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ABSTRACT 16 

Apple (Malus x domestica Borkh) has always been considered a fruit with low 17 

chlorophyll and carotenoid contents; however these pigments contribute also to the 18 

external (peel) and internal (flesh) fruit colouration, as well as to the health benefits 19 

associated with the regular consumption of this fruit. In the present work we studied the 20 

chlorophyll and carotenoid composition of the peel and flesh of thirteen marketed apple 21 

varieties presenting different external colouration (green, yellow and red). All the 22 

varieties were characterised by a common pigment profile comprised by chlorophylls a 23 

and b, lutein, violaxanthin, neoxanthin, β-carotene, and esterified carotenoids (mainly 24 

violaxanthin and neoxanthin) as major compounds. Total pigment content was always 25 

higher in the peel (58.72-1510.77 μg/g dry wt) than in the flesh (14.80-71.57 μg/g dry 26 

wt) for each particular cultivar. In general, the green cultivars showed the highest 27 

pigment content both in the peel and the flesh, which were followed in decreasing order 28 

by the peel of some red-skinned cultivars and the flesh of the yellow ones. In most 29 

cultivars, a characteristic chloroplastic pigment profile was found in the peel, with lutein 30 

as the main free carotenoid while a chromoplastic profile was usually observed in the 31 

flesh, with a prevalence of violaxanthin and neoxanthin and their corresponding acyl 32 

esters (mono- and diesters). A correlation between the carotenoid content and the 33 

amount of esterified xanthophylls was observed, in particular in the flesh, which 34 

reinforce the putative role of the esterification process in the accumulation of these 35 

lipophilic compounds within the chromoplasts. 36 

 37 
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xanthophyll esterification; peel; flesh 39 
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1. Introduction 41 

Apple (Malus x domestica Borkh) is considered the fourth most important fruit 42 

crop after citrus, grapes and banana, being the most ubiquitous and well-adapted specie 43 

of temperate fruit, and has been typically cultivated in Asia and Europe since ancient 44 

times. Domesticated apple varieties, which are derived from a putative interspecific 45 

hybrid, are eaten fresh, dried or processed into juice, preserves or alcoholic beverages 46 

(wine and cider). Apple fruits have been traditionally consumed in relation to their 47 

health benefits, and for that reason a popular aphorism refers to this fruit as “An apple a 48 

day keeps the doctor away”. Epidemiological studies link the consumption of apples 49 

with a reduced risk of developing some chronic diseases (Boyer & Liu, 2004; Hyson, 50 

2011; Wolfe, Wu, & Liu, 2003) such as cancers (Feskanich, Ziegler, Michaud, 51 

Giovannucci, Speizer, Willett, & Colditz, 2000; Gerhauser, 2008; Le Marchand, 52 

Murphy, Hankin, Wilkens, & Kolonel, 2000), cardiovascular disease (Knekt, Jarvinen, 53 

Hakkinen, Reunanen, & Maatela, 1996; Sesso, Gaziano, Liu, & Buring, 2003), asthma 54 

(Shaheen, Sterne, Thompson, Songhurst, Margetts, & Buerney, 2001; Woods, Walters, 55 

Raven, Wolfe, Ireland, Thien, & Abramson, 2003) and diabetes (Knekt, Kumpulainen, 56 

Jarvinen, Rissanen, Heliovaara, Reunanen, Hakulinen, & Aromaa, 2002). Most of these 57 

health benefits of apples are associated with their high content in phenolic compounds 58 

(especially flavonoids), vitamin C, antioxidants and dietary fibre (Boyer & Liu, 2004). 59 

The concentration of these diverse phytochemicals may vary depending on several 60 

factors such as the apple cultivar, climate, agronomic, harvest and storage conditions, 61 

and of course processing practices (Boyer & Liu, 2004; Leja, Mareczek, & Ben, 2003; 62 

Matthes & Schmitz-Eiberger, 2009; Napolitano, Cascone, Graziani, Ferracane, Scalfi, di 63 

Vaio, Ritieni, & Fogliano, 2004; van der Sluis, Dekker, de Jager, & Jongen, 2001). 64 

Moreover, the profile and content of phytochemicals in apples, especially the phenolic 65 
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compounds, have been shown to be very different in the flesh and the peel of the fruit, 66 

the latter showing higher concentrations (Boyer & Liu, 2004; Eberhardt, Lee, & Liu, 67 

2000; Massini, Rico, Martín-Diana, & Barry-Ryan, 2003; Wolfe & Liu, 2003; Wolfe, 68 

Wu, & Liu, 2003).  69 

Apple has always been considered a fruit with low chloroplastic pigment 70 

content, especially in the flesh and with regards to carotenoids, when compared with 71 

other fruit species (Ampomah-Dwamena, Deknoprat, Lewis, Sutherland, Volz, & Allan, 72 

2012; Goodwin & Britton, 1988; Gross, 1987). However, apart from the anthocyanins 73 

responsible for the reddish colour of the peel of many apple fruit cultivars, chloroplastic 74 

pigments (chlorophylls and carotenoids) contribute also to the external (peel) and 75 

internal (flesh) fruit colouration. Chlorophylls and carotenoids are lipophilic compounds 76 

which are synthetized and accumulated in specialized organelles (chloroplasts and 77 

chromoplats) within the plant cells. The green colour of vegetables and most unripe 78 

fruits is due to the joint occurrence of chlorophylls and carotenoids, whereas the colour 79 

of the ripe fruit is frequently due the presence of carotenoids (Britton & Hornero-80 

Méndez, 1997). Both types of pigments cannot be synthesized by animals and 81 

consequently it is necessary to incorporate them through the diet. In green plants, the 82 

carotenoids are found in the chloroplasts of green tissues, where their colour is masked 83 

by the greater presence of the chlorophylls (chloroplastic pigment profile) while in 84 

yellow, orange and red fruits, they are usually located in chromoplasts, and frequently 85 

present as complex mixtures of fatty acyl esters (chromoplastic pigment profile) 86 

(Britton, 1991). 87 

It has been demonstrated that the chlorophyll pigments exhibit a series of 88 

biological properties, such as antioxidant and antimutagenic activities, modulation of 89 

xenobiotic metabolizing enzyme activity, and induction of apoptotic events in cancer 90 
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cell lines, all consistent with the prevention of cancer and other degenerative diseases 91 

(Dashwood, 1997; Ferruzzi & Blakeslee, 2007). Carotenoids play an important role in 92 

attracting animals to act as pollinators and seed dispersion vehicles, including in this 93 

process the consumption of food by humans (Britton & Hornero-Méndez, 1997; Howitt 94 

& Pogson, 2006). When carotenoids are ingested, they exert important biological 95 

activities: antioxidant, provitamin A activity ( -carotene, α-carotene, -cryptoxanthin, 96 

etc.), inhibition of carcinogenesis, enhancement of the immune response and cell 97 

defence against reactive oxygen species (ROS) and free radicals, and the reduction on 98 

the risk of developing cardiovascular and other degenerative diseases (reviewed by 99 

