biodiversity hotspots increasingly threatened 
by climate change.

1. Introduction

Species adapt to environmental variation along ecological gradients, 
including shifts in climate (Carcaillet and Brun, 2000; Theodoridis et al., 
2019; Baudière and Serve, 1971), soil properties (Cunningham et al., 
1999; Anacker et Strauss, 2014), and biotic pressures such as herbivory 
and competition (García-Ramos et Huang, 2013). These adaptations 
often involve phenotypic changes (Lande et Shannon, 1996; Agrawal, 
2001; Ghalambor et al., 2007; Frei et al., 2012). For instance, climatic 

variation may drive physiological adaptations to temperature or pre
cipitation extremes (Reyer et al., 2013), while soil gradients may favour 
different nutrient uptake strategies (Jobbagy et Jackson, 2001). Biotic 
interactions, including herbivory or pathogens, further shape plant 
survival through the evolution of enhanced plant defence mechanisms 
(e.g., Gatehouse, 2002). Collectively, these selective pressures can 
generate distinct genetic lineages (Benton, 2009; Morlon et al., 2024), 
with varying degrees of local adaptation (Nosil, 2008; Galtier, 2019; 
Barton, 2020; Hernández-Hernández et al., 2021). Understanding how 
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such genetic diversity is maintained across heterogeneous landscapes 
remains critical, particularly in the context of complex ecological gra
dients and historical perturbations.

In addition to spatial variation, temporal factors also shape genetic 
lineages within species. Historical climatic fluctuations during the 
Quaternary, for example, profoundly influenced genetic diversity and 
population structure in many plant species (Médail and Diadema, 2009). 
Glaciations created isolated refugia, providing safe havens where pop
ulations persisted and genetically diversified (Hewitt, 2000; 
Schönswetter et al., 2005; Boucher et al., 2021; Schneeweiss et al., 2017; 
Smyčka et al., 2017). As a result, several montane species surviving 
cycles of glacial and interglacial periods have given rise to geographi
cally distinct lineages (Schönswetter et al., 2004; Schönswetter et al., 
2005; Dépraz et al., 2008; Boucher et al., 2021; Záveská et al., 2021; 
Baumel et al., 2023; Luqman et al., 2023; Voisin et al., 2023), often 
exhibiting complex patterns of genetic structure and cryptic diversity 
(Gugerli et al., 2008; Rogivue et al., 2018). Peripheral refugial pop
ulations may have adapted to extreme abiotic conditions, while 
post-glacial recolonization facilitated secondary contact and occasional 
hybridization (Schneeweiss et al., 2017). Yet, despite such genetic 
divergence, morphological differentiation is often incomplete or subtle, 
obscured by secondary contact and shared ecological pressures (De 
Queiroz, 2007; Boucher et al., 2021; Kadereit and Abbott, 2021). This 
underscores the limitations of relying solely on phenotypic traits to 
detect taxonomic divergence (He et al., 2022; Liu et al., 2023; Nevado 
et al., 2024). Therefore, it is essential to explore alternative tools and 
methodologies to uncover cryptic phenotypic diversity in recently 
differentiated species, offering deeper insights into the processes driving 
speciation and biodiversity across evolutionary scales (Fǐser et al., 2018; 
Boucher et al., 2021).

To differentiate species or subspecies, taxonomists typically rely on 
heritable morphological traits such as leaf shape, flower colour, 
trichome density (Zhang et Kadereit, 2004). In rarer cases, the chemical 
profiles are also employed (Fico et al., 2007; Yuan et al., 2017; Ušjak 
et al., 2020). Phytochemical profiles, indeed, have been offering valu
able insights into how plants adapt to varying ecological abiotic and 
biotic conditions and pressures (Walker et al., 2022). Specialized me
tabolites of plants, in particular, play key roles in mediating interactions 
with the biotic and abiotic environment (Baldwin and Schultz, 1983; 
Karban et al., 2014). These chemical traits are not only influenced by 
environmental pressures but also encode the evolutionary history of 
plant lineages, providing a novel framework for studying adaptation and 
divergence (Walker et al., 2023). Accordingly, recent advances in 
chemical ecology have revealed patterns of phytochemical variation 
along ecological gradients at both inter and intraspecific levels (Moreira 
et al., 2018; Aartsma et al., 2019; Defossez et al., 2021). Distinct 
chemical profiles have been linked to habitat-specific pressures, such as 
drought or herbivory, while also reflecting evolutionary divergence 
within and between species (Kergunteuil et al., 2019, 2020). As a result, 
phytochemistry has emerged as a promising tool for resolving taxonomic 
challenges, particularly in morphologically cryptic groups where mo
lecular methods alone may not suffice (Martucci et al., 2014; Yuan et al., 
2017; Chervin et al., 2019; Evergetis and Haroutounian, 2020; Ušjak 
et al., 2020). Integrating chemical traits into taxonomy use offers a 
promising framework for linking ecological adaptation with evolu
tionary divergence (Orians, 2000; Berenbaum, 2002).

Because chemical profiles can reveal both adaptive responses to 
specific environmental conditions and signatures of genetic divergence 
(Martucci et al., 2014; Martinidou et al., 2023; Peters et al., 2023), it 
could be postulated that (phylo)genetic differentiation can be mirrored 
by metabolomic profiles differentiation, as evolutionary divergence 
often alters metabolic pathways and specialized metabolite production 
(Chae et al., 2014; Defossez et al., 2021; Holzbach et al., 2021). Such 
alignment between chemical and phylogenetic differentiation provides a 
valuable framework for studying diversification in phenotypically 
cryptic groups. Besides, while advances in genetic methods, such as 

next-generation sequencing, have greatly enhanced our understanding 
of phylogeographic patterns in plant lineages, these methods are often 
resource-intensive and may not fully capture functional differentiation 
(Peterson et al., 2012; Troisi et al., 2020). By contrast, phytochemical 
approaches offer a cost-effective (compared to genetic analyses) and 
complementary phenotypic differentiations, capable of identifying 
fine-scale population structures and functional traits (Moreira et al., 
2018; Szymański et al., 2020; Peters et al., 2023). Despite this potential, 
the relationship between chemical and phylogeographic differentiation 
remains largely underexplored, particularly at the intraspecific level, 
underscoring the need for eco-metabolomic studies to bridge this gap 
(Colombo et al., 2017; Evergetis and Haroutounian, 2020; Szymański 
et al., 2020).

