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A B S T R A C T

Lemon [Citrus limon (L.) Burm. f.] is an important species cultivated in several citrus-producing countries. Lemon 
fruits are usually used for fresh consumption and for processed juice due to their excellent nutraceutical prop
erties attributed to their high levels of bioactive compounds, mainly specialized (secondary) metabolites. A total 
of 24 cultivars were studied (20 belonging to the Italian germplasm plus 4 international varieties) for their 
morphological parameters, specialized metabolite content evaluated by HPLC/Uv–Vis/DAD and UPLC/ESI/ 
Orbitrap MS analyses and antioxidant activity of juices assessed by ABTS+ and DPPH• tests. State of the art 
statistical tools were used to rationalize the data, specifically Principal Component Analysis (PCA) and clustering 
analysis, Random Forest and Heatmap were performed. The results obtained allowed us to assess biochemical 
variability and to identify a commercial placement (fresh market vs industrial transformation) for the analyzed 
genotypes. The results indicated that F. Adamo, F. Scandurra, F. Continella, F. Cerza and F. Akragas could be 
suitable for the fresh consumption due to their favorable morphological parameters. Conversely, F. Siracusano, F. 
Cocuzzaro and F. S.Teresa, F. 2Kr and F. Fragalà were distinguished by their high levels of metabolic compounds. 
Lemox and Fino 49 exhibited the largest fruit weight, suggesting their potential use for processed juice 
production.

1. Introduction

Lemon [Citrus limon (L.) Burm. f.], family Rutaceae, is the third most 
important citrus species after orange and mandarin; its production is 
traditionally concentrated in temperate areas such as the Mediterranean 
basin (Italy, Spain, Greece), and in other climatic regions such as North/ 
South Africa, Argentina, Türkiye, USA, and Australia [1,2]. Currently, 
FAO statistics aggregate lemon and lime species amounting approxi
mately to 23 M tons in the word, with Italy covering the 12th position 
among worldwide producers [3]. In detail, Italian production reached 
476.311 t in 2022, and approximately 88 % of which are produced in 
Sicily [4]. The most cultivated genotypes in Sicily are represented by 
Femminello, Monachello and Interdonato varieties, all possessing 
interesting peculiarities [5]. The cultivar Femminello is extremely prone 
to create mutations; different Femminello lines have been selected in the 
last century [1] with the aim of obtaining better results in terms of 

production, fruit qualitative traits and plant tolerance to “mal secco” 
(Plenodomus tracheiphilus) disease [5,6]. In this context, the selected 
cultivars represent the main Italian lemon germplasm, encompassing 
both traditional and commercially relevant varieties, and capturing the 
genetic and phenotyping variability present in Sicilian lemon 
production.

Lemons are usually consumed as fresh fruits, for producing juice and 
decorating dishes [7]. The juice contains many important biochemical 
components, including phenolic compounds, vitamins, minerals, dietary 
fiber, essential oils and carotenoids [8]. All these compounds have 
beneficial properties for health and provide various human biological 
functions, including antiviral, antiallergic, anti-inflammatory, anticar
cinogenic and lipid-lowering properties [9]. Lemon cultivars exhibited 
variegate morphological and biochemical characteristics. Among these, 
fruit size and shape are key factors influencing consumer preferences. 
Considering just the Italian production, Femminello Adamo and F. Cerza 
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(Sicilian cultivars) showed the highest fruit weight compared to Ovale di 
Sorrento and Sfusato Amalfitano, two cultivars native to the Campania 
region. Previous researches also indicated that Monachello, that is 
known for its low productivity and poor-quality juice, reached com
mercial size for the market later than Femminello lines [1,10]. Another 
nowadays requested trait in the market is the absence of seeds. Both 
fresh fruit consumers and the processing industry prefer seedless fruits, 
as the seeds contain bitter compounds such as limonene and naringin. 
Some citrus cultivars possess desirable quality characteristics, but have 
not achieved commercial diffusion due to their high seed content [11]. 
Consequently, the selection of seedless fruits has become a key objective 
of citrus research worldwide. Spain is the first lemon producer in the 
Mediterranean area and the most widespread Spanish varieties are Fino 
and Verna. Among the foreign varieties Eureka and Lisbon are worth 
mentioning; the first originated in California (USA) and the second in 
Portugal [5,12]. Specialized metabolites, formerly known as secondary 
metabolites, are small molecules produced and accumulated in plants 
mainly for defense and communication purposes. These compounds 
have a peculiar distribution in the whole plant kingdom as they are often 
found only in one plant species or in a taxonomically related group of 
species. The species belonging to the genus Citrus are broadly reported to 
accumulate high amounts of a class of secondary metabolites, namely 
flavanones, which are considered as taxonomic markers for the genus 
itself. Additionally, each Citrus species has its peculiar flavanone 
pattern, which is used also for authentication purposes. C. limon, apart 
from hesperidin, is in fact characterized by the considerable presence of 
another flavanone, eriodictyol, as well as the dominance of derivatives 
(mainly 3′- 4′ methoxy) of the flavone luteolin [13,14].