Britton, Liaaen-Jensen, & Pfander, 2009). 100 

Recent studies have demonstrated the anti-Helicobacter pylori activity of some 101 

carotenoids from Golden Delicious apples (Molnár, Deli, Tanaka, Kann, Tani, 102 

Gyémánt, Molnár, & Kawase, 2010). As proposed by Liu (2003, 2004), the health 103 

benefits resulting from a diet rich in fruit and vegetables are due to a synergistic and 104 

additive combination of the effects derived from complex mixture of phytochemicals 105 

present in the whole food. Most of research carried out for the phytochemical profiling 106 

of apples have been focused on phenolic compounds with fewer studies on chlorophyll 107 

and carotenoid pigments (Knee, 1972, 1988; Solovchenko, Avertcheva, & Merzlyak, 108 

2006), which will undoubtedly contribute to the health benefits associated with the 109 

regular consumption of this fruit. Some early studies already investigated the 110 

chlorophyll and carotenoids composition of the apples (Galler & Mackinney, 1965; 111 

Workman, 1963; Knee, 1972; Gorski & Creasy, 1977; Valadon & Mummery, 1967; 112 

Gross, Zachariae, Lenz & Eckherdt, 1978; Gross & Lenz, 1979) demonstrating the 113 

preferential accumulation in the peel with respect to the pulp, and the catabolic 114 

disappearance of chlorophylls during the ripening of the fruits. However, most of these 115 
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studies were mainly focused in the well-known Golden Delicious cultivar, and others 116 

less popular such as Grimes Golden and Cox’s Orange Pippin, and consequently the 117 

information available in the literature is very restricted taking into account the great 118 

number and diversity of apple cultivars available in the markets. In the last decade 119 

increasing efforts are being dedicated to the selection of fruits with enhanced levels of 120 

diverse phytonutrients, with special attention to the carotenoids, involving 121 

multidisciplinary breeding programs (Ampomah-Dwamena et al., 2012). Therefore, the 122 

present work was aimed to study the chloroplastic and chromoplastic pigment 123 

composition in a wide range of commercial apple cultivars in order to provide 124 

biochemical information to be used in breeding programs directed to improve their 125 

nutritional value, as well as to increase the understanding of the processes governing the 126 

biosynthesis and accumulation of carotenoids in apples. For this purpose, in the present 127 

study we have characterised and investigated the chlorophyll and carotenoid 128 

composition of a wide collection of apple cultivars, distinguishing between peel and 129 

flesh, corresponding to thirteen marketed varieties presenting different external 130 

colouration (green, yellow and red). Especial attention has been paid to determine the 131 

presence of carotenoid acyl esters, as previous work in our laboratory (Mellado-Ortega 132 

& Hornero-Méndez, 2012; Fernandez-Orozco, Gallardo-Guerrero, & Hornero-Méndez, 133 

2013) suggested a key role of the esterification of xanthophyll in relation to facilitate the 134 

accumulation of these pigments within the chromoplasts of vegetables. 135 

 136 

2. Materials and methods 137 

 138 

2.1. Plant material 139 
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Thirteen commercial apple cultivars were selected and obtained from a local 140 

market, including four green-skinned varieties (Granny Smith, Green Doncella, Green 141 

Golden Delicious and Reina de Reineta), three yellow-green and yellow-skinned 142 

varieties (Golden Montaña, Golden Delicious and Golden Rosett) and six red-skinned 143 

varieties (Ariane, Fuji (I) from Italy, Fuji (F) from France, Pink Lady, Royal Gala and 144 

Starking Red Chief). Table 1 summarises the characteristics of the studied samples. 145 

 146 

2.2. Chemicals and reagents 147 

HPLC-grade methanol and acetone were supplied by BDH Prolabo (VWR 148 

International Eurolab, SL, Barcelona, Spain). Diethyl ether, containing 7 ppm butylated 149 

hydroxytoluene (BHT), was purchased from Scharlau (Scharlab, SL, Barcelona, Spain). 150 

HPLC-grade deionised water was produced with a Milli-Q 50 system (Millipore Iberica 151 

SA, Madrid, Spain). The rest of reagents were all of analytical grade. 152 

 153 

2.3. Sample preparation 154 

Fruits (4 for each cultivar) were washed and peeled, and the flesh and peel were 155 

separately frozen in liquid nitrogen, and subsequently freeze-dried (lyophilized) and 156 

ground in a mortar. The dry samples were kept in plastic bags at -80 ºC until extraction 157 

and analysis. The moisture contents (% water) in the flesh and peel were measured in 158 

triplicate by using an Ohaus moisture balance model MB35 (Ohaus, Switzerland). 159 

 160 

2.4. Pigment extraction 161 

In accordance with an extraction procedure recently developed for potato tubers 162 

(Fernandez-Orozco, Gallardo-Guerrero, & Hornero-Méndez, 2013), the extraction of 163 

pigments was performed with N,N-dimethylformamide (DMF) saturated with MgCO3, 164 
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in order to avoid the degradation and/or transformation of xanthophylls containing 5,6-165 

epoxide groups and the pheophytinization (releasing of the Mg
2+

 ion) of the chlorophyll 166 

pigments. Briefly, an amount of the lyophilized sample (2 g for flesh and 0.1 g for peel) 167 

was placed in a round-capped polypropylene 50-mL centrifuge tube, and extracted with 168 

20 mL of N,N-dimethylformamide (DMF) saturated with MgCO3 by using an Ultra-169 

Turrax T-25 homogenizer for 1 min. Subsequently, the mixture was centrifuged at 4,500 170 

×g for 5 min at 4 ºC, and the extracted chlorophylls and carotenoids, contained in the 171 

DMF, were collected. The extraction operation was repeated twice more with the pellet, 172 

and the DMF fractions were pooled in a separation funnel. Pigments were transferred to 173 

diethyl ether (80 mL) by adding 90 mL of 10% NaCl solution saturated with MgCO3 at 174 

4 ºC. The mixture was vigorously shaken and allowed to stand until complete separation 175 

of phases. The lower phase (aqueous DMF) was re-extracted with diethyl ether (50 mL), 176 

and the ether fractions were pooled and washed with 50 mL 2% Na2SO4 solution. The 177 

extract was filtered through a solid bed of anhydrous Na2SO4, and the solvent was 178 

evaporated under vacuum in a rotary evaporator at 30 ºC. The pigments were dissolved 179 

in 1 mL of acetone (containing 0.1% BHT) and stored at -30 ºC until analysis, being the 180 

direct extract used for the analysis of chlorophylls, individual free carotenoids and the 181 

esterified xanthophyll fraction (mono- and diesters).  182 

Samples were centrifuged at 4,500 ×g for 5 min at 4 ºC prior to the 183 

chromatographic analysis, which it was carried out in the same day of the preparation of 184 

the extracts. At least six independent analyses were performed for each sample. All 185 

operations were made under dimmed light to prevent isomerization and 186 

photodegradation of pigments. 187 

 188 

2.5. Pigment identification 189 
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The identification of chlorophylls and carotenoids was carried out following 190 

routine procedures consisted of: separation and isolation of pigments by TLC and co-191 

chromatography (TLC and HPLC) with pure standards, analysis of the UV-visible and 192 

mass spectra, and comparison with the literature values and micro-scale chemical test 193 

for 5,6-epoxide groups by controlled treatment of the samples (with both the isolated 194 

pigments and the direct extracts) with diluted HCl in ethanol following the analysis of 195 

the changes in the UV-visible spectrum and the chromatographic mobility (Britton, 196 