The Primula auricula (Primulaceae) species complex provides an 
ideal system for exploring the relationship between phytochemistry and 
phylogenetic divergence. Widely distributed across the Alps, this com
plex comprises several genetically distinct clades separated by major 
geographic and historical barriers, reflecting a history of Pleistocene 
glacial isolation and subsequent range dynamics (Zhang et al., 2004; 
Boucher et al., 2016a,b; Morelon et al., 2026). Phytochemical studies of 
Primula species, including P. auricula, have revealed a rich secondary 
metabolite composition dominated by flavonoids, particularly 
Primula-type flavones and flavonol 3-O-glycosides, as well as phenyl
propanoids, carotenoids, triterpenoid saponins, and related compounds 
(Fico et al., 2007; Colombo et al., 2014, 2017; Holzbach et al., 2021). 
Within the P. auricula complex, kaempferol- and isorhamnetin-derived 
flavonoids are especially prominent and exhibit compartment-specific 
diversification in leaf tissues (Colombo et al., 2014; Holzbach et al., 
2021). Previous phylogeographic work showed that the major genetic 
divergence within this complex dates back to the mid-Pleistocene and 
was likely driven by allopatric differentiation associated with glacial 
refugia (Morelon et al., 2026). Despite this deep genetic structure and 
documented chemical richness, lineages within the complex remain 
largely indistinguishable morphologically in the field (Zhang and 
Kadereit, 2004; Somlyay and Bauer, 2010). This combination of cryptic 
morphology, strong phylogeographic structure, and known phyto
chemical diversity makes P. auricula a powerful model to test whether 
metabolomic profiles can capture fine-scale evolutionary divergence 
beyond morphology alone.

Accordingly, we investigated whether chemical differentiation aligns 
with phylogenetic divergence within the P. auricula complex (Morelon 
et al., 2026). Using metabolomic analyses, we characterized chemical 
diversity across 37 Alpine localities and addressed three key questions: 
a) Does chemical differentiation mirror phylogenetic divergence? b) Are 
certain groups of metabolites consistently over- or under-expressed 
within particular clades? c) Are chemical differences better explained 
by phylogenetic divergence or by environmental factors such as climatic 
variation? We hypothesized that as lineages diverge phylogeo
graphically, their metabolomes also evolve, leading to differential 
expression of metabolite groups. If metabolomic patterns strongly track 
phylogenetic signal, then divergence among clades should outweigh the 
influence of local ecological conditions, such as local climatic condi
tions. By bridging phylogeography and metabolomics, this study aims to 
clarify how evolutionary and ecological factors jointly shape chemical 
diversity across landscapes.

2. Material and methods

2.1. Material collection and phylogeographic delimitation

Leaf material of P. auricula was collected in the Jura mountains and 
the Alps between summer 2021 and summer 2023 across a total of 37 
localities (Fig. 1, Table S1). Depending on population size, topography, 
and accessibility, two to five individuals were sampled per site. A min
imum distance of 5 m between two samples was set when possible, and 
one to two fully expanded and healthy leaves per plant were collected to 
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perform genetic and chemical analyses. Sampling was conducted under 
collection permits issued by the relevant local and regional authorities. 
Herbarium voucher specimens were prepared only at sites with suffi
ciently large populations to avoid detrimental impacts; in populations 
with low individual numbers, voucher material was replaced by high- 
resolution photographic documentation of sampled plants. Informa
tion on collectors, voucher specimens, and photographic records is 
provided in Table S1.

Immediately after collection, fresh leaves of each individual plant 
were carefully wrapped in tea bags and placed in plastic bags filled with 
Silica gel. Samples were let dry at 40 ◦C in a laboratory oven for a 
minimum of one week and stored at − 40 ◦C before further analyses. Half 
of sampled leaf tissue was used for phylogeographic reconstruction and 
clade differentiation (Morelon et al., 2026). Using next-generation 
sequencing via double-digest restriction site associated DNA (ddRAD
seq) technique, the P. auricula complex was resolved into three mono
phyletic and geographically separated clades (Fig. 1). Clade 1 includes 
the Insubrian region and the Southern Swiss canton of Ticino. Clade 2 
spans populations between the Adige valley in Italy and the Eastern 
Alps. Clade 3 comprises the northern and western Alps, together with 
the northern Jura and Nagelfluh regions. In addition, preliminary 
metabolomic analyses (see below) identified outlier individuals sampled 
from the Vercors and Dévoluy massifs. These individuals form a 
monophyletic branch with distinct genetic differentiation (Morelon 
et al., 2026) and were therefore retained as a separate subgroup within 
Clade 3, hereafter referred to as Outliers 3.6 (Fig. 1). Following the 
genetic discrimination of main genetic groups inside the Primula auricula 
complex, our final sampling contained 34 individuals from 6 localities 
inside Clade 1, 27 individuals from 6 localities inside Clade 2 and 132 
individuals from 29 localities from Clade 3, including 18 samples from 
the Vercors and Dévoluy massif (Table S1). Raw demultiplexed genetic 

sequences are available at: Accession number: PRJNA1245062; https: 
//www.ncbi.nlm.nih.gov/sra/PRJNA1245062.

