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a REQUIMTE-LAQV, Faculdade de Farmácia, Universidade do Porto, Rua de Jorge Viterbo Ferreira, 228, 4050-313 Porto, Portugal 
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A B S T R A C T   

Cynara scolymus L., known as globe artichoke, is a medicinal plant widely used in plant food supplements (PFS) 
and herbal infusions due to its beneficial health properties. The high demand for artichoke-containing products 
can lead to adulteration practices. In this work, a real-time polymerase chain reaction (PCR) system coupled to 
high-resolution melting (HRM) analysis was proposed to differentiate C. scolymus from other Cynara species. 
Hence, a Cynara-specific real-time PCR assay was successfully developed with high analytical performance, 
achieving a sensitivity of 0.4 pg of globe artichoke DNA. HRM analysis enabled the discrimination of C. scolymus, 
with a high level of confidence (>98%), corroborating sequencing data. Application results to artichoke- 
containing PFS and mixed herbal infusions allowed confirming the presence of C. scolymus in 38% of the sam
ples, suggesting the substitution/mislabelling of globe artichoke in 2 samples and the need for further efforts to 
increase DNA amplifiability of PFS.   

1. Introduction 

Cynara scolymus, commonly known as globe artichoke, is one of the 
botanical species with medicinal properties, frequently included in plant 
food supplements (PFS) (Garcia-Alvarez et al., 2016). It is a perennial 
plant species from the Asteraceae family, being a basionym of Cynara 
cardunculus subsp. scolymus L. Hegi, and Cynara cardunculus var. scoly
mus L. Benth (IPNI, 2021). The nutritional and medicinal properties of 
artichoke are mainly related to the chemical composition of the head 
and leaves, which are recognised as natural sources of phenolic acids, 
such as chlorogenic acid and cynarin, and rich in flavonoids, namely 
apigenin and luteolin (El Senousy, Farag, Al-Mahdy, & Wessjohann, 
2014; Pereira, Barros, & Ferreira, 2014; Ruiz-Cano et al., 2014). These 
phytochemicals are responsible for the choleretic, hepatoprotective, 
antimicrobial, antioxidant and anticancer activities, as well as diuretic 
and hypocholesterolemic properties (El Senousy et al., 2014; EMA, 
2018; Ruiz-Cano et al., 2014; Turkiewicz, Wojdyło, Tkacz, Nowicka, & 
Hernández, 2019). Besides, C. scolymus blossom discs accumulate inulin, 
an important dietary fibre, which works as a prebiotic (Morris & Morris, 
2012; Ruiz-Cano et al., 2014). Among several effects, artichoke is also 
capable of improving lipid metabolism and digestive elimination func
tions, being widely included in food supplements for body weight 

control and/or for overweight/obesity (EMA, 2018; Garcia-Alvarez 
et al., 2016). Consequently, the high demand for C. scolymus-contain
ing products makes them potential adulteration targets. Such practices 
could be unintended by the inadvertent misidentification due to 
morphologic similarities among some species, or even intentional by the 
deliberate addition or substitution with other species of lower com
mercial value. Both cases can result in misleading or even harmful ef
fects on consumer’s health and well-being, making it imperative to 
develop methods to authenticate the botanical origin of globe artichoke- 
containing products. 

Analytical methodologies, such as chromatography, spectroscopy, 
among others, have been used to assess the authenticity of PFS. Pereira 
et al. (2014) reported the use of liquid and gas chromatography to 
distinguish artichoke, milk thistle and borututu, based on their chemical 
profiles. However, these methods rely on the chemical composition of 
the plant, which can vary with the physiological conditions of the plant 
and part used, geographical location, storage, processing and climate, 
among other factors. Furthermore, chemical analysis can be of limited 
application in the cases of complex matrices, such as PFS, since they 
undergo processing and generally contain mixtures of several medicinal 
plants (Costa et al., 2015; Grazina, Amaral, & Mafra, 2020; Heubl, 
2010). 
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In contrast, DNA-based methods have been reported as suitable tools 
for the authentication of botanical products as PFS, being independent 
of environmental, physiological, storage and processing conditions. The 
advantages of these methods are related to the high thermal stability of 
the DNA molecules and their ubiquity in all cells (Costa et al., 2015; 
Grazina et al., 2020). Moreover, DNA sequences are specific of each 
individual, enabling the identification and differentiation, even in 
closely related species (Franz, Chizzola, Novak, & Sponza, 2011). 
Several techniques based on DNA analysis have been proposed to 
identify, authenticate and even quantify DNA species in botanical 
products (Grazina, Amaral, Costa, & Mafra, 2020; Grazina et al., 2020). 
Among them, DNA barcoding is the most popular, which has been 
widely applied in the authentication of medicinal plants, herbal prod
ucts and PFS (Grazina et al., 2020; Howard, Lockie-Williams, & Slater, 
2020; Veldman et al., 2020; Zhang et al., 2020). However, it relies on 
Sanger sequencing targeting barcode sequences of around 500 bp, which 
can be a limitation in the case of samples containing highly processed 
plant material, such as the PFS. More recently, high-resolution melting 
analysis (HRM) has emerged as a specific, reliable and cost-effective tool 