1991; Britton, 1995; Britton, Liaanen-Jensen, & Pfander, 2004; Mínguez-Mosquera, 197 

Gandul-Rojas, Gallardo-Guerrero, Roca, & Jarén-Galán, 2008; Mínguez-Mosquera, 198 

Hornero-Méndez, & Pérez-Gálvez, 2008). Authentic carotenoid and chlorophyll 199 

samples were isolated, and purified by means of TLC, from natural sources: 9’-cis-200 

neoxanthin, violaxanthin, lutein, β-carotene, chlorophyll a and chlorophyll b were 201 

obtained from spinach leaves (Spinacea oleracea), whereas β-cryptoxanthin and 202 

zeaxanthin were obtained from red pepper (Capsicum annuum L.) (Britton, 1991; 203 

Mínguez-Mosquera & Hornero-Méndez, 1993). For identification purposes, 204 

antheraxanthin was synthesized by the epoxidation of zeaxanthin with 3-205 

chloroperoxybenzoic acid according to the method of Barua and Olson (2001), and 206 

carotenoids containing 5,8-epoxide groups (auroxanthin, luteoxanthin, neochrome and 207 

mutatoxanthin) were prepared from the corresponding 5,6-epoxide parent pigments 208 

(violaxanthin, neoxanthin and antheraxanthin) (Britton, 1991). The identification of cis 209 

isomers was based on the presence and relative intensity (%AB/AII) of the cis peak at 210 

about 330-340 nm in UV-visible spectrum, a reduction in the fine structure and a small 211 

hypsochromic shift in λmax with respect to the all-trans counterpart, and the 212 

chromatographic behaviour in the C18 HPLC column (the cis isomers show slightly 213 

longer retention times than the all-trans isomer) (Britton, 1995). The direct extract was 214 
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saponified in order to determine the acylated nature of some pigments. For this purpose, 215 

an aliquot (500 μL) was evaporated under a nitrogen stream and the pigment residue 216 

was dissolved in 2 mL of diethyl ether and 0.5 mL of 10% (w/v) KOH-methanol was 217 

added and left to react during 1 h at room temperature under nitrogen atmosphere. After 218 

addition of water, the pigments were subsequently extracted with diethyl ether, filtered 219 

through solid anhydrous Na2SO4, evaporated, taken up to 0.5 mL of acetone and 220 

analyzed by HPLC. 221 

 222 

2.6. Chlorophylls and carotenoids analysis by HPLC 223 

The quantitative analysis of chlorophylls and carotenoids was carried out by 224 

HPLC according to the method of Mínguez-Mosquera and Hornero-Méndez (1993) 225 

with slight modifications. The HPLC system consisted of a Waters 2695 Alliance 226 

chromatograph fitted with a Waters 2998 photodiode array detector (DAD), and 227 

controlled with Empower2 software (Waters Cromatografía, SA, Barcelona, Spain). A 228 

reversed-phase C18 column (200 mm × 4.6 mm i.d., 3 μm, Mediterranea SEA18; 229 

Teknokroma, Barcelona, Spain), fitted with a guard column of the same material (10 230 

mm × 4.6 mm), was used. Separation was achieved by a binary-gradient elution using 231 

an initial composition of 75% acetone and 25% deionised water, which was increased 232 

linearly to 95% acetone in 10 min, then hold for 7 min and raised to 100% in 3 min, and 233 

maintained constant for 10 min. Initial conditions were reached in 5 min. The 234 

temperature of column was kept at 25 ºC and the sample compartment was refrigerated 235 

at 15 ºC. An injection volume of 10 μL and a flow rate of 1 mL/min were used. 236 

Detection was performed simultaneously at 402, 430, 450, 645 and 666 nm, and the 237 

online spectra were acquired in the 330-700 nm wavelength range with a resolution of 238 

1.2 nm. Pigments were quantitated in the direct extracts by using calibration curves (up 239 
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to eight concentration levels) prepared with standard stock solutions for each carotenoid 240 

and chlorophyll in the concentration range 5-100 μg/mL. Calibration curves were 241 

constructed by plotting the peak area (at 402 nm for auroxanthin; at 450 nm for lutein, 242 

zeaxanthin, violaxanthin, neoxanthin, neochrome, β-cryptoxanthin and β-carotene; at 243 

645 nm for chlorophyll b; at 666 nm for chlorophyll a) versus the pigment 244 

concentration. Antheraxanthin and luteoxanthin were quantified by using the calibration 245 

curves of zeaxanthin and neochrome, respectively. The concentration of xanthophyll 246 

esters was estimated by using the calibration curve of free violaxanthin due to the main 247 

occurrence of this pigment within the esterified fraction as deducted from the online 248 

UV-visible spectra (the esterification of xanthophylls with fatty acids does not modify 249 

the chromophore properties; Britton, 1995). The quantification of cis isomers was 250 

carried out by using the calibration curve of the corresponding all-trans counterpart. 251 

Concentration values were calculated as µg of pigment per gram of dry weight of 252 

sample (µg/g dry wt). 253 

 254 

2.7. Liquid Chromatography - Mass Spectrometry (LC-MS (APCI+)) 255 

LC-MS was performed with the same chromatographic system (HPLC-DAD) 256 

described above, by coupling a Micromass ZMD4000 mass spectrometer equipped with 257 

a single quadrupole analyser (Micromass Ltd, Manchester, United Kingdom) and an 258 

APCI (Atmospheric Pressure Chemical Ionisation) probe to the outlet of the DAD 259 

detector. The system was controlled with MassLynx 3.2 software (Micromass Ltd, 260 

Manchester, United Kingdom). The mass spectrometer condition parameters were: 261 

positive ion mode (APCI+); source temperature, 150 ºC; probe temperature, 400 ºC; 262 

corona voltage, 3.7kV; high voltage lens, 0.5kV; and cone voltage, 30V. Nitrogen was 263 

used as the desolvation and cone gas at 300 and 50 L/h, respectively. Mass spectra were 264 
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acquired within the m/z 300-1,200 Da range. The chromatographic conditions were the 265 

same as detailed for the quantitative analysis of carotenoids. 266 

 267 

2.8. Statistical Analysis.  268 

 Basic statistic, mean, standard deviation (SD) and standard error of the mean 269 

(SEM) were calculated for the results with Statistica 6.0 software (Statsoft, 2001). 270 

Analysis of variance and Duncan’s multiple range test were performed to evaluate the 271 

significance of differences between total pigment content values at the level of p < 0.05. 272 

 273 

3. Results and discussion 274 

Table 2 summarizes the chromatographic and spectroscopic (UV-visible and 275 

APcI+ mass spectrometry) characteristics of the major chlorophyll and carotenoid 276 

pigments identified in the thirteen apple cultivars investigated in the present study. The 277 

identification of the pigment profile was performed on both the direct (for chlorophylls 278 

and esterified xanthophylls) and the saponified (for carotenoids) pigment extracts by 279 

comparing the UV-visible spectra, retention time, mass spectra and micro-scale 280 

chemical tests with those of standard pigments and with data in the literature (see 281 

Section 2.5 for further details). Qualitatively all the cultivars were characterised by a 282 

common pigment profile, which was composed by chlorophylls a and b (including the 283 

epimeric isomers chlorophylls a’ and b’), neoxanthin (all-trans and 9’-cis isomers), 284 

violaxanthin (all-trans, 9-cis and 13-cis), lutein (all-trans, 9-cis and 13-cis isomers), 285 

antheraxanthin, zeaxanthin and β-carotene as major compounds. β-Cryptoxanthin and β-286 

cryptoxanthin-5,6-epoxide were detected at trace levels in a few cases (data not shown). 287 

