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As a major biodiversity hotspot, the Atlantic Forest harbors not only an extraordinary richness 
of species, but also distinct environments, such as inselbergs, where extreme abiotic conditions drive 
unique ecological and metabolic adaptations. Within the Atlantic Forest biome, the genus Cololobus, 
native to southeastern Brazil, is endemic to inselbergs. With an evolving taxonomic circumscription, 
the genus remains understudied from a chemical perspective. Herein, we investigated the chemical 
profiles of Cololobus species using liquid chromatography coupled to ultraviolet detection and 
tandem mass spectrometry (LC-UV-MS/MS) followed by metabolite characterization through 
in silico tools and manual inspection. Comparative analysis of the metabolic profile revealed 
interspecific variation, with a high prevalence of phenolic compounds, specifically flavonoids 
and hydroxycinnamic acid derivatives, and sesquiterpene lactones. These metabolites are widely 
recognized for their ecological functions, including chemical defense against natural enemies and 
ultraviolet radiation protection, traits likely critical for survival in inselberg habitats. Our results 
suggest that species from harsher inselbergs are characterized by greater chemical diversity, likely 
reflecting adaptation to environmental conditions. Taken together, these findings provide insights 
into metabolic and ecological variation in plants occurring in extreme habitats of the Atlantic Forest.

Keywords: LC-MS/MS, metabolite characterization, Asteraceae, Vernonineae, Brazilian 
biodiversity, natural products

Introduction

The Atlantic Forest is recognized as one of the most 
biologically diverse biomes in the world.1-4 Characterized 
by exceptionally high plant endemism and chemical 
richness, the biome is currently considered a conservation 
hotspot.4 Its distinctive ecological complexity, habitat 
heterogeneity, and remarkable plant diversity have driven 
the evolution of a vast repertoire of metabolites, many 
of which are specific to endemic taxa.5,6 Despite its 
outstanding chemical and biological diversity, the Atlantic 
Forest remains underexplored from a phytochemical 
perspective, particularly for narrow endemic species 
and taxa adapted to specialized environments such as 
inselbergs (i.e., isolated rock outcrops rising abruptly from 
the surrounding landscape).7-10 These rock formations are 
mainly distributed in tropical and subtropical regions, 
where they act as “terrestrial islands” by creating unique 

ecosystems that often contain a high number of endemic 
plant species, which are very distinct environments from 
the surrounding vegetation matrix.11,12

Cololobus is a small genus of subshrubs endemic to 
inselbergs of the Atlantic Forest.13,14 The genus Cololobus 
belongs to the tribe Vernonieae and the subtribe Vernoniinae, 
within the Asteraceae family.13,14 Currently, the taxon is 
circumscribed to five described species: Cololobus argenteus 
M.Monge & Semir (2018), Cololobus hatschbachii H.Rob. 
(1994), Cololobus longiangustatus (G.M. Barroso) H.Rob.  
(1994), Cololobus rupestris (Gardner) H.Rob. (1994), 
and Cololobus ruschianus M.Monge, Fraga & A.P. 
Fontana (2021).15-17 Although the genus was first 
described approximately three decades ago, its taxonomic 
circumscription continues to evolve. To date, no studies 
have investigated the metabolites occurring in Cololobus 
species; therefore, information on their specialized 
metabolite repertoire and potential chemotaxonomic 
relevance is lacking. The current absence of phytochemical 
research represents a notable knowledge gap, particularly 
considering endemism of the genus to distinctive inselberg 
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habitats, where unique adaptive chemical traits may have 
arisen.

In natural products research, metabolite characterization 
plays an important role in unraveling the chemical 
diversity of organisms, supporting chemotaxonomic and 
ecological studies, and guiding the discovery of bioactive 
compounds.18-21 Advances in analytical platforms, 
particularly high-resolution mass spectrometry, nuclear 
magnetic resonance spectroscopy, and chromatographic 
techniques, have significantly improved the accuracy and 
speed of structural elucidation.22,23 Modern workflows 
frequently integrate mass spectrometry fragmentation 
data, molecular networking, in silico annotation tools, 
and reference spectral libraries to facilitate the process of 
metabolite characterization and enhance confidence levels 
of annotation.24,25

The term metabolite characterization encompasses the 
assignment of chemical structures to metabolites detected 
across diverse biological systems (e.g., plants, humans, 
and microorganisms).26-28 This process commonly includes 
putative assignment of a compound based on spectral 
data and database or in silico comparison (referred to as 
metabolite annotation), as well as unequivocal identification 
with definitive structural confirmation of a compound 
relying on authentic reference standards or full spectroscopic 
elucidation (referred to as metabolite identification).29,30 
Despite the advances in the field, comprehensive metabolite 
characterization remains a challenge due to structural 
complexity, stereochemical diversity, and the occurrence of 
novel or low-abundance metabolites.24,25,31,32

Herein, we employed a chemical profiling approach 
based on liquid chromatography coupled to ultraviolet 
detection and tandem mass spectrometry (LC-UV-MS/MS) 
to investigate four Cololobus species, namely: C. argenteus, 
C. longiangustatus, C. rupestris and C. ruschianus. By 
integrating manual curation of chemical spectral data 
with molecular networking and in silico prediction tools 
for structural elucidation and chemical assignments, we 
provided a comprehensive chemical characterization of 
the genus Cololobus and established the main differences 
inter-species. Additionally, we provided insights on the 
potential ecological roles of these metabolites by examining 
whether their distribution correlates with the occurrence of 
the plant across different environments.