to distinguish closely related species or even cultivars, without requiring 
further sequencing analysis. This technique relies on the gradual dena
turation of the double-stranded DNA, which allows detecting small 
nucleotide differences (Costa et al., 2016; Druml & Cichna-Markl, 2014; 
Grazina et al., 2020; Grazina, Costa, Amaral, & Mafra, 2021; Xantho
poulou et al., 2016). Besides, it targets informative short sequences 
(<300 bp) from nuclear, plastidial or mitochondrial regions, which is a 
major advantage to analyse processed samples containing degraded 
DNA (Grazina et al., 2020; Sun, Li, Xiong, Zhao, & Chen, 2016). HRM 
analysis has already been developed to discriminate several plant spe
cies in complex matrices and to successfully authenticate commercial 
herbal products and PFS (Costa et al., 2016; Jung, Kim, Yang, Bang, & 
Yang, 2014; Li et al., 2018; Mishra, Shukla, & Sundaresan, 2018; Osa
thanunkul & Madesis, 2019; Osathanunkul, Osathanunkul, & Madesis, 
2018; Song, Li, Xiong, Liu, & Liang, 2016). However, to our knowledge, 
methods on the specific identification of C. scolymus or its discrimination 
from other closely related species have not yet been reported. 

Hence, this work aimed at developing, for the first time, a method for 
the identification of C. scolymus and its differentiation from other related 

Table 1 
Results of end-point PCR and real-time PCR coupled to HRM analysis applied to commercial samples of plant food supplements and herbal infusions.  

Code Sample Relevant labelled information End-Point PCR Real-time 
PCR 

HRM analysis 

Eukaryotes CyC-F1/ 
CyC-R1 

Cq a,b Cluster Level of 
confidence b 

#1 Capsules (draining) C. scolymus (109 mg per capsule) + −

#2 Capsules (weight reducer) C. scolymus (dried extract with 2.5% cynarin, 600 mg per 
capsule), S. marianum (dried extract) 

+ −

#3 Capsules (weight loss) C. scolymus (100 mg per capsule) + −

#4 Capsules (cholesterol reduction) Globe artichoke, milk thistle + + 22.16 ±
0.19 

1 99.8 ± 0.2 

#5 Capsules (weight loss) Globe artichoke powdered leaves, C. scolymus (dried leaf 
extract with 2.5% cynarin) 

+ + 27.67 ±
0.24 

1 99.4 ± 0.3 

#6 Soluble powder (draining) Globe artichoke extract (0.3%) + −

#7 Soluble powder (draining) Globe artichoke extract (0.625%) + −

#8 Capsules (weight loss) Globe artichoke extract (5% cynarin) + + 23.68 ±
0.35 

1 99.4 ± 0.4 

#9 Tablets (hepatic detox) S. marianum (dried extract) + −

#10 Syrup (cholesterol reduction) C. scolymus (plant) 22%, S. marianum (plant) + + 31.36 ±
1.29 

4 99.2 ± 0.6 

#11 Syrup (weight loss) C. scolymus (leaves) 0.5% + −

#12 Ampoules (detox) C. scolymus (leaves) 1.17% + −

#13 Ampoules (weight loss) C. scolymus (leaves) 10% − −

#14 Ampoules (hepatic detox) C. scolymus (dry leaf extract) − −

#15 Syrup (draining, satiating) C. scolymus (leaves) + −

#16 Syrup (antioxidant) C. scolymus (leaves) 0.1%, S. marianum (leaves) 0.4% + −

#17 Syrup (draining) C. scolymus (fluid extract) + −

#18 Mixed herb infusion (cholesterol 
reduction) 

C. scolymus + + 27.27 ±
0.06 

1 99.6 ± 0.3 

#19 Mixed herb infusion 
(cardioprotection) 

C. scolymus (20%) + + 29.54 ±
0.30 

1 98.2 ± 1.0 

#20 Artichoke & dandelion infusion C. scolymus (20%) + + 32.06 ±
2.5 

4 99.0 ± 0.8 

#21 Mixed herb infusion (fat 
reduction) 

C. scolymus (10%) + −

#22 Mixed herb infusion Globe artichoke (10%) + + 26.37 ±
0.14 

1 98.4 ± 0.7 

#23 Mixed herb infusion (Detox) Globe artichoke (10%) + + 29.04 ±
0.02 

1 99.4 ± 0.7 

#24 Mixed herb infusion 
(Hepatoprotection) 

C. scolymus (20%), S. marianum (20%) + + 24.68 ±
0.29 

1 98.8 ± 0.5 

#25 Artichoke infusion C. scolymus (100%) + + 24.72 ±
0.67 

1 98.8 ± 0.1 

#26 Mixed herb infusion 
(Hepatoprotection) 