Several 5,8-epoxide carotenoids (neochrome, luteoxanthin and auroxanthin) were also 288 

detected only in certain varieties, probably due to the use of DMF saturated with 289 
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MgCO3 that minimizes the isomerization of the xanthophylls with 5,6-epoxide group to 290 

5,8-epoxy derivatives (Fernandez-Orozco, Gallardo-Guerrero, & Hornero-Méndez, 291 

2013). For the same reason, the formation of pheophythins (Mg
2+

-free chlorophyll 292 

derivative) was mostly prevented. As is shown in Figure 1, the chromatographic 293 

profiles were markedly different in the peel and the flesh, especially regarding the 294 

presence of two groups of peaks, groups 15 and 17, which disappeared upon 295 

saponification demonstrating their acylated nature. Based on the chromatographic 296 

mobility (Mínguez-Mosquera & Hornero-Méndez, 1994), both groups of peaks were 297 

assigned, respectively to partially (peak group 15) and totally (peak group 17) esterified 298 

xanthophylls, and the UV-visible spectra suggested that they were mainly composed by 299 

violaxanthin and/or neoxanthin esters, which is consistent with other works (Gross, 300 

1987; Knee, 1972, 1988). The detailed identification of the xanthophyll esters is 301 

currently under study. Preliminary results derived from the combined information 302 

obtained by UV-visible and MS(APCI+) spectra indicated that the xanthophyll diester 303 

fraction, in both the peel and the flesh, was mostly composed by a group of three peaks 304 

(mainly corresponding to all-trans-neoxanthin, all-trans-violaxanthin and 9-cis-305 

violaxanthin, in order of elution) which was sequentially repeated in accordance to the 306 

increasing length of the carbon chain of the fatty acids involved in the esterification 307 

(Figure 2). The mass spectra of the esterified derivatives for these three carotenoids 308 

under APCI(positive mode) conditions are characterized by the presence of a protonated 309 

molecule [M+H]
+
 at m/z (Mw of the xanthophyll + Mw of the fatty acid 1 + Mw of the 310 

fatty acid 2 - 2 water moieties + 1 proton) together with the corresponding fragments 311 

derived from the neutral loss of each fatty acid moiety. In addition, the concomitant loss 312 

of one water molecule from the epoxide group is frequently for the molecular ion ([M-313 

18+H]
+
) and for the fragments derived from the elimination of the fatty acids ([M-fatty 314 



14 

 

acid-18+H]
+
). Figure 3 exemplifies the mass spectra of a homo- and heterodiester of 315 

violaxanthin. Since the three pigments share the same chemical formula (C40H56O4; 316 

Mw=600.4178), the mass spectra of the acyl derivatives with the same set of fatty acids 317 

was identical. From the identification data, summarized in the Table 3, it can be 318 

concluded that the diester fraction consisted of homodiesters with saturated fatty acids 319 

(capric (C10:0), lauric (C12:0), myristic (C14:0) and palmitic (C16:0)), together with 320 

some heterodiesters involving some fatty acid pairs such as capric-lauric, lauric-321 

myristic, myristic-palmitic and palmitic-stearic. On the basis of the HPLC profile at 450 322 

nm (Figure 2) it can be deducted that the most abundant esters were those 323 

corresponding to dilaurate, laurate-mirystate, dimyristate, myristate-palmitate and 324 

dipalmitate. Unsaturated fatty acids were not detected in any xanthophyll ester.  325 

The presence of xanthophyll esters in apple has already been indicated in early 326 

reports (Galler & Mackinney, 1965; Knee, 1972, 1988) and in other recent studies 327 

(Solovchenko, Avertcheva, & Merzlyak, 2006). Surprisingly, Ampomah-Dwamena et 328 

al. (2012) comment about the absence of esterified carotenoids in four cultivars (Aotea, 329 

Malling M9, Royal Gala and Granny Smith), and some of their corresponding hybrids, 330 

used for the metabolic and gene expression analysis of the carotenogenesis of apple 331 

fruits, but apparently the authors did not realise that the cause of this finding was the use 332 

of saponification during the extraction of pigments. 333 

Figure 4 shows the total chlorophyll, total carotenoid and total pigment contents 334 

in the peel and flesh of the apple cultivars investigated in the present study. The total 335 

pigment content was always much higher in the peel (58.72-1510.77 μg/g dry wt) when 336 

compared with the flesh (14.80-71.57 μg/g dry wt) for each particular cultivar and, in 337 

general, this was the trend for the total chlorophyll and carotenoid contents. As 338 

mentioned before (Section 1), differences between peel and flesh have already been 339 
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reported in previous studies in relation to phenolic compounds and antioxidant activity, 340 

with a potential higher bioactivity of the apple peel being associated, and for which the 341 

contribution of the chloroplastic pigments has not been considered (addressed) yet. 342 

Ampomah-Dwamena et al. (2012) found similar tendency for the carotenoid content in 343 

the peel and flesh of Royal Gala, Granny Smith and Malling M9 (rootstock cultivar) 344 

apples, whereas in the Aotea rootstock cultivar the concentration of carotenoids was 345 

similar in the peel and flesh of the fruit, and markedly higher than in the rest of the 346 

studied cultivars. Those authors conclude that the biosynthesis and ability to accumulate 347 

carotenoids in apple fruits must be finely controlled at genetic level, suggesting some 348 

rate-limiting carotenogenic step as responsible for the carotenoid accumulation during 349 

fruit ripening. 350 

In the present study, Granny Smith was the cultivar by far with higher pigment 351 

content in both the peel (1510.77 ± 74.70 μg/g dry wt) and the flesh (71.57 ± 2.94 μg/g 352 

dry wt), and this was mainly due to their greater chlorophyll content (chlorophyll a plus 353 

chlorophyll b). Then, and as expected, the rest of the green cultivars (Green Doncella, 354 

Green Golden Delicious and Reina de Reineta) were those presenting the larger 355 

chlorophyll content in the peel (234.66 ± 6.90, 187.18 ± 8.42 and 161.55 ± 12.97 μg/g 356 

dry wt, respectively) although other three red-skinned cultivars (Fuji from Italy, Pink 357 

Lady, and Starking Red Chief) also showed similar values, ranging between 268.46 ± 358 

6.39 and 148.46 ± 8.60 μg/g dry wt. Therefore the latter cultivars, characterised for 359 

presenting a reddish colour in the peel, contained considerable amounts of chlorophylls 360 

but they were partially masked by the anthocyanins colour. The lowest chlorophyll 361 

contents in the peel were found in the rest of red-skinned cultivars (Royal Gala, Ariane 362 

and Fuji from France) and in the yellow ones (Golden Delicious, and especially Golden 363 
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Rosett and Golden Montaña), and all these cultivars were also those with less total 364 

pigment content in the peel. 365 

The carotenoid content of the peel was much lower than the chlorophyll one in 366 

most of the cultivars, with the exceptions of the yellow-skinned Golden Rosett and 367 

