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A B S T R A C T   

Qualitative and quantitative composition of non-structural carbohydrates comprising glucose, fructose, sucrose 
and fructooligosaccharides (FOS) is one of the key determinants of market suitability, storability and techno-
logical processability of onions. To develop a cost-effective and rapid tool for carbohydrate profiling, applica-
bility of attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy of onion juice was 
investigated with special regard to FOS patterns. As reference, detailed carbohydrate profiles of onion juices were 
generated by high-performance liquid chromatography coupled with evaporative light scattering detection 
(HPLC-ELSD). 

Hierarchical cluster analysis (HCA) of ATR-FTIR spectra was successfully applied for classifying onions into 
fresh market, storage and dehydrator type according to HPLC-ELSD profiles. 

A bootstrapping method for automatized test-set validation by projection to latent structures (PLS) algorithms 
using HPLC and ATR-FTIR spectroscopy data was developed. Model statistics showed promising perspectives for 
reliable quantification of individual saccharides and sum parameters. The presented methodology allows esti-
mating the nutritional and pre-biotic value directly during cultivation and processing.   

1. Introduction 

Onion (Allium cepa L.) represents one of the most produced vegeta-
bles and is cultivated and consumed almost worldwide. Onion bulbs are 
used in fresh, cooked, fried or dried form as vegetable and spice in 
cuisine. In addition, they can be processed into various products such as 
dehydrated onion powder, onion juice concentrate and so-called “onion 
essential oil” which are used for seasoning and flavouring in food 
industry. 

About 65 to 80 % of the onion bulb dry matter consists of non- 
structural carbohydrates (Benkeblia, 2013). Main components are 
glucose (Glc), fructose (Fru), sucrose (Suc) and fructooligosaccharides 
(FOS) of the inulin and neoinulin series with a degree of polymerization 
(DP) in the range of 3 – 20 (Benkeblia, 2013; Pöhnl et al., 2017). Dry 
matter content (DMC) and carbohydrate profile of onion bulbs display a 
high genetic variability. Basically, three types of onion cultivars with 
characteristic DMC and carbohydrate profile are distinguished: fresh 

market types (5 – 9 % DMC), storage types (8 – 12 % DMC) and dehy-
drator types (> 18 % DMC) (Darbyshire, Steer, & Steer, 2020). 

The carbohydrate profile is one the main factors determining the 
technological processability of onion bulbs. For instance, FOS content in 
juices determines process parameters of the drying procedure if 
browning reactions should be prevented (Campos, Aguilar-Galvez, & 
Pedreschi, 2016; Zhao et al., 2018). Additionally, the content of 
reducing carbohydrates (Glc, Fru) determines the extent of non- 
enzymatic browning (Maillard-) reactions during heating in dried or 
fried onion products. Besides technological aspects, the carbohydrate 
profile also determines the nutritional value of onion bulbs. Various 
studies indicate positive effects of FOS on appetite, energy intake and 
body weight control for obesity prevention but higher intake and longer 
application are necessary for achieving relevant pre-biotic effects 
(Korczak & Slavin, 2018; Liber & Szajewska, 2013; Singh & Singh, 
2010). Besides the described positive effects on Bacterium bifidum pop-
ulations also adverse impacts on butyrate-producing microbes demand 
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(G. Gudi), Melanie.Stuertz@symrise.com (M. Stürtz), hs.consulting.map@t-online.de (H. Schulz).  

Contents lists available at ScienceDirect 

Food Chemistry 

journal homepage: www.elsevier.com/locate/foodchem 

https://doi.org/10.1016/j.foodchem.2021.129978 
Received 29 October 2020; Received in revised form 16 April 2021; Accepted 26 April 2021   

mailto:Andrea.Kraehmer@julius-kuehn.de
mailto:Christoph.Boettcher@julius-kuehn.de
mailto:Gennadi.Gudi@julius-kuehn.de
mailto:Melanie.Stuertz@symrise.com
mailto:hs.consulting.map@t-online.de
www.sciencedirect.com/science/journal/03088146
https://www.elsevier.com/locate/foodchem
https://doi.org/10.1016/j.foodchem.2021.129978
https://doi.org/10.1016/j.foodchem.2021.129978
https://doi.org/10.1016/j.foodchem.2021.129978
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foodchem.2021.129978&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Food Chemistry 360 (2021) 129978

2

for careful application of FOS as supplement in functional foods and for 
prebiotic intervention (Liu et al., 2017). 

FOS further play an important role in compensating for drought or 
cold stress (Pilon-Smits, Terry, Sears, & van Dun, 1999; Puebla, Salerno, 
& Pontis, 1997) by acting as an osmoregulator due to their water solu-
bility compared to starch. Therefore, the composition of the FOS spec-
trum may serve as an indicator in the breeding of onion varieties with 
increased drought tolerance (Pilon-Smits et al., 1999; Puebla et al., 
1997; Tolsma, Tolhurst, & Read, 2010; Van den Ende, Coopman, Ver-
gauwen, & Laere, 2016). 

Detailed quantitative analysis of carbohydrate profiles of onion bulbs 
requires chromatographic methods with comparable long cycle times of 
25 min (UHPLC-ELSD) to 100 min (HPAEC-PAD) (Benkeblia, 2013; 
Davis, Terry, Chope, & Faul, 2007; Pöhnl et al., 2017). This makes them 
less favourable tools for large samples sets (i.e. phenotyping of single 
plants) or in situations in which decisions have to be made rapidly (i.e. 
incoming goods inspections). Hence, fast and easily applicable methods 
for determination of the carbohydrate profile of onion bulbs with low 
technical effort in sample preparation and instrumentation are highly 
demanded for quality and process control in breeding research and food 
industry. 

