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Abstract

The aim of this research was to assess the proximate (ash, organic matter, fiber, protein, sugars, starch,
and carbohydrates) and minerals (K, Ca, Mg, P, Na, S, Fe, Zn, Cu, Mn, Cd, Co, Cr, Pb, and Ni) compositions
of Tunisian wild Cardaria draba (L.) Desv. organs (roots, stems, leaves, flowers, and fruits) using standard
methods. The profile of fatty acids was assessed through gas chromatography with flame ionization detection
(GC-FID) with lipid quality evaluation. Results show that leaves have the highest ash (19.20 g/100 g dw) and
protein (38.90 g/100 g dw) contents, while roots are richest in fiber (32.80 g/100 g dw) and soluble sugars
(9.68 g/100 g dw). Flowers and fruits contain the most starch contents (56.96 and 51.22 g/100 g dw,
respectively). Leaves also have the highest concentrations of K, Ca, Mg, Na, and P, while fruits and flowers have
the highest sulfur content (478.98 and 432.50 mg/100 g dw, respectively). Fe is primarily found in leaves and
stems (37.50 and 36.98 mg/100 g dw), Mn in stems (5.35 mg/100 g dw), and Zn in leaves (4.21 mg/100 g dw).
Roots accumulate the most trace elements, remaining below toxicity limits. Fruits have the highest oil content
(12.50%). Unsaturated fatty acids (UFA) dominate, with oleic acid (29.38%) as the main in roots, a-linolenic
acid (12.98%) in aerial parts, and linoleic acid (7.94%) in fruits oils. Erucic acid is highest in fruits (7.70%) but
undetectable in aerial parts. Palmitic and stearic acids, are highest in roots (22.05% and 23.18%, respectively).
The oils demonstrate high nutritional quality, with favorable hypocholesterolemic properties (h/H ratio of
1.67 to 2.30) and low atherogenic (0.50-0.62) and thrombogenic (0.22-1.00) indices. These results indicate
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that C. draba organs are a valuable source of essential nutrients and fats, with potential applications in diet,

health, cosmetics, and biodiesel.

Keywords: Cardaria draba (L.) Desv.; fatty acids; GC-FID analysis; lipid quality indices; nutritional

composition

Introduction

Wild plant species play a crucial role in human life, particularly in terms of diet and medicine uses
(Batool ez al., 2023; Kumar ez al., 2024). Interest in these species has significantly increased due to their
promising health improvements given their richness in beneficial nutrients, particularly mineral content,
dietary fiber, carbohydrates, fats, and proteins (Garcia-Herrera ez a/., 2014). These nutrients provide numerous
advantages for human consumption and constitute an alternative food source (Duguma, 2020). Additionally,
Baydoun ez al. (2017) demonstrated the economic importance of wild plants of Lebanon based on the
commercial value of these species and their relationship to industrial crops. Brassicaccac family (syn.
Cruciferae), includes various cultivated species having agronomic and economic importance. They are
consumed as vegetables, fodder, condiments, and oilseed due to their richness in vitamins, minerals, and
secondary metabolites (Raza ez al., 2020; Jabeen, 2020). Scientific evidence indicates that including cruciferous
vegetables in the human diet can yield positive effects on health and well-being (Samec ez al., 2019). Cardaria
draba (L.) Desv., a spontaneous perennial herbaceous plant, belonging to this family, is known for its richness
in bioactive molecules such as phenolic, alkaloid, terpenoid, and volatile organic compounds with anti-
inflammatory, antioxidant, and antimicrobial activities, which have contributed to its use in treating various
illnesses (Roshanak ez a/., 2021; Fathi ez al., 2023; Saadellaoui ez al., 2024). It is also recognized as a wild edible
plant of significant nutritive value (Bensaid ez 4/, 2018). Young leaves and shoots are typically added raw to
salads and the seeds can serve as a substitute for pepper in seasoning mixes (Francis and Warwick, 2008).
Furthermore, it is an excellent fodder species for ruminants characterized by high levels of neutral and acid
detergent fibers (Sasoli ez al., 2022). The reason that many wild Brassicaceae species have not been widely
cultivated may be attributed to the lack of detailed information on their nutritional value (Guil-Guerrero ez
al., 1999). For C. draba, previous studies on its mineral composition have primarily focused on assessing trace
element content of this species growing wild in Iraq, Iran, Turkey, and Bulgaria. They examined the entire
plant for Mn, Fe, Zn, Cu, Pb, Co, Cd, Li, Hg, Ni, Se, Al, V, As, and Cr (Targan ¢z al., 2018) and for Fe, Mn,
Co, and Ni (Kilig ef 4/., 2019); the aerial parts for Cd, Cu, Pb, Ni, and Zn (Hosseini ef /., 2020) and for As,
Co, Cr, Fe, and Mn (Hosseini ez a/., 2022); the shoots and leaves for Cd, Pb, Fe, Ni, Zn, and Cu (Mohsenzadeh
and Rad, 2012); the leaves for Fe, Cd, Cr, Co, Pb, Mn, Ni, and Zn (Hussein, 2016) and for Pb and Zn
(Ghaderian et 4l., 2007); as well as in shoots for Zn, Cu, Pb and Cd (Georgieva ez al., 2015). However, few
publications have focused on its macroelement content. Targan ¢z 4l. (2018) confirmed the richness of its aerial
parts and roots mixture in Ca (6469 pg/g dry matter), Na (3451 pg/g dry matter), and Mg (3364 ug/g dry
matter). For Guil-Guerrero ez al. (1999), the tender leaves of C. draba growing wild in Spain contain 667, 168,
and 131 mg/100 g fresh biomass of K, Ca, and Mg, respectively. According to Hussein (2016), the Ca and Mg
content of the leaves of Iraqi species were 4.02 and 27.30 mg/kg dry weight, respectively. In addition, research
on the nutritive value of this species examined protein, ash, fiber and fatty acid contents in leaves (Guil-
Guerrero et al., 1999), protein, soluble sugars, and fatty acids in seeds (Tongug and Erbag, 2012), and the aerial
parts fatty acid profile (Sarikurkcu ez 4/, 2017). In contrast, the compositions of roots and fruits have not been

studied before.