Experimental

Plant collection and sample preparation

Leaves of four species belonging to the genus Cololobus 
were sampled from exsiccatae deposited in different 

Brazilian herbaria, including Cololobus  longiagustatus 
(collected by Esgario et al. (voucher No. 23), Alto Misterioso, 
São Roque do Canaã, ES, Brazil: MBML029761), 
Cololobus rupestris (collected by Esgario et al. (voucher 
No. 162), Alto Misterioso, São Roque do Canaã, ES, 
Brazil: MBML033582), Cololobus ruschianus (collected 
by Monge et al. (voucher No. 3320), Mirante do Vale do 
Canaã, Santa Teresa, ES, Brazil: UEC195464, HUFU), and 
Cololobus argenteus (collected by Monge and Campos‑Rocha  
(voucher No. 3585), Pedra da Tartaruga, Águia Branca, ES, 
Brazil: HUFU). The herbarium acronyms are in accordance 
with the Index Herbariorum database.33,34 Details about 
each plant material are presented in the Supplementary 
Information (SI) section, Table S1. 

The plants species analyzed in this study were registered 
in the SisGen website for access to Brazilian genetic 
heritage in line with the current legislation.

Leaves of each plant species were dried in an oven at 
65-70 °C for four days and subsequently stored in a freezer 
at –8 °C for seven days prior to herbarium deposition. 
After sampling the herbarium leaves for each species, 
they were individually pulverized with a mortar and pestle 
using liquid nitrogen and stored in sealed tubes. For sample 
preparation, 5 mg of pulverized plant material were weighed 
into microtubes and 500 µL of MeOH:H2O solution (7:3, v:v) 
with hydrocortisone (5 µg mL-1) was added. The microtubes 
containing the mixture were vortexed (AV-2, Gehaka) for 
30 s at room temperature and then placed in an ultrasonic 
bath (UltraSonic Cleaner 1400, 40  kHz, UNIQUE) for 
10 min at room temperature. After the addition of 500 µL 
of deionized H2O, the mixtures were centrifuged (M-240R, 
BOECO, Germany) for 5 min at 10 °C, and the supernatants 
were filtered through syringe filters with a 0.22  µm 
polytetrafluoroethylene (PTFE) membrane into vials.

Data acquisition and processing

LC-MS analyses were performed in an ultra-high 
performance liquid chromatography (NexeraX2, Shimadzu 
Corporation, Japan) system coupled to a diode array (DAD) 
ultraviolet detector (SPD-M30A, Shimadzu Corporation, 
Japan) and to a quadrupole time-of-flight (qTOF) mass 
spectrometer (LCMS-9050, Shimadzu Corporation, Japan). 
Volumes of 5 µL of each plant extract were injected in a C18 
column (2.6 µm, Polar C18 Kinetex, 100 Å, 150 × 2.1 mm, 
Phenomenex, Torrance, CA, USA) using a gradient of 
deionized H2O (A) and acetonitrile (B) both with 0.1% of 
formic acid (0-25 min, 10-100% B; 25‑27 min, 100% B; 
27‑28 min, 100-10% B; 28-30 min, 10% B) and a flow rate 
of 0.3 mL min-1. The oven temperature was set at 40 °C. 
Data were acquired in positive and negative ionization 
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modes separately using electrospray ionization in data-
dependent acquisition mode. The following parameters 
were employed in the mass spectrometer: drying and 
nebulizing gas: nitrogen (N2); nebulizing gas flow: 
3 L min‑1; drying gas flow: 10 L min-1; heating gas: dry air; 
heating gas flow: 10 L min-1; interface temperature: 300 °C; 
desolvation temperature: 526 °C; desolvation line  (DL) 
temperature: 250 °C; heat block temperature: 400  °C; 
collision-induced dissociation gas: argon (Ar); number 
of dependent events: 6; starting delay time: 0.5 s; search 
m/z (mass-to-charge ratio) of precursor ion: 100 to 1500; 
interaction count of measurements: 3; collision energy: 
35 eV; collision energy spread: 20 eV; search for precursor 
ions: intensity order; precursor intensity threshold: 1000; 
charge state:, 1-3; select unknown charge state ions; select 
only monoisotopic; select indeterminable ions; m/z range: 
100 to 1500 (MS mode) and 50 to 1500 (MS/MS mode); 
event time: 0.100; maximum loop time: 0.700 s; pulser 
injection time: 194  µs; Q1 resolution: unit; threshold: 
low; interface voltage: +3500 V (for positive mode) or 
–3000 V (for negative mode). The following conditions 
were employed for the ultraviolet detector: a deuterium (D2) 
lamp with positive polarity operating over a wavelength 
range of 190-700 nm with a spectral resolution of 512 and 
a slit width of 8 nm.