The purpose of the present work is to search for peculiar similarities 
and differences in qualitative traits and nutritional properties within a 
broad collection of lemon varieties, with the aim of operating a varietal 
discrimination and identifying a commercial placement for the analyzed 
genotypes. This study therefore contributes to filling this gap by 
providing an updated characterization of Italian and Mediterranean 
lemon germplasm. To this purpose, 20 Italian varieties were studied, 
including a group belonging to the Femminello lines as well as Mon
achello, Interdonato, Lemox, Ovale di Sorrento and Sfusato Amalfitano. 
The Spanish varieties Verna, Fino 49 and Chaparro and the Portuguese 
cultivar Lisbon were also included in the collection for comparison 
purposes.

2. Materials and methods

2.1. Fruit sampling

Fruits of lemon cultivars were collected from the germplasm field 
collection of the University of Catania (37◦24′33″N; 15◦03′20″E) located 
in the plain of Catania. The study included 24 genotypes: 20 Italian 
germplasm mostly belonging to Femminello lines, and 4 international 
varieties, as elsewhere described [5].

Ten years old plants were grafted onto sour orange (Citrus aurantium 
L.). Sixty fruits of the most important blooming, known commercially as 
“Primofiore” [1], were collected in February from 10 trees per cultivar 
for two consecutive years. For each genotype, three replicates samples, 
each consisting of 20 fruits, were used for physical determinations (n =
30) and for liquid chromatography (n = 30).

2.2. Physico-chemical determinations

Fruits were individually weighed with digital balance (accuracy of 
0.01 g) (model BL-600; Sartorius, Göttingen, Germany). Fruit height, 
height of nose and equatorial diameter were measured using an elec
tronic digital slide gauge (model CD-15 DC; Mitutoyo (UK) Ltd, Telford, 
UK) to within 0.01 mm accuracy. The number of seeds was determined 
by manual counting for each genotype. Fruit juice was extracted with a 
commercial juice extractor (Kenwood Citrus Juicer JE290, Havant, 

Hampshire, UK). Juice was weighed and expressed as a percentage of the 
total fruit weight. The content of organic acids (g L− 1) was quantified by 
HPLC/Uv–vis/DAD and HPLC/ESI-MS.

2.3. Determination and quantification of lemon specialized metabolites 
via HPLC/Uv–Vis/DAD and HPLC/ESI/Orbitrap MS analyses

Thirty fruits were collected and used for HPLC analysis. All solvents 
and reagents used in this study were high purity laboratory solvents 
from VWR (Milan, Italy); HPLC grade water and acetonitrile were also 
obtained from VWR. High purity standards rutin, ferulic acid, sinapic 
acid and p-coumaric acid were purchased from Sigma (VWR chemicals, 
Milan, Italy), whilst quercetin 7-O-rutinoside, narirutin, eriocitrin, dio
smin and vicenin-2 were from Extrasynthese (Lyon, France). Small 
portions (2 mL) of the juices were put in 15 mL plastic sample tubes and 
100 μL of formic acid (98 %) were added. Samples were shaked for 5 
min, then centrifuged at 4000 rpm for 10 min to separate the solid 
portion of the juices. 1 mL of the clear supernatants were transferred into 
2 mL HPLC amber vials and immediately analyzed. Chromatographic 
analyses were carried out on an Ultimate3000 UHPLC focussed instru
ment equipped with a binary high-pressure pump, a Photodiode Array 
detector, a Thermostatted Column Compartment and an Automated 
Sample Injector (Thermo Fisher Scientific, Inc., Milan, Italy). Collected 
data were processed through a Chromeleon Chromatography Informa
tion Management System v. 6.80. Chromatographic runs and DAD ac
quisitions were all performed according to Pannitteri et al. [15]. A series 
of HPLC/ESI/MS analyses were also performed on a selected number of 
representative samples to confirm spectrophotometry-based peak as
signments. In this case, aliquots (5 mL) of previously centrifuged juices 
were freeze dried (Lyoquest-85, Telstar Italy, Legnano, Milan, Italy) then 
re-dissolved in 2 mL HPLC grade water and transferred into 2 mL HPLC 
amber vials ready to ESI/MS analyses. ESI mass spectra were acquired 
by a Thermo Scientific Exactive Plu Orbitrap MS (Thermo Fisher Sci
entific, Inc., Milan, Italy), using a heated electrospray ionization (HESI 
II) interface. LC/ESI/MS settings and mass spectra acquisition were 
performed according to our previous works ([15,16]). All analyses were 
carried out in triplicate; results are reported in milligram (mg) of com
pound per liter (L) of juice. Quantifications were carried out using the 
commercial high purity standards reported above to build to corre
sponding calibration curves as follows: eriocitrin (R2 = 0,9998) was 
used at 280 nm to quantify itself and hesperidin; sinapic acid (R2 = 0, 
9997), ferulic acid (R2 = 0,9999) and p-coumaric acid (R2 = 0,9998) 
were used at 330 nm to quantify the corresponding hexoses; diosmin 
(the rutinoside derivative of diosmetin, 4′methoxy-luteolin) was used to 
quantify all luteolin derivatives at 350 nm ((R2 = 0,9998). Finally, rutin 
(quercetin 3-O-rutinoside) was used to quantify quercetin and iso
rhamnetin (3′ methoxy-quercetin) derivatives (R2 = 0,9997), except 
quercetin 7-O-rutinoside that was quantified using the corresponding 
external standard (R2 = 0,9999). All flavonols were quantified using 
350 nm as wavelength.