C. scolymus + + 24.66 ±
0.14 

1 99.7 ± 0.3 

#27 Mixed herb infusion (cholesterol 
reduction) 

C. scolymus (30%) + + 24.92 ±
0.10 

1 99.1 ± 0.5 

#28 Mixed herb infusion C. scolymus + + 24.84 ±
0.11 

4 98.2 ± 0.5 

#29 Mixed herb infusion (weight 
loss) 

C. scolymus (9.33%) + −

a Cq, cycle quantification; b mean values ± standard deviation of n = 4 replicates. 
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species, namely Cynara humilis, C. cardunculus and C. syriaca. For this 
purpose, a method based on real-time PCR coupled to HRM analysis with 
EvaGreen dye, targeting a marker sequence on the clone CELMS-57 
microsatellite, was proposed. Furthermore, the developed approach 
was applied to authenticate several artichoke-containing foods, 
including PFS and herbal infusions. 

2. Methods and materials 

2.1. Plant material and sampling 

Voucher seeds of C. scolymus L. were gently provided by the Jardim 
Botânico de Coimbra (Coimbra, Portugal) and the Universidade de Lis
boa (Lisboa, Portugal). Real Jardin Botánico Juan Carlos (Madrid, 
Spain) kindly provided authentic seeds of C. cardunculus L. and C. humilis 
L., while C. syriaca Boiss. seeds were provided by Royal Botanic Garden 
(Ardingly, West Sussex, UK) (Table S1, Supplementary material). For 
cross-reactivity assays, 36 plant species were provided by National and 
International Germplasm Banks or acquired at specialised herbal stores 
(Table S1, Supplementary material). A total of 9 samples of solid PFS 
(#1 - #9), 8 liquid PFS (#10 - #17) and 12 samples of herbal infusions 
(#18 - #29) were acquired at the local market, including specialised 
herbal stores (Table 1). 

Seeds were ground with mortar and pestle, while herbal infusions 
and medicinal plants, mostly consisting of leaf material, were ground, 
and homogenised separately in a laboratory knife mill Grindomix 
GM200 (Retsch, Haan, Germany). All materials used during this pro
cedure were previously decontaminated. 

2.2. DNA extraction 

2.2.1. Seeds 
To extract DNA from seeds, the Nucleospin Plant II kit (Macherey- 

Nagel, Düren, Germany) was used according to the manufacturer’s in
structions, using the PL2 buffer with slight modifications (protocol 2), as 
described by Costa et al. (2016). 

2.2.2. Leaf material 
The CTAB-PVP method and protocol 2 of the Nucleospin Plant II kit 

(Macherey-Nagel, Düren, Germany) were used to extract DNA from 
leaves of medicinal plants and other species used in the cross-reactivity 
assays (Table S1, Supplementary material) and samples of herbal in
fusions, as described by Costa et al. (2015) and Costa et al. (2016), 
respectively, using an initial amount of 100 mg of ground leaf material. 

2.2.3. Plant food supplements 
For DNA extraction of the solid PFS (capsules and powders), both 

protocols of the Nucleospin Plant II kit (Macherey-Nagel, Düren, Ger
many) were tested. Prior to the DNA extraction of the solid PFS with 
protocol 1, a pre-treatment with phosphate buffer 1 M (pH 8.0, 15% 
ethanol) was initially performed. Briefly, 400 μL of this buffer were 
added to 100 mg of each material, mixing vigorously by vortex, and then 
incubated at 65 ◦C with stirring at 700 rpm, for 20 min in a thermomixer 
(Thermomixer comfort, Eppendorf AG, Hamburg, Germany). After the 
addition of the PL1 buffer (containing CTAB), the protocol followed the 
manufacturer’s instructions, without the addition of RNase. 

DNA extraction of solid PFS, using the protocol 2 of Nucleospin Plant 
II kit, followed the manufacturer’s instructions, with slight modifica
tions, as described by Costa et al. (2016), without the addition of RNase. 
Liquid plant food supplements (syrups and ampoules) were previously 
pre-treated as described by Kazi, Hussain, Bremner, Slater, and Howard 
(2013), with slight modifications. Briefly, in a centrifuge tube, 10 mL of 
sample and 10 mL of absolute ethanol were mixed by vortex and then 
incubated at room temperature with shaking (Compact Shaker KS 15 A, 
Edmund Bühler GmbH, Bodelshausen, Germany) for 15 min. The 
mixture was centrifuged twice at 18,000×g (10 ◦C for 15 min), the 

supernatant was discarded and the remaining pellet was dried at 50 ◦C. 
The dried pellet was transferred to a sterile 2 mL tube, by the addition of 
300 µL of ultrapure water, and further extracted using protocol 2 of the 
Nucleospin Plant II kit as described by Costa et al. (2016), without the 
addition of RNase. 

