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Figure 5. Heatmap of small molecules from the dried and fresh mushrooms. The red color indicates

the content more than 2.5 mM, and the blue color indicates the content less than 2.5 mM.
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Clustering analysis of compositions from dried and fresh edible and medical mushrooms showed
that they could be divided into three kinds of mushrooms with the distance for 1000 (Figure 6). Cluster
I'was composed of HE-F, GA-D, GA-F, AC-D, and DI-E. Cluster II was made up of AS-F, AS-D, PG-F,
and SR-F. Cluster III contained DI-D, PSj-D, PO-D, PSj-F, PG-D, PO-F, and PSp-F. The metabolic
compositions of mushrooms showed great differences, even in the same order. Cluster I and Cluster
III were species of Agaricales. However, these two clusters had much difference. Interestingly, there
was a difference in terms of the mushrooms’ composition. For instance, the dried and fresh D. indusiata
were divided into two clusters, which may be caused by the big difference between them. Moreover,
the fresh G. amboinense were similar in composition with dried A. camphorata. It was demonstrated
that the drying process may influence the composition of mushrooms. The different functions of the
mushrooms may be closely associated with the nutrient (protein, fat, carbohydrate, vitamins, trace
minerals, and amino acids) composition of mushrooms. These data would be a desirable choice for
analyzing the functions of mushrooms.
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Figure 6. Clustering analysis of compositions from the dried and fresh edible mushrooms.

4. Conclusions

Mushrooms are traditionally regarded as nutritional and delicious foods worldwide. Because
of their abundant bioactive phytochemicals, they are also generally present in traditional Chinese
medicine. In this study, we presented a systematic broad-scale metabolomic investigation of 11 species
of dried and fresh edible and medicinal mushrooms. The nutritional component analysis of these
selected 11 species suggested that mushrooms contained a wide range of proteins, carbohydrates, amino
acids, vitamins, and small molecules. The results showing the chemical components of the selected
mushrooms provide fundamental data for the development of functional foods from mushrooms.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/9/397/s1,
Table S1: The concentrations of small molecules from dried and fresh edible mushrooms measured by nuclear
magnetic resonance spectroscopy. Figure S1: The nuclear magnetic resonance (NMR) spectra of mushrooms.
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Abstract: Standard wet chemistry analytical techniques currently used to determine plant fibre
constituents are costly, time-consuming and destructive. In this paper the potential of near-infrared
reflectance spectroscopy (NIRS) to analyse the contents of acid detergent fibre (ADF) in turnip greens
and turnip tops has been assessed. Three calibration equations were developed: in the equation
without mathematical treatment the coefficient of determination (R2) was 0.91, in the first-derivative
treatment equation R? = 0.95 and in the second-derivative treatment R? = 0.96. The estimation
accuracy was based on RPD (the ratio between the standard deviation and the standard error of
validation) and RER (the ratio between the range of ADF of the validation as a whole and the
standard error of prediction) of the external validation. RPD and RER values were of 2.75 and 9.00
for the treatment without derivative, 3.41 and 11.79 with first-derivative, and 3.10 and 11.03 with
second-derivative. With the acid detergent residue spectrum the wavelengths were identified and
associated with the ADF contained in the sample. The results showed a great potential of NIRS for
predicting ADF content in turnip greens and turnip tops.

Keywords: Brassica rapa; turnip greens; turnip tops; acid detergent fibre; NIRS

1. Introduction

The plants of the genus Brassica constitute one of the economically most important plant groups
in the world. They are valuable sources of roots, stems, leaves, shoots and inflorescences, as well as of
oils, condiments and forage for nutrition or industrial use [1]. Depending on the part of the plant used,
these crops are classified as being oleaginous, forage, horticultural products and condiments. The
growing scientific interest in this botanical group has increased in parallel to its economic importance
and recent achievements in investigation. The consumption of vegetables of the genus Brassica has
been related to human health with regard to the reduction in the risk of suffering from certain types of
chronic diseases, such as cardiovascular problems and different types of cancer [2,3]. Within the genus
Brassica, four species, Brassica oleracea, Brassica rapa, Brassica napus and Brassica juncea, are the crops with
a horticultural use. Brassica rapa L. subsp. rapa, commonly known as turnip, is one of the oldest crops
used for human consumption. It was the first species of Brassica domesticated by humans thousands
of years ago, and it was already cited in Sanskrit literature under the name of Siddharta, which proves
the antiqueness of its cultivation [4]. In the north of Spain and Portugal turnip greens and turnip
tops are rising in value and they occupy a prominent place in traditional Galician and Portuguese
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agriculture. Turnip greens are the young leaves of turnips harvested in their vegetative period, whereas
turnip tops are the floral stalks collected just before the flower opens. In the case of turnip tops, the
diversification of this product is acquiring special importance, and the number of firms packing and
freezing it is increasing, not only in Galicia but also in other parts of Spain. An important factor to be
taken into account in the nutritional composition of both turnip tops and turnip greens is their fibre
content, in addition to the presence of other components like some vitamins and minerals which partly
complement the daily dietary demands. The fibre content in vegetables is essential to the digestibility
of the food. It has been recognized that the ingestion of fibre is of great benefit to human health,
contributing to the prevention of cancer of the colon and reducing the risk of developing cardiovascular
diseases, cerebral infarction, hypertension, diabetes, obesity and certain gastrointestinal complaints [5].
Traditionally, the structural carbohydrates of foodstuffs have been estimated via the analysis of their
crude fibre content. Crude fibre can be defined as being the residue resulting from submitting the
food to a double hydrolysis: acid (with sulphuric acid) and alkaline (with potassium hydroxide),
using the protocol developed by the Weende method [6]. One drawback of double hydrolysis is that
it solubilizes part of the hemicellulose and of the lignin of the cell wall, so that the result obtained
of the crude fibre content is lower than the real content in structural carbohydrates. This problem is
avoided by using detergent solutions for the fibre analysis, following the method proposed by Goering
and Van Soest [7]. Neutral detergent fibre (NDF) estimates the content in cellulose, hemicellulose,
lignin, cutine and insoluble minerals in the cell wall, and is determined as being the residue remaining
after extraction with the neutral detergent solution (made up of sodium lauryl sulphate and EDTA).
Acid detergent fibre (ADF) is an estimator of the content in cellulose, lignin, cutine and insoluble
minerals in the cell wall and it is determined as the residue remaining after the digestion of the sample
with an acid detergent solution (made up of diluted sulphuric acid and cetyl-trimethyl-ammonium
bromide). The difference between NDF and ADF is the fraction of hemicellulose. With the ADF method
the hemicellulose is hydrolysed so that the determination of ADF is more closely associated with
degradability and digestibility, whereas the NDF content is only related to ingestion or to a fraction of
fibre still highly usable by the organism [8]. Several authors have documented the negative correlation
existing between the content of NDF and ADF with the digestibility of vegetable products [9,10]. In the
same sense, the high negative correlation between the ADF content and digestibility in vitro has been
demonstrated, therefore, the ADF content in a vegetable could be considered as being a good indicator
of its digestibility and quality [11-13].

Standard wet chemistry analytical techniques currently used to determine plant fibre constituents
(as those described above) are costly, time-consuming and destructive. Additionally, they need
specialized workers for their application. During the last 40 years technology based on near-infrared
reflectance spectroscopy (NIRS) has become one of the most attractive analytical techniques that is
routinely used to estimate numerous quality components in agriculture and food research, since
analysis can be carried out at a low cost, with an important saving of time, and without using
hazardous chemicals. Moreover, NIRS is a non-destructive technique which requires minimal or
zero sample preparation [14-20]. Nowadays, NIRS technology is applied routinely in plant breeding
programs for many vegetable species to determine their content in fibre, moisture, oil, protein, minerals,
glucosinolates and fatty acid composition of their edible parts [21-24]. The first calibrations for the
crude fibre content in seeds in the genus Brassica were carried out by Panford, Williams and Man [25]
and Michalski, Ochodzki and Cicha [26]. More recently, calibrations for ADF in seeds of different
Brassica species have been performed by Font, Del Rio, Fernandez and De Haro-Bailén [27], Font
et al. [16], Dimov, Suprianto, Hermann and Mollers [28] and Wittkop, Snowdon and Friedt [29]. Lately,
the NIRS technique has been used for the rapid determination of the quality of crude matter starting
from the study of fibre as a component of biomass [30], in order to determine the digestibility of cane
sugar [31], or to study the fibre content in food for ruminants [32].

This work has aimed to develop and validate NIRS calibration equations for the determination
of acid detergent fibre (ADF) in aerial edible parts of Brassica rapa (turnip greens and turnip tops),

128



Foods 2019, 8, 364

in order to employ them as a tool for a fast and non-destructive analysis in the screening of germplasm
and in the selection of genotypes of the highest quality with respect to this component.

2. Materials and Methods

2.1. Plant Material

During the seasons 2013-2014 and 2014-2015, a set of five varieties of Brassica rapa L. subsp. rapa
were grown on the Institute for Sustainable Agriculture experimental farm in Cérdoba, (37°51" N,
4°48" W, Spain) in a random block design with three replications. The climate is a typical Mediterranean
one with a mean rainfall of 650 mm and deep loamy-sandy soil classified as Typic Xerofluent.

The Brassica rapa L. subsp. rapa varieties came from the Brassica Germplasm Bank at the Biological
Mission of Galicia (Pontevedra), where they had been characterized by their agronomic characteristics
and their aptitude for the production of turnip greens and turnip tops. During each agricultural
season, and at the optimal consumption moment, samples of turnip greens (4-5 leaves per plant) and
of turnip tops (3—4 flower stalks per plant) were harvested from the plants selected for each of the
varieties studied (Figure 1). In total, 134 samples were harvested, 78 in the 2013-2014 season (34 turnip
greens and 44 turnip tops) and 56 samples in the 20142015 season (29 turnip greens and 27 turnip
tops). All the vegetable material was thoroughly washed with tap water to remove dirt and dust from
its surface and, finally, it was rinsed with deionized water. Next, it was stored at —80 °C until its
lyophilisation, which was done in Telstar® model Cryodos-50 (Telstar, Terrasa, Spain) equipment. The
lyophilized samples were ground in an IKA-Labortechnik® (Staurfen, Germany) model A10 mill for
20 s and stored in desiccators up to the moment of being analysed by the reference method or scanned
in the NIRS equipment.

@ (b)
Figure 1. (a) Turnip greens; (b) turnip tops.
2.2. Analysis of Acid Detergent Fibre

The ADF content was determined following the procedures described by Goering and Van Soest [7]
in a Dosi-Fibre (Selecta®, Barcelona, Spain) machine. 0.5 g of lyophilized sample was weighed in glass
filtering crucibles (porosity 2). This was digested for one hour in 100 mL of hot cetyl-methyl-ammonium
bromide in an acid medium (sulphuric acid) and then filtered to obtain the residue considered as being
the acid detergent fibre of the sample. Next, the residue was washed with hot water and acetone
and dried in a stove at 110 °C for 90 min. Then it was stored in desiccators for 30 min to temper the
crucibles and prevent the sample from becoming moist, after which the sample was weighed. The
acid detergent residue (ADR) remaining after digestion was removed from the crucibles and stored to
obtain the NIRS spectrum from the pure residue.

The acid detergent fibre of the sample was calculated according to Equation (1):

P3-P1
ADF (%) = 5—1

% 100, (1)
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where P1 is the crucible weight, P2 is the weight of the crucible with the sample and P3 is the weight of
the crucible with the acid detergent residue after digestion. Each sample was analysed in duplicate.

2.3. Development of NIRS Equations

Sample spectra were recorded with a Model 6500 (Foss-NIRSystems®, Inc., Silver Spring, MD,
USA) near-infrared spectrophotometer in the reflectance mode. One spectrum was recorded for each
sample. The samples were placed in a round capsule 3 cm in diameter made of quartz glass and
anodized aluminium to prevent interferences in their absorption. From each sample, reflectance
spectra in the wavelength range of 400-2500 nm, at 2 nm intervals, were obtained. Collection of
spectral data and their chemometric analysis was conducted with the WinISI II v1,50 software (Infrasoft
International, Port Matilda, PA, USA).

The spectral outliers were detected by a principal component analysis (PCA) applied to the whole
set of the population based on the calculation of the Mahalanobis distance (H) [33,34]. In addition to
being a tool for the selection of samples from the calibration set, this is a highly useful technique in
the analysis for converting original spectra data (absorbance values) into new orthogonal variables
(principal components) thus eliminating collinearity (redundant information) [35]. The CENTER
algorithm included in the WinISI II software (version 1.50, Infrasoft International, Port Matilda, PA,
USA) was used to calculate the H distances between the spectra of the different samples with respect
to the mean spectrum. In agreement with the work of Shenk and Westerhaus [33], samples with a
statistical H value of over three units were defined as being atypical spectra and they were eliminated
for the establishment of the equations. A total of four spectra found were eliminated from the set of
samples employed in the work. The final number of samples selected was of 130, the calibration set
was composed of 104 samples and was used for the development of the different calibration equations;
the external validation set was formed by 20% of the total samples (1 = 26) and was used to evaluate
the prediction capacity of each of the equations developed. The external validation set samples were
selected by taking the list of samples ordered on the basis of their H values, choosing 1 of each of
the five samples on the list [33]. In this way, the samples selected represented all the variability in
the whole of the population [36]. To develop the calibration equations, the method of regression by
modified minimum partial least squares (MPLS) was applied. The usefulness of this method has been
demonstrated for the evaluation of fibre content, using the whole spectrum range (400-2500 nm) [17,27].

The spectrum correction procedure SNV-DT was applied. The latter provides the WinISI software
for the elimination of dispersion due to the effects caused by the differences in particle size or the
variation in length, halfway between the dispersion of the samples and fitting the baseline [37]. The
treatment selected for one parameter in a dataset is not always the best option for the same parameter
in any other set of samples [24]; this confirms the importance of optimizing the treatment for each
parameter and dataset. In this sense, the mathematical treatments selected and applied to the spectra
in our work were (0,0, 1, 1), (1,4, 4, 1) and (2, 5, 5, 2), in which: the first number indicates the order of
the derivative (first or second derivative of the logarithm of 1/R); the second number is the amplitude
or distance between the segments to be subtracted; the third number is the length of the segment to
be smoothed; and the fourth number indicates a second smoothing [38]. The statistics defining the
calibration equations obtained are the coefficient of determination (R?) which shows the percentage of
the variability in the ADF concentrations explained by the regression equation, and the standard error
of calibration (SEC), which is the standard error in the residuals for the calibration set. It should be
noted that the standard error in the calibration only advises one of the fitting of the reference values
to the regression line, so that it cannot be considered as being an adequate statistic for assessing the
validity of the calibration equation obtained [34].
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2.4. Equation Validation

To evaluate the prediction capacity of the calibration equations, two validation models were used,
permitting the establishment of a comparison (through different statistical criteria) between the true
value (obtained by the reference method) and the estimated one (obtained by NIRS).

2.4.1. Cross Validation

A cross validation was made based solely on the data employed at the calibration stage, in order
to calculate the optimal number of terms in the regression. The algorithm selects different calibration
and validation sets within the whole population considered, making with each selection a simulation
of the regression algorithm [33,35]. Finally, the calculation software chose the equation which made the
minimum standard error of cross validation (SECV). The statistics resulting from the cross validation
were: the coefficient of determination of cross validation (r?), the standard error of cross validation
(SECV), which represents the standard error of the residuals for the cross validation set; and the statistic
(RPD) [2] which is the ratio between the standard deviation and the standard error of cross validation
(SD/SECV). The RPDy is a statistic which permits the evaluation of the SECV in terms of the standard
deviation of the reference data for the population being studied [39]:
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where y; = laboratory reference value for the sample; y;, = NIR mean value; n = number of samples, k =
number of wavelengths used in an equation; SD = standard deviation of the chemical data.

2.4.2. External Validation

The calibration equations selected with samples which did not intervene in the calibration
(validation set, n = 26 in our work) were evaluated. The external validation statistics include: the
coefficient of determination of validation (r2ey), the standard error of prediction (SEP), the RPDey
(which is the ratio SD/SEP), and the RER [3], which is the ratio between the range of ADF of the
validation as a whole and the standard error of prediction:
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where y; = laboratory reference value for the sample; y; = NIR mean value; n = number of samples, k =
number of wavelengths used in an equation; SD = standard deviation of the chemical data.

The RPD and RER statistics permitted a comparison of the performance of the model through
populations with different standard deviations [18]. The best calibration equations for the ADF analysis
were selected by considering the optimal combination of the following external validation statistics:
high values of coefficients of determination (%ey) and high RPD.y and RER values. Those equations in
which RPD is higher than 3 were considered to have an excellent prediction ability, those with RPDs of
between 2 and 3 allowed approximate predictions to be made, and those whose RPD was between
1.5 and 2 could only be used for classification purposes in groups with a high-medium-low content.
Similarly, the RER values obtained with the different calibration equations with a good prediction
capacity should be over 10 [39,40].

The standard error of laboratory (SEL) for the ADF analysis was determined and compared with
the SEP for all the equations. To obtain the total error of the reference method (SEL), 10 samples
of turnip tops and turnip greens were selected and analysed in duplicate at different times and by
different analysts. The statistical ratio SEP/SEL permitted the NIRS error to be related to the error in
the reference method.
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3. Results and Discussion

3.1. ADF Reference Analysis in Samples of Turnip Tops and Turnip Greens

A collection of 134 samples of Brassica rapa were analysed (63 turnip greens and 71 turnip tops) by
the Goering and Van Soest method [7]. The mean ADF content in turnip greens and turnip tops was
11.53% and 15.98%, respectively (Table 1). A t-test, showed significant differences between the means.
(p < 0.001).

Table 1. Fibre content in samples of turnip greens and turnip tops of Brassica rapa, analysed in the

laboratory.
ADF (%
Plant Material )
Range Mean SD!
Turnip greens (n = 63) 8.55-15.27 11.53 1.54
Turnip tops (n =71) 10.41-21.91 15.98 2.54

1 8D = Standard deviation; #n = number of samples.

The differences in the ADF content between turnip greens and turnip tops samples can be
explained by the fact the turnip greens are formed by young leaves and the turnip tops by flower
stems with a higher content of fibre. Therefore, we can conclude that the maturity of plants and the
increase in structural carbohydrates lead to higher accumulation of fibre amounts in turnip tops when
compared to turnip greens. These results highlight that Brassica rapa was a good source of fibre with
high concentrations in some samples (21.91%) and lower concentrations in others (8.55%). Figure 2
shows the distribution of the frequency of fibre content in turnip greens and in turnip tops from the
samples studied.
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Figure 2. Distribution plot for ADF content in turnip greens and turnip tops.

The variability in the ADF content in the samples analysed in this work was similar to that
published in others studies, in which ADF values present in leaves of Brassica rapa were 23.50% [41]; in

132



Foods 2019, 8, 364

crude fibre 12.9% and in ADF 23.5% [42]. Previous works on the fibre content in turnip (the thickened
hypocotyls of B. rapa widely used in human nutrition) have found values of 11.20% [41] and 14.68% [43].
In rapeseed flour the ADF content values were comprised between 9.5% and 15.2% [44]; and in seeds
of other Brassica their values ranged from 5.33% (B. carinata) to 16.31% (B. juncea) [27].

The statistical data describing the calibration and validation sets are shown in Table 2. The range
of values of the set of validation samples were included within the range of the values of the calibration
samples, which were required to generate a calibration model with a reliable predictive ability [45].

Table 2. ADF content in the turnip greens and turnip tops samples from the calibration and validation
set of Brassica rapa analysed following the reference method.

Sample Groups ADF (%)
Range Mean SD!
Calibration set (n = 104) 8.75-20.02 13.87 2.98
Validation set (n = 26) 8.55-18.81 13.67 3.01

18D = Standard deviation; n = number of samples.

3.2. Calibration and Validation

The principal component analysis was carried out to locate any possible spectral outliers from
the calibration set [33]. Figure 3a shows the mean spectrum of the Brassica rapa samples in the range
of 400 to 2500 nm; Figure 3b depicts the first derivative spectrum (1, 4, 4, 1; SNV-DT) and Figure 3c
the second derivative spectrum (2, 5, 5, 2; SNV-DT), both derived with the application of a spectra
correction treatment.
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Figure 3. Cont.

133



Foods 2019, 8, 364
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Figure 3. (a) Mean spectrum of the lyophilized green parts of Brassica rapa; (b) first derivative (SNV-DT)
of the mean spectrum of the lyophilized green parts of Brassica rapa; (c) second derivative (SNV-DT) of
the mean spectrum of the lyophilized green parts of Brassica rapa.

With the aim of identifying wavelengths and associate spectrum bands with the ADF contained
in the sample, the acid detergent residue spectrum (ADR), Figure 4, was compared with the spectrum
of the green parts of Brassica rapa, Figure 3, in order to identify the NIRS spectrum regions which might
be more related to the ADF content in the sample. In the spectra of B. rapa and ADR, Figures 3 and 4,
absorption similarities were found in certain wavelengths. It is worth noting that the wavelengths
of 1420 nm related to aromatic groups, 1906 nm related to groups OH, C = O and CO,H and 2278
nm related to groups CH and CH, associated with the structural polysaccharides of the plants, 2468
nm related to groups CH, CH; and C-N-C associated with proteins [46] (WinISI II v1,50 software).
Those wavelengths would participate more highly in the development of robust calibrations for the
ADF content.

The results of the calibration equations obtained by MPLS regression with the three mathematical
treatments is shown in Table 3. In the evaluation of the treatments applied in the development of those
equations, a clear difference was found between the statistics values obtained in the equations without
treatment (0, 0, 1, 1) (R? = 0.91) and the equations with treatments with derivative the value of R? =
0.95 in the first derivative (1, 4, 4, 1; SNV + DT) and a value of R? = 0.96 in the second one (2,5,5,2;
SNV + DT), with both values being very similar to each other (Table 3).
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Figure 4. (a) Mean spectrum of the acid detergent residue of ADF; (b) first derivative (SNV-DT) of the
mean spectrum of ADR; (c) second derivative (SNV-DT) of the mean spectrum of ADR.

Table 3. Calibration and cross validation statistics for ADF content in Brassica rapa.

Calibration Cross Validation
™! Range Samples Mean SD2? SEC3® R?%* SECV® RPDy°® R%,7
0,0,1,1  8.75-20.02 101 13.81 295 0.86 0.91 1.07 2.77 0.87
1,4,4,1  8.75-20.02 104 13.80 296 0.65 0.95 0.88 3.36 091
2,552  8.75-20.02 103 13.82  2.95 0.56 0.96 0.89 3.33 0.91

1 Mathematical treatment of the spectra. 2 Standard deviation. ® Standard error of the calibration. * Coefficient of
determination of the calibration. > Standard error of the cross validation. ¢ Relation between the standard deviation
and the standard error of the cross validation. 7 Coefficient of determination of the cross validation.

3.2.1. Cross Validation

On the basis of the statistics obtained in the cross validation, the final calibration equations for
the ADF content were selected on the premise of maximizing the 12,c and minimizing the SECV. The
values of RPD,y of the cross validation for ADF obtained were 3.36 (for the treatment 1, 4, 4, 1) and
3.33 (for the treatment 2, 5, 5, 2). In both equations the RPD,, values were higher than 3, proving the
ability of the calibration equations to be used for diagnosis and investigation purposes [40].

The two derivatization treatments (1, 4, 4, 1 and 2, 5, 5, 2) successfully optimized the model
getting some optimal results in the statistics values. Both two models were valid for calibration. In the
study of the profile of fatty acids in milk calibration equations, the first derivative and the second
derivative were developed, (1,5, 5, 1) and (2, 5, 5, 1), and both treatments were valid to be used in the
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characterization of the fat content in milk [24]. Other authors have evaluated the prediction of protein
and amylose in brown rice and rice bran, where five treatments were tested including first and second
derivatives, and stating that two of the treatments (1, 6, 6, 1 and 1, 4, 4, 1) were equally valid for the
development of calibration equations to predict amylose content [47].

Figure 5 depicts the laboratory values compared to the NIRS prediction ones of the cross validation
as a whole for ADF content.
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Figure 5. Scatter plot of the reference values against the predicted values in cross validation with
respect to the ADF content applying the equations 1, 4,4, 1 (a) and 2, 5, 5, 2 (b).

3.2.2. External Validation

Once the equations were obtained and the cross validation was performed, a second evaluation
of the equations was made by using the samples not included in the calibration (external validation
set) for the prediction of the ADF content. Table 4 presents the statistics of the external validation
obtained for the ADF equations developed with the three mathematical treatments. In treatment 0,
0,1, 1, a value of ey = 0.87 was obtained, which led to lower RPD,, and RER values than those of
the treatments with derivatives. In treatments (1, 4, 4, 1) and (2, 5, 5, 2) the same high value in the
coefficients of determination of the prediction, (r%ev = 0.91) was obtained. The RPDe, values were very
similar to each other, 3.41 in the first derivative and 3.10 in the second one. Those results were very
similar to those of RPD., obtained in the cross validation (values of over 3) and they confirmed the
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excellent ability to predict ADF content by using both the equations developed with treatments (1, 4,
4,1)and (2,5, 5, 1) [39,40]. Finally, the RER statistic was calculated and values greater than 10 were
obtained in both cases: 11.79 (1, 4, 4, 1) and 11.03 (2, 5, 5, 2). This was an additional proof of the high
predictive ability of the calibration models developed for ADF [39,40].

Table 4. Statistics of the external validation (1 = 26) applied to the calibration equations of the fibre
content in Brassica rapa.

™! Range Samples  Mean SD 2 SEP 3 ?ey?  RPDey’ RER ©
0,0,1,1 8.55-18.81 26 13.67 3.13 1.14 0.87 2.75 9.00
1,4,4,1 8.55-18.81 25 13.55 2.96 0.87 091 341 11.79
2,5,5,2 8.55-18.81 25 13.55 2.89 0.93 0.91 3.10 11.03

! Mathematical treatment. 2 Standard deviation of the reference data of the external validation set. > Standard error
in the prediction * Coefficient of determination of the external validation. 5 Relation between the standard deviation
and the standard error in the prediction. ® Relation between the data range and the standard error in the prediction.

No calibration equations of the ADF content in green parts of Brassica rapa have been described in
the bibliography up to now. However, some equations developed for the ADF content in leaves of
woody species have been reported with higher values than those described (RPDey = 5.3), possibly
due to the heterogeneity in the samples selected for the development of the calibration, in which
different woody species collected on different dates were included [48]. ADF calibration in corn plants
gave RPDy. values of 2.9 [49], and other works investigating grasses leaves and red clover presented
RPD = 3.4 values in NDF, which were similar to those found in this work with ADF [50].

Regarding calibrations within the genus Brassica, the values obtained in the calibration equations
in our work are the highest described to the moment for ADF content, compared to the equations
developed for ADF content in seeds found in the literature. To summarized, calibrations in intact
Brassica napus seeds were described, with RPD., values of: 2.13 and 2.20 (in a volume of 10 mL of seed)
and values of 1.91 and 2.34 (in a volume of 1 mL of seed) [16,29]; these results coincide with those of
other authors who also obtained values of 1.92 in seeds of the same species [28]. As for the external
validation results, those obtained in our work were also higher than those found in the literature in
B. napus seeds, with RPD,y of 2.2 and RER of 10.03 [28].

