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A B S T R A C T   

Fifty potato genotypes from twenty-four different countries of origin, four different flesh colours (yellow, purple, 
red and marble) and different cultivation types (Andean accessions, landraces, breeder lines and cultivated 
varieties) were studied in terms of their nutritional and physicochemical characteristics. In general, cultivated 
varieties and breeder lines showed the highest similarity (slight differences only in some particular fatty acids 
distributions: C10:0, C12:0 and C22:0) concerning the physicochemical parameters assayed in this work, inde
pendently of the geographical origin or tuber flesh colour of these genotypes. Nonetheless, some of the studied 
landraces and Andean accessions proved to be similar enough to be considered as genotypes with good potential 
for commercial cultivation. These results can contribute to the supply of new potato genotypes into sustainable 
farming systems, supporting the protection of potato biodiversity, particularly Andean accessions, landraces and 
coloured genotypes (red or purple flesh) which are not widely cultivated so far.   

1. Introduction 

Potato (Solanum tuberosum L.) is the world’s most important non- 
cereal food crop, cultivated in more than 150 countries and a staple 
for 1.3 billion people (Lutaladio, Ortiz, Haverkort, & Caldiz, 2009; 
Narváez-Cuenca, Peña, Restrepo-Sánchez, Kushalappa, & Mosquera, 
2018; Stokstad, 2019). Its biodiversity is vast, with more than 5000 
known varieties, and 200 species identified as wild (Burlingame, 
Mouillé, & Charrondière, 2009). Potato is the third food crop in terms of 
global production after rice and wheat (Romano et al., 2018), with an 
annual production of about 375 million tons, covering 19.2 million 
hectares (ha) and an average yield of 19.5 ton/ha (FAOSTAT, 2020). 

The nutritious tubers have a great potential for reducing hunger and 

malnutrition, and are becoming increasingly popular in developing 
countries, as source of nutrients and also income for their populations 
(International Potato Center, 2018; Narváez-Cuenca et al., 2018; Stok
stad, 2019). Potato produces more calories per hectare than rice and 
wheat and also stands out for its efficient water use, i.e., yielding more 
food per unit of water than any other major crop (International Potato 
Center, 2018). This means that increasing the proportion of potato in 
human diet could help to alleviate pressure on water resources 
worldwide. 

Most of the potatoes produced worldwide are traded in the form of 
raw commodity for fresh consumption as a traditional ingredient of 
many cuisines (Sampaio et al., 2020). Nevertheless, global consumption, 
particularly in developed countries, has been shifting from fresh tubers 
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to processed food products such as frozen potatoes, French fries, potato 
crisps, dehydrated potato flakes and potato flour (International Potato 
Center, 2018). 

More than 7 million tons of factory-made French fries are produced 
per year worldwide (International Potato Center, 2018). In eastern 
Europe and Scandinavia, potato is also used in the distillation of alco
holic beverages, such as vodka and akvavit. Besides being an important 
staple in the human diet, tubers are also used as animal feed (Romano 
et al., 2018). Potato is also a rich source of starch, a functional com
pound widely used in a range of applications in the food and pharma
ceutical industries, for instance as a stabilizer and as a carrier of 
substances, such as antioxidants and pharmaceutical active proteins 
(Wang et al., 2020). 

Although potato biodiversity is vast, only a limited number of vari
eties are currently produced and commercialized resulting in the 
degradation of biodiversity and the erosion of agricultural ecosystems 
(Bommarco, Kleijn, & Potts, 2013). Modern agricultural practices such 
as the replacement of local varieties with high-yielding species, along 
with climate change and environmental challenges, are contributing to 
the loss of potato biodiversity and thus the loss of valuable genes that 
encode nutrient biosynthetic pathways (Burlingame et al., 2009; 
Calliope, Lobo, & Sammán, 2018). The continuous supply and intro
duction of new and traditional varieties into sustainable agricultural 
systems is a strategy to protect and increase agrobiodiversity, combat 
pests and diseases through tolerant or resistant genotypes, increase 
yields and support production in marginal lands and environments 
(Lutaladio et al., 2009). Moreover, the three dimensional biodiversity 
(ecosystems, species and within species) is essential for food security 
and for fighting malnutrition throughout the world (Toledo & Burlin
game, 2006). 

The nutritional and physicochemical composition of potatoes 
depend on a number of factors, with variety being one of the most 
important (Burlingame et al., 2009). Several studies on the chemical 
composition of potatoes can be found in the literature, however the 
results usually relate to a limited number of genotypes, most of the time 
of the same area of origin. This work addresses this gap by comparing 
the nutritional and physicochemical characteristics of fifty potato vari
eties from different regions of the world. It comprises forty yellow/ 
white-fleshed and ten coloured-fleshed genotypes (red, purple and 
marble-fleshed) (Fig. 1) classified into four different cultivation types 

(Andean accessions, landraces, breeder lines and cultivated varieties). 
This characterization study aims to make available information to 
stimulate the commercial use of new and/or neglected varieties, ulti
mately improving food and nutrition security as well as promoting po
tato biodiversity and the sustainable reinforcement of the biodiversity of 
agricultural ecosystems. 

2. Materials and methods 

2.1. Samples 

Tubers of fifty potato genotypes were purchased from the Leibniz 
Institute of Plant Genetics and Crop Plant Research (IPK) (Table 1). The 
genotypes were selected based on the tuber flesh and/or peel colour 
aiming to evaluate tubers with red and purple colours. Potato powders 
were prepared from the fresh tubers (5 tubers per genotype) by hand- 
peeling followed by freeze-drying (-49 ◦C, 0.08 bar, during 48 h, Free
Zone 4.5 model 7750031, Labconco, Kansas, USA). The lyophilised 
samples were finally grinded into a fine powder (20 mesh) and mixed to 
obtain homogenized samples before analysis. 