To allow processing, the data acquired was converted 
from the proprietary format (.lcd) to an open format 
(.mzXML) using the Postrun module of the LabSolutions 
software (Shimadzu Corporation, Japan). Data of 
positive and negative ionization modes were separately 
processed. Files in .mzXML format of each corresponding 
ionization mode were uploaded in the MZmine™ software 
(version 4.7.27 for Windows, BMC Bioinformatics, 
United Kingdom) and the following parameters were 
employed for data processing: mass detection (scan 
types: all scan types; mass detector: centroid; noise 
level: 1.0 × 103 for MS level 1 and 1.0 × 102 for MS level 
≥ 2); chromatogram builder: scan filter from 0 to 25 min 
(minimum consecutive scans: 7; minimum intensity for 
consecutive scans: 1.0 × 103; minimum absolute height: 
3.0 × 103; m/z tolerance: 0.0050 m/z or 10 ppm); smoothing 
(algorithm: Savitzky-Golay; retention time (tR) width: 7); 
local minimum feature resolver (MS/MS scan pairing - 
MS1 to MS2 precursor tolerance: 0.0100 m/z or 25 ppm; 
retention time filter, use tolerance: 0.2 min - dimension, 
retention time; chromatographic threshold: 90%; minimum 
search range tR: 0.020; minimum relative height: 5%; 
minimum absolute height: 5 × 103; minimum ratio of peak  
top/edge: 1.50; peak duration range: 0.05 to 1.50; minimum 
scans:  7); 13C isotope filter (m/z tolerance: 0.0100 m/z 
or 20 ppm; tR tolerance: 0.10 min; maximum charge: 2; 

representative isotope: lowest m/z); alignment - join aligner 
(m/z tolerance: 0.0050 or 10 ppm; weight for m/z:  3; 
retention time tolerance: 0.20 min; weight for tR: 1; export 
molecular networking files (filter rows: MS2 or ion identity; 
merge and select fragment scans: merged; presets: single 
scan; merging m/z tolerance: 0.0100 or 25 ppm; merge: 
across samples; intensity merge mode: maximum value; 
intensity normalization: no normalization; feature intensity: 
area; CVS export: simple); export for SIRIUS (intensity 
normalization: no normalization; merge and select fragment 
scans: merged; presets: representative scan; merging m/z 
tolerance: 0.0100 or 25 ppm; merge: across samples; 
intensity merge mode: maximum value; m/z tolerance: 
0.0100 or 20 ppm).

The exported files for Global Natural Product Social 
Molecular Networking (GNPS) were uploaded to the 
GNPS2 website32 to build molecular networks for data 
obtained in the positive and negative ionization modes 
separately. The following parameters were employed: 
feature finding tool: MZmine; precursor ion tolerance: 0.02; 
fragment ion tolerance: 0.02; window filter: yes; precursor 
window filter: yes; minimum cosine: 0.65; minimum 
matched peaks: 4; networking maximum shift: 1999; 
classic parameter - topK: 10; classic parameter - maximum 
component size: 100; library minimum cosine: 0.5, library 
minimum matched peaks: 4; analog search: no; analog 
search - maximum shift: 1999; top-K: 1; quantification 
normalization: none. Molecular networks were visualized 
and interpreted using Cytoscape software (version 3.10.2 
for Mac, Institute for Systems Biology, Seattle, WA, USA).

Similarly, the exported files for SIRIUS in the positive 
and negative ionization modes were separately uploaded 
to SIRIUS software (version 6.0.3 for Mac, Lehrstuhl 
Bioinformatik, Jena, Germany) and the following 
parameters were used: SIRIUS - molecular formula 
identification; instrument: qTOF; MS2 accuracy (ppm): 
10; fallback adducts: [M + H]+, [M + Na]+, [M + K]+, 
[M  +  NH3]+ (for data in the positive ionization mode) 
and [M – H]–, [M + CH2O2 – H]– (for data in the negative 
ionization mode); search DBs: all; spectral matching: 
20  ppm; perform analog search; molecular formula 
generation: de novo + bottom up; perform de novo below 
m/z 400; element filter: de novo + bottom up; allowed 
elements (H, C, N, O, P); autodetect (B, S, Cl, Se, Br); 
ZODIAC - network-based improved of SIRIUS molecular 
formula ranking; predict properties - CSI: FingerID - 
fingerprinting prediction and CANOPUS - compound class 
prediction: no score threshold; CSI:FingerID - structure 
database search, no PubChem as fallback; MSNovelist - de 
novo structure generation. After computing all prediction 
properties, summaries were exported for the top hit outputs, 
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which were integrated into the generated molecular 
networks using Cytoscape software.

All raw LC-MS/MS data (.lcd and .mzXML files), along 
with the processed data (.mgf files and .csv spreadsheets) 
employed for molecular networking and SIRIUS 
predictions, were deposited at the Mass Spectrometry 
Interactive Virtual Environment (MassIVE) website (see 
Data Availability Statement section).