Saadellaoui W ez al. (2025). Not Bot Horti Agrobo 53(1):14175

In this context, to the best of our knowledge, there has been no prior research assessing the primary
metabolites and mineral content of wild C. draba in Tunisia. Therefore, this study focused on the evaluation
of the proximate composition (moisture, ash, organic matter, soluble sugars, starch, crude fiber, crude protein,
and carbohydrate) and mineral elements (Ca, K, Mg, P, Na, S, Cu, Fe, Mn, Zn, Cd, Co, Cr, Ni, and Pb) of C.
draba organs (roots, leaves, stems, flowers, and fruits). Moreover, it investigated the lipid content of the roots,
aerial parts mixture, and fruits, as well as, fatty acid profiles and related nutritional indices. Our aim was to
evaluate the nutritional value and explore the potential applications of the different organs of C. draba in

commercial industries, thus supporting their consumption and wider uses.

Materials and Methods

Plant material

Cardaria draba samples, including roots, stems, leaves, and flowers, were gathered in spring (April
2023), during full flowering, Fruits were harvested two months later, in June 2023. The collection site was
located at the Ksour-Essaf area (35°25'.02 North, 10°59".694 East, 15 m), situated approximately 17 km away
from Mahdia in the Central-Eastern region of Tunisia. The average annual precipitation is 353.7 mm, with a
mean annual temperature of 19.4 °C and a moisture content of 85%. The soil is calcareous, notably rich in
calcium, potassium, and iron. Voucher specimens (N°124Cd2-5), authenticated by botanist Professor Fethia
Harzallah-Skhiri, are preserved in the Laboratory of Bioresources: Integrative Biology and Valorization (LR14-
ES06) at the High Institute of Biotechnology of Monastir, Tunisia herbarium. In the laboratory, the harvested
material was thoroughly cleaned with tap water. It was then oven-dried at 20 °C until reaching a stable dry
weight, finely ground into a homogeneous powder using a Duronic CG 250 Premium 250 W electric grinder,
and then weighed. The obtained powders from the five different organs were stored in glass bottles until
analyses.

Proximate composition
Proximate analysis of the powdered C. draba organs included estimation of moisture, ash, organic

matter, protein, crude fiber, soluble sugars, starch, crude fat, carbohydrate contents and energy value.

Moisture content (MC)
The content of the moisture of each sample was assessed using the standard AOAC (2005) method.
Samples were oven-dried (103 °C) until a stable weight was reached. The MC was expressed in %.

Ash content (AC) and organic matter content (OMC)

The ash content was measured as described by the ISO 5984:2022 method. Five grams (5 g, w2) of each
sample was set in a crucible which has been already washed, dried at 180 °C for 30 min, cooled and then weighed

(w1). The crucible was transferred into a muffle oven set at 550 °C for 12-18 hours, until the content became
white after which the crucible was cooled in a desiccator and weighed (w3). The ash percentage was then
determined using the relation below:

Ash (%) = weight of ash /weight of sample x100 = w3-w2/w2-wl x 100 (1)

Organic matter (%) = 100 - ash (%) (2)
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Protein content (PC)

The protein contents were calculated by elemental microanalysis as percentage nitrogen content

multiplied by 6.25 using a Leco CHNS-932 analyser (St. Joseph, M1, USA).

Crude fiber content (CF)

The crude fiber analysis was carried out according to the enzymatic-gravimetric AOCS Ba 6a-05 (2005)
method. Briefly, 0.5 g of each sample was weighed (w3) and then boiled in 1.25% H,SOj4 solution in a beaker
for 30 min. It was subsequently hydrolysed for an additional 30 min with 1.25% NaOH. After rinsing the
sample with hot water and acetone, it was dried at 105 °C for 1h until a stable weight was reached (w1). The

remaining residue was reignited in a muffle oven at 55 °C for 3 h, then cooled in a desiccator and weighed again
(w2). The crude fiber content was calculated using the following equation:

Crude fiber = (w1 — w2)/w3 x 100 (3)

Soluble sugar (SS) and starch (ST) contents
The soluble sugar levels in the five samples were assessed using the sulfuric acid anthrone method (Chen

et al., 2016). Briefly, 10 mg of each powder sample was combined with 1 ml of 80% ethanol. This mixture was
heated in a water bath (70 °C, 30 min), with regular stirring. Once cooled in an ice bath, it was centrifuged
(9,000 rpm, 4 °C, 15 min). The residue was reserved for starch analysis, while the supernatant was used to
quantify sugar content. A volume of 50 ul of the supernatant were mixed with 2 ml of anthrone (C1sH;00)
solution prepared in a fume hood, by combining 5 ml H,SO4 with 10 mg anthrone, and 1200 ul 80% ethanol.
This mixture was subsequently heated during 10 min, in a boiling water bath, until a greenish colour was
obtained, then rapidly cooled in an ice bath. A control was prepared by mixing 2.5 ml anthrone with 1250 pl
80% cthanol. Sugar concentrations were determined on the basis of a standard curve prepared using glucose
solutions. The residue was hydrolysed with 150 pl of 35% perchloric acid in an ice bath (15 min). The mixture
is centrifuged and the s1 supernatant (s1) is collected. The residue was re-hydrolysed for 30 min, centrifuged
and the s2 (s2) supernatant was recovered. The two supernatants s1 and s2 were combined, and the total
volume obtained was adjusted to 5 ml with distilled water. The starch content was determined using anthrone
in the presence of perchloric acid (21%). The starch standard was established with pure glucose diluted in
perchloric acid (21%). Finally, optical density was measured at 640 nm using a V-1100 D spectrophotometer.
Soluble sugar and starch contents are reported in g/100 g dry weight (dw).

Qil content (OC)

Given that oil extraction from C. draba leaves, stems, and flowers did not yield oil, we combined the
dried powders of the aerial parts. Then, 20 g of roots, a mixture of the aerial parts, and fruits dry powders were
extracted, each one apart, using hexane in an appropriate Soxhlet apparatus (8 hours, 18-22 cycles/h).
Extractions were conducted three times. Hexane was eliminated with a rotary vacuum evaporator in a water

bath (40 °C). The obtained oil yield (g/100 g dw) was determined to calculate the lipid content of each sample.