Due to the low requirements regarding sample preparation, vibra-
tional spectroscopy methods have been widely established in agriculture 
and food industry in the last two decades. Thus, various near (NIR) and 
mid infrared spectroscopic (MIR) models as well as techniques based on 
Raman spectroscopy have been developed for simultaneous determi-
nation of different primary and secondary plant metabolites in raw or 
poorly processed matrices (Bittner et al., 2017; Gudi, Krähmer, Koudous, 
Strube, & Schulz, 2015; Gudi, Krähmer, Krüger, & Schulz, 2015; 
Krähmer, Böttcher, Rode, Nothnagel, & Schulz, 2016; Naumann, Kurtze, 
Krähmer, Hagels, & Schulz, 2014). Some recent publications demon-
strate the applicability of infrared spectroscopy for fast quantification of 
short-chain FOS and reducing monosaccharides based on projection to 
latent structures (PLS) algorithms (Cassani, Santos, Gerbino, del Rosario 
Moreira, & Gómez-Zavaglia, 2018; Romano, Santos, Mobili, Vega, & 
Gómez-Zavaglia, 2016; Trollope, Volschenk, Görgens, Bro, & Nieu-
woudt, 2015). Cassani et al. investigated the carbohydrate pattern of 
freeze-dried strawberry juices including FOS with DP < 5 for adultera-
tion and authenticity purpose using FT-MIR spectroscopy (Cassani et al., 
2018). A simultaneous quantification protocol for substrates and prod-
ucts of β-fructofuranosidase in enzymatic synthesis of FOS up to DP 5 
was developed based on attenuated total reflectance Fourier-transform 
infrared (ATR-FTIR) spectroscopy (Romano et al., 2016; Trollope 
et al., 2015). Without the demand for laborious sample preparation this 
methods allowed determination of β-fructofuranosidase activity from 
crude enzyme assays and the production of inulin-type FOS with DP 3 
(1-kestose) to DP 5 (1F-fructofuranosyl-nystose), but higher FOS were 
not regarded. 

Clark et al. (2018) investigated performance quality of ATR-FTIR 
spectroscopy of onion juice for quantification of mono-, disaccharides 
and FOS. As reference method enzymatic microplate assays were used, 
which provided information on total FOS concentration but did not 
allow quantification of individual FOS species nor of the distribution of 
the DP within the FOS fraction (Clark, Shaw, Wright, & McCallum, 
2018). 

Until now, no fast methodology is described for complex carbohy-
drate profiles and individual FOS with higher degree of polymerization. 
Since ATR-FTIR spectroscopy was shown to be suitable for analytical 
evaluation of various plant metabolites, we investigated this technique 
here for qualitative and quantitative FOS profiling in onion juice up to a 
DP of 16. 

To consider a large and diverse sample set for method development, 
27 different onion cultivars were grown from sets and seeds in a three- 
year field trial resulting in a total of 216 onion samples. To characterise 
the profile of non-structural carbohydrates in this sample set, onion 
juices were prepared and quantitatively analysed by HPLC-ELSD for 

monosaccharides (Glc, Fru), disaccharides (Suc) and FOS with a DP of 3 
to 16. Based on this data, a feasibility study on applicability of ATR-FTIR 
spectroscopy was evaluated by hierarchical cluster analysis (HCA) and 
PLS analysis. 

2. Materials and methods 

2.1. Plant material 

In the frame of a three-year field trial (2014 – 2016) a total of 27 
different onion cultivars were cultivated. In sum, over all three culti-
vation years, fifteen cultivars were grown from sets and sixteen from 
seeds with some of them grown from both (‘Redlight’, ‘Hytech’, and 
‘Sturon’, ‘Cupido’ for 2016 exclusively). Due to limited commercial 
availability of set/seed material of some cultivars in some years, three 
cultivation replicates in all three years could only be achieved for fifteen 
cultivars. A detailed list of cultivars and providers can be found in 
Supplemental Material (Table S1). Onions were cultivated in 2014, 2015 
and 2016 at the experimental station of the Julius Kühn Institute in 
Berlin (52◦27′31.1′′ N, 13◦17′50.1′′ E). The experimental field was 
divided in two blocks, on which seed and set onions were cultivated 
separately using a completely randomized design with three replicate 
plots (plot size 1.5 m × 9 m, 4 rows per plot, distance between rows 0.3 
m, 900 seeds or 720 sets per plot) per cultivar. More information on 
cultivation is given in (Böttcher, Krähmer, Stürtz, Widder, & Schulz, 
2018). 

Onions were manually harvested from 4-m sections in the middle of 
the two inner rows of each parcel and cured for two weeks in a shed. 
After removal of dry foliage, roots and adhering soil bulbs were stored 
for four weeks at ambient conditions until sample preparation. In total, 
the field trial resulted for 2014 in 63, for 2015 in 69 and for 2016 in 84 
individual onion samples. 

2.2. Chemicals 

Acetonitrile (HPLC-grade, CHEMSOLUTE) was purchased from Th. 
Geyer. Ultra-pure water (resistivity 18.2 MΩ cm) was obtained from a 
water purification system (Arium 611, Sartorius). D-(+)-Glucose, 1-kes-
tose and nystose were purchased from Sigma-Aldrich, D-(− )-fructose and 
D-(+)-sucrose from Carl Roth. Stock solutions of the five reference sac-
charides were prepared at 25 g L− 1 in acetonitrile/water, 1/1 (v/v) and 
used for preparation of calibration mixtures for HPLC-ESLD. 1F-Fructo-
furanosyl-nystose was purchased from Wako Chemicals. Aqueous solu-
tions with a concentration of 0.5 M for Fru, Glc and Suc and 0.25 M for 1- 
kestose, nystose and 1F-fructofuranosyl-nystose, respectively, were 
prepared for ATR-FTIR spectroscopic measurements. 

2.3. Sample preparation 

Onion juice was prepared using a modified method (regarding ho-
mogenization and centrifugation) similar to that described by (Pöhnl, 
Schweiggert, & Carle, 2018). Therefore, a subsample of 20 visually 
intact and healthy onions bulbs of each experimental plot were quar-
tered by two longitudinal cuts. One quarter of each onion bulb was 
pooled and immediately hashed using a table-top cutter R8 (Robot 
Coupe, Vincennes, France) three times for five seconds. The resulting 
mash was filled into a tincture press (Fischer Maschinenfabrik) and 
pressed at 200 bar for one minute. A 30-ml aliquot of the collected juice 
was transferred into a 50-ml polypropylene centrifuge tube. After 
centrifugation for 15 min at 2,200 ×g and room temperature, an 1.5-ml 
aliquot of the supernatant was transferred into a 2-ml polypropylene 
tube and centrifuged for 10 min at 13,000 ×g and 5 ◦C. The resulting 
supernatant was transferred into a new 2-ml polypropylene tube and 
subjected to ATR-FTIR spectroscopy. Afterwards the sample was shock 
frozen in liquid nitrogen and stored at − 80 ◦C until further analysis 
(harvest 2014 and 2015) or directly analysed by HPLC-ELSD (harvest 
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2016). 