2.4. Antioxidant activity

The antioxidant activity was measured by different methods for all 
cultivars, as described by Legua et al. [17]. In detail, ABTS+ and the 
DPPH• methods were performed according to Modica et al. [16] and 
Legua et al. [17].

2.5. Statistical analysis

Statistical analyses were performed using STATISTICA 6.0 (Statsoft 
Inc., Tulsa, OK, USA). The method used to discriminate among the 
means (Multiple Range Test) was Fisher's Least Significant Difference 
(LSD) procedure at a 95.0 % confidence level. All data were standard
ized for statistical analysis. Principal component analysis (PCA) and 
clustering analysis, Random Forest and Heatmap were performed using 
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R software (v. 4.3.1) ([18–20]).

3. Results

3.1. Profile and content of individual and total specialized metabolites in 
C. limon juices

A representative chromatogram visualized at diagnostic wavelengths 
(280, 330 and 350 nm) of lemon juice from Femminello Carrubbaro (see 
paragraph 2.1 and Table S1) is reported in Fig. S1. Overall, nineteen 
specialized metabolites were detected and tentatively identified on the 
basis of their Uv–vis and mass spectra (pseudomolecular ions and 
diagnostic fragments) and retention times (see Table S1). An exhaustive 
comparison with data already presents in literature corroborated the 
assignments. According to our results, C. limon secondary metabolic pool 
comprised three hydroxycinnamic acids (compounds C1-C3, see Fig. S1
and Table S1) and sixteen flavonoids (F1-F16), of which three flava
nones (F1-F3), eight flavones (compounds F4-F7, F11, F12, F13 and 
F15) and finally five flavonols (compounds F8-F10, F14 and F16 in 
Table S1). Table S2 reports the individual contents for all the metabo
lites identified; when considering the whole genotype collection, the 
flavanone hesperidin (F3) is by far the most abundant metabolite 

present in lemon juices (104,4 mg L− 1 juice as mean value over 24 
cultivars), followed by another flavanone, eriocitrin (F1) with 33,6 mg 
L− 1 juice). Compound F7 (diosmetin 6,8 di-C-hexoside, see Table S1) 
resulted as the third most abundant with ca. 22,8 mg L− 1 juice, followed 
by a hydroxycinnamic acid derivative, feruloyl-hexose (compound C2, 
see Table S1) with a mean value of 11,6 mg L− 1 juice.

Considering instead the total content of specialized metabolites for 
each single genotype studied (Fig. 1), cultivar F. Siracusano showed the 
highest amount in flavonoids and hydroxycinnamic acids (263.77 mg 
L− 1 and 37.33 mg L− 1, respectively). Genotype Interdonato exhibited 
the lowest value of total flavonoids (89.29 mg L− 1), while in F. Con
tinella the lowest amount of hydroxycinnamic acids (16.32 mg L− 1) was 
registered. As mentioned, hesperidin was the most abundant compound 
in lemon juice, followed by eriocitrin and diosmetin 6,8 di-C-glucoside 
(Table S2). The highest amount of hesperidin was recorded again in F. 
Siracusano (154.14 mg L− 1), while the flavanone eriocitrin peaked in 
Lemox (53.04 mg L− 1) and F. S. Teresa exhibited the highest content of 
diosmetin 6,8 di-C-glucoside (39.78 mg L− 1). Within flavonoids, the less 
abundant compounds were luteolin 7-O-rutinoside and lucenin-2. Fer
uloyl hexose, the principal compound recorded among hydroxycin
namic acids, ranged from 9.01 mg L− 1 (genotype F. CNRL58) to 15.90 
mg L− 1 of the cultivar Verna. These data were processed into a heatmap 