2.2. Metabolomic analysis

For metabolomic profiling, 20 mg of the dried leaf material, added 
with 3 mm diameter tungsten beads, was ground to a fine powder using 
a Mixer Mill MM 400 (Retsch GmbH, Haan, Germany) for 4 min at 30 
Hz. The leaf powder was added with 1000 μL of aqueous methanol 
(MeOH:H2O:Formic Acid; 80:19.5:05) and shaken for 4 min at 25 Hz. 
After centrifugation (25′000 G for 2.5 min), 150 μL of supernatant was 
transferred to HPLC vials for ultra-high-performance liquid chroma
tography (Acquity UPLCTMI-Class, Thermo Fisher Scientific, Waltham, 
MA, USA) coupled to Synapt XS (Waters, milford, USA) quadrupole 
time-of-flight mass spectrometry. Chromatographic separation was 
performed on an Acquity UPLC HSS T3 column (100 × 2.1 mm, 1.8 μm; 
Waters). Quality control (QC) pools were made by mixing 10 μL of each 
sample. No clean-up procedure was applied before analysis.

We then performed two mass spectrometry (MS) experiments on the 
same leaf samples. First, the entire set of samples was analysed in full 
scan MS1 (data independent mode; DIA) to explore metabolome-wide 
variation. For this, the flow rate was set to 400 μL/min and main
tained at 27 ◦C. A gradient with 0.05 % formic acid in water as mobile 
phase A and 0.05 % formic acid in acetonitrile as mobile phase B was 
applied: 0–40 % B in 7.0 min, 40–100 % B in 5.5 min, holding at 100 % B 
for 2.0 min, re-equilibration at 0 % B for 3.0 min. The injection volume 
was 0.2 μL. Both positive and negative ionization modes were tested for 
the QTOF analysis on representative samples. Given the number of 
samples, only negative ionization was used in further analysis since it 
provided richer chromatograms. Nitrogen compounds are less likely to 
be detected in negative ionization via the formation of (M-H)-or (M +

Fig. 1. Map of the sampling localities of the P. auricula complex across the European alpine arc. The phylogenetic tree above the map represents a Maximum 
Likelihood tree described in (Morelon et al., 2026) in our previous genetic study on this complex. Different colours represent the four different phylogeographic 
clades studied (see details in the text). Violet, green, yellow and brown colours represent clades 1, 2, 3 and 3.6 respectively. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)
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HCOO)-ions, but detection may still be possible in the case other specific 
functional groups such as carboxylic acids or alcohols are present in the 
molecules. Meanwhile, negative ionization mode increases the quality of 
flavonoids and saponins detection, in which richer chromatograms were 
retrieved and which represent the predominant specialized metabolites 
in Primula. The QTOF was operated in electrospray negative mode using 
the following spectrometric parameters: mass range 50–1200 Da, scan 
time 0.2 s, source temperature 140 ◦C, capillary voltage − 1.0 kV, cone 
voltage − 25 V, desolvation gas flow and temperature 1000 L/h and 
500 ◦C, respectively, cone gas flow 250 L/h. A 50 ng/ml solution of the 
synthetic peptide leucine-enkephalin in water:acetonitrile:formic acid 
(50:50:0.1) was infused constantly into the mass spectrometer as in
ternal reference to ensure accurate mass measurements (<2 ppm). QC 
samples were run 4 times before the batch and about every 30 samples 
during the batch. The whole system was controlled by Masslynx 4.2.

Second, we performed an MS experiment to investigate chemical 
superclass-level differences, using data-dependent acquisition (DDA) 
mode. This analysis was performed on a subset of the sampled localities, 
for a total 31 samples equally dispersed across the Alpine arc, including 
5 samples from Clade 1, 6 samples from Clade 2 and 20 samples form 
Clade 3 (Fig. 1). The source parameters were the same as above, while 
the DDA parameters were as follows: mass range 50–2000 Da, MS1 scan 
time 0.1 s, MS2 scan time 0.05 s, top 7 MS/MS, deisotoping option 
activated, dynamic exclusion of 1.5 s after acquisition. An exclusion list 
of the 150 most intense background ions from a blank sample was 
created. A ramped collision energy dependent on the m/z ratio was used 
(Defossez et al., 2023).

2.3. Metabolomic data preparation

Raw mass spectrometry data were centroided and converted to 
MzML format before processing by MZmine version v. 4.3 (Schmid et al., 
2023). Noise values for MS1 and MS2 were defined at 1500 and 40 
respectively, m/z tolerance to 0.015 and 15 ppm, S/N threshold to 30. 
Only compounds represented in at least 5 individuals from the total 
sampling were conserved for further analysis. Intensity threshold was set 
to 1500, peak duration range between 0.01 and 1 min, RT wavelength 
between 0.01 and 0.09. Minimum feature height was set to 1500 and 
coefficient area threshold to 50. After deconvolution, peak grouping was 
performed with the following settings: m/z tolerance: 0.015 or 15 ppm, 
RT:0.1, maximum charge: 2. Features were further annotated in SIRIUS 
by spectral matching against an in silico spectral database version of the 
Dictionary of Natural Product according to a previously described 
methodology (Scheubert et al., 2017). (M- H)- and (M + Cl)- ions in 
negative ionization mode were explored in the annotation. The 
following elements were allowed to compute the molecular formulas: 
hydrogen, oxygen and carbon (infinite number of atoms), nitrogen (up 
to 10 atoms), phosphorus (up to five atoms), and sulfur (up to five 
atoms). Metabolite structure prediction was made with CSI: FingerID 
(Dührkop et al., 2015) while chemical class prediction was made with 
CANOPUS (Dührkop et al., 2020) using the NPClassifier ontology (H. W. 
Kim et al., 2021). Based on this annotation, the metabolome was ar
ranged at different hierarchical levels, where ‘pathways‘ (e.g. terpe
noids) represent the highest order level, followed by ‘superclass‘ (e.g. 
triterpenoids) and ‘classes‘ (e.g. limonoids). For the purpose of our 
study, we opted to study variation at the superclass level, as we found 
that the variation at the pathway level was too coarse, while variation at 
the class level was too uncertain. As such, only those molecules assigned 
to superclass with a probability score >70 % were retained.

