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A B S T R A C T

Recent studies have reported the occurrence of cis-Δ⁹-tetrahydrocannabinol (cis-Δ⁹-THC) and its carboxylated 
precursor, cis-Δ⁹-tetrahydrocannabinolic acid (cis-Δ⁹-THCA), minor isomers of the well-known trans counter
parts. However, their origin remains unclear and several hypotheses have been proposed. In this work, cis- 
Δ⁹-THCA and the major phytocannabinoids, including cannabidiolic acid (CBDA), trans-Δ⁹-tetrahy
drocannabinolic acid (trans-Δ⁹-THCA), cannabichromenic acid (CBCA), and their biosynthetic precursor can
nabigerolic acid (CBGA), were quantified in a large and diverse set of C. sativa accessions using a targeted 
metabolomics approach based on liquid chromatography coupled to high-resolution Orbitrap mass spectrometry 
(HPLC-HRMS). Our findings indicate that cis-Δ⁹-THCA does not appear to be chemically derived from other 
cannabinoids, prompting new considerations regarding its biosynthetic origin. Notably, growth-stage analyses 
revealed a parallel accumulation pattern between cis-Δ⁹-THCA and CBCA, suggesting the potential involvement 
of CBCA synthase in its formation. Overall, this study provides new evidence on the distribution, variability, and 
possible biosynthetic pathways of cis-Δ⁹-THCA, enriching current understanding of cannabinoid diversity in 
C. sativa.

1. Introduction

Cannabis sativa L. is one of the most widely discussed plant species, as 
its inflorescences represent the most commonly used recreational drug 
worldwide, yet the plant also has a long history in traditional Chinese 
medicine and in the fiber industry of Western countries. In recent years, 
renewed interest in its potential applications has emerged, spanning 
clinical use [1–5] as well as environmentally sustainable technologies, 
building materials, and agri-food innovation [6,7].

Both the psychoactive and therapeutic properties of C. sativa are 
attributed to phytocannabinoids, a peculiar class of terpenophenolic 
metabolites naturally produced in their carboxylated forms. Their 
biosynthesis involves the reaction between a resorcinol and an iso
prenoid moiety, with structural variability accounting for more than 150 
phytocannabinoids described to date [8–12]. Among the most abundant 

compounds featuring a pentyl side chain, cannabigerolic acid (CBGA) 
acts as the central precursor from which three major cannabinoids, 
namely cannabidiolic acid (CBDA), Δ⁹-tetrahydrocannabinolic acid 
(Δ⁹-THCA), and cannabichromenic acid (CBCA), are enzymatically 
produced through distinct oxidocyclases (Fig. 1). Upon exposure to heat 
or light, these acidic forms undergo decarboxylation to yield the cor
responding neutral species: cannabidiol (CBD), trans-
Δ⁹-tetrahydrocannabinol (trans-Δ⁹-THC), and cannabichromene (CBC), 
respectively.

Phytocannabinoid profiles are commonly used to classify C. sativa 
chemotypes, defined according to the relative ratio between THC, CBD, 
and CBG, where the total amount of each cannabinoid in both its acidic 
and neutral forms is taken into account. Five chemotypes have been 
described [13], namely: chemotype I (THC/CBD higher than 10), che
motype II (THC/CBD ratio close to 1), chemotype III (THC/CBD ratio 
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lower than 1), chemotype IV (CBG predominant varieties), chemotype V 
(negligible phytocannabinoids levels). These chemotypic fingerprints 
area a valuable insight in the underlying genotypes and offer valuable 
information for breeding programs and geographic origin studies [14].

Among phytocannabinoids, trans-Δ⁹-THC is the most extensively 
studied due to its well-established psychoactive properties. Owing to the 
presence of two stereogenic centers (C6a and C10a), four stereoisomers 
of Δ⁹-THC are possible: (–)-trans-Δ⁹-THC, (+)-trans-Δ⁹-THC, (–)-cis- 
Δ⁹-THC, and (+)-cis-Δ⁹-THC. In their acidic forms (Fig. 2), only (–)-trans- 
Δ⁹-THCA was known to occur naturally, and evidence regarding trace 
amounts of the (+)-trans isomer remains inconclusive [15–17].