2.2. Standards and reagents 

HPLC grade acetonitrile (99.9%), n-hexane (95%) and ethyl acetate 
(99.8%) were purchased from Fisher Scientific (Lisbon, Portugal). Fatty 
acids methyl ester (standard 47885-U), formic acid, sugars and organic 
acid standards were obtained from Sigma-Aldrich (St. Louis, MO, USA). 
Water was treated in a Milli-Q water purification system (TGI Pure 
Water Systems, USA). 

2.3. Nutritional characterization and energetic value 

The contents of moisture, fat, protein, ash, carbohydrates and energy 
were estimated according to the Association of Official Analytical 
Chemists (AOAC) procedures previously followed by the authors 
(Sampaio et al., 2020). Briefly, the crude protein content was estimated 
by the macro-Kjeldahl method (N × 6.25) using an automatic distillation 
and titration unit (model Pro-Nitro M Kjeldahl Steam Distillation Sys
tem, Barcelona, Spain). Crude fat was determined by extracting the 
powdered sample (3 g) with petroleum ether, using a Soxhlet apparatus. 

Fig. 1. Examples of the different colours of the studied potato genotypes. A: UACH 0917 from Chile; B: R 93/25 from Romania; C: Red Cardinal from the United 
Kingdom; D: Shetland Black from the United Kingdom. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Ash contents were determined by incineration at 550 ± 15 ◦C. Total 
carbohydrates were calculated by difference according to the equation: 
(g per kg of fresh weight (fw)) = 100 − (g moisture + g fat + g protein +
g ash). 

Energy was calculated according to the Atwater system following the 
equation: (kcal/100 g fw) = 4 × (g proteins + g carbohydrates) + 9 × (g 
fat). 

2.4. Determination of the physicochemical features 

2.4.1. Determination of salt content 
NaCl concentration was determined according to Mohr’s method. 

The powdered samples (1 g) were dissolved in 20 mL of distilled water 
and filtered through a Whatman No.4 paper. The same procedure was 
repeated 5 times. The pH of the final aqueous solution was then adjusted 
to approximately 8.5 with sodium hydroxide, followed by the addition 
of 1 mL of a 5% potassium chromate solution. The mixture was titrated 
against AgNO3 (0.05 mol/L) until the appearance of the first reddish 
colour (Ag2CrO4 precipitate) (Osaili et al., 2014). NaCl concentration 
was calculated using the following equation: salt content % = [(V 
titrated of AgNO3 × 0.00292)]/[(m sample)] × 100 (where 1 mL of 
AgNO3 corresponds to 0.00292 g of NaCl). The results were expressed in 
g per kg of fw. 

2.4.2. pH determination 
The pH of fresh tubers flesh (before lyophilisation) was measured 

using a calibrated digital pH meter (portable food and dairy pH meter HI 
99161, Hanna Instruments, Woonsocket, RI, USA). The pH measurement 
was carried out in three different points of each fresh tuber. 

2.4.3. Colour assessment 
A Minolta spectrophotometer (model CR-400; Konica Minolta 

Sensing, Inc., Japan) was used to measure the colour in three distinct 
zones of the fresh potato surfaces. Using illuminant C and the diaphragm 
opening of 8 mm, the Hunter colour L*, a* and b* values were reported 
through the computerized system using a colour data software (Spectra 
Magic Nx, version CM-S100W 2.03.0006, Konica Minolta company, 
Japan). The instrument was calibrated with standard white tiles before 
analysis. 

2.4.4. Determination of organic acids 
Organic acids were determined using ultra-fast liquid chromatog

raphy (UPLC) coupled to a photodiode array detector (DAD). Samples 
(~2 g) were extracted by stirring with 25 mL of meta-phosphoric acid 
(4,5%, 25 ◦C at 150 rpm) for 45 min and subsequently filtered (What
man No. 4 filter). Before analysis, samples were filtered through 0.2 µm 
nylon filters. Separation was performed with a SphereClone (Phenom
enex, Torrance, CA, USA) reversed phase C18 column (5 μm, 250 × 4.6 
mm i.d.). Quantification was performed by comparison of the peak area 
recorded at 215 and 245 nm as preferred wavelength compared with 

Table 1 
Description of the fifty studied potato genotypes: variety name, country of 
origin, colour of the tuber flesh and cultivation type.  

Variety/accession 
name 

Country of 
origin 

Tubers’ flesh 
colour 

Cultivation 
type 

Royal Andes Chile Yellow Andean 
accession 

UACH 0917 Chile Purple Andean 
accession 

I-1039 India Yellow Andean 
accession 

434.1 Peru Yellow Andean 
accession 

Desiree The 
Netherlands 

Yellow Cultivated 
variety 

Odenwälder Blaue Germany Yellow Cultivated 
variety 

Rosemarie Germany Red Cultivated 
variety 

Rote Emmalie (Red 
Emmalie) 

Germany Red Cultivated 
variety 

Violetta (Blaue Elise) Germany Purple Cultivated 
variety 

Roswitha Germany Yellow Cultivated 
variety 

Burmania The 
Netherlands 

Yellow Cultivated 
variety 

Wohltmann Germany Yellow Cultivated 
variety 

Georgian United States Yellow n.a. 
Rode Eersteling The 

Netherlands 
Yellow Cultivated 

variety 
Limba Slovakia Yellow Cultivated 

variety 
Peredowik Russia Yellow Cultivated 

variety 
Wiliya Lithuania Yellow Cultivated 

variety 
Ocew Poland Yellow Cultivated 

variety 
Rote Lötschentaler Switzerland Yellow Landrace 
R 93/25 Romania Yellow Breeder’s line 
Shetland Blau I United Kingdom Yellow Landrace 
Amyl Czech Republic Yellow Cultivated 

variety 
Cati Romania Yellow Cultivated 

variety 
Edzell Blue United Kingdom Yellow Cultivated 

variety 
Gondüzo Hungary Yellow Cultivated 

variety 
Hokkaiaka Japan Yellow Cultivated 

variety 
Montana Germany Yellow Cultivated 

variety 
Rosamunda Sweden Yellow Cultivated 

variety 
Victor Spain Yellow Cultivated 

variety 
Kefermarkter Blaue Austria Purple Landrace 
P 95/115 Uzbekistan Yellow Breeder’s line 
Ägyptische Rote Egypt Yellow n.a. 
Atzimba Mexico Yellow Cultivated 

variety 
Early Ohio United States Yellow Landrace 
Red Cardinal United Kingdom Red Landrace 
Salad Blue United Kingdom Purple Cultivated 

variety 
Tannenzapfen Germany Yellow Landrace 
Teresa Unknown Yellow n.a. 
Blaue aus Finnland Finland Purple Landrace 
Purple Unknown Purple n.a. 
Creata The 