To evaluate the precision of the equations the reference method error (SEL) was calculated and
was related to the SEP. The SEL value obtained was of 0.25. The SEP/SEL ratio shown in the ADF was
of 4.56 in the treatment 0, 0, 1, 1, which indicates a poor precision, and values of 3.48 and 3.72 were
obtained for the treatments of 1, 4,4, 1 and 2, 5, 5, 2, respectively, which reveal a good precision; those
values are similar to the ones obtained by other authors in other Brassica species [27].

3.3. Modified Partial Least Squares Loadings of the Lyophilized Green Parts Model

Panels a, b, and c of Figure 6 represent MPLS loading spectra for factors 1, 2, and 3, respectively.
These plots show the regression coefficients of each wavelength to ADF for each factor. Wavelengths
represented here as participating more highly in the development of each factor are those of a greater
variation and with a higher correlation with the ADF in the calibration set. In the second derivative,
peaks pointing downwards indicate the positive influence of absorbers on the development of the
equations, while peaks pointing upwards evidence negative correlations. Factors 1 and 3 of the
lyophilized green parts model showed those most highly correlated with ADEF, presenting a loading
with major positive correlations at 1404, 2308 and 2348 nm, associated with the absorbance of C-H
and C-O groups of lipids (Figure 6a) [27,29,46]. Factor 1 was also influenced by groups N-H at 1996
nm. Factor 2 was the one most highly correlated with amide groups in the protein region at 2052 and
2300 nm. Factor 3 was also influenced by water, as indicated by the band at 1932 nm. Wavelengths for
specific absorbance of oil functional groups are known as being major contributors to NIRS calibrations
for ADF in Brassica species and for dietary fibre in high-fat cereal products [29].
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Figure 6. MPLS loading spectra for ADF in Brassica rapa in the second derivative (2, 5, 5, 2)
transformations. Panels (a), (b) and (c) represent loadings for factors 1, 2 and 3, respectively.

On the basis of the similarities between the second-derivative transformation of the ADR spectrum
(Figure 4c) and the third MPLS loading for Brassica rapa (Figure 6), it seems that absorbers of the ADR
participated directly in the modelling this factor, specifically, 1874 and 2278 nm related to groups CH
and CH; associated with the structural polysaccharides of the plants.
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The study of the MPLS loadings of the ADF equation developed in this study suggests that OH
groups of water, CH and CH, group of structural polysaccharides, CO groups of lipids and also NH
groups of amides (proteins) were the molecular associations most frequently used in modelling the
equation. Shape and positioning the bands presented by the different loadings very closely resembled
those reported by Font et al. [27] for oilseed Brassicas, in which effects due to CH groups of lipids and
OH groups of water were the most important in the model. Recent NIRS calibrations for fibre fractions
in intact seeds of Brassica napus also showed a significant contribution to the model of the CH, OH and
NH groups in aromatic and protein regions [29].

The results obtained in the present work, both in the cross-validation and in the external validation
confirm the reliability and potential of the calibration equations developed with treatments (1, 4, 4, 1)
and (2, 5, 5, 2) to predict accurately and precisely the ADF content in turnip greens and turnip tops.
In addition, both calibration equations (with treatments 1, 4, 4, 1 and 2, 5, 5, 2) displayed the same
ability prediction of the ADF content in samples of turnip greens and turnip tops.

As a conclusion, the accurate predictions provided by the NIR equations developed in this work
confirm that NIR technology could be very useful for the rapid evaluation of the ADF content in turnip
greens and turnip tops. Furthermore, this technique allows us to save considerable time and money
in comparison to the standard methods of analysis, making it possible to conduct large numbers of
analyses for ADF content in a short time.

Author Contributions: 5.0.-C. and A.M.]J.-M. performed all physicochemical analyses. R-M.-R., E.C.G. and
A.D.H.-B. designed this study and revised the manuscript. S.0.-C. wrote this manuscript. All the listed authors
have read and approved the submitted manuscript.

Funding: This research was funded by the Project “Metabolitos secundarios en Brassicaceae. Implicaciones
en la mejora genética y defensa a estreses” Ref. RT12018-096591-B-100 of the Spanish Government, which was
co-financed by the European Regional Development Fund (ERDF).

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Goémez-Campo, C. Brassica Crops and Wild Allies. In Morphology and Morpho-Taxononty of the Tribe Brassiceae;
Scientific Societies Press: Tokyo, Japan, 1980.

2. Cartea, M.E; Velasco, P. Glucosinolates in Brassica foods:bioavailability in food and significance for human
health. Phytochem. Rev. 2008, 7, 213. [CrossRef]

3. Traka, M.; Mithen, R. Glucosinolates, isothiocyanates and human health. Phytochem. Rev. 2009, 8, 269-282.
[CrossRef]

4. Prakash, O. Food and Drinks in Ancient India; Munshi Ram Manohar Lal: Delhi, India, 1961; pp. 165-168.

5. Anderson, ].W.; Baird, P; Davis, R.H., Jr.; Ferreri, S.; Knudtson, M.; Koraym, A.; Waters, V.; Williams, C.L.
Health benefits of dietary fiber. Nutr. Rev. 2009, 67, 188-205. [CrossRef] [PubMed]

6.  AOAC. Official Method 978.10. Fiber (Crude) in animal feed Fritted glass crucible method. In AOAC Official
Methods of Analysis, 16th ed.; Association of Official Analytical Chemists, Inc.: Arlington, VA, USA, 1995;
Volume 1, pp. 20-21.

7. Goering, HK.; Van Soest, PJ. Forage fiber analysis; apparatus, reagents, procedures and some applications.
In USDA-ARS Agricultrual; Handbook no 379; U.S. Agricultural Research Service: Washington, DC, USA, 1970.

8. Van Soest, PJ.; Wine, R.H. Use of detergents in the analysis of fibrous feeds. IV. Determination of plant
cell-wall constituents. |. Assoc. Off. Anal. Chem. 1967, 50, 50-55.

9.  Oh, HK, Baumgardt, B.R.; Scholl, ].M. Evaluation of forages in the laboratory. V. Comparison of chemical
analysis, solubility tests, and in vitro fermentation. J. Dairy Sci. 1966, 49, 850-855. [CrossRef]

10.  Archer, K.A.; Decker, A.M. Relationship between fibrous components and in vitro dry matter digestibility of
autumn-saved grasses. Agron. . 1997, 69, 610-612. [CrossRef]

11. Hill, RR; Barnes, R.E. Genetic Variability for Chemical Composition of Alfalfa. II. Yield and Traits Associated
with Digestibility. Crop Sci. 1977, 17, 948-952. [CrossRef]

139



Foods 2019, 8, 364

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Soh, A.C.; Frakes, R.V.; Chilcote, D.O.; Sleper, D.A. Genetic variation in acid detergent fiber, neutral detergent
fiber, hemicellulose, crude protein, and their relationship with in vitro dry matter digestibility in tall fescue.
Crop Sci. 1984, 24, 721-727. [CrossRef]

Van Soest, P.J.; Robertson, J.B. Analysis of Forages and Fibrous Foods; Cornell University Publication: Ithaca,
NY, USA, 1985; Volume 165.

Scotter, C. Use of near infrared spectroscopy in the food industry with particular reference to its applications
to on/in-line food processes. Food Control 1990, 1, 142-149. [CrossRef]

Bochereau, L.; Bourgine, P.; Palagos, B. A method for prediction by combining data analysis and neural
networks: Application to prediction of apple quality using near infra-red spectra. J. Agric. Eng. Res. 1992, 51,
207-216. [CrossRef]

Font, R.; Wittkop, B.; Badani, A.G.; Del Rio-Celestino, M.; Friedt, W.; Liihs, W.; De Haro-Bailon, A. The
measurements of acid detergent fiber in rapeseed by visible and near-infrared spectroscopy. Plant Breed.
2005, 124,410-412. [CrossRef]

Font, R.; Del Rio, M.; De Haro-Bailon, A. The use of near-infrared spectroscopy (NIRS) in the study of seed
quality components in plant breeding programs. Ind. Crops Prod. 2006, 24, 307-313. [CrossRef]

Cozzolino, D.; Moron, A. Exploring the use of near infrared reflectance spectroscopy (NIRS) to predict trace
minerals in legumes. Anim. Feed Sci. Technol. 2004, 111, 161-173. [CrossRef]

Sinelli, N.; Spinardi, A.; Di Egidio, V.; Mignani, I.; Casiraghi, E. Evaluation of quality and nutraceutical
content of blueberries (Vaccinium corymbosum L.) by near and mid-infrared spectroscopy. Postharv. Biol.
Technol. 2008, 50, 31. [CrossRef]

Davey, M.W.; Saeys, W.; Hof, E.; Ramon, H.; Swennen, R.L.; Keulemans, J. Application of visible and
nearinfrared reflectance spectroscopy (Vis/NIRS) to determine carotenoid contents in banana (Musa spp.)
fruit pulp. J. Agric. Food Chem. 2009, 57, 1742. [CrossRef] [PubMed]

Helgerud, T.; Wold, J.P.; Pedersen, M.B.; Liland, K.H.; Ballance, S.; Knutsen, S.H.; Rukke, E.O.; Afseth, N.K.
Towards on-line prediction of dry matter content in whole unpeeled potatoes using near-infrared spectroscopy.
Talanta 2015, 143, 138-144. [CrossRef] [PubMed]

Hell, J.; Priickler, M.; Danner, L.; Henniges, U.; Apprich, S.; Rosenau, T.; Kneifel, W.; Bohmdorfer, S.
A comparison between near-infrared (NIR) and mid-infrared (ATR-FTIR) spectroscopy for the multivariate
determination of compositional properties in wheat bran samples. Food Control 2016, 60, 365-369. [CrossRef]
Guo, Y;; Ni, Y.; Kokot, S. Evaluation of chemical components and properties of the jujube fruit using near
infrared spectroscopy and chemometrics. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2016, 153, 79-86.
[CrossRef]

Nunez-Sanchez, N.; Martinez-Marin, A.L.; Polvillo, O.; Fernandez-Cabanas, V.M.; Carrizosa, J.; Urrutia, B.;
Serradilla, ].M. Near Infrared Spectroscopy (NIRS) for the determination of the milk fat fatty acid profile of
goats. Food Chem. 2016, 190, 244-252. [CrossRef]

Panford, A.; Williams, P.C.; Man, ]. M. Analysis of oilseeds for protein, oil, fiber and moisture by near-infrared
reflectance spectroscopy. J. Am. Oil Chem. Soc. 1988, 65, 1627-1634. [CrossRef]

Michalski, K.; Ochodzki, P.; Cicha, B. Determination of fiber, sulphur amino acids and lysine in oilseed
rape by NIT. In Making Light Work: Advances in Near Infrared Spectroscopy; Murray, 1., Cowe, L.A., Eds.; VCH
Weinheim: New York, NY, USA, 1992; pp. 333-335.

Font, R.; Del Rio, M.; Fernandez, ]. M.; De Haro-Bailon, A. Acid Detergent Fiber Analysis in Oilseed Brassicas
by Near-Infrared Spectroscopy. . Agric. Food Chem. 2003, 51, 2917-2922. [CrossRef] [PubMed]

Dimov, Z.; Suprianto, E.; Hermann, F. Mollers. Genetic variation for seed hull and fiber content in a
collection of European winter oilseed rape material (Brassica napus L.) and development of NIRS calibrations.
Plant Breed. 2012, 131, 361-368. [CrossRef]

Wittkop, B.; Snowdon, R.; Friedt, W. New NIRS Calibrations for Fiber Fractions Reveal Broad Genetic
Variation in Brassica napus Seed Quality. J. Agric. Food Chem. 2012, 60, 2248-2256. [CrossRef] [PubMed]
Foster, A.].; Kakani, V.G.; Ge, ].; Mosali, J. Rapid assessment of bioenergy feedstock quality by near infrared
reflectance spectroscopy. Agron. J. 2013, 105, 1487-1497. [CrossRef]

Daniel, ].L.P; Capelesso, A.; Cabezas-Garcia, E.H.; Zopollatto, M.; Santos, M.C.; Huhtanen, P.; Nussio, L.G.
Fiber digestion potential in sugarcane across the harvesting window. Grass Forage Sci. 2014, 69, 176-181.
[CrossRef]

140



Foods 2019, 8, 364

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Krizsan, S.J.; Rinne, M.; Nyholm, L.; Huhtanen, P. New recommendations for the ruminal in situ determination
of indigestible neutral detergent fiber. Anim. Feed Sci. Technol. 2015, 205, 31-41. [CrossRef]

Shenk, J.S.; Westerhaus, M.O. Population definition, sample selection, and calibration procedures for near
infrared reflectance spectroscopy. Crop. Sci. 1991, 31, 469-474. [CrossRef]

Shenk, J.S.; Westerhaus, M.O. Calibration the ISI way. In Near Infrared Spectroscopy: The Future Waves;
Davies, A.M.C., Williams, P., Eds.; NIR Publications: Chichester, UK, 1996; pp. 198-202.

Martens, H.; Naes, T. Multivariate Calibration; John Wiley and Sons: Chichester, UK, 1989.

Hruschka, W.R. Data Analysis Wavelength Selection Methods. In Near Infrared Technology in the Agricultural,
Food Industries; Williams, P.C., Norris, K.H., Eds.; American Association of Cereal Chemist: St. Paul, MN,
USA, 2001; pp. 35-55.

Barnes, R.J.; Dhanoa, M.S,; Lister, S.J. Standard normal variate transformation and de-trending of near-infrared
diffuse reflectance spectra. Appl. Spectrosc. 1989, 43, 772-777. [CrossRef]

Shenk, J.S.; Workman, J.J.; Westerhaus, M.O. Application of NIR spectroscopy to agricultural products.
In Handbook of Near-Infrared Analysis; Burns, D.A., Ciurczak, E., Eds.; Dekker Inc.: New York, NY, USA, 1992;
pp. 383-431.

Williams, P.C. Implementation of Near-Infrared technology. In Near Infrared Technology in the Agricultural,
Food Industries; Williams, P.C., Norris, K.H., Eds.; American Association of Cereal Chemist: St. Paul, MN,
USA, 2001; pp. 145-169.

Williams, P.C.; Sobering, D.C. How do we do it: A brief summary of the methods we use in developing near
infrared calibrations. In Near Infrared Spectroscopy: The Future Waves; Davies, A.M.C., Williams, P.C., Eds.;
NIR Publications: Chichester, UK, 1996; pp. 185-188.

Tiirk, M.; Albayrak, S.; Balabanli, C.; Yiiksel, O. Effects of fertilization on root and leaf yields and quality of
forage turnip (Brassica rapa L.). ]. Food Agric. Environ. 2009, 7, 339-342.

Francisco, M.; Velasco, P.; Lema, M.; Cartea, M.E. Genotypic and Environmental Effects on Agronomic and
Nutritional Value of Brassica rapa. Agron. J. 2011, 103, 735-742. [CrossRef]

Azam, A.; Khan, I.; Mahmood, A.; Hameed, A. Yield, chemical composition and nutritional quality responses
of carrot, radish and turnip to elevated atmospheric carbon dioxide. J. Sci. Food Agric. 2013, 93, 3237-3244.
[CrossRef] [PubMed]

Daszykowski, M.; Wrobel, M.S.; Czarnik-Matusewicz, H.; Walczak, B. Near-infrared reflectance spectroscopy
and multivariate calibration techniques applied to modelling the crude protein, fiber and fat content in
rapeseed meal. Analyst 2008, 133, 1523-1531. [CrossRef] [PubMed]

Petisco, C.; Garcia-Criado, B.; Vazquez de Aldana, B.R.; Zabalgogeazcoa, I.; Mediavilla, S.; Garcia-Ciudad, A.
Use of near-infrared reflectance spectroscopy in predicting nitrogen, phosphorus and calcium contents in
heterogeneous woody plant species. Anal. Bioanal. Chem. 2005, 382, 458—465. [CrossRef] [PubMed]
Osborne, B.G. Near Infrared Spectroscopy in Food Analysis; Longman Scientific and Technical: New York, NY,
USA, 1986.

Bagchi, T.B.; Sharma, S.; Chattopadhyay, K. Development of NIRS models to predict protein and amylose
content of brown rice and proximate compositions of rice bran. Food Chem. 2016, 191, 21-27. [CrossRef]
Petisco, C.; Garcia-Criado, B.; Mediavilla, S.; Vazquez de Aldana, B.R.; Zabalgogeazcoa, I.; Garcia-Ciudad, A.
Near-infrared reflectance spectroscopy as a fast and non-destructive tool to predict foliar organic constituents
of several woody species. Anal. Bioanal Chem. 2006, 386, 1823-1833. [CrossRef]

Campo, L.; Monteagudo, A.B.; Salleres, B.; Castro, P.; Moreno-Gonzalez, J. NIRS determination of
non-structural carbohydrates, water soluble carbohydrates and other nutritive quality traits in whole
plant maize with wide range variability. Span. ]. Agric. Res. 2013, 11, 463—471. [CrossRef]

Nordheim, H.; Volden, H.; Fystro, G.; Lunnan, T. Prediction of in situ degradation characteristics of neutral
detergent fiber (aNDF) in temperate grasses and red clover using near-infrared reflectance spectroscopy
(NIRS). Anim. Feed Sci. Technol. 2007, 139, 92-108. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

141






@ foods MBPY

Atrticle
Seed Oil Quality of Brassica napus and Brassica rapa
Germplasm from Northwestern Spain

Elena Cartea !, Antonio De Haro-Bailén 2*, Guillermo Padilla 3, Sara Obregén-Cano 2,
Mercedes del Rio-Celestino 2 and Amando Ordas !

1 Plant Genetic and Breeding Department, Biological Mission of Galicia (CSIC), Apartado 28,

E-36080 Pontevedra, Spain

Plant Breeding Department, Institute for Sustainable Agriculture (CSIC), Alameda del Obispo s/n,
14080 Cérdoba, Spain

Bioinformatics and Biostatistics Service, Biological Reseach Center (CSIC), Ramiro de Maeztu 9,
28040 Madrid, Spain

4 Agri-food Laboratory, (CAPDER), Avda Menéndez Pidal, s/n, 14080 Cérdoba, Spain

*  Correspondence: adeharobailon@ias.csic.es

Received: 30 June 2019; Accepted: 25 July 2019; Published: 27 July 2019

Abstract: The seed oil content and the fatty acid composition of a germplasm collection of Brassica
napus and Brassica rapa currently grown in Galicia (northwestern Spain) were evaluated in order to
identify potentially interesting genotypes and to assess their suitability as oilseed crops for either
edible or industrial purposes. The seeds of the B. rapa landraces had higher oil content (mean 47.3%)
than those of B. napus (mean 42.8%). The landraces of both species showed a similar fatty acid profile
(12% oleic acid, 13% linoleic acid, 8-9% linolenic acid, 8-9% eicosenoic acid, and 50-51% erucic acid).
They were very high in erucic acid content, which is nutritionally undesirable in a vegetable oil, and
very low in oleic and linoleic acid contents. Therefore, they could be used for industrial purposes but
not as edible oil. The erucic acid content ranged from 42% to 54% of the total fatty acid composition
with an average value of 50% in the B. napus landraces whereas in B. rapa, it ranged from 43% to 57%,
with an average value of 51%. Considering the seed oil and the erucic acid content together, three
varieties within the B. napus collection and two varieties within the B. rapa one seem to be the most
promising genotypes for industrial purposes.

Keywords: Brassica napus; Brassica rapa; fatty acid composition; germplasm; oil content

1. Introduction

Brassica oilseed crops have become the third most important source of edible vegetable oils in the
world [1]. Although edible oils currently represent the largest market for Brassica oilseed crops, the
prevalence of agricultural surpluses in many developed countries has focused attention toward the
possible industrial use of Brassica seed oils. The usefulness and quality characteristics of seed oils are
determined by the proportion of its main constituent fatty acids [2-4]. Consequently, one of the most
important objectives in Brassica breeding is the genetic modification of seed oil by maximizing the
proportion of specific fatty acids [5-8].

Brassica oil is considered beneficial from a health point of view. It contains linoleic acid, which is
desirable for nutritional purposes, and oleic acid, whose thermostability makes it desirable for cooking
oil [9]. High oleic acid oil tastes better and may also have health benefits. The oxidative stability of
this fatty acid also makes it suitable for some industrial applications [10]. Nevertheless, Brassica oil
is characterised by significant amounts of erucic acid (about 50% of the total fatty acids), which is
absent in any other commercial plant oils [11,12]. Erucic acid (cis-13-docosenoic acid, 22:1) has 22
carbon atoms with one double bond at the cis-13 position of the carbon chain. Oil with high erucic
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acid content has anti-nutritional properties but is suitable for some industrial applications, such as
anti-blocking agents in polyethylene films, adhesives in printing, and anticorrosive materials in the
steel sheet metal industry [9,13,14]. They may also be used in the manufacture of cosmetics products
through the synthesis of waxes that could be used as a jojoba oil substitute [15,16]. The oleochemical
industry demands oils with high levels of erucic, behenic, and arachidic fatty acids. In recent decades,
oilseed Brassica crops have also gained attention not only as a source of edible oils but also as a source
of bio-fuel and industrial feed-stock. These genera have regained interest for use in cosmetics, in
the emollient industry for lubricant, and for adhesive and biodegradable plastic products [4,17]. A
medicinal application has also been found for erucic acid, administrated in therapeutic doses, to treat
adrenoleukodystrophy (X-ALD), a genetic disorder that damages the nervous system and is associated
with the accumulation of very long chain fatty acids [18,19]. Therefore, the fatty acid compositions of
rapeseed oils have been modified according to specific objectives through conventional and molecular
breeding [8]. The production of biodiesel has offered new opportunities and also lead to changes
in the orientation of rapeseed consumption and utilization. Moreover, the emerging emphasis on
renewable energy, chemical feed stocks, industrial oils, and the steadily growing bioeconomy will
provide significant growth opportunities for industrial Brassica oils.

The development of commercial varieties free of erucic acid and with very high erucic acid content
are breeding objectives in Brassica oilseed crops [7,13,17,20]. Agronomically acceptable cultivars
producing low erucic acid oils were first available in the B. napus cultivar ‘Oro” in 1968 and in the B.
rapa cultivar ‘Span” in 1971 [17,21]. The term ‘canola oil” describes the oil profile of the current B. napus
and B. rapa cultivars used for the production of edible oil with very low erucic acid content.

The genus Brassica encompasses very diverse types of plants grown as vegetables, fodder, and
sources of oils and condiments. The species B. napus, B. rapa, B. juncea, and B. carinata, generally
known as rapeseed, form the oilseed group [4,17]. Within the B. rapa and B. napus species there are
also vegetable crops used for human nutrition, such as turnip, turnip tops or turnip greens (B. rapa
ssp. rapa) and leaf rape (B. napus var. pabularia), which are widely grown in Galicia (northwestern
Spain). B. napus var. pabularia crops grown in Galicia are known as ‘nabicol’ [22]. These populations
are the result of mass selection carried out by growers who have been using them as leafy greens
for many years, since the use of commercial varieties in this area is not common yet. The agronomic
performance, morphological attributes, and leaf nutritional value of the Brassica germplasm grown in
northwestern Spain have been extensively studied in B. napus [23,24]) and B. rapa [25-27]. The potential
use of the genetic diversity existing in the B. napus landraces was described by Cartea et al. [21].
De Haro et al. [28] reported a preliminary work about the seed oil composition for a set of Brassica
landraces from northwestern Spain and found that its accessions had very high erucic and very low
oleic and linolenic acid contents. The suitability of other Brassica species as sources of new potential
oilseed crops has been reported for B. carinata [29-32] and B. juncea [33,34].

The objectives of the present work were to evaluate the seed quality (the seed oil content and fatty
acid composition) of a germplasm collection of B. napus and B. rapa, to identify potentially interesting
genotypes, and to assess its suitability as oilseed crops for edible or industrial purposes.

2. Materials and Methods

2.1. Plant Material

A set of 41 accessions of ‘nabicol” (B. napus ssp. pabularia) comprising 38 landraces and 3 commercial
varieties, and a set of 169 accessions of turnip, turnip tops, and turnip greens (B. rapa ssp. rapa),
including 162 landraces and 7 commercial varieties from the germplasm collection of the Biological
Mission of Galicia (Misién Bioldgica de Galicia, MBG, Pontevedra), in Spain were analysed for total
seed oil content and fatty acid composition. This material is stored and maintained as an active
collection at the MBG.
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These accessions represent the genetic variability of the B. rapa and B. napus germplasm currently
grown in Galicia. The landraces were collected directly from growers at different sites throughout
northwestern Spain from the eighties to present, and some of them have been propagated under
isolation at the MBG in different years. Seed samples from different genotypes were taken from
accessions kept at the germplasm bank at the MBG under the same low temperature and seed moisture
conditions. Varieties were multiplied over several years, but always in the same location, with the
same experimental plot, and under the same growing conditions. Due to the high number of genotypes
evaluated in this study, it would have been impossible to multiply all the varieties in the same year.
The geographical distribution of the B. rapa and B. napus landraces is shown in Figure 1. The number of
landraces comprising the B. napus collection was lower than the B. rapa ones since the growing region
of B. napus is restricted to the coastal area of southern Galicia and to areas near the Portuguese border
(Figure 1). Here, the crop is well adapted and common in the human diet [21]. Five accessions of
B. napus were collected in inland areas, probably due to both human migration and the sale of seeds in
local markets. All the B. napus landraces come from Galicia, Spain whereas the 3 B. napus commercial
varieties were bought in Vila Real (North of Portugal), since commercial varieties of B. napus are not
found in Galicia. All the B. rapa entries come from Galicia, Spain.
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Figure 1. Map of Galicia (northwestern Spain) with the geographical distribution of the B. rapa and
B. napus landraces evaluated in this study.