2.3. Yield and purity of DNA extracts 

The determinations of yield and purity of DNA extracts were per
formed by UV spectrophotometry, using a Take3 micro-volume plate 
accessory, on a Synergy HT multi-mode microplate reader (BioTek In
struments, Inc., Winooski, VT, USA). The nucleic acid protocol was set 
for double-strand DNA in the Gen5 data analysis software version 2.01 
(BioTek Instruments, Inc., Winooski, VT, USA) to determine the DNA 
content and purity of each extract. The purity of the extracted DNA was 
determined by the ratio of the absorbance at 260 and 280 nm (A260/ 
A280). 

2.4. Target gene selection and oligonucleotide primers 

In this work, new primers were specifically designed targeting Cynara 
spp., using the nucleotide sequence of the clone CELMS-57 microsatellite 
of C. cardunculus (accession number EU744973.1) available at the NCBI 
database (http://www.ncbi.nlm.nih.gov/). Two primer sets were 
designed: CyC-F1 (5′-TCCTCTGTGTGGGAAAGTGGCAT-3′) and CyC-R1 
(5′-TCGCATCTGCCTCTAGTTATAACAGC-3′), allowing the production 
of a fragment with 130 bp of length, which is suitable for HRM analysis; 
and CyC-FS (5′-TGGACTAAGAGACTGGTCGAGAG-3′) and CyC-RS (5′- 
GCCAGAGCAGCCTAGGGTAAATA-3′) to amplify larger fragments (373 
bp) intended for sequencing analysis. The software Primer3 Output 
designing tool (http://primer3.ut.ee/) was used to obtain the sequence of 
the primers, whose properties and the absence of hairpins and self- 
hybridization were assessed using the software OligoCalc (http://www. 
basic.northwestern.edu./biotools/ oligocalc.html). The specificity of 
the primers was assessed using the Primer-BLAST tool (http://www.ncbi. 
nlm.nih.gov/tools/primer-blast/), allowing revealing potential homol
ogies among all sequences available in the NCBI database. To assess the 
amplifiability of the DNA extracts, two sets of universal primers (18SRG- 
F/18SRG-R – 113-bp amplicons, and EG-F/EG-R – 113-bp amplicons) 
targeting a highly conserved 18S rRNA region were used (Costa, Oliveira, 
& Mafra, 2013; Villa, Costa, Oliveira, & Mafra, 2017). Primers were 
synthesised by Eurofins Genomics (Ebersberg, Germany). 

2.5. End-point PCR 

The PCR amplifications were performed in a thermal cycler MJ 
Mini™ Gradient Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, 
USA) and carried out in a total reaction volume of 25 μL, containing 2 μL 
of DNA extract (10 ng), buffer (67 mM Tris-HCl, pH 8.8, 16 mM 
(NH4)2SO4, 0.01% Tween 20), 3.0 mM of MgCl2, 1.0 U of SuperHot Taq 
DNA Polymerase (Genaxxon Bioscience GmbH, Ulm, Germany), 200 µM 
of each dNTP (Grisp, Porto, Portugal) and 280 nM of each primer. The 
temperature program for primers CyC-F1/CyC-R1 was as follows: (i) 
initial denaturation at 95 ◦C for 5 min; (ii) 40 cycles at 95 ◦C for 30 s, 
57 ◦C for 30 s and 72 ◦C for 30 s; (iii) and a final extension at 72 ◦C for 5 
min. For primers CyC-FS/ CyC-R, the temperature program was set as 
follows: (i) initial denaturation at 95 ◦C for 5 min; (ii) 40 cycles at 95 ◦C 
for 30 s, 56 ◦C for 45 s and 72 ◦C for 60 s; (iii) and a final extension at 
72 ◦C for 5 min. The reactions with primers 18SRG-F/18SRG-R and EG- 
F/EG-R were performed as described by Costa et al. (2013) and Villa 
et al. (2017), respectively. 

The amplified fragments were analysed by electrophoresis in a 1.5% 
agarose gel stained with 1 × GelRed (Biotium, Inc., Hayward, CA, USA) 
and carried out in 1 × SGTB (Grisp, Porto, Portugal) for 25 min at 200 V. 
The agarose gel was visualised under a UV light tray Gel DocTM EZ 
System (Bio-Rad Laboratories, Hercules, CA, USA) and a digital image 
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was recorded using Image Lab software version 5.2.1 (Bio-Rad Labora
tories, Hercules, CA, USA). 

2.6. Real-time PCR coupled to HRM analysis 

The real-time PCR assays carried out in a total reactional mixture of 
20 μL, containing 20 ng of DNA, 1 × of SsoFast® Evagreen® Supermix 
(Bio-Rad Laboratories, Hercules, CA, USA) and 400 nM of each primer 
(CyC-F1/CyC-R1). The reactions were performed in a fluorometric 
thermal cycler CFX96 Real-time PCR Detection System (Bio-Rad, Her
cules, CA, USA), following the temperature conditions: 95 ◦C for 5 min; 
45 cycles at 95 ◦C for 10 s, 57 ◦C for 20 s and 72 ◦C for 30 s, with a 
collection of fluorescence signal at the end of each cycle. Data were 
processed using the software Bio-Rad CFX Manager 3.1 (Bio-Rad Labo
ratories, Hercules, CA, USA). Real-time PCR trials were done in four 
replicates for each sample. 