2.4. Analysis of saccharides by HPLC-ELSD 

An aliquot (1.0 mL) of a thawed (harvest 2014 and 2015) or a freshly 
prepared (harvest 2016) onion juice was transferred to a volumetric 
flask and diluted with 1.5 mL water. The mixture was diluted with 
acetonitrile to a final volume of 5.0 mL under gentle agitation. After-
wards, the mixture was incubated for 3 h at room temperature and 
centrifuged (10 min, 22 ◦C, 13,000 ×g). An aliquot of the resulting su-
pernatant was transferred to an HPLC vial and stored (< 24 h) at 
ambient temperature until analysis. 

Saccharide analyses were performed on a 1100 Series HPLC system 
(Agilent Technologies) comprising a degasser (G1322A), a binary pump 
(G1312A), an autosampler (G1329A), an autosampler thermostat 
(G1330A), a column compartment (G1316A), a dual channel interface 
(35900E) and an evaporative light scattering detector (ELSD, SEDEX 75, 
Sedere). Diluted onion juices were separated on a Supelcosil LC-NH2 
column (4.6 × 250 mm, 5 µm particle size, Sigma-Aldrich) using 
acetonitrile/water, 8/2 (v/v) and water as eluent A and B, respectively. 
The following binary gradient program at a flow rate of 2 mL min− 1 was 
applied: 0 – 5 min, isocratic at 0 % B; 5 – 30 min, linear gradient from 
0 % to 30 % B; 30 – 35 min, isocratic at 30 % B; 35 – 40 min, isocratic at 
0 % B. An injection volume of 10 µL was used. The column temperature 
was maintained at 40 ◦C. Due to phase separation of acetonitrile-diluted 
onion juices upon cooling the autosampler was left at ambient temper-
ature (22 ◦C). The following settings were used for the ELSD: nebulizer 
gas, nitrogen, 3.5 bar; temperature, 50 ◦C; detector gain, 2. ChemStation 
was used for controlling the instrument, data acquisition and analysis. 

All saccharides were quantified by external calibration. Calibration 
models for fructose (range 0.5 – 5 g L− 1, four levels, linear model, R2 >

0.9995), glucose (range 0.5 – 5 g L− 1, four levels, linear model, R2 >

0.9995) and sucrose (range 0.5 – 5 g L− 1, four levels, linear model, R2 >

0.9995) were derived from authentic reference compounds. For quan-
tification of FOS with DP 3 and DP 4 calibration models of 1-kestose 
(range 0.5 – 5 g L− 1, four levels, quadratic model, R2 > 0.999) and 
nystose (range 0.5 – 5 g L− 1, four levels, quadratic model, R2 > 0.999) 
were used, respectively. For quantification of FOS with 5 ≤ DP ≤ 16 the 
calibration model of nystose was applied. The ELSD was daily calibrated 
and calibration stability monitored by analysis of quality control sam-
ples. Two injection replicates were analysed for each onion juice sample 
and averaged. In case, levels of some analytes (fructose, glucose or su-
crose) exceed the calibration range, corresponding samples were rean-
alysed with half the standard injection volume (5 µL). Comprehensive 
data on repeatability, intermediate precision and accuracy of the HPLC- 
ELSD method can be found in Table S2. 

For peak assignments HPLC fractions of FOS were collected, evapo-
rated to dryness using a vacuum centrifuge (10 mbar, 40 ◦C, Christ) and 
redissolved in one tenth of the initial volume of water. Concentrated 
HPLC fractions were analysed by HPLC-ESI-QTOF-MS in negative ion 
mode on a Develosil RP-Aqueous C30 column as previously described 
(Böttcher et al., 2017). 

Mean DP (MDP) was calculated as mole fraction weighted mean of 
the DPs of individual mono-/oligomer species using the following 
expression, in which xi denotes the molar fraction and ci the molar 
concentration of the i-mer. 

DPn =
∑16

i=1
xi × i =

∑16
i=1ci × i
∑16

i=1ci  

2.5. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) 
spectroscopy 

Spectra of onion juice were recorded using the Alpha 1 portable ATR- 
FTIR spectrometer equipped with a Platinum diamond single reflection 
ATR module (Bruker Optik GmbH). About 200 µL of freshly prepared or 

thawed onion juice were applied to the crystal and immediately 
measured without drying. The sample spectra were acquired at room 
temperature in the range of 4000 – 375 cm− 1 with a spectral resolution 
of 4 cm− 1. All spectra were composed of 32 scans and measured once per 
sample. Background spectra were recorded before each measurement 
and background subtraction was performed for all spectra using in-
struments software (OPUS 7.2, Bruker Optik GmbH). Repeatability and 
intermediate precision of the method were investigated and proven 
using an aqueous solution of sucrose (0.25 M) and can be found in 
Supplementary Material (Table S3). 

Spectra were smoothed using different Savitzky-Golay filters prior to 
vector normalisation and transformation to first derivative spectra. 
Zimmermann and Kohler (2013) showed impact of Savitzky-Golay (SG) 
filter parameters on modelling (Zimmermann & Kohler, 2013). There-
fore, SG parameters were optimised using original and first derivative 
spectra, different window sizes (3, 5, 7, 9, 11, 13, 15, 17, 19, 25, 35, 55 
points) and the polynomial orders of 1, 2 and 3. Due to the late estab-
lishment of the HPLC-ELSD method for reference analysis, onion juices 
generated in 2014 and 2015 needed ultra-low temperature storage at 
− 80 ◦C until HPLC analysis in 2016. Therefore, two sets of ATR-FTIR 
spectra for 2014 and 2015 were recorded: fresh juice immediately 
after juice production (set 1) and stored juice after thawing directly 
before HPLC-ELSD analysis in 2016 (set 2). For 2016 samples, only 
spectra of freshly produced onion juice were recorded (Fig. S1). 

2.6. Statistical data analysis 

Statistics were done using R 3.5.3. (R Core Team, 2019), PLS was 
performed with the package plsr, HCA with the package fastcluster and 
PCA with the function prcomp of package stats (Müllner, 2013; R Core 
Team, 2019; Schneider & Brick, 2019). Import and mathematical ma-
nipulations of IR spectra were done using the package hyperSpec 
(Beleites & Sergo, 2015). 