Metabolite characterization

After a preliminary overview of the generated molecular 
networks and SIRIUS metabolite predictions, the total 
ions chromatograms of each plant species were examined 
and the MS spectra of the most relevant signals (i.e., 
peaks with intensity greater than 3,000 ions counts) were 
manually inspected for metabolite characterization. This 
thresholding approach ensured analytical robustness and 
the inclusion of high-quality features while minimizing the 
influence of background noise and low-abundance artifacts. 
Molecular formulas were generated for all detected 
signals using the LabSolutions Insight Explore software 
(Shimadzu Corporation, Japan). To ensure great accuracy, 
metabolite characterization was conducted by comparing 
the molecular features detected in Cololobus species with 
the m/z values of metabolites previously described in the 
tribe Vernonieae.19,35-43

Flavonoids were characterized based on their typical 
ultraviolet (UV) profiles, which generally exhibit two 
major absorption bands in the ranges of 240-280 and 
300‑350 nm.44 More specifically, aglycones moieties were 
characterized as flavones (showing absorption band at 
250-280 and 310‑350 nm), flavonols (showing absorption 
band at 250‑280 and 330-360 nm for C3–OH substituted 
or 350‑385  nm for C3–OH free) and flavanones or 
dihydroflavonols (showing absorption band at 275‑295 nm 
and shoulder at 300-330 nm). The characterization of 
these aglycones was further supported by MS/MS data 
and diagnostic m/z values: luteolin (m/z 287 [M + H]+ 
and 285 [M – H]–), apigenin (m/z 271 [M + H]+ and 269 
[M – H]–), luteolin O-methyl ether (m/z 301 [M + H]+ 
and 299 [M – H]–), quercetin (m/z 303 [M + H]+ and 
301  [M  –  H]–), eriodictyol (m/z 289 [M  +  H]+ and 287 
[M – H]–), naringenin (m/z 273 [M + H]+ and 271 [M – H]–)  
and dihydroquercetin (m/z 305 [M + H]+ and 303 [M – H]–).  
Glycosylated forms were recognized by the presence 
of neutral losses corresponding to hexose (–162 Da) or 
hexuronose (–176 Da), with no stereochemistry inferred 
for the sugar moieties.

Similarly, hydroxycinnamic acid derivatives 
(including caffeoylquinic acids, feruloylquinic acids and 

coumaroylquinic acids) were characterized based on their 
ultraviolet absorption features, which typically exhibit 
maxima in around 325 nm with shoulder in 298 nm.45 
Structural differentiation among these derivatives was 
supported by their MS/MS patterns, particularly through 
diagnostic m/z values and intensities associated with 
common substitution patterns.46,47

Sesquiterpene lactones were characterized based on their 
typical UV absorption profiles, which commonly display 
a strong absorption band at 195-230 nm and a weaker 
band around 260-280 nm, consistent with the presence 
of α,β-unsaturated γ-lactone chromophores.48,49 Their 
structural elucidation was further supported by diagnostic 
MS/MS features, particularly low-mass fragments derived 
from lactone-ring cleavage and neutral losses of water, 
carbon monoxide, and small alkyl substituents. In the 
positive ionization mode, these fragmentations produced 
characteristic ions at m/z 277.1071, 259.0965, 241.0859, 
231.1016 and 213.0910.50,51

Results and Discussion

An outline of the integrative workflow applied for 
LC‑MS/MS data processing, feature selection, and 
metabolite characterization is shown in Figure 1. Initially, 
LC-MS/MS data acquired in both positive and negative 
ionization modes (ESI+ and ESI–) were processed to 
generate lists of features containing MS/MS information. 
The resulting feature list comprises a broad array of signals, 
including genuine metabolite ions as well as fragments, 
adducts, and various analytical artifacts. Therefore, the 
total ion chromatograms were manually inspected to select 
the most relevant signals (i.e., those representing true 
metabolites) for detailed analysis (see SI section, Figures S1 
and S2). Through this manual selection process, we refined 
the dataset to 102 LC-MS/MS-derived signals across the 
four analyzed Cololobus species, each corresponding 
to a putative metabolite. Among these, 30 features were 
observed exclusively in the negative ionization mode, 
41 exclusively in the positive ionization mode, and 31 in 
both ionization modes. These findings demonstrate that data 
analysis in both ionization modes is essential to achieve 
comprehensive metabolite coverage, as certain compounds 
ionize preferentially in either the positive or negative mode.

Subsequently, we employed three complementary 
strategies to advance metabolite characterization: 
(i) in silico class assignments using SIRIUS, (ii) library-
based annotations via GNPS2, and (iii) manual interpretation 
of fragmentation patterns. Manual curation of MS/MS 
spectra focused on identifying diagnostic ions, thereby 
enhancing the accuracy of metabolite annotation and 
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chemical classification. Together, this multistep analytical 
approach afforded a robust and comprehensive framework 
for characterizing metabolites across Cololobus species.