Netherlands 
Yellow Cultivated 

variety 
Heiderot (1977) Germany Yellow Cultivated 

variety 
Ijsselster Yellow  

Table 1 (continued ) 

Variety/accession 
name 

Country of 
origin 

Tubers’ flesh 
colour 

Cultivation 
type 

The 
Netherlands 

Cultivated 
variety 

Lemin Punanen Finland Yellow Landrace 
Norland USA Yellow Cultivated 

variety 
Raudar Islenskar Iceland Yellow Landrace 
Herd Laddie United Kingdom Yellow Cultivated 

variety 
Shetland Black (Ellenb.) United Kingdom Marble Cultivated 

variety 
Geiger Unknown Yellow n.a. 
Emma II Germany Yellow n.a. 

na - not available information 
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calibration curves obtained from each standard compound (Barros et al., 
2013). Results were processed using LabSolutions Multi LC-PDA soft
ware (Shimadzu Corporation, Kyoto, Japan) and expressed in g per kg of 
fw. 

2.4.5. Determination of free sugars 
Free sugars were determined by the method described by the authors 

(Barros et al., 2013). The powdered dried sample (1.0 g) was spiked with 
melezitose as internal standard (IS; 5 mg/mL) and extracted with 40 mL 
of 80% aqueous ethanol at 80 ◦C for 30 min. The resulting suspension 
was centrifuged (Centurion K24OR refrigerated centrifuge, West Sussex, 
UK) at 15,000 g for 10 min. The supernatant was concentrated at 60 ◦C 
under reduced pressure and defatted three times with 10 mL of ethyl 
ether, successively. The remaining solution was concentrated by evap
oration at 40 ◦C. The solid residues were dissolved in water to a final 
volume of 5 mL, and finally filtered (0.2 µm nylon filters, Whatman). 
The analysis was performed by high performance liquid chromatog
raphy with a refraction index detector (HPLC-RI; Knauer, Smartline 
system 1000, Berlin, Germany). The mobile phase consisted of an 
acetonitrile:water mixture (70:30 v/v) at a flow rate of 1 mL/min, and 
the injection volume was 20 μL. Separation was achieved using a 
Eurospher 100–5 NH2 column (4.6 × 250 mm, 5 µm, Knauer). The re
sults were recorded and processed using Clarity 2.4 software (DataApex, 
Prague, Czech Republic) and expressed in g per kg of fw. 

2.4.6. Determination of fatty acids 
Fatty acids were determined by gas–liquid chromatography with 

flame ionization detection (GC-FID), after the following trans-esterifi
cation procedure: fatty acids were methylated with 5 mL of methanol: 
sulphuric acid:toluene 2:1:1 (v:v:v), during at least 12 h in a bath at 
50 ◦C and 160 rpm; then 3 mL of deionized water were added, to obtain 
phase separation; the fatty acid methyl esters (FAME) were recovered 
with 3 mL of diethyl ether by shaking in vortex, and the upper phase was 
passed through a micro-column of sodium sulphate anhydrous, in order 
to eliminate the water; the sample was recovered in a vial with Teflon, 
and before injection the sample was filtered with 0.2 μm nylon filter 
from Milipore (Barros et al., 2013). The analysis was carried out with a 
DANI model GC 1000 instrument equipped with a split/splitless injector, 
FID at 260 ◦C and a Zebron-Kame column (30 m × 0.25 mm ID × 0.20 
µm df, Phenomenex, Lisbon, Portugal). The oven temperature program 
was as follows: the initial temperature of the column was 100 ◦C, held 
for 2 min, then a 10 ◦C/min ramp to 140 ◦C, 3 ◦C/min ramp to 190 ◦C, 
30 ◦C/min ramp to 260 ◦C and held for 2 min. The flow-rate of the 
carrier gas (hydrogen) was 1.1 mL/min, measured at 100 ◦C. Split in
jection (1:50) was carried out at 250 ◦C. FAMEs were identified by 
comparing their retention time with standards, and results were pro
cessed using Clarity 4.0 software (DataApex, Podohradska, Czech Re
public) and expressed in relative percentage of each fatty acid. 

2.5. Statistical analysis 

For each potato variety, three independent batch samples were used, 
and each sample was analysed in triplicate for every single laboratorial 
assay. Results are expressed as mean ± standard deviation (SD). 

An analysis of variance (ANOVA) was performed employing Tukey’s 
HSD test (homoscedastic distributions) or Tamhane’s T2 test (hetero
scedastic distributions) to classify the statistical differences among po
tatoes accessions for each of the assayed parameters. The fulfilment of 
the one-way ANOVA requirements, specifically the normal distribution 
of the residuals and the homogeneity of variance, was tested by means of 
the Shapiro Wilk’s and the Levene’s tests, respectively. 