Golden Montaña, and the reddish Ariane. Moreover, there were not great differences in 368 

the carotenoid concentration values for all cultivars, ranging between 49.17 ± 1.83 and 369 

29.48 ± 0.52 μg/g dry wt, in most of them. Granny Smith was the cultivar with a 370 

significant higher carotenoid content in the peel (151.65 ± 7.51 μg/g dry wt), followed 371 

by Ariane (61.14 ± 3.84 μg/g dry wt), while Fuji from France showed the lowest value 372 

(17.14 ± 1.36 μg/g dry wt).  373 

Regarding the flesh, the green-skinned cultivars (with the exception of Reina de 374 

Reineta) showed the highest pigment content, with values (ranging from 45.22 ±2.25 to 375 

71.58 ± 2.94 μg/g dry wt) similar to the peel of the yellow-skinned cultivars. This result 376 

was again due to their greater presence of chlorophylls (from 27.63 ±1.07 to 60.32 ± 377 

2.65 μg/g dry wt), since they were greenish-fleshed apples as well. The yellow-skinned 378 

cultivars had also appreciable amounts of total pigments in the flesh (from 26.16 ± 0.99 379 

to 37.02 ± 0.69 μg/g dry wt), while the red cultivars showed in general less quantity 380 

(from 14.79 ± 0.46 to 26.14 ± 0.53 μg/g dry wt). Unlike peel, carotenoids were always 381 

present in higher quantities than chlorophylls in the flesh of both yellow and red 382 

skinned apples. Nevertheless, chlorophylls were even quantified in the flesh of white-383 

fleshed fruits, which in general corresponded with red- and some yellow-skinned 384 

cultivars (Royal Gala, Pink Lady, Fuji from France, Ariane and Golden Rosett).  385 

Qualitative (Figure 1) and quantitative differences were also observed for the 386 

carotenoid composition in the peel and flesh of each cultivar. Data of the individual 387 

pigment composition in the peel and flesh are summarised in Tables 4 and 5, 388 
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respectively. In most cultivars, a characteristic chloroplastic pigment profile was found 389 

in the peel, in which lutein (sum of all-trans-lutein and cis-lutein isomers) was the main 390 

free carotenoid, followed by violaxanthin (sum of all-trans-violaxanthin, 9-cis-391 

violaxanthin, 13-cis-violaxanthin and luteoxanthin), neoxanthin (sum of all-trans-392 

neoxanthin, 9’-cis-neoxanthin and neochrome) and β-carotene. Exceptions to the above 393 

pattern were the peel of the yellow-skinned varieties, Golden Montaña and Golden 394 

Rosett, and the red ones Royal Gala and Ariane, in which neoxanthin and violaxanthin 395 

were the major carotenoids. Esterified carotenoids (mainly violaxanthin and neoxanthin) 396 

were also present in all cultivars, while antheraxanthin and zeaxanthin were found as 397 

minor compounds or not detected in some cultivars 398 

The chloroplastic profile of the apple peel was replaced by a chromoplastic one 399 

in the flesh of most cultivars, with a prevalence of violaxanthin and neoxanthin, and 400 

their corresponding acyl esters (mono- and diesters). The exceptions to this observation 401 

were the carotenoid profiles in the flesh of the green cultivars Green Doncella and 402 

overall Granny Smith, in which the typical chloroplastic composition was found, 403 

suggesting the preservation of chloroplasts in the mature fruit and/or a delayed or 404 

interrupted transformation of chloroplasts into chromoplasts. 405 

The presence of esterified carotenoids was also a distinguishing feature between 406 

flesh and peel of the apples. The proportion of xanthophyll ester with respect to the total 407 

carotenoids was always higher in the flesh (39-95%) than in the peel (4-79%) for each 408 

cultivar, and in general it was mainly due to totally esterified xanthophylls (diesters) 409 

(Figure 5). As deducted from Figure 1, in general, the presence of xanthophyll esters 410 

was more significant and marked in yellow- and red-skinned cultivars, overall in those 411 

with lower chlorophyll content (Figures 4 and 5), which could be associated with a 412 

higher chromoplast density derived from the pre-existing chloroplast or de novo 413 
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developed during the maturation of fruits. Golden Montaña and Golden Rosett were the 414 

cultivars presenting the highest esterified xanthophyll content in the flesh (up to 95% of 415 

the total carotenoids), followed by Ariane which also showed the highest concentration 416 

in the peel. On the contrary, Granny Smith fruits presented the lowest carotenoid ester 417 

content, in both peel and flesh, which is again in agreement with the existence of a 418 

chloroplastic pigment profile.  419 

From the set of data, it was deduced that for a higher content of total 420 

carotenoids, greater proportion of esters was usually found. As is shown in Figure 6, a 421 

correlation was observed between the total carotenoid content and the amount of 422 

esterified xanthophylls, in particular in the flesh (R
2
=0.9785). This result was in 423 

agreement with a recent finding in potato tubers (Fernandez-Orozco, Gallardo-Guerrero, 424 

& Hornero-Méndez, 2013), which reinforce the idea that the esterification process plays 425 

an important role in the accumulation of these lipophyllic compounds within the 426 

plastids. However, an exception to this rule was Granny Smith cultivar, which might be 427 

due to the chloroplastic pigment pattern in the peel and flesh. 428 

 429 

4. Conclusions. 430 

Chlorophyll and carotenoid (free and esterified) pigments were always present in 431 

the peel and flesh of the apples, even in those with a colourless (white) flesh. Total 432 

pigment content was always higher in the peel than in the flesh for each particular 433 

cultivar and it was mainly due to the chlorophyll content in most of the cultivars. In 434 

general, the green, and some red-skinned, cultivars showed the highest pigment content 435 

in the peel, while the lowest values were found in other red-skinned cultivars and in the 436 

yellow ones. Most of the green-skinned cultivars showed also the greater concentration 437 

of pigments in the flesh, mainly due to chlorophylls, followed by the yellow cultivars. 438 
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However, the carotenoids were always present in higher quantities than chlorophylls in 439 

the flesh of both yellow and red skinned apples. 440 

In most cultivars, a characteristic chloroplastic pigment profile was found in the 441 

peel, with lutein as the main free carotenoid, whereas a chromoplastic profile was 442 

observed in the flesh, with a prevalence of violaxanthin and neoxanthin, and their 443 

corresponding acyl esters (mono- and diesters). The total carotenoid content correlated 444 

with the amount of esterified xanthophylls, in particular in the flesh, suggesting that the 445 

esterification is involved in the accumulation of these compounds in the vegetable 446 

tissues. 447 

Finally, a practical conclusion could be derived for the consumers: apple peel is 448 

a rich source of important dietary chloroplastic pigments and therefore peeling should 449 

be avoided when eaten. 450 
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Figure captions 597 

 598 

Figure 1. HPLC chromatograms corresponding to the different chlorophyll and 599 

carotenoid profiles found in the peel and flesh of some representative apple cultivars. 600 

Peak identities: 1. all-trans-Neoxanthin; 2. 9’-cis-Neoxanthin; 3. Neochrome; 4. all-601 

trans-Violaxanthin; 5. 9-cis-Violaxanthin; 6. 13-cis-Violaxanthin; 7. Luteoxanthin ; 8. 602 