Fig. 1. Flavonoids and hydroxycinnamic acids content in the juice of 24 lemon cultivars. Means ± standard deviation of the treatments analyzed in two years are 
reported. Values without letters have no significant differences according to Fisher's LSD procedure at a 95 % confidence level.
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of the Random Forest analysis depicted in Fig. 2 (Table S3), where each 
column represents a different lemon cultivar and each row a different 
compound belonging to the metabolic pool. Overall, hesperidin (F3) and 
lucenin-2 (F5) were the most significant metabolites in all cultivars 
analyzed. On the other side, metabolites F8 (quercetin 7-O-rutinoside), 
F10 (rutin), F11 (diosmetin 6-C-glucoside), F12 (diosmetin 8-C-gluco
side) and F9 (quercetin hexoside-deoxyhexoside) are the less significant 
compounds in terms of cultivar differentiation. In detail, F. Akragas and 
Ovale di Sorrento were affected by compound F16 (isorhamnetin 3-O- 
rutinoside), the first cultivar was also related with metabolite F15 
(diosmin). Monachello and Interdonato were related with hydroxycin
namic acids, more specifically with C2 and C3 (feruloyl and sinapoyl 
hexose, respectively). Genotype Femminello S. Teresa was affected by 
compound F15 (diosmin), while Ovale di Sorrento was associated with 
luteolin 7-O-rutinoside (F13). Interestingly, some flavonoids such as 
quercetin 7-O-rutinoside, rutin, quercetin hexoside-deoxyhexoside, 
diosmetin 8-C-glucoside and diosmetin 6-C-glucoside were clustered 
close together.

3.2. Phisico-chemical determinations

Morphological and physical traits were assessed on 30 fruits per 
cultivar for two years (Fig. 3 and Table 1). The highest number of seeds 
were recorded in Femminello Cocuzzaro, F. Siracusano, F. CNR L58 and 
F. 2Kr which showed an average of more than 18 seeds per fruit. It was 
observed that the fruits of F. Dosaco, Monachello, Verna, F. Carrubaro, 
Ovale di Sorrento, F. Incappucciato, F. Fragalà, Interdonato, F. Santa 
Teresa, Fino 49, Sfusato Amalfitano, F. Fior d'arancio and Lisbon showed 
fruits with an average number of seeds ranging from 6 to 16 respectively 
(Fig. 3). It was noted that F. Akragas and F. Continella had 5 and 3 seeds 
per fruit, while F. Cerza, F. Scandurra, Lemox and F. Adamo had less 
than 2 seeds per fruit (Fig. 3). Lemox (224 g), Interdonato (223 g), 
Lisbon (211 g) and Fino 49 (204 g) showed the highest fruit weight, 
while F. S. Teresa (122 g) had the lowest value (Table 1). The diameter 
ranged from 61.0 mm (F. Incappuciato) to 75.0 mm in fruits of Lemox 
that also showed the highest height of the fruits. Verna had the highest 
length of nose (15 mm), while Lemox showed the lowest value (5 mm). 
The percentage of juice ranged from 24.3 % in Lemox to 39.0 % in F. 
Adamo.

The content of organic acids was described in Table 2. The malic acid 
measured in the juice ranged from 0.14 (Lemox) to 1.16 g L− 1 (F. 2Kr), 

while the content of ascorbic acid varied from 0.13 g L− 1 in juice of 
Ovale di Sorrento to 0.33 g L− 1 in F. Cocuzzaro. No significant differ
ences were found for ascorbic acid between all the varieties studied, 
with the exception of Ovale di Sorrento. Citric acid was the most 
abundant organic acid in the juice. It ranged from 27.59 g L− 1 in Ovale 
di Sorrento to 63.61 g L− 1 in the juice of F. fior d'arancio, although no 
statistical difference was observed again except for Ovale di Sorrento. 
The highest value of total organic acids was noted in F. fior d'arancio 
(64.95 g L− 1).

The results of the Principal Component Analysis (PCA) explained 
54.48 % of the total variation (Fig. S2). PC1 (29.41 %) was negatively 
correlated with height (− 0.481), diameter (− 0.461), weight (− 0.475) 
and total organic acids (− 0.381). PC2 (25.07 %) was mostly related with 
the number of seeds (0.834). It was noted that Fino 49 was negatively 
related with PC1, while F. Incappucciato and Ovale di Sorrento were 
largely correlated with PC1 as they presented low value of weight and 
diameter of fruit (Table 1) and the lowest content of organic acids 
(Table 2). Indeed, fruit weight (0.233), diameter (0.288) and height 
(0.289) were correlated with PC2, while malic acids (− 0.532) and citric 
acids (− 0.421) were negatively related with PC2. It was noticed that 
Interdonato and Monachello showed the correlation with PC2, while F. 
2Kr was negatively correlated with PC2 because it had the highest 
content of malic acids (Table 2).