Linear discriminant analysis (LDA) was further used to identify the 
variables that characterized mostly each potato flesh colour (FC) or 
cultivation type (CT). A stepwise technique was applied, based on the 
Wilks’ ʎ test with the usual probabilities of F (3.84 to enter and 2.71 to 
be removed) for variable selection (Petropoulos et al., 2016). This 

procedure combines a series of forward selection and backward elimi
nation steps, which verifies the significance of all previously included 
variables before adding an additional one as having discriminant ability. 
In this specific case, the basic purpose of the LDA was to characterize the 
relationship between a single categorical dependent variable (FC or CT) 
and the set of quantitative independent variables (all assayed parame
ters) to check for similarities in the potato genotypes, particularly in 
what concerns CT, as this may indicate specific non-cultivated geno
types to be used as alternative to cultivated ones. Through this method, 
it is possible to determine which of the independent variables contrib
uted more to the differences in the average score profiles of the acorns 
belonging to FC or CT. To verify the significance of the canonical 
discriminating functions, Wilk’s ʎ test was used. A leaving-one-out cross 
validation procedure was carried out to assess the model performance. 

All the mentioned statistical tests were performed considering α =
0.05, using the Statistical Package for Social Sciences (SPSS), v. 25.0 
(IBM Corp., Armonk, NY, USA). 

3. Results and discussion 

3.1. Nutritional characterization 

The results obtained for the nutritional profile of the assayed samples 
are indicated in Table 2. In general, the profiles were similar, indepen
dently of flesh colour (FC) or cultivation type (CT). In the case of CT, the 
only variables with significant differences were fat (higher in landraces), 
protein (higher in Andean accessions) and ash (higher in landraces), 
nonetheless without significantly changing (p = 0.506) the energy value. 
Likewise, fat (higher concentrations in purple accessions) and ash 
(higher concentrations in red accessions) were the only nutritional pa
rameters with significant differences among different FC. The energy 
and carbohydrates content remained unchanged in all the studied FC 
and CT. 

Considering all the studied fresh potato samples, moisture content 
ranged from 72.4 to 74.5 g/100 g fw between the different cultivation 
types and from 74.5 to 76.6 when the genotypes were grouped based on 
their tuber flesh colour. Similar values, although within a wider range 
(70.36 to 81.97 g/100 g fw), were reported by Calliope et al. (2018) for 
potato varieties from the Andean region grown in South America. Bur
lingame et al. (2009), in their turn, determined moisture values in a still 
higher range (62.68–87.0 g/100 g fw), which can be explained by the 
great number of varieties comprised in their literature review study on 
the chemical composition of potatoes. Moreover, according to Zhou, 
Plauborg, Kristensen, & Andersen (2017) dry mater production is 
correlated with the nitrogen application regimes and the mean air 
temperature during the stage between the end of tuber formation initi
ation and maturity. In the same context, Petropoulos et al. (2020) re
ported that nitrogen application rates may affect dry matter allocation in 
plant parts (shoots, leaves and tubers) in a genotype dependent manner. 
Therefore, differences in the moisture (or dry matter) content among the 
studies could be partly attributed to differences in growing conditions 
and fertilization practices. 

Potato is not considered a rich source of protein, therefore its content 
was expected to be low, and this was confirmed by the results found in 
our study (from 1.8 to 2.1 g/100 g fw among the cultivation types and 
from 1.9 to 2.0 g/100 g fw among the different flesh colours). 
Vaitkevičienė (2019) reported similar values for protein content in the 
flesh of coloured potato varieties (an average of 2.12 g/ 100 g fw). On 
the other hand, Calliope et al. (2018), Burlingame et al. (2009) and 
Petropoulos et al. (2020) reported slightly wider ranges (from 1.93 to 
4.85 g/100 g fw, 0.85–4.2 g/100 g fw and 1.4–2.6 g/100 g fw, respec
tively) which could be explained by differences in the factors that affect 
dry matter production, as mentioned before (growing conditions and 
nitrogen fertilization regime). 

Ash content varied between 0.8 and 1.1 g/100 g fw and 0.9 and 1.3 
g/100 g fw for the different cultivation types and flesh colours, 
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respectively. Similar results for ash content were found by Calliope et al. 
(2018) (from 0.95 to 1.73 g/100 g fw). The observed differences in the 
ash content of the studied potatoes could be explained by the effect that 
factors such as climate, altitude and pH soil may have on dry matter 
allocation and the mineral composition of tubers. 

Carbohydrates were the main macronutrients in concentrations, 
which varied from 22.0 to 24.5 g/100 g fw and 20.0 to 22.7 g/100 g fw 
(different CT and FC, respectively). In contrast, Calliope et al. (2018) 
and Petropoulos et al. (2020) found a wider range of usable carbohy
drates (11.87 to 24.00 g/100 g fw and 14.87 to 22.12 g/100 g fw, 
respectively). Lipid content was very low, with values ranging from 0.15 
to 0.32 g/100 g fw and 0.18 to 0.27 g/100 g fw (different CT and FC, 
respectively), whereas slightly higher ranges were reported by Burlin
game et al. (2009) (0.05–0.51 g/100 g fw) and Petropoulos et al. (2020) 
(0.06 to 0.31 g/100 g fw). Finally, energy content ranged from 99 to 108 
Kcal/ 100 g fw and from 90 to 100, when considering the different 
cultivation types and tuber flesh colour, respectively, whereas Burlin
game et al. (2009) reported a wider range among the tested Andean 
potatoes (57–100 kcal/100 g fw). 