The natural occurrence of cis isomers within the THC family has long 
been debated. The first report of cis-Δ⁹-THC in C. sativa dates back to 
1976 [18], but subsequent studies focused primarily on the neutral 
forms generated upon heating plant material prior to analysis. Since 
carboxylated phytocannabinoids are thermolabile, analytical workflows 
relying on gas chromatography inherently promote decarboxylation and 
may lead to artefactual formation of cis-Δ⁹-THC. More recently, the 
presence of cis-Δ⁹-THCA in unheated plant extracts was confirmed [19]. 
Notably, two chemotype III samples in that study exhibited higher levels 
of cis-Δ⁹-THCA, closer to those of the trans isomer in chemotypes III and 
IV.

Smith and Kempfert [18] also reported that plants with a high 
CBD/THC ratio (chemotype III) showed higher amounts of cis-Δ⁹-THC, 
often with trans/cis ratios of 1:1 or 2:1, whereas THC-dominant varieties 
displayed ratios exceeding 10:1. These findings were later supported by 
Schafroth et al. [20], who additionally demonstrated that cis-Δ⁹-THC 
occurs as a scalemic mixture in plant material.

Several hypotheses have been proposed to explain the origin of cis- 

Δ⁹-THCA and its corresponding neutral derivative. Early work by Uliss 
et al. [21] and Razdan and Zitko [22] suggested chemical isomerization 
involving intermediate CBD isomers. Later, Schafroth et al. [20] pro
posed two possibilities: (i) the action of a dedicated oxidocyclase, 
analogous to known cannabinoid synthases, or (ii) a pericyclic cycliza
tion mechanism related to the formation of CBCA from CBGA (Fig. 1).

Given that sample heating can generate artefactual products, eluci
dating the true phytocannabinoid composition in planta requires 
analytical workflows that avoid thermal degradation. In this study, 
leveraging access to a pure analytical standard of cis-Δ⁹-THCA, we 
quantify this recently characterized phytocannabinoid alongside CBGA, 
CBDA, trans-Δ⁹-THCA, and CBCA using a validated HPLC-HRMS 
method. Our large dataset of 97 samples from multiple accessions and 
chemotypes provides a robust foundation to explore potential relation
ships between cis-Δ⁹-THCA and other phytocannabinoids, and to 
investigate hypotheses regarding its biosynthetic origin.

2. Materials and methods

2.1. Materials

A total of 97 Cannabis sativa inflorescence samples from 40 different 
genotypes were included in this study. Inflorescences were harvested at 
full maturity from open-field cultivated plants and dried at 30–35 ◦C for 
48–72 h. Most samples (n = 69) derived from commercial varieties 
propagated by seed. Specifically, eight chemotype III varieties (Codi
mono, Carmaleonte, Carmagnola, Eletta Campana, Fibranova, Fibrante, 
Futura 75, and CS) and one chemotype IV variety (Felsinea, currently 
under registration in the Italian Register of Varieties) were collected as 

Fig. 1. Phytocannabinoids biosynthesis. Biosynthetic pathway of the main phytocannabinoids through specific synthases and decarboxylation driven by heat or 
light exposure.
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both apical flowers and 30 cm-long apical stems, with three biological 
replicates per matrix, for a total of six samples per variety.

For three additional chemotype III varieties (Fibror 79, Tiborszallasi, 
Secuieni Jubileum), only apical flowers were collected, each sample 
composed of a pooled mixture of nine inflorescences. Twelve Finola 
single-female plants previously characterized for chemotype [23] were 
also included: five chemotype II plants and seven chemotype III plants. 
An additional 11 samples (labelled “S” followed by a number) were 
derived from landraces and seed-propagated lines, each collected as a 
single sample except for S1172, which was collected in replicate. 
Finally, 16 samples labelled “V” (V2–6, V9, V12–15, V18, V20–24) 
originated from a clonally (rooted cuttings) maintained collection of 
elite genotypes. All lines and landraces were taken from a germplasm 
collection of CREA and were already characterized for chemical profiles 
of mature inflorescences.