2.2. Lipid Analysis

Bulk samples of seeds of each accession (landraces and commercial varieties) were screened for oil
content. The oil content of the seeds was determined by nuclear magnetic resonance (NMR) with an
Oxford 4000 Analyzer (Oxford Analytical Instruments Ltd., Abingdon, OX, UK), following desiccation
at 50 °C for 72 h. For fatty acid composition, ten seeds were randomly selected and individually
analysed for each local and commercial variety. The content of seven major fatty acids present in the oil
extracted from Brassica crops (palmitic, stearic, oleic, linoleic, linolenic, eicosenoic, and erucic), as well
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as the content of other minor fatty acids (arachidic, arachidonic, and behenic), was determined. In order
to evaluate the fatty acid composition of seed samples, the lipids were extracted, transmethylated, and
purified using the one-step method of Garcés and Mancha [35] with some modifications. Individual
seed samples were heated at 80 °C for 2 h in MeOH: toluene: dimethoxypropane: H,SOjy: heptane
(33:14:2:1:50; by vol.), and, after cooling, the fatty acid methyl esters were recovered in the upper
phase. The analysis of the fatty acid methyl esters composition was developed in a Perkin Elmer
Autosystem gas-liquid chromatograph (Perkin-Elmer Corporation, Norwalk, USA) equipped with
a flame ionization detector (FID) and a 2 m long column packed with 3% SP-2310/2% SP-2300 on a
Chromosorb WAW (Supelco Incorporated, Bellefonte, USA). The gas chromatograph was programmed
for an initial temperature of 190 °C for 10 min followed by an increase of 2 °C per min to 220 °C; this final
temperature was maintained for a further 5 min. The injector and flame-ionization detector were held
at 275 and 250 °C, respectively. The fatty acids were identified by comparison with known fatty acid
methyl esters standards (F.A.M.E. Mix, CRM18920 Supelco and ME14-1KT Supelco, Sigma-Aldrich).
The analyses were performed at the ‘Institute for Sustainable Agriculture (Instituto de Agricultura
Sostenible, IAS), Spain.

Individual and combined analyses of variance were performed for each trait of seed composition,
using the general lineal model (GLM) procedure of the SAS statistical package [36]. The accessions and
the species were considered as fixed effects. Comparisons of means among populations and species
were performed for each trait using Fisher’s protected least significant difference (LSD) at p = 0.05 [37].

3. Results and Discussion

3.1. Oil Content in the Brassica Collection

The oil content in the seeds of the B. napus landraces ranged from 29.1% (for MBG-BRS0423) to
50.1% (for MBG-BRS0044), with an average value of 42.5%. The oil content of the B. rapa landraces
ranged from 31.4% (for MBG-BRS0285) to 56.3% (for MBG-BRS0245), with an average value of 47.3%
(Table 1). The Brassica rapa genotypes were significantly higher in oil content than the B. napus ones
(Table 1). This result agrees with Mandal et al. [38], who found that seed oil content was higher in a
collection of B. rapa (about 42%) than in a collection of B. napus (about 35%). The seed oil content from
the B. napus landraces was significantly lower than that from the commercial varieties, whereas no
significant differences were found between the landraces and the commercial varieties in B. rapa. The
genotypes evaluated in this work showed values for oil content similar to those found on cultivars
of the major Brassica oilseed crops (B. napus, B. rapa, B. carinata, and B. juncea), with an average oil
content between 45% and 50% [30,39], even though the Brassica germplasm from northwestern Spain is
not grown as an oilseed crop. Since only one datum per population was obtained, mean oil content
comparisons among populations are not reported. Despite this fact, the highest seed oil content
(more than 47%) in the B. napus collection was found for landraces MBG-BRS0044, MBG-BRS0087,
MBG-BRS0329, MBG-BRS0434, and MBG-BRS0105, along with the commercial variety, MBG-BRS0373.
For the B. rapa collection, landraces MBG-BRS0245, MBG-BRS0236, MBG-BRS0125, MBG-BRS0249, and
MBG-BRS0139 had the highest levels.
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Table 1. Mean, range (minimum and maximum values), and standard deviation of oil content in the
seeds of B. napus and B. rapa varieties from northwestern Spain.

Oil Content (%)
Accessions N° Mean Range Standard Deviation
Brassica napus collection 41 42.80
Landraces 38 42.46 (29.06-50.11) 3.88
Commercial varieties 3 47.13 (46.35-48.50) 1.19
LSD (5%) 4.60
Brassica rapa collection 169 47.27
Landraces 162 47.22 (31.38-56.34) 4.31
Commercial varieties 7 48.59 (46.04-52.85) 2.09
LSD (5%) 3.24
LSD (5%) between landraces ! 1.50

N° = Number of accessions studied; LSD = least significative differenc; ' Comparison between 38 B. napus and 162
B. rapa landraces.

3.2. Fatty Acid Composition in the Brassica Collection

Significant differences among the B. napus landraces were found for all the fatty acids analysed,
whereas the commercial varieties of this species were not significantly different for linoleic and erucic
acid contents (Table 2). The fatty acid profile observed between the landraces and the commercial
varieties of B. napus was different. The average erucic acid content was considerably higher in the
B. napus landraces compared to the commercial seeds (Table 3). The commercial varieties had zero
erucic acid and followed the typical profile of canola varieties even though they are commonly used
as vegetable crops but not as oilseed crops. The collection of the B. napus evaluated includes all the
germplasm currently grown in Galicia, which means that in this region, only the pabularia type is
grown, and B. napus is not used for oil production. The significant differences between the B. napus
landraces and the commercial varieties do not mean that the commercial pabularia breeding is based on
modern zero erucic varieties of B. napus. Since commercial varieties of B. napus are not common in
Galicia, the seeds used in this study came from Portugal, where they were bought as ‘couve-nabiga’
(Portuguese B. napus landrace), but they are probably zero erucic rapeseed varieties.

Table 2. Mean squares of the analysis of variance for fatty acids in the B. napus and B. rapa
varieties studied.

Sources of Variation df C16:0 C18:0 C18:1 C18:2 C18:3 C20:1 C22:1
Brassica napus 40 2.35%  (0.31* 1754.28 ** 56.91 ** 11.24* 49.73 ** 1803.20 **
Landraces 37 0.83* (.08 ** 70.15 ** 15.50 ** 9.41** 15.11 ** 85.53 **
Commercial var. 2 0.97* 0.01* 37.79* 0.85 40.54 ** 0.31 ** 0.005
Between types 1 61.37*  926*  67,501.8** 1700.9 ** 20.20 ** 1409.30 ** 68,961.78 **
Brassica rapa 168  2.21* 041 42.34 8.73 ** 8.64 ** 13.53 ** 67.21 **
Landraces 161  2.27*  042* 40.37 ** 8.66 ** 8.12 13.55 ** 67.22 %
Commercial var. 6 0.72 ** 0.11 ** 32.68 ** 11.05 ** 12.47 ** 9.35 ** 35.36 **
Between types 1 2.64% 0.32* 418.70 ** 6.32 70.32 ** 37.41** 257.05**
Between landraces ? 1 43.67*  0.66 ** 7.78 11.34 ** 4.57* 6.78 * 16.21

*, ** significant at p < 0.05 and at p < 0.01, respectively. ®* Comparison between 38 B. napus and 162 B. rapa landraces.
C16:0 = palmitic acid, C18:0 = stearic acid, C18:1 = oleic acid, C18:2 = linoleic acid, C18:3 = linolenic acid, C20:1 =
eicosenoic acid, and C22:1 = erucic acid. df = degrees of freedom.
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Table 3. Fatty acid composition ? of the seed 0il (mean, minimum and maximum values) of B. napus
and B. rapa varieties from northwestern Spain.

Accessions No. C16:0 C18:0 C18:1 C18:2 C18:3 C20:1 C22:1
Brassica napus 41
Landraces 38 295 0.58 12.37 12.72 8.26 8.27 49.83
(2.30-3.50)  (0.40-0.77)  (7.85-18.73) (7.94-15.74) (6.51-10.87) (6.23-10.58)  (42.35-54.09)
Commercial varieties 3 443 1.16 61.64 20.54 9.12 1.10 0.02
(425-4.79)  (1.09-1.26)  (59.91-63.74)  (20.21-20.71)  (6.86-10.72) (0.90-1.24) (0.004-0.05)
LSD (5%) © 0.172 0.054 1.265 0.610 0.510 0.646 1.463
Brassica rapa 169
Landraces 162 175 0.72 11.86 13.33 8.65 8.73 50.56
(0.66-2.57)  (0.25-1.28)  (7.56-18.53)  (10.91-16.56)  (5.25-10.84) (472-11.95)  (42.75-56.96)
Commercial varieties 7 1.95 0.79 14.36 13.02 7.63 9.48 48.60
(1.57-2.37)  (0.59-0.93)  (11.75-16.64)  (11.33-14.27) (6.23-9.33) (8.30-11.07)  (46.03-51.39)
LSD (5%) ® 0.181 0.067 0.709 - 0.334 0.442 0.951
o,
LSD (5%) between 0.159 0.070 - 0.355 0325 0.419 -

landraces ©

2 These values are the means of ten single seeds, expressed as % of the total fatty acids. ® Comparison between
the landraces and the commercial varieties of each species.© Comparison between 38 B. napus and 162 B. rapa
landraces. C16:0 = palmitic acid, C18:0 = stearic acid, C18:1 = oleic acid, C18:2 = linoleic acid, C18:3 = linolenic
acid, C20:1 = eicosenoic acid, and C22:1 = erucic acid. N° = Number of accessions studied; LSD = least
significative difference.

Within the B. rapa collection, the landraces and the commercial varieties were significantly different
for all the fatty acids. The seeds of the B. rapa commercial varieties, which included crops of turnips,
turnip greens, and turnip tops, were significantly different in erucic acid content (Table 2), although
their values were significantly lower than those found in most landraces (Table 3). Despite this fact,
the genotypes of both types of germplasm (landraces and commercial varieties) showed a similar fatty
acid profile (Table 3).

Significant differences were found between the B. napus and B. rapa landraces for all the fatty
acids, except for oleic and erucic acids (Table 2). The seeds of the B. rapa landraces were higher than
the B. napus ones for stearic, linoleic, linolenic, and eicosenoic acids, while the B. napus landraces were
only higher for palmitic acid content (Table 3).

The landraces of both species were high in erucic acid and low in oleic, linoleic, linolenic, and
eicosenoic acids; palmitic and stearic acids were minor, and arachidic, arachidonic, and behenic acid
were negligible (Table 3). The fatty acid profile of the oil contained in the B. napus seeds (12% oleic
acid, 13% linoleic acid, 8% linolenic acid, 8% eicosenoic acid, and 50% erucic acid) was very similar to
that found in the seeds of B. rapa (12% oleic acid, 13% linoleic acid, 9% linolenic acid, 9% eicosenoic
acid, and 51% erucic acid) (Table 3). Both fatty acid profiles contrast with the typical profile of canola
oil, which can be represented as 61% oleic acid, 21% linoleic acid, 11% linolenic acid, and no erucic
acid [4,8,10].

Since erucic acid was the major fatty acid found, and because it is a trait of large interest for
plant breeding, most discussion will be focused on this fatty acid. The erucic acid content ranged
from 42% to 54% of the total fatty acid composition, with an average value of 50% in the B. napus
landraces and from 43% to 57% of the total fatty acid composition in the B. rapa landraces, with an
average value of 51% (Table 3). Similar values for erucic acid content were found by Sharafi et al.
(2015) [12] for three rapeseed varieties and for four entries of B. rapa, although crops were different
from those evaluated in this study. The lowest content of erucic acid was found within the B. napus
species in seeds of MBG-BRS0333 (about 42% of the total fatty acids) and within the B. rapa species
in seeds of MBG-BRS0379 (about 43% of the total fatty acids). Both values are still very high,
and, therefore, vegetable oil of the genotypes evaluated should be considered unsuitable for edible
oil production. On the other hand, oils with high erucic acid content are desirable for industrial
purposes. For both species, the landraces with high erucic acid content are included in Table 4.
The highest erucic acid composition, more than 53% of the total fatty acids, was found in B. napus
landraces MBG-BRS0329, MBG-BRS0041, MBG-BRS0048, and MBG-BRS0105 (Table 4). B. rapa landraces
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MBG-BRS0235, MBG-BRS0416, MBG-BRS0202, MBG-BRS0139, MBG-BRS0190, and MBG-BRS0239
showed the highest erucic acid composition—more than 55% of the total fatty acids (Table 4).
Considering their high oil content and high erucic acid content together, genotypes MBG-BRS0329,
MBG-BRS0434, and MBG-BRS0105 within the B. napus collection, and MBG-BRS0139 and MBG-BRS0101
within the B. rapa collection, offer interesting prospects for future industrial applications. The Brassica
landraces grown in Galicia have been traditionally improved by growers for vegetable use but not for
their use as oil sources. Nowadays, efforts to develop low erucic acid genotypes of both B. napus var.
pabularia and B. rapa ssp. rapa have not been undertaken because the main usage of these crops is for
leaf consumption.

Table 4. Seed oil content and fatty acid composition ® (major fatty acids) of B. napus and B. rapa
landraces with the highest seed oil content and the highest erucic acid content.

Landraces 0Oil Content C16:0 C18:0 C18:1 C18:2 C18:3 C20:1 C22:1
Brassica napus
MBG-BRS0329 47.47 23+0.1 06+01 165+20 79+10 6.6+07 81+16 541+29
MBG-BRS0041 45.31 26+0.1 05+01 97+14 120+06 97+07 64+08 538+12
MBG-BRS0048 42.88 29+03 06+01 99+15 126+07 81+10 66+11 538+18
MBG-BRS0105 46.61 26+02 05+01 100+14 122+07 89+05 72+16 538+26
MBG-BRS0465 42.55 27+02 06=+0.1 97+09 119+05 98+04 68+09 529+18
MBG-BRS0065 39.46 29+03 06=+0.1 9.0+12 139+05 84+05 70+11 526=+19
MBG-BRS0028 40.77 28+03 06+01 97+22 138+09 138+09 71+17 525+21
MBG-BRS0037 43.09 33+15 05+02 11.0+21 125+13 88+12 63+10 524+25
MBG-BRS0063 40.01 31+02 05+01 101+1.0 123+0.8 83+03 71+06 522+24
MBG-BRS0014 45.16 27+02 06+02 11.1+20 121+06 92+09 77+15 518+25
MBG-BRS0434 47.30 27+02 05+01 108+18 119+07 94+09 80+15 51.8+31
MBG-BRS0054 43.94 3.0+0.1 0.5+0.1 79+11 139+08 109+06 62+07 51.7+19
MBG-BRS0374 45.48 30+02 06+01 11.8+13 126+06 81+05 81+11 515+24
MBG-BRS0068 46.18 31+03 06+01 100+16 13.1+07 87+05 77+10 514+29
Brassica rapa
MBG-BRS0235 46.35 ob 01+02 100+14 146+15 95+08 60+09 57.0+16
MBG-BRS0416 46.63 16+06 07+02 88+16 137+08 9.0+11 63+18 557+3.0
MBG-BRS0202 42.92 23+05 09+02 76+17 127+09 108+11 47+10 553+26
MBG-BRS0139 54.34 13+05 08+0.1 99+25 118+08 91+13 75+18 549+3.0
MBG-BRS0190 42.14 12+05 06+02 82+11 138+13 97+13 67+08 547+15
MBG-BRS0239 47.97 ob 01+01 114+12 137+11 99x10 77+10 545+14
MBG-BRS0231 48.80 04+08 02+04 100+35 156+19 74+11 82+26 545+68
MBG-BRS0342 51.29 15+04 07+01 89+x14 127+10 100+13 68+17 544+28
MBG-BRS0228 40.38 02+0.7 ob 112+22 154+11 89+08 6.6+09 543+23
MBG-BRS0224 50.26 1.7+16 05+03 9.6+10 133+x12 95+14 6.6=+13 542+46
MBG-BRS0181 47.96 14+05 07+02 89x16 143+09 84=+11 75+x19 54033
MBG-BRS0237 47.38 ob ob 107+24 142+14 98+08 84+25 540+37
MBG-BRS0244 47.24 20+02 06+02 104+19 11.6+10 86+09 82+22 540+32
MBG-BRS0467 50.09 23+06 07+02 00+16 125+07 84+05 80+10 538=+29
MBG-BRS0252 50.89 19+02 06+01 107+13 11.2+06 97+05 82+11 537+24
MBG-BRS0349 44.61 22+03 07+0.1 93+16 132+07 92+05 67+10 537+29
MBG-BRS0304 44.26 20+03 08+03 100+16 13.0+0.7 82+0.5 75+10 53.6+29
MBG-BRS0435 49.13 1.6+03 0.8+0.2 93+16 124+07 98=+05 75+10 535+29
MBG-BRS0101 53.27 21+03 0.7+ 0.1 104+16 119+07 84+05 85+10 535+29

2 Fatty acids, given as mean + standard deviation, expressed in % seed oil. P Values were negligible (only
traces). C16:0 = palmitic acid, C18:0 = stearic acid, C18:1= oleic acid, C18:2 = linoleic acid, C18:3= linolenic acid,
C20:1 = eicosenoic acid, and C22:1 = erucic acid.

High erucic acid contents in the seed oil of different Brassica crops have been previously reported
by several authors. De Haro et al. [30] found high values of erucic acid in the seed oil of some accessions
analysed from these same collections, between 43.3 and 57.2% in B. napus, and between 42.7 and
53.2% in B. rapa. Velasco et al. [40] reported high levels of erucic acid (about 40% of the total fatty
acids) in a B. napus collection comprising 25 accessions, where four were B. napus crops. High erucic
acid levels were also found by Velasco et al. [40] in a set of 72 genotypes of B. rapa (about 45% of
the total fatty acids), where five were B. rapa ssp. rapa, although the average erucic acid content for

149



Foods 2019, 8,292

these five accessions was lower (37.6%) than the values found in the present work. Mandal et al. [38]
evaluated the fatty acid content of several cruciferous species and reported erucic acid contents of 41%
in genotypes of B. napus, 47.4% in B. rapa ssp. dichotoma, and 51.6% in B. rapa ssp. trilocularis. Rapeseed
oil genotypes with higher proportions of erucic acid than the levels found in traditional cultivars
(about 50%) are sought by breeders for use in well-known industrial products [4,7,13,20]. In this way,
the above-mentioned populations of B. napus and B. rapa could be used in industrial processes but they
are not appropriate for edible uses.

In general, low intra-population variability was observed for the fatty acid composition of the
seed oil. However, some landraces displayed an important variation among the ten seeds individually
analysed for erucic acid content. Some of them had seeds with either decreased or increased values of
that fatty acid. In the B. napus collection, three individual seeds of MBG-BRS0337 were found to have
less than 35% erucic acid content (27.2%, 31.7%, and 33.1%). On the other hand, one individual seed
of both MBG-BRS0105 and MBG-BRS0329 was found to have more than 56% of erucic acid content.
In the B. rapa collection one individual seed of MBG-BRS0431 and two seeds of MBG-BRS0463 had
low values for erucic acid content, (32.3%, 33.9%, and 34.1%, respectively), whereas three landraces,
MBG-BRS0195, MBG-BRS0224, and MBG-BRS0231 had individual seeds with values higher than 60%
of erucic acid content. The decreased content of erucic acid could be due to an unintended cross with a
zero or low erucic commercial variety. However, in order to avoid the problem of pollen contamination,
the seeds analyzed were directly obtained from growers or from multiplications made in isolation
cages at the MBG. The decreased or increased levels of erucic acid content found in some seeds could
presumably correspond to heterozygous seeds for that fatty acid. It would be interesting to analyse
more seeds from the above-mentioned populations using the half-seed method described for other
oilseed crops [41] and to select genotypes in segregating populations with lower or higher erucic acid
content than that observed in their respective landraces.

There are numerous studies on the nutritional and industrial value of the seed oil of Brassica
oilseed crops, but there are no previous studies on the potential of seed oil in these vegetable Brassica
crops. Therefore, the present work provides relevant information and discussion on the potential of the
oil of the seeds of two horticultural crops of Brassica, nabicol and turnip greens, for food or industrial
purposes. The reported results offer the first insights into the variability of the current gene pool of
the B. rapa and B. napus varieties grown in Galicia. These valuable genetic resources will certainly be
studied regarding for important traits. The content of glucosinolates should be taken into account, as
glucosinolates are important in modern rapeseed breeding and are probably very high in the landraces
of both species. As a conclusion, the germplasm evaluated in this work displayed variability in the
fatty acid composition of its seed oil. Some accessions of both species could be further used as sources
of oil for industrial purposes because their seeds were high in erucic acid content and low in oleic,
linoleic, and linolenic acid content. Further research will be needed for some accessions having seeds
with reduced or increased values of erucic acid content, in order to select valuable genotypes that
could be used for both nutritional and industrial applications.
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Abstract: Experimental and epidemiological studies show a positive relation between consumption
of citrus juices and reduction of risk for some chronic disorders, such as diabetes and cardiovascular
diseases. In particular, the bergamot juice is characterized by noticeable amounts of phytochemicals
such as flavanone glycosides, limonoids, and quaternary ammonium compounds, all health-beneficial
biomolecules. In vitro and in vivo studies have shown anti-inflammatory, cholesterol-lowering,
and anti-diabetic activities attributed to these compounds depending on their chemical structure.
However, nutritional content of bergamot juice may vary as consequence of different processing
techniques, thus needing to address this claim. For this reason, the objective of this research was to
evaluate the effects of different processing systems on the proximate constituents, the composition,
and the antioxidant activity of the correspondent juices. Overall, the results indicate that the process
employed may influence the chemical composition and the functional properties of the ended juice.
Screw press method produced a juice with greater content of flavanone glycosides (ranged from
37 to 402 mg/L) and limonoid aglycones (ranged from 65 to 67 mg/L) than the other processes
(p < 0.001). However, the process used for extraction of bergamot juice did not affect significantly
the N,N-dimethyl-L-proline content (p < 0.5). Moreover, the screw press juice showed the highest
antioxidant activity with ECs5q value of 9.35 pg/mL, thus suggesting that this method maintains for
health the nutritional quality of a fresh-pressed juice.

Keywords: bergamotjuice; juice processing; flavanone glycosides; limonoids; stachydrine; antioxidant

1. Introduction

Citrus fruits not only contain large amounts of ascorbic acid but are rich sources of bioactive
compounds that exert wide varieties of biological functions to human health, including antioxidant,
antiinflammation, antimutagenicity, anti-carcinogenicity, and anti-aging [1]. The functional components
of citrus fruit include flavanones, limonoids, and quaternary ammonium compounds [2-5].
Flavonoids and limonoids have shown many pharmacological properties: anticancer, cardiovascular,
and anti-inflammatory and antioxidant activity [3,6-8]. Recent studies have demonstrated that
N,N-dimethyl-L-proline (stachydrine), a quaternary ammonium compound presents in Citrus
genus fruits in considerable quantities, protects endothelial against the injury induced by
anoxiareoxygenation [9] and, more, it ameliorates high-glucose induced endothelial cells senescence
through the modulation of the Sirtuin 1 pathway [10].

The fruit of bergamot (Citrus bergamia Risso et Poit., Rutaceae) is intensively cultivated in a limited
coastal area of Reggio Calabria province (southern Italy), due to both climate and environmental
conditions that are favorable for its cultivation.
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The medicinal properties of bergamot were empirically used in the past for traditional uses
that include improving cardiovascular function. Nowadays several clinical trials suggest that
bergamot derived extract supplementation may produce beneficial effects in subjects with moderate
hypercholesterolemia by reducing the plasma lipids and improving the lipoprotein profile [11,12].

Commonly, the bergamot fruit is used mostly for production of cold pressed essential oil (BEo),
obtained from the peel by wash-scraping the fruit. BEo is widely employed in perfumery, cosmetic,
pharmaceutical, and food industries [13]. Unlike essential oil, which is very appreciate, bergamot juice
(BJ) is considered a by-product since it has not found its marketability due to scare information on its
composition. The BJ is often used to adulterate other citrus juices that have a wider market like lemon
juice, indeed the bitter acid taste, color, and aroma of BJ is very close to lemon juice [14].

More recently an increasing interest in B] marketability arose from its content in bioactive
compounds such as flavonoids, limonoids [15,16], and quaternary ammonium compounds [5].

Different industrial methods applied for other citrus fruits (oranges and grapefruits) could be
employed also to extract the bergamot juice from the endocarp in addition to the hand squeezing method.

The technology used in citrus juice processing is similar throughout the world and operates on
whole fruits (such as, FMC In Line system), which extracts the juice and the cold pressed peel oil at the
same time or on rasped fruits as the screw press. An overview of citrus processing technologies was
described by Cautela ed al [17]. Differences among processing systems and equipment employed in juice
production arise both from local traditions and from morphological differences among citrus species.

The quality and phytochemical contents of the juice recovered vary according to juice processing
methods [17]. One of the major quality variables of commercial juice is the mechanical pressure used
to extract the juice from the fruit. Extraction conditions (hard/soft squeezing) will determine relative
levels of juice and peel components. Some of them, such as flavanones, are present in much higher
concentration in the peel than in the part considered edible by the consumers [18,19].

The processing techniques at the industrial scale like pasteurization, concentration, and freezing
could also modify the initial nutritional and antioxidant content of citrus juices as observed for orange
juice processing [20].

Some studies report the composition of bergamot juice obtained with manual juicing technologies,
while there are limited reports on evaluation of the phytochemical content and compositional
characteristics of juices obtained with industrial juicing processes [15,16].

The objectives of this research were to address changes in phytochemicals content and proximate
constituents due to differences in the methods of juice extraction on the same batch of bergamot fruit.

Moreover, the antioxidant of the fresh BJ juices, obtained using different juice extraction methods,
was to correlate with its phytochemicals content, in order to evaluate the effect of several readily
available juicing techniques on the heathy properties of the obtained juices.

2. Materials and Methods

2.1. Study Design

The effect of different processing methods on fresh bergamot juice (BJ) was evaluated by
determination of proximate constituents (titratable acidity, total soluble solids, pectins, and free
sugars) and by the occurrence of specific phytochemicals (flavanone glycosides, limonoid aglycones,
and stachydrine) playing several biological functions in humans. In vitro assay, free radical scavenging
activity (RSA) was also determined (Figure 1).

Fresh bergamot fruits were harvested in January and February 2019 from the experimental field
of SSEA agency (Stazione Sperimentale per le Industrie delle Essenze e dei derivati dagli Agrumi,
Reggio Calabria, Italy) according to fruits ripening. Once harvested, a random sampling (~10 kg of
bergamots) was carried out in order to obtain the batch of fruits juice for laboratory (Extraction process
1: Ep-1). The other harvested fruits (~300 kg) were sent to a local industry that kindly processed the
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fruits to produce industrial juices using two different extraction systems (FMC in-line extractor (Ep-2)
and screw press extractor (Ep-3)).

Bergamot (whole fruits)

v

Laboratory Juices Industrial Juices
v 1
Hand squeezing = = = E
(Ep-1) In-Line System "FMC" peeling machines » Cold pressed
(Ep-2) (Pelatrice) Bergamot Essential Oil

peeled' fruits

screw press
(Ep-3)

2 v v

(Ep-1) BJ (Ep-2) BJ Ep-3) BJ

v
de-bittereding on
Amberlite XAD-16

v’ Proximate constituents
v’ Phytochemical constituents
v In Vitro Antioxidant Activity

dBJ

Figure 1. Schematic diagram showing the experimental design applied in this study.

Laboratory juice (n = 3) was prepared by hand squeezing using a manual squeezer (Extraction

process 1: Ep-1), filtered through a stainless-steel filter with 1.18 mm (mesh diameter) and placed in
100 mL aliquots in plastic bags, and stored at =20 °C until used.

Three samples of laboratory juice were debittered by Polystyrene-DVB Resins (Amberlite XAD-16)

batch process according to Calvarano et al [21]. The treatment was carried out in a 250 mL beaker
containing 25 mL BJ and 5 g of exchange resin, with constant stirring for 20 min at 4 °C. Resin was
removed by centrifugation for 10 min at 2000 rpm and at 4 °C.