Total Carbohydrate Content (CC) and Energy Value (EV)

Carbohydrates and energy value were calculated using the following equations (Food and Agriculture

Organization, 1998):
Carbohydrate content (%) = 100 - (moisture + ash + protein + lipid) (4)

EV (Kcal/100 g dw) = 4 x (protein + carbohydrate) + 9 x (lipid) (5)
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Mineral composition

Mineral composition (Ca, K, Na, S, Mg, Zn, Fe, Cu, Mn, Cd, Ni, Pb, Cr, and Co) was determined using
the AOAC 985.35 (2000) official method for atomic absorption spectroscopy. Briefly, mineralization was
conducted on 0.2 g of each sample. The samples were digested with a mixture of nitric and perchloric acids (2:1
v/v), heated for 3 hours at 90 °C, and then diluted with 20 ml of 2% nitric acid. Analyses were performed using
a Thermo SOLAR atomic absorption spectrometer (AAS). The concentration of phosphorus was determined
usinga UV spectrophotometer, measuring absorption at 430 nm. For each sample, 2.5 g was added to 1 g of
calcium carbonate, followed by incineration in a muffle oven (550 °C, 4 hours). Subsequently, 10 ml of 6N
hydrochloric acid was added and heated to boiling, filtered, rinsed with distilled water, and then subjected to
spectrophotometric analysis. Results are expressed as mg/100 g dw.

Fatty acid composition and lipid indices quality

Fatty acid methyl esters (FAMEs) and chromatographic analysis (GC/FID)

Fatty acid methyl-esters (FAMEs) from the total lipids were obtained using 3% sodium methoxide in
methanol (Cecchi ez al., 1985). The FAMEs were analyzed using gas chromatography with a Hewlett-Packard

6890 gas chromatograph series II (Agilent Technologies, Palo Alto, California, USA) fitted with a flame
ionization detector (FID). Individual FAMEs were scparated on an Rtx-2330 capillary column (90%
biscyanopropyl/10% phenyl cyanopropyl polysiloxane, 30 m x 0.32 mm, 0.20 um film thickness). The
temperatures of the injector and the FID detector were maintained at 240 °C and 260 °C, respectively. The
oven temperature was set to rise from 100 to 230 °C at a rate of 4 °C/min and held for 16 min. Nitrogen served
as the carrier gas at a flow rate of 1.2 ml/min. Then, 1 pl of the sample was injected in split mode with ratio of
1/100. Peak identification was conducted by referencing to the retention times of a standard pure mixture
FAME;s (Ref: CRM47885, Supelco 37 Component FAME Mix). The percentages of FAMEs were determined
based on the total fatty acids.

Lipid quality indices

Lipid quality indices, including saturated fatty acids (SFA), unsaturated fatty acids (UFA),
monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), UFA/SFA ratio, omega-3
(w3)/omega-6 (w6) ratio, atherogenic index (AI) (Ulbrich and Southgate,1991), thrombogenic index (TT)
(Ulbrich and Southgate,1991), hypocholesterolemic fatty acid/hypercholesterolemic fatty acid ratio (h/H)
(Santos-Silva ez al.,, 2002), calculated oxidizability value (Cox) (Fatemi and Hammond, 1980), and oxidative
susceptibility (OS) (Cecchi ez /., 2011) were calculated as follows:

Al =[(4 x C14:0) + C16:0 + C18:0)]/[ ¥ UFA + ¥ w6 PUFA + Y w3 PUFA] (6)
TI=[C14:0 + C16:0 + C18:0]/ [0.5 x MUFA + 0.5 X w6 PUFA + 3 x »3 PUFA + w3/w6 x PUFA]
(7)
h/H =[C18:1 n-9 + C18:2 n-6 + C20:4n-6 + C18:3 n-3 + C20:5 n-3 + C22:5 n-3 + C22:6n-
6]/[C14:0 + C16:0] (8)
Cox =[C18:1 +10.3 x C18:2 + 21.6 x C18:3]/100 (9)
OS = MUFA + 45 x C18:2 + 100 x C18:3 (10)

Statistical analyses

All the analyses were conducted in triplicate, and the results are expressed as mean + standard deviation
(SD). Analysis of variance (ANOVA) was conducted using XLSTAT 2019 to compare the means. The
differences were found to be significant when p < 0.05 using Duncan’s multiple range test. Heat map
dendrogram was generated using Metabo Analyst 5.0 (hz2p://www.metaboanalyst.ca/, accessed on May 22,

2023) to evaluate the combination of proximate and mineral contents characterizing C. draba organs.
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Results and Discussion

Proximate and elemental composition

Proximate composition

The proximate composition results are provided in Table 1. The highest moisture contents (MC) were
registered in stems, followed by leaves, and flowers (73.72%, 73.61%, and 70.25%, respectively). Fruits
exhibited a lower MC (68.05%), while roots had the lowest value (46.85%). The results, particularly regarding
the MC of the acrial parts, are comparable to those noted by Afzal ez al. (2016) for the total plant growing wild
in Pakistan (72.71%). This high MC is crucial for food quality and preservation, as it is essential for maintaining
the turgidity of vegetable cells and keeping them fresh (Galindo ez a/., 2004). It also confirms the species’ ability

to thrive in harsh environments (Husen, 2021).