To investigate biosynthetic trends during early development, 12 
additional samples were obtained from seedlings belonging to chemo
types I, II, and III. Samples were collected across early BBCH growth 
[24] stages: 09 (cotyledons and hypocotyls), 11 (one true leaf pair), 12 
(two leaf pairs), and 13 (three leaf pairs), with three biological replicates 
per stage.

Acetonitrile, analytical grade ethanol 96% (v/v), formic acid, and LC- 
MS grade water were purchased from Carlo Erba (Milan, Italy). Certified 
analytical standards of trans-Δ⁹-THCA, CBDA, CBCA, and CBGA were 
obtained from Cerilliant (Round Rock, TX, USA). Pure cis-Δ⁹-THCA was 
available from a recent synthesis [19].

2.2. Extraction of Cannabis sativa samples

A total of 109 plant samples were extracted following the monograph 
Cannabis Flos of the German Pharmacopoeia [25], as applied in previous 
studies [12,26,27].

Briefly, 500 mg of finely powdered biomass were subjected to three 
sequential extractions (15 min each) with 20 mL, 12.5 mL, and 12.5 mL 
of 96% ethanol. The combined extract was diluted to 50 mL with fresh 
ethanol in a volumetric flask. A 1 mL aliquot was filtered through a 
0.45 µm syringe filter and diluted 1:10 with acetonitrile for HPLC-HRMS 
analysis.

2.3. Chromatographic and spectrometric methods

Phytocannabinoid separation and detection were performed using an 
HPLC-HRMS system (Vanquish Core, Thermo Fisher Scientific, Wal
tham, USA) equipped with a binary pump, vacuum degasser, thermo
stated autosampler (4 ◦C), thermostated column compartment (30 ◦C), 
and diode-array detector (DAD) operating at 270 and 306 nm. The DAD 
served solely for monitoring and not for quantification.

Chromatographic separation was achieved using a Poroshell 120 EC- 
C18 column (100 × 3.0 mm, 2.7 µm) equipped with a guard column 
(5 × 3.0 mm, 2.7 µm) maintained at 30 ◦C. Under the applied gradient 
conditions, cis-Δ⁹-THCA and trans-Δ⁹-THCA were baseline-separated, as 
confirmed by injection of pure cis- and trans-Δ⁹-THCA analytical stan
dards along with an exemplary sample (Figure S1, Supplementary In
formation). The gradient elution program started from 95% solvent A 

(0.1% aqueous formic acid, v/v) and 5% solvent B (acetonitrile with 
0.1% formic acid, v/v), linearly increasing to 95% B over 20 min and 
held for 3 min. A washing step at 98% B for 7 min was followed by 
column re-equilibration at initial conditions for 6 min. The flow rate was 
0.5 mL/min, yielding a total runtime of 36 min [19].

The HPLC system was coupled to an Exploris 120 Orbitrap mass 
spectrometer (Thermo Fisher Scientific) with a heated electrospray 
ionization (HESI) source, operated in fast polarity switching mode 
(HESI+ and HESI–). Quantification of carboxylated cannabinoids was 
performed in negative ionization mode due to improved signal quality. 
HESI source parameters [19] were: capillary temperature 390 ◦C, 
vaporizer temperature 150 ◦C, electrospray voltage 4.2 kV (positive) 
and 3.8 kV (negative), sheath gas 55 a.u., auxiliary gas 5 a.u., S-lens RF 
level 45.