(@)

(b)

Industrial juices were obtained using two different extraction systems (Ep-2 and Ep-3):

The Ep-2 system consists of separating the essential oil from the juice in a single operation
by using an FMC in-line extractor (FMC Corporation, Fairway Avenue Lakeland, FL-USA.).
The FMC squeezer is designed to separate the fruit into three different parts: peel and seeds;
peel oil and washing water; and juice. In this extractor, a whole fruit is positioned in one of
opposed inter-fitting cup halves which were provided with means for cutting the peel or rind
at diametrically opposed areas. Concurrent movement of one or both cups toward each other
compresses the fruit and produces the diametrically opposed cuts. Cutting and compressing
ruptures the juice sacks and the juice flows through one of the cut areas of the peel, through a
screen, and to a collecting trough.

In the Ep-3 system, oil extraction precedes juice extraction. In this case the essential oil is
extracted from the whole fruit by rasping, using a machine called “pelatrice.” The rasped fruits
are then moved into a juice extractor (POLYCITRUS ZX2, Fratelli Indelicato S.r.1., Catania, Italy).
This machine consists of a screw press extractor extracting juice by crushing and pressing whole
fruit with a rolling screw. The screw press type operates by pressing the screw horizontally while
conveying the pomelo flesh along the perforated cylindrical container. Juices flow out via the
perforated cylinder and the wastes are ejected at the end plate.

Detailed descriptions of these processing were described by Cautela et al. [17]. In particular,

the industrial juices were sampled during on-line processes, where 1 L of sample was firstly collected
at regular intervals and then filtered through a stainless-steel filter (1.18 mm mesh diameter). The fruit
juices were placed in 100 mL aliquots in plastic bags and stored at —20 °C until used.
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2.2. Sample Preparation

Bergamot fruits were harvested and processed within 24 h. Before the preparation of laboratory
juice, the fruits (3 batches of ~3 kg) were first washed with water (Milli-Q grade), to remove dust and
pollutants from the exocarp, then drained and finally dried on paper.

For industrial juices, on receival to local industry, bergamot fruits were washed with plain water
to remove leaves and dust then drained before processing. A batch of ~150 kg of fruits was employed
from FMC In Line juicing extraction. Meanwhile the remaining fruits (1 batch ~150 kg) were rasped
employing “pelatrice” machine according to processing line of the industry. The rasped fruits were
further washed with water prior to screw press juice extraction in order to reduce the oil content.

2.3. Reagents and Standards

N,N-dimethylformamide (anhydrous, 99.8%), 2,2-diphenyl-1-picrylhydrazyl (DPPH), ascorbic
acid (299.0%) , flavonoids analytical standard with purity >97.0% (neoeriocitrin, eriocitrin, narirutin,
naringin, hesperidin, neohesperidin), limonoid aglycones analytical standard with purity >95.0%
(limonin, nomilin), and the HPLC-grade solvents were purchased from Sigma Chemical Co. (St. Louis,
MO, USA). N,N-dimethyl-L-proline (>95.0%) was purchased from Extrasynthese (Genay, France).
Analytical-grade water (resistivity >18 M) cm) and all other solvents and reagents of analytical grade
were obtained from Carlo Erba Reagents (Milan, Italy).

2.4. Proximate Constituents

The proximate constituents” determinations were conducted in triplicate on all samples, according
to the International Federation of Fruit Juice Producers (IFU) methods [22] of the European Fruit Juice
Association (AIJN). The juices were thawed at 4 °C prior to analysis. The analytical determinations were
carried out using the following methods: soluble solids, expressed as %wj/w (°Brix), were determined
according to IFU-8 method employing a RE20B refractometer (Mettler Toledo SpA, Novate Milanese
Italy); total acidity, expressed as citric acid monohydrate (g/L), was obtained by titration against
NaOH 0.25 N until pH of 8.1 according to IFU-3 method; ascorbic acid was assessed according
to IFU-17 method by titration with 2,6-dichloroindophenol; total and water-soluble pectins were
evaluated according to IFU-26 method; sugars (glucose, fructose, and sucrose) were determined
spectrophotometrically by enzymatic assay kits (R-Biopharm AG, Darmstadt, Germany) according to
IFU-55 and IFU-56 methods.

2.5. Analysis of Flavanone Glycosides

Flavanone glycosides content of the thawed juice were determined according to Cautela
et al. [14]. Briefly, 10 mL of thawed juice was shaken with 20 mL of a 1:1 (v/v) mixture of 0.25 M
N,N-dimethylformamide/ammonium oxalate and 20 mL of analytical-grade water and then filtered on
0.45 pm PTFE Pall filters.

The analyses were performed using a Surveyor autosampler LC system, interfaced with a PDA
detector (Thermo Finnigan, Waltham, MA, USA) equipped with Xcalibur 3.1 software (Thermo Fisher
Scientific, Waltham, USA).

A volume of 5 uL. was employed for the analysis on a Supelco Spherisorb ODS2 HPLC Column
(250 x 4.6 mm), and the column was thermostatically controlled at 35 °C. The elution was conducted,
as already reported [23], by employing 0.3% acetic acid solution (solvent A) and acetonitrile (solvent
B). A gradient elution was performed as the following: the initial solvent was 90% A and 10% B;
the gradient elution was changed from 10% to 20% B in a linear mode for 15 min; this composition was
maintained at isocratic flow for 10 min; the solvent B reached 50% in 10 min and from 50 to 90% B in
10 min.

PDA data were recorded in the 200-600 nm range, the identification of the flavanone glycosides
was based on retention time and PDA spectra, and quantification was achieved by external standard
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calibration. Standard calibration curves were prepared in a concentration range 0.001-0.100 mg/mL.
The calibration curves with the external standards were obtained using concentration (mg/mL) with
respect to the area obtained from the integration of the PDA peaks at a wavelength of 284 nm.
The quantification was achieved by comparison with the calibration curve obtained with standard
solutions. The reproducibility of the detector response at each concentration level was evaluated by a
triplicate injection of standard mix and expressed as percentage of relative standard deviations (RSD%).
The RSDs were expected to be less than 2%. The limits of detection (LOD) were established at a signal
to noise ratio (5/N) of 3. The limits of quantification (LOQ) were established at a signal to noise ratio
(S/N) of 10. LOD and LOQ were experimentally verified by the nine injections of reference compounds
in LOQ concentrations.

2.6. Determinations of N,N-dimethyl-L-proline (stachydrine) by HPLC-ESI-MS/MS

Stachydrine content was determined according to Servillo et al. [24] without any sample
preparation except the centrifuged of the thawed juice diluted 1:25 (v/v) with 0.1% formic acid.
Further HPLC-MS/MS analyses were performed on an Agilent 1100 Series liquid chromatograph
equipped with an LC-MSD SL quadrupole ion trap. The separations were executed with a 150 X 3.0 mm
i.d., 5 um, Supelco Discovery-C8 column, at a flow rate of 100 uL/min. The chromatography was
conducted isocratically with 0.1% formic acid in water. Samples of 20 pL of standard solutions or
diluted juice sample were injected.

The conditions for ESI-MS/MS analyses, made in positive ion mode, utilizing nitrogen as the
nebulizing and drying gas, were nebulizer pressure, 30 psi; drying temperature, 350 °C; and drying
gas, 7 L/min. The ion charge control (ICC) was applied with the target set at 10,000 and maximum
accumulation time at 20 ms. In order to obtain efficient collision induced fragmentations of the
positively charged parent ion, the ion trap, molecular weight cutoff, and amplitude potential and other
instrumental parameters were previously optimized for each analyte. The retention time (expressed
in min) and peak areas of the monitored fragment ions were determined by the Agilent software
Chemstation, version 4.2 (Agilent Technologies Inc., Santa Clara, CA USA).

The quantification was achieved by comparison with the calibration curve obtained with
standard solutions.

2.7. Determinations of Limonoid Aglycones in B]

The determinations of limonoid aglycones in B] were conducted according to Esposito et al. [25].
Briefly, 10 mL of the juice sample was centrifuged at 2500 g for 10 min and loaded on Millipore C18
Sep Pak cartridge rinsed with 2 mL of methanol and then 5 mL of deionized water before the use.
The cartridge was further washed with 20 mL of deionized water and limonoid aglycones were eluted
with 50 mL of methanol. The extracts were dried using a rotary evaporator (IKA RV8, IKA®-Werke
GmbH & Co. KG, Staufen, Germany) and resuspended in 1 mL of acetonitrile.

The limonoid aglycones were quantitated by RP chromatography using a Surveyor LC pump, a
Surveyor autosampler, coupled with a photodiode array detector (PDA (Thermo Finnigan, Waltham,
MA, USA), equipped with Xcalibur 3.1 software (Thermo Fisher Scientific, Waltham, MA USA).

Separations were achieved using a C-18 column (Phenomenex Luna 5 p1 C18, 250 x 4.60 mm)
and monitoring the wavelengths at 250 nm. The mobile phase consisted of a gradient program that
began at methanol 10%, acetonitrile 0%, and water 90% and ended at methanol 41%, acetonitrile 10%,
and water 49% in 45 min. The flow rate was 1 mL/min and the injection volume was 5 pL. Sample
peak identifications were achieved by comparing retention times from the sample peak with those
of standards run under identical conditions. Concentrations were determined using the external
standard method.
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2.8. In Vitro Antioxidant Activity

The free radical scavenging activity (RSA) of the bergamot juice was evaluated by 2,2’-diphenyl-
1-picrylhydrazyl (DPPH) assay according to the procedure of Blois [26]. Prior of spectrophotometrically
measurement, thawed juices were centrifuged at 10,000 rpm in an 5804R Eppendorf centrifuge
(Eppendorf srl, Milano, Italy) for 5 min at room temperature and diluted with analytical-grade
ultrapure H,O with a concentration ranging from 5 to 20 uL/mL.

Briefly, 150 pL of bergamot diluted juices were mixed with 1.35 mL of 60 uM DPPH methanolic
solution. The absorbance reduction at 517 nm of the DPPH was determined continuously for 40 min.
The RSA was calculated as a percentage of DPPH discoloration, using the following equation:

(Appr = As)

% RSA =
| ApppH

]X 100 (1)
where Ag is the absorbance of the solution when the extract was added and Apppy is the absorbance
of the DPPH solution. The extract concentration (EC) necessary to achieve a 50% of radical DPPH
inhibition (ECsp) was obtained by plotting the RSA percentage as a function of juice concentrations
and was expressed as pL/mL.

Ascorbic acid was used as a reference standard (positive control) and dissolved in ultrapure H,O
to prepare a 100 pg/mL stock solution. The antioxidant activity of standard ascorbic was tested at
various concentrations (10, 15, 25, 50, 60 pg/mL).

To standardize DPPH results, the antioxidant activity index (AAI), proposed by Scherer and
Godoy [27], was calculated as follows:

AAI = DPPH concentration in reaction mixture/ECsy. 2)

Samples were classified as showing poor antioxidant activity (AAI < 0.5), moderate (0.5 < AAI <
1.0), strong (1.0 < AAI < 2.0), and very strong (AAI > 2.0) as reported by Scherer and Godoy [27].

2.9. Statistical Analysis

Statistical analysis was performed using the XLSTAT software, version 2016 (Addinsoft, Paris,
France. All samples were analyzed in triplicates and the results were expressed as mean + standard
deviation (SD) after a normality distribution Kolmogorov-Smirnov test. Means, SD, calibration curves,
and linear regression analyses (R?) were determined using Microsoft Excel 2013 (Microsoft Corporation,
Redmond, WA, USA).

Statistical comparisons were carried out by analysis of variance (ANOVA) and post hoc
Tukey—Kramer tests. A p value less than 0.05 was considered statistically significant. All tests
were two tailed.

The Pearson’s correlation test was performed by using Microsoft Office Excel 2016 software.
The correlation coefficients (r values, p < 0.05) were obtained to reveal the relationships
between antioxidant activity index (AAI) and the content of flavanone glycosides, ascorbic acid,
N,N-dimethyl-L-proline (ProBet), and limonoid aglycones.

3. Results

3.1. Differences in the Proximate Constituents Between the Juices Obtained with Different Processing Systems

The use of different juice extraction systems had influence on proximate constituents of bergamot
juice and the outcomes of this study are summarized in Table 1. Bergamot juice was very acidic and
mainly contained citric acid, which contributes significantly to the composition of this parameter.
Acidity, as citric acid monohydrate, ranged from 41 g/L for Ep-3 juice to 43 g/L in Ep-1. The content of
total soluble solids expressed as degree Brix (%w/w) did not exceed 10% in laboratory and industrial
juices. Brix values of harsh (EP-3) and soft (EP-1) squeeze juices remained relatively consistent.
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The average content of free sugars ranged from 9 g/L of glucose and fructose and 17 g/L of sucrose
both in laboratory than in commercial squeezing juice.

Table 1. Proximate constituents (mean + standard deviation, n = 3) of bergamot juice obtained using 3
different extraction methods: hand squeezing (Ep-1); FMC (Ep-2); screw press of peeled fruits (Ep-3).

Ep-1 Ep-2 Ep-3

Total soluble solids (%) 95+042 9.0+0.22 91+1.22
Acidity * (g/L) 43.0+3.0° 425+352 41.0+39°
L-ascorbic acid (mg/L) 421 +252 415+30? 416 £33?
Pectins (mg/L) 562 +342 640 +43°? 780 +75b
Water-soluble pectins (mg/L) 278 £372 292 £ 652 473 +81P
Sucrose (g/L) 18.0+392 16.8+452 16.7+552
Glucose (g/L) 13.1+152 126 +£222 9.0+252
Fructose (g/L) 126 +192 122+192 9.7+38%2

Means in a row without a common superscript letter differ (p < 0.05) as analyzed by two-way ANOVA and the
TUKEY test. * as citric acid monohydrate.

It was clear that the different methods employed for the extraction of BJ did not affect significantly
the quality traits of the juice, as no significant differences were detected in total soluble solids, titratable
acidity, and sugar contents. Total soluble solids ranged from 9.0 + 0.2% to 9.5 + 0.4% in BJ obtained
by FMC (Ep-2) and hand squeezed (Ep-1), respectively. The greatest contribution to the total soluble
solids content was due to citric acid and this fact was also the evidence for the highest acidity value
showed in Ep-1.

The average content of L-ascorbic acid in B] was 415 mg/L and was similar in all juice. The effect
of the system of extraction was also unrelated as regards L-ascorbic acid content.

Although it was interesting to note that harsh squeeze processed juice (EP-3) had considerable
higher amount (p < 0.005) of pectic fractions (total and water-soluble pectins) than fresh hand squeezed
juices (Ep-1) and soft squeeze processed juice (Ep-2) (Table 1).

3.2. Phytochemical Content in Bergamot Juices Obtained with Different Juice Extraction Systems

BJ was characterized by noticeable amounts of flavanone-7-O-neohesperidosides (naringin,
neoeriocitrin, and neohesperidin) and lower amounts of flavanone-7-O-rutinosides (narirutin).
The typical flavanone glycosides pattern of bergamot juice was shown in Figure 2 (panels b-d).
The detection limits (LOD) found using RP-HPLC-DAD analysis were 0.5 mg/L, while the calculated
limits of quantification (LOQ) were 1 mg/L for each flavanone glycosides. The validation process of
HPLC analysis showed a good resolution of all components (Figure 2a), excellent linearity, as confirmed
by the correlation coefficient R?, ranging from 0.990 to 0.998, and a good precision, at the concentration
level tested, since the coefficient of variation (CV) values were <5% for all the analytes. Considering
the involvement of procedures as extraction, filtration and dilution of sample, the precision and the
accuracy of the analytical method were acceptable with intra/inter assay coefficient of variation below
2.3% and 3.9%.

Results reported in Table 2 and Figure 2 suggested that B] obtained by screw press (Ep-3) had
significantly (p < 0.001) higher levels of flavanone glycosides (neoeriocitrin, naringin, neohesperidin)
compared to hand squeezed juices (Ep-1) and BJ processed by and FMC (Ep-2). No significant variation
in flavanone glycosides content was noticed in the hand squeezed juices and BJ obtained by Ep-2
(p<0.1).

Naringin was the most abundant flavonoid present (394 + 83; 175 + 58; and 97 + 13 mg/L in Ep-3,
Ep-2, and Ep-1, respectively). The content of neoeriocitrin ranged from 114 + 20 mg/L in Ep-1 juice to
402 + 122 mg/L in Ep-3 juice, while the concentration of neohesperidin was found to be about 1.5- to
1.7-fold lower than naringin content.
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Figure 2. Comparison of RP-HPLC-DAD chromatograms at 284 nm of flavanone glycosides in bergamot
juice (BJ) obtained using 3 processing methods: (a) Standard mixture of eriocitrin (1), neoeriocitrin (2),
narirutin (3), naringin (4), hesperidin (5), neohesperidin (6). (b) Hand squeezed BJ (Ep-1); (c¢) FMC-BJ
(Ep-2); (d) B] obtained by screw press of peeled fruits (Ep-3); (e) debittered bergamot juice (dBJ).

Table 2. Concentration (mean + standard deviation, n = 3) of flavanone glycosides, quaternary
ammonium compounds, and limonoid aglycones in bergamot juice obtained using 3 different juice
extraction methods: hand squeezing (Ep-1); FMC (Ep-2); screw press of peeled fruits (Ep-3), and in
debittered bergamot juice (dBJ).

Ep-1 Ep-2 Ep-3 dB]J
flavanone glycosides
neoeriocitrin (mg/L) 114 +202 219+ 64  402+122° 7+2d
narirutin (mg/L) 18 +3.02 18 +3.54 37+£39P <0.1
naringin (mg/L) 97+ 132 175+58> 394 +83¢ 5+14
neohesperidin (mg/L) 66+152 124 +69° 279 +78°¢ 4+24d

Quaternary ammonium compounds
N,N-dimethyl-L-proline (mg/L) 436 +49°2 569 + 1262 667 + 1472 395+ 382
limonoid aglycones

Limonin (mg/L) 20+42 37+132 65+14b 5+1¢
Nomilin (mg/L) 17 + 42 42+11° 67 +12b 3+1d
Means in a row without a common superscript letter differ (p < 0.05) as analyzed by two-way ANOVA and the

TUKEY test.

Data from Table 2 showed that N,N-dimethyl-L-proline was the main proline derived osmo-
protectant compounds present in BJ. The process used for extraction of B] did not affect significantly
the N,N-dimethyl-L-proline content in juice (p < 0. 5).

As reported in Table 2, the content of limonoid aglycones, limonin, and nomilin, increased
significantly in the screw press (Ep-3) B] with an average content of 65 mg/L. B] obtained by FMC
(Ep-2) did not significantly differ from hand squeezed (Ep-1) juice as regarding the limonin content
(p < 0.05), while nomilin appeared to be lower in the Ep-1 juice.

Since bitterness in B] was primarily related to two classes of compounds: neohesperidose
O-flavanone glycosides (neoeriocitrin, naringin, and neohesperidin) and limonoids (limonin, nomilin),
the content of these compound was evaluated in BJ treated with polystyrene-DVB resins (Amberlite
XAD-16) batch process. In Table 2 the content of flavanone glycosides and limonoid aglycones of
debittered B] samples was also reported. The effect of resin treatment significantly reduced (p < 0.001)
the amount of the flavanone glycosides, limonin, and nomilin (Figure 2, Table 2), but seemed to not
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affect L-ascorbic acid and N,N-dimethyl-L-proline, which did not significatively differ (p < 0. 5) from
fresh hand squeezed BJ (Table 2).

3.3. In Vitro Antioxidant Activity

The antioxidant activity of the BJ juices obtained using 3 different juice extraction methods were
estimated by DPPH radical scavenging assay (Figure 3), ascorbic acid was used as the reference
standard. The antioxidant activity of debittered bergamot juice (dBJ) was also evaluated in order to
find a possible correlation between the free radical scavenging activity (RSA) of fresh processed BJ and
its” content in phytochemicals.

p<0.0001 3

B A B p<0.0001
30
p<0.005 25
~ 25
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£
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8 15
n
b 1
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Figure 3. Antioxidant activity expressed as EC5p (A) and antioxidant activity index (AAI) (B) of
bergamot juice obtained using 3 different juice extraction methods: hand squeezing (Ep-1); FMC (Ep-2);
screw press of peeled fruits (Ep-3); and in debittered bergamot juice (dBJ). Asc: ascorbic acid (positive
control). Error bar represent standard deviation (1 = 3).

Ascorbic acid, at a concentration of 20 ug/mL, exhibited a percentage inhibition of 51.1% and a
calculated ECsj value of 21.25 pg/mL.

After 40 min, screw press (Ep-3) B] showed the highest DPPH radical scavenging activity, (ECs5p was
9.35 ug/mL, p < 0.0001). The ECsj of hand squeezed (Ep-1) B] was significatively lower than FMC juice
(Ep-2) (p < 0.005). Debittered bergamot juice (dBJ) showed an ECs, value of 29 ug/mL, significantly
higher than the other juice (p < 0.0001). It is mainly due to the L-ascorbic acid content, as previously
reported in Table 2.

A very strong antioxidant activity (AAI > 2.0) was observed only in screw press (Ep-3) BJ, while
the AAI of FMC juice (Ep-2) was significatively higher than Ep-1 (hand squeezed) and debittered
bergamot juice (dBJ) (p > 0.05). The present results demonstrate stronger activity of EP-3 BJ than that
of the standard antioxidant ascorbic acid (p > 0.0001).

Moreover, the B] debittered with exchange resin showed significantly lower (p < 0.0001) total
antioxidant activity due to minor content of flavanone glycosides and limonoid aglycones (Table 2,
Figure 3). The exchange resin process led to a significant decrease (p < 0.005) in the total concentration
of these compounds compared with samples of fresh juice, while no effects were observed on L-
ascorbic acid, which ranged from 387 to 402 mg/L, and N,N-dimethyl-L-proline (Table 2).

Correlations between the antioxidant activity index (AAI) and the content of flavanone glycosides,
ascorbic acid, N,N-dimethyl-L-proline (ProBet), and limonoid aglycones were calculated using the
Pearson test in order to find out if parameters were statistically correlated (Figure 4). Strong positive
correlations (r > 0.95) were determined for all compounds with the same exception: only a high
negative correlation was observed for ascorbic acid content and AAL

Results in Figures 3 and 4 indicated that the antioxidant activity index of B] was mainly due to
ascorbic acid content and increased together with the flavanone glycosides and limonoid aglycones
content according to processing of juice extraction.
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Figure 4. Pearson test correlation coefficients (r) among the antioxidant activity index (AAI) and
the content (mg/kg) of flavanone glycosides, ascorbic acid, quaternary ammonium compounds, and
limonoid aglycones in the BJ (p < 0.05).

4. Discussion

The objectives of this study were to evaluate the effects of different juice extraction systems on
proximate constituents, bioactive components composition, and antioxidant activity of bergamot juice.

Beneficial activities of the components of citrus juices for human health were primarily ascribed to
its antioxidant activity mainly due to L-ascorbic acids and polyphenols, like flavanone glucosides [16].
Despite these beneficial effects, the unprocessed fresh bergamot juice showed sour taste due to a high
citric acid content (Table 1) and a bitter taste due to limonoids and flavanone-7-O-neohesperidosides
which were also the most dominant bitter principles (Table 2).

Flavanones usually occurred as O-glycosyl derivatives, with the sugar moiety bound to the
aglycone hydroxyl group at either C7 or C3. Among these compounds, the O-diglycosides were
a dominant category and their structures were usually characterized by the linkage of either
neohesperidose or rutinose to the flavonoid skeleton. The bitterness caused by flavanone-7-O-
neohesperidosides was often referred to as ‘primary’ bitterness, while flavanone-7-O- rutinosides were
tasteless [28].

The amount of the flavanone glycosides depends on the species and of the productive processes
used (time and intensity of extraction, line production technology, and quality of the fruit used). It is
known that a higher content of flavonoids and limonoids were found in albedo and membranes than in
juice sacs [29]. Since there were several methods of extraction juice, each processing method may have
its own characteristics in terms of the concentration of bioactive compounds as well as juice quality
(proximate constituents).

Hand squeezing (Ep-1) was compared with two industrial squeezing methods: a “soft” juice
extraction process (FMC single-strength extraction method, Ep-2) and a “hard” juice extraction process
(Ep-3) operated by a screw press of peeled fruits, to evaluate their influences on health components
of BJ.

4.1. Proximate and Phytochemical Content in Bergamot Juices Obtained with Different Extraction Systems

As regarding the proximate constituents of Ep-1 BJ (hand squeezed bergamot juice), results were
in accordance with the previous report [14]. As showed in Table 1, juice extraction techniques used in
this study did not significantly affect same proximate constituents related to juice quality parameters:
soluble solids, acidity, L-ascorbic acid, and free sugars.

The range of variability of total acidity of the samples analyzed, expressed as g/L of monohydrated
citric acid, was 37-41 g/L. These values were in good agreement with those previously reported by
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Calvarano et al [21] and Cautela et al. [14]. As for total acidity content, in this study, significant
differences were not observed due to different juice extraction techniques considering both soluble
solid and free sugars content (Table 1). If compared to the other citrus juices, the amount of free sugars
in bergamot was comparable with that of grapefruit and lemon [14,22].

In citrus juices, pectin was one of the major components of the suspended cloud material that
imparts desirable appearance, texture, and flavor [30]. Since the amount of pectins was higher in
the albedo and in the membranes, the content of pectins present in the juice depended on the juice
extraction system used. Highest values were found in BJ obtained by the “hard extraction process”
(Ep-3) compared to the juices obtained by the “soft extraction process”. Results from Table 1 also
showed that juice extractor pressure affected the water-soluble and total pectins content that increased
about 1.5-folds in Ep-3 BJ.

Based on the contents of L-ascorbic acid found in all samples, B] was a good source of vitamin C;
in fact, a serving of BJ (240 mL) would cover the adult reference daily intake (RDI).

A glass of B] also provided approximately 100 mg of stachydrine (N,N-dimethyl-L-proline) making
this compound a valid biomarker of orange or other citrus juice consumption [31,32]. Furthermore,
N,N-dimethyl-L-proline could contribute to the fine direct/indirect regulation, the endothelial function
via the modulation of nitric oxide synthase and cellular senescence pathway [9,10].

A randomized, crossover, double-blind, controlled study performed in overweight and obese
subjects showed that stachydrine was a useful biomarker to differentiate the intake of orange juice
containing different amount of flavanones [32]. Furthermore, the study reported a positive correlation
between the consumption of orange juice with a high content of flavanones and the improved relation
of oxidative stress and inflammatory biomarkers [32].

The content of flavanone glycosides in hand squeeze (Ep-1) BJ (Table 2) were in good agreement
with the data of flavonoid content in bergamot juice reported in literature [14-16]. The most abundant
flavanone glycosides in bergamot fruits were naringin, neohesperidin, and neoeriocitrin. Among
these, naringin was found to lower total cholesterol and low-density lipoprotein cholesterol levels in
plasma [33] and has been also evaluated for its probable protective actions on pre-neoplastic lesions [34].