In total 63, 69 and 84 samples were analysed for the years 2014, 
2015 and 2016, respectively. The development of prediction models via 
PLS algorithm was performed for all three years together using spectra 
from set 2. Data for separate years can be found in Supplementary 
Material (Excel spreadsheet). In each case 60 % of the samples were used 
as training set and 40 % as test set. Each PLS model was optimised with 
the training set using the leave-one-out-cross-validation method (inter-
nal validation) and subsequently verified with the corresponding test set 
(external validation). 

To assess model stability, individual models of 100 randomly ach-
ieved training- and test-set combinations with a constant ratio of 
training- and test-set samples (60 % : 40 %) were investigated. Statistical 
parameters (R2, RMSEP, offset, slope, number of latent variables) of 
these 100 individual models were finally evaluated and their means and 
standard deviations determined. 

3. Results and discussion 

3.1. HPLC-ELSD-based analysis of carbohydrates in onion juices 

To separate and quantify carbohydrates from onion juices a previ-
ously described HILIC-based UHPLC-ELSD method was transferred to 
conventional HPLC using an aminopropyl silica phase (Pöhnl et al., 
2017). As described for the UHPLC method, the adapted HPLC method 
enables separation of FOS with DP ≤ 16 but requires a chromatographic 
cycle time of 40 min, which is about as twice as long as reported for the 
UHPLC method. In contrast to HPAEC and RP-HPLC, baseline separation 
of inulin-type and neoinulin-type FOS isomers by HILIC is achieved only 
for 1-kestose and neokestose (Böttcher, Krähmer, Stürtz, Widder, & 
Schulz, 2017; Pöhnl et al., 2017). For FOS with DP 4 – 7 incomplete 
separation of isomers is observed, FOS with DP > 7 appear as single peak 
in the chromatogram. To avoid a complicated quantification, peak in-
tegrals of separated and partly separated FOS isomers of the same DP 
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were added and used to calculate the sum concentration for each DP. 
Representative chromatograms obtained from onion juices with 
different carbohydrate profiles are given in Supplemental Material 
(Fig. S2). 

Within the 216 analysed onion juice samples total carbohydrate 
concentration ranged from 58 to 266 g L− 1 (interquartile range (IQR) 85 
– 121 g L− 1). The concentration of individual carbohydrate species 
displayed an even stronger variation as shown in Fig. 1. The level of 
monosaccharides (sum of glucose and fructose) ranged from 2.2 to 59.8 
g L− 1 (IQR 14.5 – 30.5 g L− 1), that of sucrose from 5.8 to 47.1 g L− 1 (IQR 
16.6 – 24.1 g L− 1) and the total concentration of FOS (sum of DP 3 – 16) 
from 10.1 to 233.8 g L− 1 (IQR 39.4 – 73.9 g L− 1). The strong variation of 
carbohydrate profiles within the sample set is also reflected by the 
dispersion of mean DP, which spans from 1.22 to 6.86 g L− 1 (IQR 1.87 – 
2.64 g L− 1) and of the ratio of reducing to non-reducing carbohydrates 
(R/NR ratio) which varies from 0.01 to 2.70 g L− 1 (IQR 0.16 – 0.48 g 
L− 1). 

To investigate the effect of the cultivar on the carbohydrate profile, 
individual carbohydrate profiles of each cultivar were averaged and 
subjected to hierarchical cluster analysis. In accordance with the liter-
ature and the dry matter content classification of onions (Böttcher et al., 
2018; Pöhnl et al., 2018), the obtained dendrogram revealed two major 
clusters (1 and 2) separated into two sub-clusters (A and B), each. The 
first sub-cluster (1A, Fig. 2) comprised the dehydrator type cultivars 
‘Snowpack’ and ‘Stardust’. Both cultivars accumulated high total 
amounts of carbohydrates (average 179 g L− 1) of which > 90 % by mass 
were FOS with DPs ranging from 3 to 16. The combination of low levels 
of monosaccharides and high levels of longer chain FOS were reflected 
in both cultivars by comparable high mean DPs (average 5.3) and very 
low R/NR ratios (average 0.05). In the second sub-cluster (1B, Fig. 2), 
eleven storage type cultivars (‘Picador’, ‘Stuttgarter Riesen’, ‘Turbo’, 
‘Centurion’, ‘Rumba’, ‘Sturon’, ‘Cupido’, ‘Hercules’, ‘SturBC20’, ‘Set-
ton’, ‘Corrado’) with intermediate total amounts of carbohydrates 
(average 125 g L− 1) were located. In these cultivars, FOS with DP 3 to 13 
were quantifiable and accounted on average for 65 % by mass of the 
total amount of carbohydrates. In comparison to dehydrator type cul-
tivars, mean DPs were significantly lower (average 2.6) in storage type 
cultivars and the average R/NR ratio was increased to 0.18. The 
remaining 14 cultivars from the cluster 2 (‘Snowball’, ‘Motion’, ‘Hyfive’, 
‘Jetset’, ‘Sunskin’, ‘Hytech’, ‘Vision’, ‘Wellington’, ‘Medallion’, ‘Forum’, 
‘Redlight’, ‘Patterson’, ‘Dammika’, ‘Amfora’) represented fresh market 
type cultivars, which were characterized by the lowest total amounts of 
carbohydrates (average 110 g L− 1). In these cultivars, the average pro-
portion of FOS in the total amount of soluble carbohydrates decreased to 

43 % by mass whereas the average R/NR ratio increased to 0.75. At the 
same time, the spectrum of quantifiable FOS was restricted in fresh 
market type cultivars to DP 3 to 9 (except for ‘Snowball’ and ‘Forum’). In 
comparison to storage type cultivars, significantly lower mean DPs 
(average 1.8) were registered for fresh market type cultivars. Among 
them, ‘Dammika’, ‘Amfora’ and ‘Patterson’ were characterised by car-
bohydrate profiles with the lowest content of sucrose and FOS resulting 
in separate clustering among other fresh market type cultivars (cluster 
2B, Fig. 2). For ‘Dammika’ and ‘Amfora’ a mean DP of 1.3 and the 
highest R/NR ratio of 2.1 were observed. 

3.2. Carbohydrate profiling by cluster analysis of ATR-FTIR spectra 

A fast analytical method for describing the carbohydrate profile of 
onions without laborious sample preparation would offer a helpful de-
cision tool for onion cultivation or processing. Therefore, ATR-FTIR 
spectroscopy was investigated for applicability in carbohydrate 
profiling especially regarding FOS patterns of onions. 