The predominant metabolites detected across Cololobus 
species were phenolic compounds, including flavonoids 
and hydroxycinnamic acid derivatives, and sesquiterpene 
lactones (Table 1). By integrating molecular networking 
results, in silico predictions, and manual curation of  
MS/MS data, we characterized 41 metabolites at level 2 of 
confidence (structure-level identification), 46 metabolites 
at level 3 (class-level assignment) and 15 metabolites at 
level 4 (molecular formula only) according to the minimum 
reporting standards for chemical analysis (Table S2,  
SI section).29,30 Sesquiterpene lactones were almost 
exclusively detected in the positive ionization mode, 
whereas hydroxycinnamic acid derivatives and some 
flavonoids were more predominantly detected in the negative 
ionization mode. The fragmentation patterns obtained in 
the negative ionization mode for hydroxycinnamic acid 
derivatives provided additional structural information, 

particularly aiding in determining the positions of 
phenylpropanoid-derived groups (caffeoyl, feruloyl and 
coumaroyl units) in the quinic acid moiety.

To enable a comparative assessment of the principal 
metabolite classes across species and to differentiate 
metabolites shared among species from those unique 
to specific taxa, we examined the generated molecular 
networks, emphasizing the ion-count abundances associated 
with each species (Figures S3 and S4, SI section). 

In general, hydroxycinnamic acid derivatives were 
detected across all Cololobus species (1, 5, 6, 7N, 8N, 
10N, 18, 21, 22, 26 and 34N). Whereas C. longiangustatus 
exhibited wider variety of hydroxycinnamic acids 
derivatives, including unique caffeoylquinic acids (35, 38 
and 51) and hexose-conjugated phenylpropanoids (2N, 3N, 
4N, 13N, 15N, 27N, 37N and 45N) (Figure 2).

Several types of flavonoids were detected, including 14 
flavones, 2 flavonols, 5 flavanones and one dihydroflavonols 
(Figures 3 and 4). In general, flavones apigenin- and luteolin-
like aglycones were detected in all Cololobus species (17, 

Figure 1. Integrative workflow for LC-MS/MS data processing and metabolite characterization. The final structural proposals were manually inspected 
(manual curation) based on the rationalization of gas-phase decomposition reactions.
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Table 1. Metabolites detected in Cololobus species

IDa tR / min Metabolite name and formula
Confidence 

level

Plant species

C. argenteus C. longiangustatus C. rupestris C. ruschianus

1 1.9 3-O-Caffeoylquinic acid (C16H18O9) level 2 ● ● ● ●
2N 2.0 Caffeoyl O-hexoside (C15H18O9) level 2 ●
3N 2.2 Caffeoyl O-hexoside (C15H18O9) level 2 ●
4N 2.5 Caffeoyl O-hexoside (C15H18O9) level 2 ●
5 2.6 4-O-Caffeoylquinic acid (C16H18O9) level 2 ● ● ● ●
6 2.8 5-O-Caffeoylquinic acid (C16H18O9) level 2 ● ● ● ●
7N 4.1 5-p-Coumaroylquinic acid (C16H18O8) level 2 ● ● ●
8N 4.3 1,3-O-Dicaffeoylquinic acid (C25H24O12) level 2 ● ● ● ●
9P 4.7 Apigenin C-hexose-hexoside (C27H30O15) level 2 ● ● ●
10N 5.0 5-O-Feruloylquinic acid (C17H20O9) level 2 ● ●
11N 5.4 Eriodictyol O-hexose-O-hexuroside ()C27H30O17 level 2 ● ●
12 6.1 Dihydroquercetin (C15H12O7) level 2 ● ●
13N 6.2 Rosmarinic acid O-hexoside (C24H26O13) level 2 ●
14 6.4 Eriodictyol O-hexuronoside (C21H20O12) level 2 ● ● ●
15N 7.2 Rosmarinic acid O-hexoside (C24H26O13) level 2 ●
16P 7.5 Putative vernodalinol (C19H22O8) level 3 ● ●
17 7.7 Luteolin O-hexuronoside (C21H18O12) level 2 ● ● ● ●
18 7.9 3,4-di-O-Caffeoylquinic acid (C25H24O12) level 2 ● ● ● ●
19P 8.0 Hirsutinolide type-STL (C19H20O8) level 3 ● ●
20 8.1 Naringenin O-hexuronoside (C21H20O11) level 2 ● ● ●
21 8.2 3,5-di-O-Caffeoylquinic acid (C25H24O12) level 2 ● ● ● ●
22 8.3 1,5-di-O-Caffeoylquinic acid (C25H24O12) level 2 ● ● ● ●
23 8.6 Acanthoside B (C28H36O13) level 2 ● ● ●
24 8.9 Apigenin O-hexuronoside (C21H18O11) level 2 ● ● ● ●
25N 8.7 Luteolin O-hexoside (C21H20O11) level 2 ●
26 9.0 1,4-di-O-Caffeoylquinic acid (C25H24O12) level 2 ● ● ● ●
27N 9.2 Caffeoyl-hexose derivative (C24H24O11) level 2 ●
28P 9.3 Putative vernolepin (C15H16O5) level 3 ● ● ●
29 9.4 Luteolin O-methyl O-hexuroside (C21H20O11) level 2 ● ● ●
30N 9.5 Luteolin O-hexoside (C22H20O12) level 2 ● ●
31P 9.5 Luteolin O-methyl-O-hexoside (C22H22O11) level 2 ● ●
32P 9.6 Putative vernocinerascolide (C19H22O8) level 3 ● ● ●
33 9.7 Eriodictyol (C15H12O6) level 2 ● ● ●
34N 9.9 O-Caffeoyl-O-feruloylquinic acid (C26H26O12) level 3 ● ●
35N 10.1 4,5-di-O-Caffeoylquinic acid (C25H24O12) level 2 ●
36P 10.1 Putative hydroxyvernolide (C19H22O8) level 3 ● ● ●
37N 10.2 Caffeoyl-hexose derivative (C26H26O12) level 3 ●
38N 10.3 O-Caffeoyl-O-feruloylquinic acid (C26H26O12) level 3 ●
39P 10.4 Putative STL (C21H24O10) level 3 ●
40P 10.5 Putative dihydrovernodalin (C19H22O7) level 3 ● ● ●
41N 10.5 Luteolin O-hexose-hexoside (C30H26O14) level 2 ● ●
42 10.6 Quercetin (C15H10O7) level 2 ● ●
43P 10.7 Glaucolide-type STL (C23H28O1)1 level 3 ●
44N 10.7 C20H26O9 level 4 ● ●
45N 10.8 Flavonoid caffeoyl-hexose derivative (C30H28O14) level 3 ●
46P 10.9 Putative STL (C22H26O10) level 3 ●
47 11.0 Luteolin (C15H10O6) level 2 ● ● ● ●
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IDa tR / min Metabolite name and formula
Confidence 