A clear technological effect on the flavanone glycosides (Table 2, Figure 2) and limonoid aglycones
(Table 2) could be suggested, depending on the juice extraction system used.

Limonoid aglycones showed numerous pharmacological activities [7] and were the most abundant
in seeds and peels [16,25]. This could explain the significatively high level (p < 0.05) of limonin and
nomilin in EP-3 B] compared to other juices.

The increase of flavanone glycosides with increasing extraction pressure were in agreement with
Gil-Izquierdo et al. [20], who reported the effect of processing techniques at an industrial scale on
orange juice antioxidant and beneficial health compounds.

4.2. In Vitro Antioxidant Activity

In our study the total antioxidant activity of B] was evaluated using radical scavenging assays
based on single electron transfer (SET) mechanisms (2,2-diphenyl-1-picrylhydrazyl, DPPH assays).

The DPPH assay measured the so-called radical-scavenging activity (RSA) which is the ability of
extract constituents to scavenge reactive species to stop the initiation or propagation of oxidizing chain
reactions [26].

The interaction or synergistic effect among the nutrients and/or bioactive compounds contained
in citrus fruits could contribute to their antioxidant activity. Figure 3 illustrated the results of the
antioxidant activity obtained for BJ tested in the present study.

Screw press (Ep-3) B] exhibited the lowest EC5, value. Since the ascorbic acid and stachydrine
content in all juice was comparable. Furthermore, the high flavanone glycosides, stachydrine,
and limonoid aglycones content in screw press (Ep-3) B] may also contribute to its potent DPPH
radical activity. In fact, data reported in Figure 3, confirmed that the debittered bergamot juice (dBJ),
had significant higher EC5 value. The contribution of antioxidant activity, in dBJ, was due to the
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ascorbic acid and stachydrine content since, in batch operations, cross-linked divinyl benzene-styrene
resin reduced the flavanone glycosides and limonoid aglycones up to 90% (Table 2). The debittering
processing with these resins had no effect on the minerals, acid, and amino acids content of the juice,
as reported by Kimbal for navel orange juice [35].

In the present study, the contribution of ascorbic acid to the antioxidant activities of B] was found
to be moderate (Figure 4). Miller and Rice-Evans [36] had underlined the significant contributory
role of polyphenols in the total antioxidant activity of long-life orange juice even if ascorbic acid was
present at a higher concentration (Table 1).

5. Conclusions

BJ can be a good dietary source of nutrients like L-ascorbic acid and phytochemicals with
antioxidant and health properties. However, nutritional content of bergamotjuice varied as consequence
of different processing techniques. Our results indicated that the juice extraction processes employed
could influence the chemical composition and functional properties of B]. The industrial processed
juice, obtained by conditions (Ep-3), was markedly different from the fresh squeezed juice in the same
proximate constituents as pectic substances and phytochemicals content.

Results from this study suggest that extracting juice under harsh conditions (Ep-3) increased
the amount of phytochemical content and total antioxidant activity than FMC and hand squeezing
juicing process.

Several limitations of the present study must be considered. This research looked at the effect of
juice processing on the phytochemical content of the resulting juice. Further studies are necessary to
understand the influence of the processing conditions (thermally or non-thermally) on increased shelf
life of BJ.

Despite these beneficial effects, the unprocessed fresh bergamot juice showed a bitter taste due to
limonoids and flavanone-7-O-neohesperidosides, hence a sensory evaluation should be addressed in
order to evaluate consumer acceptance of processed BJ.

As the health benefits from the phytonutrients was better understood by addressing their
bioavailability, future efforts will therefore aim to compare the different types of juices considering the
bioavailability of phytonutrients in clinical trials.
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Abstract: Black garlic is made from the fresh kind, submitting it to a controlled temperature (~65 °C)
and humidity (>85 °C) for a prolonged period of time. The aim of this study was to assess the
differences in the process and in the final product as a result of employing three garlic varieties
(Spanish Roja, Chinese Spring and California White), and to check the influence of the storage time on
fresh garlic in the quality of the final product by using garlic obtained in two different agricultural
seasons, that of the current year (2014) and of the previous one (2013). The results revealed some
differences in the parameters analysed during the manufacturing of the black garlic from the three
varieties used, and even according to the harvest in question. However, when comparing initial
and final values of the samples, a very similar evolution in their acidity, reducing sugars, °Brix, pH,
polyphenol content, and antioxidant capacity was noted.

Keywords: black garlic; variety garlic; storage; acidity; reducing sugars; °Brix; polyphenol content;
antioxidant capacity

1. Introduction

The genus Allium belongs to the Alliacae family. Garlic (Allium sativum), onion (Allium cepa),
leek (Allium porrum), and chives (Allium schoenoprasum) were some more famous herbs from this
genus [1].

Black garlic is obtained by a multi-step heating process at a controlled temperature and humidity
during a variable period of time from raw garlic [2-7]. During the production process, a series of
physico-chemical changes of the fresh garlic are produced. The garlic bulbs turn into a darker product,
its acidity values increase, it loses its characteristic pungency, and it develops an intense sweet taste.
In addition, the total polyphenol content and antioxidant capacity increase during the black garlic
process [8]. The final product is characterized by its black colour, sweet-sour taste with a balsamic
touch that reminds us of raisins, and for not having the typical garlicky taste that is rejected by
many consumers.

This product derived from garlic has been aim for many studies. Some recent publications have
described the beneficial effects of black garlic in the prevention or improvement of cardiovascular
diseases, diabetes, obesity, or cancerigenous processes, among others [2-4]. However, there are few
publications providing results on the manufacturing process of this product and especially on the
influence of factors like the garlic variety used or the time elapsing after its harvest on the quality of
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the final product obtained. In keeping with recent studies [9], 70 °C is the temperature of choice for
black garlic production process with high relative humidity conditions (80%-90% RH).

The loss of characteristic smell and flavor of fresh garlic is one of the most important quality
aspects in black garlic. This loss of fresh garlic flavor largely conditions the duration of the black garlic
process, however, if the duration of the process is longer, the acidity values and production costs are
higher [8]. The characteristic flavor of fresh garlic is produced when garlic cloves are handled, as sulfur
compounds are produced by enzyme alliinase action on S-alk(en)yl substituted cysteine sulfoxides,
with S-allylcysteinesulfoxide (alliin) being the most abundant sulfur compound in fresh garlic [10].

Previous studies demonstrated than S-alk(en)yllcysteine sulfoxides content depends mainly on
genetic factors and post-harvest storage conditions of garlic bulbs, while the edaphoclimatic conditions
during the plant growth have a lower influence [11]. Hornickova et al. (2010) [11] showed a significant
increase of S-alk(en)ylcysteine sulfoxides content after a prolonged storage of fresh garlic. However,
these results were obtained after eight weeks of storage at 5 °C. Some companies that market fresh
garlic carry out storage at —2 °C, in order to keep the garlic in dormant state (dormancy) and to avoid
germination of the garlic clove (sprouting).

In this direction, the aim proposed in this study was to evaluate the employment of three garlic
varieties (Spanish Roja., Chinese Spring and California White) harvested at the same time in two seasons,
that of the current year and that of the previous one, and stored at —2 °C after harvest, in the process
and in the quality of obtaining black garlic.

2. Materials and Methods

To manufacture the black garlic, three fresh garlic varieties were used (Spanish Roja, California White
and Chinese Spring) from two different harvests (fresh garlic from the current year and that coming
from the previous one). The garlic from the previous year’s harvest was kept under refrigeration at
—2 °C up to its processing.

During the black garlic manufacturing process, all the samples were submitted to the same
temperature (72 + 2 °C) and relative humidity (close to 90%) conditions.

Samples of the three varieties were analysed at the beginning and during the manufacturing of the
black garlic (at 14, 21, and 34 days of manufacture). In each control, three samples were taken. In each
sampling, the following physicochemical properties were determined: soluble solids (°Brix), pH, acidity
(% citric acid), content in reducing sugars, total polyphenol concentration, and antioxidant capacity.

2.1. Analysis of pH, Soluble Solids (°Brix), Acidity, and Reducing Sugars

The pH analysis was made directly on the ground, homogenized sample using a potentiometer
Crison Basic 20 model. To determine the content in soluble solids (°Brix), it was necessary to filter
approximately 5 g of the ground sample and the liquid from it in an Abbe refractometer.

Acidity was expressed as % of citric acid. Approximately 15 g of the ground sample was weighed,
and sufficient distilled water added to facilitate its homogenization, and next it was filtered for its
evaluation with NaOH 0.25 N.

The reducing sugars were determined in accordance with the Rebelein method. Then, 2 mL of
the sample homogenized in a beaker of precipitate was taken. To prevent interference from other
substances with reducing properties, 16 mL of distilled water, 1 mL of 15% trihydrated potassium
hexacyanoferrate (II), and 1 mL of 30% zinc sulphate were added to the 2 mL of sample. This was left in
repose for 10 min and 5 mL of this solution was taken, to which 10 mL of 30% potassium iodide, 10 mL
of 16% sulphuric acid, and 10 mL of starch paste were next added, after which it was evaluated with
sodium thiosulphate 0.55 N, turning a creamy-white colour. The volume employed of thiosulphate in
a blank measurement was subtracted from the volume of thiosulphate used and was compared with a
calibration line made by titrating with thiosulphate different solutions of glucose in distilled water,
thus obtaining the content (g/Kg) of reducing sugars in the sample.
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2.2. Analysis of Polyphenol Content and Antioxidant Capacity

The samples of each control were lyophilized and 0.3 g of lyophilized sample in 10 mL of a 50%
v/v of ethanol and distilled water was used. It was shaken for one hour in a rotating carousel. It was
subsequently filtered using a buchner funnel with a whatman filter over a kitasato flask connected to a
vacuum pump. The filtered extract was made up to 25 mL with a 50% v/v hydroalcoholic solution.
Two extractions per each sample were made.

The polyphenol concentration was determined with the Folin-Ciocalteu method [12]. To a 25 mL
volumetric flask, 0.5 mL of the extract, 10 mL of distilled water, 1 mL of Folin-Ciocalteu reagent,
and 3 mL of 20% p/v sodium carbonate were added and topped up with distilled water. The mixture
was heated at 50 °C for 5 min to accelerate the colouring reaction. Next, it was cooled down with water
and a reading at 765 nm in a spectrophotometer was taken. The result was compared with a calibrated
curve made by taking solutions of gallic acid of 75, 100, 200, 250, and 300 ppm. The results were
expressed by considering the dilution of the sample (0.3 g in 25 mL) in grams of gallic acid equivalent
per kg of lyophilized sample.

The antioxidant capacity was determined following the ABTS (2,2’-azino-bis(3-ethylbenzo
thiazoline-6-sulphonic acid)) radical method [13] and was expressed in mmol equivalent to the
Trolox. A total of 2.557 mL was prepared of a solution of the reagent 7 mM ABTS in distilled water,
to which 0.333 mL of a solution of 2.5 mM of potassium persulphate in distilled water was added.
The solution prepared was stored in darkness for 16 h—the time needed for the formation of the radical
(ABTS+). Next, 0.15 mL of the ABTS+ solution was diluted in 15 mL of ethanol and its absorbance
value (Ag) adjusted to 734 nm at 7 min. Into a 1 cm light path cuvette, 0.980 mL of the ABTS + solution
and 0.02 mL of the sample extract were placed. This was shaken and the absorbance reading taken at
734 nm and at 7 min (A;). The inhibition percentage was calculated by the following expression:

% inhibition = (Ag — A7) * 100/A,.

Subsequently, a calibration curve was drawn with different Trolox concentrations and the inhibition
percentage was obtained expressed in mmol equivalent to Trolox per kg of lyophilized sample.

2.3. Statistical Analysis

The results obtained were analysed by analysis of variance. A different model for each year was
used. Two variation factors were established: the garlic variety with three fixed levels (each of the
varieties used in the study), and the control time with four fixed levels (the initial one and each of the
controls made at 14, 21, and 34 days of the process). The interaction between both variation factors
was included in the model. The analysis of variance was made with a p < 0.001 probability error.
To determine which levels of each factor presented significant differences, the mean values obtained in
the different controls were compared in accordance with Tukey’s test.

3. Results and Discussion

Table 1 shows the values calculated of the mean and standard of the mean in the reducing sugars,
acidity, °Brix, pH, antioxidant capacity, and polyphenol content. The mean values were grouped
according to the control during the black garlic manufacturing process (Initial, 14, 21, and 34 days),
depending on the garlic variety used (Spanish Roja, Chinese Spring, and California White) for each year in
which the garlic employed was harvested (2013 and 2014).
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The result of the analysis of variance was significant for both variation factors in each of the
analyses made (acidity, pH, Brix, reducing sugars, antioxidant capacity, and polyphenol content) and
in the two harvests in the study.

The crossing factor was only significant in the content of polyphenols in garlic of 2014 owing to,
in the two last controls, the different garlic varieties not showing any significant differences.

To explain the results obtained with garlic stored during one-year (2013) in comparison with garlic
obtained in the year of the study (2014), one should not discount the edaphoclimatic influences; for
this reason, statistical comparison between them was avoided. Although, it is possible and achievable
produce black garlic with fresh garlic stored for long periods without finding great differences in the
physico-chemical characteristic in the final product. However, there were clear differences of reducing
sugars content, mainly for the California White variety (0.81 g/kg lyophilized sample for 2014 samples
and 2.72 g/kg lyophilized sample for 2013 samples), possibly because this variety could dehydrate
more during storage. This also explains the acidity values shown for the California White variety at day
0 (0.33% citric acid for 2014 samples and 0.52% citric acid for 2013 samples). Finally, the differences
between garlic from both harvests were reduced during the black garlic production process.

3.1. Acidity

During the manufacturing process, the acidity value was increasing progressively in all the
varieties. The increase could be partly related to derived compounds from browning and heat
treatment [14]. These results are in line with previous studies [8,14]. Zhang et al., (2016) [14] showed
the acidity values during black garlic production process with different temperatures (60 °C, 70 °C,
80 °C, 90 °C). They reported increasing acidity values for the different process temperatures; if the
process temperature was higher, the acidity increase was reached faster. The acidity value reported by
Zhang et al. (2016) [14] with 70 °C and 33 to 36 days of the black garlic process was about 4%, similar
to the value obtained in our study.

In garlic harvested in 2013, the mean acidity values were significantly higher in the initial control
in the var. Chinese Spring. The acidity value was also significantly higher in the variety Chinese Spring
in the controls made at 21 and 34 days. The var. California White, in the final control, had a significantly
lower acidity than the rest of the varieties, although, in the remaining controls, the differences were not
significant compared with those of the var. Spanish Roja. In garlic harvested and analysed in 2014,
the results were similar, with the var. Chinese Spring being the one displaying significantly higher
values in the initial and final controls. The var. California White gave a significantly lower value in the
initial control and at 14 and 34 days (2.79).

The results confirm that, at the temperature established (72 °C), the ideal duration of the process
should be under 34 days, as excessive acidity values are reached in all the varieties studied, or that
acidity generated in the product should be neutralised. Zhang et al. (2016) [14] reported that an acidity
higher than 4% produced an unpleasant acid taste in black garlic. According to our experience, the
acidity limit should be around the values of 2% and 2.5%.

In the Figure 1, the results of the acidity are shown in a graph:
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Figure 1. Evolution of acidity (% citric acid) during the manufacture of black garlic with three varieties
and two types of garlic: one-year old garlic (2013) and garlic recently harvested (right).

3.2. Reducing Sugars

The evolution, the same as in the acidity results, showed an increasing trend from values close to
1 g/Kg up to values close to 30 g/Kg at 34 days. Similar results were reported by other studies with a
substantial increase of reducing sugars during the production of black garlic. Choi et al. (2014) [15]
showed a 10-fold increase in reducing sugar content during 35 days of maturity stage. Yuan et al.
(2016) [16] observed an increase from 187.79% to 790.96%, explained mainly by changes in fructose and
glucose content during the process, as black garlic showed similar sucrose concentration to fresh garlic.
These considerable increases of fructose and glucose contents during black garlic production could be
the result of the hydrolysis of fructans during the process, Yuan et al. (2016) [16] observed a decrease
of 84.6% of total fructans content in black garlic in relation to fresh garlic. The increase of reducing
sugar content explains the characteristic sweet taste of black garlic.

The reducing sugar content was significantly higher in the var. California White with respect
to the other varieties in the initial control and at 14 days of the process in garlic of the harvest of
2013. However, in the last control, the Spanish Roja variety had a significantly somewhat higher value
(31.96 g/Kg). In garlic of the 2014 harvest, the results were lower especially in the final control at
34 days, with the var. California White being the one showing a higher value compared with the other
varieties. The var. Chinese Spring was the one showing the lowest content of reducing sugars out of the
three varieties studied in garlic kept from the harvest of 2013 and in garlic of 2014.

In the Figure 2, these results are depicted:
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Figure 2. Evolution of the reducing sugar content (g/kg lyophilized sample) during the manufacture of
black garlic with three varieties and two types of garlic: garlicaged one year and garlic recently harvested.

3.3. °Brix and pH

The results of °Brix were coherent with the results obtained in reducing sugars, both in garlic kept
from the 2013 harvest and analysed in 2014 and in garlic harvested in 2014. Thus, the garlic variety
with the lowest value of °Brix was the variety Chinese Spring in the initial control and during the whole
manufacture process. The results showed higher values in samples from the 2013 harvest in practically
all the controls made. Regarding their evolution, they tended to increase during the process.

The pH results, although they exhibited significant differences between varieties, had a greater
similarity between varieties and between both harvests, 2013 and 2014. The Figure 3 shows the results

obtained of the °Brix and pH.
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Figure 3. Evolution of °Brix (top) and pH (bottom) during black garlic manufacture with three varieties
and two garlic types: one-year-old garlic (2013) and recently harvested garlic (2014).
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Our results about the evolution of °Brix and pH during garlic storage are in line with those
reported by Toledano-Medina et al., (2016) [8], Choi et al., (2014) [15], and Bae et al., (2014) [17].

3.4. Antioxidant Capacity

Antioxidant capacity evolution showed strong growth up until the maximum reached at 21 days.
These values are in line with the results provided by different research works that described a 4.5-fold
increase in the initial values [2,8,15]. Choi et al., (2014) [15] also reported lower antioxidant activity
during black garlic production, mainly at 21 days of the process. The increase of antioxidant capacity
could be related to the increase of total polyphenols, flavonoids, and intermediate compounds of
Maillard reaction produced during heat treatment [15,18,19].

The antioxidant capacity results were significantly higher in the var. Chinese Spring in all the
controls made with garlic from the harvest of 2013 and in the final control of those from the 2014 one.
There were no notable differences between either type of garlic (2013 and 2014), and in both cases,
a correction in the value obtained in the last control (34 days) with respect to the one made at 21 days
was observed.

In the Figure 4, the results obtained are depicted.
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Figure 4. Evolution of antioxidant capacity (TROLOX mmol/kg lyophilized sample) during
the manufacture of black garlic with three varieties and two types of garlic: one-year-old and
recently harvested.

3.5. Polyphenol Content

In neither of the garlic types (2013 and 2014) were any notable differences seen, and, in this case,
no correction in the value obtained in the last control (34 days) was observed. These results are in line
with those obtained in previous studies [8,14,15], which showed increased levels of polyphenol content
during the black garlic production. In addition, the important increase of the polyphenol content could
be related to compounds derived from Maillard reaction, such as 5-hydroxymethylfurfural (5-HMF).
Zhang et al. (2016) [14] evaluated the effect of different temperatures during black garlic production on
5-HMF content; they observed a high increase of this compound during the different heat treatments,
especially when the temperature was up to 70 °C. Furthermore, Choi et al. (2014) [15] showed an
increase of total content of flavonoids during black garlic production, which could explain the increase
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of total polyphenol content during the process. Lu et al. (2017) [19] reported uridine, adenosine,
carbonile alcaloids, and 5-hydroxymethylfurfural as the compounds with higher polyphenolic content
and antioxidant capacity in different ethyl acetate extracts of black garlic.

The results were significantly higher in the variety Chinese Spring in all the controls made with
garlic from the 2013 harvest, although, in the last two controls of the 2014 harvest, the results did not
give any significant differences between varieties.

The Figure 5 shows the results obtained.
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Figure 5. Evolution of the polyphenol content (g Gallic/Kg lyophilized sample) during the manufacture
of black garlic with three varieties and two types of garlic: one-year-old and recently harvested.

4. Conclusions

With regard to the manufacturing process, regardless of the variety used and only taking into
account the physicochemical parameter evolution, the values obtained were similar to those published
by different authors [2-6,8].

In this work, it was demonstrated that black garlic can be made with garlic proceeding from
a previous harvest that is kept dormant under refrigeration for one year. This possibility should
additionally be reinforced with some procedure in order to differentiate black garlic made with fresh
garlic from a recent season from that made with garlic kept from the previous one.

The analyses conducted show some differences between the previous year’s garlic (2013) and that
of the study (2014); for example, the 2013 garlic contained a higher content in reducing sugars, °Brix,
and acidity, especially for the California White variety. The most probable reason for those differences
could be a loss of humidity during storage and a resulting concentration.

With regard to the varieties employed, the garlic of the variety Chinese Spring exhibited a smaller
amount of reducing sugars and °Brix, and a greater acidity than the rest of the varieties analysed in
garlic of 2013 and 2014. Its antioxidant capacity and polyphenol content were higher than those of the
rest of the varieties, especially in garlic of 2013.

As for the process, it is known that the temperature determines its duration. It should be pointed
out that an excessive duration in the process is detrimental to the final product. First, its acidity becomes
excessive as the process becomes protracted. Second, the product’s antioxidant capacity diminishes
after reaching a prior maximum value when the process is extended, although the polyphenol content
goes on increasing.
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Abstract: Food processing is used for transforming whole food ingredients into food commodities or
edible products. The level of food processing occurs along a continuum from unprocessed to minimally
processed, processed, and ultra-processed. Unprocessed foods use little to no processing and have
zero additives. Minimally processed foods use finite processing techniques, including drying, freezing,
etc., to make whole food ingredients more edible. Processed foods combine culinary ingredients with
whole foods using processing and preservation techniques. Ultra-processed foods are manufactured
using limited whole food ingredients and a large number of additives. Ultra-processed snack foods
are increasing in food environments globally with detrimental implications for human health.
This research characterizes the choices, consumption, and taste preferences of adolescents who
were offered apple snack food items that varied along a processing level continuum (unprocessed,
minimally processed, processed, and ultra-processed). A cross-sectional study was implemented in
four elementary school classrooms utilizing a buffet of apple snack food items from the aforementioned
four food processing categories. A survey was administered to measure students’ taste acceptance
of the snacks. The study found that the students selected significantly (p < 0.0001) greater quantities
of ultra-processed snack foods (M = 2.20 servings, SD = 1.23) compared to minimally processed
(M = 0.56 servings, SD = 0.43) and unprocessed (M = 0.70 servings, SD = 0.37) snack foods. The students
enjoyed the taste of ultra-processed snack foods (M = 2.72, SD = 0.66) significantly more (p < 0.0001)
than minimally processed (M = 1.92, SD = 1.0) and unprocessed (M = 2.32, SD = 0.9) snack foods.
A linear relationship was found between the selection and consumption quantities for each snack
food item (R2 = 0.88). In conclusion, it was found that as processing levels increase in apple snack
foods, they become more appealing and more heavily consumed by elementary school students.
If applied broadly to snack foods, this conclusion presents one possible explanation regarding the
high level of diet-related diseases and nutrient deficiencies across adolescents in America. Food and
nutrition education, food product development, and marketing efforts are called upon to improve
adolescent food choices and make less-processed snack food options more appealing and accessible to
diverse consumers.

Keywords: nutrition; processed; snack food; food; ingredients; preferences; eating behaviors; healthy
snacks; adolescent snacking
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1. Introduction

Processed foods have increasingly dominated the United States’ food supply, food environments,
and diets over the past five decades [1] with detrimental implications for nutrition and human
health [2-5]. The trend of increased processed food consumption characterizes the nutrition transition
as a shift towards nutrient-poor diets filled with ultra-processed food items [2]. The overconsumption
of ultra-processed foods that are often formulated using saturated or trans fats, excess sugar, excess
salt, and artificial ingredients has had negative implications for diet-related health outcomes, including
increased incidence of obesity, Type 2 Diabetes, cardiovascular disease, and cancer [2-5]. One in
five children ages 6 to 19 and living in the United States are classified as obese with a body mass
index at or above the ninety-fifth percentile [6]. A recent article demonstrates that a 10% increase in
consumption of ultra-processed foods among study participants was associated with a significant
increase (greater than 10%) in overall cancer and breast cancer [5]. Along with the United States,
the nutrition transition and associated nutrition and health outcomes are occurring in communities
globally [7].

Ultra-processed foods comprise 58% of the consumed calories and 90% of the added sugar intake
in the American diet [1]. It was found that meals prepared with ultra-processed and processed
food ingredients had one third more added sugar, one fourth more saturated fat and sodium,
less than half the fiber content, and two thirds more calories when compared to meals prepared
from the processed and minimally processed groups [4]. For adolescents, regardless of country of
residence, obesity was positively correlated with the taste of fat and sugar-enriched food products [8].
Eliminating ultra-processed products from a diet can improve consumer health with studies reporting
decreases in attention deficit hyperactivity disorder (ADHD) symptoms [9], a reduction in insulin
resistance in children with Type 2 Diabetes [10], and decreased mineral deficiencies in children with
autism [11].

Food processing (Table 1) can be characterized at different levels along a continuum from
unprocessed, minimally processed, and processed culinary ingredients up to processed foods and
ultra-processed foods. The different levels of food processing vary according to the degree of
manipulation including the utilization of new technologies and the input of artificial ingredients
that take foods further from their natural state [1]. At the extreme end, ultra-processed food items
often have little physical resemblance to the fresh and wholesome food items that they were originally
derived from [12]. The addition of extra processing steps and artificial ingredients transforms food
products such as meats, fruits, and vegetables into new foods that can be both visually and nutritionally
different compared to their original whole food state [4]. Unprocessed foods include fresh fruits,
vegetables, and meats that have undergone limited processing including cleaning, portioning, chilling,
grating, etc. [13]. Minimally processed foods have undergone a small amount of processing such as
drying, freezing, or fermentation [13]. Processed culinary ingredients include sugar, oil, fat, salt, and
other ingredients that are originally taken from plants and then milled, pressed, or pulverized to
be used in cooking or baking [13]. Processed products are whole food ingredients that have been
combined with processed culinary ingredients using processing methods along with preservation
techniques such as salting, pickling, smoking, curing, etc. [13]. Lastly, ultra-processed foods are created
using ingredients that are not used in culinary work [1], including artificial flavors, colors, sweeteners,
emulsifiers, and preservatives. Ultra-processed products can be fortified with micronutrients and are
formulated to be “ready-to-eat” versions of whole food items [13].
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Table 1. Classification of the food processing levels adapted from Juul and Hemmingsson [13].