3.2. Physicochemical parameters 

The results for salt (NaCl) content, colour parameters and pH are 
presented in Table 2. The Andean accessions presented significantly 
higher values of salt content (2.6 g/kg fw) than the other studied CT 
(1.9–2.1 g/kg fw). Nevertheless, there was no significant difference 
between the four tuber colours (FC) for NaCl concentration (values 
ranged between 2.1 and 2.4 g/kg fw). The same trend was found for the 
pH values, as only the Andean accessions presented significantly higher 
pH values (mean 6.7) than the other CT (5.8–6.0), and no significant 
difference was found among the studied FC (values ranged between 5.8 
and 6.0). With exception of the Andean accessions, the pH values found 
in this study (5.8 – 6.0) are in agreement with those reported by Romano 
et al. (2018) (5.42 – 6.25) who evaluated twenty-one commercial potato 

varieties grown in Italy. Similarly, Feltran, Lemos, & Vieites (2004) 
found values between 5.16 and 5.94 for various potato cultivars with 
large sized tubers cultivated in Brazil, while Yang & Achaerandio (2015) 
reported higher values within the range of 5.89 and 6.00. pH index of 
pulp defines the suitable uses of tubers (table, processing, starch, uni
versal) being negatively correlated with sugars accumulation, while 
values higher than 5.5 are associated with lower starch degradation due 
to the inactivation of phosphorylase enzyme above 5.5 values (Feltran 
et al., 2004). 

For the quantitative colour assessment, a significant difference was 
found between the four FC (yellow, purple, red and marble) for all 
measured parameters (L*, a* and b*), as expected. The yellow-fleshed 
tubers presented the highest values for L* (lightness) and b* (yellow 
colour), whereas the purple-fleshed tubers presented the lowest values 
for the same parameters. This can be associated to the qualitative light- 
yellow and the deep-purple colours of the flesh of the different potato 
genotypes (Fig. 1). In their turn, the red-fleshed tubers presented the 
highest a* values, which are associated to the red colour, while the 
yellow tubers had the lowest a*. Among the different CTs, the breeder 
lines’ tubers presented significantly higher L* values, associated to 
lighter flesh tones. Interestingly, the landraces’ samples showed signif
icantly higher a* values, which can be associated to a more prominent 
presence of red tones in tubers of this CT. According to the literature, 
apart from the genotypic effect on colour parameters of varieties with 
different flesh colour, growing conditions (location of cultivation) and 
cultivation system (organic vs conventional farming) may also affect 
colour parameters in potato tuber skin and flesh (Lombardo, Pandino, & 
Mauromicale, 2017; Yang & Achaerandio, 2015). 

3.3. Organic acids 

Three organic acids were detected in the samples, namely oxalic, 
malic and citric acids. The results are indicated in Table 3. Citric acid 
was the most abundant in all FC and CT (values ranged between 5 and 8 

Table 2 
Nutritional profile and physicochemical features of the studied potato genotypes in relation to cultivation type (CT) and the colour of tuber flesh (FC) (mean ± SD).   

Moisture (g/ 
kg fw) 

Fat (g/ 
kg fw) 

Protein (g/ 
kg fw) 

Ash (g/ 
kg fw) 

Total carbohydrates 
(g/kg fw) 

Energy 
(kcal/100 g 
fw) 

Salt (g/ 
kg fw) 

L* a* b* pH 

Cultivation type (CT) 
Andean 

accessions 
724 ± 25 1.5 ±

0.5b 
21 ± 4 a 8 ± 2b 245 ± 29 108 ± 11 2.6 ± 0.3 

a 
61 ±
20b 

1 ± 8b 26 ± 19 6.7 ±
0.4 a 

Cultivated 
varieties 

745 ± 92 1.6 ±
0.5b 

20 ± 5 ab 10 ± 3 ab 224 ± 95 99 ± 37 2.1 ±
0.5b 

63 ±
16b 

2 ± 9b 34 ± 90 6.0 ±
0.5b 

Landraces 745 ± 92 3.2 ± 0.5 
a 

18 ± 2b 11 ± 3 a 224 ± 48 99 ± 20 1.9 ±
0.4b 

55 ±
20b 

6 ± 10 a 19 ± 15 5.8 ±
0.1b 

Breeder lines 743 ± 80 1.5 ±
0.4b 

20 ± 3 ab 8 ± 1b 225 ± 69 99 ± 27 2.1 ±
0.2b 

73 ± 1 a − 2 ±
2b 

24 ± 3 5.9 ±
0.1b 

Levene’s 
test1 

0.152 0.006 <0.001 0.002 0.125 0.126 <0.001 <0.001 0.002 0.568 0.163 

ANOVA test2 0.537 <0.001 0.001 <0.001 0.557 0.506 <0.001 <0.001 <0.001 0.443 <0.001  

Tuber flesh colour (FC) 
Yellow 743 ± 83 1.8 ±

0.5B 
19 ± 5 9 ± 3B 227 ± 85 100 ± 34 2.4 ± 0.5 69 ± 9 

A 
− 1 ± 2 
D 

27 ± 6 
A 

6.0 ±
0.5 

Purple 749 ± 31 2.7 ± 0.5 
A 

20 ± 3 9 ± 2B 218 ± 32 98 ± 13 2.1 ± 0.5 25 ± 2 
D 

13 ± 2B − 4 ± 3 
D 

6.0 ±
0.5 

Red 766 ± 19 1.9 ±
0.5B 

20 ± 2 13 ± 1 A 200 ± 19 90 ± 8 2.3 ± 0.3 37 ± 2C 31 ± 2 
A 

3 ± 3C 5.9 ±
0.1 

Marble 764 ± 8 2.5 ± 0.2 
AB 

20 ± 1 9 ± 1B 204 ± 8 92 ± 3 2.1 ± 0.2 57 ± 2B 5 ± 1C 17 ± 1B 5.8 ±
0.1 

Levene’s 
test1 

0.006 <0.001 <0.001 <0.001 0.007 0.009 0.314 <0.001 <0.001 <0.001 0.065 

ANOVA test2 0.374 <0.001 0.575 <0.001 0.272 0.309 0.816 <0.001 <0.001 <0.001 0.779 

Small case letters identify parameters with significant differences among different CT. Upper case letters identify parameters with significant differences among 
different FC. 