2.4. Statistical analyses

All statistical analyses were performed in R v. 4.2.0 (R Core Team, 
2022).

2.5. Whole metabolome variation across clades

First, for each sample of the DIA experiment, the Hill-Shannon di
versity index was estimated for comparing phytochemical diversity 
across the four clades (Petrén et al., 2024). Clade differences were 
assessed with a one-way ANOVA with chemical diversity as a response 
variable and clades as a fixed factor. Second, a non-metric Multi-Di
mensional Scaling analysis (NMDS) (metaMDS function from the ‘vegan’ 
package (Oksanen et al., 2019)) was performed on the Hellinger-scaled 
metabolomics dataset. Clade-level differences were estimated using a 
multivariate analysis of variance (PERMANOVA; n = 10,000 permuta
tions), with the adonis2 function in ‘vegan’ package. For both the NMDS 
and the PERMANOVA, the Bray-Curtis dissimilarity distance was 
calculated. Finally, we evaluated pairwise clade differences using the 
pairwise. adonis2 function in the ‘vegan’ package.

2.6. Superclass level chemical differentiation across clades

The importance of each metabolomic group (i.e. superclasses 
retrieved from the NPClassifier ontology) contributing to divergence 
genetic groups was estimated by analysing loading values from the first 
and second axis obtained from Sparse partial least squares discriminant 
analysis (sPLS-DA) using the package ‘mixOmics’ in R (Rohart et al., 
2017). For this, each model was tuned using the tune. splsda function on 
50 replicates, using 5 folds and 10 components. The best number of 
components was selected, and the final model was evaluated using a 
background classification prediction and the predictive power on the 
first components, using the background. predict function. In each anal
ysis, the significantly discriminant superclasses among at least the first 
or the second component of the model were determined with a Variable 
Importance Plot analysis (vip function from the ‘vip’ package (Greenwell 
et al., 2020). Sample classification was evaluated using a Clustered 
Image Map (cim function in ‘mixOmic’) over the identified important 
superclass to visualize if obvious patterns of metabolomic composition 
occurred among groups. To ensure reproducibility, seed 34 was set in 
the PLSDA tuning command. After model selection, the chemical fea
tures of the most discriminative superclasses of the first or the second 
components of the PLSDA model were summed by superclass for each 
individual feature. Differences among clades were evaluated using a 
Dunn post-hoc test with a Bonferroni correction as normality could not 
be assessed easily for all superclasses by the Shapiro-Wilkinson test 
(Table S2).

2.7. Phylogenetic versus climatic influence of the chemical superclasses 
across clades

To disentangle the relative contribution of the shared phylogenetic 
history versus the local climatic conditions of each population on the 
expression of the chemical superclasses, first, for each sampled locality, 
we estimated local average climatic conditions using 19 current biocli
matic variables, extracted from the CHELSA2 database (Karger et al., 
2016) with the R package ‘terra’ (Hijmans et al., 2022). A principal 
component analysis (PCA) was performed to represent localities along 
the first two ordination axes, and a Redundancy Analysis (RDA) (rda in 
‘vegan’) was performed to assess potential clade-level differences in 
climate. Next, we performed phylogenetic generalized least squares 
(PGLS) models with function pgls in the ‘caper’ package (Orme et al., 
2013) to estimate the effect of climate on the chemical superclass. PGLS 
incorporates phylogenetic relationships to estimate the expected 
covariance in cross-species data. It assumes that closely related species 
exhibit more similar traits (in this case, superclasses of metabolites) due 
to their common ancestry, which results in similar residuals from the 
least squares regression line. By considering the anticipated covariance 
structure of these residuals, the method generates adjusted slope and 
intercept estimates that account for interspecies autocorrelation caused 
by phylogenetic relationships, assuming Brownian motion (Symonds et 
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Blomberg, 2014). For each individual superclass, we regressed the total 
amount of metabolites against the first and second axes of the climatic 
PCA as described above. The PGLS model summary provided the sig
nificance of the regression slope with the climatic coordinates, as well as 
the Pagel's lambda (λ), a phylogenetic parameter that indicates whether 
a superclass bear phylogenetic signal (i.e., λ = 1) or not (i.e., λ = 0).

3. Results

The complete list containing compounds annotations obtained in 
SIRIUS for the DDA analysis can be viewed in Table S3.

3.1. Whole metabolome variation across clades

We observed significant variation in overall phytochemical diversity 
across clades (Fig. 2A, FClades,Hill-Shannon diversity = 52.99, p < 0.001), with 
Clade 2 exhibiting the highest mean phytochemical diversity (mean =
182), while Clade 3.6 displayed the lowest (mean = 101.34) (Fig. 2A). 
Yet, Clade 2 and Clade 3 were not statistically distinguishable based on 
their overall phytochemical diversity (Fig. 2A, p = 0.57). Moreover, 
NMDS ordination revealed distinct clustering patterns (Fig. 2B, FClades, 

Hellinger-scaled chemical matrix = 0.265, p-value = 0.001), in which all pair
wise comparisons showed significant differences between all clades (p 
< 0.05 for each comparison).