A combined acquisition method was employed, including full-scan 
(FS), data-dependent acquisition (DDA), and targeted selected ion 
monitoring (t-SIM) events within the same run. FS and DDA were used 
for untargeted metabolomics and MS/MS fragmentation, while t-SIM 
was applied to enhance sensitivity and selectivity for target phyto
cannabinoids. The parameters of the analyzer were as follows: FS reso
lution 60,000 FWHM (full width at half maximum) at m/z 200, DDA 
resolution 15,000 FWHM, scan range m/z 75–750, maximum injection 
time 54 ms (FS) and 22 ms (DDA), isolation window m/z 0.7 (FS) and 
1.2 (DDA), stepped NCE (normalized collision energy) 20–40–100. In 
the t-SIM event the pseudo-molecular ions of the target analytes were 
isolated within a defined retention window (16.0–23.0 min): m/z (Δm/ 
z = 0.4) 357.2071 ([M–H]–, C₂₂H₃₀O₄; CBDA, trans-Δ⁹-THCA, cis- 
Δ⁹-THCA, CBCA) and m/z 359.2228 ([M–H]–, C₂₂H₃₂O₄; CBGA). Injec
tion volume was 5 µL, and data were extracted using a 5-ppm mass 
tolerance.

Calibration curves were generated using eight points for CBDA, trans- 
Δ⁹-THCA, CBCA, and CBGA (0.01–50.0 µg/mL) and seven points for cis- 
Δ⁹-THCA (0.01–1.00 µg/mL). Additional matrix-matched calibration 
curves were prepared by spiking extracts of the low-cannabinoid variety 
Ermo.

2.4. Quantification of phytocannabinoids

Raw data were processed using Compound Discoverer 3.3 (Thermo 
Fisher Scientific), employing a modified “untargeted food research ID 
workflow without statistics” (Supplementary Information 1).

Quantitative data were exported and analysed using MetaboAnalyst 
5.0 (Pang et al., 2022). Five phytocannabinoids including CBDA, CBGA, 
CBCA, trans-Δ⁹-THCA, and cis-Δ⁹-THCA were treated as features for one- 
factor statistical and machine learning analyses.

Correlation analysis inside MetaboAnalyst was performed using 
Pearson correlation coefficients without prior rescaling of the data.

The linear regression fit on the relation between phytocannabinoids 
was performed using orthogonal distance regression (ODR), taking into 
account the standard deviation in both axis for each entry of the data set. 
For each fit, the value of the R² was adjusted for ODR fit and the 95% 
confidence interval was computed. For comparison between different 
ODR fits, z-statistic and p-value were extracted for each pair of 
regressions.

Fig. 2. THCA stereoisomers. Chemical structure of the four possible THCA stereoisomers.
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3. Results and discussion

3.1. Quantification of cis-Δ⁹-THCA in cannabis inflorescences

Using a metabolomics-oriented HPLC-HRMS workflow, we quanti
fied cis-Δ⁹-THCA, cannabidiolic acid (CBDA), cannabigerolic acid 
(CBGA), trans-Δ⁹-tetrahydrocannabinolic acid (trans-Δ⁹-THCA), and 
cannabichromenic acid (CBCA) in a large and diverse set of Cannabis 
sativa samples derived from both drug-type and fiber-type plants. The t- 
SIM acquisition substantially improved the selectivity and specificity of 
the target analytes by excluding potential co-eluting compounds. 
Moreover, comparison of back-calculated concentrations obtained from 
pure standard solutions with those from matrix-matched calibration 
curves ruled out interfering peaks and confirmed the absence of signif
icant matrix effects, in agreement with previous results [19]. Although 
the HESI source operated at elevated temperatures (390 ◦C), the ana
lytes did not undergo thermal decomposition as electrospray ionization 
acts as a soft ionization process due to evaporative cooling. Moreover, no 
significant change in peak area was observed in either the samples or the 
analytical standard replicates, suggesting that no in-source isomeriza
tion occurred under the adopted conditions.