level

Plant species

C. argenteus C. longiangustatus C. rupestris C. ruschianus

48P 11.2 Putative STL (C20H22O9) level 3 ●
49P 11.3 Putative STL (C19H20O7) level 3 ● ● ●
50 11.3 Quercetin 3-O-methyl ether (C16H12O7) level 2 ● ● ●
51N 11.4 3,4,5-tri-O-Caffeoylquinic acid (C34H30O15) level 2 ●
52N 11.5 C20H26O9 level 4 ● ●
53N 11.6 C33H30O17 level 4 ●
54P 11.7 Putative STL (C20H24O8) level 3 ● ●
55P 11.8 Putative STL (C21H24O9) level 3 ●
56P 11.9 Putative STL (C20H22O7) level 3 ● ●
57 12.2 Apigenin (C15H10O5) level 2 ● ● ● ●
58N 12.2 C19H20O7 level 4 ● ● ●
59P 12.4 Putative STL (C19H21O7) level 3 ● ● ●
60P 12.6 Putative vernodalin (C19H20O7) level 3 ● ● ●
61P 12.8 Putative STL (C23H26O10) level 3 ●
62 13.0 Eriodictyol O-methyl (C16H14O6) level 2 ● ●
63 13.1 Putative STL (C19H21NO10) level 3 ●
64 13.3 Tricetin O-dimethyl ether (C17H14O7) level 2 ● ● ● ●
65 13.8 Luteolin O-methyl ether (C16H12O6) level 2 ● ● ●
66P 14.1 Putative STL (C23H26O9) level 3 ●
67N 14.7 C19H22O9 level 4 ● ● ●
68P 14.8 Putative hirsutinolide-type STL (C19H20O6) level 3 ● ● ● ●
69P 15.0 Putative STL (C19H22O6) level 3 ● ● ●
70 15.1 Apigenin O-methyl ether (C16H12O5) level 2 ● ● ● ●
71N 15.2 C35H32O13 level 4 ● ●
72P 15.4 Putative STL dimer (C34H36O11) level 3 ●
73P 15.5 C38H43NO level 4 ●
74 15.6 Putative STL dimer (C38H42O13) level 3 ● ● ●
75 15.7 Putative STL dimer (C34H30O13) level 3 ●
76P 15.8 Putative STL (C20H22O6) level 3 ● ● ●
77 16.0 Putative STL dimer (C34H30O13) level 3 ●
78P 16.4 Putative STL dimer (C42H46O18) level 3 ●
79 16.5 Putative STL dimer (C34H30O12) level 3 ●
80 16.6 Putative STL dimer (C38H42O13) level 3 ● ● ●
81P 16.8 Putative STL dimer (C38H42O14) level 3 ●
82P 17.0 Putative STL dimer (C38H40O13) level 3 ● ● ●
83P 17.3 Putative vernodalidimer A (C38H40O14) level 3 ●
84P 17.4 Putative STL dimer (C39H42O14) level 3 ●
85P 17.5 Putative STL dimer (C38H40O13) level 3 ● ●
86P 17.6 Putative STL dimer (C38H40O12) level 3 ● ●
87N 17.6 C30H42O11 level 4 ● ● ●
88 17.7 C35H32O13 level 4 ●
89P 17.8 Putative STL dimer (C38H40O12) level 3 ● ●
90P 17.8 Putative STL dimer (C37H40O15) level 3 ●
91P 17.9 Apigenin O-dimethyl ether (C17H14O5) level 2 ● ● ●
92P 18.1 Putative STL dimer (C38H40O12) level 3 ● ● ●
93P 18.2 Putative STL dimer (C35H32O12) level 3 ●
94P 18.4 Putative STL dimer (C38H40O12) level 3 ● ● ●