3.2. Superclass level chemical differentiation across clades

The partial least squares-discriminant analysis (PLS-DA) model 
showed enhanced predictive accuracy with a two-component configu
ration, as indicated by Bernoulli indices of 0.551 (component 1) and 
0.493 (component 2) when using the maximum distance metric. 
Following hyperparameter optimization, the final model demonstrated 
improved performance with Bernoulli indices of 0.541 (component 1) 
and 0.405 (component 2). This optimized model allowed for robust 
discrimination of Clades 2 and 3 across both components (maximum 

distance ranging between 0.2 and 0.04 on components 1 and 2). How
ever, the Outliers 3.6 group was effectively discriminated on component 
2 alone (maximum distances of 1 and 0.38 for components 1 and 2, 
respectively). In contrast, Clade 1 showed poor discrimination across 
both components, with a maximum distance of 1 (Fig. 3A). Out of all the 
total, 15 discriminant superclasses of compounds were identified, 
including: aminosugars and aminoglycosides, carotenoids (C40 and 
C50), eicosanoids, fatty esters, flavonoids and isoflavonoids, nicotinic 
acid alkaloids, octadecanoids, peptides alkaloids, phenolic acids 
(C6–C1), phenylpropanoids (C6–C3), small peptides, triterpenoids and 
tyrosine alkaloids (Fig. 3B).

The comparative analysis of these superclasses revealed that Clade 2 
produced significantly higher amounts of C40 carotenoids compared to 
Clade 1 (statistic = 2.743, p = 0.036), Clade 3 (statistic = − 3.438, p =
0.004) and the Outliers 3.6 group (statistic = − 2.743, p = 0.036). 
Importantly, C40 carotenoids were exclusively produced by Clade 2, 
which made this superclass the only discriminative chemical group 
separating Clade 1 from Clade 2 (Fig. 4). Clade 2 also exhibited higher 
production of peptide alkaloids and nicotinic acid alkaloids compared to 
the other groups. In the case of peptide alkaloids, significant differences 
were observed relative to Clade 3 (statistic = − 2.763, p = 0.034) and 
Outlier 3.6 (statistic = − 3.257, p = 0.007). For nicotinic acid alkaloids, 
significant differences were detected only when comparing Clade 2 and 
Outliers 3.6 (statistics = − 2.75, p = 0.035). Conversely, Clade 3 showed 
higher production of fatty esters compared to Clade 1 (statistics = 2.669, 
p-value = 0.046) and Clade 2 (statistics = 2.892, p-value = 0.023), as 
well as elevated small peptide levels relative to Clade 2 (statistic =
1.623, p = 0.039). Outliers 3.6 displayed similar levels of fatty esters and 
small peptides to Clade 3. The Outliers 3.6 group exhibited a marked 
reduction in isoflavonoids and phenolic acids (C6–C1) relative to Clade 
1 (statistic = − 2.89 and − 2.89, p = 0.023 for both comparisons), and 
Clade 3 (statistic = − 3.39 and − 2.87, p = 0.004 and 0.025 respectively). 
Aminosugars and aminoglycosides were also less abundant in Outliers 
3.6, with a significant difference noted when compared to Clade 3 
(statistic = − 3.56, p = 0.002). Both Clade 3 and Outliers 3.6 produced 

Fig. 2. Phytochemical diversity across Primula auricula genetic groups. A) Boxplots showing Hill-Shannon diversity indices calculated from the total metab
olome of the P. auricula complex across the Alps. Different letters above boxes show significant differences among genetic clades (p < 0.05). B) Non-Metric 
Multidimensional Scaling Analysis (NMDS) plot of the entire metabolome of the P. auricula complex across the Alps. Samples are grouped into four clades based 
on phylogeographic reconstruction. Ellipses represent 95 % confidence intervals around samples belonging to each clade. For each plot, violet, green, yellow and 
brown colours represent clades 1, 2, 3 and 3.6 respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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significantly higher levels of phenylpropanoids (C6–C3) than Clade 1 
(statistic = 3.053 and 3.20, p = 0.014 and 0.008 respectively) and Clade 
2 (statistic = 2.688, p = 0.043 for Outliers 3.6). Additionally, these 
groups demonstrated elevated levels of triterpenoids, small peptides and 
octadecanoids, although the differences were not statistically signifi
cant. Finally, while Outliers 3.6 exhibited reduced tyrosine alkaloids 
levels compared to other groups, this reduction was also not statistically 
significant (Fig. 4).

3.3. Phylogenetic versus climatic influence of the chemical superclasses 
across clades

The phylogenetic least squares (PGLS) analysis revealed that the 
residuals of several chemical superclasses conformed to a Brownian 
motion evolutionary model. Specifically, the absence of isoflavonoids (λ 
= 0.378, [0, 0.752]) and aminosugars and aminoglycosides (λ = 0.732, 
[0.210, 0.962]) in the Outliers 3.6 group, alongside the overexpression 
of phenylpropanoids (C6–C3) (λ = 1, [0.139, 1]) in both Clade 3 and 
Outliers 3.6 relative to Clade 1, as well as the unique production of C40 
carotenoids (λ = 1, [0.507, 1]) by Clade 2 revealed a phylogenetic 
structure of the analysed chemistry (Fig. 5A, Table S4).

Finally, while clades did not show significant differences in terms of 
their average climatic niche (FClades, climatic variability of CHELSA2 conditions =

2.142, p = 0.093), we found that the octadecanoid superclass exhibited 
both a phylogenetic signal and a significant response to climatic vari
ables, specifically along the first principal component (PC1) of the cli
matic PCA analysis (Fig. 5B, Fig. S1A). In other words, populations 
situated in regions with higher annual precipitations showed reduced 
octadecanoid production. In contrast, populations inhabiting areas with 
elevated mean daily maximum air temperatures during the warmest 
month or higher mean daily temperatures during the warmest quarter 
exhibited increased amounts of octadecanoid (Fig. 5B; t = − 3.048, p =
0.006).