A total of 97 samples from 51 accessions were analysed using a 
previously validated HPLC-HRMS method (validation parameters are 
summarized in Table S1, Supplementary Information) [28]. The method 
showed high sensitivity (LOD 3 ng/mL; LLOQ 10 ng/mL), good linearity 
(R²>0.995), and satisfactory precision (intra-day RSD 0.98–3.53%; 
inter-day RSD 4.92–7.71%), confirming its suitability for the quantifi
cation of cis-Δ⁹-THCA at low concentration levels. The two di
astereomers cis- and trans-Δ⁹-THCA were baseline-separated under the 
applied chromatographic conditions and identified by comparison with 

analytical standards (Figure S1). No evidence of co-elution or peak 
distortion indicative of isomerization was observed.

As shown in Fig. 3a and reported in Table S2, the concentrations of 
the five quantified phytocannabinoids displayed marked variability 
both across chemotypes and among genotypes within the same che
motype. Nevertheless, the dominant phytocannabinoid in each sample 
consistently matched the chemotype classification. The concentrations 
of cis-Δ⁹-THCA varied widely, ranging from approximately 
0.05–0.09 mg/g in chemotypes I, II, and IV to around 0.3 mg/g in 
chemotype III samples (Fig. 3b). Additionally, chemotype II samples 
exhibited considerable genotypic variability. Overall, chemotype III 
accessions displayed the highest cis-Δ⁹-THCA levels (Table S3).

Within chemotype III, two subgroups (IIIA and IIIB) were distin
guishable based on the proportion of CBCA relative to the total quan
tified phytocannabinoids: subgroup IIIA showed CBCA levels 
approximately two-fold lower than subgroup IIIB (Figure S2a, Supple
mentary Information). Accordingly, cis-Δ⁹-THCA concentrations were, 
on average, twice as high in subgroup IIIB compared to subgroup IIIA 
(Figure S2b, Supplementary Information). This observation suggests a 
possible association between CBCA and cis-Δ⁹-THCA, which is further 
explored below.

3.2. Phytocannabinoid interrelations

To investigate the potential biosynthetic origin of cis-Δ⁹-THCA, 
correlation analyses were conducted across the five quantified phyto
cannabinoids. Hierarchical clustering (Fig. 4a) revealed two major 
groups: the first made of CBCA, CBDA, and cis-Δ⁹-THCA, and the second 
made of CBGA and trans-Δ⁹-THCA. The strongest correlation exhibited 
by cis-Δ⁹-THCA was observed with CBCA (r = 0.87), followed by CBDA 

Fig. 3. cis-Δ9-THCA is mainly present in chemotype III plants. Overview of the variability of 97 samples analysed through the HPLC-MS approach by a heatmap of 
the concentrations of 5 phytocannabinoids through the samples, with darker red tones indicating higher scores for the concentration and darker blue lower ones; each 
chemotype has a colour assigned as shown in the legend. Box and whisker chart representation of cis-Δ9-THCA concentration among the different samples grouped 
according to the chemotype. The y axis shows the concentration of cis-Δ9-THCA, expressed in mg/g. The average concentration of each series is marked by a cross 
inside each box while the range of the data is defined by the bars.
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(r = 0.78). Correlations with CBGA and trans-Δ⁹-THCA were negligible 
(< 0.1) (Fig. 4b; Table S4, Supplementary Information). CBCA also 
correlated moderately with CBDA (r = 0.50) and, to a lesser extent, with 
trans-Δ⁹-THCA (r = 0.27). These results indicate that cis-Δ⁹-THCA shares 
measurable relationships with cannabinoids derived from CBGA 
through specific oxidocyclases, while no direct relationship with the 
common precursor CBGA was observed. This behaviour, similar to that 
of CBDA, CBCA, and trans-Δ⁹-THCA, is consistent with a biosynthetic 
origin of cis-Δ⁹-THCA, although correlation alone does not establish 
causality.

Given these trends, pairwise cannabinoid relationships were exam
ined with specific attention to chemotype-dependent behaviour.