Table 1. Metabolites detected in Cololobus species (cont.)
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IDa tR / min Metabolite name and formula
Confidence 

level

Plant species

C. argenteus C. longiangustatus C. rupestris C. ruschianus

95N 18.4 C30H44O11 level 4 ● ●
96N 18.5 C28H48O11 level 4 ● ● ●
97P 18.6 Putative STL dimer (C38H40O12) level 3 ● ● ●
98P 18.7 C27H46O9 level 4 ● ● ●
99 18.9 C28H44O11 level 4 ● ● ● ●
100N 19.5 C36H34O level 4 ● ●
101N 20.1 C36H36O level 4 ● ● ●
102P 23.3 Putative STL dimer (C35H52O9) level 3 ●
aID refers to peak identification, where P indicates metabolites detected exclusively in the positive ionization mode, N indicates metabolites detected 
exclusively in the negative ionization mode and numbers alone indicate metabolites detected in both ionization modes. tR: retention time; STL: sesquiterpene 
lactone.

Table 1. Metabolites detected in Cololobus species (cont.)

Figure 2. LC-MS/MS molecular networking of Cololobus species in the negative ionization mode, highlighting the cluster of metabolites classified as 
hydroxycinnamic acid derivatives.

24, 47, 57 and 70). Interestingly, none of the identified 
flavonols (42 and 50), flavanones (11N, 14, 20, 33 and 62) and 
dihydroflavonol (12) were detected in C. argenteus. Among 
the phenolic compounds, the lignan acanthoside B  (23), 
a phenylpropanoid derived-metabolite formed by the 
dimerization of two C6-C3, was detected in C. argenteus, 
C. longiangustatus and C. rupestris, but not in C. ruschianus.

A diverse set of sesquiterpene lactones was detected 
across the Cololobus species. Their occurrence varied among 
taxa and was particularly pronounced in C.  ruschianus 
(Figure 5). Several sesquiterpene lactones classified as 
hirsutinolides, glaucolides and elemanolides were detected 

in C. longiangustatus, C. rupestris and C. ruschianus (28P, 
32P, 36P, 49P, 59P, 60, 68P and 76P), as well as diverse 
sesquiterpene lactone dimers (69P, 74, 80, 82P, 92P, 94P and 
97P). In addition, several sesquiterpenes lactones and their 
dimers were found exclusively in C. ruschianus (39P, 46P, 
48P, 55P, 61P, 63, 66P, 75, 77, 78P, 79, 81P, 83P, 84P, 90P, 
93P and 102P). Interestingly, C. argenteus was characterized 
by the presence of only two sesquiterpene lactones, both 
classified as hirsutinolides (19P and 68P), displaying markedly 
fewer sesquiterpene lactones than the other Cololobus species. 
In addition, one putative sesquiterpene lactone (72P) was 
exclusively detected in C. longiangustatus. 



9 of 14

Comparative Metabolic Profiling in Cololobus Species across Habitats Gallon et al.

J. Braz. Chem. Soc. 2026, 37-Spe1, e-20260047

The number of detected metabolites varied considerably 
among species. Specifically, C. ruschianus exhibited the 
highest chemical richness (76 metabolites), followed by 

C. longiangustatus and C. rupestris (66 and 63 metabolites, 
respectively). In contrast, C. argenteus displayed the 
lowest metabolite richness, with 27 detected metabolites 

Figure 3. LC-MS/MS molecular networking of Cololobus species in the negative ionization mode, highlighting the cluster of metabolites classified as 
flavonoids and a lignan-type compound.

Figure 4. LC-MS/MS molecular networking of Cololobus species in the positive ionization mode, highlighting the cluster of metabolites classified as 
phenolics compounds, including flavonoids and caffeoylquinic acid derivatives, and a lignan-type compound.
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(Figure 6a). 
Previous studies52-57 of Asteraceae species, particularly 

populations of Lychnophora and Eremanthus, occurring 
in the Brazilian “campos rupestres” have described the 
influence of spatial and seasonal factors on the biosynthesis 
of specialized metabolites. Although both qualitative 
and quantitative variation have been reported for some 
populations, major differences were primarily related 
to metabolite concentration levels. Therefore, from a 
qualitative perspective, the divergence in metabolic profiles 
may be associated with environmental variables other 
than seasonality. Accordingly, our results suggest that the 
qualitative chemical profiles of Cololobus species appear 
to be influenced by the geographical locations where the 
plants grow (Figure 6b). 

Specifically, C. argenteus was collected in the northern 
region of Espírito Santo state (18°58’59.2”S, 40°44’25.1”W) 
and exhibited a less diverse chemical profile. C. argenteous 
was sampled at a locality characterized by a drier climate, 
higher mean annual temperature (23 °C) and lower 
altitude (142 m above sea level (a.s.l.)), surrounded by 
semideciduous forest, compared with the other collection 
sites.58 Inselberg species composition is strongly shaped by 
temperature and altitude, which are closely related to UV 
exposure, as plants growing at lower elevations experience 
reduced UV radiation.58,59 Morphologically, C. argenteus 

exhibits specialized structures, with its body heavily 
covered by whitish and greyish trichomes and leaves 
appressed along the trunk (according to Monge et al.),17 
which may help mitigate the effects of high temperatures 
by reflecting light and reducing water loss through 
evaporation.59 Additionally, C. argenteus seems to occur in 
larger vegetation mats (according to Monge et al.),17 where 
nutrients are often more abundant. The interaction between 
these environmental conditions and plant traits may 
drive metabolic adaptations in C. argenteus toward more 
conservative and classical chemical defense strategies, 
resulting in a less diverse chemical profile. 