4. Discussion

This study provides novel insights into the interplay between 
phylogenetic divergence and chemical differentiation. By combining 
metabolomic analyses with phylogeographic data, we demonstrated 
that metabolomic diversity not only mirrors phylogenetic structure but 
also reflects the history of environmental adaptation and genetic drift in 
an alpine species complex such as P. auricula (Zhang, Comes, et Kadereit, 
2004; Boucher et al., 2016a,b).

Does phytochemical diversity and composition mirror phylogenetic 
divergence within the P. auricula complex?

Our results indicate that the four genetic lineages of P. auricula, 
spread across the four corners of the Alps, are more similar in phyto
chemical diversity, within, than across clades. Accordingly, these results 
support the idea that phytochemical diversity bears - at least some 
extend - phylogenetic signal. In a large-scale study encompassing >400 
species in the Alps, Defossez et al. (2021) highlighted a significant 
positive correlation between phytochemical richness and speciation 
events. Hence, phylogenetic signals of phytochemical diversity might 
also occur at smaller scales, such as within the P. auricula complex. 
Notably, in our study, the Outliers 3.6 group exhibited the lowest 
metabolomic diversity. This result might be explained by the fact that 
this group could have undergone genetic drift, maybe due to past bot
tlenecking. Multiple examples exist in the literature which demonstrate 
the effect of genetic diversity loss following bottleneck on the ability of 
plants to face pests and diseases. For example, Six et al. (2021) evaluated 
the impact of pine beetle damage on the genetic, chemical and pheno
typic traits of Pinus albicaulis. While they observed significant differ
ences in phytochemical diversity among tested populations, particularly 
in terpenoids emissions, these variations could not be directly linked to 
survivorship. Instead, the study revealed that pine beetle damage was 
disproportionately concentrated on a limited range of genotypes. Sur
viving trees exhibited higher genetic diversity compared to the overall 
population, including individuals that succumbed to the beetles. The 
reduction of genetic diversity after bottleneck and its impact is also well 

Fig. 3. Chemical discrimination between groups identified in the P. auricula complex. A) Two-dimensional Principal component analysis (PCoA) ordination for 
discriminating the four different phylogeographic clades based on the sparse Partial Least Square discriminant Analysis (sPLS-DA) optimization of the phytochemical 
features selection. B) shows the superclasses that most contribute to clade differentiation along the first sPLS-DA component. Violet, green, yellow and brown colours 
represent clades 1, 2, 3 and 3.6 respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)

S. Morelon et al.                                                                                                                                                                                                                                Biochemical Systematics and Ecology 126 (2026) 105230 

6 



studied in domesticated plants. Szymański et al. (2020) evaluated the 
introgression impact of wild tomato accessions on modern cultivars. By 
combining gene-expression and metabolome functioning pathways in 
two introgressed cultivars, the authors highlighted that the 
domestication-driven bottleneck dramatically modified fruit ripening 
and pathogen resistance in plants. Particularly, the accumulation of 
pantothenic acid, which enhances fruit resistance to fungal attack, 
accumulated in both the wild tomato Solanum pennelli relative and in the 
introgressed cultivar, but was totally absent in the cultivated tomato 
Solanum lycopersicum which was particularly sensitive to fungal patho
gens. Now, whether the Outliers 3.6 group has indeed undergone genetic 
erosion and whether it impacted its multitrophic interactions needs to be 
further studied with specific demographic models, something that 
should be addressed in future analyses.

Notwithstanding, our findings align with previous studies demon
strating that metabolomic traits can serve as robust indicators of genetic 
divergence, particularly in morphologically cryptic taxa. For instance, 
studies in Swertia (Kaur et al., 2019), Viola (Chervin et al., 2019), or 
Heracleum species (Ušjak et al., 2020), demonstrate the value of 
phytochemical markers in taxonomic resolution, including alpine 
genera such as Primula (Fico et al., 2007; Colombo et al., 2014; Holzbach 
et al., 2021) andGentiana (Yuan et al., 2017). López-Álvarez et al. (2017)
further showed that phytochemical composition can outperform 
morphological traits in differentiating Brachypodium species. Therefore, 
linking plant taxonomy and phytochemical variability in plants can 
allow deepening our understanding of recent and ongoing 

diversification events, within cryptic plant species.

4.1. Are certain groups of metabolites consistently over- or under- 
expressed in specific clades?

The observed patterns of metabolomic differentiation have far 
reaching implications for the ecological and evolutionary dynamics of 
P. auricula. Specialized metabolites mediate a wide range of interactions 
with biotic and abiotic factors, influencing plant fitness and survival 
(Rosenthal and Berenbaum, 2012; Karban et al., 2014; Salam et al., 
2023). For example, the exclusive production of C40 carotenoids in 
Clade 2, which allows discriminating this group from the rest of the 
P. auricula complex in the Alps, including Clade 3, may enhance pho
toprotection while serving as a visual signal for pollinators. Such dual 
functions have been documented in other species, such as Gentiana lutea, 
where carotenoids not only protect against UV damage but also attract 
pollinators through flower pigmentation (Sobral et al., 2015, 2016; 
Veiga et al., 2016). Given that Clade 2 has also been historically 
differentiated by taxonomists from the lineages that extended across the 
northern and western Alps via their flower pigmentation (Zhang and 
Kadereit, 2004), carotenoids may serve as useful taxonomic markers, 
although their diagnostic value requires further fine-scale sampling 
(Somlyay and Bauer, 2010; Rudolf et al., 2018).