3.3. Antioxidant activity

The antioxidant activity was performed using ABTS + [2,2-azinobis- 
(3-ethylbenzothiazoline-6-sulfonic acid)] method and DPPH• radical 
method (2,2-diphenyl-1-picrylhydrazyl). DPPH• ranged from 10.51 mM 
Trolox to 17.41 mM Trolox in F. Fior d'arancio and Lemox, respectively 
(Table 3). It was also observed that Lisbon and Chaparro did not show 
statistical differences with Lemox fruits. Femminello 2Kr reported the 
highest value of ABTS+ (7.64 mM Trolox), while F. Scandurra (3.51 mM 
Trolox) had the lowest antioxidant potential (Table 3).

3.4. Analysis of the morphological and biochemical parameters of lemon 
juices via principal component analysis (PCA)

Principal component analysis (PCA) was performed with the aim of 
studying the effect of secondary metabolites and physico-chemical pa
rameters on 24 lemon cultivars. PCA showed that the first two main 

Fig. 2. Heatmap showing the statistical clustering (by Random Forest) of the secondary metabolites identified in the 24 lemon cultivars object of this study. A higher 
value indicates the importance of that metabolite in predicting group. See also Table S1 for metabolite coding and text for details.
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components explained 57.8 % of the total variation (Fig. 4). PC1 (45.1 % 
of variance explained) was positively correlated mainly with F3 and F4. 
PC1 was negatively associated with physical parameters such as weight 
and number of seeds. PC2 (12.7 % of variance explained) was affected 
by F15 and A.A., while it was negatively correlated with F10 and F12 
(Fig. 4A). Fig. 4B showed four clusters. An analysis of variance (ANOVA) 
was conducted on the several variables, which showed that the differ
ences between the four clusters are mainly explained by F8, F10, F5, 
F12, F1, and F4 (p < 0.001), which are therefore the main discrimi
nating factors between the groups. Furthermore, it was observed that F3, 
C3, N.S., and F14 showed significant but less marked differences (p <
0.01), while M.A., N., F2, and F11 contributed more marginally (p <
0.05).

Overall, the variable F8 was the main discriminating factor, followed 
by F10, F5, and F12, which together explained most of the differences 
between the identified clusters.

4. Discussion

4.1. Citrus limon specialized metabolites: tool for biochemistry-based 
varietal discrimination

As mentioned, flavanones represent the dominant class of phenolic 
compounds in Citrus fruits and are increasingly studied for their 
chemotaxonomic significance including their potential in varietal 
discrimination due to their stability, structural diversity, and tissue- 

Fig. 3. Number of seeds per fruit in 24 lemon cultivars. Means ± standard deviation of the treatments analyzed in two years are reported. Values without letters have 
no significant differences according to Fisher's LSD procedure at a 95 % confidence level.

Table 1 
Morphological and physical parameters measured in 24 lemon cultivars; data are reported as mean of 2 years cultivation. Values without letters have no significant 
differences according to Fisher's LSD procedure at a 95 % confidence level.

Genotype Weight (g) Diameter (mm) Height (mm) Nose (mm) Percentage of juice (%)

Lemox 224 a 75.0 a 84.0 a 5 n 24.3 m
Interdonato 223 a 71.5 b 82.7 ab 11 bcdf 37.9 abc
Lisbon 211 ab 71.5 b 79.0 cdf 11 bcdf 31.6 dfeghi
Fino 49 204 bc 69.6 bc 80.3 abcd 11 cdf 33.0 dfeg
F. Cerza 199 bcd 69.5 bcd 79.8 bcdf 11 cdf 32.9 dfeg
Chaparro 192 cde 69.8 b 77.6 cdfe 9 hil 32.6 dfegh
F. fior d'Arancio 187 def 69.4 bcd 76.6 feg 11 cdfe 30.4 feghil
Verna 186 def 66.9 defg 80.8 abc 15 a 30.1 eghil
F. Cocuzzaro 183 ef 74.3 a 77.0 dfeg 7 m 32.7 dfegh
F. Continella 175 fg 70.7 b 74.2 eghi 10 dfegh 33.8 dfe
F. Dosaco 166 gh 65.4 efg 73.7 ghi 11 bcdf 35.1 bcd
F. 2Kr 164 gh 54.7 l 59.0 p 13 b 28.8 hil
S. Amalfitano 161 ghi 64.8 fg 79.4 bcdf 11 cdfe 31.6 dfeghi
Monachello 158 hi 66.4 efg 69.6 lmn 12 bc 26.8 lm
F. CNR L58 158 hi 64.9 efg 71.9 ilm 10 feghi 28.3 il
F. Fragalà 156 hi 67.3 cde 72.7 hil 9 hil 35.5 abcd
F. Siracusano 153 hi 67.2 cdef 69.5 lmn 10 eghi 29.4 ghil
F. Akragas 152 hi 64.6 gh 75.4 egh 11 cdfeg 24.0 m
Ovale Sorrento 146 il 65.3 efg 68.6 mn 10 ghi 35.4 abcd
F. Incappuciato 135 lm 61.0 i 63.8 o 10 dfeghi 30.7 feghil
F. Adamo 134 lm 61.5 i 68.5 mn 11 bcd 39.0 a
F. Carrubaro 131 m 61.2 i 69.9 lmn 8 lm 38.8 ab
F. Scandurra 124 m 61.6 i 66.7 no 9 il 31.0 feghi
F. S. Teresa 122 m 62.3 hi 67.2 no 7 m 34.4 cdf
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specific distribution. In Citrus, they are almost exclusively present as 
glycosides, where the sugar moiety is typically linked at position C7 of 
the aglycone [21]. Two major disaccharide conjugation patterns are 
found: rutinosides (e.g., hesperidin and eriocitrin), where the sugar unit 
is α-L-rhamnopyranosyl-(1 → 6)-β-D-glucopyranose, and neohesperido
sides (e.g., naringin and neohesperidin), where the linkage is 
α-L-rhamnopyranosyl-(1 → 2)-β-D-glucopyranose. Although these com
pounds may share the same flavanone backbone (e.g., hesperetin, nar
ingenin, eriodyctiol), the different glycosylation patterns profoundly 
influence solubility, bitterness, and metabolic behavior, making them 
powerful chemotaxonomic markers [22]. Notably, lemon tissues, espe
cially peels, are also enriched in C-glycosyl flavones such as lucenin-2 (a 