Classification Description Examples
U Undergone limited processing including chilling, Fresh fruit and vegetables, unsalted nuts
nprocessed - . X - .
slicing, grating, and packaging. and seeds, grains, milk, and pulses.
A small amount of processing including drying, Frozen produce, dried beans, dried fruits,
Minimally Processed freezing, pasteurizing, gas and vacuum packing, fat  unsweetened fruit juices, pasteurized milk,
reduction, and fermentation. coffee, and plain yogurt.
Include ingredients that are originally taken from
plants or nature and are then milled, pressed, Vegetable oils, fats, butter, cream, sugar,

P d Culi I dient . o L .
tocessed Culinary Ingredien pulverized, stabilized, or purified to be used in sweeteners, salts, and flour.

cooking or baking.
Include the combination of culinary ingredients with
whole foods to increase the taste or durability using
Processed processing and preservation techniques such as
canning with oils, salting, pickling, smoking,
and curing.

Created using little whole food ingredients and a
large number of additives, including artificial flavors,
colors, sweeteners, emulsifiers, and preservatives.
Processing techniques include baking, frying,
moulding, and hydrogenation. Ultra-processed
products can be fortified with micronutrients and are
formulated to be “ready-to-eat” versions of whole
food items.

Fruits preserved in syrups, canned meats in
brine, reconstituted meat, and cheese.

Cereals, grain bars, hot dogs, cookies,
candies, chips, crackers, soft drinks,
and sauces.

Ultra-Processed

Given that snack foods are a large part of the adolescent diet and impact health outcomes, it is
important to understand adolescent preferences for snack foods along a continuum of processing.
Currently, there is limited research that investigates adolescent preferences for snack food items from
various processing levels. This study seeks to address the aforementioned research gap by examining
adolescent food choices, consumption, and taste preferences for snack food items from the continuum
of processing from unprocessed to minimally processed, processed, and ultra-processed. The overall
research question of this study is: What are the food choices, consumption, and taste preferences of adolescent
students who are offered snack food items that vary along a continuum of processing levels (unprocessed,
minimally processed, processed, and ultra-processed)?

It is hypothesized that the study participants will select and consume greater quantities of
the processed and ultra-processed apple snack food items when compared to the unprocessed and
minimally processed snack food items on the basis of their food preferences. The findings from this
study have the potential to increase the awareness of the impact of food processing on the incidence
of obesity and chronic illness and decrease the consumption of ultra-processed foods in America.
Through a clear understanding of what ultra-processed snack foods are, how they impact consumption
and taste preferences, and potential health implications from overconsumption, consumers will
hopefully be encouraged to choose less-processed foods for their diet. The findings from this study
also have the potential to enhance and support health, nutrition education, and school foodservice
programs by providing them with concrete results regarding ultra-processed snack food preferences
and consumption.

Background

Processed and ultra-processed foods are often high in calories while being low in nutritional
value [14]. Ultra-processed foods are void of naturally occurring ingredients and are not fresh
food items [4]. Ultra-processed foods are characterized as rich in solid fats, sugar, sodium,
artificial ingredients, additives, and chemicals instead of protein, fiber, vitamins, and minerals [15,16].
The ingredients in ultra-processed food products are added for enhanced taste, visual appeal,
or preservation [14]. Examples of ultra-processed ingredients include high fructose corn syrup,
trans fats, monosodium glutamate, artificial colors, brominated vegetable oil, artificial sweeteners,
and nitrates/nitrites.

The top five food companies in the United States responsible for the sales of packaged foods (Kraft,
PepsiCo, Nestle, Mars, and Kellogg) control approximately 25% of US food sales [15]. These food
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companies are a part of the processed food industry that manufacture ultra-processed foods including
lunch meats, sweetened beverages, candy bars, cereals, and snack bars. For example, Kraft Foods
is responsible for 6.8% of all packaged food sales in the United States [15]. The prevalence of
processed and ultra-processed foods in diets in the United States has rapidly increased due to
key food environment characteristics including enhanced desirability (such as flavor and appeal),
affordability, convenience (such as a decreased preparation time, portability, and an extended shelf-life),
and efficiency [17,18].

It is well recognized that food processing has the potential to enhance the sensory desirability
of foods by altering their physical structure, taste, aroma, and texture [17]. With the development of
new food processing technologies coupled with consumer demand, the number of processed products
available has notably increased as chemists continue to develop and add flavor enhancers and other
artificial ingredients to foods [19,20]. For example, in the 1960s, processed potatoes, including potato
chips, made up 35% of potato use and today this number has increased to 64% [21]. Research supports
that ultra-processed foods have addictive qualities, which stems from hyper-palatable taste and
unnaturally high levels of pleasure associated with consumption that ultimately impact behavioral
characteristics and can lead to overeating [22]. The addictive qualities of ultra-processed foods are
magnified at a young age and are heavily influenced by an early introduction to them along with a
high frequency of consumption [22]. Child-focused marketing has increased this issue. For example,
in 2012 4.6 billion dollars was spent on fast food advertising and 6-11-year-old children viewed an
average of 3.2 fast food advertisements per day [23].

The most frequently consumed ultra-processed foods by Americans include packaged snack
foods such as cookies, salty snacks, and breakfast cereals [12]. Research demonstrates that snacking is
on the rise and predicts future increases in the consumption of ultra-processed snack food items [24].
Specifically, between 2016 and 2017, the number of Americans snacking five or more times per day
increased from 11.5% to 14.2% [24].

Today, adolescents have greater exposure to highly processed snack foods than previous
generations. A recent study demonstrated that adolescents consume an average of 4.3 processed
snacks per day [25]. From 1977 to 1978, adolescents consumed about 300 calories per day from snacks;
this number increased to 526 calories from 2005 to 2006 [26]. These 526 calories from snacks make up
between 22 and 38% of the recommended daily calories for an adolescent female and between 16 and
33% for an adolescent male, depending on their activity level and exact age [27]. The key drivers of
adolescent food choices for snacks include convenience, accessibility, and desirability (i.e., pleasurable
to consume during social or leisurely times) [28].

The production of ultra-processed foods presents challenges to the sustainability of food systems
and sustainable diets because of the energy and materials required for their processing and packaging.
Overall, the production of food requires 10% of the total U.S. energy budget, 80% of freshwater, and
50% of all U.S. land [29]. At the same time, food production represents food waste challenges due to
food loss on farms, in retail stores, in food operations, and in households as a result of inefficiency
throughout all stages in the food system [29]. In 2008, it was found that food processing specifically
led to 16% of food loss during manufacturing [29]. Snack food packaging is designed to preserve,
contain, trace, and increase the appeal of snack food items for Americans. Packaging innovations are
leading to heightened quantities of waste ending up in landfills [30]. In 2010, 21% of the total waste
generation was made up of food while 16% was from paper, 5% was from glass, and 17% was from
plastics, which are all used in food packaging [31]. This solid waste leads to chemical leaching into the
soils (hence poisoning soils for food to be grown in) or groundwater and increased greenhouse gases
being released into the atmosphere [30].

The increased consumption of ultra-processed foods and associated health outcomes is driving a
need for more nutrition education regarding ultra-processed foods as well as the development and
marketing of less-processed snack foods. The five stages of Popkins’ [2] nutrition transition highlight
the need for a shift from dietary patterns characterized by processed foods and high sugar and fat
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consumption to desired dietary patterns that include the reduced consumption of processed foods
coupled with increased consumption of fruits and vegetables. This change in dietary patterns away
from high fat and sugar processed foods is associated with reduced body weight along with a reduced
risk for diet-related chronic disease (obesity, Type 2 Diabetes, cardiovascular disease, and cancer) that
ultimately extends aging and improves overall health [2-5]. In order to foster the desired societal and
behavior change away from the consumption of ultra-processed foods, nutrition education efforts
are increasing regarding the impacts of ultra-processed foods and benefits of healthy snack foods,
particularly fruits and vegetables [31]. The United States Department of Agriculture and MyPlate
promote sliced vegetables, fresh fruits, dried fruits, and unsweetened applesauce as healthy snacks
for children along with lean proteins, nuts, and other whole food items [32]. Fruit and vegetable
consumption provides people with dietary fiber, which can lower obesity rates and the incidence
of cardiovascular disease [31]. Vitamins, minerals, and phytochemicals, essential for human health,
are also supplied through fruits and vegetables and can produce anti-inflammatory, antioxidant, and
phytoestrogen properties to support bodily functions [31]. Companies are learning and responding to
consumer demand and nutrition research by developing and marketing less-processed food snacks
that better support desired nutrition and health outcomes. Examples include fruit and nut trail mix
with zero added sweeteners or preservatives, sweet potato tortilla chips made from only three whole
ingredients, fruit snacks with only fruit as an ingredient, and dried chickpeas [24].

2. Materials and Methods

The cross-sectional research examined adolescent food choices for unprocessed, minimally processed,
processed, and ultra-processed versions of apple snack food items. Adolescent students were presented
with a one-time, unlimited buffet of four apple snack food options. Each buffet included four of eight
apple snack foods (two varieties of raw apples, two brands of dried apple slices, two brands of cinnamon
applesauce, and two apple-based fruit snack brands) to reduce bias within and between the processing
types. Adolescent snack food choices were measured by student selection, consumption, and taste
preferences. The selection and consumption data were measured through food weight while food
preference data was measured through a survey.

2.1. Subjects

The data were collected at three schools in Southwest Montana and included participation from
four fourth grade classrooms made up of 25, 28, 24, and 20 students, respectively, for a total of
97 research subjects. The data were collected during class periods lasting 45 minutes each. Middle
schools were selected based upon a convenience sample of middle schools within a one-hour driving
distance for the research team. The middle school principals and teachers in Southwest Montana
were contacted by the research team with the study details. Several schools declined to participate
because research initiatives did not align with the schools” individual research initiatives. The willing
principals and teachers were asked about the number of nine to ten-year-old students within the
middle school and the number of fourth grade classrooms that could potentially participate in the
study. The ideal class size was approximately 25 students per class. Three middle schools were selected
and they consented to participate. The participating ages and grade level were selected to fill a gap in
sensory research that targets participants in the beginning stages of adolescence.

Consent was given by the principal of each school and each individual student. The principals
were able to review the methodology and content of the study. According to the school’s protocol for
research, verbal consent was given by each student after a document was read aloud to the participating
class. The consenting information outlined the study purpose and methods and that the participation
was voluntary. Students were excluded if they were not the correct age, were allergic to any of the
food products, or were not willing to participate.

The table below outlines the descriptive characteristics of the schools where students involved in
the study were enrolled (Table 2). The demographics between schools varied, with School 1 having
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217 total students with 92.7% Caucasian, 51% males, 49% females, and 17.51% of students participating
in the National School Lunch Program [33,34]. Two fourth grade classes were used at School 1.
School 2 included 199 students with 87.6% Caucasian, 58% females, 42% males, and 10.6% of students
participating in the National School Lunch Program [33,34]. School 3 included 448 students with
89.1% Caucasian, 52% males, 48% females, and 37.1% participating in the National School Lunch
Program [33,34].

Table 2. Demographics from the three schools involved in the research study [33,34].

Number of Total Number of Classrooms National School Lunch
School  Students Enrolled and Students Race (Entire school) Gender (Entire school) Program Participation
in School Participating in Study (Entire school)
1 164 2 (25 and 28 students) 92.7% Caucasian 51% Male and 49% Female 16.50%
2 161 1 (28 students) 87.6% Caucasian 42% Male and 58% Female 19.3%
3 448 1 (24 students) 89.1% Caucasian 52% Male and 48% Female 37.1%

Adolescence is defined from 10 to 19 years of age [35]. The test subjects were between nine and
ten years old. This age group encompasses the beginning stages of adolescence, an important age
group to target when examining the formation of snack food choices [36]. It is critical for adolescents
to establish healthy snacking habits going into early adulthood.

2.2. Snack Food Product Samples

The research study included eight different apple-based snack food items with two types selected
for each processing level (Table 3). Apples were selected as the main food item because they are
within the top two most-consumed fruits annually for youth in America [37]. Specifically, out of the
top ten consumed fruits, raw apples are the second most consumed and applesauce is the seventh
most consumed.

Table 3. Eight apple snack food items used for the research study were randomly assigned to the
classrooms so that each classroom received one product from each processing level in a randomized
buffet order. Foods were classified into processing levels [13].

Food Product Processing Level Processing Level Criteria
Gala Apple Slices U d . W.hOle food
Red Delicious Apple Slices nprocesse e  Sliced and washed
Bare Brand Dried Apple Chips Minimally P d e Dried or slowly baked
UNFI Dried Apples umatly Frocesse e Zero added ingredients
e Mashed
Musselman’s Cinnamon Applesauce e Combined with processed culinary ingredients
. Processed ( ter, ci )
Seneca Cinnamon Applesauce sugar, water, cinnamon
e Jarred for preservation
e WAMFS: 18 ingredients such as artificial food
coloring, corn syrup, lactic acid, ascorbic acid,
) and alpha tocopherol acetate [38]
Welch’s Apple Medley Fruit Snacks e WEFFS: 15 ingredients including corn syrup and
(WAMEFS) Ultra-processed artificial coloring [39]

Western Family Fruit Snax (WFFS) e Artificial ingredients such as colors,

preservatives, sweeteners, and stabilizers
e  Fortified with micronutrients

Red Delicious and Gala apples were selected because they are the top two most-produced apple
varieties in America, with more than 54 million 42-pound units of Red Delicious apples produced in
2011 and nearly 33 million 42-pound units of Gala apples produced in 2011 [40]. Bare Dried Apple
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Chips and UNFI Dried Fruit Apples were selected as minimally processed snack food items because
Bare Apple Chips are widely accessible to consumers while being sold at some of the nation’s largest
retail stores including Walmart [41]. UNFI Dried Apples are sold by a large distributing company
called United Natural Foods that distributes to grocery stores across the United States [42]. Musselman
and Seneca brand cinnamon apple sauces were chosen because they are widely distributed throughout
America as snack food items and can be purchased at some of the nation’s largest retail chains including
Walmart [41]. Western Family Fruit Snax and Welch’s Apple Medley Fruit Snacks were chosen because
Welch’s is among the top five fruit snack brands in America [43] and both brands are well-known in
the United States while having numerous channels to connect their snack foods to many Americans.

Only one brand item from each processing group was available to the students in each classroom
for the research study, which equaled four products being tested at once. The eight apple snack food
items and their ordering were randomized so each classroom received a different buffet spread.

The grocery stores from which the food items were purchased were randomly selected from a
list of local food outlets that sold the desired product. At the selected grocery stores, whole apples
were selected to represent similar shape, size, and coloring, forming a uniform sample for the research
subjects. At the selected grocery stores, apple chips, applesauce, and fruit snacks were selected with
the furthest expiration dates so that the products were fresh for the study participants.

2.3. Basic Protocol

The data collection times were scheduled apart from meals or snacks so that hunger levels did
not influence the amount of food that was taken or consumed by study participants. The consenting
process included a signed letter of approval from all school principals involved that stated parents
were informed of the research study, approval of an expedited Institutional Review Board from
Montana State University (approval ES102517), and a verbal message relayed to student participants.
This message was read to all classrooms before the study began and informed students that their
information would be anonymous and that they did not have to participate in the study if they did
not wish to. The teachers, principals, and students were informed of what foods were being sampled
in order to avoid issues with food allergies and protect the students. To further ensure the safety of
the students, all raw items were washed, disposable gloves were worn by team members handling
food, surfaces were wiped down, and serving utensils were available to avoid contamination of
food items. All four snack food items were placed in bowls and put on the buffet line in front of
the classroom. Apples were sliced instead of whole due to the greater appeal for sliced fruit versus
whole fruit when working with children [44]. The whole apples were sliced using an apple slicer
to create 6 equal-sized wedges per apple, which increased uniformity and efficiency in preparation.
The dried apples, applesauce, and fruit snacks were placed in similar bowls. Fruit snack packages
were individually opened and poured in a bowl so that packaging did not influence the decisions.
The bowls were filled with enough snack food item for two serving sizes for each student, as specified
by the Nutrition Facts panel. More was added if a classroom ran out and extra weight of new product
was accounted for. The snack food labels were used to determine the serving sizes for each product;
one serving size was equivalent to one fruit snack bag (27 grams for Western Family and 24 grams for
Welch’s), 1/2 cup of dried apple chips (18 grams for Bare Brand and 30 grams for UNFI), 1/2 cup of
applesauce (118 grams), and 1/2 medium apple per student (4 slices or 84 grams).

Four snack food bowls were placed on scales to weigh portion sizes selected by the students.
Signs were placed in front of each bowl to label them with either a “plain” or “catchy” name in order to
follow the behavioral economics techniques of “using catchy names” and “using signage” to increase
the selection and consumption of food items [45]. Both the signage types were randomly assigned to
2 classrooms each. The snack food “catchy names” were created by a fourth-grade student. All the
names are shown below in Table 4.
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Table 4. Names used for labeling snack food options on the buffet line.

Product Classification Plain Name Catchy Name
Unprocessed Apples All-star Apples
Minimally Processed Dried Apples Capitan Apple Crisps
Processed Cinnamon Applesauce Apple Super Sauce
Ultra-Processed Fruit Snacks Fruity Tooty Fruit Snacks

The four snack foods were compared with each classroom of students to capture all the levels
of food processing and compare preferences when all the options were available to the research
subjects [46-48]. Each student was assigned a number, which was written on their plate and bowl and
then used to record and match the student selection, consumption, and survey results. The researchers
handed materials to students and recorded the weight in grams on the scale for each snack food item
as each student selected their portion. The students were told not to share their food and that they
did not have to finish everything on their plates and in their bowls. Figure 1 summarizes the overall
design and outline of the research setup.

*Each buffet was assigned one unprocessed, one minimally processed, one
Start of Buffet Buffet Line Four Snack Foods o i and one uttra-processed option

on Scales \ *Order of snack food items, type of signage, and snack food type varied by
Researcher 1 Researcher 2 Researcher 3
Students% %

classroom

® ® The products were ordered and assigned to classrooms as follows:
SCHOOL 1: Gala Apples, UNFI Chips, Musselman Applesauce, and Western Family
Fruit Snax

Class 1: Plain Name Signage

Order: 1. Apples, 2. chips, 3. applesauce, and 4. fruit snacks

Class 2: Catchy Name Signage

Order: 1. Chips, 2. fruit snacks, 3. apples, and 4. applesauce

SCHOOL 2: RD Apples, Bare Chips, Seneca Applesauce, and Welch's Fruit Snacks

. Class 3: Plain Name Signage
. Order: 1. Applesauce, 2. apples, 3. fruit snacks, and 4. chips

SCHOOL 3: RD Apples, Bare Chips, Seneca Applesauce, and Welch's Fruit Snacks

Class 4: Catchy Name Signage
. . . Order: 1. Fruit snacks, 2. applesauce, 3. chips, and 4. apples
‘ ‘ K

Figure 1. The figure above displays the classroom setup of the research and explains how snack food
items were assigned, ordered, and presented to the students based on the classroom number.

Two Types of Signage

* Plain: Apples, Dried Apple Chips, Cinnamon Applesauce, and Fruit Snacks

« Catchy: All-star Apples, Captain Apple Chips, Apple Super Sauce, and Tooty
Fruity Fruit Snacks

. Unprocessed: Red Delicious Apples or Gala Apples

. Minimally Processed: UNFI Dried Apples or Bare Brand Apple Chips

. Processed: Seneca Cinnamon or Cinnamon

. Ultra-Processed: Welch's Apple Medley Fruit Snacks or Western Family Fruit
Snax

PwNe

After the students finished snacking, they were asked to bring their plates and bowls (with
leftover food) to the weighing station where the researchers measured the waste in grams for each
product individually. To weigh the applesauce, an empty bowl was tared on the scale and then each
student’s bowl was placed on the scale with the remaining applesauce in it to get the accurate weight
of the applesauce alone. To weigh the three snack food items on the plate, a plate was tared on the
scale and then each item from each student’s plate was scraped onto the plate individually to weigh it.

Next, the subjects were asked to record their plate number on and complete a survey to rate their
satisfaction for all four food products (Table 5). The “Tried It, Liked It, Loved It” survey was based
upon a survey initially developed by Montana Food Corps [49] and then modified by researchers at
the Montana State University Food and Health Lab and Montana Team Nutrition and validated in
various school nutrition studies [50].
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Table 5. The Tried It, Liked It, Loved It Survey.

Snack Food Tried It Liked It Loved It Did Not Try 2
Example entry 1 X
Raw apple slices
Dried Apples

Cinnamon Applesauce
Fruit Snacks

1 Students were provided with the chart above and were asked to place an X in the box that explained their
satisfaction with each snack food. 2 The categories “Tried It,” “Liked It,” “Loved It,” “Did Not Try” were pilot tested
in a previous study [49] and directions were thoroughly explained to the students prior to the study. The students
understood that “tried it” would be the correct answer if they did not like the food.

2.4. Data Analysis

All data was entered into Excel (Microsoft Excel, Redmond, WA, United States of America, 2017).
This included the survey results, which were coded using numbers to represent “did not try,” “tried,”
“liked,” or “loved” in order to analyze the results. Data were also categorized in Excel based on the
use of either “plain” or “catchy” names. A one-way ANOVA test (analysis of variance used to analyze
differences among group means in a sample) was used to compare taste preferences to the selection
and consumption data (percentages of a serving) and to the two labeling types (plain or catchy names)
after confirmation of normal distribution was complete. All calculations in the table below (Table 6)
were made and recorded in an Excel spreadsheet.

Table 6. Calculations made to compare the selection and consumption. All weight measurements were
in grams and calculated for each student and food product.

Measurement Calculation

(Weight of snack-filled bowl on scale) — (Scale weight after food

Food Selection selection is made per student)

Food Consumption (Snack food selection weight) — (Food waste weight)
Percent Consumed (Weight consumed)/(Weight selected)
Percent of Serving Consumed (Weight consumed)/(Serving size weight)
Percent of Serving Selected (Weight selected)/(Serving size weight)

Data from schools were aggregated. JMP (]MP® SAS Institute Inc., Cary, IL, USA) was used to
look for descriptive statistics and correlation within the results. Descriptive statistics were used to
calculate the means, ranges, and standard deviations for the selection data, consumption data, and
survey responses. A one-way ANOVA test was used to compare taste preferences to the selection and
consumption data (percentages of a serving) and to the two labeling types (plain or catchy names)
used. Significance was set at p < 0.05.

3. Results

3.1. Snack Food Selection

Students selected significantly more fruit snacks (ultra-processed food) compared to the other
three snack food options (processed, minimally processed, and unprocessed) based upon comparing
the percentage of a serving that was selected by each student for all snack food items (p < 0.0001).
A mean of 70.5% of a suggested serving size was selected for the unprocessed snack food (standard
deviation of 0.37), 56.3% of a suggested serving size was selected for the minimally processed snack
food (standard deviation of 0.43), 87.6% of a suggested serving size was selected for the processed snack
food (standard deviation of 0.49), and 202% of a suggested serving was selected for the ultra-processed
snack food (standard deviation of 1.23). This means that the subjects selected the greatest quantities
of ultra-processed fruit snacks and the smallest quantities of minimally processed dried apple chips.
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The signage type of “plain” versus “catchy” names did not create a significant difference in food
selection (p = 0.9590).

3.2. Snack Food Consumption

The students consumed significantly more fruit snacks (ultra-processed food) compared to
the other three snack food options (processed, minimally processed, and unprocessed) based upon
comparing the percentage of a serving that was consumed by each student for all snack food items
(p <0.0001). A mean of 53% of a suggested serving size was consumed for the unprocessed snack
food (standard deviation of 0.38), 40% of a suggested serving size was consumed for the minimally
processed snack food (standard deviation of 0.36), 72% of a suggested serving size was consumed for
the processed snack food (standard deviation of 0.52), and 186.7% of a suggested serving was consumed
for the ultra-processed snack food (standard deviation of 1.15). Therefore, the students consumed the
greatest quantities of ultra-processed fruits snacks and the smallest quantities of minimally processed
dried apples. Note that the students selected and consumed less minimally processed snack foods
(dried apple chips) than unprocessed snack foods (apple slices). Besides this comparison between
unprocessed and minimally processed snack foods, the selection and consumption increased as the
processing continuum increased from unprocessed to ultra-processed. The signage type of “plain”
versus “catchy” names did not create a significant difference in food consumption (p = 0.7712). Figure 2
below shows how processing levels affected snack food consumption levels.

25
Preference
I Did Not Try
I Tried It
I Liked It
2.0 Bl Loved It
g
1.5
g
o
g
©
s 10
ES
0.5 J ‘ ]
0.0 .
Apple Dried Apple Applesauce Fruit Snacks

Figure 2. The percent of a serving consumed is detailed based on the four food processing levels and
snack food options available to the students. It is important to note that since the selection had a linear
relationship with consumption, the figure comparing selection to snack type was nearly the same as
the one for consumption.

A linear relationship was found between the selection and consumption quantities for each snack
food item (R2 = 0.88, p < 0.0001). For all four processing categories, the amount of food selected directly
influenced the amount of food that was consumed (Figure 3). Table 7 below outlines the selection and
consumption data results for each snack food type and also lists the serving sizes used as references
when calculating percentages.

186



Foods 2019, 8, 50

25
Il Mean(% of Serving Consumed)
Bl Mean(% of Serving Selected)

3
8 20
&
2
i
b
5 15
ES
o3
k]
E
-
2 1.0
o
o
2
c
&
5 05
ES

0.0

Apple Dried Apple Applesauoe Fruit Snacks

Figure 3. Linear relationship between the apple snack food selection and consumption.

Table 7. Results from the selection and consumption data originally recorded in grams and calculated
into a percentage of a serving as specified on the product packaging.

Snack Food Item Processing Category Results Serving Size
e Mean of 70.5% of a serving selected Both: 4 slices or § an apple or
Apple Unprocessed e Mean of 53% of a serving consumed 84 grams
Dried Apple Minimally Processed e Mean of 56.3% of a serving selected Bare: § cup or 18 grams
PP Y e Mean of 40.1% of a serving consumed UNFIL: % cup or 30 grams
e Means of 87.6% of a serving selected 1
Apple Sauce Processed o Mean of 72.2% of a serving consumed Both: 5 cup or 118 grams
. e Mean of 202.1% of a serving selected Western Family: one bag: 27 grams
Fruit Snacks Ultra-Processed e Mean of 186.7% of a serving consumed Welch’s: one bag: 24 grams

3.3. Snack Food Preferences

Student preference was calculated using the survey results and a coding scale where 0 = did not
try, 1 = tried it, 2 = liked it, and 3 = loved it. Therefore, when all the survey results were combined on
JMP for each snack food item or processing level, a mean closer to three exemplified higher subject
taste satisfaction while a mean closer to 0 exemplified lower subject taste satisfaction. The students
enjoyed the taste of ultra-processed snack foods (mean of 2.72 with a standard deviation of 0.66)
significantly more (p < 0.0001) than other processing levels including the processed snack foods (mean
of 2.48 with a standard deviation of 0.89), minimally processed foods (mean of 1.92 with a standard
deviation of 1.0), and unprocessed foods (mean of 2.32 with a standard deviation of 0.9). In accordance
with the selection and consumption results, satisfaction increased moving upward on the processing
continuum, except when comparing the unprocessed and minimally processed categories (Figure 4).
More specifically, for the unprocessed snack food option, 6.2% of the students did not try it, 10.3% tried
it, 27.8% liked it, and 55.7% loved it. For the minimally processed snack food option, 9.3% of the
students did not try it, 26.8% tried it, 26.8% liked it, and 37.1% loved it. For the processed snack food
option, 5.2% of the students did not try it, 11.3% tried it, 13.4% liked it, and 70.1% loved it. For the
ultra-processed snack food option, 3.1% of the students did not try it, 2.1% tried it, 14.4% liked it, and
80.4% loved it. The highest percentage was found for subjects who loved fruit snacks (80.4%) and the
lowest “loved it” result was found for the dried apple chips (37.1%). These numbers are listed below
in Table 8.
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Figure 4. Tried It, Liked It, Loved It Survey results that portray the number of students who did not

try, tried, liked, or loved each apple snack food for the four processing levels.