Table 1. Proximate composition of Cardaria draba roots, stems, leaves, flowers, and fruits

Component Content
Roots Stems Leaves Flowers Fruits

Moisture (%) 46.85 + 1.4° 7372+ 1.1 73.61 £1.2* | 70.25+ 1.0° 68.05+ 1.8
Ash (%) 8.70 +0.3¢ 11.20 £ 0.1° 19.20 £ 0.4 10.10 £ 0.1° 8.80 £ 0.3¢
Organic matter (%) 91.30 £ 2.0° 88.80 + 1.3 80.80 £ 2.1¢ 89.90 + 3.2 91.20 £ 3.1°
Crude protein (g/100 g dw) 14.90 + 0.4 16.00 £ 0.2° 32.30 £ 0.3 38.90 + 0.2* 14.10 + 0.4°
Crude fiber (g/100 g dw) 32.80+ 1.6 27.90 + 1.4° 13.90 £ 1.2¢ 12.00 + 1.1¢ 18.50 + 1.4°
Soluble sugar (g/100 g dw) 9.68 +5.8° 8.99+£39° 7.93 + 3.8 9.20 £5.0° 7.86 £ 0.5"
Starch (g/100 g dw) 4439 5.9 | 3843+45' | 42.06+2.1° | 56.96+37* | 51.22+18"

*Note: Data represents the mean of three replicates. The means + the standard deviations followed by the same letter
within the same line are significantly different (Duncan test, p < 0.05), dw; dry weight.

The ash content (AC) exhibits significant variation (p < 0.05) among the organs. Specifically, leaves
show the highest AC (19.20%), followed by stems and flowers (11.20 and 10.10%, respectively), and then by
roots and fruits (8.70 and 8.80%, respectively). The AC of C. draba leaves exceeds the previously value of 15.72
/100 g dw reported for the whole plant of this species growing wild in Iran (Hoseini Nejad ez /., 2012), and
that for the leaves of other edible Brassicaceae species, such as Lepidium sativum L. (15.38 g/100 g dw) (Hassan
et al., 2011), Brassica oleracea L. (10.42 g/100 g dw) (Martinez ¢ al., 2010) and B. rapa L. (7.31 g/100 g dw)
(Sun et al., 2022).

The highest average contents in protein (PC) are found in flowers, followed by leaves (38.90 and 32.30
g/100 g dw, respectively) (Table 1). These values are significantly greater than those recorded by Tongug and
Erbag (2012) (23.50%) for the seeds, and Sasoli ez 4l. (2022) (18.58%) for the leaves of C. draba growing wild
in Turkey and Pakistan, respectively. For Kittani and Alousy (2003), among six species of palatable herbs
collected from two sites in Iraq, C. draba whole plant shows the highest percentages of crude protein (17.75
and 10.68%). Moreover, the PC in C. draba leaves and flowers from Tunisia was higher than that reported by
Malhotra and Sontakke (2023) (22.73%) and Hassan ez 4. (2011) (18.25%) in L. sativum seeds and leaves,
respectively. It was also higher than the PC in B. oleracea flowers (26.44-31.28%) and leaves (21.63-27.49%)
(Dufoo-Hurtado ez al.,2020), confirming that C. draba is an excellent source of protein.

Regarding crude fiber content (CF), the roots followed by the stems exhibit the highest values (32.80
and 27.90 g/100 g dw, respectively). This aligns with the findings reported by Kittani and Alousy (2003) for
Iraqi species across two sites (26.34 and 29.83 g/100 g dw). Compared to the CF levels of some Brassicaceae
edible species; B. oleracea var. acephala leaves (7.80 g/100g dw, Agarwal ez al., 2017), B. oleracea var. capitata
leaves (3.77%, Ogbede ez al., 2015), and L. sativum leaves (9.31%, Hassan ez al., 2011), the stems and roots of
C. draba could be considered highly favorable sources of crude fiber.
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On the other hand, C. draba roots were found to have the highest content of soluble sugars (9.68 g/100g
dw), succeeded by the flowers (9.20 g/100 g dw). Indeed, C. draba is known for its capacity to accumulate
substantial sugar reserves in its root system (Mulligan and Findlay, 1974). These values largely exceed those
recorded by Tongug and Erbag (2012) for the seeds of C. draba of Turkey (26.65 mg/g dw). Moreover,
reproductive organs are the richest in starch (56.96 and 51.22 g/100 g dw, in flowers and fruits, respectively),
followed by roots, leaves, and stems (44.39, 42.06, and 38.43 g/100 g dw, respectively). In fact, according to
Karthika ez al. (2020), for Brassicaceae, the potassium enhances fruit quality by converting their high starch
content into sugars. Windsor ez a/. (2000) also found that starch formation in fruits and seeds of Lepidium L.
species provides carbon and energy for mucilage production. On the other hand, the oil contents of roots, acrial
parts (a mixture of leaves, stems and flowers), and fruits (containing seeds) exhibit considerable variability.
Fruits have the highest oil content (12.50+0.02 g/100 g dw), followed by the acrial parts (7.50+0.01 g/100 g
dw), and roots 5.00+0.01 g/100 g dw. Furthermore, roots have the highest carbohydrates content (75.40
against 64.60 and 55.93%, in fruits and aerial parts, respectively). Fruits exhibit the highest energy value
(427.30, against 376.20 and 353.50 kcal/100 g dw in roots and aerial parts, respectively).

Mineral nutrient composition

The micro- and macronutrient average contents of roots, stems, leaves, flowers, and fruits of C. draba

are presented in Figure 1 A-C.

Macroelements content

All organs exhibited high levels of potassium (K), especially the leaves (2813.2 mg/100 g dw), followed
by roots (1950.70 mg/100 g dw) and stems (1820.00 mg/100 gdw) (Figure 1A). The two major elements after
K are calcium (Ca) and sulfur (S), followed by magnesium (Mg), sodium (Na), and phosphorus (P) (K >Ca>$
>Mg >Na >P). Leaves, fruits, and flowers exhibited the highest amounts of Ca (653.96, 610.11, and 598.30
mg/100 gdw, respectively). The S content was higher in fruits, followed by flowers (478.98 and 432.50 mg/100
g dw, respectively). Regarding Mg, Na, and P, they are significantly more abundant in the leaves compared to
the other organs (390.10, 350.12, and 102.51 mg/100 g dw, respectively). The elevated level of K and low level
of Na, resulting in a low Na/K ratio (<1) in all organs of C. draba, supports health recommendations to lower