1 p-values < 0.050 indicate heteroscedastic distributions; p-values greater than 0.050 indicate homoscedastic distributions. 
2 The indicated p-values were obtained from Tukey’s HSD test in the case of homoscedastic distributions or Tamhane’s T2, in the case of heteroscedastic 

distributions. 
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g/kg fw and 4–5 g/kg fw, respectively), followed by malic and oxalic 
acids, respectively. The Andean accessions were the richest in citric acid 
(8 g/kg fw) as well as in total organic acids (12 g/kg fw) content, being 
significantly different from the other CTs. The citric acid content of the 
cultivated varieties was statistically equal to landraces and breeder lines 
cultivation types. Among the studied FC, the marble-fleshed varieties 
were the richest in organic acids content (11 g/kg fw), particularly in 
oxalic acid (2.8 g/kg fw), while red-fleshed cultivars were the richest in 
malic acid (3.8 g/kg fw). The citric acid content among the four studied 
FC was statistically equal. Besides the organic acids detected herein 
(citric, malic and oxalic), Burlingame et al. (2009) and Petropoulos et al. 
(2020) also reported the presence of ascorbic acid in potato tubers (in 
concentrations of up to 42 mg/100 g fw and 17 mg/100 g fw, respec
tively). Furthermore, earlier studies on potato tubers identified succinic, 
aconitic, lactic, tartaric and fumaric acid in amounts that differed among 
the studied cultivars (Galdón, Mesa, Elena, Rodríguez, & Romero, 2010; 
Wichrowska, Rogozińska, & Pawelzik, 2009; Yang & Achaerandio, 
2015). 

3.4. Free sugars 

Two monosaccharides, namely fructose and glucose, and two di
saccharides, sucrose and trehalose, were detected in the samples. The 
results are presented in Table 3. The most abundant free sugar among all 
CT and FC was glucose, which content was significantly higher for the 
purple FC and lower for the Andean accessions (400 mg/100 g fw and 
200 mg/100 g fw, respectively). At the same time, the Andean acces
sions presented significantly higher values for sucrose and trehalose 
(230 mg/100 g fw and 60 mg/100 g fw, respectively) and lower amounts 
of fructose (200 mg/100 g fw) than the other tested FC. The total sugars 
content remained almost the same among all CT, whereas the purple and 
marble-fleshed had the highest content among the tested FC (800 and 
700 mg/100 g fw) without being significantly different from each other. 
In agreement with our findings, Plata-Guerrero, Guerra-Hernández, & 
García-Villanova (2009) reported a similar profile of free sugars, where 
glucose was the most abundant one. In contrast, although Burlingame 
et al. (2009) reported the presence of glucose (15–340 mg/100 g fw), 
fructose (0–180 mg/100 g fw) and sucrose (80–1390 mg/100 g fw) in 
different potato varieties, sucrose was found to be the most abundant 
free sugar. Similarly, Petropoulos et al. (2020) reported the presence of 
the same three main sugars (sucrose, fructose and glucose) with sucrose 

being the most abundant one. This contradiction in the results was also 
found by Yang & Achaerandio (2015), who also detected differences in 
the profile of free sugars among eight commercial cultivars. In contrast, 
Wegener, Jansen, & Hans-ulrich (2009) did not observe significant dif
ferences in reducing sugars (glucose and fructose) content between two 
potato groups (white/yellow-fleshed and purple-fleshed), whereas su
crose content of purple-fleshed genotypes was twice than that of white/ 
yellow-fleshed potatoes. According to Kumar, Singh, & Kumar (2004), 
apart from the genotype, several pre-harvest factors such as crop (tuber) 
maturity, mean air temperature during cultivation, and irrigation and 
fertilization management may also affect free sugars content in tubers. 

3.5. Fatty acids 

The fatty acids profiles are presented in Table 4. In total, twenty-two 
fatty acids were identified, however half of them in relative percentages 
inferior to 1%. The majority of the detected fatty acids were saturated 
ones (SFA, 74–88%), followed by polyunsaturated (PUFA, 11–21%) and 
a small percentage of monounsaturated fatty acids (MUFA, 1.7–5.1%). 
In regard to the studied CT, palmitic acid was the most abundant (C16:0; 
40–48%), followed by stearic acid (C18:0; 14–22%) and linolenic acid 
(C18:2n6; 9–17%); similar distribution was found when grouping of 
cultivars based on flesh colour. The Andean accessions and the coloured 
tubers (purple and red) were the richest in PUFA, while the yellow- 
fleshed and breeder lines’ tubers were the richest in SFA. In agree
ment with our study, Petropoulos et al. (2020) reported the same fatty 
acids as being the most abundant ones in two potato cultivars (Spunta 
and Kennebeq), and a similar class classification was also observed, with 
SFA being the most abundant type of fatty acids. In contrast, Dobson, 
Griffiths, Davies, & McNicol (2004) reported linolenic acid as the most 
abundant fatty acid in four potato cultivars (49.2–50.2%), followed by 
palmitic (18.5–20.3%) and α-linoleic acid (16.5–19.5%), whereas stea
ric acid was detected in lower amounts (3.9–5.6%). However, these 
results refer to composition at 4 weeks after harvest, and according to 
Yang & Bernards (2006) wound induction after harvest may result in the 
formation of new fatty acids. In the same line, Camire, Kubow, & 
Donelly (2009) reported that PUFA were the most abundant fatty acids 
class, although this report refers to cooked (baked or boiled) tubers. 

Table 3 
Organic acids and free sugars profiles of the fifty studied potato genotypes in relation to cultivation type (CT) and the colour of tuber flesh (FC) (mean ± SD).  