Hierarchical cluster analysis (HCA) of the ATR-FTIR spectra of 
freshly prepared onion juice (set 1 + 2016 samples) was performed for 
all onion varieties of the three-year experiment. Different combinations 
of spectral pre-processing and spectral ranges were investigated, with 
those excluding water absorptions (e.g. 1350 to 890 cm− 1) being the 
most appropriate. 

Fig. 3A exemplarily shows the ATR-FTIR spectra of aqueous solutions 
of mono-, disaccharides and inulin-type FOS of DP 3 to 5 (1-kestose, 
nystose and 1F-fructofuranosyl-nystose, respectively). In comparison, in 
Fig. 3B the spectra of the onion cultivars ‘Amfora’, ‘Hercules’, ‘Snowball’ 
and ‘Snowpack’ representing the four clusters identified by HPLC 

Fig. 1. Distribution of concentrations of individual carbohydrate species in 216 
analysed onion juices. 

Fig. 2. Hierarchical cluster analysis (Euclidean distance, Ward algorithm) of 
averaged carbohydrate profiles of 27 onion cultivars. Carbohydrate profiles 
were obtained from HPLC-ELSD-based analysis of 216 onion juices and aver-
aged for each cultivar. Grey bars represent the mean concentration of the 
corresponding carbohydrate. R/NR: ratio of reducing to non-reducing carbo-
hydrates, MDP: mean degree of polymerisation. 
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(Fig. 2) are given. As to be seen, the spectral region mentioned above is 
of high diagnostic value due to the different C–C and C–O stretch, 
torsion and deformation vibrations of the differently substituted C- 
atoms appearing there. 

For FOS characteristic C–O–C bending vibration (~ 1134 cm− 1) 
and combined C–C and C–O vibrations (between 1120 and 1110 cm− 1) 
can be clearly assigned to fructofuranosyl chain of FOS (Cassani et al., 
2018; Clark et al., 2018). As presented in Fig. 3A neither fructose nor 
glucose show relevant signals in the range of 1145 to 1110 cm− 1 (grey 
area). For sucrose, at 1138 cm− 1 the C–O–C vibration of the α-Glc- 
(1↔2)-β-Fru glycosidic bond appears and a shifting of combination vi-
bration from 1103 cm− 1 (Fru) and 1105 cm− 1 (Glc) to 1110 cm− 1 is 
observed (Romano et al., 2016). According to the literature, the signal of 
the glycosidic bonds in inulin-type FOS shifts to 1134 cm− 1 with a 
shoulder at 1117 cm− 1 due to the occurrence of additional fructofur-
anosyl moieties linked by β-(2→1) glycosidic bonds to the fructose 
moiety in sucrose (Cassani et al., 2018; Clark, Shaw, Wright, & McCal-
lum, 2018). In the fructosyl chain of inulin-type FOS, the primary hy-
droxyl group at C1 of the fructose unit is linked via an additional 
glycosidic bond to the secondary C atom at C2 of additional fructose 
units. The observed bathochromatic shift from 1138 cm− 1 (Suc) to 1134 
cm− 1 (1F-fructofuranosyl-nystose) results from two effects: first, the 
positive inductive effect caused by the additional COR substitution 
(fructosyl chain) at C1–OH of Fru, and second, the superimposing effect 
of β-(2→1) glycosidic bonds in the fructosyl moiety. In consequence, the 
bonding energy of the α-Glc-(1↔2)-β-Fru glycosidic bond in FOS is 
decreased compared to that in sucrose and the signal maximum is 
shifted. For the FOS signals at 1134 cm− 1 and 1117 cm− 1 intensity in-
creases with rising number of fructofuranosyl units in FOS as shown for 
FOS standards with DP 3 – 5 (Fig. 3A) and the four representative onion 
cultivars (Fig. 3B). Increasing intensity from fresh market onion 
‘Amfora‘ to dehydrator type ‘Snowpack‘ clearly demonstrates the rele-
vance of this spectral region for describing FOS structure and quantity in 
onion juice. 

As shown in Fig. 4, the HCA of the ATR-FTIR spectra separated 
cultivars into two main groups: cluster one with dehydrator onions (sub- 
cluster 1A), and with storage onions (sub-cluster 1B) and the second 
cluster composed of fresh market onions (sub-cluster 2A and B). Except 
for slight differences in cultivar order in the sub-clusters, ATR-FTIR 
spectroscopy resulted in similar classification pattern as observed for 
HPLC-ELSD profiling (Fig. 2). 

Generally, cultivars were arranged according to their mean DP (and 
opposite to R/NR, respectively) which generally decreases from dehy-
drator onions to fresh market onions (2A and 2B). The same was 
observed for HCA of HPLC-ELSD indicating that HCA considers both, 
chain length pattern as well as abundance of individual carbohydrates 
and their isomeric patterns. 

Since all IR-active components in the juice contribute to variability in 
the IR spectra, differences in cluster formation compared to HPLC may 
be further caused by e.g. amino acids, peptides, proteins, flavonoids or 
organo-sulphur compounds such as isoalliin and degradation products. 

A recent paper investigated the metabolite profile of nine onion 
cultivars which were also included in the present study (Böttcher et al., 
2018). 

Based on ATR-FTIR spectra of the reduced sample set (cultivars 

Fig. 3. ATR-FTIR spectra of A) aqueous solutions of reference compounds; fructose, glucose and sucrose (0.5 M each) as well as 1-kestose, nystose and 1F-fructo-
furanosyl-nystose (0.25 M each) and B) of onion juices (average of each cultivar) for the four cultivars ‘Amfora’, ‘Hercules’, ‘Snowball’ and ‘Snowpack’ representing 
the four clusters shown in Fig. 1. The grey areas represent the spectral window with indicative absorptions of the glycosidic bonds. Spectra were mean centered 
and normalised. 

Fig. 4. Hierarchical cluster analysis (Euclidean distance, Ward algorithm) of 
averaged ATR-FTIR spectra of 27 onion cultivars (n = 216) in the range of 1300 
– 1000 cm− 1. Spectra from acquisition set 1 were smoothed using a 17-points 
quadratic Savitzky-Golay filter prior to vector normalisation and trans-
formation to first derivative spectra. Grey bars represent the mean concentra-
tion of the corresponding carbohydrates as determined by HPLC-ELSD. R/NR: 
ratio of reducing to non-reducing carbohydrates, MDP: mean degree of 
polymerisation. 
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‘Corrado’, ‘Cupido’, ‘Forum’, ‘Hytech’, ‘Picador’, ‘Redlight’, ‘Snow-
pack’, ‘Stardust’ and ‘Sturon’ from cultivation years 2015 and 2016), the 
impact of other onion metabolites on cultivar dependent variability was 
investigated. 