luteolin derivative) and stellarin-2 (a chrysoeriol, that is, a 
3′methoxy-luteoin derivative), which are relatively rare in other citrus 
species and exhibit enhanced stability due to the carbon–carbon bond 
between sugar and aglycone [23]. These flavonoids are often involved in 
photoprotection and defense, while water-soluble rutinosides and neo
hesperidosides are more concentrated in the pulp [24]. In this study, we 
analyzed the juice of 24 C. limon genotypes cultivated over two 
consecutive harvest seasons with the aim of using its peculiar metabolic 
pool to discriminate among the various cultivars and to identify, if 
present, the most discriminant metabolites. Fig. 1 presents the average 
content of hydroxycinnamic acids (HCAs) and flavonoids, two major 
classes of specialized metabolites known to contribute to the nutritional 
value of citrus juices [22,25]. The graphs highlight substantial 
inter-genotypic variability in the accumulation of both flavonoids and 
HCAs, with some genotypes exhibiting notably high average levels of 
one or both classes. Fig. 2 examines the same dataset at individual 
compound level (see Table S.

2 for details) using a Random Forest classification model. The 
resulting variable importance plot and heatmap identify a subset of 
discriminant metabolites, mainly flavanone rutinosides and neo
hesperidosides, as key varietal markers, in line with previous reports 
[26]. Hierarchical clustering reveals consistent groupings of genotypes 
based on similar metabolite fingerprints, providing a data-driven 
framework for chemotaxonomic classification [27,28]. These data 
highlight the utility of phytochemical profiling as a discriminating 
strategy in C. limon cultivar selection, at the same time promoting for the 
first time the valorization of these particular genetic resources [29,30].

4.2. Physico-chemical determinations

Citrus fruits such as lemon are recognized as products whose demand 
in the international market is growing because they positively influence 
human health due to their quality and nutraceutical characteristics [31]. 
Fruit qualitative parameters were mostly affected by different agro
nomical practices [32,33]. The most relevant aspects that are considered 
by the consumer are the physical attributes, including seedlessness, fruit 
size and weight, and juice percentage [31]. The production of seedless 
citrus fruits is considered a major enhancement in fruit quality, partic
ularly for fresh market consumption [34]. Previous studies reported as 
seedless cultivars F. Continella, F. Scandurra and F. Cerza [10,35]. 
Actually, the results showed that F. Cocuzzaro, F. Siracusano, F. CNR 
L58 and F. 2Kr had the highest content of seed per fruit, while F. Akragas 
and F. Continella, F. Cerza, F. Scandurra, Lemox and F. Adamo could be 
considered as seedless fruit, according with previous results [36]. Fruits 
size and shape, along with juice percentage, are important traits for fresh 
consumption and industrial processing. Small sized fruits are primarily 
processed for juice production. In contrast, medium to large-sized fruits 
typically offer the highest profitability in the fresh consumption market 
[32,37].