For HRM analysis, PCR products were denatured at 95 ◦C for 1 min 
and held at 65 ◦C for 5 min, allowing the correct annealing of the DNA 
duplexes, followed by melting curve ranging from 65 ◦C to 95 ◦C with 
temperature increments of 0.2 ◦C every 10 s. Fluorescence data were 
acquired at the end of each melting phase and processed using the 
Precision Melt Analysis Software 1.3 (Bio-Rad Laboratories, Hercules, 
CA, USA) to generate melting curves, as a function of temperature, and 
difference curves for easy visual identification of clusters. Melting curve 
shape sensitivity determines the stringency used to classify into different 
clusters, while the temperature of melting (Tm) difference threshold 
defines the lowest Tm difference among samples. Cluster detection pa
rameters were set to high sensitivity and threshold yields, to provide 
more heterozygote clusters (Bio-Rad, 2012). The HRM results were 
analysed by adjusting the melting curve shape sensitivity to a percentage 
value of 50% and setting the Tm difference threshold parameter as a 
default value of 0.2. 

2.7. Sequencing of purified PCR products 

The primers CyC-FS/CyC-RS, producing 373-bp amplicons to cover 
the region amplified by the primers CyC-F1/CyC-R1, were used for 
sequencing the four reference species: C. scolymus L., C. cardunculus L., 
C. humilis L. and C. syriaca Boiss. After PCR amplification, the products 
were purified with the kit GRS PCR & Gel Band Purification Kit (GRISP, 
Porto, Portugal), to remove any possible interfering components and 
further sent to a specialised research facility (Eurofins Genomics, 
Ebersberg, Germany). Each target fragment was sequenced twice, per
forming direct sequencing of both strands in opposite directions, which 
allowed the production of two complementary sequences with good 
quality. The sequencing data were analysed by the software FinchTV 
(Geospiza, Seattle, WA, USA) and aligned by BioEdit v7.2.5 (Ibis Bio
sciences, Carlsbad, CA, USA). 

3. Results and discussion 

3.1. Quality of DNA extracts 

Generally, DNA extracts from plant materials, namely seeds, leaves 
and herbal infusions, showed sufficient or high DNA yields, within 
36.7–321.5 ng/µL, 5.9–1022.2 ng/µL and 33.8–281.1 ng/µL, respec
tively, with purities (A260/A280) ranging from 1.7 to 2.2, which provided 
amplifiable DNA targeting a eukaryotic region (Table S1, supplementary 
material and Table 1). 

Regarding the PFS, the DNA yields were mostly lower, being within 
10.5–167.0 ng/µL for most solid samples (#1, #2, #4, #5 and #8) and 
7.0 ng/µL for one liquid sample (#10) or not quantifiable (below UV/Vis 
spectrophotometric detection) for the remaining samples (#3, #6, #7, 
#9, #11–17) (Table 1). To overcome difficulties in extracting DNA from 
PFS, two approaches were used for the solid samples, based on the two 
protocols of the Nucleospin Plant kit, applying a phosphate buffer pre- 

treatment before protocol 1 (section 2.2.3). According to Direito, Mar
ees, and Röling (2012), such buffer promotes a chemical competition 
with DNA by the silica adsorption locations, allowing to increase the 
recovery rates of DNA extraction of nucleic acids from bacteria and 
fungi, adsorbed on earth and mars minerals. Comparing DNA extraction 
of solid PFS with both methods, it can be verified that protocol 2 pro
vided slightly higher yields (14.8–167.0 ng/µL) than the protocol 1 with 
the phosphate buffer pre-treatment (10.5–106.4 ng/µL). However, the 
later provided a general increased amplification capacity, when 
observing the band intensity of PCR targeting the universal eukaryotic 
region (18S rRNA gene), meaning that the pre-treatment of the solid 
samples, before DNA extraction, effectively improved the quality of DNA 
extracts from solid PFS, which were all amplified (Table 1). Despite the 
low DNA yields of liquid PFS due to their high level of processing, most 
of them were successfully amplified targeting the universal eukaryotic 
region, with the exceptions of samples #13 and #14 (Table 1). 

3.2. Cynara-specific PCR assay 

In this work, the sequence of the clone CELMS-57 microsatellite of 
C. cardunculus was selected for the development of a PCR assay targeting 
Cynara spp. All extracts of Cynara genus voucher seeds were successfully 
amplified, presenting the expected PCR products of 130 bp with primers 
CyC-F1/CyC-R1 (Table S1, supplementary material). The primer speci
ficity was verified in silico and further confirmed experimentally by PCR 
using other 36 plant species, mostly medicinal plants. The results 
showed no amplification with all tested plant species, except for Silybum 
marianum that presented a faint band (Table S1, Fig. S1, supplementary 
material), confirming the high specificity level of the assay for Cynara 
spp. 