Antheraxanthin; 9. all-trans-Zeaxanthin; 10. all-trans-Lutein; 11. 9-cis-Lutein; 12. 13-603 

cis-Lutein; 13. Chlorophyll b; 13’. Chlorophyll b’; 14. Chlorophyll a; 14’. Chlorophyll 604 

a’; 15. Xanthophyll acyl esters (partially esterified); 16. all-trans-β-Carotene; 17. 605 

Xanthophyll acyl esters (totally esterified). Detection at 450 nm. 606 

Figure 2. Peaks tentatively identified in the xanthophyll diester fraction (see Table 3 607 

for the compound identities). 608 

Figure 3. Mass spectra obtained by LC-MS (APCI+) for a homodiester (A; di-609 

myristate, peak n) and a heterodiester (B; myristate palmitate, peak q) of violaxanthin. 610 

Peaks references as in Figure 2. 611 

Figure 4. Total chlorophyll, total carotenoid and total pigment contents (µg/g dry 612 

weight) in the peel and flesh of the different apple cultivars studied. Data represents the 613 

mean and standard error of the mean (mean ± SEM) for at least six independent 614 

analyses. For each pigment group, data with different superscript letters are significantly 615 

different (p < 0.05, Duncan´s test). 616 

Figure 5. Contribution of the free and esterified xanthophylls (mono- and diesters) to 617 

the total carotenoid content in the peel and flesh of the different commercial apple 618 

cultivars. 619 

Figure 6. Correlation between total carotenoid and xanthophyll esters contents (µg/g 620 

dry weight) in the peel and the flesh of the different commercial apple cultivars. Dot 621 
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shape according to the average external colour of the fruits (triangle: yellow-skinned; 622 

circle: red-skinned; square: green-skinned). Granny Smith data (marked with an 623 

asterisk) was not included in the correlation. 624 



Table 1. Characteristics of the studied apple cultivars. 

 

1.
 Weight data represent the average and standard error (n=4). 

2.
 As given in the marketed product label  

Cultivar Geographic 

origin 

Skin colour Flesh colour Weight (g) 

per fruit
1 

Fruit size (axial 

diameter; mm)
2
 

Moisture content (%) 

Peel Flesh 

Ariane France Dark reddish Yellowish/Creamed 126.5 ± 3.6 40-45 75.6 ± 0.2 83.6 ± 0.2 

Fuji (F) France Reddish with a 

greenish background 

Creamed 212.6 ± 1.1 70-75 74.6 ± 0.3 80.5 ± 0.1 

Fuji (I) Italy Reddish with a 

greenish background 

Creamed 227.1 ± 1.4 80-85 75.2 ± 0.2 86.0 ± 0.1 

Granny Smith France Bright greenish Greenish 198.2 ± 6.1 80-85 77.4 ± 0.3 86.6 ± 0.2 

Green Doncella Spain Greenish Greenish 144.2 ± 5.8 70-75 72.7 ± 0.2 83.8 ± 0.2 

Green Golden Delicious France Greenish Greenish 157.8 ± 1.6 70-75 75.2 ± 0.1 83.9 ± 0.1 

Golden Delicious France Yellowish Greenish/Yellowish 185.0 ± 1.1 70-75 73.7 ± 0.3 83.1 ± 0.1 

Golden Montaña France Yellowish Yellowish 273.9 ± 8.9 70-75 75.9 ± 0.4 83.8 ± 0.3 

Golden Rosett Italy Yellowish Yellowish 247.5 ± 0.9 80-85 73.2 ± 0.3 85.1 ± 0.3 

Pink Lady France Dark reddish Yellowish/Creamed 198.2 ± 6.1 75-80 75.3 ± 0.1 84.3 ± 0.2 

Reina de Reineta Spain Greenish Pale greenish/yellowish 193.3 ± 3.1 75-80 76.3 ± 0.2 85.6 ± 0.1 

Royal Gala Spain Reddish with a 

greenish background 

Yellowish/Creamed 212.5 ± 0.6 80-85 76.1 ± 0.3 85.4 ± 0.2 

Starking Red Chief Italy Dark reddish Pale greenish/yellowish 228.2 ± 5.4 80-85 75.3 ± 0.3 84.3 ± 0.2 



Table 2. Chromatographic, UV-visible and mass (APcI+) spectroscopy properties of the chlorophyll and carotenoid pigments identified in apple 

(Malus x domestica Borkh) varieties. 

 

Peak
a 

Pigment 
Rt 

(min) 

λmax (nm) inthe 

eluent solvent 

λmax (nm) in acetone 

according to 

bibliography
b, c

 

 

%III/II 

5,6-

epoxide 

test 

HPLC/APCI(+) MS fragmentation pattern 

m/z  

[M+H]
+
 Characteristic fragments 

1 all-trans-Neoxanthin 5.70 419, 444, 472  418, 442, 471
d
 96 + 601 

583 ([M+H-18]
+
, 565 ([M+H-18-18]

+
, 

547 ([M+H-18-18-18]
+
 

2 9’-cis-Neoxanthin 5.96 415, 439, 468 416, 440, 470 94 + 601 
583 ([M+H-18]

+
, 565 ([M+H-18-18]

+
, 

547 ([M+H-18-18-18]
+
 

3 Neochrome 6.30 401, 424, 452 398, 421, 448 94 - 601 
583 ([M+H-18]

+
, 565 ([M+H-18-18]

+
, 

547 ([M+H-18-18-18]
+
 

4 all-trans-Violaxanthin 7.16 418, 443, 472 421, 442, 473 98 + 601 583 ([M+H-18]
+
, 565 ([M+H-18-18]

+
 

5 9-cis-Violaxanthin 7.62 411, 436, 468 411, 435, 465 89 + 601 583 ([M+H-18]
+
, 565 ([M+H-18-18]

+
 

6 13-cis-Violaxanthin 8.10 410, 435, 466 410, 433, 464 89 + 601 583 ([M+H-18]
+
, 565 ([M+H-18-18]

+
 

7 Luteoxanthin 8.42 400, 424, 451 400, 423, 448 100 + 601 583 ([M+H-18]
+
, 565 ([M+H-18-18]

+
 

8 all-trans-Antheraxanthin 8.68 424, 448, 476 422, 444, 474
d 

66 + 585 
567 ([M+H-18]

+
, 549 ([M+H-18-18]

+
, 

505 ([M+H-80]
+
 

9 all-trans-Zeaxanthin 9.20 428, 455, 481 430, 452, 479 38 - 569 551 [M+H-18]
+
, 533 [M+H-18-18]

+
 

10 all-trans-Lutein 9.44 428, 448, 476 424, 445, 474
d
 70 - 569 551 [M+H-18]

+
, 533 [M+H-18-18]

+
 

11 9-cis-Lutein 9.76 330, 420, 444, 472 330, 420, 442, 471
d
 67 - 569 551 [M+H-18]

+
, 533 [M+H-18-18]

+
 

12 13-cis-Lutein 10.24 334, 418, 441, 470 332, 418, 441, 469
d
 45 - 569 551 [M+H-18]

+
, 533 [M+H-18-18]

+
 

13 Chlorophyll b 13.28 457, 646 454, 646   907 629 [M+H-278]
+
 

13’ Chlorophyll b’ 13.62 457, 646 454, 646   907 629 [M+H-278]
+
 

14 Chlorophyll a 14.09 430, 662 428, 662   893 615 [M+H-278]
+
 

14’ Chlorophyll a’ 14.60 430, 662 428, 662   893 615 [M+H-278]
+
 

16 all-trans-β-Carotene 20.44 427, 454, 479 429, 452, 478 16 - 537 445 [M+H-92]
+
 

a 
Peak numbers are according to Figure 1; 

b 
Britton, Liaanen-Jensen, & Pfander, 2004 (for carotenoids); 

c 
Mínguez-Mosquera, Gandul-Rojas, Gallardo-Guerrero, Roca, & 

Jarén-Galán, 2008 (for chlorophylls); 
d
 Measured in ethanol  



Table 3. Spectroscopic (UV-visible and MS(APCI+)) properties of the main xanthophyll diesters present in the peel and flesh of apple fruits 

(Peak letters are according to Figure 2). 