sodium intake and increase potassium intake (Drewnowski ez /., 2012). An increase in dietary potassium is
crucial for disease prevention, particularly hypertension (Perez and Chang, 2014). Our results are in agreement
with those conducted by Kittani and Alouzy (2003) and Guil-Guerrero ez 2/. (1999), who reported that K was
the predominant mineral in leaves of C. draba from Spain and Iraq (2.44-3.11% and 667 mg/100 g fresh
biomass, respectively). Potassium content, ranging in our study from 1200 to 2813.2 mg/100 g dw, is higher
than recorded values in some edible Brassicaceae; such as the leaves of B. oleracea var. acephala (23.62 mg/g dw)
(Martinez e al., 2010) and L. sativum (1850 mg/100 g dw) (Hassan ez al., 2011).
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All organs of C. draba growing in Tunisia appear to be richer in Ca, ranging from 314.52 to 653.96
mg/100 g dw, compared to the results reported for C. draba leaves by Hussein (2016), Guil-Guerrero et 4.
(1999) and Kittani and Alouzi (2003), the aerial parts by Targan ez 4/. (2018) (4.02 ppm, 168 mg/100 g fresh
biomass, 2.29-2.06%, and 6469 ug/g dw, respectively), as well as for B. oleracea var. botrytis floret (2.5 g/kg dw)
(Collado-Gonzalez et al., 2021) and B. oleracea var. gemmifera (2219.2 mg/kg dw) (Doniec et al., 2022). The
Mg content of the leaves (390.10 mg/100 g dw) also exceeds that of B. oleracea var. acephala leaves (2.85 mg/g
dw) (Martinez ez al., 2010), and B. oleracea var. botrytis entire plant (2.1 g/kg dw) (Collado-Gonzalez et 4l.,
2021). Previous studies on C. draba have not investigated the S content of this species. The highest value,
recorded in the fruits (478.98 mg/100 g dw), is very close to that reported in L. sativum acrial parts (4651-4751
mg/kg dw) by Sat ez al. (2013). In fact, Brassicaceae species are known for their high sulfur content compared
to other vegetable families (Fusari ez a/., 2020). The P content of C. draba leaves reported by Guil-Guerrero ez
al. (1999) from Spain (28.6 mg/100 g dw) and by Kittani and Alouzi (2003) from Iraq (59 mg/100 g dw) is
lower than the levels recorded in our study, which range from 63.52 to 102.51 mg/100 g dw. These values are
considerably lower than those found in B. oleracea var. acephala leaves (5.73 mg/g dw) (Ayaz et al., 2006), B.
oleracea var. italica aerial parts (5.98 mg/g dw) (Montaner ez al., 2023), and B. oleracea var. botrytis floret (5.7
mg/kg dw) (Collado-Gonzélez ez al., 2021), but higher than the levels in L. sativum (1478 mg/kg dw) (Sat ez
al.,2013) and B. rapa leaves (33.1 mg/kg dw) (Sun ez al., 2022).

Trace elements content

Iron (Fe) is the most abundant essential trace element in all the organs. It was followed by manganese
(Mn), zinc (Zn), and copper (Cu) (Fe>Mn>Zn>Cu), particularly in leaves and in stems (37.50 and 36.98
mg/100 g dw, respectively) (Figure 1B).

The amount of Mn ranged from 1.50 to 5.35 mg/100 g dw. The maximum concentrations were found
in stems (5.35 mg/100 g dw) and leaves (3.10 mg/100 g dw). Leaves also recorded the highest amount of Zn
(4.210 mg/100 g dw), while roots had the highest amount of Cu (0.279 mg/100 g dw). For the toxic trace
metals, they are mainly concentrated in the roots with a clear predominance of lead (Pb) (0.38 mg/100 g dw)
followed by chromium (Cr) (0.13 mg/100 g dw) (Pb>Cr >Ni>Co>Cd). The amounts of Pb in the other
organs ranged from 0.11 to 0.31 mg/100 g dw, and Cr from 0.08 to 0.11 mg/100 g dw. The optimal
concentration of Ni in the roots is 0.09 mg/100 g dw, followed by 0.075 mg/100 g dw in the stems, and does
not exceed 0.062 mg/100 g dw in the other organs. The highest concentration of cobalt (Co) is found in the
roots (0.071 mg/100 g dw), while the lowest were recorded in the reproductive organs; flowers (0.012 mg/100
g dw) and fruits (0.010 mg/100 g dw). Cadmium was the least represented in the organs (0.014, 0.011 and
0.010 in roots, stems, and leaves, respectively). It was not detected in flowers and fruits (Figure 1C). Trace
elements also called heavy metals are notable environmental pollutants, posing problems due to their toxicity,
which affects environmental, ecological, and nutritional aspects (Zaynab ez /., 2022). They are required in very
low amounts and their excess can pose a threat to organism (Asati ez a/., 2016). For Pantola and Alam (2014),
around quarter of hyperaccumulators plants belong to the Brassicaceae family, highlighting their significant
potential in both phytoremediation and biofumigation. Indeed, C. draba is a highly effective phytoremediation
and bioindicator plant due to its capacity to hyper accumulate heavy metals (Sobhan Ardakani and Hosseini,
2024). Moreover, it tolerates various environmental factors and can be encountered in diverse habitats such as
roadsides, farmland, and pastures (Francis and Warwick, 2008). It is frequently subjected to emissions from
traffic and absorbs varying levels of heavy metals from both soil and atmosphere (Hosseini ez al., 2020). We
compared the trace metals concentrations in the five organs of C. draba with their correspondinglimit amounts
in dry raw plant material provided by the World Health Organization (2007). Thus, amounts of Cu (0,094-
0.297 mg/100 g dw) and Zn (1.104-4.210 mg/100 g dw) are significantly below the set limits of 15 mg/100 g
dw and 0.1-10 mg/100 g, respectively. Likewise, concentrations of Pb (0.110-0.384 mg/100 g dw), Cd (0.010-
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0.014 mg/100 g dw), Cr (0.08-0.13 mg/100 g dw), and Ni (0.032-0.090 mg/100 g dw) are also below the
toxicity limits which are defined as 1.0 mg/100 g dw for Pb, 0.03 mg/100 g dw for Cd, 0.2 mg/100 g dw for Cr,
and 0.10-5 mg/100 gdw for Ni, respectively. The World Health Organization (2007) does not specify a specific
limit for Co. It is considered a trace element required in small amounts for human health. However, excessive
intake of Co could potentially lead to adverse health effects (European Food Safety Authority, 2015).