The PCR results of solid PFS showed that only samples #4, #5 and 
#8 were amplified for the Cynara spp., while in the liquid PFS, only one 
sample was positive (Table 1). The positive PFS samples were obtained 
from extracts with relatively high DNA yields (59.4–167.0 ng/µL), using 
the PL2 buffer of Nucleospin Plant II. Despite the higher amplification 
capacity (targeting the 18S rRNA gene) obtained with the PL1 buffer of 
the NucleoSpin Plant II kit with a phosphate buffer pre-treatment, the 
Cynara-specific PCR assay provided the best results for both types of PFS 
(solid and liquid) using the PL2 buffer of the same kit, without any pre- 
treatment. In opposition, the negative results were all from the lowest 
DNA yield extracts (<20 ng/µL or not detected). 

Therefore, these findings should be attributed to the poor DNA 
yields, together with the loss of DNA integrity due to processing, or 
simply due the absence or very low amount of globe artichoke. In the 
case of herbal infusion samples, Cynara-specific PCR was positive for 10 
out of 12 samples (Table 1), which suggests a possible mislabelling in 
samples #21 and #29. 

3.3. Real-time PCR amplification coupled to HRM analysis 

3.3.1. Method development 
Following the successful proposal of a Cynara-specific PCR assay, a 

real-time PCR method with EvaGreen dye and HRM analysis was 
developed using the newly designed primers (CyC-F1/CyC-R1). For this 
purpose, a 10-fold serially dilution of a C. scolymus DNA extract (40 ng to 
0.4 pg) was prepared to cover 6 concentration levels. The amplification 
and respective melting curves are presented in Fig. 1A and 1B, respec
tively. The conventional melting curve analysis shows similar profiles 
with melt peaks at 79.27 ± 0.15 ◦C, which confirms the absence of non- 
specific amplicons (Fig. 1B). Fig. 1C presents the obtained real-time PCR 
calibration curve, covering the levels of 40 ng to 0.4 pg of C. scolymus 
DNA. The acceptance criteria for real-time PCR assays were established 
according to Bustin et al. (2009) and ENGL (2015), which considered the 
slope within − 3.6 and − 3.1, the PCR efficiency between 90 and 110% 
and the correlation coefficient (R2) ≥ 0.98. Accordingly, data shows that 
such criteria were fulfilled, with a PCR efficiency of 105.2%, a R2 of 
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0.998 and a slope of − 3.203 (Fig. 1C). The limit of detection (LOD) was 
established as the lowest amplified level for 95% of the replicates and 
the limit of quantification (LOQ) as the lowest amplified level within the 
linear dynamic range of the calibration curve that should cover at least 4 

orders of magnitude (Bustin et al., 2009; ENGL, 2015). Hence, the 
amplification of all replicates (n = 4) allowed establishing an absolute 
LOD of 0.4 pg (Cq = 32.23 ± 0.26) of C. scolymus DNA (Fig. 1C), which 
was also considered as the LOQ because it was within the linear dynamic 

Fig. 1. Amplification (A), melting (B) and calibration (C) curves of a real-time PCR assay with EvaGreen dye, targeting the region Clone CELMS-57 microsatellite 
sequence of C. cardunculus. The amplified extracts were obtained from 10-fold serially diluted C. scolymus DNA from 40 ng to 0.4 pg (n = 4 replicates). 
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range of the calibration curve, covering 6 orders of magnitude. 
Considering the available C. scolymus genome size (1.11 pg) (Plant DNA 
C-values database, RBG, Kew, UK, https://cvalues.science.kew. 
org/search) and assuming that the targeted sequences are single-copy 
genes, the LOD of 0.4 pg corresponds to 0.36 DNA copies. 

The real-time PCR assay coupled to HRM analysis was then applied 
to discriminate the four Cynara species under study: C. scolymus, 
C. cardunculus, C. humilis and C. syriaca. The four species were amplified 
with Cq values ranging from 17.35 to 19.37 (Table 2). The results of the 
conventional melting curve analysis showed close melt peaks between 
79.3 and 79.5 ◦C for all the species (Fig. 2A, Table 2). This fact suggests 
that PCR amplicons have very similar nucleotide composition and size, 
which does not allow their differentiation based on this analysis 
(Fig. 2A). Therefore, HRM analysis was applied as an approach to 
differentiate amplicons with small nucleotide variations. Fig. 2B and 2C 
present the obtained normalised and difference curves for the four 
Cynara species, showing their discrimination into three independent 
clusters with high levels of confidence (>99.3%): C. scolymus as cluster 1 
(reference cluster); C. cardunculus and C. humilis, both included in 
cluster 2; and C. syriaca as cluster 3 (Table 2). Therefore, these results 
show that HRM analysis can differentiate globe artichoke (C. scolymus) 
from the other closely related species. In fact, depending on the authors, 
C. scolymus, C. cardunculus and C. syriaca might be considered botanical 
varieties of the same species (Ancora, 1986; IPNI, 2021). Besides, the 
wild taxon of C. cardunculus [var. sylvestris (Lamk) Fiori] has been rec
ognised as the ancestor of both globe artichoke [var. sativa Moris, var. 
scolymus (L.) Fiori, subsp. scolymus (L.) Hegi] and the leafy or cultivated 
cardoon (var. altilis DC) (Sonnante, Pignone, & Hammer, 2007). 
Accordingly, these findings together with the obtained results highlight 
the potential of HRM analysis in differentiating genetically related taxa. 