 

Peak
a
 Compound identity 

HPLC-DAD 

UV-Vis spectrum  

max (nm) ; [%III/II] 

[M+H]
+
 

m/z 

HPLC/APCI(+) MS characteristic fragments 

m/z  

a all-trans-neoxanthin di-caprate 419, 444, 472 [96%] 

909.69 737.55 [M-Capric acid +H]
+
, 565.40 [M-2xCapric acid +H]

+
 b all-trans-violaxanthin di-caprate 418, 444, 472 [98%] 

c 9-cis-violaxanthin di-caprate 410, 434, 467 [90%] 

     

d all-trans-neoxanthin caprate laurate 419, 444, 472 [96%] 

937.73 
765.58 [M-Capric acid +H]

+
, 737.55 [M-Lauric acid +H]

+
, 565.40 [M-Capric acid-

Lauric acid+H]
+
 

e all-trans-violaxanthin caprate laurate 418, 444, 472 [98%] 

f 9-cis-violaxanthin caprate laurate 410, 434, 467 [90%] 

     

g all-trans-neoxanthin di-laurate 419, 444, 472 [96%] 

965.76 765.58 [M-Lauric acid +H]
+
, 565.40 [M-2xLauric acid +H]

+
 h all-trans-violaxanthin di-laurate 418, 444, 472 [98%] 

i 9-cis-violaxanthin di-laurate 410, 434, 467 [90%] 

     

j all-trans-neoxanthin laurate myristate 419, 444, 472 [96%] 

993.79 
793.61 [M-Lauric acid +H]

+
, 765.58 [M-Myristic acid +H]

+
, 565.40 [M-Lauric acid-

Myristic acid+H]
+
 

k all-trans-violaxanthin laurate myristate  418, 444, 472 [98%] 

l 9-cis-violaxanthin laurate myristate 410, 434, 467 [90%] 

     



m all-trans-neoxanthin di-myristate 419, 444, 472 [96%] 

1021.82 793.61 [M-Myristic acid +H]
+
, 565.40 [M-2xMyristic acid +H]

+
 n all-trans-violaxanthin di-myristate  418, 444, 472 [98%] 

o 9-cis-violaxanthin di-myristate 410, 434, 467 [90%] 

     

p all-trans-neoxanthin myristate palmitate 419, 444, 472 [96%] 

1049.85 
821.64 [M-Myristic acid +H]

+
, 793.61 [M-Palmitic acid +H]

+
, 565.40 [M-Myristic 

acid-Palmitic acid +H]
+
 

q all-trans-violaxanthin myristate palmitate 418, 444, 472 [98%] 

r 9-cis-violaxanthin myristate palmitate 410, 434, 467 [90%] 

     

s all-trans-neoxanthin di-palmitate 419, 444, 472 [96%] 

1077.88 821.64 [M-Palmitic acid +H]
+
, 565.40 [M-2xPalmitic acid +H]

+
 t all-trans-violaxanthin di-palmitate  418, 444, 472 [98%] 

u 9-cis-violaxanthin di-palmitate  410, 434, 467 [90%] 

     

v all-trans-neoxanthin palmitate stearate 419, 444, 472 [96%] 

1105.91 
849.67 [M-Palmitic acid +H]

+
, 821.64 [M-Stearic acid +H]

+
, 565.40 [M-Palmitic 

acid-Stearic acid +H]
+
 

w all-trans-violaxanthin palmitate stearate 418, 444, 472 [98%] 

x 9-cis-violaxanthin  palmitate stearate 410, 434, 467 [90%] 

a 
Peak letters are according to Figure 2. 

 



Table 4. Chlorophyll and carotenoid composition (µg/g dry weight)
a
 present in flesh of thirteen commercial apple cultivars. 

 

 External average colour/Cultivar 

 Yellow-skinned Red-skinned Green-skinned 

 

Pigment 

Golden 

Rosett 

Golden 

Montaña 

Golden 

Delicious 

Royal Gala Fuji (F) Ariane Starking 

Red Chief 

Pink Lady Fuji (I) Reina de 

Reineta 

Green Golden 

Delicious 

Green 

Doncella 

Granny 

Smith 

all-trans-Neoxanthin 0.32±0.02 0.21±0.01 0.8±0.03 0.96±0.13 0.33±0.03 0.57±0.02 0.51±0.02 0.55±0.02 0.51±0.02 0.4±0.04 0.93±0.03 0.40±0.01 0.99±0.05 

9’-cis-Neoxanthin 0.04±0.00 0.04±0.00 0.18±0.01 0.08±0.01 0.03±0.00 0.06±0.01 0.14±0.01 0.07±0.00 0.14±0.01 0.14±0.02 0.32±0.01 0.33±0.02 0.87±0.05 

all-trans-Violaxanthin 0.37±0.02 0.47±0.02 0.77±0.02 0.5±0.06 0.18±0.01 0.49±0.03 0.6±0.02 0.19±0.01 0.34±0.02 0.46±0.04 0.91±0.10 0.76±0.04 0.75±0.04 

9-cis-Violaxanthin n.d.b n.d. n.d. n.d. n.d. n.d. n.d. 0.02±0.00 0.02±0.00 n.d. n.d. 0.15±0.01 0.11±0.01 

13-cis-Violaxanthin 0.01±0.00 0.01±0.00 n.d. n.d. n.d. n.d. n.d. 0.01±0.00 0.02±0.00 n.d. 0.02±0.00 n.d. 0.02±0.00 

all-trans-Antheraxanthin 0.01±0.00 0.02±0.00 0.02±0.00 0.01±0.00 0.01±0.00 0.01±0.00 n.d. 0.02±0.00 0.03±0.00 0.02±0.00 0.03±0.00 0.08±0.01 n.d. 

all-trans-Zeaxanthin 0.01±0.00 0.02±0.00 n.d. 0.01±0.00 0.01±0.00 0.01±0.00 0.02±0.00 0.02±0.00 0.03±0.00 0.03±0.00 0.02±0.00 0.04±0.00 n.d. 

all-trans-Lutein 0.10±0.01 0.19±0.02 0.37±0.02 0.06±0.00 0.04±0.00 0.14±0.00 0.54±0.03 0.13±0.01 0.22±0.01 0.32±0.02 0.71±0.02 1.04±0.05 2.41±0.10 

9-cis-Lutein n.d. 0.01±0.00 n.d. n.d. n.d. n.d. 0.02±0.00 n.d. 0.01±0.00 0.01±0.00 0.03±0.00 0.01±0.00 0.07±0.01 