Cultivation 
type 

Oxalic acid 
(g/kg fw) 

Malic acid 
(g/kg fw) 

Citric acid 
(g/kg fw) 

Total organic 
acids (g/kg fw) 

Fructose (g/ 
kg fw) 

Glucose (g/ 
kg fw) 

Sucrose (g/ 
kg fw) 

Trehalose (g/ 
kg fw) 

Total free sugars 
(g/kg fw) 

Andean 
accessions 

1.2 ± 0.4 2.8 ± 0.5 8 ± 1 a 12 ± 1 a 2.0 ± 0.4c 2 ± 1b 2.3 ± 0.5 a 0.6 ± 0.2 a 7 ± 2 

Cultivated 
varieties 

1.5 ± 0.5 2.4 ± 0.5 5 ± 2 bc 9 ± 3b 2.5 ± 0.4 ab 3 ± 1 a 0.7 ± 0.3b 0.3 ± 0.2b 7 ± 2 

Landraces 1.2 ± 0.5 2.5 ± 0.4 5 ± 1c 8 ± 1b 2.3 ± 0.3 bc 3 ± 1 a 0.7 ± 0.3b 0.3 ± 0.2b 7 ± 2 
Breeder lines 1.2 ± 0.5 2.3 ± 0.3 6 ± 1b 9 ± 1b 2.8 ± 0.2 a 4 ± 1 a 0.7 ± 0.2b nd 7 ± 1 
Levene’s test1 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
ANOVA test2 0.059 0.180 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.717  

Tuber flesh colour (FC) 
Yellow 1.4 ± 0.5B 2.2 ± 0.5C 5 ± 1 9 ± 2B 2.4 ± 0.5 AB 3 ± 1B 0.8 ± 0.5 0.3 ± 0.2B 6 ± 1B 
Purple 0.9 ± 0.5B 2.8 ± 0.5 BC 5 ± 1 9 ± 2B 2.8 ± 0.5 A 4 ± 1 A 0.7 ± 0.5 0.4 ± 0.2B 8 ± 2 A 
Red 0.9 ± 0.5B 3.8 ± 0.3 A 4 ± 1 9 ± 2B 2.1 ± 0.4B 3 ± 1B 0.9 ± 0.5 0.4 ± 0.2B 6 ± 2B 
Marble 2.8 ± 0.2 A 3.2 ± 0.3B 5 ± 1 11 ± 1 A 2.2 ± 0.2 AB 3.1 ± 0.3B 0.9 ± 0.1 0.6 ± 0.2 A 7 ± 1 AB 
Levene’s test1 <0.001 <0.001 <0.001 <0.001 0.002 <0.001 0.001 <0.001 0.003 
ANOVA test2 <0.001 <0.001 0.088 0.044 0.001 <0.001 0.685 0.001 <0.001 

Small case letters identify parameters with significant differences among different CT. Upper case letters identify parameters with significant differences among 
different FC. 
nd = not detected 

1 p-values < 0.050 indicate heteroscedastic distributions; p-values >0.050 indicate homoscedastic distributions. 
2 The indicated p-values were obtained from Tukey’s HSD test in the case of homoscedastic distributions or Tamhane’s T2, in the case of heteroscedastic 

distributions. 
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3.6. Linear discriminant analysis 

Following the characterization of all individual parameters described 
in the former sections, the overall profiles were analysed by evaluating 
all differences simultaneously to verify potential linkages to the flesh 
colour of tubers (FC) or to the cultivation type (CT). This was achieved 
by linear discriminant analysis (LDA), specifically assessing the corre
lations among CT or FC (categorical dependent variables) and the ob
tained results (quantitative independent variables). The significant 
independent variables were selected with the stepwise method of LDA, 
following the Wilks’ λ test. Only variables with a statistically significant 
classification performance (p < 0.050) were maintained by the statisti
cal model. 

Starting by the effect of CT, the three defined discriminant functions 
included 100% (function 1: 67.5%; function 2: 26.7%; function 3: 5.8%) 
of the observed variance (Fig. 2A). Among the 48 considered variables, 
the discriminant model excluded only moisture, carbohydrates, total 
organic acids, fructose, glucose, total sugars, C14:0, C16:0, C18:1n9c, 
C18:3n3, C21:0, MUFA and PUFA, which indicate the lack of consider
able differences for these parameter among different CT (i.e., these 
variables had no significant discriminant ability). In what concerns 
variables selected as being effectively discriminant, function 1 was 
mainly correlated with C18:2n6c, pH and protein content, all variables 
with significantly higher values among Andean accessions (markers 
projected on the positive side of function 1 axis), particularly when 
compared with landraces CT (markers projected on the farthest position 
taking Andean accessions as reference). Function 2, in turn, was more 
correlated with fat (highest content in landraces accessions) and sucrose 
(maximum value in Andean accessions). Considering the three- 
dimensional placement of markers corresponding to cultivated vari
eties and breeder lines, as well as the small percentage explained by 
function 3, it is obvious that these CT presented the highest similarities, 
considering all assayed parameters. Actually, the corresponding markers 
were only separated by function 3, mostly correlated with C22:0, C12:0 
and C10:0. In this first LDA, the classification performance was 100% 
accurate for the original grouped cases, and 99.2%, for the cross- 
validated grouped ones. 

In the case of FC, the observed variation was mainly included in 
function 1 (function 1: 92.8%; function 2: 5.4%; function 3: 1.8%), as 
represented in Fig. 2B. Considering that it was intended to identify the 
variables with highest differences, colour parameters were not included 
in the analysis, as these would certainly minimize the effect of all other 
observed results due to the inherent variability among the tested ge
notypes. Among the remaining 45 variables, the discriminant model 
excluded moisture, carbohydrates, energy, citric acid, total organic 
acids, fructose, glucose, C8:0, C12:0, C18:0, C18:1n9c, C22:0, SFA and 
PUFA, indicating that these variables had not sufficient differences to be 
considered as having discriminant ability. In what regards variables 
with significant differences among the tested FC, C21:0 showed the 
highest correlation with function 1, which separated yellow flesh po
tatoes (higher C21:0 percentages) from all the other samples. Function 
2, on its side, correlated mostly with C22:2, C17:1 and C16:1, separating 
primarily red FC from the other assayed samples. To conclude, function 
3 was mostly correlated with C18:3n6, oxalic acid and C20:0, effectively 
separating purple and marble varieties. Overall, these last FC, which 
were only separated by function 3, presenting nearly the same spatial 
distribution according to function 1 and function 2, presented close 
similarity when considering all assayed parameters together. In this 
second LDA, the classification performance was 100% accurate either 
for the original grouped cases as well as for the cross-validated grouped 
ones. 