Here, principal component analysis (PCA) of ATR-FTIR spectra of 
onion juice resulted in generally similar sample patterns as described for 
LC-MS profiling of methanolic extracts (Fig. 5A). The main spectral 
variability (> 85 %, PC 1) is associated with the carbohydrate patterns, 
as indicated by the loading spectra (Fig. 5B). 

The use of PCA to classify onion juices based on components other 
than carbohydrates generally failed. No separation according to antho-
cyanins or flavonols as described for ‘Redlight’ and ‘Sturon’, ‘Corrado’ 
and ‘Cupido’ could be achieved by ATR-FTIR spectroscopy as described 
for LC-MS (Böttcher et al., 2018). The absence of flavonoids as well as 
the high abundance of isoalliin in ‘Snowpack’ and ‘Stardust’ should 
contribute to separation of these cultivars. As indicated by the loading 
spectra, signals derived from degradation products of isoalliin which 
have to be expected around 1100 to 1000 cm− 1 (dialkyl-disulfides) and 
1740 to 1720 cm− 1 (pyruvate) were superimposed by absorptions of 
water and carbohydrates. This makes it difficult to estimate their impact 
on PCA. Here, solubility of these compound classes in aqueous juices 
seemed not to be sufficient for meaningful results. In contrast, for 
methanolic extracts of freeze-dried onions excellent classification of 
different varieties were described using PCA and discriminant function 
analysis (DFA) of IR spectra (Lu et al., 2011). But since the focus of the 
present work was on carbohydrates while keeping sample preparation as 
simple as possible, limitations in application for less polar substances 
were expectable. 

In addition to the qualitative description of carbohydrates, the 
quantitative composition of FOS is of particular interest, as it allows 
estimation of juice properties and processability or evaluation of genetic 
resources for breeding research (Davis et al., 2007; Ghodke et al., 2020; 
Semida, Abdelkhalik, Rady, Marey, & Abd El-Mageed, 2020; Zhao et al., 
2018). 

3.3. Simultaneous quantification of non-structural carbohydrates 

Compared to qualitative analysis by PCA or HCA, quantification al-
lows to investigate changes in the abundance of individual sugars and to 
set them in relation to cultivation conditions or technological parame-
ters in processing. Clark et al. here presented first an ATR-FTIR spec-
troscopy based approach for overall quantification of FOS by correlation 
with quantitative data obtained from enzymatic digestion (Clark et al., 
2018). By this, unfortunately any information about chain length and 
abundance of individual FOS is lost. 

Therefore, the perspective of using ATR-FTIR spectroscopy to 

quantify carbohydrates in onion juice on the level of individual homo-
logues based on projection on latent structure algorithms (PLS, alter-
native ‘partial least squares’) was investigated. 

Only the second data set of ATR-FTIR spectra (see chapter 2.5) was 
used for modelling due to the temporal proximity of spectroscopy and 
HPLC for lowering sample adulteration between them. This results in 
different processing history of onion juice samples in the three years 
studied. Nevertheless, to cover largest possible variability determined by 
environmental factors and juice processing, samples of all three culti-
vation years were included. Besides for individual mono-, di- and olig-
omers, also prediction models for the variables: sum of reducing sugars 
(Fru and Glc), sum of long-chain saccharides (DP 5 – 16), the total 
amount of FOS (DP 3 – 16), for mean DP and the R/NR ratio were 
developed. 

Different spectral ranges and varying parameters of Savitzky-Golay 
filter were considered for modelling. 

Generally, models based on the enlarged fingerprint area from 1800 
to 890 cm− 1 showed the best results for all variables, except for DP 6 and 
R/NR for which optimal spectral ranges were 1350 to 890 cm− 1 and 
1200 to 1100 cm− 1, respectively. 

For each variable, 100 randomly achieved sample assignments for 
training (n = 130, 60 %) and test set (n = 86, 40 %) were considered 
(“bootstrapping”). Prior to model verification with external test set 
samples, all 100 training sets were validated by cross-validation ("leave- 
one-out"). This procedure reduces effects resulting from sample assign-
ment into training and test set. The individual coefficients of determi-
nation (R2), root mean square errors of prediction (RMSEP), offsets, and 
slopes were averaged for the 100 models. In Table 1, the corresponding 
averaged statistics for the 100 three-year models were shown. The 
standard deviations (sd) of R2 and RMSEP (columns 3 and 4, Table 1) 
express here the variation of the 100 different models. The lower the sd 
of R2 and RMSEP, the lower the influence of sample grouping on pre-
diction performance and the higher the chance for reliable prediction 
models. Therefore, the statistics of the 100 individual models were used 
to assess the prospects for a reliable modelling of the individual carbo-
hydrate parameters. 

For all variables except for the concentration of sucrose, the con-
centration of FOS with DP 3 – 6 and DP 11 – 12, averaged values for R2 

≥ 0.90 with relative standard deviation of at maximum 2.2 % (sd(R2) ≤
0.02) were achieved. This means, quality and performance stability of 
ATR-FTIR spectroscopy based prediction for these analytes is constantly 
high and only less affected by sample assignment. Additionally, the 
slope of the averaged correlation fit is next to 1.0. 

Based on the investigated sample set, the feasibility study results in 
promising perspectives for ATR-FTIR spectroscopy based quantification 
models for the above mentioned variables. Together with high 

Fig. 5. Principal component analysis of ATR-FTIR spectra of onion juices of the nine onion cultivars investigated by Böttcher et al. 2018 (Böttcher et al., 2018) using 
LC-MS (A) Score plot of PC 1 and 2 (B) corresponding loading spectra of PC 1–5 are shown. Spectra were smoothed using a 17-points Savitzky-Golay filter (3rd 

polynom order) prior to vector normalisation and transformation to first derivative spectra in the range from 1800 − 900 cm− 1. 
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variability in cultivars, different environmental conditions (cultivation 
years) and juice processing, these findings suggest the transferability of 
technology to other onion samples and thus successful application by 
other users. 