When comparing our results with those published on C. draba growing wild in other countries and
under different environmental conditions, as well as with those for consumed Brassicaceae species, differences
emerged. For Fe, the most abundant trace element in our samples, high levels were found in the roots and shoots
of the Iranian species; 272.67 and 148.18 mg/kg dw, respectively (Hosseini ez al., 2022), and in the leaves of
the Iraqi species (40.00 ppm) (Hussein, 2016). The aerial parts of C. draba growing in Turkey contain 352.00
ug/g dw of Fe (Targan ez al., 2018). Our results are almost close for the roots (24.25 mg/100 g dw) but higher
for stems (36.98 mg/100 g dw) and leaves (37.50 mg/100 g dw). The composition of flowers and fruits of C.
draba has not been studied previously. The Fe concentrations are higher than those in B. oleracea var. italica
(broceoli) (0.135-0.106 mg/g dw) (Montaner ez al., 2023) and B. oleracea var. botrytis (cauliflower) (60.47
mg/kg dw) (Collado-Gonzalez ez al., 2021). Kilig ez al. (2019) confirmed that the average amount of Mn
accumulation in C. draba from Turkey is lower than that of Fe. In our study, the highest recorded
concentration of Mn, in the stems of C. draba (5.35 mg/100 g dw) is slightly higher than that noted by Hosseini
et al. (2022) for this organ in the Iranian species (44.14 mg/kg dw). Stems of Tunisian C. draba appear to be as
rich in Mn as the leaves of L. sativum (5.74 mg/100 g dw) recorded by Hassan ez al. (2011). The highest
concentrations of Zn in the leaves (4.21 mg/100 g dw), followed by stems (3.21 mg/100 g dw), and fruits (3.02
mg/100 g dw) are very close to those in the C. draba acrial parts from Iran (31.29 mg/kg dw) (Hosseini ez 4l.,
2020) and exceeding those in the leaves of C. draba from Turkey (24.3 ug/g dw) (Targan ez al., 2018) and Iraq
(7.19 ppm) (Hussein, 2016). Regarding Cu, Co, Ni, Pb, Cr, and Cd contents, our values are close to, or slightly
lower than those reported for this species by Hussein (2016) in Iraq, Hosseini ez 4/. (2020) in Iran, and Targan
et al. (2018) in Turkey. These values cannot be compared to those reported by Ghaderian ez /. (2007),
Mohsenzadeh and Rad (2012), and Georgieva ez al. (2015). Their studies focused on Iranian and Bulgarian
species growing in metal mining and highly polluted areas, which are characterized by high levels of
contamination, in order to assess their phytoextraction potential.

Therefore, to evaluate the variation in the richness of proximate, micro-, and macroelement contents
among the roots, leaves, stems, flowers, and fruits of C. draba organs, a heatmap was generated (Figure 2). The
results of the Hierarchical Cluster Analysis (HCA) revealed a clear separation among the clusters of these
organs. Group 1 (G1), corresponding to the roots, is characterized by its richness in crude fiber and by the
highest percentages of trace elements (Cu, Pb, Ni, Cr, Co, and Cd). In contrast, group 2 (G2) comprises stems
and leaves. Stems are characterized by their richness in Fe, Mn, and Zn microelements, moisture, crude fiber,
and soluble sugars, whereas leaves contain high levels in K, Mg, Ca, P, and Na macroelements, as well as Fe, Zn,
ash, moisture, and crude protein. The third group (G3) corresponds to the reproductive organs; flowers and
fruits. Flowers are particularly rich in P, Ca, and S macroelements, as well as moisture, crude protein, soluble
sugars, and starch. However, fruits are rich in Mg, Ca, S, Na, Zn, and starch.
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Figure 2. Heatmap along with Hierarchical Cluster Analysis (HCA) of C. draba organs based on

proximate and mineral nutrients contents

The rows in the heatmap diagram indicate proximate/minerals, and the columns represent organs (roots, stems, leaves,
flowers, and fruits). Dark red corresponds to high values, and dark gray corresponds to the lowest values. R Roots; S
Stems; L Leaves; Fl Flowers; Fr Fruits; Gi1 Group 1; G2 Group 2; Gs Group 3

Fatty acid profile and related nutritional indices

Fatty acid profile

GC analysis of FAMEs showed the detection of 14 saturated, monounsaturated, and polyunsaturated
fatty acids. The highest number of fatty acids was detected in the fruits (13), followed by the roots (7), and the
aerial parts (5) (Table 2).
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Table 2. Composition of fatty acids (% of total fatty acids) from fruits, acrial parts (leaves, stems, flowers)

and roots of wild Tunisian Cardaria draba and their nutritional quality indices

Fatty acid RT Fatty acid area (%)
(min)’ Roots | Aerial Parts | Fruits
Saturated
1 Myristic (C14:0) 21.68 Nd 2.03 +0.10%" Nd
2 Palmitic (C16:0) 25.05 22.05 + 1.20¢ 7.05 £ 0.30° 18.22 + 0.24f
3 Margaric (C17:0) 26.71 Nd Nd 0.24 + 0.08!
4 Stearic (C18:0) 28.60 23.18 +£ 1.10° 1.32 + 0.018" 18.29 + 0.20f
5 Arachidic (C20:0) 31.88 Nd Nd 1.53 £ 0.013
6 Behenic (C22:0) 35.29 Nd Nd 2.81 4 0.124%
7 Lignoceric (C24:0) 39.59 Nd Nd 1.25 + 0.02K
Monounsaturated
8 Palmitoleic (C16:1 n-7) 25.51 Nd Nd 0.29 +0.01!
9 Oleic (C18:1 n-9) 28.94 29.38 + 1.05¢ Nd 25.22 £ 0.90¢
10 11-Eicosenoic (C20:1 n-9) 32.89 Nd Nd 3.93 +0.14"
11 Erucic (C22:1 n-9) 35.84 2.64 £ 0.14" Nd 7.70 £ 0.328
Polyunsaturated
12 Linoleic (C18:2 n-6) 29.71 7.30 + 0.248 2.19 £ 0.10% 7.94 + 0.348
13 a-Linolenic (C18:3 n-3) 30.79 7.33 +£0.208 12.98 £ 0.32¢ 9.29 + 0.428
14 Eicosatrienoic (C20:3 n-6) 34.35 5.57 +0.168 Nd 0.61 + 0.01¢
Lipid quality
SFA 45.23 + 1.20¢ 10.40 + 0.30¢ 42.34 +1.10°
MUFA 32.02 + 1.05 Nd 37.14+ 1.06°
PUFA 20.20 + 0.30° 15.17 £ 0.10 17.84 + 0.10
UFA 5222+ 1.65° 15.17 £ 0.10° 54.98 + 1.30°
UFA/SFA 1.15 £ 0.01" 1.45 + 0.018" 1.29 + 0.013
w3/w6 0.57 +0.01" 5.92 £0.10¢ 1.07 £ 0.0
Al 0.62 +0.01" 0.61 +0.01" 0.50 + 0.01¢
TI 1.00 + 0.01" 0.22 +0.02 0.70 £ 0.024
h/H 225 +0.02" 1.67 £ 0.01%" 2.30 + 0.02"k
Cox 2.63 +0.01" 3.03 +0.01° 3.07 £ 0.01M
(ON 1093.52 + 3.20° 1396.55 + 2.30* 1323.44 +£2.10°