4. Conclusion 

The information obtained in this study illustrates that the vast 
existing biodiversity of potato reflects in differences in nutrient content 
of tubers. Overall, and despite the apparent similarity found when 
analysing all parameters individually, the obtained profiles showed to 
be highly correlated either with different CT or with different FC. The 
characterized parameters highlighted the similarity among cultivated 
varieties and breeder lines, which showed slight variations only in some 
particular fatty acids, independently of the geographical origin or tuber 
flesh colour. This finding could be attributed to the higher breeding 
status and the lower heterogeneity in regard to specific characters that 

Table 4 
Major fatty acids profiles1 (relative percentage) of the fifty studied potato genotypes.  

Cultivation 
type 

C6:0 C11:0 C14:0 C16:0 C18:0 C18:1n9 C18:2n6 C20:0 C22:0 C23:0 C24:0 SFA MUFA PUFA 

Andean 
accessions 

0.7 ±
0.4b 

0.8 ±
0.4b 

1.7 ±
0.5 

46 ± 4 
ab 

14 ± 1c 5 ± 1 a 17 ± 3 a 2.6 ±
0.4 

1.9 ±
0.4b 

1.6 ±
0.2 

2.0 ±
0.3 

74 ± 4c 5 ± 1 a 21 ± 4 
a 

Cultivated 
varieties 

1.2 ±
0.5b 

3 ± 2 a 1.9 ±
0.5 

42 ± 6c 20 ±
4b 

5 ± 2 a 12 ± 5b 2.5 ±
0.5 

1.8 ±
0.5b 

2 ± 1 2.2 ±
0.5 

81 ±
8b 

5 ± 2 a 14 ±
6b 

Landraces 2.1 ±
0.5 a 

4 ± 2 a 2.1 ±
0.5 

43 ± 7 
bc 

18 ±
3b 

5 ± 2 a 10 ± 5b 2.4 ±
0.5 

2.2 ±
0.5b 

2 ± 1 2.1 ±
0.5 

84 ± 7 
ab 

5 ± 2 a 11 ± 6 
bc 

Breeder lines 0.8 ±
0.4b 

3.1 ±
0.5 a 

1.4 ±
0.4 

48 ± 1 
a 

22 ± 6 
a 

1.7 ±
0.1b 

9 ± 5b 2.2 ±
0.3 

4 ± 2 a 1.8 ±
0.1 

2.6 ±
0.5 

88 ± 8 
a 

1.7 ±
0.1b 

11 ± 7c 

Levene’s 
test2 

<0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.024 0.001 <0.001 

ANOVA test3 <0.001 <0.001 0.404 <0.001 <0.001 0.001 <0.001 0.154 <0.001 0.818 0.276 <0.001 0.001 <0.001  

Tuber flesh colour (FC) 
Yellow 1.6 ±

0.5A 
5 ± 2 2.0 ±

0.5A 
42 ± 9 20 ± 4 

A 
5 ± 2 11 ± 4B 2.2 ±

0.5 D 
1.8 ±
0.5B 

2.8 ±
0.5 

2.0 ±
0.5B 

83 ± 8 
A 

5 ± 2 12 ±
5B 

Purple 0.5 ±
0.3B 

0.4 ±
0.2 

1.3 ±
0.5B 

47 ± 6 15 ±
2B 

4 ± 1 15 ± 5 A 3.1 ±
0.5C 

2.3 ±
0.5 AB 

1.8 ±
0.5 

2.6 ±
0.5A 

77 ± 9 
AB 

4 ± 1 19 ± 6 
A 

Red nd nd 1.2 ±
0.5B 

43 ± 4 17 ± 3 
AB 

5 ± 1 15 ± 3 A 3.6 ±
0.4B 

2.5 ±
0.4 A 

2.2 ±
0.4 

2.8 ±
0.4A 

76 ±
5B 

5 ± 1 18 ± 5 
A 

Marble 0.4 ±
0.1B 

nd 1.5 ±
0.1B 

40 ± 1 19 ± 1 
A 

5 ± 1 13 ± 1 
AB 

4.6 ±
0.2 A 

2.7 ±
0.2 A 

2.0 ±
0.2 

2.6 ±
0.2 A 

78 ± 1 
AB 

5.1 ±
0.3 

16 ± 1 
AB 

Levene’s 
test2 

<0.001 <0.001 <0.001 0.323 <0.001 <0.001 <0.001 0.073 <0.001 0.180 <0.001 <0.001 <0.001 <0.001 

ANOVA test3 <0.001 <0.001 0.017 0.066 <0.001 0.320 <0.001 <0.001 0.003 0.881 <0.001 <0.001 0.468 <0.001  

1 Besides the tabled fatty acids C8:0, C10:0, C12:0, C13:0, C15:0, C16:1, C17:0, C17:1, C18:3n3, C21:0, C22:2, were also detected in percentages inferior to 1%. 
2 p-values < 0.050 indicate heteroscedastic distributions; p-values greater than 0.050 indicate homoscedastic distributions. 
3 The indicated p-values were obtained from Tukey’s HSD test in the case of homoscedastic distributions or Tamhane’s T2, in the case of heteroscedastic 

distributions. 
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are appreciated by market and agronomic standards. Nonetheless, the 
low number of discriminant differences among these and the studied 
landraces and Andean accessions highlight their potential to be used as 
agricultural alternatives through breeding programs, especially partic
ipatory breeding where local farmers are highly involved. Bringing some 
of that ancient diversity back into cultivation could support potato 
biodiversity against environmental change, while supporting sustain
able agrobiodiversity at the same time. 
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