CBGA, which represents the common precursor of CBDA, trans- 
Δ⁹-THCA, and CBCA, showed no meaningful correlation with any of 
these products, consistent with its further conversion through distinct 
oxidocyclases. Similarly, cis-Δ⁹-THCA showed no recognizable trend 
with CBGA (Fig. 5a). In contrast, cis-Δ⁹-THCA and CBCA concentrations 
displayed a clear linear trend in chemotype III samples (1/slope=59.42; 
R2=0.75), while chemotype IV (1/slope=127.39; R2=0.59) and II (1/ 
slope=43.84; R2=0.37) showed a lower fit quality (Fig. 5b). In contrast, 
chemotype I samples followed an independent and steeper trend (1/ 
slope=332.11; R²=0.74) (Fig. 5c).

For cis-Δ⁹-THCA and CBDA, chemotype-dependent behaviour was 
also observed. No clear trend was evident in chemotype I, while che
motype II samples showed a well-defined linear relationship (1/ 
slope=138.78; R²=0.79). In chemotypes III and IV, two distinct trends 
emerged (Fig. 5d), suggesting differences in metabolic regulation. The 
samples belonging to the group B of chemotype III showed a more 
pronounced increase in cis-Δ9-THCA in relation to CBDA (1/ 
slope=75.76; R²=0.85) than the samples from group A (1/ 
slope=153.61; R²=0.78) and chemotype IV samples (1/slope=175.13; 
R²=0.66), which showed no statistical difference.

In a similar fashion, cis-Δ⁹-THCA and trans-Δ⁹-THCA followed a 
single linear trend across most chemotypes, with correlations in che
motype I (1/slope=444.44; R²=0.48) and IV (1/slope=30.70; R²=0.51) 
and more robustly for chemotype II (1/slope=145.36; R²=0.89) and 
group B of chemotype III (1/slope=20.96; R²=0.86) (Fig. 5e). Interest
ingly, when the content of CBCA is low (group A of chemotype III), the 
linear relation between cis and trans isomers is lost. This would suggest 

that, without a relevant accumulation of CBCA, the synthesis of the two 
isomers of Δ9-THCA is carried by two different pathways.

Because CBCA and trans-Δ⁹-THCA exhibited comparable behaviour 
in chemotypes III and IV, they were analysed together, showing a unified 
linear trend (1/slope=3.31; R²=0.85) (Fig. 5f). Similarly, in chemotype 
II samples this relation is still preserved but with the opposite behavior 
(1/slope=0.25; R²=0.84) in accordance with the higher trans-Δ9-THCA 
content. Overall, these regressions should be considered descriptive and 
interpreted cautiously, as they may reflect shared regulatory or 
biosynthetic features rather than direct chemical relationships.

3.3. Ratio-based relationships among phytocannabinoids

To better understand how fluctuations in one phytocannabinoid 
relate to the ratios between others, additional analyses were performed. 
The CBDA/cis-Δ⁹-THCA ratio decreased as CBCA increased, following a 
parabolic trend, albeit with substantial dispersion at lower CBCA con
centrations (<20 mg/g) (Fig. 6a). Chemotypes I and II deviated from 
this behaviour.

The ratios trans-Δ⁹-THCA/cis-Δ⁹-THCA and CBCA/cis-Δ⁹-THCA 
remained confined within relatively narrow ranges across most samples, 
regardless of CBDA concentration (Fig. 6b–c). Outliers included che
motypes I and II, as well as samples S1648, S1653, FINOLA 3, V4, and 
V5. Across the remaining samples, trans-Δ⁹-THCA/cis-Δ⁹-THCA ratios 
consistently ranged between 10 and 40, while CBCA/cis-Δ⁹-THCA be
tween 20 and 85.

Collectively, these trends supported a potential biosynthetic 
connection between cis-Δ⁹-THCA and CBCA, suggesting possible 
involvement of CBCA synthase in the formation of cis-Δ⁹-THCA.