In contrast, for Suc, FOS with DP 3 – 6 averaged model parameters 
are only of low quality. Neither the variation of the spectral ranges, nor 
the data pre-processing or the Savitzky-Golay parameters lead to an 
improvement of the model statistics here. 

The reason for this could be due to the concentration ranges of the 
individual sugars. Compared to glucose, for sucrose the small variation 
of concentration complicates the modelling and correlation with spec-
tral features. Restricting the spectral range to areas with prominent 
sucrose signals did not succeed since signals are mostly overlaid by those 
derived from fructose units and glycosidic bonds in FOS. 

Incomplete separation of the inulin- and neoinulin isomers by HPLC 
might explain insufficient model performance for ATR-FTIR spectros-
copy regarding FOS with DP 3 – 7. The different types of glycosidic 
linkages occurring in inulin-type FOS carrying a terminal and neoinulin- 
type FOS carrying a non-terminal Glc moiety result in different IR ab-
sorption patterns. In case of short-chain FOS, the spectral variations 
resulting from different glycosidic linkages in α-Glc-(1↔2)-β-Fru, β-Fru- 
(2→1)-β-Fru and β-Fru-(2→6)-α-Glc all contribute to spectral signature. 

Hence, for short-chain FOS, failing correlation between ATR-FTIR 
spectroscopy and HPLC-ELSD could result from different resolution of 
isomers in both techniques. 

Possibly, the insufficient separation of isomers of the same DP in 
HPLC-ELSD and resulting co-quantification of them might explain 
insufficient prediction performance of FOS with DP 3 to DP 6. If there is 
no linear relationship in number and quantity of constitutional isomers 
of DPs, for short chain FOS the impact of different bonding between 
monomers may influence spectral features in ATR-FTIR spectra. In 
contrast, for higher FOS (≥ DP 7) the increasing number of β-Fru-(2→1)- 
β-Fru linkages between fructose units may overlay signals from other 
glycosidic bonds. 

The decreasing quality of model performance for DP 11 and DP 12 in 
the three year model (averaged R2 = 0.89 and 0.81, rsd (R2) 4.7 and 5.9 
%, respectively) may result from the reduced set of samples containing 
long chain FOS. Here, models included only n = 29 (15) samples in 
which DP 11 (12) was detectable. In the case of DP 12, these samples 
represent the variability of only four cultivars. Thus, the explanatory 
power here is to be assessed as low anyway. 

In contrast, the modelling of the sum of higher FOS (DP 5 – 16) in-
dicates stable high performance with R2 = 0.95 and rsd (R2) 1.1 %. 
Cultivars with high content of FOS and low content of Fru were dis-
cussed as preferable for drying of onion juice in industrial processing. 
Therefore, quantitative estimation of Fru and FOS or parameters indi-
rectly describing their ratio (R/NR, mean DP) is of certain interest in 
balancing charges of different onion quality. 

Also for reducing sugars (Fru + Glc) and the R/NR ratio good per-
formance can be expected. Restriction of spectral range to 1200 to 1100 
cm− 1 (prominent for glycosidic bonds) remarkably improved model 
performance. 

The main difference to any prediction models for FOS published yet, 
can be found in the robustness of models since in most cases only a single 
assignment in training- and test-set was investigated. In contrast, the 
present work considered the effects of sample distribution in training- 
and test-set by evaluating the overall performance of 100 individual 
models (Table 1). With values of relative standard deviation below 10 %, 
sample assignment had only a minor effect on predictive performance. 

4. Conclusion 

ATR-FTIR spectroscopy was presented as a fast, robust and reliable 
method for qualitative evaluation of patterns of non-structural carbo-
hydrates for different onion varieties. By HCA of ATR-FTIR spectra of 
juices, onions can be successfully classified into fresh market, storage, 
and dehydrator type onions. This classification is in exact accordance to 
non-structural carbohydrate patterns obtained by HPLC-ELSD analysis. 
Furthermore, parameters such as R/NR and mean DP can be quickly 
estimated. 

As new finding the present manuscript demonstrates ATR-FTIR 
spectroscopy as analytical tool being suitable for developing robust 
multi-year prediction models for Fru, Glc, sum of Fru and Glc, FOS with 
DP 7 – 10, mean DP, total FOS, sum of FOS with DP 5 – 16 or the R/NR 
ratio. In contrast, for sucrose and short-chain FOS model developing 
failed and optimization through further samples covering a wider con-
centration range might be necessary. 

The use of mechanically produced onion juice in combination with 
short-term analyses (~ 30 s per measurement) opens up a wide field of 
applications in quality control. For estimation of the nutritional value, 
possible harmful and technological properties of onion juices the present 
methodology offers perspectives for fast and direct analysis during 
cultivation, at goods receipt and processing stages with only minimal 
time delay. 
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Table 1 
Performance statistics of 100 combined training and test set variations obtained 
by random assignment from the entire data set of the three years 2014, 2015 and 
2016 (n = 216). Average (av) and standard deviation (sd) refer to the variation 
of the 100 models with different composition of training and test samples. LV, 
number of latent variables.  

Variable LV 
av 
(sd) 

R2 

av (sd) 
RMSEP 
av (sd) 

offset 
av (sd) 

slope 
av (sd) 

sgolayfilt 

Fru* 8.5 
(1.3) 

0.90 
(0.020) 

1.355 
(0.092) 

0.727 
(0.383) 

0.911 
(0.046) 

p = 2; n =
7; m = 0 

Glc* 6.9 
(1.6) 

0.94 
(0.011) 

2.076 
(0.171) 

0.805 
(0.457) 

0.940 
(0.027) 

p = 3; n =
11; m = 1 

Suc* 7.1 
(1.5) 

0.84 
(0.025) 

2.986 
(0.221) 

2.874 
(1.307) 

0.861 
(0.059) 

p = 1; n =
7; m = 1 

DP03* 6.8 
(1.6) 

0.80 
(0.040) 

2.562 
(0.176) 

2.790 
(0.962) 

0.813 
(0.062) 

p = 3; n =
5; m = 1 

DP04* 6.1 
(2.0) 

0.72 
(0.063) 

2.655 
(0.240) 

2.815 
(1.009) 

0.769 
(0.088) 

p = 3; n =
13; m = 1 

DP05* 8.3 
(2.2) 

0.77 
(0.043) 

2.319 
(0.249) 

1.983 
(0.832) 