Fruit weight ranged from 122 (F. S. Teresa) to 224 g (Lemox). It was 
observed that Fino 49 presented a higher weight than reported in other 
previous studies [32]. Fruit diameter and height confirmed previous 
results [10,35]. Furthermore, it was observed that Interdonato pre
sented a medium/large size with an oval shape and pronounced nose, as 
previously described [38]. Overall, it was observed that the juice per
centage was higher in all varieties compared to Di Vaio et al. [35] and 
similar to Di Matteo et al. [10]. However, our results indicated that F. 
Adamo had the highest percentage of juice, contrarily to what reported 
by Di Matteo et al. [10]. Citric acid is an essential component of lemons, 
and it is the most abundant organic acid in the juice [32,39,40]; our 
results confirmed what is reported in the literature [32]. The concen
tration of ascorbic acid (or vitamin C) was similar to what was found in a 
previous study [10]. However, previous researches reported that the 
vitamin C content in fruits of the Fino and Verna varieties was signifi
cantly influenced by weather conditions [41,42]. Regarding the anti
oxidant activity of the juice, it was found that vitamin C contributes only 

Table 2 
Organic acids (g L− 1) measured in 24 lemon cultivars; data are reported as mean 
of 2 years cultivation. Values without letters have no significant differences 
according to Fisher's LSD procedure at a 95 % confidence level.

Genotype Malic acid Ascorbic acid Citric acid Total organic acids

F. fior d'Arancio 1.02 abc 0.32 a 63.61 a 64.95 a
F. Cocuzzaro 1.10 ab 0.33 a 59.30 ab 60.73 ab
F. Dosaco 0.94 abc 0.31 a 57.07 ab 58.32 ab
F. Fragalà 0.76 abcd 0.30 a 56.44 ab 57.50 ab
Chaparro 0.48 abcd 0.29 a 55.20 abc 55.98 abc
F. Akragas 0.44 bcd 0.30 a 55.17 abc 55.91 abc
Lisbon 0.73 abcd 0.28 a 54.68 abc 55.70 abc
F. Cerza 0.55 abcd 0.31 a 54.51 abc 55.37 abc
S. Amalfitano 0.77 abcd 0.30 a 54.28 abc 55.35 abc
F. Carrubaro 0.45 bcd 0.29 a 54.55 abc 55.30 abc
F. S.Teresa 0.77 abcd 0.30 a 54.20 abc 55.27 abc
F. Siracusano 1.13 ab 0.30 a 53.75 abc 55.18 abc
Fino 49 0.78 abcd 0.29 a 53.95 abc 55.03 abc
F. 2Kr 1.16 a 0.29 a 53.54 abc 55.00 abc
F. Scandurra 0.79 abcd 0.25 ab 53.53 abc 54.57 abc
F. Continella 0.90 abc 0.25 ab 50.27 abc 51.42 abc
F. Adamo 0.67 abcd 0.28 a 50.42 abc 51.37 abc
Monachello 0.73 abcd 0.27 a 48.55 abc 49.55 abc
Verna 0.73 abcd 0.25 ab 45.58 abc 46.55 abc
Interdonato 0.34 cd 0.22 abc 44.56 abc 45.12 abc
F. CNRL58 0.67 abcd 0.26 a 44.09 abc 45.02 abc
Lemox 0.14 d 0.27 a 43.04 abc 43.46 abc
F. Incappuciato 0.36 cd 0.23 abc 38.35 abc 38.94 abc
Ovale Sorrento 0.42 bcd 0.13 c 27.59 c 28.14 c

Table 3 
Antioxidant activity (DPPH and ABTS, mM Trolox) measured in 24 lemon cul
tivars in two years. Values without letters have no significant differences ac
cording to Fisher's LSD procedure at a 95 % confidence level.

Genotype DPPH ABTS

Chaparro 16.39 abc 5.44 bcd
CNR L58 16.03 abcd 5.89 ab
F. 2Kr 11.03 hi 7.64 a
F. Adamo 12.78 fghi 4.06 Bcd
F. Akragas 13.03 fghi 5.05 Bcd
F. Carrubaro 12.92 fghi 3.93 cd
F. Cerza 13.15 defghi 5.03 bcd
F. Cocuzzaro 14.00 bcdefgh 5.84 ab
F. Continella 14.12 bcdefg 4.61 bcd
F. Dosaco 13.58 cdefgh 4.58 bcd
F. Fior D'arancio 10.51 i 4.87 bcd
F. Fragalà 16.17 abc 5.69 abc
F. S. Teresa 12.30 ghi 4.79 bcd
F. Scandurra 12.38 ghi 3.51 d
F. Siracusano 13.05 efghi 5.81 abc
Fino 15.59 abcdef 4.76 bcd
F. Incappuciato 15.23 abcdefg 4.98 bcd
Interdonato 15.18 abcdefg 4.36 bcd
Lemox 17.41 a 4.55 bcd
Lisbon 16.67 ab 4.74 bcd
Monachello 13.77 bcdefgh 4.60 bcd
Ovale Sorrento 14.25 bcdefg 4.54 bcd
S. Amalfitano 14.96 abcdefg 5.34 bcd
Verna 15.98 abcde 4.17 bcd

G. Modica et al.                                                                                                                                                                                                                                 Journal of Agriculture and Food Research 26 (2026) 102658 

6 



8.60 % of the total antioxidant activity in grapefruit, followed by orange 
(8.16 %) and lemon (6.15 %). Therefore, the main contribution to the 
total antioxidant activity is due to the presence of various bioactive 
compounds, and vitamin C plays a partial role [17,43].