We also found phenylpropanoids and small peptides overexpressed 
in Clade 3 and 3.6. These compounds are associated with antioxidant 
activity and stress tolerance, traits particularly relevant in the rocky 

Fig. 4. Mean production of metabolic superclasses. Different panels show the most discriminating metabolic superclasses, and their average relative amounts 
among different clades of the P. auricula complex across the Alps. The significant p-values from Dunn's pairwise comparison test are displayed on individual boxplots 
(*: p≤0.05, **: p≤0.01). Violet, green, yellow and brown colours represent Clades 1, 2, 3 and 3.6 respectively. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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habitats where P. auricula thrives (Kim et al., 2021; Ortiz and Sansine
nea, 2023). Phenylpropanoids, in particular, are known for their anti
oxidant properties, while small peptides can serve to coordinate plant 
response to biotic and abiotic stresses, providing efficient metabolic 
responses to herbivory, and to varying temperature or drought condi
tions (Scherrer and Körner, 2010; Kim et al., 2021; Ortiz and Sansine
nea, 2023). The loss of this chemical composition in Outlier 3.6 suggests 
again that specific selective pressures are missing in these habitats 
(Pimpinelli et Piacentini, 2020; Sadgrove et al., 2020; Ramos et al., 
2023), or that a genetic bottleneck has contributed to chemical diversity 

erosion. Additionally, peptides alkaloids and nicotinic acid alkaloids, 
which we observed to be overexpressed in Clade 2, are known to 
contribute to stress tolerance and herbivore defence (Baldwin and 
Schultz, 1983; Rosenthal and Berenbaum, 2012). Such variation in 
metabolomic strategies likely enhances clade-specific ecological resil
ience and may contribute to reproductive isolation. Reciprocal trans
plant experiments could help clarify how different metabolomes 
influence plant performance across environments. These findings also 
have implications under climate change, as alpine plants will face 
intensified abiotic stress and shifting biotic interactions (Scherrer and 

Fig. 5. Phylogenetic and climatic drivers of chemical production. Shown are A) a phylogenetic tree of the different P. auricula populations sampled across the 
alpine arc, and the associated relative amounts of different chemical superclasses that show significant levels of phylogenetic signal (Pagels' λ 0) in the residual 
variance of phylogenetic generalized least squares (pgls) model. B) Scatterplot and linear regression line (lm (x ~ Axis1)) of the discriminative superclasses of 
compounds which significantly discriminated among the first axis of the PCA on the climatic variables. Violet, green, yellow and brown colours represent clades 1, 2, 
3 and 3.6 respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Körner, 2010; Nomoto et al., 2024).

4.2. Are these chemical differences primarily associated with phylogenetic 
divergence or with environmental factors such as climatic variation?

Although phylogenetic structure was the strongest determinant of 
metabolomic differentiation, climatic factors also shaped certain traits, 
notably octadecanoids. This finding is consistent with research demon
strating that environmental gradients, such as temperature and precip
itation, shape the production of secondary metabolites in plants (Isah, 
2019; Waterman and Mole, 2019; Qaderi et al., 2023). Octadecanoids 
are central to stress signalling, and were upregulated in warmer or drier 
environments, consistent with their role in abiotic stress responses 
(Wasternack and Hause, 2013). At this stage, our coarse sampling 
design, which privileged collecting across the entire alpine arc over the 
fine-grained sampling of few populations, limits our ability to precisely 
link the expression of chemicals with the plants ability to cope with 
specific microclimatic conditions. Accordingly, for instance, as Clade 3 
spans a wide geographic range, encompassing regions with distinct cli
matic conditions, individuals within this Clade 3 likely experience 
strong variation in microclimatic conditions, potentially leading to 
localized differences in secondary metabolite production (see 
Figure S1BC) (Luqman et al., 2023). Similar microclimate-driven 
chemical variation has been observed in Quercus ilex and Rhododen
dron ferrugineum, where populations across elevation gradients exhibi
ted differential production of carotenoids and UV-absorbing pigments, 
reflecting adaptations to UV exposure and temperature extremes (Filella 
and Peñuelas, 1999). Further work combining high-resolution climatic 
monitoring with denser population sampling will be essential to disen
tangle these interactions.

Nonetheless, disentangling the relative contributions of genetic 
relatedness and environment to metabolomic variation remains a both 
technical as well as statistical challenge. First, clearly, the metabolome is 
the outer marker of the genomic makeup of a plant. Yet, environmental 
plasticity makes some chemotypes more expressed in one environment 
than in others, which is a reflection of the gene expression, measured 
using RNA-based transcriptomics, rather than gene presence, measured 
using DNA-based genomics (Macel et al., 2010). In this case, common 
garden experiments could be used to disentangle the effect of environ
ment from genes in dictating phytochemical variation. Second, disen
tangling the multivariate climatic profile of a population (or individual) 
from its multivariate genetic makeup, as done in our study using 
phylogenetic-corrected linear regressions remains rather limited, and is 
often prone to type-I errors (Mazel et al., 2016; Swenson, 2019). Future 
work should thus integrate common garden experiments, to isolate the 
effects of genetic versus environmental influences on metabolomic 
profiles, with novel comparative genetic approaches in a multivariate 
framework (e.g. Svishcheva et al., 2022).

5. Conclusion and perspectives

Metabolomic profiling of the P. auricula complex across the Alps 
reveals its value as a tool for studying phenotypic differentiation and 
evolutionary processes. Our findings demonstrate that metabolomics 
can provide a low-cost, high-resolution complement to genomic ap
proaches for investigating intraspecific diversity and demographic 
history.