0.808 
(0.086) 

p = 2; n =
7; m = 0 

DP06** 7.3 
(1.5) 

0.88 
(0.019) 

1.692 
(0.214) 

0.785 
(0.599) 

0.902 
(0.088) 

p = 1; n =
5; m = 0 

DP07* 4.2 
(2.0) 

0.92 
(0.016) 

1.334 
(0.141) 

0.359 
(0.349) 

0.943 
(0.062) 

p = 2; n =
9; m = 1 

DP08* 3.7 
(1.1) 

0.95 
(0.013) 

1.030 
(0.100) 

0.189 
(0.193) 

0.960 
(0.053) 

p = 3; n =
19; m = 1 

DP09* 5.2 
(1.4) 

0.95 
(0.013) 

1.015 
(0.074) 

0.149 
(0.133) 

0.960 
(0.039) 

p = 2; n =
17; m = 1 

DP10* 4.8 
(1.6) 

0.92 
(0.022) 

1.128 
(0.078) 

0.126 
(0.144) 

0.930 
(0.050) 

p = 2; n =
15; m = 1 

DP11* 5.1 
(2.2) 

0.89 
(0.042) 

1.138 
(0.118) 

0.127 
(0.161) 

0.910 
(0.081) 

p = 1; n =
13; m = 1 

DP12* 5.1 
(2.3) 

0.81 
(0.048) 

1.379 
(0.230) 

0.143 
(0.139) 

0.873 
(0.177) 

p = 2; n =
17; m = 1 

mean 
DP* 

5.5 
(1.3) 

0.96 
(0.009) 

0.201 
(0.017) 

0.074 
(0.091) 

0.969 
(0.038) 

p = 3; n =
11; m = 1 

sum 
DP05- 
DP16* 

3.2 
(1.4) 

0.95 
(0.010) 

8.535 
(0.845) 

2.154 
(1.990) 

0.939 
(0.064) 

p = 1; n =
9; m = 1 

R/NR*** 3.8 
(1.2) 

0.96 
(0.013) 

0.070 
(0.010) 

0.013 
(0.020) 

0.963 
(0064) 

p = 1; n =
17; m = 1 

sum Fru- 
Glc* 

7.0 
(1.2) 

0.93 
(0.013) 

3.154 
(0.264) 

1.468 
(0.969) 

0.936 
(0.037) 

p = 1; n =
7; m = 1 

sum FOS* 4.2 
(2.0) 

0.93 
(0.014) 

10.800 
(0.891) 

4.413 
(2.607) 

0.933 
(0.048) 

p = 1; n =
11; m = 1 

*1800 – 980 cm− 1; ** 1350 – 890 cm− 1; *** 1200 – 1100 cm− 1; parameter of 
function “sgolayfilt” in R: p – degree of polynomial, n – size of filter window 
(points), m – derivative order. 
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(2018). A combined approach of infrared spectroscopy and multivariate analysis for 
the simultaneous determination of sugars and fructans in strawberry juices during 
storage. Journal of Food Science, 83(3), 631–638. https://doi.org/10.1111/1750- 
3841.13994. 

Clark, C. J., Shaw, M. L., Wright, K. M., & McCallum, J. A. (2018). Quantification of free 
sugars, fructan, pungency and sweetness indices in onion populations by FT-MIR 
spectroscopy: FT-MIR of onion juice. Journal of the Science of Food and Agriculture, 98 
(14), 5525–5533. https://doi.org/10.1002/jsfa.2018.98.issue-1410.1002/jsfa.9099. 

Darbyshire, B., Steer, B. T., & Steer, B. T. (2020). Carbohydrate biochemistry. In Onions 
and Allied Crops (1st edition, p. 284). Boca Raton. https://doi.org/10.1201/ 
9780429355752-1. 

Davis, F., Terry, L. A., Chope, G. A., & Faul, C. F. J. (2007). Effect of extraction procedure 
on measured sugar concentrations in onion (Allium cepa L.) bulbs. Journal of 
Agricultural and Food Chemistry, 55(11), 4299–4306. https://doi.org/10.1021/ 
jf063170p. 

Ghodke, P., Khandagale, K., Thangasamy, A., Kulkarni, A., Narwade, N., Shirsat, D., … 
Kumar, K. (2020). Comparative transcriptome analyses in contrasting onion (Allium 
cepa L.) genotypes for drought stress. PLOS ONE, 15(8), e0237457. https://doi.org/ 
10.1371/journal.pone.0237457. 

Gudi, G., Krähmer, A., Koudous, I., Strube, J., & Schulz, H. (2015). Infrared and Raman 
spectroscopic methods for characterization of Taxus baccata L. – Improved taxane 
isolation by accelerated quality control and process surveillance. Talanta, 143, 
42–49. https://doi.org/10.1016/j.talanta.2015.04.090. 

Gudi, G., Krähmer, A., Krüger, H., & Schulz, H. (2015). Attenuated total 
reflectance–Fourier transform infrared spectroscopy on intact dried leaves of sage 
(Salvia officinalis L.): Accelerated chemotaxonomic discrimination and analysis of 
essential oil composition. Journal of Agricultural and Food Chemistry, 63(39), 
8743–8750. https://doi.org/10.1021/acs.jafc.5b03852. 

Korczak, R., & Slavin, J. L. (2018). Fructooligosaccharides and appetite. Current Opinion 
in Clinical Nutrition & Metabolic Care, 21(5), 377–380. https://doi.org/10.1097/ 
MCO.0000000000000502. 
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Pöhnl, T., Schweiggert, R. M., & Carle, R. (2018). Impact of cultivation method and 
cultivar selection on soluble carbohydrates and pungent principles in onions (Allium 
cepa L.). Journal of Agricultural and Food Chemistry, 66(48), 12827–12835. https:// 
doi.org/10.1021/acs.jafc.8b0501810.1021/acs.jafc.8b05018.s001. 

Puebla, A. F., Salerno, G. L., & Pontis, H. G. (1997). Fructan metabolism in two species of 
Bromus subjected to chilling and water stress. New Phytologist, 136(1), 123–129. 
https://doi.org/10.1111/j.1469-8137.1997.tb04738.x. 

R Core Team. (2019). R: The R Project for Statistical Computing. Retrieved September 2, 
2020, from https://www.r-project.org/. 

Romano, N., Santos, M., Mobili, P., Vega, R., & Gómez-Zavaglia, A. (2016). Effect of 
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