3.4. Phytocannabinoid production in seedlings

To further explore this relationship, phytocannabinoid accumulation 
was analysed during early developmental stages. CBCA synthase is 
predominantly expressed during the early developmental stages of 
C. sativa [29], and CBCA accumulates at higher concentrations in cot
yledons and early leaves [30,31]. To explore whether cis-Δ⁹-THCA and 
CBCA share biosynthetic features, seedlings of chemotypes I, II, and III 
were analysed at BBCH stages 09, 11, 12, and 13.

Fig. 4. cis-Δ9-THCA concentration correlates with CBCA and CBDA presence. A correlation analysis was carried out using the five phytocannabinoids as features 
describing the dataset. Correlation heatmap of the features, clustered based on the correlation coefficient, with the score pairwise expressed in a blue-to-red (low-to- 
high) scale. Correlation histogram with cis-Δ9-THCA as a reference.
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For each phytocannabinoid, relative concentrations were calculated 
as the ratio between its concentration at a given stage and its maximum 
concentration in early developmental stages. As expected, CBCA accu
mulated earliest, peaking at BBCH 11 in chemotype II and at BBCH 12 in 
chemotypes I and III (Fig. 7). In chemotypes I and III (Fig. 7a, c), cis- 
Δ⁹-THCA and CBCA showed parallel increases, with CBCA consistently 
accumulating earlier. The peak of cis-Δ⁹-THCA was observed slightly 
later, between BBCH 12 and 13.

In all three chemotypes, trans-Δ⁹-THCA and CBDA reached their 
maximum concentrations at BBCH 13, displaying nearly identical 
behaviour across stages. Their coincident accumulation patterns rein
force the possibility that these cannabinoids may share enzymatic or 
regulatory features within the biosynthetic network. The temporal 
proximity between CBCA and cis-Δ⁹-THCA accumulation, together with 
their strong correlation across samples, is consistent with the hypothesis 

that cis-Δ⁹-THCA may be linked to CBCA biosynthesis.
However, this interpretation remains indirect and does not demon

strate enzymatic causality. Alternative explanations, including shared 
regulation, parallel biosynthetic pathways, or broader metabolic 
coupling, cannot be excluded. Among the possible scenarios, the 
involvement of CBCA synthase (CBCAS) represents a plausible working 
hypothesis, as CBCAS genes are expressed across chemotypes and have 
been reported to generate secondary or “waste” cannabinoids under 
certain conditions [27,32–34]. In this context, cis-Δ⁹-THCA could 
potentially arise as a minor side product of CBCAS activity.

It cannot be excluded that cis-Δ⁹-THCA is among the so-called “waste 
cannabinoids”. Based on the results of this study, a plausible working 
hypothesis is that cis-Δ⁹-THCA may be produced as a minor side product 
of CBCA synthase (CBCAS) activity. The genes CBCAS, initially defined 
as THCAS-like genes [35], are present in more copies in fiber-type and 

Fig. 5. Phytocannabinoids concentrations relate among themselves with defined trends. 2D Plot of the main phytocannabinoids produced by synthases in cannabis 
plant compared to cis-Δ9-THCA, in the following order: cis-Δ9-THCA vs CBGA, cis-Δ9-THCA vs trans-Δ9-THCA, cis-Δ9-THCA vs CBCA (for chemotype I samples), cis- 
Δ9-THCA vs CBDA, trans-Δ9-THCA vs CBCA and cis-Δ9-THCA vs CBCA (for chemotypes II and III samples).
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drug-type varieties and are also expressed in the inflorescences of all 
chemotypes [27]. This suggests that CBCAS may not be fully specific, 
potentially allowing the formation of structurally related minor canna
binoids such as cis-Δ⁹-THCA.