In contrast, C. longiangustatus and C. rupestris were 
collected in the central region of the state (19°47’49.0”S, 
40°46’31.0”W and 19°58’17.0”S, 40°31’49.0”W, 
respectively) in a relatively high-altitude area (1,019 m 
a.s.l. and 944 m a.s.l., respectively) characterized by a 
wetter climate, lower mean annual temperature (16-18 °C), 
and surrounded by dense montane ombrophylous forest.60 
Both species exhibited similar chemical profiles in terms of 
metabolite richness and diversity (i.e., both species presented 
comparable numbers of flavonoids and sesquiterpene 
lactones). However, C. longiangustatus exhibited higher 
content of hydroxycinnamic acid derivatives. In terms 
of microhabitats, high-altitude inselbergs are considered 
even harsher environments, characterized by nutrient-

Figure 5. LC-MS/MS molecular networking of Cololobus species in the negative ionization mode, highlighting the cluster of metabolites classified as 
sesquiterpene lactones.
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poor soils, high UV radiation, strong winds, limited water 
availability, and substantial daily temperature fluctuations.61 
Both species, C. longiangustatus and C. rupestris, exhibit 
putative adaptations to these harsh conditions, such as dense 
trichomes on the leaves, deciduous leaves, appressed leaves 
to the trunks.17 Indeed, considering the environmental 
harshness of high-altitude inselbergs, the metabolism of 
C. longiangustatus and C. rupestris appears to be shaped 
toward a more complex chemical response, thereby 
promoting the production of more diverse metabolites.

C. ruschianus was also collected in the central 
region of the state (19°54’40”S, 40°36’09”W), but at an 
intermediate altitude site (611 m a.s.l.) compared to the 
other sampling sites. This population of C. ruschianus was 
found in a rock crack, with almost no soil and no other 
plant forming vegetation mats, on a very steep inclination 
(above 70°), within a 250-300 m-deep valley (according 
to Monge  et  al.).16 Compared with the other collection 
sites, this location represents an even harsher inselberg 
microhabitat, as winds are expected to be stronger and water 
and nutrients less available, while UV radiation incidence is 
expected to be intermediate. Among the analyzed species, 
we observed that C. ruschianus exhibited the greatest 
diversity of sesquiterpene lactones, resulting in greater 
overall metabolite richness. Such diversity may reflect the 
activation of more complex chemical defense strategies 
to cope with extremely severe environmental conditions.

Upon comparing the chemical profiles across Cololobus 
species, we observed that C. longiangustatus possesses a 
richer set of hydroxycinnamic acid derivatives, exhibiting 
nearly twice as many of these metabolites as the other 
species. Likewise, when evaluating the distribution of 
sesquiterpene lactones among the Cololobus species, we 
found that C. ruschianus exhibits a markedly enriched 
profile, presenting approximately twice the number of such 

metabolites compared to the remaining species. Differences in 
microhabitat strongly influence the plant community, shaping 
metabolic responses to environmental stress.11 Cololobus 
species collected in harsher microhabitats, exhibited more 
complex and diverse chemical profiles (C.  ruschianus), 
whereas those from less stressful microhabitats exhibited 
less diverse chemical profiles (C. argenteus). Additionally, 
geographical location data showed that metabolite richness 
may be associated with the elevation at which plants 
were growing. Cololobus species collected at higher and 
intermediate altitudes, between 600 and 1050 m a.s.l., 
exhibited more complex and diverse chemical profiles 
(C.  longiangustatus, C. rupestris, and C. ruschianus), 
whereas those collected at lower altitudes exhibited less 
diverse chemical profiles (C. argenteus). This trend may 
reflect enhanced chemical defense strategies in response 
to stressful and harsher inselberg microhabitat conditions.

Conclusions

Comparative chemical profiles of Cololobus species 
revealed a high prevalence of phenolic compounds, 
including hydroxycinnamic acid derivatives and flavonoids, 
and sesquiterpene lactones. Interestingly, C. argenteus 
exhibited a less diverse chemical profile, with fewer 
detectable metabolites, suggesting a more conserved 
metabolism or reduced chemical defense strategies for 
coping with environmental challenges. By contrast, 
C.  longiangustatus, C. ruschianus, and C. rupestris 
displayed more complex metabolic repertoires, consistent 
with broader or more flexible ecological strategies, maybe 
in response to harsher microhabitats. Such interspecific 
differences in chemical diversity highlight the potential 
adaptive roles of specialized metabolites in shaping 
ecological adaptations within the genus.

Figure 6. Metabolite richness, measured as the number of metabolites, across Cololobus species classified as hydroxycinnamic acid derivatives, flavonoids, 
lignans, and sesquiterpene lactones or remained unclassified (a). Map showing the geographical locations where Cololobus species were collected (b).
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