(25.22%). It was not detected in the aerial parts. It was followed by #-Linolenic acid, which reached maximum
amounts (12.98%) in the acrial parts, and 9.29% and 7.33% in fruits and roots, respectively. Linoleic acid is the
third most abundant UFA, particularly in fruits and roots (7.94 and 7.30%, respectively). The SFA fraction

* Note: Means + SD with the same letter (s) in the same column are significantly different (Duncan test, p < 0.05)
Nd; not detected, *; retention time on Rex-2330 capillary column, SFA; saturated fatty acids, UFA; unsaturated fatty
acids, MUFA; monounsaturated fatty acids, PUFA; polyunsaturated fatty acids, Al; atherogenic index, TI;

thrombogenic index, h/H; hypocholesterolemic ratio, Cox; calculated oxidizability value, OS; oxidative susceptibility.

Fruits, roots, and aerial parts are characterized by a slightly higher fraction of unsaturated fatty acids
(UFA) (54.98, 52.22, and 15.17%, respectively) compared to saturated ones (SFA) (42.34, 45.02, and 10.40,
respectively). In roots and fruits, monounsaturated fatty acids (MUFA) are more abundant than
polyunsaturated fatty acids (PUFA) (32.02 and 37.14% against 20.20 and 17.84%, respectively). In contrast,
MUFA were not detected in the aerial parts, where only 15.17% of PUFA was identified. The UFA fraction
was predominantly composed of oleic acid, reaching high concentrations in roots (29.38%) and fruits

was primarily composed of stearic and palmitic acids, particularly in roots (23.18% and 22.05%, respectively)

and in fruits (18.29% and 18.22%, respectively). Erucic acid was not detected in the aerial parts oil, but was
present at concentrations of 7.70 and 2.64% in fruits and roots oils, respectively. It is a characteristic fatty acid
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of the Brassicaceae family, and is often used as a distinguishing marker for this plant family (Vetter ez 4/, 2020).
The main fatty acid; oleic acid, identified in the roots and fruits of C. draba, is associated with various health
benefits (Farras ez al., 2021). It is the most abundant MUFA in the human diet (Schwingshack and Hoffmann,
2012). Oleic acid is characterized by its high anticancer effects and play a critical role in reducing inflammation,
lowering cholesterol, and improving metabolic health, making it a valuable component in managing chronic
diseases (Pravst, 2014). z-Linolenic, the sole omega-3 fatty acid identified in the samples, plays a vital role in
cardiovascular health by enhancing lipid profiles. It also supports cognitive function and reduces depression
symptoms, highlighting its role in overall mental and physical health (Sala-Vila ez 4/., 2022). Linoleic acid is
vital for skin health and immune function. It modulates inflammation and managing metabolic syndrome,
highlighting its importance for overall metabolic health (Viladomiu ez 4/, 2016). On the other hand, stearic
and palmitic acids, which are major saturated fatty acids in roots and fruits oils, are integral to the cosmetics
industry due to their emulsifying, thickening, and conditioning properties (Rabasco Alvarez and Gonzilez
Rodriguez, 2000). Erucic acid concentrations in fruits and roots oils exceed the safe levels which are
typically below 2% for oils intended for human consumption. Plants with high levels of erucic acid, whether
cultivated or wild, are exclusively designated for non-food applications and are specifically grown to meet the
needs of the oleochemical industry (Knutsen e# 4l., 2016). Erucic acid is used in the manufacture of lubricants,
plastics, and coatings (Jadhav ez al., 2024), as well as in the neuropharmacological sector (Kumar and Sharma,
2022).

Nutritional indices

Nutritional indices for the lipidic fraction of C. draba indicate that the UFA/SFA ratio ranges from
1.15 to 1.45, with the highest value recorded in the aerial parts oil. A higher UFA/SFA ratio, is generally
considered indicative of good nutritional quality and is associated with a reduced risk of cardiovascular diseases
(Chiofalo ez al., 2012; Gheorghe ez al., 2022). The aerial parts oil shows also the highest w-3/w-6 ratio (5.92),
compared to fruits (1.07) and roots (0.57), indicating its high nutritional quality. D’Angelo ez al. (2020)
highlight that a high w-3/w-6 ratio is essential for achieving a balanced diet. This ratio affects energy balance,
nutrient requirements and absorption, and plays a role in producing lipid mediators. Additionally, it may offer
health benefits by helping prevent chronic disorders, including cancer, and cardiovascular and inflammatory
diseases. Furthermore, C. draba oils seem to have cholesterol-lowering properties, as indicated by their elevated
hypo/hypercholesterolemic ratio (h/H), particularly in fruits, followed by roots and aerial parts (2.3, 2.25, and
1.67, respectively). Even more interestingly, their high nutritional quality is confirmed by their low atherogenic
(AI) (0.50-0.62) and thrombogenic (TT) (0.22-1.00) indices. The lowest AI (0.50) and TT (0.22) values are
recorded in fruits and aerial parts oils. Indeed, these indices reflect the relationship between major saturated
fatty acids (stearic, myristic, and palmitic), which are known as pro-atherogenic, and unsaturated ones that are
anti-atherogenic (Tilami and Koufimskd, 2022). In contrast, these oils have a tendency to oxidize as indicated
by their high values of oxidative susceptibility (OS) and oxidizability (Cox). These indices are inversely
proportional to the PUFA content of oil (Anwar ez /., 2007). The highest values of Cox and OS are recorded
in the fruits (3.07 and 1323.24, respectively) and the aerial parts oils (3.03 and 1396.55, respectively), due to
their richness in linoleic and a-linolenic acids. The lower recorded value of a-linolenic acid in the roots,
compared to those in fruits and aerial parts oils, reduce their susceptibility to oxidation, as shown by the lower
Cox and OS values (2.63 and 1093.52, respectively). For Mao et 4. (2020), -linolenic acid is the only main
fatty acid needing replenishment, as oils rich in it are highly susceptible to oxidation and degrade quickly with
exposure to air, light, and heat.