Table 8. Results from the “Tried It, Liked It, Loved It” Survey taken by the students to display
preferences based on the snack food item and processing category.

Snack Food Item

Processing Category

Results

Apple

Unprocessed

6.2% did not try
10.3% tried it
27.8% liked it
55.7% loved it

Dried Apple

Minimally Processed

9.2% did not try
26.8% tried it
26.8% liked it
37.1% loved it

Apple Sauce

Processed

5.2% did not try
11.3% tried it
13.4% liked it
70.1% loved it

Fruit Snacks

Ultra-Processed

3.1% did not try
2.1% tried it
14.4% liked it
80.4% loved it

4. Discussion

Prior to this study, several research gaps existed regarding youth taste preferences which the
current study has contributed to addressing. Previous sensory studies often focus on a limited
age range with most involving either babies and toddlers or adults. Though there are published
studies on sensory analysis conducted with toddlers and preschoolers [51-53], fewer sensory studies
involve youth that are in the elementary, middle, and high school age range. For example, a study
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involved children between the ages of five and ten along with their mothers as study participants to
compare preferences for creaminess and perception of fat in foods [54]. As flavor preferences may
differ depending on exposure to different food items throughout the lifespan or nutritional goals based
on growth and development, it is critical to evaluate taste preferences across all ages.

There are many research studies that focus on preferences for fruits and vegetables. For example,
a study compared the taste of various vegetables after preparing them using different cooking styles
or methods in order to determine how this influenced preference [55]. Another study provided
children and adults with a familiar fruit and a novel fruit to compare appetitive and familiarity ratings
by sensory stages [56]. The focus on fruit and vegetable research is a result of current US Dietary
Guidelines to increase intake [57]. Though there are studies focusing on fruit and vegetable snacks,
it was determined that further research needed to be conducted with grade school youth and snack
food items to understand adolescent food preferences for these snacking options.

Two research studies were found that compare the taste of ultra-processed food products to
less-processed food products. One taste test study involving a processed food product aimed to
determine whether children perceived food with nutrition claims on their labels as healthier or tasting
differently [58]. This study focused on how marketing and packaging affect taste rather than how
ingredients and processing affect taste. The participants were asked which product was healthier
and which tasted better when two identical products were placed in front of them (one involving a
health claim and one without) [58]. Another study compared the taste and acceptance of whole-grain
versus refined pancakes and tortillas to see if whole-grain options could replace refined products for
grade school children [59]. The study was voluntary at lunch and compared these options by asking
participants about overall liking, taste, color, softness, and ranking using a hedonic facial scale [59].
To examine consumption and connect consumption to preference, plate waste was collected [59]. In this
study, no differences were noted in consumption of whole-wheat pancakes when compared to refined
wheat pancakes, while consumption of whole-wheat tortillas was lower than refined products [59].
Though the second study did compare an ultra-processed product to a less-processed one, it involved
lunch products and did not involve snack food products.

Research has also been conducted to compare various components associated with ultra-processed
foods including intensity of sugary or salty flavors or preference for high-fat products. A study
using 4- to 6-year-old children failed to confirm that the children who are sensitive to bitter tastes
would report a higher intake of sweets and a lower intake of savory fats [60]. This study included
four one-hour taste tests at dinnertime along with a final taste test including measurement of body
composition [60]. Another study examined children and their mothers’ preferences for creaminess
and perception of fat in pudding along with concentrations of sucrose in water [54]. It was found
that children preferred higher sucrose amounts in water and lower fat content in pudding compared
to their mothers [54]. The methodology of this study included having participants taste different
concentrations of sucrose and fat in water and pudding and then rank the samples based on intensity
of sweetness and creaminess [54]. Overall, it is evident that more research needed to be conducted
involving children throughout adolescent years and taste preferences associated with ultra-processed
snack foods versus less-processed snack foods.

The Variation of Adolescent Snack Food Choices and Preferences along a Continuum of Processing
Levels: The Case of Apples study was structured in such a way that it would address the gaps in
research and provide new insight. As with the studies mentioned above, this study incorporates a
taste test, plate waste data, hedonic rating for the taste of food items, and a variety of processed snack
food products to make comparisons. Like the tortilla study mentioned above, it was found that the
participants were drawn to highly processed food items and consumed more of them [59]. It was
also found that the participants were drawn to snack food items that were more highly processed,
which could have had to do with taste qualities associated with sugar, salt, and fats [54,60]. Therefore,
this research builds upon prior research and expands the realm to include the following results.
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This research study provides evidence about the snack food preferences of adolescents along a
continuum of unprocessed, minimally processed, processed, and ultra-processed snack foods. The key
findings from this study highlight the following behaviors and preferences of the study participants
regarding snack food consumption: the participants selected and consumed more processed and
ultra-processed snack foods when given an array of snacking options, the participants enjoyed the
taste of ultra-processed and processed snack foods when compared to less-processed options of similar
flavor, and the participants consumed greater quantities of snack foods when they selected greater
portion sizes. Strategies are necessary to increase the desirability of less-processed snack food options
that have higher nutrient density, fiber, and water content.

This study demonstrates that over two suggested servings of fruit snacks were consumed
on average by students while half a serving or less of apples and dried apples were consumed.
The correlation of snack food choice with taste preference suggests that the research subjects consumed
high amounts of ultra-processed foods in order to please their palettes and hunger levels. The survey
results highlight that over 80% of the students loved the taste of ultra-processed fruit snacks while
only 55% loved the apple slices and 37% loved the dried apples. Since taste has an influence on
food choices [22], these results show that adolescents are drawn towards the flavors and textures of
more-processed products. The hyper palatable flavors associated with ultra-processed foods come from
salts, sugars, fats, and additional additives. The artificial additives that can enhance flavor include high
fructose corn syrup, mono sodium glutamate (MSG), and other chemically-derived ingredients [61,62].

When looking at the selection and noticing that higher quantities of ultra-processed and
processed snack foods were chosen by subjects before tasting them, the participants likely associated
more-processed products with better taste before trying them. Previous exposure to these snack food
items or the physical appearance of the items may have influenced the participants” food choices.
For example, the bright colors, shapes, and gooey texture associated with fruit snacks or the smooth,
mashed texture of applesauce may have encouraged students to select more of these items. Also,
the noticeable cinnamon flavor (smell, cinnamon speckles, and physical sign) of the applesauce could
have swayed students to select less or more of it due to previous exposure to cinnamon and how much
they enjoy the spice. Being able to eat the applesauce out of a bowl with a spoon also gives the snack
food item a unique appeal. Another component that could have influenced selection is peer pressure.
It was noticed that students became particularly excited about fruit snacks and relayed this excitement
to their peers. Noticing how much was selected for each snack food product by peers and hearing their
comments about the items could have encouraged them to select more or less of particular options.

When physically comparing fresh apple slices to fruit snacks or dried apples, a serving size of
fresh apples takes up a much larger visual space due to water and fiber content in whole apples.
Additionally, the water and fiber content have the ability to nourish the body and satiate hunger. It was
also noted that in every class involved in the study, at least one student asked for a second serving of
the fruit snacks after all the students had served themselves at the buffet line. Out of the four snack
food options, the fruit snacks were the only snack food item that the students continued to ask for
more of. It was also the only snack food item that needed to be refilled on the buffet line by the research
team due to high levels of student selection.

Since the students selected, consumed, and enjoyed minimally processed dried apple chips
less than unprocessed apples, it is evident that they did not like the physical appearance or taste of
dried apples when compared to unprocessed apples. Other factors that could have influenced the
results include previous exposure to apples, fruit snacks, and applesauce. Dried apple chips are not as
mainstream at grocery stores compared to the other options, therefore they might have been a new
snack food to a lot of the students. Also, dried apples are relatively more expensive than the other
apple snack foods, which may have influenced the amount of families who were able to purchase them
for their children and expose them to the snacks on an earlier or regular basis.

It is important to note that selection correlated with consumption for all of the snack food options,
regardless of processing level. It was originally hypothesized that the students would select equal
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amounts of all products but consume greater amounts of more-processed options. When students
had the ability to choose the portion size, they selected and consumed larger quantities of food than
the recommended serving size. These results support individually packaged snack foods and smaller
servings for adolescents in an effort to avoid overeating. This is particularly true for ultra-processed
products that are higher in calories, fat, sugar, and sodium while being lower in fiber, protein, vitamins,
and nutrients.

4.1. Recommendations for the Snack Food Environment

Based on this research, it is recommended that changes be made to improve the food environment
and adolescent snack food trends in America. First, since the subjects were drawn to and selected
greater quantities of ultra-processed foods, it is necessary to improve the appeal of nutritious snack
food items that are less processed. In order to efficiently do so, government food policies, labeling laws,
food safety standards, and food company values all need to be shifted to encourage health and
sustainability. With a collaborative effort, snack food product development, marketing, advertising,
packaging, and distribution can all move to support positive growth in the American food system.
An example of this effort includes increasing advertising for whole foods such as vegetables, fruits,
nuts, and seeds for snack foods. Also, food labels can be monitored and redesigned to highlight
the artificial ingredients and provide consumers with simplified nutrition information and realistic
portion sizes.

Since it was also identified that the subjects enjoyed the taste of ultra-processed snack foods
compared to less-processed options, it is evident that the taste of less-processed snack foods should
be enhanced. Food companies can do this by working with their research and development teams to
create flavorful and equally tasty products without chemicals, preservatives, and other artificial
ingredients. This can be achieved by experimenting with natural spices and flavors or cooking
techniques. Food science and research goals should always prioritize consumer safety and health. Also,
flashier packaging, unique labels, and naturally derived coloring could be used to excite adolescents
about less-processed and more nutrient-dense snacking options.

It is also recommended to improve snacking in America by teaching citizens how to produce
and create healthier snack foods on their own. This would improve access to healthy snack foods and
reduce prices for families living in food deserts, which are defined as locations lacking access healthful
and affordable foods [53]. If Americans were encouraged to grow their own food and create snacks on
their own, they would be able to provide healthy snacks for their families. Examples include drying
local meat and making spiced jerky, growing fruits for fresh, dried, mashed, or frozen fruit snacks,
growing vegetables to be snacked on with hummus or baked into chips, and roasting nuts and seeds
with cultural spices. Snack foods can be prepared at home and packaged using reusable containers to
be brought on-the-go.

Lastly, educating Americans about nutrient density, how to evaluate snack food products based on
nutrition, and the dangers of processing can help prepare them to handle unhealthy food environments.
Peer pressure, uncertainty about what foods to consume, and misinformation about health claims
can all lead to unhealthy snacking and, therefore, chronic illness and obesity. When consumers
purchase snack foods, they should feel comfortable reading labels, understanding ingredients,
and analyzing nutrition facts. For this to be accomplished, information about labels, food processing,
and healthy snacking should be incorporated into school health classes. Government tools such as
videos, pamphlets, or booklets should also be developed and widespread for families to understand
snack foods. The desire to eat healthy snacks and sway consumer choice starts with education and
having the knowledge to understand why ultra-processed snacks can be dangerous or unhealthy
in a food environment is key to changing behavior. As Americans continue to demand healthier
snacks, the food system will respond by creating, marketing, and selling less ultra-processed foods
that support more sustainable diets.
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4.2. Limitations

The limitations to this study included having a small sample of students and not having random
selection or assignment of testing subjects. A sample of fourth-grade students from three schools is not
representative of all fourth-grade children and it is difficult to draw causal inference. Another limitation
is that every child had different levels of previous exposure to processed foods and different taste
preferences. The food environment both at school and at home can have a large impact on adolescent
food choices due to culture, peer pressure, food prices, and availability. Lastly, it is a limitation that
only one whole food item (an apple) was used because certain subjects may have enjoyed apple-based
products more than others. If a student did not enjoy apples, the results of the study would not have
accurately portrayed their snack food preferences across the processed snack food continuum.

5. Conclusions

Overall, it was found that the processing levels of snack food items have the ability to influence
adolescent taste preferences along with the selection and consumption quantities. More specifically,
ultra-processed and processed foods have a large appeal for adolescents, potentially leading to
overconsumption and unhealthy snacking decisions. Unprocessed and minimally processed food
options are not chosen as frequently as processed and ultra-processed foods when all four processing
options are made available to an audience of adolescent children.

Author Contributions: Individual author contributions are as follows: conceptualization, E.S., C.B.S., S.A., and
K.B.; methodology, E.S., C.B.S., S.A., and K.B.; software, E.S., C.B.S., and S.A; validation, C.B.S.,S.A., and K.B.;
formal analysis, E.S., C.B.S., and S.A; investigation, E.S., C.B.S., and S.A_; resources, C.B.S., and S.A.; data curation,
E.S., C.B.S,, S.A.; writing—original draft preparation, E.S., C.B.S., S.A., K.B.; writing—review and editing, E.S.,
C.BS.,, S.A,, and K.B,; visualization, E.S., C.B.S., and S.A_; supervision, C.B.S.; project administration, E.S., C.B.S,,
and S.A.; funding acquisition, C.B.S., and S.A.

Funding: This research was funded by the National Institute of General Medical Sciences of the National Institutes
of Health under Award Number P20GM103474 and Award Number 5P20GM104417. The content presented
here is solely the responsibility of the authors and does not represent the official views of the National Institutes
of Health.

Contflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Steele, EMM.; Popkin, B.M.; Swinburn, B.; Monteiro, C.A. The share of ultra-processed foods and the overall
nutritional quality of diets in the US: Evidence from a nationally representative cross-sectional study.
Popul. Health Metr. 2017, 15, 6. [CrossRef] [PubMed]

2. Popkin, B.M. The shift in stages of the nutrition transition in the developing world differs from past
experiences! Public Health Nutr. 2002, 5, 205-214. [CrossRef] [PubMed]

3. Monge, A.; Lajous, M. Ultra-processed foods and cancer. BMJ (Clin. Res. Ed.) 2018, 360, k599. [CrossRef]
[PubMed]

4. Monteiro, C.A.; Levy, R.B.; Claro, RM.; de Castro, I.R.; Cannon, G. Increasing Consumiption of
Ultra-Processed Foods and Likely Impact on Human Health: Evidence from Brazil. Public Health Nutr.
2011, 14, 5-13. [CrossRef] [PubMed]

5. Fiolet, T.; Srour, B.; Sellem, L.; Kesse-Guyot, E.; Alles, B.; Méjean, C.; Deschasaux, M.; Fassier, P.;
Latino-Martel, P.; Beslay, M.; et al. Consumption of ultra-processed foods and cancer risk: Results from
NutriNet-Santé prospective cohort. BMJ 2018, 360, k322. [CrossRef] [PubMed]

6.  Centers for Disease Control and Prevention. Available online: https://www.cdc.gov/healthyschools/
obesity /facts.htm (accessed on 29 January 2018).

7. Popkin, B.M.; Adair, L.S.; Ng, S.W. Global Nutrition Transition and the Pandemic of Obesity in Developing
Countries. Nutr Rev. 2012, 70, 3-21. [CrossRef] [PubMed]

192



Foods 2019, 8, 50

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Ahrens, W. Sensory taste preferences and taste sensitivity and the association of unhealthy food patterns
with overweight and obesity in primary school children in Europe—A synthesis of data from the IDEFICS
study. Flavour 2015, 4, 8. [CrossRef]

Pelsser, LM.; Frankena, K.; Toorman, J.; Savelkoul, H.F; Dubois, A.E.; Pereira, R.R.; Haagen, T.A.;
Rommelse, N.N.; Buitelaar, J.K. Effects of a restricted elimination diet on the behaviour of children with
attention-deficit hyperactivity disorder (INCA study): A randomised controlled trial. Lancet 2011, 377,
494-503. [CrossRef]

Cai, W.,; Ramdas, M.; Zhu, L.; Chen, X; Striker, G.E.; Vlassara, H. Oral advanced glycation endproducts
(AGEs) promote insulin resistance and diabetes by depleting the antioxidant defenses AGE receptor-1 and
sirtuin 1. Proc. Natl. Acad. Sci. USA 2012, 109, 15888-15893. [CrossRef]

Dufault, R.; Lukiw, W.J.; Crider, R;; Schnoll, R.; Wallinga, D.; Deth, R. A macroepigenetic approach to identify
factors responsible for the autism epidemic in the United States. Clin. Epigenet. 2012, 4, 6. [CrossRef]
Steele, E.M.; Baraldi, L.G.; da Costa Louzada, M.L.; Moubarac, J.C.; Mozaffarian, D.; Monteiro, C.A.
Ultra-processed foods and added sugars in the US diet: Evidence from a nationally representative
cross-sectional study. BM] Open 2016, 6, €009892. [CrossRef] [PubMed]

Juul, F; Hemmingsson, E. Trends in consumption of ultra-processed foods and obesity in Sweden between
1960 and 2010. Public Health Nutr. 2015, 18, 3096-3107. [CrossRef] [PubMed]

Poti, ].M.; Slining, M.M.; Popkin, B.M.; Kenan, W.R. Where are kids getting their empty calories? Stores,
schools, and fast food restaurants each play an important role in empty calorie intake among US children in
2009-2010. J. Acad. Nutr. Diet. 2014, 114, 908-917. [CrossRef] [PubMed]

Moodie, R.; Stuckler, D.; Monteiro, C.; Sheron, N.; Neal, B.; Thamarangsi, T.; Lincoln, P.; Casswell, S.;
Lancet NCD Action Group. Profits and pandemics: Prevention of harmful effects of tobacco, alcohol, and
ultra-processed food and drink industries. Lancet 2013, 381, 670-679. [CrossRef]

Drewnowski, A.; Fulgoni, V.L. Nutrient density: Principles and evaluation tools. Am. J. Clin. Nutr. 2014, 99,
12235-1228S. [CrossRef] [PubMed]

Augustin, M.A ; Riley, M.; Stockmann, R.; Bennett, L.; Kahl, A.; Lockett, T.; Osmond, M.; Sanguansri, P;
Stonehouse, W.; Zajac, .; et al. Role of food processing in food and nutrition security. Trends Food Sci. Technol.
2016, 56, 115-125. [CrossRef]

Seto, K.C.; Ramankutty, N. Hidden linkages between urbanization and food systems. Science 2016, 352,
943-945. [CrossRef] [PubMed]

ACS Chemistry for Life, American Chemical Society National Historic Chemical Landmarks.
Available online: https://www.acs.org/content/acs/en/education/whatischemistry /landmarks /usda-
flavor-chemistry.html (accessed on 5 January 2018).

Monteiro, C.A.; Moubarac, J.C.; Cannon, G.; Ng, S.W.; Popkin, B. Ultra-processed products are becoming
dominant in the global food system. Obes. Rev. 2013, 14, 21-28. [CrossRef]

USDA Economic Research Center. Available online: https:/ /www.ers.usda.gov/topics/crops/vegetables-
pulses/potatoes.aspx (accessed on 18 April 2017).

Gearhardt, A.N.; Davis, C.; Kuschner, R.; Brownell, K.D. The Addiction Potential of Hyperpalatable Foods.
Curr. Drug Abuse Rev. 2011, 4, 140-145. [CrossRef]

Harris, ].L.; Schwartz, M.B.; Musell, C.R.; Dembek, C.; Liu, S.; LoDolce, M.; Heard, A.; Fleming-Milici, F; Kidd, B.
Fast Food Facts 2013: Measuring Progress in Nutrition and Marketing to Children and Teens. Available online:
www.fastfoodmarketing.org/media/fastfoodfacts_report.pdf (accessed on 29 January 2019).

Information Resources, Inc. Available online: https:/ /www.iriworldwide.com/IRI/media/video/2017%
20State%200f%20the%20Snack%20Food%20Industry.pdf (accessed on 11 July 2017).

Larson, N.I; Miller, ].M.; Watts, A.W.; Story, M.T.; Neumark-Sztainer, D.R. Adolescent snacking behaviors
are associated with dietary intake and weight status. J. Nutr. 2016, 146, 1348-1355. [CrossRef]

Sebastian, R.S.; Goldman, ].D.; Wilkinson Enns, C. Snacking Patterns of US Adolescents: What We Eat in America,
NHANES 2005-2006; Food Surveys Research Group Dietary Data Brief No. 2; Food Surveys Research Group:
Washington, DC, USA, 2010.

USDA Center for Nutrition Policy and Promotion. Available online: https://www.cnpp.usda.gov/dietary-
guidelines (accessed on 16 April 2017).

193



Foods 2019, 8, 50

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

Savige, G.; MacFarlane, A_; Ball, K.; Worsley, A.; Crawford, D. Snacking behaviours of adolescents and their
association with skipping meals. Int. J. Behav. Nutr. Phys. Act. 2007, 4, 36. [CrossRef] [PubMed]

Gunders, D. Wasted: How America Is Losing up to 40 Percent of Its Food from Farm to Fork to Landfill;
Natural Resources Defense Council: New York, NY, USA, 2012; Volume 26.

Marsh, K.; Bugusu, B. Food packaging—Roles, materials, and environmental issues. |. Food Sci. 2007, 72,
R39-R55. [CrossRef] [PubMed]

Slavin, J.L.; Lloyd, B. Health Benefits of Fruits and Vegetables. Adv. Nutr. 2012, 3, 506-516. [CrossRef]
[PubMed]

USDA. Available online: https://www.choosemyplate.gov/ten-tips-snack-tips-for-parents (accessed on
8 April 2018).

U.S. Department of Commerce. Available online: https://www.census.gov/ (accessed on 3 April 2017).
Office of Public Instruction. Available online:  https://apps.opi.mt.gov/opireportingcenter/
frmPublicReports.aspx?ProcName=procPublicReportingFreeReducedSelect&ScreenTitle=Free /Reduced %
20Eligibility%20Data&SelectStateFy=1 (accessed on 25 September 2017).

Sacks, D. Age limits and adolescents. Pediatr. Child Health 2003, 8, 577. [CrossRef]

Story, M.; Neumark-Sztainer, D.; French, S. Individual and environmental influences on adolescent eating
behaviors. . Am. Diet. Assoc. 2002, 102, S40-S51. [CrossRef]

Produce for Better Health Foundation. Available online: http://www.PBHFoundation.org (accessed on
17 September 2017).

Welch’s. Available online: https:/ /www.welchsfruitsnacks.com/products/ (accessed on 4 October 2017).
Western Family.  Available online: http://www.westernfamily.com/our-products/ (accessed on
5 October 2017).

USDA Economics, Statistics, and Market Information System. Available online: usda.mannlib.cornell.edu/
MannUsda/viewDocumentInfo.do?documentID=1825 (accessed on 5 June 2017).

The NPD Group, Inc. The Checkout Penetration Index. Available online: https://www.npd.com/wps/
portal/npd/us/news/press-releases/2017 / only-three-businesses-can-say-at-least-84-percent-of-us-
consumers-spent-with-them-in-2016/ (accessed on 24 September 2017).

United Natural Foods Inc. Available online: https:/ /www.unfi.com/ (accessed on 4 October 2017).
Research and Markets. Available online: https:/ /www.researchandmarkets.com/research/txpd37/global
sweet_and?w=4 (accessed on 15 May 2017).

Wansink, B.; Just, D.R.; Hanks, A.S.; Smith, L.E. Pre-sliced fruit in school cafeterias: Children’s selection and
intake. Am. J. Prev. Med. 2013, 44, 477-480. [CrossRef] [PubMed]

Smarter Lunchrooms Movement. Available online: https:/ /www.smarterlunchrooms.org/about/research
(accessed on 10 April 2017).

Guinard, J.X. Sensory and consumer testing with children. Trends Food Sci. Technol. 2000, 11, 273-283.
[CrossRef]

Nederkoorn, C.; Jansen, A.; Havermans, R.C. Feel your food. The influence of tactile sensitivity on picky
eating in children. Appetite 2015, 84, 7-10. [CrossRef]

Werthmann, J.; Jansen, A.; Havermans, R.; Nederkoorn, C.; Kremers, S.; Roefs, A. Bits and pieces.
Food texture influences food acceptance in young children. Appetite 2015, 84, 181-187. [CrossRef]
Americorps Montana. Montana Healthy Food and Communities Initiative. Available online: https://
mtfoodcorps.ncat.org/ (accessed on 3 October 2017).

Byker Shanks, C.; Bark, K.; Stenberg, M.; Roth, A. Validation of Tried It, Liked It, Loved It Survey Among K-12
Students; Montana State University: Bozeman, MT, USA, Unpublished work; 2017.

Houston-Price, C.; Butler, L.; Shiba, P. Visual exposure impacts on toddlers” willingness to taste fruits and
vegetables. Appetite 2009, 53, 450-453. [CrossRef]

Noradilah, M.J.; Zahara, A.M. Acceptance of a test vegetable after repeated exposures among preschoolers.
Malays. J. Nutr. 2012, 18, 67-75.

Popper, R.; Kroll, J.J. Conducting sensory research with children. . Sens. Stud. 2005, 20, 75-87. [CrossRef]
Mennella, J.A.; Finkbeiner, S.; Reed, D.R. The proof is in the pudding: Children prefer lower fat but higher
sugar than do mothers. Int. ]. Obes. (Lond.) 2012, 36, 1285-1291. [CrossRef] [PubMed]

194



Foods 2019, 8, 50

55. Poelman, A.A.M.; Delahunty, C.M.; de Graaf, C. Cooking time but not cooking method affects children’s
acceptance of Brassica vegetables. Food Qual. Prefer. 2013, 28, 441-448. [CrossRef]

56. Dovey, TM.; Aldridge, V.K.; Dignan, W.; Staples, P.A.; Gibson, E.L.; Halford, ].C. Developmental differences
in sensory decision making involved in deciding to try a novel fruit. Br. J. Health Psychol. 2012, 17, 258-272.
[CrossRef]

57.  United States Department of Agriculture. Available online: https://www.choosemyplate.gov/ (accessed on
11 April 2017).