The behaviour of cis-Δ⁹-THCA across early developmental stages 
further supports this hypothesis. In our dataset, the accumulation of cis- 
Δ⁹-THCA followed a trend similar to that of CBCA, although with a slight 
delay, and occurred prior to the maximum accumulation of CBDA and 
trans-Δ⁹-THCA. Considering that CBCAS is strongly expressed during 
early plant development [29] and has been reported to generate unde
fined secondary products under certain conditions, these observations 
are consistent with the possibility that cis-Δ⁹-THCA may arise as a minor 
side product of CBCAS activity. However, this interpretation remains 
indirect and requires further experimental validation.

In this context, the behaviour of trans-Δ⁹-THCA in early-stage che
motype III samples, where THCAS is absent, provides additional support 
for the hypothesis that trans-Δ⁹-THCA may arise as a side product of 
CBDAS activity in planta. This interpretation is consistent with previous 
studies reporting the formation of trans-Δ⁹-THCA as a secondary product 
of CBDAS, both in vitro [32,33] and in heterologous systems such as 
Komagataella phaffii [34].

The observed developmental trends are also consistent with previous 
hypotheses suggesting alternative cyclization mechanisms associated 
with CBCA formation [20], which may extend to carboxylated pre
cursors. Nevertheless, further studies, such as enzymatic assays or het
erologous expression systems, will be required to elucidate the precise 
biochemical mechanism responsible for cis-Δ⁹-THCA formation.

Taken together, this study demonstrates that cis-Δ⁹-THCA is not an 
artefactual by-product or a chemical rearrangement derivative but is 
more likely an intrinsic component of the C. sativa metabolome with a 
specific biosynthetic origin. However, the current evidence is still 

insufficient to identify the exact biochemical mechanism responsible for 
its formation.

4. Conclusions

The recently identified phytocannabinoid cis-Δ⁹-THCA was shown to 
share measurable relationships with the three major phytocannabinoids 
derived from CBGA (CBCA, CBDA, and trans-Δ⁹-THCA) although each 
relationship exhibited chemotype-specific features. These findings are 
consistent with the possibility that cis-Δ⁹-THCA may be formed through 
an enzymatic process, with a potential involvement of CBCA synthase 
suggested by the observed correlations in most chemotypes. Notably, 
THCAS-expressing varieties (chemotypes I and II) showed distinct be
haviours in the relationship between Δ9-THCA isomers, with chemotype 
II retaining a recognizable correlation and chemotype I showing no 
measurable trend.

Although the present dataset enabled the formulation of hypotheses 
regarding the biosynthetic origin of cis-Δ⁹-THCA, it does not yet allow 
definitive conclusions. Additional studies ideally involving controlled 
enzymatic systems, heterologous expression assays, or compartmental
ized models mimicking the trichome environment will be required to 
elucidate the precise mechanism of formation.

The identification of the acidic precursor cis-Δ⁹-THCA provides new 
insight into previously proposed hypotheses regarding the origin of cis- 
Δ⁹-THC. Earlier studies focused solely on the neutral form and therefore 
overlooked the native phytocannabinoid composition of the plant. The 
present results support, but do not demonstrate, the hypothesis of an 
enzymatic rather than purely chemical origin for cis-Δ⁹-THCA. This 
interpretation is based on (i) the interrelationships observed among 
phytocannabinoids across a diverse range of chemotypes, and (ii) the 
comparative analysis of cannabinoid accumulation during early 

Fig. 6. cis-Δ9-THCA ratio with other phytocannabinoids is independent of CBDA variation. 2D Plot of CBDA and CBCA produced compared to distribution of the 
ratios among different samples, in the following order: CBDA/cis-Δ9-THCA vs CBCA, trans-Δ9-THCA/cis-Δ9-THCA vs CBDA, CBCA/cis-Δ9-THCA vs CBDA.
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developmental stages, which offers a temporal perspective on biosyn
thetic events.

Future investigations integrating chemical, genetic, and biochemical 
approaches will be essential to define the biosynthetic route responsible 
for cis-Δ⁹-THCA formation. Such studies may contribute not only to a 
deeper understanding of cannabinoid diversity and plant metabolic 
regulation, but also to potential applications in breeding, biotechnology, 
and phytocannabinoid production.
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