The PCA results discriminated the different cultivars: it was found 
that F. Incappucciato and Ovale di Sorrento were largely affected by 
weight and diameter of fruit and exhibited the lowest quantitative of 
total organic acids.

4.3. Antioxidant activity

Lemon juice is known for its health benefits due to its antioxidant 
potential and anti-inflammatory activity [33]. To evaluate the antioxi
dant potential of its different components, it is necessary to consider that 
the antioxidant capacity depends on plant extracts and their chemical 
composition. The various methods used to determine the antioxidant 
properties of the juice were not directly comparable, as highlighted in 
previous studies [44]. However, both methodologies are considered 
reliable for assessing antioxidant potential [16]. The results showed that 
F. fior d'arancio had the highest DPPH• value, while Lemox exhibited the 
lowest. The antioxidant potential measured by ABTS+ ranged from 3.51 
mM Trolox (F. Scandurra) to 7.64 mM Trolox (F. 2Kr). Overall, the re
sults were incompatible with previous observations reported by Di Vaio 
et al. (2010). In particular, the antioxidant potential measured in Fem
minello lines, Interdonato, Monachello, Ovale di Sorrento e S. Amalfi
tano differed from values obtained using ABTS + assay in other studies. 
This discrepancy suggests that antioxidant activity may vary signifi
cantly depending on harvesting periods, environmental conditions, and 
agronomic techniques [10,32]. Furthermore, it was observed that the 
antioxidant capacity of Fino 49 and Verna significantly exceeded the 
values reported by other authors [32,42]. It is important to consider that 
the effectiveness of antioxidant compounds mainly depends on their 
chemical structure, as this determines their reactivity towards free 
radicals and another reactive oxygen species (ROS), thereby influencing 
antioxidant activity [45]. Additionally, the effectiveness of antioxidant 
molecules is also influenced by their concentration [46]. The ABTS+

radical scavenging method has been reported to be useful for studying 
the antioxidant mechanisms of several lipophilic and hydrophilic com
pounds [17]. However, DPPH• assay has been widely used to measure 
the antioxidant activity of several compounds belonging to the 
hydroxycinnamic acid category [46].

4.4. Marker placement: morphological traits and biochemical parameters 
of lemon juices performed by principal component analysis (PCA)

All the physico-chemical characteristics were involved in dis
tinguishing the unique characteristics of the studied genotype. Principal 

component analysis (PCA) allowed the identification of the most sig
nificant traits for each cultivar (Fig. 4A and B). Specifically, four clusters 
were identified, and the two principal components explained 57.8 % of 
the total variability. PC1 was strongly and positively associated with 
compounds F3 and F4, while it showed a negative correlation with fruit 
weight and the number of seeds. These are relevant aspects for the 
consumers [31]. PC2 was positively influenced by F15 and ascorbic acid, 
while it was negatively correlated with F10 and F12 (Fig. 4A). In detail, 
the distribution of genotypes in the PCA biplot (Fig. 4B) distinguished 
four main groups. Analysis of variance (ANOVA) confirmed that the 
differences between these clusters were significantly explained mainly 
by the variables F8, F10, F5, F12, F1, and F4 (p < 0.001), which 
therefore represent the main discriminating factors. Variables such as 
F3, C3, N.S., and F14 showed significant but less marked differences (p 
< 0.01), while M.A., N., F2, and F11 contributed only marginally to the 
separation of the groups (p < 0.05). Overall, F8 emerged as the variable 
with the greatest discriminating power, followed by F10, F5, and F12, 
which together explained most of the differences observed between the 
clusters. These results indicate that the variability among lemon culti
vars is strongly associated with specific secondary metabolites and 
morphological and physical characteristics. This analysis allowed us to 
highlight the differences between the different genotypes and the apti
tudes of each cultivar; furthermore, metabolic differences can be used as 
a potential biochemical marker for varietal distinction and the valori
zation of local genotypes.

5. Conclusions

The results showed that each variety had different peculiarities and 
metabolites highly characterized some genotypes; the phytochemical 
profiling could therefore be a strategy for C. limon discrimination and 
valorization.

Overall, F. Adamo, F. Scandurra, F. Cerza and F. Continella and could 
be considered as seedless fruit and therefore may be appreciated as fresh 
fruit; Lemox and Fino 49 showed the highest fruit weight, while the 
highest juice percentage was recorded in F. Adamo, outlining its major 
aptitude for processed juice.

As a whole, the results obtained lay the foundation for the selection 
of the most commercially valuable lemon cultivars in terms of market 
preferences and nutritional value.
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