To further verify the specificity of the primers that previously 
amplified Sylibum marianum by end-point PCR (Fig. S1, supplementary 
material), the proposed real-time PCR method with HRM analysis was 
assayed for this species owing to its common use in mixed plant food 
supplements and infusions. The results show that S. marianum was 
amplified, but at delayed quantification cycles (Cq = 33.26 ± 0.15), 
comparing with C. scolymus (Cq = 19.73 ± 0.13), using the same amount 
of template DNA (4 ng) (Fig. S2A, supplementary material). The melting 
curve profiles were distinct for both species, as noted in the obtained 
melt peaks (Fig. S2B, supplementary material) and respective difference 
curves (Fig. S2C, supplementary material), highlighting inconsistent and 
multiple melt peaks for S. marianum, probably due to poor primer 
annealing for this species (Fig. S2B, supplementary material). Therefore, 
the developed HRM method was able to differentiate C. scolymus from 
S. marianum, demonstrating the high specificity of this assay for 
C. scolymus discrimination. 

3.3.2. Application of the method to commercial products 
Following the successful development of the real-time PCR method 

coupled to HRM analysis to differentiate C. scolymus from the other three 
Cynara species, its applicability to commercial PFS and herbal infusions 
was further demonstrated. The real-time PCR amplification results were 
in good agreement with end-point PCR, confirming the presence of 
Cynara spp. (Table 1). The results of HRM analysis showed that most 
samples of PFS and herbal infusions (Fig. 3), confirmed as containing 
Cynara spp., were grouped in cluster 1 (C. scolymus) with a high level of 
confidence (>98.2%) (Table 1). Therefore, these results suggest that 
most samples complied with the labelled information of containing 
C. scolymus as an ingredient. The exceptions were the samples #10, #20 
and #28 that formed an undefined cluster (4) (Fig. 3D, Table 1), not 
being grouped with any of the other three Cynara clusters. This finding 
could be explained by the strong inhibitory effects observed in their 
amplification profiles. In fact, the three refered samples were amplified 
at delayed cycles (Cq < 32.23 (LOD)) with the same melting tempera
ture (79.60 ◦C) (data not shown), thus suggesting that their identifica
tion as Cynara spp. 

In summary, the results of method application to PFS showed that it 
was possible to obtain amplifiable DNA from 15 out of 17 samples. 
However, the successful rate for the detection of Cynara species was 
quite lower since it was only identified in 4 PFS. This can be related to 
the fact that most samples contain plant extracts rather than leaf ma
terial, which in addition to excipients and processing, particularly in 
liquid samples, makes the DNA extraction of the target species a very 
hard task to accomplish. Besides, the proportion of globe artichoke as an 
ingredient in mixed plant formulations, such as the PFS, is generally low. 
Despite the referred issues, it was possible to confirm the presence of 
C. scolymus in the PFS samples #4, #5 and #8. The absence of Cynara 
DNA in sample #9 is according to the labelled information because it 
declares S. marianum, but not C. scolymus. Sample #10 is included in an 
undefined cluster, most likely owing to the complexity of the matrix and 
the presence of inhibitors, thus reflecting a limitation of the developed 
method in this case. Regarding the 12 samples of herbal infusions (#18- 
#29), as expected, they all provided amplifiable DNA, from which 
C. scolymus was confirmed in 8 samples (cluster 1). Although identifying 
Cynara spp., the two samples (#20 and #28) with strong PCR inhibition 
disabled their correct HRM clustering. The remaining two samples (#21 
and #29) were negative for C. scolymus, thus not complying with the 
labelled information (Table 1). It is also important to refer that the 
presence of S. marianum species in sample #24 did not interfere with the 
reliability of C. scolymus identification, which was obtained with a high 
level of confidence (98.8 ± 0.5). 