Future research should explore how variations in metabolomic pro
files between genetic groups of P. auricula influence multitrophic in
teractions with their environment. For instance, Primula species are 
primarily pollinated by Hymenoptera and Lepidoptera (Fisogni et al., 
2011; Minuto et al., 2014), but specific pollinator preferences and their 
potential role in driving chemical co-evolution in P. auricula remain 
unstudied. Similarly, phytochemical defences may interact with her
bivory pressures, shaping reproductive success and survival (Sasidharan 
et al., 2024). While large herbivores appear to avoid P. auricula due to its 

high concentrations of toxic saponins, field observations suggest mol
luscs as potential herbivores. Molluscs, with their limited dispersal 
ability and tendency toward endemism in rocky habitats (Dépraz et al., 
2008), could contribute to localized co-evolutionary dynamics that in
fluence the defensive metabolome of the plants. Investigating these 
multitrophic interactions could elucidate how biotic pressures drive 
both genomic and phytochemical diversification, potentially contrib
uting to clade and species differentiation.

Further refinement in chemical characterization is also essential to 
understand qualitative differences among clades within similar struc
tural groups of metabolites. The chemical annotation generated by tools 
such as Sirius provides a first, preliminary, framework for identifying 
clade-specific molecular structures. These networks suggest clear qual
itative differentiation among clades, with certain compounds restricted 
to one or two clades. However, advanced techniques such as nuclear 
magnetic resonance (NMR) spectrometry are necessary to precisely 
identify and reference these compounds. A concerted effort is also 
needed to develop robust open-source chemical libraries to improve 
metabolomic identification and provide a comprehensive overview of 
the metabolome constitution (Gomes et al., 2024). For example such 
efforts should help clarify whether flavonoids and isoflavonoids, known 
to display specific patterns in Primula species from the section Auricula 
(Fico et al., 2007; Colombo et al., 2014; Holzbach et al., 2021) exhibit 
consistent variation across the three genetic groups studied here.

By linking phylogeography with metabolomics, this study highlights 
the role of genetic drift, isolation, and ecological pressures in shaping 
chemical diversity. The P. auricula complex, with its strong phylogeo
graphic structure and cryptic morphology, provides a powerful model 
for testing metabolomic fingerprinting as a tool in evolutionary and 
conservation biology. Given the sensitivity of alpine plants to climate 
change (Paun et al., 2008; Boucher et al., 2016b; Schneeweiss et al., 
2017), such approaches are particularly urgent. The relatively low cost 
of metabolomic analysis compared to genomic sequencing underscores 
its potential as a scalable approach for conservation in biodiversity 
hotspots. Integrating metabolomics with ecological and genomic per
spectives will be critical for unravelling the complex processes shaping 
alpine biodiversity and for informing conservation strategies.
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Dorrestein, P.C., Böcker, S., 2017. Significance estimation for large scale 
metabolomics annotations by spectral matching. Nat. Commun. 8, 1494.

Schneeweiss, G.M., Winkler, M., Schönswetter, P., 2017. Secondary contact after 
divergence in allopatry explains current lack of ecogeographical isolation in two 
hybridizing alpine plant species. J. Biogeogr. 44, 2575–2584. https://doi.org/ 
10.1111/jbi.13071.

Schönswetter, P., Stehlik, I., Holderegger, R., Tribsch, A., 2005. Molecular evidence for 
glacial refugia of mountain plants in the European Alps. Mol. Ecol. 14, 3547–3555.

Schönswetter, P., Tribsch, A., Stehlik, I., Niklfeld, H., 2004. Glacial history of high alpine 
Ranunculus glacialis (Ranunculaceae) in the European Alps in a comparative 
phylogeographical context. Biol. J. Linn. Soc. 81, 183–195.

Six, D.L., Trowbridge, A., Howe, M., Perkins, D., Berglund, E., Brown, P., Hicke, J.A., 
Balasubramanian, G., 2021. Growth, chemistry, and genetic profiles of whitebark 
pine forests affected by climate-driven Mountain pine beetle outbreaks. Front. For. 
Glob. Change 4. https://doi.org/10.3389/ffgc.2021.671510.

Schmid, R., Heuckeroth, S., Korf, A., Smirnov, A., Myers, O., Dyrlund, T.S., Bushuiev, R., 
Murray, K.J., Hoffmann, N., Lu, M., Sarvepalli, A., Zhang, Z., Fleischauer, M., 
Dührkop, K., Wesner, M., Hoogstra, S.J., Rudt, E., Mokshyna, O., Brungs, C., 
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color preferences of insects and livestock: effects on Gentiana lutea reproductive 
success. PeerJ 4, e1685.

Sobral, M., Veiga, T., Domínguez, P., Guitián, J.A., Guitián, P., Guitián, J.M., 2015. 
Selective pressures explain differences in flower color among Gentiana lutea 
populations. PLoS One 10, e0132522.

Somlyay, L., Bauer, N., 2010. Nomenclatural and taxonomic notes on two eastern taxa of 
the Primula auricula complex. Biologia (Bratisl.) 65, 784–788.

Svishcheva, G.R., Tiys, E.S., Elgaeva, E.E., Feoktistova, S.G., Timmers, P.R., Sharapov, S. 
Z., Axenovich, T.I., Tsepilov, Y.A., 2022. A novel framework for analysis of the 
shared genetic background of correlated traits. Genes 13, 1694.

Swenson, N.G., 2019. Phylogenetic Ecology: a History, Critique, and Remodeling. 
University of Chicago Press.

Symonds, M.R.E., Blomberg, S.P., 2014. A primer on phylogenetic generalised least 
squares. In: Garamszegi, L.Z. (Ed.), Modern Phylogenetic Comparative Methods and 
Their Application in Evolutionary Biology: Concepts and Practice. Springer Berlin 
Heidelberg, Berlin, Heidelberg, pp. 105–130. https://doi.org/10.1007/978-3-662- 
43550-2_5.
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