13-cis-Lutein 0.02±0.00 0.05±0.00 0.03±0.00 n.d. n.d. 0.01±0.00 0.04±0.00 n.d. 0.02±0.00 0.02±0.00 0.05±0.00 0.09±0.01 0.12±0.00 

all-trans-β-Carotene 0.29±0.02 0.46±0.02 0.17±0.01 0.17±0.01 1.14±0.08 2.34±0.13 0.54±0.04 1.05±0.08 0.79±0.03 0.57±0.02 1.4±0.08 1.1±0.08 1.52±0.07 

Monoesterified 

xanthopyhlls 

3.72±0.12 3.87±0.18 2.77±0.1 2.14±0.24 2.69±0.13 2.61±0.17 0.54±0.05 1.24±0.05 1.56±0.06 1.05±0.07 1.98±0.29 1.3±0.06 0.41±0.02 

Diesterified xanthophylls 19.35±0.76 25.15±0.6 13.81±0.61 10.97±0.78 10.95±0.47 16.2±0.43 5.44±0.26 8.44±0.32 9.96±0.31 6.16±0.3 11.19±0.71 7.04±0.78 3.98±0.10 

Chlorophyll a 1.46±0.10 5.39±0.49 10.44±0.55 1.23±0.10 0.81±0.07 2.95±0.18 6.51±0.33 2.32±0.09 6.08±0.41 8.34±0.75 21.88±0.96 32.32±2.18 47.00±1.96 

Chlorophyll b 0.48±0.04 1.13±0.11 2.67±0.13 0.32±0.04 0.22±0.02 0.75±0.05 1.62±0.09 0.73±0.02 1.67±0.11 2.22±0.22 5.75±0.12 6.95±0.4 13.32±0.70 

a. Data represent the average and standard error (n=6). Violaxanthin (sum of all-trans-violaxanthin, cis-violaxanthin isomers and luteoxanthin), Lutein (sum of all-trans-lutein and cis-lutein isomers), Neoxanthin 
(sum of all-trans-neoxanthin, 9’-cis-neoxanthin and neochrome), 

b. n.d. Not detected 

 

 



 

Table 5. Chlorophyll and carotenoid composition (µg/g dry weight)
a
 present in peel of thirteen commercial apple cultivars. 

 External average colour/Cultivar 

 Yellow-skinned Red-skinned Green-skinned 

 

Pigment 

Golden 

Rosett 

Golden 

Montaña 

Golden 

Delicious 

Royal Gala Fuji ( F) Ariane Starking Red 

Chief 

Pink Lady Fuji (I) Reina de 

Reineta 

Green Golden 

Delicious 

Green 

Doncella 

Granny Smith 

all-trans-Neoxanthin 1.54±0.08 1.29±0.07 1.99±0.22 1.20±0.05 1.38±0.05 1.14±0.10 1.94±0.20 1.98±0.12 2.06±0.09 2.01±0.24 2.27±0.11 1.79±0.02 7.11±0.32 

9’-cis-Neoxanthin 0.56±0.06 0.56±0.03 1.63±0.06 0.82±0.03 1.01±0.03 0.59±0.09 1.97±0.23 2.33±0.09 3.41±0.15 1.52±0.22 2.18±0.11 2.77±0.07 21.92±1.55 

all-trans-Violaxanthin 2.71±0.28 4.92±0.16 3.95±0.12 4.67±0.14 1.70±0.10 3.55±0.3 6.35±0.53 3.83±0.12 4.14±0.16 3.95±0.43 6.57±0.3 6.24±0.09 18.26±0.89 

9-cis-Violaxanthin n.d.b n.d. n.d. n.d. 0.23±0.02 n.d. n.d. 0.62±0.02 0.46±0.04 n.d. n.d. 0.97±0.08 2.37±0.15 

13-cis-Violaxanthin 0.19±0.03 n.d. n.d. n.d. 0.10±0.00 n.d. n.d. 0.22±0.02 0.20±0.01 n.d. n.d. 0.29±0.02 0.29±0.05 

all-trans-Antheraxanthin 0.09±0.02 0.22±0.03 0.27±0.02 0.13±0.01 0.15±0.01 0.13±0.02 0.17±0.05 0.37±0.02 0.47±0.01 n.d. 0.28±0.02 0.57±0.02 n.d. 

all-trans-Zeaxanthin 0.28±0.01 0.24±0.02 n.d. 0.08±0.01 0.24±0.06 0.2±0.02 0.16±0.03 0.26±0.04 0.52±0.09 0.39±0.02 0.1±0.01 0.32±0.03 n.d. 

all-trans-Lutein 2.63±0.22 3.06±0.26 5.79±0.22 1.32±0.06 2.48±0.14 1.7±0.16 7.16±0.48 6.71±0.22 9.59±0.26 5.58±0.76 6.91±0.34 7.37±0.17 61.53±2.66 

9-cis-Lutein 0.06±0.01 0.13±0.04 0.08±0.00 0.06±0.01 0.12±0.01 0.04±0.00 0.44±0.04 0.44±0.04 0.43±0.03 0.41±0.04 0.43±0.03 0.34±0.01 1.61±0.08 

13-cis-Lutein 0.18±0.02 0.17±0.02 0.23±0.01 0.10±0.01 0.21±0.02 0.13±0.01 0.41±0.02 0.38±0.01 0.53±0.01 0.37±0.04 0.45±0.02 0.41±0.01 2.76±0.06 

all-trans-β-Carotene 1.78±0.11 1.62±0.04 2.51±0.09 2.05±0.09 1.49±0.27 5.09±0.38 3.47±0.18 5.44±0.40 3.81±0.21 3.35±0.65 3.23±0.18 5.37±0.14 30.31±1.56 

Monoesterified 
xanthopyhlls 

6.92±0.27 8.54±0.33 6.89±0.67 6.96±0.18 3.1±0.16 10.18±0.72 3.01±0.2 8.07±0.46 5.21±0.15 3.33±0.33 5.56±0.66 5.58±0.07 0.46±0.10 

Diesterified xanthophylls 17.00±0.82 23.04±0.74 13.10±0.42 12.09±0.2 4.93±0.81 38.39±2.51 7.40±0.41 18.52±1.44 6.62±0.18 12.42±0.50 12.37±0.91 15.83±0.74 5.04±0.87 

Chlorophyll a 18.39±2.39 18.83±1.12 69.71±1.54 32.45±1.09 55.79±2.05 36.68±2.54 116.15±7.25 128.66±3.95 207.68±6.05 124.03±9.24 142.74±6.53 193.24±5.89 1049.26±52.68 

Chlorophyll b 6.29±0.86 4.78±0.31 20.13±0.78 11.04±0.33 14.7±0.56 9.13±0.95 32.31±1.73 34.59±1.40 60.79±0.98 37.51±3.74 44.44±2.38 41.42±1.04 309.86±14.89 

 

a. Data represent the average and standard error (n=6). Violaxanthin (sum of all-trans-violaxanthin, cis-violaxanthin isomers and luteoxanthin), Lutein (sum of all-trans-lutein and cis-lutein isomers), Neoxanthin 
(sum of all-trans-neoxanthin, 9’-cis-neoxanthin and neochrome), 

b. n.d. Not detected 
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Figure S1. Commercial apple cultivars selected for the present study. Cultivars are arranged according to the peel colour. 