3.4. Analysis of sequencing data 

The four Cynara species (C. scolymus, C. humilis, C. cardunculus and 
C. syriaca) used in method development were amplified with primers 
CyC-FS/CyC-RS to obtain 373-bp fragments, encompassing the target 
130-bp HRM amplicons, which are too short for accurate sequencing. 
Each PCR product was amplified at least in duplicate, followed by direct 
sequencing of both strands in opposite directions. The obtained elec
tropherograms provided adequate resolution, allowing the sequence 
alignment of the four Cynara species with the retrieved NCBI sequence 
(accession no. EU744973.1) (Fig. 4). Contrarily to the expected, the 
sequence results highlight two mismatches in the annealing region of 
both primers (CyC-F1/CyC-R1), which were consistent in the four spe
cies and found in positions 9 and 22, for the forward primer, and posi
tions 109 and 116, for the reverse primer. However, this occurrence did 
not compromise the amplification efficiency, particularly when 
observing real-time PCR performance data in Fig. 1. Comparing 
sequence data of the four species with the retrieved sequence, within the 
region of HRM analysis, it can be noted that all species share two 

Table 2 
Results of real-time PCR coupled to HRM analysis applied to Cynara reference 
species.  

Species Real-time 
PCR  

HRM analysis 

Cq values a,b Tm (◦C) c Cluster Level of 
confidence b 

Cynara scolymus L. 17.35 ±
0.11 

79.25 ±
0.13 

1 99.6 ± 0.4 

Cynara humilis L. 19.32 ±
0.11 

79.56 ±
0.16 

2 99.4 ± 0.7 

Cynara cardunculus 
L. 

19.37 ±
0.07 

79.53 ±
0.15 

2 99.6 ± 0.4 

Cynara syriaca 
Boiss. 

17.70 ±
0.07 

79.31 ±
0.14 

3 99.7 ± 0.3  

a Cq, cycle quantification; 
b mean values ± standard deviation of n = 4 replicates; 
c Tm, temperature of melting. 
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mismatches in the positions 144 and 145 (TT instead CG) and one in the 
position 187 (A instead of a T). Besides, C. humilis, C. cardunculus and 
C. syriaca have one nucleotide difference in the position 143, while 
C. humilis, C. cardunculus have one undefined nucleotide R (A or G) in the 
position 203 (Fig. 4). Thus, these findings allow explaining the 
discrimination of C. scolymus from the other Cynara species presented in 
this study. 

4. Conclusions 

In this work, a novel real-time PCR method coupled to HRM analysis 
was proposed for the first time to differentiate globe artichoke 
(C. scolymus) from other Cynara species (C. humilis, C. cardunculus and 
C. syriaca). For this purpose, new specific primers were designed, 
demonstrating high specificity for Cynara species. Afterwards, a Cynara- 
specific real-time PCR assay was successfully developed with high 

Fig. 2. Conventional melting (A), normalised melting (B) and difference (C) curves obtained by real-time PCR amplification with EvaGreen dye and HRM analysis 
targeting the CELMS-57 microsatellite sequence of C. cardunculus. Legend: 1, C. scolymus (cluster 1); 2, C. cardunculus, C. humilis (cluster 2); 3, C. syriaca (cluster 3) (n 
= 4 replicates). 
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analytical performance parameters, achieving a sensitivity down to 0.4 
pg of globe artichoke DNA (0.36 copies). HRM analysis enabled the 
discrimination of C. scolymus from other Cynara species, with a high 
level of confidence (>98%), which corroborated sequencing data. The 
method applicability was demonstrated with commercial samples of 
artichoke-containing PFS and mixed plant herbal infusions, from which 
a high successful rate of amplifiable DNA was obtained, despite the 
difficulties in extracting PFS. 

In summary, the present study shows that 11 samples were in good 
agreement with the labelled globe artichoke species, 2 samples did not 
allow the accurate discrimination of Cynara species, 2 samples suggest 
the substitution/mislabelling of globe artichoke, while the remaining 13 
PFS provide inconclusive results, suggesting the need for further efforts 
to increase DNA amplifiability. Therefore, the present work provides a 
new cost-effective tool for the botanical authentication of globe 
artichoke-containing foods, with full applicability to mixed herbal 
products, but also to some solid PFS formulations, being potentially 
useful for control laboratories of such products. 
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Fig. 3. Normalised melting (A, C) and difference (B, D) curves obtained by real-time PCR amplification with EvaGreen dye and HRM analysis targeting the CELMS-57 
microsatellite sequence of C. cardunculus. Legend: 1, C. scolymus, solid plant food supplements (#4, #5, #8) (B), artichoke herbal infusions (#23, #24, #26, #27) (D); 
2, C. cardunculus, C. humilis; 3, C. syriaca; 4, sample #28 (n = 4 replicates). 

Fig. 4. Alignment of the sequencing data obtained with the primers CyC-FS/CyC-RS of C. scolymus, C. humilis, C. cardunculus and C. syriaca with the consensus 
sequence EU744973.1) from NCBI database, with the arrows (forward and reverse primers CyC-F1/CyC-R1) highlighting the region used in HRM analysis. Legend of 
undefined bases: K, represents G or T; R, A or G; W, A or T; Y, C or T. 
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