58. Soldavini, J.; Crawford, P; Ritchie, L.D. Nutrition Claims Influence Health Perceptions and Taste Preferences
in Fourth- and Fifth-Grade Children. J. Nutr. Educ. Behav. 2012, 44, 624-627. [CrossRef]

59. Chu, Y.L.; Warren, C.A.; Sceets, C.E.; Murano, P.,; Marquart, L.; Reicks, M. Acceptance of Two US Department
of Agriculture Commodity Whole-Grain Products: A School-Based Study in Texas and Minnesota. J. Am.
Diet. Assoc. 2011, 111, 1380-1384. [CrossRef] [PubMed]

60. Lease, H.; Hendrie, G.A.; Poelman, A.A.M.; Delahunty, C.; Cox, D.N. A Sensory-Diet database: A tool to
characterise the sensory qualities of diets. Food Qual. Prefer. 2016, 49, 20-32. [CrossRef]

61.  White, ].S. Straight talk about high-fructose corn syrup: What it is and what it ain’t. Am. J. Clin. Nutr. 2008,
88, 17165-17218S. [CrossRef]

62. Rogers, PJ.; Blundell, ].E. Umami and appetite: Effects of monosodium glutamate on hunger and food intake
in human subjects. Physiol. Behav. 1990, 48, 801-804. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http:/ /creativecommons.org/licenses /by /4.0/).

195






foods MBPY

Article
Carotenoid Biosynthesis in Oriental Melon
(Cucumis melo L. var. makuwa)

Pham Anh Tuan 1f, Jeongyeo Lee *, Chang Ha Park !, Jae Kwang Kim 3, Young-Hee Noh 2,
Yeon Bok Kim 4, HyeRan Kim 2%* and Sang Un Park "*

1 Department of Crop Science, Chungnam National University, 99 Daehak-ro, Yuseong-gu, Daejeon 34134,

Korea; tuan_pham_6885@yahoo.com (P.A.T.); parkch804@gmail.com (C.H.P.)

Plant Systems Engineering Research Center, Korea Research Institute of Bioscience and

Biotechnology (KRIBB), 125 Gwahangno, Yuseong-gu, Daejeon 305-806, Korea; leejy@kribb.re.kr (J.L.);

yhnoh87@kribb.re kr (Y.-H.N.)

Division of Life Sciences, College of Life Sciences and Bioengineering, Incheon National University,

Yeonsu-gu, Incheon 406-772, Korea; kjkpj@inu.ac.kr

Department of Medicinal and Industrial Crops, Korea National College of Agriculture & Fisheries, 1515,

Kongjwipatjwi-Ro, Jeonju, Jeonbuk 54874, Korea; yeondarabok@korea.kr

Systems and Bioengineering, University of Science and Technology, 217 Gajung-ro, Daejeon 34113, Korea

*  Correspondence: kimhr@kribb.re.kr (H.K.); supark@cnu.ac.kr (S.U.P.); Tel.: +82-42-860-4345 (H.K.);
+82-42-821-6730 (S.U.P.); Fax: +82-42-860-4149 (H.K.); +82-42-822-2631 (S.U.P.)

1t These authors contributed equally to this work.

Received: 23 January 2019; Accepted: 13 February 2019; Published: 19 February 2019

Abstract: Full-length ¢cDNAs encoding &-carotene desaturase (CmZDS), lycopene e-cyclase
(CmLCYE), B-ring carotene hydroxylase (CmCHXB), and zeaxanthin epoxidase (CmZEP), and
partial-length cDNA encoding e-ring carotene hydroxylase (CmCHXE) were isolated in Chamoe
(Cucumis melo L. var. makuwa), an important commercial fruit. Sequence analyses revealed that these
proteins share high identity and common features with other orthologous genes. Expression levels
of entire genes involved in the carotenoid biosynthetic pathway were investigated in the peel, pulp,
and stalk of chamoe cultivars Ohbokggul and Gotgam. Most of the carotenoid biosynthetic genes
were expressed at their highest levels in the stalk, whereas carotenoids were highly distributed in the
peel. The expression levels of all carotenoid biosynthetic genes in fruits of the native cultivar Gotgam
chamoe were higher than those in the cultivar Ohbokggul chamoe, consistent with the abundant
carotenoid accumulation in Gotgam chamoe fruits and trace carotenoid content of Ohbokggul
chamoe fruit. Lutein and B-carotene were the dominant carotenoids; high levels (278.05 pg g~ and
112.02 pg g*1 dry weight, respectively) were found in the peel of Gotgam chamoe. Our findings may
provide a foundation for elucidating the carotenoid biosynthetic mechanism in C. melo and inform
strategies for developing new chamoe cultivars with improved characteristics.

Keywords: 3-carotene; carotenoids; Cucumis melo L. var. makuwa; chamoe; gene characterization;
lutein

1. Introduction

Melon (Cucumis melo L.), which belongs to the Cucurbitaceae family, is one of the most highly
consumed fruit crops worldwide because of its pleasant flavor and nutritional value. Melons provide
a rich source of protein, minerals, vitamins, and a wide range of antioxidant compounds [1-3]. The
fruit can be consumed as a salad or as juice and is used by the food industry in products such as jam,
ice cream, and yogurt. Melon fruits are diverse in shape, size, color, and flavor. In Korea, oriental
melon (Cucumis melo L. var. makuwa), commonly known as chamoe, is an important commercial fruit
due to its vigorous growth, good quality, and unique flavor, and consumer demand for the fruit is
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high. Chamoe has also been used in traditional medicine as a liver tonic and for its cardio-protective,
antidiabetic, anti-obesity, and anticancer properties [4,5]. The cultivar Ohbokggul chamoe, which has a
golden-colored skin with silver lines and sweet white flesh, is one of the most popular fruits on the
market. The native Korean cultivar chamoe, Gotgam, has green skin with distinctive green stripes
running from end to end, and very thick, light-green flesh. Gotgam chamoe has greater flavor, nutrient
content, and disease resistance than other chamoe cultivars [6]. Given these favorable characteristics,
Gotgam chamoe has recently acquired agronomic relevance for melon breeding programs in Korea.

Carotenoids, which contain 40 carbon molecules and are formed through the condensation of
isoprenoids, represent a diverse group of pigments in nature [7]. In plants, carotenoids contribute
to yellow, orange, and red coloration, and play a major role in the quality of flowers and fruit.
The biosynthesis of biomolecules as carotenoids could be related to agri-environmental factors [8].
Several studies have demonstrated a positive correlation between phytochemical biosynthesis and
light intensity and the spectral quality of vegetables and microgreens produced in controlled
environments [9]. Carotenoids are accessory pigments that harvest light for photosynthesis, protect
the photosystem from photooxidation, and attract pollinators and agents of seed dispersal [10-12].
In addition, the oxidative cleavage of carotenoids produces apocarotenoids, which serve as
development signals and antifungal agents and contribute to the flavor and aroma of flowers and
fruit [13]. In terms of human health, carotenoids play an important protective role as antioxidants, and
a diet containing carotenoid-rich vegetables and fruit can reduce the risk of cancer, cardiovascular
disease, macular degeneration, cataracts, and ultraviolet-induced skin damage [14-17]. More than
50 carotenoids with -ring end groups (e.g., f-carotene and -cryptoxanthin) are precursors of
vitamin A, which is one of the most important micronutrients affecting human health [18,19]. Vitamin A
deficiency increases the risk of infectious disease, especially measles, diarrhea, and malaria, and is
considered the most common public health problem among preschool-aged children [20,21]. The
importance of carotenoids to human health has led to an increase in studies of vegetables and fruit
that contain these compounds.

In higher plants, carotenoids are synthesized and localized in the plastids, while the corresponding
genes are located in the nucleus. To date, genes involved in carotenoid biosynthetic pathways in
higher plants have been described in detail [22]. The first step in the formation of carotenoids is
the condensation of two geranylgeranyl diphosphate (GGDP) molecules to form phytoene, which is
catalyzed by phytoene synthase (PSY) (Figure 1). Phytoene undergoes a series of four desaturations
to form lycopene via &-carotene, which is catalyzed by two enzymes, phytoene desaturase (PDS)
and &-carotene desaturase (ZDS). Lycopene is a branching point in the pathway and is cyclized
to form «-carotene by lycopene -cyclase (LCYB) together with lycopene e-cyclase (LCYE) or to
produce B-carotene by LCYB alone through two reactions. Thereafter, x-carotene and 3-carotene
are hydroxylated to produce lutein and zeaxanthin, respectively. These reactions are catalyzed by
-ring carotene hydroxylase (CHXB) and e-ring carotene hydroxylase (CHXE). Further epoxidation
of zeaxanthin by zeaxanthin epoxidase (ZEP) produces violaxanthin, which is used to synthesize
plant hormone abscisic acid (ABA) through oxidative cleavage catalyzed by 9-cis epoxycarotenoid
dioxygenase (NCED) [23]. Along the pathway, carotenoids can be cleaved by carotenoid cleavage
dioxygenases (CCD) to produce a diverse set of apocarotenoids [13].

Here, full-length cDNAs encoding ZDS, LCYE, CHXB, and ZEP, and partial-length cDNA
encoding CHXE were isolated in C. melo. The expression levels of genes involved in carotenoid
biosynthesis and carotenoid accumulation were investigated in fruits of the cultivar Ohbokggul
and the native cultivar Gotgam chamoe using quantitative real-time PCR and high-performance
liquid chromatography (HPLC), respectively. Therefore, this study will help elucidate the carotenoid
biosynthetic mechanism in C. melo and will provide valuable information for breeding chamoe cultivars
with improved characteristics.
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Figure 1. Carotenoid biosynthetic pathway in plants and photographs of Ohbokggul and Gotgam
chamoes. GGDP (geranylgeranyl diphosphate); PSY (phytoene synthase); PDS (phytoene desaturase);
ZDS (&-carotene desaturase); LCYB (lycopene 3-cyclase); LCYE (lycopene e-cyclase); CHXB (B-ring
carotene hydroxylase); CHXE (e-ring carotene hydroxylase); ZEP (zeaxanthin epoxidase); NCED (9-cis
epoxycarotenoid dioxygenase).

2. Materials and Methods

2.1. Plant Materials

Two chamoe cultivars, Cucumis melo L. var. makuwa ‘Ohbokggul” and C. melo L. var. makuwa
‘Gotgam’, were grown in a greenhouse at an experimental farm, and obtained from Nongwoo Bio
(Korea) during the fruiting season in October 2012. Ohbokggul and Gotgam chamoes are differentiated
by shape, size, and color (Figure 1). Three fruits of each cultivar were collected, and their peels,
pulps, and stalks were separated. The samples were frozen in liquid nitrogen and stored at —80 °C
until analysis.

2.2. Isolation of cDNAs Encoding Carotenoid Biosynthetic Genes

GenBank accession numbers U38550, NM_125085, NM_001125948, NM_180954, and U58919 were
used as queries to search for homologous sequences in our internal chamoe transcriptome database
(unpublished data). Full-length cDNAs encoding ZDS, LCYE, CHXB, and ZEP, and partial-length
cDNA encoding CHXE were isolated in C. melo and designated as CmZDS, CmLCYE, CmCHXB,
CmCHXE, and CmZEP (GenBank accession numbers: KF668331, KF668332, KF668333, KF668334, and
KF668335, respectively).

2.3. Quantitative Real-Time PCR Analysis

Quantitative RT-PCR was performed for the precise analysis of transcript levels. Primers targeted
to CmPSY, CmPDS, CmLCYB, CmCCD1, CmNCED, and CmACT2 (Accession Nos. GU361622,
KC507802, GU457407, XM_004170465, JF838293, and AB033599, respectively) and five genes isolated in
this study were designed using the Primer Quest computer program (http://eu.idtdna.com/Scitools/
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Applications/Primerquest/), producing fragments of 80 to 90 bp (Table 1). Total RNA (5 pg) from each
sample was combined with random hexamer primers in a SuperScript first-strand cDNA synthesis
system according to the manufacturer’s instructions (Invitrogen Life Technologies, Carlsbad, CA,
USA). After cDNA synthesis, quantitative real-time PCR was performed using SYBR® Green SuperMix
RT-PCR kit (IQ Sybr SYBR Green Super Mix, Bio-Rad, Hercules, CA, USA) on a MiniOption detection
system (Bio-Rad, Hercules, CA, USA). Results were analyzed using Bio-Rad software (GeneXpression
Macro Chromo4) and the comparative threshold cycle (Ct) method using CmACT?2 as the reference

according to the manufacturer’s instructions for data normalization.

Table 1. Primers used in this study for quantitative real-time PCR analysis.

Gene Name

Primer Sequence (5 to 3)

Forward Primer

Reverse Primer

CmPSY TGTGCAGAGTATGCCAAGAC GTCCGCCTACACCATACATAAA
CmPDS GGCTGGAGAAGTGGAGTTATTG CCTCAGCTTAAAGCCAGAATACA
CmZDS ACACTCCAGACGCAGATTTC GCAATGATCCCTGTCCTTCA
CmLCYB GTTTCTTCCCGAGCTGTTACT GAGTTCCCTTTGCCATGATTTC
CmLCYE TGGTCCAGATCTGCCATTTAC CCGGCCATACATGCTCTATAC
CmCHXB GCTGTCATGGCGGTTTATTAC GGCACCAACAGAGAGAGAAA
CmCHXE AATCGTTGCACTTGCCATATTC GCTCCAGTAGTCATCCCAATG
CmZEP GTAGAAGAATACGGGTTGCTGTA CCGAGTCCAACTCCCAAATAA
CmCCD1 CATGATGAGACTCCTCCGATTAC GATTTGGTCCCACCCTAACA
CmNCED CAATCCTCTCTTCCAACCAACT CTAGCGGAACCGTGATTGATAG
CmACT2 CTACGAACTTCCTGATGGACAAG CCAATGAGAGATGGCTGGAATAG

2.4. Sequence Analysis

The deduced amino acid sequences of carotenoid biosynthetic genes from C. melo
were analyzed for homology using the BLAST program and the NCBI GenBank database
(http://www.ncbinlm.nih.gov/BLAST). Sequence alignments were carried out using BioEdit
Sequence Alignment Editor, version 5.0.9 (Department of Microbiology, North Carolina State University,
Raleigh, NC, USA). The predicted molecular mass of protein was calculated using an online website
(http:/ /www.sciencegateway.org/tools/ proteinmw.htm).

2.5. Carotenoid Extraction and HPLC Analysis

Extraction and measurement of carotenoids by HPLC were performed as previously described by
our group [24]. Briefly, carotenoids were released from the chamoe samples (0.02 g) by adding 3 mL
of ethanol containing 0.1% ascorbic acid (w/v), vortex mixing for 20 s, and placing in a water bath at
85 °C for 5 min. The carotenoid extract was saponified with potassium hydroxide (120 uL, 80% w/v) in
the 85 °C water bath for 10 min. After saponification, samples were placed immediately on ice, and
cold deionized water (1.5 mL) was added. B-Apo-8'-carotenal (0.2 mL, 25 g/mL) was added as an
internal standard. Carotenoids were extracted twice with hexane (1.5 mL) by centrifugation at 1200 g
to separate the layers. Aliquots of the extracts were dried under a stream of nitrogen and redissolved in
50:50 (v/v) dichloromethane/methanol before analysis by HPLC. The carotenoids were separated on a
C30 YMC column (250 x 4.6 mm, 3 um; Waters Corporation, Milford, MA, USA) by Agilent 1100 HPLC
(Massy, France) equipped with a photodiode array (PDA) detector. Chromatograms were generated at
450 nm. Solvent A consisted of methanol/water (92:8 v/v) with 10 mM ammonium acetate. Solvent B
consisted of 100% methyl tert-butyl ether. Gradient elution was performed at 1 mL/min under the
following conditions: 0 min, 90% A/10% B; 20 min, 83% A /17% B; 29 min, 75% A/25% B; 35 min,
30% A/70% B; 40 min, 30% A/70% B; 42 min, 25% A /75% B; 45 min, 90% A /10% B; and 55 min, 90%
A/10% B. Carotenoid standards were purchased from CaroteNature (Lupsingen, Switzerland). For
quantification, calibration curves were created by plotting four different concentrations of carotenoid
standards according to the peak area ratios with p-apo-8'-carotenal. Quantification was performed
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using calibration curves ranging from 0.3 to 5 pg/mL. The linear equations were y = 0.1178x — 0.027
for zeaxanthin, y = 0.1194x — 0.0063 for lutein, y = 0.0822x — 0.0003 for (3-carotene, y = 0.0822x — 0.0003
for 9-cis 3-carotene, y = 0.0822x — 0.0003 for 13-cis 3-carotene, y = 0.0822x — 0.0003 for x-carotene,
and y = 0.0884x — 0.0251 for 3-cryptoxanthin.

2.6. Statistical Analysis

The data on expression levels of carotenoid biosynthetic genes were analyzed using the computer
software Statistical Analysis System (SAS version 9.2). Treatment means were compared by Duncan’s
multiple range test.

3. Results

3.1. Sequence Analyses of Carotenoid Biosynthetic Genes from C. melo

CmZDS was composed of 1976 bp, with a 1731-bp open reading frame (ORF) encoding a protein
of 576 amino acids (predicted molecular mass of 63.90 kDa; Figure S1). The closest homolog of
CmZDS was ZDS from Cucumis sativus (98% identity and 99% similarity), followed by ZDS from
Cucurbita moschata (93% identity and 96% similarity), ZDS from Vitis vinifera (89% identity and 95%
similarity), and ZDS from Citrus unshiu (84% identity and 90% similarity). As shown in Figure S1,
CmZDS contained a conserved dinucleotide-binding motif (GXGX;GX3AX,LX3GX6EX5GG) and a
carotenoid-binding domain also found in other orthologous genes [25,26].

CmLCYE was 1958 bp long and had a 1602-bp ORF, encoding a protein of 533 amino acids with a
predicted molecular mass of 58.81 kDa (Figure S2). CmLCYE shared 97% identity and 97% similarity
with Cucumis sativus LCYE, 82% identity and 91% similarity with Camellia sinensis var. assamica LCYE,
83% identity and 90% similarity with Glycine max LCYE, and 79% identity and 88% similarity with
Vitis vinifera LCYE. The deduced amino acid sequence of CmLCYE comprised a dinucleotide binding
motif and two cyclase motifs, which are the common features of carotenoid cyclases [27,28].

CmCHXB consisted of 1292 bp with a 933-bp ORF and encoded a protein of 310 amino acids
(predicted molecular mass of 34.78 kDa; Figure S3). CmCHXB exhibited 96% identity and 97%
similarity with Cucumis sativus CHXB, 89% identity and 94% similarity with Cucurbita moschata CHXB,
77% identity and 86% similarity with Vitis vinifera CHXB, and 74% identity and 85% similarity with
Ipomoea nil CHXB. Four conservatively spaced histidine motifs proposed to be involved in iron binding
during hydroxylation reactions are marked in Figure S3 [29].

CmCHXE was composed of 933 bp encoding a partial 3’-end ORF of 148 amino acids. A BLAST
search at the amino acid level showed that CmCHXE exhibited high homology to other CHXEs
(Figure S4). Specifically, CmCHXE shared 97% identity and 97% similarity with Cucumis sativus
CHXE, 84% identity and 92% similarity with Vitis vinifera CHXE, 88% identity and 94% similarity
with Fragaria vesca subsp. vesca CHXE, and 83% identity and 93% similarity with Daucus carota subsp.
sativus CHXE.

CmZEP was composed of 2514 bp with a 1998-bp ORF and encoded a protein of 665 amino
acids with a predicted molecular mass of 73.20 kDa (Figure S5). CmZEP shared 98% identity and 98%
similarity with Cucumis sativus ZEP, 95% identity and 96% similarity with Citrullus lanatus ZEP, 88%
identity and 94% similarity with Cucurbita moschata ZEP, and 75% identity and 85% similarity with
Prunus armeniaca ZEP. CmZEP displayed two short motifs typical of the lipocalin family of proteins
and a phosphopeptide-binding domain (The forkhead-associated (FHA) domain), which are present
in all known ZEP genes [30,31].

3.2. Expression Levels of Carotenoid Biosynthetic Genes in Ohbokggul and Gotgam Chamoes

Expression levels of carotenoid biosynthetic genes in the peel, pulp, and stalk of Ohbokggul
were compared to those in Gotgam (Figure 2). In Ohbokggul chamoe, the highest expression levels of
CmPSY were found in the stalk, with lower levels in the pulp and peel. This same pattern of expression
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was observed for CmPDS, CmLCYB, CmLCYE, CmCCD1, and CmNCED. Transcript levels of CmCHXE
were highest in the peel and lowest in the stalk of Ohbokggul; CmZDS, CmCHXB, and CmZEP were
expressed at similar levels in the peel, pulp, and stalk of Ohbokggul. In general, mRNA levels of
carotenoid biosynthetic genes in all fruit parts were higher in Gotgam than in Ohbokggul. Transcription
of most carotenoid biosynthetic genes (CmPSY, CmPDS, CmCHXB, CmCCD1, and CmNCED) was
highest in the stalk and lowest in the peel of Gotgam chamoe. CmLCYE and CmZEP showed the
highest expression levels in the pulp and peel, respectively. No differences in transcript levels of
CmZDS and CmCHXE were found in the peel, pulp, or stalk of Gotgam chamoe.
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Figure 2. Expression levels of carotenoid biosynthetic genes in different parts of Ohbokggul and
Gotgam chamoe fruit. Values are means; bars represent standard error from three independent
measurements. The letters a, b, ¢, d, e, and f indicate significant differences at the 5% level by Duncan’s
multiple range test.

3.3. Analysis of Carotenoid Content in Ohbokgqul and Gotgam Chamoes

The same Ohbokggul and Gotgam peel, pulp, and stalk materials used for quantitative real-time
PCR were used to analyze carotenoid composition and content by HPLC (Table 2). Surprisingly,
carotenoids were very poorly synthesized in Ohbokggul fruit, with only trace amounts of total
carotenoids measured in the peel (0.89 ug g~1), pulp (0.02 ug g~ 1), and stalk (0.51 ug g~1). In contrast,
total carotenoid content was high in the peel of Gotgam chamoe (428.81 1ig g~ !). Lutein and B-carotene
were the dominant compounds in Gotgam peel (278.05 ug g~ ' and 112.02 pg g~ !, respectively); lower
concentrations of 9-cis B-carotene (10.27 ug g~ 1), 13-cis B-carotene (11.82 ug g~1), and B-cryptoxanthin
(13.44 ug g~ 1) were also detected in the peel. Similar to the peel, lutein and B-carotene were the major
carotenoids synthesized in the pulp, while only 3-carotene showed an appreciable concentration in
the stalk of Gotgam chamoe.

202



Foods 2019, 8, 77

Table 2. Carotenoid composition and content in different parts of Ohbokggul and Gotgam chamoe
fruit (ug g_l dry weight). The results are expressed as means =+ standard error from three independent
measurements. N.D., not detected.

Carotenoids Ohbokggul Chamoe Gotgam Chamoe

Peel Pulp Stalk Peel Pulp Stalk

o-carotene N.D. N.D. N.D. 2.54 +0.33 0.38 £ 0.01 N.D.
Lutein 0.45 +0.05 0.02 + 0.00 0.07 £ 0.01 278.05 + 23.51 1416 £0.37 052 +0.11
{3-carotene 0.27 £0.04 N.D. 0.33 £ 0.04 112.02 + 10.69 645+1.06  17.64 +3.94
9-cis 3-carotene  0.02 + 0.00 N.D. 0.02 £ 0.00 10.27 £ 0.69 0.50 £ 0.05 0.66 £ 0.15
13-cis p-carotene  0.07 + 0.02 N.D. 0.04 £ 0.01 11.82 £+ 1.56 0.96 £ 0.32 229 £0.53
B-cryptoxanthin  0.03 £ 0.01 N.D. 0.01 £ 0.00 13.44 £1.12 1.88 +0.19 2.23 +0.55
Zeaxanthin 0.05 + 0.01 N.D. 0.05 = 0.00 0.67 +0.07 0.11 £ 0.02 0.02 £ 0.00
Total 0.89 +£0.14 0.02 + 0.00 0.51 = 0.07 42881 £37.99 24444201 23354528

4. Discussion

In the present study, five carotenoid biosynthetic genes, CmZDS, CmLCYE, CmCHXB, CmCHXE,
and CmZEP, were isolated from C. melo. Sequence analyses revealed that they shared high identity and
common features with other orthologous genes. In addition, expression levels of entire genes involved
in carotenoid biosynthetic pathways were investigated in different fruit parts of the Ohbokggul and
Gotgam cultivars, the latter of which is a native Korean variety. CmPSY, which catalyzes the first
committed and rate-limiting step in carotenoid biosynthesis [32,33], and most of the other carotenoid
biosynthetic genes were expressed at their highest levels in the stalk. However, carotenoids were
highly distributed in the peel, where tissue has direct exposure to light, suggesting the essential role
of light in carotenoid accumulation in chamoe. On the other hand, PSY is often encoded by multiple
genes which exhibit distinct expression and regulation in plants. There are two isoforms of PSY in
tomato, where PSY1 is a chromoplast-specific isoform and PSY?2 is a chloroplast-specific isoform [34].
It has been suggested that there is another isoform of CnPSY which directly regulates the carotenoid
accumulation in the peel of chamoe. In addition, CmCCD1, which can cleave multiple carotenoid
substrates at various positions, showed the highest expression level in the stalk [13]. Therefore, we
hypothesize that the low content of carotenoids in the stalk of chamoe was because of the high activity
of CmCCD1 found in this part.

The expression levels of all carotenoid biosynthetic genes in Gotgam fruits were higher than those
in Ohbokggul fruits, which probably led to the abundant carotenoid accumulation in Gotgam melons
and the low carotenoid content in fruits of Ohbokggul. However, these higher expression levels of
carotenoid biosynthetic genes cannot entirely account for the substantially higher total carotenoid
content (up to 480-fold) in Gotgam peel compared to Ohbokggul peel. In addition, differences in
carotenoid biosynthesis between the Ohbokggul and Gotgam cultivars provide a basic foundation for
more detailed study of the molecular genetics of C. melo.

5. Conclusions

In conclusion, differences in the expression levels of carotenoid biosynthetic genes and carotenoid
content between the cultivar Ohbokggul chamoe and the native Korean cultivar Gotgam chamoe
were observed. These findings will contribute to a foundation for the elucidation of carotenoid
biosynthesis in C. melo, an important commercial crop. In addition, further investigations regarding
molecular genetics and enzyme activities may help to identify key genes for improving the carotenoid
accumulation in C. melo.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/2/77/s1,
Figure S1: Multiple alignments of the amino acid sequences of CmZDS with other ZDSs. Figure S2: Multiple
alignments of the amino acid sequences of CmLCYE with other LCYEs. Figure S3: Multiple alignments of the
amino acid sequences of CmCHXB with other CHXBs. Figure S4: Multiple alignments of the amino acid sequences

203



Foods 2019, 8, 77

of CmCHXE with other CHXEs. Figure S5: Multiple alignments of the amino acid sequences of CmZEP with
other ZEPs.
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