Published studies on the fatty acid profile of C. draba have previously focused exclusively on the leaves
of the Spanish species (Guil-Guerrero et 4., 1999), and on the seeds (Tonguc and Erbas, 2012; Ozcan ez 4/.,
2014) and acrial parts (Sarikurkcu ez al., 2017) of the Turkish one. Roots and fruits oils composition have not
been studied before. Our results revealed differences in both lipid content, fatty acids composition, and lipid
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quality compared to previous studies conducted on C. draba growing wild in other natural biotopes. Indeed,
variation in the content of the components of the fatty acid composition in wild plants can be significantly
attributed to provenance, genetic factors, geographical origin; including edaphic and climatic factors, and the
year of harvest (Muthai ez 4/., 2019). The seed oil contents, 6.97% and 6.39%, reported by Tonguc and Erbag
(2012) and Ozcan ez al. (2014) respectively, are much lower than the oil yield from the fruits (containing seeds)
in our study (12.50%) which could highlights that the pericarp of C. draba silicles is also rich in oil. The SFA
fractions in the leaves of the Spanish C. draba (Guil-Guerrero ez al., 1999) and in the above ground parts of the
Turkish species (Sarikurkcu ez a/., 2017) are predominantly composed of palmitic acid, accounting for 24.50%
and 19.68%, respectively. These percentages are significantly higher than the 7.05% of palmitic acid found in
the Tunisian aerial parts species. However, similar contents were recorded in roots and fruits oils (22.05 and
18.22%, respectively). For Tonguc and Erbas (2012), palmitic (17.10%) and stearic (9.24%) acids have the
highest percentages in seed oil, implying a higher energy storage capacity for germination. These results are
aligned with ours, where these two SFA dominate the fruits oil (18.22% and 18.29%, respectively). Regarding
the content of UFA, our results are consistent with the literature, which identifies oleic, a-linolenic, and linoleic
acids as the major UFA, although there are differences in their percentages. Oleic acid, which was not identified
in the aerial parts of the Tunisian species, was detected at 10.14% (Sarikurkcu e 4/., 2017) and 7.80% (Guil-
Guerrero ez al., 1999) in the leaves and aerial parts of the Turkish C. draba. It is also the main UFA in the roots
in our study (29.38%). For Tonguc and Erbag (2012), its content did not exceed 12.29% in the seeds of this
species, whereas it reached higher levels (25.22%), in the fruits oil of the Tunisian species. In contrast, the
contents of a-linolenic (39.03, 36.92, and 38.93%) and linoleic (9.98%, 15.95%, and 18.93%) acids in the
leaves, aerial parts, and seeds of C. draba, recorded by these authors, are higher than those registered in our
study, where a-linolenic acid was 7.33, 12.98, and 9.29%, and linoleic acid was 7.30, 2.19, and 7.94% in the
roots, acrial parts, and fruits oils, respectively. Regarding erucic acid, both differences and similarities emerged
compared to previous studies. As our finding, Sarikurkcu ez 4/. (2017) confirmed the absence of this MUF in
the acrial parts oil of C. draba growing wild in Turkey. While, Guil-Guerrero ez al. (1999), confirmed its
occurrence in leaves of Spanish species at very low levels (1.55%). However, our results (7.7% erucic acid in the
oil from fruits with seeds) contradict those of Tonguc and Erbag (2012), who reported that the seeds of this
species from Turkey did not contain erucic acid. Additionally, it is significantly lower than the erucic acid
content found in the oil from Cakile maritima fruits (with seeds), which is 22.04% according to Stambouli-
Essassi er al. (2020). In the roots of C. draba, no previous studies have reported the presence of erucic acid,
which we estimated to be 2.64%. Thus, oils from the fruits and roots could be considered non-edible and may
serve as promising substitutes for traditional edible food crops in biodiesel production (Atabani ez a/., 2013).
In fact, erucic acid, a key component in mustard biodiesel, positively affects fuel properties, enhances engine
performance, and improves exhaust emissions (Aslan, 2023). Due to its hydrophobic properties and water
resistance, erucic acid is an essential oleochemical used in machinery, rubber, metallurgy, and various other
industries (Wang ez al., 2022).

Conclusions

This investigation demonstrates that the organs of Tunisian C. draba exhibit significant nutritional and
industrial potential. The acrial parts, particularly the leaves and stems, are noted for their high levels of essential
minerals such as potassium, magnesium, calcium, and iron, as well in proteins, low levels of saturated fatty acids,
a significant w-3/w-6 ratio, and the absence of erucic acid. These features make them suitable for dietary
purposes and nutritional applications. Additionally, the roots, which are rich in crude fiber and starch, could
be ideal for digestive health supplements. The high content of palmitic and stearic acids in roots, followed by
fruits oils makes them valuable for the cosmetics industry. Furthermore, their richness in oleic acid makes them
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highly beneficial for cardiovascular health and cholesterol-lowering. On the other hand, fruits oil could be
useful for biodiesel production due to its erucic acid content.
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